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ABSTRACT

Recently, the Steering Committee on Full-Scale Multipurpose

Wheel/Rail System Testing, which includes representatives from National

Research Council (NRC), Transportation Development Centre (TDC) of

Transport Canada and the major Canadian railways, proposed that a

facility capable of testing a full-scale standard gauge freight car

wheelset, and associated brake rigging, to a speed of approximately 80

mph (130 km/hr) be designed and built. The facility would be designed

for testing in the presence of wheel/rail contaminants such as oil,

grease, sand, water, and wear particles as well as for access to the

recently commissioned NRC Environmental Chamber. It would be unique in

allowing testing of wheelset mechanical components and assessment of both

wear and creep characteristics, on a full-scale wheelset, under realistic

loading conditions in the presence of typical contaminants over a

temperature range of -20°F (-29°C) to +113°F (45°C).

The recommended configuration, incorporating driven rollers to

simulate rails, would consist of a stiff outer frame and a flexure-

mounted inner frame. The outer frame would provide a mounting base for

actuators and ball screws for application of the required forces and

positional restraints, respectively, to the wheelset through the inner

frame. Flexure mounting of the inner frame would allow for incorporation

of load cells to provide for measurement of the relevant force components

at each roller.

The recommended configuration represents a compromise between

an overly simplified facility, which would be of limited practical

usefulness, and an overly sophisticated facility, which would be very

expensive and on which parameter control would become difficult. The

configuration also provides some flexibility for subsequent

reconfiguration.

This report:

- defines the potential uses of such a full-scale facility

- defines the magnitude and range of field conditions which must

be simulated

- details the parameters that must be controlled and/or measured

for each type of test

~ recommends a mechanical configuration for the facility and

assesses the tradeoffs in, and limitations of, the proposed

design

ᐨ proposes the parallel development of a mathematical model of

the rig to assist in optimization of subsequent testing

- recommends a commissioning procedure for the facility and

suggests initial experiments to establish validation of test

results relative to field experience.

(111)



This report is intended to provide guidance, both during

detailed facility design, when it can be used as a checklist to establish

that each type of test may be readily achieved, and during subsequent

validation and testing.
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RÉSUMÉ

Récemment, le Comité directeur des essais polyvalents à

l'échelle réelle de roues/rails de chemin de fer, qui rassemble des

représentants du Conseil national de recherches (CNRC), du Centre de

développement des transports (CDT) de Transports Canada et des

principales compagnies canadiennes de chemins de fer, a proposé qu'on

concoive et construise une installation permettant des essais à l'échelle

réelle d'un essieu monté de wagon de marchandises à Écartement normal,

avec la timonerie de frein associée, à une vitesse d'environ 80 mi/h (130

Km/h). L'installation serait conçue pour des essais en présence de

contaminants de roues/rails de chemin de fer comme de l'huile, de la

graisse, du sable, de l'eau et des particules génératrices d'usure, ainsi

que pour permettre des essais dans la chambre d'ambiance du CNRC

récemment mise en service. Il s'agirait d'une installation unique

permettant des essais de composants mécaniques des essieux montés et une

Évaluation des caractéristiques d'usure et de fluage, sur un essieu à

l'échelle réelle, dans des conditions réalistes de charge en présence de

contaminants typiques, dans une gamme de température allant de -20°F

(-29°C) à +113°F (45°C).

La configuration recommandée, comportant des rouleaux entrafnés

pour simuler les rails, consisterait en un cadre extérieur rigide et un

cadre intérieur à monture flexible. Le cadre extérieur servirait au

montage des vérins de commande et des vis à billes pour l'application

respective des forces requises et des contraintes de position à l'essieu

monté, par l'intermédiaire du cadre intérieur. La monture flexible du

cadre intérieur permettrait d'intégrer des cellules pour la mesure des

composantes des forces appropriées sur chaque rouleau,

La configuration recommandée représente un compromis entre une

installation trop simplifiée, dont l'utilité pratique serait limitée, et

une installation trop complexe, qui serait très cofiteuse et avec laquelle

le contrôle des paramètres deviendrait difficile, Elle présente aussi

une certaine souplesse pour des modifications subséquentes.

Le présent rapport:

- définit les utilisations potentielles d'une telle installation

à l'échelle réelle

- définit la gamme de conditions qui doivent être simulées

~ définit en détail les paramètres qui doivent être contrôlés ou

mesurés pour chaque type d'essal

- recommande une configuration mécanique de l'installation et

6value les compromis qui ont δεξ effectués ainsi que les

limites de la conception proposée

Ww)



- propose la mise au point parallèle d'un modèle mathématique de

l'installation pour faciliter l'optimisation des essais

subséquents

- recommande une méthode de mise en service de l'installation et

suggére des expériences initiales pour vérifier la validité des

résultats d'essais par rapport aux expériences sur le terrain.

Le but du rapport est de servir de guide pendant l'étape de

conception de l'installation, oü 11 peut servir de liste de contróle pour

vérifier que chaque type d'essai est possible, et pendant les Étapes

SubsÉquentes de validation et d'essais.

G1)
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PROPOSAL FOR A FULL-SCALE MULTIPUPROSE WHEEL/RAIL TEST FACILITY

1.0 INTRODUCTION

Recently the Steering Committee on Full-Scale Multipurpose

Wheel/Raii System Testing which includes representatives from National

Research Council (NRC), Transport Development Centre (TDC) of Transport

Canada and the major Canadian railways, proposed that a facility capable

of testing a full-scale standard gauge freight car wheelset and

associated brake rigging, to a speed of approximately 80 mph (130 km/hr)

be designed and built. (The maximum axle loading considered corresponds

to a loaded 125-ton car since it is

axle cars will be designed for more

be designed for testing of wheelset

and axles), for extended wear teste

and for determination of wheel/rail

realistic environmental conditions.

currently deemed unlikely that four

than 125 tons.) The facility would

components, (brakes, wheels, bearings

(i.e. of a month or more duration),

creep characteristics, under

Such conditions would include

extremes of temperature from -20°F to 113°F (-29°C to +45°C), as are

available in the recently commissioned NRC Environmental Chamber [Ref.

1], as well as the presence of wheel/rail contamination. The facility

would be located at the NRC Railway Laboratory in Ottawa (with access to

the Environmental Chamber) and would be available for use by the railway

industry and for in-house research.

The basic concept, as evolved by NRC personnel and through

discussion with the Steering Committee, would use rollers to simulate

rails. The NRC Conceptual Design consists, as shown schematically in

Figure 1, basically of a flexure-mounted inner frame which can move

relative to a stiff outer frame. The outer frame provides a mounting

base for hydraulic actuators and ball screws for application of the

required forces and positional restraints, respectively, to the wheelset

through the inner frame. The flexure mounting allows for incorporation

of load cells to provide for measurement of the relevant force components

at each roller.

The recommended configuration represents a compromise between

an overly simplified rig, which would be of limited practical usefulness,

and an overly sophisticated rig, which would be very expensive and on

which parameter control would become very difficult. Herein emphasis is

on simplicity and ruggedness, such that the rig would be suitable for

extended duration tests in the presence of contaminants and such that the

rig may be reconfigured if subsequently required.

The facility would be unique in allowing testing of wheelset

components and assessment of both wear and creep characteristics on a

full-scale wheelset, under realistic loading conditions and under

realistic yet controlled environmental and contamination conditions.

Existing full-scale facilities typically allow testing only at ambient
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temperature and under clean, dry conditions*. Accurate assessment of

either wear or creep characteristics under field conditions is very

difficult since it is virtually impossible to achieve satisfactory

control of the various interrelated parameters. Assessment of wear or

creep is possible with small scale rigs, but validation of the results

is often inadequate because of the difficulty of obtaining appropriate

field data under suitably controlled conditions. Thus, results obtained

from the full-scale facility should be evaluated for correlation with

data from both field tests and tests on small-scale madels to assess the

practicality of extrapolating scale model data to full-scale and to field

conditions.

A preliminary investigation into the conceptual design of a

wheel/rail test rig [Ref. 3] provides:

ᐨ general guidelines as to the potential uses of such a rig

~ a tentative specification including ranges of some parameters

- a verbal indication of a possible configuration.

Appendix A summarizes the design recommendations of this report

and of Reference 3 (see Tables Α-] and Α-2). The major difference is in

the approach to creep studies whereby Reference 3 recommends

incorporation of a powered wheelset whereas the current report

recommends, at least initially, incorporation of a specialized brake

package (rather than tread brakes) and the use of flywheels. (This

report does, however, recommend design of the facility such that a

powered wheelset could be subsequently incorporated, if required.)

Although this latter approach initially precludes traction studies, it

allows for a significant range of tests, including decelerating adhesion

and creep, during which operators could gain significant experience with

the facility.

The present report is intended to provide guidance, both during

detailed design, when it can be used as a checklist to establish that

each type of test may be accommodated, and during subsequent validation

and further testing. Specifically, this report:

- defines the potential uses for the full-scale facility.

- defines the magnitude and range of field conditions (including

environment, loads, speeds, etc.) which the rig must simulate,

indicating which must be controlled and/or monitored for each

particular type of test.

*Tests have been carried out on the State-of-the-Art Car at the Roll

Dynamics Unit of the Transportation Test Center in Pueblo, Colorado with

soap and grease used to contaminate the rollers [Ref. 2].
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- considers the instrumentation required for each type of test,

and whether it must be initially designed into the facility or

might be subsequently incorporated.

¬ recommends a mechanical configuration for the rig which has

been evolved by NRC personnel.

~ identifies the tradeoffs inherent in the recommended design and

recommends that initially some simplifications (e.g. uncanted

rollers, unpowered wheelset) be incorporated but that the

design be such that the rig could be subsequently reconfigured,

if required.

- reviews the limitations of the facility as proposed.

— proposes the in-parallel development of a mathematical model of

the rig. Such a model could be used for detailed examination

of various sensitivities and tradeoffs during the design phase,

particularly to assist in selection of instrumentation.

— proposes a detailed assessment of the “as-built rig parameters"

and incorporation of these parameters into the corresponding

mathematical model. Such an updated model would allow for

determination of a confidence band on experimental results by

evaluating the effect of all measurement and control

uncertainties. The model could also assist in optimization of

subsequent testing and in the identification of sources of

discrepancy between experimental results from the facility and

from either the field or emall scale models,

- recommends commissioning, validation and testing procedures.

2,0 FACILITY REQUIREMENTS FOR SPECIFIC TESTS

It 1s recommended that the Full-Scale Multipurpose Wheel /Rail

Test Facility be capable of the following types of tests, as summarized

in Table 1:*

7 evaluation of brakes under realistic and controlled

environmental conditions, including the introduction of

contaminants such as sand, water and/or grease. (Such tests

include braking effectiveness and/or extended duration brake

wear testing.)

— evaluation of wheels, axles and/or bearings (stress and/or

temperature distribution) under realistic and controlled

environmental conditions.

*The general design requirements and required parameter ranges are

summarized in Tables 4 (p 18A) and Table 5 (p 18B) respectively.
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- wheel/rail wear tests under realistic and controlled

environmental conditions, including the introduction of

contaminants such as sand, water and/or grease, to evaluate

correlation with field experience and with tests on small-scale

models.

~ investigation of wheel/rail contact area mechanics, including

determination of creep forces, particularly under varying

conditions of temperature or contamination,

- investigation of wheelclimb

The following sections review the wheel/rail system and the

conditions to which it is exposed, and the requirements of the rig for

various types of tests in terms of degree of simulation required as well

as the range of controlled inputs and measured variables.

2,1 Wheel/Rail System

The wheel/rail system provides vertical support, longitudinal

traction (and braking), and lateral guidance to railway vehicles in the

presence of various contaminants and over an extended temperature range,

Guidance forces in wheel/rail systems are produced by the interaction of

coned wheels running on canted rails, through a contact area of

approximately a quarter of a square inch per wheel (1.6 square cm) [Ref.

4], and generally assumed to be elliptical.

For an idealized, centered wheelset (i.e. a wheelset operating

at steady state on tangent track) the wheel/rail contact will occur on

the wheel tread (one point contact) as shown in Figure 2 and the

resultant forces will be the same on both wheels. Any unbalanced lateral

forces on the body will induce lateral movement of the wheelset relative

to the rails causing the wheels to run at different rolling radii and

creating a yaw moment on the wheelset and a lateral restoring force.

Large lateral movements result in flange contact with the rail and

possibly wheelclimb or wheelclimb derailment.

