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1. EXECUTIVE SUMMARY

The content is aligned with the PINTAGr ant agreement for WP8 Task 1 i
Specificationd i n det ail s:

1 Chapter 3.1 Contains a state of the art on existing rolling adhesion models as well as the
orientation the model should have according to the different parties involved.

1 Chapter 3.2 Describes the scope of the adhesion model

1 Chapter 3.3 Defines the model spanning from defining the behavior of the curve in the
presence of different contaminants, defining its parameters based on a data base WP7,
Task 7.4.

1 Chapter 3.4 Defines the validation procedure of the adhesion model

The D8.1 will then be used forthe WP8task 8.2 A St andard WSP Test Rigo i nc
defined model in order to test adhesion management systems. The model will be able to effectively

reproduce different track and environmental conditions. Thus increasing the reliability of the test

bench and consequently the product under test.

The D8.1 will also be used forthe WP8task 84 fA Pr oposal for Normative Che
refine the definition of the adhesion curves used in WSP/adhesion management validation and
certification.
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ABBREVIATIONS AND ACRONYMS

Acronyms Meaning

WSP Wheel Slide Protection

HIL Hardware In the Loop

SLAC Sustained Low Adhesion Condition

MTB Magnetic Track Brake

uuT Unit Under Test

WSPER Wheel Slide Protection Evaluation Rig, Owned by ESG, now part of
DB systemtechnik

Table 1: Acronyms
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Term

Definition

Adhesion

The action or process of adhering to a surface or object.

Empirical model

Model based on measured data.

Theoretical model

Model based on mathematical formulation of the phenomenon
based on physical considerations.

Lubrication theory

Represented by the Stribeck curve with the seperation of
lubrication in 3 different regimes. Boundary lubrication, Mixed
lubrication, Elastohydrodynamic lubrication. See Annex 1

Contact theory

Based on the calculation of the pressure distribution at the contact
point.

Friction

Homonimous of adhesion.

Savitzky Golay

Filter aimed at increasing the signal to noise ratio. Based on the
convolution of the original signal and a low order polynomial.

Kernel Density Estimation

Is used to estimate the probability density function of a finite
sample of data.

Slip/Slide Velocity

Absolute slide, Absolute value of the difference between the
tangential speed of the train and tangential speed of the wheel.

Adhesion management

Englobes the totality of means and procedures that have an impact
on the adhesion between the train and the track, such as WSP,
MTB, Sanding, etc.

Roller rig

Laboratory equipment reproducing the wheel rail contact

PNT-T8.1-D-FTI-002-08
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2. INTRODUCTION

PINTAi s part of fdtegearchpnd owgovatom(R&I), Horizon 2020, which started in

2014 and will be effective until 2020. PINTA will contributetothe i Smar t , green and i nf
transporto challenge one of the 8 Societal Chall e
Uni onbés AEurope 20200 strategy.

PINTA WP8 answers the S2R-CFM-IP1-01-2016 call under the Shift2Rail umbrella, WP8 belongs
to the Technical Demonstrator 1.5 (TD1.5)- Next Generation Brake System.

This means that the project shall contribute to the overall goals of Shift2Rail, namely by:
(1) Cutting the life-cycle costs of railway transport by as much as 50%
(2) Doubling railway capacity
(3) Increasing reliability and punctuality by as much as 50%

It is part of a larger work programme described by the Multi-Annual Action Plan (MAAP), which will
continue until 2022.

The objectives of PINTA Work Package 8 (WP8) set and declared in the Grant Agreement are:
(1) Improvement of braking degradation limit in poor adhesion condition
(2) Management of all adhesion conditions in a way that brake distances are optimized

(3) Improvement of the overall train safety, which relies substantially on the management of
the wheel/rail contact

(4) Reduction of the wheel Life-Cycle-Costs (LCCs) through optimized wheel/rail contact
braking

The Deliverable AAdhaesionomodel | defyi speai hew ref e
wheel/rail contact modelling in low adhesion conditions. The specification will describe a model

able to reproduce the real track conditions. The adhesion model will rely on reproducibility of

adhesion conditions through the analysis of adhesion curves.

The specification and implementation of such a model will rely on data collection, which is one of
the scopes of PINTA WP7.

