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PATH CAR MOTOR CONTROLLER UNIT INVESTIGATION 

SUMMARY AND RECOMMENDATIONS 

SUMMARY 

This report describes the tests and analyses conducted to 

determine possible cause(s) of the Motor Controller fire ~n PATH Car 

725. In addition, tests were made to determine possible cause(s) of 

the Motor Controller bolt erosion. 

During the investigation, measurements were made of 

Controller box temperature, voltages and currents while operating Car 

159 throughout the PATH system, and also under stationary motor­

plugging conditions. The measured parameters were analyzed and their 

causes and effects described in terms of their contribution to arcing. 

The most likely cause of the fire is an arc that contained 

sufficient energy to burn through metal parts and ignite internal 

combustible components. The report develops several fault trees and a 

description of arcing to show that this is the most likely phenomenon. 

The report also discusses the materials of the Motor 

Controller, such as cables and components, and their characteristics 

and performance. For this task, emphasis was placed on cables because 

the major fire load is the cable insulation. Selection of cables and 

their overall performance weighting includes consideration of smoke 

emission, circuit integrity, toxicity, abrasion resistance, etc. 

Available information from the Transportation Systems Center (TSC) 

data bank, Factory Mutual publications and cable manufacturers 

literature was used to evaluate various cable insulating materials. 
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RECOMMENDATIONS 

To control both the Controller box fire problem and the 

Controller box bolt erosion problem, it is recommended that all PATH 

Controller boxes should be insulated from the car body. In addition, 

a ground fault protection device is recommended, so that in the event 

that excessive ground currents are present, they can be quickly 

detected and interrupted. Further, establishment of optimum 

maintenance standards for ensuring a non-contaminated environment 

within the Controller box is recommended. 

For the PATH system, smoke, circuit integrity and abrasion 

resistance are the most important cable parameters. It is recommended 

that field testing of Flexible Exane, BIW LS-3, GEXOL F and FX, and 

TEFZEL should be conducted prior to making a selection of one or more 

cables for future use in the maintenance of the Controller as well as 

other car equipment. Field testing of these cables would require at 

least a few years for evaluation. 
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PATH CAR MOTOR CONTROLLER UNIT INVESTIGATION 

INTRODUCTION 

A severe fire occurred in PATH PA Car 725 (Reference 1) on 

March 16, 1982. The cause of the fire was found to be electrical in 

origin but neither the initiating components nor the sequence of the 

fire progression could be specifically determined. The most severe 

damage was in the area of the Motor Controller, and it was most likely 

the source of the fire. 

Immediately after the fire on March 16, PATH Vice President 

and General Manager, Francis A. Gorman, appointed a committee of Port 

Authority and PATH representatives to investigate every aspect of the 

fire and •passenger evacuation. In its report, issued in May 1982, the 

Commitee listed findings and conclusions, and made recommendations. 

In accordance with the Committee's recommendation, PATH requested the 

American Public Transit Association (APTA) to establish a Task Force 

of representatives from transit systems and controller unit 

manufacturers. The task force met in January 1983. After reviewing 

the control group fire experiences of all the represented transit 

systems, it was apparent that controller fires present a hazard to all 

rapid transit systems. Each of the properties has instituted a 

program to rehabilitate controllers, but these programs vary depending 

on site-specific circumstances. Two working groups, on maintenance 

.and design, were established by the Task Force. The efforts of each 

group are under way and a final report is in preparation. In 

addition, PATH received a grant from the Urban Mass Transportation 

Administration (UMTA) to conduct an investigation on the cause(s) of 
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the Controller fire. The PATH proposal to UMTA is described briefly 

below. (The complete proposal appears in Appendix 9.) 

PATH PROPOSAL 

The work carried out under this contract consisted of five 

tasks, as follows: 

Task 1 - Fault Tree Analysis, Temperature Measurement, and 

Failure Mode Effects Analysis (FMEA) 

Task 2 - Coordination with Consultant 

Task 3 - Material Investigation 

Task 4 - Arcing 

Task 5 - Administration 

During the preliminary testing, information was developed 

that indicated that the test plan should be modified to include (a) 

voltages and currents in the "grounded"* or insulated Controller box 

under various operating conditions (such as accelerating or 

decelerating) and (b) use of a spark simulator in an attempt to induce 

arcing. 

Tasks 1 and 4 were carried out by the Consultant, Parsons, 

Brinckerhoff, Quade and Douglas, Inc. and these are described in 

Appendix A and Appendices 1-5. Controller Operational Protocol, 

called for in Task 1; is presented in Appendix 8. 

Tasks 2 and 3 were carried out by the Port Authority of New 

York and New Jersey. Task 3 is given in Appendix 6. Highlights of 

Tasks 1, 3 and 4 are given below. 

*"grounded" means connected to car body. 

~-



HIGHLIGHTS Of TASKS 1, 3, AND 4 

Tasks 1 and 4 (Fault Tree Analysis, Temperature Measurement, 

Failure Mode Effects Analysis; Arcing) 

Tasks 1 and 4 were planned with PATH approval by Parsons, 

Brinckerhoff, Quade and Douglas, Inc. (PBQ&D). The work was modified 

from that described in the Work Statement (PATH Proposal) as a result 

of actual test observations as well as various updated information on 

the Motor Controller. Specifically, controller temperatures were 

measured in one controller rather than four because the tests showed 

little variation in temperature in one car. Also, after controller 

box bolt erosion was discovered, it was deemed desirable to 

concentrate our investigation on the car that had a large amount of 

bolt erosion, on the basis that this car would be more likely to 

provide data on cause(s) of the fire. Accordingly, instead of several 

cars, only one car was t~sted for possible causes of the fire, and the 

test plan was expanded to include measurements of voltages and 

currents for both a "grounded" and floating motor controller box. 

Highlights of Appendix .A are presented below: 

The Controller box is supported by four 3/4 inch bolts. The 

box is coated with a sintered epoxy, about 0.030 inch thick, both 

inside and outside. Therefore, many of the PATH Controller cases are 

floating. If the Controller cases are connected to the car body, it 

is because the bolts fit snugly in the support holes and destroy the 

epoxy around the support holes. The Controller case potential on 

fleet cars is therefore indeterminate. Therefore, for the test, the 

Controller case for Car 159 was insulated from the car body, with ~ 
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provision for connecting to car body by means of relay-controlled 

shunts. 

The test procedure consisted of operation of Car 159 

throughout the PATH system while recording data on magnetic tape and a 

Visicorder Oscillograph. Results of the measurements are given below: 

(1) Bolt currents of 1 to 2 milliseconds and as high as 90 amperes 

flow from the Controller box to the car body on the order of 

18,000 pulses per day per car. These currents are induced in the 

box during interruptions of the collector shoe voltage when 

passing over a third rail gap, or by changes in propulsion motor 

current. These currents may be large enough to explain the 

observed bolt erosion over a period of years. There is no direct 

correlation between bolt erosion and Controller box fire. They 

are separate and distinct, although the method of protection for 

both may be identical or at least overlap. 

(2) For the two-month test, no power arcs were observed within the 

main control group that could cause the fire that PATH has 

experienced. 

(3) The use of a spark simulator (see Appendix 1, page 14), did not 

produce an arc, indicating that although the insulated Controller 

box stray capacitance results in spark-producing charging­

discharging conditions, it does not in itself result in a high 

current arc. 

(4) The eroded bolts were examined by a metallurgist. (See Appendix 

5.) Results of the examination indicate that the bolts melted 

and resolidified due to electrical arcing. It would appear that 

-6-



normal vibrational stresses present during operation of the car 

cause failure of the epoxy insulation and subsequent direct 

contact between the clearance hole and bolt. The current that 

produced melting may have been the observed 90 ampere, one 

millisecond pulses, and/or propulsion motor return currents. 

Further, the metallurgist states that: 

"It would appear that initial torquing of the bolts was 

inadequate with respect to bolt pre-load. Normal service 

stresses were apparently greater than the bolt pre-load stress 

and mutual movement of the support package frame and support bolt 

occurred. This movement under normal service stresses caused 

failure of the epoxy insulator and subsequent electrical 

shorting. We suggest for your consideration that adequate 

torquing pre-loads be investigated with respect to the support 

package frame and insulator material." 

Since none of the tests resulted in an arc sufficient to 

cause a fire, several reasonable hypotheses for fires caused by arcing 

have been developed that drew on Parson's test observations and some 

information developed by the University of Sherbrooke as reported in 

reference 12. (See Appendix 4 for Fault Tree Failure Mode Effects 

Analysis, and Appendix 7 for the tests conducted by the University of 

Shebrooke.) 

Briefly, the Sherbrooke University tests show that an arc 

may be started by (a) overheating of adjacent cables of opposite 

polarity resulting in carbonization which encourages an arc to -form 

between the cables even if the cables are not touching; (b) 
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carbonization in general where voltages and currents are found that 

will encourage arcing, and (c) any condition equivalent to 

carbonization, such as grease, metal filings, moisture, dirty and 

tracked line switch mounting block, etc., which exists next to 

terminals or exposed conductors with sufficient energy to start and 

sustain an arc. 

The two months of testing on Car 159 provided an 

understanding of what is happening on PATH cars with regard to the 

bolt erosion problem as well as the possible various causes and events 

leading to the Controller fire. The fault trees in Appendix 4 

describe a number of reasonable hypotheses. For example, Figure 20 in 

Appendix 4 draws on the experience reported by the University of 

Sherbrooke combined with the charge-discharge phenomenon to provide a 

scenario where the sub-station breaker clears the fault. A similar 

scenario with severe arcing would exist if the sub-station breaker did 

not immediately clear the fault. This would occur if the arc currents 

were comparable to ordinary line currents so that the sub-station 

breaker remained closed for some time. (See "POWER ARCS" in Appendix 

4.) 

Temperature measurements and photocell readings did not 

reveal any unusual conditions in the Controller box. 

The following discussion addresses some additional 

considerations not given in the PBQ&D report (Appendix A). 
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(a) PATH has experienced two major control group fires, both on 

PA3 cars. The dates of the fires were as follows: 

Car 725 (PA3) 

Car 761 (PA3} 

3/16/82 

12/19/82 

Differences between PA1, PA2 versus PA3 are found in the 

Controller box coating (epoxy versus paint) and in spacing 

of components and cabling. Both PA3 cars were in service at 

least 10 years before the fires. Possible common cause(s) 

of the fires may be attributed to general wear, 

deterioration and accumulation of grease and metal 

particles. 

(b) The PBQ&D report points out (Appendix A, Paragraph 2) that 

the "Henderson Shop personnel observed that the bolt nearest 

to the line switch usually shows the maximum erosion". 

A possible explanation for this observation is that a short 

duration arc develops from a power source (such as the line 

switch) and the arc current distributes itself throughout 

the box inversely to the box resistance. Since the bolt 

closest to the line switch would be in the path of the least 

resistance, it would show maximum erosion. 
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CONCLUSIONS OF TASKS 1 AND 4 

The conclusions of the investigation follow. 

(1) Bolt Currents of 1 to 2 milliseconds and as high as 90 amperes 

flow from the control group case to the car body on the order of 

18,000 pulses per day per car. 

(2) Normally, if the case were solidly connected to car body, there 

would be insufficient energy to cause the bolt erosion that has 

been experienced. 

(3) The PATH car Controller boxes are not connected to car body and 

arcing at the bolts is possible by more than one means. Such 

arcing over a period of time (probably several years) can explain 

the bolt erosion. 

(4) For the two-month test, no power arcs were produced within the 

Controller box that could cause the Controller fires that PATH 

has experienced. Such power arcs are not responsible for the 

bolt erosion problem since they happen too infrequently, wheras 

bolt erosion is a continuing phenomenon. 

RECOMMENDATIONS OF TASK$ 1 AND 4 

(1) To control both the bolt erosion problem and the Controller box 

fire problem, all PATH Controller boxes should be insulated from 

the car body. 

(2) A fast-operating line breaker, remotely mounted from the 

Controller box, should be installed on all PATH cars. 
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(3) The Controller box should be connected to the car body through a 

single lead• carrying a current detector that trips the remote 

line breaker. 

As reported by Sherbrooke (reference 12), an arc may not 

operate the standard protecting devices. By adding a single lead, 

current detector, and fast operating line breaker (in addition to the 

standard line switch), any arcing to the Controller box will be 

detected and extinguished by the fast operating line breaker, even if 

the line switch fails to open. 

In addition, even though the Controller box is insulated, no 

personnel shock hazard exists because the single lead maintains the 

box at car body potential. 

The above recommendations are now under study and test. The 

final system will be designed by the car contractor for both PATH 

rehabilitated cars and new cars, with approval by the Engineer. 

TASK 3 (Material Investigation) 

The Controller material investigation task examined three 

major areas as follows: Controller shell (box), components and 

wires/cables. The following factors play an important part in 

trouble-free operation of the Controller: spacing of the components, 

dissipation of heat generated within the Controller box, cleanliness 

of the Controller interior, maintenance of line switch contacts and 

other parts, and reliability of the arc-extinguishing mechanism. 

• Note that the return propulsion motor currents do not pass through 
the single lead. Instead, they are routed through a separate 
return cable to the axle ground brush. 
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For this task, emphasis was placed on cables because the 

major fire load is the cable insulation. Selection of wires and 

cables would involve consideration of smoke emission, toxicity, 

circuit integrity, flexibility, flammability, water and oil 

resistance, abrasion resistance and corrosivity. Researchers have 

made studies to evaluate these parameters and establish rank order for 

some of the cables. However, more work in this area remains to be 

done. Selection of the wires/cables for the Controller would involve 

the following steps: 

(1) Use the information published by research organizations and 

manufacturers. 

(2) Establish priority weights for the above parameters. 

(3) Consider design features of the Controller. 

(4) Consider operating environment and degree of maintenance. 

Originally, PA3 controllers used Hypalon cables, which was 

replaced by neoprene until about 1982. Presently PATH uses EXANE 

cable for replacement/repair purposes. 

It is recommended that PATH conduct field tests prior to 

final selecton of Exane, BIW LS-3 GEXOL F (and FX), and TEFZEL, for 

future use in the maintenance of the Controller and other car 

equipment. Since the field testing would require an extended period, 

the results would not be available for the current car rehabilitation 

program. Further, establishment of optimum maintenance standards for 

ensuring a non-contaminated environment within the Controller box is 

recommended. 

-12-



The complete Task 3 appears in Appendix 6, under "Material 

Investigation". 
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EXECUTIVE SUMMARY 

Path car 159 was instrumented to determine the cause of motor controller bolt 
erosion discovered in late 1983, a severe problem that affected 90 percent of 
the PA car fleet. Additionally, the test program provided a further 
understanding and possible means of preventing control group fires since there 
existed the possibility that the two phenomena were somehow linked. 

No linkage was found. In two months of testing, adequate data were obtained 
to show that bolt erosion is a continuing long-range problem due to the 
additive arcing of very short pulses of current. During the entire test 
period, no currents were found that might have led to a control group fire, 
despite considerable electric changes and fault simulation to a normally 
operating control group. 

Althought not linked, the method of protection for both is identical. The control 
group must be insulated from the car body and a high-speed breaker must be added 
that is remote from the main group, with controlled bonding to the car body for 
use with a detection device. 
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1. INTRODUCTION 

In mid-1983, PATH expressed concern about the serious bolt erosion taking 

place on the four bolts used to attach the Westinghouse cam controllers to the 

car body. These 3/4-inch-diameter bolts were, in many cases, practically 

eroded by what appeared to be electrical arcing. 

PATH started a program of bolt inspection and replacement for the entire 

fleet. It soon became apparent that more than 90 percent of the cars showed 

evidence of this erosion. 

The question arose whether there was any correlation between the bolt 

erosion problem and some serious controller fires that had occurred. To 

determine if a correlation existed, it was necessary to measure the magnitude 

of these currents, when and why they occurred, and to determine a solution 

that would prevent the bolt erosion and also reduce the likelihood of cam · 

controller fires. 

Parsons Brinckerhoff was retaianed by PATH to investigate this bolt 

erosion problem. A detailed investigation was begun on March 27, 1984 and 

completed on June 21, 1984. This report describes the tests performed, the 

conclusions reached, and the recommendations made. 

2. INSTRUMENTATION DESCRIPTION 

Car 159 was chosen as the test vehicle because the bolts found on this 

car were very severely eroded. Three of these bolts are shown in Appendix 1, 

Figure 13. The fourth bolt showed no erosion. Variations in erosion among 

the four bolts may be a random occurrence. However, Henderson Shop personnel 

observed that the bolt nearest to the line switch usually shows the maximum 

erosion. Designating this bolt as number 1, the remaining bolts are numbered 

2, 3, and 4 in a counterclockwise direction when looking down on the main 

control group (see Figure 15). 

