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ABSTRACT

When combustible fluids and flammable materials are stored in close proximity to potential ignition
sources, as they inevitably are in self-propelled highway and military vehicles, fires are a real and
present danger. Fortunately there are often means to mitigate the risks and damage caused by fire on
a vehicle, but the fire risk, and therefore the mitigation approach, varies with application. While most
vehicle fires are due to mechanical or electrical problems not associated with a collision, most
fatalities attributed to automobile fires are reported to occur after a collision. In contrast, in most
cases, fire-related fatalities on passenger buses are not due to engine compartment fires or collisions.
Vehicle fire research involving statistics, cause and origin, materials, and fire protection systems is
almost as old a pursuit as the automobile itself, and such work continues. This paper presents an
overview of vehicle fire incidents and research and concludes by contrasting effective fire protection
mitigation approaches for automobiles, passenger buses and military ground vehicles.
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INTRODUCTION

Fire safety is an important issue on any vehicle. As long as vehicles carry flammable materials such
as fuel, lubricants, plastics, and ammunition in the case of military vehicles, fires are possible.
Generally vehicle occupants, flammable materials and ignition sources are in close proximity and it is
not always easy or practical for the occupants to safely evacuate in the event of a fire. Fortunately,
vehicle design features can reduce the risks of fire, and, in some cases, fire suppression systems can
slow or limit the damage caused by fires. Many of the most effective design features are the product
of experience and extensive research and development.

Some of the first automobiles had fiery endings. As early as 1891, a prototype three-wheeled, single-
cylinder automobile was reported to be lost to fire [1]. The first patents describing means of (air and
ground) vehicle fire protection date to the early 20" century, and at least one described precursors to
modern methods, including automatic actuation where an orientation-insensitive extinguisher (based
on a flexible dip tube) was released by heat, radiation and mechanical shock sensors; see Figure 1 [2].
Despite such efforts, vehicle fire risks, real and perceived, persist; notable examples include the Ford
Pinto recall in 1975 [3] and General Motor’s (GM) third generation C/K pickup truck controversy
which ended in a settlement with the US’ National Highway Transportation Safety Administration
(NHTSA) in 1994 [4]. Recalls of popular automobiles due to fire risks are a continuing issue [5].

Similarly, fires on heavy-duty vehicles, from passenger buses to tanks, have driven application-
specific research and development [6, 7]. While there are many similarities between fire protection
methods, the differences between vehicle platforms, e.g., automobile, truck, bus or military, result in
significant variations in approaches [8].
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Figure 1 A 1944 patent described an automatic vehicle fire protection system where an
orientation-insensitive extinguisher was actuated by shock, thermal and optical sensors.

VEHICLE FIRE RESEARCH

Significant vehicle fire research has been conducted over the last few decades. The goal of this
research has been to further fire science as it relates to our understanding of vehicle fires, with the aim
of reducing injuries and fatalities associated with motor vehicle fires. Notably, this growing body of
important work, motivated in part by GM’s 1994 settlement with NHTSA, led to the organization of
the SAE International (formerly Society of Automotive Engineers) Fire Safety Committee in 2005.

Since the inception of the Fire Safety Committee, 129 peer-reviewed papers have been presented at
the SAE World Congress and subsequently published [9]. The fire safety sessions have also included
interactive panel discussions that featured experts in vehicle fire protection [10]. In 2013 an overview
of vehicle fire statistics in the US was presented as a keynote [11] and in 2012 and 2014, keynotes
were presented that described the unique challenges in the fire protection of electric vehicles [12, 13].
Session topics have ranged from laboratory science, including flammability properties of materials
and analytical tools, such as computational fluid dynamic modeling, to the methodologies of field
investigation, such as the correlation of burn patterns and fire origin. Other studies have addressed the
prospective means of fire risk reduction in future technologies — for example, the flammability of next
generation refrigerants — to retrospective studies of risk characteristics in designs currently on the
road.

Advancements in vehicle development, especially those associated with the power train and fuel, may
involve relatively new fire hazards that often require somewhat unique mitigation means. Recent
collaborative efforts to understand emerging electric vehicle fire hazards (e.g., those associated with
certain battery technologies) and develop applicable safety standards are notable examples [14, 15].
Clearly the need for vehicle fire research, in all applications, continues.

Highway Vehicles

Among the most dramatic fires are those that occur along with an automobile crash — at least in the
movies. In reality post-collision fires are rare, usually relatively small and slow growing, and may
start minutes after the crash. However, if an occupant is trapped inside a crashed vehicle, even a
small, slowly growing fire can be dangerous. And in fact, while the vast majority of vehicle fires are
due to mechanical or electrical problems and do not involve a collision or overturn, most of the
fatalities attributed to automobile fires occur after a collision or overturn. Overall, in the US, vehicle
fire-related deaths account for approximately ten percent of all deaths attributed to fire [11].



