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ABSTRACT

Thermal damage caused by frictional heat of rolling-sliding contact is one of the most important
failure forms of wheel and rail. The coupled mechanical-thermal behavior of wheel and rail
materials under rolling contact is studied to determine the temperature rise due to the frictional
heat. The wheel-rail frictional rolling contact problem is solved using the both hertz three—
dimensional finite element (FE) method. The FE model considers the wheel tread—rail top contact
with partial-slip and converts the frictional energy into the heat as an attempt to estimate the
temperature rise. The assembly of wheel-rail geometry is created by CATIA V5R20 software.
The finite element program ANSY S workbench is used to model the couple of thermos-mechanical
rolling —sliding contact analysis and used to simulate the loading and boundary conditions of the
wheel-rail rolling/sliding contact. When the couple of mechanical — thermal (maximum pressure
and different heat flux) applied on the wheel — rail rolling/ sliding contact, it generates a maximum
amount of heat and stress between rail and wheel. This cause plastic strain development and
reduction of stress fatigue life for the increased value of loads that resulted from slippage as can
note from analysis and simulation results. Rolling contact stress states and material response of
wheel — rail under four traction coefficient and the same varying of sliding velocity were
investigated. 3D coupled thermomechanical FE model were developed to analyze the temperature
rise due to high applied load at contact and the thermal influence on residual stress-strain, wear

and rail life.



Table of contents page

ACKNOWLEDGEMENT ..ottt sttt et seee st e naeeneesneenseenaenseens I
ABSTRACT ...ttt ettt h ettt s bt et e e bt e be et sat et ea e nbeeaeenee \Y
LSt OF TADIE ...ttt ettt ettt ettt et IX
LSt OF FIGUTC....coiieiiieeiie ettt ettt ettt e et e st e et esaee e bt e saeenbaenseeenseensaesnseenseeans X
ACRONYMS ..ttt ettt et b et h e bt e st eat et et e sbeebe et e s bt enbeeaee X1
CHAPTER ONE ...ttt ettt ettt b et e ettt e st esbeentesae e 1
INTRODUCTION ...ttt ettt et sttt sttt st sbe et estesbtesbeeabesbeebeennens 1
I[.1  BACKGROUND.......coitiiitittetee ettt ettt sttt st be et st beenaeeaeens 1
1.2 PROBLEM STATEMENT ..ottt sttt s st 2
L3 OBJIECTIVE. ..ottt sttt st sa ettt b e b eatesbeeteeatens 3
1.3.1 GENETAl ODJECHIVE ....eeeiieiiieiieeiieeie ettt ettt e e te et e et e et e esae e st e snseeseessseeneas 3
1.3.2  SPECIIC ODJECHIVE ..uvvieeiiieciiieeiee ettt ette et e et e e ae e e staeesssaeeenaeesssaeesnseeesnsaeenns 3

1.4 Scope Of The StUAY ..oouviiiiiie ettt e aae e e ra e e eaae e areeas 4
1.5 Limitation Of The StUdY ......coeoiiieiiieeieeeeeee et e 4
1.6 Research Method.........ooouiiiiiiiii e 4
2.1  LITERATURE REVIEW .....oiiiiiiiiiieeee ettt sttt s 6
3.1 THEORETICAL BACK GROUND OF WHEEL RAIL CONTACT .....cccccevieieeieienee. 10
3.1.1 Wheel/Rail Contact STIESS ......cc.uiiiuiiriiieiieiieeitesite ettt sttt et s 10
3.1.2 Characteristics of the Wheel-Rail Contact ............cccceviiiiiiiiiiiiiieeeeeee 10
3.1.3 RoIING and STHAING......ccuviiiiiieiiiee ettt see e e e e e snaeesreee e 12
3.1.4 Rolling Contact MEChANICS .........ceeuiiiiiiieiiieeiiee et eeee et eee st e e e eseaeesaaeesnnee e 12
3.1.6 Heat Induced By Frictional ROIING..........cccvieiiiiiiiieeiiecieeee e 13
3.1.7 Contact TEMPETATUTE ......eeevurieiiiieeriieeritteeitee ettt e eiteesbeeesbeeesbeeesaseessaseeseneesaeeesneeens 14

3. 1.8 Thermal LOadsS .....cocueiuiiiiiiieiieie ettt et 15
3.1.9 THermal StrESSES.....ueeuieuieiiriierieite ettt ettt ettt sttt et st sbe et st sbe et eaeesbeenees 15

\



3.1.10 Couple Thermal and Mechanical StreSSes........ueevuviiriiiieeiiieeriieeeiie e 16

3.1.11 Effect of Coupled FOTCES ......cccuiiiiiiiiiiieiie ettt 16
CHAPTER FOUR. ...ttt ettt ettt st e ae et e et esaeenseeneesaeennas 17
4.1 MODELING OF COUPLE THERMO- MECHANICAL OF WHEEL-RAIL ROLLIG-
SLIDING CONTACT ..ottt ettt ettt ettt et st e st e e es e seeaseeseeseenaesneensesneens 17
4.1.3 Model of Temperature Wheel-Rail Contact..............ccceeeviieriiieniiieeieecieecee e 18
4.1.4 Boundary Condition for the wheel- rail Model ............ccccoeeviiiiiiiieiiiiee e, 19
4.1.5 3D Modeling of Wheel —Rail Contact...........ccueevviieeiiiieriieeiie et 20
4.1.6 Principal and Shear SIrESSES ......cccuuiieiiiieiiieeiieeeiee et e eeiee et e e e eereeeeaeesaaeeereeeenns 21
4.1.7 ELaStIC TIMIE...eentiiiiiiiieeeeee ettt ettt e st e b e st e e b e sateens 22
CHAPTER FIVE ..ottt sttt ettt ettt et e et esee e e e e e sneeneas 23
5.1 ANALYSIS OF COUPLE THERMO- MECHANICAL OF WHEEL-RAIL ROLLIG-
SLIDING CONTACT ...ttt ettt ettt et st e st e st e e s e seeaseeseeseenaesneenseennens 23
5.1.2 MATHEMATICAL MODEL FOR WHEEL-RAIL CONTACT .....cccecvvieireieinee. 24
5.1.3 Heat Flux Analysis at CONtaCt AT€a ........cecviieiiieeiiieeiieeeieeeeieeesieeeeereeeeaeesaveesneee e 30
5.1.4 Temperature Rise Calculation in the 3D Wheel-Rail Contact Problem....................... 36
5.1.5 Rail flash-temMPETatUIe ........c.ceeeiiiiiiiieiiie ettt eree e e e ere e e saaeeeaaeesnnnee e 38
5.1.6 HEAt CONVECTION ...c.utiiieniieiieiiiesie ettt sttt sttt et st sb ettt et saee b enees 39
5.1.7 Normal and Tangential Stress Distribution in Wheel —Rail Contact...........c...ccceeuneeee. 40
5.1.8 Finite Element (FE) Couple of Thermo-Mechanical Analysis..........ccccecueerverirennnnne. 41
S.TL9 MESIING ...t ettt et ettt et s e b e e abe e ebeeenbeenseeenne 44
CHAPTER SIX ..ttt ettt et ettt sbe et et sb et e et esbeebe e et e beennes 45
6.1 RESULTS AND DISCUSION......ootiitiiiiteieitesitete sttt sttt sttt st 45
6.1.1 Mechanical load stress and strain analysis ..........ccecceeeiierieeiienieniieieee e 45
6.1.2 Thermal StreSs analySIS.......ccveeiieriieriieiiieeieeiie et erite et etteeaeeseeesbeesbeeeeseeseeenseenseeenne 47
6.1.3 Thermo-Mechanical Couple ANalYSiS........cccevieriierieniiieiieeie et 50
0.1.4 LOAING TYPC...eoutiiiieeiieiie ettt ettt ettt et ettt e et e et e saeeaeesabe e beeenbeensaesnseenseeenne 64
0.1.5 SHESS-LIE (S-IN).eiiiiiiiciii ettt et e e e e etb e e eaae e eaae e enree e 69

0.2 DISCUSSION ...ttt ettt ettt ettt et e st b e e bt e e bte et e e saeeeab e e sbeeeabeebeesabeebeeenbeebeesabeenbeeenne 70

VI



CHAPTER SEVEN ..ottt et sttt s e s e s 74

7.1 CONCLUSION AND RECOMMENDATION .....ccctiiiiieieeiesieeieeee e 74

T 1.1 CONCIUSION ..ttt ettt et ettt st et e et e e bt e eateebeeeaee 74
7.1.2 ReCOMMENAALION .....eeitiiiiiiiieeiie ettt ettt et et e et esate e b e 75

T 1.3 FULUIE WOTK ettt ettt ettt et e st e b e 76

8. REFERENCES ...ttt sttt sttt et e st e e e sstenbeentesneeneennens 77

VI



List of Table

Table 1: Rail flash-temMPErature ...........cccuieriieiiieiieeit ettt e e et esbeeseeeteens 39
Table 2: Heat convection along Wheel Contact ............cceecuieriiiiiiinieiiieeeeeee e 40
Table 3: Normal and Tangential Stress Distribution in Wheel —Rail Contact................ccceeunee. 40
Table 4: Mechanical material properties of wheel and rail steel ............ccceeeveeiiiiieeiiieccieeeiee 42

Table 5 : Material parameters for quenched and tempered wheel steel R7 at different temperatures

USEA 1N CAICULALE ...ttt sttt s 42
Table 6: Summary of loading condition for coupled thermal and mechanical simulation........... 50
Table 7: Result summary of heat flux and max temperature at rail surface .............ccceeveuveennnenne 61
Table 8: Result summary of heat flux and max temperature at wheel surface............c.cceeeenneee. 61
Table 9 : The value of maximum elastic and plastic strain from combined loads........................ 71
Table 10 : Comparison of maximum equivalent thermal stress and combined stress.................. 71

Table 11 : the maximum shear strain with varying sliding velocity and at different traction
COCTTICIENE ...ttt et e b e 72

Table 12: Comparison of minimum stress life during combined loads condition........................ 72



