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ARTICLE INFO ABSTRACT

Keywords:

Top-of-Rail products that give intermediate friction offer many benefits when applied to the wheel/rail interface.
Water-based top-of-rail friction modifiers (TOR FMs), have been shown to reduce energy consumption, wear,
noise, corrugation and rolling contact fatigue. This work was aimed at developing a test approach, based on the
High Pressure Torsion (HPT) method, that allowed an improved assessment of their performance over those that
recycle constantly over the same test surface. The outputs would then be used to parameterise the Extended
Creep Force (ECF) model to enable full-scale predictions to be made that could be compared with field mea-
surements of wheel/rail interface friction.

The HPT method developed used representative amounts of product based on assessment of wayside and on-
board application rates. Friction levels achieved matched those expected for intermediate levels. The friction
level was sensitive to the amount applied though. The parameterised ECF model was able to predict friction
levels that matched those from the field very closely. A framework for using friction measured in small-scale tests
has been developed that could now be applied to other third body materials for making valid predictions of full-

Top-of-rail friction modifiers
Wheel/rail interface
HPT testing

scale performance.

1. Introduction

The benefits of water-based top-of-rail friction modifiers (TOR FMs)
have been widely studied in the laboratory and the field. The benefits
are chiefly reduced energy consumption [1], noise [2-6], wear (through
separation of contacting surfaces and friction reduction as well as
through lateral force reduction) [7-14], corrugation [15-17] and rolling
contact fatigue (RCF) [18,19]. Additionally, they have been shown to
have no negative effects on traction and braking [4,20] or track isolation
[21].

However, there has been little focus on incorporating the effects of
TOR FMs on friction into multi-body dynamic simulations to better
understand their effects on train performance. If this is achieved, then
they could be considered in costing tools such as the Vehicle Track
Interaction Strategic Model (VTISM) used in the UK helping suppliers
and users to make better business cases for their introduction [22]. One
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way this could be achieved is to develop an approach for predicting
creep force behaviour for a wheel/rail interface with a TOR product
applied. This could then be implemented in a multi-body dynamics
simulation of a train on track to understand how they affect forces in the
contact patch. The creep force relationships and wheel/rail contact
forces could then also be fed into wheel and rail damage models.

The aim of this work was to: use a high pressure torsion (HPT) test
approach [23] to characterise TOR FM layers; parameterise the
Extended Creep Force (ECF) model using the resulting data; use the
updated ECF model to predict full-scale wheel/rail interface behaviour
and then finally validate these predictions against locomotive field data.
The ECF model output will then be used in the future to feed into
multi-body dynamic simulations and wheel and rail damage models.
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2. Background

A TOR product is applied to the top of the rail to reduce the friction
coefficient from dry values to an intermediate value in the range
0.2-0.4. Fig. 1 shows a graph adapted from previous work to define top-
of-rail product performance expectations that indicates friction regimes
for the wheel/rail interface as well as how applied products will alter the
friction level [24]. Various types of TOR product are used. The focus in
this work was on a TOR friction modifier (TOR FM), which is water
based. A TOR FM is made up of solid particles in a water-based sus-
pension. It can be applied to the rail from wayside applicators which
pump a puddle of product onto the rail head, or through on-board sys-
tems that spray the product directly onto the rail or wheel tread. The
water evaporates, leaving behind the solid particles to mix with the
existing third body layer on the surface of the wheel/rail. There are solid
stick varieties that are applied directly to the wheel using a spring sys-
tem. They should not be confused with other top of rail products such as
top-of-rail lubricants (oil or grease based products) or hybrid products
[24].

Field testing to fully characterise TOR FM friction behaviour and
generate creep curves is prohibitively expensive and does not allow for
precise control over all the factors that can influence results, therefore
laboratory tests are required. There are numerous types of laboratory
tests that have been used to explore friction characteristics of TOR FMs.
The most popular are twin-disc set-ups [14,18,21,25] or full-scale
wheel-rail test facilities [26-28].

