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INTRODUCTION
Technology Transfer

The study reported herein hés been conducted by the Naval
Ordnance Laboratory (NOL) for the Rail Technology Division of the
Federal Railroad Administration (FRA), Department of Transportation
(DOT) in accordance with the Navy's Technology Transfer Program.
Technology Transfer is the process by which NOL technological
resources, generated from past and current Department of Defense (DOD)
research and development programs, are adapted to urgent civil needs
in support of programs in other components of the Government.

The specific purpose of this Phase I study is to determine the
engineering and economic feasibility of using specialized military
technology to detect incipient or actual derailment and provide for
action to prevent or mitigate resulting damage. Since the mission
areas of NOL are primarily associated with the expendable, relatively
high~-production portions of weapon systems which must operate
automatically after or while undergoing extreme environmental con-

ditions of shock, vibration, temperature and exposure, the study

‘has been limited essentially to on-train systems.

STATEMENT OF PROBLEM

Principal Causes and Frequencies of Derailment

Table 1 gives the salient accident statistics from reference (a)
for the calendar year 1970 which apply to this study in the sense
that some degree of prevention or damage mitigation is conceptually
possible.

Of the 5602 total derailments, approximately half (2827) were

" due to defects orAfailures of eguipment or roadway and involved




TABLE 1. 1970 ACCIDENT STATISTICS

TOTAL DEﬁAILMENTS ..... '. f e e 5602
DERAILMENTS IN ROAD FREIGHT SERVICE |
FROM EQUIPMENT OR ROADWAY ....... ... 2827
DERAILMENTS FROM HOTBOXES . v v v v e v v e v v v s 409
DERAILMENTS FROM FAR ROCK-OFF .. ..ot 70

DAMAGE TO RAILROAD PROPERTY FROM HOTBOX DERAILMENTS . . .$15,100,000

EST. TOTAL DAMAGE FROM HOTBOX DERA[LMENTS. ....... " .‘$45--75,000,000




road freight trains. These were attributed to some 83 different

classification codes in the case of equipment defects or failures and
55 different codes covering way and structures defects or improper
maintenance.,

Equipment-caused derailment sources break down into the

following major categories:

Number of
Number of Codes
Code Series Cause Derailments Represented
2100 Locomotive components 7 3
2200 Truck structure and 283 17
components
2300 Wheels and axles 745 15
2400,2500 Air and hand brake 147 : 16
components _ »
2600 Couplers and draft gear 288 19
2700,2800 Car structure and other 134 ] 13
components

By far the largest single category was Code 2319 (journal broken -
overheating), which caused 40§ derailmentsg. Failures of almost eﬁery
other type of car part caused some derailments but no individual item
except Code 2314--worn wheel flanges (132)~--caused more than 80
.derailments.

Defects in or improper maintenance of way and structures

accounted for 2394 derailments, 944 attributable to broken rails ox
joints, 451 tc frogs and switches, and about 625 to poor line,
surface, gage or support of track.

In addition to the above derailments attributable to single
defects, and to miscellaneous "people-related" causes such as rail-—
highway grade crossing accidents, vandalism and improper car loading,

154 were caused by various combinations of eguipment and roadway

defects. Another 332 derailments were attributed to a variety of
‘other ascertained causes, of which two occurred with significant

frequency:




Code 4601 Rocking or swaying of car S 70

Code 4606 Slack action, not otherwise classified 105
Derailment Costs

Derailments caused $101,228,437 in direct damage to railroad

property in 1970, for an overall average of $18,000 per accident,

FRA Bureau of Railroad Safety personnel state that estimates of
total costs for train* accidents, including damage to lading, private
property, casualty costs, cost of delays, wreck clearance, rerouting,
etc., which must ultimately be borne by the railrcad company, range
from 3.5 to 5.2 times the reportable direct damage.

In general, derailments attributable to negligence of employees
are much less costly (average reportable cost $8,000) than those
which are associated with defects in equipment ($22,000) or in road-
way/maintenance ($16,000). In particular, a Bureau study of over-
heated journal bearing ("hotbox") derailments indicated an average
reportable cost of $38,000 per accident, presumably because they
characteristically occur at road speeds.

Costs associated with casualties to persons, however, are a

relatively minor factor; in 1970, total on~ and off-duty employee
casualties in derailments (excluding only derailments caused by

- rail-highway crossing accidents) were 6 killed, 141 injured.
General Constraints on Solution
Within the above frequency, nature and cost framework, certain

types of derailment emerge as prime candidates for study, and many

others must be eliminated.

*Train accidents are defined as accidents, with or without casualties,
arising in connection with the operation or movement of trains,
locomotives or cars, that result in damage to railroad equipment,

track or roadbed amounting to moré than $750.

4




In concept, the mechanical condition of any component on
subsystem of rolling stock or roadway can be monitored, continuously
or periodically, by measuring some parameter with some transducer
and automatically initiating action in the event.it exceeds a pre~
determined limit. This can only be done at some cost, with some
degree of reliability, with some probability of averting an accident,
and with some probability of generating false alarms, which in turn
will involve certain costs. As the design, manufacture, quality
control and maintenance standards for railroad equipment components
have matured, failure rates have been reduced by analyzing common
failure modes and taking appropriate action. Where the remaining
failure rate is still costly, frequent inspection, fail-safe design
(such as the automatic air brake with respect to break-in~two's) or
automatic monitoring must be considered.

The current study represents in effect a re-examination of the
residual hazards of a mature technology to see if these aspects
which have so far been resistant to a completely satisfactory solution
may not become amenable to profitable monitoring if a significant
decrease in monitoring cost can be achieved by épplying technology
developed in a different technical field. BAs a check of intuitive
feeling for those areas most‘likely to benefit, an elementary cost
analysis for the major categories of components causing derailment
has been made and is presented in Appendix A. The results are
summarized below. Because of the many assumptions involved, results

have been rounded to one significant figure.




TABLE 2, ANNUAL DERAILMENT COST PER $1000 INVESTMENT

Rock-off-susceptible freight car suspensions . $100
Journal bearing assemblies . 30
Couplers and draft gear 20
Wheels 10
Air and hand-brake systems 10
Truck structure and suspension components 10
Track structure (rail, ties, fastenings, turnouts, ballast) 6
Axles 2
Freight car body structure and appurtenances 0.5
Road locomotives - power plant and structure 0.1

Applicability to Freight Car Fleet -~ Since the ratio of freight-

train to passenger—train derailments was 60 to 1 for the year 1970,
only systems generally applicable to the freight car fleet were
considered. For the purpose of evaluating costs and other considera-

tions, the following characteristics were used:




TABLE 3. FREIGHT CAR FLEET OPERATING CHARACTERISTICS

Number of cars (railroad and private owner) - 1,800,000

Type - Bight wheel

Capacity (nominal) ~ 50, 70, 100, 125 ton (average, 70 ton)

Wheels -~ Cast or wrought steel

Brake system - AB and ABD

Journal bearings - Roller*

Suspension -~ Coil spring, 2-1/@ 3~1/16 or 3-11/16 travel, with
approved snubbers

Car length - 30 to 89 feet

Truck centers -~ 23 to 72 feet

Truck wheelbase - 5 feet 6 inches to 5 feet 10 inches

Wheel diameters - 28, 33, 36 inches

Annual fleet mileage - 30 x 102 car miles
Annual mileage/car - 5,000 to 150,000 miles
Average train length -~ 70 cars

Maximum train length - 250 cars

Average running speed - 30 mph**

Maximum speed - 80 mph

Interchange - Unrestricted

Rail - Welded or jointed (39 feet, staggered)

*At the time of the study, approximately 40% of the fleet was
equipped with roller bearings and the remainder with friction
bearings with AAR-approved -journal lubricators of varioﬁs types.

In view of the impending (c. 1974) elimination of friction bearings
in interchange service, all designs were based on roller bearings.
**Average train speed including all delays between terminals is

21 mph.




On the basis of the above considerations, the typical car would

be in actual motion approximately 800 hours per year.

Maintenance Practices - In evaluating conceptual hardware,

it was considered highly desirable to employ only components which
could be expected to serve reliably without inspection, test or

replacement for a period equal to some existing maintenance interval:

Roller-bearing journal lubrication 36 months
Air brake clean, oil, test and stencil 48 months
Major car body repairs (typical) 10 years
Car life, or complete rebuilding 20 years

Secondary Hazards - Components and systems considered must not
generate hazards of their own which represent, potentially or
actually, a significant fraction of those they are intended to

prevent,

The question of an acceptable false-alarm rate is discussed on p.99

below in connection with discussion of the "Primary Output® function.
The system must not "tie up the railrocad" when it actuatés,
béyond the delay associated with the condition it detects, and
should not regquire any unique tool, equipment or skill not already
available on the spot.
Other hazards which any device must avoid and which have been
fully considered include:
Ignition of explosive vapor in wreck situatiéns
Missile hazard to inspection and sghop forces
Hazard to non—-trespassers and trespassers tampering with
devices, _
Another important consideration is that any monitoring system
avoid as well "the appearance of evil"--~that is, that any character-
istics which have the reputation of hazard (such as- high voltages

or explosive components) be demohstrably self-contained or otherwise




safe to the extent that they do not involve unconventional precautions
in use or maintenance which would tend to create resistance to system

use.

Phasge-~in Considerations - While "unit train® or captive

operations in which blocks of freight cars travel only over certain
routes are expected to become a more significant part of the total
railroad operation in the United States, any system which is
applicable to individual cars in unrestricted interchange and pro-
vides some immediate benefit is obviously a much more attractive and
practical proposition. Therefore, these categories are used in
weighing system woxrth:

Category A ~ Applicable to individual car; usabie for unre-
stricted interchange without special identification, instruction or
replacement parts; provides hazard reduction proportional to number
active in fleet. |

Category B - Applicable to individual car; usable for unre-
stricted intexrchange, with identification, some instruction of
railroad personnel and stocking of minor parts; provides benefits
as in A,

Category C - Applicable to individual cars, which remain usable
for interchange as in A or B, but benefits obtained only where
auxiliary equipment on locomotive or at wayside locations is
provided,

Category D ~ Applicable and provides benefits only when installed
on a system basis; cars remain usable for interchange or use in

non~equipped territory if manual cut-out is provided and used.

Net Return on Investment Criteria - Elimination of derailments

has intangible worth beyond the direct costs and hazards to the
transportation company, its employees, shippers and on-line
communities, particularly in connection with the movement of

" hazardous commodities. However, for this study, only those cost




savings which might accrue to the railroad, directly or indirectly
through reduction in damage claims, have been considered in
evaluating conceptual schemes. Return on investment after incremental
operating costs is the criterion used,

For the purpose of estimating hardware costs on a production
basis, it has been assumed that fleet-wide installation would be
made at a rate which would achieve the full benefits of high-volume

manufacture and systematized installation procedures.

STUDY MATRIX

Priority of Detection Methods

Table 4 combines the derailment/investment cost ratio data of
Table 2 for the principal derailment causes with conceptual methods
for detection and their prognosis for success to permit a qualitative
evaluation of their potential usefulness.

One item, hotbox detection, stands out as prospectively valuable

and definitely feasible in the sense that the action taken upon
receipt of a warning will foréstall the derailment in essentially
all cases.

Incipient resonant rock-off detection attacks a relatively
expensive problem but the effectiveness of action which can be taken
is not so clear.

Other items involve lesser potential value or greater eleménts

of question as to practicability.
Detection of Local Derailment
The final item in Table 4 addresses a summation of derailments
from all causes (representing some $100,000,000 in total direct costs)

but only with the prospect of reducing the damage. In a certain

proportion of cases, initial local derailment (of the traiiing axle

10
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TABLE 4. QUALITATIVE EVALUATION OF ANTI-DERAILMENT SENSORS
Probable
Derailment/ Probability Effectiveness
Investment Methods of Detection of Action in
Cost Ratio of Prior to Action upon Mitigating
Derailment Cause - (Table 2) Detection Derailment Detection Damage
Resonant Rock=-off 100 Abnormal Good Apply Brakes To be Deter-
(of Susceptible Car) Suspensgion mined
Motion
{
Abnormal Unknown
Journal Bearing Vibration
Failure 25 Stop Train High
' Temperature Excellent
Cbuplers and Draft 10 Abnormal Questionable Stop Train Medium to
Gear Position oxr High
Forces on
Parts
Stuck Temperature Good
Brake Brakes : . Medium to
c 10 . Stop Train High
| b Gear Pogition of Highly g
Adrift Parts Questionable
Sound- Abnormal Questionable
ness Vibration
Wheels - 10 Stop Train High
Contour Feeler Good
Elements
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TABLE 4, QUALITATIVE EVALUATION OF ANTI~DERAILMENT SENSORS (CONTINUED)
Probable
Derailment/ Probability Effectiveness
Investment Methods of Detection of Action in
: Cost Ratio of Prior to Action upon Mitigating
Derailment Cause (Table 2) Detection Derailment Detection Damage
Bad Track Alignment/ 6 Abnormal Good Improve High
Structure Motion (in Maintenance
Test Car)
Local Derailment Not Applic~- Abnormal Good (Post Apply Brakes Depends upon
(For Any Cause) able Suspension Derailment) Circumstances
Motion or
Impact




of one truck) will take place and the train will proceed some distance
with little further disturbance and with no one aware of the derail-
ment until some obstruction or further damage to the derailed
equipment leads to a general derailment, the magnitude of which is
most directly related to train speed at the time.

The most likely obstructions triggering the general derailment
are turnouts or highway grade crossings., Since both of these are
more common in villages or other developed areas, there appears to
be a disproportionate tendency for major pile-ups (of the'type that
often involve explosions, fires or release of hazardous materials) to
occur in populated areas. It has even been suggested that dummy
turnouts to cause any such pile-~up to occur before reaching a
developed area might be worthwhile.

~ The number of such two-stage major derailments is not readily
determined, since the detailed FRA investigations and reports of
individual accidents cover only the small proportion* of derailments
which result in major casualties to personnel. Examination of a few
hundred reports in the 1965-70 era turned up accidents in which trains
traveled a few hundred to as much as 10,500 feet after the initial
derailment before a general derailment ensued, but gave little
indication of the proportion of derailments in which an effective
local derailment sensor could have significantly reduced damage. If
as few as 2 to 5% (50 to 125 per vear) of the road freight derailments
should be in this category, however, the total potential for saving
would be in the $2 to 10 million per year range, and this failure

mode was included in the study.

*Cross-checking derxailment and casualty statistics for 1970 indicates
that no more than 60 derailments due to equipment or roadway failures
or defects resulted in casualties. This would répresent approximately

% of such derailments.
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SYSTEM STUDY MATRIX

On the basis of the above considerations, the matrix of Figure 1
was established to guide this Phase I study of feasibility. Those
failure mode/detection mechanism combinations judged most amenable to
worthwhile monitorhg.lead into an array of vertical columns of
alternative approaches to accomplishing those functions which in
series constitute a usefully complete system.

This section of the study report considers available mechaniza-
tions of each function in terms of input-output requirements in the
- context of its enviromment in unrestricted railroad interchange

freight service.
Ambient Conditions -~ General

For the extended service life envisioned, all system components
must possess an inherent ruggedness meeting the environment to which
they will be exposed with a considerable margin. Except for items
such as radio receivers used in crew compartments, components must be
capable of design to meet the folleowing general ambient conditions.i
Special environments such as tampering, car loading and unloading,
and maintenance procedures on related components will be discussed in

connection with particular component locations.,

Temperature ~ Military Standard (MIL-~-STD) temperature extremes

of ~65 to +160°F are assumed for both survival and operability. The

upper extreme covers the effects of maximum ambient (shade) temperature

plus exposure to maximum direct solar radiation.
Resistance to temperature-shock between these limits is also

considered important.

Shock and Vibration - MIL~STD transportation shock and vibration

test schedules are used as a basis for estimating adequacy of

14
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FIGURE 1, ANTI-DERAILMENT SENSOR STUDY MATRIX




components for locations above the truck suspension, i.e., for
attachment to the truck bolster and all locations on the car body.

For components to be mounted on "unsprung"” masses (wheels, axles,
journal bearings and housings, equalizers and truck sideframes), i
shock and vibration conditions are much more severe; Appendix B
describes the random vibration test schedules developed for this
program and their rationale., Data from certain MIL-STD rough handling
safety tests which represent oversimulations of "normal® handling
shocks (jolt, jumble and 40-foot drop) have been used to judge

component survivability where applicable, as discussed in connection

with specific components,

16




FAILURE MODES AND DETECTION MECHANISMS
Incipient Journal Bearing Failure

Description - Bearing failures resulting in axle-end fracture

from its overheating and consequent dropping of the truck sideframe \

|
to the roadway have been a most prevalent source of major accident
ever since the fixed-gauge, flanged wheel running on the smooth

rail head!supplanted the flange-on~the~-rail plateway in the early
nineteenth century. However, the inherent smell, smoke and, finally,
flame associated with failure of the hydrodynamically-lubricated
"plain® journal bearing and its waste or. lubricator-pad oil-
disﬁributing scheme usually provide considerable warning time

between initial heating above the normal operating range and axle

failure.