List of Figure

Figure 1 : Sub-surface fatigue crack (identified during wheel turning Figure 2b) Sub-surface
fatigue crack (extending to back of Wheel [S] ....ccoooiiiiieiiieiiiee 2
Figure 2 : Research method flow chart diagram............cccccoeeviieeiiieciiiececceee e 5
Figure 3: Wheel-rail contact and friCtion............occieeiiiieiiiie e 10
Figure 4 : Rolling/sliding wheel - rail Contact. ...........ccccoeviieriiieniieiieieee e 11
Figure 5 : Schematic drawing of pure sliding contact (left) and rolling contact (right) [11] ....... 13
Figure 6 : The coupled mechanical-thermal analysis with the proposed FE tool......................... 18
Figure 7 : Calculation of the temperature in partial-slip [14] .....ccoveeeiieeiiieeieeeeee e 19
Figure 8 : UIC-50 Rail and wheel profiles models [26][19]......cccceevuieiieiiiienieeiieieeeeee e 20
Figure 9 : Rail-wheel assembly modes on CATIA rail head to wheel tread contact.................... 21
Figure 10 : Stress status in point contact; 61, and ¢ 3 are the principal stresses, and k is the shear
yield stress of the material. ........c.coocvviiiiiiiiiiiee e 22
Figure 11 : Wheel-rail in sliding contact area [12]........ccocuveeiiieeiiieeiieeeiie e e 24
Figure 12 : Pressure distribution across elliptic area [12].......cccccceevviieiieniiienieiiienieeieeeeeieeneen 24
Figure 13 : General Profiles of two contacting bodies [12].......ccceeevuiriieiiiienieeieenie e 25
Figure 14 : Wheel-Rail Configuration showing different principal relative radii of curvature [24]
................................................................................................................................... 27
Figure 15 : Elliptical area of the contact and Calculation of the temperature in partial-slip rolling
contact, the side and top Views are ShOWN. ........ccccoevvieriiiiniiniiiiiecee e 32
Figure 16 : stepwise solving ANSY'S workbench for couple of thermos-mechanical analysis.... 43
Figure 17: Loading and boundary condition at transient thermal tree chart..............c.ccccveeenenn. 43
Figure 18: Mechanical load setting over imported contact surface thermal load for combined... 44
Figure 19 : Finite element Mesh of wheel —rail contact rail-wheel assembly ...........c.ccccceeuennee. 44
Figure 20 : Contact area stress life during mechanical load only..........cccceeeeivienciiieniieiiieeeiee 45
Figure 21 : Elastic strain at contact area due to mechanical load............cccceeevieeiiiiiiieiciieee, 46
Figure 22 : Contact area stress life during mechanical load only..........cccccoeviiiiiiniiiiiniiiee. 47
Figure 23 : Contact area thermal stress for 4 m/s slip velocity simulation............ccccecuvervennennen. 48



Figure 24 : Contact area thermal stress for 4 m/s slip velocity simulation.............cccecvveruveenennen. 48
Figure 25 : Contact area thermal stress for 12 m/s slip velocity simulation..............cccccccvveeneenne 49
Figure 26 : Contact area thermal stress for 16 m/s slip velocity simulation..............cccccccveeenenne 49

Figure 29 :

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Equivalent von Mises strain at 4m/s sliding velocity and traction coefficient of p=0.58

310101 15 (e} o NUUUUUUUUUUUUUU OO 51

: Equivalent von Mises strain at 8 m/s sliding velocity and traction coefficient of p=0.5

STIMIULATION . et e e e e e e e e e e e e e e e e e e ee e e e e eeeeeeeeaaaaaaeeas 52

: Equivalent von Mises strain at 12m/s sliding velocity and traction coefficient of u=0.4

310101 15 (e} o NUUUUUUUUUUUUUU OO 52

: Equivalent von Mises strain at 16m/s sliding velocity and traction coefficient of p=0.3

STIMIULATION . et e e e e e e e e et ee e e e e e e ee e e eeeeeeeeeeaaaaaaeeas 53

: Equivalent von Mises stress at 4m/s sliding velocity and traction coefficient of p=0.58

310101 15 (e} o NUUUUUUUUUUUUUU OO 54

: Equivalent von Mises stress at 8 m/s sliding velocity and traction coefficient of u=0.5

STIMIULATION . et e e e e e e e e et ee e e e e e e ee e aeeeeeeeeeeaaaaaaeeas 54

: Equivalent von Mises stress at 12 m/s sliding velocity traction coefficient of u=0.4

STMULATION. ..o 55

: Equivalent von Mises stress at 16m/s sliding velocity traction coefficient of p=0.3

STIMIULATION . et e e e e e e e e et ee e e e e e e ee e e eeeeeeeeeeaaaaaaeeas 55

Figure 38 : Equivalent plastic strain at 4 m/s sliding velocity traction coefficient of u=0.58

Figure 39
simulation

Figure 40 :

Figure 41 :

Figure 43 :
Figure 44 :

STMULALION. ...ttt sttt sttt sttt et eb e b e 56
: Equivalent plastic strain at 8 m/s sliding velocity traction coefficient of p=0.5
...................................................................................................................................... 57
Equivalent plastic strain at 12 m/s sliding velocity traction coefficient of p=0.4
STMULALION. ...ttt sttt sttt sttt et eb e b e 57
Equivalent plastic strain at 16m/s sliding velocity traction coefficient of u=0.3
SIMIUIATION. ...ttt ettt et e b e et e e b et e e beeeateeeeas 58

Shear stress at 4m/s sliding velocity and traction coefficient of p=0.58 simulation.. 59

Shear stress at 8m/s sliding velocity traction coefficient at p=0.5 simulation........... 59

XI



Figure 45 :

Shear stress at 12 m/s sliding velocity traction coefficient of p=0.4 simulation........ 60

Figure 46 : Shear stress at 16 m/s sliding velocity traction coefficient of p=0.3 simulation........ 60
Figure 48 : Thermal strain at 4 m/s slip velocity traction coefficient of u=0.58 simulation ........ 62
Figure 49 : Thermal strain at 8 m/s sliding velocity and traction coefficient of u=0.5 simulation

Figure 50 :

Figure 51

Figure 52 :

Figure 53 :

Figure 54 :

Figure 55

Figure 62 :

Figure 63

: Thermal strain at 16 m/s sliding velocity traction coefficient of p=0.3 simulation ... 64

Stress life at contact area of at 4 m/s sliding velocity and traction coefficient of u=0.58
STMULATION ...ttt ettt sa e et e st e st e bt e et e ebeesaeeans 65
Stress life at contact area at 8 m/s sliding velocity and traction coefficient of p=0.5
STMULALION. ...ttt ettt sttt sttt ebe e b e 66
Stress life at contact area of 12 m/s sliding velocity and traction coefficient of p=0.4

STIMIULATION . et e e e e e e e e e e e e e e e e e ee e eeeeeeeereaaaaeeeas 67

: Stress life at contact area of 16 m/s sliding velocity and traction coefficient of p=0.3

SIMUIATION. ...ttt ettt et 68
Equation and graphical representation of the Gerber Mean Stress Correction for Stress

Life Fatigue ANALYSIS. ....ccociiiiiiiieeiiie ettt etee e tee e e e seaeeesaaeeesaeeesaeesnnaeeens 69

: The Stress-Life (S-N) Curve draw to logarithmic plot...........cccccveeeiieeiiieinieecieeee, 70

X



Buw:
Buw:

Mg

-

ACRONYMS

Thermal Penetration Of Wheel
Thermal Penetration Of Rail
Heat Partition Coefficient
Kinetic or Static Coefficient
Rolling Friction Coefficient
Thermal Conductivity
Density Of The Material
Major Semi-Axis (Ellipse) Of Contact Patch
Minor Semi-Axis Of Contact Patch Ellipse
Specific Heat Capacity
Normal Force
Tangential Force
conductivity of air
Constants That Depend On The Material Properties Of Wheel
Constants That Depend On The Material Properties Of Rail
The Principal Transverse Radius Of Curvature Of The Wheel

The Principal Transverse Radius Of Curvature Of The Rail

Xl



Kv

Nu
mé&n:
P:

Pe:

Po:

qw friction:

Re

Vair
Viar
Vo:
Vr:

Vs:

Thermal Diffusivity
air speed factor
Thermal Penetration Depth
Nusselt number
Hertz Coefficient
Contact Pressure
Pe’lcet Number
Maximum Pressure
Frictional Heat Source
Raynold number
Radius of wheel
Longitudinal Creepage
International Union Of Railway
Forward velocity
kinematic vis costy
Air speed
Vehcle Velocity
Rail Sliding Velocity
Sliding Velocity

Wheel Sliding Velocity

XV



XV



CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

The use of railway (railroad) tracks started some 200 years ago. These two centuries, and
especially the recent years, saw dynamic advances in the different fields of railway engineering.
From among the ordinary surface transportation forms, railway transportation is the safest and has
the smallest energy and space demand, compared to its competitors. Thus it provides an

economical solution in both freight and passenger transportation.

The railway network construction in Ethiopia was first started in October 1897 from Djibouti.
In Ethiopia, The first rail transportation (train service) began on July 22, 1901, and operated
between Djibouti and Douala, the first station on the Ethiopian side of the frontier at kilometer
106, a journey of 5 1/2 hours [1]. By 1915 the line reached Akaki, only 23 kilometers from the
capital city, and two years later came all the way to Addis Ababa itself [2]. This marked the official
commercial opening of the 784 km long railway although the Station of Addis Ababa was not
inaugurated until 3 December 1929. For many years the railway operation was interrupted. Now
the railway is currently being rebuilt and electrified by Chinese and Turkish companies. It is
scheduled to be completed by September, 2015. And will be 756 km in length. The new railroad
is expected to reduce the travel time from Addis Ababa to Djibouti by half to less than ten hours
with a designated speed of 120 km/h [3]. Additionally, Addis Ababa light rail is under construction.
It is constructed by china railway group limited. The Ethiopian railway corporation began

construction of the 34.25 km double track electrified light rail transit project in December 2011[4]

The railway transport system is one of the most crucial transport systems in the world with higher
speed and higher axle loads, higher reliability and safety, large carrying capacity (volume), lower
life cycle cost (LLCC), satisfy environmental demands and higher availability and fewer
disturbances comparing with roadway. Now days, there is high demand of railway transportation

system in the world including Ethiopia for a long and medium distance transportation of passenger

1



and goods (freight). To satisfy such demands, it needs to have a railway transportation system with
standard safety, comfort, speed, economy and reliability of the network. At the top of every system
safety comes and has no compromise. Among many complex analyses of the railway network, this
paper focuses on the effects of heat flux and pressure applied on wheel- rail during rolling/sliding
contact . This study mainly concentrates on the effectiveness and side effects of varying sliding
velocity and traction coefficient are considered. Modern railway vehicle cars alike are equipped

with anti-block brake systems.

Figure 1 : Sub-surface fatigue crack (identified during wheel turning Figure 2b) Sub-
surface fatigue crack (extending to back of wheel [5]

The contact surfaces of wheel and rail are subjected to high stress and high temperature
generated by wheel-rail friction. The high temperatures of the surfaces due to wheel-rail
friction occur instantaneously. Nevertheless, lower temperatures can lead to residual strain

which assists to the appearance or the growth of micro cracks.

1.2 PROBLEM STATEMENT

Heat generation due to friction at the contact surfaces between wheel and rail is a common
problem in railway engineering. Thermal damage caused by frictional heat of rolling-sliding

contact is cause for failure forms of wheel and rail. This heat can raise the temperature of the tread



surface of the wheel above the allowable temperature. Due maximum heat generated it causes
material phase change, deformation and formation of crack initiation and fatigue on wheel and rail
material and also the increment of heat between rail and wheel was it reduced performance of
train speed. The most significant one is loss of adhesion during attractive effort which causes

significant heat generation at the contact of rail and wheels.

