ANALYTICAL EVALUATION OF THE ACCURACY OF ROLLER RIG
DATA FOR STUDYING CREEPAGE IN RAIL VEHICLES

Alexander Keylin

Thesis submitted to the faculty of Virginia Polytechnic Institute and State
University in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE
In

Mechanical Engineering

Mehdi Ahmadian, Committee Chair
Corina Sandu
Saeid Taheri

December 3, 2012
Blacksburg, VA

Keywords: roller rigs, wheel-rail contact, friction modeling, normal contact,
tangent contact, rolling contact.



ANALYTICAL EVALUATION OF THE ACCURACY OF ROLLER RIG DATA FOR STUDYING
CREEPAGE IN RAIL VEHICLES

Alexander Keylin

ABSTRACT

The primary purpose of this research is to investigate the effectiveness of a scaled roller rig for
accurately assessing the contact mechanics and dynamics between a profiled steel wheel and rail, as is
commonly used in rail vehicles. The established creep models of Kalker and Johnson and Vermeulen are
used to establish correction factors, scaling factors, and transformation factors that allow us to relate the
results from a scaled rig to those of a tangent track. Correction factors, which are defined as the ratios of
a given quantity (such as creep coefficient) between a roller rig and a track, are derived and used to relate
the results between a full-size rig and a full-size track. Scaling factors are derived to relate the same
quantities between roller rigs of different scales. Finally, transformation factors are derived by combining
scaling factors with correction factors in order to relate the results from a scaled roller rig to a full-size
tangent track. Close-end formulae for creep force correction, scaling, and transformation factors are
provided in the thesis, along with their full derivation and an explanation of their limitations; these

formulae can be used to calculate the correction factors for any wheel-rail geometry and scaling.

For Kalker’s theory, it is shown that the correction factor for creep coefficients is strictly a function of
wheel and rail geometry, primarily the wheel and roller diameter ratio. For Johnson and Vermeulen’s
theory, the effects of creepage, scale, and load on the creep force correction factor are demonstrated. It is
shown that INRETS’ scaling strategy causes the normalized creep curve to be identical for both a full-size
and a scaled roller rig. It is also shown that the creep force correction factors for Johnson and
Vermeulen’s model increase linearly with creepage, starting with the values predicted by Kalker’s theory.
Therefore, Kalker’s theory provides a conservative estimate for creep force correction factors. A case
study is presented to demonstrate the creep curves, as well as the correction and transformation factors,
for a typical wheel-rail configuration. Additionally, two studies by other authors that calculate the
correction factor for Kalker’s creep coefficients for specific wheel-rail geometries are reviewed and show
full agreement with the results that are predicted by the formulae derived in this study. Based on a review
of existing and past roller rigs, as well as the findings of this thesis, a number of recommendations are
given for the design of a roller rig for the purpose of assessing the wheel-rail contact mechanics. A
scaling strategy (INRETS’) is suggested, and equations for power consumption of a roller rig are derived.
Recommendations for sensors and actuators necessary for such a rig are also given. Special attention is
given to the resolution and accuracy of velocity sensors, which are required to properly measure and plot

the creep curves.
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Nomenclature

Wheel and rail geometry:

To: rolling radius of the wheel

71 rolling radius of the wheel (adjusted for conicity)
712 transverse radius of the wheel

71! rolling radius of the roller

T95: transverse radius of the roller

y: wheel conicity angle

Normal contact:

a,b: Hertzian contact ellipse radii

A, B: contact surfaces curvature parameters

Jab: contact patch radii ratio (a/b)

e: contact patch geometry parameter

m,n: Hertzian contact ellipse parameters

N: vertical load per wheel (adjusted for conicity)
Q: vertical load per wheel (unadjusted)

Tangent contact:

C11,C22,C23: Kalker’s linear creepage coefficients (longitudinal, lateral-yaw, and lateral-spin)
fi1, f22, fo3: Kalker’s creep forces per unit creepage
F: total creep force

E,: longitudinal creep force

E,: lateral creep force

u: friction coefficient

V! longitudinal creepage

Vy: lateral creepage

Vy sat- longitudinal saturation creepage

Vy sat: lateral saturation creepage

T reduced total creepage

Ty reduced longitudinal creepage

Ty: reduced lateral creepage

viii



Ty sat-

Ty sat-

reduced longitudinal saturation creepage

reduced lateral saturation creepage

spin creepage

Material properties:

E: Young’s modulus
G: shear modulus

V: Poisson’s ratio

p: density

Correction factors (CF):

Cab-

Cha:

Cap:

Ca+B:

Cc11, €22, Cc23:

Cf11, Cr22, Cr23:

Crx sat-

Cry,say-

CF for ab

CF for 2
a

correction factor for g

CF for (A + B)

CF for Kalker’s linear creepage coefficients
CF for creep forces per unit creepage

CF for total creep force

CF for longitudinal creep force

CF for lateral creep force

CF for reduced creepage

CF for reduced longitudinal creepage

CF for reduced lateral creepage

CF for reduced longitudinal saturation creepage

CF for reduced lateral saturation creepage

Scaling factors (SF):

fu: acceleration SF
fab: SF for ab
fra: SF for g

faB: SF for%

X



fa+:
fe:
fer:
fe:
fr
frorce:
fra
ny3
fie:
frer:
fiex:
fi:
fina:
fing:
fer:
fe:
fr:
fr:
fw:
fo:
fo:

f Tx,sat-

ﬁry,say:

SF for (A + B)

damping SF

torsion damping SF
Young’s modulus SF

creep force SF

force (unspecified) SF
longitudinal creep force SF
lateral creep force SF
stiffness SF

torsion stiffness SF

elastic force SF

length SF

inertial forces SF

gravity force SF

Poisson’s ratio SF

time SF

torque SF

velocity SF

wheel load/normal force SF
density SF

stress SF

SF for reduced longitudinal saturation creepage

SF for reduced lateral saturation creepage

Transformation factors (TF):

Tr11, Tr22, Tra3: TF for creep forces per unit creepage

Tk: TF for total creep force

Try longitudinal creep force TF

Try: lateral creep force TF

Trx sat TF for reduced longitudinal saturation creepage
Ty say TF for reduced lateral saturation creepage



1 Introduction

1.1 Motivation

The term “roller rig,” as it is used here, describes a testing fixture that is being used to evaluate

locomotives, railcars, and their components. A roller rig normally consists of one or more rollers, i.e.,

wheels that have their tread shaped like the crown of a rail. A piece of rolling stock that is being tested is

placed onto the roller, and either the roller, the axle of the rolling stock, or both are actuated while the

tested piece is constrained in the longitudinal direction. This method of testing allows examination of the

behavior of the rolling stock on a track without actually placing it onto the track. This method has a

number of advantages:

1.

Construction and maintenance of railroad track specifically for the purpose of testing the
rolling stock is expensive, and typically a roller rig is a more affordable alternative; use of an
existing track for testing can also be expensive due to the inability to use the track for
commercial purposes while it is being used for testing.

Using a roller rig gives a researcher more control over experimental conditions. Parameters
such as gauge, alignment, rail cant, rail profile, rail surface roughness and its condition (dry,
wet, oily, etc.) can be relatively easily controlled on a roller rig, but not on a track.
Experiments on a roller rig can be more data-rich, because it is easier to instrument a roller
than a track of substantial length. Furthermore, rollers, unlike rails, can easily be actuated, i.e.
force and excitation can be applied to them to study the response of the tested rolling stock.
Tests that would be too expensive or impossible to conduct on a track due to safety reasons

can easily be conducted on a roller rig (e.g., conditions of near-derailment).

Because of these advantages, roller rigs have been extensively used since the early 20™ century and

are still used today. Examples of research conducted on roller rigs include, but are not limited to:

1.

o oA woN

Investigation of longitudinal and lateral dynamics of wheelsets, bogies (trucks), and car
bodies.

Investigation and experimental validation of wheel-rail contact theories.

Investigation of wheel and rail wear and damage.

Testing of rolling stock suspension elements.

Testing of traction motors and brakes.

Evaluation of friction modifiers and other measures directed at reducing railroad operating

expenses and increasing the safety of operation.



Nevertheless, the advantages of roller rigs come at a cost. Due to differences in geometry, wheel-
roller contact is inherently different from wheel-rail contact. Dynamic behavior of rolling stock is also
affected by the need to constrain the longitudinal motion of the rolling stock relative to the rollers.
Additional difficulties are presented by scaling a roller rig. These differences must be carefully accounted
for such that the researcher can correctly extrapolate the behavior of rolling stock onto a test stand onto its

behavior on an actual track.

This thesis was written as part of a larger research project that evaluates the feasibility of constructing
a roller rig whose main purpose would be the evaluation of existing wheel-rail contact theories, and also

gives recommendations on its implementation (actuators, sensors, scaling, etc.)
1.2 Problem Statement

The first goal of this work is to clearly describe the difference between wheel-rail and wheel-roller
creepage behavior. Although this has been done in other studies that we will describe below, these studies
tend to describe the difference for specific testing configurations, while we are attempting to present
clearly-derived, preferably closed-end formulae that can be used for any given wheel and rail/roller

profiles, loads, scaling factors and scaling strategies.

The second goal is to provide recommendations on the design of a roller rig. Rather than
recommending a specific design, we analyze the existing roller rigs and try to provide researchers with
guidelines to help them design a roller rig with a specific purpose in mind. The pros and cons of different

design solutions are discussed.
1.3 Research Approach and Main Contribution

The task of describing the difference between creep curves in cases of wheel-rail and wheel-roller

contact is divided into three stages.

First, we examine the difference in creepage behavior arising from rail/roller geometry for a full-size
rail vehicle. We then explore the influence of scaling the vehicle and the rail/roller onto the creepage

behavior, and finally, we combine the results.

We will use two creepage theories: Kalker’s linear theory and Johnson and Vermeulen’s theory. Both
will be described in detail later. Kalker’s theory was chosen because it is very widely used, gives closed-
end relationships, and is relatively easy to work with. As such, it has become the de facto creepage model
over the years; furthermore, it serves as a foundation for later and more sophisticated theories. Johnson

and Vermeulen’s theory was chosen because it is non-linear (i.e. accounts for contact patch saturation)



while still giving closed-end relationships; this theory has been widely acclaimed and experimentally

verified.

1.4 Dissertation Outline

Chapter 2 discusses the wheel-rail creepage phenomenon and the history of its research from the 19th
century to present years, as well as the history of roller rigs. We begin with the normal (vertical) contact
between wheel and rail, continue with tangent contact, and end with an overview of various creepage
theories and various roller rigs that were used historically and/or that are still in use or being developed

today.

In Chapter 3, we give a detailed discussion of both Kalker’s and Johnson and Vermeulen’s theories,

which will serve as a basis for our analysis in the next chapter.

In Chapter 4, we derive the correction and transformation factors between tangent track and roller rigs
of various scales and scaling strategies, starting with a difference in normal contact and concluding with

the discussion of specific scaling strategies.

In Chapter 5, we present a case study to illustrate the relationships we obtained in Chapter 4. We also

compare our findings to those of other authors and briefly discuss the differences.
In Chapter 6, we state our considerations regarding the design of a roller rig.
Finally, Chapter 7 presents a summary of findings and recommendations for future work.

Portions of this thesis (primarily Chapters 4 and 5) are based on the paper produced by the author and
his coauthors for the ASME 2012 Rail Transportation Division Fall Technical Conference [1].



2 Literature Survey

2.1 Approach

The search of the relevant literature is conducted using a number of review articles [2-8]. The works
cited in each of the review articles are examined, and then the sources cited in these works are examined.
The Google Scholar search engine was used to locate more recent works that referenced the examined
sources. Additional searches were conducted in Google Scholar using keywords such as “roller rig,”

29 ¢¢

“wheel-rail contact,” “creepage,” “Kalker’s coefficients,” etc.

2.2 Normal Contact Problem
The problem of finding the traction forces can be broken down into two parts:

1. Finding the dimensions and shape of the contact patch, as well as the normal pressure distribution

in it (i.e. the normal contact problem).

2. Finding the relationship between creepages and tangential forces (a.k.a. creep forces) based on

the shape of the patch (i.e., the tangent contact problem).

One of the first studies of wheel-rail normal contact was carried out by F. Redtenbacher. In his book
“The Laws of Construction of Locomotives,” published in 1855, Redtenbacher analyzed the process of
head-crack formation in rails [9]. Redtenbacher attempted to calculate the dimensions of locomotive
wheels at which this process would not occur. Since the Hertzian model of normal contact had not yet
been developed, Redtenbacher created his own two-dimensional contact model, where the wheel and rail
were approximated as a cylinder and a plane with an elastic foundation between the two, as seen in
Figure 2.1. Today it is known that this approach should not be used for smooth bodies in elastic contact;

however, for rough surfaces, it can be justified to some extent [4].



Figure 2.1. Redtenbacher’s model for normal contact.
(Source: Redtenbacher’s work, adapted from [4])

Nearly 30 years later, Hertz published two influential works on contact mechanics, which described
the distribution of normal force and the dimensions of contact patch between contact surfaces [10, 11].
Although Hertzian theory rests on a number of rather restrictive assumptions, it is still widely used in
studying wheel-rail contact mechanics and dynamics, and serves as a foundation for many tangent contact

theories, both empirical and analytical [2, 4, 12]. We will discuss Hertzian theory in detail later in this
paper.

