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PREFACE
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failure of railroad journal roller bearings.
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also of two separate maintenance-level devices for the prevention
arnd/or early detection of some major causes of rcller bearing-
initiated burnoff.
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1. INTRODUCTION

SKF Industries, Inc., under the sponsorship of the U.S.
Department of Transportation, has developed techniques which, if
translated to maintenance-level hardware, could provide solutions
for the following major problems associated with freight car roller
bearings:

1. Costly and life-threatening derailments caused by journal
burnoffs associated with catastrophic roller bearing
failure,

Hot box setouts caused by inadvertent overlubrication.

3. Excessive inspection costs associated with investigative
bearing teardown after derailment.

The importance and urgency of developing techniques, in order
to prevent thermal destruction of bearings (burnoffs) and subsequent
train derailments caused by catastrophic journal roller bearing
failure, was established in Phase 1 of Contract DOT-TSC-935.
Roller bearing-initiated burnoffs currently cost North American
railroads approximately $12 million/yr.

Two factors make the elimination of roller bearing-initiated
derailments imperative: _

1. The frequency (and annual cost) of such derailments is
certain to rise as the freight car fleet is continuously
converted from plain to roller bearings and as a greater
number of "older" roller bearings approach fatigue.
(Conversion to roller journal bearings was started in
the late 1950's and will continue until completion in
the 1980's; about half of the 2 million car fleet is now
converted.)

2. The potential of dangerous cargo derailments in a
populated area is a constant threat to increase the
annual costs of derailments far beyond the $12 million

average experience to date.



Results of the '"Problem Identification'" task of Phase I
are compiled in Table 1-1. Identifiable railroad roller
bearing failure causes, and their average annual costs are listed
in decreasing order of importance.

As a result of Phase I, three separate diagnostic tools were
proposed by SKF as candidates for development as derailment pre-
vention devices. Contract . DOT-TSC-935 Phase II was awarded
to determine the feasibility of developing the devices listed
below: o

Task I - A "Transmitter Bolt" which, when substituted for a
standard axle cap bolt, would sense excessive bearing operating
temperature (or loss of bolt tension) and signal the train crew
in time to prevent derailment. Since all types of bearing fail-
ures ultimately result in excessive operating temperature, the
temperature sensing function of this device would preVent cata-
strophic failure by any failure mechanism. The tension sensing
function would detect loosening of the bearing assembly, as
evidenced by reduced tension on the axle cap bolt, and thereby
act as an early warning device for failures of this type.

Task IT - An "Ultrasonic Overlubrication Detector" which,
when used at a Railrbad Repair Track, would prevent overgreasing,
a condition considered by many to be a major cause of cata-
strdphic failure and known to be a major cause of costly hot
box setout.

Task III - A "Shock Emission Analyzer" which, when used in
a Railroad Wheel Shop, would detect physical damage (such as
spalling or brinelling) without bearing disassembly.

1-2



TABLE 1-1,

PROBLEM IDENTIFICATION -

RESULTS OF PHASE I

CATASTROPHIC FAILURE CAUSES IN RAILROAD ROLLER BEARINGS

Generalized Sequence of Failure

$ Failure Deraflment
Attributable | Cost Savings Manufacturin Service Early Catastrophic
to this (Millions of oOr Maintenanc Initiated Sympton Failure
] tailure Csuse cause Dollars/Yr ) Defect De fect of Defect (Burn-off
Loose Inner 27 3.24 * . 1 !
Rings R .
Overlubrication 21 2.52 11
Loose Sesls P 1.68 » I I
tlubricant
Contamination)
horn or Mis- 15 1.8 * a 1
placed Adapt-
or
Loose Axle 7 .84 * 1 4
Cap Bolts
Spalling/ S .6 * * 1 1
Srinelling .
®

Miscellaneous 11 1.32 *

!

‘The feasibility of developing techniques to detect or prevent catastrophic failure from the
ahove causes has been demonstrated by SKF Industries., Inc.

‘Three separate techniques will obviate these failure modes.

*The Ultrasonic Overlubrication Detector' will prevent overgreasing. (1)

‘The Shock iimission Analyzer will detect spalling, brinelling, particulate contaminant and

otheT physical bearing damage ( Ii1)

*loosc inners and loose bolts can he detected before causing substantial thermal excursions

by the strain sensing funceion of the "Iransmitter Bolt". (

1 9]

‘Sinve all failure modes ultimately cause overheating, all can be detected at that stayc hy
the “iransmitter Bolt". (I} -
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2, SUMMARY

A summary of activity performed to demonstrate the feasi-
bility of each of the three techniques follows. (Details of the
development of each technique are presented in Sections 3, 4,
and 5, each of which includes excisable, self-contained reports
relative to their specific topics.)

A. Imminent Catastrophic Failure Detection by Implan-

tation of a Miniaturized Transmitter in an Axle Cap

Bolt.

Task I of Contract DOT-TSC-935 Phase II consisted of
tests and analyses to determine the feasibility of implanting

(in one of the three standard axle cap bolts) a self-powered
transmitter, capable of sensing bearing overheating and bolt
loosening.

Tests and analyses concluded that implantation of a
temperature and strain sensing bolt is feasible but not clearly
cost effective. As a result, a modified battery-operated bolt,
which would sense temperature only, has been recommended for
further development and test.

An early conceptualization of the Transmitter Bolt (Figure
2-1) was presented to several major railroads and attained
unanimous approval as having technical superiority (relative to

currently used devices), enormous cost and life saving potential,

and adaptability to railroad operational environments and pro-

cedures.

A schedule and work plan for development of both 'tempera-
ture sensing only'" and "temperature/strain sensing'" bolts are
presented in the body of this report. Further development of
the temperature sensing transmitter bolt is strongly recommended.
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B. Overlubrication Prevention by Ultrasonic Test Methods
Task II of Contract DOT-TSC-935 Phase II consisted of
tests to demonstrate the feasibility of detecting the presence

of lubricating grease through the outboard seal of a railroad
journal roller bearing, and to show that such detection 1is
useful in determining the greasing history of a bearing.
Determination of greasing history in a railroad repair track
would prevent regreasing a freshly greased bearing and thus
eliminate overgreasing at its source.

Tests performed demonstrated the feasibility of such grease
detection. The equipment and techniques used, however, were
not intended for railroad maintenance-level operation and for
that reason, an automated system was conceptualized and proposed
to several major railroads. They unanimously agreed that the
proposed system would eliminate a major problem, save the sub-
stantial costs of overgreasing-initiated catastrophic failure
and hot box setouts, and be adaptable to Railroad Repair Track
maintenance environments.

A schedule and work plan for evaluation and test of such a
device is presented in the body of this report. Because of the
substantial cost and lifesaving potential of this device,
follow-up work on this task is strongly urged.

C. Bearing Component Damage Determination by Shock Pulse

Analysis Techniques
The shock pulse analysis task of contract NDOT TSC-935
Phase II consisted of tests to determine the feasibility of

detecting bearing component damage such as spalling, brinelling,
grease contamination, etc.

The capability of a commercially available analog instru-
ment to detect brinelling, spalling, and contaminated lubricant

was investigated.




Bearings having known defects were investigated. These
bearings, which were run at two speeds under relatively light load,
were used to acquire '"shock pulse'" data. Data acquired were
plotted to obtain "shock pulse profiles.'" These profiles, when
compared to those produced from data obtained from running new
bearings, demonstrated the feasibility of detecting the various
defects by Shock Pulse Analysis methods.

More specifically, the results of Shock Pulse Analysis
testing are as follows:

1. Spalling on inner rings, rollers, and outer rings is
readily detectable. The Shock Pulse Meter could be used to
eliminate disassembly and visual inspection for spalling damage.

2. Brinelling on inner rings and outer rings is readily
detectable. The Shock Pulse Meter could be used to eliminate
disassembly and visual inspection for brinelling damage as caused
by derailment.

3. Particulate contamination is readily detectable. The
Shock Pulse Meter could be used to eliminate disassembly and
visual examination for particulate contamination.

Use of the Shock Pulse Meter could preclude progressive
catastrophic failure, as caused by the above defects.

Use of the Shock Pulse Meter in a railroad maintenance
facility, however, is not cost effective since it requires
significant operator interpretation, including the plotting
of profiles. For this reason, the development of a '"Shock
Emission Analyzer'" that would provide (go)-(no-go) indications
of bearing condition was conceptualized as a follow-on to this
feasibility study.
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An automatic "Shock Emission Analyzer" concept was pre-
sented to several major railroads in order to obtain their
reaction to such a device. They unanimously agreed that the
"Shock Emission Analyzer" addresses a major problem, has sub-
stantial cost and lifesavings potential regarding avoidance
of derailments, and has the potential of offsetting its annual
operating cost in less than two months operation by avoiding
unnecessary bearing teardown.

It is therefore recommended that a program be established
to produce hardware which will automatically cull out bearings
having component damage or contaminated grease.

A packaging and evaluation program to produce an operating
system is presented in the body of this report.

2-5/2-6







3. TASK I
BURNOFF PREVENTION USING ON-BOARD TRANSMITTER BOLTS

3.1 SUMMARY

The feasibility of developing an onboard system for the
detection of overheating in railroad journal roller bear-
ings has been established by the work described and the data
presented herein. Such feasibility is possible because of
recent advances in the fields of thermoelectric power genera-
tion and electronic miniaturization,

Work performed under Contract DOT TSC-935 Phase II
established the feasibility of implanting a self-powered
radio frequency transmitter in one of the three standard
axle cap bolts used for bearing mounting. This transmitter,
in combination with implanted temperature transducers, will
alert the train crew if the bearing in which it is installed
experiences abnormal operating temperatures. Having been
alerted, the train crew will halt the train and then use a
portable radio receiver to identify the roller bearing which has
been identified by the transmitter bolt,

The bolt, currently under development, will also sense
bolt strain, and thus provide an early warning for the loss
of bolt torque. Its major subsystems include a transmitter,
thermoelectric power source, temperature sensor, strain sensor,
two integrated circuits for signal conditioning, a heat exhanger
consisting of a '"heat pipe" and cooling fins, and an antenna.

Inclusion of the necessary subsystems (in particular, the
thermal power source and strain sensors), however, increases the

cost of this versior of the transmitter bolt.

w
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For that reason a low-cost, modified bolt which will sense
temperature (but not strain) is being recommended for further
development. This bolt will be battery operated and will contain
a temperature sensitive switch to activate the transmitter. The
battery will have capacity to operate the transmitter for a
period sufficient for the train crew to complete the required
pull-by inspection,

A work plan and schedule for development and test of both
versions of the transmitter bolt are found in Figures 3-1, 3-2,
3-3, and 3-4. For cost effectiveness, the program of Figures
3-3 and 3-4 1is more highly recommended for further development.



TASK I. Systems Development

A. Packaging

(a) Design and breadboard sensor amplifier and discriminator
circuits for use in final integration process.
(b) Place and monitor bolt component subcontract.
1. Transmitter hybrid package
2. Thermal power source
3. Sensor amplifier and discriminator circuit integra-
tion
4. Strain sensor packaging
5. Heat pipe and heat exchanger packaging
(c) Measure bolt package thermal characteristics.
(d) Conduct Design Review

(e) Design and fabricate laboratory bolt test fixture,.
B. Prototype Fabrication
(a) Procure bolt components: functionally and environmentally.
test.

1 Transmitter hybrid package
2 Thermal power source
3. Sensor amplifier and discriminator circuit
4 Strain sensor
5 Heat pipe and heat exchanger package
(b) Design and build (1) portable transmitter bolt test unit.
{(c) Fabricate (3) prototype axle cap bolts with transmitter,
power source, and antenna: functionally and environ-
mentally test.

FIGURE 3-1. TRANSMITTER BOLT DEVELOPMENT AND EVALUATION PROGRAM
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(d) Develop transmitter design specification and drawing

data package.

TASK II. Systems Evaluation
A. Laboratory
(a) Evaluate overtemperature and lost-strain sensing capa-

B.

bility of prototype bolts on test fixture.

(b} Evaluate overtemperature and loss of strain capability
of prototype bolts in bearings tested on standard
railroad test machine.

(¢) Measure field strength versus range of an installed
prototype bolt in an actual stub shaft/end cap.

Field

(a) With cooperation of railroads, verify setpoint select-
ion by measurement of operating bearing temperatures.

(b) Fabricate (9) additional bolt units and functionally
test.

(¢) Install (12) transmitter bolts on 3 cars used in unit
train service. Determine servicability of the bolts
over a 6-month period. Remove each bolt after 500
accumulated miles and verify performance using the
portable transmitter bolt test unit.

{(d) At the conclusion of the unit train test, submit each

of the 12 bolts to testing defined above in Task II,
Section A(a).

FIGURE 3-1 (CONT.)



(e)

(£)

Provide (1) bolt for installation on a DOT furnished
train (at the Transportation Test Center) having an
intentionally faulty wheel bearing to genrerate an
operaticnal over temperature condition, Support test
and demonstration of the bolt sensing capability during
tkis test,

Generate Final Test Report,

FIGURE 3-1 (CONT.)
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FIGURE 3-2, TRANSMITTER BOLT DEVELOPMENT AND EVALUATION SCHEDULE
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Task I. Systems Development

A. Packaging
(a) Design physical layout of transmitter bolt.(ie. trans-
mitter, antenna, battery, switch)
(b) Place and monitor transmitter hybrid package subcontract
{(c) Design and fabricate laboratory bolt test fixture.

B. DPrototype Fabrication

(a) Procure bolt components: functionally and environment-
ally test,

1. Transmitter hybrid package
2. Battery power source
3. Thermal switch

(b) Design and build (1) portable transmitter bolt test unit.

(¢) Fabricate (3) prototype axle cap bolts with transmitter,
power source, and antenna: functionally and environment-
ally test.

(d) Develop transmitter design specification and drawing
data package.

Task II, Systems Evaluation
A. Laboratory

(a) Evaluate overtemperature sensing capability of prototype

bolts on test fixture.

FIGURE 3-3, MODIFIED TRANSMITTER BOLT DEVELOPMENT AND EVALUATION
PROGRAM



B.

(b)

(c)

Evaluate overtemperature capability of prototype bolts
in bearing tested on standard railroad test machine and

verify temperature set point,

Measure field strength versus range of an installed
prototype bolt in an actual stub shaft/end cap.

Field

(a)

(b)

(c)

(d)

(e)

()

With cooperation of railroad, verify set point selection
by measurement of operating bearing temperatures.
Fabricate (9) additional bolt units and functionally
test.

Install (12) transmitter bolts on 3 cars used in unit
train service, Determine serviceability of the bolts
over a 6-month period. Remove each bolt after 500
accumulated miles and verify performance using the
portable transmitter bolt test unit.

At the conclusion of the unit train test, submit each
of the 12 bolts to testing defined in Task II, Section
A (a).

Provide (1) bolt for installation on a DOT furnished
train {(at the Transportation Test Center) having an
intentionally faulty wheel bearing to generate an
operational over temperature conditicn. Support test
and demonstration of the bolt sensing capability during
this test,

Generate Final Test Report,

_ FIGURE 3-3, (CONT.)
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3.2 INTRODUCTION

The development of a device for the detection of imminent
catastrophic railroad journal roller bearing failure has been
the subject of much research and development effort. Such
devices have attempted to sense the occurrence of abnormally high
temperatures associated with incipient catastrophic failure.

The most successful device, to date, has been the hot box
detection system which consists of a 'wayside" infrared heat detec-
tor and data trarsmission system., These detectors and their
associated transmission apparatus are placed at track intervals
of approximately 30 miles, depending on traffic. They measure
temperatures by remotely sensing the infrared energy emanating
from each bearing of a passing train, and in the event of an
abnormally high temperature, signal the train crew via wayside in-
strumentation to stop the train, Although these systems have been
quite successful, there are a number of disadvantages:

1. 1Initial capital outlays are on the order of $40,000,

and each requires an annual maintenance cost.

2. Monitoring of bearings is a sampling process and thus,

the possibility of missing failures exists.

3. Local weather conditions, such as blowing snow or

sand, often render the infrared detectors ineffective.

The development of a continuous monitoring device is the
only sure way of overcoming the statistical and meteorological
uncertainties associated with hot box detection systems.



A detailed drawing of an on-board transmitter bolt
capable of overcoming the deficiencies of wayside diagnostics
is shown in Figure 3-5. It is composed of a power source, a
transmitter and antenna, temperature and strain sensing
transducers, and a heat exchanger system composed of a heat
pipe and convection cooler. The transmitter, designed to
operate at 450 MHz,is composed of a specially designed
"hybrid" electronic circuit. (A hybrid circuit is one composed
of both integrated and discrete devices.)

The self-contained power source is composed of a number
of commercially available '"thermopiles' connected in series.
A thermopile is a series combination of thermocouﬁles. (Thermo-
couples convert thermal energy into electrical energy in pro-
portion to the temperature differential across their terminals.)

Temperature is sensed by a commercially available nickel/
phenolic resistance thermometer whose electrical resistance
changes in proportion to temperature. Strain sensing is ac-
complished by a commercially available strain gage whose
resistance changes in proportion to elongation (strain).

Calculation based on the thermal characteristics of
operating bearings and thermopiles have determined the neces-
sity of including a specially designed heat exchanger to pro-
vide the temperature differential necessary for thermoelectri-
cal power production. The heat exchanger is composed of a
heat pipe and cooling fins.

Feasibility studies associated with the development of

this system fell into three major categories:
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1. Identification of physical and electrical specifica-
tions for the encapsulated transmitter. This includes
the design, test and evaluation of a specific bread-
board transmitter along with a vendor survey for
eventual large-scale transmitter production to the
specifications determined here. Transmitter design
and evaluation is the subject of Section 3.3.

2. Identification of physical, thermal, and electrical
specifications for the implantable power source.
Included is an analysis of electrical power capacities
of a candidate '"thermopile" operating in the expected
thermal environment of a bearing axle. These are the
subjects of Section 3.4.

3. Identification of the thermal, physical and electrical
specifications of implantable temperature and strain
sensors is the subject of Section 3.5.

These studies were performed chronologically in the order
described above, and for that reason the probable production
costs of a thermally powered, strain and temperature sensing
bolt were not identified until late in the program. The more
highly recommended battery operated, temperature sensing bolt
will utilize the transmitter identified in Section 3.3 below
but, for cost effectiveness, will not utilize the thermal
power source or the sensors described in Section 3.4 and 3.5.



3.3 RADIO FREQUENCY TRANSMITTER SPECIFICATION

The establishment of transmitter specifications was ac-

complished in the following sequence:

1. A 450 MHz transmitter was designed, breadboard
tested, and analyzed.

2. Field strength vs. transmitter input power data
were collected and used to establish the dc input
power requirements of a finalized encapsulated unit.

3. A modulated breadboard transmitter, in conjunction
with a commercially available RF receiver, was used
to verify transmission capabilities (range and
directivity) when operated in a reflective environ-
ment similar to that of a railroad wheel set.

3.3.1 Breadboard Transmitter Design

The transmitter used for developing specifications
and determining the reflective characteristics of a railroad
wheel set is analyzed below.

The circuit used is an adaptation of a common base Clapp
oscillator as shown in Figure 3-6 [1]. It was fabricated
on a double sided, copper clad, glass epoxy circuit board and
is shown in the photograph of Figure 3-7. The trapezoidal
copper section shown in the schematic of Figure 3-6 and the
photo of Figure 3-7 is unique to oscillators of this type.‘ Its
capacitance forms part of the tuned circuit which, for
this application, is tuned to 450 MHz. Capacitors Cl’ C2
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FIGURE 5-7. PHOTOGRAPH OF BREADBOARD TRANSMITTER TEST CIRCUIT
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and C3 are commercially available feedthrough capacitors especially
designed for radio frequency applications. A high frequency

transistor (41038) was used as the active element.

To determine the maximum output available from this trans-
mitter as used with a proposed antenna of 1 in. length and 1/8 in,.
dia, the input impendance of such an antenna is calculated from [2]:

2 (antenna length)
(antenna dia)

Z(ant) = 138 log10 (1)

Z (ant) 1660
Figures 3-8 and 3-9 show the hybrid pi ac equivalent circuits
of the oscillator [1]. The emitter current (ie) flowing in the

circuit of Figures 3-8 and 3-9 is calculated from [3]:

X
i = Yﬁ * é (2)
e X XA + Rb e/s
Where B = Voltage amplification factor, 150
Vf = Feedback voltage, Vcb’ 5VPtoP
X = Feedback capacitive reactance at 450 MHz
Xf = X4 + Xo = j 125 Q
_ 1 _ 1
where X4 = EEZ- and , XO = EE;

Xb'e = base/emitter capacitive reactance at

=wT =j2.5w
YR Ep

450 MHz, X .,

"

where w, = upper cutoff frequency of
transistor = 1680 MHz

g_ = transconductance of transistor =
m
1.48 mhos

wp = Tesonant frequency of transmitter

XA = (Xf) (Xb‘e)/Xf + Xb'e = j 2.45 Q

[}
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Rb'e = base/emitter resistance = g/40 1EQ = 101Q
Where iEQ = 37 mA (measured)
Substituting,

ie = 31.1 mA P to P (max)

The collector current (ic) flowing in the circuit is given

i, = ai, = 30.9mA, Pto?P where o (3)

is taken from published manufacturers' specifications,

At resonance, assuming proper impendance matching, the antenna
current (iant) is equal to one-half the output current (il).
This is depicted in Figure 3-9. The output current (il) is

given by
= : X, X
i, = aig b™c 4)
Xb + X,
X X
= ¢ ant
where Xb = Xb'c Xf and Xc - X XL

Xb e o+ Xf XCx * Xant

Since the output current (il) approaches ie at resonance,
the antenna current thus approaches

1/2 aie = 15,45 mA P to P = 5,46 mA, (RMS)

To calculate the radiated antenna power associated with
this antenna current, the antenna radiation resistance (Rr)
is calculated by the following equation from [2].