Optical apparatus using a driven ball-on-flat set-up has been used for
film thickness measurements [29] and mini-traction machines have used
the same approach for friction measurements. These rigs have small
contacts which can present an issue, but are good for examining at high
resolution the differences seen with changes in product formulation [7,
8,10].

Most small-scale test approaches result in the same “wheel” running
over the same “rail” so there is constant recycling of the product/third
body layer and they are therefore not representative of field operation.
Additionally, various test runs at several discrete levels are required to
build an entire creep curve. Tests have been run where slip has been
changed continuously to measure a creep curve, but due to the product
consumption it is hard to determine then if the friction has changed due
to varying slip or due to less product being present in the contact [30].
An issue in previous work has been that the amount of product has not
been scaled appropriately from the amounts present in the actual
wheel/rail contact from wayside or on-board application. As will be seen
later, amounts needed are very small. In terms of thickness for a puddle
applied wayside this will be approximately 10 pm and for on-board
0.025 pm. This will be a key issue addressed in this work as product
performance is very sensitive to amount applied as shown in the field
tests carried out by Davis [31], as shown in Fig. 2.

HPT testing has been developed to measure the shear stress between

é 0.6
E 0.5 A High friction (dry conditions) H E
- s £
I_‘: - o
« 0.4 4
2 Top of rail v
203 - product
g Intermediate friction (wet conditions)
o
S 0.2 -
Low friction
0.1 4
Ultra-low friction (leaves and wet-rail) m
0

Fig. 1. Wheel/rail friction range and effect of applied products (adapted
from Ref. [24]).
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Fig. 2. Performance of different TOR Products from Field Measurements [31].

two specimens [23]. This initial commissioning work modified the
specimen geometry, developed a run-in procedure and test progression
method to produce consistent and repeatable results. It has further been
used to analyse the effect different sands have on traction under dry, wet
and leaf contaminated conditions [32]. More recently, it has been used
to further understand by testing with different amounts of water and
iron oxide [33] and TOR products [34]. This test method has the
advantage that an entire torque (or shear stress) over rotation angle
(displacement at mean radius) curve can be generated with less than one
rotation. This method measures the torque required to sustain the
rotation of two specimens with an annulus contact. The shear stress in
the contact can then be calculated which provides characterisation of
the friction of the interface. Although this test is not fully representative
of the wheel-rail contact it provides information on the characteristics of
the third body layer to use as inputs for a creep force model as will be
explained later. In this work the aim was to use the method to charac-
terise the interface performance with different levels of TOR FM applied.

Recent reviews [35,36] evaluated different creep force models that
could incorporate third-body layers. These highlighted benefits of the
ECF model in representing the behaviour of the wheel/rail contact when
contamination or applied products are present. The ECF model, which is
described in detail in previous publications [37,38], builds on a creep
force model developed by Tomberger et al. [39] which is an extension of
Kalker’s FASTSIM [40]. Using output data from HPT tests, a framework
has been described that allows parameterisation of the ECF model for
different types of third-body material (liquid or solid) [23]. This can
then be used for making predictions of the full-scale contact behaviour.

The ECF model (see Fig. 3) output is the creep force behaviour in the
wheel/rail interface (see bottom left sub-plot). It works on the premise
that there is always a third-body layer present. With no product being
applied this is made up from wear debris and oxides etc. (see top left
hand sub-plot). “Real” third-body layers (from addition of top-of-rail
product, sand or water) can be accommodated along with the effects
of roughness and the “tribological” plasticity phenomena in the near
surface layers of wheel and rail materials [41]. The wheel and rail are
assumed to behave elastically. Elastic-plastic behaviour, though, is
taken for the third-body layer. Voce’s hardening law [42] is used to
describe this, where contact pressure and temperatures dependency is
considered (see top right sub-plot). HPT test output can be used to
parameterise the third-body layer model. The third-body layer model is
implemented as a brush model for rolling contacts (bottom right
sub-plot) to predict the creep force behaviour.