Incidence of Failures - Watching (and sniffing) for hotboxes

from caboose, locomotive, passing traing, or manned wayside vantage
points was at least potentially effective in detecting incipient
failure in most cases, as was feeling journal box temperature at
frequent intermediate~terminal inspection points.

Higher speeds, heavier loads, extended runs and other factors
caused a serious deterioration in bearing performance in the early
post-World War II era; in some periods, set outs for bearing failures
between terminals reached a rate of one per 150,000 car miles (as
many as 200,000 per year). This became an intolerable source of
expense from the standpoint of train delays, although only about one
hotbox in 400 progressed undetected to the point where derailment
resulted.

Between 1957 and 1962 the rate of set outs for bearing failures
was reduced by more than an order of magnitude, primarily by the
mandatory (1962) elimination of loose waste packing in favor of

lubricator pad devices., At the same time, the number of roller
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bearings in freight sexrvice began to become significant, and these
have demonstrated a failure rate of about one per 10,000,000 car
miles. Roller bearings became mandatory for new car construction in
1968 and the 1971 composition of the freight cai fleet was 38% roller
bearing. Elimination of the plain bearing is expected by about 1974,
Conversion to the more expensive bearings is justified by reduction
in lubrication, repacking and inspection expense, improved high-speed

performance and other factors.

Accident Rates - The reduction in bearing failures, however, has

not brought a corresponding decrease in hotbox~caused derailments
because the rate of derailments per detected hotbox has increased to
approximately one in 50 (1970). The resulting hotbox derailment
totalihas thus remained\relatively constant. The decreased rate of
detection may be attributed to:

a. More rapid progression from initiation of bearing failure
to catastrophic assembly failure characteristic of roller bearings.

b, Less detectable early signs of bearing failure than with
lubricator pads.*

c. Reduced frequency of inspection with a smaller number of
employees and fewer trains per unit of traffic, and reduced number of

manned wayside points from which inspections may be made.

Automatic Wayside Detection Methods -~ Automatic wayside infrared

detection stations have been installed at several hundred locations.
These units, capable of scanning each bearing on a passing train and
reporting/recording its temperature, have been developed to a point

of excellent effectiveness, However, at a cost of approximately

*Heat—-triggered smoke/smell cartridge indicators for roller bearing

installations are available but not widely used.
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$50,000 each, plus hard wire or microwave radio connections to
automatic signals or manned monitoring points, they have not generally
been installed on low-traffic-density lines or at close encugh
intervals on mainlines | to detect all hotboxes before catastrophic

failure can develop.

Bearing Failure Rate Prognosis ~ The cost of bearing failures

has led to continued study of equipment maintenance and design factors
influencing their frequency of occurrence by the FRA Bureau of
Safety and the AAR. Sufficient numbers of roller bearings have
reached the end of their initial service life to permit assessing
the effectiveness of various inspection, remanufacturing and
requalifying standards and practices on failure rates over the total
bearing lifetime. It is the opinion of Bureau of Safety engineers
that outlawing or upgrading of certain current roller bearing
refurbishment practices which are now known to account for many
failures may be expected to reduce bearing-caused derailments in an
all-roller-bearing fleet to the order of 100 per year from the
recent rate of 400 to 600 per year.

Detection Mechanisms -

Temperature Rise - Actual axle failure must occur from

heating to a temperature where the steel is significantly weakened,
gince nominal stress levelsg are low. The energy input available
from the maximum torgue input from one pair. of wheels to a seized
bearing assembly is sufficient to raise the axle-end steel to 1000°F
in less than one minute. It is not likely that this concentrated an
input will occur in an actual assembly, buf it is apparent that
failure can occur in a matter of a very few miles or minutes of
travel., Continuous, automatic monitoring of each bearing may be
expected to provide virtually 100% protection from this mode of

failure, provided the thermal path to the sensor is as short as
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that from the bearing to the axle and there is no significant time

lag in the sgensor.

Abnormal Vibration Spectrum - No recorded vibration spectra

from roller bearing assemblies approaching failure were found, nor
were prevalent failure modes defined in detail. Reference (b),
however, provides power spectral density (PSD) and accleration data
for both normal and severely (6 inches) slid~-flat wheels, measured
on the truck sidéframe adjacent to the journal bearing adapter at
speeds up to 60 mph and over track with controlled vertical and
horizontal irregularities typical of very bad track. Figure 2
shows vertical PSD distribution with normal and with flat wheels,
while Figure 3 shows similar lateral spectra for the most severe
conditions measured, adapted from this report.

The predominant vertical vibration power is at frequencies
corresponding to natural frequencies of the wheel on the rail (6 Hz)
and of the wheel on the track structure (70 Hz). In the horizontal
direction, the predominant power is above 300 Hz and is associated
with wheel vibration frequencies. These frequencies are independent

of train speed but their amplitude increases exponentially with speed

and with track or wheel irregularities. _

If it is assumed that roller bearings. in this service,
initially at least, fail in the normal manner by surface fatigue of
the inner race, it is probable that-relatively severe vibration would
provide an early indication of failure. The expected fregquency would
be a multiple of the rotation frequency by a factor roughly equal to
half the number of rollers. This would result in fundamental

frequencies as follows (for 33~inch wheels):

Rotational Frequencies Vibrational Frequencies
mph (Hz) (Hz)
10 1.7 20 - 22
30 5.1 ' 60 - 65

60 10.2 : 120 ~ 135
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It is thus possible to conclude that there might be a range of
frequencies at which high truck acceleration would be a reliable
indication of roller bearing damage, and that vibration monitoring
could serve as an earlier~stage warning of incipient failure than
could bearing temperature. These abnormal vibrations could be
directly distinguished from normal truck vibrations only .above those
speeds where they correspond to track/rail/wheel frequencies. 1In
view of the extensive measurement program that would be necessary

to validate this possibility and of the monitoring problems discussed
in the section of this report covering sensor concepts, this detection

mechanism has not been considered further.
Incipient Wheel Failure

Of approximately 300 derailments attributable to wheel failures
in 1970, two-thirds represented abnormalities in wheel contour (flange
worn) or position (wheel loose on axle) which could conceivably be
detected by some on-train configuration-measuring system but which
characteristically develop relatively slowly.

The remaining 100 derailments were attributed to fractures of
various types, mostly categorized as "other." Many of these pre-~
sumably would change the vibrational characteristics of the wheel as
they developed progressively and therefore could theoretically be
monitored, considering the prominence of wheel frequencies in the
lateral vibration spectrum shown in Figure 3.

Neither of the above possibilities is so easily monitored by
any obvious on-train detection mechanism as to overcome the inherent
cost advantage of having a single (stationary) sensor monitor thousands
of passing wheels. Therefore no further consideration was given to

this problem.
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Resonant Car—-Body Rocking

Description — Post-World War II increases in freight car capacity
from 50 and 70 tons to the 100~ and 125-ton range have been coupled
with a desire to reduce tare weights by keeping car length to a
minimum. As a result, there are a significant number of cars which
have a relatively high center of gravity and a truck center distance
close to the 39-foot standard rail joint spacing. When operated near
the resulting resonant speed of 18 to 20 mph on curved track, such

cars may derail.

Incidence =~ In 1970, 70 rock-off derailments were reported.
While the low speed at which they typicallyvoccur would indicate that
their cost is probably equal to or less than that for eguipment-
caused derailments as a class ($22,000 average direct cost), total
cost from this cause was probably in the range of $5,000,000 per
year. »

Unlike other causes, this problem is largely confined to a
segment of the freight car fleet--perhaps 50,000 cars at the most—--and
the higher cost per affected car warrants greater consideration for
a remedy. B

Application of special friction damping devices (stabilizers or
snubbers), either between the truck sideframe and the car body or the
sideframe and bolster, has been effective in reducing resonant rock-
off in susceptible cars; to a considerable extent, a sensor system
would represent insurance against failure of the gpecial snubbers

rather than a primary fix.

Motion during Derailment - Resonant rock-off has been studied

rather extensively by railroads and suppliers, both analytically and
experimentally. Reference (¢) contains a mathematical rescnant
rock—-off model which has been validated by comparison with some

rock—-off test—track results., Typical build up of resonant motion
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with stabilizer not operating is shown in Figure 4. The frequency in
the rocking mode (about 0.6 Hz) is much lower than the corresponding
vertical, symmetrical mode (2.2 Hz for a loaded car with 3-1/16 inch
spring travel); as a result, a truck-suspension damping rate
appropriate for control of vertical motion allows rocking amplitude

to reach the wheel-lift point in about six cycles or ten seconds in

this case.

Car Body versus Truck Bolster Motion - As the resonant motion

increases, the car body may begin to rock independently of the truck
bolster. The car body will then pivot about the edge of the center
plate, or about the side bearing after side-bearing clearance is

used up. Since all car body forces are transmitted to the wheels via
the truck suspension, however, it is this element that determines
when wheel 1ift occurs.

The critical point in incipient resonant rock-off occurs when
the truck springs on the "high side" of the car become completely
unloaded. There is then no longer any force holding down the unéprung
masses (wheels, sideframe, half of the axle weight) except their own
weight. To determine the approximate sequence of events at the point,

the analysis of Appendix C was made.

Motion at Lift-Off ~ The leverage of the high load on the

low side of the truck acting on the overhanging journals is shown to
be sufficient to lift the wheels the height of the wheel flange in a

time much shorter than the period of the resonant rocking motion:

Loaded Car Empty Car
Period of oscillation (rocking 1.6 sec 0.9 sec
mode)
Time for one inch wheel 1ift 0.038 sec 0.085 sec

If the car is on curved track, at the time of actual wheel 1ift,
derailment is therefore inevitable. It may be concluded that any

effective anti-derailment action will have to be initiated prior to

25




9Z

Wheel
Lift

Wheel

Lift

Measured motion at.17.03 mph
Stabilizer not operating

+4

+3

L 4

in.

- 42

at Springs,

Bolster Vertical Motion

I
!
I
!

i
N
o

2 4 6" 8
Time, Seconds

From reference (¢); truck center spacing = 39 feet

FIGURE 4. RESONANT CAR BODY ROCKING MOTION

10

Car Body ,Rock Angle, Degrees




complete unloading of the springs. Otherwise, the flange will be
atop the rail long before the car body motion again puts load on the !

wheel.

Detectability - From the resonant action within the truck

suspension, it appears that only a few seconds warning is available
before rock~off. Methods for detecting this situation are discussed
in the Sensor Section of this report. Since the positive action
that could be taken in this time frame must be completely automatic,
a (service) brake application initiated at the car in guestion or

triggering of some other emergency auxiliary damping device on its

suspension are the only system primary outputs that appear possibly
effective. The latter does not appear economically promising vis a
vis applying a more reliable (e.g., multi-element redundant)

stabilization system in the first place.

Response to Brake Application - Assuming a brake application,

the mass of the car body will press the truck bolsters against the side-
frames as the braking force decelerates the car. This will create
friction and dissipate rocking-mode energy at a rate in the order of
2000 ft-1b per cycle*, which happens to equate roughly with the rate

of energy build up in a fully-loaded car equivalent to the resonant
motion shown in Figure 4. It would thus appear that a brake applica-
tion might stabilize fhe situation immediately and then gradually

reduce train speed to the point where the resonant condition no>longer
governs. Much more detailed analysis, including such situations as

approaching the resonant speed from above rather than below, would be

required to make a definite prediction of success.

*#200,000 pound car body weight, 0.05g deceleration, 12 inch travel
per cycle (between bolster and sideframe} and 0.20 sliding

coefficient of friction = 2000 ft-1b per cycle.
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Local Derailment

Description and Incidence ~ The significance and probable inci-

dence of undetected local derailments which later develop into general
pile-ups at a more hazardous location have been discussed above in the
section dealing with the priority of detection methods.

Derailments of this type could occur in connection with almost
any of the 138 coded classifications of equipment and roadway failures
or defects causing derailments in 1970. They could also arise from
such fdrms of employee or non-employee negligence as improperly secured
loads or highway vehicles running into side of train and from a variety

of causes classed as miscellaneous, including track obstructions.

Motions during Actual Derailment — In the following classes of

derailment, roughly lumped into broader groups, one or both axles in an
essentially intact truck structure literally "jump the track” under
circumstances in which it is possible that existence of the initial

derailment will not be immediately apparent to employees,

TABLE 5.,
No, of Derailments

Derailment Cause (1970)
Falling or dragging car parts 340
Wheel worn or broken 345
Displaced load 110
Rock-of £ 70
Slack action in train 105
Track alignment or surface 650
Rail displaced 365
Rail or joint broken 895
Combination of track/car conditions - 150

3030
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Wheel-Drop Trajectories ~ In these derailments, the wheels

and axle drop off the rail head, once the flange on one side has passed
beyond its outer edge, and accelerate downward until the flange strikes
the roadbed. BAppendix D contains a dynamic analysis of the wvertical
motion of a standaxrd 70-ton truck during this  free~fall period. Three
dynamically different situations may occur:

a. Two—axle derailment - Both wheels on one side of the truck may

derail at the same instant. For this to occur, both flanges on one
side must travel some distance atop the rail head, crossing it at a
rather small angle, so that both go "over the brink" at the same fime;
once a wheel drops from the rail head, it hits the tie plates in from
30 to 60 milliseconds (3% to 7 feet at 60 mph). This situation was
not specifically analyzed because it must be relatively rare in occur-
rence and because the completely derailed truck which results is not
stable in yaw and is therefore not likely to represent one of the
delayed pile-ups whose effects the sensor can be expected to mitigate.

b. One-wheel derailment ~ One wheel may drop from the rail head

and hit the tieplates while its mate and the other axle of the truck
remain on the rail. Within tread and rail head widths and track gauge.
tolerances, either a gauge-sidé or field-sgide derailment may occur
first. This case is analyzed in Appendix D; a trajectory for the first
quarter inch of drop is presented because this is the situation of a
wheel dropping into a rough Jjoint, frog flangeway or other irregularity
in one rail. It also results in a higher impact velocity than the
other situations and is thus important as a limiting case.

¢. Two-wheel derailment - In most derailments, the second wheel

on the axle must leave the rail head at about the same time as its
mate because the typical overlap is less than 3/8 inch., This case is
analyzed fully in Appendix D because it results in lower impact
velocities and is thus a limiting case in the proposed sensor system,
On rail in the 112-1b/yd class, the free drop until impact is about

5 inches for a gauge-~side drop and about 6 inches for a field-side

drop where the flange is atop the rail head at the start of the drop.
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Figure 5 presents the trajectories of the wheel and journal
for the two-wheel, single-axle case. Figure 6 summarizes the
journal acceleration, velocity and displacement relationships during
drop.

The truck and suspension geometry gives the springs (backed by the
inertia of the car body) a very significant leverage, driving the
wheel, axle and journal downward with an initial accleration of
approximately 5g in the case of an empty and 19g for a fully~loaded
car. Vertical velocity of the wheel prior to impact upon the roadbed

will be about 19 ft/sec for a single-axle drop on a loaded car or

8 ft/sec on an empty (equivalent to free-fall drops of 66 and 13 inches).

Drop Sensing - It is theoretically possible for an integrating

accelerometer to sense the velocity change involved in these downward
accelerations during actual derailment and probably to differentiate
them from low joints, frogs, flat wheels and other 'hormal” accelerations
and impacts that involve higher accelerations but smaller velocity
change. In practice, however, this apptroach would involve such
sensitive devices that acceptable life in the face of the severe
vibration environment is not likely, and direct readout in a simple

device with the limited operating force available would be a problem.