The actual geometry of the wheel/rail contact area (and the

resultant forces) is dependent upon

* wheel geometry (as per Figure 3)

- rolling radius

ᐨ conicity at contact point

- flange configuration

* rail geometry (as per Figure 3)

7 cant angle

— head radius
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* wheelset position (as per Figure 4)

~ lateral offset

- angle of attack

Further, the actual geometry of both wheel and rail change considerably

over their working life, as illustrated in Figure 5, such that the actual

contact area is dependent on the instantaneous wheel and rail profiles.

Since both wheel and rail have complex curved surfaces at their

point of contact, the contact area tends to be elliptical and it is

typically less than a quarter of a square inch (1.6 sq. cm) in area. For

a loaded 100 ton vehicle (263,000 1b or 119,300 kg) the pressure in the

contact area is typically in the order of 100,000 ~ 130,000 psi

(7030-9140 kg/cm?) [Ref. 4] with local maximum to the order of 220,000
psi (15,500 kg/cm?) [Ref. 5], significantly above the uniaxial yield
stress of the rail steel (approximately 60,000 psi or 4200 kg/cm?).
Within these highly stressed contact zones, the elasticity of the bodies

produces regions of complete slip and of no-slip; the resultant

part-elastic, part-frictional phenomena, which is somewhere between pure

rolling and pure sliding, is known as "creepage" or "creep" as discussed

in Section 2.7.1.

2.1.1 Field Conditions

Under field conditions, freight car wheelsets may operate to

speeds of 80 mph (130 kph) in the presence of contaminants such as oil,

grease, sand, water and various wear particles from wheels, rails and

brakes, while being exposed to extremes of temperature ranging from -50°F

to 110°F (-46°C to 43°C) in the presence of ice, snow and/or rain. Thus,

in the field the possible range and combination of conditions is

virtually infinite such that it is virtually impossible to obtain data

under "controlled conditions" and accordingly field data typically

exhibits considerable scatter.

2.1.2 Wheel/rail contaminants and coefficient of friction

Under field conditions, various contaminants such as oil,

grease, sand, water, and various wear particles from wheels, rails, or

brakes, as well as sulphur, coal dust or anything else that may fall from

trains, may be present, in various concentrations at various positions

across the wheel/rail interface [Ref. 7, Exhibit 11]. For an absolutely

clean and dry wheel and rail, the coefficient of friction may be as high

as 0.6 to 0.7, whereas ín the presence of dry wear particles (which tend

to act like solid lubricants), it drops to about 0.2 to 0.3, and in the

presence of a paste-like mixture of 10% water and wear debris, it can be

as low as 0.001 [Ref. 7]. The coefficient of friction is typically

considered to be in the range of 0.15 to 0.35 [Ref. 5] or 0.1 to 0.4

(Ref. 8].



2.1.3 Track parameters

Railway vehicles are subjected to simultaneous dynamic inputs

from track parameters such as

~ track curvature

— rail profile and cant

— lateral and vertical stiffness

- gauge

— cross-level (difference in elevation)

~ rail surface roughness

which vary as a function of vehicle longitudinal position. For the

proposed facility, with emphasis on extended test duration and mechanical

simplicity, it is not practical to consider dynamic simulation of any

track parameters. For various track categories, the typical vertical and

lateral stiffnesses are as per Table 2 [Ref. 9, Table I] and are

substantiated for flexible and stiff track by [Ref. 10, p. 415].

TABLE 2

Track Stiffness Parameters

TRACK VERTICAL STIFFNESS LATERAL STIFFNESS

CATEGORY 1b/in lb/in

(kg/cm) (keg /em)

Rigid (frozen)* 9,999,999 9,999,999

(1,786,000) (1,786,000)

Stiff 850,000 167,000

(151,800) ( 29,800)

Well-maintained 250,000 167,000

¢ 44,600) ( 29,800)

Flexible 125,000 167,000

( 22,300) ( 29,800)

*It is suspected that these values reflect program inputs used to

characterize "infinite" stiffness and may not be representative of

actual frozen track.
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2.2 Brake Tests

It is important to assess brake performance in terms of both

braking effectiveness and of wear (brake pad or wheel tread) for

different brake shoe materials, over an appropriate temperature range and

in the presence of typical contaminants, including wear particles. Brake

tests can be carried out to simulate service braking, emergency braking

or grade braking. The thermal loads induced by sustained braking (as

discussed in Section 2.3.2) are substantial such that the wheel tread

temperature, particularly during cyclic braking, may approach 900°F

(480°C) [Ref. 11].

The factors which affect braking efficiency include:

- brake cylinder pressure which, in service, is dependent upon

the train configuration, leakage, etc.

~ brake shoe friction, which can vary 88 a function of speed,

wheel temperature and/or brake shoe force.

¬ wheel temperature, which affects brake shoe friction. Wheel

temperature development depends on wheel velocity, retarding

force, wheel size and ambient temperature.

— brake rigging efficiency, which is a function of the type of

brake rigging and the brake cylinder pressure.

2.2.1 Braking Forces

The AAR requires [Ref. 12, p. IV-37] that at 50 psi brake

cylinder pressure, the net braking force (normal) be a minimum of 6.5% of

the gross rail load and a maximum of 30% of the light weight, such that

for a loaded 125 Ton car (wheel loading of approximately 40,000 1b or

18,140 kg), the minimum brake force would be

40,000 x 0.065 = 2600 1b

and for the empty car, (wheel loading of approximately 7500 1b or 3400

kg), the maximum brake force would be

7500 x 0.3 = 2250 1b

(Under operating conditions, if the defined minimum force exceeds the

defiued maximum force, installation of a multiple capacity or empty load

brake system is required.) Should the brake cylinder pressure go to 90

psi (6.3 kg/cm?), the corresponding normal force for the fully loaded car
would be approximately
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2600 x 39 = 4630 1b

For a high friction brake shoe the coefficient of friction may

approach 0.5 such that the maximum tangential brake force, at 90 psi

brake cylinder pressure, would be

4680 x 0.5 = 2340 1b

2.2.2 Rig requirements for braking tests

necessary

In order to evaluate brake performance or brake wear, it is

to:

accommodate typical brake rigging on the test rig. Provision

should be made for both tread (including clasp brakes) and disc

brakes (since over the life of the rig, it is likely that at

least, passenger equipment will be typically equipped with disc

brakes).

have an appropriate air supply for brake actuation and provide

for controlled brake actuation such that typical applications

of service braking, emergency braking or grade braking, as

required, can be simulated.

have inertia, equivalent to one axle of a 125 ton car, that may

be brought to running speed in an acceptable length of time.

measure the relevant brake forces which were estimated above to

have maximum values, per brake, in the order of 5000 lbs (2270

kg) for the normal brake force and 2500 1bs (1130 kg) for the

tangential brake force.

monitor wheel speed before and during brake application.

monitor wheel temperature distribution before and during brake

application.

measure the resultant wear on the wheel treads and/or brake

pads.

Further, the rig must be capable of appropriately reacting all

forces, including asymmetric forces which would produce a yaw couple, or

dynamic forces, should a brake "grab". Herein, it is necessary to ensure

that, should a wheelset derail, it is contained such that no damage is

caused to the rig.
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Further it is recommended that, during brake testing, the

temperature of the wheels and/or brakes be monitored such that the rig

can be automatically shut down should a preset high temperature be

exceeded.

2.3 Determination of Wheel Stress Distribution

As higher operating loads and higher speeds produce more severe

thermal loads due to drag braking, it is becoming increasingly important

to optimize wheel design and subsequently predict wheel performance

before introduction into service. Stresses due to thermal loads such as

caused by braking, emergency braking or grade braking are often

significantly greater than those due to mechanical loading. Herein,

tread braking causes heating and expansion of the wheel rim while the

plate and hub remain cooler and resist expansion, causing severe internal

stresses with radial expansion of the hub and axial movement of the rim.

Analytical simulation techniques are readily available for

prediction of temperature distributions resulting from braking and for

ptediction of stress distributions resulting from thermal and/or

mechanical loading. To facilitate validation of such analytical

techniques, it is necessary to:

~ evaluate, non-destructively, residual stresses resulting from

manufacture, or mechanical or thermal loading

- evaluate the stress and/or temperature distribution of static

or rotating wheels under thermal and/or mechanical loads

2.3.1 Mechanical Loads

The AAR [Ref. 13] outlines specific maximum mechanical loads,

as per Table 3, for which the wheel stresses must be calculated. Herein,

the currently specified mechanical loads are vertical loads equal to

twice the static rail load. These loads do not represent the maximum

possible loads that might occur under service conditions, but rather,

values that would be expected to be exceeded only a very small percentage

of the time.

2.3.2 Thermal Loads

Sustained cyclic drag braking, which is typical of service

conditions, can frequently produce higher tread temperatures, and thus

higher maximum stresses, than does emergency braking with constant

braking force. in fact, it has been noted [Ref. 11] that from an initial

tread temperature of 100°F (38°C), a two minute emergency stop can

typically cause a tread temperature to rise to 400°F (204°C) whereas half

an hour of cyclic drag braking can cause the tread temperature to

approach 850?F (454°C).
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TABLE 3

AAR Specified Mechanical and Thermal Wheel Loads

Wheel Types Mechanical Loads Thermal Load

Vertical | Lateral (for 20 min., 100%

1b 1b into wheel*)

(kg) (kg) (®)

125 Ton: 38" D 78,750 39,375 41.92

(35,720) | (17,860) (31.27)

100 Ton: 28,30,33,36" D 65,750 32,875 35.00

(29,820) (14,910) (26.11)

70 Ton: 33" D 55,000 27,500 29.28

(24,950) (12,470) (21,84)

One Wear: 28" D 44,800 22,400 23.85

(20,320) (10,160) (17.79)

Locomotive: 40" D 70,000 35,000 37.00

(31,750) (15,880) (27.60)

*It has been found [Ref. 14] that when energy is dissipated between a

brake shoe and wheel tread typically 2/3 of the total energy enters the

wheel, i.e. when 75 hp is dissipated by braking, approximately 50 hp

enters the wheel.

The AAR [Ref. 13] also outlines maximum thermal loads, also

shown in Table 3, for which the wheel stresses mist be calculated.

Herein the specified thermal loads are ratioed to the maximum mechanical

loads, and represent values that would be expected to be exceeded only a

very small percentage of the time, rather than maximum possible values.

In fact, there is indication in the literature [Ref. 15] that a hand

brake left applied can produce an initial thermal load exceeding 100 HP

(75 kW) when the train is brought to speed. This produces rapid brake

shoe wear such that the thermal load is rapidly reduced.

2.3.3 Rig requirements for determination of wheel stress

distribution

In order to accomplish the required wheel stress distribution

determinations, it is necessary to

- load the wheels mechanically (vertically and laterally) through

the wheelset bearing housings, and possibly to rotate the

wheelset.

- provide a thermal input (simulating the thermal braking load)

to the wheel tread.
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- determine the resultant stress and/or temperature distribution

during loading and possibly the residual stress distribution

following loading.

¬ determine the resultant stress and/or temperature distribution

during loading and possibly the residual stress distribution

following loading.

It is recommended that the mechanical design loads be set at

80,000 1b (36,290 kg) per wheel vertically and 40,000 1b (18,140 kg) per

wheel laterally in that it is currently deemed unlikely that vehicle

weight will substantially exceed 125 Tons for 4 axles.

It is recommended that the design thermal input be set at 50 HP

(37 kW) for 20 min* and that the feasibility of providing a short

duration (5-10 minutes) thermal input of 100 HP (75 kW) be investigated.

Provision should be made for fans to provide simulated wind to

approximately 60 mph (97 kph), possibly directing the heated air into

ducts to remove it from the immediate vicinity of the rig.

For a rotating wheelset, determination of wheel stress

distribution using wheel-mounted strain gauges (or determination of wheel

temperature distribution using wheel-mounted thermocouples) would require

telemetry or the incorporation of slip rings to allow remote monitoring

of the wheel-mounted sensors. The availability, accuracy, cost and

practicality of instrumentation for remote determination of both stress

and temperature distribution will be reviewed during the rig design

stages. Although the resolution of currently available instrumentation

is probably not sufficient for validation of stress or temperature

distribution programs, it could probably be effectively used in

conjunction with the computer model outputs to help select appropriate

strain gauge (or thermocouple) positions, reducing instrumentation

requirements.