. 2
R, % 10L (5)



where equivalent antenna length in radians

L(ant)

Since the wavelength radiated A = c/f where, ¢ = velocity of light,
and £ = 450 MHz, the radiated wavelength is 0.66 meter. Since

0.66 meters is equivalent to 2 radians, the equivalent antenna
length of a 1 in., (0.25 meters) antenna is 0,239,

Substituting, R, = 0.574 ohms, (5)

The radiated antenna power output from [2] is given by

P

. 2
) Rr [lant (RMS) ]

(6)

(0.574) (5.46)% = 17.1 u W.

With the radiated output power known, the electric field strength
(Ep) at a given distance (r) from a point source radiator is from

[4] given by

-1/2

_ 1[POHCJ (7)
E = = |.°
m T 2

where
Py = output power (watts)
T = distance (meters)
U = permeability of transmission
medium

o = velocity of light (meters/sec)

Substituting, the radiated power, Ep, at distances of 1 mile

and 30 feet is given below:

En (1 mile) 19.8 uV/meter

Em (30 ft) 3484 uV/meter..



3.3.2 Breadboard Transmitter Test

3.3.2.1 Test Equipment ard Data Format

The breadboard transmitter described in Section 3.3.1
above was operated at 450 MHz in order to determine signal re-
ception characteristics under the transmission conditions
expected in actual use. Field strength (detectability of
transmitter output) as functions of distance, antenna orienta-
tion, and transmitter environment were measured. The transmit-
ter was operated with 250 mW maximum input power, i.e. 5 Vdc
about 50 mA maximum input current.

The test matrix of Table 3-1 was followed as the basic
test plan. The formal test plan for this program is reproduced
in Appendix A. Vertical polarization is defined as operation
with the antenna axis vertical, and horizontal polarization (as
would occur in actual service) refers to horizontal orientation
of the antenna axis. An antenna length of one inch was used
for all tests.

Signal strengths were measured by use of a rented signal
strength meter for modulated and unmodulated (where practical)
transmitter operation. A commercially available RF receiver
was used to verify modulated signal reception. Frequency mod-
ulation was provided by a laboratory signal generator. Its
output was applied at input terminals E od» as was shown in Figure
3-6,

Field strength data were accumulated for transmission
distances of 30 feet, one-quarter mile, and one-half mile,.
Polar plots of measured field strengths (in u V/meter) are
presented for all data acquired using the field strength meter.
Polar signal strength data were acquired by rotation of the
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TABLE 3-1. TEST PROGRAM MATRIX FOR TRANSMITTER BROADCAST
CAPABILITIES

|ADDED AFTER TENt
,PLAN APPROVED

| Horizontally
Horizontally polarized with

Horizontally polarized with ‘ transmitter
polsrized with transmitter encapsulatad. in
Conditions Vertically Horizontally wheel simulator encapsulated in hooded wheel
polarized polarized as ground plane wheel simulator X simulator
A B c ) , E
Bread Battery .
Board Powered l
ransmitter I
Unmodulated |1 1A 1B 1C 1D 1E
-
Bread ¥
Board Battery |
Transmitter Powered| 2
Modulated 2A e} |
/ 2B 2C 2D ! 2E
Board ~ Thermally |
Transmitter Powered{3
Modulated - N
3 3 3 -
Prototype v
sread Battery '
4 Powered
oard
l'r;nsmitte“lwduiated 4 4 'X N '
rp. 4 strain . 4P 4C 4n v
sunclagt \
; - T -
PrototyPe thermally
aoarl Powered '
3 d
Sindulate 5 SA 5B 5C 5P 5k
- Traasmitter ‘
¢ o~craia syasiag.) I




transmitter antenna relative to the field strength meter antenna
as depicted in Figure 3-10.

For tests requiring a thermoelectric power source, a
series combination of commercially available thermopiles was
used to power the transmitter. Their operation is described
in detail in Section 3.4.

The test fixture shown in Figures 3-11 and 3-12 was used
for tests C, D and E in order to simulate the expected in-

service transmission environment.

To determine the effect of an on-the-ground or electrically
grounded railroad wheel which, in actual service, will be per-
pendicular to and in close proximity to the antenna axis, the
test fixture of Figure 3-11 was used without the container and
hood for tests (C). For tests (D) of Table 3-1, a metal
container was added to the wheel simulator and placed over the
transmitter as shown in Figure 3-11., Placement of this con-
tainer in the manner shown allowed a one-inch maximum antenna
protrusion. For tests (E), the hood was attached to the
fixture to simulate the undercarriage of a railroad car.

3,3,2,2 Test Data
Tests 1A through 1E, using an unmodulated carrier were

not conducted for distances over 30 feet. Radio traffic
rendered the unmodulated carrier virtually imperceptible over
larger distances. Using a modulated signal over short distances,
it was determined, however, (See Table 3-2) that there was
negligible variation in signal strength between a modulated
and unmodulated carrier. For this reason, Tests 1A
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FOR FIELD INTENSITY DATA ACQUISITION
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FIGURE 3-11, TRANSMITTER TEST FIXTURE
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TABLE 3-2.

MODULATED VS, UNMODULATED FIELD STRENGTH
DATA AT 30 FEET (expressed in dB above 1 MV/m)

TEST NO TEST 1B TEST 2B TEST 1D TEST 2D
(Unmodulated) | (Modulated) (Unmodulated) {(Modulated)
1 48 53 50 51
2 44 48 50 50
3 58 52 60 60
4 58 52 60 50
5 58 51 58 51




through 1E were considered nonessential in determining trans-

mitter output potential and were suspended.

Tests conducted using a vertically polarized antenna
yielded signal strengths equivalent to those using a horizon-
tally polarized antenna. As a result, and in light of the fact
that vertical polarization is unfeasible in actual service,
tests 2A, 3A, 4A, and 5A are not reported.

Data acquired in the performance of tests 2B through 2E
are presented in Tables 3-4 - 3-7 and in Figures 3-13 - 3-125,
The modulation signal consisted of a 160 mV (P to P), 1 kHz,
square wave, Ambient noise levels for these tests averaged
16 y V/m.

It is seen that the modulated signal (tests 2B through
2E) was detectable above background noise at distances up to
one-half mile, The observed signal strengths as compared to
calculated values (by methods of Section 3.3.1) appears in
Table 3-3 below:

TABLE 3-3. CALCULATED AND OBSERVED FIELD
STRENGTH VALUES

(Actual ground
(Free space) plane)
TRANSMISSION CALCULATED OBSERVED VALUES#*
DISTANCE (p V/m} (p V/m)
30 Feet 3484 332
1/4 Mile 79 26
1/2 Mile 18 39

*with ground plane

~where building reflections were severe, observed signal
strengths correlated well with calculated free-space field

intensities.



TABLE 3-4, MEASURED VOLTAGE AND ELECTRIC FIELD STRENGTH DATA AS

A FUNCTION OF ANTENNA ORIENTATION FOR A MODULATED, BATTERY POWERED,
HORIZONTALLY PCLARIZED, BREADBOARD TRANSMITTER AT DISTANCES OF

30 FEET, 1/4 MILE, AND 1/2 MILE

TRANSMISSION DISTANCE
30 FEET 1/4 MILE 1/2 MILE
Antenna Field Field Field
Rotation Voltage  Strength | Voltage Strenght | Voltage Strength
Angle {(deg) (dB*) (1 V/m) (dB%) (¢ V/m) (dB¥%) (u V/m)

0 50 332 13 20.5 8 18
15 52 414 - 10 19 8 18
30 53 463 12 20 8 18
45 54 517 12 20 8 18
60 55 578 14 21 8 18
75 55 578 16 22 10 19
90 55 578 18 24 9 18
105 54 517 19 25 11 19
120 53 463 16 22 8 18
135 51 371 14 21 8 18
150 48 267 11 19 9 18
165 46 216 12 20 8 18
180 44 174 16 22 8 i8
195 47 240 18 24 8 18
210 50 332 18 24 8 18
225 52 414 19 25 8 18
240 52 414 19 25 8 18
255 52 414 20 16 8 18
270 52 414 19 15 8 18
285 51 371 19 15 8 18
300 51 371 19 15 8 18
315 49 298 17 23 8 18
330 46 216 16 22 8 18
345 46 216 13 20 8 18

*Decibels relative to 1lp V,

TEST - 2B DATE-5-76
Transmitter Test Conditicns: Test Fixture:
Voo~ 5V (1) Free space - X
lin - 37 mA (2) Wheel simulator
P, - 185 mW (3) Other -

in
Ic(ac) Transmitter ant polarization - HORZ
Ic(de) 20 mA Transmitter ant height - 36 in,
Ant length -~ 1 in, Receiving ant polarization - HORZ
Carrier freq - 450 MHz Receiving ant ht - 36 in.
Modulation freq - 1000 Hz Receiving ant length - 14 in,




Test - 2B; 30 FT. - .
ZeflV/Meter*->Div. (SmaIl)

b |

FIGURE 3-13, FIELD STRENGTH VS, ANTENNA ORIENTATION FOR A
MODULATED, BATTERY POWERED, HORIZONATLLY POLARIZED, BREADBOARD
TRANSMITTER AT A DISTANCE OF X0 FEET



T '}

FIGURE 3-14, FIELD STRENGTH VS. ANTENNA ORIENTATICN FOR A
MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER AT A DISTANCE OF 1/4 MILE ’



FIGURE 3-15, FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER AT A DISTANCE OF 1/2 MILE



TABLE 3-5.

MEASURED VOLTAGE AND ELECTRIC FIELD STRENGTH DATA AS

A FUNCTION OF ANTENNA ORIENTATION FOR A MODULATED, BATTERY POWERED
HORIZONTALLY POLARIZED BREADBOARD TRANSMITTER WITH WHEEL SIMULATOR
AT DISTANCES OF 30 FEET, 1/4 MILE, AND 1/2 MILE

TRANSMISSION DISTANCE

30 FEET 1/4 MILE 172 MILE
Aritenna Field Field Field
Rotation Voltage Strength | Voltage Strength | Voltage Strength
Angle (deg) - (dB*) (u v/m) (dB*) (u V/m) (dB*) (u V/m)
0 48 267 32 56 12 20
15 56 647 32 56 12 20
3C 58 810 32 56 14 21
45 60 1016 32 56 13 20
60 58 810 31 51 15 21
75 56 647 31 51 15 21
90 57 724 30 47 16 22
105 60 1016 30 47 16 22
120 60 1016 30 47 18 24
135 66 2016 30 47 18 24
150 65 1796 32 56 18 24
165 63 1426 34 66 12 20
180 64 1596 35 72 16 22
195 66 2016 34 66 18 24
210 66 2016 34 66 19 25
225 67 2256 34 66 18 24
240 66 2016 33 61 17 23
255 62 1276 30 47 16 22
270 60 1016 30 47 16 22
285 53 463 29 44 15 21
300 57 724 28 41 15 21
315 58 810 28 41 16 22
330 58 810 29 44 16 22
345 50 332 30 47 16 22
*Decibels relative to 1 u V,
TEST 2C DATE - S—Zé

Transmitter Test Conditions:

Vcc— 5V
li ~ 37 mA
PIE - 185 mW
Ic(ac) -

Ic(dec) - 20 mA
Ant length - 1 in,

Carrier freq = 450 MHz
Modulation freq

- 1000 Hz

Test Fixtures

.
.

(1) Free Space -
(2) Wheel simulator - X

(3) Other -

Transmitter ant polarization- HORZ
Transmitter ant height - 36 in,

Receiving ant
Receiving ant
Receiving ant

polarization ~ HORZ
ht 36 in,
length - 14 in,




BREADBOARD

FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
CE OF 30 FEET

BATTERY POWERED, HORIZONTALLY POLARIZED,

TRANSMITTER WITH WHEEL SIMULATOR AT A DISTAN

FIGURE 3-16
MODULATED,
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- 130

Test - 2C,.170Ng.
L #V/Meter - Div{Small)

FIGURE 3-17, FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER WITH WHEEL SIMULATOR AT A DISTANCE OF 1/4 MILE



Test - 2C, 1/2 MI.'
1/V/Meter - Div. (Small)

130°

FIGURE 3-18. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A

MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER WITH WHEEL SIMULATOR AT A DISTANCE OF 1/2 MILE
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TABLE 3-6.

MEASURED VOLTAGE AND ELECTRIC FIELD STRENGTH DATA AS

A FUNCTION OF ANTENNA ORIENTATION FOR A MODULATED BATTERY POWERED,
HORIZONTALLY POLARIZED, BREADBOARD TRANSMITTER ENCAPSULATED IN
WHEEL SIMULATOR AT DISTANCES OF 30 FEET, 1/4 MILE, AND 1/2 MILE

TRANSMISSION DISTANCE
30 FEET 1/4 MILE 1/2 MILE
Antenna Field Field Field
Rotation Voltage Strength | Voltage Strenght | Voltage Strength
Angle (deg) (dB*) (u V/m) (dB*) (u V/m) (aB*) (u V/w)
0 48 267 20 26 10 19
15 51 371 24 32 10 19
30 52 414 27 38 10 19
45 52 414 22 28 10 19
60 51 371 24 32 10 19
75 44 174 25 34 10 19
90 50 332 23 30 14 21
105 55 578 23 30 13 20
120 60 1016 23 30 14 21
135 60 1016 23 30 14 21
150 64 1596 22 28 15 21
165 64 1596 21 27 13 20
180 63 1426 20 26 10 19
195 62 1276 20 26 10 19
210 72 1276 20 26 12 20
225 61 1136 20 26 12 20
240 60 1016 19 25 10 19
255 51 371 19 25 10 19
270 50 332 19 25 12 20
285 48 267 19 25 12 .20
300 51 371 19 25 12 20
315 53 463 19 25 12 20
330 54 517 19 25 12 20
345 50 332 19 25 10 19
*decibels relative to 1 u V.
TEST - 2D DATE-5-76
Transmitter Test Conditions: Test Fixture:
Voe- 3V (1) Free space -
1i - 37 mA (2) vwheel simulator - ¥
n
Pin = 185 mW (3) Other -
Ic(ac) Transmitter ant polarization - HORZ
Ic(de) 20 mA Transmitter ant height -~ 36 in,
Ant length - 1 in, Receiving ant. polarization - HORZ
Carrier freq - 450 MHz Receiving ant ht - 36 in.
Modulation freq - 1000 Hz Receiving ant length - 14 in.
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FIGURE 3-19. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER ENCAPSULATED IN WHEEL SIMULATOR AT A DISTANCE OF
30 FEET
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\Test - 2D, 1/4 MI. T
Ty V/Meter = piv. (Smal) [ |
’/,\ ) - _\7‘ ~ \,T\\‘-_"—" k - L

FIGURE 3-20. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER ENCAPSULATED IN A WHEEL SIMULATOR AT A DISTANCE OF
1/4 MILE
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FIGURE 3-21. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED, BATTARY POWERED, HORIZONTALLY POLARIZED, BREADBOARD
TRANSMITTER ENCAPSULATED IN A WHEEIL SIMULATOR AT A DISTANCE

OF 1/2 MILE
3-41



TABLE 3-7. MEASURED VOLTAGE ANY ELECTRIC FIELD STRENGTH DATA AS

A FUNCTION OF ANTENNA ORIENTATION FOR A MODULATED, BATTERY POWERED,
HORIZONTALLY POLARIZED, BREADBOARD TRANSMITTER ENCAPSULATED IN A
HOODED WHEEL SIMULATOR AT DISTANCES OF 30 FEET, 1/4 MILE, AND 1/2
MILE

TRANSMISSION DISTANCE
30 FEET 1/4 MILE 172 MILE
Antenna Field Field Field
Rotation Voltage | Strength |Voltage | Strenmght | Voltage Strength
Angle (deg) (dB*) (y V/m) (dB*) (4 V/m) (dB*) (4 V/m)

0 46 216 17 23 8 18

15 46 216 15 21 8 18
30 46 216 14 21 9 19
45 48 267 14 21 8 18
60 52 414 17 23 9 19
75 52 414 18 24 8 18
90 46 216 15 21 9 19
105 57 724 16 22 12 20
120 64 1596 26 36 12 20
135 64 1596 29 44 14 21
150 63 1426 29 44 14 21
165 63 1426 26 36 12 20
180 64 1596 25 44 12 : 20
195 63 1426 26 44 12 20
210 62 1276 27 38 12 20
225 60 1016 24 32 12 20
240 60 1016 16 22 9 19
255 52 414 9 19 8 18
270 50 332 9 19 9 19
285 55 578 14 21 10 19
300 55 578 11 19 9 19
315 55 578 18 24 8 18
330 47 240 16 22 8 18
345 50 332 18 24 8 18

*decibels relative to 1 p V.,

TEST - 2E DATE-5-76

Transmitter Test Conditions: Test Fixture:

v -5V (1) Free space

1;; - 37 mA (2) wheel simulator - X

P, - 185uW (3) other -

Ic(ac) Transmitter ant polarization - HORZ
Ic(dc) 20 mA Transmitter ant height - 36 in.

Ant length - 1 in. Receiving ant polarization - HORZ
Carrier freq = 450 MHz Receiving ant ht - 36 in,
Modulation freq - 1000 Hz Receiving ant length - 14 in.

3-42
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Test - 2E, 30 Ft.
40;/V/Metgr - Div.

FIGURE 3-22. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED,BATTERY POWERED, HORIZONTALLY POLARIZED, BREAD-
BOARD TRANSMITTER ENCAPSULATED IN A HOODED WHEEL SIMULATOR
AT A DISTANCE OF 30 FEET
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FIGURE 3-23. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A

MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREAD-

BOARD TRANSMITTER ENCAPSULATED IN A HOODED WHEEL SIMULATOR
AT A DISTANCE OF 1/4 MILE
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FIGURE 3-24. FIELD STRENGTH VS. ANTENNA ORIENTATION FOR A
MODULATED, BATTERY POWERED, HORIZONTALLY POLARIZED, BREAD-
BOARD TRANSMITTER ENCAPSULATED IN A HOODED WHEEL SIMULATOR
AT A DISTANCE OF 1/2 MILE
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! Tests 4C-qDdE
AN 5C~50=-5E

FIGURE 3-25. "GO" - "NO GO" VERIFICATION OF TRANSMITTED SIGNAL
AT A DISTANCE OF 30 FEET, 1/4 MILE, AND 1/2 MILE FOR MODULATED,
HORIZONTALLY POLARIZED, THERMALLY AND BATTERY POWERED, PROTOTYPE
BREADBOARD TRANSMITTER
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Comparison of the results of tests 2C and 2D with those
of 2B indicate that reflection characteristics of a wheel
simulator yield a marked overall increase in measured field
intensity.

It thus appears that the proximity of a grounded circular
reflector such as a railroad wheel will serve to aid rather
than hinder the implanted transmitter, and therefore, data
acquired for the "free-space" tests of 3B, 4B, 5B are not

reported.

At the request of the sponsor, the tests of 2D above
were augmented by placing a sheet metal "roof'" over the wheel
simulator in order to approximate the reflective and/or absorb-
tive effects of the underside of a railroad car. Data accumu-
lated for these tests (2E) were shown in Table 3-7 and in Figures
3-22 through 3-25, and it is seen that only slight attenuation in
transmitted power was observable under this condition.

For further augmentation the results of test 2E were
duplicated along the length of a train stopped at a local rail-
road siding. Although field strength measurements were un-
attainable, use of a battery powered receiver capable of
"picking up" (but not quantitatively evaluating) the modulated
carrier, verified that the transmitter signal was observable
at distances up to one-half mile.

For performance of tests 4C, 4D and 4E, the sensor circuits
described in Section 3.5 were utilized as transmitter activation
switches. Field strength measurements were not accumulated, but
verification of signal detectability vs. distance and antenna
orientation was determined by use of an RF receiver. The
plots of Figure 3-25 show go (g) and no-go (ng) data accumu-



lated for these tests. The transmitter was activated for these
tests by applying heat to a proposed resistance thermometer and
by relieving the strain on the proposed strain gage. Threshold
settings for these devices were 210°F T 10°F and 200 ft-1b

respectively.

