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FOREWORD

This volume is one of a series of reports on the fire safety aspects of polymeric
materials. The work reported here represents the results of the first in-depth study
of this important subject. The investigation was carried out by a committee of
distinguished polymer and fire technology scholars appointed by the National
Academy of Sciences and operating under the aegis of the National Materials Advis-
ory Board, a unit of the Commission on Sociotechnical Systems of the National
Research Council.

Polymers are a large class of materials, most new members of which are man-
made. While their versatility is demonstrated daily by their rapidly burgeoning use,
there is still much that is not known or not widely understood about their proper-
ties. In particular, the burning characteristics of polymers are only now being fully
appreciated and the present study is a landmark in the understanding of the fire
safety of these ubiquitous materials.

In the first volumes of this series the committee has identified the limits of
man's knowledge of the combustibility of the growing number of polymeric materi-
als used commercially, the nature of the by-products of that combustion and how
fire behavior in these systems may be measured and predicted. The later volumes
deal with the specific applications of polymeric materials, and in a!l cases the
committee has put forth useful recommendations as to the direction for future
actions to make the use of these materials safer for society.

In this volume on Aijrcraft (Civil and Military) the committee addresses the
flammability of polymers used in aircraft cabins and pays particular attention to
the special hazards of the smoke and toxic fumes emitted when they burn. In doing
so, they have identified some important new questions which should be considered
by others in a broader context. The study does not address the risk of aircraft fire
per se; the findings of this study must be assessed by the appropriate agencies in
terms of risk analysis and cost/benefit analyses to reach policy decisions as to total
aircraft fire hazard.

Harvey Brooks, Chairman
Commission on Sociotechnical Systems

cmmmmnns &

£ 22




ABSTRACT
&f\ﬂs is the sixth volume in a series. The fire safety aspects of polymeric materials
are examined with primary emphasis on human survival, Other volumes in the series
deal with materials: state of the art, test methods, gpecifications and standards,
special problems of smoke and toxicity, fire dynamigs and scenarios, and applica-
tions to buildings, vehicles, ships, mines and bupk ts. An executive summary vol-

@%Qgs_bmaddnd.to_the,sezies._.—-- e
study has been made of fire safety aspects of polymeric materials used in

military and civil aircraft. After a preliminary system analysis, fire incident scenari-
os based on actual experience (but not reproducing any single fire) were devised.
The problem of human survival in case of aircraft fire were assessed in terms of
materials, test methods used to evaluate materials, smoke and toxicity, fire dynam-
ics, and design use of materials. Conclusions are drawn in each chapter and appro-
priate implementable recommendations made. JThe majority of recommendations
are extracted and combined in Chapter 2, /i

VOLUMES OF THIS SERIES
Volume Materials: State of the Art
Volume Test Methods, Specifications, Standards, Glossary
Volume Smoke and Toxicity

1

2

3

Volume 4  Fire Dynamics and Scenarios
Volume 5  Executive Summary
Volume 7  Buildings

Volume 8  Vehicles — Railed and Unrailed
Volume 9  Ships

Volume 10  Mines and Bunkers
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PREFACE

The National Mat.rials Advisory Board (NMAB) of the Commission on Socio-
technical Systems, National Research Council, was asked by the Department of
Defense Office of Research and Engineering and the National Aeronautics and
Space Administration to ‘‘initiate a broad survey of fire-suppressant polymeric
materials for use in aeronautical and space vehicles, to identify needs and oppor-
tunities, assess the state of the art in fire retardant polymers (including available
materials, production, costs, data requirements, methods of test and toxicity prob-
lems), and describe a comprehensive program of research and development needed
to update the technology and accelerate application where advantages will accrue in
performance and economy.”

In accordance with its usual practice, the NMAB convened representatives of the
requesting agencies and other agencies known to be working in the field to deter-
mine how, in the national interest, the project might best be undertaken. It was
quickly learned that wide duplication of interest exists. At the request of other
agencies, sponsorship was made available to all government departments and agen-
cies with an interest in fire safety. Concurrently, the scope of the project was
broadened to take account of the needs enunciated by the new sponsors as well as
those of the original sponsors.