Many significant aspects of vehicle fire protection have been described in SAE Fire Safety papers and
presentations. While mainly focused on automobiles, the papers have also addressed fire research
aimed at the significant problems faced in many heavy-duty vehicular applications such as buses and
trucks. Topics covered include (selected references given):

e Statistical overviews of the highway vehicle problem. The National Fire Protection
Association (NFPA) and others have reported detailed statistics on vehicle fire causes,
origins, and damage, as well as given guidance on the fire investigation methods that underlie
the data, most of it based on the U.S. Fire Administration's National Fire Incident Reporting
System (NFIRS) and the National Fire Protection Association's (NFPA's) fire department
surveys [11, 16-19].

¢ In 2003 the first post-collision fire created in laboratory conditions was reported to the
National Highway Transportation Safety Administration (NHTSA) [20]. The results,
including the difficulty of pre-engineered fire protection systems to cope with post-collision
automobile distortions, were summarized and discussed in a 2005 SAE Fire Safety paper [21].

¢ In 2005, the first production automotive active fire protection system, developed by Ford and
their suppliers for the Crown Victoria Police Interceptor, was described [22].

e The work of the SAE Technical Working Group (and others) studying hydrogen and fuel-cell
vehicle safety standards and test protocols was reported annually from 2005 through 2011
[23-26].

e  Other groups have expanded ideas developed in SAE Committees and Working Groups into
prototype test protocols [27, 28].

e Several papers reported studies of hot surface ignition of underhood fluids. These were
summarized in a 2010 paper [29].

¢ The flammability of plastics and the combustion byproducts of materials have been evaluated
[30-32].

e The flammability of new and existing refrigerants has been studied [33, 34].

e Everything in a vehicle has a trade-off, and safety systems are no exception. The design
trade-offs and cost-benefit analysis of fire protection methodologies have been the object of
several studies [35-38].

e Evaluations of vehicle maintenance, design changes and/or features with respect to their
effect on fire safety have been described [39-42].

e Full scale vehicle burn tests indicate that oxidation patterns and melted aluminum do not
necessarily correlate with fire origin as is often assumed [43].

e Active fire protection systems have been discussed and evaluated [8, 10, 20-22, 44-46].

Fires on passenger buses and freight trucks are relatively rare but do occur, mainly due to mechanical
or electrical problems in machinery spaces, e.g., the engine compartment [11, 47-50]. Related to this
is the trend toward better vehicle design, maintenance and operator training, and, in the case of
passenger buses, the increased application of active fire protection systems for the engine
compartment [49]. While a fire protection system in the bus engine compartment arguably may
increase the level of passenger safety, the main benefit is asset protection. This is indicated by the
fact that injuries and fatalities attributed to bus fires almost always started outside the engine
compartment (e.g., in a wheel well, or at a fuel tank), so active fire protection systems as currently
designed and deployed in the engine compartment would have had no mitigation effect [51-55].
Strategic use of fire resistant materials, better means of egress and more thorough maintenance have
been suggested as improvements that would be most effective, in addition to evaluating possible fire
protection technologies for the wheel wells and other currently unprotected areas [53, 54].

A notable and lamentable limousine fire in 2013 resulted in the deaths of five of the ten vehicle
occupants. The fire, similar to most fatal passenger bus fires, did not involve a collision and the fire
origin had nothing to do with the engine compartment: “Friction heat produced by the rear drive shaft
coming in contact with the drive shaft tunnel ignited the car’s floor, carpet, and rear seat, trapping five
of the nine passengers.” Tragically, and also similar to passenger bus fires involving fatalities, it
appears that limited and ineffective means of egress was a significant contributor to the loss of life
[55].



Military Ground Vehicles

Militaries around the world operate many thousands of tactical and combat ground vehicles in hostile
environments. Fire protection for these vehicles has been, and is, a significant design and
development area [7]. Fires on military ground vehicles fall into two broad categories: peacetime and
combat.

Peacetime fires in military ground vehicles are similar to vehicle fire experiences in the commercial
sector:

e Fuel, hydraulic fluid, or lubricating oil component failures can lead to leakage of flammable
liquids that are ignited by contact with hot surfaces and/or sparks;

e FElectrical component failures or corrosion can lead to overheated circuits that ignite wire
insulation or oily contaminants and other combustible materials; and

¢ Overheated brake components and trapped road debris can cause fires in the wheel well.
Wheel well fires can also occur if a vehicle operates too long on ‘run-flats’ designed to offer
temporary support when the main tires are deflated.

Many military vehicles have fire protection systems that protect the engine, wheel well and other
machinery spaces against peacetime-type fires.