Nevertheless, the dimensions of contact patch given by Hertzian theory are often a poor
representation of the true contact shape, as indicated in Figure 2.2, primarily due to non-constant surface
curvatures [4, 13, 14]. For this reason, a number of non-Hertzian and semi-Hertzian normal contact
theories have been used to describe wheel-rail normal contact [2, 15-24]. Some of these theories are
modifications of Hertzian theory, and some are based on different principles. These theories tend to be
computationally intensive, allowing their use in some wheel-rail software, but preventing establishing

simple, close-form relationships, as intended in this study.
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Figure 2.2. True shape of wheel-rail contact patch as a function of contact point location.
(Source: Piotrowski’s work, adapted from [4])

2.3 Tangent Contact Problem

The most simplistic way to solve the tangent contact problem is by assuming that the wheel and the
rail are perfectly rigid bodies, and applying Coulomb’s law. In this case, the traction or braking force will

be a function of normal force and Coulomb’s friction coefficient. This approach can be useful for certain



kinds of dynamics problems, but is of little use if one is trying to solve problems dealing with wheel and

rail wear, traction losses, etc., thereby necessitating the development of rolling contact theories [12].

A number of authors cite Carter’s 1916 work [25] as the first study of longitudinal rail-wheel contact
[2, 7, 12]. Nearly 30 years before Carter, Boedecker published a paper on stability of a rigid two-axle
bogie, in which he presented what was possibly the first study of tangent wheel-rail contact [26].
Boedecker assumed a circular contact patch and applied localized Coulomb’s friction law, yielding a

simple but fully non-linear model, as shown in Figure 2.3 [4]. This model has not become widely used.

Figure 2.3. Wheel/rail contact patch according to Boedecker.
(Source: Boedecker’s work, adapted from [4])

Similarly to Boedecker, Carter was studying the stability of a rigid bogie, but his model of tangent
contact was very different. In his 1916 publication, Carter described the concept of creepage (relative
motion between the surfaces in rolling contact) and stated that traction or braking force (aka creep force)
is proportional to the creepage. Carter did not derive or explain this assumption, nor did he derive the
proportionality constant. It is possible that Carter was influenced by Reynolds’ work; in 1874, Reynolds
introduced the concept of creepage between belts and pulleys, and noted that such a concept could apply

to rolling wheels as well [7, 27].

In 1926, Carter published an article in which he quantified the linear relationship between creepage
and creep force [28]. In this paper, he treated wheel-rail contact as a two-dimensional problem of contact
between a cylinder and a plane. Based on Love’s derivation of normal stresses and strains in an elastic
medium, Carter described the distribution of tangential stresses in the contact zone, as shown in Figure 2.4
[29]. Furthermore, he described the saturation of the creep force with increasing creepage and predicted

frictional losses in a locomotive driving wheel [7, 12, 28].
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Figure 2.4. Tangential stress distribution (solid line) according to Carter.
(Source: Carter’s work, adapted from [4])

Fromm, also in 1926, solved a similar problem in a different way [30]. Although he shared some
assumptions with Carter, he analyzed the contact between two cylinders, rather than between a cylinder

and a plane. Due to the complexity of the solution, only numerical solutions could be obtained [4].

Carter’s work was not recognized immediately, but later gained acceptance and eventually was widely

used until the 1960s [2, 4]. In 1950, Poritsky published results similar to Carter’s [7, 31].

In 1958, Johnson derived an approximate three-dimensional solution to the rolling contact problem,
considering both longitudinal and lateral creep forces [32]. Johnson analyzed an elastic sphere rolling on
an elastic plane and assumed that the overall contact patch is circular, and that the adhesion region is also
circular and is tangent to the leading edge of the contact patch, as shown in 1938 by Cattaneo [7, 33, 34].
Johnson verified his findings experimentally and also investigated the effects of spin creepage on lateral

creep force [7, 35].

In 1963, Haines and Ollerton expanded Carter’s theory onto a more general case where a contact
patch is elliptical (although they only described longitudinal creepage) [36]. They separated the elliptical
contact patch into longitudinal strips and assumed that Carter’s longitudinal shear stress distribution
applied to each strip [7, 36]. This allowed them to clarify the shape of the adhesion area (which they
described as “lemon-shaped”) within the contact patch. Meanwhile, Vermeulen and Johnson expanded on
Johnson’s earlier work and obtained an approximate solution for creep forces in the case of an elliptical
contact patch, neglecting the spin creepage [7, 32, 34]. Vermeulen and Johnson’s findings, along with

Kalker’s, are discussed in more detail later in this paper.

During the 1960s, De Pater and Kalker had developed a complete analytical solution to wheel-rail

contact theory; their solution is now referred to as linear theory [7, 12]. De Pater started with the



simplified case (circular contact patch and zero Poisson ratio), and Kalker expanded his findings to a
more general case of an elliptical contact with a non-zero Poisson ratio [2, 12, 37, 38]. This resulted in the
introduction of Kalker’s famous coefficients, which describe the linear relationship between creepage and
creep forces in longitudinal and lateral directions. Although De Pater and Kalker’s solution was, in a
sense, more complete than those of other authors, it was only applicable to low creepages at which slip
area in a contact patch is much less than adhesion area. In other words, Kalker’s linear theory does not

account for saturation.

Although Vermeulen and Johnson’s original work was done before Kalker had introduced his
coefficients, the relationships found by them are now commonly stated in terms of Kalker’s coefficients,
thanks to the work of Shen, Hendrick and Elkins [39]. This work combines Kalker’s accuracy at low

creepages with Vermeulen and Johnson’s ability to describe saturation.

More recently, several empirical methods to describe the creep curve have been developed [2], such
as Kalker’s empirical proposition, as well as Ohyama’s and CHOPAYA’s (Ayasse—Chollet—Pascal)
exponential saturation law [13, 40]. These methods present closed-form force-creep models (neglecting
the spin creep); however, they are still somewhat inferior to Johnson and Vermeulen’s model in terms of

simplicity and ease of computation.

Kalker and others have developed a number of numerical, surface-based models to solve both the
normal and tangent contact problem. Kalker’s CONTACT and FASTSIM algorithms use the complete
theory of elasticity and take into account longitudinal, lateral, and spin creepages (FASTSIM ellipticizes
the contact area, while CONTACT does not); these models are based on Kalker’s earlier work, as well as
Haines and Ollerton’s method of separating contact patch into elements, shown in Figure 2.5. The force-

creepage relationship is calculated separately for each element [2, 12, 13].

Figure 2.5. Kalker’s FASTSIM algorithm, adapted from [2]

The problem that all of the models described above share is their tendency to overpredict, sometimes

very significantly, the slope of the creepage curve in the linear region because they assume smooth
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contact surfaces and fail to account for the roughness of the real wheels and rails, as seen in Figure 2.6 [4,
41].
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Figure 2.6. Dependency of force-creep curve slope onto surface roughness, adapted from [4]

The behavior of creep force past the saturation point presents an additional challenge. The theories
discussed so far predict a constant creep force as the creepage increases past the saturation point.
However, it is known from experiments that creep force reaches a maximum and then decreases with the
increase in creepage, as shown in Figure 2.7, presumably due to an increase in temperature of surfaces at
the point of contact [4]. Furthermore, the shape of the creep curve varies significantly with surface

condition, as seen in Figure 2.8 and Figure 2.9 [42].
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These discrepancies have recently been investigated by multiple scholars [4, 42, 45-47]. Empirical
expressions have been proposed that describe friction coefficient as a function of creep velocity; in
addition, correction factors for Kalker’s coefficients as a function of rail surface condition have been

measured and published [45].

Recently, several studies have proposed the use of beam and bristle adhesion models (normally used
for modeling automobile tires) to describe the wheel-rail force-creepage relationship in order to develop a
control system for wheel slip [48, 49]. The authors claim a good fit between theoretical and experimental

data for a wide range of conditions.

A simplified empirical model was recently developed by Malvezzi et al. for the purpose of
constructing a scaled roller rig [50, 51]. The model describes the adhesion peak and decrease at high

creepages, which are discussed above.

Matsumoto et al. introduced the “thin film lubrication theory” and “boundary lubrication theory” into

FASTSIM in order to predict creep characteristics in the presence of a friction modifier [52].

A model of wheel-rail tangential contact under the conditions of degraded adhesion (i.e. in the
presence of contaminants between the two surfaces) has recently been proposed by Pugi et al. [53]. The
authors point out that at very high creepages, the coefficient of friction may actually increase due to the

destruction of contaminant and polishing of the contact surfaces.
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24 Roller Rigs

Zhang et al., as well as Jaschinski et al., provide an excellent overview of the history of roller rigs

from the early 1900s up to the early 2000s [3, 5].

In 1904, one of the first roller rigs was built at the Swindon Works in Britain. It was a full-size rig that
was designed to study the performance of steam locomotives, specifically, their pulling power at different

speeds [54].

In the 1920s, Carter used a scaled tangent track rig to conduct experiments in rail vehicle dynamics
[3]. In the 1930s, model tests were conducted on a roller rig in Japan by Musashi, although not much
information about it is available. One-tenth- and one-fifth-scale roller rigs were used at The Railway
Technical Research Institute in Japan during the 1950s to support design efforts for rail vehicle
suspension [55]. In 1957, a full-scale, two-axle roller rig was constructed at RTRI and was used for more
than 30 years. The rig used an eccentric roller to create sinusoidal excitation and was utilized to study
hunting, derailment, regenerative braking and various aspects of dynamics of new types of bogies, in part
to support the development of Shinkansen high-speed trains [56]. The rig was upgraded in 1989 to
increase its maximum speed to 500 km/h, and to supplement each roller with actuators for lateral, vertical,

and roll vibration.

In the 1950s, the C&O — B&O railroad in the United States conducted multiple tests on a one-tenth

scale roller rig to facilitate the development of new passenger and freight railcars [3].

In 1963-1964, British Railways constructed a number of roller rigs, both scaled and full-size, to
conduct a number of studies of vehicle dynamics. An additional four-axle roller rig was built in 1969, but

it did not see much use because a more advanced test track was completed [57] .

In 1979-1982, Sweet et al. at Princeton University performed investigations concerning the
mechanics of derailment using a fifth-scale model of a freight bogie. Forces in the model were carefully

scaled according to similarity laws [58, 59].

In the 1970s, various studies were done on a scaled roller rig at RWTH Aachen in Germany [60].
During the same decade, the roller rig of the Deutsche Bahn AG was constructed in Munich. This is a
full-size, four-axle roller rig capable of achieving speeds of up to 500 km/h and allowing the simulation of
various track irregularities using hydraulic actuators. The rig has been used to verify various theoretical
models as well as to conduct commercial tests. Jaschinski gives a thorough description of the rig’s design
and of various studies conducted on it, such as investigations of creepage, vibration, ride comfort and

stability, failure tests, testing of active systems, etc. [61-64].
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In 1978, a full-size, four-axle roller rig (auxiliary support stands were available to accommodate six-
or eight-axle locomotives and railcars) called the Roll Dynamics Unit (RDU) in Pueblo, Colorado became
operational [65]. The unit was equipped with hydraulic actuators to apply forces to a bogie side frame, a
sophisticated data acquisition system, and flywheels for simulation of inertia associated with braking and
acceleration. RDU was used to test locomotive traction motors, as well as to study general vehicle-track
dynamics. The researchers who operated that rig, which has since been decommissioned, noted that test
setup was very useful in studying rail vehicle lateral dynamics, but using it to study creep forces proved

problematic [66].

In the 1980s, a number of scaled roller rigs were used at DLR in Oberpfaffenhofen [67-69]. One of
these rigs, a one-fifth-scale, two-axle setup, was used to develop the software package SIMPACK; this rig
is thoroughly described by Jaschinski et al.

A unique roller rig operated from 1984 until 1992 at INRETS in Grenoble, France. This unit consisted
of a 13-m diameter roller, which could be driven at speeds up to 250 km/h. Combined with a test bogie of
Va scale, this rig allowed the researchers to obtain wheel-rail contact conditions very similar to those seen
on a tangent track [70]. Numerous experiments were performed on it, most of them dealing with hunting
stability and with measuring Kalker’s coefficients [71]. The results were used to develop the simulation

software VOCO.

In 1992, a roller rig at the Rail Technology Unit of the Manchester Metropolitan University became
operational [72, 73].

Jaschinski et al. and Zhang et al. briefly describe additional roller rigs, such as a full-size rig in
Chengdu, nearly identical to the rig in Munich, and a full-size Curved Track Simulator in Ottawa (the

latter has since been dismantled).

Some of the most recently constructed roller rigs include the two roller rigs (a full-scale, two-axle rig
and its scaled copy) at the Research Centre of Firenze Osmannoro, Italy [51, 74]. The rigs simulate
degraded adhesion conditions to test rail vehicle response; rather than physically introducing a
contaminant at the interface, its presence is being simulated by controlling the angular speeds of the

rollers.