Impact Sensing -~ A much more practical event for detecting

derailment is impact with the roadbed. As Figure 5 shows, in
essentially all cases in a drop onto typical mainline roadbed (21-inch
tie spacing), the wheel flange or tread will first hit on one or two

tieplates.* This is a reasonably reproducible "target"™ in hardness and

*On bolted, 39 feet rail-length track, the odds are about one in six
that a wheel on an empty car will hit an angle bar or its bolts, and
about one in twelve for a loaded car. This is considered in the

return~-on~investment discussion of the local derailment sensor.
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location, though its effective mass probably varies widely with ballast
types and maintenance conditions., Impact parameter estimates have been
made on the basis of the analysis of Appendix D, maximum rail head load
capacity, and the track frequency estimates and flat-wheel acceleration
data of reference (b). This attempt to obtain a first-cut feel for

the practicability of separating the derailment "signal" from the

"noise" of normal impacts results in the following range of values:

Empty Car Loaded Car
Peak Velocity Peak Velocity
Acceleration Change Acceleration Change
(9) (ft/sec) (9) (ft/sec)
Derailment (two- 80-150 / 8~12 250-400 / 18-30
wheel)
%-inch drop on 25~40 /  3-5 50-80 /  6-10
rail (frog, low
joint, etc.) .
2~inch flat spot* 8-12 / 1-1% 16-25 / 2-3
6-inch flat spot* 30~50 / 3-6 60-100 / 6-~12

The signatures are expected to be of roughly half-sine shape and

3 to 5 millisecond duration. The biggest uncertainties in these estimates

result from lack of good data on the height of wheel drop which is
equivalent to the wheel action in traversing a rough frog or joint and
on the coefficient of restitution to be expected in rail and roadbed

impacts.

Detectability Discussion -~ Design concepts and parameters for a

practical accelerometer for detecting the impact of derailment are dis-
cussed below in report section dealing with sensors.

From the above data and estimates, it appeafs that the derailment
roadbed impact in either a loaded car or an empty can be distinguished

fairly reliably from normal service conditions by a sensor which

*See Figure D-5 of Appendix D for equivalence of drop height and length
of flat spoﬁ. Coefficient of restitution of 100% assumed for upper

limit of velocity change. 33




actuates when appropriate threshold g and velocity~change criteria are
both met. A sensor set to low enough limits to actuate upon all empty-—
car roadbed impacts appears to be marginal with respect to some normal
service shock levels when the car is running loaded, however, 'This is
particularly true with respect to excessively large flat spots on the
wheels., Since severely slid-flat wheels are also extremely destructive
to the track, automatically sensing them when they markedly exceed

acceptable limits may well be desirable.

Test Recommendations - The vertical wheel velocity at impact

with the roadbed is not directly related to speed. Therefore, most of
the data necessary to determine the feasibility of suitable threshold
settings for a fixed-setting sensor capable of reliably detecting local
derailment in a car while empty or loaded should be obtainable on a

test track. By derailing a suitably instrumented car at low speed under
controlled conditions as to point of impact and track structure, and

by making comparable measurements at frogs, crossings and joints, it
should be possible to obtain data sufficient for design and setting of a
sensor for further testing and calibration under service conditions

over all speed ranges.
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SENSORS/SIGNAL GENERATORS/PREAMPLIFIERS
General Redquirements

The overall usefulness of a sensor in this service is at least
as much a function of its ability to give a directly-usable output
signal to the interbaﬂﬂcommunication system as it is of its ability
to measure the input parameter in question. To avoid redundancy,
alternative sensors and their associated signal generators, power

sources and signal preamplifiers will be considered together.
Thermal Sensors

For hotbox detection, the thermal senscor should actuate at a
value well above ambient bearing operating temperature and the 165°F
maximum expected from solar exposure but as soon after incipient
bearing failure is manifest as possible, Thermostats in direct contact
with the outer bearing races on the DOT research (passenger train) test
cars are set at 240 + 8OF (reference (d)). The New Tokaido Line cars
of the Japanese National Railways are reported to be equipped with
continuous bearing temperature sensors set for approximately 270°F.

It will be assumed that any thermal sensor which can be made to
provide a set temperature of from 200 to 300°F with an accuracy of

ilSOF throughout its life is suitable for consideration. .

Snap—Action Thermostat - The bimetallic-disk, snap-action thermo-

stat provides reliable electrical contact closure of ample accuracy at
low cost., The moving element is sufficiently light with respect to its
snap-action energy to resist spurious shock or vibration actuation
under unsprung railroad conditions, as is attested by the DOT installa-
tion which has been operated at speeds to 150 mph and therefore to

shock levels greatly exceeding those in unrestricted freight service.
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Power Sources -~ For freight-train service the principal

stumbling block to use of the thermostat is the lack of a continuous
source of electrical energy for monitoring its output.

Two ways out were studied--the motion~charged piezo—crystal
electric power supply (Figure 7a ) and direct initiation by the

thermostatic element of an explosive element (Figure 7b).

Motion-Charged Piezo Crystal - Piezo-electric crystals

subject to pressure will generate a voltage \f equal to:

where d is a piezo—electric coefficient characteristic of the crystal
material, size, processing and polarization, F 1is the compressive
force and Cy and Cy are the capacitances of the crystal and any
load in parallel with its output surfaces respectively.

For a 0.3-inch diameter by 0.030-inch thick lead zirconate
titanate crystal of the type used in the Fuzing System Mk 1 Mod O
(Appendix I refers) suddenly loaded by 7.5kg in parallel with a 7500pF
capacitor will generate approximately 3 volts, a charge of 22.5 x 10—9
coulombs, If the crystal were subjected to lg vibration at 100 Hz
with such a load, the current generated would be 2.25 microamperes.
With stacks of such crystals supporting a significant mass, it is
conceivable that a voltage supply adequate for monitoring could be
developed from normal freight car motions (probably from the lower but
more predictable and stable vibrations at some car body location
rather than from "unsprung” vibrations at the journal itself). However,
since the leakage resistance of the entire circuit would have to be in
the multi-megohm range at all times, this scheme is not attractive in

comparison with alternatives discussed below.

36




Low-Loss
Storage
Capacitor

Seismic

Mass

Element Actuator

i Brake Line Vent
e

%\;

il
il

[

1
13

~
1

Car Body Vibration

]

1 [3 '
; 1 [ * Thermostats
. ] on Journals

Series-Parallel [Elz ~:l,

Piezo Elements
'_l, X

T
., S’
%

(a) Motion~Charged Piezo~Crystal Power Supply

> Electric Output
|

Stab-Primer~Activated
Thermal Battery ox
Piezo-Crystal Pulse
Generator

L. Bi~Metal Snap~Action
Disc with Firing Pin

Journal Bearing

{(b) Direct Initiation by Thermostat Element

FIGURE 7, SELF-POWERED THERMOSTAT SENSOR SYSTEMS

37




Direct Explosive Initiation - A firing pin attached to a

snap-action disk is capable of initiating a stab detonator directly,
provided sufficient energy is developed to accelerate the firing pin to
at least 2 ft/sec and provide approximately one inch-ounce striking
energy. Figure 8 is a typical curve of firing pin velocity/drop height
versus firing pin weight for a stab detonator, showing the importance
of velocity in attaining reliable firing with minimum energy. The
output of the detonator can be used to drive an electrical or chemical
on—car communication system, as described later.

Energy available from a snap-action device is proportional to
the square of the temperature differential over which elastic
deformation energy is accumulated. Pin velocity is related to the
mechanical (speed) advantage of the particular configuration at its
snap-through point. Accumulating energy over as large a temperature
differential as the yield stress of the sensor material will allow
is not ruled out in a one-shot application such as this, but it
increases the manufacturing precision required to attain reasonable
operating temperature predictabiiity, When coupled with the regquire-
ment for complete insensitivity to repeated shock in the 200g range
at temperatures within 60 to 80°F of the operating temperature (which
tends to result in light parts with relatively long travel at actuation),

the design becomes bulky in comparison to alternatives discussed below.

Low-Melting Alloy Sensors - An alloy element melting at the

desired temperature may be used to release stored energy from some
convenient source, such.as a cocked spring, which in turn can initiate
. & power source providing an adequate signal level for on-car communica-
tion from multiple sensors.

This principle has been used in the Rocket Fuzes Mk 196 Mod 0O
and Mk 197 Mod 0 for high-altitude sounding rockets, In these fuzes
(which differ only in external contour), aerodynamic heating generates
temperatures early in flight which release the firing pin and initiéte

a pyrotechnic timer. Naval Ordnance Laboratory Technical Report 63-126
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(reference (e)) discusses the design characteristics of these fuzes
and their development and evaluation test programs. Military Standard

safety tests conducted included the following:

TABLE 6.
Title Sample Siée
MIL~STD-300 Jolt . 3
MIL~STD-301 Jumble A 10
MIL~STD-302 Forty-Foot Drop 5
MITL-STD-303 Transportation Vibration 3
MIL-STD-304 Temperature and Humidity 2
(28~day)

MIL~-STD-306 Salt Spray 2

All samples satisfactorily passed these tests. Details of these test
procedures and criteria for passing are given in Appendix E. In the
case of the Mk 196/197 units, thermal operability was also satisfactory
in all units following these tests, demonstrating ruggedness as well

as safety against premature firing-pin release,

Sensor Design - For the anti-derailment sensor program,

the thermal sensor design shown in Figure 9 was generated,'using the
ROCKEYE II (Fuze System Mk 1 Mod 0) stab detonator/piezo-electric power
source as the output element. These components are discussed in the
report section on the phase-change-alloy thermal sensor below, as are
firing-pin energy characteristics.

The 1.12gm hardened-steel firing pin is restrained by three steel
balls which in turn are restrained by a split steel ball-retainer
sleeve. When the thermal ring melts, the liquid is free to flow into
volds provided in the housing and release the firing pin. The steel
ball retainer is essential, since all low-melting alloys creep at room

temperature under relatively light continuous loads, regardless of
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their considerable variations in hardness (BHN 5 to 22) and tensile
strength (3000 to 13,000 psi) and the ball loads would soon indent
the alloy.

Alloy Characteristics ~ For the definite~temperature

actuation required in this application, only eutectic alloys, which
melt completely at a specific temperature, are suitable. The following

alloys are available within the general temperature range desired:

TABLE 7.

Melting Temperature Composition (%), _ I
(OF) Bi ca Pb Sn
203=* ' 52.50 32.00 15,50
217 ' 54,00 20.00 26.00
255% % 55.50 44,50 '
281%* _ 58.00 | 42,00
288 18.20 30.60 51.20.
291 60.00 40.00

*Used in Fuze Mk 196/197

**Recommended for hotbox detector application

The alloys recommended are relatively inexpensive in comparison
to those containing cadmium and avoid any question of the toxicity
associated with that metal, Fabrication is particularly easy because
alloys containing more than 48% bismuth either have little change in
dimension or expand upon solidification, thus producing accurate,

sharp castings. All are available commercially.

Sensor Cost/Reliability Considerations - The Fuzes Mk 196

and 197 are low-production items which do not furnish a direct cost

basis of estimation for production rates in the hotbox detector
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application. However, there are no known difficulties in manufacturev
that would be expected to result in unusually high costs.

It has been found desirable in similar ordnance devices to use
100% radiographic screening to verify complete and correct assembly
of the internal components at a film and inspection cost of a few
cents per unit. Reliability of such devices, as verified by periodic
sampling tests, can typically be demonstrated té be in the 99.5%
range at the 90% confidence level. A higher level of qonfidence
against malagsembly can be achieved by designing to faéilitate
automated, fail-safe radiographic inspection of the assembled unit.
Since the development cost of such a special-purpose inspection
machine (reference (f)) has been in the vicinity of $250,000, its
use requires total production of several million units to be cost

effective.

Phase~Change Alloy Sensors - The discovery in 1961 of the unique

"memory"” properties of the nickel-titanium intermetallic compound
alloy known as 55-Nitinol has provided another alternative in thermal
sensing where a large, direct mechanical output is useful. A thorough
treatment of this alloy, its metallurgy, properties and applications
are contained in reference (9)), prepared by the Battelle Memorial

Institute for the National Aeronautics and Space Administration.

Nitinol 55 - The generic name of the series of alloys is
55~Nitinol, where Nitinol stands for Nickel TItanium Naval Ordnance
Laboratory. These ailoys, which have chemical compbsitions in the
range from about 53 to 57 weight percent nickel, balance titanium, are
based on the intermetallic compound NiTi.

The memory is such that, given the proper conditions, Nitinol
objects can be restored to their original shape even after being
"permanently” deformed out of that shape. The return to the original
shape is triggered b? heating the alloy to a moderate temperature,

Considerable force is exerted iand mechanical work can be dodne, by the

43




material as it "snaps back" to its original shape. This mechanical
(shape) memory, which is otherwise unknown in engineering alloy
systems, furnishes design engineers with the opportunity to design on

the basis of an entirely new principle.

The Memory Process — The steps in the Nitinol shape memory

process are shown in Figure 10. The material is first obtained in a
basic shape such as wire, rod, sheet, tube, extrusion, and casting
(step 1). This shape is then formed into the shape that the alloy
will later be called upon to "remember," i.e., its "memory configura-
tion" (step 2). Next, the Nitinol Shape is clamped in a fixture that
constrains it in the memory configuration (step 3). The WNitinol,.
restrained from moving by the fixture, is given a heat treatment to
impart the memory and is then cooled (step 4)., After the Nitinol part,
in the memory configuration, has cooled to below the transformation
temperature range (to be defined), the part is strained to form the
"intermediate shape" (step 5). The intermediate shape is the shape
that the part is to retain until it is heated to restore it to the
memory configuration (step 6). The temperature to which the part must
be heated to return it to the ﬁemory configuration depends on the
chemical composition of the alloy. Figure 11 shows this relationship.

Of considerable interest to potential users of the gloy is the
fact that the memory process (steps 5 through 7 in Figure 10) can be
repeated many times. That is, after the part has recovered its
memory configuration upon heating (step 6 in Figure 10) and cooled to
below its transformation temperature range (step 7), it can be.
deformed again to an intermediate shape (step 5) and then heated to
restore it to the memory configuration(step 6). This repeatability
of the shape-memory effect has been demonstrated on samples that have
been subjected to steps 5, 6, and 7, thousands and even millions of
times.

As the 55~-Nitinol part, in its intermediate shape, is heated

to return it to its memory configuration, the alloy exerts very
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considerable force and can do significant mechanical work. Accordingly,
the applications that have been envisioned for 55-Nitinol utilize not

only the shape change but also these force and work capacities.

The Nitinol Sensor - The ratio of the energy output of a

Nitinol element passing through its transition temperature to that of
a bimetallic element can only be stated for speqific designs. However,
it is feasible to achieve a linear dimensiocnal change in 30 to 50°F f
of four to five percent in heating the Nitinol element, while a
temperature change of 1000°F produces an expansion of less than one
percent in brass or other typical engineering metals and alloys..
Since the Nitinol 55 has very respectable physical and mechanical
properties, as shown in Appendix ¥ , the work which it can do as a
sensor is ordexrs of magnitude greatef. .

' A very compact sensor can therefore be designed, as shown in
Figure 12. The thermal pin, strained in tension below its thermal
transition temperature, restrains the spring-loaded firing pin. At
the temperature range determined by its composition and processing,
it shrinks tc its memory configuration and releases the firing pin.

The exact processing used in the manufacture of thermal pins

for the prototype hotbox sensor is detailed in Appendix G, Figures 13 and 14
show the mechanical work done by two Nitinol alloys at various amouAts of
prior strain. The most favorable properties occur aﬁ 6% prior“strain;
which was used in this case.* Stresses of 19,000 to 23,000 psi were
required in the annealed 0.10~inch diameter rod, corresponding to 150 to
180 pound{load. Upon mild heating, 4.5% recovery (75% of the prior
strain) was achieved wéth the 54.8% Ni alloy (selected on the basis of

its high transition temperature).

*At this strain, as much as 700 in.—lb/cu. in. of work is done over a
range of 20°F; the work represented by normal expansion of a metal such

as steel is about 25 in.-lb/cu. in. over a 200°F range.
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Sensoxr Design Considerations - The "cocked" firing pin

(spring-loaded, released by a mechanical sensor-actuated trigger of some
sort) is the most convehient source of power adequate to initiate an
explosive primer oxr detonator and start weapon firing or other
automatic action. Cocked firing pins are considered undesirable in
weapon fuzes because a very high degree of safety is required and the
presence of stored energy means that: (1) the triggering mechanism

is not "fail-safe" and therefore can represent a hazard in the event
of various part failures, defects, malassemblies or omissions, (2) the
masses of the triggering system are usually large relative to the
forces available from the sensor, and the device is therefore likely
to be shock or vibration sensitive.

In addition, with the limited output of most sensors, one or
more force-multiplying mechanisms such as ball releases or rotating
half-shafts are needed between the séring force and the sensor output,
resulting in a relatively complex device.

In this application, although a very low false-alarm rate is
essential, tﬂere is no safety implication in the use of the cocked
firing pin because only a detonator is involved and this can be
completely housed so that no personnel or fire hazard would result
from an inadvertent initiation. The Nitinol pin forces are so laige
thaﬁ it can release the firing pin directly and inertia forces from
shock o;%vibration are relatively insignificant.