In the previous research, Mechanical load stress-strain analysis only was applied on wheel — rail
contact. But mechanical load analysis only couldn’t solved the problem of wheel —rail contact but
also it is necessary to apply the thermal load. Some examples of using finite element analysis
(FEA) for investigating the frictional heat generation and temperature rise in contact bodies were
not considered during mechanical load stress- strain analysis. During rolling — sliding there were
lack of equal distribution of thermal and stress distribution that causes fatigue on wheel- rail
material contact. The damage of this wheel-rail contact was risk for derailments of wheel and also

it imposes to high maintenance cost.

This research is proposed to address at least following questions:-
e What is the distribution of the contact pressure in the wheel-rail contact?
e What is the temperature distribution on and under the wheel tread/rail head during the first
sliding/rolling?
e What will is the effect of temperature on wheel-rail material?

e What will are the effect of pressure on wheel-rail contact?

1.3 OBJECTIVE

1.3.1 General Objective

The general objective of this thesis is to analyze the effect of thermo—mechanical coupling on

railway wheel-rail sliding-rolling contact using semi-analytical and finite element method.

1.3.2 Specific Objective

% Analysis of temperature and heat flux load acting at rail - wheel contact area.



X/
°e

3-D model of wheel-rail by using symmetry boundary condition.
« Byusing ANSYS software analyze the thermo — mechanical effect on wheel-rail during

rolling —sliding contact.

X/
°e

Modeling and analysis of combined thermal and mechanical loads.
% To predict the effects of this thermo- mechanical coupling on rail-wheel material.
1.4 Scope Of The Study

A railway car total axel load of 25kN used for this study which is the load applied on wheel will be
12.5kN. The thermo-mechanical wheel — rail contact assumed due to the mechanical and thermal
loads. The analytical will analysis for elastic behavior of material properties and simulation is
carried out for straight track and carried out for four traction of coefficient (0.3, 0.4, 0.5, and
0.58) and sliding velocity of ( 4, 8, 12, 16 )condition. The vertical load and lateral load effect of
the wheel are considered during the FEA.

1.5 Limitation Of The Study

Experimental testing equipment used for thermo-mechanical effect on wheel/rail material during
sliding-rolling. Thus was helpful to compare the thermo— mechanical (semi-analytic FE result)
with FE simulation. But due to lack full laboratories the study does not include experimental test.
There are a lack of ultrasonic technique which used to determine the shape and size of the contact

area.
1.6 Research Method

During my research to model and investigate the theoretical background of thermal wheel surface
damage development. After the detailed analysis of the available methods, so to solve for the
thermal and stress analysis of railway wheel-rail Rolling-sliding contact the following method are

important.



RESEARCH METHOD

Data collection

Data analysis

Literature

Mathematical modeling of contact

Heat flux and contact
temperature

3D modeling by ANSYS V15 and CATIA V5R19

Rail -wheel contact modeling and simulation

Result and discussion

Conclusion

Recommendation and future work

Figure 2 : Research method flow chart diagram



CHAPTER TWO

2.1 LITERATURE REVIEW

In the dissertation, [6] he studied the thermal and frictional state of railway wheel-rail contacts. In
his goal, he was to study the thermal processes in the rolling-sliding contact between wheel and
rail during intensive braking in the presence of a so-called WSP (Wheel Slide Protection System)
anti-skid control system. As a result of the generated rolling contact during macroscopic sliding,
micro-cracks may appear on the wheel tread and cause wheel failure. In his first method he used
finite element model to analyze the wheel-rail normal contact. The shape and the dimensions of
the contact patch and the maximum contact pressure have been evaluated. Using the basis model,
the starting process of the wheel from stationary position with an average p=0.15 frictional
coefficient was simulated which is the inverse of what happens during the braking of a rotating
wheel. In the next phase of his study, he narrowed down the focus to a specific part of the
investigated region and used the results of the earlier study to create another FE model to
investigate the thermal processes of a specific wheel-rail contact during intensive braking,
studying the wheel and rail surface behavior assuming a slip of 15 %.

As shown by the results, the sudden temperature rise results in stresses exceeding the yield strength
on the tread surface and 0.2-0.5 mm under the surface (i.e. the initial compressive stress changes
to tensile stress), and these stresses and their cyclic nature may promote the formation and
appearance of micro-cracks on and under the wheel tread surface.

As [7] the profile of the wheel is conical with 1/20 therefore the more affected area of the wheel
is the area with the lower radius which is tip of the wheel. But the maximum temperature rise
occurs at the middle of the contact between wheel and the tread block due the critical contact area
is on center point of the tread of the brake shoe. Since the maximum energy generated by the train
is at the station on the north-south line at the station NS22 the maximum temperature rise also
occurs at this station. The initial temperature of the wheel and the surrounding (environmental
temperature) is 25.5°C. When coming from station NS21 the wheel cools down t0557.58°C and
366.88 for the wheel contact of 30 and 45°C . The temperature of the surrounding is still 25.5°C.



In case of braking the train at NS22 station the highest temperatures reach up to 1001.9°C for the
contact angle 30°and 662.8 for 45°. This temperature is reached at a time period of 16 s. The area
directly beneath the braking pad carries the main burden. This is also the place where the highest
temperatures are achieved. The figures show how the temperatures toward the wheel rim fall. This
information is needed to determine the influence of the heat flux on the wheel tread. As in the case
of temperature rise the maximum heat flux occurs at the tread of the wheel due the contact between
wheels and tread block. The difference is the maximum heat flux distribution occurs at the end
point of the wheel due to its conical with lower diameter of the wheel tread at this point. Since the
heat flux is directly related to the temperature the maximum heat flux occurs at the station on the
north-south line at the station NS22. There for from the analysis the maximum het flux on the
wheel tread is about 2.1077*10°W/ma for 6=30°and for 6=45° reaches about 1.6504*10°W/m?,
The body temperature raised as a result of braking is imported to the structural transient analysis
for further use to determine the stress and deformation. Different result of temperature for both
cases (i.e. 30° and 45° angle) result in different stress and deformation in addition with the loads
on the wheel due to braking and weight transfer of the vehicle which is constant throughout the
motion of the train.

This maximum temperature rose when the train stopped is used together with other mechanical
loads calculated in chapter three to determine the maximum equivalent (Von messes) stress
imposed on the wheel. From the output result of the analysis the minimum equivalent (Von messes
when the train starts braking is 2.548*10’N/m2 and the maximum equivalent (Von messes) stress
induced on the wheel is about 2.6028*10°N/m2 6=30°and 1.5044*106 and 1.6675*109 for 30°
respectively. When the railway train starts moving from rest the environmental or ambient
temperature of the train component is the same as the environmental temperature. As the train
starts moving the kinetic energy of the train increases and gets maximum at the maximum speed.
As the train moves up the grade of the potential energy decreases and vice versa while moving up
the gradient. Since the total energy reaches maximum at maximum speed, its temperature reaches
some value because there is no heat dissipation from the train but this temperature is the

maximum temperature while the train is moving. When the driver starts to brake the train the,



heat dissipation from the train to the environment stars to rise and reaches maximum when the
train fully stops.

A coupling thermo-mechanical model of wheel/rail in rolling-sliding contact is put forward using
finite element method. The normal contact pressure is idealized as the Hertzian distribution, and
the tangential force presented by Carter is used. In order to obtain thermal-elastic stress, the
thermal-elastic plane stress problem is transformed to an elastic plane stress problem with
equivalent fictitious thermal body force and fictitious boundary distributed force. The temperature
rise and thermal- elastic stress of wheel and rail in rolling-sliding are analyzed. The non-steady
state heat transfer between the contact surfaces of wheel and rail, heat-convection and radiation
between the wheel/rail and the ambient are taken into consideration. The influences of the wheel
rolling speed and wear rate on friction temperature and thermal-elastic stress are investigated. The
results show the following: (1)For rolling-sliding case, the thermal stress in the thin layer near the
contact patch due to the friction temperature rise is severe. The higher rolling speed leads to the
lower friction temperature rise and thermal stress in the wheel; (2)For sliding case, the friction
temperature and thermal stress of the wheel rise quickly in the initial sliding stage, and then get
into a steady state gradually. The expansion of the contact patch, due to material wear, can affect
the friction temperature rise and the thermal stress during wear process. The higher wear rate
generates lower stress. The results can help understand the influence of friction temperature and
thermal-elastic stress on wheel and rail damage [8].

Slippage is great problem for locomotive which do not have slip control. In order to address the
problem research have tried to model and analysis its effect starting early times. Some of them are
discussed as follow. Temperature rise due to slip between wheel and rail-an analytical solution for
hertzian contact presented. Most of the researches are only concerned only thermal or on stress
analysis separately. In each study only one of the method was applied, which not satisfactory for
accuracy of the analysis [9].

But in present thesis I will analysis those problems caused by coupling thermal and mechanical
analysis; at the wheel — rail rolling —sliding contact. During the couple of thermal and mechanical,
the material of the wheel and the rail are considered as the same. These fields also provide

opportunities for improve the accuracy of the solution by varying of both sliding velocity and



traction coefficient. The coupling of thermal and mechanical will be depend on the plastic — elastic
FEM analysis. Since it is difficult to measure the temperature and pressure during vehicle
rolling/sliding, so, it is important to approximate the influence of both thermal — mechanical
coupling by using analytical and ANSYS V15 software which are used to strength the result I will

obtain.



CHAPTER THREE
3.1 THEORETICAL BACK GROUND OF WHEEL RAIL CONTACT

3.1.1 Wheel/Rail Contact Stress

Assessment of contact stresses at the wheel-rail interface is one of the most important aspects of
railway research, considering the many phenomena involved (wear, adhesion, surface fatigue
damage, etc.). Due to elastic properties of the materials this point will deform to a contact area.
The deformation that occurs will produce high tensile and compressive stresses in the materials.
Even if, a singular loading does not produce a failure, it can lead to future fatigue or surface
damage. The maximum pressure within the contact area occurs as a compression in the center. The
total stresses developed in the rail are the sum of the stresses at the wheel/rail contact (named as

Hertz stresses).

3.1.2 Characteristics of the Wheel-Rail Contact

The wheel-rail profiles are always designed to follow the standards which depend on the
operational conditions in each country. The main sections of a wheel profile include flange, tread

and chamfer as plotted in Figure below. The wheel profiles are normally inclined at a small angle.

Micro contacts
\

Normal contact view

Figure 3: Wheel-rail contact and friction
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The contact can be approximated by an elliptical Hertzian contact and will be used in this thesis.
At microscopic scale, the two contacting bodies (wheel running band and top of the rail) are rough
and contact take place on roughness level. As stated earlier, the wheel — rail contact is considered
to be “lubricated” for the low friction case so the friction force is to be calculated by using adequate
shear models for the interfacial layer present in the micro contacts and remaining macro contact.
Wheel - rail contacts are sliding/rolling contacts, meaning that the peripheral velocity of the wheel

is comparable within limits with the total velocity of the train [10].

v.rr:u’u P!mf'rr

Simple sliding Rolling/sliding

Figure 4 : Rolling/sliding wheel - rail contact.