A full-scale, one-axle roller rig is being used by Voestalpine Schienen GmbH in Linz, Austria [75].
This rig utilizes a short (1.5-m) piece of rail, rather than a roller, and is being used to investigate rail wear

and rolling contact fatigue. Consequently, the speed of the wheel is limited to 0.5 m/s.

A one-tenth-scale, two-axle roller rig has been used by Matsumoto et al. in Japan [52] to investigate

creepage under various surface conditions, especially in the presence of a friction modifier. Small
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creepages can be accurately produced by controlling the differential gear and measuring torque in real

time.

A one-fourth-scale roller rig with a single 1070-mm roller, known as JD-1, exists at the Tribology
Research Institute in Chengdu, China. It has been used to study rail corrugation in particular, and rail-

wheel adhesion behavior in general [76, 77].

A one-tenth-scale track exists at the Chiba Experimental Station, IIS, The University of Tokyo. The
track’s total length is 25m, and it features tangent sections, as well as transition curve and constant curve

sections. It has been successfully used to test scale models of bogies [78, 79].

Korea Railroad Research Institute uses a one-fifth-scale, two-axle roller rig and a one-fifth-scale, 27-
m track to test bogies as well as entire rail vehicles. The track consists of two tangent sections and a curve

[80, 81].

Scaling strategies used in some of the rigs described above (DLR rig, INRETS rig, and MMU rig) are

described later in this thesis.
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3 Development of Key Relations
3.1 The Normal Contact Problem

3.1.1 The Formulation

The traditional method used to solve the first problem is via Hertzian contact theory. We will follow

the process as outlined by Ayasse and Chollet [2].
Hertzian theory is based on a number of key assumptions [2, 4]:
1. The kinematic equations and the materials elastic properties are linear.
2. Wheel and rail material exhibit completely elastic behavior (no plastic deformation).
3. Wheel and rail material is homogeneous and its properties are isotropic.
4. The contact surfaces are perfectly smooth and there is no friction between them.
5. Contact surfaces curvature is constant within the contact patch.
6. Contact surfaces radii of curvature are much larger than the dimensions of the contact patch.

We treat wheel and rail as elastic bodies / and 2; each of the two bodies has a longitudinal (rolling)

radius 7;; and a transverse radius 7;,, where i is the index of the body (1 or 2).

Specifically, as shown in Figure 3.1, r;; is an effective rolling radius of the wheel (defined later), ;, is
the transverse radius of the wheel (in a purely conical wheel, it is considered infinite), »; is the rolling
radius of the rail or roller (infinite in a case of tangent track, and finite in a case of roller), and r,, is the

crown radius of the rail or roller.

body 1 (wheel)

. direction
Yy ofrolling

body 2 (rail)

Figure 3.1. Hertzian contact problem, adapted from[16].
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3.1.2 Surface Curvatures and Radii

There are multiple formulations to the Hertzian problem. In this particular case, Ayasse and Chollet

define the variables 4 and B that describe the longitudinal and transverse curvature of the two bodies at

the point of contact.

A_l(l
2\
B_l(l

2\

1

n _) 3.1
21
1

n _) 3.2
722

Note, however, that 7;; is not the actual rolling radius of the wheel, but is an effective rolling radius.

Ayasse and Chollet define it in terms of an actual rolling radius », and wheel conicity y at the point of

contact:
1 cosy 13
711 To '
Solving Eq. 3.3 for r;; we obtain:
1 = cosy 34

For typical values of wheel conicity (between 0 and 5 degrees), the difference between ry; and 1 is
<0.5% , so this correction may not be necessary and we can assume that r;; is the rolling radius of the
wheel. Similarly, the angle of attack (yaw angle) of the wheel, @4, is in the same range, so correcting

the radii or curvature for this angle seems unnecessary and is not reported in the literature.

According to Hertzian formulation, the contact patch will have the shape of an ellipse. Assuming that
the wheel and rail are made of the same material, the contact ellipse radii’s exact values can be

determined via:

1
(3N -v?)\3 35
¢ _m<2E(A +B)>
1
_ (3N —v?)\3 36
B "(25(,4 + B))

In this case, a is the longitudinal radius (along the direction of rolling), and b is the transverse radius,

as shown for various wheel positions in Figure 3.2.
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Figure 3.2. Contact patch shape for various wheel locations with respect to the rail.
(Source: [12])

The magnitudes of the radii will vary depending on the location of the wheel-rail contact point due to

the fact that the wheel and the rail’s transverse curvatures are non-constant, as seen in Figure 3.3.
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curvature
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Figure 3.3. Example of a variation of the wheel and rail’s transverse radii. All dimensions are in mm.
(Source: Piotrowski’s work, adapted from [4])

The Hertzian coefficients m and n can be determined by calculating elliptical integrals or by

interpolating from tables [12, 82]:

1
29°E 3
m =< 9 (€)> 3.7
T
1
2E(e)\3
. ( ( )> 38
TTGab
Where:
a
gab = E 39
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1
e = (1—T> 3.10
Yab

and E(e) is the complete elliptical integral of the second kind.

In order to obtain an easy-to-manipulate, closed-form solution, we will use an analytical
approximation:

0.63
b_n, (g) 3.1
a m
2\ 063
3 1 +5
(mn)z =~ | —=

3.12
A
2[4

Ayasse and Chollet note that when A/B is close to 1, the exponent would be 2/3 rather than 0.63.

However, 0.63 is a better approximation for slender ellipses, and it gives an error of no more than 5% for
b/a between 1/25 and 25.

Solving Eq. 3.11 for #:

A 063
n= m(E) 3.13
Similarly, solving 3.12 for n:
p 0.42
1 1 +§
n=—|—— 3.14
m A
2B
Combining 3.13 and 3.14 we obtain:
A 0.42
A 0.63 1 1 +§
A
2B
We then solve 3.15 for m:
2 0.42 p 0.21
a -0. -0.315 £
~ 1+7 A 063_ A\ 031 1+3
m= || —E& — = (= 1 3.16
2[4 ) P g 2[4
B B

19



Combining 3.13 and 3.16, we have

0.21
40315 1_|_é
n= (—) B 3.17
B A
2|8

Knowing Hertzian coefficients m and n, we can obtain contact ellipse radii a and b via Egs. 3.5

and 3.6.

Note that normal load N in Eqgs. 3.5 and 3.6 can be adjusted for wheel conicity at the point of contact:
N =Qcosy 3.18

However, this influence is very minor (for the wheel conicity of 5 degrees, cosy = 0.996195) and

can be safely neglected in most applications, just like the correction in Eq. 3.4.

The main limitations of Hertzian contact theory are the assumption of one-point contact, the
assumption that ellipse radii are much smaller than the contact surfaces’ radii of curvature, and the
assumption that these curvatures are constant in the vicinity of the contact point. While these assumptions
are reasonable in the case of a tread contact on an unworn wheel, they become problematic in the case of
flange contact, as well as in severely worn wheels and rails, where multipoint or conformal contact may

occur.
3.2 General Remarks on Creepages and Creep Forces

3.2.1 The Definition of Creepages

In order for creep forces to appear, there must be a small apparent slip between the wheel and the rail
surface. If this slip is normalized against the wheel and rail’s absolute velocities, it is called creepage. We

will use the definitions of creepages that are given by Ayasse and Chollet and illustrated in Figure 3.4 [2].
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Figure 3.4. Velocities of wheel and rail/roller at the point of contact, adapted from [2]

If we take ¥, and V; to be the absolute linear velocities of the wheel and rail/roller at the point of
contact, and £, and Q; to be, respectively, their angular velocities, we can define the creepages in terms
of these velocities’ projections onto the x-axis (longitudinal), y-axis (lateral), and z-axis (vertical), as

shown in Figure 3.4:

_proi@)(7 ~77)

o e 3.19
5 (Vo + V1)
_proj) (Vo — 1)
- 1 — — 3.20
j(Vo + V)
b - 1)
Q= 3.21

1 — —
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Note that longitudinal and lateral creepages are dimensionless quantities, while rotation, or spin
creepage, has dimensions of m™. We will discuss the implications of this fact later.

Also note that creepage is not always normalized against the average velocity of the wheel and rail, as

described here; a number of authors normalize it against the train speed with respect to a static frame of
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reference. This difference is of little significance at low creepages, but can be substantial at high

creepages [83].

Although longitudinal, lateral, and spin creepages depend on the speeds of the wheel and rail, they do
not influence each other, i.e., a change in longitudinal creepage will not cause a change in lateral
creepage, and vice versa. Furthermore, according to creep theories that are discussed here, creepages do

not influence the shape of the contact patch, its size, or the normal pressure distribution within it.

3.2.2 The Relationships between Creepages and Creep Forces

All of the theories discussed below state that the creep forces and moments are functions of these
creepages. In other words, creep forces depend not on absolute or relative velocities of the wheel and rail

per se, but on these relative velocities normalized against their absolute velocities.
The two extremes are Coulomb’s model and Kalker’s linear model.

Coulomb’s model, illustrated in Figure 3.5, is not a model of rolling contact but rather of sliding
contact; it assumes that the sign of creepage matters, but that creep force remains constant independently

of creepage magnitude:

W
-

Figure 3.5. Creepage curve according to Coulomb’s model.

This model, understandably, is a poor representation of rolling contact, unless contact patch is

completely saturated, i.e. is in pure slip.

On the other hand, Kalker’s linear model shows a linear relationship between creepage and creep
forces. While “classic” linear theory does not show saturation (i.e., it states that creep force increases

infinitely with increasing creepage), it is sometimes modified to accommodate saturation, although
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somewhat crudely (see, for instance, “Kalker’s linear theory with saturation” option in the multibody

simulation software package SIMPACK), as seen in Figure 3.6.

Figure 3.6. Creepage curve according to Kalker’s linear model, adjusted for saturation.

Non-linear models fall, in terms of creepage curve, somewhere between these two extremes; at very

low creepages they behave similarly to Kalker’s linear model, then they gradually approach saturation, as

shown in Figure 3.7.
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Figure 3.7. A “generic” creepage curve according to the nonlinear theories.
(Source: [24])

We will now discuss some of these theories more closely.



3.3 Specific Creepage Theories

3.3.1 Kalker’s Linear Theory

The definitions of slip and creepage given in Egs. 6.26 to 3.21 treat the wheel and rail as rigid bodies.
In reality, both bodies deform near the point of contact, and the points in the contact patch are being
displaced from their original locations. The part of the contact patch where the rate of displacement
“cancels” the apparent slip becomes the adhesion area; the rest of the patch is in slip, i.e. there is not only
apparent rigid-body slip, but also true slip of surfaces past each other [84]. Kalker’s linear theory assumes
that for small creepages, slip area is negligibly small compared to the adhesion area. Under this
assumption, and also assuming Hertzian normal force distribution, Kalker derives the tangential stresses
at various points throughout the adhesion area. By integrating these stresses over the area of the contact
patch, Kalker obtains the total creep forces per unit creepage (essentially, the slope of the creepage curve

in Figure 3.6).

The dependency between creepage and creep forces and moments can be expressed in a matrix form

[84]:

E, €11 0 0 Vy
Fy =—Gab| 0 Coo VabC23 Vy 3.22
M, 0 —vab C33 ¢

The quantities c;;, c,3, €23, and c;; are referred to as Kalker’s creepage coefficients; typically, tables
are used to calculate them from dimensions of the contact patch and the materials’ Poisson ratio.
Alternatively, Ayasse and Chollet list the following polynomial approximations for some of these
coefficients; these are valid for a steel wheel and rail, providing the b/a ratio is within the interval 1/25 to

25 [2]:

0.975 0.012
b b
a @
—pao1a s L3179 002
A T (g)z 3.24
a a

1.0184 4 0.0565 0.0013

NGO

Since these coefficients are functions of b/a, it will be useful to obtain this ratio from Egs. 3.1, 3.2,

and 3.11:

C23 = 04’14’7 +
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Often in literature on this subject, the authors are concerned primarily with longitudinal and lateral
creep forces F, and F), essentially ignoring the moment M. [2, 85]. In such cases, the relationship shown

in Eq. 6.26 will be described next.

For longitudinal traction force:
Fe = fi1vx 3.27
For lateral force:
Fy = faovy + faz0 3.28

Where f1;, 122, and f>; are Kalker’s creep forces per unit creepage, defined as follows:

f11 = _GabC11 329
fzz = —GabC22 3.30
f23 = Gab\/%Cég 331

As mentioned earlier, longitudinal and lateral creepages are non-dimensional, while spin creepage, by
default, has dimensions of m™. If we normalized the spin creepages by vab, then Eq. 3.31 would not have

the term Vab in it.