-18-,. 



1 
1 
I 
C 
I 
_I 

JJ 

• • 
,(I] 

• 
JI 
.e 
• • ,., 
• • 

The test plan was to insulate the main control group case from the car 

body and then make a connection around each corner of the case to replace the 

connection normally made by the bolts. This additional connection included a 

15O-ampere shunt and a 2OO-ampere magnetically operated switch. By this 

means, the case could either be floated or, by closing the switch, the current 

that would have passed to the car body through that particular bolt could be 

measured. 

The mechanical and electrical arrangement is shown in Figure 16. The 

electrical path is simple: currents through the shunt and switch flow in 

opposite directions to cancel inductive effects. To achieve this, the 

connections to, and the size of, the switch had to be as equal as possible to 

the size of the shunt. Figure 16 shows them to be equal. In fact, they were 

made very nearly equal through the use of a Cutler-Hammer solenoid-operated 

aircraft switch with the profile required • 

Normally bolted l inch below the car body, the control group case was 

lowered to 3 inches below the car body to provide room for the added supports 

and insulators • 

The four 3/4-inch bolts that coMect the main group to the car body do 

not guarantee that the control group case is solidly grounded*through the 

bolts. The Westinghouse control group case is coated with a sintered epoxy, 

approximately 0.O3O-inch thick, both inside and outside. Therefore, it is 

possible that many of the PATH control group cases are floating. If the 

control group cases are grounding, it is because the bolts fit snugly in the 

support holes. The epoxy on the inside of the support holes can be destroyed 

by the sharp edges of the bolt threads. The epoxy on the edges of the holes 

is weak and chips off easily. Any lateral forces against the bolts also 

aggravate the situation. · The control group case potential on fleet cars is, 

therefore, indeterminate. It is neither positively grounded nor positively 

insulated and may shift from·one condition to the other throughout a day's 

running • 

* "grounded" is used througoout Appendixes A to 5 to mean "connected to car 
tx:xiy • II 
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As shown in Figures 14 and 15, the instrumentation measured the following 

parameters: 

a. Total propulsion current. 

b. Via photocells, the light caused by arcing from the line switch, J 

and S switches, and any cam controller contacts. 

c. Bolt currents 1, 2, 3, and 4. 

d. Temperature within the control group case. 

e. Contral group case voltage. 

f. Motor voltage. 

g. Temperature of critical devices within the control group using 

stick-on temperature indicators close to the contact tips. 

The photocells were added as a precautionary measure since it was not 

certain that switching around of the case potential might not cause an arc 

within the case that could not be extinguished. 

AK-car line switch, controlled by an inside the car manually operated 

switch, was installed outside the control group. This switch could be opened 

in any emergency that might be indicated by the photocell light or total 

current. 

3. TEST PROCEDURE 

The test procedure consisted of running car 159 on the entire PATH 

railroad, recording all functions on an FM magnetic tape recorder at 15 

· inches/second, and later playing the data back into a six-channel Brush 

Recorder at 15/16 inch/second, where it 9ould be viewed and analyzed. By this 

means, frequencies 16 times higher than the frequency limit of the paper and 

ink recorder could be seen. 

A Phillips Analog 14 FM recorder with built-in compensation cards for 

playback and recording at all speeds was used. Recording and playback speeds 

could therefore be changed easily. The characteristics of the recorder are: 
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Tape Speed Bandwidth Playing Time 

30 inches/second 0-10,000 Hz 11 minutes 
15 inches/second o- 5,000 Hz 22-1/2 minutes 
3-3/4 inches/second o- 1,250 Hz 1-1/2 hours 
15/16 inch/second o- 312 Hz 6 hours 

The Analog 14 is a cassette recorder that uses 1/2-inch-wide computer­

grade tape. Two cassettes were available, giving a total record time of 45 

minutes with one cassette change. 

An expansion ratio of 16 to 1 was chosen as a reasonable compromise 

between seeing some high-frequency inputs and analysis time. At a 16-to-l 

ratio, 4 hours of train time require 64 hours of playback time for viewing the 

data before analysis. 

The Analog 14 has a playback head just behind the record head that reads 

from the tape what has just been recorded. This playback feature is available 

on all 14 channels and was used to check the operation of the data channels. 

Although an expansion ratio of 32 to 1 was available, it was not used 

because it would have lengthened the availaole data-taking time and prolonged 

the analysis time unnecessarily. Expansion in time means, for example, that 

a 3,200-Hz signal in real time could be slowed down to 200 Hz. The reverse 

process (compression) was also available. A 200-Hz signal can be compressed 

to 3,200 Hz. 

A storage cathode-ray tube permitted the viewing of data flashes as they 

were being recorded. 

Slight deviations from the original test plan were made as necessary. 

The only significant change was the removal of a common car ground for the 

bolt current circuits because it was more realistic to follow as closely as 

possible the path the current would take on a noninstrumented car. 
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4. DATA TAKING 

On April 24, 1984, the first run around the Henderson yard was made to 

permit instrument adjustment and calibration. On April 25, 1984, with all 

instrumentation operating, an exploratory run of the entire railroad was made 

using what was to be the normal test consist -- a seven-car train carrying no 

passengers. With two cars cut out to simulate loading, car 159 -- the 

instrumented car -- operated ~s a •heavy car• by means of a bypass on the load 

weigh circuit. The test run included Hoboken, 33rd Street, the World Trade 

Center, and Newark. 

It soon became evident that the currents involved were in the kilocycle 

range and that the expansion of 16 to l placed them beyond the writing 

capability of the Brush Recorder. At 1,000-Hz, the Brush Recorder would have 

an input of 62.5 Hz and have a 3-dB recording loss. The tests continued for 

several days using the Brush Recorder in the expectation that there would be 

sufficient low-frequency components to permit recording. When this did not 

occur, use of the Brush Recorder was discontinued. A four-channel visicorder 

was obtained and used as the instrument of final viewing. Now the ?'M recorder 

became the limit. At 5,000 Hz, the expansion dropped to 313 Hz, well within 

the capability of the visicorder galvanometers (estimated limit 2 kHz). 

The visicorder datagraph limitation of a four-channel review did not 

create a problem. Sufficient running had been done to determine that the 

temperature, photocell data, and thermocouple data were slow-moving functions 

that did not need the passband of the P'M recorder. The four bolt currents had 

been reduced to two, namely bolt land bolt 4, by virtue of double ending the 

coaxial connections at the shunts. From May l to the last run on May 23, only 

three channels were used, the two bolt current channels and total current. 

4.a. Photocell Data 

The photocells were installed to observe the amount of light emitted by 

the various flashing contactors and to detect a fire within the control group. 

The sensitivity of the photocells was adjusted so that a 60-watt bulb at the 
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end of the control group case would give a full-scale indication on the 

digital voltmeters at the other end of the case. 

The light output within the box was first recorded on two of the Analog 

14 channels. Recording was discontinued when very little flashing occurred. 

The output of the digital voltmeters was monitored visually throughout the 

testing period. No light was noted from the line switch (it operates within 

an enclosed arc chute). The J and S switches produced an output that was 

about 10 percent of full scale. 

4.b. Temperature Data 

As in the case of the photocell data, the thermocouple data were also 

recorded on the Analog 14. The voltage output of the copper constantan 

thermocouples was amplified by a factor of 100 in two channels of the 

isolating amplifier and then recorded on the 0.1-volt scale of the Analog 14. 

Here again the data were found to be . slow moving and the recording was 

discontinued in favor of direct viewing on a digital readout device that 

accepted the output of the thermocouples without amplification. 

In addition to temperature data from the thermocouples, the following 
0 units within the main group were marked with temperature indicators of 306 P 

0 and 263 F: 

Line Switch 

J Switch 

S1 and S2 

Power brake control (PBC} contactor 

In no case were the temperatures exceeded. 

0 The temperature within the main control group rose about 40 P above 

ambient after a 3-hour run. The temperature rise seems reasonable and 

actually may help to keep the main control group dry. 
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When these tests were begun, the control group case-to-ground resistance 

was measured as 300 megohms with the four bolt switches open (see Figure 15}. 

This measurement was the leakage across the four pink support insulators. The 

resistance from +600 volts to control group case, essentially the leakage 

resistance within the main group, was 200 megohms. The high leakage 

resistance of a reasonably dirty control group was quite surprising. Even 

more surprising, after two days of rain, was that the resistance of the pink 

insulators dropped from 300 megohms to 30 megohm~ and the dirt within the 

control group maintained its value of 200 megohms, indicating that the inside 

of the main control group case stayed dry during the damp weather. 

4.c. Motor Voltage 

The original test plan included the measurement of motor voltage to 

determine if bolt currents were a function of car speed. No such correlation 

was found and the recording of this function was discontinued. 

4.d. Bolt Current Data 

From the early runs we concluded that: 

a. Most bolt current was evident from Journal Square to Newark. The 

reverse downhill run provided little current through the bolts. 

b. Relatively high frequency currents only were visible on a storage 

oscilloscope with a 10-megacycle passband (storage writing only 

2 kHz}. 

The efforts were therefore concentrated on runs from Journal Square to 

Newark. Figures 1 through 10 are excerpts from one typical run recorded at 15 

inches per second on magnetic tape, played back at 15/16 inch per second, and 

recorded on a ·visicorder with paper running at 0.1 inch per second. The 

following numbers apply to the trip from Journal Square to Newark shown on 

Figures 1 through 10: 
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Total trip time 

Length of magnetic recording 

Playback time to visicorder 

Length of visicorder record 

· Playback time 

5. BOLT CURRENT ANALYSIS 

-----

564 seconds 

705 feet 

9,024 seconds 

75.2 feet 

2.5 hours 

In planning this test program, it was expected to detect bolt currents of 

appreciable energy content that would clearly explain the heavy erosion that 

had been observed on the bolts. Arcs from various energized portions of the 

main control group to the case and thence via the bolts to the car body were 

visualized. A few heavy currents, but not too many, were expected. 

In two months of instrumented testing, the observations did not confirm 

the preconception. Instead, all that was recorded was a very large number of 

currents of fairly high amperes but of 1-millisecond duration or at the most 2 

milliseconds. 

These findings raise the following questions: 

a. Can the total energy available from these short pulses explain the 

degree of bolt erosion observed? (See paragraphs 5.a and 5.b and 

Appendix 2. ) 

b. Are the high currents observed (as high as 90 amperes) real or are 

they errors of instrumentation? (See paragraph 7). 

5.a. Significance of Measured Currents If No Arcing Is Assumed 

A single recording taken between Journal Square and Newark was analyzed 

in detail. 

1. 1,008 pulses of varying amplitude were counted and all were assumed 

to be of 0.001-second duration. 

-25-



2. By taking into account their varying amplitudes, a graphic 

integration was made to arrive at the following number: 

40 average ampere-seconds/bolt/trip 

PATH operating personnel estimated that a car may make as many as 18 

trips/day but also as few as 2 trips/day. A factor of 9 was arbitrarily 

assigned to arrive at the average number of trips per day. 

40 x 9 • 360 average ampere seconds/bolt/day 

or 

36 average ampere-hours/bolt/year 

Bolts in firm contact with the car body and the control group case could 

pass this electricity (coulombs) with absolutely no disfiguration of the bolts 

and with totally negligible heating. This was the condition under which the 

data were taken . 

From this analysis, the measured currents are of no consequence in 

explaining bolt erosion and are not significant in explaining the control 

group fires that have obtained. 

S.b. Significance of Measured Currents If Arcing Is Assumed 

At this point in the test program, it was realized that the grounding of 

the control group case may not be solid and that the potential for arcing 

between the control group case and bolt is real. 

The decision was to build contacts that would open and close around the 

bolt positions at random in order to simulate as closely as possible a normal 

uninstrumented car that would have an enclosed arc in the interface between 

the bolt and the control group case. 

As a preliminary step in this investigation, an adjustable spark· gap 

inside the car was provided at the instrumentation positi on, and through it 
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the control group case was tied to ground. The gap spacing was adjusted to 

about 0.002 inch. An oscillation of the control group case voltage between 

ground and +250 volts resulted. An observation with a 25-kilovolt 100-rnegohm 

probe showed that the control group case capacitance was charging from +600 

volts to a case voltage determined by the- relative leakage resistance of 200 

and 300 megohms. It then discharged through the arc to ground. When the arc 

extinguished, the process was repeated. 

Clearly, if an oscillation of this nature could result with such high­

leakage resistance within the group and such low control group case to ground 

capacitance (the case had been lowered from the car body an additional 2 

inches), it was necessary to determine what it might be in a standard car and 

with a more reasonable internal leakage resistance. The leakage resistance 

was set at 0.5 megohm and the normal case capacity was simulated with added 

capacitance. The result was a much stronger spark and voltage swings of the 

case from +600 to -200 volts. At 200 volts below ground, there was a voltage 

resonance phenomenon that could not be localized. Details are provided in 

Appendix 3. 

Consider the 1,008 pulses of 0.001-second duration and assume that they 

do not tie solidly to ground but rather impinge on the bolt in an arc with 10 

volts across the arc. 

There are 40 average ampere-seconds/bolt/trip (Appendix 2): 

40 x 10 • 400 watt-seconds/bolt/trip. 

There are approximately 1,000 pulses/bolt/trip: 

400 
1000 • 0.4 watt second/pulse 

Each pulse is of 0.001-second duration: 

0.4 
0.001 

2 400 watts/pulse 
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The 400 watts is a considerably high rate of doing work, particularly 

when it impinges on a small section of the bolt at a time. 

The above calculation is somewhat optimistic. Not all of the current 

pulses will reach the bolt through an arc. It is, nonetheless, a clear 

indication that bolt erosion may be an electrical arcing phenomenon that could 

well erode the bolts over a period of time. 

A secondary conclusion may be drawn at this point, namely, that there is 

no correlation betweeen bolt erosion and control group fires. They are 

separate and distinct, although their cures may be identical or at least 

overlap. 

The oscillatory arcing described in Appendix 3 is energy that is added to 

the estimate of 400 watts/pulse. 

6. BOLT CURRENT CATEGORIES 

Bolt currents can be divided into five basic categories: 

1. Power arcs from +600 volts to control group case. 

2. High-frequency pulses associated with current changes di/dt. 

3. High-frequency pulses associated with third-rail gaps or shoe 

arcing. 

4. Locally generated currents in the vicinity of the main control 

group. 

5. Currents due to charging and discharging the control group case 

capacity. 

6.a. Power Arcs from +600 Volts to the Control Group Case 

This bolt current category is the only one that can be associated with 

control group fires although it occurs infrequently. A large percentage of 

power arcs occur on the load end of the line switch and are cleared by the 

line switch. The line switch is limited to being reset three times. If t he 
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arc appears on the high side of the line switch, or at the switch contacts, 

then nothing will clear the fault unless the car happens to be close to a power 

substation whose breakers may clear the fault. In some cases, a faulty blowout 

coil or an improperly fitted arc chute prevents the line switch from clearing 

the fault and an internal electrical fire may occur in the main group. In 

serious cases, the fire, aided by compressed air, continues to burn even though 

the electrical arc may have been extinguished. When a power arc occurs, it 

contributes to bolt erosion. It is not, however, the main cause of bolt erosion. 

Bolt erosion has been much more widespread relative to power arcs. More than 

90 percent of the fleet has been seriously affected. Bolt erosion is a slow, 

continuing, phenomenon that occurs independently of the more violent but 

infrequent power arc. 

6.b. Bolt Currents Associated with di/dt 

Appendix 1, Figures 1 through 10, give evidence of bQlt currents that are 

associated with changes in propulsion currents. Of 1,008 currents iaonitored, 

305 were those that occurred with changes in propulsion current, either as 

large steps or the smaller steps of resistance change by the cam controller. 

Steps up in current gave larger responses than current reductions. The 

difference can be attributed to the fact that dynamic brake current was not 

monitored. 

The recording equipment was bilateral, i.e., it recorded both positive 

and negative currents. The record shows that practically all of the currents 

are positive. This means the currents were flowing from the control group 

case to · car body and negative return. 