From pure rolling (V¢rgin =V wheet) t0 simple sliding (v yypeer= 0 and viqin # 0) the coefficient
of friction between the wheel and the rail would increase from zero (pure rolling) up to a friction
value caused by shearing corresponding to the considered lubrication situation. Such variation
represents the so-called traction curve. Other dependency of the coefficient of friction is given by
varying the rolling velocity between the wheel and the rail. With increasing the velocity, the
coefficient of friction decreases due to lift-off of the wheel because of pressure built up in the
interfacial layer. This variation, i.e. coefficient of friction as a function of sum velocity, is the so-
called Stribeck curve. Apart from the theoretical modelling of the friction between wheel and rail,
equally substantial insight is given by directly measuring the friction between a contacting probe

and the counterpart (wheel and top of rail). Such equipment is of use to validate a friction model.
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3.1.3 Rolling and Sliding

Rolling is defined as a relative angular velocity between the two bodies in contact about an axis
parallel to their common tangent plane. The Percentage of sliding can also be involved, and
introduce differences in rotational speeds of the contacting bodies. This phenomenon is called
(partial) slip. If no torque is applied on the rolling element, the contact situation is called free
rolling. Apart from slip on a micro-scale, free rolling contacts will involve almost no macro-slip.
The situation in which one of the rolling elements is driven is called tractive rolling. Tractive
rolling may result in fairly large amounts of slip. So the increase in the sliding percentage or slip
of the motion is related to the change of the contact from an ideal rolling situation to a state in
which a percentage of tangential components are introduced. Well-designed rolling contacts only
fail after many cyclically loaded contacts. However, in the initial stages localized plastic
deformation may occur in rolling contacts. Running-in is an example where initial small scale
plastic deformation of the asperities is having the effect of generating more favorable running
surfaces. If certain conditions are satisfied, initial plastic deformation in rolling contacts may result

in an elastic steady state situation after a certain number of rotation.

3.1.4 Rolling Contact Mechanics

In rail vehicles, the contact forces that roll and carry the load of train happen in the tiny contact
area roughly, where steel wheel meets steel rail [28]. As a result, the wheel rail contact is extremely
complex. A broad interdisciplinary research is needed to understand, model and optimize the
contact mechanics and dynamics problem. The contact stress distribution prediction is the key to
many wheel-rail related problems such as wear, rolling contact fatigue (RCF), plastic deformation,
etc. As wheel and rail come into contact due to external force, deformations of microscopic
asperities happen at the interface. Due to relative motion between the bodies, contact forces
between two bodies appear. The tangential force at the contact is known as adhesion force or creep
force. Adhesion or creep is different from (sliding) friction (Figure 5). Figure 5-Left shows a block
sliding on a stationary surface with a velocity of vs. the free-body diagram of the block includes a
normal force (Fn) usually is the weight of the block) and horizontal friction force (Fr). The

horizontal force is equal to kinetic friction force, which is generally lower than static friction force.
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The static friction force is the force required to initiate sliding of the block against the surface,
whereas the kinetic friction force is the force required to maintain sliding. The ratio between the

static or kinetic friction force and the normal force is called the static or kinetic.

up = (D) (1)
Figure 5-Right shows a wheel or roller rolling along a surface/rail with an angular velocity of
w and a forward velocity of V, like a locomotive wheel rolling on a rail. The wheel is subjected
to a driving torque (T) and normal force (F,). The torque maintains the angular velocity of the
wheel and also causes a reactive tangential force (F;). The tangential force is the creep/adhesion
force at the interface and propels the wheel along the rail. The ratio between the tangential

(adhesion) force and normal force is called the adhesion (rolling friction) coefficient:

w, = G= 2)

Figure 5 : Schematic drawing of pure sliding contact (left) and rolling contact (right) [11]

To maintain a constant velocity of the wheel or accelerating the wheel, the circumferential velocity

of the wheel at the interface (WR) for a driven wheel will always be greater than its forward velocity

).
3.1.6 Heat Induced By Frictional Rolling

Friction conditions can seriously affect the rail life, for instance heat generation at the contact

zone [12]. The wheel-rail contact zone can be split into stick and slip regions due to frictional
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rolling contact. If the traction or braking forces exceed the available adhesion, gross slipping

happens which extensively generates heat at the contact spot.

3.1.7 Contact Temperature
3.1.7.1 Frictional Heating.

The power dissipation due to tangential stress and sliding velocity between wheel and rail results
in contact temperatures that can exceed 200 °C under normal operating conditions. They are
confined to a very thin surface layer. The thermal penetration depth depends on the non-
dimensional Pe’clet number with the semi-axis length a, the speed v of the moving heat source and

the thermal diffusivity [13].

5:% (3)

L=% 4)
A

k=p—c (5)

Where , A =thermal conductivity
p = density of material
¢ = specific heat capacity

High contact temperatures occur at high values of the sliding velocity vs. In this case, elastic
deformations of the wheel and rail can be neglected and the distribution of frictional heating for

Hertzian contact is [14].

_ Mvsl pz(2)

qfriction - 1- ¢z 22 (6)
It is generally assumed that the dissipated frictional power is completely transformed into heat.
The heat flows into the material of the wheel and rail. With equal thermal properties of the wheel
and rail, the heat partitioning factor depends only slightly on the different velocities of wheel,

different traction coefficient and rail with respect to the area of contact. Either a transient
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calculation with very small time increments or the concept of ALE (Arbitrary Eulerian—
Lagrangian) relative hardening kinematics, would be required for the adequate treatment of the
problem. Additionally, the discretization should be extremely fine in the component direction due

to the very small thermal fatigue.

3.1.8 Thermal Loads

To obtain temperature rise due to braking, it is assumed that the entire frictional energy between
wheel-blocks (brake power) converts to heat and this heat, distributes among rail, wheel and brake
blocks [15]. Hence, for determining temperature rise of these components, it is necessary to know
the heat partition factor of rail - wheel and wheel-block contact regions. At the beginning of wheel
sliding on the rail, heat partition factor between rail and wheel (o) is equal to 0.5; this is due to
considering the same physical and thermal properties for the wheel and the rail. By increasing the
slip time, this factor reduces, which means that the most of heat generated due to slip is transferred
to rail. The reason for this reduction can be based on the fact that during rotation of the wheel on
the rail, a new rail surface is always subjected to the high temperature wheel surface; therefore,
the rail surface should absorb this generated heat until attained to the wheel temperature. As
mentioned, in the beginning of sliding, this parameter is equal to 0.5 (transient state) and after
some times (less than 1 s) it reaches a constant value (steady state). At interval of these two states,

varies as a function of time.

3.1.9 Thermal Stresses

The contact temperature gives rise to severe thermal stresses at the surfaces of wheel and rail. An
accurate analysis of this problem would only be possible with a finite element model. But since
the large changes in temperature are confined to a very thin surface layer, we can assume that the
expansion of the surface in the x- and y-directions is zero while the expansion in the z-direction is

possible without restriction [16]. Thus the pure thermal loading results in a state of plane.

€,=0,€,= 0and g, = 0, then the thermal stress are

— aAT
1-v

(7)

Ox = 0y =
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With the young’s modulus E, the thermal expansion coefficient @ and poison’s ratio v.
3.1.10 Couple Thermal and Mechanical Stresses

The method of thermo-mechanical analysis for both wheels and rail does thermal analysis on the
whole model (consisting of wheel, rail and blocks) and yields the temperature rise; then in the
second stage, these obtained temperatures are applied to the wheel model as initial thermal loads
and by introducing a thermal expansion factor of components, thermal stresses due to these thermal

loads can be calculated.

3.1.11 Effect of Coupled Forces

The wheels, which are acted upon by the mechanical forces, also experience thermal loads during
service, due to braking [17]. The effect of these coupled stresses will be analyze in order to
understand the stress levels at various points on the wheel. The aim of this work also includes
prediction of temperature and thermal stress distributions on the wheel due to intensive braking.
A sequentially coupled analysis have perform for this problem, since the deformation field of the
wheel or rail depends on the temperature field. This temperature field can be find without the
knowledge of the deformation response. Hence, the heat transfer analysis is performed first and
then followed by the elastic-plastic analysis. The respective nodal temperatures as derive from the

heat transfer analysis are also taken into account along with the mechanical load.
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CHAPTER FOUR

4.1 MODELING OF COUPLE THERMO- MECHANICAL OF WHEEL-
RAIL ROLLIG-SLIDING CONTACT

This model will be develop for the thermos - mechanical solution of the frictional rolling/sliding
contact [18]. The model is further advance in the present research to deal with the thermo-
mechanical problem. It simulates the wheel-rail contact with frictional heat generation during
rolling and sliding. The material thermal structural response is simulated using finite element
method and Hertzian pressure distribution which capable of solving for the transient temperature
under thermal/mechanical boundary conditions. A coupled of mechanical- thermal approach is

used to estimate the flash— temperature at the wheel-rail interface.

To perform the coupled analysis, the heat flux is firstly computed by the frictional contact
(mechanical solver). Then, this is given as the input of thermal analysis for determining material
thermal response. This leads to the distributions of stresses as well as temperature along wheel —
rail surface. Work done by friction can be transformed into fatigue life, shear stress, stress life and
heat. By selecting appropriate time steps for modeling, the mechanical and thermal solvers are

connected in an iterative solution scheme.
Using this coupled analysis the following advantages can specifically be considered:

+ In the coupled analysis, material properties can be assumed to be temperature dependent.

4+ The geometries of the materials and the transient temperatures are spontaneously updated
during the coupled simulation. Therefore, the effects of mechanical load and temperatures
are interactively considered. This makes the model more accurate using a thermal and
mechanical analysis under the presence of the heat flux and pressure.

