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1.0 INTRODUCTION

This report culminates a l3-month program structured to iden-
tify problem areas and propose modifications to automobiles in
these areas which will reduce the rate of post-crash fires and
their catastrophic results. Both fuel system and potertial igni-

tion sources were investigated.

This program was conducted for the National Highway Traffic
Safety Administration under Contract DOT-HS-4-00872 entitled
"Spilled Fuel Ignition Sources and Countermeasures." An impor-
tant aspect of this program was to demonstrate, through the me-
chanics of crash testing, the type of fire safety protection that

can be provided by present technology.

The program consisted of five major tasks which are described

in the following paragraphs:
Task 1. State-of-the-Art Survey

This survey consisted of appraising and cataloging
available bcoks and articles which might be useful in defin-
ing the crash fire problem, fuel characteristics, available
countermeasures, etc. This survey also provided the statis-
tical information required to perform a cost/benefit anal-
yvsis to determine which vehicle medifications would be most

beneficial from a monetary basis.
Task 2. Definition of Ignition Source Conditions

A laboratory testing program was utilized to define
conditions under which vehicle ignition sources present in
crash situations would ignite spilled fuel and to determine
which of the possible ignition sources were the most hazard-
ous. Four types of sources were investigated: electrical,
friction, heated surface, and open flame. The results of
these tests were used to help define optimum countermeasure
systems to provide the greatest protection at the lowest

price.




Task 3. Baseline Test Program

A series of four crash tests was conducted during this
program to establish baseline conditions for crash fires: a
barrier test, two front-to-rear impact tests, and a rollover
test. These tests provided available fuel and ignition
sources at impact to insure that a fire would result. The
same conditions which were set for fire in these crashes
were used in the subsequent demonstration tests to prove
that the countermeasures did indeed prevent fires. This
was required for undeniable proof of the countermeasures'’
effectiveness since only a small percentage of all motor
vehicle accidents results in fire. This series of tests
also provided information which was used in the design and

installation of countermeasure devices.
Task 4. Development of Countermeasure Systems

Based on the results of the previous tasks, a design
and test program was conducted to develop effective counter-
measures for preventing crash fires. Such items as fuel
tank relocation, line routing, battery protection, and elec-
trical system inerting were investigated, and designs drawn
up to incorporate these modifications in the demonstration
test vehicles. This part of the program also included test-
ing of various inertia shutoff devices on the deceleration
sled to determine their operating characteristics. Along
with the development of the countermeasure systems, a cost/
benefit analysis was performed to determine which protection
system was most beneficial to the public on a cost basis.

Task 5. Demonstration of Developed Countermeasures

The final phase of the program demonstrated the effec-
tiveness of the developed countermeasures in four crash
tests. These four tests were identical to the baseline test
gseries with one exception - countermeasures were installed
in the vehicles to prevent a fire. In three of the tests

either a fuel or electrical countermeasure system was
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installed. Therefore, if the system functioned properly,
one item required for fire would be eliminated and a fire
would not result. On the fourth test, the rollover;, both
systems were used together. These tests were designed to
. provide the same high risk of fire as the baseline tests,
and if the countermeasure systems did not function, cata-

. strophic fire would result.

This report presents a detailed description of the entire
test program and the results achieved. Based on the determination
of the specific vehicle fire hazards, countermeasures are recom-—
mended which are practicable for use in standard automotive vehi-

c_.es both from production feasibility and cost aspects.



2.0 STATE-Or-THE-ART SURVEY

Although motor vehicle accidents are observed everyday
throughout the country, a post-crash fire is seldom seen. There-
fore, it may be easy to overlook that particular asvect of vehicle
safety; however, when an accident of this nature does occur, the
probability of survival is greatly reduced. Data have been col-
lected to better acguaint the reader with the statistical nature
of this problem, the type of vehicle components which contribute
to fire hazards, and the available means to reduce the incidence
of fire accidents. The bibliography at the end of this report
indicates the material which was investigated for the program.

2.1 ACCIDENT STATISTICS

2.1.1 Pire Accident Statistics

A very difficult aspect of this program was determining the
magnitude of the post-crash fire problem. 1Initial plans were to
oktain fire accident statistics from the NHTSA data bank of na-
tionwide accident statistics. However, data pertaining to motor
vehicle crash fires were not available from this source. There-
fore, all available reports in the literature pertaining to crash
fire statistics were utilized to obtain a statistical data base
from which to assess the magnitude of the fire problem on a na-
tionwide basis.

An examination of these reports disclosed broad inconsisten-
cies in the statistical data. These are undoubtediy due to the
two distinct methods used to gather the data. Some of the re-
ports have attempted to draw together data after the fact from
police records, which, in many cases, have no reliable method of
reporting vehicle fires. Those states which do report fires lack
any standardization among themselves in the manner in which they

report the data. On the other hand, several in-depth studies

structured specifically to study the fire vroblem have been con-
ducted. While these studies are probably more accurate and
specific, they are based on extremely small samnle sizes and are

2-1



confined to one or two states, thus drawing in any bias that may
be due to specific geographical areas.

Extrapolation of the data from both methods to nationwide
projections is highly questicnable and leads to quite different
results. However, consideration of both sets of data does bracket
the magnitude of the fire problem and furnishes some basis for
conducting cost/benefit analyses on vehicle modifications tc pre-
vent crash fires. The following paragraphs discuss the available
statistical data in some detail. The cost/benefit analyses are
presented in Section 5.0.

Figure 2-1 shows a comparison of findings compiled by the
University of Michigan in the HSRI Special Report, Fire in Motor

Vehicle Accidents (Reference l1). The results of this survey il-

lustrate the major divergence of opinion on projected national
fatalities as well as the commonly en. ountered problem of dis-

tinguishing between fatalities in accidents accompanied by fire

and fatalities resulting from fire alone. (The only method

readily available to determine the latter is by examining death

certificates to ascertain the actual cause of death.)

The first three studies listed in Figure 2-1 were not used
to determine vehicle fire fatalities during this program. The
Dunn and Halpin study was not used primarily because the data on
which it was based was accumulated 26 years ago and is signifi-
cantly higher than any of the more recent studies. The New York
and Los Angeles studies were not used because they did not dif-
ferentiate between fatalities accompanied ky or resulting from

vehicle fires.

The cross-hatched data in Figure 2-1 represent the estimated
1972 nationwide motor vehicl- fatalities occurring as a direct
result of burns. These projections were based on the percent of
burn fatalities found during each survey. The bottom seven

1. Cocley, Peter, Fire in Motor Vehicle Accidents, Highway Safety
Research Institute, University of Michigan, April 1974, Re-
port No. UM~HSRI-SA-74~-3.
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surveys listed in Figure 2-1 were based on accident files and
mortality records. These seven studies led to estimated projec-
tions of 450 to 760 fatalities in 1972 as a direct result of vehi-
cle crash fires. These projections were based on the 0.98 percent
to 1.7 percent of vehicle fatalities (excluding pedestrians and
bicycles) due to fires found during these surveys. In addition,
the National Safety Cocuncil (Reference 2) estimated that 1.5 to
1.75 percent of vehicle fatalities during 1973 were a direct re-
stlt of fire. The average cf all these percentages is 1.40 per-
cent of motor vehicle fatalities (excluding pedestrians and bicy-
cles), leading to a national projection of 625 fatalities result-
ihg directly from vehicle fires during 1972. Since the data base
used for these studies was drawn largely from reports and statis-
tics which were not specifically designed to report vehicle crash
fires, it is quite probable that the number of fire fatalities
that actually occurred is considerably higher than this figure.
However, in the absence of more definitive data, 625 was used as

the minimum number of fire fatalities during this program.

The study done by the University of Oklahoma (Reference 3)
using Oklahoma and Kansas accident data was specifically struc-
tured to study the motor vehicle crash fire problem. As such,
the data should be complete and accurate in regard to motor vehi-
cie fire deaths. Projections based on the Oklahoma and Kansas
data regarding the percent of vehicle fatalities directly caused
by burns leads to 1430 vehicle burn fatalities nationwide during
1972. However, the sample size was quite small. In addition,
the data are biased towards more severe accidents, and thus more
fire accidents, because of the predominantly rural location.
Thus, this projected number of motor vehicle burn fatalities
should be considered as near the upper limit until more defini-

tive data are available.

2. Accident Facts, National Safety Council, Chicago, Illinois,

1974 Edition. , _
3. sliepcevich, C. M., et al., Escapeworthiness of Vehicles for

Occupancy Survivals and Crashes, University of Oklahoma Re-
search Institute, Report No. DOT/HS-800 736, July 1972, First
Part. 9-4
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The HSRI Collision Performance Injury Study shown in Figure
2-1 also resulted in a significantly higher number of burn fatal-
ities than did the bottom seven accident and mortality record
studies listed in Figure 2-~1. ©Not enough infcrmation was avail-
able in the Michigan report, however, to determine possible rea-
sons for the higher numoer.

National projections of motor vehicle burn fatalities during
future years, based on the studies previously discussed, are pre-
sented in Figure 2-2. (The method of obtaining these projections
is discussed in Section 5.6.1 in conjunction with the cost/benefit
analyses.) Based on the minimum estimate of 1.4 percent of motor
vehicle fatalities being a direct result of burns, this projec-

tiorn indicates that 14,000 people will die from motor vehicle
burn injuries during the next 20 years. The number could possi-
oly be as high as 30,000 if the higher burn fatality estimates

are correct.

The above figures are for fatalities resulting directly from
the fire and not from other collision-caused trauma. Although
the total number of fatalities which occur in fire accidents is
considerably higher than the figures quoted above, many of these
fatalities would have occurred even if the fire had not been
present. The Michigan study (Reference 1) estimated that from
720 to 1250 fatalities occurred in accidents accompanied by fire
during 1972. However, estimates based on the Oklahoma and Kansas
data would put the number of such fatalities at 2145. Again, the
discrepancy is broad and the statistics limited. It should be
emphasized that the 14,000 to 30,000 estimated burn fatalities
in the next 20 years are victims who would have survived if a

fire had not =ccurred.

Statistics on burn injuries are almost nonexistent. The
only two studies which reported burn injuries along with fire

accident fatalities were the New York report (Reference 4) and a

4. Moore, J. O., and Negri, D. B., Firxe in Automokile Accidents,
New York State Department of Motor Vehicles, Research Report
1969~-2, September 1969.
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Cornell report (Reference 5). Both of these studies were based
on very limited sample sizes. The New York study reported 45
fire acecidents out of a two-month total of 65,000'aCCiaénts,iﬁ
the state. Twelve of those injured received burns. The Correll
study involved 156 passenger cars involved in fire accidents out
of a total 33,250 cars involved in injury or fatality producing
accidents. Twenty-three occupants received nonfatal bufns; In
view of the millions of injuries each year in motor vehicle acci-
dents, it would be extremely unreliable to forecast natcionwide

burn injuries based on such a small sample size.

Extrapolating the available fire statistics to a nationwide
estimate of total motor vehicle crash fires per year magnifizs
rhe uncertainty of the statistics. This is obvious when consider-
ing that a difference of only 0.0l percent of the 1972 total of
17,000,000 accidents results in a difference of 1,700 accidenrts.
Thus, again, the total number of fire accidents per year can only
be estimated within a broad range. The average percentage of
fires occurring in all motor vehicle accidents from New York,
Kansas, and North Carolina data (from Reference 1) was 0.06 per-
cent. {Individual percentages were 0.06, 0.07, and 0.04, respec-
tively.) National projections for 1972, based on 0.06 percent,
indicate that there were approximately 10,000 motor vehicle crash
fires during the year. However, the North Carolina statistics
alone project to only 6,800 fire accidents. Some explanation for
this discrepancy may be found in the Cornell repcrt (Reference 5)
which shows that the percentage of fire accidents drops markedly
as +the accident severity decreases. Close examination of the New
vork and Kansas data show that the data bases used in these stud-
ies contained from 2.5 to 4.0 times the national average of fatal
accidents in relation to all accidents. Thus, the data are biased

towards more severe, and thus more fire, accidents. However, the

5. Robinson, S. J., Observations on Fire in Automobile Accidents
(Cornell Aeronautical Lab. Inc. of Cornell University,
Buffalo, New York) CAL Report No. VJ-1823-R1l4, February 1965.
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Nerth Carolina data could be somewhat low since no separate space
is provided on the accident repert forms for noting the occcurrence
of post-crash fires.

In an effort toc arrive at a minimum number of vehicle fire
accidents and decrease the uncertainty of the national projec-
tions, statistics relating to only injury producing and fatal ac-
cidents were examined. The Cornell study reported that 0.45 per-
cent of the vehicles examined showed fire damage. All of these
vehicles contained at least one injury or fatality. Assuming
that each burned vehicle was involved in a separate accident,
this percentage leads to a national projection of a minimum of
5,800 crash fire accidents in 1972. The Oklahoma data showed
that 34 percent of the fire accidents were fatal accidents. This
leads to a national projection of 1,587 fatal fire accidents and
4,668 total fire accidents in 1972. Thus, the minimum number of
vehicle crash fires per year is approximately 5,000 and could

well be as high as 10,000 per vear.

The statistics were also examined to determine the type of
accidents that are likely to result in vehicle fires. This
information was vital in determining vehicle modifications which
were most beneficial in decreasing the number of vehicle crash
fires. Although many reports were examined, none were consistent
in their method of classifying accident impact vectors. The study
done by the University of Oklahoma (Reference 3) best describes
the types of impacts that have resulted in vehicle fires. Figure
2-3 (from the Oklahoma report) shows the five general types of
accidents resulting in post-crash fires and the percentage each
contributed to the total number of fire accidents. It is inter-
esting to note that, in spite of the fact that gasoline is more
readily available in rear end collisions, this type of accident
shows the lowest percentage of fires. This directly reflects the
lower incidence of moderate to severe rear end collisions as com-

pared to the other types of impacts.
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The time of day fire accidents occcur was also examined for
possible clues to ignition sources. The National Safety Council
(Reference 2) indicates that 31.8 percent of all accidents occur
between 7:00rPM‘and,7300 AM and 49 percent of the fatal accidents
occur in this time period. However, three reports (Reference 3,
4, and 6) all indicate a larger percentage of accidents with fire
at night than in the daytime. These percentages range from 55 to
74 percent. The higher number of nighttime fire accidents cannot
be attributed entirely to the larger number of serious accidents
at'niqht since only 49 percent of :all fatal accidents occur then.
Other factors which might cause this increase in vehicle fires at
night are an incféésed‘Véhible e¢lectrical load and broken head-
lights serving as ignition sources. A detailed analysis of these
two factors is presented in Section 3.4 of this report.

2.1.2 Fuel Leakage by Accident Type and Severity

Two items are required in a vehicle for a fire to occur:
first, a source of ignition and second, something that will burn.
In the majority of post-crash fires, gasoline will be the sub-
stance that will initially burn. The specific characteristics of
gasoline are discussed in Section 3.4. This section describes
the type of accident conditions under which gasoline is available
for combustion. Figure 2-4 indicates leakage of gasoline based
on the type of accident and the severity. This information is
from the Michigan report on vehicle fire accidents (Reference 1).
Fortunately for the driving public, the rear area of the vehicle,
which shows the highest percentage of fuel leakage, does not have
an ignition source as readily available as does the front end
which contains the high voltage electrical components and the

battery.

6. Vaughn, Rodney G., Fire in Road Accidents, Traffic Accident
Research Unit, Department of Motor Transport, New South
Wales, January 1970.

2-10



®
o

Y
|

~ L

50202515

vigure 2-4. Percentage of Fuel Leaks in Accident.

PNOSTING FURL SYSTEMS

AN Fruel Tank Locations

Fuel tanks have at one time or another been located in al-
most all possible locations in an automobile. In the past, fuel
tanks were located on the firewall above the engine, under the
driver's seat, and with the engine, but these locations have dis-

appeared over the years. 1In today's vehicles the engine and fuel
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tank are generally placed in opposite ends of the car. In a

large percentage of American passenger vehicles, the fuel tank is

mounted under the trunk floor between the rear bumper and the dif-

ferential housing. The tank is strapped in with two steel bands.

~Tanks on station wagons may be located in the rear side panels of

the

vehicle or suspended under the rear of the vehicle. These

tanks are also strapped in with two steel bands. Vehicles manu-

factured outside the United States may have fuel tanks in other

locations. 1In the Volkswagen Beetle, with a rear-mounted engine,

for

example, the tank is located under the front hood, while the

Fiat 850 has a rear-mounted engine with the fuel tank located

over the aft part of the engine.

Light trucks (pickup) generally

have the main fuel tank mounted behind the seating area in the

cabp.