Tests 5C, 5D, and 5E demonstrated that transmitter opera-
tion with a thermoelectric power source, is feasible. f(go) -
(no-go)data for these tests were coincident with those of tests
4C, 4D, and 4E. Since tests 5 and 3 are identically related
to tests 4 and 2 respectively, the results of tests 3C, 3D, and
3E are omitted.

3.3.3 Conclusions and Final Transmitter Specifications

The results of tests reported in Section 3.3.2 above indicate
that a horizontally polarized, 450 MHz transmitter, implanted
in a railroad axle cap bolt, will be perceptible by an "off-
the-shelf" receiver at a distance of up to one-half mile from
the point of transmission. This will permit train crew per-
ception of signals emanating from any bearing of a one-mile-long
train having receivers in the engine and caboose.

A potential vendor for eventual supply of such trans-
mitters in large quantity was found. This vendor has agreed
to supply (for further tests as part of a follow-on effort)
implantable, 450 MHz, transmitters having the following
specifications:

Vcc 5V
Power Output 20 mW,50 @ load
Stability < 7 MHz 0° to 65°C
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Modulation 1 kHz Square wave

(TTL compatible)
Deviation >10 MHz for 5V modulation input
Size .05 in, dia x .156 in. ht.

The feasibility of implanting a transmitter with proper output
characteristics in an axle cap bolt is thus established.



3.4 THERMOELECTRIC POWER SOURCE SPECIFICATION

Establishment of the feasibility of constructing and im-
planting of a source of electrical power capable of operating
the transmitter described in Section 3.3 is described below.

It was established by the tests of Section 3.3.2 that 250 mW
(5 V dc) is sufficient to drive an implanted transmitter.
The electrical power source must be small enough to be implanted
within an axle cap bolt without destroying or seriously derat-
ing the mechanical properties of the axle cap bolt itself.

There are, of course, several sources of energy available
in an operating railroad bearing. Rotational energy, vibratory
energy, and thermal energy are abundant in and around an opera-
ting bearing. To be useful, however, any of these must be
convertible to electrical energy and easily transferable from
the point of conversion to the transmitter. In addition, there
is a storage requirement, since, in order to conduct a pull-by
inspection for the purpose of isolating a transmitting bearing,
the power source must be available for some time after the train
has been stopped or its speed reduced.

Thermal energy, by virtue of its proximity to the im-
planted transmitter and its "inertia,'" is considered the prime
conversion candidate.

The feasibility of using commercially available thermo-

electric power sources (thermopiles) for energy conversion is
established below.
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3.4,1 Maximum Power Source Operating Temperature

Work performed at the laboratory of Nortfolk and Western
Railway [7] has established temperature profiles in heated static
bearings to be as depicted in Figure 3-26. These data were accu-
mulated by implantation of thermocouples at the location depicted
in Figure 3-27, From these data, expected temperature profiles
to be experienced by a thermopile package implanted in an
axle bolt cap can be extracted.

It can be seen from Figure 3-26 that the maximum inner race
temperature that can be safely experienced is 220°F, and that
at this temperature the axle cap bolt temperature is 200°F.
This was determined to be the maximum operating temperature for
the thermoelectric power source, since bearing operation yield-
ing an interior temperature above this 1imit would have produced
inner race temperatures in excess of 210°F and, thus, would have
damaged the bearing itself.

3.4.2 Determination of Package Size (Volume)

The power source under consideration must be implant-
able and have minimal deleterious effects on the mechanical
properties of the bolt itself. The volume required of a given
thermopile is directly related to the output power requirement.
The requirement of 250 mV at 5V has been determined in Section 3,3.
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FIGURE 3-26. TEMPERATURE PROFILE OF JOURNAL AND CAP SCREWS
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Thermacouples —t -

FIGURE 3-27. THERMOCOUPLE LOCATIONS DURING STATIC TESTS TO
DETERMINE TEMPERATURE PROFILE OF STANDARD RAILROAD JOURNAL
AND CAP SCREWS




Commercially available thermopiles (which are a series
connection of many thermocouples) are routinely used for the
conversion of thermal to electrical energy. A typical thermo-
couple element available as an off-the-shelf item measures
.027 in. long x +927 in. wide x .05 in. high. Calculation of the
number of thermocouples needed for transmitter power proceeds as
follows:

Assuming a differential temperature of 66°F across each
element, the electrical specification of the total system are
as listed below:

//sQOmA
Vout = 5V
ou 5V R, =100
Iout = 50 mA
Ry = 100 -Q

From laboratory measurements described later, the internal
resistance of each thermocouple is .0781Q. The open circuit
thermoelectric voltage available is 400 uV/C°.

At a differential temperature of 36°C, each thermocouple
supplies 14.64 mV. The thermopile equivalent circuit for
thermocouples of this type is:

WA

Rin = N(.0781)

@ R, = 100 @

N(14.64mV)

1L=50 mA
o




The number of thermocouples (N) necessary to power the
required load is given by
I (RL)

N = - (8)
Voc IL Rin .

Substituting the appropriate quantities,
N = 466 thermocouples

A sketch of a proposed arrangement of commercially avail-
able thermoelectric elements is shown in Figure 3-28. Sixteen
separate thermoelectric modules will be utilized. The overall
thermopile package dimensions are 1.60 in. length and .528 0D,
Each thermoelectric module will contain 29 thermocouples (i.e.

58 thermocouple elements arranged in a 6 x 10 matrix with
two corner elements missing for interconnection.) The dimensions
of each element are 0.1 in. long, 0.25 in. wide and 0.4 in. high,

To accomodate the required thermopile, therefore, it is
necessary to drill a hole of 0.528 diameter in the center of the
transmitter bolt.

Consequential Mechanical Derating of Hollowed Bolt

The mechanical derating of a modified axle cap
bolt as a result of its hollow center is detailed in Section 3.5 .
It is seen that a 17/32" diameter hole will reduce tensile
strength by 36 percent and, as a consequence, the transmitter
bolt must be manufactured from an alloy having tensile strength

sufficient to overcome such mechanical derating.
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3.4.3 Thermal Analysis of Thermoelectric Power Source

3.4.3.1 Heat Flow Across Thermopile

Assumed in the calculation of Section3.4.2 is the
ability to continuously maintain 36°C differential across 1
each thermocouple element. The amount of heat transferred ‘
across each thermocouple element from [5] is given by:

a = _kA (T¢c - Ty) (9)

L
where q = heat transfer - BTU hr

kf = Thermal conductivity of each
element BTU/in-hr °F

A = cross sectional area (inz)

L = length of each element (in)

TC = cold sidevtemperature °F

Ty = hot side temperature °F.

From manufacturer supplied literature,

k, = 7.703 x 10°% BTU/in-hr-°F and substituting,

q = 7.41 x 1()_2 BTU/hr/element.

Since there are 930 elements needed, 68.9 BTU/hr must be trans-
ferred across the requisite thermopile package.



3.4.3.2 Heat Exchanger Design

The dissipation of 70 BTU/hr is the subject of

this section. Calculations have shown that a solid copper insert
in contact with the cold ''shoes" of the proposed thermopile pack-
age, as shown in Figure 3-28 would be unable to carry 70 BTU/hr
away from the thermopile with the differential temperature en-
vironment expected. For that reason, a heat exchanger assembly
shown in Figure 3-25 composed of a "heat pipe" and forced con-
vection cooling fins is a necessary adjunct to the generation of

thermoelectric power.

The function of the heat pipe is to transfer large amounts
of thermal energy from the interior of the axle cap bolt to the
bolt head. The heat pipe is composed of a hollow evacuated rod
containing an evaporative liquid (such as water). It operates
by absorbing thermal energy of the entrapped fluid at its "hot"
end and releasing this energy at its opposite end by condensation.
This process can continue ad infinitum if the energy lost to the
"cold" end can be continuously carried away, i.e., if the cold
end can be considered an infinite heat sink.

Such heat dissipation is the function of the forced con-
vection cooler'(fins) of Figure 3-30. Heat carried away from
the cold side of the thermopile (after being transferred by the
heat pipe) is lost to the atmosphere by the convective action
of the fins. '
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Heat pipe capacity is calculated by use of the following
equation from [6]:

'}

Ghp Qz) W - T (10)

where the power-length product, (QZ), as taken from manu-
facturer's specifications is 600W-in, and a AT (=TH-TC) of 18°C is
assumed. A 1/4 in. heat pipe of 4 in., length is capable of trans-
ferring roughly four times the thermal energy required to
operate the proposed power source, i.e. from Eq. (10).

Ghp * 283 BTU/hr @ 5°C AT, i.e.<&H - Té>= 5°C.
Calculation for heat dissipation capabilities for the fin

arrangement of Figure 3-31 proceeds as follows. (Refer to

Figure 3-32 for physical parameter description.) An equation

used to approximate maximum heat loss for a finned heat exchanger

from [5] given by

_ 2 2
Gpax - ZhmiToc ! aT (11)
where
h = average heat transfer coefficient
BTU/hr - ft - F°
AT - difference in temperature existing

between the tube surface temperature
and the ambient gas, F°

= T + L (ft)
2c 1 C

T - tube surface radius (ft),
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The actual heat transfer rate is then the product of heat flow
(qmax) and fin efficiency, i.e.:

) (12)

n (qmax

9actual

fin efficiency (%).

where n

Fin efficiency is a function of fin geometry and can be deter-
mined by using the equations and graph found in Figure 3-31.

Because of the complicated nature of the flow-separation
process, it is not possible to calculate analytically the average
heat-transfer coefficients in cross flow; however, correlations
of the experimental data (reference [7]) indicate that the average
heat-transfer coefficients for gases for use in Eq. (11) may be
calculated with

Y [E] ) (13)
d v
where v - kinematic viscosity of air,
£t%/sec
d - tube diameter (ft)
VA - air velocity (ft/sec)
kA - thermal conductivity of air

(BTU/hr-£ft-°F)
and the constants C and n are tabulated in Table 3-8 as functions
of the Reynolds number (5).



TABLE 3-8.

REYNOLDS NUMBER TABULATION (FROM HOLMAN [5])

Redf C, for gases n

0.4-4 0.891 0.330
4-40 0.821 0.385
40-4,000 0.615 0.466
4,000-40,000 0.174 0.618
40,000-400,000 0.0239 0.805

The Reynold's number needed to determine the constants

(C} and (n) in Table 3-8 above can be calculated using the

following equation from [5]:

where,

Re

v
d

Va

Substituting,

Thus,

Re

df

Va

Redf

v

kinematic viscosity of air

tube diameter (OD) (ft)
air velocity (ft/sec)

v.d

i

Ve

10 mph = 14,66 ft/sec
0.864 in. = 0.072 ft
0.23 x 1072 ft?/sec

4589.




Returning to Eq. (13), h = [CkA ] [VAd ]n
d v

where C = 0.174
n = 0.618} from Table 3-8
kA = 0.0157 BTU/hr-ft-° F @ 100°F
d = 0.875/12 = .,072 ft
Vy = 14.66 ft/sec , 10 mph
v = 0.23 x 1073 ftz/sec and thus,
h(10 aphj  6-94 BTU/hr-fti-F° e 10 mph
h = 13.6 BTU/hr-ft“-F° @ 30 mph
{30 mph)

for wind (train) speeds of 10 and 30 mph.
The maximum for heat transfer (qmax) at train speeds of 10
mph is calculated from Eq. (11).

_ 2 2
Dpax - 217h [r2C - Ty ] AT
where N = 6.94 BTU/hr-ft%-F° from Eq. (13)
{10 mph)
Tye =Ty *+ L+ t/2
= 0.053 ft, when T, = 0.026 ft. and
AT = 25°F.
Substituting,
Apax (10 mph) = 2.46 BTU/hr/fin.
Next, the fin efficiency is determined From Figure 3-31 by first
calculating,
L. =L + t/2
= 0.027 ft.
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Now, also from Figure 3-31,

T2¢ - h ¥ Lc
= ,53',
Am = () (rZC ) rl)
- 2,70 x 107°
and L, ¥?% (h/xa)t/? =.410 (for k = 30).
Since %%E = 2, we determine from the graph of
Figure (3-37)that n = 85% Therefore Eq. (12) yields
g(actual) = (qmax) n = (2.46) (.85) = 2.09 BTU/hr/fin

It is therefore seen that 35 fins of 1.25 in. diameter and
.012 in, spacing are therefore needed to dissipate 70 BTU/hr.

The analytical feasibility of providing thermoelectric power
sufficient to operate the transmitter bolt is thus established.
Package dimensions was shown in Figure 3-28. A thermal model
showing the '"'temperature drops'" calculated across each thermal
subsystem was shown in Figure 3-29.

3.4.4 Laboratory Test of Candidate Thermopile

The success of the thermoelectric power system described
above is dependent on the fact that output power and elemental
internal resistances can be repeatably supplied. For that reason,
three off-the-shelf thermopile units were tested on the fixture
shown in Figure 3-32. Heat was supplied to the '"hot" side of the
thermopile by a hotplate and extracted from the cold side by the
"infinite" heat sink of the water filled container. The thermo-
pile elements were affixed to the copper plates with a tightening



TABLE 3-9, TABULATION OF TEST DATA FOR CALCULATION OF AVERAGE
INTERNAL RESISTANCE OF OFF-THE-SHELF THERMOPILE ASSEMBLIES

L.oad Load l.oad ,
Open Circuit Voltage ‘mV) Resistance Voltage Current kle
Be fore After Avg.

Test Test ohms nv mA ohms

1. 308 302 305 10.51 248 23.5 2.42
2. 301 293 297 10.51 240 22.8 2.50
3. 286 278 282 10.51 229 21.7 2.44
4. 336 330 333 10.51 270 25.6 2.40
S. 330 322 326 10.51 264 25.1 2.47
6. 320 312 316 10.51 256 24.3 2.40
1. 333 324 328.5 1.34 122 91.0 2.20

2. 322 314 318 1.34 118 88.0 2.2
3. 312 304 308 1.34 115 85.8 2.24
4, 302 292 297 1.34 111 82.8 2.24
5. 291 282 286 1.34 107 79.8 2.24
6. 281 272 276 1.34 103 76.3 2.25
1. 270 266 268 23.18 243 10.4 2.40
2. 340 337 339 23.18 306 13.2 2.50
3. 338 330 332 23.18 301 12.9 2.05
4. 326 321 323 23.18 293 12.6 2.42
5. 319 313 316 23.18 286 12.3 2.45
6. 312 307 309 23.18 280 12.0 2.45

EQUIVALENT CIRCUIT USED IN ABOVE TESTS

(&3]
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torque of 14 in-1b and their interfaces were coated with
thermal grease. External thermocouples were used for hot and
cold side temperature monitoring.

Output voltage as a function of load resistance for the cir-
cuit of Table 3-9 is tabulated in the same Table. Internal
resistance was calculated for each of three load resistances. All
data were accumulated with a thermopile differential temperature
of 26°C + 2°C.

The average internal resistance for these couples is seen to
be 2.44 2. Since this is the average of 32 couples, an average
internal resistance of 0.076 @ per couple was determined. This
value was used in the calculations of Section 3,4.2 above. It
differs from the published specification by 63 percent. The manu-
facturer, however, has stated that, even though these particular
units did not conform to his published specifications, future
conformance is attainable with tightened quality control methods.

The feasibility of obtaining parts and building the necess-
ary power and heat exchanger subsystems has been analytically
established. Further empirical verification of their feasibility,
although beyond the scope of the current contract, is a necessary
first step toward the continued development of this Transmitter
Bolt.
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3.5 SELECTION OF TEMPERATURE AND STRAIN SENSORS AND THRESHOLD
CIRCUITRY

3.5.1 Temperature Sensor Specifications

From the work performed at Norfolk and Western Railroad

- [8] (Figure 3-26), it is seen that the maximum allowable bearing
| temperature as sensed at the maximum penetration depth of an
axle cap bolt is approximately 200°F., The target threshold
temperature for activation of the transmitter is, thereforé,
defined as 200°F,

To accomplish this, a temperature sensitive element
will be placed within the bolt as was shown in Figure 3-5.

A commercially available nickel/phenolic resistance ther-
mometer has been chosen as the candidate temperature sensor,

Table 3-10 shows a compilation of published manufacturers
specifications. 'From Figure 3-26, it is seen that resistance
variation as a function of temperature is relatively constant
over the proposed operating range of the device i.e. 70-200°F.
A gage having a basic resistance of 509 at 70°F and a temper-
ature coefficient of .19.2 /°F. will be used. A vendor survey
indicates that gages having this specification can be repeatably
produced in high volume.

3.5.2 Gage Amplifier and Threshold Circuitry

The resistance thermometer (RG) described above will be
used in the integratable circuit shown in Figure 3-33. This
circuit consists of a full bridge, a unity gain differential
amplifier, a noninverting amplifier and a threshold level
discriminator.



TABLE 3-10. TABULATION OF RESISTANCE RATIO VS. TEMPERATURE

FOR A COMMERCTALLY AVAILABLE RESISTANCE THERMOMETER

Temp®F R/Ri60p Aoy Temp. °F R/R7 90 Aoy
70 1.000 0031 155 1.277 “
75 1.016 " 160 1.295 0038
80 1.031 " 165 1.312 "
85 1.047 " 170 1.329 "
90 1.063 0032 175 1.347 "
95 1.079 " 180 1.365 0036

100 1.095 " 185 1.383 "

105 1.111 " 190 1.401 "

110 1.127 " 195 1.419 "

115 1.144 " 200 1.437 0037

120 1.160 0033 205 1.456 "

125 1.176 moke 210 1.474 “

130 1.193 " 215 1.493 "

135 1.209 " 220 1.511 "

140 1.226 0034 225 1.530 0038

145 1.243 o 230 1.549 "

150 1.260 " 235 1.568 X

*Alarm temperature of transmitter bolt.

is 73.7 ohms.

Gage resistance at this

temperature
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FIGURE 3-33. GAGE AMPLIFIER AND THRESHOLD CIRCUIT
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A vendor survey has established the réproducability of this
circuit on an integrated circuit "chip" of 2 mm x 2 mm (0.079 in.
x 0.079 in.).

A small circuit board containing discrete resistors RS and
Rd will be incorporated into each bolt at manufacture to ensure
known bridge imbalance at the threshold temperature.
(The integrated circuit '"chip'" will be fastened to the small
circuit card containing the discrete components.) The
use of integrated circuits in the temperature and vibra-

tion environment to be experienced inside an axle cap bolt is
not novel,

The ground lead of the transmitter of Figure 3-6 is conn-
ected to the collector of output transistor (Tl) and is thus
activated when the threshold set by combination R3 and R4 is
exceeded. Actual fabrication of the integrated circuit shown in
Figure 3-33 was beyond the scope of this task and thus manufact-
uring limits for the circuit parameters of the '"chip" are

unknown.

It was for that reason, that feedback amplifiers (having
gains dependent on resistance ratios rather than absolute
values) and discrete components (RS and RD)were included in the
amplifier and threshold circuit design.

The overall threshold temperature accuracy for a mass-
produced device is estimated to be approximately + 5°F,
since the basic gage resistance, which is expected to be the
least repeatable component, is reproducible to within + 2 percent.



3.5.3 Strain Sensor Selection and Test

A candidate full bridge, metal foil, 350Q strain gage
circuit is depicted in Figure 3-34. Excitation voltage will be
supplied by the encapsulated thermal power source.

A vendor for supplying gages of this type has been deter-
mined. This manufacturer has expertise in the implantation of
strain gage bridges in bolts, and in fact, offers instrumented
bolts as a product line. Their service could be utilized for
gage implantation and bridge balancing of prototype bolts.

The bridge output will be amplified and bridge imbalance
will be detected by an integrated circuit analagous to that
described in Section 3.5.2 above.

As seen from the specifications listed in Figure 3-34,

extreme threshold accuracy is attainable with the gage proposed.
Such accuracy is probably not required, however, since a 50 ft -
1b degradation of torque (from 250 to 200 ft - 1b) will provide
a sufficiently early warning of bearing assembly loosening.
Tests on prototype bolts (beyond the scope of this contract) will
better establish the sensitivity requirements, and it is possible
that such tests will dictate the use of a less accurate (and less
expensive) strain gage system.

For the establishment of feasibility, however, the gage of

Figure 3-34 was used for the tests described in the following
section.
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ELECTRICAL SPECIFICATIONS

Item Characteristic
Gages Metal Foil
Gage Factor 2.00
yofe - Service Temp. 50°F or 300°F
L Linearity +1% of Allowable Load’
Repetition +0.1%
) Resistance T20 + 2 or + 5 ohms

Configuration Quarter-(QBJ, Double Quarter-
(QB),or Full Bridge (FB).