The adhesion model will then be available and used to test WSP and adhesion management
devices. The model being more accurate and taking into account more phenomena, it will enhance
the ability of the testing equipment in turn resulting in a better performance of the WSP/ adhesion
management devices on field.
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3. ADHESION MODELING

3.1 STATE OF THE ART

3.1.1 Operators point of view

The test bench is a real progress for the adjustment of WSP.

I f possible itds better to make tests on simulati
parameters on track tests.

The test bench shall be able to simulate a lot of vehicle types and a range between dry tests and
extremely low adhesion.

The results of the simulations must be representative of the track tests. Moreover, this must be
repeatable for several types of tests.

To check the accuracy of the simulation test bench, a valid track test in low adhesion conditions
shall be compared with the same test performed on the simulation test bench.

The laboratory test shall be accredited in accordance with EN ISO/IEC 17025 and shall be able to
do all the simulation of EN 15595.

There are other tests that may be carried out on the WSP test bench, e.g. for sanding systems and
magnetic track brake.

I f itds t ec hheiresultsiwill he pprivostiseicdmimissjonirtg tests. And in the future this
test bench may reduce the number of track tests on test rings (Velim type). The condition is that
the results of the test bench and the test rings are representative of the track tests.

The best method to give confidence in the test bench is to carry out round Robin tests just like it is
done for brake pad friction test bench.
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3.1.2 Car builder point of view

Modelling in a representative way the degraded adhesion conditions in a virtual environment leads
to several advantages:

1. Reduction of on train tuning activities of the adhesion management solutions, by pre-tuning
the main parameters and trading-off adjustments when several requirements should be
respected;

2. Reduction or complete elimination of actual tests on train if the virtual assessment can
replace the actual assessment on train;

3. Real service gualification against standardized qualification of adhesion management
solutions, providing the best performance in the real service conditions and not under
standardized conditions sometimes far from real;

4. Reduction of uncertainty in the brake system definition from the tender phase, allowing

better estimations of brake performances in de
systems definitions, meeting the requested targets without being overdesigned and
expensive;

5. Possibility to investigate future adhesion management solutions, more advanced, adaptive
and whose relative performances against legacy solutions as well as expected final benefits
(i.e. stopping distance decrease) can be assessed in advance.

While the virtual validation and certification must be pushed and supported, some points have to
be highlighted and solved to make this approach real:

1. Common understanding and consensus on the state of the art in modelling and degraded
adhesion conditions reproduction (also scope of this WP8);

2. Demonstration that the models are representative of real service conditions and/or standard
conditions (like the ones defined by EN 15595) through comparative real vs virtual reports;

3. Reliability and ownership of the real service conditions adhesion models, as well as
definition of where this cadaster shall belong to and the governance associated to its
update and applicability;

4. Certification of the virtual validation facilities;

5. Acceptability of the virtual validation instead of on train validation by customers and
authorities.
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3.1.3 Supplier point of view

From a suppl i e rwodifferero apprdachesfare posséle for atlhesion modeling.
1 Interpolating field data. (Data measured on the field, filtered, analyzed and interpolated)

1 Modeling the adhesion in function of the natural phenomenon. (Theoretical model in which
the parameters have a physical meaning)

The existing constraint concerning the adhesion model is that it should be able to run in real-time in
the WSP test bench.

This constraint limits the use of the second approach because it necessitates a very high
performing computer. This is not the scope of this work package.

On the other hand, choosing in an appropriate way the curves to be used in the WSP test bench is
a possibility.

Due to the use of the adhesion curve in the upcoming tasks, the study of the adhesion will be
perpetrated in the following way:

1 Creation of a knowledge based data base (WP7)
91 Interpolated curves
Part of the information used to study the adhesion will originate from WP7.

This decomposition has two advantages, the first one being that it will enable conducting research
on the wheel rail contact point and the third body layer. In a first step mapping the adhesion curves
and in a second step identifying the influence some parameters have on the curves (temperature,
weight, contaminant).

The second advantage is that the interpolated curves can be easily implemented in an HIL system
such as the WSP test bench.