The total list of sponsors of this study now comprises Department of Agricul-
ture, Department of Commerce (National Bureau of Standards}). Department of
{nterior (Design of Mine Safety), Department of Housing and Urban Development,
Department of Health, Education and Welfare (National Institute for Occupational
Safety and Health), Department of Transportation (Federal Aviation Administra-
tion, Coast Guard), Energy Research and Development Administration, Consumer
Product Safety Commission, Environmental Protection Agency, and Postal Service,
as well as the original.

The Committee was originally constituted on November 30, 1972. The member-
ship was expanded to its present status on July 26, 1973. The new scope was
established after presentation of reports by liaison representatives covered needs,
views of problem areas, current activities, future plans, and relevant resource mater-
ials. Tutorial presentations were made at meetings held in the Academy and during
site visits, when the Committee or its panel met with experts and organizations
concerned with fire safety aspects of polymeric materials. These site visits (upwards
of a dozen) were an important feature of the Committee’s search for authentic
information. Additional inputs of foreign fire technology were supplied by the U.S.
Army Foreign Science and Technology Center and NMAB Staff.

A glossary of the terms used in the report of this Committee was compiled and
will be found in Volume 2 (NMAB 318-2) of this series.

This study in its various aspects is addressed to those who formulate policy and
allocate resources. A sufficient data base and bibliography has been supplied to
indicate the breadth of this study.
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CHAPTER 1

INTRODUCTION

1.1 Scope and Methodology cf the Study

The charge to the NMAB Committee on Fire Safety Aspects of Polymeric
Materials was set forth in presentations made by the various sponsoring agencies.
Early in its deliberations, however, the committee concluded that its original charge
required some modification and expansion if the crucial issues were to be fully
examined and the needs of the sponsoring organizations filled. Accordingly, it was
agreed that the committee would direct its attention to the behavior of polymeric
materials in a fire situation with special emphasis on human-safety considerations.
Excluded from consideration were firefighting, therapy after fire-caused injury, and
mechanical aspects of design not related to fire safety.

The work of the committee includes (1) a survey of the state of pertinent
knowledge; (2) identification of gaps in that knowledge; (3) identification of work
in progress; (4) evaluation of work as it relates to the identified gaps; (5) develop-
ment of conclusions; (6) formulation of recommendations for action by appropri-
ate public and private agencies; and (7) estimation, when appropriate, of the bene-
fits that might accrue through implementation of the recommendations. Within this
framework, functional areas were addressed as they relate to specific situations; end
uses were considered when fire was a design consideration and the end uses are of
concern to the sponsors of the study.

Attention was given to natural and synthetic polymeric materials primarily in
terms of their composition, structure, relation to processing, and geometry (i.e.,
film, foam, fiber, etc.), but special aspects relating to their incorporation into an
end-use component or structure also were included. Test methods, specifications,
definitions, and standards that deal with the foregoing were considered. Regula-
tions, however, were dealt with only in relation to end uses.

The products of combustion, including smoke and toxic substances, were con-
sidered in terms of their effects of human safety; morbidity and mortality were
treated only as a function of the materials found among the products of com-
bustion. The question of potential exposure to fire-retardant polymers, including
skin contact, in situations not including pyrolysis and combustion were addressed
as deemed appropriate by the committee in relation to various end uses.

In an effort to clarify the understanding of the phenomena accompanying
fire, consideration was given to the mechanics of mass and energy transfer (fire
dynamics). The opportunity to develop one or more scenarios to guide thinking was
provided; however, as noted above, firefighting was not considered. To assist those
who might use natural or synthetic polymers in components or structures, consider-
ation also was given to design principles and criteria.