Tank filler locations are also an important aspect of fuel

system structural integrity. Fillers may be either hard mounted

to the tank or connected from the tank to the vehicle body with a

flexible connector. In vehicles with rear-mounted fuel tanks,

the

per

trunk deck.
side of the cab.

fillers are located in either rear side panels or in the bum-
area. A few vehicles have the filler located on the rear
Pickup trucks are generally filled from the driver's

Each location provides advantages and disadvan-

tages in certain types of impacts. Vehicles with front-mounted

tanks likewise have their fillers mounted in close proximity to

the

fuel tank in either front side area. For a complete descrip-

tion of tank locations and filler types, see References 7 and 8.

Fuel Tank Protection, An Investigation of Fuel, Exhaust and
Electrical Systems as Related to Post-Crash Fire Safety,
Volume I, (Fairchild Hiller, Farmingdale, New York) under
Department of Transportation Contract No. FH-11-6919,

30 June 1969.

Johnson, N. B., An Assessment of Automotive Fuel System Fire
Hazards, (Dynamic Science, Phoenix, Arizona) for Department
of Transportation under Contract No. FH-11-7579, December
1971.
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2.2.2 Puel Lines

In general, American fuel lines are 5/16-inch welded steel
tubing running from the vehicle fuel tank to the engine fuel pump;
Fuel lines are flexibly mounted to the tank through a short piece
of rubber tubing. Carburetor lines and lines into the fuel pump
may be sclid or a combination of solid and flexible rubber lines.
Lines from the fuel pump may run directly up the side of the en-
gine block to the carburetor or cross over to the carburetor on
the front of the engine. Some foreign vehicles, such as early
model Volvos, used a steel mesh over rubber lines in the engine
compartment. These lines used solid-type screw-on fittings
rather than compression-type hose clamps. See Reference 7 for
specific vehicle configurations.

2.2.3 Fuel Pumps

The majority of vehicles in this country use engine-mounted,
cam—actuated fuel pumps. These pumps normally are located low
and toward the front end of the engine. Due to their compact
design and mounting position on the engine block, they are not
normally subject to damage. Some production vehicles now are
equipped with tank-mounted electric fuel pumps, and thus gasoline
is under pressure in the fuel lines from the vehicle fuel tank
to the carburetor rather than just from the engine block to the
carburetor. Some of these pumps are installed in such a manner
Ehat, if the engine is not running, the pump will not operate.
(The Vega pump senses off of engine oil pressure and stops run-
ning when the oil pressure drops below a specified level.) Other
units will continue to run until electric power is removed by
turning off either the ignition switch or a separate fuel pump
switch. Some fuel pumps vent excess gasoline back to the fuel
tank. Lines for the pump vent are mounted and rocuted in a manner

similar to the main fuel line.

2.2.4 Evaporative Control System (ECS)

Prior to 1971 (1970 in California) the vehicle fuel tank was
vented overboard, but since 1971 fuel vapor emissions have been
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ccntrolled in a closed fuel system and vehicles now vent tanks
into some sort of liquid-vapor separator. There are as many dif-
ferent methods toc meet the vapor emission requirement as there
are auto manufacturers, but, in general, the type of operation of
all these systems is the same.

American Motors uses a float-type check valve in the vent
line to prevent any liquid from leaving the tank. Chrysler uses
a system of standpipes and vents the tank from four corners, and
Ford uses a small unit mounted right on top of the tank. The
vapors from the liquid-vapor separator are stored while the vehi-
cle is not in operation.

There are three basic methods of storing the fu=l vapors:

in a carbon canister, in a storage tank, and in the engine crank-
case. The most common systems in the U.S. use the carbon canis-
ter or the crankcase for vapor storage. In either case, vapors
are stored in a holding area until the engine is started and the
vapors are drawn into it to be burned. The carbon canister uses
éctivated charcoal to adscrb the vapors, and when the engine is
running, fresh air flows through the canister and the vapors are
routed to the engine.

Vehicles that use the closed systems use a pressure-vacuum
relief cap on the tank filler. This cap is designed to relieve
pressures of 0.50 to 1.25 psi and vacuums of 0.25 to 0.50 psi.

This closed system can prevent large amounts of fuel spill-
age from the vent line in a rollover crash, but it does increase
the number of fuel-associated lines in the vehicle. Also, fuel
éan leak out the filler cap, depending on the vehicle orientation
after a rollover and the amount of fuel in the tank, since the
head pressure on the filler can be over 0.50 psi. For a complete
analysis of ECS componernts and their locations, see Reference 8.

2.2.5 Carburetors

With the exception of fuel injection systems, the fuel dis-
tributing devices (carburetors) are all subject to the same fuel
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leakage problems due to a primary or secondary rollover. The ve-
hicle carburetor draws fuel off one or two float bowls. These
float bowls are vented to the atmosphere, normally intc the air-
horn. When the vehicle is rolled over, the contents of the float
bowl or bowls will drain out within about ten seconds. Carbur-
etors may spill from 30 ml in single-karrel small units toc 200

ml in dual four-barrel units.

The carburetor is located on 8-cylinder engines in the middle
of the engine, on top, in a relatively well protected area. Car-
buretors on 4- and 6-cylinder front engine cars are also rela-
tively well protected in an impact due to the manifecld structure
on which they are mounted. Carburetors on rear engine cars, such
as the Volkswagen, are in a location which is more likely to be
damaged than in American vehicles. The location of the carbur-
etor on the rear area of the engine leaves it in a position sus-
ceptible to rear end impacts.

2.3 EXISTING ELECTRICAL SYSTEMS

2.3.1 Battery Location and Connection

The battery has been located in as many locations as the ve-
hicle fuel tank, but, in general, it is located in the vicinity
of the engine. A battery which is located any significant dis-
tance from the starting motor and other heavy current accessories
will require large cables to minimize voltage drop. The Fiat 126
locates its battery in front with a rear engine, but this car is
very short and thus does not have long cable runs.

A large percentage of batteries are mounted in the front
area of the engine compartment and are not well protected in
front end collisions. Those mounted further back in the engine
compartment are belter protected by the engine. 1In some foreign
vehicles, the battery has been mounted over the engine on the
firewall. The location in some earlier model Jaguars was behind
the wheels in the front wheel wells. In this case, two 6-volt

batteries were connected to obtain a 12-volt circuit. In some



rear engine cars, notably the Volkswagen Beetle, the battery is
mounted under the back seat, although the Fiat 126 battery is
under the hood in front.

Most batteries have either top-mounted contact posts or
side-type terminals. In most cases these terminals are bare
matal. Certain foreign cars coming into the country have a plas-

tic boot that is slipped up over the terminals and protects them
from accidental shorts.

Battery cables are heavy copper cable, normally arocund 6
gage, and are well insulated. However, terminals are exposed and
can be shorted out easily, the exception being those few vehicles
which have plastic covers which pull up over the terminals.

2.3.2 Vehicle Wiring

All vehicles have a large amount of current-carrying wires.
These wires vary in size from 6 gage at the starter to 18 gage
for low current application, with varying sizes in between. As
the size of the wire increases, the potential hazard it represents

also increases since it will be carrying more current.

Wiring will be routed in various patterns in vehicles. Much
of the wiring is protected by the wvehicle structure. However,
some wiring, such as horn, headlights, or taillights, is in a po-

sitign to be torn away in an impact.

In newer model cars all wiring is well protected with insu-
latiorn and firmly attached to the items it powers: however, in an
impact the wiring may easily be torn or ripped loose from its
mounting lugs. Even if the wires are well protected, the compo-
nents they connect to may not have insulated terminals, and thus
deforming of sheet metal can cause short circuits. For further

information on wire routing, see Reference 9.

9. Gatlin, C. I., and Johnson, N. B., Preovention of Electrical
' System Ignition of Automotive Crash Fire, (Dynamic Science,
Phoenix, Arizona) for Department of Transportation, NHTSA
under Contract No. DOT-HS-800-392, March 1970.
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2.3.3 Vehicle Lights

Automotive headlights in a front impact will most likely be
struck and some broken although they do not tend to break easily.
It is well known that broken aircraft landing lights have been
responsible for fires. However, the literature survey did not
indicate anything other than speculation in regard to the fire
hazard associated with headlights.

Taillights also fall into this category, but their wattage
is many times lower than that of the headlights. They are ex-
tremely prone to damage from rear end impacts.

2.3.4 High~Energy Electrical Components

Vehicle starters, solenoids, and their associated wiring
carry very high current levels. However, starter and solenocid
combinations are generally well protected during a crash because
of their location in a low area on the engine and their very rug-
ged construction. When a remote solencid is used, it is located
in the vicinity of the battery and is susceptible to shorts due
to its exposed terminals.

Vehicle alternators or generators and their associated wir-
ing carry loads up to 55 amperes at 12-14 volts. They are lo-
cated on the engine in a forward position since they are driven
by V-belts from engine drives. Although they are sturdy devices
and a considerable amount of crush must take place in order to
reach them, they do have exposed terminals in some cases which
could be shorted.

Voltage regulators are located in a random pattern in the
engine compartment. Although they do not damage easily, some do
have exposed terminals which can be shorted. In many cars, the
voltage regulator is located on the firewall or the splash guard
adjacent to the radiator. It is least vulnerable in the firewall
location and most vulnerable on the splash guard. Voltage regu-
lators on rear engine vehicles have locations similar to front

engine vehicles.




The coil and distributor on V-8 engines are mounted either
in front of or behind the carburetor. Either place is well pro-
tected since both are on top of the engine. On 4- or 6-cylinder
engines these components are usually located midway back on the
side of the engine and are therefore more vulnerable to damage
than those on the V-8's. Even if this system is damaged, heavily
insulated plug wire must be severed or pulled lcose before a

spark will occur.

Some late model vehicles are equipped with electronic igni-
tion systems. These systems do not eliminate the coil or distri-
butor, but do remove the breaker points and the condenser require-
ment. A sensor within the distributor operates at low voltage
ard signals a solid-state circuit to open or close the coil pri-

mary. Thus a potential ignition source has been removed.

For a complete description of electrical system components

in regard to location, refer to Reference 9.
2.4 AVAILABLE FUEL SYSTEM COUNTERMEASURES

2.4.1 Safety Fuel Tanks

Safety fuel tanks have been manufactured for many vears,
both in this country and abroad. Aircraft needs produced the
first tanks of this type, and the technology spread to the auto
racing industry. Auto racing has shown the need to contain fuel
in high-speed impacts, and the information gained in this area
can prove to be beneficial to the driver of a passenger car.
Table 2-1 shows the minimum requirements set down by various rac-
ing organizations for vehicles which run in their sanctioned
events.

Table 2-2 lists the companies who manufacture safety fuel
tanks. Most manufacturers which were contacted used a cloth-type
material which was cocated with rubber elastomer. Two manufactur-
ers used ballistic nylon which was coated with urethane, and one
manufacturer used a thermoplastic material. Five additional manu-
facturers responded to inquiries but their data were inadequate

to make any evaluations.



TABLE 2-1.
TenéileQ Teér‘ Puncture
Strength | Strength Test
Organization (1b) (1b) (1b)
SCCA 450 50 175
NASCAR 450 50 17%
USAC 450 50 175
USAC
{proposed spec) 600 150 250

TABLE 2-2.

SAFETY FUEL TANKS

Aero Tec Lab

Lon Allen

Firestone

Fuel Safe
{ FPT

Gene White

Goodyear

McCreary
Simpson
Sumitomo

Uniroyal

ncted.

Manufacturer |

Kleber Cclombes:

|

i

Identificaticon
riumber

421-D
426-C

PC~116

FPT/RS/669

Dx-344

BTC~60-5
BTC-60-9
BTC-60-10
Hytrel
SCPR

D=-755

Need Forx

i Pillow

Yes

Partial

Yes

Yes

Yes
Yes
Yes
Yes
Yes
! Pillow
Yes

Yes
1

{1) Estimated Mass Production Costs

All rmaterials maet or exceed present safety

Containey

Cost(l)

J—" .

‘ Available

©$50.00 !

©$60.00 j

© No Strength
- Data 2vailable

requirements except as

Additional Data

Data Not Made

Insufficient
Information




Fuel tanks were available in three main configurations: a
freestanding bladder, a bladder that required containment, and
pillow tanks. The pillow tanks are used as add-on items in cars,
trucks, or boats and are not meant for permanent installation.
They are basically used for additional fuel capacity and are re-
moved, folded up, and stowed when not in use. To operate this
type of tank, a line is inserted in the filler of the existing
tank and the pillow is pressed; fuel starts flowing into the main
tank and stops when the shuttoff on the pillow tank is turned off.
This type of tank would have no application as it is configured
in a production automobile; however, it does provide a safe method
to carry additional fuel.

Bladder tanks, in most cases, require some kind of contain-
ment to retain their shape and properly refill. Tanks in this
category have been made from a fabric covered with urethane or
some other elastomer. These types of tanks would readily lend
themselves to production design due tc the variety of shapes into
which they can be formed. This is especially true of the urethane-
coated tanks. The metal containers which are used with these
tanks are a very light gage steel or aluminum. In production ve-
hicles .his could be part of the vehicle structure.

The freestanding bladder tanks are able to maintain their
shape due to the heavier gage material used in the construction.
Two freestanding bladder tanks were investigated; one was made
from ballistic nylon material with a thick coat of urethane, and
the second was a tank of thermoplastic material. The urethane-
coated ballistic nylon tank is freestanding only when it is filled
with reticulated foam and placed in a 2-inch-deep container.

The tank is then strapped in place. The thermoplastic tank is
totally freestanding and reguires only two straps to mount just

as do present production fuel tanks.

Figure 2-5 shows two production configuration safety cells.
The one in the metal case (Figure 2-5a) is ballistic nylon coated
with urethane. The case provides a supporting structure in this
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a. Ballistic Nylon Tank With Aluminum Case.

b. Thermoplastic Freestanding Fuel Tank.

Figure 2-5. Production Configuration Safety Fuel Tanks.
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application. The other tank (Figure 2-5b) is a thermoplastic

material and is freestanding.

The majority of the tanks investigated were sold filled
with reticulated foam. Claims from manufacturers included slosh
reduction, prevention of explosion, and reduction of fuel spill-
age if the tank is ruptured. The first two aspects attributed to
foam are quite true. It provides an excellent slosh barrier and
is used in many race cars and boats for this purpose. It also
has been tested extensively by the military to determine its abil-
ity to prevent explosions and does function in this area as an
2xcellent flame arrestor. Tanks filled with foam have been shot
with incendiary rounds and do not explode; however, the same tank
will explode without the foam protection.

The claim to reduce fuel spillage, however, does not seem
warranted. A Study of Automobile Fuel Tanks (Reference 10) shows

that the reduction in leakage is not significant. Testing was
done on containers without foam and on those containing foam witb
16 pores per inch (ppi). With a 2-5/8~inch-diameter hole, 4 gal-
lons were lost in 6 seconds without foam and 4 seconds with foam.
With a 3/4-inch-diameter hole, 4 gallons were lost in 58 seconds
without foam and 50 seconds with foam. The final test was with

a slit 2.00 by 0.020 inches. In this case, 4 gallons were
spilled in 11 minutes without foam and 12 minutes with foam.

Although flow is not decreased to any extent, spray from a
ruptured tank is. A test program was done for the Federal Avia-
tion Administration by Firestone (Reference 11). Approximately

10. Ridenour, J. B., et al., A Study of Automobile Fuel Tanks,
Proceedings, General Motors Corp. Automotive Safety Seminar,
Safety Research and Development Laboratory, General Motors
Proving Grounds, Milford, Michigan, 1968.

11. Yancy, M. M. and Headrick, R. T., An Engineering Investiga-
tion and Analysis of Crash-Fire Resistant Fuel Tanks, (Fire-
stone Coated Fabrics Co., Akron, Ohio) for FAA on Contract
No. FA-67 NF-245, July 1970.
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30 psi flow was forced upward through a l-inch-square orifice and
the flow height was determined. Flow was instituted by rupturing
a diaphragm. Pressure was not maintained, thus simulating the
situation encountered in a fuel tank rupture. With no foam, flow
reached 40 feet, with 10 ppi foam only 9-13 feet, and with 40 ppi
foam, flow was reduced to 3-6 feet.

2.4.2 Fuel Tank Hardw;gg

Tank filler plates for the safety fuel cells are oval in
shape and are attached to the tank with up to 24 1/4-inch bolts.
The bolt ring is an integral part of the tank and is tapped to
accept the cover plate bolts.

Cover plates are available in a variety of fitting configur-
ations and would adapt well to production vehicles with the excep-
tion of cost. Today's plates are set up for racing and generally
include a 2-1/4-inch or larger filler, fuel outlet, vent line,
and two return lines. These attachment fittings are AN hardware
but could just as easily be standard hose fittings. In general
these covers are adapted for a cylindrical fuel level gage if
one is used. This is due to the problems encountered with a swing
arm gage if the tank is foam filled, as many are.