4+ The stresses are dependent on the temperature distribution in the frictional rolling contact.
The coupled approach gives more realistic stress responses since the mechanical and

thermal solutions are obtained simultaneously during the numerical simulation.
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Figure 6 : The coupled mechanical-thermal analysis with the proposed FE tool
4.1.3 Model of Temperature Wheel-Rail Contact

Using FEM, a numerical model is developed in a more realistic way. A 3D transient FE model
will be built to examine the mechanical-thermal coupling behavior of the contact bodies with
arbitrary geometries under frictional rolling contact. Among the above-mentioned assumptions
which limit the applicability of the analytical methods, finite element method will use in the present
research. However, the temperature solution is sight for the 3D contact problem with partial slip,
by using a transient time integration scheme. The heat flux is generated in the slip region. Rolling
contact with frictional heat generation is simulated with the wheel running with a constant speed

on the rail [19].
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Figure 7 : Calculation of the temperature in partial-slip [14]

4.1.4 Boundary Condition for the wheel- rail Model

For modeling the wheel and rail, profile of railway car is used which have wheel diameter of 660
mm which is amongst the most common wheels in the ERC was applied [20]. UIC50 rail is
modeled with wheel (UIC 812-3/EN S1002 which are similar to Addis Ababa LRT specification
and the sample length of 600 mm considered. In this study an axle load of 25kN which is F =
12.5kN vertical loads on a wheel of freight car running 19.4 m/s (70km/hr.) on the straight track
is considered. The 3D model of the 660mm diameter wheel and 600 mm long rail is model using

CATIA R20 VS5 for simulation of rail head and wheel tread contact.
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Figure 8 : UIC-50 Rail and wheel profiles models [26][19]

4.1.5 3D Modeling of Wheel —Rail Contact

Contact zone with surface temperature is created by means of sub modeling on the wheel as well
as on rail contact point in ANSYS. The contact stiffness is selected to be augmented Lagrange
contact stiffness of solid to solid surface contact method. It is recommended for general frictional
contact in large-deformation problems. Augmented Lagrange formulation method is very similar
to that of penalty method without rapped effected except that it reduces sensitivity to contact
stiffness. Beside the contact is modeled to have Symmetric behavior. This means that the Contact
surfaces are constrained from penetrating the Target surfaces and the Contact surfaces are
constrained from penetrating the Contact surfaces area. The modeled geometry are analyzed

without large gap of penetration.
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Figure 9 : Rail-wheel assembly modes on CATIA rail head to wheel tread contact
4.1.6 Principal and Shear Stresses

According to Hertz contact theory, on the point of contact the maximum principal stress is
perpendicular to the plane of contact point, which is on the line of applied load. The applied load
can be either compressive or tensile. The remaining principal stresses are equal. The yield criteria
can be expressed in terms of the stress state, strain state, and thermal strain quantity. The common
yield, known as the von Misses yield criterion predicts that yielding will occur whenever the
distortion energy in a unit volume equals the distortion energy in the same volume when uniaxial
stressed to the yield strength. From this theory, a scalar invariant (Von Misses equivalent stress)

1s derived as.
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O = \/0-5 [(01 — 02)? + (0, — 03)% + (0, — 03)% + (03 — 07)? )

When von Mises equivalent stress exceeds the uniaxial material yield strength, general yielding
will occur in this study von misses stress yield criteria is implement for stress analysis.
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Figure 10 : Stress status in point contact; 61, and ¢ 3 are the principal stresses, and k is the
shear yield stress of the material.

4.1.7 Elastic limit

Yielding begins when the equivalent stress is equal to the yield limit o,,. Here, we use the v. Mises yield
criterion with the equivalent stress for a state of plane strain.

Oym = Oy

Opm = \/(O’x — ay)z — (ay — GZ)Z — (0, — 0,)% — 6TXY 9)

In simple shear, the yield stress is o, = /3k. Since all components of mechanical and thermal
stresses are proportional to po, the yield criterion can be used to calculate the maximum Hertz
pressure po called the elastic limit at which yielding begins. The stresses due to normal loading are
equal in the wheel and the rail. For Hertz contact with full sliding, only the sign of the stresses due
to tangential loading depends on the direction of the tangential force acting on the wheel and rail.
Without thermal stresses, the distribution of the equivalent stress in the wheel and the rail is equal,
but with reverse orientation. If the wheel and the rail are initially at the ambient temperature, the
thermal stresses due to frictional heating are equal in both of them. But the distribution of
equivalent stress is no longer the same in all cases because of the combined mechanical and thermal

stresses.
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CHAPTER FIVE

5.1 ANALYSIS OF COUPLE THERMO- MECHANICAL OF WHEEL-
RAIL ROLLIG-SLIDING CONTACT

When a wheel and a rail get into contact under the action of the static wheel load, the contact area
and the pressure distribution are usually determined by using the Hertz theory. Due to the
complexity of the coupled mechanical-thermal behavior, numerical approaches will use for more
frequently are some examples of using finite element analysis (FEA) for investigating the frictional
heat generation and temperature rise in contact bodies. Besides the studies on thermal behavior of
the frictional contact, extensive research has also to be carry out on mechanical aspects of the

wheel-rail contact.

Using FE analysis, some studies will be investigate the coupled effects of the mechanical and
thermal aspects. Although the numerical model of benefits from a 3D FE modelling, the thermal
calculation is performed separately from the mechanical simulation (uncoupled analysis). The
model uses a transient explicit solver and it is capable of estimating temperature rise in wheel-rail
materials. In the mechanical part, the 3D transient FE model is able to solve both the normal and
the tangential contact problems simultaneously for arbitrary wheel-rail geometries. In the thermal

part, a heat flux analysis is used which is coupled with the mechanical solver.

In railway engineering, the wheel-rail contact patch becomes a slim elliptical shape in the lateral

direction after a long-term wear.
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Figure 11 : Wheel-rail in sliding contact area [12]
5.1.2 MATHEMATICAL MODEL FOR WHEEL-RAIL CONTACT

First, According to Yan, if two elastic nonconforming bodies are pressed together then the contact
area assumes elliptical shape with a semi major axis ‘a’ and a semi minor axis ‘b’.

The distribution of the contact pressure in this elliptical area as shown in Fig 12 represents a semi-
ellipsoid, expressed as [21]:

2 2
P=Po(1-:—2—lz)—2 (10)
3w
POZZTtab (11)

Where is the maximum contact pressure, P is the total normal contact force. a and b are the semi-
axes of the contact ellipse.

Figure 12 : Pressure distribution across elliptic area [12]
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The method assumes the contact surfaces to be smooth, so they can be described by a second-
degree polynomial

Z1=A1x*+ Axxy + Azy? (12)
72 =Bix*+ Baxy + Bsy? (13)

Where x and z are the local coordinates in the longitudinal and lateral directions, respectively.

Figure 13 : General Profiles of two contacting bodies [12]

The contact plane is held immovable during compression. Any two points of the contacting bodies
on the axes Z1 and Z2 at large distances from O will approach each other differing by a certain
amount a, and the distance between two points such as M and N will diminish by a-(w1+w2).
From geometrical consideration it can be written as

witwr=a—(Z1+7Z2) (14)

Where, wl and w2 denote the displacement of a point due to the local deformation in the Z
direction respectively.

Using Boussinesq’s solution for a semi-infinite body subjected to a concentrated normal force at
the boundary surface displacement wl and w2 [22] is given by:
w; = k. [[ PaA¥ ds (15)
w, =k,[[ Pd¥ ds (16)
Where K1 and K2 are constants given by:

1—pu1?
nE1

k1= (17)
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_1-p2?

18
E2 (18)
And, p & E also are elastic constants. Substitution of Eqn. above pro
(K1 +Ka) [f %= a — Ax? — By? (19)
— 3P 3mP
Po= 4 (20)
_[3mP (k1+k2)|Y/3
a=m |- 2D
__3mP (k1+K2)]Y/3
b=n |- (22

The calculation of the contact areas requires knowledge of some geometric constants used in the
above formulation. With respect to wheel-rail configuration, the following curvature combinations
are related as:

1 1 1 1 1
A+B = (—+—+—+—) (23)
2 "Ry1 Ri2 Rz  Rpq

AB=Z(—+ —+—+—) (24)

11 Ri2 Rz Rpq

B_A;[(L_L)Z Py az( o) (2
2 |\R11 Ry Rz R21 Ri11 Ri2/ \Rz2
1/2

) c OSZ‘PI (25)

1

R21

Where A and B are positive constants. R11, R12, R21 and R22 are defined as the principal relative

radii of curvature, represented pictorially in the Fig. 14
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Figure 14 : Wheel-Rail Configuration showing different principal relative radii of curvature [24]
Where,

R11: The rolling radius of curvature of the wheel.

R12: The radius of the wheel profile, which goes to infinity for a conical wheel.

R21: The radius of the runway which is infinity in this case

R22: The radius of curvature of the rail in the plane of cross section.
The ellipticity parameter (%)is related to geometrical parameter (g)by means of the coefficients
‘m’ and ‘n’. From the notation, cos 0 (%) the values of m and n for various values of 0 are will

be calculate by:

n=3E-0.502 + 0.00450 + 0.334 (26)
m=62.1960! (27)

The principal stresses at the Centre of the surface of contact [23] are calculated as:

b
oy = —2uPp (1= 2P 5 (28)
0y = =2uP, (1 = 2P 7 (29)
o3 = —F, (30)

27



The material model is linear-elastic and there is friction between the contacting surfaces. The
contact total load is taken as 25kN. Material data Ei= E> =210 GPA, p =0.3, are used for the pair

of contacting bodies, R11=330 mm, R12= co mm, R21=00, R22=300 mm. to calculate the value
by using equation of [15-30]:

1-v 1-0.32 _
ki=—— = =1.38¢ 2N /m
nE1 m210e° N/m
1—p2? 1-0.32 12
K2 = = =138e™*“N/m
nE 2 m210e°N/m

AB=Z(—— 4t ——)

2 \330mm 00 00 300mm

=0.0032/mm
1 [/ 1 1\2 1 1 1 1 1
B-A = —|([——— — — )2 42— =) (— -
2 [(Rn R12) + (Rzz R21) + (R11 R12) (Rzz
1/2
i) cosZ‘l’]
Rz1

For this case the angle y between the radius of the wheel and rail is¥ /2, then

Ba = (- 2) G022 G
1/2

) cos2 (7'[/2] = 0.00225

Then to calculate the value of 0 along wheel sliding rail

_ B-A
Cos 0= (—B+A) (31)
Cos 0= (22222 —y—0.703

0.0032

0 = cos1(0.168) = 50°
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After calculation we have the following values for A+B, A-B and 8, 0.0032/mm, 0.00225

and 6= 50°respectively. This angle used for interpolation calculation of m and n. By using the

following Table (the Hertz coefficient), linear interpolation method and the intermediate values of
m and n of the rail are calculated using regression given by:

Table 3.4 The Hertz coefficient m and n [14]

0 (deg) m n 0 (deg) m n 0 (deg) m n
0.5 61.400 0.1018  10.0 7.860  0.2850  60.0 1.486  0.7170
1.0 36.890  0.1314 200 6.604 03112  65.0 1.378  0.7590
1.5 27480 0.1522  30.0 3813 04123 700 1.284  0.8020
20 22260 0.1691 350  2.731 04930 75.0 1.202  0.8460
3.0 16.500 0.1964  40.0  2.397  0.5300  80.0 1.128  0.8930
4.0 13.310 0.2188 450  2.136  0.5670  85.0 1.061  0.9440
6.0 9.790  0.2552  50.0 1.926  0.6040  90.0 1.000  1.0000
8.0 7.860  0.285 55.0 1.611  0.6780

From the above Table to calculate to calculate the value of a & b [24] when 6 = 50°, m
=1.926 and n = 0.6040

a=m 3/3nW (ky + k;)/4(A + B) (32)

—-12 —-12
o= 1.9263\/3n12500(1.386 +1385e71D) o oo
4% 3.2/m

b=ny/3nW (k, + k;)/4(A + B) (33)

3m*12500%(1.38e~12+ 1.38e712)

b=1.77mm
4x3.22/m

b= 0.60403\]

Under the total vertical load of 25000 N of 2 bogie for single bogie W = 12500N, a = 5.65 mm

and 1.77mm, the maximum pressure at the center point of the contact ellipse is given by:

3W 12500 x3
" 2mab  2xmx0.00565X0.00177

= 596MPA (34)
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The principal stresses at the center of the surface of contact are calculated as:

5.1.3 Heat Flux Analysis at Contact Area

When wheel and rail are brought into contact under the action of the static wheel load, the
area of contact and the pressure distribution are usually calculated with the Hertz’s theory. When
a wheel rolls on a rail, the contact area and the pressure distribution can be obtained by the Hertz

theory. The normal pressure distribution is determined as follows:

P=Po\/1—(:—22—z—z (35)

In the case of a infinitely long cylinder subjected to the normal load N/b’per unit length, the normal

pressure distribution is:

P(x,y) = Py X /1 —z—z (36)

The maximum pressure Pois calculated from the normal contact force F by the following equation

[25]:

_3F
O_Zna’b

(37)

This model is often used for a simplified analysis of three-dimensional contact problems. The
reference length a for the transition from the three-dimensional to the two dimensional case:

a' = -a (38)

a = g.az %*5.65mm= 7.53mm

3F 3X12500
Pp= ——= = 448MPa
2ma’'b 2X1X0.00177%0.00753

A particle in the rail surface is in contact with the wheel during a very short period. For calculation
of the flash-temperature due to frictional heat, a very thin layer in the rail surface can be considered

as the instantaneous affected zone.
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The Péclet number can be related to the forward velocity V0 (vehicle speed) and the thermal
diffusivity x. The effect of material properties is introduced by thermal diffusivity, which combines

thermal conductivity 4, density p and specific heat capacity c:

= =2 (39)

pe—zk ! pc

If Pe >10, the heat conduction occurs only perpendicular to the contact plane, i.e. in the vertical
direction (z) [13]. This condition is basically valid for typical situations of the wheel rail system.
Therefore, the longitudinal (x) and lateral (y) heat conduction can be neglected. The heat
conduction equation in z-direction (rail depth) can be written by:

9°T _ oT

922 ot (40)

Which is a second-order partial deferential equation involving temperature rates of change with
respect to the time and rail depth. The material particles in the contact patch are subjected to the
frictional heat source ¢ (t), while the wheel is passing the rail. Assuming zero temperature as the

initial state, the boundary condition at time # can be written as:
oT
A= (Z=0,t) = qt) (1)

The time parameter () can be substituted by the wheel position in longitudinal direction (x) using
x = Vt. Therefore, the heat conduction equation (only in z direction) will include the wheel

sweeping on rail in the longitudinal direction.

The dimensionless coordinates of each material particle in rail (2D) [14] can be represented by:

X Z
§==, {=3 (42)
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Defining £ as the thermal penetration coefficient and v,, as the wheel velocity by the sum of the
forward velocity Vo= 19.4m/s and sliding velocity Vs=3 m/s, A =50W /km and x = 1.518 X

107>

mZ
[14] then:

B =.Apc= % (43)

50W/km
J1.518x1075m2/s

, B=12,833.2

W =%+ (44)
=19.4 m/s + 4m/s
v 234m
w S
L Voot =% ¥piting
« Wheel —_— -
O] 11111 | |
Frictional heat | Qi@ |
—_—
| Qo L L ! i Rolling direction
|Rdl|l|£‘d{] Trailing edge | | | Leading edge |
x 2 Side view | | |
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Figure 15 : Elliptical area of the contact and Calculation of the temperature in partial-
slip rolling contact, the side and top views are shown.

The partition of heat that flows into wheel [14] is given by:

BuwViw
Bur/Viw+BrfVo

£ = (45)
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Where subscripts w and r indicate the wheel and rail respectively. Tw and Tr are temperatures of

the wheel and rail respectively and also ¢ is the heat partitioning coefficient.

. = Buw/Viw _ 12833.2V23.4 — 05
L BV tBrdVo 12833.2v/23.4+12833.2Y19.4

Based on the Coulomb’s friction law, the distribution of the tangential stress is given as follows:

T(x,y) = pP(x,y) (46)
Where  is the friction coefficient.

The heat flux distribution within the contact patch due to friction [8] is given as:

q(x,y) = uVsP(x,y) (47)
An analytical approximation is proposed in for the elliptical heat flow rate in the Hertzian contact:
qfriction(f) = st Pof(f) (48)

The average heat flow rate at the surface of the rail is calculated in the following formula:
T
q(®) = % g1 HVsPy (49)

a(®) = “&uVP, = =[0.5 X 0.58 x 4 x 448MPa]

eriction(E): 4081\/[\7\7/“12

And the average heat flow rate at the surface of the wheel will be calculated when u = 0.58

q(©) = (1~ &) TuVPp, (50)
=(1- 0.5)% X 0.58 X 3m/s x 448MPa

q(§) = 408MV /m?
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Analysis of Heat flux and temperature at the contact area for vehicle speed of Vo= 19.4 m/s

and slip velocity of 8 m/s.

Heat partitioning coefficient

_ B/ Ve _ 12833.2v/27.4
Buw/Vw+Brv/Vo 12833.21/26.4+12833.2v/19.4

€

82 =0.51
The average heat flow rate at the surface of the rail is calculate when u = 0.5:
s
qfriction(f) = e EZHVSPO

= %.x 0.51 x 0.5 x 8m/s X 448MPa

Afriction (E): 720MW/m?

As we calculated the average heat flow rate at the surface of the rail, then we calculate the average
heat flow rate at the surface of the wheel will be:

qw friction(g) = (1 - 52) %MVSPO
=(1- 0.512)%0.5 x 77’” « 448MPa

éIfriction(E) = 686MV /Tn2

Analysis of Heat flux and temperature at the contact area for vehicle speed of Vo= 19.4 m/s
and slip velocity of 12 m/s.

Heat partitioning coefficient of wheel and rail during rolling sliding contact is:

31.4m
12833.2
BwyVw _ s

BwyVw+BryVo 128332 |2 112833 2194

€3

83 == 0.52
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The average heat flow rate at the surface of the rail is calculated when u = 0.4
T
Qfriction (§) = 783 nVs Py
= } 0.52 % 0.4 x 12m/s x 448MPa

Qfriction (E) = 877MW /1’1’12

As we calculated the average heat flow rate at the surface of the rail, then we calculate the average
heat flow rate at the surface of the wheel will be:

q(E) = (1 - 83)1:[:HVSPO

12 m

= (1-0.52) 7 * 0.4« — * 448MPa

S

Qw friction(f) = 811 MW/m?

Analysis of Heat flux and temperature at the contact area for vehicle speed of Vo= 19.4 m/s
and slip velocity of 16m/s

Heat partitioning coefficient of wheel and rail during rolling sliding contact is:

35.4m
12833.2 ’
£, = BW\/ Vw . S
4

T B VwtBr/Vo .
BwyVwHBryVo 15833, /@stss.z\/w.z}

The average heat flow rate at the surface of the rail is calculated when p = 0.3:
e
Qfriction (§) = %" e41VsP,
= % 0.53 % 0.3 x 15m/s X 448MPa
qfriction(z) = 894NNV/1’1’12
As we calculated the average heat flow rate at the surface of the rail, then we calculate the average

heat flow rate at the surface of the wheel will be:
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Qw friction(E) = (1 - 84) % uVsPo

= (1-0.53) *Z%0.3 2 « 448MPa
4 S

Qw friction(E) = 841WM/m2

5.1.4 Temperature Rise Calculation in the 3D Wheel-Rail Contact Problem

Using finite element method, a numerical model is developed in this paper for the temperature
calculation in a more realistic way. During the rolling/sliding contact between the wheel and rail,
heat is generated at the contact surface due to friction. A 3D transient FE model is built to examine
the coupled mechanical-thermal behavior of the contact bodies with arbitrary geometries under
frictional rolling contact. The analytical methods, for calculation of the flash-temperature due to
frictional heat, a very thin layer in the rail surface can be considered as the instantaneous affected
zone. However, the temperature solution is will be sight for the 3D contact problem with partial
slip using a transient time integration. The heat flux is generated in the slip region only. Rolling
contact with frictional heat generation is simulated with the wheel running with a constant speed
on the rail. A particle in the rail surface is in contact with the wheel during a very short period.
The maximum temperature occurs at the trailing edge of the contact patch that was already been
given by Blok [19]. Assuming that the only source of heat over the area is friction, friction-induced

temperature it can be used as a simple estimate for the friction-induced temperature of wheel and

__ 1.253.epVg.Pgo a
Ty = HE2STD [ 5)

Analysis of induced temperature at the contact area for vehicle speed of Vo=V, = 19.4m/s, slide

rail.

velocity of (Vs) = 4m/s, thermal partition of wheel f3,, = 12833.2 and temperature rise for p =

0.58
T _1.253.51.0VsPo [a _ 1.253X0.5x0.58x4 m/sx448MPa [0.00565
max Br Vi 12833.2 19.4
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= 866°C

And the friction-induced temperature of wheel is

1.253.6;.0.Vs.P
Ty = 2200MYsP0 [ (52)
~ 1.253x 0.5 0.58 X 4m/s X 448MPa |0.00565 —
N 12833.2 234

With similar procedure the surface temperature over the contact area are calculated for 8
12m/s and 16 slip velocities for vehicle running 19.4 m/s. The analysis is carried as follow;

Friction-induced temperatures of rail at 8m/s slip velocity and temperature rise for p = 0.5 is

T _ 1.253.5,.0VgPo [a _ 1.253x0.512x0.5Xx8 m/sx448MPa [0.00565
nmax B Vr 12833.2 19.4

=1522°C

The friction-induced temperature of wheel at the same slip velocity and the same

temperature rise

T _ 1253.5,0VsPo [a _ 1.253x0.49x0.5x8m/sx448MPa [0.00565
nmax Bw Vw 12833.2 27.4

=1231°C

Friction-induced temperatures of rail at 12m/s slip velocity and temperature rise for

uw=0.4is

T 1.253.651Vs.Po [a 1.253x0.52X0.4x1272x448MPa  [0.00565
mx B, Ve 12833.2 19.4

=1863°C
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The friction-induced temperature of wheel at the same slip velocity and the same

temperature rise.

T 1.253.5.)L.Vs.Po a 1.253><0.48><0.4><12%><448MPa 0.00565
mx Buw Vw 12833.2 31.4

= 1246°C

Friction-induced temperatures of rail at 16m/s slip velocity and temperature rise for

n=20.3

T 1.253.65uVs.Po [ a 1.253%0.53x0.3x16=x448MPa  [0.00565
max By Ve 12833.2 19.4

= 1898°C

The friction-induced temperature of wheel at the same slip velocity and the same

temperature rise.