Excitation 120-o=2m QB: 6V Across Gage
350-ohm QB: 12V Across Gage
120-ohm DQB: 6V Across Bridge
350-ohm DQB: 12V Across Bridge
120-ohm FB: 6V Across Bridge
350-ohm FB: 12 V Across Bridge

AR/S

|

, & &<y
b= 180"~

Full-Bridge
(FB)

LEGEND

fn:  Active Gage

G- Complementary Gage

L.xcitation: +1 and -5 (Number correspond to Model
Signal: +3 and -o (il¥l1-D Strain Indicator terminals.
BRIDGE TRIN RESISTORS

Initial Zero Load Balance: Rla or Rlb

Sipgnal Trims: R2

“odulus Trims: R3

Zero qoad femp., Compensation: Rda or Rdb

FIGURE 3-34, TABULATION OF SPECIFICATIONS FOR A COMMERCIALLY
AVAILABLE FULL BRIDGE, METAL FOIL, 350 SL STRAIN GAGE



Strain Sensor Test

The following tests were conducted to verify the accuracy
of published strain gage specifications. Two standard railroad
axle cap bolts were used for this test. '"Flats'" were ground on
their OD's and holes drilled through their centers. Strain
gages were mounted on the ''flats'" and the strain gage outputs
were monitored with a digital voltmeter as torque was applied
with a calibrated torque wrench.

Tables 3-11A and 3-11B show data accumulated for three
separate ''tightenings'" of each bolt. Plots of strain vs. torque
are shown in Figures 3-35 and 3-36. (These data show an appar-
ent resistance to elongation after the bolts have been tightened.
This is most likely due to the ''seating' of the strain sensor and
not to any mechanical properties of the bolts themselves.)

Calculation of the loads induced in the bolts is possible
from '[8] given by

Eq. P = T/Kpg (15)
where P = bolt clamping load developed
by tightening, 1b
T = tightening torque, in-1b
KTF = torque friction coefficient
D = nominal bolt diameter, in.

At 250 ft - 1b, which is the specified tightening torque
for railroad bearing axle cap bolts, the tightening load (from



r NG
TABLE 3-11A. TABULATION OF TORQUE VS. BASE OUTPUT USI
COMMERCIALLY AVAILABLE STRAIN GAGES ATTACHED TO MODIFIED
RATLROAD BEARING AXLE CAP BOLTS (TEST # 1)

CIRCUIT
Vee - 3V
- 310 R - 3K
Ro - Test #1 - 17/32 hole - 364 ohms
€ R - Test #2 - 5/32 hole - 359 ohms
K - -103
Test 41 - 17/32 hole
Trial 41 #2 #3
Torque eo ds (‘.‘o ds eo ds
(ft -1b) mv) (pin/in® (mv) (uin/in) | {mV) (pin/in)
0 530 0 531 20.4 524 122
25 526 81.0 526 81.6 523 142
50 5§25 102 523 142 520 204
75 519 224 518 245 515 Sub
100 512 367 512 367 511 387
125 506 489 508 449 505 510
150 496 693 496 693 502 571
175 480 1020 493 755 495 693
200 477 1081 490 816 407 877
225 471 1202 484 938 487 877
250 469 1244 482 979 479 1040
275 458 1469 473 1163 473 1103
300 151 1612 470 1224 172 1185
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TABLE 3.
RAILROAD BEARING AXLE CAP BOLTS (TEST #2)

11B. TABULATION OF TORQUE VS. BASE OUTPUT USING
COMMERCTIALLY AVAILABLE STRAIN GAGES ATTACHED TO MODIFIED

Test #2 - 5/32 in. diamete: hole
Trial #1 ¥2 #3
Torque eo ds eo ds EB ds
(ft < 1bs ) mv) (pin/iny mV) (pin/in) V) {(pin/in)
0 520 0 520 0 520 0
25 516 81.6 515 102 515 102
50 507 265 509 224 511 183
75 502 367 506 285 508 244
100 501 387 503 346 505 306
125 495 510 501 387 502 367
150 491 591 499 428 500 408
175 487 673 497 469 499 428
200 485 714 492 571 495 510
225 483 754 489 632 492 571
250 483 754 486 693 490 612
275 482 775 484 734 486 693
300 480 816 484 734 487 796
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FIGURE 3-36. TORQUE-STRAIN CHARACTERISTICS OF A 1 IN.-8 BOLT
HAVING A 5/32 IN. DIAMETER AXIAL HOLE
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Eq. (15) is 20,000 1b. Calculation of the total elongation of
the bolt under load follows from [9]:

A - I (16)
where A = elongation of bolt (in.)
L = length of bolt segment (in.)
A = tensile strength area (varies with hole
diameter) (in.2)
E = modulus of elasticity in. tension (psi).

Substitution in Eq (15) where L = 1'" yields the following
ds 1343y in/in. (17/32 in. diam)

hole) )
ds = 881y in/in. (5/32 in. diam. %--at 250 ft -
hole) ) 1b. torque
ds = 853y in/in. (solid) )

These calculated values compare favorably with the measured
results (i.e. from Tables 3-11A and 3-11B: ds = 1040 u in/in. for a
17/32 hole; and 612 yin. for a 5/32 hole).

The tensile strength of a bolt can be approximated using from
[81:

Eq. PT = (AT - A.H ) TT (17)
where PT = tension strength, (1bs)

AT = tension area, (in.z)

TT = tensile strength (psi)

AH = area of hole, (in.z).



Substituting yields,

PT = 51,484 1b
for the solid bolt and
PT = 32,648 1b

for a bolt having a 17/32 in. diameter hole.

Since the hole size needed for the thermoelectric power
system of Section 3,4 is 17/32 in, in diémeter, a 36 percent de-
gredation in tensile strength for the transmitter bolt is indicated,

For that reason, the material for the candidate trans-
mitter bolt must be changed, for example, to AISI - 4340
alloy stéel or equivalent. The tensile strength of a bolt
of this material having a hole diameter of 17/32 in,
is 77,000 1bs, which is considerably higher than the solid
bolt currently in use. The use of such bolt will not degrade
the torque handling characteristics of the axle cap assembly.
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3.6 CONCLUSIONS

Data and analyses reported herein have established the
feasibility of producing a transmitter bolt capable of signalling
a train crew in the event a journal roller bearing overheats or
has loosened.

Specifically, three separate studies have shown:

1. Transmitters small enough for implantation, and
with range enough to be sensed at distances of 0.5
miles, can be mass-produced and that the power require-
ments for continuous operation of such transmitters
is 5 Vdc about S0 pA,

2. Thermoelectric devices, capable of delivering the
required transmitter power, can be implanted and
mass-produced, and that specialized thermal transfer
devices necessary to operate the power source can be
incorporated into a bolt without significantly
altering its size or mechanical effectiveness.

3. Temperature and strain sensors, and their associated
transmitter activation circuits are implantable and
mass-produceable and that their production specifi-
cations are repeatable enough to obviate sophisti-
cated electronic "trimming" of the final bolt
assembly.

An early conceptualization of the final bolt assembly (shown

in Figure 2-1) was presented to four major railroads. They

unanimously agree that:

1. The transmitter bolt was technically superior to any

currently used technique; and

3-83



It has enourmous cost and life saving potential, as
a preventor of both catastrophic failures and
""false hot box setouts,'" and has also a

freedom from periodic maintenance costs; and

The requisite "pull-by" inspection, necessitated
when a warning signal is transmitted and received,
is compatible with normal train crew routine in the
event of suspected malfunction.
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3.7 BATTERY POWERED TRANSMITTER BOLT - LOW COST ALTERNATIVE

As stated earlier, analysis of the probable production costs
of the bolt described in the previous sections was unidentifi-
able until after the technical feasibility and configuration of
its major subsystems had been established. As shown in Section
3,8 below, the cost of producing a modified bolt of essentially
similar function is an order of magnitude lower than that of the
thermally powered bolt.

This modified bolt is shown in Figure 3-37, It compares to
the original concept in the following manner:

1. Power Source - The thermoelectric power source (and

its requisite heat transfer subsystems) is replaced
by a battery. This battery will deliver power only
while transmitting and would ‘require replacement at
the normal bearing lubrication interval,

or after each transmitter activation in service

2. Thermal Sensor - The nickel phenolic resistance

thermometer (and its electronic amplifier) is
replaced by a temperature sensitive switch

3. Strain Sensor - Deleted

4, Transmitter and Antenna - No change.

From the above it is seen that this bolt will be capable of sens-
ing bearing overtemperature, but not loss of bolt tension. Although
the early warning capability for failures which first manifest
themselves as loosened bolts is lost, reference to Table 1-1
shows that such failures are relatively infrequent, always
result in excessive operating temperatures, and are therefore
detectable.
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For that reason, as an alternative, the temperature sensing
bolt of Table 3-12 has been conceptualized. It contains
transmitter and antenna of the type described in Section 3.3
along with a state-of-the art, sealed, lithium battery and a
simple nonreversible thermochemical or bimetallic temperature
switch. This bolt, the cost of which would almost certainly
meet the target (in large quantity production), would provide
a "one-time" switch closure when the interior temperature exceeds
210°F, and activate the transmitter (powered by the battery
shown) for a period sufficient to conduct the required "pull-by"
inspection.

A bolt of this type would provide the overtemperature
device capability similar to the more sophisticated bolt described
previously. It would not provide the less important 'loss-of-
bolt-torque'" sensing capability.

A work plan and schedule for development and test of this
modified bolt are found in Figures 3-3 and 3-4 respectively.
Estimated large and small scale production costs are shown in
Part 2 of Table 3-17,

As is seen from Table 3-12, the '"modified" bolt is more
cost effective than the "unmodified" bolt. For this reason,
and because a bolt of this type will eliminate the uncertainties
inherent in wayside hot box detection, further development and
evaluation of the temperature sensing Transmitter Bolt is con-
sidered urgent.



TABLE 3-12. RELATIVE MANUFACTURING COSTS OF "TEMPERATURE/STRAIN"
AND "TEMPERATURE ONLY" TRANSMITTER BOLTS

RL"LATlVlL’ MANUFACTURINGS COSTS OF
"TEMPERATURE/STRAIN' AND "TEMPERATURE ONLY' TRANSMITTER BOLTS

1., Temperature and Strain Transmitter Bolt

Large Scale
Component Prototype Production

Es
1. Transmitter 500.00 10.00
2. Thermopile 960.00 192.00
3. Heat Pipe 100.00 20.00
4. Fins 250,00 20.00
5. Bolt, Strain Gage and Mounting 450,00 40.00
6. Amplifier and Threshold Circuitry 180.00 1.50
7. Resistance Thermometer 11.00 5.00
8, Assembly and lest : 25.00
Total §2451.00 $313.50

2. Modified (Tempcrature Only) Transmitter Bolt

Large Scale

Production
Component Prototype i
1, Transmitter 500.00 10.00
2. Batteries 8.00 5.00
3. Thermal Switch 12.00 3.00
4. Bolt Manufacture 25.00 5.00
5. Assembly and Test 5.00
Total $545.00 $28,00
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3.8 RECOMMENDATIONS

Large scale production of a temperature and strain sensing
bolt, configured as in Figure 3-5, is a feasible system for
protection against catastrophic roller bearing failure.

A work plan and schedule for further development and test
of such system is shown in Figures 3-1 and 3-2 respectively.

Final (per bolt) cost of this system is at this time
difficult to estimate accurately. Work done in this program,
however, indicates that the thermoelectric power source (and
its attendant heat transferral subsystems) and implantation
of the strain sensors, will constitute about 80 percent of
the total cost of the developed bolt,

Part 1 of Table 3-12 shows estimated large and small scale
manufacturing costs for bolts of this type; tooling costs are
not shown. Although large scale cost benefit analyses have not
been performed, a cost of $25 per bolt ($200 per rail car) has
been indicated by canvassed railroads as a workable target cost
for incorporation of a transmitter bolt on inservice equipment:
It has become apparent during the latter stages of performance
of this contract that incorporation of the rather sophisticated
subsystems of Sections 3.4 and 3.5 will almost certainly cause
production costs to exceed this figure. And for that reason,
the modified bolt of the preceeding section is more highly
recommended for further development.



A work plan and schedule for development of the modified
bolt are shown in Figures 3-3 and 3-4, Although cursory vendor
contact has elicited positive reaction, the question of
surviveability and longevity of the major subsystems (battery,
thermal switch and transmitter) will be addressed as a first
major subtask of follow-on work.
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4, TASK II
BEARING OVERLUBRICATION PREVEHTION

BY ULTRASONIC TESTING
4.1 SUMMARY

Overgreasing of railroad journal roller bearings is a frequent
cause of catastrophic failure (burnoff) and "hot box'" setouts.
It was the purpose of this task to demonstrate the feasibility of
developing a system which would prevent overgreasing and thus
save the costs of derailment and unnecessary setouts,

Data presented herein establishes the feasibility of using
an ultrasonic pulse-echo technique to determine the amount of
grease in a bearing seal shroud by examining the seal for the
presence of grease at specific locations around it circumference.

Use of such a device in a railroad repair track would
preclude the greasing of a freshly greased bearing ( the prime
cause of overgreasing) and thus eliminate overgreasing at its

source.

Use of the specific commercially available device evaluated
in this task requires more operator attention than can be
expected in a railroad repair track without disrupting mainten-
ance schedules, and is therefore not recommended as a mainten-

ance level system,

For this reason, an automatic ultrasonic inspection device
for use at the maintenance level has been conceptualized. This
concept has been presented to several major railroads. They
all agreed that:

1. 5Such a device addresses a major problem.

2. It would be useable by railroad maintenance personnel.



3. It would have great cost and human life saving potential
by reducing the occurrence of overgreasing-initiated
derailments and "hot box'" setouts,

All railroads visited offered their manpower and facility
to help evaluate prototypes of such a device when it becomes

available.



4.2 INTRODUCTION

It was determined in Phase I of Contract DOT-TSC-935
that overgreasing is a major cause of premature, and sometimes
catastrophic, roller bearing failure. Catastophic roller bearing
failures (which cause derailments) carry an extremely high price
tag in terms of lost revenues and potential personal safety
hazards. It is estimated that North American railroads spend
upwards of $12 million per annum as a consequence of roller
bearing-initiated derailments.

Overgreasing a railroad roller bearing causes abnormally
high heat generation in the bearing. Heat generation tends to
reduce internal clearances. This can have the affect (under
certain circumstances) of further increasing operating tempera-
tures and eventually creating thermal instability, thus leading
to catastrophic failure.

A more common failure mode, however, progresses as abnormal
bearing temperatures causes lubricating grease to liquify. Such
liquification allows outflow of lubricant and influx of parti-
culate and liquid contaminants, either of which can lead directly
to catastrophic failure. This failure mode predominates in
older seals where grease retention characteristics have degraded
through normal wear.

An example of how overgreasing can occur is as follows:
Overgreasing generally occurs in a railroad repair track (the re-
pair track is an integral part of a "hump yard"). Maintenance
mechanics visually examine each car entering a hump yard for
"time up" regarding regreasing intervals, (Regreasing occurs



every three to four years depending on service; a regreasing date
is printed on the side of each car.) Any car due for regréasing
goes to the repair track in the hump yard. All four wheel sets on
each car are regreased, (8 oz is a typical regrease charge). Un-
available to the mechanic applying grease, however, is specific
knowledge regarding the maintenance history- of each wheel set of
any particular car, If one wheel set had been recently out of
service (for any of a number of reascns) and is thus freshly
greased, both bearings on that particular wheel set will be given
an "extra' charge of grease by the repair track mechanic. These
bearings are, at this point, "overgreased" by 8 oz,

When the car returns to service, it is quite common that
the elevated temperatures in the overgreased bearings cause
failure as described above. A well intentioned wayside main-
tenance mechanic, noticing the outflow of grease assumes that
the bearing needs a booster charge. He gives the bearing an
additional 8 oz charge. That bearing is now overgreased by
16 oz. If the car is not soon taken out of service, operating
temperature increases, bringing with it the distinct possibility
of setout or worse: catastrophic bearing failure and derailment,

It was the purpose of this investigation to determine the
feasibility of developing a device, for use by railroad maintenance
personnel, which would prevent initial overlubrication. It would
do so by segregating all recently regreased bearings from those
which actually need regreasing.

Critical to such an investigation is the ability of a test

instrument to measure the amount of grease in an outboard seal
cavity without disassembly.
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Data presented herein establishes the feasibility of using
an ultrasonic pulse-echo technique to determine the amount of
grease in an outboard seal cavity. This device examines the out-
board seal shroud for presence of grease at specific locations
around its interior. The success of this device depends on two

conditions:

1. The ultrasonic device is capable of determining the
presence of grease adhering to the interior wall of a

seal.

2. The circumferential distribution of grease in the out-
board seal is related to the "greasing history" of an

in-service bearing.

Section 4.3 describes the test equipment used for establish-
ing detectability of grease in a seal. Section 4.4.2 describes
grease distribution in the seals of two bearings having normal
and excessive grease. Section 4.5 and 4.6 discuss the results
and indicates follow-on work, ie., the packaging and evaluation
of a system useable by railroad personnel in a railroad repair

track,



4,3 TEST EQUIPMENT

4,3.1 Ultrasonic Test Equipment

4.3.1.1 Background

Ultrasonic techniques have long been used as valuable non-
destructive testing tools for the integrity of various components.
Previous experience has indicated that when an ultrasonic pulse-
echo transducer is coupled to the outer surface of a thin-walled
ring (such as a bearing seal or outer race) ultrasonic echos
reflecting from the interior wall vary perceptibly as a function
of grease layer thickness adhering to that wall. By proper
selection of the time elapsed between the original ultrasonic pulse,
and measurement of the amplitude of an echo returning at that
particular time, grease layer thickness can be determined.

4,3.1.2. Test Method

For the tests reported herein the following ultrasonic
method was used.

A transducer was held firmly against the outer circumference
of a bearing seal (or outer race), see Figure 4-1. This trans-
ducer was ultrasonically coupled (via a viscous fluid, i.e.
couplant) to the surface on which it rests. (The transducer
oscillates at a specific frequency in the ultrasonic range, usually
between 1-20 MHz, when pulses of electrical energy are impressed
across a face,)

An electronic pulser sends an impluse to the transducer,

4-6



Cross Section

of Seal Shroud C. R. T.
Display
Couplant |
’/ Transducer
. g1
Air - /Q/\]\/\
i
Ultrasonic .
Energy . :
Ultrasonic Pulscr/
Receiver
Sensing No Grease
Cross Section
.ol Seal Shroud C. R. T.
Display
Grease

Couplant 3
Transducer l ’
f o
Ultrasonic Ultrasonic Pulsc

Lnergy

v
i

Receiver

Ultrasonic
Energy Lost
Te Greassa

" Sensing Grease

FIGURE 4-1. ULTRASONIC METHOD OF GREASE DETECTION
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causing it to oscillate. These oscillations (mechanical vibra-
tions) travel through the couplant and into the bearing seal.
They reflect from the inside face of the seal and return to the
transducer. The returning echo vibrates the transducer, which
produces an electrical signal at the time of receipt. The ampli-
tude of such a signal is proportional to the amount of energy
returning to the transducer; the time at which it is seen (on a
cathode ray tube display) is linearly related to total distance
travelled. Many echos will return to the transducer as a result
of each initial impulse as the wave travels repeatedly between
the transducer and reflecting surface. The number and amplitude
of such echos are dependent on the acoustical impedance of the
material(s) in which the vibration travels.

If the inside face of the seal is coated with grease, some
energy will be absorbed by the grease each time the ultrasonic
vibrations strike the interior surface of the seal. The differ-
ence in the amount of energy returning to the transducer (and in
the echo amplitude displayed) from greased, vs. nongreased surfaces
is accentuated with each succeeding echo.

The electronic device which pulses the transducer, also
receives and displays each echo returning to the transducer on a
cathode ray tube. By examination of the amplitude of returning
echos (in practice one particular echo is chosen) it is possible
to determine the presence and (over a certain range) the -layer
thickness of grease beneath the transducer.

4.3.1.3. Specfic Test Apparatus
A literature survey was conducted to determine the most

suitable ultrasonic device for grease detection. Some pre-
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liminary empirical investigations of the grease detection
capabilities of several instruments were then conducted. As a
result, a rugged, portable ultrasonic flaw/thickness tester

was chosen over several candidates. A photograph of the pulser/
receiver apparatus is shown in Figure 4-2. It is a laboratory/
industrial instrument, combining readability and ruggedness with
a relatively broad range of front-panel-selectable operating
parameters (pulser frequency, damping and tuning, etc). It weighs
approximately 16 1bs, and is powered by 12 nickel-cadmium re-
chargeable batteries. The case is constructed of high impact
plastic with rubber bezels, making it suitable for field evalua-
tion in a wheel shop or repair track,

Two candidate ultrasonic transducers (1/4 in.-dia.) were
tested. A 10 MHz single element transducer was found slightly
superior to a 5 MHz dual element transducer for grease thickness
determination. The addition of a plexiglass ''delay line'" of
3/8" length (which is an in-line transducer extention used to
prevent interferences caused by echos emanating from the outside
surface of the seal shroud) was found necessary for CRT display
clarity. Both transducers, and the delay line, are shown in
Figure 4-3.