In organizing its work, the committee concluded that its analysis of the fire
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safety of polymeric materials should consider the materials themselves, the fire
dynamics situation, and the large societal systems affected. This decision led to the
development of a reporting structure that provides for separate treatment of the
technical-functional asp.2cts of the problem and the aspects of product end use.
Accordingly, as the committee completes segments of its work, it plans to
present its findings in the following five disciplinary and five end use reports:

Materials — State of the Art
Test Methods, Specifications, and Standards-Glossary

Volume 1
Volume 2
Volume 3  Special Problems of Smoke and Toxicity
Volume 4  Fire Dynamics and Scenarios
Volume 5  Executive Summary
Volume 6  Aircraft (Civil and Military)
7  Residential, Non-Residential and Custodial Buildings
8 Railed and Unrailed Vehicles
9  Ships
0

Mines and Bunkers

Volume
Volume
Volume
Volume 1

Some of the polymer applications and characteristics are in the classified
literature, and the members of the committee with security clearances believed that
this information could best be handled by special meetings and addendum reports
to be prepared after the basic report volumes were com pleted. Thus, the bulk of the
output of the committee would be freely available to the public. Considering the
breadth of the fire safety problem, it is believed that exclusion of classified infor-
mation at this time will not materially affect the committee’s conclusions.

1.2 Scope and Limitations of This Report

This report, Volume 6 in the series, specifically examines the polymeric mater-
ials used in commercial and military aircraft. For each category of aircraft, the
Committee has attempted to determine

1. The parameters, physical and chemical, that influence flammability,

smoke, and toxicity.

. The material combinations, physical and chemical, that are used.

. The use of the materials in devices, subsystem s, and systems.

. The geometry, position, and environment of the material.

. The contribution of the materials to system performance in normal and
abnormal modes (fire).

Since much knowledge needed to make such determinations was lacking, the
judgements of the Committee are tentative and subject to revision; they represent
only “‘best estimates possible’ based on what is currently known {lnputs on aircraft
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INTRODUCTION

were delivered to the Committee before October 1974, and literature references
beyond that date generally are not included). Additionally, it should be noted that
while liaison representatives of sponsoring organizations attended the Committee
meetings bringing with them a wealth of data, background, and experience, the
Committee itself is solely responsible for the conclusions and recommendations
presented in this report.

Although the relative priority of conclusions and recommendations was part
of the Committee’s discussions, this report does not attempt to advise managers of
resources on how to allocate them, vis-a-vis other demands on those resources.

Specific polymeric materiais generally excluded from this report include (1)
fuel, (2) engine lubricants and other engine polymers, and (3) hydraulic fluids (but
included are all other polymers in the hydraulic system, e.g., gaskets and dia-
phragms). Post-use disposal of polymers from aircraft production and obsolescence
is not addressed in this report because of the relatively small amount of material
involved (this matter is touched on in Volume 1, Materials: State of the Art),

Recognizing the seriousness of the problem of fire safety of materials in all
segments of society, the Committee concluded that its work would be of value only
if placed on the context of societal problems and their solutions. Accordingly, the
Committee assessed polymeric materials used in aircraft relative to

. Current materials knowledge and data
. Current test methods and standards
. Real world fire environments
Status of knowledge of smoke and toxicity
Systems applications
Potential for improvements

The Committee agreed on the nature of existing problems and deficiencies,
but had some differences of opinion regarding the various solutions proposed and
their priorities. It has nevertheless attempted to present a rounded picture of the
present situation and what it believes to be the best current view in its conclusions
and recommendations.

SO s W

1.3 Committee Viewpoints

Members of the Committee are involved with materials research and develop-
ment, applications, system design and evaluation; and liaison representatives deal
with research and development, regulation, procurement, operations, and analysis.
Thus, aspects of each material (and its problems) were subjected to a full spectrum
of expertise. Full and extensive communication over the lengthy period of the
Committee’s operation provided an unusual base for augmentation of the expertise
and rounding of knowledge.