Consequently, the Nitinol sensor désign was made as simple, direct
and small in size as appeared practical, with the objective of
determining with a very limited amount of hardware whether any
environmental degradation would result and whether adeguate control
of operating temperature could be attained with normal manufacturing '

tolerances on a very minimum number of key dimensions.

Firing Pin/Thermal Pin Interface - A standard firing pin

design of 0.168~inch diameter was selectéd, with spring force and

travel ample to initiate the Navy Mk 95 stab detonator. Appendix H
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presents the design analysis involved. To provide a known interface
between firing pin and thermal pin surfaces, a matching 0,015 to
0.020 inch x 45° chamfer was hand-lapped on the .end of the Nitinol
pin after it was cut to length as described in Appendix G . See Figure 15.
The longer the gage length of the thermal pin, the more
accurately its relationship to the firing pin can be controlled during
the thermal actuation process. Since approximately 4%% recovery was
available, a relatively short (0.500 inch) gage length was selected,
resulting in 0.023 "travel)' Intrusion of the pin into the 0.173-
diameter cylinder containing the firing pin was regqulated by drilling
the conical recess for the head of the thermal pin to an appropriate
depth on a selective-assembly basis. Pin intrusion was measured to
the nearest 0.001 inch by plug gaging. Intrusion was regulated to
0.017 + 0.002 inch. The thermal pin was then held in place by
staking the body material over its head. From 0.009 to 0.013 inch

withdrawal of the pin is therefore required for actuation.

Thermal Sensor Tests — Ten sensor units were fabricated,

assembled, subjected to various envirommental tests, and actuated

by heating, as detailed in Table 8 . The environmental tests used
were selected to represent those aspects of the unsprung, exposed
sensor location in the hotbox detector application which might be
expected to have some possible effect on sensor performance. The
exact conditions of testing were as specified in Appendices E and B ’
covering the applicable MIL-STD-331 and special Unsprung-Mass
Vibration/Shock Tests, respectively.

The Thermal Shock Test, subjecting the units to sudden transitions
from +160 to ~65°F, was selected to check for effects of a temperatu;e
approaching the martensitic transition temperature of the Nitinol 55
and for any “ratcheting" effect from differential "normal® or
transitional thermal expansion of the sensor parts.

The Transportation Vibration Test, of 24-hour duration at

sinusoidal vibration levels off 2 and 5g over the 10 to 500 Hz range,
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TABLE 8. NITINOL THERMAL SENSOR TESTS

145

Prior
Nitinol Pin Thermal Sensor Test on
Test Intrusion Actuation Temp. Thermal
No. (in.) (OF) Sensor
1 0.018 285 None
2 0.017 - 265 None
3 0.015 285 . TS
4 0.016 305 TS, TV
5 0.015 : 270 TS, TV,RV
6 0.016 290 TV, RV
7 0.019 290 TV, RV
8 0.019 255 TV,RV
9 0,017 275 TV, RV
10 0.017 275 v
11 0.016 310 None
12 0.016 285 None
13 0.018 205 None

Prior Test Symbols: TS ~ Thermal Shock, Test 113, MIL-STD-331

TV - Transportation Vibration, Procedure I, Test 104 (75°F only),
MIL~-STD~331

RV - Random Vibration (see Appendix B ), 75°F only




represents some acceleration of anticipated amplitudesover a limited
duration, to provide some assurance of endurance over a longer period
of sexvice without involving an impractical test duration.

The rationale for the special Unsprung-Mass Vibration/Shock Test
is given in Appendix B. This relatively severe test provides random
peak loads in the 30g range to test the resistance of thermal pin/
firing pin contacting surfaces to a smaller number of shocks-to be

expected from occasional "abnormal"” impacts in service.

Test Resultg -~ No units actuated or were visibly affected

by any of the tests. Since the critical parts of the units are
assembled by staking to represent the non-adjustable, 6ne—shot design
considered most appropriate for this application, post—environment
operational tests were conducted without any disassembly or other
examination for internal effects. Units were simply heated from the
base on an electric hot plate in a room-temperature ambient until
actuation., The resulting rate of temperature rise was about 15°F per
minute, measured at the location shown.

As shown in Table 8, fhe 10 units all functioned properly, at
an average temperature of 279.5°F with a standard deviation of 14.4°,

Figure 16 is a graphic presentation of the data from these tests.
From this limited number of tests, no discernible trend of actuation
temperature with pin intrusion is indicated, nor is any effect of the
envirommental preconditioning.

Subsequently, three of the units were refurbished with new
thermal pins (from a different melt of Nitinol), firing pins and
piezo-electric output units for system—~test use. No envirommental
conditioning was applied. All three units operated when heated, but
actuating temperatures were much more variable at 310, 285 and 205°F,

respectively.
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Discussion -~ The indicated reliability and ruggedness of
these units is satisfactory, and the fact that all 13 actuation
temperatures in thig "first-try" design were within a usable range for
the intended application is highly encouraging. The temperature
variation in the initial test of ten units (o = 14.4°9F) is somewhat
larger than might be desired, and the reason for the larger variability
in the refurbished units is not apparent.

The method of selecting the pin engagement to obtain the operating
temperature desired can be seen from Fiqure 17 , derived from the data
of Figure 14 on the mechanical work versus temperature* for a Nitinol
55 alloy representative of that selected for this design (54.8% Ni) at
the optimum 6% pre-strain. The steepest portion of the work versus
temperature curve occurs between 240 and 280°F. 1In the 0.10-inch
diameter sensor pin with its 0.50-inch gage length, this can be equated
to pin travel as shown.

The particular alloy selected has the rather flat dimensional
transition range versus temperature characteristic of Nitinol alloys
with martensitic transition ranges above 200°F; the other curve shown
for a slightly more nickel-rich alloy (55.0%) has a narrower (sharper)
regioh of rapid dimensional change but at a temperature in the 200~
220°F range, probably somewhat lower than desired for the hotbox
detector. Also, the nickel~rich alloys tend to have their transition
temperature decreased a few degrees by any final cold-work which may

be involved in the fabrication process.

Nitinol Thermal Sensor ~ Conclusion - It may be concluded

that a compact Nitinol thermal-pin sensor can be built at very low cost

to give adequate accuracy at the desired actuation temperature range

*On the plot of Figures 13 and 14, rate of change in linear dimension is
essentially proportional to the slope of the cuxve of work done per
unit volume because the specimen was used to lift a constant weight

as the temperature rose,
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and that it may reasonably be expected to provide long-life
reliability under conditions to be expected on a railroad journal

in unrestricted service.

Resonant Rock~Off Detectors

As discussed above (p. 25 ) and in Appendix C , resonant rocking-
mode oscillations must be detected before they reach the amplitude at
which the truck springs become fully unloaded and sudden wheel-1ift
begins. Various means for detecting this situation and differentiating

it from vertical (symmetrical) mode oscillations have been considered.

Excessive~Amplitude Detection - As can be seen from Figure 18

the position of the lower bolster face (and the plane of the top of the
springs), measured from a reference on the sideframe, at this point

of complete unloading is the same for any particular car, whether it

is empty or loaded.

A rigid position sensor, set to "sound the alarm” whenever the
bolster approaches this fully-unloaded position, could therefore serve
as an incipient rock-off detector. However, there are problems with
this approach:

a. If set to aveoid triggering on normal motion in an empty car,
it will only detect the last cycle of bﬁild—up to rock—-off in a
loaded caxr-—too late! '

b. The allowable permanent set acquired by the spring group
(9/16 inch for the D-4 springs in a 3-1/16 inch-travel truck, for
example, per AAR Interchange Rule 17) is about half thé static
defiection of the empty car. Periodic adjustment would thus be
required to retain its effectiveness. _

It is also probable that there are occasional single oscillations
in "normal" operation which would aétuéte such a rigid sensor.(paﬁticu~
larly in aﬁ empty car) and produce an excessive false-alarm rate.

These might result from such matters as coupling impacts, slack action
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and individual track irregularities, as well as impacts and motions
associated with mechanized car loading and unloading (unclamping after
car—dumper operation, for example) and even the wind gust from a

passing train.

Integrating Amplitude Detection - The integrating system of detec-

tion illustrated in Figures 19 and 20 is therefore considered more

promising.

Hydraulic Actuator System - The heart of this system is a

hydraulic actuator (Figure 20 ) with a flow control element. The
actuator will record the resonant car-body rocking motion when mounted
on the bolster with the actuating arm attached to the truck sideframe.
Each oscillation, movement between the bolster and sideframe, represents
a stroke on the hydraulic actuator. A stroke causes compression of the
hydraulic fluid coacting against the spring-loaded ram of the actuator
and causes the ram to rise. A continued number of strokestwill close
the gap between the ram and truck sideframe. When the gab is completely
closed the ram jams against the sideframe and crushes a sensor (piezo-
electric element, explosively-stressed piezo element or stab-initiated
thermal battery, as described previously in connection with the

thermal sensors).

An electric current is generated by this action. The current
flows by wire to an explosive actuator and causes it to function,
venting the air brake train line and stopping the train.

The above_is a description of an actual impending derailment
condition due to a certain order of hydraulic actuator Ffunctions with
time. When the sequence of actuator functions does not match the time
cycle, the actuator ram cannot reach its full stroke due to the flow
control element. For ekample, when the actuator receives a stroke the
hydraulic pressure is amplified under the ram. Due to the flow control
in the actuator which continuously permits flow, the second stroke

will not lift the ram sufficiently to store and record the second
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oscillation because of lag in time; the pressure relief is greater
than the pressure input.

Conversely, the opposite is also true. If the actuator input is
greater than the built-in signature the ram will rise faster to its
fully extended position and cause the detector system to perform its
function and stop the train. The system is thus to some extent self-
compensating for empty/load conditions. The larger oscillations
associated with the loaded-car resonant rocking will produce greater
ram motion (per stroke), but the lower neutral position of the
bolster of the loaded car requires greater ram travel to contact the
stab primer or other signal initiating element.

The system is also somewhat self~compensating for pe:manent set
in the truck springs; as the neutral position of the bolster becomes
lower, the overlap of the hydraulic actuator piston and the orifice
from the reservoir becomes longer; more fluid is pumped for a given

actuator stroke, but the ram has farther to go.

Environmental Resistance of Sensor Output Element - The

available force in motion of the truck suspension is so large (at least
8000 pounds per spring cluster in an empty car). that even the energetic
tampering, ice, flying ballast and other environments to which the
exposed sensor output element (piezo crystal or thermal battery
initiator) is subject can be overcome to an acceptable degree by a
brute~force approach. The "target discriminating” techniques discussed

on p. 73 and 75 are applicable.

Other Design Considerations ~ Fluid used must maintain an

acceptably constant viscosity over a wide range of temperature (-40 to
+120°F), in particular not becoming so viscous at low temperature as
to cause false alarms by refusing to pass through the flow control
element., Viscosity effects on performance can be minimized by the use
of a relatively large unit in which the resistance of the flow control

unit can be primarily due to flow velocity rather than viscosity.
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The wear situation on the device is analogous to that in a shock
absorber. Further analysis of truck suspension action in normal (as
opposed to rock-off) modes may show that a considerable "dead zone"
around the neutral position can be provided in which the constant
small~amplitude suspension motions are isolated from the actuatorxr
units {(as by clearance in the linkage) and only a small fraction éf

the strokes cause motion (and wear) of the cylinders and pistons.

Oscillation~Mode Discrimination -~ In the event that analysis

or test data indicates that some periodic vertical vibration modes of
acceptable (non-hazardous) amplitude and duration cannot be distinguished
from hazardous rocking modes, a cross—-connected system (such as that
shown schematically in Figure 21 ) in which symmetrical oscillations
cancel and only rocking modes produce net ram movement can handle the
situation without question at the low frequencies (0.6 to 4 Hz)

involved. The additional complexity is undesirable but not so great

as to rule out the validity of the concept. The $200 cost estimate

used in evaluating the potential return on investment for the rock-off

sensor (p. 121 ) makes some allowance for this eventuality.

Discussion - This first-phase feasibility study does not go deeply
enough into the analysis of available data on suspension motion to
determine with any degree of precision the characteristics and parameters
of a successful incipient rock-off detector, but indications to this
point are highly promising. Specific matters for further inquiry in-
clude:

a. Determination of number of rock-off susceptible cars, present
and future.

b. Analysis (and perhaps test on rock-off track) to predict
effectiveness of brake application in Fforestalling rock-off,

c. Data on relative frequency of occurrence of rock-off in ‘empty

and loaded cars.
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d. Analysis of vertical suspension oscillation amplitudes in
normal operation.

e. Dynémic analysis of hydraulic sensor systems to verify
specific parameters (time constants, flow rates, piston/orifice

overlaps) necessary to provide reliable discrimination.
Local Derailment Detectors

As discussed above (p. 33 ) and in Appendix D, an integrating
accelerometer mounted on the journal and requiring a combination of
100 to 150g and 10 to 15 ft/sec velocity change for actuation should be
capable of detecting the impact of the wheel on its axle with the
roadbed in a local derailment while ignoring normal shock and vibration

conditions in service.

Accelerometer Concept - Forthese particular conditions, a simple

preloaded-spring, seismic-~mass system arranged to sense both accelera-
tion threshold and velocity change before actuation is of reasonable
size. Escapements, clutter mechanisms or flywheels, needed in
mechanisms required to integrate over longer periods of time, can be
eliminated by simply requiring a certain amount of spring compression
by the mass (about % inch in this case) prior to actuation. The energy
thus absorbed is made equal to that represented by the mass of the

seismic element and its change in velocity.

Unified Thermal and Roadbed Impact Sensor -~ Figure 22 shows a

specific design (actual size) for such an impact sensor unified with a
Nitinol thermal sensor of the type developed and tested for the hotbox
sensor system. Shrinking of the thermal pin (one-inch gage length
shown) at the selected temperature releases the spring-loaded firing
pin. This fires the stab primer, actuating the thermal battery (shown)
or, as an aiternate, a piezo-crystal element, generating the desired

electrical output.
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Accelerometer Function - Upon impact with the roadbed of a
derailed wheel, upward acceleration of the sensof above a value
corresponding to the prelocad of the accelerometer spring results in
movement of the upper and lowei impact sensor masses (as a unit)
downward with respect to the (three) balls which are locking the
thermal pin collar in position. After travel corresponding to the
threshold velocity change, the step inside the lower mass frees the
balls to move outward, releasing the thermal pin collar. The
accelerometer spring then pushes the thermal pin and its collar down—
ward, releasing the firing pin and initiating the same action as the
thermal sensor,

The arrangement shown is as it might be built for experimental
service to determine the proper settings for detecting the largest
practical proportion of local derailments without encountering an
excessive false-alarm rate. The two-piece sensor mass allows adjust~
ment of the velocity change (AV) threshold independently of the
acceleration threshold; For mass production, a one-piece mass might

be used.

. i . . .
Sensoxr Adaptation - The combination sensor concept is

illustrated as it might be fitted into a standard AAR Roller Bearing
Adapter, completely protected mechanically, sealed against moisture,
-and provided with a rugged electrical output connector. The thermal
path from the journal bearing to the thermal pin is questionable as
shown, and adequately guick response to bearing temperature rise would

be a consideration in any actual design.

Other Design Considerations - The accelerometer concept

shown is a very simple version of typical projectile impact fuze
design extending over many years. Since conditions on the railroad
journal, though rugged, are mild compared to gun firing accelerations

(5000 to 30,000g), a design for this service can be undertaken with a
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high degree of confidence that twenty-year service life can be
achieved in a mass-producible unit at low cost.

In particular, the high preload level (about 5 pounds in this
unit), which essentially prevents any relative movement of internal
parts under vibration in such a self-centering, self-aligning assembly,
is the key to its indefinitely long service life. When preloads of
25 to 50g or more can be used, as in fuzes for small rockets,
exceptionally low production costs have been obtained routinely by

virtue of the moderate level of precision required, even for relatively

complex mechanisms,

Discussion — The determination by further tests and analysis of
derailment impacts of whether or not a single threshold setting of
acceleration and AV will allow a sensor to function properly in both
loaded and empty cars is the key matter in the Local Derailment Sensox
design. In the event that there is an overlap between normal shock
conditions in a loaded car and derailment shocks when it is empty,
there are alternative courses of action:

a. Set the sensor to reliably detect loaded-car derailments only
and take the proportionate benefits (this approach ig considered in
the return-on-investment section of this report).

b. Provide an automatic empty-load sensor~sensitivity adjustment
(actuatéd by truck bolster spring compression, via a flexible connection
such as a choke cable toc the sensod. V

c. Provide alternate empty and load sensor elements of different

sensitivities, automatically selected as in b.