Fillers are available with built-in check valves to prevent
fuel spillage in a rollover crash. These valves may be either a
flapper valve or a flat rubber plate check valve. Positive act-
iﬁg ball-type check valves are also available in the vent outlet
on the cover plate. This is of great importance in the present
application of these tanks since they are normally vented to the
atmosphere instead of through an evaporative control system.

Figure 2-6 shows a typical filler cover plate with two re-
turn lines, a vent, a filler, an outlet, and a mounted swing arm

gage.
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Figure 2-6. Typical Filler Cover Plate for Safety
Fuel Tank.

2.4.3 Breakaway Valves

These items have been incorporated in a number of military
aircraft fuel systems but have not found wide application in auto-
mobiles. They are used to a limited extent in automobile racing
but are very expensive. Only one company was found that provided
breakaway valves specifically for automobiles. Another company
had manufactured a few items for a special race application but

no production items.

These valves are designed to separate under loads which are
less than the loads that would be required for line failures.
The valves shut off each end of the fuel line on separation. They
are mounted where a line may be stretched due to impact such as

at a bulkhead. Figure 2-7 shows a breakaway valve.
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Figure 2-7. Typical Breakway Valve.

2.4.4 Inertia Fuel Shutoff Valves

Tnertia fuel shutoff valves are placed in the fuel line be-
tween the vehicle fuel tank and the carburetor and are tricgered
by impact forces. These valves are set to function in the ra qge
of 5 to 10G acceleration. The units are to be installed in a
line between the fuel tank and the fuel pump (with mechanica:
pump) or fuel pump (electrical) and carburetor. In case of a
line break in the engine compartment, fuel would be shut off and

could not feed a fire.

Valves were obtained from two manufacturers. One valve was
omnidirectional and the otliler was sensitive in a longitudinal and
vertical direction; however, the manufacturer can also make the

device sensitive in a lateral direction.

In addition to inertia fuel shutoff valves one company con-
tacted had made a rollover fuel shutoff valve. This valve would
shut off fuel flow to the carburetor when the vehicle was rotated
more than 60 degrees; thus even when a car came to rest on its
side, fuel flow would be totally shut off. This same valve may
have application in prevention of spillage from carburetor float

bowls.

2.4.5 Fuel Lines and Fittings

Improved items in this area are readily available. AN-type

attachment hardware is available and has been used on all types



of aircraft systems. These fittings provide a positive pressure-
tight seal. In addition to fittings, a steel braid-over-rubber
fuel line is available. This type line provides flexibility in
areas where movement of lines is important, and it provides
greater strength and protection than can be afforded by conven-~
tional rubber lines. These lines are used extensively in aircraft
application where the features these lines offer can be put to
best use. These lines and hardware are more expensive than pres-
ent equipment that is used on automobiles.

2.5 AVAILABLE ELECTRICAL SYSTEM COUNTERMEASURES

2.5.1 1Inertia Shutoff Switches

Three different types of inertia-type electrical shutoff
switches are available from three different manufacturers. One
switch, shown in Figure 2-8, uses a steel ball resting on a coni=-
cal plastic seat and held in place by a magnet. This particular
dynamic system integrates the deceleration with time and reguires
two quantities to be exceeded. A deceleration threshold must be
met and a velocity change must occur. Figure 2-9 shows the oper-
ative characteristics of this type of switch. A preset "G" level
must be reached before the steel ball is able to break loose from
the magnetic restraint. When the ball does leave the seat, there
is a reducing magnetic restraint as it moves upward along the
cone walls to contact the switch mechanism. The shaded area of
the curve indicates the velocity change which is required before
the switch can function. The response level and angle can be
easily changed by varying the cone angle and magnetic restraint
levels. In a rollover condition restraint levels are somewhat
lower since gravity is aiding rather than cetracting from opera-
tion levels. Inertia Switch Ltd. of England manufactures switches
of this type. Switches are available which switch 12 volts 10A
on or off and 12 volts 160A on or off. Switches are also avail-

able which combine the high and low current function into one

package. This type of switch not only guarantees that main vehi-
cle power will be disconnected but also stops the alternator cir=-
cuit, assuring the engine will stop running as well.
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Figure 2-8. TInertia Switch Ltd. Electrical Shutcff Switch.

Figure 2-10 shows the switching system manufactured by A.C.B.
Corporation. This switch also functions in an omnidirectional
mode. Two sensors are used to accomplish this directional char-
acteristic. In the heorizontal mode a steel ball rests on a coni-
cal surface just as in the previous sensor; however, it is not
held in place by a magnetic force but only by gravity. When ac-
celeration begins, the ball moves up the incline and presses
against the spring-loaded metal plate, which, after a specified
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Figure 2-9. Operating Characteristics of Inertia
Switch Ltd. Electrical Switch.

deflection, completes the circuit to the solenoid. The solenoid
actuates a lever arm which removes the battery's negative termi-
nal from ground. This switch also uses a vertical sensor for
rollover operation. Again a steel ball is used. When the wvehi-
cle rolls over, the ball is acted upon by gravity and makes con-
tact between a metal plate and a metal housing. This then actu-
ates the solencid and disconnects the battery in the same fashion
as when used in the horizontal mode. An auxiliary lead is also
used in either the alternator or distributor lead to block cur-
rent and effectively stop the engine which could still run even
though the battery was disconnected. This particular switch of-
fers another advantage since the vehicle's battery can be easily
disconnected by pushing a button on the switch itself or a re-
motely located button in easylreach of the driver. This provides
the additional advantage of Séing able to disconnect the battery
during an electrical fire or to work on the car. The A.C.B. Cor-
poration also has a smaller sensor of the same design as shown in

Figure 2-10.
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Figure 2-11 shows the inertia sensing system Technar Inc.
erploys in their inertia shutoff switch. The sensor or detector
is a sprinc mass rolamite device. A band passes around two rol-
lers, acts as a spring, and resists their motion. The spring can
be shaped so the force on the rollers is an arbitrary function of
roller location. This design has negligible friction and is only
sensitive to forces in its axis (Reference 12). Due teo this type
of design, a switch mechanism using these sensors can be made
more or less sensitive in certain impact directions. Within the
switch package they employ 5 sensors, 4 in the horizontal axis
and 1 in the vertical axis. The vertical axis switch is sensi-
tive only to gravity and does not reguire an impact to operate;
however, it does have a built-in delay of around 750 msec. This
is accomplished through the use of fluid dampening in the sensor.

When a signal is sensed from one or more switches during an
impact, it actuates a small relay through a capacitor to compen-
sate for short delay times. This relay then closes and operates
a larger relay which carries the load levels the switch has been
designed for. This switch receives power from the ignition switch
of the car and moves into a closed circuit when the ignition
switch is turned on. After an impact the device turns off, and
power must first be removed from the switch before it can be re-
set. This type of unit also offers the advantages of being able
to disconnect the battery if an electrical fire should occur while
driving. If the vehicle is parked and vhe ignition switch is
turned off, vehicle power is also removed. The sample device re-
ceived from Technar was designed to handle 50 amperes of vehicle
power; however, a device which would hanile starter power in ad-
dition would only require a larger secondary relay.

i2. Bell, Lon E., Crash Detector Development, Society of Automo-
tive Engineers, Second International Confer¢nce on Passive
Restraints, Detroit, Michigan, May 22-25, 1972. Report No.
720421,
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Figure 2-11. Technar, Inc. Electrical Shuteff Switch.

The devices investigated were specifically designed for auto-
motive application:; however, there are other companies which do
produce inertia devices for other applications which coulid apply
their skills to autometive applications.

2.5.2 Battery Terminal Protection

Certain vehicles today have battery terminal protection.
Fiat uses a rubber cap which is pulled up over the battery termi-
nal after it is connected. This device prevents inadvertent
shorts to the positive battery terminal while working on the ve-
hicle. Protection is also provided to a certain extent due to
sheet metal deformation in a crash situation. A battery clamp
which might show promise for automobiles was designed for marine
applications. The manufacturer claims it is corrosicn free. The
clamp has a neoprene o-ring seal and antimonial lead connector
cap with a set-screw which secures it to the cable. It comes

with a plastic housing.




Although not many devices were found which provided battery
terminal protection, they would not reguire a large amount of en-
gineering and cost could be low; thus, they could easily be de-
signed and produced if a requirement for them was found.



3.C IGNITION SOGURCE DEFINITION

3.1 GENERAL

For a fire to result, two items must be p. :sent, fuel and a
source of ignition. It is a well recognized fact that gasoline is
the fuel involved in most automotive post-crash fires, but a num=-
ber of different opinions exist as to the methods of ignition.

Unfortunately in vehicle fires the ignition scurce is usually
destroyed, thus no evidence exists of which possible source ac-
tually caused the fire. However, many newspaper articles, police
reports, and witnesses state with firm conviction that a certain
item was responsible for igniting the fuel. This leads to many
misconceptions over what constitutes a dangerous ignition source.

To properly analyze a problem such as post-crash fire and
make recommendations in regard to what can be done to reduce the
incidence of such an occurrence, an accurate definition of the ig=
nition source is necessary. It would do little good to remove an
ignition source which causes only 5 percent of the fires and to-
zally ignore those sources that are responsible for the remaining
95 percent. Therefore, the results of the literature survey were
analyzed to determine the components of a vehicle which might be
potential ignition sources and the relative degree of hazard as-
sociated with each source. The areas which were considered as
pcssible ignition sources were tested under laboratory conditions
to determine whether or not they actually posed a hazard. Along
with this study of ignition sources, the flash point, autoigni=-
tion characteristics, and combustible range of gasoline were ob-
tained from the literature.

3;2 POTENTIAL VEHICLE IGNITION SOURCES

3.2.1 Broken Electrical Wiring

Electrical wires are found in almost every area of a vehicle
where an impact may take place. These wires vary in size from 20
gage to 6 gage or larger. Wires present a hazard from two stand-

points. First, if a circuit wire on the voltage side of a switch
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is broken, it can short and produce sparks by coming in contact
with the vehicle ground whether the circuit is in operation or noct.
Second, the breaking of a current-carrying wire can produce a dis-
charge spark (extra-curren’ <--»¥), Thc encrgy of this spark de-
pends on whether the device the wire has been supplying is capaci-
tive or inductive in nature and the size capacitor or inductor it
represents. Any vehicle wiring in the 12-volt battery circuit or
the high~%«ension ignition circuit must be considered a potential
ignition source in either of the two sparking modes mentioned
above.

3.2.2 Broken Headlights

2Although little has been done to determine if automobile
headlights are a possible ignition source, it is known that air-
craft landing lights are a source of ignition in aiccraft crashes.
Automobile headlights as well as taillights can function as igni-
tion sources in two ways. First, a hot surface is available for
a certain length of time after the lamp is broken, and second,
when the filament does break, a spark is formed. Headlights and
taillights are vulnerable to damage due to their position on the
vehicle. Any time the front of the vehicle is involved in an im-
pact, from one to four headlights may be broken and provide a pos-
sible ignition source.

3.2 3 Displaced or Broken Battery

From outward appearance this could possibly be the most dan-
gerous ignition source. Although the cables leading from the bat-
tery are well insulated, the battery terminals in general are not.
Batteries are generally located in an area of the vehicle where
sheet metal is easily displaced and can come ir contact with these
exposed terminals. A short circuit at the battery terminals is
current limited by the external circuit and the internal battery
impedance of a few milliohms. This can result in a short circuit
current in excess of 500 amperes for a short period of time. This
is in excess of the level produced with an arc welder in many
cases. Therefore, short circuits of a hattery appear extremely
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hazardous if fuel is available for ignition. Metal need not only
deform around the battery, but the battery may also break loose
anid short circuit to anything it might contact.

Fiat researchers (Reference 13} investigated the possibility
of a battery still being able to produce current after the case
has been broken and the electrolyte drained out. There were cases
where, an hour after damage occurred, current was still available
at the terminals and the battery still provided a dangerous spark -
source.

3.2.4 Friction Sparks

Friction sparks present another possible ignition source.
These are burning or hot metal particles which have béen abraded
from part of the vehicle during an accident. For friction sparks
to be present, a metallic part of the vehicle structure must come
in contact with the pavement. There are three basic material
types which may provide friction sparks in a vehicle impact. The
most prevalent material available is low carbon steel, used in
frame and sheet metal parts. Cast iron used in brake drums and
housings and spring steel in the vehicle suspension system are
also possible spark sources.

Those accidents where the vehicle body or undercarxiage con-
tact the ground can provide friction sparks. The top and 'side of
the vehicle might be involved in a rollover situation. The body
or undercarriage might easily be involved in a one-~car accident
where the suspansion collapsed or a wheel was lost. This would
provide a more dangerous situation if it occurred at the rear of
the vehicle since the fuel tank could be torn in this type of
accident. At high speed, sparks and fuel could be available for
a considerable period of time and thus provide a fire hazard lon-
ger than during a vehicle~-to~vehicle impact.

T35 Tocati, L., and Franchini, E., Car Crash-Fire Investigation =-
Indagine Sull'incendio di Vetture Causato da Collisione, paper
presented at lith Fisita Congress, Munich, June 1966.
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3.2.5 Hot Surfaces

Various hot surface areas exist within the confines of a ve-
hicle which may have high :nough temperatures to induce autoigni-
tion of gasoline. The exhzust system from the manifold or headers
to the tailpipe operates a. high temperatures. The exhaust mani-
£51d contains the hichest temperatures in pre-~1975 wvehicles. It
is also in a location which may receive fuel spillage if a fuel
line is broken. The temperature of the flange where the exhaust
pipe is bolted to the manifold will be higher than the remainder
~f the manifold due to its larger concentrated mass,

The exhaust pipe connscts to one or two mufflers in series
before reaching the tailpipe. The temperature in the system de-
creases steadily until tr > (ailpipe is reached. In 8-cylinder
vehicles two exhaust svstens will probably be available, thus,
furnishing a larger areu of hot surfaces than on a 4- or 6-
cylinder vehicle.

American cars manufactured in the 1975 model year and later
sresent a higher possible hazard level from the standpoint of hot
urfaces than pre~1975 vehicles. This system using a catalytic

converter between the muffler and the manifold is operated at a
very high tempurature to reduce exhaust emission and is therefore

a possible hot surface igniter.

Yehicle brakes can also be a source of high surface tempera-
tures dependinrg on condit:ons just prior to the vehicle accident.
For instance, if the vehicle has been coming down a long mountain
grade and using the brakes frequently prior to impact, tempera-
tures may be 800°F or higher for a short period of time and may
¢asily be a potential ignition source. This would be true of

-

either drum or disc brakes.

3.2.€6 Engine Backfires

Although engine backfires can ignite fuel during aircraft
crashes, engine backfires are not likely to occur during an auto-
motive vehicle impact due to the short time span that the engine
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continues to run. Unlike radial airplane engines that may con-
tinue rotating after a crash even though the electrical ignition
system is inoperative, automobile engines generally stop rather
quickly. This rapid stopping does not allow fuel/air mixtures
tc enter or build up in the hot cylinders for any length of time
after the impact. In addition, the high exhaust collector temp-
eratures encountered in aircraft are not encountered in automo-
biles. ‘Thus, an unburned charge can come in contact with the
autdmobilemexhauStwmanifold and be less likely to ignite than in
an airCraft.

3.2.7 External Ignition Sources

In addition to the ignition sources available from the vehi-
cle during an accident, external ignition sources can also be
available. As the direct result of an accident, a high~tension
line may be'broken and drop to the ground, providing an excellent
ignition source of 12,000 volts or more. Adequate energy is most
certainly available in a spark source of this nature. Highway
flares may be another possible ignition source. This may be es-
pecially true if they are set out by an inexperienced individual
who comes upon the scene of an accident and does not realize gaso-
line is being spilled from the fuel tank.

An additional external ignition source which can be either
in the vehicle or contributed from outside is a burning cigarette.
Some speculation is involved as to whether a cigarette can ac-
tually cause a fire or not since the Fiat researchers (Reference
13) were unable to ignite gasoline with a burning cigarette dur-
ing laboratory tests.

3.3 SPARK ENERGY LEVELS

3.3.1 Minimum Ignition Energy Levels

A spark requires a certain minimum energy level to ignite a
fuel mixture. Figure 3-1 shows energy levels required for igni-
tion of typical hydrocarbon compounds based on fuel/air ratio.

It can be seen that, although the ignitable fuel/air ratio varies
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Figure 3-1. Critical Dependence of Ignition Energy on
Fuel/Air Ratio for Typical Hydrocarbons.

considerably for the different compounds, the minimum ignition
energies required are all within 0.1 millijoule of each other.
This minimum energy level is affected by a number of variables
which include mixture composition, pressure, temperature, spark
duration, and electrode configuration (size, material, and
spacing). The following sections discuss the properties of the
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specific types of sparks which might be encountered during a vehi-
cle crash.