A relatively new synthetic couplant fluid was tested and
found satisfactory. It has a viscosity equivalent to SAE
90 weight oil and low acoustic impedance, two highly desirable
characteristics for ultrasonic testing. (Outdoor application of
this couplant (-30 to 130°F) is a subject still to be investi-
gated.)
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A plexiglass transducer holder for proper orientation of
the transducer with respect to the seal OD was designed, built
and tested. This hand held adapter, which also provides a coup-
lant reservior during the inspection process, is shown in

Figure 4-4

4,3,2 Bearing Test Machine

i

A test machine for operating railroad bearings for the
"Grease Migration' tests of Section 4.4 is described below.

A laboratory railroad bearing test mdchine, consisting
of two large load carrying pillow blocks on a casting frame,
is shown in Figure 4-5. The pillow blocks support a rotating
shaft which is driven by pulleys and "V" belts from an electric
motor. Both outboard shaft ends are machined and ground to
6 in. x 11 in., axle shaft bearing seat dimensions, and contain the
required axle cap bolt holes. Test bearings are mounted on the
outboard ends of the shaft. Loads are applied to the test
bearing via a load beam and yoke type arrangement, coupled to a
railroad bearing adapter, which rests on the outer ring of the
bearing.

A No. 1 1/2 grade grease which meets AAR specifications
M-917 for grease type railroad roller bearings, was used for all

tests.
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FIGURE 4-5. RAILROAD BEARING TEST MACHINE

4-14



4.4 TEST PROGRAM

The Ultrasonic Overlubrication Detector Test Program as
submitted to DOT under Contract DOT-TSC-935 Phase II, Task II
is reproduced in Appendix B.

4.4.1 Static Grease Detectability Tests

4.4.1.1 Operating Frequency and Echo Selection

The purpose of these tests was to optimize the subject
parameters for measurement of grease layer thickness on the
interior surfaces of seals and outer races.

Grease layers of varying thickness were applied to the
interior surface of a seal and outer race. A single element
10 MHz transducer with a 3/8-in., delay line was used for all tests.
Grease thickness detectability was investigated as a function of
pulser frequency. Previous experience has shown that optimum
pulser frequency is dependent, to a large extent, on the physical
characteristics of individual transducers, and therefore data
taken to optimize detection capabilities of this transducer are
not presented. It should be noted, however, that the best grease
thickness discrimination was obtained with the 10 MHz transducer
operated at 5 MHz for seals, and at2.25 MHz for outer races. These
operating frequencies were chosen for accumulation of all data to
follow.

Since the difference in echo amplitude (grease vs. no-grease)
is accentuated with each successive reflection from the interior
face (where a percentage energy loss to grease occurs), it is
desirable to investigate the amplitude of one of the lattermost
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distinguishable interior face echos for grease discrimination.
For that reason the ultrasonic analyzer was operated at maximum
gain, in order to view the lattermost echos. (In automatic
operation, a small time increment (in which a particular echo
falls) will be ''gated'" into an amplitude discriminator

circuit for (go)-(no-go) grease recognition).

Figure 4-6 shows echos returning from seals with and with-
out grease. Note that echo amplitudes (which are a function of
energy content returning to the transducer) are lower when
sensing grease.

4,4,1.2 Data Presentation

All data reported here show echo amplitudes, determined by
manual measurement of echos displayed on a CRT. The presence,
absence, and thickness of grease layers manifest themselves as
variations in the amplitude of particular ultrasonic echos.

Data are presented in polar graph form. Their format is
detailed in 4.4.1.3 below, and used throughout this report.

Each echo amplitude data point reported here, represents
the average of two separate acquisitions. Individual data points
were within I 10 percent of those shown,

4,4,1.3 Grease Measurement in Railroad Roller Bearing Seals

The interior surface of a roller bearing seal was coated
with grease as depicted in the shaded portion of Figure 4-7.
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Measured layer depths (in.) at 30° intervals (from 90°-270°)

are tabulated in Figure 4-8 and plotted in Figure 4-7. (The
grease distribution of Figure 4-7 is representative of that in

an outboard seal of a properly greased bearing after a short
period of railroad service.) Echo amplitudes in arbitrary units
at the same locations are tabulated in Figure 4-8, and plotted in
Figure 4-7. Note that zero echo amplitude (which corresponds

to a layer thickness in excess of 7/16 in.) is located 6 major divi-
sions from center and is accentuated by a darkened line. Note
also that 'no grease'" (occuring at 90° and 270°) yields an echo
amplitude of 9.

Echo amplitudes vs. grease layer thickness are plotted in
Figure 4-8, (note the inversion of units on the abscissa).
Figure 4-8 shows that ultrasonic echo amplitude is a recog-
nizable, nearly linear, function of grease layer thickness over
the range tested. Physical explanation of the detectability of
grease vs. no grease is, as stated earlier, rather straight
forward, i.e. the interior grease/metal interface provides a low
impedance path for ultrasonic energy yielding a net energy loss
each time that interface is struck. Grease thickness detect-
ability is not as easily explained. The fact that grease thickness
is detectable implies that, over a certain range, the grease/air
interface also reflects energy and that such reflections return
to the transducer "out of phase'" with some of those from the
grease/seal interface. Such interference could serve to diminish
certain echos, thus yielding information regarding grease thick-
ness. As grease thickness increases beyond about 7/16 in,
ultrasonic scatter associated with the basic inhomogeneity of
grease reduces the directivity of reflections and thus the further
effect of such reflections is imperceptible.
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FIGURE 4-8, GREASE THICKNESS DETERMINATION
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Detailed examination of the physical mechanism(s) involved in
this phenomenon would require empirical and computational methods
beyond the scope of this task. (It should be pointed out, however,
that the eventual success of the device being tested
here relies only on the existence of observable differences
between grease and no grease and not on the quantitative measure-
ment of absolute grease thickness. It is for this reason also
that investigation of grease parameters such as temperature, grease
type, microscopic grease contamination, etc. were considered
irrelevant as part of this feasibility study.)

4,4,2 Grease Migration Study

4.4,2.1 Test Format

The purpose of these tests was to verify the feasibility of
using knowledge of the circumferential distribution of grease
in the bearing seals or outer races, in assessing the total
volume of available grease in a 6 in.x 11 in. tapered railroad roller
bearing. The circumferential distribution depicted in Figure 4-9
is representative of those found in the outboard seals of
operating railroad roller bearings.

Two standard 6 in.x 11 in.railroad journal bearings
were operated, on the test machine of Section 4,3.2 at
equivalent train speeds of 60 MPH and radial loads of 25,000
1b. A 16 in, diameter fan operating at 1700 RPM was used to
simulate windage. Bearing operating temperatures were sensed
by thermocouples and recorded for all tests.

4-21



6" x 11" Outboard Railroad
Bearing Seal

6" x 11" Inboard Railroad
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FIGURE 4-9. TYPICAL GREASE DISTRIBUTION IN SEALS
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These bearings were run three times (for 24-hour periods)
with successively increased amounts of grease. Prior to Test I,
each bearing was provided an 18 oz grease charge, (4.5 oz in
each cone assembly and 9 oz in the arez between ccne assemblies
per AAR new and rebuilt greasing specification), Prior to
Test II, an.additional 8 oz. charge was applied at the grease
fitting - per AAR regreasing specifications. Prior to Test III,
another 8 oz charge was applied at the grease fitting.

After each test, the seals and outer races of both bearings
were ultrasonically tested at 45° intervals around their outer
circumferences. Echo amplitudes were plotted in polar form. The
bearings were disassembled and grease distributions on their cir-
cumferences were visually examined, photographed, and correlated
with ultrasonic echo amplitude plots.

4.4,2.2 Test Results

A reference for data described in this section is shown in
Table 4-1, The outboard seal, inboard seal and outer race of
each bearing was inspected after each of three tests. Use of
Table 4-1 permits analysis of the effect of progressive over-
greasing on each individual component, without repeated reference
to the text. A sketch depicting the locations of each component,
and placement of ultrasonic transducers for their inspection, is
shown in Figure 4-10,

4.4.2.2.1 Test I - Normally Greased Bearing Study

Photographs of seal grease distributions after Test I are
shown in Figures 4-11 and 4-12 for bearings 063103 and 063104
respectively. Outboard and inboard seals of each bearing are

shown. Ultrasonic echo amplitudes measured from the OD of
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8 oz recharge| Figure 4-26
16 oz recharge| Figure 4-34

TABLE 4-1, DATA REFERENCE FOR GREASE MIGRATION STUDY
Seal Grease
Bearing Grease Echo Amplitude Distribution
No. Amount Polar Plot Photographs
Qutboard Seal
063103 Normal charge Figure 4-13 Figure 4-11
8 oz recharge| Figure 4-21 Figure 4-19
16 oz recharge| Figure 4-29 Figure 4-27
063104 Normal ¢harge Figure 4-15 Figure 4-12
8 oz recharge| Figure 4-23 Figure 4-20
16 oz recharge| Figure 4-31 Figure 4-28
Inboard Seal
063103 Normal charge Figure 4-14 Figure 4-11
8 0oz recharge| Figure 4-22 Figure 4-19
16 oz recharge| Figure 4-30 Figure 4-27
063104 Normal charge Figure 4-16 Figure 4-12
8 0oz recharge| Figure 4-24 Figure 4-20
16 oz recharge| Figure 4-32 Figure 4-28
Quter Ring
063103 Normal charge Figure 4-17
8 oz recharge) Figure 4-25
16 oz recharge| Figure 4-33
063104 Normal charge Figure 4-18
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Grease Distribution in Outboard Seal

Grease Distribution in Inboard Seal

FIGURE 4-11. SEALS OF BEARING 063103 WITH NORMAL GREASE CHARGE
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Grease Distribution in OQutboard Seal

Grease Distribution in Inboard Seal

FIGURE 4-12. SEALS OF BEARING 063104 WITH NORMAL GREASE CHARGE
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the seal shrouds of these bearings are plotted in Figures 4-13,
4-14, 4-15,apd 4-16 respectively.

As is seen from Figures 4-13 through 4-16, ultrasonic
inspection suggested that each seal had grease around its entire
inner circumference. Visual examination of the seals verified
that such was their condition. Grease color was unchanged rela-
tive to startup, but there was some local oil separation visible
in both bearings.

The 360° circumferential grease distribution observed in
the seal shrouds of these normally greased bearings is seemingly
incongruous with field experience regarding in-service grease
migration (where distributions as in Figure 4-9 are observed).
Such distributions occur because the present test machine differs
from actual service in many respects. High centrifugal forces
associated with rapid test machine startup, and constant vibra-
tion-free operation are never experienced in actual service.
Lower starting speeds, rail joint/wheel impact loads, and
"humping' impact loads cause grease located in seals to "slump"
into the lower portion of the interior seal cavities. The start
of such "slumping" was ultrasonically detected and visually
confirmed in these tests. Careful inspection of Figures 4-13
through 4-16 reveal echo amplitudes significantly higher in the
upper portions of the seal. In fact the distribution of Figure
4-9 is a result of running a new bearing in the laboratory, for
20 hours at 20 MPH and 1300 1b radial load, during performance
of Task III of this contract. (A few hundred miles of actual
railroad service is more than sufficient to produce such slumping.)

Figures 4-17 and 4-18 show plots of grease distributions
in the area between the cone assemblies as observed from the
outside of the outer rings of both test bearings. There was
no change in grease distribution relative to original packing.
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Grease Distribution Outboard Seal

FIGURE 4-13. ECHO AMPLITUDES - OUTBOARD SEAL,
BEARING 063103 - NORMAL GREASE CHARGE
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Grease Distribution Inboard Seal

FIGURE 4-14. LECHO AMPLITUDLS - INBOARD SEAL,
BEARING 063103 - NORMAL GREASE CIARGE



Grease Distribution Outboard Seal

®-Echo Ampl.l.tude

V4 f\l ,

180

FICURE 4-15. ECHO AMPLITUDES - OUTBOARD SEAL,
BEARING 063104 - NORMAL GREASE CHARGE



Grease Distribution Inboard Seal

FIGURE 4-16. ECHO AMPLITUDES - INBOARD SEAL,
BEARING 063104 - NORMAL GREASE CHARGE
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4.4.2.2.2 Test TT - Overgreased Bearing Study

Photographs of seal grease distributions after Test II are
shown in Figures 4-19 and 4-20, for bearings 063103 and 063104
respectively. Ultrasonic echo amplitudes measured from the
outside of the seal shrouds are plotted in Figures 4-21 through
4-24,

As expected, ultrasonic echo amplitudes show the outboard
seals (into which the grease charge is directed by the grease
fitting) to be entirely full.

Grease distributions in the inboard seals and the area
between cone assemblies (as shown in Figures 4-25 and 4-26)
remained virtually unchanged.

Visual observation confirmed these data. The additional
8 oz charge had been distributed to the outboard seal, the out-
board cone assembly and, to some extent, to the space beneath
the end cap. Grease located between the cone assemblies and
in the inboard seals was unchanged.

Grease in the outboard seal had darkened somewhat and
there was evidence of local oil separation and churning. Bear-
ing operating temperatures had risen 3°C relative to Test 1.
The seals of both bearings remained intact.

4.4.2.2.3 Test III - Twice Overgreased Bearing Study

Photographs of seal grease distributions after Test III are
shown in Figures 4-27 and 4-28. Figures 4-29 through 4-32 show
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Grease Distribution in Inboard Seal

FIGURE 4-19. SEALS OF BEARING 063103 WITH 8 OUNCE GREASE RECHARGE
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Grease Distribution in Outboard Seal

Grease Distribution in Inboard Seal

FIGURE 4-20

FIGURE 4-20. SEALS OF BEARING 063104 WITH 8 OUNCE GREASE RECHARGE
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Grease Distribution Outboard Seal
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FIGURE 4-21. ECHO AMPLITUDES - OUTBOARD SEAL,
BEARING 063103 - 8 OUNCE GREASE RECHARGE

4-38



Grease Distribution Inboard Seal
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FIGURE 4-22. ECHO AMPLITUDES - INBOARD SEAL,
BEARING 063103 - 8 OUNCE GREASE RECHARGE
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Grease Distribution Outboard Seal
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FIGURE 4-23. ECHO AMPLITUDES - OUTBOARD SEAL,
BEARING 063103 - 8 OUNCE GREASE RECHARGE
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Grease Distribution Inboard Seal
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FIGURE 4-24, ECHO AMPLITUDES - INBOARD SEAL,
BEARING 063104 - 8 OUNCE GREASLE RECHARGL
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Grease Distribution Outer Ring

Rotation

180°

,FIGURE 4-25. ECHO AMPLITUDES - OUTER RING,
BEARING 063103 - 8 OUNCE GREASE RECHARGE
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Grease Distribution Outer Ring
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FIGURE 4-26

FIGURE 4-26. ECHO AMPLITUDES - OUTER RING,
BEARING 063104 - 8 OUNCE GREASE RECHARGE
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Grease Distribution in Outboard Seal

Grease Distribution in Inboard Seal

FIGURE 4-28. SEALS OF BEARINB 063104 WITH
ADDITIONAL 8 OUNCE GREASE RECHARGE
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Grease Distribution Outboard Seal
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FIGURE 4-29. ECHO AMPLITUDES - OUTBOARD SEAL, BEARING
063103 - ADDITIONAL 8 OUNCE GREASE RECHARGE
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Grease Distribution Inboard Seal
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FIGURE 4-30. ECHO AMPLITUDES - INBOARD SEAL, BEARING
063103 - ADDITIONAL 8 OUNCE GREASE RECHARGE
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Grease Distribution Outboard Seal

180

BEARING

ECHO AMPLITUDES - OUTBOARD SEAL,

063104 - ADDITIONAL 8 OUNCE GREASE RECHARGE

FIGURE 4-31.

4-48



Grease Distribution Inboard Seal

Greasoe

FIGURE 4-32. ECHO AMPLITUDES - INBOARD SEAL, BEARING
063104 - ADDITIONAL 8 OUNCE GREASE RECHARGE
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echo amplitudes measured from the outside of the seal shrouds
and Figures 4-33 and 4-34 those measured from the outer race
OD. (Total overgreasing of these bearings for this test was

16 oz , a condition not uncommon in railroad service - see
Section 4-2.

Ultrasonic echo amplitudes showed, and visual observation
confirmed, that both seals (of each bearing) and area between
the cone assemblies were totally full. The additional 8 oz
charge (relative to Test II) had migrated through the bearing
and served to completely fill the cone assemblies, the area
between the cone assemblies, the inboard seals, and to a larger
extent (relative to Test II) the space beneath the end caps.

Grease had darkened considerably throughout the bearing
and o0il separation was extensive. Bearing operating temperatures
had risen 13°C relative to Test I. There was no discernible
grease leakage throughout this test,

Table 4-2 shows a tabulation of bearing operating tempera-
tures and visual observations for all tests. It is seen that
operating temperatures stabilized, and that seals remained
intact, i.e. there was no grease leakage, for all tests. It
should be noted that these tests were run with new bearings (having
new seals) and were of extremely short duration. Field service
bearings having normal seal wear would have almost certainly
lost grease if operated under similar conditions. Detailed
metrological examination of the individual bearing assemblies
(beyond the scope of this task) would most likely explain the
observed variation in operating temperatures of the two bearings
tested.
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Grease Distribution Outer Ring

FIGURE 4-33. ECHO AMPLITUDES - OUTER RING, BEARING
063103 - ADDITIONAL 8 OUNCE GREASE RECHARGE
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Grease Distribution OQuter Ring

FIGURE 4-34. ECHO AMPLITUDES - OUTER RING, BEARING
063104 - ADDITIONAL 8 OUNCE GREASE RECHARE
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TABLE 4-2.

TABULATION OF BEARING OPERATING TEMPERATURES

AND VISUAL OBSERVATIONS OF GREASE MIGRATION STUDY

Operating Temperature °C
Test Grease Bearing Bearing Room
No. Charge 063103 063104 Ambient Remarks
o REMAL RS
C
I Normal Pack
(18 Qunces) 67 58 30 No visible
grease leakage
at seals
II Normal Pack 67 58 27 No visible
with 8 Ounce grease leakage
Recharge at seals
(Total 26 ounces]

II1 Normal Pack 81 72 28 No visible
with 8 Ounce grease leakage
Additional at seals
Recharge
(Total 34 Ounces

Test Conditions:
Fr = 25,000 1b
Fa = 0 1b
Speed 60 MPH
Fans: one per bearing
Note: (a) All temperatures stabilized during 24 hour test.
(b) Normal Grease Charge:
4.5 oz in each cone assembly
9.0 oz center area between cone assemblies




4.5 CONCLUSIONS

The feasibility of using ultrasonic pulse echo techniques
for determining grease layer thickness on the intericr surfaces
of railroad bearing seals and outer races has been demonstrated.

It was shown that visual observation of ultrasonic echo
amplitudes on a cathode ray tube provides a measure of grease
layer thickness adhering to the interior surfaces of seals and
outer races.

Data acquired indicates:

1. That the outboard seal of a railroad bearing is the
recipient of most of the 8 oz grease charge applied at the grease
fitting and that, as a consequence, the circumferential distribu-
tion of grease adhering to the interior surface of the outboard
seal is a reliable indicator of recent regreasing "history."

See Figures 4-13, 4-15, 4-21 and 4-23.

2. That the circumferential grease distributions observed
from inboard seals and outer races of a railroad bearing are
poor indicators of recent regreasing history. This condition
exists because the grease fitting does not direct grease speci-
fically into the inboard seal and the space between the cone
assemblies, and thus, there is little variation at these loca-

tions between normal and recently regreased bearings.

Since a regrease charge, applied at the grease fitting per
current AAR standards, is almost totally absorbed by the out-
board seal cavity, and since approximately 210°F of the outer
seal shroud is accessible without bearing disassembly, ultra-

sonic inspection could eliminate overgreasing. A maintenance
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mechanic in a railroad repair track would be able to determine
the presence of a regrease charge beneath the outboard seal
cavity before he regreases a recently regreased wheel set.
This would eliminate overgreasing at its source.

Alternatively, a wayside mechanic seeing an outflow of grease
from a bearing seal, could determine (with a portable ultrasonic
tester) if such outflow was the result of inadvertent repair track
overgreasing (in which case the seal would be full) or seal
failure by some other cause (in which case the seal would be
nearly empty). This would eliminate regreasing an already over-

greased bearing.
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4,6 RECOMMENDATIONS

Use of the commercially available ultrasonic tester described
here is not recommended as a maintenance level device. (Railroad
personnel would have to slide a transducer along the OD of
the outboard seal shroud and visually interpret CRT displays
in order to determine bearing grease content.)