How Many Sensors? -~ Since both wheels will derail in almost

any case, it would be possible to reduce cost by using one combination
and one thermal sensor per axle. However, since no additional sensor
connections are required for the combination sensor and the inter-—
connection network is one of the most costly parts-of the basic system,

overall system savings would be relatively small and partially offset
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by having two types of sensor. Impact data, when available, may indicate
that two impact sensors per axle, set at a level to provide a very low
false~alarm rate, will provide significantly better empty-~car derail-
ment sensing because of the better chance that one journal or the other

will hit hard enough to trigger the sensor.

Handling Shock Susceptibility ~ Some congideration must be

given to the possibility of inadvertent actuation of the sensor in
handling; military impact sensors are usually locked until the projectile
arms after it has left the launcher. For this relatively insensitive
gsensor, with no hazardous (not self contained) explosive output, a

manual or automatic arming system would probably represent an unwarrante@
expense and, as a potential source of leaks, a possible threat to long-
term reliability. When separated from the truck, sensors with this

high acceleration threshold need only a modest amount of cushioning to
avoid firing when accidentally dropped.

Once in place in a truck not yet under a car, triggering will
involve a fairly substantial drop (greater than 12 inches onto an
exceptionally hard surface) sgince the AV-magnifying "levering"action
only takes place when the car weight is involved, and inadvertent firing
should be rare.

In any case, a reliable external indication that the sensor has

‘not beén actuated should be provided for checking at the time of

installation.
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ON~CAR COMMUNICATION LINK
General Requirements

Once a trouble signal is generated at one of the sensor locations
and amplified to a usable power level, economic logié dictates that it
be transmitted to a single on-car location* to actuate the inter-car
communication link input. Several aspects of any such system are

vital:

Parallel inputs (up to at least eight rer car) must be mutually

compatible. Failure of one or more sensors should not impair system

operation.

System refurbishment after an actuation, if required at éll, must

be reasonably inexpensive and capable of accomplishment at relatively
widespread and unsophisticated facilities.

Low cost over the complete life cycle, including all initial
hardware costs, installation and check out, maintenance and repair,
periodic continuity checks, and accommodation to other car maintenance
procedures is vital to system.

Demonstrable ruggedness and predictable life are particularly

important to acceptance of a sensor system because there is no counter—
part of such a communication system in widespread use on freight cars
except the unsubtle, time-proven but still troublesome mechanical (oxr

pneumatic-mechanical) brake rigging.,
Electrical Systems

The acceptability and economy of a hard-wire parallel electrical
network for this purpose depends primarily upon the adequacy of the
input signal in maintaining a high signal-to-noise ratio at the output

actuator. Two input systems have been given primary consideration.

*It is conceivable that in a unit-train operation several cars might be
considered as an entity,
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Detonator-Stressed Piezo-Electric Crystal - A requirement to

initiate the explosive in shaped-charge anti-tank warheads from the
base (rear) of the round in a matter of microseconds after target
impact led Army fuze designers to use the output of a piezo-electric

crystal as the source of firing energy for an electric detonator.

Development Background -~ Initially, the direct forces of

impact with the crystal were used to generate a firing signal
sufficient to initiate a very sensitive (500 ergs or less) carbon-
bridge detonator. Difficulties in firing reliably at various
velocities at oblique angles of impact on different targets and in
discriminating against rain impact in high-velocity weapons then led
to a two-stage system in which a stab-initiated explosive element
detonated by the impact on its firing pin "stresses" (actually,
destroys) the crystal, thus generating an electrical signal whose
magnitude is independent of the nature of the target impact.

Since there is a "rat race" between generation of a large

electrical output from the extremely high explosive-generated pressures

on the crystal and its termination by destruction of the electrical
continuity of the output, an aluminum "wave-~shaper” is used to strike
a balance between these opposed events. Design of the wave-shaper

is strictly empirical.

Crystal materials have also been significantly improved in
output, reliability and uniformity, and in resistance to adverse
enviromments. The lead zirconate/lead titanate sintered elements,
electrically polarized to obtain the proper stress—output axis, have
a Curie point in the region of 700°F and therefore are not degraded

at weapon flight temperatures.

"Target” Discrimination - Figure 23 is the forward impact-

sensing ("point detonating") element of the Navy ROCKEYE II bomblet,
a typical Navy~developed application of this principle. This element

is required to discriminate between impact on "hard" (1/16 inch or
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thicker steel) and "soft" (earth, 1/4-inch plywood) targeté, firing
relatively instantaneocusly ("super quick”) on the former and remaining
inactive on the latter so that a slower-acting, inertia-operated base
fuze can detonate the round at a more effective location, This'
discrimination is achieved by requiring that impacts on the point-
detonating (PD) striker rupture the shear washer before the firing

pin can be driven into the stab detonator. The shear element is
calibrated by full-scale target impact tests at appropriate velocities
and obliguities. X

Figure 24 shows another Navy application in which the "ingestion"
principle is used to provide reliable instantaneous initiation via
the crystal on impact with water, soft earth or hard targets at
~ moderate velocities (100 to 150 ft/sec) but no firing while penetrating
foliage, including light tree branches. The firing pin is shrouded
by a ring which prevents twigs from impacting it but which serves to
contain water or other soft but massi?e targets until the pressure
moves the firing pin and initiates the detonator. Hard target impacts
overcome the shear element to fire the detonator.

With the very large forces available in railroad truck suspensions,
similar brute-force arrangements can be used to discriminate against
casual tampering, ice and snow, flying ballast and other extraneous
influences in the rock-off detector application with considerable

confidence.

ROCKEYE II Piezo-Electric Impact—Sensing Element - The

ROCKEYE IT impact-sensing element is of particular interest because

of its very high production rate and hence demonstrated reliability

and low cost; some 18,000,000 units have been manufactured. Appendix I,
excerpted from WS 4998 and WS 4999 (Weapon Specification sections of
the Purchase Description), describes some of the special test equipment,
procedures, and requirements for its quality control and acceptance
which are indicative of its properties. The specified minimum
electrical output is 7500 ergs (0.75 millijoule) when its Mk 95 Mod O
stab detonator is fired, |
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Despite the large number of destructive tests which must be made
to verify quality in production and acceptance of such a one~shot item,
manufacture by highly automated tooling has maintained production cost
at a low level. Figure 25, the work sheet used in 1964 to predict
costs for 2,000,000 units at an assumed pfoduction rate of 100,000
per month, estimated a unit cost of $1.23 (including assembly but not
cost of the government-~furnished Mk 95 detonator).* Despite inflation,

actual costs in 1970-72 were approximately 35% lower than this,

Piezo-Element Properties - The piezo-element output is of

relatively high voltage (250 volts)and current in a typical low-
resistance output circuit is about 35 amperes, but the pulse is of

very short (10~

seconds) duration. It is thus large enough to be
reliabiy distinguished from noise in any reascnably well shielded‘
circuit. In weapon applications, the pulse is used to fire an electric
primer not more than a few feet from the power source, and no
particular transmission problems have resulted. In the hotbox
detector on-car communication application, signal transmission was
tested over a 25-foot link, as discussed in the section of this report

dealing with system tests, and attenuation was significant.

- Parallel connection of several crystal power sources has been

widely used in weapon applications and poses no problem; the output
pulse from one source does not damage others in any way. )

' The resistor shown acroés thé output (SO0,000.i 250,000 ohms) of
the element has been typical of most applications. It is intended to
avoid any possibility of developing or retaining a charge on the
crystal in handling, assembling or connecting it in a fuze with
explosive elements and thus eliminate a possible hazard in manufacturing
operations. A further cost saving in the ROCKEYE II element was made
recently by eliminating the resistor; extensive tests showed that no
conceivable assembly operation (including oversimulations such as
crushing the crystal in a vise) generated a charge of any significance

in comparison to the minimum firing level of any electro-explosive

*Mk 95 cost $.09 in curreht production; reliability 99.94% on 19,900 tests.
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element involved. As discussed in connection with hotbox detector
system design recommendations below, system checkout considerations
would probably make it worthwhile to retain the resistor in this
application.

Ruggedness and life have been amply demonstrated in several

‘applications. The ROCKEYE II element has passed MIL-STD-331 jolt,

jumble, temperature and humidity, vibration, salt spray and drop tests.

Thermal Battery ~ As an on-demand, short-term, high-current

electrical power source, the thermal battery has developed into an
extremely reliable and rugged unit with an essentially unlimited
shelf life. The principle was reduced to bractice in the late 1940's
under Army contract. A variety of designs tailored to specific

- weapon applications has ibeen developed by the Services since that
time. They have been manufactured to detailed design séecifications
by at least three different contractors.

"Power" units, generating current for up to sevéral minuﬁes after
activation, have typically been developed for nuclear weapon applica-
tions and produced in small quantities at relatively high unit prices.
"Pulse” batteries, producing large currents within a fraction of a
section for applications where-no more than a few seconds' output is
needed, however, can be produced in duantity at a unit price less than

one dollar, and hence warrant consideration for this application.

Principle of Operation - Figure 26 is an X-ray of a 3

typical thermal battery, A percussion primer (or an "electric match®
if electrical initiation is required) produces flame which ignites
layers of pyrotechnic material within the wafer-type cells. Burning
of this material produces sufficient heat to melt the electrolyte, a
salt such as lithium/potassium chloride which melts at temperatures
of 500°F or higher.

Once the electrolyte is melted and its ions released, normal

electro~chemical action generates voltage until the active materials
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are depleted or cooling refreezes the electrolyte. Power cells have
appropriate thermal insulation for the required life; pulse batteries
need only sufficient insulation to keep case temperature at an

acceptable temperature.

Environmental Characteristics -~ Prior to activation, all

components of the battery are solid and it is practically indestructible.
Development of thermal batteries by NOL in recent years has been
directed primarily at ways, such as the inclusion of clays, for
immobilizing the melted electrolyte so that high levels of acceleration
and shock such as in spinning projectiles do not affect electrical
output.

Because of its high operating temperature, the thermal battery
output is virtually unaffected by ambient temperature and a full-
power -65 to +160°F requirement can be met without difficulty.

Shelf life is virtually unlimited but is dependent upon
maintenance of a hermetic seal against moisture. Hence all batteries
suitable for the sensor application must in practice be solder-sealed,
with glass output terminal feed-throughs. It has been practical to”
use chemical systems in thermal batteries in which no measurable
_deterioration occurs at continuous storage teﬁperatures up to at
least 160°F. The Navy Mk 60 /pulse battery has completed 14 years of
a surveillance program in which samplings of units stored at uncon-—
trolled temperature are withdrawn and fired. WNo deterioration in
performance has occurred to date and it is planned that samples will
continue to be fired for another six years. The Mk 60 has the same

electro-chemical and mechanical sealing system as the Mk 73.

Sensor Application ~ Figure 27 shows the Nitinol hotbox

sensor with thermal pulse battery output. The battery shown is
basically of the Navy Mk 73 Mod O configuration, 0,7+~inch diameter x

0.7-inch long, which produces 5 amperes at 5 volts (25 watts) within

0.5 second of actuation. -
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The Mk 73 (as do most other pulse batteries) uses a percussion
primer (M42G) which is fired by impact of a blunt (round end) firing
pin. All-fire minimum energy is 24 in.-oz. The percussioﬁ primer is
not pierced by the firing pin or the subsequent ignition of its
charge, so no combustion products are emitted and its seal is not
broken. In the hotbox sensor application, these considerations are
not important and a more sensitive stab primer such as the Mk 158 !
(firing energy similar to | the Mk 95 Mod O used in the piezo~output
sensor) could be substituted. V

Appendix J lists pulse battery characteristics considered feasible

for the thermal sensor application on the basis of NOL experience.

Hard Wire On-Car Interconnection Link - The design, installation

and maintenance of an electrically-interconnected sensor system for

the standard freight car, while by no means approaching the state of
the art technically in any respect, is a radical change since there

is no wiring whatsoever on the vast majority of existing cars.
Relatively complex passenger car and mechanical refrigerator electrical
systems are common, but extremely low hardware, installation and
maintenance cost considerations are relatively less significant in
these applications. Only a few items (such as deceleration control

or wheel-slip sensor connections to passenger car and locomotive axles)
are physically similar in location. Hence, the data base for design

and cost estimates is limited.

Military Systems Analog - Some similarities in function,

requirements and severity of environment exist in the wiring for the
Navy electric fuzing function control system for externally~carried
aircraft ordnance. Extensive service experience with this relatively
simple yet troublesome installation clearly indicates that:

a. Connectors, especially those which are disconnected and
- reconnected in the field, are the greatest source of unreliability in

the entire gystem.
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b. Electrical continuity checks of the entire system are
essential to the establishment and maintenance of high reliability.
¢. "Murphy-proof" design is important;if anything can possibly

be connected wrong, it will be.

Schematic Design -~ Figure 28 is a conceptual design schematic

for the basic hotbox or hotbhox/local derailment detecﬁor system, based
on the above considerations. It is a two-wire, floating (ungrounded)
system in which one armored harness is provided for each end of the
car. The one extra connection this requires (compared to a single
harness for the eight sensors) is considered well justified by (1)
greater flexibility (and consequent smaller variety and inventory of
cable types) in accommodating to various lengths and types of cér,

and (2) capability for reliably detecting one or more faulty individual
sensor connections using 5 to 10% tolerance resistors and the simplest
of test gear.*

Resistance figures given in Figure 28 are examples only and not
necessarily those that would be chosen by a more thorough analysis.
The system illustrated uses the piezo-crystal power source and low—
eneréy (500 to 2000~erg wire bridge) explosive driver compatible with
it. With the high-current pulse thermal battery as a power source and
a one—~ampere one~watt explosive element, some of the precautions
against unintended initiation could be simplified or eliminated and a

conventional ochmmeter test set circuit would be suitable.

Physical Design - The physical arrangement of the wiring

could have a major effect upon its reliability and as well as upon
system installation costs and life cycle maintenance costs of the car.

A first~cut example is given in Pigure 29.

*Reliably detecting one open sensor circuit of eight in parallel, on

the other hand, cannot be assured with 1% resistors.
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The harness for one end of the car is treated essentially as part
of the truck for maintenance purposes--more or less equivalent_to the
truck brake rigging. That is, when the truck is to be separated from
the car body for any reason, the cable is disconnected at the brake
valve, unclamped from the underframe and temporarily wrapped around
the bolster.

One ‘convenient and physically well-protected connection to the
sensors themselves is illustrated in Figure 29. It involves cutting
or coxing an opening in the inner side of the outboard jaw of the side~
frame pedestal, opposite the existing cored opening. This does not
appear to be a critically stressed area, but a stress analysis would
be desirable to confirm this. A1l other machining for sensor mounting

would be in the bearing adapter.
Explosive System

In recent years the use of linear-propagating high-explosive cord
as a communication lirkhas found fairly extensive acceptance in
military systems. Where input and output can consist of the initiation
of an explosive element, these self-contained systems eliminate
auxiliary power sources and conversions from one form of energy to
another. Hence they may be logistically attractive, particularly
when total system requirements including test gear to maintain a

given level of reliability are considered. Reliability is typically

excellent.

Mild Detonating Coxd '~ Key to these systems was the development

of.the explosive cord, usually known as mild detonating cord (MDC),
or mild detonating fuse (MDF): which can be placed in a jacket con-
taining the lateral explosive effects. The assembly is known as
confined detonating cord (CDC). The explosive element is a high-
explosive cord similar to the detonating cord ("gquarry cord,"

Primacord, etc.) used for many vears to cut structural members,
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interconnect multiple explosive charges and perform other military
engineer” functions. In contrast to the 40 grains per foot (and up)
charge in detonating cord, however, the charge in MDC is typically
2% grains per foot. Propagation is still by detonation wave (rather
than by burning as in a pyrotechnic (time fuse) element and is about
22,000 ft/sec. Explosives which have been used include PETN, RDX,
DIPAM and HNS, the latter two being relatively new NOL explosives
with notable stability and reliability at elevated (350°F and higher)
temperatures.

Appendix K presents some technical background on MDC/CDC

components pertinent to this application.

Comparisons in Anti-Derailment Sensor Systems - As compared to

the electrical systems for on-car interconnection, an MDF system has
specific advantages and disadvantages which can be summarized as follows.

Advantages

a. The explosive element constitutes a. "single conductor" 1link,
not subject to short circuits or grounds and hence of high reliability
in situations where severe, unpredictable mechanical abuse of the
circuitry is to be expected,

b. MDF has been demonstrated to be essentially immune to
spurious initiation by electro-magnetic radiation, electrostatic
effects, fire, fragment impact, crushing and moisture. .