3.3.2 Inductive Sparks

Sparks of this nature occur when a wire is broken in an in-
ductive circuit. The sparks are generally not as bright as ca-
pacitance sparks and exhibit a spectrum which corresponds to the
electrode material. Also, spark duration will be long compared
to a capacitance spark, and therefore, the enerqgy transferred in
an inductive spark can be somewhat greater. The following form-
ula indicates the total energy which is dissipated in a circuit
of this type when there is a spark.

o o Li’
2 (3-1}
E = energy dissipated in joules
L = inductance of circuit in henrys
i = current in amperes in circuit prior to release

Although it would appear easy to determine which inductive energy
sources are a hazard by simple measurements, this is not so. En-
ergy dissipated may be higher than indicated from calculations if
the potential across the electrode gap is adequate to maintain
the spark. Also, the energy may be less if the spark is exting-
uished before all the energy in the circuit is dissipated. Thus,
a strictly analytical approach may be inadequate to determine if
a particular vehicle component is hazardous.

An inductive spark differs from a capacitance spark in that
it is affected by the electrode material. In general, as the
density of the electrode material is decreased, the energy re-
guired to ignite a fuel mixture decreases. The energy level
change is not great, and since virtually all vehicle wiring is

done with copper, this factor can be ignored in the present study.
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;Athher‘fa¢tcr,tofbeVCQnéi&é;edqinsan~ind@étive circuit is
whether current type has any effect on ‘the energy levels available
for ignition. Tests which have been performed (Reference 14) in-
dicate that current type (DC or AC) does not affect the energy
levels necessary for ignition.

It can be seen that many factors affect the ability of an
electrical component and its surrounding environment to provide a
spark energy level adequate for ignition. However, once the in-
ductive component is placed in the system, all other factors that
have an effect on ignition energy levels are for all practical
purposes uncontrollable during the crash environment.

3.3.3 CapacitivegSParks

Sparks of this nature exhibit totally different characteris-
tics from inductive sparks. They are usually much brighter and of
a shorter duration than inductive sparks. The spectrum which is
exhibited corresponds to that of the gas mixture which is present.
Although the current levels in capacitive sparks can be quite
large -due to their short duration, the energy level can be quite
low., The following formula indicates the energy available for

ignition in discharging a circuit where capacitance is present.

2

14. Scull, wWilfred, Relation Between Inflammables and Ignition
Sources in Aircraft Environments, NACA Report No. 1019, Lewis
Flight Propulsion Laboratory, Cleveland, Ohio, 1951.
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E = energy dissipated in joules
C = capacitance in farads

Vl = extinction potential, after spark has been dis-
sipated as a result of weakening field (volts)

V, = potential immediately prior to spark (volts)

Although both equations for inductive and capacitive spark energy
are structurally the same, available circuit inductance can
ecsily be larger than capacitance by a factor of 1,000 or more.
However, the available spark energy from a capacitor is 25 times

larger than from an inductor of the same size.

Studies of electrode configuration show a minimum energy is
required for ignition when the electrode is sharp in comparison
to a spherical test electrode. Wire breaks will, of course, ex-
hibit this configuration rather than the spherical surface which

is used in laboratory experiments.

While electrode spacing on inductive sparks is not a well
known guantity, 1t has been carefully investigated in capacitive
spark systems. If the electrodes are very close together, the
required energy for ignition rises rapidly because the electrode
mass exerts a cooling effect which gquenches the initial inflamma-
tion. Once this quenching distance between the electrodes is ex-
ceeded, the minimum energy required to ignite a fuel/air mixture
is reached and remains relatively constant for a short distance.
In an automobile collision the electrode gap is not controllable,
Since energy is a function of gap space, the minimum energy level
will be attained sometime during the crash if a wire is broken

and/or grounded.

The electrode material has no significant effect on capaci-
tive spark energy as it does on inductive sparks.

Another type of capacitive spark is an electrostatic spark.
This type spark is caused by contact of two unlike surfaces and
is accumulated as a result of friction. This can be induced dur-

ing an impact or as the result of airflow with a heavy dirt
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content such as in a dust storm. The available energy levels and
hazards of this type of spark for ignition purposes in an automo-
bile are not known.

The production of electrical sparks and their ability to ig-
nite a fuel/air mixture are complex subjects. The area has been
sammarized in this section only to impart some idea of the mech-
anism which is responsible for ignition in a majority of vehicle
fires. Refer to Reference 14 for a comprehensive investigation
of the subject.

3.3.4 Friction Sparks

Friction sparks may also be produced in a vehicle accident
and are gquite different from electrical sparks. They are ac-
tually small particles of metal abraded from the parent material.
In an automobile they would generally consist of mild steel al-
though cast iron, spring steel, and possibly aluminum could be
present. These small pieces of metal are torn away and heated as
a result of friction. When they contact the air, they oxidice or
burn. Tests have shown (Reference 14) that the temperature of
small heated spheres must increase rapidly as the size diminishes
in order for ignition to take place. This increase in tempera-
ture may be accomplished by increasing the bearing pressure and
maintaining that pressure for a specific length of time in order
to preheat the parent material and thus increase the spark energy.
Basically, friction sparks are rather poor ignition sources due
to their small size in relation to their surface temperature.

The energy level of friction sparks from ordinary materials
found in automobiles is quite low. However, titanium and mag-
nesium alloys generate high=-energy friction sparks and must be
considered dangerous. At the present time these materials are
not used in automobiles except for a relatively small number of
optional magnesium alloy wheels.
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3.4 GASOLINE AND FLAMMABLE MATERIAL CHARACTERISTICS

3.4.1 General Properties of Gasoline

The following description of the properties of gasoline was
taken from the Third Edition of Dangerous Properties of Indus-
trial Materials (Reference 15).

Synonym: Petroleum

Description: Clear, aromatic, volatile liquid
Formula: A mixture of aliphatic hydrocarbons
Constants: Flash point: =-45°F, density: <1.0,

vapor density: 3.0-4.0, Underwriters
Laboratory Classification: 95-100,
lower explosive limit: 1.4 percent,
upper explosive limit: 7.6 percent,
autoignition temperature: 495°F

Fire Hazard: Dangerous when exposed to heat of
flame; can react vigorously with
oxidizing materials.

Explosion Hazard: Moderate, when exposed to heat or
flame.
Disaster hLazard: Dangerous, in the presence of heat

or flame.

3.4.2 Flash Points of Gasoline and 0il

The flash point of a substance is the minimum temperature at
which vapors from the material will propagate a flame away from
the source of ignition. The flash point of gasoline varies from
-45°F to -36°F depending on the octane number. Thus, gasoline
can flash in virtually all parts of the country, even in the win-

ter, if an ignition source is present.

Ergine 0il, on the other hand, has a flash point that is

much higher. The flash point of engine 0il is in the range of

15. Sax, Irving N., Dangerous Properties of Industrial Materials
Third Edition, Radiological Sciences Laboratory, New YOrk
State Health Department, Albany, New York, Reinhold Book
Corporation, New York.




400° to 500°F. The flash point of ocil is not reached even under
heavy driving loads, but it can be reached if the oil comes in

contact with a hot manifold or catalytic converter.

3.4.3 Combustible Range

Gasoline cannot be defined by one particular eguation as
many chemical substances are. Gasoline is composed of hydro-
carbons ranging from CSle to CQHZO; thus, different mixtures or
blends represent different properties. Figure 3-2 shows the re-
lationship of the fraction of stoichiometry to the required ig-
nition energy for five hydrocarbon fuels of which two fit into
the gasoline range. The fraction of stoichiometry may be con-
verted to a more meaningful one of fuel/air ratio (by weight)
with the following formula:

F/A = (fraction) 2%42 i 52 (3-3)

where n represents the carbon subscript associated with the equa-

tion:

3n + 1 =
CnH2n+2 + -——-—T—-‘ 02 + (6n -+ 2)N2 =

nCO,(n + 1)H,0 + (6n + 2)N, (3-4)

As may be seen from Figure 3-2, ignition of a fuel is depen-
dent on its ability to form combustible fuel-to-air mixtures in
the vapor phase. Ignition will not occur unless certain fuel/air
ratios are present in the surrounding crash environment. For gas-
cline, this condition "can" exist for all temperatures above ap-
proximately -40°F. However, even ignition of fuel-in-air vapors
must occur within certain flammable limits. For gasoline, igni-
tion can only occur for fuel/air mixtures {(percent by volume)
between 1.4 and 7.6. These lower and upper values represent the
limits below and above which ignition will not occur for any
amount of igniter energy.
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Figure 3-2. Critical Ignition Energy for
Several Hydrocarbon Fuels.

3.4.4 Autoignition Properties

’ The autoignition temperature of a substance is the minimum
temperature required to initiate or cause self-sustained combus-
tion independently of the heating or heated element. The re-
pcrted autoignition temperature (AIT) of gasoline is 495°F. This
temperature measurement is rather ambiguous inasmuch as many fac-
tors affect autoignition. For example, the ignition temperature
of hexane as determined by three different methods vielded re-
sults from 437° to 950°F (Reference 16). Some of the factors
which affect this are size and shape of container, method of
heating, container material, rate and duration of heating, fuel
mixture, and fuel mixture flow rate. The data in Figure 3-3 and
Tables 3-~1 and 3~2 show the AIT of several hydrocarbons and indi-~
cate variations in temperature due to the different test condi-
tions noted. Although gasoline is not listed, the variations
noted are typical of all hydrocarbon fuels.

16. National Fire Codes, Volume 1, Flammable Liquids, National
Fire Protection Association.
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11
TABELE 3-1. MINIMUM AUTOIGNITION TEMPERATURE OF N-OCTANE, !
JpP-6 FUEL, AND MIL-L-7808 ENGINE OIL IN 1.16
IN.3 CYLINDRICAL VESSELS WITH QUIESCENT AIR
AT ATMOSPHERIC PRESSURE
Autoignition Temperature, °F
MIL-L-7808
vessel Material n-Octane JP-6 Engine 0il
Pyrex 990 945 940
Stainless Steel 985 985 1015
Aluminum 1080 1060 1090
Carbon Steel 1155 - -
Vessgsels - 0.5 inch diameter, 6 inches long.

Fuel-oxygen ratio ~ 1 (data from Reference 17).
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In addition to the variables cited above, a delay time is re-
quired so that adequate thermal energy may be added to ignite the
substance in question. This can take 60 seconds or longer even in
low AIT temperature regions.

The hot surface or autoignition temperature is difficult to
relate to the hot surfaces of an automobile. With large varia-
tions found under laboratory conditions, one can easily imagine
the difficulties associated with determining their effect in an

automobile.

3.4.5 Hot Gas or Open Flame Ignition

Gasoline may also ignite as the result of being exposed to
Lot gases or an open flame. Gas temperatures greater than 1,300°F
would probably be required to ignite gasoline since temperatures
in the range of 1,220°F to 1,280°F minimum are required for igni-
tion of n-hexane, n-octane, and n-~decane (Reference 17). Hot

17, Ruchta, J. M., and cato, J. J., Ignition Characteristics of
Fuels and Lubricants, Air Force Aero Propulsion Laboratory,
Wright-Patterson Air Force Base, Ohio, for the Bureau of
Mines, No. AF APL-TR-65-18, March 1965.

3-15



géses are available at the exhaust of an automobile engine; how-
ever, thev would only be available to contribute to ignition if
the manifold were broken very close to the engine head. A break
at this point would probably indicate an accident of severe enough
nature to stop the engine and thus stop hot gas flow.

3.5 VEHICLE AND ENVIRONMENTAL TESTING

A laboratory testing program was planned to define the con-
ditions under which motor vehicle ignition sources present in
crash situations would ignite spilled fuel. Prior to conducting
the laboratory tests, it was necessary to determine roadway and
vehicle surface temperatures to which the spilled fuel might be
exposed during and immediately following the crash.

3.5.1 Asphalt Surface Temperature Testing

To determine a criterion for fuel temperature to be used in
the upcoming laboratory ignition tests of spilled fuel, asphalt
surface temperatures were measured. These measurements were taken
with a thermocouple set just below the surface ian three different
locations at the Ultrasystems' facility in early September. Temp-
eratures at this time of the year in Arizona had decreased from
highs in June and July of 118°F; however, Figure 3-4 shows that
the daytime temperature reached 107°F which is higher than most of
the rest of the country throughout the summer months. Asphalt
temperatures reached 124°F. (Concrete temperature measurements
were not taken since the color of concrete is lighter than that of
asphalt so its ability to absorb radiation would be less.)

In the earlier part of the summer months the sun is 20°
higher in the sky and incoming solar radiation is much greater.
Asphalt temperatures in the area of 140°F would not be uncommon.
Thus this temperature was selected as the maximum temperature for
pooled fuel during the laboratory tests.
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Figure 3-4. Asphalt and Ambient Temperatures
Measured at Ultrasystems' Facility.

3.5.2 Vehicle Surface Temperature Testing

Vehicle temperature measurements were also taken to deter-
mine if hot areas of the vehicle exhaust system would be adequate
td ignite gasoline by autoignition. Three 1974 American automo-
biles were tested.

The test vehicles were warmed up on a two-mile oval test

track for 15 minutes at 40 miles per hour. The ambient tempera-

ures taken during these tests were in excess of 94°F; two vehi-
cles were tested when it was 104°F. Again, these temperatures
were much warmer than the average the rest of the country will see
throughout the summer. The exhaust system temperatures were ob=-
tained with a thermocouple. All vehicles were idle during the
temperature measurements.
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Figure 3-5 shows the results of these tests. It is doubtful
that these temperatures would lead to autoignition of gasoline.
However, temperatures somewhat higher than these can be expected
at higher engine output levels when the vehicle is accelerating or

under load.
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Figure 3-~5. Exhaust System Temperatures -
1974 Test Vehicles.

Tr. 1975 vehicles the exhaust system includes a catalytic con=-
verter. This device is used to reduce exhaust gas emissions to an
acceptable level to meet Federal emission standards. Temperatures
on the surface of the converter can reach 1,000°F under certain
conditions: therefore, this system must be considered a possible
gasoline irmition source. Figure 3-6 shows temperatures on the
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Figure 3-6. Catalytic Converter Temperatures -

1975 Vehicles.

converter measured during various operating conditions. The 55~
mph temperatures are lower since the vehicle was started up cold
for tests at this speed while the vehicle had been running prior
to testing at the other speeds.

3.6 LABORATORY TESTING OF IGNITION SOURCES

A series of laboratory tests was conducted to define the con-
ditions under which motor vehicle ignition sources present in
crash situations would ignite spilled fuel and to determine which
of the many ignition sources are the most hazardous. The test
program not only considered all potential ignition sources but
also the pooled fuel envircnment and physical environment of the
vehicle. The ignition sources consisted of electrical sparks, hot
surfaces, and minute hot surfaces such as lamp filaments and fric-
tion sparks. The pooled fuel environment consisted of varying
fuél temperatures and surface areas. The physical environment
ranged from an open environment to varying degrees of a restricted
environment.
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The general procedure consisted of placing predetermined
guantities of gascline in a dish and allowing the gasoline to
evaporate. The concentration of the vapors formed decreased with
increasing distance from the surface. The ignition source was
lifted away from the surface so that it could not fail to cross a
point where the vapor concentration was in the flammable region.
Ir. addition, the same tests were conducted by lowering the igni-
tion source toward the surface. The two sets of values deline-
ated the flammability mixture band width critical for that par-
ticular ignition source. The wider the band, the more energy con-
tained in the ignition source and the more hazardous it is.

The following sections present detailed descriptions of the
test apparatus, procedures, and results.

3.6.1 Electrical Ignition Sources

3.6.1.1 Test Equipment and Procedures

The test apparatus is shown in Figure 3-7. It consisted of
an electrode assembly, a vertical drive motor, a spark generating
system, and a hot plate.

The electrode assembly consisted of two copper rods four feet
long inside two pyrex tube insulators mounted on either side of an
aluminum bar. Copper wire electrodes were mounted at the lower
end of each copper rod with set-~screws as shown in Figure 3-8.

One of the copper rods was stationary while the other could be ro-
tated through about 45° of arc and then returned to its rest posi-
tion by a return spring, thus making and breaking contact between
the two electrodes. This arrangement simulated both momentary
shorts from broken wires and the breaking of a wire.

The rotating electrode was actuated through a cam driven by
an air motor. The air motor received air for operation through a
bottled air supply. The speed of the motor and consequently the
spark rate were governed by a regulator which controlled the air
pressure fed to the motor.
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Laboratory Ignition Source Test Apparatus.

Figure 3-7.
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The whole electrode assembly could be moved vertically from
the fuel surface to three feet above the fuel surface. This was
done through a variable speed motor mounted in a protective box on
top of the unit. Vertical speed during testing was adjusted to
approximately .25 inch per second. This guaranteed that the reac-
tion time of the operator would be fast enough to stop the elec-

trode movement within .125 inch after observing ignition. Figure
3-9 shows the vertical drive unit and the electrode rotator assem-
bly.

o
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Figure 3-8. Electrode Assembly.
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Figure 3-9. Vertical Drive Unit and Electrode
Rotator Assembly.