As a side note, WSPER test bench could be used as a reference. The WSPER test bench uses
SLAC, Sustained Low Adhesion Conditions, not to reproduce the reality but to test the limits of the
WSP system. It could also be useful to bear this in mind when choosing the curves.

Extreme conditions like the ones corresponding to the SLAC curves allow to test, the reference
speed calculation and the timeout of the watchdogs.

PNT-T8.1-D-FTI-002-08 Page 16 of 106 17/07/2017



Q d 5hift Rail
Q PI N TA Contract No. Shift2Rail 1 730668 I .

3.1.4 Model already available summary

The adhesion between the wheel and rail has been studied for many years, several models of the
adhesion curve have been created. The models have changed over the years as the
understanding of the contact point has evolved.

The models are defined as Empirical Models, in the case the modeling incorporates interpolated
and/or filtered measured data.

The models are defined as Theoretical Models, in the case the modeling uses a mathematical
formula based on physical description of the phenomena.

Theoretical Models use different levels of abstraction concerning its parameters, some allow to
obtain the desired overall shape although the coefficient is not directly linked to the phenomenon.
Other models are more specific/complex and the coefficient in the model is directly linked to the
phenomenon.

In order to generate an appropriate set of curves to be used in the WSP test bench both types of
model can be used.

On the other hand to pursue scientific research, to investigate and understand the adhesion
variation according to contact point characteristics it would be useful to create a theoretical model
able to take into account the natural phenomenon.

The following is a non-exhaustive list of researchers that worked on the wheel rail adhesion and
generated either a theoretical model, an empirical model or both.

The models are summed up in order to give examples of previous work on the topic, both
considering theoretical and empirical approaches, a specific focus is made on the models
proposed by Popovici, Tomberger, Polach and Meli in order to demonstrate factually the
differences between theoretical and empirical models.

1 O. Arias Cuevas, empirical model, (O.Arias-Cuevas, 2010)
Summary:

The model used by O. Arias determines the longitudinal and lateral friction force, based on the
Mixed lubrication regime theory using the viscosity of the lubricant. The characterization of the
slide value being slightly different than the one chosen by the working group.
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1 O. Polach, theoretical and empirical model, (Polach O. , 2005)
Summary:

The model made by Polach determines the tangential creep forces. It takes into account the
surface roughness, the contamination and the slip velocity impact. It is calibrated for dry and wet
conditions.

10 15 20

Sy [%l]

Figure1l: P o | antplridat model

Thehal f t heoretical (based on lralhdif empiical (thkesnnebar i ze d
account third body layer) model is fitted to existing locomotive based tests. The functional form of

the slip dependency of the adhesion is based on K
the contaminant are taken into account by the parametrization of 4 constants:

o 20n ( kye

- —ﬂrct:mk_-;.s-). ke <kp =1
14+ (kae) (kse)

(11)

Figure2: Kal ker és theory adapted with Pol achf¢

p=po[(1—A) e Br A]

Figure 3: reduction of the adhesion formula (unstable part of the curve)
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Figure 4: Kalker theory parameter

o Shift Rail

where Q is normal force, s is slip, a, b are contact ellipse sizes, C is contact stiffness based on
Kal ker 6 s BtkiA&B myO,are fiting constants:

Table 1
Parameters of the extended creep force model identified from measurements
Vehicle SEB 460 12X SD43X SD45X DB127 5252
Wheel-rail conditions Wet Wet Wet Dry Dry Dry
Spead (km/'h) 40 20 and 60 16-32 16-32 36 30
Reference (measurement) [22] [23] [24] [24] [23] [26]
Comparizon model-measurament Fig. 5 Fig.6 Fiz. 7 Fig. 7 Fiz. 8 Fig @
Model paramater
ks 0.16 0.65 029 0.68 0.72 1.00
ks 0.07 0.26 0.07 0.14 0.36 030
o 031 0.28 030 0.40 0.36 040
4 030 0.40 038 044 0.38 036
B (s/m) 016 040 0.18 0.60 0.70 053
Table 2
Typical model parameters for dry and wet conditions of real wheel—rail
contact
Model parameter Wheel-rail conditions
Dry Wet
ka 1.00 0.30
13 0.40 0.10
Mg 0.55 0.30
4 0.40 0.40
B (sm) 0.60 020
Figure5: Pol achodés fitting coefficients for measur eme

1 E. Meli, empirical model, (B. Allotta, 2014)

The model made by Meli et al. is based on the empirical slip curves of Polach (Polach, 2005), and
adds the effect of local adhesion improvement/degradation based on frictional energy.