Instead, the device, depicted in Figure 4-35, containing a
number of strategically located transducers is recommended as
a maintenance level system. Each transducer would sense only
the presence or absence of grease at a particular location (a
task of minimal complexity from the results reported here).
Electronic logic circuitry would automatically compute cir-
cumferential grease distributions and indicate whether regreasing
is necessary. The instructions '"Regrease' or '"Do Not Regrease"
would be indicated to the repair track mechanic. Figure 4-36
depicts the approximate total grease volumes vs., circumferential
seal distributions for bearings arriving at Repair Track.
{(Recently regreased bearings have distributions similar to the
middle sketch of Figure 4-36.

A work statement and schedule for a multiphase packaging and
evaluation program, to produce prototypes of a maintenance level
device are shown in Figures 4-37 and 4-38 respectively.
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ULTRASONIC BEARING LUSRICATION DETECTOR

SKF IKGUSTRIES, INC.

BEARING SEAL

SELF UNCCR £ ONORMALLY OVER
TEST GREASED ! GREASED | GREASED
TRANSDUCER
e o O © | O
REGREASE DO NOT REGREASE

COUPLANT

o LI L L1

sEQ. SEG.
STARY sToP RESET
' €9 O
o0
/
POWER CHARGE BATTERY

Ultrasonically detects grease distribution in roller bearing
seal and indicates:

Undergreased bearing "Regrease"
Normally greased bearing "Do not Regrease"
Overgreased bearing "Do not Regrease"

To be used by Maintenance Personnel, who now regrease
based on calendar time alone.

Prevents overgreasing by indicating if a bearing actually needs
grease, regardless of its recorded 'date code".

Visited railroads have indicated that this device would be
easily adaptable to their maintenance environment and that it
would save very substantial derailment costs.

Railroads also indicated that, as a bonus, it would offset
its operating cost by eliminating '"hot box'" setouts caused by
overlubrication.

FIGURE 4-35. PROPOSED ULTRASONIC BEARING LUBRICATION DETECTOR
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Over Under

Normal
Greasing Greasing Greasing
Normal grease pack Normal grease pack 4,50 oz of
of 18 o:z plus 8 oz grease

Illustrations of outboard seals showing normally, over, and
undergreased bearings.

These illustrations show representative grease distributions
for bearings having at least several hours of running time.

FIGURE 4-36. TYPICAL CIRCUMFERENTIAL GREASE DISTRIBUTION
IN OUTBOARD SEALS
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Phase I - Prototype System Fabrication and Packaging

(a)

(b)
(c)

(d)
(e)

(f)

Field - Visually and ultrasonically inspect (100) outboard
seals of 6 in. x 11 in. railroad bearings from three major
manufacturers at two railroad wheel shops to verify loca-
tions and operating limits of the outboard seal sensors.
Fabricate and package (2) prototype instrumentation systems.
Fabricate and package (2) transducer shoe assemblies (2
separate designs).

Fabricate and package (2) couplant supply systems (2 designs).
Laboratory '"bench test" transducer shoe assemblies, couplant
assemblies and instrumentation systems.

Update specifications for production prototypes.

Phase II - Evaluation of Two Engineering Prototype Systems

(a)

(b)

Laboratory - Evaluate two complete systems using (4) 6 in.

x 11 in. railroad bearings run under endurance test condi-

tions, and correlate ultrasonic data with visual examination

for over, under and properly greased bearings.

Field Tests - (at two railroad wheel shops)

1. Ultrasonically inspect incoming outboard bearing seals
using systems fabricated and packaged in Phase I above.

2. Visually inspect seals at disassembly, document inspection
data, and correlate data with that obtained in (Ib) above.

3. Verify serviceability at repair track on incoming opera-
tional condition seals.

FIGURE 4-37. PROPOSED ULTRASONIC LUBRICATION DETECTOR
EVALUATION PROGRAM
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Phase I

Prototype System
Fabrication and
Packaging

Phase I1I

Evaluation of
Prototype
Systems

MONTHS ARO

2 4

Update Spec.

— A

Start
Field Tests

FIGURE 4-38. PROPOSED ULTRASONIC LUBRICATION DETECTOR

PROGRAM SCHEDULE.
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5. TASK TI1
BEARING COMPONENT DAMAGE DETECTION BY “SHOCK PULSE" METHOD

5.1 SUMMARY

The object of the Shock Pulse Program is to determine the
feasibility of detecting certain predominant railroad roller bear-
ing failure modes by using the principle of Shock Pulse Analysis.

The capability of the '"Shock Pulse Meter,” a commercially
available analog instrument, to detect brinelling, spalling,

and contaminated lubricant was investigated.

Railroad bearings having known defects were investigated.
These bearings, which were run at two speeds under relatively
light load, were used to acquire shock pulse data. Data ac-
quired (by Shock Pulse Meter) were plotted to obtain shock
pulse profiles. These profiles, were compared to those produced
from data obtained from running new bearings, demonstrate the
feasibility of detecting the various defects by Shock Pulse
Analysis methods.

The Shock Pulse Technique has demonstrated its ability to:

1. Detect spalling, brinelling, and lubricant contamina-

tion in railroad roller bearings without disassembly.

2. Indicate progressive mechanical damage, thereby

precluding catastrophic failures (derailments}).

Use of an analog instrument in a railroad maintenance
facility, however, is not cost effective since it requires sig-
nificant operator interpretation, (including the plotting of
profiles). For this reason, the development of a "Shock Emission

Analyzer' that would provide (go)-(no-go) indications of bearing
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condition was conceptualized as a logical follow-on to this
feasibility study.

The "Shock Emission Analyzer'" concept was presented to
the engineering and maintenance staffs of several major rail-
roads in order to obtain their reactions to such a device.
They unanimously agreed that the '"Shock Emission Analyzer:"

1. Addresses a major problem area.

2. Has substantial cost and life savings potential,

regarding avoidance of derailments,

3. Has the potential of offsetting its annual operating

cost in less than two months operation by avoiding

unnecessary bearing teardown.

Two railroads specifically offered to use their manpower
and facility to assist in evaluating prototypes of this device.



5.2 INTRODUCTION

It was shown in Phase I of Contract . DOT-TSC-935 that
spalling, brinelling other miscellaneous mechanical damages and
grease contamination in railroad roller bearings play a major
causative role in catastrophic roller bearing failure in freight
service. Analysis of reported failure data indicates that
catastrophic failures of roller bearings cost North American
Railroads at least $12 million per annum. The potential cost
in human life resulting from roller bearing failure could be
astronomical in the case of a dangerous cargo derailment in a
heavily populated area.

This project consists of tests to determine the feasibility
of detecting spalling, brinelling, grease contamination, etc.
by use of a device employing a '"Shock Pulse Analysis' technique.
The Test Equipment Section describes the Shock Pulse Analysis
device, the test machinery, and the test bearings used for this
feasibility study. The Test Program Section outlines the
tests, and the Test Results Section describes the data. The
Conclusions Section summarizes the data and the Recommendations
Section comments on the follow-on work.



5.3 TEST EQUIPMENT

5.3.1 Electronic Analysis System

The shock pulse principle of operation is described in
Appendix C. An abbreviated discussion follows:

A damaged bearing in operation generates mechanical
shocks at each encounter of a damaged surface with its contacting
element. This causes short duration, sharp rise-time pulses
of mechanical energy to emanate from the point of impact. The
pulse of energy is governed in its travel by the speed of sound
in the structural material, and not by the spring-mass charact-
eristics of the mounting structure. Therefore, detectability
is less dependent on detailed knowledge of specific mechanical
transfer functions than with vibration signature analysis systems.,
The pulse is attenuated at each mechanical interface and decays
in amplitude in proportion to the distance travelled and the
damping characteristics of the material through which it is
travelling. A resonant accelerometer is used as the pulse
sensor, and its output is fed into an amplifier tuned to the
accelerometer's resonant freQuency. After signal processing,
the output may be analyzed in terms of shock pulse '"rate of
occurrence' and "amplitude."

The Shock Pulse Meter (Figure 5-1), a commercially available
unit is used as the shock pulse analyzer. It is composed of two
distinct parts:(1l) an accelerometer having a resonance of approxi-
mately 38 kHz and (2) a tuned amplifier and discriminator.



FIGURE 5-1., SHOCK PULSE METER
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The accelerometer and electronic unit are used in a tuned
mode. The shock pulse resonates the accelerometer while the
amplifier is tuned to the accelerometer resonance. In this man-
her, the background vibration is completely ignored and the
results of the impressed shock pulses are passed into the
electronic unit.

The input signal is amplified and then passed to a peak
sample and hold circuit. The peak determined is used for gain
control of the amplifier and is sent to the rate threshold
detector and meter circuit. The peak sample-and-hold circuit
presents a pulse amplitude proportional to the input signal
and is thus a quantization of the shock pulse.

The unit was used in the '"'Rate'" mode for this test program.
An analog meter displays rate (pulses per second) that are of a
magnitude greater than the threshold set by a potentiometer
dial on the front panel of the unit. Setting this dial, and
measurements of rate, provide the data required to construct the
shock emission profiles generated in these tests.

The shock emission profile shape reveals bearing condition
and can be used to separate damaged and undamaged bearings,
regardless of whether damage is a result of faulty installation,

poor lubrication, progressive wear, and/or spalling.

Shock emission profile shapes are typically one of three
types, shown as curves "A", "B", and "C" in Figure 5-2.

Curve shape "A'" indicates a high rate of very small shocks
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and the absence of shocks of high magnitude. It is character-
ized by its decrease in rate of occurrence with increasing shock
level. This shock emission profile is characteristic of solid

particles in the lubricant.

Curve shape "B'" indicates the existence of large shock
levels at low shock rate levels. This curve is prevalent in
marginally lubricated bearings.

Curve shape "C'" indicates the existence of a nearly constant
rate of shock occurrence over a wide range of shock levels. It
is an indicator of component damage.

An increase in the level of shocks occurring at a specific
rate is indicative of component damage growth. Early damage is
seen to yield minor '"squaring out' of the shock emission pro-
file whereas advanced damage results in a nearly rectangular
shaped profile.

5.3.2 Bearing Test Machine

An endurance tester, adaptéd for railroad bearing
testing, was employed. The railroad bearing test machine
was shown in Figure 4-5 and was described in Section 4.3.2.

For this program, two test rig modifications (shown in
Figure 5-3) were necessary:

1. The railroad bearing adaptor was drilled and tapped in
the bearing load zone to accept the accelerometer sensor
stud.

2. The bearing loading system was changed from load beams
to dead weights because of the relatively light bearing
test loads.



5.3.3 Test Bearings

Standard 6 in. x 11 in. tapered railroad bearings were used
for testing. They consisted of two new bearings and several
service failures.

The new bearings were representative of unfailed bearings
with uncontaminated grease. They were run to provide baseline
data for the tests to follow.

Service failures were obtained from a railroad bearing
rebuild shop.

All "service failure'" bearings were deemed failures in
accordance with the AAR Roller Bearing Manual and had been
removed from service. These failures consisted of two different
levels of spalling severity on inner rings exclusively; one
roller spalling failure; two different levels of spalling on
outer races exclusively; and two with different levels of brin-
elling damage.

The new bearings used initially for baseline testing were
subsequently utilized in grease contamination tests.

Contamination, in the form of Grade 33 sandblasting sand,
was added to the lubricated cone assemblies at bearing assembly.
This was done to simulate the ingress of particulate contaminant
which could occur when a bearing with a failed seal is exposed
to a sandy environment.
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All test bearings were lubricated to AAR lubrication
specification. Each cone assembly was packed with 4.5 oz of
lubricant and the center area of the bearing between the cone
assemblies was packed with 9 oz of the same lubricant. This
provided a total grease pack of 18 oz. All bearings were checked
for lateral clearance at assembly and met the specified .021 in.
to 0.27 in. lateral play.



5.4 TEST PROGRAM

The Shock Pulse Bearing Damage Detection Test Plan, Contract
DOT-TSC-935 Phase II, Task III, is reproduced in Appendix D.
An abbreviated discussion follows.

All bearings were tested under an applied radial load of
1300 1bs and at speeds of 100 to 200 RPM (equivalent to train
speeds of 10 to 20 miles per hour). This light bearing load
represents the approximate weight of a railroad wheel set and
the slow speeds are representative of the cutting speeds of a
wheel turning machine. (These test conditions simulate
conditions in a wheel shop where the shock pulse technique may
ultimately be applied).

All test bearings were first run for 20 hours at 20 mph,
and then for another 4 hours at 10 mph. Data were accumulated
at the ends of each phase.

Data were accumulated from the Shock Pulse Meter for the
five different test bearing groups using '"rate'" mode. In this
mode, the front panel meter displays the occurrence rate
(pulse/sec) of pulses greater in magnitude than a predetermined
dialable level. The rates of occurrence at each of several
dialed-in magnitudes were recorded for each test. From this,

a graph of shock rate versus shock level (shock emission profile)
was plotted. Bearing condition was interpreted by the shape of
the shock emission profile. Shapes of the profiles will be
referred to as "A," "B," or "C" curves as described previously
in the discussion of the Shock Pulse Meter in the Test

Equipment Section.



For all tests shock rate data reported, represent averages
of three separate data acquisitions. Individual data points were
within +5 percent of those shown in the tables of Section 6.6.

To verify bearing condition, photographs of the failed
bearing components were taken wherever possible and are
presented along with the shock pulse data.



5.5 TEST RESULTS
§5.5.1 Test I - Baseline Tests

Two new 6 in. x 11 in. tapered roller bearings were tested
under the aforementioned test conditions to establish a baseline,
simulating unfailed bearings with uncontaminated grease. Data
taken from these bearings on the Shock Pulse Meter are presented
"in Tables 5-1A and 5-1B. From these data, the shock emis-
sion provile (Figure 5-4) was generated. The profiles revealed
"A" curves of log magnitude which are indicative of unfailed
bearings with 1ittle or no contaminant present. The average
shock level for the two new bearings at a speed of 20 mph was
21 with low shocl rates of 7.5 pulses per second. At the 10
mph speed the shock level was 6.0 with low-shock rates of 4.5
pulses per second.

5.5.2 Test 2 - Inner Ring Spalling

This test consisted of running two bearings with different
degrees of spalling on the inner ring roller paths. Data taken
on these bearings at the *wo different speeds are presented in
Tables 5-2A and 5-2B. Shuck emission profiles plotted from these
readings are shown in Figure 5-5. The profiles revealed ''C"
curves having significant shock levels and high shock rates for
the heavily spalled inner ring at the two test speeds. Shock
rates of 12 pulses per second with shock levels of 10 to 50 were
recorded for the moderately spalled inner ring at the two speeds.

The appearance of "C" curves in three of the four test runs
indicates the presence of rolling element damage in the bearings,
as compared to the low profile "A" curve which are indicative of
unfailed bearings run in the baseline tests. At the test speed
of 10 mph, the moderately spalled inner ring was not detectable.
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TABLE 5-1A. SHOCK PULSE DATA - BASELINE TEST -
20 MPH NEW 6 IN. x 11 IN. TAPERED RAILROAD BEARINGS

SHOCK PULSE DATA

Potentiometer
Level
(Shock Level) Brg. No. 063101
1 8.0
2 7.0
5 5.0
10 2.5
20 1.5
50 1.0

Test Conditions

1300 1b

Load Fr

Fa = 0 1b

Speed 20 mph for 20 hr




TABLE 5-1B., SHOCK PULSE DATA - BASELINE TEST -
10 MPH NEW 6 IN. x 11 IN. TAPERED RAILROAD BEARINGS

SHOCK PULSE DATA

Potentiometer
Level

(Shock Level) Brg. No. 063101 Brg. No. 063102 Average
1 6.0 3.5 4.75
2 1.9 1.5 1.7
5 1.2 1.5 1.35

Test Conditions

i

Load Fr 1300 1t

Fa =0 1b

Speed 10 mph for 4 hr
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SHOCK EMISSION PROFILES - BASELINE
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FIGURE 5-4.
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TABLE 5-2A. SHOCK PULSE DATA - MODERATELY SPALLED

INNER RING-BEARING 063201

SHOCK PULSE DATA

Shock Rate - Pulses per Second

Potentiometer Level
(Shock Level) Speed-20 mph Speed-10 mph

1 12.0 12.0
2 12.90 6.5
5 12,0 3.5
10 3.8 1.0
20 1.5 -
50 1.0

Test Conditions

1300 1b
0 1b

Load Fr

F
a

1

Speed 20 mph for 20 hours

10 mph for 4 hours




TABLE 5-2B. SHOCK PULSE DATA - HEAVILY SPALLED
INNER RING - BEARING 063202

SHOCK PULSE DATA

Potentiometer Level Shock Rate - Pulses per Second
(Shock Level) Speed- 20 mph Speed-10 mph
1 170.0 160.0
2 170.0 130.0
5 150.0 130.0
10 150.0. 90.0
20 150.0 55.0
50 95.0 17.0
100 50.0 4.5
200 12.0 2.0
500 3.0 1.0
1000 1.5 -

2000 1.0

Test Conditions

Load - Fr = 1300 1b
Fa =0 1b
Speed - 20 mph for 20 hours

10 mph for 4 hours
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5.5.3 Test 3 - Roller Spalling

This test consisted of running one bearing with lightly
spalled rollers as shown in Figure 5-6. Data taken on this
bearing at two different speeds by the Shock Pulse Meter are
presented in Table 5-3. A shock emission profile plotted from
these readings is shown in Figure 5-7., The profiles revealed
"C" and "A" curves having significant shock levels in the
magnitude of 4 to 25 and low shock rates of 15 to 20 pulses
per second at the two speeds.

The appearance of a "C" curve at the 20 mph speed indicates
the presence of rolling element damage in the bearing, as com-
pared to the low profile "A" curve which was indicative of un-
failed bearings run in the baseline test. At a test speed of
10 mph, the lightly spalled rollers were not detectable.

5.5.4 Test 4 - Outer Ring Spalling

This test consisted of running two bearings with different
degrees of spalling on one outer ring roller path. One outer
ring was moderately spalled and one was heavily spalled as
shown in Figure 5-8. Data taken on these bearings at the
two speeds by the Shock Pulse Meter are presented in Tables 5-4A
and 5-4B. Shock emission profiles plotted from this data is
shown in Figure 5-9. The heavily spalled outer ring at 20 mph
speed revealed a "C'" curve having a significant shock level of
80 with a shock rate of 90 pulses per second. The moderately
spalled outer ring at 20 mph also revealed a '"C" curve having
a shock level of 50 with a shock rate of 45 pulses per second.



FIGURE 5-6.
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TABLE 5-3
TABLE 5-3. SHOCK PULSE DATA - LIGHTLY SPALLED
ROLLERS - BEARING 063301

SHOCK PULSE DATA

Shock Rate - Pulses Per Second

Potentiometer Level

(Shock Level) Speed - 20 mph Speed - 10 mph

1 20.0 15.0
2 20.0 6.5
3 - 1.5
4 - 1.0
5 20.0 -

10 10.0

‘15 4.0

20 1.5

25 1.0

Test Conditions

Load Fr 1300 1b

F
a

Speed - 20mph for 20 hours

0 1b

10mph for 4 hours
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Moderately Spalled Outer Ring

Heavily Spalled Outer Ring

FIGURE 5-8. TYPICAL SPALLED OUTER RINGS
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TABLE 5-4A.

\

SHOCK PULSE DATA - MODERATELY SPALLED
OUTER RING - BEARING 063401

SHOCK PULSE DATA

Potentiometer Level

Shock Rate - Pulses Per Second

(Shock Level) Speed - 20 mph Speed - 10 mph
1 45.0 45,0
2 45,0 15.0
3 - 8.0
4 - 4,5
5 25.0 3.0
6 - 1.8
7 - 1.5
8 - 1.0

10 12.0
20 5.0
30 2.5
40 1.5
50 1.0

Test Conditions

Load F
T

F
a

[}

1300 1b

0

1b

Speed 20 mph for 20 hours

10 mph for

4 hours




TABLE 5-4B. SHOCK PULSE DATA - HEAVILY SPALLED
OUTER RING - BEARING 063402

SHOCK PULSE DATA

Shock Rate - Pulses Per Second
Potentiometer Level
(Shock Level) Speed - 20 mph Speed - 10 mph

.1 90.0 90.0

2 90.0 75.0

5 90.0 40.0
10 45.0 17.0
20 15.0 4.0
30 - 1.8
40 - 1.0
50 4.0 -
60 2.5
70 _ 1.5

80 1.0

Test Conditions

1300 1b

Load F
T

F = 0 1b.
a

Speed 20 mph for 20 hours
10 mph for 4 hours
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The appearance of "C'" curves in two of the four test runs
indicates the presence of rolling element damage in the bearings,
as compared to low profile "A" curves which were indicative of
unfailed bearings run in the baseline tests. At the test
speed of 10 mph, neither spalling failure was detectable.