It is recommended, ae for braking tests, that the temperature

of the wheel and/or roller be monitored such that, should a preset high

temperature be exceeded, the rig be automatically shut down,

The actual geometry of the contact area will affect the

detailed stress distribution immediately adjacent to the contact area but

this effect will rapidly reduce with distance. Herein,the degree of

physical simulation of the contact area geometry is not as critical as

for either wear measurement or basic creep studies, as subsequently

discussed,

*One wheel manafacturer has recommended that provision be made for a

thermal input of 50 HP (37 kW) for one hour.
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2.4 Determination of Axle Stress Distribution

Determination of the stress distribution of a wheelset axle

would require mechanical loading of the axle through the wheelset

bearings, as per the wheel stress distribution determination above, as

well as appropriate strain gauging of the axle. For determination of the

axle stress distribution of a rotating wheelset, telemetry or slip rings

would be necessary to extract the relevant data. It is anticipated that

for such axle stress testing, the number of channels of data required

will be significantly less than required for wheel stress testing, and

that the accuracy requirements will be as for wheel stress testing.

Thus, instrumentation suitable for wheel stress testing will be adequate

for axle stress investigation.

2.5 Bearing Tests

A rig configured to load a wheelset through its bearings and

rotate it (as required for braking, or wheel stress testing) would also

be suitable for bearing tests providing that the bearing loading

technique and applied loads are realistic. Herein realistic mechanical

design loads are as recommended for wheel stress distribution - 80,000

lb/wheel (36,290 kg) vertically and 40,000 1b/wheel (18,140 kg)

laterally. It is further recommended that provision be made to allow

quasistatic cycling of the vertical and lateral loads to 1 cycle/minute.

2.6 Wheel and Rail Wear

Within the highly stressed wheel/rail contact zone, a part-

elastic, part-frictional phenomena, known as creep (see Section 2.7.1)

produces surface wear. This surface wear is generally increased by the

presence of solid contaminants, particularly in the absence of moisture.

The high surface stress levels and their changing direction produce rail

contact fatigue below the rail head surface.

The total annual cost of rail wear to Canadian railways, in

1982 dollars, is approximately $300 million [Ref. 16, Table 2] with

approximately one third occurring in curves. Additionally, reprofiling

and replacement of wheeis costs the Canadian railways approximately $125

million annually (IBID, p. 286). Thus, any measures that reduce wheel or

rail wear will yield significant economic benefit.

One of the most significant wear problems is the flange wear

that occurs on the gauge face of the high rail in tight curves and the

associated head flow and corrugation occurring on the corresponding low

vail. One technique for reducing curve wear, which is generally viewed

as an intermediate rather than a long-term solution, as it also reduces

wheel/rail adhesion, and appears to promote rolling contact fatigue on

the top surface of the rail, is the use of rail lubrication. It is

generally felt that a more satisfactory long-term solution will be the
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development of trucks exhibiting improved curve-negotiating performance,

However, anything that can be done to enhance the understanding of the

wheel/rail phenomena (e.g. abrasion, fatigue or corrugation) or of the

wheel/rail contact phenomena has potential economic impact.

2,6.1 Rig requirements for wear testing

In order to accomplish meaningful wear testing on the rig, it

is necessary to:

ᓝ accurately simulate the wheel/rail contact phenomena of the

field in terms of equivalent speed, equivalent load and

equivalent wheel/rail positions such that equivalent wheel/rail

contact areas and stress distributions are produced.*

- duplicate field conditions in terms of presence of contaminants

and extremes of temperature.

~ accurately measure, preferably dynamically, the wheel and

roller profiles, such that actual wear may be readily

assessed,

- ensure that the rig itself 1s capable of withstanding the

necessary extremes of temperature and presence of contaminants

as well as the rigours of sustained duration tests (possibly of

the order of a month or even more) such that testing is done on

the specimen rather than the rig itself. Herein, some forms of

wear are caused by fatigue and thus realistic wear tests will

be inherently of extended duration. Further, extended test

duration is typically necessary to produce sufficient wear for

accurate assessment,

For measurement of creep forces during wear studies, the

following design parameters are recommended:

* Loads

¬ vertical to 80,000 lb/wheel (36,290 kg), as per Section 2.3.3.

- lateral to 40,000 1b/wheel (18,140 kg) as per Section 2.3.3.

~ longitudinal to 24,000 1b/wheel (10,890 kg).

* Wheelset position

~ wheelset lateral offsets to fli" (33.8 cm) to provide for

flange contact, even with significant flange wear.

*Since wear is due to the direction and magnitude of the creep forces in

the wheel/rail interface, representative wheel/rail contact areas and

Stress distributions must be achieved for accurate wear simulation.
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- yaw angles to +2.5° since experimental field data include

measured yaw angles up to #2.5° [Ref. 17, Figures 6, 7 and 8

for example] although distributions [Ref. 18] indicate yaw

angles are typically less than 2°. (It has been substantiated

that the use of radial trucks significantly reduces wheelset

angle of attack [Ref. 16] and that reduction of the angle of

attack tends to reduce wheel and rail wear [Ref. 19,20].

However, there will continue to be a significant number of

non-steering freight car trucks in servíce and the maximum yaw

angle of such trucks should be considered when specifying the

parameter ranges for rig design.)

It is further recommended that provision be made to cycle over the

recommended range of lateral offset and yaw angle to 1 cycle/minute.

There are indications that wear (in terms of material loss) may

be characterized in terms of vertical loads, creep forces and contact

zone size and thus it is recommended that during wear testing all

possibly relevant parameters be recorded.

2.7 Fundamental Contact Area Studies

Understanding of wheel/rail contact area phenomena is fundamental

to the understanding of both wear (Section 2.6) and stability phenomena,

Creep forces determine lateral dynamic performance which affects lateral

Stability, ride quality or lading damage, wheel climb derailment and

rail/wheel wear, Herein, all vertical support, traction (and braking)

and lateral guidance forces for the vehicle are typically transmitted

through a wheel/rail contact area of approximately a quarter of a square

inch per wheel, It is also through this interface that all track

disturbances are input to the vehicle. In fact, a 1977 study in the U.S.

[Ref. 2 of Ref. 4] indicated that approximately 80% of the almost 6000

reported accidents were attributable to wheel/rail interaction effects.

Fundamental contact area studies could advance the understanding of

contact area phenomena and possibly improve the theoretical prediction of

creepage over a reasonable parameter range such that mathematical models

could be more confidently used in the investigation of both hunting

phenomena and curving performance. Thus, in the Canadian context, such

fundamental studies could potentially reduce the estimated annual $425

million for rail and wheel wear (as per Section 2.6) as well as reduce

damage to rolling stock or lading by improving vehicle stability.

The following sections consider creep phenomena as well as the

requirements of the rig to study such contact area mechanics.

2.7.1 Creep phenomena

Within the highly stressed wheel/rail contact zones, the

elasticity of the bodies produces regions of complete slip and of no-slip.
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The resultant part-elastic, part-frictional phenomena, which is somewhere

between pure rolling and pure sliding, is known as "creepage" or

“creep”.

The concept of "creepage" introduced by Carter in the 20's

defined longitudinal creepage as the change in distance rolled by a

wheel, when transmitting a longitudinal force, relative to the distance

rolled in pure rolling. Currently "creepage" or "creep" is more usually

defined as the ratio of the velocity difference at the contact patch ia

the specified direction, to the rolling velocity in the direction of

motion at the contact patch.

For coned railway wheel running on canted rails, it is

necessary to consider three creepages:

1) longitudinal creepage, when a longitudinal force is transmitted

across the contact patch,

= Iosgipediyal slip velocity ᓗ sr-V
actual ro. ng velocity

where V = actual rolling velocity

w = wheel angular velocity

r = wheel radius

2) lateral creepage, when a lateral force is transmitted across the

contact patch,

= transverse s velocit

actual rolling velocity

Vst

ᐦ siny » ᘅ (radians for small angles)

where ᑗ = angle of attack

V = actual rolling velocity

3) spin creep, when a spin moment is transmitted across the contact

patch,

= rotational slip velocity
actual rolling velocity

A creep force in isolation will exhibit a force/creepage

characteristic as per Figure 6 with saturation occurring at a value of

normal force (N) times the local coefficient of friction (u). (Figure 6

also indicates the relevance of the longitudinal creep characteristic in

terms of theory, analysis and applications.) When creepages occur
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simultaneously, saturation occurs at a lower level (as per Figure 7) than

when they occur in isolation. Thus, as much as practical, at least

initially, they should be individually assessed. Briefly, longitudinal

creepage may be determined by constraining the wheelset in a central

position on the rails, braking the wheelset (or providing traction) and

measuring the longitudinal force and the relevant velocities as detailed

in Section 4.3.3(a). Similarly, lateral creepage can be determined by

fixing a yaw angle and measuring the lateral force, the yaw angle, the

lateral offset and the relevant velocity as detatled in Section

5.3,3(b).

In theoretical investigations as per Figure 8, the non-

dimensional creepage 18 determined from

- material properties

relative velocities at the contact patch, as dependent upon

wheel and rall geometries

- wheelset lateral position and yaw angle

~ wheelset velocity

- coefficient of sliding friction

and the corresponding creep force is subsequently predicted using the

relevant Kalker creep coefficients. It is these creep coefficients

(which may be considered to be the slope of the linear portion of the

creep force/creepage characteristic} which currently introduce the

largest uncertainty into the theoretical performance prediction. Since

these coefficients are ultimately dependent upon the actual conditions in

the contact patch, and since their characterization is typically done

under clean dry conditions, it is necessary to accurately characterize

them over a realistic range of parameters, particularly with regard to

surface finish, temperature and contaminant conditions.

2.7.2 Rig requirements for fundamental creep studies

In order to accomplish meaningful creep investigation it will

be necessary, to:

~ accurately simulate the wheel/rail contact phenomena of the

field in terms of equivalent speed, equivalent load and

equivalent wheel/rail positions such that equivalent

wheel/rail contact areas and stress distributions are

produced

~ verify theoretically predicted contact area (requires

measurement of profiles, lateral offset and yaw angle, as

well as a technique for determining the actual contact area)

induce longitudinal creep by either braking the wheelset or

by driving it with a traction motor
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OR

— induce lateral creep by constraining the wheelset at an

appropriate yaw angle

~ accurately measure*:

~ wheelset lateral position

~ wheelset yaw angle

~ vertical force

— longitudinal force (each wheel)

~ lateral force (each wheel)

— spin moment (each wheel)

~ wheelset and roller rotational velocities

~ duplicate field conditions in terms of contaminants and

extremes of temperature

¬ ensure that the rig is capable of withstanding the necessary

extremes of temperature and presence of contaminants,

Such fundamental contact area studies would impose the most

exacting simulation and measurement requirements on the rig. The

parameter ranges recommended for wear studies (Section 2.6.1) are

realistic for such contact area studies but the contact patch simulation

accuracy and the accuracy of control and of measurement of the various

parameters are more exacting.

2.8 Wheelclimb Investigation

Most derailments result from severe vehicle/track interaction,

typically induced by the combined dynamic effect of different track and

vehicle parameters, which would be individually tolerable, or by

mechanical failure (e.g. bearing seizure, axle fracture, etc.). For the

proposed rig with emphasis on extended test duration and mechanical

simplicity, it is not considered practical to simulate dynamic track

inputs. Notwithstanding, understanding wheel flangeclimb and wheelclimb

derallment 1s important and some such investigation would be possible on

the proposed rig provided that appropriate lateral/vertical (L/V) force

ratios are available.

The L/V ratio required to produce wheelclimb is strongly

dependent upon rail (or roller) lateral stiffness, wheelset lateral

position and yaw angle as well as interface conditions. Typically

derailment is considered to occur at an L/V ratio of approximately 1.3

[Ref. 21, p. 658] or less. A worn wheel flange may climb a worn rail at

an L/V of approximately 0.75. Freight cars in curves of 6-12? typically

exhibit [Ref. 22] L/V ratios in the order of 0.3 to 0.5. Thus, for the

purpose of rig design, a maximum lateral force capacity of approximately

40,000 1b (18,140 kg) to allow for investigation to an L/V ~1.0 for a 125

ton car or to L/V «1.5 for a 75 ton car, ts recommended,

*It is suspected that when using rollers to simulate rails, it will also

be necessary to calculate or measure wheelset decrown angle (as defined

in Figure C-1).
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Derailment testing appears to be the most likely to produce rig

damage, and thus it is necessary to consider the potential return before

undertaking such tests. Even so, the possibility of derailment certainly

exists with any type of test and it is necessary to provide adequate

wheelset containment (as per Section 3,3).

3.0 NRC CONCEPTUAL DESIGN FOR FULL~SCALE WHEEL/RAIL TEST FACILITY

A rig to test full-seale wheelsets could be designed to use

rollers to simulate rails or to incorporate reciprocating rails [Ref.