¢. Input and output elements involve only detonation transfer,
are relatively inexpensive, do not involve close physical tolerances,
and can simplify design of other components by penetrating
hermetically sealed or pressure-tight barriers if necessary.

Disadvantages

a. When a circuit is initiated at any input point, the entire
network functions and must be replaced in the refurbishing process.
b. Reliability under conditions involving continual flexing

over a period of years remains to be fully established.
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¢. Circuit continuity cannot be checked electrically unless a
monitor circuit is added.

d. The fact that explosive is involved results in some
restrictions, precautions and impediments to acceptance, both
rational and irrational, to its use in a civilian context.

e. The MDC itself is relatively expensive.

Discussion - In other factors the MDCisystem is comparable to the
electric alternatives._ Reliability and safety over the required range
of temperature is satisfactory and adequate specifications and quality
control procedures for controlling its manufacture and acceptance
exist. It may be concluded that an MDC! system can be developed which
will meet all requirements in this application. Cost {(including the
cost of refurbishing systems actuated in service) therefore becomes
the governing factor, and is discussed below in the overall system

cost/benefit assessment.
System Tests

Piezo-Crystal System ~ To determine the feasibility of the piezo

crystal/explosive actuator system for the anti~derailment sensor
application, a series of tests was conducted in which the signal was
transmitted over a distance of 25 feet, corresponding approximately to
the distance from an end axle to the air brake valve on a 50-foot car,

Tests are summarized in Table 9,

Output Calibration - Crystal output in the various fuzing

applications is measured by feeding the output pulse into a resistive
heater element, simulating the electro-explosive device (EED) ignition
wire. Heating of this element is measured by electricity generated in
a vacuum thermocouple which in turn is discharged into a ballistic
galﬁanometer whose deflection can be calibrated in terms of the energy

(ergs) dissipated in the heater element from the pulse. As discussed

89




06

TABLE 9. PIEZO CRYSTAL ON-CAR COMMUNICATION LINK TESTS

Output Element

Nominal
Length of Test Firing Output
Test Leads Set-Up Energy Element
No. (feet) No, * Type (exgs) Action
1 25 1 Mk 15-0 (Bellows Motor) 14,400 No Fire
| 2 25 2 Thermocouple/Galvanometer ' >15,000 ergs
| 3 5 1 Mk 15-0 » 14,400 No Fire
4 25 3 Mk 15~0 14,400 No Fire
5 1 Mk 20~0 (Bellows Motor) 5,000 . No Fire
-6 1 - Mk 20-0 5,000 No Fire
7 4 Mk 20-0 5,000 No Fire
8 5 Mk 20-0 : ‘ 5,000 No Fire
9 6 Mk 20-0 5,000 No Fire
10 1 M6 (Bellows Motor) 600 - Fire
11 1 M6 600 Fire
12 1 M6 600 Fire
13 1 M6 600 Fire
14 1 Mk 96 Detonator 2,000 Fire

*See Appendix L for diagram of test circuit.




in Appendix I, tests of the ROCKEYE II (Fuzing System Mk 1 Mod 0)
piezo element initiated by the Nitinol sensor firing pin indicated an
output into the vacuum thermocouple through 25-~foot leads in excess of
15,000 erxgs (Table 9, Test No., 2}, although its acceptance specifica-

tion requirement (Appendix I ) is 7500 ergs.

Explosive Initiation Results -~ Accordingly, Mk 15 and Mk 20

bellows motors (Appendix M ) were used as operability indicators of
14,400 and 5000 erg all-fire sensitivities, respectively. As indicated
in Table 9, these did not fire with either 25-foot or 5-foot leads
when connected directly to the piezo element, although the.output
calibration indicated that they should.

Inpedance Matching - As detailed in Appendix L , tests 4,

5 and 6 were made to explore the effects of better impedance matching

. . . . . . ~7

in the circuit, since the piezo pulse duration (10 second) represents
a frequency at which transmission line effects can be’significant.

These techniques were not successful at the 5000~erg level.

Sensitive EED Tests —~ The M6 carbon~bridge bellows motor

(600 exrgs all-fire) was successfully initiated, as was the Mk 96
wire-bridge (2000 ergs all-fire) detonator used in the ROCKEYE IT
system. The carbon bridge initiator (as in the M6 bellows motor) is
considered unsuitable for use in applications where it{wouldAbe
‘handled in a separate EED or connected up under other than:carefully~
controllea, factory conditions. Because of its great electrical
sensitivity, it is likely to be actuated spuriously by sgfay currents
or static electricity; its relatively high and highly va%iable
resistance (750 to 15,000 ohms) makes its response to suéh unintended
sources of electricity difficult to predict or control. As in the
case of the anti~derailment sensor application, this is usually not a
matter of hazard in handling the EED itself, since its output is self-

contained, but rather a contributor to system unreliability through

premature actuation.
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‘Mk 96 Detonator Characteristics ~ The Mk 96 detonator

(Figure 30) is of wire-bridge type (2.0 to 5.0 ohm resistance) and
correspondingly more predictable response. It has a glass seal,
providing for essentially unlimited life under uncontrolled ambient
environmenﬂal conditions, and has demonstrated very high reliability
(59 Ffailures to fire in acceptance~test firing of 81,681 units for ané
observed reliability of 99.9?%) despite its moderate cost (45¢).

In the ROCKEYE II application, the Mk 96 detonator is attached
to a button~-type electric shorting assembly (Figure 30) which maintains
a short circuit across its bridge wire until the fuze i1s fully armed,
thus protecting it from all likely sources of spurious firing through-
out its assembly, storage and delivery history.

For the output element in an on-car communication system, the
combination of the bridge wire explosive initiation system of the Mk 96
detonator and its shoxrting assembly into a bellows motor (or the
actuator/diaphragm cutter of Figure 33) as the active element in the
brake line vent assembly would make a reliable system, suitable for
use where installation and unit replacement under car-—shop conditions

is required.

of the sensitivity of the Mk 96 cannot be measured with ordinary
ohmmeters or multi-testers without the possibility of initiation. It
would therefore be necessary to provide épecial, low~current test gear
to monitor system continuity and isolatioh and verify EED bridge wire
status, ;with a unique test connector (Figure 28) to reduce the likeli-

hood of using the wrong instrument. |

Thermal Battery System — No system tests of the thermal battery/

high energy actuator system were made, since the long duration pulse
from the battery will fire the one amp-one watt actuator (1 ohm)
reliably provided that resistance of the rest of the circuit does not
exceed one ohm. Ordinary ohmmeters can be used for continuity checks

with this system--a definite plus.
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Discussion of System Test Results — The vacuwm thermocouple/

ballistic galvanometer instrumentation has satisfactorily correlated
with EED bridge wire characteristics in determining the suitability
of piezo crystal output in fuzing applications, usually with short
leads (one foot or less) between crystal and detonator. The five-to-
one discrepancy in effective output between instrument and EED in these
tests is surprising; pending a proven analysis of the trapsient circuit
effects which dominate in this situation, demonstration by test of the
reliability of a complete, armored one-car (eight sensor) system must
be a first order of business when contemplating use of the piezo
crystal system with its cost advantages.

There is no technical reason preventing explosive elements of
the electrical sensitivity of the Mk 96 detonator from being used with
completely satisfactory safety and reliability under railroad conditions.
However, it appears that the high-current, pulse battery system may
be preferable in practice because of lower sensitivity to factors

affecting circuit impedance.

94




INTER-CAR COMMUNICATION LINK

Freight trains are electrically conductive end-to-end (except when
the coupler slack is running in oxr out) but very thoroughly shorted to
ground at all wheels. It is possible that an electrically-controlled
braking system may eventually be developed and standardized (primarily
to eliminate the effects of slow, serial pneumatic brake application
and release in causing violent slack action), in which case a hard-
wire communication link would be available for sensor system use.

Such a development for general service is unlikely in the near future.

For potential low-cost inter-car communication under present
circumstances, the continuous air brake pipe and radio-frequency,
optical (visual), and (conceptually) direct atmosphere (acoustic or
olfactory) transmissioﬁ capabilities exist.

Use of the brake pipe as a communication link is discussed in the
next section of this report in connection with its capabilities to
effect direct action (stopping the train) upon sensor activation.

The often effective olfactory detection of hotboxes from the rear
platform of the caboose has been eliminated in recent years by the
overpowering aroma from compogition brake shoes. Optical possibilities
suffer from both weather and line~of-sight limitations; a reasonably

efficient acoustic system is a difficult concept to envision.
Radio-Frequency Link

Since most territories and freight trains are now equipped for
end~t6—end radio (VHF) communication, a radio link from the individual
car to the locomotive and/or caboose requires only an encoder/trans-~
mitter on the car and decoding adapter on the existing receiver, which
already must be maintained and can supply power, amplification and an
alerting output signal. Encoder/transmitter cost, including the on-car
power supply, to achieve the necessary car-to-crew member range (about

two miles) with an acceptable false-alarm rate (one per 1000 train-hours
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or less—-see p. 100) is the dominant consideration in system feasibility
from an economic standpoint; from a phase~in standpoint (p. 9 ), it is
a Category C system, requiring specially-equipped locomotives to be

effective on any particular route.

Power/Power Supply = Assuming that any useful encoder/transmitter

will be solid state with very short warm—up and stabilization time, a
short-~discharge=-time power supply with indefinitely long shelf life
which is turned on by sensor actuation will not degrade system response
time and is therefore to be preferred; the pulse thermal battery
(p. 79 and Appendix J) meets these requirements very well and at
acceptable cost in this one-per-car application. It is also fully
compatible with the environment. A

Radiated power at VHF frequencies necessary to achieve a reliable
range of two miles under all weather'Condition$\assuming an efficient,
rigid transmitting antenna mounted on the side of the car body, is
estimated at one to ten watts. Input power to achieve this for the

short signal duration required is no problem for the thermal battery.

Transmission Modes -~ Any simple AM monopulse system must be ruled

out because of an excessive false~alarm rate. In particular, lightning
at a great distance would inevitably actuate the decoder.

An FM system with an appropriate, sufficiently distinctive code
modulation on a crystal-controlled (assigned) sensor frequency could
achieve a suitable false-alarm rate. Such a transmitter, ruggedized
for the severe sensor environment, is estimated to cost in the vicinity

of $50 in high production quantities.

"Noiseless Button Bomb" rf Link - The Noiseless Button Bomb (NBB*)

uses a system of minimal complexity to providing an identifiable

*So named because it‘resembles an earlier acoustic intrusion detection
system in which the sound of a tiny bomblet (which explodes when stepped

on) activates a radio relay link similar to the ARFBUOY.
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signal over a short distance. It was developed by the Army (Electronics
Command) in the 1967-70 era for the DOD Defense Communications Planning
Group (DCPG) as a personnel intrusion-detection system compatible with
an area surveillance system for use in Southeast Asia. The NBB
T-1151(V) /GSQ transmitter units and the associated Automatic Radio-
Frequency Buoy (ARFBUOY) receiver RT-991(XE-2)/GSQ are described in
Appendix N . By looking for three different frequencies successively

in three time "windows,” the ARFBUOY rejects most noise while accepting
signals from a transmitter.requiring only very loosely-controlled

characteristics.

NBB False-Alarm Rate ~ The communication link of the NBB/ARFBUOY

system exhibited an extremely low false-alarm rate--only one being
experienced in a 1l2-month period of test under field conditions; this
was attributed to lightning. It also gave no false alarms in an
extended period of test in the extremely "noisy" electromagnetic
enviromment of an electronic equipmeht test range; under jamming
conditions, the circuit will reject signals rather than false alarm.
Despiteiits simplicity and low cost, the system is much more effective
in rejecting false signals than are commercially-available rf garage-

door controls.

NBB Costst NBB's were producedrqnder condiﬁioqg_of gréat
urgency {(sole-source) in quantities-of lO0,000 at a unit cost of
approximately $8, including the mercury-cell battery, manual arm, and
motion-sensitive trigger switches. Army cost estimates for higher-
volume competitive procurement are in the $5 range. ARFBUOY cost
included a relatively complex coded identification output and relay
transmitter along with the decoder/receiver, so its unit price of
$1200 is only a ceiling indication of the probable cost of an adapter
for receiving NBB~type signals on VHF train radio equipment. Since an

NBB serves to verify that the receiver adapter is functioning, cost of

-service test gear would be nominal..
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Discussion — Military sensor technology has developed relatively
inexpensive transmitters whose performance indicates the feasibility
of an xf link for the anti-derailment sensor system. However, use of
a. separate, special rf link is simply not éompetitive with use of the
existing air brake system, once it was established that the desired
service brake application could bé achieved when initiated from any
point in the tréin and that sensor actuation could be deduced from
air flow indications available in the engine cab. Therefore, no

further investigation or test of the radio link was carried out.

28

£



PRIMARY OUTPUT

General Considerations

Types of Output - The primary output of the anti-derailment

sensor system may conceptually be either an alarm or an automatic,

direct action appropriate to the nature of the emergency. Every action

taken as a result of a trouble indication, whether via employee action
or automatically, will have an associated cost--typically (as a minimum)
the direct cost of stopping, inspecting and restarting/reaccelerating
the train. This is a matter of pgrhaps $5 to $100 per occurrence if a
'single train is involved; it could be much higher in circumstances
involving such matters as congested traffic, statutory pénalties for
blocking grade crossings, or inappropriateness of the responée of the
trouble indication. Figure 31 shows the relationship between this cost,

false-alarm rate, and total false alarm cost.

False-Alarm Rates - The system false-alarm rate will be the sum

of the sensor, communication link and output indicator rates, so these
relationships can be used to judge each of these subsystems. A total
annual false-alarm cost of $1 million would represent approximately

3% of the 1970 damage to railroad property due to derailments attributed
to defects in or failures of equipment. By estimate of the Bureau of
Safety, FRA, this would equate to somewhat less than 1% of the total
costs (including lading loss and damage, damage to private property,

and wreck clearing costs) associated with such accidents. No sensor
system can prevent all of these derailments; however, a postulated

$1 million per annum cost would amount to 1-1/2 to 2-~1/2% of the total

tangible jcost of hotbox derailments.

Sensor/Actuator -~ The sensor and on-car communication and

actuator subsystems must be judged by their per car mile rate (Figure 31a);
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if an overall false-alarm cost of $1 million is to be achieved, the
rate must be in the range of one per 1,000,000 to one per 5,000,000

car miles and an even lower rate is highly desirable.

Communication Link - Similarly, the inter~car communication

link including its output indicator or actuator must demonstrate a rate

of one per 1000 to one per 5000 train hours or better (Figure 31b ).
Train Radio Alarm

One inter-car communication system, discussed previously (p. 95), &ould
use an rf link to transmit the alarm signal to those points (locomotive,
caboose or wayside) already equipped with train radio (VHF) equipment.

A decoder (a receiver-adapter utilizing the power supply, controls the
speaker of the existing system) would sound an alarm upon receipt of
a coded rf signal from any on-car sensor/transmitter within range.

This man~in-the-loop system would have the advantages of using
the judgment and discretion of the crew member in taking action
approprlate to the 01rcumstances. In practice, the appropriate action,
in the absence of any more specific indication of the. nature, location
and urgency of the trouble, will almost always consist of braking
the train to a halt for inspection, and discretion will be limited to
selection of a brake application suitable for train consist, speed and
track alignment.

bisadvantages of this system (assuming a satisfactory false~alarm
rate is achieved) include the less~than-perfect reliability associated
with the continual alertness required of the crew, the uncertainty as
to which train is involved in any situation in which two trains or more

are within range, and the associated time delays in response.

% .
3
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Direct Air Brake Application

A set of sensors feeding via an on-car communication network to
a single actuator initiating a local application of the existing air
brake system provides automatic response with no additional gear
required for communication throughout the train. The "false-alarm
rate” for this communication/actuation system is not zero, but it is

ipso facto acceptable because it is already present.

Brake Response - Two questions must be addressed: first, can the

brakes be applied automatically, from any iocation in the train, in
such a manner that the hazard to the train, on the average, is markedly
less than from the trouble being detected? Second, can the automatic
brake application by the sensor be detected at the locomotive and
proper action be taken (automatically or manually) to avoid nuilifying
the braking action and/or pulling the train in two by the effects of

the locomotive air compressors and tractive force?

Brake Tests — To provide data on these questions, the
Westinghouse Air Brake Company (WABCO) conducted a short series of tests
with FRA and NOL observers on 20 July 1972. The tests used WABCO's
150-car rack of ABD (current standard) brake equipment at its
Wilmerding, Pennsylvania, plant., Details of these tests are given in

Appendix O.