5.5.5 Test 5 - Brinelling

This test consisted of running two bearings with different
degrees of brinelling on the inner and outer rings. One was
moderately brinelled and one heavily brinelled. Photographs of
the brinell marks in the outer rings of the bearings are shown
in Figure 5-10. Data taken on these bearings at two different
speeds are presented in Tables 5-5A and 5-5B. A shock emission
profile plotted from this data is shown in Figure 5-11. The
profiles produced "C" curves having significant shock levels of
90 to 1000 with high shock rates of 240 to 250 pulses per
second for the heavily brinelled bearing. Shock levels of
30 to 110 with a shock rate of 110 pulses per second were
recorded for the moderately brinelled bearing.

The appearance of "C'" curves in all the test runs indicates
the presence of rolling element damage in the bearing as compared
to the low profile "A'" curves which were indicative of unfailed
bearing in the baseline tests.



FIGURE 5-10. TYPICAL BRINELLED OUTER RINGS
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TABLE 5-5A.

SHOCK PULSE DATA - MODERATELY BRINELLED
BEARING - BEARING 063502

SHOCK PULSE DATA

Potentiometer Level
(Shock Level)

Shock Rate - Pulses Per Second

Speed - 20 mph

Speed - 10 mph

1
2
5
7
10
20
30
50
60
70
80
90
100
110

110.
100.
95.

90.
55.

12.

0
0
0

110.0
100.0
30.0
10.0

Test Conditions

Load Fr

Fa = 0 1b

1300 1b

Speed - 20 mph for
10 mph for

20 hours
4 hours




TABLE 5-5B. SHOCK PULSE DATA - HEAVILY
BRINELLED BEARING - BEARING 063501

SHOCK PULSE DATA

Potentiometer Level

Shock Rate - Pulses Per Second

{Shock Level) Speed - 20 mph Speed - 10 mph
1 250.0 240.0
2 240.0 210.0
5 220.0 180.90
10 220.0 130.0
20 200.0 45.0
30 - 15.0
40 - 10.0
50 150.0 6.5
60 - 3.0
90 - 1.0
100 100.0 -
200 10.0
500 3.0
1000 1.0

Test Conditions

1300 1b

Load Fr

Fa = 0 1b

Speed 20 mph for 20 hours
10 mph for 4 hours
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5.5.6 Test 6 - Grease Contamination

This test consisted of running two new bearings with
particulate contaminant added to the grease. The contaminant
used was Grade 33 sandblasting sand (30-35 mesh) which is
representative of abrasives found along railroad roadbeds.

In one test bearing, one gram of sand was added to the grease

in one cone assembly. In the other test bearing, one gram of

sand was added to the grease in both cone assemblies. Data

taken on these bearings at the two speeds by the Shock Pulse Meter
are presented in,Tables 5-6A and 5-6B. A shock emission profile
plotted from these data is shown in Figure 5-12. The profiles
produced "A'" curves having significant shock levels combined

with high shock rates.

The appearance of "A" curves with high shock rates in all
the tests indicates the presence of contaminant in the lubricant
as compared to the low profile "A" curves (low shock rates)
which were indicative of unfailed bearings with noncontaminated
lubricant run in the baseline tests.



TABLE

5-6A.

ADDED TO ONE BEARING CONE ASSEMBLY - BEARING 063101

SHOCK PULSE DATA - PARTICULATE CONTAMINANT

SHOCK PULSE DATA

Shock Rate - Pulses Per Second
Potentiometer Level
{(Shock Level) Speed - 20 mph Speed - 10 mph
1 400.0 50.0
2 300.0 30.0
. 5 200.0 4.0
6 - 3.0
7 - 2.0
8 - 1.0
10 60.0
20 6.0
50 1.75
70 1.0

Test Conditions

Load F
T

F
a

Speed 20
10

1300
= 0 1b

mph for
mph for

1b

20 hours
4 hours




TABLE 5-6B.

SHOCK PULSE DATA - PARTICULATE CONTAMINANT

ADDED TO BOTH BEARING CONE ASSEMBLIES - BEARING 063102

SHOCK PULSE DATA

Potentiometer Level
(Shock Level)

Shock Rate - Pulses Per Second

Speed - 20 mph

Speed - 10 mph

1
2

10
15
20
40

500.0
300.0
100.0
25.0
9.0

60.0
40.0

Test Conditions

Load Fr = 1300 1b
F_=01b
a

Speed 20 mph for 20 hours
10 mph for 4 hours
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5.6 CONCLUSIONS

Data summary graphs are shown in Figures 5-13, 5-14, 5-15,
and 5-16. The difference in profiles between new and defective
bearings is evident.

Spalling on inner rings, rollers, and outers was readily
detected. The Shock Pulse Meter could be used to eliminate
disassembly and visual inspection for spalling damage.

Brinelling on inner rings and outer rings readily was
detected. The Shock Pulse Meter could be used to eliminate dis-
assembly and visual inspection for brinelling damage caused by
derailment.

Particulate contamination was readily detected. The Shock
Pulse Meter could be used to eliminate disassembly and visual
examination for particulate contamination.

Use of the Shock Pulse Meter would preclude progressive
catastrophic failures, as caused by the above defects.
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5.7 RECOMMENDATIONS

It is seen, from Figures 5-13 through 5-16, that no single
parameter {e.g. maximum shock value) can be used in determining
bearing condition. An interpretation of '"area under the curve,"
axis intercepts, and other parameters associated with curve shape
is needed to successfully discriminate between good and defective
bearings.

Since the Shock Pulse Meter does not have the capacity to
perform automatically such analysis, a follow-on program to
package and evaluate an automatic Shock Emission Analyzer has
been proposed. This device would analyze data as they are
being gathered and provide (go)-{no-go) indication of bearing
condition.

It is recommended that a program be established to produce
hardware which will set apart bearings having mechanical damage
or contaminated grease. Such a system, and its salient features,
is shown conceptually in Figure 5-17.

This concept was presented to four major railroads. It
gained unanimous approval from the railroads because of its cost
and 1ife-saving potential, and its adaptability to a railroad
maintenance environment.

A polyphase packaging and evaluation program to produce
two operating systems is shown in Figure 5-18. A proposed
program schedule is shown in Figure 5-19.
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*Testing is done at a Railroad Wheel Shop by Maintenance Personnel.

*Detects spalling, brinelling, broken components, and contamina-
tion in railroad roller bearings before catastrophic failure
occurs.

*Gained unanimous approval from railroads because of its cost
and life saving potential, and its adaptability to a railroad
maintenance environment.

*It was recognized as having substantial cost savings potential,
regarding derailments,

*As a bonus, it has the potential of offsetting its annual
operating cost in several months operation by avoiding unnecces-
sary bearing teardown. (Based on preliminary operating cost versus
derailed bearing inspection costs).

*Two railroads enthusiastically offered to assist in field
evaluation of the device.

FIGURE 5-17. PROPOSED RAILROAD BEARING SHOCK EMISSION ANALYZER
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Phase I - Systems Fabrication and Packaging

(A) Fabricate and Package Portable Railroad Wheel Set Rotating
Device

(a) Fabricate and package (2) portable rotating devices
compatible with Railroad Wheel Shop environment for
rotating, loading, and precessing outer rings of
bearings under test.

(b) Evaluate portable rotating device in laboratory
by running (6) tests varying speed and load to
optimize Shock Emissicn Profiles on failed bearings.

(c¢) 1Install rotating mechanics at wheel shops of two
different railroads.

(d) Final Data Acquisition and Analysis Report.

(B) Fabricate and Package Automated Shock Emission Analysis

System

(a) Establish (go)-(no-go) limits for prototype tester in
conformance with established A.A.R. standards.

(b) Fabricate, Package and Checkout two engineering pro-
totypes.

(c) Generate Performance Specification and Drawing Data
Package.

Phase II - Evaluation of Engineering Prototype Systems (2)

(a) Laboratory Evaluation - Verify defect discriminating
ability of Shock Emission Analyzer by testing 12
bearings (six passable and six rejectable), and
correlating results with Shock Pulse Meter profiles
previously generated in Contract DOT TSC-935.

(b) 1Install rotating mechanics (Fabricated in Phase I)
and automated Shock Emission Analyzer (Fabricated in
Phase I) at two Railroad Wheel Shops.

FIGURE 5-18. PROPOSED RAILROAD BEARING SHOCK
EMISSION ANALYZER EVALUATION PROGRAM
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(c) Collect (go)-(no-go) data for incoming bearings at
each shop: Collect (go)-(no-go) data for all (minimum
12 bearings) known or suspected service failures at
each shop: verify operability by visual examination
of all bearings after teardown.

(d) Final Evaluation and Data Analysis Report.

FIGURE 5-18 (CONT.)
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FIGURE 5-19. PROPOSED RAILROAD BEARING
SHOCK EMISSION ANALYZER PROGRAM SCHEDULE

5-47/5-48






6. CONCLUSIONS

Data gathering and analyses discussed in detail in Sections
3, 4, and 5 have established the feasibility of producing
maintenance-oriented systems which will:

1. Eliminate the cost and life threatening potential of

catastrophic railroad journal roller bearing failure
by any failure mechanism.

2. Detect and/or prevent two of the primary causes of
railroad journal roller bearing failure (i.e. inadver-
tent overlubrication, and progressive mechanical
damage to major bearing components) before they
progress to the point where catastrophe is imminent.

Discussions with maintenance personnel at various railroads
have obtained concurrence with the technical and cost saving
goals of the reported and proposed programs.

The relative costs of mass produced "temperature only' and
"temperature/strain" Transmitter Bolts are detailed in Section
3-8, wherein it is seen that cost effectiveness is more readily
attained with the temperature sensing bolt. The cost of a
mass-produced Transmitter Bolt for over-temperature detection
will be approximately $28 per bearing, which is an order of
magnitude lower than the '"'temperature/strain' bolt. By com-
parison, the consequential costs of an undetected bearing failure
causing a dangerous cargo derailment in a heavily populated area,
could be enormous.

The cost of an automated ultrasonic test equipment for the
prevention of overlubrication is estimated at $10,000 per unit.
The manpower required to operate the ultrasonic inspection
equipment is a repair track is estimated to cost $10,000/yr.
Elimination of derailments and hot box setouts, caused by



inadvertent overgreasing, will far outweigh these insignificant
initial and operational costs.

Initial and operating costs for the automated Shock Pulse
Analyzer are of the same order of magnitude as those of the
overlubrication detector. Such a system in use at a wheel shop,
where many bearings undergo unnecessary rebuilding, has the
potential to save one canvassed railroad $150,000/year.



7. RECOMMENDATIONS

It is recommended that each of the follow-on programs
described in detail in Sections 3, 4, and 5 be instituted
because of their cost and lifesaving potential.

Development of the '"temperature-sensing" Transmitter Bolt
is especially urgent because of its ability to eliminate
burnoffs regardless of bearing failure mechanism, and because
of the ever-increasing possibility of life-threatening de-

railments.

7-1/7-2
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APPENDIX A
TEST PLAN FOR ON-BOARD
THERMALLY POWERED TRANSMITTER

INTRODUCTION

The object of the test program described herein is to
prove feasibility of remotely detecting extreme temperature
and strain excursions in railroad wheel bearings. Two self-
contained (in the sense of needing no external power source)
prototype transmitters capable of detecting these excursions
are being developed. The prototype transmitter will be
constructed of components and discrete integrated circuits
which are capable of further miniaturization. The prototype
will, however, be packaged on standard sized printed circuit
boards. Upon successful completion of prototype testing,
specific packaging requirements (such as packaging the
transmitter within a bolt) can be reviewed. All circuitry
involved in transmission and sensing, is being developed
to be amendable to small scale integration techniques in the
final configurations.

The test program is divided into two separate entities:
(1) the development and test of a basic breadboard trans-
mitter and (2) the development and test of prototype trans-
mitter capable of being powered thermally and sensing the
required parameters. Table A-1 and Figure A-1 provide graphic
display of the schedule and testing programs for easy re-

ference.
TEST FIXTURES

Two test fixtures will be used in conjunction with the

Preceding page blank



TABLE A-1.

PROGRAM ONE TEST MATRIX

VERTICALLY HORIZONTALLY | HORIZONTALLY | HORLZONTALLY
POLARIZED POLARLZED POLARLZIED POLARIZ1.)
WHELL 5IMU- TRANSMITTER
LATOR AS GND. | ENCAPSULATED IN
PLANE WHELL S IMULATOR
BREAD BOARD BATTERY
AN "1 : N

TRANSMITTER POWERE, D A - i -
UNMUDULATIED

BREAD BOARD BATTERY

TRANSMITTER POWERED 24 2B 2c 20
MODULATED

BREAD ROARD THERMALLY

TRANSHMITTER POWERED 3A 38 3¢ 3D
MODULATED

PR+ :OTYPE BATTERY

BR: D BOARD POWERED 4A 4B 4C 4D

CTEAP, AND .

STRAIN SENSING)MODULATED

PROTOTYPE THERMALLY

BREAD BOARD POWERED

(TEMP, AND MODULATED * *® 3¢ 0

STRAIN SENSING) :

A B c D

Re

pro
best

3

d fro
stable

copY
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FIGURE A-1. TEST PLAN SCHEDULE
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transmitter to simulate actual operating conditions. To
determine the effect of a grounded, railroaa wheel perpend-
icular to, and along the same axis as the transmitters
antenna, a test fixture simulating the basic RF reflection
characteristics of a railroad wheel will be constructed.
The test fixture will consist of a metal disc having the
same diameter as a railroad wheel. The center of the disc
will be drilled out and the transmitter antenna will be
placed on this hole perpendicular to the disc so that the
antenna is horizontally polarized. Test data will be
collected by taking measurements about the locus of a
circle whose center is the intersection of the antenna and
wheel, and whose plane is horizontal. For each test, the
radius of this circle will be enlarged in increments to one
mile. The size of these increments will be determined at
testing for maximum resolution.

The second test fixture will be used to determine the
effect of encapsulating the transmitter in a grounded metal
container. This will simulate mounting the transmitter in a
standard railroad wheel bolt. Following the same procedure as
outlined above, field strength measurements will be taken,
Since RF radiation will emanate from only the antenna (the
only nonencapsulated section of the transmitter), this test
will be used primarily as a tool to improve upon the effic-
iency of the antenna coupling. Basically, the test fixture
is a metal container with a small hole drilled in one end to
extend the transmitter's antenna outside the container. The
container is grounded to the wheel simulator.



A.3 TEST PROGRAMS AND SCHEDULE

Two test programs will be performed. One, the develop-
ment of a transmitter capable of detecting strain and temper-
ature excursions, and of being powered by a thermopile,
providing sufficient output to be received by a standard UHF
communications receiver at a distance of one mile in open
terrain from the transmitter. The second program, which is
concurrent with test program one, will investigate the
feasibility of developing a specific commercially available
thermopile in order to provide the necessary power for the
transmitter of program one.

A.3.1 Program One

Testing in this program proceeds basically from 1A
through 5D in the matrix of Table A-1. As stated in
Section I, two basic transmitters will be developed ie.
breadboard and prototype. The horizontal parameters are
the various test fixtures described in Section A.2 above;
(actually "A" and "B'" represent the absence of a test fix-
ture). The vertical parameters represent different trans-
mitter configurations. In all tests, transmitted power will
be measured at specified angles and distances from the
transmitter. In test 1 (i.e. 1A - 1D), the output of a
basic unmodulated carrier (battery-powered) transmitter will
be assessed. In test 2, the output of the same transmitter,
swept or modulated by a relaxation oscillator will be monitored.
In test 3, a modulated transmitter, powered by thermopiles
will be monitored. In test 4, a battery-powered transmitter
whose modulation is switched on by simulated strain and
temperature excursions will be tested. 1In test 5, the same

A-5



A.3.

device as in test 4 will be thermally powered. It is seen
that prior to tests 4 and 5, and concurrent with 1 through 3,
circuitry for modulating the transmitter carrier will be
developed.

2 Program Two

Program two will consist of evaluating candidate thermo-
pile manufacturersto determine capability of meeting the power
and sizing demands. Several off the shelf modules, which will
approximate the final power output required, will be pur-
chased and "hot plate'" will be tested to determine current
and voltage capabilities at load against the desired charac-
teristics. These prototypes will be used as the thermal
powering units necessary for the completion of tests 3 and 5
in the matrix of program one, and as such, the development
stated here will be concurrent with tests 1 and 2 of program

one. Timing of programs one and two are seen in Figure A-1.

DATA FORMAT

It will be noted in the matrix of program one, that two
types of transmitter output power sensing are needed, i.e.,
one for sensing unmodulated carrier power and the second for
sensing the (go)-(no-go) chirping of the modulated carrier.
Because of this, a field strength meter will be used in
tests 1 and 2, and an F.M. or A.M. receiver will be used in
tests 2 through 5.

Data will be accumulated in graphic form as polar plots
of field strength versus angle from an antenna center line in
the horizontal plane. Tests 1 and 2 will provide field
strength data as a function of angle and distance (from the
transmitter) and tests 2 through 5 will provide yes or no
indications as to whether the modulated carrier signal was
received. The percent modulation of the received signal will
be tabulated. A-6



Conventional laboratory instrumentation will be used to
indicate the capabilities of the thermopiles of program two.
Measurements of open circuit voltage versus temperature
difference across chip, and voltage versus load current at
fixed temperature differences across the chip, will be

accumulated.
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APPENDIX B
TEST PLAN FOR ULTRASONIC OVERLUBRICATION
DETECTOR TEST PROGRAM

INTRODUCTION
The objective of this test program is to detect excess-
ive lubrication which is a major cause of overheating and
subsequent failure of railroad bearings. The pulse echo
ultrasonic technique of overlubrication detection will be
evaluated.

TEST EQUIPMENT

When a conventional ultrasonic test unit transducer is
coupled to a surface, such as a seal or bearing outer race,
the return pattern varies perceptibly with grease layer
thickness on the side of the surface opposite the transducer.
By selection of one or more gate areas in the return signal
and setting of a return signal amplitude 1limit value, the
ultrasonic test technique can effectively serve to indicate
the presence or absence of grease, and possibly even the
depth of lubricant layer on the inner surface.

The transducer will be applied to the external surface
of the bearing via a thin layer of material containing a
coupling fluid. The pulser receiver excites the transducer
and the return echo pattern is received. The gated areas in
the return signal are selected based on the bearing and seal
characteristics.

The amplitude of the resurn signal in. the selected gate
area is amplified and suitably displayed to the operator.
Ultimately, it may be possible to integrate the readings from
a predefined sweep pattern to make a single output deter-
mination of the relative amount of lubricant in the bearing.

e B-1
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B.3

B.3.1

A commercially purchased ultrasonic flaw detector
will be used as the pulse-echo ultrasonic analyzer. The unit
is a portable industrial instrument consisting of an echo
amplitude monitor with a cathode ray tube display and a
transducer with attaching cable. The transducer sensor will
be coupled to the railroad bearing seal and outer ring by a
plexiglas adapter shoe. Locations for transducer monitoring
are shown in Figure B-1. The design for a hand held adapter
shoe is shown in Figure B-2. The adapter will assure a uni-
form presentation and orientation of the transducer to the

surface each time a test is conducted.

TEST CONTENT

Static Grease Detection Units

Testing will be accomplished in two areas. First, seals
from an 1 in. x 11 in. standard tapered railroad bearing
coated with lubricant layers will be statically tested using
a 2.5 - 5.0 MHz pulse-echo technique to determine the optimum
grease layer detection frequency. In addition, the sensi-
tivity to thickness of the grease layer will be determined
along with the selection of gate areas where optimum detection
ratio exXists. This same static testing will also be conducted
on a 6 in. x 11 in. outer ring in the area between the roller
tracks and then on assembled bearings mounted on a test machine
shaft. 1In all these tests, the optimum detection frequency
and detection gate areas will be determined and recorded.

The lubricant used in these tests is grade B grease
and meets AAR specification M-917 for grease type rail-
road roller bearings.
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B.3.2

Grease Migration Test

Secondly, an overgreased bearing grease migration test
will be conducted. This test will consist of running two new
6 in. x 11 in. tapered bearings with three different amounts
of lubricant for a period of 24 hours. A baseline test will
be run first with a AAR normal grease pack of 18 ounces
and then additional grease quantities of two and three times
the required amount will be added through the grease fitting
on the railroad bearing cap. Each test will run for 24 hours
at 25,000 1b radial load at an equivalent speed of 60 mph
to obtain optimum grease channeling and distribution through-
out the bearing. The bearings will be disassembled and
inspected visually to determine grease flow patterns. Data
will be accumulated after normal greasing and overgreasing
occurs to determine the effect of this variable on detection
sensitivity, and to determine the minimum degree of overlub-
rication of the bearing that results in detectable grease
pack motion in the available lubricant cavities.

To accomplish this test program, a laboratory railroad
bearing test machine setup for a 6 in x 11 in bearings will
be utilized. The bearings will be tested under an applied
radial load of 25,000 1b and at a speed equivalent to 60
miles per hour train speed. These test conditions should
be representative of a freight car bearing load in service.
The railroad bearing testing machine was shown in Figure 4-5
of the text and was described in Section 4.3.2 of the text.