3. Laboratory experimental details
3.1. HPT test apparatus

The HPT test uses a servo-hydraulic test platform. A hydraulic
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Fig. 3. ECF model: approach and methodology [23].

actuator provides the normal force to the specimens with two Linear
Variable Differential Transformers (LVDTs) measuring displacement in
axial and torsional directions and a load cell to record the normal and
torque forces.

At higher radii in the HPT contact interface, the same creep stress
will have a greater contribution to the torque supported. Therefore, an
average creep stresses across the contact patch is calculated. The
midpoint radius cannot be used to calculate the creep stress from the
measured torque so a value known as the “effective radius of friction”
(ERF) is defined instead as the point at which creep stress is to be
calculated:

2 (R~ R)
3 (&)

where R, is the outer radius of the contact and R; is the inner radius of
contact.

Until the contact reaches full sliding, the elements at higher radii will
have displaced further and therefore be more highly stressed than those
at lower radii; for this reason, only an average creep stress can be

ERF = (@]

calculated from the measured torque.

The HPT test apparatus is shown schematically in Fig. 4. The speci-
mens consist of an upper annulus specimen made from wheel material
(R8T) and a lower flat, square specimen made from rail material (R260).
These are both ground to achieve an Ra of 0.5 pm. The specimens are
compressed together, creating an annulus contact (area 168 mm?). The
test apparatus maintains a steady load to produce the desired contact
pressure and rotates the specimens (<1 mm/s) relative to each other at a
constant angular velocity. Before each test (and for this case prior to the
third-body layer being created) the disc surfaces were “run-in” using the
procedure described in the development work [23], where more details
on all aspects of the technique can be found.

3.2. Generating TOR FM layers

To generate a TOR FM layer on the surface of the lower specimen
appropriate amounts must be applied. In order to replicate the very tiny
amounts of product that are active in the wheel/rail interface from the
total amount in the puddle deposited on the rail head from a wayside
applicator, the TOR FM must be diluted as the very small quantities are

Vil A AP

Third body
material

Annulus
Contact details

Load cell

Upper specimen
— PP hol‘c)jer
| Lower slpecimen
holder
Rotation
Normal load

(Hydraulic actutor)

Fig. 4. Schematic of HPT configuration, r = 5.25 mm, R = 9 mm [32].



M.D. Evans et al.

hard to apply evenly to the surface. Typical field application rates are
shown in Table 1. The TOR FM was diluted with distilled water to
produce the required concentration. The water was then evaporated to
leave the solid constituent of the TOR FM which forms a third-body layer
on the rail specimen in the HPT test rig comparable to field application.

The following procedure was used to apply the TOR FM dilutions to
the lower specimen surface.

e Specimens were cleaned with acetone

e Rubber washers were placed on the specimens to provide the known
application area

e 400 pL of the TOR FM dilution was applied

e Specimens were placed in vacuum oven to allow evaporation
without oxidation

e Once evaporation had taken place, the specimens were removed
from the oven and stored in dry conditions

3.3. Test conditions and methodology
The test procedure was as follows.

e Specimens were installed in the test machine taking care not to
contaminate the contacting surfaces

e Specimens were brought into contact at the set normal pressure

e Specimens were rotated by the equivalent of 0.4 mm at the effective
radius of friction relative to each other

e Specimens were brought out of contact

MATLAB scripts are used to extract, process and plot the data.

Fresh discs were used for each contact condition, but conditions were
repeated multiple times without changing specimens. Five different TOR
FM amounts were tested representing the amounts used in service: 16,
32, 64, 512, 2048 mL/mile. They were tested at 600 MPa contact
pressure and compared to a dry baseline. Sixteen repeats using the same
specimens were tested to get information about the consumption
behaviour of the product. Additional runs of over-applied neat (un-
diluted) TOR FM, dried and wet were also tested at 900 MPa to under-
stand the effects of a gross “over-application” of TOR FM.

4. HPT results

Fig. 5 shows the results from the five different TOR FM dosages
compared to a dry baseline. Only the first three runs are presented here
for clarity of the graph (these are repeat cycles on the same surface). It
shows that applying TOR FM reduces the shear stress (and hence friction

Table 1
Typical field application amounts and dilution factors needed to achieve them
for this study.