It has been noted by many observers that the bolt hole in the control 

group case, although it shows evidence of the arcing, does not lose as much 

metal as the bolts. This observation substantiates the hypothesis that arc 

currents are involved. In a de arc, metal is transferred from the negative 

electrode to the positive electrode. Therefore, one would expect the bolt to 

give up material and the case to build it up. Pender's Electrical's 
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Engineers Handbook (4th edition, Page 3-25) states: "An arc i s an incandescent 

vapor bridge consisting of material impelled from a negative to a positive 

electrode." Fender's 2nd edition, page 53, has an i nteresting description of 

the use of a de arc by the Pennsylvania Railroad. 

"An application of this was made by the Contractors of the Pennsylvani a 

Railroad (East River tunnel) who used a carbon rod one foot long and one 

inch in diameter, bolted to a copper rod, provided with an asbestos 

shield, one foot in diameter. The operators worked with asbestos masks 

and aprons and dark-colored eye glasses. 

"Direct current was used, the carbon electrode being connected to the 

positive and the steel to be cut to the negative feeders. The current 

was varied by means of water rheostats, the voltage at the tool varying 

between 45 and 60 volts. The current varied from 250 to 400 amperes per 

tool for burning off rivet heads and light section plates and from 600 to 

800 amperes for burning plates 4 inches thick. The best results were 

obtained with 40 volts, 600 amperes and a 1/2 inch to 3/4 inch arc. A 

fair day's work (8 hours) removed 300 rivet heads, although a record of 

350 was reached. In the same time 4 feet 6 inches of 4 inch plate could 

be burned off." 

6.c. Bolt Currents Associated with Third-Rail Gaps or the Arcing of Collector 

Shoes 

These bolt currents are really quite similar to di/dt currents. The only 

difference is that current is cut and then reapplied as a result of third-rail 

conditions rather than by command of the motorman. They exceed in quantity 

the disturbances associated with normal running of the train and are sporadic 

in their timing. The disturbances encountered in crossing the Hackensack 

River Bridge is a perfect example of this type. 
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6.d. Locally Generated Bolt Currents 

On the first day's run, it was observed that, with all bolt switches 

open, approximately 50 volts was developed between bolt 1 and bolt 4. When 

the bolt switches were closed, the voltage dropped to 15 volts. This 

indicates that a voltage was generated across the length of the control group 

case. Later recordings substantiated this hypothesis because currents are 

seen to leave the case on one end and return on the other end. This is due to 

a locally generated voltage in the control group case. All of the heavy 

current leads that enter or leave the case are clamped to the underside of the 

top steel plate. The circular lines of magnetic flux around these conductors 

can easily cut longitudinal filaments of this cover. This induces a voltage 

along the case that, once it enters the car body, must return to the case with 

opposite polarity and simultaneous timing. 

There are not many of these currents (122 out of 1,008), and they seldom 

are greater than 30 amperes. Insofar as bolt erosion is concerned, they are 

not very important. 

6.e. Bolt Currents Due to Charging and Discharging Control Group Case Capacity 

Bolt currents of this type exist, but depend entirely on the existence of 

an arc to be effective. This type of arc was produced on a spark gap brought 

inside the car body on a very long lead. In a nonnal car, the spark occurs 

right at the interface of the case and bolt and is expected to be much more 

vigorous, not only because no long leads would be involved but also because 

the spark would .be operating in a closed environment with the arc gases and 

vapors self-contained. Appendix 3 discusses this condition in greater detail. 

At the present time, this type of bolt current is important, particularly when 

a dirty main group has been subjected to considerable moist weather and its 

leakage resistance is at approximately 10,000 ohms. High rates of capacity 

charge can also take place where a carbonized path of low resistance exists in 

some insulation of .the group. The energy involved is always 1/2 CE2 , but the 

rate at which it is delivered to the bolts can become very high. 
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7. DATA VALIDATION 

The significance of the current passing during an arc was discussed in 

paragraph S(b). Until now it has been assumed that the measurements taken 

were valid. During the testing on car 159, the validity of the data being 

acquired was continually checked. However, when the measurement of !-milli­

second pulses is involved there is always room for error. Without the 

compression and expansion capabilities of the magnetic recording, the data 

could not have been obtained at all. Furthermore, it is certain that 

frequencies higher than 5,000 Hz are available under the car and that the 

Analog 14 had insufficient bandwidth to record them. The following 

precautions were taken: 

1. All recording instruments were floating and tied to the shunts in 

order to prevent ground loops. 

2. Isolating power transformers with electrostatic shields were used on 

the recorders and oscilloscope. 

3. Single-ended connection to the shunts was changed to a double-ended 

connection so that an electrostatic shield existed on both the 

information wire and the reference wire. 

4. Shorts at the amplifier inputs reduced the amplitude of the data by 

about 40 percent, indicating that the shunt was acting as a low­

impedance source. 

5. The possibility of the leads picking up stray signals was verified 

at the Henderson Shops. The information leads were removed from the 

shunt and shorted together. No signal was transmitted through the 

shorted leads when the motors were plugged. See Figure 12, 

Appendix 1. 

It is difficult to take measurements of the type reported herein on a 

rapid transit car with all currents returning to the rails through 
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undetermined paths in the car body, and switching direction rapidly as a 

function of which collector happens to be making the best contact at the time. 

If a future test were to be made, a separate set of coaxial signal cables 

should be attached to a single terminal of the shunt (the reference side) and 

this signal should be recorded on a separate channel of the magnetic tape 

recorder. Then, in reading the data, the difference between these two would 

be the true voltage across the shunt. Another recommendation would be to 

change the shunts from 1S0 amperes to 10 amperes for a SO-millivolt output. 

The heavy currents of short duration would do no harm, but the signal-to-noise 

ratio would be improved . 

8. CONCLUSIONS 

1. Bolt Currents of 1 to 2 milliseconds and amperes as high as 90 flow 

from the control group case to the car body on the order- of 18,000 

pulses per day per car. 

2. Normally, if the case were solidly grounded, there would be 

insufficient energy to cause the bolt erosion that has been 

experienced. 

3. The PATH car control groups are not grounded and arcing at the bolts 

is possible by more than one means. Such arcing over a period of 

time (probably several years) can explain the bolt erosion. 

4. This two-month test observed no power arcs within the main control 

group that could cause the control group fires that PATH has 

experienced. Such power arcs are not responsible for the bolt 

erosion problem since they happen too infrequently, whereas bolt 

erosion is a continuing phenomenon. 
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9. RECOMMENDATIONS 

1. To reduce and/or control both the bolt erosion problem and the main 

control group fire problem, all of the PATH main control group 

~ases should be insulated from the car body. 

2. A fast-operating line breaker, remotely mounted from the main 

control group, should be installed on all PATH cars. 

3. In order to detect the escaped current that causes erosion of the 

tie bolt and/or main control group fires, the insulated main 

control case should be connected to a grounded single lead. A 

current detector should be magnetically coupled to the single lead 

and electrically connected to a reed relay that actuates the high 

speed circuit breaker. The high speed circuit breaker is to 

respond when the escaped current exceeds 125 amperes for a duration 

longer than 500 milliseconds. Both the current amplitude and 

duration should be adjusted to minimize false alarms. 

If these recommendations are adopted, bolt erosion cannot take place 

since no arcing can occur with a solidly grounded control group case. The 

grounded case is still capable of accepting fault currents due to a number of 

possibilities open arc chute, destroyed blow-out coil, or screwdriver 

accidentally left in the main control group -- however, it cannot cause a 

control group fire that goes undetected since a detection circuit is provided 

and a remote breaker can clear the fault. An ancillary advantage of using a 

fast operating breaker to clear the fault on the car is that the railroad will 

not be tied up by tripping a station breaker as has occurred in the past. 

These recommendations are the same as those made independently by Mr . 

Tom Di Genaro of the Port Authority in a memorandum to Mr. William Fellini 

dated February 21, 1984. These recommendations have been included in Parsons 

Brinckerhoff's suggestions for the PATH rehabilitation program. 
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Preliminary planning for this investigation included a task of instrumenting 

four cars as part of this test. This planning was based on an assumption that 

temperature increases generated by heat-producing components within the main 

control group could be a significant factor in causing the f i res that had occurred. 

After installation of heat-measuring instrumentation in the first car and 

collection of temperature data, it became obvious from the lack of heat build-up 

that hot spots in the main control group were not contributing to this problem. 

Based on this early test data, it was decided to expand the scope of the 

investigation and extensively instrmnent one car with shunts, visicorder recording 

equipment, an oscilloscope, and spark-generating equipment in order to run an 

in-depth study, covering a larger search of possible causes of these fires. 
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APPENDIX 1 

FIGURES 1 THROUGH 17 
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FIGURE 2 - 123 SECONDS OUT OF JOURNAL SQUARE 
BOLT CURRENT VS. PROPULSION AMPERES 

AT HACKENSACK RIVER BRIIXiE 

Upper trace - Bolt 4 current (one inch= 60 amperes) 
Middle trace - ·Bolt 1 current (one inch a 60 amperes 
Lower trace - Propulsion amperes (one Inch - 700 amperes) 

- Positive bolt currents indicate currents from main group to ground 

- Time scale - one Inch= 0.625 seconds In real time 
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FIGURE 3 - 32 SECONDS OUT OF JOURNAL SQUARE 

BOLT CURRENTS VS.PROPULSION CURRENT 

FOR AN APPLICATION OF POWER 

(See Figure 2 for.trace detail) 
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FIGURE 4 87 SECONDS OUT OF JOURNAL SQUARE 

A TYPICAL POWER REDUCTION 

(See Figure 2 for trace details) 
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FIGURE 6 143 SECONDS -OUT OF JOURNAL SQUARE 

Cruising at steady speed and no bolt currents 

A considerable amount of data between ,Journal Square and Newark is this quiet 
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FIGURE 7 - 195 SECONDS OUT OF JOURNAL SQUARE 

(See figure 2· for trace detail) 

- An example of collector arcing followed by a power application 
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FIGURE 8 - 228 SECONDS OUT OF JOURNAL SQUARE 

(See Figure 2 for trace details) 

- An example of collector arcing 
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FIGURE 9 278 SECONDS OUT OF JOURNAL SQUARE 

(See F~gure 2 for trace detail) 

- An example of power reduction 



.. , 
·.: 

•.:.···· 

~6~\ ··;_ (.i:,:,;. /:".:·,~.,·1 
-~' 

I y '. 

. • ·-

-
.... ·1 " 
~ . I 

., .... . 
:I · 

. I 
:; 
. 1, 

,'I'. ~ 

' I , I : .:11' "' I • 

I 1 . ·1 ! . · i ,• . . . 
· i j 'It· ;t)i'l-,.1 ::,t••1.:·:~ -!. ·1 -1!] -J-~-~--\ :,- ·.:, ... . _ ,. 
,·1:·1 ,.·,1-:1-1.·n'!;•!j.,,,1-•: ,..i.:;i., :.r-;j, ... ~.·,:•, 

·.-1 · . .. ..--:~;\ · '. .;,' . . 

I
I ,. . : ·:1 : ,: .· , .· . 1 · . 

• · • I • • • ~ -; ._,, ' • • . • : 

••♦.,!' 
.t AP ;e.s . s,~, : } ~---.. ~U♦J -: ~4~-1,. ,41:-** T Ji◄ 

..., -·. ~ .... • +.- ' 

• .. , ... - ~ ... : ...... ~A \ 0 • , . • \ •·, #':~,r--,\,.•• ·: "",;. 
~ ., -~,, ~· -· ' · .. • I .. . , .. 

• • , r_ ,., \ I •. 

6 ·.:-i,.:,}c;>' --,~ - . ~,-. ---
,. 

• I 

. - . . . . . . - ·-·l .... -..... •.. . . . . . .- , .. . ,. . . . , · 1 ·· . . - . - . 
... ': . . '. ·,. ~·:.,,. :'!, -,::,· _:, '.:·-· .,. ' ·\.. . ... ·. i! .· ·. ,, . . I ' , I . , . , -. . ·. . 

~h: . t; I .. ).~-!:i, ,. ,, L.~•1! I:: r4 (1;''•:., :,~ ,,. :Jf~· k:!~;J~ .Ir~· ;tr rJ~i'•:: ' ·~· '1•' , ; , .. ... . ~ 'i. i''J:":-• .: ·• 't :. ,, .... :~1 .,~·, ¼ .. \' I !t t· ·!1,· : .~,· C "~' HI, I ' ,:: I •• u ,,,.~·· ,f •.• -::~ ;-'t ;,i' , ' 1,,·I. j~ + ·~ 
+ ·,.'1!111'1~ ·,,.;'it 't.:'':t-\H~lo -~•Ii.I;'\ ' ,j:~~.>~r--r·r'1t"~a~'r '.lt u'•1:1t~j•ii ·l i"~ -iil'!¾•~(:l""<A~\-~~•"'\i:1,:',;)j'-i•i•!i ... 1'1-i,liJl(,11 ~-·•·~•11.,,. ;,~Ii i(.,\''• "i'~·\r1i,:,·1~;,: ::•i~r -:\.,: 

.. -. ~-';\)\ }'. :f Sf\l,'.,:(}> '.?.,::. · ,' : ·t/'-_ . • . r; ' ·:O "\ •. · , :' 
. . . . . ... · ... -le -··. ~ . : •• 1-- -•-- l·· •r·•' . . ,... . . . ~ . ~.-, _., •.: , ··;. - , .· . . . .. . . 

~iN\/·J_J,,, ,·,.'}/·:: ,11:;~:;=,•; - ,~: I{,·~-• , •( ll!jlf\'tlJ,#_/'Jw" _1 11 1 ! 1' ': : . ' , !-1
1J,•.,l;1 •1, :~' I 

·,,:tf~ f·.:.•·"i'i\•;A'.~;-1, ~tf.!\1' -•~;-;;:i, .... ,r, .-"•\. ·;··,·: 1~: n,1it: 
' ' ' . • , 1. 

I '~ ' I . I 
,, ~ .,.f ;• ·-.• .... ~ ·•,j, ._;,Ji,4·-~,.1; ':.;~,J Kl~f·•~;;;~i:,;·,;,,;.;::,, :., .. ~~-. .-:,.,,.!, ~l•ij.;J . .... .. ~ ·~ .. :,;i ''(I· K•f,;:l..j ·111•1.,.:.: •.• ~: .• , .' .,.., ..... ;, , ;1~(' •. ,,,1:,,. -~ , ... ;,,.~.~-... i1;~•.: :, 
'. .,.,,,,:. -:o'" ,, i~Ji•i:•'.~1;,,N,-~i'ia•r ,:;,~'.:'1'""/1•~:-;,,:,? ,,·1•• ;; ·:•~•~•••!_,;>),• ( ' ~p ,;;r 'b ,;,J,,r'.,i_''i-1_~ H•t,.,,,,e;;,;r.,;,,,. 

-- · ,:fat )'.- A}titi;' ::/ . · .. -.d .. ,\.\:· ::.-. ;,_ .·: · ·: · .\.,}: ·:/ 
~ ,,·i:: 

i 
h i 
°' \ I I 

r 
I 1 'bq 

,. 
'. 

. i • . 

·::/ '-.1::: ;_:, :'h_;i :--

.! 