The modelling approach is the following:

Identify rail and wheel conditions which are to be modelled: These could be: dry, wet, oil, leaves

etc.

Each condi't

on

S

represented

Wi

t h

a

sli@lnthisr ve,

context adhesion recovery (see figure above) would refer to dry conditions, and degraded
adhesion (see figure) would refer to contaminated conditions. Then the slip curves will be modelled

as follows
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2 kogt
fa= - m_ﬁd_ 7 + arctgiksg£q) |,
a L1+ (kagea)?
(100
= 2 Karr + arcte(k &)
j-" - - |_ + {A,'Erf'r .] g Srer 3
where
o 2 Crab . 2 Crwa’h (11)
S A TR N,

The quantities kgg, k;g and kg, ki are the Polach reduction factors (for degraded adhe-
sion and adhesion recovery respectively) and gy, o, are the friction coefficients defined as

follows:
Hed .
Hd = ( Ar - F‘cd)" Y+ Ped
. Ad ;
(12)
I .
Hr = ( A""' N '“fr)f " e
r

in which g, por are the kinetic friction coefficients, Az, A, are the ratios between the
kinetic friction coefficients and the static ones and yy, yy are the friction decrease rates. The
Polach approach (see Eq. (10)) has been followed since it permits to describe the decrease
of the adhesion coefficient with increasing creepage and to better fit the experimental data

the one |

To resume the model uses two types of Pol ac h 6 s
conditions.

curves,

n dry

TheQ rQrQrQn N mM M parameters are to be determined experimentally.

The recovery/degradation process for a given pair of recovered/degraded condition is modelled as
follows The adhesion coefficient (f) is a combination of degraded (fd) and recovered (fr) values as

follows:

f=[1=rWsp) | fa + 2 (Wap) fr
Where the _ w

transition function is (w

.l"'-l::"':"lr_-.'pi — |. - f_rw:"n

Here the T recovery parameter is to be determined experimentally.

is the specific dissipated energy):

The presented approach can be extended to the important situations, by determining the

necessary constants experimentally (e.g. train tests).
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1 M. Spiryagin, empirical model, (M. Spiryagin, 2008)

The empirical model made by Spiryagin includes a variable contact flexibility, and a slip velocity
dependent adhesion coefficient.

04 T T T
variable friction coefficient
X measurement
Model by Polach
035} = === Modifled Fastsim

03}

025}

£
Ly
02

j
§

e

Fx/Q (-)

0.15
0.1
0.05

o
0 A " L
005 0.1 015 02 025 03 035 04

Longitudinal creepage (-)

Figure 5. Comparison of results using proposed modified Fastsim and using the Polach model [14] with
measurements for locomotive 12X [27] (60 km/h).

Figure6: Spiryaginés empirical model

1 Chen, theoretical model, (H. Chen, 2002)

The theoretical model made by Chen takes its origin in partial Elasto-Hydrodynamic Lubrication
theory (EHL) and contact theory. It takes into account the normal load, the viscosity changes

according to the temperature and the surface roughness.
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1 Popovici, both types, theoretical and empirical model, (Popovici, 2010)

Popovici worked both on theoretical modeling and empirical modeling of the adhesion curve.

The following description focuses on the empirical model. Popovici and his associates worked on
data measured in three different areas of the Netherlands during the Autumn season in 2008. The
Autumn season being the one more susceptible to generate naturally occurring low adhesion

conditions.

The measurements were made during the night on a service train by means of a dedicated
tribometer spectrometer device called trispec, for more information on the device and
measurement method refer to (Popovici, 2010).

The analysis first considered the probability of occurrence according to the adhesion value also
called friction probability density. The adhesion values used are the ones corresponding to the
adhesion at 10% slide on the traction curves and not the peak adhesion, see Figure 7.

Friction density

Ln

Friction density [ %]
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Fig. 5.24 The friction probability density.