The apparatus was operated from a control beoth situated out-
side the laboratory. The booth contained all instrumentation mon-
itors and operating controls. A 50-pound C02 fire extinguisher
whose nozzle was attached toc the test stand was also operated from
the contrcol bocth. An observation window was used by the operator
to monitor the tests.

Tests were conducted using four different fuel surface areas.
Glass dishes with diameters of 60mm, 100mm, and 150mm were used to
attain three different areas. The dishes contained 25c¢ec, 75cc,
and 150cc of regular gasoline, respectively. The fourth area sim-
ulated an infinite spilled fuel area which would be encountered in
a massive fuel tank rupture. This was accomplished by using the
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150mm diameter dish and placing a 3-foot-long 7—inch.I.D. alumi-
num tube over it. (The tube is shown on the left side of the test
stand in Figure 3-7.) Vapors building up inside this tube simu-
lated the same type of buildup encountered with a large area of
fuel. The electrode assembly moved up and down inside the tube.

Three different fuel environments were also used during the
testing; first, a completely open environment with all four fuel
surface areas, second, an inverted pan 12 inches in diameter by 10
inches deep, located 6 inches above the fuel surface, and third,
the same pan 12 inches above the fuel surface. These latter two
conditions simulated gasoline vapors being trapped under the vehi-
cle and thus possibly generating a more dangerous vapor level than
would be encountered in a completely open environment. The latter
two conditions were only used with the three smaller fuel areas.
Extremely hazardous conditions would have been encountered if the
infinite area was tested on a closed basis. Another condition was
also used with each closed environment. A strip heater was lo-
cated inside the inverted pan and heated to 700°F to simulate a
hot engine component.

Most of the tests were conducted twice using two different
fuel temperatures. These were the laboratory ambient temperature,
which was generally 68° and 79°F, and a higher temperature between
125°F and 145°F. The higher temperature was typical of asphalt
temperatures on a hot day in the Southwest and was attained by
heating the fuel on the hot plate.

The test apparatus was instrumented with four thermocouples
which measured fuel temperature, hot plate temperature, heater
strip temperature (if applicable), and air temperature inside the
tube used to simulate infinite fuel areas. The thermocouple was
required in the tube to determine when ignition occurred since
only rarely was a flame visible at the top of the tube.

To assure that test results were as repeatable as possible,
a careful time schedule was maintained in regard to fuel heating
time and soak time. If the test required only ambient fuel
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temperature, the fuel was allowed to sit open in still air on the
test stand for 2 minutes before the spark source was initiated.
This assured that the fuel vapors would reach an equilibrium con-
dition before the test was started. If heated fuel was required,
it was covered and allowed to heat for 2 minutes, then uncovered
and allowed to reach egquilibrium for 2 minutes if an open environ-
ment was used or 3 minutes if conditions required a closed en-
vironment. This did not always result in the same final fuel
temperature, because of the different volumes of fuel used, but
the amount of fuel evaporation was kept constant and approxi-
metely the same amount of volatile constituents were available
during each test.

The electrode assembly was alternately raised and lowered
during each ignition source test to determine both the minimum
and maximum heights above the fuel which would support combustion.
The assembly was first lowered until it was within .06 inch of
the fuel surface. The required soak time was met and the spark
source was initiated. The electrodes were held at this position
for approximately 3 seconds and then started up at a rate of .25
inch per second. The assembly was stopped immediately when a
flame appeared or, in the case of the vertical tube, when a temp-
erature rise was indicated. The fire was then extinguished and
the final height recorded using a precision metal scale mounted
on the side of the test stand and a pointer m.unted on the elec-
trode assembly. If a flame did not occur while moving the elec-
trodes away from the fuel surface, the test was terminated since
a flammable vapor mixture did not exist for that particular igni-
tion source. However, if the fuel was ignited, the electrode
assembly was raised to a position 18 inches above a fresh dish of
fuel and the procedures were repeated with the electrodes being
lowered toward the fuel.

3.6.1.2 1Ignition Sources Tested

3.6.1.2.1 Broken Headlight Wire. Breaking a headlight wire can

provide two types of ignition sources. First, tearing the head-
light wire will provide a small extra-current spark due to the
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current spark.
tion 3.6.1.2.4.

The’teét‘Setﬁp“is7shown;Séhématically in Figure 3-10.

AUTOMOTIVE HEADLIGHTS

}%i O TO ELECTRODES
L"l'l'll—i 1

12-VOLT
BATTERY

Figure 3-10. Electrical Diagram for Spark
From Broken Light Wire.

Twelve volts were provided to two automotive headlamps con-
nected in parallel. The circuit was completed when the contact
points of the electrode assembly were touching.

The circuit was

made and broken at a rate of 4 times per second.

3.6.1.2.2 Damaged Distributor. This test investigated the poten=-
tial of a discharge spark from the distributor coil functioning as

an ignition source. For this to happen, the distributor cap would
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have to be broken while the rotor was still turning. Although
one might expect the rotor to stop during impact, the fairly com-
mon incidence of distributor damage during accidents raises the
possibility of the distributor acting as an ignition source which
must be investigated.

The wiring diagram for this test is presented in Figure 3-11.
The breaker points were removed from a distributor and the ends
cut off and soldered onto a solid 1l2-gage wire. These modified
points were then mounted on the end of the electrode assembly
over a dish of fuel. The points were set to open at a rate of 4
times per second. This particular setup with an open coil output
p:rovided the largest amount of sparking energy since all the

energy of the coil was discharged across the points.

Ry, Ly, C;, MATCHED SET FROM TYPICAL AUTOMOBILE
.COIL OUTPUT OFEN -
Ry WORST CASE FOR
AAA ARCING AT POINTS
BALLAST .
2
%l
1 s C'
1
Loy
12-VOLT ‘
BATTERY S IR S

IGNITION POINTS
IM EXPLOSIVL
ATMOSPHERE

Figure 3-11. Wiring Diagram for Ignition Spark
From Broken Distributor.
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3.6.1.2.3 Broken High-Tension Wire. This type of ignition

scurce would result from the breaking of a spark plug wire. This
is the same source whose function in an automobile is to ignite
the fuel/air mixture in the cylinder of the engine and must be
considered a highly dangerous source.

A model T Ford coil was used as the spark source for these
tests. This coil has a continuous high-voltage output and uses
a vibrator on the end of the coil to make and break the magnetic
field at a very rapid rate. The electrode gap was maintained at
0.100 inch during these tests. The schematic in Figure 3-12

shows the Ford coil as it was installed.

SWITCH
e

6V

502025272

4

gg?? TO ELECTRODES
) £ i
Lo} i—
12-VOLT
BATTERY

Figure 3-12. Wiring Diagram for Ignition Spark
From Spark Plug Wire.

3.6.1.2.4 Direct Battery Short. A direct battery short not only

occurs when a part of the vehicle structure comes in contact with
the positive battery terminal but also when a hot wire is torn
loose anéd comes in contact with a grounded area. This test used
a l2-volt automotive battery with its leads going to the elec~
trode assembly on the test fixture. All wiring was done with
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Number 0 or larger cable up to the electrode shafts which were
coupled to the large cable with two Number 4 wires for flexibil-
ity. The spark was formed with two pieces of Number 12 solid
wire contacting through the rotating electrode.

Very bright sparks were formed with pieces of molten copper
being torn away from the electrodes with each contact. Even
though electrode contact was maintained for only 15 to 30 milli-
seconds at a time, the electrodes would generally last for only
10 to 20 seconds before they would burn off. This produced be-
tween 40 and 80 sparks.

The schematic in Figure 3-13 shows the test setup. The only
limiting factor in this circuit was the internal battery resis-

t-nce in the connecting cables to the electrodes.

SWITCH
e
]
1 [1 TO ELECTRODES
Lyijoj—
12-VOLT
BATTERY

Figure 3-13. Wiring Diagram for Spark From
Direct Battery Short.

3.6.1.2.5 Broken Inductive Wire. An inductive spark in general

contains a larger amount of energy than a capacitive spark in a
car. This test used an air conditioner compressor clutch coil to

generate the reguired ignition spark. Figure 3-14 shows this test

3-29



SWITCH

q
i
!
!
)

.

50202525

1 ;
¥ |
§ !
¢ : AIR CONDITIONER
: i COMPRESSOR CLUTCH
i I COIL
8 ¢
§
’ |
~ £ TO ELECTRODES
--ic!nls._..,
12-VOLT
BATTERY

Figure 3-14. Electrical Diagram for Spark From Broken
Wire From an Inductive Source.

setup. This system generated a spark when the contacts were
opened and the magnetic field collapsed. This test simulated an
extra~current broken wire spark and not a short circuit spark
which would occur if the broken hot wire came in contact with
ground {(refer to Section 3.6.1.2.4).

3.6.1.2.6 Broken Headlight. The headlights were tested on the

same test fixture as the ocher electrical ignition sources, How-
ever, their method of ignition is not due to an electrical spark
but to the hot filament.

Figure 3-15 shows :he wiring schematic for the headlight
tests. The headlight glass was scored and carefully broken out,
leaving the intact filament exposed to the air. It was found
during the tests that the lamp stayed lit for & period of 1 to 35
seconds, with most lamps going out between 3 to 9 seconds as the
filament burned away. However, this was an adeguate time span to
determine if a lighted headlamp filament would present an igni-
tion hazard.
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Figure 3-15. Wiring Diagram for Hot
Light Bulb Filament.
3.6.1.3 Test Results

3.6.1.3.1 Electrical Sparks. The broken headlight wire and the
distributor coil discharge through the ignition points did not

ignite the fuel/air mixtures under any of the test conditions.
Even though the spark from the distributor coil was readily vis-
ible, it still did nct contain adequate energy to ignite the

flammable fuel wvapors.

The pooken high-tension wire and direct battery short, on
the other hand, ignited the fuel vapors in all of the tests. The
inductive spark from the compressor coil ignited the vapors in
all of the open environment tests and in 63 percent of the closed

environment tests.

The test results for the three sources which igniced the fuel
vapors are summarized in Figures 3~16 through 3-21. The open en-
vironment test results are presented in Figures 3-16 and 3-17. As
may be seen in these figures, all three sources ignited the fuel
vapors in the same general range although the areas did vary some-
what with the type of ignition source. The variations could have
been caused by slightly different spark energies and also by the
movement of the rotating electrode disturbing the fuel/air mixture.
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Figure .-16. Open Environment, Ambient Fuel
emperature Ignition Bands.
Thre general trends of wider flammability bands for increasing
Zuel surface area and temperatu are as expected as both of
these conditions produce more fuel vapors than are produced from

<he smaliler surface areas and lower temperatures.

“ha clesed environment test results are presented in Figures
gh -

21. When the hood was added, the flammable ranges
cllicw as consistent a pattern as they did in the open en-

i-18 throu
c¢id not £
vironment tests. When the hood was located © inches above the
fuel surface, the upper limit of flammability was lowered some-

what from that fcund irn the open envircrment. When the hood was
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Figure 3~17. Open Environment, Heated
Fuel Ignition Bands.

12 inches above the surface, this upper limit was lowered even
further. The addition of a heated surface inside the hood pro-
duced some anomolous results for specific ignition sources, al-
though the overall combined flammable band widths were not af-
fected significantly. The unpredictable results obtained during
these tests were probably dﬁe to the test conditions disturbing
the equilibrium stratification of the fuel vapors in an undefined
manner. However, the fact that ignition occurred even under non-
eqguilibrium conditions emphasizes the more than sufficient energy
contained in the spa;k sources to ignite a wide range of flam-

mable fuel vapors.
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Figure 3-18. Closed Environment Ignition Bands
(Eood 6 Inches From Fuel Surface).

Extrapolation of the band widths determined in the laboratory
=0 the real world of an automobile crash cannot be dons in a lit-
eral sense, and this was not the intent of the laboratory tests
¥hen fuel is sgpilled under dynamic conditions, a fuel spray is
formed containing many pockets of flammable vapors. In addition,
+*he fuel is gpraved onver distances ranging up to several feet.
Thus it must be assumed that flammable vapors can come in contact
with many icnition scurces during a crash. The laboratory tests
served to define which cf these possible ignition sources could,

i act, ignite a crash fire. Those ignition sources igniting
fuel under a1l of the laboratory test conditions can certainly
a

s prime ignition sources, while those which did not
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Figure 3-19. Closed Environment Ignition Bands
(Hood 12 Inches From Fuel Surface}.

ignite under any of the test conditions can be dismissed as pos-

sible ignition sources.

3.6.1.3.2 Broken Headlights. Figure 3~22 shows one of the tests

which were run with success using broken headlights as an igni-
=.on scurce. Testing was done only with ambient fuel tempera-
tures since lighted headlamp filaments generally would be exposed
tc a fuel spray during a rear impact in which the headlight glass
of the striking car was broken. No attempt was made to determine
a range for this source for the reascns discussed in the previous
paragraph. The probe was set in the flammable range where igni-
tion had occurred for the electrical sparks and the light was
turned on. Ignition took place in all of the tests. Figure 3-22

shows the headlamp filament still had not broken when the fire
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Figure 3~20. Heated Closed Environment Ignition Bands
(Hood 6 Inches From Fuel Surface).

started. One headlamp was used for four tests which shows that

the filament will last for some time when exposed to the air.

Reference 14 indicates that the method of ignition in this
case is not that of a hot surface but of an open flame. When the

white hot tungsten wire is exposed to oxygen in the presence of a

£1

b

mrable fuel/air mixture, the filament rapidly oxidizes, bursts
znto flares, and ignites the mixture. The laboratory tests con-

S:rmed this ignition method.
The laboratory tests determined that automobile headlights
could easily ignite gasoline if they survived the impact of the

vehicle in a crash. This aspect is discussed in Section 3.9.2.
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Figure 3-21. Heated Closed Environment Ignition Bands
(Hood 12 Inches From Fuel Surface).

3.6.2 Friction Spark Ignition Source

3.6.2.1 Test Equipment and Procedurss

The fixture for this test was basically the same structure
wiich was used in the electrical ignition source tests. Figure

3=23 shows the nodifications which were made to the fixture. The

n

luminum rack which moved the electrode into position was modi-

f£ied to hold the friction spark device in position over the fuel

£

ish. Provisions were made to force a 3-inch by 3-inch by 6-inch
test specimen of paving concrete against a rotating steel wheel.
The wheel was scalloped out and beveled so a high contact pres-

sure could be maintained. The air motor was fed pressure of 150
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Figure 3-22. Ignition Test Using Broken
Headlight as Ignition Source.
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Figure 3-23. Test Apparatus for Friction
Spark Ignition Tests.

psi from the shop air supply to assure full output power was
available. Friction sparks were generated over the fuel dish.

3,6.2.2 Materials Tested

Paving concrete was considered to be a greater hazard from a
spark standpoint than asphalt because of the hard rock content in
concrete. A local company that does paving for the state was con-
tacted and a formula for the mix was obtained. This consisted of
51.7 percent rock, 33.7 percent sand, and 14.6 percent cement by
weight. The rock content was high enough to obtain good sparking.
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The wheel was fabricated from 1020 steel which is similar in
composition to the main structural and sheet metal in a car. Con-
struction of wheels from sprlng steel and cast iron was not under-
taken due to materlal availability problems.

3.6.2.3 Test Results

Figure 3-24 shows one of the tests. Sparking was maintained
from 10 to 20 seconds. Ignitidn”dia”not occur during any of the
tests. However, these results cannot be considered conclusive.
The moving air generated by the rdt;jlng wheel caused consider-
ablefdzsturbance of the flammable vapors. above the fuel dish.
Howaver, the laboratory tests did show that this ignition source

is less hazardous than some of the electrical sources.

Friction spark tests have 'been conducted outside the labora-
tory by other investigators. Fiat conducted two types of such
tests (Reference 13). The first consisted of dragging a heavily
damaged car body over macadam and concrete while gascline was
sprayed around the sparking areas. The second test series used a
specially designed dolly which carried pieces of sheet metal of
varying thickness in contact with macadam and concrete while gaso-
line was dripped in different areas in front of and behind the
test specimen. ©No sparking occurred up to 20 km/hr regardless of
contact pressure. Ignition occurred in only 10 percent of the
tests above this speed.