23]. (Construction of a test loop, such as FAST, was never seriously

considered, particularly because of the difficulty of controlling the

environmental parameters, and of the cost.) Use of the reciprocating

rail concept was deemed impractical for the range of tests considered,

particularly with respect to the requirement for braking tests and for

extended duration, unattended wear tests. Thus, simulation of rail by

rollers was selected. Further, in order to accomplish extended duration

testing over the required temperature and contaminant range, it will be

necessary to ensure that the rig is as simple and rugged as possible, and

that servicing may be readily accomplished.

The recommendations of this report are summarized in terms of

general design details and required parameter ranges in Tables 4 and 5

respectively.

3.1 Mechanical Configuration

Herein, the rig should simulate, as accurately as possible,

actual wheel/rail contact forces without seriously compromising

mechanical simplicity and operating reliability. The rig, as proposed,

would use two driven rollers to simulate rails and would have the

wheelset positioned above the rollers within a double frame as shown

schematically in Figure 1. This double frame configuration provides a

stable base for the roller drive system and allows for flexure-mounting

of the inner frame and overhead cross-beam. Such flexure-mounting allows

for incorporation of load cells to provide for measurement of the

relevant force components (as per Section 3.8.4) at each roller.

Further, incorporation of actuators and ball screws mounted on the outer

frame provide for application of the required forces and positional

restraints respectively to the wheelset through the cross-beam of the

inner frame.

A side-by-side placement of the wheelset and rollers was

considered since, in some ways, it is mechanically simpler than the

selected wheelset-over-roller configuration, However, the side-by-side

configuration was rejected since the rig width tended to become excessive

and sínce accurate simulation of the required forces at the wheel/rail

interface became difficult. Similarly, a configuration locating the

rollers above the wheelset, which would provide for a cleaner driveline
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location, was rejected on the basis of the difficulty of providing a

stable base for the drive system and its associated inertia, and of

correctly simulating the required wheel/rail forces. Thus a wheelset-
over-roller configuration was chosen on the basis that it appeared to

offer the best potential for providing a stable base for the drive system

and for simulation of the wheel/rail interface in terms of contact area

and stress distribution.

The following sections summarize the specific design

considerations in terms of mechanical constraints, design parameters,

recommended mechanical configuration (including inherent tradeoffs),

safety and maintenance considerations, and the inherent limitations of

the proposed configuration.

3.2 Mechanical Constraints and Environmental Tolerance

Considerations

As summarized in Table 4 in terms of general design

considerations and in Table 5 in terms of required parameter ranges, for

the rig to be suitable for the tests outlined in Section 2 it must:

~ not exceed 14'9" (4-1/2 m) in width or 18'10" (5-3/4 m) in

height euch that it can be readily re-located from the Railway

Fatigue and Wear Facility Building to the Environmental

Chamber

~ accept a full-scale standard gauge (4' 8 1/2", 143.5 cm)

wheelset and associated brake rigging. Wheel diameter can

range from 28" (71 cm) to 44" (111.3 cm). Wheelset weight may

approach 3,000 1b (1360 kg). Weight of a wheelset with

traction motor assembly may approach approximately 10,000 15.

(4540 kg)

— be designed for relatively easy and quick exchange of wheelsets

and for reprofiling and/or exchange of rollers (see Sections

3.4.1 and 3.4.2, respectively)

7 be designed for relatively easy inclusion of the appropriate

amount of inertia in the driveline (see Section 3.4.3)

- react such vibration and/or impact forces as may be caused by

unbalance, wheel flats or asymmetrical forces as may result

from brake "grab", etc.

~ be capable of long duration tests (or the order of a month).

Thus, it is necessary to ensure that all of the components

subject to wear in the rig are not only readily accessible but

that they are also quickly obtainable and reasonably priced
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~ be capable of being fully functional (i.e. for all types of

tests) over the temperature range -20°F to 113°F (-29°C to

+45°C). (Although the temperature range available in the

Environmental Chamber is -59°F (-45°C) to 113°F (50°C), a

reduced design temperature range has been specified for the rig

since it becomes increasingly more expensive to design a rig

for and frun tests at temperatures below -20°F, and since

testing below -20°F becomes increasingly less cost effective.)

— be capable of being fully functional, possibly simultaneously,

with the temperature variation above, even with the

introduction of contaminants such as sand, grease, water and

wear particles at the wheel/rail interface. Thus, the choice

or design of components such as bearings (appropriately

sealed), motor, etc., and their placement must be carefully

considered. For example, it is recommended that the motor

housing be slightly preasurized with air to minimize

contamination problems. Further, appropriately placed shields

and/or a catch basin should be incorporated to minimize the

distribution of contaminants during such tests.

~ be capable of controlling and/or measuring the forces and

displacements summarized in Table 5.

3.3 Safety

Many of the tests planned for the rig will be of extended

duration and typically unattended. Thus, an ultra-conservative design is

recommended, possibly based on a 20 or 25 year fatigue life. Further,

the rig condition must be continuously and carefully monitored as

reviewed in Section 3.8.8.

Further, there is the possibility that during any type of test,

the wheelset may derail, such as due to physical decrowning, should yaw

angle become excessive, during wheelclimb investigation, or during

braking tests, if a brake "grabs". Thus, it is recommended that physical

containment be provided for the wheelset. One possibility would be to

use small retainment roller cylinders on either side of the driven

rollers, similar to the "safety rollers" fitted in the Roller Dynamics

Rig at Pueblo. Alternately, the bearing housings associated with the

vertical load actuators could be designed such that if the wheelset

derails it remains suspended from the actuators.

Considerations of personnel safety during exchange of wheelsets

are reviewed in the following Sections.

3.4 Maintenance considerations

Since one purpose of the rig is to perform extended duration

wear testing, possibly in the presence of contaminants, it is essential
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that all rig components subjected to wear be carefully chosen, preferably

from standard shelf items and/or railway stock, such that they are

readily available and reasonably priced. Herein, replacement of high

maintenance items ~ wheelset, rollers, brakes, bearings and flexible

couplings ¬ must be easily and quickly accomplished without danger to

personnel or equipment.

3.4.1 Wheelset exchange

It is suggested that use of a forklift truck or of controlled

wheelset descent down a suitably placed ramp be considered. Herein, the

actual position of the wheelset within the final rig (height and lateral

position) will determine whether it is possible to safely remove it using

a forklift. Further, before the wheelset is removed it must be

mechanically contained, and the hydraulic actuators mst be unpressurized

and mechanically disconnected.

3.4.2 Roller exchange

As considered in Section 3.7.4, it is considered preferable to

remove the rollers (or possibly tires - one piece) for reprofiling.

Thus, the drive system should be such that the rollers can be

individually removed, such as, for example, by incorporation of pillow

blocks and flanges as illustrated in Figure 1.

3.4.3 Inertia variation

The inertia design considerations are summarized in Section

3.6.2 and a tentative flywheel sizing is proposed in Appendix B. In view

of the requirement to change the amount of inertia used from test to test

it is necessary to design the rig such that any unneeded portion of the

inertia can be disconnected but not demounted from the rig. (See

“Practical Flywheel Considerations" in Appendix B.)

3.5 Load Frame Considerations

The rig, as proposed, would consist of a double frame having a

stiff outer frame and a flexure mounted inner frame that can move

relative to the outer frame as illustrated in Figure 1. Such a double

frame configuration provides a fixed base for mounting hydraulic

actuators to apply the vertical and lateral loads, and ball screws to

apply lateral displacement, and/or yaw angle, to the wheelset through an

overhead crossbeam of the inner frame. Further, the flexure mounting

allows for incorporation of load cells, to measure the relevant force

components - vertical, longitudinal, lateral and spin moment at each

roller (see Section 3.8.4).

Since the wheelset creep forces are extremely sensitive to

wheelset lateral position and yaw angle, the outer frame must be
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sufficiently stiff as to provide a "fixed" base from which the wheelset

position may be accurately determined. Similarly, the ínner frame

overhead crossbeam must be sufficiently stiff that forces and/or

positions applied to the crossbeam are accurately transferred to the

wheelset. Further, the crossbeam should be lightweight such that lateral

and/or yaw actuation, to at least 1 cycle/minute, is attainable at

reasonable hydraulic power levels,

The outer frame construction, as proposed, provides a stiff box

structure which would be advantageous in minimizing rig outer frame

deflection. Further, it 1s recommended, that cross bracing, additional

to that shown in Figure 1, be erected on the outer frame after the

wheelset is put on the rig.

The rig floor structure must provide a stable base for the

bearing supports of the rollers to minimize misalignment at the

wheel/roller contact area under the maximum anticipated loads. There is

also the requirement to maintain close alignment of the flywheel shaft

bearings, particularly during braking tests. Herein, as per Section

3.6.2, each of the two flywheels 1s estimated to weigh up to 25 tons.

It is necessary to ensure that the flywheels do not become unbalanced due

to bearing misalignment resulting from rig frame flexibility effects.

Provision must be incorporated in the rig design for accurate alignment

of the drive shaft.

The rig floor structure must also provide a stable platform for

mounting standard gauge wheelsets such that the rig has rail access to

Railway Fatigue and Wear Facility Building and to the Environmental

Chamber. Floor pads, with provision for levelling must also be provided

such that the support wheels can be off-loaded during testing.

3.5.1 Load reactions

All lateral and longitudinal forces at the flexure-mounted

crossbeam must be transferred to the wheelset other than through the

vertical actuators 80 as to avoid any lateral loading of the actuators

and possible binding and/or permanent damage. Similarly, it is also

necessary to ensure that no braking reaction forces (which may include

impact and/or asymmetrical forces), other than vertical, be transferred

to the rig frame through the vertical actuators.

3.5.2 Flexure considerations

Originally, inner frame flexures consisting of two short I-beam

sections with their webs perpendicular to one another were proposed.

This "low-cost" flexure configuration would, however, have high torsional

stiffness. A short high-strength stainless-steel rod-type flexure would

be more appropriate in providing the required combination of low

stiffness in bending and torsion in combination with the high tensile
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load capacity required under rig operating conditions and the adequate

column buckling safety factor under inoperative rig conditions. Further,

use of such rod-type flexures would provide matched stiffness in the

lateral and longitudinal directions.

3.6 Drive System Considerations

It is recommended that, at least initially, a 50 and a 150 hp

motor*, and their associated controllers (currently available in the NRC

Railway Lab) be considered for use on the rig. A more powerful motor

could be subsequently incorporated, if required.

It is recommended, from the point of view of servicing, that

the drive shaft be such that bearings and rollers be readily exchanged

and from the point of view of experimental flexibility that the amount of

inertia can be quickly changed. Herein, it is necessary to ensure that

there is adequate adjustment for accurate shaft alignment and that such

alignment can be retained over any required test duration. Further, it

will be necessary to ensure that

— shaft torsional stiffness is reasonably high, to simulate rail-

to-rail stiffness under field conditions

~ shaft lateral stiffness between rollers 18 reasonably low, such

that the lateral forces at each roller may be individually

measured

- no shaft whirl or resonance phenomena occur in the anticipated

operating range

A torsionally stiff spline, which would allow some lateral movement,

should be incorporated between the rollers such that the lateral force on

each roller may be separately measured.

3.6.1 Motor speed control and measurement

In general, motor speed control requirements are not excessive,

particularly when the flywheels are used. However, for creep studies, it

is necessary to very accurately measure the rotational velocity of both

wheelset and rollers since their differential represents longitudinal

creep. Techniques such as the use of optical encoders which should have

a sensitivity to at least 1/1000 of a revolution [Ref. 4], should be

considered.

*The time to reach 80 mph (130 kph) with two 17 ton flywheels (as per

Appendix B) is estimated to be approximately 1/2 hr with the 50 hp motor

and 10 min with the 150 hp motor.



~ 24 ~

3.6.2 Inertia considerations

On the basis of rig balance and mechanical simplicity

considerations, the use of two flywheels located on the roller drive-

line, as shown in Figure 1, was selected. A stacked steel sheet flywheel

was selected on the basis of economics and in view of the requirement to

vary the amount of inertia used from test to test. Herein such inertia

can be designed such that any unneeded portion can be readily

disconnected, but not necessarily demounted, from the driveline, (see

"Practical Flywheel Considerations" in Appendix B). Tentative flywheel

designs, corresponding to roller diameters of 42", 63" and 72" (107, 160,

and 183 cm) as per Section 3.7.2, are considered in Appendix B. Herein,

a maximum allowable flywheel radius of 4' (1.2 m) was selected on the

basis of availability of material and machining and an absolute maximum

allowable weight, for each flywheel, of 25 tons or 22,680 kg (and

preferably less than 20 tons or 18,140 kg) was selected on the basis of

handling considerations.