Figure 7: Friction probability density according to friction/adhesion value

In order to analyze the data and generate the adhesion curves, 90% of the adhesion peak value
was chosen as the main criteria as it is found that the associated slide range more concentrated.
This can be due to the fact that the value remains in the stable region of the adhesion curve.

The measurements were done at 80km/h, the data analysis included filtering using the Savitzky
Golay filter and the classification using a Kernel Density Estimation.
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Out of the measured data, a selection according to the characteristics was made in order to
generate the adhesion curves. This selection was done splitting the measured data into range of

adhesion values.

A fitting function was used on a logarithm normal function, the equation and coefficients are

defined as follows:

W Q

‘o Adhesion
S: Slide [%]
a,b,c: coefficients

curvel | curve2 | curve3 | curved | curveb

a 0,18 0,11 0,065 0,3 0,37

b 1,28 1,05 0,83 1,03 0,98

c 6,19 5,94 5,16 4,98 7,58

The following curves are representative of the measured data during the campaign.

Adhesion curve, popovici curves
I

04 T

adhesion

Figure 8:

Adhesi

absolute slide [km/h]

on curves

based o

n

Popovici 6s

The main issue is that the correspondence between the adhesion curve and the type of

contaminant is not possible.
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1 C. Tomberger, theoretical model, (Ch. Tomberger, 2011)

The wheel-rail model created by Tomberger integrates the interactions between an interfacial fluid
for boundary and mixed lubrication of rough surfaces and additionally takes into account the
frictional heating.

The impact of the slide speed, the surface roughness and the normal load is considered in dry and
wet conditions. The fluid in the contact has two effects, firstly it supports some of the normal load
reducing the solid-solid contact. Secondly it lubricates the microscopic asperity contacts.

Solving the normal contact area and nominal contact pressure is not part of the model and is done
according to the application of the Hertz theory or FEM methods.

The model is broken down into 4 separate submodels:
1. Contact temperature
2. Microcontact

The contact at the microscopic level is defined using a Gaussian distribution for the height of the
asperities and by determining the probability of asperity occurrence.

Probability density function of the asperity height:

e
& : Standard deviation of asperity heights
& : Asperity height
Probability of asperity occurrence:
nQ = * aQaq

'Q: separation of wheel and rail
¢ : number of contacting asperities

0 : total number of asperities

3. Interfacial fluid
4. Tangential contact

The global tangential contact is defined by stick and slip regions, where the elasticity is taken into
account.
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Tangential adhesion limit:

t :tangential failure stress of metallic contacts
0 : metallic contact area

0 : nominal contact area

t : friction coefficient

0 : nominal normal contact pressure

Applying and resolving the 4 submodels, in dry and wet conditions and at different train speeds,
the following curves are obtained by Tomberger:

0.5 T ' ' !
_04 B - ot
= ‘..‘..""s
8 o
2 0.3
L
8
S 0.2} —dry, v = 1[m/s]}
o P —————— A . ——— L =
E ssisadty; vr'x=30[m/s]
0.1 {{see00000000000000! ... water, I[m/s] o
o water, v x=30[m/s]

0 1 2 3 4 5 6 7
Longitudinal creepage in %

Fig. 15. Computed traction-creepage curves for different rolling velocities under

dry und water lubricated conditions.

Figure9: Tomberger 6s adhesion curves for different

The model created by C.Tomberger is complex and is relevant for research purposes. The totality
of the submodels not being described, its use in the scope of a HIL system is limited.
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3.2 SCOPE OF THE NEW MODEL

3.2.1 Occurred critical adhesion condition identification

The feedback from the occurred critical conditions identified in WP7, Task 7.1, D7.1 in the
Adhesion mapping spreadsheet is scarce, most of the time during low adhesion conditions
occurring in service, the information useful to calculate the adhesion is not available. Making it
difficult to understand the circumstances of the low adhesion and equally difficult to quantify the
adhesion or the contaminant type.

As a general note, the occurrence of extremely critical situation is low. Very low adhesion
conditions are due to exceptional environmental conditions. The presence of rust and a thin film of
water and low temperature as well as leaves are known to create these conditions.