Brake Test Results - Actuation - The results of the tests and

indications drawn from them may be summarized as follows:

a. Opening an orifice of 11/32-inch diameter at the brake valve
of any car in the train will result in quick-service application of the
brakes throughout the train, except for a few cars (six or less) at the
extreme head-end of the train when the application is from the rear of

the train.
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b. BAn application with this orifice generally produces a full~-
service application except when near the locomotive, in which case
continued charging of the brake pipe results in less than full-service
brake cylinder pressure throughout the train.

¢. Since a 5/32-~inch orifice produced no brake actuation and a
29/64~-inch orifice produced an emergency application, it appears that
a practicable tolerance on the orifice area to produce a reliabla

service application exists.

Brake Test Results - Actuation Detection - Flow-meter readings

indicate that the equipment (Brake Valve Charging Cut-Off Flow Detector
System) which has been developed to cut off the air compressors on
remote~control *slave” locomotive units during braking and allow the
brake application signal in the brake pipe to pass through them to

the rest of the train (and which also places their throttles at idle)
can be used to perform automatically a similar action on the road
locomotive. This would result in full-service application of the"
brakes throughout the train and eliminate or greatly reduce the like-
lihood of developing forces in the train sufficient to pull it in two

before coming to a stop.

Flow Detector Alternatives -~ Alternatively, the flow
indicator can be equipped to sound an alarm when an automatic applica=-
tion has taken place. The engineman can then cut power and handle the

brake valve manually to minimize stresses in the train.

As a second alternative, the flow meter indication and the effect
of the automatic brake application on the train motion provide sufficient
information to the engineman to allow him to recognizé the situation

and take appropriate throttle and brake action.

Brake Application Hardware - Figure 32 is a drawing of the AAR

Standard Dirt Collector and Cut-Out Cock* fitting which connects the

*AAR Interchange Rule 3(a)(10). 103
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brake pipe on each car to the brake valve pipe bracket, modified

to show conceptually how the sensor-controlled actuator can be
integrated into the brake system using a single rugged fitting
directly adaptable to a large majority of freight‘cars (essentially,
all except sliding~sill cars) without introducing extra leakage

points.

Bellows Actuator Design ~ The brake line vent element shown

in Figure 32 uses a wire-bridge bellows actuator to push a beveled
diaphragm cutter through an integral metal diaphragm. The cutter opens
a hole considerably larger than the calibrated orifice used to meter
the rate at which train line pressure is vented. Thus the exact size
or smoothness of the pierced hole is not important to correct brake
actuation.

Bellows actuator characteristics are presented in Appendix M
and in sections of this repoft discussing the on~car communication 1ink
and thermal sensor tests. The bellows actuator is én item widely used
in critical ordnance applications and its quality is ordinarily con-
trolled to provide a high degree of assurance against failure to
contain the gases from its burﬁed propellant. It thus represents no
fire hazard and is relatively safe to handle and install, even under
conditions where electromagnetic radiation, static electricity or
other possible causes of spurious actuation cannot be entirely

eliminated.

Piston Actuator Design - Another variety of diaphragm cutter

which in large-scale production might be somewhat more economical is the
piston actuator type with separable explosive element. Figure 33 is a-
recent NOL piston-actuated valve design suitable for this purpose. The
O-ring and swaged-metal retainer provide an extremely high degree of
assurance against gaé leakage or valve cutter retraction after'actuation,

features not particularly important in the brake line vent element.
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This miniature unit, intended for smaller flow rates at pressures
in the 1000 psi range, is described more fully in Appendix P and
Report 72-244 (reference (h)). The diaphragm tested is 0.020 stainless

steel. The same actuator would be suitable for use with a thinner

~diaphragm and larger cutter to exceed the 11/32-inch equivalent orifice

diameter required in the air brake vent element.

Firing-Energy Considerations - The power available to actuate the

brake pipe vent element is discussed in the section of this report
covering system design and system test results. Some standard EED's
are built to operate reliably at input energies of about 600 ergs

(60 microjoules) and above. Such items are subject to spurious firing
from:

a. Static electricity (a person can typically generate an
electrostatic charge of up to 10,000 volts and 160,000 ergs under partic-
ularly dry conditions and this can sometimes be transferred efficiently
enough to cause firing of an EED despite the impedance mismatch);

b. Inadvertent or unauthorized use of standard test equipment
(multiﬁeters are quite capable of firing sensitive detonators on some
of their "resistance" settings).

c. Energy picked up from rf fields in the vicinity of electrical
equipment or transmitters.*

In the case of self-contained units such as the vent element,

this is only a reliability problem** once the unit is properly

assembled at the point of manufacture. In installing, replacing,

*HERO (Hazards of Radiation to Ordnance) oxr RADHAZ (hazards to
personnel from high-power transmitters) are terms often used in this
connection.
**In military applications, additional safety elements such as the
interrupted explosive train are always used in connection with EED's
s0 that_inadﬁertent actuation cannot cause detonation of a hazardous

size.
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checking out or connecting the sensor network to an element of such
sensitivity, some precautions such as restricting welding eguipment
in the vicinity might be necessary to insure that it was not unin-
tentionally fired. These might hinder its acceptance in general

service or cause increased costs.

One Amp-One Watt =~ To provide a better margin of safety

against spurious initiation in the intense rf environment typical of \
military locations, MIL-I-23659 (reference (i)) establishes gtandards
of one ampere and one watt* as the maximum sensitivity acceptable in
any case where these devices must be installed in the field or used in
other than completely shielded, self-contained systems. Other pre-
cautions such as shorted firing leads and restrictions on rf field
strength must still be observed to provide acceptable safety.

Commercial electric blasting caps typically have an equivalent
sensitivity of about 0.4 to 0.5 amp no-fire. The one amp-one watt
limit is probably more than required for this railroad application,
but observing it should essentially eliminate any restrictions in use
and provide for maintenance of reliability without such feasible but
extrawoaﬁ:pesign features as electrical connectors which maintain a
short~circuited condition until after mating.

Appendix P contains design and test details of the NOL piston
actuator and the one amp~one watt actuator driving its cutter. Derived
from the production Detonator Mk 101, this hermetically sealed
actuator also has demonstrated outstanding the shelf life and reli-
ability characteristics which are essential for unrestricted railroad

service in this adverse location.

*Disgipation of one watt in and passage of one amp through initiating

element for five minutes without ignition of explosive elements,
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This type of EED is inherently relatively expensive (more than
two dollars each) in comparison to commercial blasting-cap~type plastic-
seal units, whose life in such service may be satisfactory but cannot

predicted with high confidence on the basis of available data.

Cost -~ Price estimates for the brake line vent element
assume that in produétion the dirt collection and cut-out cock casting
would be modified to incorporate the body of the vent element, although
retrofit of existing castings should be possible within the same price

range., Actuator interior parts would be standard and replaceable.

Action Following.Actuation - The location in the branch pipe

between brake pipe and brake valve beyond the cut-out cock permits
setting out the affected car, or retaining it in the train with brake
cut out if appropriate, subject to existing laws and regulations
regarding required proportion of operable brakes. Thus no further
spare parts or tools are required to permit the train to proceed as
rapidly as permitted by the nature of the emergency causing the

actuation,
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TROUBLE LOCALIZATION

Each time the hotbox or incipient rock-off detector on a
particular car has succeeded in its mission of sfcpping the train
prior to derailment, rapid determination of the one potential
offender in the train becomes the final essential function for a

useful system.
General Considerations

Performance requirements and envirommental conditions common to
all system components have been set forthvpreviously (P 8 and 14). Addﬂ-
tional specific requirements for the trouble localization subsystem
are as follows: '
a. Signal to persist long enough for train inspection by one
crew member under somewhat adverse conditions--assumed to be 30 minutes.
b. Day and night indication, with no gpecial receiver ox monitor
(brakéman's electric lantern may be assumed available).
c. Non—toxic, incapable of igniting flammable vapors.
d. False-alarm rate compatible with cost effectiveness of system
(1 % 107° false alarms/per car mile or lower).

Specific Principles Considered

Sight, smell and sound are the senses most obviously applicable

to rapid localization by inspection from one side of the train.

Sight - A non-pressurized aerosol bomb of yellow smoke charged
and activated by compressed air bled from the train line by the brake
pipe vent element of the sensor system should satisfy false-alarm rate
and other considerations, with some experimentation to determine
quantity/orifice size relationships to produce a visible signal foxr the

desired period.
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An alternative is an inflatable balloon (with relief wvalve) large
enough to be seen from either side of the car by lantern light and
tough encugh to withstand the air velocity as the train comes to rest.
Military experience indicates that reliable balloon performance {after
collapsed stowage) of more than a few years in this uncontrolled
environment can only be assured with high quality and relatively

expensive material.

Smell -~ A small capsule of ethyl or butyl mercaptan, similarly
pressurized and expelled at a metered rate, will produce a smell
pungent enough to locate the general area of the actuation for an

adequate period of time, except perhaps in the presence of a high wind.

Sound - The Westinghouse ABD test-rack air brake actuation tests
(reported in Appendix0) in which opening of an 11/32~inch orifice in
the train line at various points in a 150-car train produced a service

brake application gave the following results:

Brake Pipe Pressure 12 Minutes

After Venting, psig

Location of Venting At Car No. 1 At Car No. 150
Rear of Locomotive : 74 74

Rear of Car No. 50 77~3/4 42-1/2
Rear of Car No. 100 . 79 ’ 31

Rear of Car No. 150 79 25

These results indicate that considerable residual pressure will
remain in the brake pipe (and therefore at the vent element) for a
long time. Tests at NOL with a plain (no particular configuration)
11/32-inchdiameter orifice at 20 psig produced such an intense sound

as to indicate that the sensor vent element itself can provide an

‘adequate localization signal.
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The above rack tests were made with the locomotive compressor
continuing to charge the brake pipe; train~handling considerations would
dictate in most cases that brake pipe charging cease as soon as brake
actuation is detected by the engineman (see p. 103) until the train
comes to rest. It is unlikely that the combinatign of normal brake
pipe leakage and the sensor vent would reduce the pressure so rapidly
and completely as to prevent localizing the actuation; should this
happen, recharging the brake pipe to release the brakes will again

make the point of actuation detectable.

Discussion - It is concluded that the sound of the air exhaust
inherent in the basic system is in itself an adequate trouble localiza-
tion signal. Should any greater acoustic efficiency be needed, the
addition of an inexpensive, rugged (probably integral) whistle to the

vent element outlet is readily possible.
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SYSTEM CONCEPTS, COSTS AND RBENEFITS
Basic (Hotbox) Sensor System

Three variants of a basic system for the prevention of derailments
caused by overheated journal bearings consist of the elements indicated
by the (:) links in Figure 1 . As discussed in previous sections of
this report in connection with individual components, all three ‘
systems are considered potentially reliable, maintainable, and

effective in the environment of unrestricted freight service.

Sensor Operating Sequence - Bearing temperature rise above

approximately 250°F on any journal of any equipped car causes a

Nitinol phase-change alloy element to trigger initiation of an

explosive detonator. The resulting signal is transmitted by a wire

or explosive link to an explosive actuator at the air brake valve on the
individual car. This actuator opens an appropriate orifice in the

train line, applying the train brakes in a full-service application

and bringing it to a halt before axle failure from overheating is

likely to occur. A loud whistle from”&miorifice, fed by the residual
train line pressure, locates the offending car for the train crew; its
brake valve cut-out cock is closed, brakes are released, and the car

is set out to permit the train to proceed.

Cost Estimates ~—~

Hardware Cost Comparisons - Table 10 gives per-car

comparati&e full-scale-production cost estimates for the assembled
hardware required for three system variants--(l) piezo crystal/low-
energy actuator; (2) thermal battery/high-energy actuator; and (3) all-—
.explosive (shielded mild detonating cord) on-car communication link.
The piezo-crystal system at $34 is eétimated to be 10 to 15% lower
in cost than the thermal battery system hardware ($39); although this
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TABLE 10. HOTBOX SENSOR SYSTEM COMPARATIVE HARDWARE COST ESTIMATES

System 1 ' System 2 System 3
Piezo Crystal/ Thermal Battery
Hard Wire/ Hard Wire/ All-Explosive
Low Energy Act. High Energy Act. (SMDC) Link

Sensor Body (8) ’ .25 .25 .25
Thermal Unit (8) : .15 .15 .15
Stab Det (8) .15 .15 .15
Piezo Element (8) .25 11.20 - 15.20 —— 8.80
Pulse Battery (8) - .75 -
Transfer Elem. (8) —— ' - .15
Sensor Connector (8) .60 .60 .40
2-Cond. Wire (76 feet) e .07 5.32 @ .07 5.32 - -
MDC (61 feet) —— —— - —— @ .50 30.50
MDC - Flex (15 feet) - - ~ - @ .70 10.50
Transfer Jct Ftgs(7) - - - - o .40 2.80
Axmor (61 feet) Q@ .08 4,88 @ .08 4,88 @ .08 4,88
Armor - Flex (15 feet) @ .15 2,25 @ .15 2.25 @ .15 2.40
Armor Tees (7) .60 4,20 .60 4,20 .40 2.80
Output Expl Elem. (1) 1.50 1.50 2.50 2.50 .40 .40
Shorting Fitting (1) .20 .20 - - —— -
Brake Vent Elem. (1) 2.50 2.50 2.50 2.50 2.50 2.50
Connector/Test Plug 1.80 1.80 -1.80 1.80 —— .40
Total, Per Car Set $33.85 $38.65 $63.18
Service Test Equipment $100 - 400 . %20 - 40 None
Refurbishment Hardware Cost $1.40 $1.90 $63.18
(Per Actuation) (Approx. 10¢ per

car year)




difference may result as much from the larger production represented
in its cost data base as from inherent cost factors.

The all-explosive system at $63 is significantly more expensive,
and there is also less production cost experience available to
establish accurately its probable cost in high production. Refurbish-
ment cost is much higher, though at 10¢ pexr car-year (at present
roller-bearing failure rates) this is not a major factor overall; the
associated labor and car-ownership costs resulting from the more
time-consuming refurbishment process are perhaps a more significant

burden.

Installation Cost - With the individual sensors located in

modified AAR standard roller bearing adapters (as in Figure 29 ) and
the brake valve vent element threaded into or located in an integral
cost protrusion on the standard dirt~-collector/cut-out cock (as in
Figure 32), installation costs should be moderate for the vast
majority of car types and designs. The primary cost will be that of
attaching the armored cabling to the truck and car structure; this
should be about the same for the three systems considered.

Assuming reasonable ingenﬁity in quick-attach cabling design (as
by the use of drive-on clamps like rail anchors to hold the cable to
underframe members), an average per car installation cost of $15 to

$50 appears attainable for new or existing cars.

Maintenance Cost -~ With military-quality components of thiﬁ

simplicity whose longevity and reliability have been established by a
thorough engineering development and evaluation rrogram taking
advantage of analogous design experience, a reliable service life
without routine maintenance equal to the 20-year car life (or time
between complete car rebuilds) appears entirely feasible.

However, for the purposes of this study, a cost of $2 per car year
was assessed, on the basis that an electrical continuity check would

be made at the time of the 48—month_air brake clean, oil, test and
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stencil (COT&S) interval, and that an allowance of $8 (about 15% of
the COT&S charge) should be well above actual cost for such a
procedure, including incidental connector gasket seals 'and replacement

of occasional physically damaged components.

Return on Investment ~ Figure 34 summarizes the potential cost

saving and return on investment potential for the basic hotbox sensor
system if installed on the entire fleet. At a "best e;timate" ingtalled
cost of $75 per car, a saving of $60 million per year and an annual
return of 43% on investment would result, assuming that the current

rate of 500 hotbox derailments per vear would otherwise continue.

In the event that advances in the'understanding of bearing‘failures
and more frequent and stringent bearing maintenance requirements should
reduce the hotbox derailment rate to or toward the 100 per year minimum
foreseen as ultimately possible,-the savings and return would be lower,
as indicated by the curves for 100 and 200 per year, but still
significant.

Because of the great (10 to 1 or more) wvariation in annual
mileage of different types of car in different serviceé, equipping

only high-mileage cars (unit-train, piggvback) with sensors could

return. This assumes, of course, that the degree of standardization and
the total quantity of sensors installed is great enough to drive unit .
production cost down near the estimated level for equipping the entire
fleet.