'!~; ·~:·: , .. •;" ... ·•·· ··,: ... ·. · -~ ...... :,~r:,.:~ ;;;1,:,Li::;.t,.:i;~:~~-:.;,~~· '"';·1.1,;; . ..r, · ... ,. :.,! ... ~---~1· ~-~·. ,,_ ·~~:~. ~):,,. r•,·1.--,; -41 : :~ • • ;.... . .,. ...... i.''"",,__·,.. (\' •:f .,J, ... :-.• ;;,-1r,-~/4 · · · , , ::~~/~::-t;.·~}::~h::t\~r~·'.f ~~t~t!1tl: ~,v~~<J:·:~·:;:'.·/~.::·-; ~:-, . :. ~ £;\L_;,.~~ ~ ··/·~~~ · .. :. · ·: ... : · ,.·,:,·-·.,:,· ; :::·; ,,:~~-ji;~ 

/ 

FIGURE 10 - 295 SECONDS OUT OF JOURNAL SQUARE 

i (See Figure 2 for trace detail) 
I 

- An example of positive and negative simultaneous bolt currents 
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FIGURE 11 MEASUREMENT OF AMPERES PER SECOND ON CURRENT DECAY 

di _= 280 amperes 
dt = .025 seconds 

di/dt = 11200 amperes 

- This measurement made statically at Henderson Shops 

per second 



\'" ' 

-···-~--...,.~►f,lif fi◄ • --:t , -•1-.:s · ., ► T•~•PWW ) »fi'4:4G!4' .,- w .~• •P}':pa4f _, w♦ - :ue _•'·"t .·: Pif:·:- •- · ? , '!J ◄♦ 4: , - _, .. . :°': .: • > 

. •· ,· . . ' ' 

' . . . I ' I l ' ' . • ' 11 I .', .1 I ' ,i, 'I ,, ·' , ., j I I '~~-I \1\ ' , ,11,., . ' I,.'·, l '. 1· ·,, 'I '. . I .,,1., I' . I ,, I• . . IL . \ .. l\1 '· ,,, 11 . 
' ,1" ; : . ( '; . t ,: _,..( .. ,· 11' t, i ••. ~u \ -.• 4 -1!\. •j •.'•,· ;• ll \ .::~ :.·\ .- ,L ,,1• \Ct.\ 11,1,ilJ•t r ;«.•:'r; - 1; .. ~~1, ... .a,: ... µ...-..t, ;.;. \,,, r_\'u~ ··· · ,: ·il '.\,o1 " ,•._l....• u ,.~ :'- ,...~,. I:~-- · , .. ~:•' . \," . • ! \. _,., ., '\ , .1.1r . •{~!.1 ;•,t •\.\ 41.,j 

. ,, . · 1 .. ' ''1!' \ •1 ' hiq I · 1\1". . \I ' ' l ~' ~1.'I r ••.• ,fl I llt' ,. •1~11 ,. ·,•t ••·· "' •"I t \ . I ,r ... ··.~ l\t,t.\~' 'l't1•~\•l1,,•,~ ! . I •t,4• . "',,It. • , ., . '~ .... . . , , ,,.,.. •P• .. . '\)•"II ''.,,,.•' . ..,. •..•. \ ' ~-·· ... '•"·'-f \'•:·~ •. '\1-. •. ~' ' I .,, ---,~ . ,. o : • • u1~· \\''' ~-r 
i . 

': - -- -- ·· • _··_-- ·:····_··-"·• .. - · -- I · 1 
·1 . . . ·. . . . ·. . . . . .• . ' . ' . . ~ . ' ·. ' 

Ji iii,, b; '.\.Jli!11;il,.jlll1/.li.,l il,,!l.l/~!.1!,\llJJ,,IJl1_,V1-.
1
l1,1l.,,,i,,~.1t

1
,1i~1JIIJI ,;,1111/,U,, tl!i◄J~IMJfh. 1.tl\jlijl; f ~::,,,.,-11,1

1
1,;JJA~~~~~--JJ f ij)IJ~.lli~11,1tliJ1

1
;l._.i1h11:~ I,! lll!,,i,,;Jii,,IAJW .1t~-~M

1
( 11J1U/( 

\1{\f,\I 'f ',,h111r11~•,d , ,1i"1'1'11 ,·~µ ~1r1·,·,~1il\.~)'\1\!IWil,ir•~'t '111M~~1,,~~ 1~ft1'ijj/1,~~~ilr1,\h~illi~W~~ '.'.fi~l~\'M h~4illih~li\n~1·~1Mrril\l\~1 ~Rll ,~~r1~~~··1~-~ tl'l'l'1_~1111~1~\~~~~·: ""I ~, .. ~,1!~lir,ifi11,rr~1i'11%~ili1!;lf'.ll~ifT.'~·~•·1'jlll1i 
! . . . ' . . . ' . . . . . 

I . . . . . , ........ ~·~-~·~¥~~~4:\~~ 
·t ,tlt:1.1~'H'"~'·I ~·\/l~1.. \ ,, .. :',H · 1:.':'i'1 'i•. AtktWt"lf, ''"; ,~~'.:,~f · -~:i11r ·, "'1 1·r, , 

: 1 I · • , ,. I\, ~.,"'C I' . H fl . ' "·'t 
1.:l, .,l,. , .,ll,, ,,. 1: .l·•.1 /'1 .. ,1 •· •· ' , ,•~,:. ,J1.; .. I . ,1,;;·,1,,,,.\\i I , I t ' \ ~ .. 1/J.•,11 , .• tl(li;, ... I .,&., , otl•u ,ll';fl,i ./.1 1l ,,.IJ1 ,', , /,,1 ~•• ••'• , r J11,., l.!f,.\ 11•)1 . 11/ 

i' i''i'1 •·.',1 i;, .,., .. .. .. ;·•·.,,:-. '1•1 ' I : . ' j: ,;\;, ... .,·:r:11w, ,,.,., . .,.. ' . . . . ' . '. . ' r ,·111r;h i"~ 1••11--·.(,vr,f~1i'f111' '>·'11 . ',\r:•1•11•r~,:,·1 :-,c,., 11 ~'ii,,l't ,1f'\i'•~;1r,:~1,•• I \+l 'I p•,1 
-· -· -·· .:. _,:.__ •. -.a.-. ~ - -~ --·-·· - - ·--- --· -- ------- - -------------------------------·---------...,_-. ···- - - ·- .-.-....··----

FIGURE 12 - INSTRUMENTATION CHECK 

- Bolt 4 leads disconnected from shunt 

- Bolt l leads connected 

- This test made statically at Henderson Shops to show there was no pickup in leads 
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FIGURE 13 

HANGER BOLTS FROM MAIN GROUP OF CAR 159 

Note cutting of bolts occurs at interface between bolt and the top 
metal of main group. 

_qg_ 
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FIGURE 14. IN-CAR INSTRUMENTATION 

Note: This is a one~line diagram. Actual wiring is more complex and generally 
in coaxial cable. 
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Switch 

K switch 
controlled from 
instrumenf 
position inside car 

Single ended connection 
not used - cable from 
3 & 2 brought to 1 & 4 
to provide the double 
ended connection Original · ~ 

600 Volt feed -
to main- group 

To 1/8 in. aluminum tabs 
Isolating · .J>olted to top surface 

5 kV fuses original mounting 
holes 

- 1i AMP .Ampli71er of main group through 
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200 AMP I L · Line Switch 
aircraft switches controlled from inside car arc chute 

FIGURE 15. UNDERCAR INSTRUMENTATION 

To distribution 
board - · 

Note - Outboard aluminum tab folds over around the switch and shunt connection. 
Thus the same hole in car body is used for the ground connection. 



Car body 

/ r ! ! g / .:~~•;r::r• i, H I I il t~ µ. 1/ =~~.~~!~lnally ._..,_ __ ..... 1 .. 16\1 ~ Shunt 1- lli1 •rr-_, A I"" A~ 

Insulator . 

~ 
I\) 
I 

/Steel of main 
group cleaned of 
epoxy under the 
l/811 aluminum 

~ Switch 

l/811 sheet aluminum shown in black has 
a----1J0° extension used to support- the 
switches and shunts 

r!Ji.:. !=:!1~B-

A and Bare shown . 
as flat menbers for 
simplicity . They are in 
fact 111 X 311 right angle 
girders · · 

8 ...... , I"'" A 

FIGURE 16. METHOD USED TO INSULATE THE MAIN GROUP OF CAR 159 



cu 
0. 

"' +,I 

u ,.... ... 
,- +,I 

cu 
LA,J C: 
0:: O'I 
:::, "' C!'E -I.I..~ 

s.. 
'+-

C: 
0 

"C 
C: 

"' s.. 
+,I 
tO 

C: 
cu 
~ 
tO 
+,I 

N .,, :i:: 
+,I 

C: 0 
cu 1.0 
s.. °' s.. 
::I cu 
I.) > 

"' +,I 3 
,-
0 C'l 

..c C: -0 E 
3: .... 
I- I-





APPENDIX 2 

DETAILED ANALYSIS OF A RUN P'ROM 

JOURNAL SQUARE TO NEWARK 





On approximately 75 feet of visicorder data, the bolt currents were 

counted and grouped into three categories: 

l. di/dt currents: Those that occurred from .changes in propulsion 

current initiated by the motorman. 

2. Arcing currents: Those that occurred due to changes in current 

initiated by rail gaps or shoe arcing. 

3. Plus or minus currents: Those that were simultaneous but were 

complementary between bolt land bolt 4. 

The count was made in separate amplitudes of 6-ampere increments: 

Amplitude in Number of Number of Number of 
+ 

Cross 
Totals Amperes di/dt 

12 8 
18 31 
24 42 
30 47 
36 20 
42 18 
48 19 
54 13 
60 • 42 
66 21 
72 5 
78 l4 
84 18 
90 7 

305 

Arcing 

12 
31 
41 
62 
15 
52 
68 
54 
56 
91 
so 
13 
34 

2 
581 

16 
20 
26 
60 

122 

36 
82 
109 
169 
35 
70 
87 
67 
98 
112 
55 
27 
52 

9 
1008 

To determine the ampere-seconds, a step integration yielded the following 

number of pulses times the currents they developed times l millisecond. 

Figure 17, which shows two expansions of bolt currents, indicate that the 

assumption of al-millisecond interval and a square pulse is conservative. 
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36 X 12 X 0.001 - 0.432 
82 X 18 X 0.001 • 1.476 
109 X 24 X 0.001 - 2.616 
169 X 30 X 0.001 • 5.07 
35 X 36 X 0 . 001 - 1.26 
70 X 42 X 0.001 a 2.94 
87 X 48 X 0.001 a 4.176 
67 X 54 X 0.001 - 3.618 
98 X 60 X 0.001- - 5.88 
112 X 66 X 0.001 - 7.392 
55 X 72 z 0.001 - 3.960 
27 X 78 X 0.001 • 2.106 
S2 X 84 X 0.001 • 4.368 
9 X 90 X 0.001 • 0.810 

40.812 average ampere-seconds 

The 40.812 represents the count for bolts numbers land 4. Taking into 
account the return trip plus the run from the World Trade Center, the ampere-
seconds were arbitrarily doubled. 

Therefore: 

40 average ampere-seconds/bolt/per trip 
x 9 trips a day 
360 average ampere-seconds/bolt/day 

x 360 days/year 
129,600 average ampere-seconds/bolt/year 

~ 3,600 seconds 
36 average ampere-hours/bolt/year 
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APPENDIX 3 

THE CHARGING AND DISCHARGING OF THE CONTROL GROUP CASE CAPACITANCE 





The control group case capacitance was charged through a 500,000-ohm 

resistor, and a charging t ime of 0.002 second was observed on test car 159. 

Therefore: 5 R • . 5 x 10 ohms 

T • 0.002 second 

C • Capacitance 

To determine the capacitance of the control group case: 

Ca!• 0.002 
-3 

• 2 x lO • 0.4 x 10-8 farads 
R 5 X 10-S 5 X 10-S 

-2 C • 0.4 x 10 microfarads 

This is the capacitance of the instrumented control group case on car 

159, which has been lowered from about l inch to 3 inches, and is mounted to 

the car frame on insulators. 

To calculate the capacitance of the control groups on the rest of the 

PATH cars, which are at l inch from the underframe, start with the known 0.004 

microfarad and introduce the difference with the following proportion: 

C is directly proportional to Area x Spacing x K 

K is the dielectric constant 

Capacitance of the control groups closer to the underframe is: 

C • 0.004 x f • 0.012 microfarad 

The control groups on the remaining PATH cars are mounted to the 

underframe of the car with four bolts passing through four aluminum blocks. 

Each control group has an epoxy coating on the inside and outside of the case 

with a combined thickness of 0.03 inch. (See Figure 18.) 
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Control 
Group 
Case 

-,r ' 

-
-
-

I:::::::::::::] -
-

I I -

D -
-

-.,r -.... 

Bolt -

,Car Frame 

....... 
'. Aduminum Bl ock - · ··--···· - -· -

[ ::::::::::::::,; 
I j:Washer 

□~~j · 

poxy"coating 
teel 
poxy Coating 

FIGURE 18. CONTROL GROUP MOUNTING BOLT 
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2 Area of each aluminum block• 4 x 4 • 16 in. 

Area of each washer• 

Total area of four assemblies• 

Total area of the top of the 
control group • 

2 3 in. 

19 in. 2 

19 X 4 • 76 in. 2 

20 X 50 - 1,000 in. 2 

Dielectric constant K for the epoxy coating is estimated at 6. The 

additional capacitance due to this mounting arrangement is: 

C • 0.004 X --
7

-
6

- X --
3

- X 6 
1,000 0.03 

• 0.004 x 0.076 x 100 x 6 • 0.182 microfarad 

Therefore the total capacitance between the control group case and the 

frame of the standard PATH car is: 

0.012 + 0.182 • 0.194 microfarad 

The energy in this capacity is: 

• 1/2 X 0.194 X 10-6 
X (600) 2 

• 0.0349 watt-second/pulse 

The data taken on a standard car shows a pulse duration of 0.001 second, 

therefore the energy delivered to the bolt is: 

0.0349 watt-second/pulse. 34 _9 watts/pulse 
0.001 second 
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ohms : 

If, under very wet conditions, the charging resistance drops to 10,000 

T • R X C 

T • 10,000 X (0.194 X 10-6) 

T ':d 0.002 second 

The 35-watt pulse can impinge on the bolt approximately 500 times per 

second. 
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APPENDIX 4 

FAULT TREE ANALYSIS AND FAILURE MOOE EFFECTS ANALYSIS (FMEA) 





Fault Tree Analysis and Failure Mode Effects Analysis (FMEA) are two 

complementary methods of describing a sequence of events without the 

complexity of a completely verbal description. By the use of a block diagram 

sequencing of events, together with the logic symbols "and" and "or," a visual 

presentation results that tells the story quickly. 

Fault Tree Analysis is a deductive procedure in which hazards are 

identified and then analyzed as to their potential causes. 

Failure Mode Effects Analysis (FMEA) is an inductive procedure in which 

potential malfunctions are identified and then analyzed as to their possible 

effects. 

During the two months of testing conducted on car 159, an understanding 

of what is happening on PATH cars with regard to the bolt erosion problems, as 

well as the various causes and events leading to cam controller fires, has 

evolved. 

They are described in Figures 19 through 24: 

Figure 19. 

Figure 20. 

Figure 21. 

Figure 22. 

Figure 23. 

Figure 24. 

Failure Mode Effects Analysis (FMEA) -- Open Blow-Out 

Coil and Flashed Motor 

Failure Mode Effects Analysis (FMEA) -- Carbonized 

Path and Capacitive Charging and Discharging 

Fault Tree -- Bolt Erosion 

Fault Tree - Aluminum Erosion 

Fault Tree - Blow-Out Coil of Line Switch 

Failure Mode Effects Analysis (FMEA) -- Arc Chute 

Damaged or Open Controller Doors 
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Both bolt erosion and aluminum erosion are the result of arcing at the 

bolt-case interface or the bolt-aluminum spacer interface. 

In general, there are more cases of bolt erosion than of aluminum 

erosion. This is due to the fact that given the construction of the cam 

controller case, it is more likely that the bolt is insulated from the case 

rather than electrically tied to the case. 

In the recommendations given in paragraph 9 of the report, the solution 

of this problem is provided by insulation of the case, as well as by insuring 

that no electric currents can pass through the bolts. 

The power supplied to the bolts in each pulse was calculated in 

Appendices 2 and 3 as 400 watts/pulse for di/dt pulses and 35 watts/pulse for 

capacitive discharge. 

The latter number of 35 watts/pulse was calculated assuming the decay of 

the charge took place in l millisecond. A later more careful measurement in 

the PATH research laboratory gave 0.050 millisecond as the time of discharge. 

Therefore, a revised number for capacitive discharge power is 700 watts/pulse. 

POWER ARCS 

Although in two months of testing no evidence of power arcing was seen, 

the power arcs must exist. When they do occur, they also contribute to bolt 

erosion since again, due to the construction, any currents that flow from case 

to ground must flow through the bolts. There is no other path. 

There are three types of power arcs: 

1. 

2. 

Those that occur from cam controller to ground and can be cleared by 

the line switch. 

Those that are so high in current that they trip a substation 

breaker before any serious damage is done to the cam controller. A 
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power arc will always do some damage. If cleared quickly, the 

damage will be repairable. 

3. Those that go undetected for several minutes and continue to arc. 

By the time they are cleared, the cam controller has been totally 

destroyed. The fire department must be called to extinguish the 

residual fire of the burning insulation. 

To better understand the power of an electrical arc, one should be aware 

of the temperatures involved: 

0 Electric arc temperature• 6,500 F 

Aluminum melts at l,348°F 
0 Copper melts at 1,983 F 

0 Stainless steel melts at 2,606 F 

The only difference between type 2 and type 3 power arcs is the speed of 

clearing the fault. Faults of type 2 result in tieing up the railroad while 

(by radio) power is reapplied several times. If the fault location is not 

quickly found and cleared by opening the knife switch at the car in trouble, a 

type 2 fault can easily escalate to type 3. 