3.3.2 Johnson and Vermeulen’s Theory

Vermeulen and Johnson’s theory is an approximate one: it operates on longitudinal and lateral
creepages only, ignoring the spin creepage [2, 85]. It introduces the notion of reduced longitudinal and

lateral creepages:

Gabcy1vy
=— 3.32
=N
Gabcyyvy,
=— 3.33
Y=

The total reduced creepage coefficient is a function of longitudinal and lateral creepages:
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Gabcy,v,\ 2 Gabc,, v, \>
— 2 — 11%x 22Vy
PE T J( 3uN ) +< 3uN )

Gab )
=5 . C11
3uN

3.34

VE+c5,vE

When the total reduced creepage coefficient reaches 1, contact patch is fully saturated, i.e. is in 100%

slip. Past this point, friction force is described by the Coulomb law:

F

W:1’ T7>1 3.35

Before the saturation, friction force is described by:

3
F Gab
—=1—(1—T)3=1—(1—— /czv2+czv2> ,
l,lN 3‘LlN 11%x 22Vy 336

0<t<1

For pure longitudinal creepage:

F Gabcy vy 3
—=1-(1- 3=1—(1——), 0<t<1 3.37
uN - 3uN '
For pure lateral creepage:
F Gabcy,vy,\®
—=1-(1-13=1-(1-—222), o0<zt<1 3.38
uN 3uN

Now we can find the saturation point (i.e. creepage at which saturation occurs) in pure longitudinal

creepage:
Gabcyqv
Toat = Txsat = % =1 339
Solving for vy ¢4 yields:
3uN
== 3.40
Vx.sat Gabcy,

Similarly, the saturation point in pure lateral creepage is:

o _3uv 3.41
Vy.sat = Gabc,, '
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4 Comparison Methodology

4.1 General Remarks
In order to quantify the relationship between different wheel-rail configurations, we define the

concepts of scaling factor, correction factor, and transformation factor.

Scaling factor (SF) is a term commonly used in literature on roller rigs. It refers to the ratio of a
certain quality (length, velocity, mass, etc.) between full-size and scaled models. For instance, a creep
force scaling factor of 5 means that creep forces in the model are 1/5 of the corresponding forces in a full-

size model.

Correction factor (CF) in this paper will denote the ratio of a certain quality between roller rig and
tangent track of the same scale. That is, we will use this term when comparing a wheelset on a roller to
the same wheelset (with the same geometric dimensions, under the same load, of the same material, etc.)
placed on a roller (the roller’s transverse radius will be the same as the transverse radius of the rail on the
corresponding tangent track). For example, a creep force correction factor of 0.5 means that a wheelset on
a roller will experience a creep force that is 50% from what it would experience on a tangent track, all

other factors being the same.

Finally, a transformation factor (TF) is a combination of SF and CF. It will allow us to compare a full-
size tangent track to a scaled roller rig. For instance, if a creep force scaling factor is X, and a correction
factor between a roller rig and a track is Y, the transformation factor for creep force between the scaled

roller rig and a full-size tangent track will be X'Y.

We will use the notation f; for scaling factors, ¢, for correction factors, and 7, for transformation

factors.

It will be assumed that the wheelset and the tangent track’s material has the same Young’s modulus,

shear modulus, and Poisson’s ratio as that of the roller rig.

4.2 Creepage Variation
Due to a finite rolling radius of a roller in a roller rig, there is a variation not only in creep force per

unit creepage (as will be described below), but also in creepage itself.

Recall that creepage is defined by the relative tangential velocities between the wheel and rail/roller
surface at the point of contact, as described by Eqgs. 3.19 to 3.21. A small lateral displacement will cause a
change in effective rolling radius of a roller and, therefore, a change in tangential velocity. Consider a

simple case of pure longitudinal creepage. Eq. 3.19 in this case is simplified to:
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(woro - (1)17”1)
Vy =

1 4.1
2 (woro + wlrl)

If the point of contact changes slightly such that the wheel’s effective rolling radius remains constant but

the roller’s rolling radius changes by Ary, then the longitudinal creepage becomes
_ (wory —wi(ry +Ary))  (weTy — wy(1y + A1)

Vy = 1 = 1 4.2
7 (woro + wl(rl + Arl)) 7 ((1)07”0 + (1)17”1)

The change in creepage due to change in contact point is

w1 Ary Ary
Av, = =— 4.3

7 (woro + wlrl) &

The approximation is valid for small creepages (i.e. when tangential velocities of the wheel and roller are

very close).

Further discussion of creepage variation between a tangent track and a roller rig can be found in the

articles by Bosso et al. and Dukkipati [85, 86].
4.3 Scaling

4.3.1 Normal Contact Problem

Consider an experimental rig (involving either a roller or a tangent track) in which all lengths are

scaled by a factor f, and load per wheel is scaled by f,,.

From Eq. 3.26 we can conclude that in this case, the contact patch radii ratios of full-scale and scaled

models will exhibit the following relationship:

1 s 1\ %63
b fini ~ fita1
— —+
f _ (a)full scale _ f17”12 flTZZ
ba = (9) - i+i 0.63
a scaled Tll T21
1 1 4.4
T2 T22

0.63
(fﬂ'127”217”22 + fl7’117”127”22)
_ \firamaaz + fifiahizra —1
= 063
(7'127”217”22 + T11T12T22)
T11721722 T 11712721
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Therefore, if all radii are scaled by the same scaling factor (the model is geometrically similar to the

full scale), then contact patch ratios are the same and, therefore, Kalker’s coefficients c;;, c,,, and ¢»; will

remain the same.

For the reasons that will be explained later, we will now determine how the quantity (4+B) differs for

scaled and unscaled models, using the definitions of 4 and B (Eqgs. 3.1 and 3.2):

1/1 1 1/1 1
A+B=—(—+—)+—(—+—)
2\ry; Ty 2\r;; Ty

1/1 1 1 1
= —(—+—+—+—)
2\ry; Ty T2 T

From Eq. 4.5, the ratio of (4+B) for full-scale and scaled models is:

_ (A + B) fuu scae _ (7"11 21 T2 1227 sy scate
A+E (A + B)scaled ( 1 1 1 1 )

1 1 1 1)

1 T21 T2 122744004

1 1 1 1 )
+ + +
_ (f17"11 firor ~ firiz ~ fire2) _ l

(Ll L1y R

11 T21 T2 T2

Similarly, we will find the scaling factor for the quantity ab:

(ab)full scale
(ab)scatea

(o) e () e

(o) esele () )

fap =

full scale

B

scaled

Assuming that scaled and unscaled models are made of the same material, Eq. 4.7 is reduced to:
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/1+% L%\I
W) @)

(ab)full scale _

fu

(ab)scatea / 0.42 \
A 2

1+5 N \3 |

far =

4.8

Recall that the quantity A/B is the same for full-scale and scaled models, as evident from Eqgs. 3.11

and 4.4. This allows us to simplify Eq. 4.8:

( (A+B)

(ab)full scale full scale

(ab)scatea 2
T (k) )
scaled

But the load per wheel is related via scaling factor f,,, allowing us to modify Eq. 4.9 to:

fab =

(k)
(ab)fullscale _ Nfullscale 3( ( full scale

E
3)
scaled

ab =

(ab)scaled scaled (

full scale

2

3
o)
= ()3 .
3

<

scaled

2
%((A + B)full scale> 3
(A + B)scaled

Now, let’s combine Eqgs. 4.6 and 4.10:

2
(ab)fullscale _ 21 _5_ 2
= () = (3

(ab)scatea

far =

From Eq. 4.11 we can also find the scaling factor for quantity vab, which we will use later:

30

4.9

4.10

4.11



_ abfull scale (ab)full scale 1 4.12
f\/ab - - - (fwfl)3 :
Vabgcaied (@b)scatea

4.3.2 Kalker’s Linear Theory

In the case of longitudinal creepage, combine Eqgs. 3.29 and 4.11; recall that ¢;; only depends on the

b/a ratio, and therefore, the scaling of f;; will be equal to the scaling of the product of ellipse radii a and b:

fll,full scale (_Gabcll)full scale (ab)full scale

f = = =
i fl 1,scaled (_ Gabcll)scaled (ab)scaled 4.13
2
= far = (fwfD)3
The same relationship exists for f3, (compare Egs. 3.29 and 3.30).
For f5;, we will combine Egs. 3.31 and 4.12:
_ f23,full scale _ V abfull scale (ab)full scale — fwfl 4.14

f 23 — -
4 f23,scatea Vabgcaied (ab)scatea

Therefore, if we scale the load per wheel by a factor of 625, and the length by a factor of 5 (as some
authors suggest), creep force per unit creepage will not scale by a factor of 625 [6, 87]. Moreover, the

creepage scaling factor will vary depending on the type of creepage (longitudinal, lateral, or spin).

These results are similar to those obtained by Allen [87].

4.3.3 Johnson and Vermeulen’s Theory

Similarly to Kalker’s linear theory, we will consider scaling factors under Johnson and Vermeulen’s

theory.

Let us derive the SF for reduced creepages, starting with reduced longitudinal creepage:

(Gabcllvx)
f _ 7'-x,full scale _ 3,uN full scale
= Tx,scaled (M)
3'uN scaled

_ (ab)full scale Nscalea 4.15

= (o f)5 S

(ab)scatea Nfull scale
z 1
— fl 3 fw 3
Similarly, the SF for reduced lateral creepage is:
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W[ =

2
T = -
y,full scale
Joy = - f13f;,v

Ty,scaled

4.16

Finally, the SF for reduced total creepage is:

( /T,% + Tf,)
f _ Tfull scale full scale
T = =
Tscaled
‘L',% + 132,
scaled

G+ (1)

4.17
/Tf + 135

The SF for total creep force is:

_ Ffull scale MN(l B (1 B T)3)full scale
Fscatea N1 = (1 = 1)3)scatea

2 1,3 4.18
1-— (1 —fl3fw3r>

1-(1-1)3

fr

= fw

There are two special cases of this equation, namely pure longitudinal and pure lateral creepage. SF

for longitudinal creep force (under pure longitudinal creepage) is:

3

2 1
fry = Fx.full scale _ £, 1= (1 - flgfw BTx> 41
: Fy scaled 1-—(1-1,)3
The SF for lateral creep force is:
fF,J/:M: W1_<1_flfw Zy> 4.20
y,scaled 1— (1 _ Ty)
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Next, recall Egs. 3.39 to 3.41. We will use these to find SF for saturation creepages (the creepages at

which saturation occurs):

( 3uN
GabC11 U si
f'rx,sat = ( 3uN 5‘u 2 :fw(fcllfab)_l
Gabci1/ oo g1eq 4.21
21 12
= fu (Gf?) =317
()
abCz2/ sy si _
frysa = (i )“ — = fu(fezefar) ™
Gabcyy/ o iea 4.22
2y"1 12
= fu(Gf?) =31

4.4 Roller Rig vs. Track Correction Factors

441 Normal Contact

Now consider the relationship between a roller rig and tangent track. Recall the expression for the b/a

ratio given by Eq. 3.26. In the case of a tangent track,

—=0 4.23

We will introduce the roller rig correction factor, ¢;,, defined as the ratio of the b/a ratios between a

roller rig and tangent track. We derive it by combining Egs. 3.11 and 3.22:
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1 1 0.63

1 T
=2l 0.63
b 1 + 1 1 1
o = Arig _ \TI'np Ty T T
ba — - 1 0.63 — 1
QAtrack E T11
1 1 4.24
T2 T2
1 r11 \ %03 0.63
_ [Tt TaTm _(M)
— = =
21 21
11721

Two additional correction factors are derived from Eqs. 3.1and 3.2; we will use them when defining

correction factors for Kalker’s coefficients:

A 1,71 1
. Brig i(a+a) Ty Y
AB_é _1(i+i)_ 21 '
Btrack 2\ryp 133
1,71 1 1 1
Sl=+—+—+—
(A+ B)yig 2(T11 21 T2 Tzz)rig
C = =
A+B (A+B)track %(L_Fi i i)
1 T21 T2 7227 gqck
4.26
1,1, 1,1
_Tha1 T2 T T2
1 1 1

Finally, we will introduce a correction factor for the quantity ab. It is derived similar to the scaling
factor for the same quantity in Egs. 4.7 and 4.8, except that the quality A/B is not the same in a roller rig

and tangent track. Hence, the result is more complex:
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) (o
2\/; / A+B

rig

(
A\

ab = bk l/ 042 \
\

A (A+B)
24 /
track
0.42
(1 + Cap % 1 2 427
A (CA+B (A+ B))
2 CaB E
= 1 0.42
1+3 1 \3
A ((A + B))
2[5
0.42
(1+c 3) 2
= A Ca+p 3
Ve (1+73)

4.4.2 Kalker’s Linear Theory

Correction factors for c;;, ¢;, and c,; are calculated from Eqgs. 3.23 to 3.25; note that b/a, A/B, and

(A+B) values are for a tangent track, unless specified otherwise:

3'2893+0'97b5‘ 0.0222
c _ Cll,rig _ Cbaa (Cbaa) 428
M Clitrack 39893 + 0.%75 _0012 '
b b
a ()
13179  0.02
2.4014 + 5~ 2
Copy = 22119 "ea (Cba 5) 429
2 Coatrack 2_4014+1-3bﬂ_ 0.02 '