Dosing TOR FM Product to be Dilution Relevance to field

(mL/ per unit applied to 573 factor for application

mile) area (L/ mm? (L) (area 400 pL

mm?) of bottom application
specimen)

16 0.0002 0.11 3490 TOR FM On-Board
system testing value

32 0.0004 0.23 1750 TOR FM On-Board
system testing value

64 0.0008 0.46 872 TOR FM On-Board
system testing value

512 0.0064 3.7 108 Representative value
for wayside
application supplied
by TOR FM applicator
supplier

2048 0.0256 14.7 26.3 Included to

investigate the effect
of over-application

Wear 532-533 (2023) 205073

coefficient). Increasing the dosage amount decreases the shear stress
further until the 512 mL/mile dosage amount when an increase in
application does not decrease the shear stress any further. Figs. 6 and 7,
which contain the 16 mL/mile and 23 mL/mile dosage results respec-
tively, show that as TOR FM is consumed during subsequent test runs,
shear stress steadily increases. In Fig. 8, the 64 mL/mile dosage shows no
increase in shear stress during the sixteen test runs. This relationship was
seen for the higher dosage amounts as well.

Fig. 9 summarises the results seen in Figs. 5-8. It should be noted
here that in Fig. 9A, the “0” mL/mile data point was actually for distilled
water application which means that there was a third-body layer pre-
sent, but no TOR FM. This graph shows the initial shear stress/traction
coefficient for a particular condition. Fig. 9B differs in that it shows the
maximum values for each run. Fig. 9A shows how the shear stress drops
from the “dry” value when TOR FM is applied up to a point where
increasing application does not result in a decrease in shear stress.
Fig. 9B shows how the shear stress evolves as the sixteen test runs are
completed for all the dosage levels. For the 16 mL/mile dosage, the shear
stress rises and levels off near to the dry values. The 32 mL/mile dosage
also increases, but not at the same rate and is still rising at the end of the
sixteen test runs. For all higher dosage amounts, there is no increase in
shear stress as the number of test runs increases. It is hypothesised that if
the number of test runs is increased, all the dosages will eventually
exhibit the same behaviour as the 16 mL/mile dosage. These relation-
ships are logical as the greater the amount of TOR FM in the contact, the
longer it will take to be consumed.

Fig. 10 shows the test specimens at the end of the test for each of the
dosage amounts. There is a clear progression in the amount of damage
seen from the high dosage specimens to the low dosage specimens. For
the 16 mL/mile specimens (Fig. 10A) almost all the contact area is
damaged as the TOR FM has been consumed. The surfaces look very
similar to those from dry tests [23]. This is seen by the rise in shear stress
in Fig. 9. For the 32 mL/mile specimens (Fig. 10B), damage is concen-
trated to the edges, caused by the sliding distance being largest here,
resulting in more extreme conditions at the edges. For the higher dosage
amounts there is increasing amount of TOR FM remaining on the spec-
imens at the end of the test and therefore it is still providing lower shear
stress than dry values as seen in Fig. 9.

Tests were also completed with over-application of TOR FM, both
dried and wet. Fig. 11 shows that the friction coefficient drops to 0.05,
lower than the minimum seen in previous presented tests. The friction
coefficient is the same for both wet and dry cases, but the shape of the
initial curve is different. It is worth noting that if a real wheel encounters
wet TOR FM, it is likely to eject some of the product. This feature is not
replicated in this test procedure.

5. Field testing

The field testing was carried out using the same approach used by
Meierhofer et al. for assessment of low adhesion conditions [43]. The
tests were run at the VUZ Velim Test Centre in the Czech Republic. Two
locomotives coupled together were used for the measurements. One was
used to provide constant velocity for the tests. In the other the slip
controller in the traction package was used to achieve slip variation on
one axle. The others were in pure rolling. Negative slip was used to
represent traction conditions. Rotational speed and torque were taken
from the traction package and used to calculate the slip percentage. A
GPS device was used to track the vehicle during the tests.