The testing program and its monthly milestones are

presented in Table B-1.
B.4 DATA FORMAT

Data will be accumulated as return signal amplitude
measurements taken from the cathrode ray screen of the test
equipment. These signals are electrical analogs of energy
content of sonic waves rebounding to the transducer during
certain chosen time periods after an ultrasonic impulse.

The presence or absence, and possibly the thickness of a
grease layer will manifest itself as variations in amplitude

of appropriately chosen pulse echoes,

The data from the first test will he plotted in graph
form: amplitude vs. thickness of grease layer. Data from
the second test will also be plotted in graph form: ampli-
tude vs. presence or absence of grease circumferentially

plotted around the seals and outer ring.



TABLE B-1. ULTRASONIC OVERLUBRICATION
DETECTOR TEST PROGRAM

Testing and Application of Ultrasonic Test Lquipment

MONTIHS
Seal

MARCH ' APRIL
(1) Develop optimum grease layer detector frequency. |

(2) Select gate areas using a seal separatcly and then
mounted in a bearing.

(3) Develop sensitivity and establish signal amplitudes
in assembled bearings for different thickness layers
of grease.

Outer Ring
(1) Establish the sensitivity to greasec in the area
between the roller paths.

(2) Select gate areas using an outer ring separatcly
and then in assembled bearing. E—

(3) Develop sensitivity to different thickness lavers
of grease and establish signal amplitude in
assembled bearings for different thickness layers
of grease in the area between the roller paths.

Overgreased Bearing Test

(1) Baseline test - Run two bearings for 24 hours
with required amount of grease to determine
the grease distribution. (bearing approximately
30% full).

(2) Run the above baseline test bearings for an
additional 24 hours with twice the required
grease amount to determine the grease distribution
(bearing approximately 60% full).

(3} Run the above overgreased bearings for an additional
24 hours with three times the required grease amount
to determine the grease distribution. (bearing
approximately 90% full),

NOTE: (1) Test bearing - 6" x 11" Tapered Roller Bearings.
(2) Test Machine - Railroad Test Machine
(3) Test Conditions in overgreased bearing test.

(a) Fr = 25,000 # , Fa = 0
(b) Speed - 60 miles/hour
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~ APPENDIX C
SHOCK PULSE METER INSTRUMENTATION

C.1 INTRODUCTION

The Shock Pulse Meter is a reliable economical bearing
performance diagnostic instrument capable of defining bearing
condition in situ with significantly greater clarity than other
.methods in use.

It is the purpose of this paper to discuss the nature of
the phenomenon sensed by the instrument, the processing of the
data within the instrument, and the use of the instrument as a
diagnostic tool.

C.2 THE NATURE OF THE SENSED CHARACTERISTIC

The dynamics of the rolling element in a bearing due to
the transit of discontinuities through the contact ellipse,
whether surface discontinuities or particulate matter, gives
rise to a discrete emission of energy within the bearing ele-
ments. The level of this energy release is a direct function
of size of discontinuity and is proportional to the square of
the speed of the rolling element at encounter.

Two important reactions to this encounter occur. These
are illustrated in Figure C-1.

First, a shock pulse is created, emanating from the point
of impact. This pulse is characterized by very sharp rise and
very short duration. The pulse travel is governed by the speed
of sound in the structure. The pulse is attenuated approximately
14 dB at each mechanical interface, and decays in amplitude
in proportion to distance and material damping characteristic.



CASE | CASE 2

N o — ]
A R ~~ — — A
SHOCK WAVE ELASTIC OSCILLATION

Ywrn—— ~ 7 D

FIGURE C-1. SHOCK PULSE GENERATION

C-2



The pulse propogation is independent of bearing or mounting
structural resonance and thus is not affected by changes in these
with load or wear.

The second reaction is the establishment of elastic res-
onances within the bearing elements and the surrounding structure.
This mode of transfer of mechanical energy is physically gov-
erned by bearing and mounting mechanical characteristics and
resonances., This elastic resonance so induced is superpositioned
on vibration from other sources within the structure. This re-
sults in the establishment of the net vibration environment at
a given point in the structure. The vibrational envelope, being
directly related to structural characteristics reacts differently
to bearing originated mechanical energy as load and wear change
these characteristics.

Thus, in situ use of vibration measurement to determine
bearing condition requires constant attention to the mathematical
model used and is confused by dynamic background vibration changes
with load and wear within the machine or structure.

In general, the bearing vibration must rise well above
the background to be discerned. The remaining time to cata-
strophic failure may then be quite short.

Some attempts to overcome these classic limitations of
vibration measurement involve periodic sampling of the vibration
environment, at periods determined by roliing element passage,
for example. While these methods are successful for periodic
damage so encountered, they tend to miss the same damage if
speed and load change and tend to ignore totally the aperiodic
type emission coming from rolling element damage or encounters
with wear products in the contact area.
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In sharp contrast to the use of vibration measurement to
determine bearing in situ condition, is the use of shock emission
measurement for this determination. The registry of shocks takes
advantage of three important characteristics of the shock pulse:

1. It is a sharp rise, short duration pulse of energy
related directly to the severity of the contact in
the bearing element contact ellipse.

(8%
.

It depends for propogation on the speed of sound in
the structure and is independent of the spring/mass
characteristics of the structure. It is thus not
dependent on modeling for data isiterpretation.

3. It is attenuated markedly (empirical data indicates

14 dB or 80 percent) at mechanical interfaces.

It is upon successful measurement and use of the informa-
tion contained in these shock emissions that the following
thesis is based:

The shock emission envelope'of a bearing in situ can
readily be used to diagnose and isolate impending bearing fail-
ure and diagnose bearing condition.

The shock emission envelope is constructed by measurement
of rate of emission of shock pulses versus the level of emitted
shock. A typical shock emission envelope comparison of an
undamaged and damaged type 6309 ball bearing is shown in
Figure C-2
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The change in shock level in relation to time of oper-
ation gives the earliest indication of bearing surface damage.
The indication is well in advance of a noticeable increase in
vibration and may give remaining span time to failure as great
as the time preceeding the indications, use conditions remain-
ing the same.

The rate profile of shock emission gives a measure of the
extent of damage and may be used to determine the propogation
of the damage area.

The shock emission envelope shape is a revealing signa-
ture of the bearing and that shape of the envelope is usable to
separate damage and undamaged bearings and also indicate

installation and lubrication problems.

To successfully determine shock emission envelope requires
the measurement of shock amplitude and rate of occurrence of
shocks as a function of amplitude. The Shock Pulse Meter was
shown in Figure 5-1 of the text.

€.3 OPERATION OF THE SHOCK PULSE METER

The unit used to measure the emitted shock pulses is
composed of two distinct parts.

1. An accelerometer having a resonance of about 38 kHy

2. A tuned amplifier and discriminator



The accelerometer and the electronic unit are used in a
tuned mode much in the sense that a radio is tuned to a station.
The previously described shock pulse resonates the accelerometer
as a shock resonates a bell while the amplifier is tuned to the
accelerometer resonance. In this way, the background vibration
is completely ignored and the results of the impressed shock
pulse are passed into the electronic unit.

Within the unit a second unique feature is incorporated. To
be of the most analytic use, the device must have a wide dynamic
range. In order to avoid the confusion of changing scales, a
logarithmic amplification technique is used. In this way, a
clear 20,000:1 dynamic range 1s given for both rate and ampli-
tude measurement. The signal processing is shown in Figure C-3.

The input signal is amplified and then passed to a peak
sample-and-hold circuit. The peak determined is used to
control the gain of the amplifier and is sent to the rate threshold
detector and the meter circuit. In the normal mode, the peak value
is displayed on the meter.

The peak sample and hold circuit presents a pulse ampli-
tude proportional to the input signal and is thus a quantization
of the shock pulse.

When the unit is commanded into the 'Rate' mode, the meter
registers pulses per second that are of a magnitude greater than
the threshold set on a dial on the front panel of the unit.
Setting of this dial and measurement of rate provide the infor-
mation used to construct the shock emission profile.
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In addition, a front panel earphone attachment is available
so that level discriminated shocks may be listened to in order to
determine rhythm. They may also be displayed on an oscilloscope
with a shaft revolution marker to determine whether the measured
shock is associated with inner ring, outer ring or rolling ele-
ment damage. A recorder output is provided for long-term moni-

toring of a shock level as required in unattended measurements.

The unit is portable, about 15 pounds in weight, battery
operated by rechargeable NICAD cells and employs integrated
circuit electronics in the design for high reliability and
dependability.

The unit fully uses the dynamic range in bearing measurement.
The high sensitivity of the unit is illustrated by the fact that
a typical, inexpensive watch registers one to five on the shock
level meter., A quiet bearing is in this region also. A small
spall (two square millimeters) may register 80 to 200. A

bearing that has significant damage registers several thousand.

C.4 DIAGNOSTIC USES OF THE SHOCK PULSE INSTRUMENTATION

The Shock Pulse Meter is suitable for two categories of use:

1. Use by untrained personnel to measure shock level of
bearings in situ and keep records of this data which
indicate when a level change occurs that warrants bear-
ing replacement. Unit simplicity and dependability
suit it well for this task and it is in wide use in

Europe for this task.
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2. Use as a diagnostic tool to obtain readily interpreted
shock emission profiles for bearing performance analysis.

Signal outputs from the unit are usable in two ways for
diagnosis. First, the construction of a plot of shock rate versus
shock level is a quite revealing measure of bearing condition.
Three example curve shapes are shown in Figure C-4.

Curve A:

Existence of foreign particulate matter in the lubricant
is diagnosed from a plot having high rates of very small shock
levels but no shocks above a level of three to five.

Curve B:

A curve shape indicating very low rate of very high
(hundreds or thousands) shock levels may indicate a dry bearing

or rolling element damage.

Curve C:

A curve shape which starts to "fill out," having a sig-
nificant rate of shocks from .5 to 50 or more, is indicative of
damage. The spread in shock level with rate is illustrative
of the fact that there is a spread of shock emission level
with the way each individual rolling element encounters the

damage or wear product.

Once the latter curve shape has been detected, the second
diagnostic capability of the instrument may be employed.
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The display of level discriminated shock pulses on an
oscillocope in relation to one shaft revolution will aid in
determining location of the most severe (or any other damage
selected by level) damage. An inner ring damage will apear
stationary with respect to the data frame as it will be en-
countered once for each passage through the predominate load
zone. An outer ring damage will appear to move across the data
frame at the inner/outer element relative rate. Rolling element
damage will appear as periodic and unrelated to the data frame.

While the preceeding illustrations are not meant to be
all inclusive, they do attest to the superior capability of this
instrument and the clarity ot shock pulse signature relative
to bearing condition.

Applications of this technique to a vast spectrum from
paper mill bearings (450 sample points in one mill) to front
wheel bearings have proven the capability for early detection
and diagnosis of bearing damage.

Illustrative of this is the taper roller bearing tec*
shown in Figure C-5. In this test the shock level was re:orded
by unskilled personnel over a period of 38 days of continuous
operation. The points where shock level starts to increase
markedly (Points of Inflection) give significant lead times
notification of the occurrence of damage. On bearing number 6,
a 3/4 x 1-mm spall was observed on the cone at six days after
the point of inflection or 38 days running time. The shock
level had risen from 3 (prior to inflection) to 60 during that
six-day period.

The other two bearings exhibited 4 to 5 days lead times
to slightly larger damages on cone and rollers.
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Figure C-6 illustrates how the Shock Pulse Meter may be used
to track the growth of bearing damage. In this test, unskilled
personnel recorded the shock level of a cylindrical roller
bearing over a period of 20 days. At the start of this test
the bearing had, from previous testing, developed a 0.25-mm2
spall on the inner element. This registered a shock level
of 60 in this test. The shock level increased over the 20
day period to nearly 500 while the spalled area increased

to approximately one-half of the inner race area.

Worthy of note is the fact that, while these data were
hand recorded (because of the economics of the test), they may
also be automatically recorded. A dc voltage proportional to
shock level is available at the unit's recorder output con-
nector. Thus, in applications where the economics indicate the
desirability of continuous monitoring, the unit has the re-
quired output. This same output may be used for shock level
limit monitor detection and sounding of an alarm when the
present level is exceeded.

The further ability of the method to discriminate between
bearings is made possible by the attenuation of shock level by
the mechanical interfaces between the bearings. Illustrative
of this is a spherical roller bearing test shown in Figure C-7
where a test bearing and a support bearing were located on a
common shaft 10 in apart. Separate measurements on the re-
spective bearing housings registered shock levels of 3 to 5
on the support bearing while the test bearing developed damage
resulting in shock levels of 200. Thus, the method can dis-
criminate the good bearing (three to five) in proximity to a
damage bearing registering shocks nearly two orders of magni-

tude greater.
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C.5 CONCLUSION

The shock pulse method of bearing condition assessment has
a superior demonstrated capability to recognize clearly and
quite early bearing damage which must propogate significantly
to register a change in overall vibration of the bearing.

Note in Figure C-8 the clarity with which inner and outer
element damaged bearings (Curve A and Curve B respectively)
are discernable from an undamaged bearing (Curve AB) when using
Shock Emission Profiles as the measure. The attendant vibration
measurement (on the left) is shown for each bearing for compar-
ison,
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APPENDIX D
TEST PLAN FOR
SHOCK PULSE BEARING
DETECTION PROGRAM

D.1 INTRODUCTION

The object of this program is to evaluate the use of the
shock pulse technique to diagnose early failure symptoms in
railroad bearings. The capability of early detection of
spalling, brinelling and debris-laden lubricant in railroad
bearings using the shock pulse technique will be demonstrated
during this test program.

D.2 TEST EQUIPMENT

The shock pulse principle of operation is that a damaged
bearing in operation generates mechanical shocks at each
encounter of a damaged surface with its contacting element.
This causes short duration, sharp rise-time pulses of mechan-
ical energy to emanate from the point of impact. The pulse
of energy is governed in its travel by the speed of sound in
the structural material, and not by the spring mass charact-
eristics of the mounting structure. Therefore, no modeling
is required as in vibration analysis systems. It is atten-
uated at each mechanical interface and decays in amplitude
in proportion to the distance travelled and the damping
characteristics of the material through which it is travelling.
A resonant accelerometer is used as the pulse sensor and its
output is fed into an amplifier tuned to the accelerometer's
resonant frequency. After signal processing, the output may
be analyzed in terms of shock pulse rate of occurrence and
amplitude. From this analysis, it will be possible to deter-
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mine a quantitative definition of bearing condition, in
terms of bearing damage degree and also the extent of lubricant

contamination.

A commercially available Shock Pulse Meter will be used as
the shock pulse analyzer. The unit is a portable industrial
(manually operated) unit consisting of a tuned amplifier and
discriminator unit and an accelerometer with attaching cable.
The accelerometer sensor will be attached to a railroad bearing
adapter which will be in contact with the bearing outer ring
load zone. Shock emission data will be compiled for undamaged
and damaged bearings tested and summarized to indicate technique
sensitivity to and detection threshold for damage.

To accomplish this testing, a test machine setup
for railroad bearing testing, with slight modifications, will
be employed along with 6 in. by 11 in. tapered railroad bearings.
The bearings will be tested under an applied radial load of
1300 1bs. and at speeds of 10 and 20 miles per hour. The
light bearing load represents the approximate weight of a
railroad wheel set. This will most closely simulate testing
in a wheel repair shop where this technique may ultimately
be applied.

The railroad bearing test machine, as was shown in Figure
4-5 of the text, consists of two load carrying pillow blocks
mounted on a casting frame. These pillow blocks support a
rotating shaft which is driven by pulleys and belts from a
motor. Both outboard shaft ends are machined and ground to
6 in. x 11 in., axle shaft bearing seat dimensions with the
necessary axle cap bolt holes. Test bearings are mounted on
the outboard ends of the shaft. Loads are applied to the test
bearings using a load beam and yoke type arrangement coupled
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coupled to a railroad bearing adapter which rests on the outer
ring of the bearing.

The slight modification to the test machine for running
these tests consisted of changing the load beam loading system
to a dead weight system because of the light test loads.

Standard 6 in. x 11 in. railroad bearings will be used
for testing. These bearings will consist of two new bearings
and several acquired off-the-road failures. The new bearings
will be used as a baseline test simulating unfailed bearings
with clean grease. The off-the-road failures will consist
of two levels of spalling severity on the rollers only,
outer rings only and inner rings only, along with two bearings
showing two severity levels of brinelling damage. Also,
two bearings used previously for baseline testing will be
utilized to detect contaminant in the grease,

D.3 TEST PROCEDURE

Initially, two new bearings will be tested to establish
a baseline simulating unfailed bearings with noncontaminated
grease. Secondly, a series of tests will be run on off-the-
road failures consisting of two severities of spalling on the
inner ring only, the rollers only and the outer ring only,
A final test will be run consisting of two bearings with two
different degrees of particulated contaminant in the grease
lubricant. From this test bearing group, damage limits will
be established.



The testing program and its monthly milestones are
presented in Table D-1.

Data Format |

Data from the Shock Pulse Meter will be accumulated
for the five different test bearing groups. Each bearing
will be tested at two different speeds.

Two different parameters are measurable manually with
the Shock Pulse Meter. A peak sample and hold circuit in
the meter provides continuous quantization and meter display
of the peak impulse level for a given test. These levels
will be recorded for each test. In addition, a '"rate indicator
mode' is available and will be utilized in these tests. In
this mode, the front panel meter displays the occurrence rate
(pulse/sec) of pulses greater in magnitude than a predetermined
dialable level. Using this mode, a graph of shock rate vs shock
level will be obtained and plotted for each test.

This is expected to provide a useful measure of bearing
condition, since lubricant contamination, spalling, etc., have
been easily detected using this technique for essentially
similar applications.
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NOTE:

TABLE D-1. SHOCK PULSE DAMAGE DETECTION TEST PROGRAM

Baseline test - run 2 new bearings to established baseline
simulating unfailed bearings with clean grease.

Run 2 bearings with inner ring spalling:
(a) One bearing minimum failure
(b) One bearing moderate failure

Run 2 bearings with roller spalling:
(a) One bearing minimum failure
(b) One bearing moderate failure

Run 2 bearings with outer ring spalling:
(a) One bearing minimum failure
(b} One bearing moderate failure

Run 2 bearings with brinelling:
(a) One bearing moderate brinelling
{(b) One bearing heavy brinelling

Run 2 bearings with particulate contaminant in
the grease lubricant.

(1) Description of failed bearings from off-the-road

(a). Minimum spalling failure - enough spalling to be removed from service.

MONTHS

MARCH

—

APRIL

(2)

(b) Moderate spalling failure - approximately twice as much spalling as (a).

(c) Moderate brinelling - enough brinelling to be removed from service.

(d) Heavy brinelling - possibly starting to show light spalling.

(2) As Referenced in Association of American Railroad Roller Bearing Manual.

(3) Test conditions: (a) Test machine modified railroad bearing tester.

(b) Fr - 13001b, Fa = 01b
(c) Speed - 10 and 20 miles/hour






APPENDIX E
GLOSSARY

Antenna Resistance - The power supplied to the entire antenna
circuit divided by the square of the effective (RMS) antenna
current referred to a specified point.

Clapp Oscillator - A Colpitts - type oscillator using a
series-resonant tank circuit for improved stability.

Feedthrough capacitor - A feedthrough insulator that provides
a desired value of capacitance between the feedthrough
conductor and the metal chassis or panel through which the
conductor is passing. Used chiefly for bypass purposes in
VHF,

Heat pipe - A device used to transfer thermal energy from one
point to another. It operates by transferral of energy
absorbed by the evaporation of entrapped fluids at one end

to its opposite end where the absorbed energy is given up via
condensation.

Hybrid circuit - A circuit which combines the thin-film and
semiconductor technologies. Generally, the passive components
are made by the thin-film techniques, and the active compon-
ents by semiconductor techniques,

Hybrid PI - The most useful high-frequency model of the
transistor,

Radiation resistance - The power radiated by the antenna
divided by the square of the effective (RMS) antenna current
referred to a specific point.

Thermopile - A group of thermocouples connected in series.
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APPENDIX F
REPORT OF NEW TECHNOLOGY |

As a result of effort expended during performance of Contract
DOT-TSC-935.

Invention and/or improvement Highlights

The feasibility of applying the following devices toward improve-
ment of railroad safety has been established as a result of work
reported herein: .

1. An on-board temperature and strain sensing "Transmitter
Bolt'" for alerting a train crew in the event of overheating or
loosening journal or roller bearings,

2. An on-board temperature sensing "Transmitter Bolt" for
alerting a train crew in the event of overheating of journal
roller bearings.

3. A maintenance level "Lubrication Detector'" for avoiding
overgreasing of roller journal bearings in a railroad "repair
track."

4, A maintenance level "Shock Analyzer'" for detecting cer-

tain physical damage to roller journal bearings in a railroad
"wheel shop."
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