The implications of the flywheel design in terms of appropriate

choice of roller diameter are reviewed in Section 3.7.2.

3.7 Roller Considerations

For fundamental contact area mechanics investigations and wear

studies, ag discussed in Sections 2.6 and 2.7 respectively, it is

important to correctly simulate the wheel/rail interface such that

representative contact areas and stress distributions within the contact

area are achieved. Herein, using a roller of finite radius to simulate a

rail of infinite vertical curvature will inherently cause discrepancies,

but these can be minimized by choosing an appropriate roller diameter, as

discussed in Section 3.7.2. Further, in order to maintain rig simplicity

and ruggedness, it is recommended that the canting of the track be

simulated using tilted profiles machined on upright rollers rather than

by canting the rollers. The impact of this decision on simulation

accuracy is discussed in Section 3,7,3,

Further, it will be necessary to continuously monitor wheel and

roller temperatures and provide cooling such that under unbraked

conditions the wheel temperature can be maintained at typical operating

temperature,

3,7.1 Roller lateral stiffness

The rollers should be designed for very high lateral stiffness,

at least that of stiff track, (167,000 lb/in or 29,800 kg/cm), as per

Section 2.1.2, and preferably approaching that of frozen* track,

9,999,999 1b/in or 1,785,000 kg/cm.

*It is suspected this value may be a computer program input for

"infinite" stiffness rather than a value representative of actual frozen

track.
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Maximizing the lateral stiffness of the rollers will tend to

minimize dynamic effects and maximize the accuracy to which the contact

patch geometry can be determined as a function of measured wheelset

position (1.e. lateral offset and yaw angle).

3.7.2 Roller diameter

Inherently, simulating a rail, which has an infinite radius of

vertical curvature, by a roller with a finite radius (as per Figure 5)

will change the geometry of the contact area and the resultant creep

forces. A preliminary investigation [Ref. 24] suggested that the

wheel/roller creep forces are effectively independent of roller diameter

provided that the roller diameter is somewhat larger than the wheel

diameter. However, the program used for this preliminary evaluation was

not adapted to investigate the effect of using tilted profiles on

uncanted rollers versus canted rollers (as discussed in the following

section). Thus, it is recommended that, in order to minimize contact

area distortion due to roller diameter effects, the largest practical

diameter be chosen for the rollers.

Further, as wheelset yaw angle is increased, the wheels will

tend to decrown relative to the rollers, causing an error in force

distribution and contact area as considered in Appendix C. On this

basis, also, it is recommended that the maximum practical wheelset

diameter be used in that this contact area error tends to be reduced as

the roller diameter is increased. Yawing of the wheelset relative to the

rollers will tend to produce a yaw spring rate different from that

occurring on tangent track, due to this decrowning effect (see Figure C-

2, Appendix C).

For the tentative flywheel design, as per Appendix B, roller

diameters of 42" or 107 cm (corresponding to a locomotive wheel), 63" or

160 cm (corresponding to the rollers on the NRC Curved Track Simulator),

and 72" or 183 em (corresponding to an arbitrarily assumed upper limit of

roller diameter) were selected and the maximum flywheel inertia was made

equal to 1/4 of the kinetic energy of a loaded 125 Ton (113,400 kg) car

to 80 mph (130 kph). A stacked steel plate flywheel, located on the

roller driveline, was selected as being the simplest and most economical,

particularly in view of the requirement for inertia variation, A maximum

allowable flywheel radius of 4' was selected on the basis of availability

of material and machining, and au absolute maximum allowable weight for

each flywheel of 25 Tons (22,680 kg) was selected on the basis of

handling considerations, with flywheel weight preferably being 20 Tons

(18,140 kg) or less. Flywheel stressing should be ultra-conservative.
As detailed in Appendix B, roller diameters up to about 72" could be used

without violating the maximum weight limit of 25 tons per flywheel, for

flywheel diameters of about 8 feet, Although significant flywheel weight

reduction could be achieved by using smaller diameter rollers (running at

higher rotational speed) this option is unattractive in that it

significantly increases contact area distortion due to roller diameter

and decrowning effects,
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It is recommended that a parallel theoretical study be

undertaken to develop and/or adapt computer programs to:

~ investigate the sensitivity of creep forces to roller diameter

- assess the sensitivity of contact area simulation to wheelset

yaw and resultant decrowning such that possibly an upper limit

of yaw angle for realistic representation can be determined as

a function of the chosen roller diameter.

Provided that the maximum practícal roller diameter is initially used,

subsequent tests could be carried out on the rig using smaller diameter

rollers, to validate the theoretical sensitivity investigation, if deemed

necessary.

3.7.3 Roller canting

Simulation of canted rails with rollers can be achieved using

either canted rollers or uncanted rollers, which have appropriately

tilted rail head profile, as shown diagrammatically in Figure 9. In

view of the temperature range, presence of contaminants and extended test

duration that the rig must endure, the rig should be as simple, rugged

and reliable as possible. Thus it is suggested that, at least initially,

uncanted rollers be incorporated, mechanically simplifying the rig design

by ensuring that constant velocity couplings are not needed.

Incorporating uncanted rollers requires that the rail profile be machined

on to the roller appropriately tilted so as to simulate rail canting.

This tilting will cause a slight velocity gradient across the roller face

which will be somewhat unrepresentative of the stationary rail. Herein,

the relative velocity error across the profile will be minimized by

maximizing the roller diameter, as recommended in the previous section.

Further, it 16 ultimately the velocity gradient across the actual contact

patch (which is considerably narrower than the roller width) that will

induce a spin moment error on the wheel. Although this spin moment error

will affect the investigation of fundamental contact area phenomena and

the evaluation of wear, particularly on tangent track, it is recommended,

1n view of the mechanical complexity necessary to incorporate canted

rollers, that uncanted rollers be used. Herein, it is felt that it is

more important to be aware of the possible errors induced by not canting

the rollers than to possibly jeopardize the usefulness of the rig by

making it too complicated. This spin creep error would not be expected

to have any significant effects upon tests such as determination of wheel

stress determination, braking efficiency or wear but would be expected to

affect wear and fundamental contact studies.

In fact, in many theoretical analysis, the effect of spin creep

appears to be ignored in that, under tangent condítions, it tends to be

of secondary importance relative to effects due to surface condítion and

contamination. However, under conditions of high wheelset lateral
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offset, such that local conícity becomes high, spin creep can be

significant and can affect lateral and longitudinal creep, as per Figure

7, and thus should be accounted for. It is recommended that a rig layout

be considered such that subsequent roller canting be provided if

required. Herein, incorporation of canting would require shimming of the

bearing housings and rollers to 1 in 20 (or 1 in 40) and allowing space

for appropriate constant velocity couplings at and between the rollers.

The constant velocity coupling between the rollers must be protected from

potential contaminants and must incorporate minimal lateral stiffness

Such that the roller lateral forces could still be individually measured.

It is suspected that subsequent canting will not be a high priority in

that the errors in spin moment and lateral force induced by not canting

are expected to be of second order importance relative to other

uncertainties due to such effects as surface condition, contamination,

and measurement errors,

3.7.4 Roller reprofiling

The very nature of wear testing makes it mandatory that the

rollers can be readily exchanged or reprofiled, as well aa being readily

available and reasonably priced. It is virtually impossible to estimate

the frequency of reprofiling that will be necessary since it will depend

on the specific tests undertaken, their duration, loads involved,

presence of contaminants, roller metallurgy, etc.

There has been a suggestion that reprofiling of the rollers

might be most efficiently accomplished by mounting a profiling machine on

the rig frame and rotating the rollers using the rig drive system.* When

using cemented carbide tools and taking shallow cuts, suggested cutting

speeds for steel castings are in the order of 200 to 400 ft/min (61 to

122 m/min) [Ref. 25]. For a 42" (107 cm) diameter roller, this

corresponds to a roller rotational speed in the order of 18 to 36 rpm,

but experience gained on the NRC Curved Track Simulator (CTS), using the

proposed motor and motor controller, suggests that accurate speed control

of the motor at such low speed may not be practical. (Use of a larger

diameter roller would further reduce the required rotational speed.) The

difficulty encountered with the low speed motor control on the CTS may be

due to the system mass/gearing etc., and the mechanical configuration of

both systems must be reviewed in detail to evaluate the possibility of

adequate low speed control for reprofiling. However, reprofiling of the

rollers will produce considerable quantities of fine abrasive dust

against which the rig, bearings, couplings, motor, etc., must be

thoroughly protected during reprofiling. Thus, it is recommended that

the rig be designed such that the rollers can be readily removed for

reprofiling or that the rollers be fitted with one piece tires that can

*It has been estimated that such a special profiling machine suitable for

cig mounting, including purchased profile follower and carbide bits,

would probably cost in the vicinity of $50,000 to $75,000.
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be readily removed for reprofiling. (It is suspected that the cost of

such reprofiling may be one of the most significant rig operating costs

and thus the inherent economic tradeoffs will be carefully considered

during the rig design stages.)

3.8 Control, Measurement and Monitoring Considerations

It 18 recommended that both the instrumentation and hydraulic

control systems be such that "quasi-static tests", to at least 1 cycle/

minute be possible.

The following sections review the rig control, measurement and

monitoring requirements. (Wheelset and roller speed measurement are

considered in Section 3.6.1.)

3.8.1 Load application

a) Vertical load

Vertical load, to a maximum of 80,000 1b (36,290 kg) per wheel,

is to be applied through hydraulic actuators situated on the overhead

crossbeam. It is necessary, as per Section 3.5.1, to ensure that no

longitudinal or lateral forces are transferred through these vertical

load actuators. Typically, the vertical load will be monitored and/or

controlled using the load cells, as per Section 3.8.4, rather than the

load cells in the actuator. However, it is preferable to incorporate

both an LYDT and a load cell in the actuator for health monitoring and

safety limit purposes. It is suggested that a short but standard

actuator, having a stroke of approximately *3" (7.6 cm), would be

preferable in terms of accommodating the different wheelset and roller

diameters possible. (Wheelset diameter may vary from 28" to 44" (71.1 cm

to 111.8 cm) and roller diameter will remain relatively constant once it

has been selected, Any difference exceeding the actuator stroke length

could be accommodated by appropriate shimming.) Typically any

“quasi-static cycling" (not to exceed 1 cycle/ minute) would be in the

force mode and would be of limited excursion.

b) Lateral load

Lateral load, to a maximum of 40,000 lb (18,140 kg) per wheel,

is to be applied through the overhead crossbeam by means of hydraulic

actuatot(s). It 48 necessary to ensure that no longitudinal or vertical

Forces are transferred through the actuator(s). Typically the lateral

load would be monitored and/or controlled using load cells as per Section

3.8.4 rather than using the actuator load cell. However, it is

recommended that both an LVDT and a load cell be incorporated in this

actuator for health monitoring and safety limits. The stroke requirement

is in the order of +1-1/2" (33.8 cm) at 1 cycle/minute (for wear testing)

and in the order of +2" (15.1 em) for wheelclimb investigation. (For

wheelclimb investigation it may be preferable to use a screw jack for

lateral position control, as per Section 3.8.3(a).)



~ 29~

c) Longitudinal force

Control of the longitudinal force can be achieved by measuring

the longitudinal force as per Section 3.8.4 and appropriately controlling

the motor power or the braking force. Longitudinal force, to

approximately 24,000 1b (10,900 kg) per wheel can be produced by driving

the rollers and applying a braking force to the wheelset as per Section

4.3.3(a).

3.8.2 Hydraulic system

The system operating pressure, to be compatible with existing

Railway Laboratory equipment, should be nominal 3000 psi (210 kg/cm) and
the supply sized appropriately to provide simultaneously the response as

per 3.8.1(a) and/or (b) above. The hydraulic power could be supplied

preferably by a rig mounted unit, or alternately, by existing equipment,

provided that it can be made available both in the Railway Fatigue and

Wear Facility Building and in the Environmental Chamber. The hydraulic

supply may require appropriate thermal conditioning, particularly

depending on its position when the rig is in the Environmental Chamber.

Further, the supply must incorporate appropriate filtering and be

protected from the potential contaminants.

3.8.3. Wheelset position

The actual geometry of the wheel/rail contact area is extremely

sensitive to the wheelset lateral offset and yaw angle relative to the

rollers and thus, both offset and yaw angle must be accurately measured.