Two particular environmental conditions are known to generate extremely low adhesion conditions:
1 Rust on the rail, combined to water and varying the air temperature

9 Leaves combined to water

3.2.2 Scope and summary

The adhesion model will be used in the WSP test bench in order to test WSP or adhesion
management systems and will consider 1 dimension, the direction along the translational speed of
the train.

The overall scope of the adhesion model is to recreate realistic adhesion curves according to a set
of variables, thus enabling the simulation of the wheel rail contact point.

The wheel rail contact point is a complex nonlinear time varying phenomenon involving the
interaction of multiple environmental factors as well as the train dynamics and characteristics.

In order to create the model, the different factors need to be taken into account. Fixing all but one
parameter the impact of a given factor will be highlighted. The task complexity increases when
considering the different factors are not independent from each other.

The model does not limit itself to the behavior and impact of the wheel. It takes into account all the
devices present on board of a train that are used during a braking operation. In this sense, the
adhesion model will also specify the impact of the sanding unit and the MTB and it will react
differently if the braking of the wheel is done using a disk or a brake shoe directly in contact with
the rolling surface of the wheel.
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The structure of the adhesion model is defined in the following chapters. By taking into account
and quantifying the impact of the different parameters it is possible to reproduce field adhesion
occurrences. Given the difficulty to obtain data to analyze the different parameters, the scope
mainly consists in creating a backbone comprising the parameters. The quantification will be based
on internal company knowledge, research literature and field measurements.

The model can then be updated in time by incorporating a new quantification of the parameters,
when new field data are available.
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3.3 MODEL DEFINITION

3.3.1 Definition of suitable models

In order to simplify the modeling task, an identification of already existing and suitable model is
carried out.

Both theoretical model and empirical models have been reviewed and evaluated.
The models available where made for research purposes, the input parameters, the origin of the
raw data, the modeling technics and the objectives are different in many aspects.

Few or none of the theoretical adhesion models found are used in a HIL test bench. The closest
use of a model would be the one made by Spiryagin, in the sense that data were recovered using a
roller rig. The aim of this roller rig is not to test adhesion management devices but to reproduce the
wheel rail contact point.

The real time model then ran with a discrete time step of 1 or 3 ms with equal results, but it does
not incorporate a HIL system.

These models in general require a heavy computational effort to run.

Concerning the empirical models, many aspects are not integrated and the lack of flexibility makes
the choice of a specific set hard to manage. For example, the Popovici empirical model does not
discriminate the different types of contaminants.

Consequently, it has been decided that the available models are not corresponding to the
objectives of implementation.

In order to incorporate the adhesion behaviors and the devices on the train used to enhance the
braking effort a new adhesion model backbone is structured. This backbone will include the
traditional adhesion curve model with its variability according to a set of parameters and will also
take into account the different means having an effect on the contact point. The new structure is
considered as an expanded adhesion model.

Considering the traditional adhesion curve, after reviewing the literature of wheel-rail adhesion the
following approach is suggested to overcome the existing limits of empirical modeling. The static
slip curves are modelled by fit function or measured data, in the case the curve is modelled the
coefficients are to be determined experimentally. The dynamic effects are taken into account with a
simple, friction energy based model, also fitted to experimental data.
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Definition of adhesion behaviours (coverage of the model)

The adhesion curve characteristics that need to be covered have been discussed and integrated in
the D7.2. chapter 2.1.

1. ldentify the contaminant according to the curve /curve set

N

Identify the impact of the load
3. ldentify the effect of the speed of the train

4. ldentify the impact of the time derivative of the braking/traction force (Not covered in this
research)

5. More vehicle parameters are relevant, e.g. wheel diameter, wheel geometry etc. (Not covered
in this research)

Identify hysteresis (temperature)

Identify the cleaning factor

Identify the impact of the sanding

Identify the impact of the MTB

© ® N o

Out of those characteristics or behavior, the root causes have been identified and are succinctly
described in chapter O.

Adhesion model formats

Two formats are proposed in order to integrate the adhesion curve into the extended adhesion
model.

Either as an array of adhesion values in function of the slide coming from experimental data, or by
using a model proposed by CAF, in which a defined and restricted set of parameters is fitted to
experimental data.

The approach to integrate experimental data is explicitly described in the model detailed
description and is not described in this section.