Figure 35 is the actual unit cost versus production experience
(1967 through 1972) for the NOL~developed ROCKEYE II bomblet fuzing
system.* The Fuzing System Mk 1 Mod O should be generally comparable

in this respect to hardware involved in the hotbox sensor system,

*Subsequent production (1972-1973), of about six million units,
including a second production éource, has reduced the price to $3.19, |

. of which §.74 is the ISE (Figure 25) cost.
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Annual Return on Investment,

80

60

40

20

Hotbox derailments
per vear without sensor

%500 (1965 - 1970 average)

Annual Saving:

$61.4M

$50 $75 $100 $125 $150

Average Installed Sensor System Cost (per car)

$2 per car-year sensor maintenance

$130,000 average total cost per hotbox derailment

FIGURE 34. RETURN ON INVESTMENT FOR HOTBOX SENSOR SYSTEM
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DOLLARS
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FIGURE 35. UNIT COST HISTORY FOR FUZING SYSTEM, BOMB MK 1 MOD 0
: (INCLUDES G & A & PROFIT)
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since it includes both stab and electric detonator installations, a
piezo-crystal element, and requirements for extensive in-process
testing and quality control procedures, although it is mechanically
much more complex. It appears from experience invthis and other
similar programs, that the knee in the cost curve occurs in the
vicinity of 2 to 5,000,000 units (250 to 625,000 car sets).

The relatively high unit costs for the small (25 to 6400)
quantities of development fuzes ($1550 down to $43) indicate the value
of using available high-production, proven~in components wherever
possible if such a system is to be tested in service on a limited
scale before making a development/production commitment for f£leet-wide

application.
Resonant Rock-Off Detector System
An integrating hydraulic-pump sensor feeding into the on-car

brake application subsystem of the basic hotbox sensor system is

gshown by the links in Figure 1 and pictured in Figure 19 (p. 62).

Sensox Operating Sequencé - Excessive rocking-mode oscillations,
measured in the suspension of one truck, initiate a signal in a wire
or explosive communication link as they build up toward a dangerous
level. The output of the link actuates an explosive element at the
alr brake valve on the individual car, applying its brakes immediately
in full sexvice; the resulting forces between bolster and sideframe
tend to damp the oscillation in that car, and the serial brake
application throughout the train slows it to a point where the rocking
motion is no longer in resonance with the periodic disturbing forces
from the track, preventing the rock-off derailment. The sensors are
applied only to those cars whose characteristics (truck center spacing,

center of gravity, etc.) are such asgs to make them rock-off susceptible.
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Cost Estimates - The incremental cost for installing the rock-off

detector system has not been estimated as closely as for the basic

system because of the greater uncertainties in its design, as dis-

detection. For the purpose of estimating thé return from pursuing
further the rock-off detector system, a cost of $200 per car, installed,
appears reasonable on the basis of comparability to some automatic
slack-adjuster units. |

Because of the moving parts involved, maintenance for this system
will not be negligible. If it is assumed that on an annual basis it
is equivalent to half of the air brake COT&S expense per year, a cost
of $7.50 per yvear for mechanical work (parts replacement) and a total

of $10 per year (including fluid replenishment) appears reasonable.

Return on Investment ~ Figure 36 summarizes the cost saving/

return on investment potential for the incremental cogst of the rock-

off detector. Since the number of rock-off susceptible cars responsible

for the bulk of the 70 rock-off derailments (1970) is not readily
available, this has been used as the independent variable.

At a best-estimate number of 50,000 susceptible cars to be
equipped, and penalizing the system for the uncertainties involved
in whether or not brake application will in fact forestall rock~off

by assuming only 50% effectiveness, a 22%% predicted return results.

Phase~In Considerations -~ These sensors would constitute a

Category B system (see p. 9 ), producing savings proportional to the
number of susceptible cars so equipped wherever they run under condi-
tions tending to produce rock-off. They would require minimal advisory
notification to train crews, limited spare part and special maintenance
gear, and would ultimately tend to reduce special operating problems

with the susceptible cars.
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)e/////——_(Annual Saving $5.0M)

Sensor 50% Effective ‘
(Annual Saving $2.5M)
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L
20 40 60 80 100
Number of Rock~Off Susceptible Cars, Thousands

70 rock-off derailments per vear (1970)
$70,000 average total cost per derailment
Sensor incremental cost $200 per car (installed)

Sensor maintenance cost $10 per car vear

FIGURE 36. RETURN ON INCREMENTAL INVESTMENT FOR
RESONANT:ROCK—OFF DETECTOR SYSTEM
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Local Derailment Detector System

A discriminating spring-mass sensor combined with the thermal
sensor on the journal boxes, which detects roadbed impact in any local
derailment and triggers the basic hotbox sensor system, is shown by

the (::).links in Figure 1. The sensor is shown in Figure 22, p. 68.

Sensor Operating Sequence - When an axle of an equipped car derails

in any manner which results in its wheels dropping from the rail head,
the distinctive acceleration and velocity-change of its ensuing impact
with the roadbed actuates a mechanical trigger whidh withdraws the hotbox
sensor thermal pin, releasing a firing pin which activates a piezo
crystal or thermal battery. The electrical output, via an on-car
communication link, actuates a self-contained explosive element on its
brake pipe, initiating a full service air brake application throughout
the train. In those cases where the train would otherwise proceed until
a general derailment ensues (often at some turnout or grade crossing

in a more populated area), the timely stopping of the train may greatly

mitigate the damage resulting from the initial incident.

Cost Estimates - The local derailment sensor, if a single value

for its sensitivity can be found which takes care of both loaded and
empty cars of all common load-to~tare ratios, can be a very simple
addition to the basic sensor system; a best-guess median estimate of
the unit add-on cost (4 or 8 per car) is 75¢ in large~scale production,
based on cost experience with fuze parts of similar nature and complexity.
Should it be necessary and desired to make an empty-load adjustable unit,
costs would be much higher; $20 per car (4 units) is considered a
reasonable goal.

Maintenance for the add-on parts of the non~-adjustable unit shouid

be negligible.
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Return on Investment - The big uncertainty is the proportion of

derailments in which delayed pile-up is a factor in their destructive-

ness and cost. To determine whether further development of the local

n
th

derailment gensor i inancially promising despite the uncertainties
involved, the analysis of Figure 37 wvery conservatively postulates

a sensor which is effective only on loaded cars and that in those
accidents where delayed derailment is a factor the prompt application
of the brakes can save only half the average cost of all miscellaneous
equipment--and roadway--caused derailments. IFf one derailment in

twenty is of this type, a 75¢ (add-on) sensor on each journal would

result in a 28% return.

Phase-In-Congsiderations ~ This is a Category B system (see p., 9 ),

producing savings proportional to the proportion of cars equipped
wherever they run and requiring minimal special notification, spare

parts positioning or changes in operating and maintenance practices.
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FIGURE 37.

RETURN ON INCREMENTAL INVESTMENT FOR
LOCAL DERAILMENT SENSQR
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CONCLUSTIONS
Hotbox Detector System

The Nitinol self-powered bearing temperature sensor with thermal
battery and high-energy explosive actuator for direct sexvice brake
application appears to be fully compatible with railroad operating and
maintenance conditions and procedures. It involves a minimum of
technical uncertainties and can be engineered for widespread applica-
tion with very low risk. Savings are directly related to the number
of cars equipped but not dependent upon installation in the complete
fleet except as mass production lowers component cost.

The same basic system with piezo crystal output and low-energy
explosive actuator promises somewhat lower hardware cost, but with
less assurance of full compatibility with current maintenance
procedures. .

Either system promises a substantial net return oérinvestment on
the basis of tangible savings alone. Since the systeﬁé are externally
identical in performance, parallel competitive development, qualifica-—

tion and even service use is feasible.
Resonant Rock-Off Detector System

This system appears potentially capable of generating a high
return on investment on the basis of current accident rates and
estimates of the number of cars involved; its effectiveness is not
fully established, nor does it have a clear advantage over alternative
ways of alleviating the problem, Its development and cost-effective
use is not highly dependent upon mass-production considerations,
however, and further investigation of its possibilities appears

desirable.
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Local Derailment Sensor System - A local derailment sensing

feature can be piggybacked onto the basic hotbox detector system at
such low cost that it appears to have éignificant potential for
tangible cost savings, even if only partially effective in a small
propoxrtion of the total number of derailments currently being
experienced. A more detailed study of the number of situations in
which it would be helpful and certain (rather inexpensive) full-scale
neasurements of journal box acceleration signatures should be made

before making commitments for further development.

126




(a)

(b)

{c)

(a)

(e)

{g)

(h)

(1)

REFERENCES

FRA Accident Bulletin No. 139 "Summary and Analysis of Accidents
on Railroads in the United States™ 1970

FRA-RT-70~-26 Report "Investigation of Boxcar Vibrations” Sep 1970
Transactions of the ASME -~ Journal of Engineering for Industry,
Nov 1968, "Digital Computer Simulation of Railroad Freight Car
Rocking®™ p. 701

Conference Paper No. 70 CP 266-1GA for presentation at ASME/IEEE
Joint Railroad Technical Conference, Philadelphia, Pa., 7-8 Apr 1970
"Vehicle Surveillance for High-Speed Raiicars" by K. B, Ullman
NOLTR 63~126 "Development of Rocket Fuzes Mk 196 Mod 0 and Mk 197
Mod O for HASP" May 1963

Proceedings of Eighteenth Defense Conference on Nondestructive
Testing, 29~31 Oct 1969, Paper No. 2 "A Device for Automatic
Analysis of Radiographic Film Images” p. 94

NASA-SP 5110 Report "55-Nitinol - The Alloy with a Memory: Its
Physical Metallurgy, Properties, and Aﬁplications"

NOLTR 72~-244 "Annual Progress Report of the Chlorine Storage and
Distribution System for the Lithium~Chlorine Battery" 1 Sep 1972
MIL-T-23659C "Initiators, Electric, General Design Specification

for" 31 Aug 1972

127







 APPENDIX A

DERAILMENT COST VERSUS INVESTMENT

The rationale behind this elementary analysis is an assumption
that there is some positive correlation between the acquisition cost
of a subsystem and the cost of improving its performance by overdesign,
better quality control, monitoring for incipient failure, of inspecting
it more thoroughly or frequently. If this assumption is valid, those
subsystems which show a markedly higher accident cost per unit
investment should be the most promising targets for consideration.
Little significance can be attached to differences less than a factor
of two, nor is the absolute value of the estimated cost per unit of
investment likely to be of significance, except perhaps where it

indicates that a point of diminishing return has already been reached.




Total Annual
Units No, of Average Annual Deraillment
in Unit Total Derailments Derailment Accident Cost/$1000
Service Cost Investment Caused Cost Cost Investment
Ttem (x1073) ($) (5 x1076) (1970) (s x1073) (s x1073) (s)
NOTES : (A) (B) (C) (D) (E)
Truck Structure 1,850 1,000 1,850 280 75 21,000 11,
Couplers and 1,850 500 975 220 75 21,800 22,
Draft Gear
Air and Hand 1,850 500 975 150 75 11,300 12,
Brake Gear
Wheels 1,850 1,000 1,850 290 75 21,800 12,
Axles 1,850 1,000 1,850 50 75 3,750 2.
Journals 1,850 1,000(F) 1,850 400 130 52,000 28.
Car Structure 1,850 8,000 14,800 100 75 7,500 .50
and Accessories
Locomotives(G) 25 200,000 5,000 7 75 525 .10
Rock~of £ 50(H) 1,000(H) 50 70 75 5,250 100.
Susceptible
Freight Cars
Truck and 210,000 100,000 21,000 2,400 55 132,000 6.3

Roadway

{miles) {per mile)

Fd
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NOTES :

(a)
(B)
(<)
(D)

(E)
(F)
(G)
(H)

Car sets

Current (1973) undepreciated cost of acquisition

From FRA Accident Bulletin No. 139

Average direct cost as reported to FRA (roadway and egquipment only)
X 3.5 (minimum estimated ratio of total cost, including damage to
lading, cost of delays, rerouting, etc., to reportable cost)
Rounded to two significant figures

Roller bearings assumed

Prime mover, transmission, structure, controls only

Estimated number of cars requiring special stabilization; cost of

suspension components (springs, snubbers, stabilizers, etc.) only







APPENDIX B
UNSPRUNG MASS VIBRATION/ SHOCK ENVIRONMENT 1\

Ref: (a) Investigation of Boxcar Vibrations, Federal Railroad
Administration, Office of High Speed Ground Transportation,

Report No. FRA~RT-70-26, Aug 1970

To evaluate vibration/shock resistance of those components which
will experience the environment of the unsprung mass of the freight
car truck, a épecial random vibration test to simulate this environ-
ment under varying operating conditions has been generated. The
data from which the test was derived are contained in reference (a).
This study investigated the effect of spring rate, load, snubbing,
rough track, vehicle speed and flat wheels on the vibration
environment of the freight car and truck. The broad band rms level
of the vibration of the unsprung section of the truck for all of the'
worst cases (60 mph, 1/2 inch low -joints, 1/4 inch lateral track .
irregularities) except the flat wheels, did not exceed approximately o
2g rms. For the case of six inch flat wheels, peaks as high as 30g
may be expected. For a purely random wave-form this would represent
an rms level of approximately 10g. It was therefore decided that
the vibration test should be done at two levels, The spectrum shape
was the same for both tests and ig indicated in Figure B~l. The
units were tested at the 2g~rms level for one hour, the level was
then increased to 10g-rms for 10 minutes. This test was perfommed

in each of three orghogonal axes.




Unsprung Truck Mass Vibration Test
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APPENDIX C
WHEEL~-LIFT CALCULATIONS
This section presents the calculation of the time required for
the wheel to 1lift.off the rail once the entire weight of the car and
load is supported on a single side frame. The mechanical system

under consideration is shown in Figure c-1.
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FIGURE C~1, MECHANICAL SYSTEM

The force acting on the system is the total weight of the car
and lading acting through the springs. This results in a torque being
applied to the entire wheel-axle side frame system. This torque is
resisted by the rotationél inertia of the wheels, axles and the far
side frame about an axis through the point of wheel-rail contact in

the following mannexr:

TZJ.O'
where 7T = EZl. Integrating twice with respect to time we obtain the
angular rotation of the system

2
rt
ﬁ(t) = 55_—‘

When this rotation is sufficient to lift the far wheels one inch
(tan 8 = é%) then the wheel may leave the rail, The rotational inertia

J, neglecting the near-side wheels 'is the sum of the individual

c-1




rotational inertia of the two far wheels, the two axles and the far

side frame:

MR? 2 2 2 ' 6 2
J wheel = 5 + ML*® = ML”® = 800(56)° = 2,509 x 10~ 1b-in.

I

J axle = o= (3r2 + h2) + MA? = 33.3 (17.7 + 5184) + 400(36)2 =

12

6.88 x 10° 1b-in.Z2

J side frame = ML? = 1000(62)2 = 3.844 x 10° 1b-in.>2
J total = 2 x J wheel + 2 x J axle + J side frame = 1.03 x 107/
If the applied torgue is a result of % the weight of a fully loaded
70-ton freight car (F = 110,000 1lb) acting 6 in. outboard of the
wheel-rail contact point.

7 = 660,000 in.-1b

The time to derailment is then given by

pe

7 1
2 x 1,03 x 10" % EZ

t = 660,000 = 386 = 0.038 sec

Note that any decrease in load will increase the time to derailment.

In particular for an empty 70~ton car, F = 21,500 lb.

t = 0.085 sec




APPENDIX D
DYNAMIC ANALYSIS OF WHEEL MOTION DURING DERAILMENT

Calculations are made to determine if it would be feasible to
sense a local derailment by detecting a velocity change on the impact
of the derailed wheel or wheels with the tie plate. Two modes of local
derailment are considered, one case in which a single wheel drops from
the rail and the segond case in which two wheels on the same axle drop
to the tie plate. ,gpr the purposes of calculating the velocity change
in a normal operatiﬁg shock (non-derailment condition) a % inch drop
of a single wlieel is assumed.

The mechanics of a local derailment is considered to be as follows.
At the moment the wheel (or wheels) leaves the rail (on a gauge side
drop) it is accelerated downward by gravity plus the weight of the
freight car acting through the freed spring (or springs) until the
spring is fully extended, after which time the released mass falls
freely due to gravity alone. The displacement.aﬁthe end of the freight
car is due to the downward g force (= % g‘due to levered effect; see
Figure D~1) less the upward spring force. The digplacement of the
freed truck components is due to the combination of the downward
g force" and the downward spring force. The spring force is zero
wvhen the difference in these two displacements is equal to the free
length of the spring. Calculations have shown that even though the
car body is accelerating faster than the truck at the spring during the
free fall (% g to % g), it does not catch up to the truck before impact
due to the high velocity of the truck at the time the spring<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>