Type 3 faults are the most dangerous in terms of car damage. They go 

undetected for minutes. Smoke from the car is usually the first sign of this 

form of trouble. 

Type 3 faults, although of long duration, usually end by tripping the 

substation breaker. 

An example of a type 3 power arc eventually becoming a type 2 is as 

follows: 

An arc that draws 600 volts at 400 amperes starts in the cam controller; 

240 kilowatts is being delivered to the main control group case. The fuse 

does not clear at this level of current and the substation line breakers 

detect no abnormality. 
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The 240 kilowatts continue to be delivered to the main control group 

case. The fiberglass covers quickly disappear, and everything that can burn 

is ignited. By this time there is metal melting. Molten metal will provide a 

bridge from +600 volts to ground which now can carry several thousands of 

amperes. This happens quickly, the car fuse cannot respond fast enough, and 

the substation breaker clears the fault. The cam controller by this time is 

totally destroyed. 

This is probably what happened in the fire on car 725. 

Some failure modes are as follows: 

l. Excessive resets into a heavy motor fault. 

2. Foreign object in the control group case, such as a piece of metal 

vibrated loose or a tool accidentally left in the case. 

3. Carbonized path glows then starts a flaming arc from +600 volts to 

ground. This is a thin arc, limited by the resistance of the 

carbonized path. It is moved by the varying magnetic fields until 

it strikes a solid +600 volts and becomes a power arc. 

4. Damaged blow-out coil. 

5. Missing or damaged arc chute gasket. 

6. Open control group doors. 

7. Badly pitted contact tips on cam controller that partially connect 

(arcing). On opening of the cam there is sufficient ionized air in 

the vicinity of the contacts to sustain the arc, which can either 

melt itself clear or spread to a more vital location. 

8. Heavy accumulations of dirt. 
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Motorman starts train. I 
Malfunction 1 Malfunction 2 

Currents in motors 2, 3, 
Faulty blow-out coil in Flashed brush ring in and 4 add to fault 
1 i ne switch. No. 1 motor causes -a current . 

400-ampere fault. 

I 
.. 

I I 
' 

-

T 
Line switch senses overload and trips. With no blow-out coil, a 
sustained arc results. 

Brush ring in No. l motor goes to ground. Now only the arc at the 
line switch remains. Current stabilizes at 600 amperes. A full 
360 kilowatts is being dissipated in the cam enclosure. ,, 

-

· Train proceeds with other cars operating normally. Motorman has no 
means of sensing the fault. Fault current is too low to blow fuse 
or trip the substation breaker. 

Several minutes go by before smoke from burning cables is noticed . 
Crew radi os for power removal and the Fire Department. Electric arc 
extinguishes but the heavy smoke continues from burning insulation . 

Passenbers are removed in heavy smoke. Fire Department extinguishes 
the fire. The cam controller is now a total loss. The 360-kilowatt 
arc has melted structural members and penetrated the car floor . 

FIGURE 19 . FAILURE MODE EFFECTS ANALYSIS (FMEA) - OPEN BLOW-OUT COIL AND FLASHED MOTOR 
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Malfunction 1 Malfunction 2 
A carbonized path on high Control group case is swing-
side of line switch. ing in potential from +600 

to -400 volts due to capaci-
tive discharge. 

-- -
I 

I I . 

y 
\ 

The carbonized path is now being 
modulated in synchronism with the 
case voltage. 

I 
The carbonized path current is 
now a repetitive pulse operating 
between O and 1000 volts. Heat-
ing increases. Ionized gases are 
formed. 

l 
A de power arc ignites through the ionized 
gases between +600 volts and case. Several 
thousand amperes flow. Line switch is out of 
circuit. Fuse is too slow for high di/dt. 

I 
Substation breaker clears the fault. Crew 
sees no evidence of trouble and asks for a ' ' restoration of power. 

-
. 

I 
The power holds on for a few minutes, the 
power arc reestablishes, and breaker retrips. 

I 
Crew cuts power to one-half of tra iiJ by open-
ing knife switches while third ra.i 1 is down. 

I 
Crew asks again for power. After two attempts, 
crew localizes fault to correct half and train 
oroceeds. 

FIGURE 20. FAILURE MODE EFFECTS ANALYSIS (FMEA) - CARBONIZED 
PATH AND CAPACITIVE CHARGING AND DISCHARGING 
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Over a long-term period (years), 
bolts lose metal. 

Arc develops from case to bolt. 
Case is positive, bolt is 

_ negative. 

r 
di 18,000 dt pulses Oscillatory charge 

an~ discharge pulses. 
per day per car. 

Hanger bolts tied to car body, but insulated 
from case. Close enough to arc. 

FIGURE 21. FAULT TREE - BOLT EROSION 
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J 

Aluminum block between control 
group and car body is slowly 
eroded. White powder residue. 

Arc develops from bolt to car 
body. Bolt is positive, car 
body is negative . 

A 
-

di 18,000 dt pulses Os~il l atory charge 
and discharge pulses . 

per day per car. 

I 

I 

Hanger bolts tied to case but there is a poor 
connection of bolt to car body. 

FIGURE 22. FAULT TREE - ALUMI NUM EROS ION 
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I 

Fast resets into a 
heavy fault may 
weaken coil if arc 
gets close to coil. 

r 
A power arc to case 
may get near coil 
even though line 
swtich clears it. 

A ruptured line switch blow-out 
coil is a serious hazard. 

1 T 

Coil can be cold worked. 
Every application of _current 
tries to contract the coil . 

I 

A weakened coil may be 
opened by mechanical 
vibration. 

l . 

A weakened coil can 
be torn· apart by 
heavy current flow. 

FIGURE 23. FAULT TREE - BLOW-OUT COIL OF LINE SWITCH 
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-

.. 

Malfunction l Malfunction 2 
... Missing or damaged arc Open controller doors. 

chute. 

I I 
._J 1 ........ 

V 
Arc instead of being ejected from cam con-
troller can take any of three directions. 

I 
I I I 

Arc to high ground Arc direct to case. Arc fixes on a part 
lead/ of cam having resis-

tors to ground. 

I 
..... I~ 

Current limited by 
resistors. 

. V I 
I I I 

<) 

Either of the above Line switch clears Line switch cannot 
will result in thou- the fault. ciear the fault. 
sands of amperes of 
current. .. 

-

di . 11 b high and a A dangerous type 3 ·- w, e dt controller fire will substation breaker may result. clear. 

If substation does not 
clear, hopefully car 
fuse will with a fuse 
box fire. 

FIGURE 24. FAILURE MODE EFFECTS ANALYSIS (FMEA) - ARC CHUTE DAMAGED 
OR OPEN CONTROLLER DOORS 
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APPENDIX 5 

METALLURGICAL REPORT ON MOUNTING BOLTS 





FEPORr ID. M-7715 

EXAMINATICN CF OJNTroL PN::J(.N;E 
SUPPORT BCL'IS -

PATH CAR .159 - 'IYPE C CAR 

PAR5CNS BRJN:KERHCFF Qtru:E & 

rx::uGLA5 ' IlC. 





Lucius Pitkin 
___ ' N_c_o_R_P_o_R_A_T_E_o_-ll!!)- ,M eta!!11rgica! and Cltemica! ecms11!taJtts 

m ls "Cts!iftg ,Cabort1torks-/Yondtstr11ctivt txa111iJ1ation Savii:ts 

, · 

50 HUDSON STREET, NEW YORK, N .Y. 10013 (212) 233-2737 
TELEX 12-6615 · CABLE NIKTIP (212) 233-2558 

REPORT 
July 27, 1984 

Report No • . M-7715 

Your P.O. letter 7/16/84 

Parsons Brinckerhoff Quade & D:Juglas, Inc. 
Cne Penn Plaza 
250 West 34th Street 
Ne,., York, N.Y._10119 

Attention: Mr. Jack F. Foman 
Project Manager 

SUbject: E:>(AMINATION OF CCNI'ROL PAO<AGE SUPPORI' BOLTS 
PATH CAR 159 - TYPE C CAR 

'1\,,o 3/4 in. diarreter by 5 in. long galvanized hexagon head 
l:olts were sul:rnitted to Lucius Pitkin, Inc. for rretallurgical 
examination. 

'Ire bolts had · been threaded for approxinately one inch with 
ten threads t=e,r inch. For approxi.lT'ately · 180 degrees around and 1/2 in. 
long, the threads adjacent to the l:ol t shank had been wasted resulting 
in a relatively srrcoth straw-colored surface appearance . 'The rerraining 
threads and shank e.'<h:ibited a unifonn bright, clean zinc galvanize 
coating. Fa.dial markings paced 120 degrees apart on the head indicated 
the l:olt to be manufactured to AS'IM: A 449. 

Fig. 1 is a photograph sh::::iwing the submitted control package 
supp::>rt l:olts in the as-received condition. 

A small section of the straw-colored wast ed area of the l:olt 
was prepared for scanning electron microscopy. Examination revealed the 
surface to contain nurrerous relatively srrall spheroids and contour 
markings characteristic of rrelting and rapid solidification as w'Ould 
occur fran electrical arcing. The surface conditi on of the oolt in the 
straw-colored area shewing the rretal sphe roids is sho,m in Fig. 2. 

A longitudinal section through the wasted area was prepared 
for rretallographic examination. It was observed that the wasted area at 
the surface was found to consi st of rrelted and resolidified rretal 
exhibiting an unterrpe.red martens ite mic rostructure . No evidence of 
forei gn m3.terials was observed in the rrelted and r esol idified area . 
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Lucius Pitkin 
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Parsons Brinckerhoff <)lade & Couglas, Inc. 
Attn. : Mr. Jack F. Fonnan 

July 27, 1984 
M-7715 

'1'he general microstructure of the bolt rraterial <May fran the 
rrel ted zone was found to consist of t~red rrartensi te typical of a 
quenched and t.err;:,ered steel. 

Figs. 3A, 3B and 3C are photanicrographs shewing the 
microstructure exhibited by the bolt in the nelted and resolidified 
area. 

An energy dispersive X-ray analysis in the wasted area 
exhibiting the straw-colored rrelted and resolidified rretal shewed the 
elerrent iron to be present, no other elerrents were detected. Fig. 4 is 
a energy dispersive X-ray spectrum of this area. 

A hardness survey was perforrred on a darrage-free area of the 
shank below the galvanize coating. Hardness was found to be Rockwell C 
29. Based on standard conversion charts for steel, this hardness is 
equivalent to an approxina.te ultirrate tensile strength of 132,000 psi, 
well above the mininum spacified tensile strength of 120,000 psi as 
specified in AS'IM: A 449. 

* * * 
Results of our examination indicate the sut:mtted control 

package support bolts to have undergone nelting and resolidification due 
to electrical arcing. It \yQuld appear that nonnal vibrational stresses 
present during operation of the car caused failure of the epoxy 
insulator and subsequent direct contact between the supp::,rt package 
frarre and support bolt. 

Repeated contact between the support package frazre and the 
support bolt caused local electrical arcing producing tenperatures 
greater than 2600 F, the approxircate rrelting temperature for carbc::,n 
steel. 

It would appear that intial torquing of the bolts was 
inadequate with respect to the bolt preload. Nonnal service stresses 
were apparently greater than the bolt preload stress and mutual :rroverrent 
of the support package frarre and support bolt occurred. 'Ihis :rroverrent 
under normal service stresses caused ·failure of the epoxy insulator and 
subsequent electrical shorting. 

We suggest for your consideration that adequate torquing 
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Attn. : Mr. Jack F. Fonnan 
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M-7715 

preloads be investigated with respect to the support package frane and 
insulator naterial. 

AJV/rrm/4 
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UJCIUS PITKIN, me. , 

~ •• ecchio 
ice President & 
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Lucius Pitkin 
incorporated 

Parsons Brinckerlx:>ff Q.Jade & D:::ruglas, Inc. 
Attn. : Mr. Jack F. Fo:anah 

LUCIUS PITKIN, INC. 

July 27, 1984 
M-7715 

Fig~ 1 SUBMITI'ED SUPPORl' BOLTS - AS REX:EIVED 

PJ:x>tograph sl'x::lwing the suani tted support bolts in the 
as-received condition. It can be seen that wastage occurred at several 
threads adjacent to the shank of the bolt. 'Ihis location corresponds to 
the supp:,rt package frarre. 
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Fig. 2 SCANtrrNG ELEX::TRCN MICRCGRAPH 50 X 

Scanni.rx,; electrcn micrograph sl'x:,wing the wasted area of one of 
the bolts which contains rrurrerous relatively small spheroids and contour 
markings characteristic of nelting and rapid solidification as would 
occur fl:an electrical arcing. 

The circle shows the area which was analyzed by energy 
dispersive X-rays to detei:mi.ne the presence of surface elerrents. 
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Parsons Brinckerhoff Q.Jade & Douglas, Inc. 
Attn. : Mr. Jack F. Forman 

Figs. 3A, 3B and 3C MELTED AND RESOLIDIFIID 
.ME:rAL 

July 27, 1984 
M-7715 

Fig. 3A is a photarecrograph sharing the melted and 
resolidified zone. 

Figs. 3B and 3C show the melted and resolidified 
microstructure exhibited in the wasted area. It is apparent in Fig. 3C 
that three layers of microstructure are present: 

layer 1 is a melted and resolidified zone 
layer 2 is a heat-affected zone of untempered 

martensite resulting £ran very high 
tenperatures and fast CCX)l.ing 

layer 3 is the general microstructure of the 
bolt material which consists of uniformly 
terrpered martensite 
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I JlSEC 2924SINT 

Fig. 4 

¥S:5111 HS:lSIEY/CH 
[;t) 

ENER:;Y DISPE&5IVE X-FAY SPEl:TRUM 

Energy dispersive X-ray spectrum of the nelted straw-colored 
wasted area of the oolt. Olly the element iron is present on the 
surface. 
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TASK 3 - MATERIAL INVESTIGATON 





TASK 3 - MATERIAL INVESTIGATION 

The Controller Material Investigaton task has been divided 

into three major groups, as follows: 

( 1) Controller shell (box) 

2) Components, e.g. blow-out coil, main switch, 'J'-resistor, and 

supporting elements for cables .and components. 

( 3) Wires and cables. 

PATH PA-1, -2 and -3 cars use Westinghouse cam controllers. 

These cars are 12 to 17 years old. 

3.1 CONTROLLER SHELL: 

The controller shell consists of a metallic box and a 

fiberglass cover. The metallic boxes for both PA-1 and PA-2 cars are 

coated with epoxy while the metallic box for the PA-3 car is painted 

inside and out. The Controller box cover uses a combustible resin and 

is supplied with a combustible gasket. The gasket takes a permanent 

set allowing dust penetration (Reference 2). The Control box cover 

metal hinges are not insulated. (NOTE: G.E. uses silicone insulating 

material for the NYCTA control box hinges.) 

The Controller box has a rectangular arc chute opening. 

Westinghouse recommended 26 inches clearance for the arc. However, 

due to space restrictions, only 18 inches of space is available under 

the PATH cars. The arc, if formed, would project directly towards an 

electric component (motor) of the car. To protect this component, 
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fiberglass shields were retrofitted under the cars in the path of the 

arc. During a car fire the shield has been destroyed. 

3.2 COMPONENTS: 

The major components consist of cam and cam follower, 'J'­

resistor, main switch, blow-out coil, hinges, pneumatic piping, bolts, 

nuts and miscellaneous hardware. These components are made of copper, 

steel and plastic. Detailed material information on the components is 

not available because of their proprietary nature. Arc generation, 

arc extinction, heat build-up and heat dissipation would depend not 

only on properties of these materials but also on spatial arrangement 

of the components. Evaluation of the controller design is not included 

in the scope of this project. It is understood that close proximity 

of cables and components in a motor Controller has created fi r e 

related problems in the LIRR commuter trains. The problem was solved 

by improving spacing of the components. The PA-3 car Controller box 

component spacing is almost identical to PA-1 and PA-2 Controller 

boxes. 

Method of component attachment, interior and exterior 

environment of the controller and level of maintenance should be 

considered when designing spatial arrangements for the components. 

Vibration may affect the alignment of the moving ~arts. Caked steel 

dust has been found in the Controller box, and this may increase 

possibility of electrical malfunctions. Interval between cleaning of 

the Controller box interior may also affect the proper function of the 

Controller box. 