On the other hand, the model proposed by CAF is a step further in the modeling and attention has
been given to describe the process of modeling.
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In order to simulate the adhesion curve in traction and braking in simulation environment or Hardware
in the loop, CAF started using an adhesion model which was used previously in Mechtrain European
project. This model is fast for the simulation and the number of parameters is small. In T8.1 CAF
started to adjust the parameters of the model comparing the model with the results of the pretrial
test.

This model has good accuracy for traction and braking simulations with high creep values, probably
for suspension dynamic simulation or curving simulation with traction could be too simplified for the
small slips. In order to improve this behavior and obtain more similar results to reality some
improvements are proposed for the model.

Wheel rail contact. Kalker modified theory.

Wheel rail contact is a very non-linear phenomenon, which varies very much with the conditions of
the rail and wheel. In the Kalker simplified theory the problem is divided in two parts: in the first part
Hertz theory is used supposing that wheel suffers a linear deformation, generating an elliptic contact
surface between rail and wheel.

In the second part tangential friction Force is calculated. In this theory contact surface is divided in
two parts: one first zone of adherence and one second zone of slip where every differential of surface
is corresponded with a differential of force.

In the following figure it is represented the contact surface for the case where there is slip-slide in
one direction. In the zone of slip-slide the differential tangential force dF; worths n¥dN with a constant
mfor this zone, in the zone of adherence the differential force is smaller.

Slip zone Adherence
\\\iv zone
\%
—
d!
—

Figure 10: Macroscopic variables of the friction force of one wheel, and wheel rail contact
surface.

Kalker calculated with a 3D model how elastic deformation happens in the Wheel rail contact. Using
this method it is possible to generate some tables which serve to calculate the Friction Force in
function of the macroscopic variables. The principal variable which influences the Friction Force is
the pseudo slip-slide i, which has the following expression:
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i :m when w@R>V
wR
i :Wcs—_v when wR<V

Aproximating the Theory of Kalker it is possible to obtain the following simplified expressions, the
Friction Force is calculated in function of the pseudo slip-slide i:

FR :C11C"D®
_1-€°

q

VA
,_[c.9

Being:

Fr: Friction Force.

Ci11 Kalker coefficient. It could be obtained by means of tables for dry track.
i: Pseudo slip-slide.

g, Z: Auxiliar variables.

N: Normal Force.

m Friction coefficient.

In the following figure, it is represented the shape of the adhesion curve in function of the slip-slide i
for various values of friction coefficient m(0.1, 0.2 0.3, 0.4, 0.5). This curves has been calculated
using the previous expressions. The initial slope is constant for all the curves because Ci is fixed
for each wheel-rail type and wheel load.
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Figure 11: Friction Force in function of slip coefficient i.

For dry track, in order to simulate the wheel-rail contact in an easy way it could be supposed that C11
varies linearly with Normal Force N. For wet track or with contaminants this parameter is reduced
depending in the third body layer characteristic, in following paragraphs this will be analyzed
comparing the model with the tests.

Mechtrain model. Reduction of adhesion for high creepage.

In the Mechtrain project, the bibliography of adhesion curve measurement tests in locomotives was
analyzed. In these experimental track tests it was verified that Kalker theory is not so accurate for
high creep values, when creep increases the adhesion is reduced.

After analyzing test results it appeared that the coefficient could be represented with a reduction
depending in the speed difference in m/s, if the reduction was done with the slip coefficient in
percentage the adhesion curve don’t match test results. Using the speed difference in m/s the curves
fits well at high creep values for different train speeds.

The following equation was defined to represent the reduction of maximum friction coefficient with
the slip-slide speed:

1
1+ Krozv* abgDV)

m=m

Where:

e Friction coefficient with zero slip-slide.
DV: Slip-slide speed difference (Waxle*R-Vaxle)
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Krozv: Parameter which defines the reduction of the friction coefficient.
So this new equation for the reduction of the friction coefficient is combined with the Kalker simplified
theory in the following way:

7= |C1.1.Cq - |KCN(H _kq _|kg di+ Krozv|DV))
mN  mN m.

z

_ s 1- e
Fr =M (il+ KrozvdDV/|)

Where:

C11 y K Kalker coefficients (For dry track, it is calculated K=400)
Fr: Friction Force