TOR FM (the same one as used in the HPT tests) was applied from an
on-board application system that sprayed product in the required
amounts directly onto the track. The 16 and 32 mL/mile dosages used in
the HPT tests are equivalent to the 10 and 20 mL/km (16.1 and 32.2 mL/
mile) dosages used in the track trials, respectively.

Results from the field tests are summarised in Fig. 12. The traction
coefficient values from the field tests match those for the equivalent TOR
FM application very closely. The lower friction drop at higher slip ratios
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than the baseline supports the argument that the use of a TOR FM
provides a ‘positive velocity dependant friction’ behaviour or at least
closer to a ‘neutral’ behaviour. It should be noted that the tests with no
product were aiming to measure “dry” conditions, but it was drizzling so
it is described as a “damp” rail head. The values of friction seen for this
condition reflect those seen for wet contacts in laboratory testing
(0.15-0.2) [44].

6. ECF parameterisation and field test predictions

As mentioned in Section 2, the main innovation in the ECF model is a
sub-model which implements an elasto-plastic material law, dependent
on both the normal stress distribution and the local temperature to
describe the behaviour of a third-body layer. Normal stresses are
assumed to be Hertzian, and the local temperatures are calculated by a
further sub-model.

Four material parameters are used to describe the tangential stresses
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in a third-body layer, these are [37].

e L. Inverted stiffness of the third body layer below the first critical
shear stress

e tc;: First critical shear stress of the third body layer, describing the
point of transition between elastic and plastic behaviour

o L, Plasticity factor which describes the shape of the plastic shear
stress behaviour between the first and second critical shear stresses

e tco: Second critical shear stress of the third body layer, describing the
maximum possible shear stress

Fig. 13 shows how these parameters can be gained from HPT test
output [37].

Parameters L., tci, Lp, tca, are each made up of three different parts to
account for different normal stresses and local temperatures. Each
parameter is made up of a nominal value, a pressure (p) dependent value
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20 ml/km, 10 m/s, lap 9, creep 1, km 3.1323-3.3520

4 10 ml/km, 10 m/s, lap 6, creep 1, km 2.7018-2.9330

Fig. 12. Field test data for runs with and without TOR FMs at Dosages of 10 and 20 mL/km (16.1 and 32.2 mL/mile).

and a temperature dependent value (T) as shown in Table 2.

The routines for parameterisation of the ECF model also contain a
parameter representing the equivalent inverse stiffness of the test-rig
(Ly). This is necessary as the third-body layer is very thin and there-
fore has high stiffness. Compared to this stiffness, the flexibility of the rig
is generally significant and therefore must be accounted for. Note that it
is only used in the parameterisation process and is not an input to the
model. Meierhofer [37] found that values for inverted elastic stiffness,
L., made no significant difference to the traction characteristics, unless it
was changed by an order of magnitude. It is also difficult to separate L,

from Ly. To simplify the optimization process, L, was calculated using
the shear modulus of steel (Gs = 79.3 GPa) and a mean thickness for a
third-body layer of 20 pm (identified from Ref. [45]). Meierhofer par-
ameterised the ECF model using data from dry HPT tests (on a different
rig to this work) and using temperatures from vehicle tests [37]. The
HPT interface does not rise enough above ambient to be used for this.
Starting from the parameters derived by Meierhofer [37], the opti-
mization routine was then allowed to optimize for Ly, L, and L. L, values
are not optimized. The resulting ECF parameter values and plots are
shown in Table 3 and Fig. 14 respectively. The rig stiffness was
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Fig. 13. Material parameters required for ECF model [37].
Table 2

Arrangement of constants used to define the behaviour of a third-body layer in
the ECF model.

Material parameter ~ Nominal  Pressure dependency = Temperature
coefficients dependency
coefficients
Inverted stiffness L2 j 4 LT
(Le)
Plasticity factor LY J74 Ly
(Lp)
First critical shear % & T
stress (tc1)
Second critical 7%, 2, 29

shear stress (tc2)

Table 3
ECF input parameters for dry baseline.