-85-



The PATH cam Controller uses a plastic cam operating against 

a rolling cam follower. NYCTA (N.Y. City Transit Authority) has 

learned that when a sliding cam follower is used, the plastic cam 

wears less compared to the rolling cam follower. PATH Controller 

pneumatic piping (rubber hoses) which supply air to the Controller has 

no air fuses. In case of fire, a ruptured hose may supply air to the 

fire. PATH is retrofitting the existing PA cars with air fuses and 

future PATH cars will be provided with the air fuses. PATH Controller 

air regulator does not have a gage. For PA-4 cars, Westinghouse has 

proposed a quick disconnect plug for inserting an air gage as an 

assist in maintenance of the air system. 

Proper function of the line switch operation is very 

desirable. A specific standard is necessary for maintenance of the 

line switch tip contacts. The present PATH switch is pneumatically 

operated. An all electric line switch would eliminate the pneumatic 

system and therefore may be worth considering. A blow-out coil is 

located behind the line switch and on the opposite end of the arc 

chute. In both PATH car fires a part of the blow-out coil was damaged 

as though a "slicing" action had occurred. Because of the heat 

generated it may be desirable to locate the 'J'-resistor outside the 

Controller box. For PA-4 cars, the 'J' resistor will be external to 

the Controller box. 
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3.3 WIRES AND CABLES: 

For this task, emphasis was placed on cables because the 

major fire load is the cable insulation. Selection of cables requires 

careful consideration and appropriate weighting of several parameters 

associated with safety, performance, durability and cost. Evaluation 

and rating of most of the cable insulating materials are listed in 

UMTA reports (References 3, 4, 5, 6). 

The Association of American Railroads (AAR) has recommended 

a specification for single conductor 600 V. cables for locomotives and 

car equipment (Reference 7). The recommended list includes physical 

and electrical properties of generic insulating/jacketing materials. 

Generally more than one standard or test method is used by 

the cable manufacturers to specify their products. Therefore, it 

would be difficult to make a comparison among various cables for their 

specified performance. To overcome this difficulty, TSC designed a 

new set of standard tests (e.g., vertical flame test, etc.) and 

cables/wires were tested using the standard tests. The results of the 

tests are reported in References 3 through 6. These references also 

contain information from the TSC data bank. Following are the 

important characteristics of cable insulation materials: 

flammability; smoke emission; circuit integrity; toxicity; water 

and oil resistance; dielectric strength; tensile strength; cold 

bend; ozone resistance; temperature and voltage rating; aging; 

heat distortion; minimum bending radii; corrosivity; abrasion 

resistance; thermal cycling 
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Cables may have insulation or insulation and jacketing. The 

commonly used insulation and jacketing materials for single conductor 

wire and multi-conductor cables were tested by Meyer, et al, at Boeing 

Commercial Airplane Company for U.S. Department of Transportation 

(Reference 5). Their findings and relative ranking of cables/wires 

for flammability, smoke emission, circuit integrity and overall 

ranking based on the three criteria are listed in Tables 1 and 2. 

Boeing also conducted tests on insulation materials for 

insulation resistance, dielectric strength, abrasion resistance and 

dynamic cut-through resistance. Relative rankings of these properties 

are listed in Table 3. 

Under UMTA Technical Assistance Program, Tewarson, et al, at 

Factory Mutual Research Corporation, conducted tests for 

representative wire/cables for the following parameters: 

ignition; electrical failure; corrosivity of fire products 

generated from wires and cables; smoke, toxic and corrosive 

compound generation; fuel vapor generation and light obscuration 

See Reference 3. Appendix 6.1 contains definitions of these 

parameters. Table 4 lists general relative rankings of wires and 

cables. The tests show the follow~ng: 

( 1) Performance and characteristics of the cables and wires are not 

only a function of the generic nature of the insulation/jacket 

materials but also depend on the additives, size and construction 

of the wires and cables. 

( 2) As the size of the wires and cables is increased, relative 

ranking for ignition, flame spread, heat, light obscuration and 
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electrical failure decreases due to enhanced charring at the 

surface. 

( 3) For the above seven parameters, the relative importance may vary 

according to the operating environment and maintenance of the 

cars. 

3.3.1 TOXICITY: 

Relative inhalation toxicity of the gases produced by 

thermal degradation of insulation material is a very important 

parameter for selecting wire/cables. Toxicity is a complex subject 

and not clearly understood. Factory Mutual Research of Norwood 

(Reference 9) and Aviation Toxicology Laboratory at FAA Civil 

Aeromedical Institute (Reference 6) have made extensive studies of 

toxicology of insulation materials. Two approaches have been taken by 

the researchers: 

( 1) Toxicity measured as the ability of a given amount of insulation 

material to incapacitate or kill laboratory rats. (See Table 3.) 

( 2) A more useful parameter would be toxicity based on a worst case 

performance at a given temperature for equal lengths of 

insulation from equal gage wire materials. (See Table 6.) 

Very limited toxicity data is available for wires/cables. 

Toxic hazard depends not only on material of decomposition (Reference 

8) but also rate of burning (mass loss rate). In case of a transit 

car the toxic hazard depends upon rate at which thermal energy is 

transferred to the specimen and the ratio of oxygen consumption rate 

to the rate at which oxygen can be replaced in the gaseous environment 

immediately surrounding the thermal decomposition process. Thus it is 
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seen that there is an immediate need to design and conduct parametric 

studies that would examine critically the relative effect of changes 

in each of these areas on toxic hazard index. 

Furthermore, Crane, et al (Reference 4), states that: 

"We feel confident about the correspondence between rodent and 

human dose-response relationships for the systemic toxic gases 

(such as CO, HCH and hydrogen sulphide) and anesthesia-like 

effect (hydrocarbons and ethers) ••••• however, there could be 

serious problems with the use of rodents in evaluating the effect 

on humans of irritant gas components of smoke." 

The above discussion shows that since toxicity is a complex 

subject it may .be prudent for an engineer making cable selection to 

use the available toxicity information and defer any judgement on 

biological and physiological aspects for untested materials and 

compounds. 

Boeing and Factory Mutual studies do not include the 

following parameters: 

ozone resistance; aging; thermal cycling; heat distortion; oil 

and water resistance 

Wire and cable manufacturers however, may provide d_ata on these 

properties. · 

After obtaining data and ranking of the cables and wires, an 

important question arises: 

How should weighting be assigned to all these parameters to get a 

composite rating for a particular cable or wire? 



A transit property may estimate relative weightings and 

assign a number or range of numbers to each of the physical properties 

described above. For example, a subway transit system may attach more 

importance to smoke rating and less importance to water resistance as 

compared to a surface transit system. Until a rational approach is 

developed, a combined hazard index for wire and cable may be estimated 

by the transit operators based on their experience, operating 

environment and level of maintenance. Selection of better quality 

cables and wires may become a developmental process. The transit 

property may compare the specifications of the existing wires/cables 

in use with other cables in the market and after assigning proper 

weighting of the parameters, it can determine desirability of adopting 

new cables. 

3.4 PATH MOTOR CONTROLLERS 0 

PA-1, -2 and -3 cars use two generations of Westinghouse 

motor Controllers. The original Westinghouse Controller cable 

specifications are not available for PA-1 and PA-2 cars. PA-3 car 

controllers used Hypalon cables/wires. PATH had used neoprene 

insulated cables CL 903 for replacement in the Controller until about 

1982. Presently PATH uses EXANE cable 16 AWG through 4/0 AWG for 

replacement/repair purposes. 

We contacted the following cable suppliers to obtain cable 

specifications: 

( 1) Pirelli Cable Corporation, Union, NJ 

( 2) The Okonite Company, Ramsey, NJ 

( 3) Champlain Cable Corporation, Winodski, VT 
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( 4) General Electric Company, Bridgeport, CT 

( 5) The Kerite Company, Seymore, CT 

( 6) Anaconda-Ericsson, Inc., Indianapolis, IN 46240 

( 7) Raychem Corporation, Menlo Park, CA 

( 8) Harbour Industries, Inc., Selburne, VT 

( 9) BIW Cable Systems, Inc., Boston, MA 

(10) American Insulated Wire Corporation, Pawtucket, RI 

(11) ITT Surprenant, Clinton, MA 

(12) Kabelwerke Friedrich c. Ehlers, Hamburg, Germany 

Table 7 is a sunnnary of the cable specifications supplied by 

the manufacturers (suppliers). Some of the information was obtained 

over the telephone and therefore not documented. 

As a result of our discussion with various transit 

properties and organizations, the following information was obtained: 

( 1) Exane and LOSMOKE cables are more popular in the transit 

industry. However, other cables are available that might as well 

fit the need of the transit properties. The cable selection 

process by the transit industry could be significantly improved. 

( 2) Teflon has high abrasion rating. However, NYCTA used EFP-TEFLON 

for transit car power cables which cracked. The studies showed 

that the resins used in the cable insulation had "memory" and 

thermal cycling due to surges in the currents created 

circumferential cracking. We have no information on improvement 

of the resins for the particular cables. 

( 3) TEFZEL cables are used in the Montreal Transit System. TEFZEL 

claims low smoke rating and flammability. 
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( 4) ELODUR (German) cables have very high temperature rating (800• 

C). However, water and oil resistance and flexibility parameters 

are not available in the brochure. 

( 5) Budd specifies Exane cables for the motor controller. 

( 6) BIW LOSMOKE cables have better smoke rating than Exane. However, 

Exane has better abrasion rating. 

( 7) The cable insulation "curing" is done by an irradiation or a 

chemical process. Manufacturers of both the processes claim 

superiority over the other. 

CONCLUSIONS OF TASK 3 

It is concluded that there are a number of brand names 

available for PATH which includes BIW LS-3, Flexible Exane, GEXOL F 

(and FX), TEFZEL etc. However selection of a particular cable would 

involve careful weighting of various parameters of the cables and 

cost. Field testing of more than one selected cable may involve 

extended time and monitoring costs. 
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RECOMMENDATIONS OF TASK 3 

As stated in the report, PATH is implementing several 

improvements for the Controller. Additional recommendations follow: 

( 1) The arc chute shield requires further investigation to improve 

mechanical strength and durability. 

( 2) After consideraton of the cost and material inventory policy, 

PATH may conduct a field study of two or more of the following 

cables for the Controller as well as other car wiring: Exane, 

BIW LS-3, GEXOL F and FX, and TEFZEL. 
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APPENDIX 6.1 

DEFINITIONS OF CABLE/WIRE TEST PARAMETERS* 

Ignition Parameter - The ignition parameter (IP) is defined as the 

inverse of the ignition energy (time to ignition multiplied by 

external heat flux applied to the sample). By measuring time to 

ignition as a function of the external heat flux applied to the 

sample, IP is calculated and plotted as a function of the external 

heat flux. From the data, critical heat flux, below which i gnition is 

not expected to occur, can also be determined. 

Electrical Failure Parameter - The electrical failure parameter, EP, 

is defined as the inverse of energy required for electrical failure; 

where energy is equal to the product of time to electrical failure and 

external heat flux applied to the sample. 

Corrosivity of The Fire Products Generated From Wires And Cables -

Corrosivity was defined in terms of the cumulative corrosion to mild 

steel as a function of time per unit concentration of the water­

soluble corrosive compounds. 

Fuel Vapor Generation Parameter - The fuel vapor generation parameter 

(VP), is defined as the ratio of the generation rate of fuel vapors to 

the external heat flux applied to the sample. Thus, VP is the amount 

of fuel vapors generated per unit amount of heat received by the 

sample. 

*See Reference 3. 
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Heat Generation Parameter - The heat generation parameter (HP) is 

defined as the ratio of actual heat release rate to the external heat 

flux applied to the sample. Thus, HP is the amount of heat produced 

per unit amount of heat received by the sample. 

Smoke, Toxic And Corrosive Compounds Generation Parameter - The smoke, 

toxic and corrosive compound generation parameter (CP) is defined as 

the ratio of the generation rate of smoke or toxic or corrosive 

compound to the external heat flux applied to the sample. Thus, CP is 

the amount of smoke or toxic or corrosive compound generated per unit 

amount of heat received by the sample. 

Light Obscuration Parameter - The light obscuration parameter (LP) is 

defined as the ratio of the optical density per unit path length 

corrected for dilution of smoke to the external heat flux applied to 

the sample. 
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TABLE 1 

RANKING OF SINGLE CONDUCTOR MATERIALS* 

Ranking 

Sroke Emission Circuit Integrity Overall Ranking 

Insulation Flarnn- After 4 Min. 20 Min. 4 Min. 20 Min. 
Material ability 4 Min. Haximlltl Base Base Base Base 

Asbestos 1 1 3 3 3 1 1 

Mica 3 5 5 2 2 2 2 

Kapton 2 3 2 6 6 4 3 

Teflon (Pl'FE) 4 2 1 7 7 5 4 

Tefzel (Polyimide) 7 4 4 9 9 7 5 

Silicone Rubber 8 8 9 1 1 3 6 

Tefzel 6 7 6 8 8 6 7 

EPR 9 9 7 4 4 9 8 

Halar 5 6 8 11 11 8 9 

Polyester 11 11 10 12 12 10 10 

Polyethylene 13 10 11 13 13 11 11 

Polyolefin 12 12 12 5 5 12 12 

PVC 10 13 13 10 10 13 13 

* For definitions and test method details see Reference 5. Rank 1 = better than Rank 2, etc. 
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Cable Insulation 
Description 

Teflon (FEP)-Mica/Teflon 

Kapton/Kapton 

Synthetic Rubber/Neoprene 

Silicone Rubber/Glass Braid 

Synthetic Rubber/Neoprene (1) 

Halar/Halar 

Tefzel-Mica/Tefzel 

Polyethylene/Neoprene 

Polyolefin/Polyolefin 

Polyethylene/Polyethylene 

Polyolefin/Polyolefin 
(another manufacturer) 

*Reprinted frcm Reference 5. 

**Exceeds Base Time. 

TABLE 2 

RANKING OF MULTICONDOCTOR CABLES* 

Ranking 

Sooke Emission Circuit Integrity 

Flamn- After Using 4 Using 20, 
ability 4 Min. Maximtm Min. Base Min. Base 

3 1 2 l** 4 

1 2 1 2 9 

2 9 5 1** l** 

7 5 4 1** l** 

10 10 8 l** 2 

8 3 3 3** 10 

6 4 7 l** 7 

- 5 8 9 1** 3 

11 7 6 l** 5 

4 6 10 l** 6 

9 11 11 1** 8 

(1) Proprietary Canpound. 

Rank 1 = better than Rank 2, etc. 

overall Ranking 

4 Min. 20 Min. 
Base Base 

2 1 

l 2 

7· 3 

4 4 

9 5 . 

5 6 

3 7 

8 8 

10 9 

6 10 

11 11 
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TABLE 3 

RANKING OF INSULATION MATERIALS* 

' 

Insulation Dielectric ~ Abrasion Dynamic 
Material Resistance Strength ' Resistance Cut-through j 

l 

◄ 

Teflon 1 8 
i 

2 6 

Tefzel 2 5 3 4 

Polyolefin 
i 

3 2 I l 2 

l Kapton 4 l 10 4 1 I l 
! i I 

Polyester i 5 f 7 7 ; 3 ! ; 

Polyethylene 6** 4 8** 7** 

Silicone Rubber 7 9 5 

PVC 8 3 6 5 

Thei::mo~lastic l** 

EPR 6** 

Halar ll** 

*For definitions and test method details, see Reference S. Most of the 
cables passed cold berxl tests. 