N0
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0.41474_1.015;4_'_ 0.05652 _0.0013

o b b by?
C23,Tig ba a Cba a Cba a

Cez = = 4.30
27 Cystrack 04147 4 1:0184 0.0565 _0.0013

OO

The correction factor for f;; is calculated similar to the scaling factor in Eq. 4.13:

fll,rig _ (_Gabcll)rig _ (ab)rig
fll,track (_Gab Cll)track

Cf11 = = Cc11

(ab)track 431
= Cc11€ab

Similarly, for f5, and f3;:

4.32

Cra2 = Cc22Cap

3

Cfa3 = Ce23(Cap)2 4.33

4.4.3 Johnson and Vermeulen’s Theory

Now consider Johnson and Vermeulen’s theory. We first derive correction factors for reduced

longitudinal and lateral creepages:

(Gabcllvx)
Tx roller 3”N roller __
Cox = Cabeov = CapCc11 4.34
Tx track ( 11 x)
3,uN track
Gabczzvy
Ty roller 3
C‘ry Y, by roller = CapCern 4.35
Ty track ( 22 Y)
3'UN track

Next, we derive the CF for total reduced creepage:
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2 2
/‘L’x + ‘L'y> C2 12 4 c2 12
_ Troller _ < _ T Y

roller

;= - =
track
( /T§+T§) ’T,ZC+132,

track

2 2 .2 2 2 .2
\/Cabccnfx t+ CapCeaaTy

4.36
/ 2 + 15
Cab\/CcZnTa% + ¢k,
/‘L‘,% + 132,
Based on the above, we define the CF for the total friction force before saturation:
1-1-13%)y 1-(1—c1)?
cp = a-C Tz Jrig _ 1= ( Cffg 437
1 -=A =9 track 1-1-1)
The correction factor for traction force (longitudinal creepage) is:
o = a1-@a- Tx)3)rig _ 1-(1- CTXTJC)3
= 1-QQ- Tx)B)track 1-(1- Tx)3
_ 1- (1 B Cabccll‘[x)3
1-(1-1,)3
4.38

Gabcy1v,\>
1- (1 — CabCc11 3‘11}\]1 x)

Gabcnvx)3
1- (1 ~ 3N

Similarly, the CF for traction forces due to pure lateral creepage is:
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(1-(- Ty)3)rig _1-(1-cyry)’

Cry = 3 3
(1-(1-1) )tmck 1-(1-1)
_ 1-— (1 — CabCCZZTy)S
1-(1-1,)° 439

Gabcy,v. 3
1- (1 ~ CabCc22 M—Ny>

- Gabc 3
1-(1- babcrvy
3uN

Again, we use Egs. 3.39 to 3.41 to find the CF for the saturation point, in pure longitudinal or pure

lateral creepage, respectively:

( 3uN_ ) __ 3uN
. _ Gabcy, rig _ Gegpabcei1€11 _ (C c )—1 4.40
TX,5at ( 3uN ) 3uN abtc11 .
Gabci1/ ger Gabeyq
T S
. _ Gabczz rig GCababCC22C22 _ (C c )—1 441
Ty,sat _( 3uN ) - 3uN — \tabtc22 .
Gabcyy) ook Gabcy,

45 Transformation Factors

45.1 Kalker’s Linear Theory

We will now combine the scaling factors for creep forces and roller-to-track correction factors into
what we will call transformation factors (TF). As explained earlier, these variables will describe the creep

force ratios between a scaled roller rig and a full-size tangent track. We will define them as:

fl 1,scaled roller rig _ f11,scaled fl 1,rig 1

Tr11 = 1

= = Cfl
f11,full size track fll,full scale fll,track ffll

= (fwfl)_% Cf11

4.42
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f22,scaled roller rig _ f2 2,scaled f22,rig 1

T2 = = = Cr22
£ fZZ,full size track f22,full scale f22,track ffll g 4.43
5 .
= (fwf1) 3 Cra2
T _ f23,scaled roller rig _ f23,scaled f23,rig _ 1 c
23 — - - 23
£ f23,full size track f23,full scale f23,track ff23 g 4.44
= (fw )" 23
4.5.2 Johnson and Vermeulen’s Theory
The transformation factor for total creep force is given by:
F. F.
TF — Froller - scaled — CF(fF)_l
track ‘' full scale
1-(1-c1)? 1-(1-7)°
C1-(1-1)3 2 _13\3
1 (1 B fl3fw3f> 4.45
1-—(1—c7)8
B 2 12
1- <1 —fl?’fw3r>
In a purely longitudinal creepage:
Fx,rig E ,scaled -1
TF,x = F F e CF,x(fF,x) 4.46
x,track U'x,full scale
In a purely lateral creepage:
F, i F. _
y,rig y,scaled 1
Try =% = = cpy(fry) 4.47
y,track Uy, full scale

Where the appropriate SF and CF are as defined earlier.

The TF for saturation creepages (pure longitudinal and pure lateral cases):
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4.6

Tx,sat,rig Tx,sat,scaled

— -1
T‘rx,sat = rx,satf Tx,sat

Tx,sat,track Tx,sat,full scale
-1

12
= (capCe11) ™t (fvffl 3) 4.48

1 2
= (Cabccll)_lfw 3]33

_ Ty,sat,rig Ty,sat,scaled _ -1
T‘ry,sat = = Cry,satfry,sat
Ty,sat,track Ty,sat,full scale

1 231
= (CapCez2) ™" (fvs)fl 3> 4.49

1 2
= (Cabcczz)_lfw 3f13

Influence of Specific Scaling Strategies

4.6.1 General Remarks

As we showed earlier, the scaling factors for creep forces per unit creepage describe the relationship

expressed in Eqs. 4.13 to 4.14. That is, they always scale by a different factor than the normal load per

wheel (except in the trivial case where length scaling factor is 1).

As we approach saturation, however, creep forces can be described by the Coulomb law:

Feoutomp = UN

Consequently, under saturation, the scaling factor for longitudinal friction force will exhibit a more

straightforward relationship to the weight scaling factor:

fF,Coulomb = fyfw

Now let us consider the specific way different scaling strategies work [6, 87].
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4.6.2 MMU’s Strategy

The roller rig at Manchester Metropolitan University (MMU) was built in 1992m and has been used
to study the dynamic behavior of rail vehicles. Since the overall dynamics, rather than creep forces, were
the focus of the studies, the strategy used on this rig was based on the similarity of equation of motion
(EOM).

The researchers set the time SF at 1 to ease the analysis of data in terms of time and spectrum [6, 87].

fi=1 4.52

Length scaling factor was set at 5.

fi=5 4.53

The same scaling factor, then, is used for displacement.

Based on time and displacement SF, scaling factors for velocity and linear acceleration are,

respectively,
fi
fo===5 4.54
" fe
. :EZ ; 4.55
a f'tz

The same material (steel) was used for wheels and rollers that is normally used in the railroad
industry, forcing the scaling factors for friction coefficient, Young’s modulus, density, and Poisson’s ratio

to be 1:

fu=1 4.56
fe=1 4.57
f,=1 4.58
frr=1 4.59

Scaling factors for mass and moment of inertia are, consequently,

fm = Fof? =125 4.60
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fi = fmfi* = 3125 4.61

We now turn to basic translational and rotational equations of motion:

mi+cx+kx=F 4.62

10 +cr@+kr6=T 4.63

Considering the scaling factors, these equations become:

mi(fmfa) + cX(fefy) + kx(fif) = F(fr) 4.64

19(ifT) + erb(ferfi™) + krb(fier) = T(fr) 4.65

It is worth noting that Allen assumes a scaling factor fyrfi ! for elastic forces, for reasons
unbeknown to the author. This selection, however, does not change the results of this study since time
scaling factor equals 1.

In order for the EOM of the scaled rig to be similar to that of a full-size system, all the applied forces

(inertial forces, elastic forces, damping forces) must have the same scaling factors:

fmfa = fefo = fift = frorce 4.66
fiff? = fafit = fur = fr 4.67
Combining Eq. 4.66 with Eqgs. 4.50 to 4.60 yields:

fi fi
fpfl3_2=fc_=fkfl =fForce 4.68

fe fi

That can be further simplified to:

fpﬁ4ft_2 = fcflft_l = fif1 = frorce 4.69

When we assign the time and density SF to be 1, we obtain:

fl4 = fefi = fifi = frorce 4.70

Similarly, when we combine 4.67 with 4.50 to 4.60, we obtain:

fpflsft_z = ferfe ' = fir = fr 4.71

Which can be simplified to:
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fpflsft_z = ferfet = fir = fr 4.72

f=fa=fir="Ir 4.73

Notice that fr,.ce, the scaling factor for inertial, elastic, and damping forces, is not necessary equal to
fr, the scaling factor for creep force.

If we compare Egs. 4.70 and 6.26, we see that, unsurprisingly, the SF for torque and force (and those
for linear and torsional stiffness, as well as linear and torsional damping) are related to each other via the
length SF.

The combined external forces term F includes gravitational, creepage and any other forces applied
onto the wheelset (note: the gravitational force is included because it can influence creep forces). Herein
lies the problem: since SF for acceleration is 5, but the gravitational acceleration cannot be scaled,
gravitational forces do not scale by the same factor as inertial, elastic, or damping forces.

Recall that if length SF is 5 for the chosen scaling strategy, the inertial forces are scaled by 625, while
the gravitational forces are scaled by 125. It appears, then, that this scaling strategy does not allow for an
accurate representation of the dynamic behavior of a wheelset, unless some external force is applied to
“simulate” gravitational forces.

Furthermore, if the assumed external force is applied, we will need to consider how it would affect
the creep forces.

Recall from Eq. 4.13 that under Kalker’s linear theory, the creep force per unit creepage is scaled by a

2
factor of (f,, f1)3, where f,, is the normal force per wheel. However, this normal force may have both
gravitational and inertial components.

If we consider the gravitational component of the normal force,

2 2 2 2 22
ff11 = (fwfl)§ = (fmf:gfl)3 = (fpflgfgfl)3 = (fl4)3 = fl 3
= 73.10 4.74

If we consider the inertial component,

1

2 2 3 fi % 5 2 33
ffll = (fwf)3 = Imfafi)3 = <fpfl ?fl = (fl )3 = fl

= 213.75 4.75
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The difference, as we see it, is quite substantial.

4.6.3 DLR’s Strategy

Since one of the main purposes for the DLR’s rig was the study of hunting oscillations, the scaling
strategy chosen for this rig was based upon the similarity of lateral equation of motion of a suspended

dicone, which represents a wheelset [6, 87].

mn_IyFVll.) mgb, 2k, L F, 4 E 476
x> " o x 0 T '

In this equation, m is wheelset mass, y is lateral displacement, 1 is yaw displacement, k,, is lateral
stiffness, V' is full-scale system volume, I, is the wheelset’s rotational inertia around y-axis, F, and F), are

longitudinal and lateral creep forces, and I' is a geometric parameter defined as:

r= r_ Y 4.77
Lo

Where [, is half-gauge, x is the leading angle defined as:

ril,
¥ =— 4.78
14
And b, is a geometric quality defined as:
bo = ZF + FZ(TO + er) 479
The scaled rig’s corresponding equation is:
m_fufi LIV . fufi’fy  mgbo 2k
— T = T — =Y — > Vfifi + B fr
X It XTo fehi X X 4.80
+ EYfr
L ffl o 11
Dividing Eq. 6.26 by = yields:
t
myzlyl—'V ._mgboyfﬁ_& fkftz
X XTo X " h X7 fm 4.81
fefi?
+ (F, + EyY
( y X )fmfl
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In order for a scaled roller rig to be dynamically similar to the full-size rig, three conditions must be

met:

Velocity scaling:

2
Ie _ 1-f=f 4.82
fi

Stiffness scaling:

2
fife =1- fi = f,f? 4.83
fm

Creep force scaling:

feft
=1-fr=f f3 4.84
fui e
Now we can compute the scaling factors for acceleration, mass, etc.:
fi_
fi=7===Jh 4.85
v Jfi
fo= ]i = ﬁ =1 4.86

AN

Because acceleration SF is 1, unlike in MMU’s strategy, scaling factors for gravitational and inertial

forces are identical to those for creep forces:

fmg = fma = fpfl3 4.87

Recall, however, that from 4.13, longitudinal and lateral creep forces (assuming Kalker’s linear theory

before saturation) must be:

fr= ff11 = ffzz = (fwfl)% 4.88

Eqgs. 4.87 and 6.26 mean that:

2 2 2 z 2
fo = FufD? = (Fngh)? = (BLA)F = £31,73 489

It is only compatible with Eq. 4.84 if:
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f, == 4.90

If length SF of 5 is used (as it is in the DLR rig), then that would require density SF of 0.2, which is
difficult to achieve. Jaschinski solves this problem by using an SF of 0.5. If density SF of 0.5 is used
along with length SF of 5, then creep force SF is 62.5 according to Eq. 4.84, but is 46.1 according to
Eq. 4.89. DLR deemed this to be acceptable because exact scaling of contact patch is important at low
creepages, but is not necessary for limit cycle analysis, since under those conditions, contact patch is

saturated. Allen notes that the use of this SF led to good experimental results.