Material parameter Nominal Pressure dependency coefficients
L. 0.25 Fm 1
" GPa * GPa
L 0.0602 mm 1
P 1.52 —
GPa
ter 4.18 GPa 1
0.0778 ——
GPa
tez 1.90 GPa 1
0.0455 —
GPa

1000 T T T T T T T
w— [y 900 MPa
900 e Dry 600 MPa
Dry 300 MPa
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Fig. 14. ECF fit for dry baseline tests at three pressures: 300, 600 and 900 MPa.
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optimized to find an estimated flexibility of L, = 160 pm/GPa, equiva-
lent to ST = 0.163 deg/kNm. An error value of = 5.22% was achieved.

The rig flexibility used appeared to produce a suitable stiffness
characteristic for the elastic part of the model. This value was therefore
used for all subsequent parameterisations. While the dry baseline tests
were carried out at three different normal pressures, subsequent tests
were only run at one. Therefore, only the nominal values were optimized
for the TOR FM tests. Pressure dependency values from the dry tests
were used for these.

As an example, the ECF fit for the TOR FM dosage of 16 mL/mile is
shown in Fig. 15. An error value of 4.87% was achieved (the root mean
square error (RMSE) was calculated: RMSE = \/ (mean ((K-Kp)z), where
kp is the model prediction and « the measured value. To avoid unit de-
pendencies, the relative error, ¢, was calculated by using the coefficient
of variation of the RSME (CV(RMSE)): ¢ = CV(RMSE) = 100 x (RMSE/
meank)). The same process was undertaken for wet tests as well as all the
TOR FM dosages tested in the HPT rig.

Fig. 16 presents the creep curves calculated with the ECF model
representing all assessed materials for the locomotive wheel/rail inter-
face conditions to allow a comparison with the field data shown in
Fig. 12. The water curve was parameterised using data from tests carried
out in a previous project [46]. The results are largely as would be ex-
pected, with traction coefficients tending to decrease with increasing
dosages of TOR FM. For 512 mL/mile and 2048 mL/mile dosages, the
input parameters are very similar, resulting in almost identical creep
curves for both the full-scale contacts.

The peak traction coefficient and the traction coefficient at 20% slip
have been compared in Table 4. As mentioned earlier, whilst the
intended “dry” field data was measured on a very damp day, with oc-
casional drizzle; for this reason, the results have been compared with the
wet ECF prediction rather than the dry prediction. The 16 and 32 mL/
mile TOR FM dosages modelled are equivalent to the 10 and 20 mL/km
dosages used in the track trials, respectively. Experimental data is
lacking at very low creep values, making it impossible to calculate a
value for the initial gradient, however, it can be seen that both the
experimental and predicted traction results are nearing their peak values
at creepage values lower than 10%.

Given the nature of the field trials, the outcomes compare very well.
However, the peak traction values appear to have been very slightly
underestimated in all three of the cases. For the wet case, the ECF model
has correctly predicted the creepage value of the peak coefficient of
traction, and the coefficient of traction at 20% creep is also very similar;
this suggests the temperature dependency parameters are correctly set
to model the friction drop in this case. For the two TOR FM cases, the

100

80

Shear Stress [MPa]

60

40

mm— TOR FM 16 mL/mile 600MPa
= |\lode|

200 0 | o1

0 | I L L L I I .
0 0.05 0.1 0.15 0.2 025 03 0.35 0.4 0.45

Displacement [mm]

Fig. 15. ECF fit for TOR FM 16 mL/mile doseage at 600 MPa.
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Fig. 16. ECF creep curves for dry (no TOR FM applied), wet (no TOR FM
applied) and TOR FM cases.