Friction spark ignition source testing was . conducted at
the Lewis Flight Propulsion Laboratory to determiue the friction
spark hazards of certain aircraft metals under simulated crash
conditions. Although this study dces not apply directly to auto=-
mobiles, many items show a correlation. Tests were p@rfarmeﬂ by
inserting a test specimen in a fixture which was pv " .a2d over a
concrete runway by a truck. The contact pressure cn the specimen
was controllable as was the test velocity and type of fuel spray.
Igniters were provided to determine that a flammable mixture did
exist. Five types of materials were tested: aluminum, titanium,
magnesium alloy, 4130 steel, and 347 stainless steel. Aluminum,
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Figure 3-24. Friction Spark Ignition Source Test.
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titanium, titanium alloy, and magnesium alloy are not of interest
ia the automotive field as they are not used in production vehi-
cle structures. The steel materials which were tested, 347 and
4130, are of interest since their composition is closer to the
1020 steel used in automcbiles. (The 4130 should exhibit the
closest characteristics to the 1020.) At 20 mph and a pressure
of 20 psi, it took 12 seconds for ignition of 100/120 gasoline
to occur. The shortest slide time resulting in ignition was 8
seconds with 145 psi pressure and 20-mph slide speed. Tests
with 347 steel showed somewhat longer times and required higher
pressures (Reference 18).

2.6.3 Gasoline Autoignition

3.6.3.1 Test Equipment and Procedures

This test was conducted with two different hot surface
sources. A strip heater was used for the first series of tests.
The heater was fastened to the inside of the pan for the closed
environment electrical ignition source tests. This provided a
semiclosed environment similar to under-the-hood conditions in an
automobile. The tests were conducted at temperatures from 300°
to 1,000°F in S50° increments., At each temperature 10 drops of
gasoline were placed on the strip heater and the temperature was
maintained for 60 seconds to assure an adeguate delay time was
allowed.

A second test series was conducted using a hot plate as the
hot surface. Test temperatures from 300° to 700°F were utilized
r 50° increments. Ten ml of fuel was poured on the hot plate
and retained there by an open metal cylinder placed on the hot
plate. A delay of 60 seconds was observed prior to going on to

3

the next test.

18. Campbell, John #., Appraisal of the Hazards of Friction
Spark Ignition of Aircraft Fires, NACA TN 4024, Lewls
Flight Propulsion Laboratory, Cleveland, Ohio, May 1957.
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A third test series was performed with the hot plate heated
to 700°F. The inverted pan with the heater strip inside was then
placed over the hot plate, the strip was heated to 1,050°F and 20
ml of fuel was dropped through the opening in the pan onto the
hot plate.

3.6.3.2 Test Results

Test results in all cases were negative with no ignition at
any temperature level or time delay. The fuel evaporated very
rapidly in all of the tests, and it is probable that the rapid
evaporation precluded sufficient heating within the liquid fuel
to cause it to autoignite. The teét results are consistent with
the data presented in Table 3-2 which shows that the autoignition
temperature rises as the volume of the fuel decreases and the sur-
face area to volume ratio increases. The autoignition tempera-
ture of gasoline under the laboratory test conditions could well
o2 near 1,000°F,

The laboratory tests simulated the majority of spilled fuel/
hot surface conditions found during an automobile impact. The
fuel is generally sprayed or spilled on a hot surface where it
either evaporates or runs off, It is unlikely that a sufficient
guantity of fuel would be trapped on the surface of a hot compo-~
n2nt long enough for autcignition to occur,

2,7 DEFINITION OF HAZARDOUS IGNITION SOURCES

3.7.1 Electrical Sources

Based on the laboratory testing, electrical sources appear
£0 be the most hazardous from the standpoint of possible ignition.
However, it was determined that not all electrical components are
hazardcocus. & broken headlamp wire is no hazard unless the hot
lead of the headlamp circuit contacts the vehicle ground result-
ing in a direct short. This same situation also exists for tail-
light and brakelight wiring which would be wvulnerable in a rear’
impact, Sparking which could result from the breaker in a dis-
tributor does not nose a threat even with the coil lead open.
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A direct battery short is an extremely effective ignition
source and should be considered one of the most dangerous. The
tattery is often located in an area of the vehicle where sheet
metal is displaced in a crash and can come in direct contact with
the positive battery terminal. A direct short can also occur in
low-energy circuits when the hot lead is broken and shorted to
ground. Test results show this source will ignite fuel in all
cases when the fuel vapor is within flammable limits.

A broken spark plug wire would also be a very effective ig-
nition source; however, it is unlikely that it would be sheared
or pulled loose in a minor collision wherein the engine is still
running. Cracked leads could also allow sparking if they were to
come in contact with a grounded piece of metal while the engine
was running.

The extra-current inductive spark produced when the wire
from the air conditioner compressor is broken is also capable of
igniting flammable fuel vapors under most conditions and must be
considered an ignition source hazard. However, the wires are
generally fairly well protected by their location and do not
present as great a hazard as a direct battery short.

3.7.2 Vehucle Headlights

Vehicle headlights present a very definite ignition hazard.
Urnder test conditions they ignited gasoline in all the same
ranges as a direct battery short. Contrary to popular belief,
they are alsc not necessarily destroyed in a vehicle impact.
Examination of a dozen cars previously crashed into a fixed bar-
rier at 30 mph showed that approximately 25 percent of the head-
lights that had been broken still had intact filaments.

Headlamps may continue to burn for 30 seconds or more in
open air. They are probably one of the best ignition souces
available in a rear impact. As previously noted, a higher rate
of fire accidents occurs after dark than would be justified by
the total after-dark fatality increase of all accidents.
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Therefore, when a flammable gasoline mixture is available, the
headlamp must be considered a very definite source of ignition.

3.7.3 Friction Sparks

Friction sparks do not appear to pose as significant a fire
threat although they are undoubtedly responsible for some crash
fires. The laboratory testing was unsuccessful in obtaining igni-
tion and iesting by another company with full-scale vehicles
could accomplish ignition in only 10 percent of the cases. The
required delay time to initiate ignition is usuaily not available
in an automcbile crash. When vehicle movement has decreased be-
low 10 mph, virtually no sparking occurs. Vehicle speed gener-
ally drcps very rapidly followino an accident and does not pro-
vide the minimum 5 to 10 seconds at higher speeds reguired for
ignition. It is fortunate that friction sparks do not represent
a large hazard for there is little that can realistically be done
to eliminate them in the near future. If they did pose a high
threat, virtually all external metal on an automobile would have
to be protected from surface friction in the event of suspension
or wheel failure or a rollover.

3.7.4 Autoignition

The heated surfaces in a vehicle represent a low ignition
hazard in a primary mode. Laboratory testing was unsuccessful in
obtaining ignition, and tests by other companies indicated very
high temperatures (800°-1,000°F) were necessary for autoignition
under the conditions experienced during an automobile crash.

Certain vehicles with catalytic converters could pose a
slight hazard since temperatures on these units may reach 950°F
on some types. However, temperatures of 950°F, which were re-
corded for converters, were at 80 mph rather than the 55-mph
speed limit. Oil and transmission fluid can also pose a hazard
with the converter since they can ignite at a lower temperature
than gasoline and thus serve as an ignition source for spilled
fuel.
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The heated surfaces represent a hazard in a secondary mode
since they can provide vaporized gasoline to areas where effective
electrical ignition sources exist. A heated surface such as an
exhaust manifold is capable of vaporizing large guantities of gaso-
line before its energy is expended.

Tﬁeaﬁééﬁé&‘Sﬁfiééé*WOHidﬁbékalmast impossible to eliminate or
‘ obile; however, the fuel system may be routed

insulate in a

to lessen spillir ,,Iiﬁefénfﬁh9~exhaust system during or

after an impact.



4.0 BASELINE VEHICLE TESTS

A series of four crash tests was conducted during this pro-

gram to establish baseline conditions for crash fires: a barrier

test, two front-to-rear impact tests, and a rollover test. These
tests provided spilled fuel and ignition sources in the form of
open high-voltage sparks at impact to ensure that a fire would re-
sult. The sameé conditions which were used for firs in these
crashes were used in the subsequent demonstration tests to prove
that the countermeasures did lndeed prevent flreso

The above conditions were- required~for undenxablé:prbdfﬁof

the countermeasures effectiveness since only a small percent ef

automobile crashes result in /Wre. Wlthout these pro
there could i '
scurce and f1

location in the sam prec ;fmoment of time. By assurxng that a

‘ ut- the countermeasures, one could also
assure that the ccuntcrmeasures were effective during the demon-
stration tests if a flre;dxdwnot occur.

fhévbaseline test vehicles were also evaluated in regard to
strudtﬁral damage and fuel and electrical system damage. This
information was utilized in the selection and installation of
appropriate countermeasures for the subseguent demonstration
tests.
4.1 TEST EQUIPMENT

The baseline test series required the design of specific
test eguipment to produce the ignition sources and spilled fuel
required for the various tests. The following equipment was fab-
ricated for the tests; spark igniter package, fuel spray system;
fuel tank ram, bumper plates, and a barrier fuel pan.

The spark igniter package was developed to produce open
sparks in 6 locations on the test vehicle after impact. The
spark igniter package basically consisted of a 6-volt battery,
Ford ignition coil, and distributor, as shown in Figure é-1.
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Figure 4-1. Spark Igniter Package.

The switch that activated the spark igniter package was an iner-
tia switch that reguired approximately 5Gs of deceleration to

close. The time delay from the moment of impact to activation of
the igniters was approximately 75 msec. This package was mounted

in the wvehicle in all four tests.

The fuel spray system consisted of a 2-gallon pressure tank
and a solenoid valve {Figure 4-2) that provided fuel to two noz~
zles mounted on the firewall in the engine compartment. The fuel
spray solenoid was connected to the battery and impact switch of
the spark igniter package so that the spray would start after im-
pact when the igniters were activated. The fuel spray was used
on the rollover test and the front-to-rear test where the ig-
niters were located inside the engine compartment to ensure that
flammable vapors would be present around the igniters.
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A fuel tank ram was des:

tests to provide thé worst

condition for intrusion
ea

isting gas tank a
3-1/2:
bumper of the struck veh

,A'31eevéfthat contained a stroking rod

metal plate was:

nch square mounted to the rear
e (Figure 4-3). The rod would be
pushed forward by the striking c¢ar into the struck car's gas

tank.

Two bumper plates were also installed on the struck vehi-

cle's rear bumper to prevent the striking car from overr

ding
the rear of the struck car (Figure 4-3). These plates provided

a means of obtaining more repeatable tests and maximizing the
rear end crush of the struck car.
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A shallow fuel pan was Q‘k"frﬁctédAto retain a@prOximatEIY
10 gallons of pooled fuel at the face of the barrier. The sheet
metal pan was mounted to plywood and anchored to the grating in
front of the barrier. The test vehicle would enter the pan just
prior tc impact with the barrier and remain there after impact so
that ignition might occur from the igniters mounted under the
test vehicle.

All of the test vehicles were 1971 Plymouth Fury sedans.
Older vehicles were not used because fuel evaporative emission
control systems were not reguired on all automobiles until the
1971 model year. Five vehicles were obtained for the test

series. The striking car in the first front-to-rear test was
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not damaged aft of the A pillar o .i1ny the test. Therefore, it
was used as the struck car in the second front-to-<rear test.
There was no electronic instrumentation on board the vehi-
cles because of its susceptibility to fire damage. However, data
were recorded by means of high-speed motion pictures that were
time'COor§inéﬁed't0~provi&é»eéeﬁﬁ'HiéEOriese

4.2 TEST CONDUCT: AND RESULTS

4.2.1 Barrier Test

The"féxﬁ“vehicle'W§S%EQuipPed with the spark igniter package
and Ehe;SPéikgéqartés m°ﬁ '?ﬁﬁdér thé»ﬁ&raas illustrated in
Figure 4-4. The fuel system was drained completely and the fuel
tank was filled with water. An auxiliary fuel tank was in-
stalled at the

éf‘Of:fﬁE5véhiQié‘to~previde~Suffiéiéﬁf'fuél

for engine operation‘throughout impact.

- SPARK {EMITTER < SPARK IGNITER

(6 PLACES) PACKAGE
‘ \

v N I

1~ ENGINE

' Y'EIREWAL«L N
e i Neern 2

50262592

~FILLER
SPOUT

Zgng LINE
LEVEL INDICATOR

Figure 4-4. Spark Igniter Configuration for Barrier Test.




"Wﬁen the vehicle was ready, 7 gallons of fuel were added
‘to the barr

er pan. The test vehicle was then

barrier with its engine still running. The impact velocity was

Flames were first seen from behind the left front tire 1.35

seconds after impact. The flames spread throughout the fuel mist

at a rate of 18 feet/second, resulting in the fire shown in Fig-

ire was extinguished soon after impact.

Figure 4-5. Baseline Barrier Test Results.



Damage to the test vehicle is shown in Figure 4-6. The max-
imum dynamic crush experienced by the vehicle was 26 inches.
This resulted in electrical system damage ccnsisting of broken
headlights (3 out of 4), severed headlight and parking light
wires, and minor damage to the battery. Buckled sheet metal was
forced into contact with the positive battery terminal. The

fuel system was nct damaged.

ne Barrier Test Vehicle,

PR

Figure 4-6. Damage to Basel

4,2.2 Spilled Fuel Front-to-Rear Test

The first ‘ront-to-rear test was a 60-mph impact evaluating
the struck vehicle's fuel system. The struck vehicle was
equipped with the spark lgniter package and the fuel tank ram as
illustrated in Figure 4-7. Four igniters were mounted under the

vehicle near the fuel tank and two igniterxrs were trailed along
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Dﬁﬁi@i

Spilled fuel was evident 96 msec after impact with:
in 390 msec. Again the flames spread rapidly throuqh

mist and the momentum of the vehicles carried the. strl,; o
into the flames, completely engulfing it within three+gﬁa

of a second as shown in Figure 4-8. The flaming fuel fo]
the vehicles from the impact point te their stoppiQprf '
feet beyond impact. As the vehicles stopped, the r
completely envelcped in flames as shown ianigure 4-9,
fuel stretched from the impact point to the vehicles' £ir
ing place.
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Figure 4~9%. Fire When Front-to-Rear
Impact Vehicles Stopped.
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Figure 4-13. Fire Damage Inside
Struck Vehicle.
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FUEL “SPRAY
NOZZLES
' (2 PLACES)

| H*(ffgﬂﬁAi*‘

0202903
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7 J Y,

Z(FUEL SPRAY
SYSTEM

SPARK EMITTFR
. {4 PLACES)

Figure 4-14, Stri ng‘Venlule Spark Igniter and
F pray Conflguratlcn for Igni-
‘tion Sources Front-to-Rear Test.

was started and allowed to idle for 10 minutes before the test so
that operating témperatures would be reached. The engine was
running at impact.

, ?ﬁgwsﬁxikiﬁg_qar;$truck the rear of the stationaxy car at
61.67 mph. The resiults were nearly identical to those of the
first front-to-rear test. Puel from the struck cér”$~gasalihé

nk wag vigible 48 msec after impact and the first flames were
evident in 260 msec. Again a huge flreball engulfed th

vehicle and the flames followed the cars until they came to rest
as shown in Figure 4-15.

The damage to both vehicles (shown in Figure 4-16) was very
similay to that incurred during the first front-to-rear test.
However, there was no fire damage inside either one of the
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Figure 4-15,

A
s

Fire as Vehicles Stopped Following
Front—-to~Rear Te

SRy

.

Post-test View of Vehicles,
Front-to-Rear Test 2.
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vehicles as there was in the strack‘ca? of the first test. This

tlaﬂs of the vehlcles du Tff two te ?s;f In comparir
4~9 and 4=15, it can be seen that the struck car in the flrem
test came to rést in the flames while the struck'vehmcle in the
second test came to rest at the farthest e&ge of the burning
fuel.

4,2.4 Rciioverwwést

The rollover test was g comblnatlon spllled #ﬁei ana igﬁi~

aﬂd three ﬁff
; the ‘Qt-her,f be

ln"Figﬁfé éelﬂ. When the vehlcle was ready for test, the do iy
was: accelerated ‘to the test speed and was released just prior to
1mpact;W1th ;ﬁgvhoneycamb snubbers. The impact velocity of the

dolly was 30.62 mph.

The car landed on its right wheels and skidded approximately
6 feet on its tires pefore it started to roll. It then rolled
onto its top and slid approximately 100 feet before it stopped.
The maximum roll angle-was 226 degrees. Thafpost»test position
of the car is shown in Figure 4-19.

Firé was not immediately evident from a distance; however,
the engine campartmenﬁ~ﬁas on fire. The fire was difficult to
extinguigh because of the interference of the engine and frame
structure. It could not be determined whether the fire was
started by the fuel spilled from the carburetor or from the fuel
spray.
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" SPARK EMITTER . LruRL serav FUEL LINE AND
CEPLACES) TSYSTEM LEVEL INDICATOR

Figure 4-17. Reliover Test Vehicle Igniter and
Fuel Spray Configuration.

Figure 4-18. Rollover Test Vehicle
Mounted on Dolly.
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SR

® Tank wall material $pC~116

made of 3/16-inch high-impact therm&plastlc mate-
. Seamless construction with reinférced corners.

be filled with foam baffling.