If the outer frame and the crossbeam of the inner frame were infinitely

stiff and the wheelset bearings had no side-play, it would be

theoretically possible to vectorially determine wheelset lateral offset

and yaw angle from the position of the inner frame crossbeam as

determined by the actuators and/or screw jacks. However, both lateral

position and yaw angle must be very accurately controlled and thus it

will be necessary to measure each more directly, as discussed below.*;

a) Wheelset lateral position

Wheelset lateral position can be controlled using hydraulic

actuators or screw jacks against the overhead crossbeam. In order to

accurately hold a constant lateral position, a screw jack is probably

preferable, whereas to quasi-statically control lateral position in the

range + 1-1/2"(+ 3,8 cm) to about 1 cycle/minute, a hydraulic actuator

may be necessary. In either case, it is recommended that the lateral

offset of each wheel is measured as closely as possible to the wheel/rail

interface (because of lateral play in the central spline), using a sensor

such as an LVDT, back pressure sensor, etc. having the best accuracy and

repeatability practical.*, Herein, the technique chosen must be either

*jIt is suspected that for some tests, when using rollers to simulate

rails, it will also be necessary to calculate or measure wheelset

decrown angle (as defined in Figure C-1).

* Meaningful investigation of creep phenomena will require extremely

accurate measurement of wheelset position, in terms of both lateral

offset and yaw angle.
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insensitive to, or capable of being corrected for, both yaw and decrown

angle.

b) Wheelset yaw angle

Wheelset yaw angle can be controlled using a differential ball

screw drive against the overhead crossbeam as shown in Figure 1. Herein

the required range of yaw angle variation will be approximately 32.3

degrees (corresponding to a longitudinal movement of approximately 31.25"

(3.18 cm) at each wheel) to about 1 cycle/minute, with an accuracy* of

approximately +1 to +2 seconds or better. In order to accurately control

yaw angle it will be necessary to measure it directly such as by

measuring the relative positions of two points on the axle.

3.8.4 Roller force measurement considerations

Measurement of vertical, longitudinal, lateral and spin moment

components at each wheel/rail interface can be achieved by instrumenting

the wheelset (which would require instrumenting each subsequent wheelset),

ot the rollers (which would jeopardize force measurement sensitivity

because of the need for significant roller lateral stiffness, as per

Section 3.7.1), or by incorporating load cells at the bearing housings of

each roller. Thus in order to maximize potential force measurement

sensitivity, to avoid a rotating data interface, and to minimize possible

dynamic effects, it is recommended that triaxial load cells be

incorporated near the bearing housings as per Figure 1 and that a

torsionally stiff spline be incorporated between the rollers such that

the roller lateral forces can be individually measured. It is also

recommended, in view of the wide force measurement range required (Table

5), that dual range load cells be incorporated. A load cell arrangement,

such as shown in Figure 10, could be used to measure the required

vertical, longitudinal, lateral and spin moment components at each

roller, but could not separately assess the tread and flange components

of these forces. The load cells should be located as close as practical

to the wheel/roller interface to minimize measurement errors.

3.8.5 Brake Force Measurement

Measurement of braking forces will require a wheelset with

instrumented brake rigging incorporating load cells capable of measuring

both the normal and tangential brake force components estimated, as per

Section 2.2.1, to be in the order of 5000 Ib and 2500 lb per wheel,

respectively. Herein, provision should be made for measurement with

tread brakes, clasp brakes and disc brakes.

*Field measured yaw angles in Ref. 18 are estimated to have an error less

than 5 seconds.
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3.8.6 Profile measurement

The actual geometry of the wheel/rail contact area is extremely

sensitive to the wheel and roller geometries and profiles and their

relative positions and thus, these parameters must be very accurately

measured, Wheel and roller profiles may be measured by profilometers

such as per References 6 and 26.

Extreme care must be taken that the wheel profiles are

individually referenced to both the wheel and the wheelset axle and that

the roller profiles are referenced to both the roller face and shaft.

Herein, for wear tests, subsequent wheel and roller profiles also must be

very accurately measured and carefully registered against previous ones.

Increasing weasurement and registration accuracy may permit a

corresponding reduction in test duration.

Running of the rig will inherently cause wheel and roller

profile changes and it 1s recommended that profiles be re-measured

following each test (or even during prolonged tests). Further,

continuous monitoring of a reference diameter, probably a gauging

diameter, would also be useful.

3.8.7 Wheel/rail contaminants

Provision must be made for the introduction of controlled rates

of the following contaminants to the wheel/rail (or wheel/brake)

interface:

~ sand. Although for traction the optimum quantity would be ᓏ

one particle thick layer (corresponding to 4 oz/min at 14 mph

or 113 gm/min at 22.5 kph), sanders are typically adjusted to

deliver 16-24 oz/min (454-680 gm/min). [Ref. 27, p. 2-102.]

The sand should be 100% silica sand in the range of grain sizes

as per AAR Specification M-916.

- water. References in the literature [Ref. 28, 29, 30], suggest

various spray configurations for simulation of braking under

wet conditions and recommend water spray rates over the range

8 oz/min to 200 oz/min (230 ml/min to 5700 ml/min). It is

recommended that the procedure, [Ref. 30], of approximating the

exposure rate to water as a function of the swept volume of

spray for any given simulated speed be adopted. (Herein, for a

36" (91 cm) diameter wheel, at 30 mph (48 kph) the rate would

be approximately 7.9 oz/min (225 ml/min), and would vary

proportionally with speed.)

~ grease, It is recommended that rail lubricator or flange oiler

techniques be used to apply grease to the wheel or roller.

- miscellaneous, Wear particles from rail, wheel or brakes, as

well as anything that might fall from a train (coal dust,

sulphur, etc.) may be found in the wheel/rail interface.
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It will be necessary to ensure that the contaminant delivery technique

and rates are reasonably representative of field conditions.

Provision must be made on the rig, in terms of shields, a catch

basin, etc., to contain any applied contaminants and it is recommended

that the motor housing be pressurized to minimize risk of contamination.

3.8,8 Rig monitoring

A significant amount of rig running time is likely to be

accumulated with the rig running unattended and thus it is necessary to

incorporate a number of monitors with appropriately set limits to

initiate rig shut down should any parameter exceed a preset safe limit.

Safe levels for the relevant parameters, and appropriate monitoring

positions should be established during the rig commissioning and

shakedown procedure. (During the detailed rig design phase,

consideration should be given to specific commissioning, shakedown and

shut-down procedures.)

Typically tests on creep and wheel climb are most likely to be

performed under fully attended conditions whereas all other types of

tests - particularly wear and simulated service braking — may be

performed unattended. It is recommended that the likely types of failure

modes for the various types of tests be considered in order to identify

appropriate parameters for monitoring.

3.9 Limitations of Proposed Design

It is impossible to exactly duplicate the wheel/rail interface

with any rig, even using a full-scale wheelset, and thus it is important

to be aware of the inherent limitations, The limitations of the proposed

design may be conveniently divided into

— elements for which simulation is not attempted

~ inherent simulation inaccuracies

~ measurement and control uncertainties

- effect of "closed" system operation, when the same pair of

rolling surfaces are continuously exposed to each other.

3.9.1 Elemente omitted

The initial omission of a wheelset traction motor will preclude

doing any adhesion studies on the rig and will necessitate incorporation

of a special braking package for creep evaluation (see Section 4.3.3).

However, it 18 recommended that the rig be designed such that a driven

wheelset may be subsequently incorporated, if required.
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Further, in order to maintain rig simplicity and ruggedness at

reasonable cost, it has been recommended that the following are not

included in the rig:

a) Suspension components

The test rig has been proposed for testing single wheelsets and

thus no provision has been made for incorporation of any suspension

elements.

b) Dynamic track inputs

It has been recommended (Section 2.1.3) that no provision be

made for any dynamic track inputs because of the inherent cost and the

mechanical and hydraulic complexity.

c) Roller differential speed

In order to keep the roller drive system simple and rugged, no

provision has been made to provide differential speed between the two

rollers and thus accurate simulation of wheelset performance through

curves may not be possible, (A possible approach to curve investigation

ia considered in Section 3.9.5.)

3.9.2 Inherent simulation inaccuracies

The major simulation inaccuracy arises from the use of a roller

having finite radius of curvature to simulate a rail having infinite

radius of vertical curvature, as discussed in Section 3.7.2. Further,

inaccuracies are also caused by the use of uncanted rollers with tilted

profiles to simulate canted rails, as per Section 3.7.3. Section 4.1.1

recommends development of a mathematical model to explore rig sensitivity

to these various design parameters and assist in defining realistic

measurement accuracy requirements,

3.9.3 Inherent measurement and control uncertainties

The numerous uncertainties inherent in the measurement and

control functions should be characterized, as per Section 4.1.2, such

that a confidence band may be applied to all rig-generated data.

3.9.4 "Closed" system

The continual running of the wheels against the rollers may

tend to produce "conformal" wear, as opposed to field conditions wherein

a given length of track is exposed to a distribution of wheelset

geometries and positions as well as frequent intervening periods with no

traffic. Since wear is inherently a function of actual contact geometry,

the cig observed wear patterns during a test may diverge from those

observed in the field as discussed in Section 4.3.4. (Occasionally

turning the wheelset end-to-end could help to minimize such effects.)
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Further, the continual running of the wheels against the

rollers will produce a temperature rise that must be controlled, such

that the wheels run at typical operating temperature.

3.9.5 Possible approach to curving investigation

To retain mechanical simplicity it has been recommended that no

proviston be made for curved track simulation since such simulation

requires differential speed between the two rollers. Herein, curving

simulation, 1f required, should be performed on the NRC's Curved Track

Simulator (CTS) which was specifically designed for such investigation.

However the CIS was not designed for extended duration wear testing, and

if such testing {8 required it may be possible to achieve reasonable

curve simulation on the rig by machining the two wheels of the wheelset,

or alternately the two rollers, to appropriately different diameters and

setting the wheelset at an appropriate yaw angle to simulate a specific

radius of curvature. As a first approximation, as detailed in Appendix

D, the required difference in radius, Ar, between the two wheels of the

wheelset or between the two rollers, to simulate the required

differential velocity induced by a curve of D degrees may be shown to be

dr= 422 Dr

5730

where r = average radius, of wheels or rollers

D « degree of curvature.

As detailed in Appendix D, for typical wheelset radii, the required

radius difference for degrees of curvature to 12? may be very close to

that occurring across the coned wheel tread. Thus, if such an approach

to curving simulation is considered, it may be preferable to machine the

appropriate differential radius on the rollers rather than on the

wheelset. However, since substantial and careful machining would be

required to produce the radius differences for any given degree of

curvature to be investigated, it is recommended that before such curve

simulation is implemented, a mathematical model of the rig (as per

Section 4.1) be used to undertake a more detailed investigation of such

curve simulation. Further, should such curve simulation be undertaken,

it would be necessary to verify that the resulting wheelset

position/force relationships reasonably approximate those occurring under

field conditions,

4.0 RECOMMENDATIONS FOR FACILITY DEVELOPMENT AND UTILIZATION

It is recommended that the detailed design of a rig, based on

the NRG Conceptual Design as proposed in Section 3, be undertaken. Such

a multipurpose test rig would be unique in allowing testing of wheelset

components (brakes, wheels, axles, bearings, etc.) and investigation of

wear and creep phenomena under realistic loading aud environmental
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conditions. Further, the rig, as proposed, is sufficiently flexible as

to be suitable for the investigation of numerous other problems as may

need to be addressed. A major consideration in rig utilization, will be

to establish that results obtained using the rig are validated by field

results over a significant range of parameter variation. It is

recommended that, in parallel with the rig design activity, a

mathematical model of the rig be developed. The following sections:

~ outline the requirements and uses of such a mathematical model

- suggest commissioning procedures for the rig, including

characterization of the "as-built" rig parameters to update the

mathematical model

~ suggest validation procedures for measurement of wheel/rail

contact areas, creep and wear. It is recommended that during

the design stage these suggested procedures and the question as

to what constitutes validation be fully reviewed by the

Steering Committee.

4.1 Parallel Theoretical Investigation — Mathematical Model of

the Rig

The in-parallel development of a mathematical model of the rig

is recommended in that such a model

~ can be used during rig design to explore the rig sensitivity

(Section 4.1.1) to various design parameters and possibly to

identify potential problem areas, and to assist in defining

realistic measurement accuracy requirements

~ can be extended (when updated to incorporate the “as-built”

rig parameters of Section 4.2.1) to predict a confidence band

on model and rig results (Section 4.1.2)

~ will be subsequently required for the prediction of the

geometry of the wheel/rail contact area from the measured

wheel and roller profiles and the wheelset position (Section

4.3.1).