**Very srrall samples. 

Rank 1 = better than Rank 2, etc. 
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Insulatioo/Jacket Materials 

EPR/FR/Hypalon 
EIDM/Hypalon 
EPDf'V'Hypa loo 
EPR/Hypaloo 
XLPO,FR/None 
EPR/[.ow Snoke PO 
EPR/XLPO,RF,Smoke &wress. 
XLPO/None 
Hica-Nat,Ganex Tape/XLPO 
EPR/Neoprene 
XLPO/None 
EPR,FR,Low Smoke/XLPO 
EPR/Low Snoke PO 
XLPO/None 
EPR/XLPO,FR,Smoke S1.Wress. 
EPR,FR,Low Smoke/XLPO 
EPDl'V'PO 
Polyrcd XLPO/None 
XLPO/None 
EPR,FR,Low Smoke/XLPO 
Silicooe,Low Smoke/00 
XLPO,FR/Nooe 
Sllicone,Low Smoke/PO 
Polyrad XLPO/None 
EPR,FR,Los Smoke/XLPO 
Halar (R:TFE) 

Halar (EC'l'FE) 

Teflon (Pl'FE) 

Teflon (Pl'FE) 
Kaptoo/Teflon (FEPI 
ZeroHal 

TADLF. 4• 
GENERAL RELATIVE RANKit.C OF REPRF.<;ENTATIVE WIRE MO CABLE 

SAMPLES USING E."nlYLENE PROP'iLENE/HYPALON SELFCTEU 
ARBITRARILY AS A REFEREOCE SAMPLE 

Relative Canbustibillty Ranking 

Ignition/ Electrical Fuel Carbon 
Flarre Spread Failure Corrosion Vapors Heat Monoxide 

1.0 1.0 1.0 . 1.0 1.0 1.0 
0.87 1.6 1.1 0.95 1.0 0.19 
0.87 2.5 N N N N 
0.82 tF N 0.59 0.62 0.88 
0.62 2.6 1.2 N N N 
0.58 2.1 N N N N 
0.56 2.2 0.54 N N N 
0.49 2.1 1.1 N N N 
0.49 1.6 N N N N 
0.49 0.30 N 0.35 .0.89 0.083 
0.43 NF N N N N 
0.38 1.6 0.51 1.2 2.1 0.40 
0.34 0.30 N N N N 
0.)4 2.9 1.4 N N N 
0.31 NF N 0.57 1.3 0.11 
o. 27 tF N 0.62 1.2 0.21 
0.26 tF N N N N 
0.23 l.l 0.97 N N N 
0.23Z 0.40 N 0.43 0.83 0.25 
0.22 t-F N 0.59 0.83 0.11 
0.19 0.80 0.79 N N N 
0.18 0.30 N 0.46 0.85 0.19 
0.17 0.50 N 0.95 0.92 1.3 
0.17 0.40 N 0.81 l.2 o.88 
0.17 t-F N .0.46 0.59 0.060 
NI 1.1 N N N N 
0.10 - N 0.65 0.35 0.053 
NI I 2.4 N N N N 
N - 3.4 N N N 
NI NF N N N N 
0.078 0.50 N 1.1 0. 56 1.1 
NI 0.5Q 3.5 N N N 
NI tF N N N N 
N N 0.090 N N N 

-

Light 
ObscuC"ation 

1.0 
1.6 
N 
0.65 
N 
N 
N 
N 
N 
0.26 
N 
1.7 
N 
N 
0.22 
0.40 
N 
N 
0.38 
0.30 
N 
0.28 
1.1 
0.92 
0.17 
N 
0.24 
N 
N 
N 

0 .00083 
N 
N 
N 

I 
Samples in vertical configuration; forced normal air flow in the F H Snail-Scale Carbustibi I ity Apparntus. 
Ranking based on panmeters foC" ignition, qeneratlon of corrbustible vapors, heat, and carbon ,nonoxi,1e, light obscuration, 
and corrosivity. HlgheC" ranking of each parameter"hiqher relative hazaC"d Is expected in fire. 
Sample used as a reference for c:anparative purposes only. 
Urder simulated conditions of flarre and external radiation for large- scale fire coo.1itlons, .,chieved hy lncreasinq oxygen 
concentration well above ambient value and also applying external heat flux. 
For wavelength 0.624 of the light source (visible rangel 
N: Not tested. 

NI: No iqnltioo occurred. 



TABLE 5 

K?I.TERIAL TOXICITY RANK-ORDER BASID ON 
EQUAL WEIGHTS OF MATERIALS 

Rank* Material 

1 Sil/Glass Braid 

2 Silicone/PO 

3 PE/Al/PVC/Grease 

4 PVC 

s PE/CU Shield 

6 EPR/Neoprene 

7 Exane 

8 PE/CU Shield 

9 Teflon 

10 EPR/Hypalon 

11 Prop/Cloth/Neoprene 

12 Halar 

13 Tefzel 

14 Kapton 

*Rank l least toxic. Tests conducted using laboratory rats. 

Data taken fran Reference 6. 
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TABLE 6 

RANK-ORDER EVALUATIONS OF "roXICITY 
FOR EQUAL LENGTHS OF INSULATION 

FROM EQUAL~UGE WIRE ASSEMBLIES* 

Insulation No. of Conductors 
Rank** Material Per Assembly 

* (EPR/Hypalon) 1 14 

1 (Silicone/PC)) 1 12 

2 (Halar) l 12 

3 (XLPO) 1 12 

4 (EPDM/Hypalon) 1 12 

5 (EPR/XLPO) 1 12 

*only those wire assemblies containing equal-gauge conductors are 
ranked as to relative toxicity. 

**Rank 1 is least toxic; relative rank is based on the calculated 
response time for that quantity of insulation fran one meter of wire. 
All materials in this series were of the single conductor type. 

Data taken fran Reference 4. 
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TI\Ol,f. 7 

Cl lMl'ARISON OF P1'RAHETERS t"OR TRANS IT CAOLF.'> 

9roke Gener at ion (l>s) • St.abll i t y In Water 

Tmlp. 
Insula tion R-1ti lY) Imm Lat ion J acket Insulation Jacket 

HI W L.'i- 3 SI llcooe 12s
0 c 4 Hi n :50 Hax 4 Hin:50 Hax 169 hrs. at 169 h r s • .'It 

rubber (flining ' ( fl cW11ing , 1o•c - 10°c -
XLPO jac ke t non- fl aming) non-fl am i ng) 10 111)/in 35 m:J/ i n 

m.u abs o r ption 
0 . 6/ 2. 0 kv absorption 

PY RO-fl.OOUR Silicone 000° c Low smoke Low smoke lbt known Not known 
rubber ( J hrn) l ess than less t han 
XL e l astomer 0 .l o f PVC 0.1 o f PVC 

o : 6/1.0 kv canpound 

FLEXIBLE- Polyoletin uo'c 4 Hin 4 Hi n JCF.A-S- 61-402 : ICF.A-S- 61- 402 : 
EXIINE (12 m;) ( 12 No«;) 5 trg/sq l n S irq/sq i n 

100 Hax 100 Hax 
(non-flaming) (non-flaming), 
200 Hax 200 Hax 

2.0 kv (f l ami ng) (flaming) 

AMERICAN Neoprene • -90 C - - - -
WIRE a. 90] 

0.6 kv 

AMERICAN E:PR Hypalon • 90 C - - - -
WIRE 9528 ( jacket ) 

0 . 6/ 2.0 kv 

GEXOL F Cross-linked • 125 C 4 Hin : 200 Max 4 Mi n:200 Max ICEA ICF.A 
(lltv FX) Polyole(in D1-60**: EM-60**: 

3.0\ 3 . 0\ 
2.0 kv 

i\NIICOOA LSNII tJ> • 90 C 4 Mi n 4 Min 
EP- ro insu l ation (12 Al'K;) : 150 (flaming) , ICEA ICF'J\ 

XLl'O j ;r.ke t 4 (non- 150 (non- 1'}1- 60: F11- fi0: 
fl amil'l')) flam ing ) 10\ 10\ 

0 . 6/ 2. 0 kv 21 ( flami!YJ ) 

• ns = S~ific optical dens i ty NFIJA 258 oc AS1l'1 622. 
"*ICF'/\ = fJ,1-f,O: percent a<Je inc re.:Jse i n cap,lci t ,mce (l-14 1foyl. 

flhr,1s ion 
llesistance R911arks 

- Non-
ha l(l(Je n,1tP.d 

- Non-
ha LO<Jenated 

7 ,429- PATIi ( i n 
ll, 976 use) 
scrapes 
(Test 
s imilar 
to UL.) 

- PATIi (used 
until 1992) 

- -

GE MAT No chlorine 
122- A: conten t 
1150 
cycle s 

UL 71 (} : Non-
1000-2000 h.1l oqrn.,t.m 
cycles 
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APPENDIX 7 

ARCING PHENOMENA 

(1) ELECTRIC ARC DESCRIPTION 

Reference (10) describes an electric arc as follows: 

"An electric arc is an incandescent vapor bridge consisting 

of material electrically impelled from a negative to a positive 

electrode. A spark is also an incandescent vapor bridge, but differs 

from an arc in not depending upon the electrodes for its material 

medium. The establishment and maintenance of an arc require the 

expenditure of energy for the latent heat of evaporation of the 

electrode and for the motion of the vapor stream. As no energy can be 

expended for these purposes until a current flows, an arc cannot start 

spontaneously. The following expedients are, therefore, adopted to 

start arcs: 

(1) Bringing the electrodes into contact with each other and 

separating them after the current has commenced to flow. 

(2) Stressing the dielectric between the conductors by overvoltage 

until it breaks down_ electrically and becomes conducting. 

(3) Using a subsidiary arc to furnish the initial vapor bridge. 

"A peculiarity of the carbon arc is that, with any 

particular length of arc, if the current is increased the difference 

of potential across the carbons will decrease. This occurs 

continously up to a certain point, when in the open arc the voltage 

drops quite suddenly. If the current is still increased the voltage 

will again become steady at a much lower value. Between the values 

before and after the drop the arc is unstable and emits a hissing 
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sound. In inclosed arcs the hissing point is absent and the curve is 

continuous . 

"The relation between the drop of potential across the arc 

and the current flowing through it depends upon whether the arc is in 

the steady state corresponding to the current flowing or whether the 

current has been changed without giving time to the vapor column and 

electrodes to accommodate themselves to the new strength of current. 

Let v be the drop of potential across an arc, and i be the current 

flowing. If the current is decreased at a rate rapid enough so that a 

steady state is not set up, then dv/di is the resistance of the arc to 

the rapidly changing current. Throughout ordinary ranges of frequency 

(less than 100 kHz) the ratio dv/di is negative. Thus the a-c 

resistance of an arc is negative and is a function of the current." 

(2) COHERER EFFECT 

The Coherer effect was discovered by Sir Oliver Lodge, who 

found that when electrical. oscillations occurred between metallic 

particles in poor contact, the resistance of the particles fell to a 

very small amount. See reference (11). 

Thus, if metallic particles are present in the motor 

controller box, electrical pulses or sparks (oscillations) may cause 

the particles to cohere, thereby providing a path for an arc to form. 

(3) UNIVERSITY OF SHERBROOKE TESTS 

The work of Professor Beland of the University of Sherbrooke 

is described in reference (12) as follows: 

"If one creates a short circuit on a 120/240 volt circuit 

with fuses or circuit breakers of 15, 30, or 100 amperes, one cannot 
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melt the conductors more than superficially. However, if a live cable 

is put into a fire of some intensity, one observes the following: 

(a) The insulation is gradually melted or consumed depending on 

its nature. 

(b) When the insulation is partly destroyed, some small spurious 

arcs begin between the conductors. This part of the 

phenomenon occurs randomly and in some cases, is absent. 

(c) Eventually, an arc is started between the conductors, 

without physical metallic contact between them. This arc is 

similar to the one obtained in electric arc welding. These 

events occurred systematically using cables such as metallic 

or non-metallic sheathed cables, extension and lamp cords of 

different sizes, makes and kinds." 

Beland states that: "A short circuit is not very likely to 

start a fire. In a short circuit, although the current might be very 

high (hundreds or thousands of amperes), the voltage is low (fraction 

of a volt). Therefore the available power is small. Furthermore, the 

protecting device will open the circuit in a very short time so that 

total energy is extremely small and very unlikely to start a fire, or 

even to melt inches of conductor." 

In addition Beland points out that: 

"An arc can have a very high energy in a small volume and 

reach temperatures of several thousand degrees as seen in arc welding. 

The current is much lower than in the case of the short circuit 

because of the limiting effect of the arc itself. Because of this 

limited current, the voltage is close to the power source voltage and, 
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depending on the current, the arc can last for quite a long time. The 

power and energy in the arc are sufficient to melt the conductor over 

an appreciable length." 

-
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APPENDIX 8 

CONTROLLER OPERATIONAL PROTOCOL 

The Controller box contains a Line Switch and Overload 

Relay, a Reverser, a Series-Parallel Controller, a Power Brake 

Controller, a Cam Controller, a Limit Relay, a J Contactor and 

Resistor, and S1 and S2 Contactors. Major items are described below. 

LINE SWITCH AND OVERLOAD RELAY 

The Line Switch conducts current to the motors from the +600 

volt third rail shoe. The Overload Relay is set to open the Line 

Switch in the event of an overload, and is set to operate at 1200 

amperes. 

REVERSER 

The Reverser acts to reverse the motor fields with respect 

to the armatures to cause the motors to rotate in a direction opposite 

to the previous direction of rotation. 

SERIES-PARALLEL CONTROLLER 

The Series-Parallel Controller acts to connect all four 

motors in series at starting or to connect them in series-parallel 

during running, where two motors on one truck are in series with each 

other, and these are connected in parallel with the other two series­

connected motors of the other truck. 

POWER BRAKE CONTROLLER 

The Power Brake Controller operates in conjunction with the 

Line Switch. It closes before the Line Switch closes, and opens after 
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the Line Switch opens. It is normally used as a "power" to "brake" 

controller. 

During braking, the motors are connected as generators. The 

output of the "generators" is fed to a braking resistor bank, which 

provides a braking force to decelerate the train. Greater braking 

effort is obtained by shorting out the braking resistor in steps. 

Note that the output of the first motor on a truck excites 

the field of the second motor on the truck, and the output of the 

second motor excites the field of the first motor. This "cross­

excitation" provides stabilizing and equalization of "generator" 

output. 

CAM CONTROLLER 

The Cam Controller consists of cam switches and interlocks. 

The cam switches are connected in the accelerating resistor circuit, 

the braking resistor circuit and the traction motor field circuits. 

LIMIT RELAY 

The Limit Relay acts to maintain the desired acceleration 

and braking currents of the car. It performs these functions by 

controlling the voltage to the Cam Controller which inserts or cuts 

out resistance to the traction motor circuits in acceleration or 

brake. 

CONTROLLER DIAGRAM 

Figure 1 is a simplified diagram of the high current 

portions of the Controller box for the case where the car is starting 

up. All four motors and fields are connected in series, and maximum 

resistance is in the motor circuit. A similar diagram applies during 

-111 -



running, except that two motors of one truck are in series and these 

are connected in parallel with the two series-connected motors of the 

other truck. The Power Brake Controller (PBC) and Line Switch remain 

the same for both starting and running. Some arcing effects at the 

Controller box metal hinge (about 8" from the PBC) has been observed, 

possibly caused by inadvertent opening of the PBC contacts before the 

Line Switch opens. 
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PATH PROPOSAL AND WORK STATEMENT 

INTRODUCTION 

At 7:10 a.m. on March 16, 1982, the Motorman on the 7:03 

a.m. PATH train from Hoboken, New Jersey to 33rd Street in Manhattan 

reported to the PATH Trainmaster that he believed there was something 

burning in the second car of his (seven car) train. The Motorman had 

stopped the train in accordance with standard procedure. The train 

had just crossed under the Hudson River into New York and was 

approximately 50 feet west of the Horton Street emergency exit and 

1500 feet west of the nearest station, at Christopher Street in 

Manhattan. At 7:12 a.m., a power outage occurred in the tunnel 

section where the train was located. Following an attempt to restore 

power and a report by the Motorman that he thought the problem had 

been solved, the Trainmaster requested the Motorman to proceed to 

Christopher Street to discharge passengers. 

At 7:20 a.m., the Motorman reported that he had not been 

able to move the train and that the smoke was getting heavy. He was 

given permission by the Trainmaster to begin evacuation through the 

Morton Street emergency exit. The ev~cuation proceeded slowly from 

the front of the train; it was hampered by the use of a narrow 

emergency ladder from the train to the tracks, by the heavy smoke, and 

by the steep circular stairs in the exit shaft. 

New Yor~ Fire and Police Department personnel arrived at the 

street level entrance to the Horton Street emergency exit at 7:30 a.m. 
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but the Fire personnel were unable to get down the stairway because 

passengers evacuating the train were ascending the stairs. 

Accompanied by PATH Police, the New York Fire Department personnel 

proceeded to the Christopher Street station, where they entered the 

tunnel. Passengers in the rear cars of the train on the other side of 

the fire car from the emergency exit, were unable to pass through the 

train because of the heavy smoke. PATH police reached the rear car of 

the train at 8:01 a.m., and assisted those passengers through the 

train and up the emergency exit. By 8:07 a.m. all passengers were off 

the train and the fire was extinguished by New York Fire Department 

personnel. By 8:17 a.m., all passengers were out of the tunnel. 