@ Tank wall material #FPT/RS/665

nghtwelght high-strength synthetic rubber reinforced
with nylon fabric. Can be filled with reticulated poly=-
urethane foam. Entire unit enclosed in steel canister.

“Cal1101n1a

‘& Ballistic nylon fal -ic covered on one side by 3 lavers
of polyurethane. Tank wall is approximately 0.06 inch
thick. Can be filled with foam baffling. The cells
¢an be either contained in a canister or held in place
by metal straps.

AND RUBBER COMPANY

'éi~Goodyear Construction No. DX344, thin rubber sheet (no
fabric) for standard automotive usage in metal shells.

@ Goodyear Construction No. BTC-60-5. Made to NASCAR
specifications. Rubber impregnated one=ply fabric.
Unit to be installed in metal canister.

@ Goodyear Construction No. BTC-60-9, Made to proposed
USAC Specifications. Rubber 1mpregnated heavy two-ply
fabric. Unit to be installed in metal canister.

® Goodyear Construction No. BTC-60~10. Rubber impreg-
nated heavy one-ply fabric. Unit to be installed in
metal canister.



KLEBER COLOMBES
France

& Elastomer-base flexible material filled with reticu-
lated polyurethane foam. Entire unit enclosed in
steel canister.

MCCREARY TIRE.AND RUBBER COMPANY
Indiana, Pennsylvania

& Seamless molded cell, made of DuPont "Hytrel" No
fabric used. Has a base plate molded in and foam
baffling installed. Filler assembly and metal canis-
ter not included.

SIMPSON;SAFETY;EQUIPMENT: INC.
Torrance, California

® Rubber-coated ballistic nylon. Used in the form of
pillow-type bladder.

SUMITOMO ELECTRIC. INDUSTRIES
Osaka, Japan and Los Angeles, California

& Tank Model #SCR

Synthetic rubber-coated one~ply polyamide woven fabric.
Can be filled with reticulated polyurethane foam or
SAFOM; aluminum alloy fittings. Unit is contained in
Z20~gauge steel canister.

With one exception, all the tanks that were invéstiggteﬁ
were made of elastomer-coated fabric. This type of fuel tank
orovides greater safety from crash impacts than conventional
retal tanks due to its superior properties in tear and puncture

strength.

In order to select those safety tanks which were the most
cost effective, a weighted rating scale was developed t0 éva1u9
ate the tanks in regard to cost, weight, production feasibility,
necéssary automotive design changes, interface requirements, com-
plexity of manufacture, and effectiveness of tank construction
in withstanding crash forces. The rating scale is shown in

Table 5-1.

Each of the existing tanks was evaluated and a numerical

rating assigned with a higher number indicating a more desirable
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Parameter

Tensile Strength {(1b):

- Tear Strength (1b):

Puricture Strength {(1b):

Availability of Tank
Configuration:

Pittings {rating based
on durability, avail-
ability of specified
design, whethetr flange
is molded into tank

| body of merely bolted
on, etc.):

Need for Canister to
Maintain Shape:

'Need for Séparating
Wall (20-gauge steel
partitioh between tank
L and luggage compart=
ment) :

Weight (includes weight

of canister and/ox
separating waki) (Ib):

Cost per Unit {(based on

160,000 units):

' Simplicity of Construc-

“tion:

[

10{>1200} 92{>1100)
5(>600) 4{>500)

10(>700) 9{>500)
5{>50) 4 (>40)

| 10{>350) 9{2300}

5(>170) 4{>160)

10 {any specified configuration)

7 {some limitations}
4 {much limitation)

1{total limitation}

10 {excellient)
7 (good)
S5{fair}
J{poor;
1 (undesirable)

10{NG)

5{Yes)

10 (No)

5{Yes)
10 (<15} 9(<20}
5 (<40) 4(<45)
10(<s520) 9{821~
$30)
5{561~ 4($71-
$70) $80)

i0{simple)
7!somewh&t complen)
5 (Complex)
3{elaborate)

81{>1000)
3(2400)
8{>200}

3{>30)

8(>250)
3{>150%

8 (<25)
3{<50)

8{s31-~
540}
3{&81~
$30)

728060}
2(2300)
7{>200}
2{220)

7 {2200}
2¢>140)

7{<30)

2{<55)

7{$41~
$50)

2($91-~
$100)

62800} |
1422000 |
6(2160)

1210y
s(z180) |
1{>130}

6 (<35}
1(<60)
sgs-

S50
1(zs100)}




evaluation. The tank ratings are shown in Table 5-2. Cost.
ratings were not inciude&~inkthe total tank rating since unit
costs were not available from many of the manufacturers. Cégt»

ratings are shown in parentheses where they were available.

5.2.2 FuéifTaﬂk Relocation

The location of the fuel tank in most American carsniswEXéf
tremely hazardous from the'Staﬁ@§pi@i of rupture during a~réaz‘
impact; however, there are few alternative locations. A loca=
tion above the rear axle is the only acceptable location which
would provide an extra safety margin in a rear impact. The:only
other possible locations~wouidﬁbesin the engine compartment or
the passenger compartment. In the first case, the tank would be
located where the majority of ignition sources éxist. FEven if a
safety fuel cell were used, the poSsihility of fire in a severe
crash would be higher than if the tank were located above the
rear axle. A fuel cell located within the passenger compaxtmeﬁﬁ
would provide a maximum safety factor against crush in either a
front or rear impact; however, if a rupture did occur due to a

side impact, fuel weulﬁﬁﬁé spilled into an area where certain

death would occur if the fuel were ignited.

If a tank location above the rear axle is choseén, a firewall
should be installed‘betweén the fuel tank and the passengér*c6m+
partment. This firewall would be of greater importance if the
existing galvanized tank~ﬁefe,used instead of a safety fuel~tahk;f
In severe rear impacts, even though the tank might be above the
rear axle; a considerable amount of damage could occur and a~rupe
ture would be likely in a metal tank. Without a firewall, gaso-
line would readily flow into the passenger comparement. There~
fore, any relocation of the tank intézthe trunk area should be
accompanied by the addition of a rear firewall.

5.2.3 Fuel Shutoff Valves

Fuel spillage must be prevented from every part of the fuel
system if crash fires are to be eliminated. Therefore, a fuel
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a rollover. A check valve in the filler outlet would prevent
this leakage. Two of Lhe safety~tank manufacturers {bonn Allen
~and- Aero‘Tec Labs) do prcv1de flapper valves at the f?ller 1nlet
1f the c;stomer se de51res.

e emission control system. Unless

some type of llquld check

vent outlets.

Breakaway»shutoff valves could be used in a fuel system to

ase 1ts .crashworthiness in those areds where fuel

lines could be pulled and torn loose during a crash. Breakaway
valveswétathése~pbintSLWQuid assure the line would separate at a
predeferminédv1ocati0nﬁaﬁd‘the~ends of the broken line would
seal. These va
their complexity

”5§havefbeep used in crashworthy aircraft sys-
ted use even in automotive racing because of
}}:éét@ They would, however, provide an addi-
tional s&féﬁf‘ﬁéfgin;fcr:anbther failure mode.

5.2.4 Fuel Line Routing

To further reduce the possibility of fuel spillage, careful
attention was given to line routing. Rerouting~can}be‘ac¢oﬁi
plished with a minimum of associated costs and greatly increase
the fuel system~crashwortﬁiﬁessu Areas of a vehicle where lines
may be stretched in a crash should have adequate line slack to
minimize the possibility of separation. Lines~sb0ula also be
routed to minimize damage by assuring that they follow areas of
structural strength, such ag the inside of the frame between fhe
fuel tank and the enginé. Fuel lines near the engine block can
best be protected if the fuel lines are routed behind the front
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5.3.1 BatteryiProtec ‘oh

The pos;tlon offthe battery terminals and the current Véi

avallable at these terminals present a very hazardous:: lgnltlon
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minal which was =

Sy he easxly shorted due
o) impact. Therefore, reloca
a collision. Aflosation‘
Volkswagen uses would be i

ficult. Relocation back toward the firewall, aiﬁh@@éh;nﬁﬁeasf
good as under the back seat, would definitely be an~imprVQ@én£¢
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, CLEARANCE HOLE FOR -
7 BOLT WRENCHING

‘,,/‘/"

A

50203402

1/4=28 UNF X .50 LG
A TINTOHELICOIL

©°1/4-20 UNC X 3/8 LG
""" _gET SCREW

N
Y WIRE SOLDERED IN
"\ 5/16-INCH COPPER TUBE

shworthy iésign considerations which are true for
fuel line 11sc hold true for electrical wiring. Providing ade-
k and preventing chafing are of prime importance. Wixre
, 3! ges in areas which afe.subjébt to damage are diffi-
cult. iHe,dligﬁts and their asggciatEdfwiring‘must be located in
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1 Sensor

|a.c.B. corporation |

|Tech

B. Corporation

A.C.B. Corporation

2 Switch Ltd,|Sensor wit

nar, Inc.

to turn on spark 1gn1ters.
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which actuation occurred. This test series helped to determine
the strong an& weak points of each switch design.

; tion pad, a tower fitted with a 5,600-pound
accelerating weight, and a data acquisition trailer. The sled im-
pact facility is shown in Figure 5-3.

Figure 5-3. Sled Impact Facility.

The sled is. composed of an I-beam construction. The rigidity
of the structure adequately transfers the deceleration pulse to
the items being tested on the sled. The sled rides the track on
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termine the ho

VQIQCitYaﬁrébQundr
‘The follow ‘used durihg each test:

Measurand ‘Transducer

Impact Ribon Impact Switch

Sled Deceleration 200G Accelerometer
Sled Velocity Break-wire Trap

Pr&sSuré Shutoff 100 psi TraﬁSﬁﬁéérf
Inertia Switch Operation Switch, on-off
‘ (voltage source)

Uaia~ré§??ved from this instrumentation was processed through
on=board signal conditioning equipment @riViﬁQPén?ﬁffﬁbéafﬂhre«
corder through a trailing umbilical. Sl@&~vélgeityu§@dgi¢pact
were recorded directly without going through the signal condi-
tioning. Data that was recorded was played back after the test
on oscillograph traces for anslysis.

5, ® 4 3 2 Test Setug

The tests were run with the switches oriented in wo differ-
ent directions to simulate either a forward/rear impact or a side
impact. Since most of the devices were omnidirectional, they
were rotated %0 degrees from the longitudinal test p@ﬁition to



eration pulges 1ast1ng approxlmately 30 msec. eccurrea nearythe endf
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:must ‘be long enough»?‘**

effectively shut off the vehlcle electrlcal systemw Swmtches sa,;

and 87 were not tested Auring the flrst;slx tests because they
were net“réceiVéd in time for these tests.
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to 66°ms

N/A 35'm3 L0 37.-mé
15 ms | N/A ’ : zz?msfto;24-ﬁé
109 ims CON/A ~'15~7~r«,ms§;c‘ 159 ‘ms
N/D ’ 1 \:/o NSE ® | 70
37 ms 57 ms S8 ms t:o':_3‘68i' s @ .
116 ms 1 292 ms 149 “ms to ‘31'714 ,'ms/"; ’?' 294 -ms. to. 295 ms-
116 ms 1 90 s | 150 ms to 195 ms@ 146, ms €0 173 ms
1585 ms: ©

68 :ms NYRL : S UNAR

“Technar Valve: “

1sems @ N/A 5 )
. e €5
NG N/O
NSO NSO
24 ms} to 85 ms ' a\@ @
109 ms to 314 ms € ®
oy
140 ms to 167 ms~ | N/O 86 ms

N7A

Unable to reset

not used

dtvon, “conditic

Indicates ‘devi
indidates no op

r siwere out of switch range.

Set for 10G for Tests 1-6, add 5.5G on Tests 7-10. ;

Data indicates switch remade circult after short time delay. However, Sbservation
at thé .end of each test would not substantiate this; possible instruméntation
drffaculty. o

Occuryed as a result of high "G" peak where héoneycomb was bottomed out.

Contirnuity was made and broken during sled run prior to impact.

Pata channel lost.

Main system inoperative;data taken from accessary output,.

Main system would not maintain open circuit; time indicates initial circuit opening.
Off prior to impact due to low level primary sled acceleration-3"CY level.

j incorrect battery polarity.
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Since a separate latchlng relay or . solenold must be used w1th the

sensor in order to shut off the vehicle électrical system, thls
short closure time creates a problem in the selection of the sec-
ondary switch. There are some commercially available latching
relays which will function with such a short electrical pulse,
but they are designed for highly specialized applications and are
thus rather costly.
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the most practlcal manner, both from productlon fea51b111ty aj

cost aspects. To incorporate all the countermeagpxes-prev;gu

areas. Therefore, only optimum countermeasures were: select

‘based on the results of the literature survey, laboratory t
baseline crash testing, and countermeasures evaluation.

.5.1 Selection of Fuel System Countermeasures

Prevention of fuel spillage in moderate to severe rear-end.
accidents can best be achieved by relocating the fuel tank ffqm
its present location under the trunk floor or in the rear quarter
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:ller,outlet. The s1mp1est type
flapper valve. The tank filler

aing such a valve and, therefore,

fﬁii&erjpiéfé?Wasmprocuredﬁférkuse in each of the fuel tanks.
late contained a 2-1/4-inch filler pipe with the flapper
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fqel can ‘run:

canlster if the veh

The check Valve\

check val‘e‘man £

lectlon w
U«adequate ‘ﬁdwthekf

pllcatlons.
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The Rating Chart
sw1tches all re-
B ThlS was ‘due in
ibn*whiCH was given a hzgher
‘ The rellablllty of

was. ordered from Inertla

Sw1tch “Ltd (see Tablef5?3) /chever, it was not receéived in

time for the demonstratlon tests.‘ Theréfore, two switches from

%‘ n;Ine§t}a5SwltCh Ltd. which had been used during the sled tests
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s, and acci-

h rompact'”Standéfd}'and other
| of analysis.

> e *’Q?L,¥ 73:  ire glven a crash has

4.

5. The probabll ty of the vehicle containing the system

4 ~wV€thleS on the road in each year
under 1Pvest1qatlon)

‘However, 1LMwas_ne¢essary to deviate from the proposed analy-
sis due to the limited data available for two of the: above cate~-
gories.

It was not possible to assign a fire risk factor on the
basis of vehicle type because of the extremely limited fire acci-
dent data in this area. Those few reports that contained such
data utilized such small sample sizes that any extrapolation to

the nationwide vehicle population would have been very unreliable.

Defining the fire risgk in relation to the type of accident
with any confidence was also. impossible. This was due to the dif-
ferent methods of classifying accidents in the various fire acci-
dent reports. Rollovers were the major problem. In some cases
all rollovers were categorized under one heading. In other cases
the rollover was included with a front, rear, or side impact de-
pending on the initial impact area of the vehicle involved. Some
reports classified primary rollovers under one heading while the

remainder of the rollovers were grouped together in another
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5. Fire injury costs of $92,220 per injury were obtained
by adding $21,094 to the injury costs given in Refer-
ence 19. The additional cost due to burns was ob-
tained from Reference 20.

6. Property damage costs of $700 per vehicle were taken
from data in Docket 70-20 pertaining to FMVSS 301, Fuel
System Integrity (Reference 21}.

7. Total naticnwide vehicle fatalities were projected to
1995 based on projections of vehicle miles traveled and
death rates per 100,000 miles. Figure 5-5 shows the
projection of vehicle miles traveled through 1995.

This projection was based on data contained in Refer-~
ence 2 which shows that the vehicle miles traveled
doubled every 16 years from 1935 through 1973. Even
though the rate dropped during the years of World War
II, it recovered and continued almost as if the war
years were not there. The extrapolation to 1995 does
not speculate in regard to what effect an enerqy crisis

19.

20.

21.

Societal Costs of Motor Vehicle Accidents, NHTSA, Depart-
ment of Transportation, Washington, D.C., Preliminary Re-
port, April 1972,

King, Barry G., Jr., et al., Motor vehicle Aycidgntsdand
Burns: An Epidemiologic Study of Motor Vehicle Fires and
Their Victims, Proceedings of léth Conterence on the Ameri-
can Association for Automotive Medicine, October 1972.
Grush, E. S., and Saunby, C. 5., Fatalities Associated
With Crash Induced Fuel Leakage and Fires, Ford Motor Co.
interoffice Report to NHTSA Docket Section, Docket 70-20,
wWashington, D.C., September 19, 1973.
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cle fatalities to 1995.
clearer trend l":in‘e~ than coi
data alone. Figure 5-7 i r t
ities and for fatalltlessﬂwhere only motor veh ,_les are
Trace 1 in Figure 5-7 indicates total fatalities wh;!.:c,h, lCl
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uel Spillage Countermeasures

:wﬂé‘eﬁy?fuelVtank,;inciuéing a -

- system would utilize
check valve, located above the rear axle to control the

' majority of fuel spillage £rom vehicle accidents. It would alsc
include a firewall betWéenﬂthe;fuelftank~and*passenger compart-~
ment. Electrical ignition sources would be eliminated by the use
of an electrical system inerting switch and a shielded battery
terminal. This combined system would be superior to a strictly
crashworthy fuel system which controlled fuel spillage in the en-
gine éompartment for two reasons. The cost of a carburetor roll-
over valve, inertia fuel shutoff valve, and associated fuel line
modifications would be more expensive than the electrical system
countermeasures. In addition, the vehicle could still function
as an ignition source for fuel spilled from an unmodified vehi-
cle until such time as all vehicles contained th» crashworthy
fuel system.