It is recommended that, as the various portions of the model

are validated, the model be updated such that for any model output, the

range over which validation has been achieved can be readily identified.

4.1.1 Sensitivity analysis

The mathematical model of the rig can be used during rig design

to explore rig sensitivity to various design parameters such as frame

stiffness, roller lateral stiffness, roller diameter, tilted profile ve

canted roller, etc., as discussed in Sections 3.5 through 3.7, and
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possibly to identify potential problem areas, such as structural or shaft

resonances, etc. Herein, it is acknowledged that until the rig is

actually built, such a model cannot be completely validated. However, an

initial validation of the model may be approached by comparing the

sensitivity of some parameters (such as roller diameter) to the

corresponding results from an appropriately manipulated existing

mathematical model of the Curved Track Simulator.

Further, estimated measurement uncertainties should be

incorporated into the model such that it can be used to explore the

sensitivity of predicted results to the various measurement

uncettainties. For example, it is suspected that creep results will be

particularly sensitive to actual wheel and roller profiles and that thus

the profiles mst be very accurately measured and actual profile position

carefully determined. Herein appropriate use of such a model would

assist in defining realistic measurement accuracy requirements.

4.1.2 Error analysis

Once the rig is built, it should be characterized in terms of

its "as-built" parameters, (Section 4.2.1), and these parameters

incorporated into the mathematical model. Further, all measurement and

control uncertainties should be incorporated into the model such that it

can be used to predict a confidence band on model results, and, when

validated, also on rig measured results. It must be recognized that when

good correlation is achieved between rig and mathematical model results,

it does not necessarily imply confident extrapolation to field

conditions,

Similarly, as discussed in Section 4.3, field data should also

be characterized in terms of a confidence band such that a validation

confidence level may be assigned to any observed correlation.

4.2 Recommended Procedure for Commissioning of the Facility

It is recommended that, prior to undertaking specific

validation tests, as per Section 4.3, time be taken to allow the in-house

operators to become familiar with the rig, to explore its practical

limitations and identify (and hopefully rectify) any operating

difficulties, resonances, etc. The specific procedures of this

“shakedown” phage should evolve during the rig design phase but must

include auch items as

~ calibration procedures

- exploration of practical limits of various parameters, such

as maximum yaw angle

- definition of realistic safe limits for rig monitoring
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~ characterization of rig asymmetries

~ characterization of all parameters required to update the

mathematical model of the rig.

4.2.1 Parameters to be determined

The list of rig parameters that must be assessed will fully

evolve during the rig modelling process but such a list will certainly

include such items as

roller lateral stiffness (possibly as a function of speed)

- drive system torsional stiffness

7 frame stiffness

- response time (motor speed control, actuator position

control, etc.)

~ control and measurement uncertainties under various

conditions.

4.3 Recommended Validation Procedures

Ultimately, for the experimental results generated using the

rig to be useful, ít is necessary to demonstrate that such resulte may be

realistically extrapolated to field conditions. Thus, it is recommended

that the initial tests which are undertaken should correspond to field

conditions for which relatively consistent field data is available or may

be generated, (as suggested in the following sections). Further, it is

also relevant to address the question of what may be construed to

constitute validation. Herein, it has been recommended that the

mathematical model be used to calculate a confidence band applicable to

any rig-generated data. Similarly a confidence band should be assessed

for all field-generated data such that a validation confidence level can

be assigned to any observed correlation. Further, it is recommended

that, at least initially, regardless of the type of test, all variables

including wheel and roller profiles, wheelset position, surface

conditions, etc., be fully documented. It is also recommended that wheel

and roller profile measurements be made at least before and after all

tests and possibly during extended tests, (unless, of course, provision

is made for on-line profile determination).

The following sections recommend validation procedures for:

- contact area prediction

~ force measurement



~ 38~

7 creep measurement

~ wear determination

4.3.1 Verification of contact area prediction

In order to verify the prediction of the contact patch geometry

by the computer model it will be necessary, as diagrammed in Figure 1l

to:

1) Define a realistic range of yaw angles, lateral positions and

vertical loads over which contact geometry prediction is to be

validated.

2) Measure the actual wheel and roller profiles.

3) Determine the geometry of the actual wheel/roller contact

area. The geometry of the actual contact area may be

determined statically on the rig by inserting a tape or film,

[Ref. 4] and striking the wheel to produce a suitable imprint.

4) Theoretically predict the geometry of the wheel/roller contact

area in terms of material properties and measured wheelset

position, load, and wheel and roller profiles. The required

materials properties are the modulus of elasticity and Poissons

ratio, for both the wheel and the roller. Since the Hertz

stress equation indicates low sensitivity to these parameters,

and since they are reasonably well defined for the relevant

materials, they can be assumed from available engineering

data.

5) Compare the actual and calculated contact areas.

6) Repeat, as required until the calculated and actual contact

areas are within a predetermined level of agreement or until

the discrepancy can be reasonably explained.

7) Incorporate the limits over which validation has been obtained

and the level of validation in the program such that for any

subsequent program output, this information can be readily

obtained,

As recommended above, all inherent uncertainties in the process must be

considered. This validation process will be useful in verifying the

inherent sensitivities and in indicating whether the achieved accuracies

in the measurement of wheel and roller profiles and in wheelset lateral

position and yaw angle are acceptable.

The contact area geometry is particularly sensítive to the

wheel and roller profiles, and thus, it is recommended that contact patch
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validation be repeated periodically as the wheel and/or roller profiles

change.

4.3.2 Initial investigation of force measurement

It is suggested that, before undertaking any detailed

investigation of creep phenomena, that an attempt be made, for a limited

range of wheelset speeds, positions and loads, and for at least clean,

dry conditions to determine whether the rig measured forces are

reasonable. For example, the rig-measured forces corresponding to

specific wheelset positions and speeds, could be compared to those

similarly measured with the National Research Council's Curved Track

Simulator (providing that suitable instrumentation is incorporated).

Further, if at all practical, an attempt should be made to extend such

matching to available field data or data from other rigs. Herein it is

acknowledged that the measured forces are dependent on actual creepage

which is in turn dependent on actual profiles, relative positions,

surface contamination, coefficient of friction, etc., (as well as dynamic

inputs and rig restoring forces) and thus an exact correspondence is not

expected.

Further, the initial rig results might also be compared to those

predicted using the model, as a first step towards investigating the

validity of the incorporated creep model. Herein, care must be exercised

to ensure that correlation is not achieved by making arbitrary

coefficient changes.

4.3.3 Recommended procedure for creep measurement

Longitudinal, lateral and spin creep are interrelated (as per

Section 2,7.1) but, at least initially, the creep componente should be

measured as independently as possible, as suggested below. In general,

experimental determination of the creep characteristics will, as per

Figure 12, require

° measurement of*

- wheel and roller geometries including profiles

~ wheelset lateral offset

~ wheelset yaw angle

~ wheel vertical load

~ wheel and roller rotational speed

- creep forces

~ surface finish (1f practical)

*It is suspected that when using rollers to simulate rails, it will 8180

be necessary to calculate or measure wheelset decrown angle (as defined

in Figure C-1).
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ᐤ knowledge of the wheel and roller material characteristics

- modulus of elasticity, E

~ Poissons ratio, σ

as well as

— measurement or prediction of the geometry of the wheel/roller

contact area

Initially, creep studies should be carried out with "clean, dry“

wheel and roller surfaces and extended to include temperature effects

and/or contaminants, ag per Figure 12, only after a reasonable period of

familiarization. Experience on the roller rig at the Transportation Test

Center, Pueblo, Colorado indicated it was necessary to scrape, and/or

clean the wheel and roller with solvents prior to each test in order to

achieve repeatable results under "clean, dry" conditions [Ref. 2].*

Creep results will be dependent on actual surface finish and thus,

ideally, surface finish should be characterized, if possible. Further,

it is recommended that during creep tests, in order to minimize

contamination, wear particles produced by the wheel/roller contact be

removed using brushes and a vacuum system and possibly a magnetic

pickup.

The specific considerations for longitudinal and lateral creep

characteristic determinations are discussed below.

a) Longitudinal creep determination

In order to evaluate the longitudinal creep characteristic it is

necessary to induce measurable increments of longitudinal creep and

measure the corresponding longitudinal force. It is recommended that, at

least initially, longitudinal creep is induced by wheelset braking. Use

of conventional tread brakes may introduce unbalanced braking as well as

producing wheel and brake wear particles to contaminate the surfaces

being studied, Thus it is recommended that some form of in-board

braking, such as disc brakes, be incorporated to minimize these problems.

In order to induce the desired increments of creep it will be necessary

to accurately control both braking force and roller speed. (Herein, the

inertia will be required to maintain a constant roller speed at each

creep increment.)

The longitudinal creep force should be measured as independently

a8 possible of the lateral creep force and the spin moment by holding

both the wheelset lateral offset and yaw angle as close to zero as

possible. The measured longitudinal forces at the right and left roller

Should then be approximately equal and the experimental longitudinal

creepage characterized as the total longitudinal creep force versus

3041 leakage from the roller journals had caused a fine oil mist which

formed a semi-brittle residue on the rollers.
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longitudinal creepage, as per Figure 13. Herein the longitudinal

creepage is equal to the differential velocity between the wheel and

roller divided by the average velocity. (The lateral creep forces and

spin moments, which should also be approximately equal at the right and

left rollers, should be comparatively small but should he recorded.)

The longitudinal creep characteristic may be normalized such that

the slope of the characteristic may be compared to the theoretically

predicted Kalker creep coefficient as shown in Figure 8.

b) Lateral creep determination

Similarly, lateral creep may be readily induced, relatively

independently of a longitudinal creep force component, by imposing a yaw

angle on the unbraked wheelset. The experimental lateral creep

characteristic may be characterized as lateral force versus yaw angle.

(The magnitude of the simultaneous longitudinal force and spin moment

should also be recorded.) The experimental lateral creep characteristic

may be normalized and the slope compared to the theoretically predicted

Kalker creep coefficient as per Figure 8.

4.3.4 Recommended procedure for wear measurement validation

Economically, as discussed in Section 2.6, one of the most

significant wear problems that might be addressed is the flange wear that

occurs on the gauge face of the high rail in tight curves and the

associated head flow and corrugation occurring on the corresponding low

rail. This condition is typically found in regions of high curvature,

particularly where heavily loaded unit trains are used. Although such

weat is probably more a function of the heavy axle loading than the unit

train per se, such a situation mght provide reasonably consistent and

monitorable field conditions against which rig generated data could be

assessed,

Inherently, there are a multitude of non-linearly interrelated

parameters that affect rail/wheel wear and there are many different

approaches possible for wear validation. (A possible approach to wear

testing is given in Figure 14.) For example, one approach might be to

choose a specific curve for which rail renewal is being undertaken. it

1s worth considering to what extent it might be practical to characterize

such a curve in terms of the statistical distribution of typical wheel

profiles, wheelset positions and yaw angles, environmental conditions,

contaminant conditions, etc., and to subsequently program the rig to

attempt to duplicate a realistic distribution of positions and field

conditions over some appropriate number of ton-miles. Confronted by such

a range of variables, it would probably be more realistic to attempt to

isolate those parameters which are currently deemed to have the most

significant effect on wear (e.g. yaw angle, creepage, presence of solid

contaminants). For example, for initial validation purposes, the
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simplest procedure might be to assume that the worst wear is produced by

the wheelset that travels through the curve at the highest angle of

attack, (Herein there are indications in the literature [Ref. 20] that

rail life appears to be correlated with angle of attack although there

may be a critical angle of attack above which further increase does not

substantially increase wear [Ref. 20, Figs. 9 and 10].

The typical position of a representative "worst-case" wheelset,

and the associated wheel/rail forces, would have to be determined either

in the field, or alternately, using the NRC Curved Track Simulator. The

correspondence of position and forces for the wheelset on the full-scale

rig would then have to be verified as per Section 4.3.2. The wheelset

could then be run at the worst-case position for an appropriate number of

ton-miles, and the resulting roller wear rates compared to the rail wear

rates occurring in the field. Herein, it might be difficult to determine

the appropriate number of ton-miles in that, in the field, wear is also

being contributed to by numerous other wheelsets at different positions

and yaw angles. Further, wear is ultimately a function of the actual

geometry of the contact patch and the stress distribution across it, and

thus, of actual wheel and roller, or, wheel and rail, geometry. Thus, if

wear proceeds differently in the field and on the rig, there may be

increasing differences between rig and field profiles, wear rates and

associated wear patterns as the test proceeds. In fact, such continuous

running of the wheels against the rollers in a constant position may

rapidly produce conformal geometry of the rolling surfaces and

unrealistic wear conditions.