Something to consider is whether it would be appropriate to apply external force (e.g., via hydraulic
actuators) and thus vary the normal force independently of gravitational and inertial forces. It appears that
in this case, the similarity of lateral dynamics will be preserved as long as the normal force is scaled

according to Eqs. 4.84 and 4.13:

2
(fwf)3 = fpfl3 - fw= fp1'5fl3'5 491

4.6.4 INRETS’ Strategy

Since the main objective of INRETS’ rig was the study of wheel-rail contact, its creators decided to
base the scaling on the similarity of stresses everywhere in the system, including contact patch and elastic

components (which also simplifies the design of suspension components) [6, 87]:

_ frorce

fr =" =1
o [ 4.92

In addition, INRETS’ strategy involves the use of the same material in the scaled rig that would be

used in a full-scale device:

fo=fe=fr=1 4.93

Eq. 4.92 means that the general force scaling factor is:

frorce = flz 4.94

Based on density and length scaling factors, one can derive the mass scaling factor:

f = Fof =17 4.95

Since gravitational acceleration cannot be scaled, gravitational force scales as:
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fing = 1 4.96

The stiffness scaling factor is then computed:

2
_ fForce _ fL

fi =

= = 497
L

The frequency scaling factor, therefore, is:

fr i 1
= |2 - | —-_ 4.98
ffreq \/; \/; fl

This forces the time scaling factor to be:
1

fe = = fi 4.99
f freq
Knowing the time and length scaling factors, we can compute the velocity and acceleration scaling
factors:
fi _ 1
fr=—==—==1 4.100
"R A
fr_1
fa=—=— 4.101
“ fi h

This means that the inertial forces will scale differently from the gravitational forces:

fma = fmfa = flgfl_l = flz 4.102

As with other strategies, this can be solved by “simulating” gravitational forces with actuators.

Recall the scaling of creep forces under Kalker’s linear model, as predicted by Eq. 4.13; given the

inertial and elastic force scaling chosen, this means:
2
wfD)3 =fF = fima = fax = flz 4.103

Solving for normal force SF:

fw =17 4.104

This expression, in essence, explains what force should be applied in order for creep force to scale

similarly to inertial and elastic forces.
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5 Case Study

5.1 Case Study Data

Consider a conical wheelset with wheel conicity of 1 degree (1:57 taper), wheel rolling radius of
0.5m, set on a tangent track with transverse radius 0.3m, and under a vertical load of 75,000 N per wheel
(for comparison, a typical US passenger railcar weighs about 140,000 Ibs., which translates into roughly
77,900 N per wheel) . Suppose we create a full-size roller rig in order to replicate this wheel-rail contact
as closely as possible. We will look at the correction and transformation factors in terms of Kalker’s and

Johnson and Vermeulen’s theories.
5.2 Kalker’s Linear Theory

From Eqgs. 4.31 to 4.33, we can conclude that if we vary the roller radius but leave other radii
constant, the correction factors for creep forces per unit creepage will vary as shown by the solid lines on
Figure 5.1 (note that CF are load independent, as long as the same load is used for the tangent track and

roller rig).

CF vs roller radius (full-size and 1/5-scale rigs)
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Figure 5.1. Correction factor for creep forces per unit creepage as a function of a roller’s rolling radius (r,;): full-size and
1/5-scale roller rigs, adapted from [1]
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When we are using a full-size roller rig, i.e. length SF and load SF are equal to 1, the transformation

factors will be identical to the correction factors (Eqs. 4.42 to 4.44), as shown by the solid lines on

Figure 5.2.
TF vs. roller radius (full-size and 1/5-scale rigs)
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Figure 5.2. TF for creep forces per unit creepage as a function of a roller radius: full-size and 1/5-scale roller rigs, adapted
from [1]

Note that the TF and CF for f3; differ significantly from the TF and CF for f;; and f5,. This is due to
the fact that, as discussed earlier, the longitudinal and lateral creepages are dimensionless, while spin
creepage, by default, has units of m". If we were seeking CF and TF for creep forces per unit of

normalized spin creepage, then they would not vary nearly as drastically from other CF and TF.

Suppose we now try to create a scaled roller rig according to INRETS’ strategy. We scale all
dimensions by a factor of 5, and the load by a factor of 25 (recall that INRETS’ strategy is designed to
keep the pressure in the contact patch constant so that creep forces are scaled by the same factor as the

vertical load). We then replace the tangent track with a roller to see how CF vary with roller radius.

As the dashed lines on Figure 5.1 show, for the same roller diameter, one can get a much higher
correction factor for the scaled roller rig than for a full-size rig. Although scaling factors do not directly

appear in the expressions for correction factors, we must remember that in Figure 5.1, we change roller
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radius independently of scaling. If we scaled all dimensions, including the roller radius, by a factor of 5,

CF would be the same as for a full-size rig.

Since length SF is 5 and load SF is 25, transformation factors, unlike correction factors, will be far

from 1 (Figure 5.2).

Another way to examine CF and TF would be to scale all lengths in the roller rig, including roller
diameter, by the length scaling factor f;, while scaling the load according to INRETS’ strategy (f;, = f;%).
The contact patch will have the same shape (b/a ratio), regardless of length SF, so CF for f;, /5, and f3;
will remain 0.72, 0.68, and 0.51, respectively. TF, predictably, will decrease when length SF increases, as

seen in Figure 5.3.

CF and TF: dependence on length SF
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Figure 5.3. Transformation factor for creep forces per unit creepage as a function of length SF, adapted from [1]

Another way of tracking the changes in CF and TF would be by plotting them against the ratio of
wheel radius to roller radius. In this case, as Figure 5.4 shows, length scaling factor (1 or 5) does not
matter in terms of CF; what makes the difference is the ratio of the radii. The lower this ratio is, the more
closely the roller rig represents a tangent track. On the other hand, TF will vary between 1/5-scale and

full-size rigs, as seen in Figure 5.5.
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CF vs wheel and roller radii ratio (full-size and 1/5-scale rigs)
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Figure 5.4. Correction factor for creep forces per unit creepage as a function of wheel and roller radii ratio: full-size and
1/5-scale roller rigs, adapted from [1]
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Figure 5.5. Transformation factor for creep forces per unit creepage as a function of wheel and roller radii ratio: full-size
and 1/5-scale roller rigs, adapted from [1]
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It may be worthwhile to determine what happens to CF and TF if the roller radius is kept constant at
0.5 m, but all other length dimensions are scaled, as shown in Figure 5.6. In this case, when the length

scaling factor increases, the correction factors increase, but the transformation factors decrease.

CF and TF: dependence on length SF while keeping roller radius constant
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Figure 5.6. CF and TF for creep forces per unit creepage as a function of length SF with roller radius fixed, adapted from

(1]

Suppose we now deviate from INRETS’ strategy. If we change the roller radius (r;;) on a full-size
wheelset and make the force scaling factor f,, equal to the r;,/r;; ratio (i.e. load is inversely proportional
to the ratio of wheel and roller radii), we will obtain very interesting results (Figure 5.7, Figure 5.8). For
some values of roller radius, transformation factors will be close to 1 even though the correction factors
are not. In other words, we can compensate for the roller’s curvature by changing the load. When
transformation factors are close to 1, roller radius is approximately 0.8 m and load is approximately 60%

higher than base value.

The same operation performed on 1/5-scale wheelset shows that TF close to 1 can be obtained on a

relatively small roller.

52



Changing roller radius, f,=r;,/r,;: full-size and 1/5-scale rigs
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Figure 5.7. CF for creep forces per unit creepage as a function of roller radius; load scaling factor is equal to the ry;/ry;
ratio; full-size and 1/5-scale rigs, adapted from [1]

Changing roller radius, f,=r,,/r,,: full-size and 1/5-scale rigs

T_f11 (full scale)
T_f22 (full scale)
T_f23 (full scale)
- e e T f11 (1/5 scale)
= e e T 22 (1/5 scale)
T_f23 (1/5 scale)

0 0.2 04 0.6 0.8 1 12 14 1.6 1.8 2
Roller Radius (m)

Figure 5.8. TF for creep forces per unit creepage as a function of roller radius; load scaling factor is equal to the r11/r21
ratio; full-size and 1/5-scale rigs, adapted from [1]

The above figures do not change regardless of what value we choose the base load N to be, as long as
it is scaled as we described. Although this approach seems to allow almost perfect reproduction of creep

forces on a scaled roller rig (for roller radius of approximately 0.6m, all transformation factors are close
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to 1), it is important to note that, in this case, loads required on a scaled rig would actually be
approximately 6 times higher than loads on a full-scale rig. This would negate many advantages of a

scaled rig.
5.3 Johnson and Vermeulen’s Theory

It is harder to calculate and to visualize the correction and transformation factors in terms of Johnson
and Vermeulen’s theory, since in this case CFs and TFs depend on normal load, as well as creepage.
Furthermore, longitudinal and lateral creepages interact with each other (both of them contribute to
saturation). Hence, to simplify our task, we will consider pure longitudinal and pure lateral creepages

separately.

We begin by plotting the normalized longitudinal creep force vs. longitudinal creepage and
normalized lateral creep force vs. lateral creepage (Eqs. 3.37 and 3.38). Keep in mind that the creepages
are not applied at the same time. On the same plot, correction factors for longitudinal and lateral creep
force (Eqgs. 4.38 and 4.39) are shown as dotted lines. It is apparent from Figure 5.9 that there seems to be
an almost linear relationship between correction factors and creepages, although the expressions from

which they are calculated are non-linear. In fact, a linear fit with 72 > 0.99 can be obtained for both lines.

Fx, Fy, CF for Fx and Fy, Full-size rig, 75 kN
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Figure 5.9. Normalized creep curves and creep force correction factors for a full-size track and roller rig.
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This fact calls for closer examination of Eqs. 4.38 and 4.39 to determine if they can be linearized.

Using MATLAB, we expand Eq. 4.38 as follows:

Con = 1-(1- CabccllTx)3 _
Fx 1-(1-1,)3

5.1
2 2 .2
CapCer1 (CapCer1Tx = 3CapCenTx + 3)
= 2
Ty — 3T + 3
We then linearize it about t,, = 0:
CFx,linear = Cachll(1 - Cabccll)Tx,track + CabCc11

GabciqV,

= CapCe11(1 — CapCer) T 3uUN
K track 52

+ CapCe11

It follows that at very low creepages, the correction factor for normalized longitudinal creep force equals
CanCc11, In full agreement with the correction factor for Kalker’s theory (Eq. 4.31). Unfortunately, at
higher creepages, linear fit deviates quite substantially from the true non-linear correction factor, which is
given by Eq. 4.38. To account for this, we can use the “brute force” approach, i.e. forcing the slope of the
function in Eq. 5.2 to be closer to the slope of the linear regression curve in Figure 5.9 by multiplying it by

1.3:

Gabciqvy

CFx,linear,adjusted =13 CaLchll(1 - Cabccll) 3—N
K track 5.3

+ CabCc11
A similar operation is performed on CF for F,:
Gabcyyvy,
CFy,linear =13 Cachzz(l - Cachzz) 3—N + CapCe22 54
K track :

The resulting adjusted linear fit to the CF has error less than 2% with respect to the CF predicted by
Eq. 4.38 for the entire range of creepages from zero to saturation. To test the robustness of this adjusted
linear fit, we will plot it for different wheel diameters, roller diameters, and scaling factors, and compare

the linearized fit to the exact non-linear CF curve.

Base configuration (N = 75kN, f; =1, f,, = 1,15 = 0.5m, 1y, = 0,157 = 0.5m, r22 = 0.3m,u =
0.4) is illustrated by Figure 5.10:
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CF for Fx and Fy, full-size rig, 75 kN
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Figure 5.10. Correction factors for longitudinal and lateral creep forces as functions of creepages. Dashed lines represent
non-linear relationship, solid lines represent adjusted linear approximation; dotted-dashed (-.-.) lines represent the
difference between linear and non-linear functions (right-hand vertical scale); base roller rig configuration

Increased load (N = 170 kN, which roughly corresponds to load due to weight of a full freight car, other

parameters the same) is shown in Figure 5.11:

CF for Fx and Fy, full-size rig, 170 kN
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Figure 5.11. Correction factors for longitudinal and lateral creep forces as functions of creepages. Dashed lines represent
non-linear relationship; solid lines represent adjusted linear approximation; dotted-dashed (-.-.) lines represent the
difference between linear and non-linear functions (right-hand vertical scale); load per wheel is 170 KN
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Figure 5.12 shows the results for N = 75 kN, r,; = 2m, other parameters the same:

CF for Fx and Fy, full-size rig, 75kN
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Figure 5.12. Correction factors for longitudinal and lateral creep forces as functions of creepages. Dashed lines represent
non-linear relationship; solid lines represent adjusted linear approximation; dotted-dashed (-.-.) lines represent the
difference between linear and non-linear functions (right-hand vertical scale); roller radius is 2m, other parameters are as
in base configuration.

While the linear approximation appears rather robust, caution should be used. Whenever possible, the
true, non-linear CF must be used, or the slope of the linear approximation should be adjusted for a

particular configuration.

Another approach to linearization would be to perform an exact calculation of the slope for each
particular case. Recall that at zero creepage, CF for creep force is c,pC011, and at saturation creepage, it is
1, since the conditions approach Coulomb friction where creep force only depends on vertical load and
friction coefficient u. Between these extremes, CF changes approximately linearly. Hence, the slope of

the linear approximation can be found analytically from saturation creepages.