Table 4
ECF prediction versus loco test data.
Factor Case ECF Model Loco Test
Gradient of initial All 1.25 -
slope
Peak coeff. of traction ~ Dry (no TOR FM 0.45 -
applied) (@2.6%)
Wet (no TOR FM 0.21 0.24 (@5%)
applied) (@5.1%)
TOR FM 16mL/mile 0.19 (@5%) 0.23 (@5%)
TOR FM 32 mL/mile 0.14 0.16
(@4.8%) (@12%)
Traction at 20% slip Dry (no TOR FM 0.26 -
applied)
Wet (no TOR FM 0.17 0.17
applied)
TOR FM 16mL/mile 0.16 0.20
TOR FM 32 mL/mile 0.12 0.14

temperature dependency coefficients appear to overestimate the effect
of temperature on the coefficient of traction, which continues to rise
until higher creeps in the experimental cases. This is perhaps not sur-
prising as the temperature dependency coefficients have been estab-
lished using data for wet conditions; temperature dependency
coefficients have not been produced for TOR FM conditions, therefore,
wet condition behaviour has been assumed.

7. Discussion

An alternative method for assessing TOR FM performance has been
presented that offers advantages over the more traditional twin-disc
type testing approach.

TOR products offer many challenges for testing. The main reason is
that they have very diverse properties. TOR lubricants based on oils and
greases are perhaps a little easier to apply and test. The water-based TOR
FMs however, present some issues. Where they are applied they are wet,
but as they are spread down the rail they dry out and mix with the
natural third-body layer which leaves the layer with varying properties.
This results in the layer giving different creep force behaviour as dis-
tance down the rail from the application point increases (see Fig. 17
[471). This test method offers a means to study how the creep force
properties of this transient layer vary, but only if a dry layer can be
applied rather than a wet layer (a “wet” product test is only relevant for
the point of application). Other work on the application of water-based
TOR products found that low friction coefficients were obtained [34].
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Fig. 17. Schematic of way-side application of TOR products. Product is spread
along the track and con-sumed by passing wheels. Product heights (in grey) are
exaggerated [47].

This may have been because of issues with the application and layer
formation. Here intermediate levels of friction were generated as would
be expected at the typical application amounts.

The approach used here has worked, data from the tests has led to
successful full-scale predictions. There were, however, some issues.
Despite an effort to spread the dilutions across the whole of the contact,
it was found that the solid particles agglomerated during the evapora-
tion process. This adds inconsistencies to testing, as the TOR FM is not
spread evenly throughout the contact. To prevent this agglomeration
occurring it is suggested to apply 400 pL of distilled water to the surface
and then apply the 400 pL of dilution. This produces a more even spread
of TOR FM compared to the original 400 pL of dilution and 800 pL of
dilution as shown in Fig. 18. The reason for this is that the original 400
pL is not enough liquid to completely cover the surface of the specimen
and so the water evaporated from the edges faster than the centre.
Whereas, with 800 pL of liquid applied, the applied dilution filled the
specimen area and dried evenly.

In this work it was critical to be able to provide field validation which
is often unachievable due to cost or availability of appropriate facilities/
instrumented vehicles. The locomotive data was very close to that pre-
dicted by the ECF approach parameterised using the HPT test data. This
shows the usefulness of the ECF model to predict friction for different
third-body layers. There are many more that could be considered now to
build-up its capabilities.

8. Conclusions

This work has.

Developed and application method for generating TOR FM layers on
HPT specimens

Developed an alternative test method for assessing TOR FM friction
characteristics that offers advantages over traditional “recycling”
contact methods such as used by Twin-disc testing

Showed via the HPT testing that there is a threshold value, above
which increasing the application amount does not reduce the friction
coefficient (an important characteristic for TOR FM).

Improved the capability of the ECF model to include TOR FM
characteristics

Provided validation for the ECF model predictions from locomotive
data from a field study
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Fig. 18. TOR FM at 32 mL/mile dilution A) original 400 pL dilution, B) 800 pL dilution, C) 400 pL of distilled water followed by 400 pL of dilution.

The testing/modelling framework can be expanded to build-in the
influence of other third-body materials now to generate creep force
behaviour to implement in multi-body dynamics simulations to under-
stand their effect on train behaviour, but also in damage modelling.
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