It 18 recommended that, whenever practical during wear tests,

the creep forces and creepages be measured as per Section 4.3.3, and that

the contact areas be calculated (and valídated as per Section 4.3.1) such

that the wear characterizations [Ref. 20] and the corresponding wear

number, Ty/A*, [Ref. 31] be calculated and the validity of these

characterizations be checked against the measured wear rate. It is

suspected that, because of wear, such characteristics will change during

any extended test and thus appropriate intervals must be determined for

measurement of wheel and roller profiles, if the profiles cannot be

measured on-line.

It is also recommended, at least initially, that for all wear

test on the full-scale rig, corresponding tests be run on the NRC Western

Lab 1/10 scale wear rig [Ref. 32] and that the feasibility of

extrapolating the small scale data to full-scale be fully investigated.

*T - creep force

creepage

area of contact patchᐅ ᐦ
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5.0 CLOSURE

It 18 recommended that the detailed design of a full-scale

multipurpose wheel/rail test rig, generally as per Figure 1 and as

specified in Tables 4 and 5, be undertaken. Such a rig would be unique

in allowing testing of wheelset components (brakes, wheels, axles and

bearings) and assessment wear and creep on a full-scale wheelset, under

realistic loading conditions and under realistic yet controlled

environmental and contamination conditions. It is also recommended that

the in-parallel development of a mathematical model of the rig be

undertaken to assist in the evaluation of specific design tradeoffs and

to subsequently assign realistic confidence bands to rig generated data.
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Appendix A.

Summary of Design Parameters, Including Comparison with

Parameters Recommended in TDC Conceptual Design Report

A preliminary investigtion into the conceptual design of a

wheel/rail system test rig [Ref. 3] provides:

— general guidelines as to the potential uses of the

wheel/rail system test rig

— a tentative specification including ranges of some

parameters and suggested measurement accuracy for selected

parameters

- a verbal indication of a possible rig configuration

The current report reviews in detail a number of potential uses

for the proposed multipurpose wheel/raii test facility (Section 2) and,

on this basis recommends a conceptual design (Section 3), generally as

per Figure l.

The recommendations of this report and Reference 3 are

summarized in Tables A-1 and A-2 in terms of design details and required

parameter ranges respectively.

The major difference between the two reports is in the approach

to longitudinal creep studies whereby Reference 3 recommends the

incorporation of a powered wheelset and the current report recommenda

incorporation of a specialized braking package (Section 4.3.3) for

longitudinal creep tests. (The current report does, however, recommend

design of the rig such that a powered wheelset can be subsequently

incorporated, if required.) Although the latter approach initially

precludes traction studies, it allows for a significant range of tests,

including decelerating adhesion and creep studies, during which the

operators could gain significant experience in rig operation,

Other differences between the recommendations of the two

reports are also noted and reviewed in Tables Α-] and A-2.
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Appendix B.

Tentative Flywheel Design

It is recommended that the inertia be designed such that any

required wheelset kinetic energy up to that of 1/4 of a loaded 125 ton

car (total weight approximately 313,000 1b) to 80 miles/hour be

available, as required. Further, it is recommended, that very

substantial factors of safety be used.

The kinetic energy, per axle of the loaded car is

ο - + + - 209,090- 29592825]
= 16.7105 ft-1b

^ 17x109 ft-1b

= 41 wy? for the flywheel a)

Assuming that two flywheels are used and are on the same shaft as the

rollers (as shown in Figure 1) the rotational speed of the flywheels

will equal the rotational speed of the rollers, ie

Op= UR

Assuming roller diameters of 42" (corresponding to a locomotive wheel),

63" (corresponding to the existing CTS rollers) and 72” (corresponding to

an arbitrarily assumed upper limit of convenient roller diameter) the

corresponding rotational speeds (to provide a roller peripheral speed of

80 mph) and the corresponding total rotational inertias are given in

Table B-l. Herein, the rotational speed (up = a) is obtained by solving

for the roller rotational speed in

V
R 80 x 5280 , 1 11193"m 5 253 × "C0 rad/sec

where Vg = roller peripheral speed in ft/sec

and tp = roller radius in feet

and the corresponding total flywheel inertia, I, obtained by solving

equation (1).
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Roller Rotational Required

Diameter Speed Rotational

ως = sg Inertia, I

(inch) (Rad/sec (ft-1b-sec?)

42 67 7,563

63 45 17,017

72 39 22,227

Table 8~1

Rotational inertia requirements (per axle) for simulation

of loaded 125 ton car at 80 mph with given roller diameter.

An economical type of flywheel, which appears to have good

potential for variation of inertia, is that built up of steel plates

stacked and bolted together on a through shaft. For such flywheels, the

maximum hoop stress is at the bore and is given [Ref. B-1, p.339] by

2
$ = 0.0194 v2 [4.333 + ($) J (2)

where maximum stress, psi

inner diameter

outer diameter

rim velocity, ft/sec

8

d

D

V

Making the relatively conservative assumption of a flywheel

inner diameter of 1 foot, and using equation (2), the maximum stress can

be calculated as a function of the flywheel diameter for each of the

three selected roller diameters and corresponding maximum rotational

speeds as plotted in Figure B-l. From Figure B-l it can be seen that the

maximum stress is considerably below the assumed safe working stress of

24,000 psi*.

The moment of inertia for such a stacked plate flywheel is

Is 3 me? = ᔻ z r?

= + outa?
[4
4

= jr 1b-ft-sec?

*This safe working stress was calculated from the 60,000 psi tensile

strength of steel on the basis of a factor of safety of 2.5 [Ref B-l,

p.339]
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where p = flywheel material density, 490 lb/ft?/for steel
$ = flywheel width, ft

r = flywheel radius, ft

and g = acceleration due to gravity, 32.2 ft/sec?

such that the width of the inertia is given by

g = 551
prr

or the weight of the inertia, W, is given by

ᐅ - 28 18.
r

For the moment of inertia, I, as per Table B-1, Figures B-2 and B-3 show

respectively the total width and total weight of inertia, required for

each chosen roller diameter as a function of inertia radius to a maximum

radius of 4 feet. Herein, the maximum practical flywheel diameter, on

the basis of availability of steel plate, is 8 feet, and on the basis of

convenience of handling is probably about 6'.

Further, for convenience of handling and of rig balance it is

recommended that the inertia be assembled into two flywheels as shown in

Figure 1, where the width and weight of each will be half that indicated

in Figures B-2 and B-3, It is further suggested that, from practical

considerations, the width of each flywheel should be less than 5 feet and

the weight be less than 25 tons (preferably less than 20 tons) where

these limits for the total inertia are indicated on Figures B-2 and B-3,

From Figure B-3 it is apparent that a roller diameter up to about 72"

could be used without violating the maximum weight limit of 25 tons per

Flywheel provided that the flywheel is of 4 foot radius.

Practical Flywheel Considerations

The steel sheet suggested for the flywheels comes in

thicknesses up to 44" in sizes suitable for 8' diameter flywheels and in

thicknesses up to 8" in sizes suitable for 5' diameter. The combination

of thicknesses used for the flywheels should be selected as a function of

the typical inertias that may be required on tests. Herein, the

flywheels must be carefully balenced over the anticiapted operating range

and must be constructed such that when disassembled for smaller values of

inertia, they cannot be incorrectly reassembled. Further, in order to

minimize the time required to change the inertia, it would be preferable,

if possible, to design the rig such that the unneeded portion of the

inertia can be disconnected but allowed to remain on the rig.
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Appendix C.

Consideration of Wheelset Yawing and Subsequent Decrowning

on Resultant Force Distribution

When rollers are used to simulate rails, movement of the

wheelset off the dead centre position of the rollers (such as induced by

wheelset yaw) will change the wheel/roller contact area and resultant

force distribution.

Consider the change in contact area load components due to

wheelset yaw and subsequent decrowning for roller diameters of 20, 40, 60

and 80" at yaw angles of 1, 2 and 3°.

For a standard gauge wheelset (56.5"), as a first

approximation, the horizontal movement of the wheel from the roller

centre position is, as per Figure C-1,

2x = is sin } inches

and the corresponding angular movement relative to the roller is

28 « sin iS

where R = roller radius

r = wheel radius

such that the perpendicular and tangential components of the wheel

vertical force, V, may be resolved, respectively as

Vp = V cos 8

and Vp = V sin ᕞ

as tabulated in Table C-1 for a 28" diameter wheel. The “extraneous”

tangential force component is plotted in Figure C-2 for yaw angles of 0,

1, 2 and 3° as a function of roller radius R. It can be seen that a

decrease in roller radius or increases in yaw angle adversely affect this

force component.

Further, yawing of the wheelset on the rollers can be

considered to produce a yaw spring rate as indicated in Figure C-3,
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Table C-1

Force Components Due to Yawing and Subsequent Decrowning

of 28" Diameter Wheel

R D x 8 V/V Va/V

(Inches) (Degrees) (Inches) (Degrees)

10 1 0.49 1.17 1.00 0.021

2 0.99 2.35 1.00 0.041

3 1.48 3.53 0.99 0.062

20 is 0.49 0.83 1.00 0.015

2 0.99 1.66 1.00 0.029

3 1.48 2.49 1.00 0.040

30 1 0.49 0.64 1.00 0.010

2 0.99 1.28 1.00 0.020

3 1.48 1.92 1.00 0.030

40 1 0.49 0.52 1.00 0.009

2 0.99 1.04 1.00 0.018

3 1.48 1.56 1.00 0.027
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Appendix D.

Simulation of Track Curvature Using Wheels (ox Rollers)

with Different Radii

Under curving conditions, each wheel of a typical railway

wheelset (having wheels pressed onto a solid axle) will revolve the same

number of times but will trace out a different path length. Defining the

degree of curve as the central angle subtended by an arc of 100.007 feet

[Ref. 21, p. 598], yields the definition of the radius of a curve as

R = 5730

where R = radius of curve, feet

D = degree of curve, degrees.

Considering a circular track having degree of curve, D, and corresponding

radius of curvature, R, as per Figure D-l, for a wheelset tracing a

complete revolution of the track, the average path length is

ECC
ᓄᓂᑦ)avg = 2πΕ

and the path length difference is

AU = 2n(n+$B)-2n(r-$8) - amar

= 2n(4.7) feet for standard gauge

such that the ratio of path length difference to average path length

becomes

AL. 7308. ~ ᕆ» - ᓘ
T

4. 7D
5730

Similarly, for a wheelset having wheels of the same conicity

but different rolling radii, as shown schematically in Figure D-1, in one

revolution (under pure rolling), the average distance travelled is

2πί rif) +2n( re)
lgog 7 2

= 2πτ

where τ is the average of the two wheel radii and Ar is the radius

difference between the two wheels. Then the difference in distance

travelled, under pure rolling is

Al = 2+( 4E) ~2n(r-$X)

* 2ndr per revolution
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such that the ratio of the difference to the average distance is

Al 27A Ar
TagAE TE

Thus, as a first approximation, curving may be simulated by machining the

two wheels of the wheelset (or alternately the two rollers) to

appropriately different radii as given by

ste de
avg avg

such that

Ar ᓗ 4.7D

F 5730

and

Aro. 422Dr
5730

In Figure D-2, the required difference in radius is plotted as a function

of the wheel (or roller radius) for 4, 8 and 12° of curvature. (This

range of curvature, from 0 to 12°, was selected as it corresponds to that

which exists on CP mainline track in the Pacific Region [Ref. 22].

Considering a typical unworn wheel profile, having a conicity

of 1 in 20 and a tread width of say 3.6", the difference in rolling radii

across the tread width will be in the order of

ar = 358 = 0.18"

For a conicity of 1 in 40 the corresponding difference will be 0.09".

Thus, from Figure D-2, it can be seen that unless the degree of curvature

and/or radius is relatively large, the radius difference required to

simulate the difference in path length due to curvature will differ very

little from that occurring across the wheel tread conicity. Thus, if

such an approach is to be used, it is probably preferable to machine the

radius difference on the rollers as opposed to the wheels. However,

substantial and careful machining would be required to produce the radius

difference at each degree of curvature to be investigated and thus it 18

recommended that, before such curve simulation is undertaken, a

mathemtical model of the rig (as per Section 4.1) be used to undertake a

more detailed investigation of such curve simulation. Further if such

curve simulation is undertaken, the resulting wheelset force/position

relationships must be extensively verified before results of such

investigation can be confidently extrapolated to field conditions.
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