T 1.253.650Vs.Po [ a 1.253x0.47X0.3X16x448MPa  [0.00565
mx Bw Vw 12833.2 35.4

= 1352°C

5.1.5 Rail flash-temperature
Results of temperature rise generated by frictional heat were deduced from the numerical

simulation. A summary of the maximum flash-temperature for various traction coefficients are
given in Table 1. Assuming zero temperature in the materials at the beginning of the simulations,

the results are representative of the temperature rise generated by friction.
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Table 1: Rail flash-temperature

Traction 0.58 0.5 0.4 0.3
Sliding velocity 4 8 12 16
Flash temperature | 827 1376.5 1554 1625

5.1.6 Heat convection
Outside the area of contact, heat flows from the wheel into ambient air by convection at the free

surfaces. With the heat transfer coefficient with varying sliding velocity [27]

h = fualr (53)
N, = 0.037 x R,® (54)
R, = e (55)
Vyr = K, X V, (56)

Depending on the property of air for vehicle speed of Vo= 19.4 m/s at latm and slip velocity of
4.00 m/s

K, =0.12, ki, = 0.025, v, = 34.5 X 1076 m*/s

Vyr = K, X V,=0.12 #19.4m/s = 2.328 m/s

Vair X1y _ 2.328 %0.42
Vair 34.5x1076

R, = =28340.9

N, = 0.037 X R,*® =0.037 x 28340.9°8 =134.9

N, =134.9
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_ Ny XKgir _ 134.9x0.025

w

h

Tw

0.33

=8.3

m2K

Table 2: Heat convection along wheel contact

Sliding 19.4 234 27.4 31.4 35.4

velocity

Heat 103 | 12— | 1352 15— 16.5—
. m“K m<K m<K m<K m<K

convection

5.1.7 Normal and Tangential Stress Distribution in Wheel —Rail Contact

The effects of vehicle speed, all types of creep ages and elliptical contact area are taken into
consideration [9]. When the level of creepage is not too high (approximately less than 1%), the
Carter’s equation considers almost a linear relationship between the creepage and the creep force.
For high creepages and for the full-slip contact a nonlinear relationship exists between the
mentioned parameters, while the maximum creep force is limited to fN. Various tangential loads
(F) are simulated by applying different values of the traction coefficient on wheel (w):

p= o <f=06 (57)
where, f denotes the friction coefficient. Four values of the traction coefficient i.e. 0.3, 0.4 and

0.58 are considered to model different levels of partial slip. The greatest coefficient («=0.58)

simulates an almost full-slip contact from equation (57)

Tangential load when u = 0.58

F
= <f=06F=Nu=12500x 058 =7250kN

Table 3: Normal and Tangential Stress Distribution in Wheel —Rail Contact
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Traction 0.58 0.5 04 0.3

coefficient

Tangential 7250N 6250N 5000N 3750
load

5.1.8 Finite Element (FE) Couple of Thermo-Mechanical Analysis
To perform the objective and scope of the thesis, a 3D elastic finite element model is used.

All the finite element models are built using ANSYS software. The general procedure is first, the
3D geometry model is transferred or imported to ANSYS software and then meshed with ANSY'S
workbench. The meshing at the contact location is refined very well for efficient and accurate
computation. The contact between rail and wheel is modeled using ANSY'S workbench. Therefore,
lateral loads to the system are considered and the rotational effect of the wheels is also considered.
The coefficient of friction at the wheel-rail rolling contact varies according to the track and
environmental conditions. Based on these conditions the rolling contact traction coefficient, =
0.3, 0.4, 0.5 and 0.58 are used in the FE analysis for this investigation. The rail and wheel material
properties are assumed to be the same but different carbon content, and a bilinear kinematic
hardening elastic material model is used in ANSYS workbench. Boundary and loading conditions
are applied to the model. The rail is fixed at both ends and bottom of the rail to prevent rigid body

motion of the whole system.
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Table 4: Mechanical material properties of wheel and rail steel

Material properties Value
Poisons ratio 0.3
Young’s modulus 197.5 GPA
Tangent modulus 15000MPa
Yield strength 550 MPa
Tensile Ultimate strength 880 MPa
Tensile yield strength 540 MPa
Isotropic thermal conductivity 46.5
Material density 7785Kg/m

Table 5 : Material parameters for quenched and tempered wheel steel R7 at different
temperatures used in calculate

T fl E v oy Ex @ c A
cC) (kg m~%) (GPa) (MPa) (GPa) (10" T kg* Wm™*
ac—l} oc-l) oo l)

0 7850 210.0 0.2830 570.0 15.00 11.60 450.0 47.10
100 7818 203.8 0.2860 560.0 15.00 12.20 487.5 47.10
200 7785 197.5 0.2900 550.0 15.00 12.80 525.0 45.30
300 7753 191.3 0.2940 540.0 13.50 13.40 575.0 43.00
400 7720 185.0 0.2980 530.0 12.00 14.00 625.0 40.00
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Figure 18: Mechanical load setting over imported contact surface thermal load for combined
5.1.9 Meshing
In the finite element analysis the basic concept is to analyze the structure, which is an
assemblage of discrete pieces called elements, which are connected, together at a finite number
of points called nodes. A network of these elements is known as a mesh. Meshing is discretizing
the solid object to finest parts to perform the analysis to get the precise value at each and every
elements of the meshed object. Since wheel and rail a 3D element the appropriate meshing
method will be volume mesh so that all the volume of the wheel —rail is discretized to the
smallest part of the wheel —rail. After this the object is ready to be analyzed by setting the
analysis on the ANSYS work bench.

400.00 (mim]

Figure 19 : Finite element Mesh of wheel —rail contact rail-wheel assembly
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CHAPTER SIX
6.1 RESULTS AND DISCUSION

6.1.1 Mechanical load stress and strain analysis
The main causes of mechanical loads are tangential and normal force. Based on analytical

result the tangential force considering only longitudinal direction is 2.5KN and axle load of
25KN the distributed equally left and right wheel. Duration of applied load for simulation is

the time requires crossing a contact area. The contact area is considered symmetrical.

Stress, strain and stress life over contact area is presented in figures bellow.

16-Aug-17 322 AM 15-Aug-17 341 AN

35.722 Max
31753
7784
23818
19846
18877
11.908
7.8384
3.8692
4.2636e-5 Min

34.260 Max
50,461
26,663
22 846
18,038
15231
11.423
76152
28077
4.2675e-5 Min

ik
<

0.00 500.00 (mrm) nog 500,00 {mm)
[ —

260.00 2450.00

4.2636e-5 Min

v
0.00 300.00 {mm) .
L )
160.00

Figure 20 : Contact area stress life during mechanical load only
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Figure 22 : Contact area stress life during mechanical load only
6.1.2 Thermal stress analysis
The source of heat generation at the contact area between rail and wheel is friction force.
The sliding between wheel and rail causes frictional heating of both bodies. The maximum
surface temperature during rolling contact of railway wheels with sliding friction is
estimated using Blok’s flash temperature formula. In addition for determining temperature
rise of these components, the heat partition factor of rail and wheel is added on analysis. The

results can be summarized in the following Tables.
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Figure 23 : Contact area thermal stress for 4 m/s slip velocity simulation
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Figure 24 : Contact area thermal stress for 4 m/s slip velocity simulation
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Figure 25 : Contact area thermal stress for 12 m/s slip velocity simulation
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Figure 26 : Contact area thermal stress for 16 m/s slip velocity simulation
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6.1.3 Thermo-Mechanical Couple Analysis

By selecting a time-step during the simulation, 3D distributions of the pressure and heat flux are
applied. The longitudinal and lateral axes on the rail surface are normalized relative to the semi-
axes a, and b, respectively. It should be noted that the wheel is located at x=0, while the leading

edge and trailing edge of the contact patch are at x=a, and x=-a, respectively.

The longitudinal distributions of the pressure and tangential stress on the rail surface are
demonstrated for various tractive efforts. As can be seen in the calculation, the level of traction
coefficient did not influence the pressure distributions significantly. The effect of the sliding on
the temperature rise, thermal strain, residual stress and residual strain under wheel-rail sliding-

rolling contact are studied.

Table 6: Summary of loading condition for coupled thermal and mechanical simulation

Applied load at contact area

Traction
coefficient Mechanical load Thermal load
Normal load = Tangential Maximum flash surface
pressure load temperature
596MPa Slip
velocity
0.58 >> 7250 827 4
0.5 >> 6250 1376 8
0.4 >> 5000 1554 12
0.3 >> 6250 1625 16
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According to the input data the results showed are from mechanical - thermal load coupling
analysis over contact area for single pass. Symmetric contact behavior is model and all loads are
applied to the contact region. Depending on the above inputs surface temperatures it can be

analyzed, equivalent von misses strain, equivalent von misses stress, and thermal strain, shear

stress, and alternating equivalent stress are conducted at below

0.00181 00018108
0.0012072 00012072
000050381 000050361
1.1292¢.8 Min 1.12092e-8 Min

Min

400.00 {mim)

200.00

Figure 27 : Equivalent von Mises strain at 4m/s sliding velocity and traction coefficient of p=0.58

simulation
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Figure 28 : Equivalent von Mises strain at 8 m/s sliding velocity and traction coefficient of p=0.5
simulation
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Figure 29 : Equivalent von Mises strain at 12m/s sliding velocity and traction coefficient of
u=0.4 simulation
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Figure 30 : Equivalent von Mises strain at 16m/s sliding velocity and traction coefficient of

u=0.3 simulation

The investigation results show that the thermally affected zone exists mainly in a very thin layer
of material under the rail contact surface during the rolling-sliding contact. 0.0054324 is the
maximum strain with the sliding velocity of 4 and traction coefficient of 0.58. The residual stresses
induced by the frictional heat in the surface layer of rail appear to be tensile. When the maximum
heat flux is applied, the frictional heat has a significant influence on the residual stresses and
residual strains of rail and wheel. The present paper develops a thermo-mechanical coupling model
of wheel-rail rolling-sliding contact, and the showed results can help to understand the mechanism
of wheel/rail frictional thermal fatigue. Elastic strain resulted due to contact stress lower than

elastic limit of the material.
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0.0015109 Min

Figure 31 : Equivalent von Mises stress at 4m/s sliding velocity and traction coefficient
of u=0.58 simulation

000079683 Min

Figure 32 : Equivalent von Mises stress at 8 m/s sliding velocity and traction coefficient
of u=0.5 simulation
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Figure 33 : Equivalent von Mises stress at 12 m/s sliding velocity traction
coefficient of p=0.4 simulation.
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Figure 34 : Equivalent von Mises stress at 16m/s sliding velocity traction
coefficient of u=0.3 simulation
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The equivalent von misese stresses in the four case of analysis is greater than the yield
strength of material in combined load analysis. Even if critical stress points confined in few
area, the existence of thermal load because of slippage affects the strength of the materials.
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Thermal strain created in the contact by presence of contact frictional heating. The thermal strain
at contact will be greater and the stress life on contact area material is be short. Although the
analysis type is the same (coupled analysis), because material properties are temperature dependent

with their thermal deformations, the different results were achieved.
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Figure 39 : Shear stress at 4m/s sliding velocity and traction coefficient of p=0.58

simulation
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Figure 40 : Shear stress at 8m/s sliding velocity traction coefficient at u=0.5
simulation
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Figure 41 : Shear stress at 12 m/s sliding velocity traction coefficient of u=0.4
simulation
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Figure 42 : Shear stress at 16 m/s sliding velocity traction coefficient of

p=0.3 simulation
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If the wheel and the rail are initially at the ambient temperature, the thermal stresses due to
frictional heating are equal in both of them. But the distribution of equivalent stress is no longer
the same in all cases because of the couple mechanical and thermal stresses. This will cause
thermal stress development on sliding contact area. The source of heat generation at the contact
area between rail and wheel is friction force. The slip between wheel and rail causes frictional
heating of both bodies. The maximum surface temperature during rolling contact of railway wheels
with sliding friction is estimated using Blok’s flash temperature formula [19]. In addition for
determining temperature rise of these components, the heat partition factor of rail and wheel is

added on analysis. The results can be summarized in the following Tables

Table 7: Result summary of heat flux and max temperature at rail surface

Traction 0.58 0.5 0.4 0.3
coefficient

Sliding 4 8 12 16
velocity

Heat flux 408 720 877 894
Rail surface 866 1522 1863 1898
temperature

Table 8: Result summary of heat flux and max temperature at wheel surface

Traction 0.58 0.5 0.4 0.3
coefficient

Sliding 4 8 12 16
velocity

Heat flux 408 686 811 841
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wheel surface 788 1231 1246 11352

temperature
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6.1.4 Loading Type

Fatigue, by definition, is caused by changing the load on a component over time. Thus, unlike the
static stress safety tools, which perform calculations for a single stress, fatigue damage occurs
when the stress at a point changes over time. ANSY'S can perform fatigue calculations and analysis

for either constant amplitude loading or proportional non-constant amplitude loading.