Combat fires, especially ones that involve the crew area, are unique in that they may demand what is
essentially explosion protection of occupied areas. They are caused by threats that defeat other
survivability layers, for example, armor, generally start and grow much faster than a human can
respond, and can be lethal within a fraction of a second. Additionally, egress is not generally feasible
in these situations. However, vehicle design can do much to mitigate these fire risks. Features such
as compartmentalization, where flammable materials such as fuel and ammunition are isolated from
occupied areas, and the use of fire resistant materials wherever practical, are particularly effective.
The first lines of defense against catastrophic combat fires, after vehicle design, are for the vehicle to
operate so as to not be seen, hit or penetrated. If all that fails then the ultimate layer of vehicle fire
protection is an automatic fire protection system.

The first modern automatic fire protection system designed to protect vehicle crews from combat fires
was deployed on several main battle tanks in the early 1980s. These systems effectively protected the
crew and engine compartments using extinguishers charged with Halon 1301
(bromotrifluoromethane). Automatic extinguishing systems are designed to detect and extinguish
fast-growth fires in a fraction of a second — much faster than any human can react. Since the
Montreal Protocol was signed in 1994, many countries, including the US, agreed to phase out
production of ozone-depleting substances (such as Halon 1301) as much as practical. Subsequently,
for example, the fire protection materials used to protect the engine compartment in most military
ground vehicles were switched from ozone-depleting ones to dry chemical and other agents with
relatively benign environmental effects. Similarly, the automatic systems protecting the crew
compartments of many vehicles adopted more environmentally friendly agents. Much of the
international research in this area was presented in Halon Options Technical Working Committee
sessions hosted by the US’ National Institute of Technology (NIST) [56]. Research efforts focused on
more effective and environmentally friendly fire fighting systems continue [57].

Different Approaches to Vehicle Fire Protection
The military applies a useful categorization method to systems installed on their vehicles that depends

on how the system relates to the intended vehicle mission. Obviously crew survivability is of
paramount importance when evaluating a system and assigning a relative value to it.



LAYER |MILITARY VEHICLE| PASSENGER BUS AUTOMOBILE
1 Fire power Perform Maintenance Collision Avoidance
2 Concealment Avoid Road Debris | Minimize Impact Effects
3 Mobility Emergency Egress Restraints
4 Armor Fire Protection Fire Protection
5 Fire Protection

Table 1. Layers of survivability

Clearly, vehicles have different “layers of survivability.” For example, fast suppression systems that
are appropriate in combat vehicles may not be the best solution for protecting bus passengers. Since a
highway vehicle fire, fast as it may be, is typically much slower than a combat fire in an armored
vehicle, it is likely that simpler solutions will be as effective at preventing injuries due to fire.
Survivability layers for military vehicles, passenger buses, and automobiles are compared in Table 1.

‘Fire protection’ takes many forms. For example, Table 2 lists fire protection approaches for the
vehicle types listed in Table 1. The italicized text in Table 2 represents potential fire protection layers
that have been suggested in the past but are not widely implemented:

¢ One of the early automobile fire protection studies concluded that, while effective on large
vehicles, or in static situations, pre-engineered fire suppression systems are not practical on
small, relatively deformable vehicles such as the automobile [20, 21]. This leaves the
possibility of an overheat detection and/or suppression system that might offer effective
protection against automobile fires where significant deformations, such as those caused by a
collision, are not involved.

e After the deadly 2005 fire on a passenger bus in Wilmer, Texas, one of the recommendations
made by the National Transportation Safety Board (NTSB), in addition to better use of fire
resistant materials, and improved means of egress, was to develop overheat detection systems
for the wheel wells [53].

LAYER| MILITARY VEHICLE PASSENGER BUS AUTOMOBILE

1 Compartmentalization Compartmentalization Compartmentalization
2 Fire resistant materials Fire resistant materials Fire resistant materials
3 High-speed, automatic fire Automatic engine fire Underhood fire/overheat

extinguishing system extinguishing system detection & suppression
4 External fire protection Wheel well Qverheat

detection

5 Fire resistant uniforms

Table 2. Layers of fire protection

The differences in fire protection approaches ultimately stem from differences in the purpose and
intended use of each type of vehicle. Fire prevention is an important goal for all vehicles, as is design
so that a fire, if one does occur, is limited. The last possible fire protection measure is a fire
suppression system. However, the effectiveness of a fire suppression system is limited to a small area
of the vehicle (for example, the engine compartment) and, further, cannot be expected to completely
extinguish a fire in all cases. Therefore, it is important that vehicles are designed for effective egress
and rescue. For similar reasons, parking and maintenance facilities should not rely solely on onboard
vehicle fire suppression systems [58].



CONCLUSION

The close proximity of flammable materials and ignition sources make vehicle fires a significant risk
and thus an important safety issue. Fortunately there are often means to mitigate the risks and damage
caused by fire on a vehicle, but the optimum approaches vary by application, and by whether the
focus is on passenger or asset protection. Many of the most effective design features that reduce the
risk of fire on a vehicle, and/or mitigate the effects of a fire if it does occur, are the product of
experience and extensive ongoing research and development. Advancements in vehicle development,
which may inadvertently introduce new fire hazards, motivate continued vehicle fire research.
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