Of the approximately 400 passengers on the train, 80 were 

treated for smoke inhalation; of the 80, 55 were taken to area 

hospitals and of these, two were admitted. Six PATH employees and 

police officers were taken to the hospital and four were admitted. 

The longest hospital stay was one week. There were no fatalities. 

THE INVESTIGATION 

Immediately after the fire, on March 16, PATH Vice President 

and General Manager, Francis A. Gorman, appointed a committee of Port 

Authority and PATH representatives to investigate every aspect of the 

fire and passenger evacuation. The Committee's charge was to: 1) 

determine the cause of the fire; 2) document the evacuation of 

passengers and the response of PATH staff and other emergency forces 

to the scene; 3) evaluate the adequacy of PATH's standard operating 

procedures and the extent to which they were adhered to in the 

incident; 4) identify any corrective measures required; and 5) report 
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its findings and recommendations to the Vice President and General 

Manager as soon as possible. 
, 

The Committee interviewed a number of passengers who were on 

board the fire train, as well as PATH personnel and PATH police 

involved, and members of the New York Fire Department who responded to 

the fire. Transcripts of radio and telephone conversations were 

reviewed, together with the defect/maintenance history of the fire car 

and PATH's car maintenance procedures. A consultant, Lucius Pitkin, 

Inc., was retained to conduct metallurgical tests on some of the 

under-car equipment in the fire car. A separate investigation of the 

incident was conducted by the National Transportation Safety Board. 

In its report, issued in May 1982, the Commi~tee listed 

nineteen findings and conclusions. Among these were determinations 

that manpower and response and adherence to procedures was good, with 

the major exception of a 13 minute delay in notifying the New York 

Fire Department when the Motorman first reported the smoke condition. 

The established procedures is - and was, at the time of the fire - for 

the Trainmaster to request the Police to advise the Fire Department 

immediately. The committee found that the new tunnel lighting was 

very useful, but that on-train ·emergency lighting needed improvement. 

It also determined that the emergency rescue equipment initially on 

the scene was inadequate, that the evacuation ladder slowed the 

evacuation and the emergency exit both slowed the evacuaion and 

prevented police and fire personnel from reaching the train quickly. 

Regarding the cause of the fire, the Committee found it to 

be electrical in origin but concluded that "neither the init i ating 
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components nor the sequence of the fire progression could be 

specifically determined." However, the most severe damage was in the 

area of the motor controller, and the Committee concluded that the 

controller was most likely the source of the fire. 

CONTROLLER UNIT INVOLVEMENT 

The fire destroyed the motor controller as well as all power 

and control cables and air lines in the vicinity of the controller. 

The car floor and under-frame structure were also damaged and a 11 x 

14 inch hole burned through the car floor in the area above one end of 

the controller. The controller, which directs operation such as 

speed, direction and braking, is comprised of a number of components. 

Of these, the power brake controller, the series parallel controller 

and the cam controller sustained the most damage. The aluminum 

channel sections which support the motor controller were also severely 

damaged. A survey reveared that power and control wiring beyond the 

area of the controllers was also damaged. 

COMMITTEE RECOMMENDATIONS 

Based on its findings and conclusions, the Committee made 21 

recommendations in its report. Several of the recommendations 

concerned the reevaluation of existing procedures or institution of 

new procedures, including: the termination of all train operations on 

the system during passenger evacuation, to avoid moving more smoke 

into the fire area; re-instruction for all Control Center and Police 

personnel; and evaluating the adequacy of emergency response staffing. 

These have all been acted upon, and PATH is preparing a manual of 

routine and emergency operating procedures. A number of other 
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recommendations concerned providing better or additional equipment for 

emergency evacuation. These include redesigning tunnel wall-mounted 

and car-borne evacuation ladders and making all ladders more 

accessible; designing a light-weight evacuation ramp; eliminating an 

energy-saving feature which shut down emergency lights; improving the 

communication systems in PATH tunnels and further training for 

operational staff. In addition, work is continuing on two projects 

underway prior to the fire - the installation of an emergency tunnel 

ventilation system to remove smoke and provide fresh air, and the 

construction of new emergency access/egress stairways. 

With regard to fire protection and prevention in the cars 

themselves, the Committee made four major recommendations. Two which 

related to fire barriers were: (1) continue studies to determine the 

need for additional protection for the power and control cables and 

air lines in the vicinity of the motor controller; and (2) insert a 

fire retardant material between the car's under-floor surface and 

control and power cables. In response, barriers have been installed 

and valves are presently being installed which will close off the air 

supply in the vicinity of the controller during a fire. With regard 

to the motor control group, the Committee advised that inspections be 

made more detailed; expanded inspections were instituted a week after 

the fire. The Committee called for a study of the design of motor 

controller units, including the feasibility of installing heat sensors 

or alarms. It also recommended "an industry-wide review of the fire 

safety aspects of the controller units." 

APTA TASK FORCE 
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In accordance with the Committee's recommendation, PATH 

requested the American Public Transit Association (APTA) to establish 

a Task Force of representatives from transit systems and controller 

unit manufacturers. The Task Force, funded by the Transit Development 

Corp., Inc., met in January 1983. Its two main purposes were: ( 1) to 

identify the extent of control group fires, review preventive 

mai~tenance, rebuilding and repair programs; and (2) identify design, 

construction and maintenance practices for controls. 

After reviewing the control group fire experiences of all 

the represented transit systems, it was apparent that controller fires 

present a hazard to all rapid transit systems. Each of the properties 

has instituted a program to rehabilitate controllers, but these 

programs vary depending on site-specific circumstances. Two working 

groups, on maintenance and design, were established by the Task Force. 

The efforts of each group are under way and a final report is in 

preparation . 

PATH PROPOSAL - SUMMARY 

While the findings of the Task Force are expected to be of 

benefit to PATH as well as to other rapid transit systems, PATH also 

determined that an in-depth study of its own controller equipment 

would yield valuable information. This approach was consistent with 

one of the recommendations of the PA/PATH Committee which investigated 

the PATH fire, and it builds upon both the work of the APTA Task Force 

and work undertaken at the Washington Metropolitan Area Transit 

Authority (WMATA). 
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The PATH study will involve five tasks. Task 1, to be 

performed by Parsons Brinckerhoff Quade & Douglas, Inc. (Parsons), 

will involve the development of "fault trees" for the controller unit, 

based on likely malfunctions. The task will also include a failure 

roode and effects analysis (FHEA) as input to the fault trees. Parsons 

will also install thermocouples on four controllers to measure actual 

temperatures experienced in the controller unit, information which is 

believed to be critical to the safe and proper operation of the 

controller. Task 2 will involve PATH's on-going review of Parsons' 

work and coordination with them. Task 3 will identify the controller 

imit materials and their properties to determine whether or not the 

best material is in use. This task will be performed by the 

Transportation Systems Center (TSC). The work in Task q, to be 

performed by Parsons, focuses on another major problem associated with 

possible controller malfunction. Arcing from the control box to the 

car body causes severe erosion of the body of the mounting bolts. The 

final task, Task 5, includes task coordination, PATH costs and out-of­

pocket expenses for travel, report typing and report reproduction. 

The nature of the controller problem is unknown and thus the 

solution to the problem - and even whether one exists, short of total 

redesign and replacement - i _s also unknown. For this reason, the 

implementation of the project's recommedations cannot be planned until 

the causes and solutions are determined. While implementation is 

outside of the scope of this project, to the extent possible, PATH 

will plan to implement the study's findings. 

SCOPE OF WORK 

-121-



The PATH controller fire incident occured on a PA-3 car. 

This series car was in revenue service for about ten years without any 

kind of similar situation developing. The other series (PA-1 and PA-

2) cars in the PA car fleet are older and have not experienced any 

kind of controller incident approaching the magnitude of the car #725 

fire. The present PA series fleet numbers 248 cars, of which 158 are 

PA-1 's, 44 are PA-2's, and 46 are PA-3's. The PA:1 and PA-2 series 

each have an "A" type and a "C" type. All PA-3 cars are "A" type. 

The propulsion - control system is essentially the same Westinghouse 

Electric Corporation equipment in all three series of cars. 

While PATH is fortunate in that it had only one serious 

failure, the preliminary report of the APTA Task Force confirms that 

controller system failure is not unique. Every rapid transit property 

has experienced controller failure to some degree. However, only 

"band-aid fixes" have been developed for these problems. 

WORK STATEMENT 

Following is PATH's detailed Work Statement. 

TASK 1 - FAULT TREE ANALYSIS, TEMPERATURE MEASUREMENT AND FMEA 

A thorough understanding of, the motor controller functions 

and sequencing is central to resolution of the problems being 

experienced. This understanding can be achieved by considering the 

controller as the sub-system whose function is to switch the large 

currents and high voltages involved when the cam sequences and 

circuits are initiated by positioning of the master controller handle. 

The work in this task is sub-divided into four phases. The 

first phase of this Task 1 activity will be to study the normal 
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operational protocols of the controller. This will involve review of 

the pneumatic, electrical, and mechanical components and their 

operation and sequencing in response to the master controller. The 

work will also include analysis of the spatial relationships among 

components, cabling, etc. within the motor controller box, and in the 

undercar areas adjacent to it. The second phase involves a Failure 

Mode and Effects Analysis (FMEA). Several system and sub-system 

malfunction conditions will be assumed and the effects of each failure 

mode will be analyzed to determine which failure conditions are most 

likely. 

The object of the third phase will be a determination of 

actual temperatures developed in a controller. This effort will 

complement tests made on the WMATA system. WMATA made temperature 

determinations at cable locations exterior to the controller box and 

in various resistor grid locations. By contrast, this effort will be 

directed toward temperature determinations within the controller box 

itself, under operating conditions. 

Insofar as PATH has five different types of PA cars, it is 

intended to make temperature determinations on each type. However, 

since the PA-1 and PA-2 purchases were (except for cosmetic changes) 

the same cars, only one PA-1 "A" car, one PA-1 "C" car, one PA-2 "A" 

car, and one PA-2 "C" car may be sampled. In addition, three PA-3 

cars may be sampled (all PA-3 cars are "A" cars) in order to provide 

valid sampling data. 

Working with Parsons, it is anticipated th~t temperature 

determinations will be made by use of heat sensitive labels to record 
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the maximum temperatures that are reached, and the locations where 

they are experienced. Because this determination does not record the 

rate of temperature rise, duration of temperature, or even peak 

temperature, its use is limited to establishing controller box areas 

for which further testing is warranted. 

These high temperature areas of interest will then be 

subject to further tests, with installation of thermal sensors 

connected to recorders in order to obtain a time/temperature history. 

PATH intends to install these devices in approximately five locations, 

dependent upon results of the heat sensitive label applications. The 

thermal sensor leads will be run up to a non-operating cab in which 

temperature conditions in the motor controller box will be monitored 

and recorded. These five locations will be tested on four cars, for a 

total of 20 thermocouples. 

It is not anticipated that these temperature tests will 

record either excessive temperatures or an incipient failure 

condition. What is expected, however, are indications of the 

potential for a failure to develop in the future. These possible 

downstream failures may be heralded by rate of temperature rise, 

temperature levels that are reached, and most importantly, the length 

of time high ambient temperatures are maintained. 

The fourth phase of task activity will be to utilize likely 

malfunction scenarios developed in the FMEA. Several most likely 

fault trees will then be developed and analyzed as to their causes. 

The purpose of this phase is to develop several credible 

scenarios based on malfunction conditions derived from the Failure 
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Mode and Effects Analysis (FMEA). Fault tree analysis will be logical 

event sequences that can result in fire hazards. The result of the 

FMEA, the temperature measurements discussed above, and the findings 

in Task 3, Determination of Material Characteristics, will be used in 

the fault tree analysis. 

The product of Task 1 will be a report prepared by Parsons 

that sulTl!larizes conclusions and recommendations, integrating them with 

the conclusions of Task 4, Arcing. 

Parsons Brinckerhoff Quade and Douglas, Inc. (Parsons), an 

engineering/planning consultant, has been retained by PATH to 

undertake an extensive review of PATH's car fleet and to make 

recommendations regarding the purchase of new vehicles and the 

overhaul of existing cars. Parsons began this work in March, 1983 and 

their report is scheduled to be completed by December, 1983. A new 

contract is being written for additional work and will include the 

motor controller investigation. It is appropriate that Parsons be 

retained to perform Task 1. 

Parsons' analysis includes a determination of the useful 

life of PATH's 250 PA-series cars without overhaul, and the costs and 

benefits of overhaul. This includes performing a detailed assessment 

of the car materials and components to improve the cars' systems. As 

part of its study, Parsons is evaluating the car wiring and the fire 

retardancy of the cars' insulation. 
' 

In the ten months that Parsons has been performing the PATH 

car evaluation, they have accumulated a wealth of knowledge regarding 

PATH's car fleet. Their evaluation has included examining nine fire-
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damaged cars, including car number 725, damaged in the March 16, 1982 

fire. Parsons is thus intimately familiar with all aspects of PATH's 

PA-series cars, including the contoller unit, fire prevention and 

retardancy considerations and the specific fire damage to the motor 

controller unit fire car. The work performed by Parsons during this 

time represents a significant resource of accumulated knowledge about 

PATH's car equipment which would be time-consuming and costly for 

another consultant to acquire. Their performance of this task will 

result in timely completion of this important aspect of the study. 

Fire safety is a major concern of PATH. Engaging Parsons to 

perform this work would, in addition to the reasons stated above, 

allow PATH to accelerate this aspect of the safety programs and to 

enhance the system safety as quickly as poss1ble. 

TASK 2 - COORDINATION WITH CONSULTANT 

Task 2 includes all PATK and Port Authority staff 

coordination with the consultant~ Parsons Brinckerhoff Quade & 

Douglas. Staff work involves assisting in the development of test 

plans, reviewing and approving them, including the identification of 

locations for the temperature testing and mnonitoring equipment. This 

includes preliminary temperature determination for subsequent location 

of thermocouples. Task 2 also includes internal staff review and 

approval of Parsons' final report for Tasks 1 and 4. 

TASK 3 - MATERIAL INVESTIGATION 

One important area for investigation of controller failures 

is whether materials or components are used that are marginal for 

their application. This may be the result of environmental conditions 
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within the undercar controller box which, over a period of time, cause 

degradation of electri cal and/or physical properties of materials and 

components otherwise satisfactory. 

This task will determine the characteristics of 

representative materials and ocmponents in the controller box. In 

achieving this, PATH anticipates that it will work closely with the 

UMTA Transportation Systems Center (TSC). It is understood that TSC's 

date bank is available, as a resource, to identify these 

characteristics. 

In addition, as part of this task effort, it is intended to 

contact the Factory Mutual Research Corporation (FMRC) to find out 

what information is available in its library that relates to material 

and components. 

Results of material investigation will confirm the 

suitability of materials for their use in the controller. This 

investigation will identify the materials used in PATH's controller, 

both as supplied by the Original Equipment Manufacturer (OEM) and 

utilized by PATH as part of routine maintenance, i.e., wire and cable 

changeout. The appropriate electrical and physical characterristics 

will be tabulated, along with the actual design environment conditions 

established through discussion with the OEM and as a result of the 

temperature determinations and the malfunction conditions described in 

Task 1. 

TASK 4 - ARCING 

During the course of the PA car inspection program, it was 

discovered that arcing has been occurring in the area of the control 
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box clearance holes and control box mounting bolts, causing severe 

wear to the body of approximately half of the bolts inspected. While 

it is apparent that the arcing occurs over a period of time and that 

the bolts are not damaged by one continuous arc, it is not clear what 

starts the arcs or what extinguishes them. Parsons' investigation of 

several of the PATH cars involved in fires indicates that the area 

adjacent to the line switch (in the controller) must have experienced 

tremendous heat and that in one case, continuous arc burned a hole 

through the metal ~ase. In this task, Parsons will measure the 

voltages and currents that exist during a fault occurrence, and will 

investigate the line switch as the possible source of the problem. 

While the damage caused by arcing is a specific known problem, the 

cause of the arcing is undetermined. It is clear, however, that the 

solution of the arcing problem may well be a significant step toward 

the avoidance of control group fires. 

TASK 5 - ADMINISTRATION 

This final task will be used to accumulate all PATH staff 

costs other than those directly associated with the consultant's work. 

This will include administration and coordination of Tasks 1, 3 and 4, 

out-of-pocket costs for travel, temperature sensors and typing and 

reproduction of the final report. 

The project is expected to take approximately one year to 

complete. The data collection, analytical work and temperature test 

program will extend over nine months. 
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