In the rest of the figures in this chapter, non-linear equations for CF will be used in the interest of

accuracy.

Once we introduce scaling into the picture, an interesting scenario emerges. Recall that the correction
factors for creep forces per unit creepage according to Kalker’s theory do not depend on scaling factors,
as long as the ratio of the wheel and roller radii is kept constant (Figure 5.4). This is no longer the case
when we work with Johnson and Vermeulen’s theory because in this case, CF depend not only on contact

patch radii ratio (b/a), but also on their product ab (Egs. 4.38 and 4.39) and load N. These quantities
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change with scaling, and therefore, the CF factor for creep force depends on the scaling factor. Keeping

that in mind, we can rewrite Eqs. 4.38 and 4.39 as:

GciqVy fn (ab ’
1—(1—6 c xS (= )
ab™c11— 3, fab(N)full—size track

Cry = : 5.5
(B ) )
3:“ fab N full-size track
GeaoVy fy (ab 3
Cry = 1= (1 ~ CabCe2z 3# m (W)full—size track) 56
’ 1- (1 _ GV fiu (a_b) )3
3.“ fab N full-size track

This problem can be overcome by using INRETS’ scaling strategy, i.e. setting the weight scaling factor to
be the square of the length scaling factor. In this case, the mean contact pressure is the same regardless of
the scale, and consequently, the creep curve is the same as in a full-size rig (compare Figure 5.9 to

Figure 5.13):

Fx, Fy, CF for Fx and Fy, f;=5, f,=25, N=75,000N
1.2

y = 36.199x + 0.7096 Fx(TRACK)
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Figure 5.13. Creep curves and creep force correction factors for a 1/5-scale roller rig scaled according to INRETS’
strategy (f; =5, fuw =25).
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54 Results of Other Studies

Other authors have examined the differences between roller rigs and tangent track in terms of creep
forces per unit creepage. However, they have not given the full derivations for these differences; rather,

they showed what these differences would be for specific wheel-rail geometries.

Bosso et al. wrote a custom MATLAB code to compare the behavior of a wheelset on a tangent track
to that on a roller using Kalker’s linear theory [85]. Authors have shown that a conical wheel (rolling
radius 0.46 m, conicity 0.035 rad, or 1:29) on a roller (roller’s rolling radius 0.90 m, roller’s transverse
radius 0.3 m) will have f;;, />, and f>; lower by 18%, 21%, and 34%, respectively, than on a tangent track
with a similar rail transverse radius. For the same wheel-rail geometry that the authors used, the formulae
developed in this paper predict a decrease of 18%, 21%, and 33%, respectively, if the tangent track’s
coefficients are used as nominal values (Bosso et al. used the roller rig’s coefficients as the nominal

ones).

Blader has determined that for a specific wheel-roller geometry (r,~=16.5”, r;,7=15", r,;=307, r;,)=14",
conicity not explicitly given), the decreases in f;;, f3,, and f3; should be, respectively, 19%, 22%, and 36%
[88]. For the same wheel-rail geometry (using conicity angle 0), the formulae developed in this paper
predict a decrease of 20%, 22%, and 35%, respectively, i.e. very close to the results presented by Blader.
The minor differences may be explained by different conicity values and possibly different methods of

calculating Kalker’s coefficients (tables vs. polynomial fit).

5.5 Key Findings
The key findings of the case study are:

1. The correction factors for Kalker’s coefficients (f;1, f>2, fo3) are only valid at low creepages,
when Kalker’s theory applies. They can be used, however, as conservative estimates for the
creep force correction factors at higher creepages. The higher the creepages are, the closer
these correction factors are to 1, indicating a closer resemblance between a roller rig and a
tangent track.

2. The equations for the creep force correction factors according to Johnson and Vermeulen’s
theory can be linearized.

3. INRETS’s scaling strategy ensures that the creep curves, as well as the creep force correction
factor curves, are identical for a scaled and a full-size roller rig.

4. If the roller diameter is fixed, scaling all other dimensions of a roller rig to a smaller scale

leads to a higher similarity between a roller rig and a tangent track.
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6

6.1

Roller Rig Design Considerations

General Considerations

A number of roller rig designs were reviewed and ranked earlier by the staff of Virginia Tech Railway

Technologies Laboratory. The summary of findings was given in a report to the FRA [89]. The report

considered the following categories of roller rigs:

1.

Single wheel roller rigs. As the name implies, these rigs analyze the wheel-rail interaction
between a single wheel and a single roller. Such rigs allow very precise control and measurement
of forces and displacement, as well as relatively low cost of the overall setup. However, in such
roller rigs, the constraints and loading conditions will vary significantly from an actual railcar.
Single wheelset roller rigs. These are designed to test a single wheelset on a pair of rollers. Unlike
single wheel test rigs, they provide more realistic constraints and loading conditions. However,
their design is far more complex and costly.

Full truck roller rigs. These can be used to test an entire truck (bogie). They may provide for even
more realistic constraint and loading conditions, and allow for testing many railcar components
(bolsters, suspension, friction dampers, etc.). However, such rigs would be very costly and

complex, and would draw more power than single wheel and single wheelset designs.

In each of the three categories, four basic design options were described:

1.

Vertical plane roller, shown in Figure 6.1. This is the design that most roller rigs are based upon
and that was described in the test study in the previous chapter of this thesis. It is well-studied,
flexible (in terms of accommodating various test specimens), and is capable of high speeds. In
case a wheelset or a truck (rather than a single wheel) is tested, rollers can be either individually
controllable, or connected together as a “drum”. In either case, because of the roller’s vertical
curvature, creep curve will vary from that of a wheel on a tangent track (as described in previous
chapters of this thesis). Furthermore, this concept does not allow testing of field rails and easy

altering of rail profile.
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Figure 6.1. Vertical plane roller. (Source: [89])

Internal vertical plane roller, shown in Figure 6.2. This design is far rarer than the previous one,
although it has been implemented in both the railroad and automotive industries. It provides more
stability than the conventional design, but it necessitates a very large, heavy roller (hence higher

cost and power consumption).

Figure 6.2. Internal vertical plane roller. (Source: [89])

Horizontal roller rig, shown in Figure 6.3. In this type of rig, the wheel plane is perpendicular to
the roller plane. Hence, vertical curvature is eliminated and the contact ellipse closely resembles
that which is observed on a tangent track. However, it introduces a large, uncontrollable spin
creep, which may negate any other benefits. Furthermore, this type of rig has never been

implemented before, and there are no known studies of this design.

a)WheeI /\

a)Roller

Figure 6.3. Horizontal roller rig. (Source: [89])
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Short-stroke oscillating rail, shown in Figure 6.4. In this relatively simple design, which has been
implemented previously, a wheel, wheelset, or truck is placed on a short section of tangent rail or
track, which is displaced relative to the wheel. In terms of creep curve, the behavior is identical to

the tangent track. However, such a setup does not allow for high-speed, steady-state testing.

a)Wheel

-+

7
Figure 6.4. Short-stroke oscillating rail. (Source: [89])

High-speed shooting rail, shown in Figure 6.5. This concept is similar to short-stroke oscillating
rail, except that the rail moves in one direction and can be accelerated to high speeds.
Unfortunately, it requires very large forces, accelerations, and power consumption, which make

this concept the least feasible of all the concepts discussed here.
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\ /
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Figure 6.5. High-speed shooting rail. (Source: [89])

Modified rail rig, or continuous deformable band roller, shown in Figure 6.6. This type of rig uses
a modified rail crown as a rail, similar to some of the testing platforms used in the automotive
industry. This concept allows high-speed testing under very realistic wheel-rail contact

conditions, but in practice is very complex and costly.
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Figure 6.6. Modified roller rig. (Source: [89])

Table 1: Roller rig concepts with top scores. (Source: [89])

The RTL report analyzed the above-discussed concepts and ranked them based on multiple

parameters (see the report for more information). The scores assigned to some of the concepts are shown

Single Wheel Test Rigs

Wheelset Test Rigs

Full Truck Test Rigs

Vertical Plane Roller 378 Individual Vertical Plane Rollers 410 Individual Vertical Plane Rollers 446
(conventional orientation) (conventional orientation) (conventional orientation)
Internal Vertical Plane Roller | 340 Individual HUIjIZUrItE?l Rollers 372 Drum Roller 403
(perp. orientation)
- TRal _ — -

HorlzonFa Ro.ler (perp 333 Drum Roller 367 Individual Hor.lzonte.al 201
orientation) Rollers (perp. orientation)
Continuous Deformable Rail 39 Continuous Deformable Rail 360 Continuous Deformable Rail 392

Band Roller Band Roller Band Rollers

chapter will focus on this design.

is the study of wheel/rail contact mechanics.
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The vertical plane design has the highest score in each category assuming the purpose of the roller rig

The question of the roller rig category (single wheel, single wheelset, or full truck) is primarily a
matter of cost and energy consumption. Although a full truck test rig would be desirable, a single

wheelset rig would be a good compromise between cost and performance, and therefore the rest of this



6.2 Scaling

A single wheelset roller rig can be scaled according to any of the strategies described earlier in this
thesis. As the results in Chapter 5 show, INRETS’ strategy produces the same creep curves in a full-size
and in a scaled model. Therefore, if the roller rig’s primary purpose is the study of wheel-rail contact

mechanics and dynamics, INRETS’ strategy is preferable.

When length scaling factor f; is determined, all other scaling factors become its functions. Most
roller rigs in industry are either full-size or have f; between 2 and 5, although smaller-scale roller rigs
have been built, as discussed in the literature review (Chapter 2). Small scale rigs are less expensive to
build and operate than large-scale ones. Even more importantly, they allow attainment of high creep force
correction factors (Cq1, Cry, €tc.) for a relatively small-sized roller. However, the higher f; (or, in other
words, the smaller the scale) becomes, the higher the risk of encountering some effects that are
unaccounted for in this analysis. Furthermore, the smaller the scale, the larger the discrepancies between
the scaling of gravitational, elastic, and inertial forces (see Chapter 4 for the discussion of these
discrepancies). Finally, there is general distrust of small-scale testing setups in railroad industry.
Therefore, the decision regarding scaling should be made after carefully considering all of the above

factors.

6.3 Sensors

The sensors required for testing a single wheelset roller rig were outlined in a concept report prepared
earlier by the Railway Technologies Laboratory [89]. Note that the sensors listed in Table 2 were meant

for a full-scale roller rig. Depending on the scaling factor, not all of these sensors may be needed.
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Table 2. Anticipated sensor requirements for a roller rig. (Source: [89])

Displacement sensors Velocity sensors Acceleration sensors Strain-based sensors
Other sensors
LIDAR LIDAR Accelerometer Strain gauge or similar
Name Range |Sensitivity] Name Range |Sensitivit Name Range [Sensitivit Name Range | Sensitivity Name Range [Sensitivit
Rail Max wheel Vertical
Max wheel *2 0.05 tangential 2200 . ) 200 10 force, left 50000 . 1000
N R . i - 2in/s | vertical accel, i 10 Ib Video1
vertical displ in in velocity, left in/s . g | mv/g and right Ib fps
4 left and right
and right wheels
Whee! Max wheel Lateral
Max wheel =2 0.05 tangential 2200 . 200 10 force, left 30000 . 1000
. . . . . 2infs | lateral accel, : 10 Ib Video 2
lateral displ in in velocity, left in/s - g | mv/g and right Ib fps
left and right
and right wheels
Max side Longitudinal
M id A0-
fax sloe =2 0.05 frame 20 100 force, left 30000 10 b Ambient 120 0.1
rame o
vertical disol in in vertical accel, g mv/g and right Ib temperature o F
P left and right wheels
. Max
Max side +2 0.05 sideframe 100 Moment__x, 30000 Angle of - -
frame lateral | i 20g left and right 5 ft-lb #5° | 0.1
disol in in lateral accel, mv/g wheels ft-lb Attack
P left and right
Maxrail | +1 | 0.05 vertical 100 | MOMERLY: | 59000
. . . . acceleration | 20 g left and right 5 ft-lb
vertical displ in in i mv/g ft-lb
of bogie wheels
Max rail +1 0.05 Momentfz' 30000
. j . left and right 5 ft-Ib
lateral displ in in ft-Ib
wheels

LIDAR sensors are relatively new to the field and the literature search has not shown any roller rigs
that currently use or have used such sensors for velocity or displacement measurement. A more
conventional approach would involve the use of LVDT for displacement measurements and rotary
encoders for angular velocity measurements (for example, the roller rig described by Zhang et al. uses
grating encoders to measure rotational velocities and thus, indirectly, creepages [90]). High resolution,
accuracy, and precision are paramount for both velocity and displacement measurements because even a
minor displacement can cause a large change in contact patch radii ratio b/a, and a small change in
tangential velocity may cause a very large change in creepage. Recall that saturation creepages can be as
low as 0.5%. In other words, at tangent velocities of 10 m/s, the resolution of a velocity sensor should be
at least 10 to 20 times finer than 0.05 m/s, if we are to measure tangent velocities directly. For this reason,
it may be necessary to use multiple velocity sensors for different speeds. If rotary encoders are used to
measure angular velocities and tangent velocities are calculated from there, then 0.5% creepage at 10 m/s
tangent velocity (assuming both wheel and roller are 0.5m in diameter) corresponds to a difference of 0.1

rad/s in rotational velocities; again, the resolution must be at least 10-20 times finer than this number.