22.“Aut6mctiVe News Almanac, Crain Communications, Inc.,
Detroit, Michigan, 1872.
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The cost of the combined electrical and fuel system counter-
measures was estimated at $35.00. This cost is accounted for as

follows:

Item Cost

1. sShielded Battery Terminal $ 0.50
2. Safety Fuel Tank 30.00
3. Filler Check Valve 0.50
4. Electrical Inertia Switch 2.50
5. Separating Pire Wall ‘},50
$35.00

The cost of the safety fuel tank is the additional cost above
that estimated for the present fuel tank. This cost ¢oul& actu~
ally be somewhat higher since it was not possible to obtain the
exact cost of the present tanks. Tank relocation cost was
omitted due to a lack of retooling cost information from the
manufacturers and also because the cost would be an initial cost
only and not a yearly recurring cost. Thus the $35.00 is an ab-
solute minimum estimated manufacturing cost and does not include
any profit or other burden that might be passed on to the con-
sumer.

Since the vehicles incorporating this combined countermea-
sure system would not contribute as an ignition socurce or a source
of spilled fuel during an accident, the system was considered ap-
proaching 100 percent effectiveness. Thus an effectiveness factor
ecual to the percent of vehicles with the system was assigned for
the cost/benefit analysis.

The results of the analysis are shown in Table 5-8. The
figures indicate that the savings with the countermeasures system
would approach 50 percent of the total costs of the system per
vear and would remain near that level even after all of the vehi~
cles contained the system. It should be remembered, however,
that the analysis was based on the minimum projected number of
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burn fatalities (1.4 percent) and fire accidents derived in Sec-
tion 2.1.1. If the higher estimates of burn fatalities (-:"‘_,;,
p@rcent) and fire accidents are used in the ana1y31s, the counter«

measures system does become cost/beneflc¢al on a yearly bas
1987. The sav1ngsfcost ratlo,by 139l, using these higher est :
mates, would be 1.11. This amounts to a total savihgs>0f¢56;§fﬁ

million dollars or more per year thereafter.

5¢6.3

, > majority of ignition sources:
(electrlcal sparks and% Tf‘“f”\f"y ﬂ f,ﬁ,hlamentS) by*utlllzlng
an electrical system inertia ‘cutoff switch and a shie e

terminal. The cost. of this: ‘countermeasures system was estlmated
at $3.00. This 1ncludes'

1. Shielded Battery Terminal $0.50
2. Electrical Inertia Switch 2;50
$3.00

This sytem 'as considered 85 percent effective in eliminat-
ing ignition ‘sources since it would ellmlnate mnly electrlcalV

sources and not friction :sparks or hot surfacps. hcwever, the
laboratory tests and llterature survey showed. that both of the
latter ignition sources represented only a small hazard as com«
pared to the electrical sources. Fiat researchers {Reference 13)
could ignite gasoline with friction sparks in only 10 percent of
the cases, even when dragging a car body longer distances over
pavement than would normally occur during an accident where sheet
metal might contact the pavement. Although all laboratory at-
tempts at autecignition of gasoline from hot surfaces failed,
there might be some instances where this could occur. Thus, sub-
tracting 10 percent ignition by friction sparks and 5 percent by
autoignition and miscellaneous sources, an effectiveness of 85
percent remained for the electrical countermeasures system.
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;n the demonstratlon e

"[e“rear axle 1n the trunk. Thls location
The

”On was mounted in a llght aluminum

jiﬁch ,
llne. The flller pipe contalned a flapper valve to stcp fuel flow
durlng“a rollover or due to hyvdraulic ram pressure when the tank
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Location 1: Triaxial accelerometer on all tests. Located on
vehlcle firewall at the vehicle centerline.

Location 2: Long;tud;nal accelerometer on front to-rear and

rlght of vehlcle centerllne on the flrewall.

Longitudinal accelerometer on f
barrier tests. Located on the

frame 12 inches forward of the rear wheel
well.

Location 3

Longitudinal accelerometer on front-to-rear and
barrier tests., Located on the wehicle right
frame 12 inches forward of the rear wheel

well.

Location 4

Figure 6~1. Accelerometer Locaticns for Demonstration Tests.,



Erom: the vehlcle. 'I‘hls ugn:n,t was. s:,et to ﬁqper‘ate a;t 5 SG. A secondf
switch, type 3562, was used in the battery lead to the a%flta;‘c:na,‘tcr
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to prevent the englne from running aftexr the 1mpact. {a single

‘igniter package. The spark
g , the same locations

. completely and the fuel tank was
ry fuel tank was installed at the
rovide sufflalent fuel for engine opera-~
Accalerameters were installed as shown in

rea

Flgure (e l

The enqine‘was‘staxtaafagd;rgn.fgr 15 minutes just prior to
the test to permit itftmgxgégh;ngrma&wmpsxatingﬁt@mp@xat@x@y ‘When
| £ fu ' were added to the barrier
par. The test vehicle was then towed into the barrier with its
engine still running. The impact velocity was 28.72 mph.

the vehicle was ready, 7 gallons

The electrical inerting system functioned properly and to-
tally shut down the vehicle electrical system and engine 10 msec
after impact with the barrier. At this time, 5.0 inches of a to-
tal 24.3 inches of crush had occurred. The spark ilgniter switch
actuated 48 msec after impact, but there was no fire since the
igniters depended on powar from the vehicle's electrical system
which had already bzen inerted. If the inerting system had not
operated, a fire would have resulted shortly after this time.

{ =5




6-10

1on.

itch Installat

a sw

1 Inerti

Typica

Figure 6-6.




6-11



An electrical short did occur in some lnstrumentahlon w1r1ng
that was monitoring the vehlcle 1nert1a switch: actuatlon, Y

insulation on the wire was melted ‘off, but the wire was located
well away from the available fuel source. This wiring was not
protected by the inertia switch since it was not paft of the ve-
hicle's electrical system. | o
Figure 6w8wshows the damage experienced by the vehicle. The
firewall ‘longitudinal acceleration is ‘shown in Figure 6-9. (Refer

+to the: Appenalx for rema¢n1nq frame and,firewal ‘acce

data.} Figure 6-9 1ndlcates that, swnce the 1nert1a sw1tch actu—

ated 10 msec after 1mpact the electr*cal system was totally ‘in-
erted when the deceleratlon level reached 206G and a velocity

change of only 2.5 feet/seccnd:hadfoccu;xed,

6.3.2 Fuel Systemeounte?ﬁeasureSmFxﬁhtétbéRear;Test

The first frontftorrea:_impggtawas~a test of the fuel coun-

termeasures system. under a 'severe (60-mph) rear impact condition.

The struck vehicle was modified with the relogated,saféty
fuel tank ané associated countermeasures as described in Section
6.2.1. The struck vehicle was alsoc equipped with the spark ig-
niter package and the fuel tank ram and bumper plates used in the
paseline tests. The ram and bumper plates were in the same loca-
tion as on the baseline tests so the same crush conditions were
encountered even though the tank had been relocated. The igniters
were relocated near the safety tank as shown in Figures 6-2 and
€-3. The safety fuel tank was filled to 90 percent of its capac-

ity with gasoline.

The striking vehicle was equipped with an onboard abort sys-
tem which applied the vehicle's brakes 0.5 second after impact.
No other modificaticons were made to the vehicle.

The impact velocity of t' striking vehicle was 60.60 mph.
The spark igniter system bega  operation 187 msec after impact
and continued for a minimum or 30 seconds. This provided more
than adequate time to ignite all but minimal fuel spillage but no

fire occurred. Figures 6-10 and 6-11 show the post-test vehicle
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Figure 6-9. Firewall Acceleration of Demonstration
Barrier Test Vehicle (Location 2).

damage. The fluid in the foreground of Figure 6-10 is water
washdown to assure that the area was safe 'since .a small leak did

develop in the wvent system.

The fuel vent line which ran from the liquid-vapor check
valve to the engine valve cover was sheared off where it passed
through the trunk floor. ‘This;posed»no problem since the valve
was float-operated and any fuel would be shut off by the float
system. However, a minor leak did occur in the valve area. The
exact location of the leak was totally masked from view by metal
deformation. The reason for the leak was never determined. By
the time the tank was emptied and metal removed, all signs of any
leak had disappeared. It is felt that the leak occurred from the
valve, but definite proof was never found. Tank pressure was re-
corded during the test to determine the hydraulic pressure result-
ing from the impact. A short duration pulse of 300 psi was ob-
served approximately 130 msec after impact. This surge may have
caused the leak.
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6.3.4 RolloverﬂTast

The rollover test was. des;gned to test both the electrical

and fuel system counte sgres, These countermeasures and their
installation wereadesqr;bed”in*SéﬁtiQns 6.2.1 and 6.2.2. The tar-

get velocity for*thisqtést-was 30 mph.

The spark igﬁiter~pa¢kaqe*and~fuel spray system were in-
stalled similarly to that of the baseline tests (Figure 4-17).
The safety fuel tank was filled to 90 percent of its capacity
with gaseline and the carburetor and fuel lines contained their
normal amount of fuel. The test vehicle was then mounted on the
rollover dolly as shown in Figure 6-19., When the vehicle was
ready for test, the dolly was accelerated to the test speed and
was released just prior to impact with the honevcomb snubber.
The impact velocity was 29.08 mph.

The vehicle left the rollover dolly and landed on its right
front and rear wheels and skidded on the tires. The vehicle
failed to roll over although this test was run under the same
cecnditions as the baseline test where the vehicle rotated 226
degrees. Post-test analysis revealed that the following items
inhibited the roll: (1) The skid number of the pad was below
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Figure 6~18. Firewall Acceleration of Striking Vehicle
During Second Front-to-Rear Test.

that reguired for this type of test; (2) the tire pressure, al-
though it was at a pressure for driving speeds (28 psi), was felt
to be too low to initiate a good rollover; (3) the umbilical cab.io
which was fastened to the front end of the car 4id not play out

as anticipated and thus placed an additional load in a position
celow the vehicle's center of gravity.

T worrect these problems, the following steps were taken:
‘1) The skid number on the rollover pad was increased by acid
atching the surface; (2) the vehicle tires which were on the low
zide of the rollover dolly were pressurized to 50 psig. This al-
jowed less deflection of the tires and permitred the car to ro-
tate further before it left the delly. (3} The umbilical cable
was remeved from the vehicle and an additional backup telemetry
transmitter and antenna were added to the vehicle to transmit
data.
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The second rollover test was conducted at 32.77 mph. Upon
leaving the dolly, the vehicle rolled one and a half times. Skid
marks on the pad indicated the vehicle skidded 8 feet with prob-
ably 50 percent of that being wheel drag after the vehicle had
started its roll. The exact time of inertia switch operation was
lost due to an instrumentation failure. However, observation of
the lighted headlamps on the high-speed movie film showed that
the electrical system was inerted within 750 msec after the vehi-
cle left the dolly. The spark igniter relay actuated 1,110 msec
after the vehicle left the dolly and would have turned on the ig-
niters if the electrical system had not been inerted. The vehicle
came to rest on its roof 2.8 seconds after leaving the dolly as
shown in Figure 6-20, There was no fire and no signs of fuel
spillage from any part of the fuel system including the carbu-
retor.

The demonstration rollover test was more severe than the
baseline rollover test due to its higher impact speed and less
energy loss due to tire skidding prior to the roll. Therefcore,
tais additional energy resulted in more damage to the demonstra-
tion wvehicle than to the baseline vehicle. Pigure 6-21 compares
these two test vehicles. Eowever, the countermesasure system wa.
completely successful even under these more severe conditiones.

Figure 6-22 shows the resultant triawial acceleraticn on the
firewall. The inertia switches probably actuated 335 tc 350 msec
after the dolly impact during the well defined 9-10G acceleration
pulse occurring at this time. This pulse was comprised mainly of
lateral accelerations resulting from the right side of the vehi-
cle contacting the ground. The remaining data traces may be Ffound

in the Appendix,
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7.0 SUMMARY AND CONCLUSIONS

This program consisted of basic research to define the con-
ditions under which motor vehicle crash fires are ignited and the
development of practicable ceuntermeasmres\tofredu:e the incidence
of these fires. The program was successful in that practicable
countermeasures were developed for both ignition sources and fuel
spillage. The effectiveness of these countermeasures was conclu-
sively demonstrated during four fullfscaiefcraSh‘tests‘ The fol-
lowing paragraphs summarize the major conclusions resulting from

this study.
7.1 FIRE ACCIDENT STATISTICS

Fire accident statistics are both meager and inconsistent.
Based on the results of available statistics, estimated nation-
wide 1972 motor vehicle fatalities occurring as a direct result
cf burns range from 625 to 1,430. The estimated number of na-
ionwide fire accidents during 1972 range from 5,000 to 10,000.

.2 IGNITION SOURCES

Zased on the lakoratory testing, electrical sources appear
to be the most hazardous ignition sources. However, not all
clectrical components are hazardous. Those which are effective
lanition sources include:

1. Direct Lattery shorts occurring sither from sheet metal

contact with the positive battery terminal or breaking
and grounding of a hot wire in low-energy circuits,

2. Shorts occurring from the breaking and grounding of
spark plug wires while the engine is running.

. Inductive sparks produced by breaking the wire from the
air conditionor compressor.

vehicle headlights present a very definite ignition hazard.
“oadlarp filaments survive intact at a surprising rate and may
scetinue to burn for 30 seconds or more after the glass is

M o, Ve e g
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7-1



e mg
x

riction sparks do not appear to pose as significant a

threat as electrical ignition sources, although they are un-

doubtedly responsible for some crash fires.

The heated surfaces in a vehicle represent a low ignition
hazard in a primary mode because of the rapid evaporation of gas-
oline. However, heated surfaces represent a hazard in a‘s@?@ﬁd~
ary mode since they provide vaporized gasoline to areas where
effective electrical ignition sources may be present.

7.3 FUEL SYSTEM COUNTERMEASURES

Some safety fuel tanks which are currently being commer-
cially manufacture. will survive a 60 mph rear-end crash if they
are mcunted above the rear axle of the vehicle. A centrally
located filler plate in these tanks containg the filler pipe
opening, fuel outlet and return iine fittings, and a vent line
fitting. The use of a flapper valve in the filler opening, a
flexible filler tube, a wvent line check valve, and carsful rout-
ing of a steel fuel ocutlet line, in addition to the safety tank,
would successfully prevent all fuel spillage during a 60-mph
rear-end impact.

Fuel spillage from the carkuretor may be prevented during =z
rollover by incorporation of a ball-type check valve in the car-
buretor float bowl wvent line. lowever, thers is no commercially
available wvalve at present for this application.

7.4 IGNITION SOURCE COUNTLRMEASURES

There are several reliable, commercially available inertia
switches which will shut cff the vehicle's electrical system
during a crash. These switches are omnidirectional, functioning
during longitudinal and lateral impacts and rollovers. The use
of an inertia switch to shut off all vehicle electrical power
would eliminate all electrical ignition sources except sparks
generated by metal coming in contact with tre positive battery
terminal. A plastic terminal shield can be designed and manu-
factured easily and cheaply to eliminate this ignition source.
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7.5 COST/BENEFIT ANALYSIS

A combined ignition source and fuel spillage countermeasure
systéﬁ~WhiCh weulé be 100 percent effective in eliminating crash
fires would not be cost effective if the lower projected esti-
mates of crash fires and burn fatalities are used in the analy-
sis. If the highe:~pxgjectgd estimates are used, the system
would be‘mérginélly‘COSt effective in ten vyears.

An: electrlcal »cuntermeasure system would become cost ef-
fective within thr@e years: following the introduction of the
system into all ‘new vehlc;gs. Cumulative savings would exceed
cunulative cosﬁspwithin,fivefyears. However, this system would
not eliminate all crash fires and burn fatalities as the system
is estimated to be only 85 percent effective in eliminating

crash fires.
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APPENDIX

DEMONSTRATION CRASH TEST DATA PLOTS



This Appendix presents the remaining data plots for the
demonstration crash tests discussed in Secticn 6.0. The accel-

erometer locations are illustrated in Pigure 6-1 of this report.
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Figure A-1. Lengitudinal Acceleration, Location 1
(Center Firewall), Barrier Test.
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Figure A-3. Vertical Acceleraticn, Location 1
(Center Firewall), Barrier Test.
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