A scale factor can be applied to the base loading if desired. This option, located under the
“Loading” section in the details view, is useful to see the effects of different finite element load

magnitudes without having to re-run the stress analysis.

64



8 i
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Figure 47 : Stress life at contact area of at 4 m/s sliding velocity and traction
coefficient of p=0.58 simulation
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Figure 48 : Stress life at contact area at 8 m/s sliding velocity and traction coefficient
of u=0.5 simulation
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Figure 49 : Stress life at contact area of 12 m/s sliding velocity and traction
coefficient of p=0.4 simulation
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Figure 50 : Stress life at contact area of 16 m/s sliding velocity and traction
coefficient of u=0.3 simulation

Stress life analysis is one of indication of the effect loads on rail and wheel material.
Contour plot results showing the number of cycles until failure due to fatigue.
Additionally Gerber mean stress correction theory provides good fit for ductile metals for
tensile mean stresses, although it incorrectly predicts a harmful effect of compressive mean

stresses, as shown on the left side of the graph

2
Oalt Omeans
+ =1
Send—limit Sult—strength
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Mean Stress Correction Theory

SM-Mone ——— Goodman ———— Soderberg  — Gerber

Endurance

o Yield Ultimat

Figure 51 : Equation and graphical representation of the Gerber Mean Stress
Correction for Stress Life Fatigue Analysis.

6.1.5 Stress-Life (S-N)

Fatigue material data stored as tabular alternating stress vs. life points. The ability to define mean
stress dependent or multiple r-ratio curves if the data is available. Options to have log-log, semi-
log, or linear interpolation. Mean stress effects in fatigue are usually presented as stress amplitude
versus mean stress plot. For a particular given cyclic life it is usually observed that the load

amplitude of the endurance limits decreases with growing mean stress or static load.

Stress life (S-N) Curve that show the relationship of stress amplitude to cycles to failure plotted
bellow.
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Figure 52 : The Stress-Life (S-N) Curve draw to logarithmic plot.

6.2 Discussion

The element is capable of giving plastic stress output for the loads beyond elastic limit. The normal
and tangential stresses together with high thermally stresses may lead to higher levels of plastic
deformation when compared to case with only the mechanical loads. A wheel sliding on a
rail may cause severe thermal damage on the rail surface. The working hardening properties

exhibits the plasticity and nonlinear response of the material.
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Table 9 : The value of maximum elastic and plastic strain from combined loads.

Sliding velocity Traction coefficient Max. elastic strain Max. plastic strain
4m/s 0.58 0.005432 0.032213
8m/s 0.5 0.0064024 0.044474
12 m/s 0.4 0.0077223 0.060074
16 m/s 0.3 0.0082628 0.066665

The frictional heat source generated by wheel-rail rolling/sliding contact is simulated by the flux

boundary condition. As heat flux and maximum pressure applied due to rolling —sliding at contact

area increase the effect that impose on contact area and also it reduces the strength of wheel and

rail on whole bodies. ANSYS is used to simulate the loading and boundary conditions of the rail

and wheel contact for a coupled analysis.

As the loads due to slippage at contact area increase the effect that impose on contact are

also increase as we can notice from pictorial graphs presented above. Few micro second

slippages create large amount of stress and strain. For the four case of analysis the results

are presented the following tables for comparison.

Table 10 : Comparison of maximum equivalent thermal stress and combined stress

Sliding velocity Traction coefficient | Thermal stress (MPa) | Combined stress (MPa)
4 m/s 0.58 975 1067.5
8 m/s 0.5 973.96 1409.4
12 m/s 0.4 973.03 1529.2
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16 m/s 0.3 972.22 1626.7

The equivalent stress in combined load is the sum of the stress created mechanical and
thermal load so its value is high form individual stress. Almost for the four case of

simulation equivalent stress is higher than yield strength of the material

Table 11 : the maximum shear strain with varying sliding velocity and at different traction

coefficient

Sliding velocity Traction coefficient Max. shear stress
4 m/s 0.58 271.58
8 m/s 0.5 296.75
12 m/s 0.4 310.14
16 m/s 0.3 310.88

As seen from result table above, by increasing traction coefficient, the shear strain between rail
and wheel increase and it lead to cause fatigue on wheel rail material. Since increasing sliding/slip
velocity and traction coefficient in time second the stress maximum caused by thermal expansion
and mechanical contact conditions exceeds the yield strength, shear strain appears on and under
the wheel and rail. Due to the wheel sliding on the new surface of rail, it induced more heat

generate by cause of friction occur between wheel rail during rolling- sliding contact.

Table 12: Comparison of minimum stress life during combined loads condition

Sliding velocity Traction coefficient Min. stress life
4 m/s 0.58 200.73
8 m/s 0.5 148.24
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12 m/s 0.4 84.16

16 m/s 0.3 71.744

The stress life is very small for high value slippage which can results low cyclic fatigue.
Stress life due to mechanical load is 2.8 times higher than stress life during 4 m/s sliding velocity.
Referring from the result above with increasing sliding velocity and decreasing of traction
coefficient the life stress decrease to more minimum. This is because of existence of thermal load

on contact area.
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CHAPTER SEVEN

7.1 CONCLUSION AND RECOMMENDATION

7.1.1 Conclusion

The thesis presents analysis coupling of thermomechanical of wheel — rail rolling- sliding contact.
A three dimensional finite element model is used for the mechanical —thermal coupling of wheel-
rail rolling contact analysis. The assembly of wheel-rail geometry is created by CATIA V5R20
software. The finite element program ANSYS workbench is used to model the couple of thermo-
mechanical rolling —sliding contact analysis and used to simulate the loading and boundary
conditions of the wheel-rail rolling/sliding contact. However varying the traction coefficient and
sliding velocity condition from low to high can cause significant changes to the stick/slip region,
traction force, and tangential stress components. The distribution of the heat flux of wheel and rail
was inputted by tabular data along contact area. Thermal stress and strain induced due to friction
heat during slippage create challenge on the strength of the rail and wheel material. This model
enabled the investigation of real-life contact conditions. The results so obtained show that each of
the two different loads are applied at the contact and their characteristic variations over time act in
contact of two body create conditions that promote the appearance and propagation of cracks and
material fatigue problems. Taking into consideration that the contact pressure and the thermal
stresses express their negative impacts in different positions of the contact zone. Since the stress
maximum caused by thermal expansion and contact conditions exceeds the yield strength, plastic
strain appears on and under the wheel tread. As seen that on and under the surface compressive
and tensile stresses followed each other, the same way as in the tread warming up and cooling
down phase. Distribution of pressure, surface shear stress and micro —slip in wheel —rail rolling —
sliding contact occurred. Based on analytical analysis results, temperature increase and increasing

traction coefficient to extreme values when sliding velocity increase indefinitely.
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7.1.2 Recommendation

In present paper to analyze couple of mechanical — thermal using analytical and numerical
modeling of thermal and mechanical wheel - rail rolling sliding contact. Hence, the

recommendation from the analysis result are as follow.

The main cause of thermal and mechanical load at contact area is wheel sliding/rolling .Sliding is
a well know problem in rail way industries and should need to be control in order to minimize
thermal loads and low cyclic fatigue of rail- wheel material. High amount of heat can be generating
from contact slippage special if axle lock happed during train startup time or decelerating near
stations. Cooling mechanism is required in order to reduce contact temperature. Surface
temperature above the melting point of the material is predicated through theoretical analysis. If
this let to happen, the rail surface will burn and cause rail brakeage especially for full slippage
(0.58) situation. Beside, timely clearing rails from dirty material and contaminate is helpful in
controlling slippage. Now days, most locomotive are equipped with automatic anti-slip controllers.
The efficiency and effectiveness of Ethiopian railway cars anti slip controller’s facility should be
tested timely . The severity of the effect of slippage high in the time for braking than during traction.
The driver should be alert for controlling wheel slippage especially during applying brake.
Preventive maintenance through timely re-profiling of rail and wheel is important order to reduce
slippery surfaces. Specific service distance for re-profiling should be allowed. In the mechanical
part, the 3D transient FE model is able to solve both the normal and the tangential contact problems
simultaneously for arbitrary wheel-rail geometries. Finally timely supervising and selecting
appropriate material which have high strength and resist thermal and mechanical load is needed to

be considered for longer life and safe operation of railway system.
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7.1.3 Future work

The scope of the present thesis focus on the couple of thermomechanical analysis rolling-

sliding contact at the wheel-rail interface using finite element analysis ANSYS software. The

couple analysis is based on the stress, strain, heat flux, fatigue life approach and by considering

maximum pressure effect during wheel - rail contact. The couple analysis is performed by applying

the mechanical loads and heat generate to the wheel-rail contact at different traction coefficient

and different slip velocity. The continuity of the thesis work will be:

To improve the accuracy and applicability of the developed method, the following extensions can

be formulated and suggested

0
0'0

X/
°e

The present thesis attempted to predict the fatigue at the wheel-rail rolling contact at
different traction coefficient (i.e. 0.2, 0.3, 0.4, 0.5, 0.58) and different slip velocity (i.e. 3,
6,9, 12, 15) using ANSYS software and it enable to oversees the effect of pressure and
heat flux at the wheel-rail rolling —sliding contact. Therefore, the results obtained from
the FEA should be check experimentally using appropriate testing machine.

In the current computations, the models can only be used for Hertzian normal contacts. To
extend the solution to the whole wheel-rail contact range (also including non-Hertzian
contact cases.

Furthermore, the geometry and the initial input data need to be parametrized to allow the
standard everyday use of this computation method for design solutions (e.g.: WSP
development) and to enable simulating different wheels, sliding environments, etc.

FE analysis of low cyclic fatigue and profile change and wear of rail-wheel materials during
slippage by using the full licensed software.

There is a lack of ultrasonic technique which used to determine the shape and size of the
contact area

The result was more visible if the material properties of wheel and rail were selected from
different materials. Due to this any interested researcher could perform further analysis

wheel-rail contact from different material.
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