Accuracy may be improved by designing a setup in which a so-called reference shaft is linked to the
wheel and the roller in such a manner that its rotational velocity is the difference between the wheel and
roller’s rotational velocities (a similar approach was used by Matsumoto et al. [52]). Creepage would be

calculated by measuring the reference shaft’s angular velocity by either encoder or a LIDAR.
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Note that even a small mistake in determining the wheel-roller contact point can lead to a major
mistake in determining creepage (see Eqs. 3.19 to 3.21, and 4.1 to 4.3). For example, a mistake of only
+/- Imm in measuring the rolling radius of a wheel (0.5m nominal value) at the point of contact
corresponds to +/-0.002 mistake in creepage (recall that saturation creepage is on the order of 0.005 to

0.010).

It would be very desirable to measure the pressure distribution or at least a shape of the contact patch
in real time during rolling, but there is currently no method available to do so. Successful attempts have
been made to measure the pressure distribution in the contact patch using ultrasound, but this technology
is not yet advanced enough to conduct real-time measurements at high speed [91, 92]. As of today, the
only successful attempt to obtain such a measurement in real time was made by Poole, who placed an
array of 1-mm holes in a rail and pumped compressed air through the holes. Contact patch size and shape

were measured by observing the blockage of the holes by the wheel [93, 94].

6.4 Actuators and Constraints

Motors that control the rotation of the roller and of the axle are ultimately selected according to power
consumption, the calculation of which is described below. At a minimum, two motors are necessary for a
single-axle rig (one to power the rollers and one to power the wheels mounted on an axle) to achieve
steady state conditions. Three motors are needed to simulate a curve (one for each roller, and one for the
axle with wheels). Alternatively, one “main” and one “auxiliary” motor, combined with a differential gear,
can be used to power both rollers. We can either control the power supplied to the motors (thus
controlling the creep force indirectly), or their rotational velocities (thus controlling the creepage

indirectly). Typically, power is controlled and creepage becomes the dependent variable.

The transfer of power between the motors and the axles should be given very careful consideration,
considering the sensitivity of the rig to even the smallest variations in speed. Care must be taken to

control backlash in gears and possibly use constant velocity joints in place of universal joints.

If the purpose of the roller rig is the study of creep mechanics exclusively, then at first glance, no
compliant elements seem necessary. An axle or a bogie can be constrained in the longitudinal direction,
while being allowed to move freely in lateral, yaw, pitch, and roll directions (the latter two are only
relevant for a full bogie/truck rig) directions within a safe range. Hydraulic actuators can be used to apply
loads (either constant or variable) in vertical, longitudinal, and lateral directions. Yaw moment can be

applied by a pair of longitudinal hydraulic cylinders.

However, some yaw stiffness is necessary to prevent decrowning. The simplest way to achieve this is

to attach springs in parallel with the longitudinal hydraulic cylinders. These springs will provide both yaw
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and longitudinal stiffness. If a more realistic behavior is desired (to simulate the suspension), springs can

be used in parallel with lateral and vertical cylinders as well.

Since creep mechanics are very sensitive to the rolling surfaces’ condition, a roller rig must be
designed to allow easy preconditioning (cleaning, wetting, possibly applying sand or top-of-rail friction
modifiers) of the surfaces. Ideally, there should also be an option to change the wheel and roller’s outer

parts (the tread and the crown) easily, without extensive disassembly.
6.5 Power Consumption

6.5.1 General Considerations

We will assume that the main source of power consumption is due to acceleration of rotating masses.
For a roller rig with a single wheelset, we can calculate the power required to achieve the needed
angular acceleration at a given angular velocity:

P=Tw = Ilaw 6.1

If a roller rig is scaled, then rotational inertia, angular acceleration, and angular velocity will be scaled

as well, and so will power. Eq. 6.26 is then transformed into:

P = (Iyaowo) (fifafu) ™" 6.2
Here, X designates a value of a given quality for a full-size wheelset, and fy is the scaling factor for
this quality.

These formulas are meant for the wheelset itself; the roller is not scaled in the strict sense, as its
rolling radius can be chosen independently of other scaling parameters. Therefore, Eq. 6.1 is useful for

either wheelset or roller, while Eq. 6.2 applies to wheelset only.

These equations also allow us to predict the required power dissipation capacity when braking, as

opposed to acceleration, is simulated.

We will determine the appropriate scaling factors for the three scaling strategies discussed earlier

(Jaschinski’s, Pascal’s, and Iwnicki’s) from the factors given in Bosso et al. and Allen’s works [6, 87].

6.5.2 Jaschinski’s (DLR) Scaling Strategy with Density SF of 1

The SF for velocity, rotational inertia, and linear acceleration in terms of length SF are given as:

fr=+f 6.3
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fi = f° 6.4

fa=1
6.5
From here, we derive SF for angular velocity and angular acceleration:
f :f_V:ﬁ:fl—O.S 6.6
R
fa _ .-
fa=7=f" 6.7
a ﬁ l
These, combined with Eq. 6.2, give us:
- —1,—05\"1
P = (lyaowo) (fifafu) ™ = (Ioaowo)(fzsfl 'fi 0'5) 68

= (Ioaowo) fi>®

6.5.3 Jaschinski’s Strategy with a Non-unity Density SF

In this case SF for angular velocity and acceleration do not change, but SF for rotational inertia does:

fi= fpfls 6.9

Therefore, the equation for power changes slightly:

1

P = (Ioaowo)(ﬁfafw)_l = (Ioa’owo)(fpflsﬁ_lfl_o's)_

= (Loowo) fi>°f;* o10
6.5.4 Pascal’s (INRETS) Scaling Strategy
The SF for velocity, rotational inertia, and acceleration are given as:
fr=1 6.11
fi=f’° 6.12
fa=1i" 6.13
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Other SF are derived from here:

_Nh_1_

fw—fl 7 fi 6.14
fa T,

Je =g =T T 6.15

And the power equation in this case is:

P = (Iyaowo) (fifafw) ™ = paowo) (FPfi 2™

_ 6.16
= (loaowo)fi
6.5.5 Iwnicki’s (MMU) Scaling Strategy
Given are the scaling factors:
fr="ni 6.17
fi=f> 6.18
fo= "1 6.19
From here we derive other SF:
v _hi
fo=7===1 6.20
C fi N
fa fl
fa=====1 6.21
i
And, finally, the equation for power:
P = (Iyaowo) (fifafw) ™" = (oaowo) fi° 6.22

6.5.6 Modified Power Equations
It may be useful to modify the power equations to express power consumption in terms of wheel

rolling radius, linear velocity, and linear acceleration (of a full-scale rig). These parameters relate more
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closely to the design objectives, which may include simulating specific speeds and accelerations. We then

easily obtain:
Jaschinski (density SF=1):

av Iyayv
P=law=1——=——"0>
rr

(Fifafof?)™

Ioaovo Ioaovo

DO (VR = S

Jaschinski (other density SF):

av Ioaovo

P=law=1——= —— (fifafv f 2)

Ioaovo

(fpfls fll )

Ioaovo

fp 1fl 3.5
Pascal:
av Ioaovo
P=law =1 ~o= —— (fifafvfi” 2)
10‘10170 Ioaovo
(R 2) fi?
7"0
Twnicki:
av Ioaovo
P=law=1-—=—F5— (fifatv i 2)
Ioaovo 2 Ioaovo 5
(FPRART) " ==
0

6.23

6.24

6.25

6.26

These equations should help a researcher in choosing a cost-effective scaling strategy, as well as in

specifying the actuators for a roller rig.
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6.6 Data Processing

If a roller rig is used to verify Kalker’s coefficients (c;;, ¢z, etc.), one way to extrapolate its data to
tangent track would be the following algorithm (for simplicity, here we will consider pure longitudinal

creepage).

The user applies the needed vertical load to the wheelset on a roller rig. He then runs the roller rig at
different creepages and measures the resulting creep forces. As long as the creepages are within the linear
range (i.e. in the range where Kalker’s linear theory applies), the resulting data points should make a line
whose slope corresponds to the f;; coefficient. Knowing this slope and the shape of the contact patch
(either by direct measurement, ex. contact film, or from Hertzian theory), the user then calculates
Kalker’s coefficient ¢;;. This becomes a datapoint in a “c;; vs. b/a” curve. By repeating this experiment
for different wheel or rail curvatures (which can be achieved either by using different wheels or by
changing roller cant such that the rail’s transverse curvature and, consequently, b/a ratio, changes), the
user then obtains an empirical relationship between contact patch shape and creepage coefficient. This

relationship can be compared against the existing tables.

Once the relationship between b/a and c;; is established, it can be used to find the correction factors
for creep forces without relying on existing theoretical data (after all, the purpose of the experiment

would be to verify it).

It is important to remember that a number of approximations (such as the polynomial fits for Kalker’s
coefficients) were used in order to obtain explicit, closed-loop relationships. Therefore, depending on the
precision required, it may be very desirable, once an optimal scaling strategy and scaling factors are
selected using the relationships above, to use more accurate methods, such as table interpolation, to obtain

more accurate values for correction and transformation factors.
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7 Summary and Conclusions
7.1 Summary

This thesis has quantified the differences between the tangent track and a roller rig in terms of their

creep forces vs. crecpage.

First, an overview of existing creep models used in rail vehicle dynamics was given, along with an
overview of some of the roller rigs used in wheel-rail contact mechanics research. Then, two of the
models described in the review (Kalker’s linear theory and Johnson and Vermeulen’s theory) were used to

compare creep curves on a roller rig to those on a tangent track.

The relationship between the slope of Kalker’s creep curve (representing creep force per unit
creepage) on a roller rig to that on a tangent track was derived. Based on Kalker’s linear theory of tangent
contact and Hertzian theory of normal contact, correction factors for creep force per unit creepage were

derived. A similar analysis was conducted using Johnson and Vermeulen’s theory.

Various scaling strategies for roller rigs were compared. Scaling factors for creep forces were derived
using both Kalker’s and Johnson and Vermeulen’s theories. Transformation factors, which are functions of
scaling factors and correction factors, were derived to compare roller rigs and tangent tracks of various

scales.

A case study was given, in which correction, scaling, and transformation factors were shown for
specific wheel-rail and wheel-roller configurations to illustrate the relationships derived earlier in this
thesis. A number of articles quantifying the roller rig vs. tangent track differences were reviewed, and a

comparison of their results with the results of this thesis was given.

General recommendations on design and scaling of a roller rig were provided. Special attention was

given to the measurement of creepage.
7.2 Conclusions

The main conclusions from this study are:

1. Kalker’s linear theory is easier to use in terms of quantifying the differences between a tangent
track and roller rig; however, it only applies at small creepages.
2. For the same purposes, Johnson and Vermeulen’s theory is more difficult to use than Kalker’s, but

it is likely the most convenient among the non-linear theories.
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10.

Closed-form, deterministic relationships exist between normalized creep force on a tangent track
vs. a roller rig. If the track and the rig are of the same scale, these relationships can be described
in terms of correction factors. For different scales, transformation factors can be derived.

If the diameter of the roller is the design-limiting factor for a roller rig, then the larger the length
scaling factor, the closer the roller rig represents a tangent track in terms of creep force correction
factors; i.e., the smaller the wheelset is, the more closely such a roller rig represents a tangent
track because the roller’s diameter is much larger than the wheel’s diameter.

For Kalker’s theory, creep force correction factors are independent of wheel load and scaling.
They are functions of contact patch aspect ratio, which is a function of the wheel and roller’s
relative surface curvatures at the point of contact.

The correction factors for Kalker’s linear theory are close to those predicted by other authors.
INRETS’ scaling strategy ensures that correction factors for normalized creep forces are scale-
independent. This is true both under Kalker’s and Johnson and Vermeulen’s theories. Therefore,
this strategy should be used when designing a scaled roller rig for the purpose of studying wheel-
rail contact mechanics.

At small creepages, the difference between a roller rig and a tangent track in terms of normalized
creep forces is the largest. As creepage increases, the correction factors approach 1, i.e. the roller
rig and tangent track behave similarly.

When designing a roller rig for studying creep mechanics, it is very desirable to have a way of
measuring the contact patch dimensions in real time. This could potentially be done using
ultrasound, but this technology is not yet sufficiently developed.

It is crucial to measure creepages and the location of the wheel-rail contact point with extreme

accuracy in order to extract the creep data from a roller rig.

7.3 Future Work

The future work on the topic of this thesis should include:

1
2
3.
4

Case studies involving realistic wheel and rail profiles (such as those in Figure 2.2).
Studies involving non-linear creep theories other than Johnson and Vermeulen (ex. FASTSIM).
A more in-depth analysis of scaling strategies other than INRETS”.

A detailed design of a roller rig based on the conclusions of this thesis.
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