Many statements about the fire safety aspects of polymeric materials appear
in each of the reports published as a result of the Committee’s study. Members of
the Committee wish to emphasize that such statements, including judgmental ones
in regard to fire safety aspects of materials, especially end uses, apply only to the

3
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specific situations that pertain (e.g., suitability of a material from a fire safety
point of view depends on many factors, including ease of access, ease of occupant
egress, proximity of ignition hazard, proximity of other materials, thermal flux
anddurationof ignition source, ambient oxygen partial pressure, and fire and smoke
detection and suppression systems in place).”

Statements in this volume must not be taken out of context and applied to
the use of identical materials in other situations. In addition, the changing nature of
the problem as time goes on and additional experience is acquired mus. be recog-
nized by the reader as it was by the Committee. This viewpoint must be emphasized
so that information that appears in all published reports of this Committee’s study is
not misused by taking it out of context.

*This list is not all-inclusive, but only indicative of the kinds of concerns that must be con-
sidered in making a materials selection.
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CHAPTER 2

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

2.1 Introduction

Fire safety aspects of polymeric materials used in aircraft present highly
complex problems for which our society currently has few absolute solutions. Thus,
it is necessary to evaluate the available technology and data base and use them to
reach empirical decisions.

The large number of polymers used in aircraft and the special conditions of
the aircraft in flight (i. e., self-contained ambient, no egress possible, etc.) as well as
the limited knowledge of polymer performance under the wide variety of possible
fire conditions necessitate a careful, disciplined problem-solving methodology util-
izing the professional opinions of the nation's top experts in the field. This Com-
mittee has attempted such an approach.

2.2 General Conclusions and Recommendations

The United States is a leader in the production of large commercial aircraft.
The aircraft manufacturers have consistently met or anticipated the performance
needs of the air transportation system. No other industry has exceeded their concern
for reliability and safety, and because of their concern the aircraft produced have
improved continuously. The airline operators, their skilled air crews, and ground
support teams generally have provided excellent service. Government regulatory
and research activities usually have provided enlightened direction and technical
assistance in the interest of improved services and increased safety to the public.
Military transport aircraft are similar to large commercial aircraft and have similar
attributes. Other military aircraft, developed to meet defense requirements, operate
in a harsher environment. The Department of Defense and its component services
have contributed substantial leadership to the development of aircraft and to im-
proved safety in their design and operation. It is in this context of a relatively
reliable and safe aircraft system tha the Committee makes its comments and sugges-
tions.

Although the fire-safety record in commercial and military transport aircraft
has been continuously improved, aircraft fires that cause human suffering and loss
of life still occur. Because aircraft are carrying increasingly larger numbers of
passengers, severe fires may cause proportionately more suffering and damage, and
an attempt must be made to solve or alleviate this situation with state-of-the-art
technology or by new developments, Thus, additional resources must be applied
and emphasis given to the development of materials tests, and fire prevention and
control methodology to provide improved fire safety.

It must be recognized that aircraft passengers bring on board a large fire load
that should be better controlled or neutralized. Passenger behavior {smoking, trash
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disposal, etc.) also should be better regulated if fire safety is to improve.

Considering all presently evaluated factors, it is impossible to provide a
rationale for improving fire safety of aircraft solely by choice of polymeric materi-
als from those now commercially available. Rather, it is necessary to consider the
various subsystems of the aircraft in their operating and non-operating modes and,
from these considerations, develop designated operating procedures that minimize
risk while new materials are being developed and tested.

The more recently improved materials placed in use by the aircraft industry
represent a step forward in fire-retardant characteristics. However, a growing con-
cern exists that potentially hazardous effects, principally the toxic cffects of com-
bustion products, constitute a risk that could, under some circumstances, be signifi-
cantly worse than fire (heat and flame) alone.

Better test methods for evaluating the fire resistance of materials are needed,
particularly in simulating dynamic fire growth and full-scale real-life fires. The
relationship of factors other than the composition of the polymer (geometry, ven-
tilation, environmental oxygen, temperature, etc.) contributing to fire are relatively
unknown.

Reliable risk assessment methods have not been developed and systematically
applied. Devel_pment of generalized fire scenarios to be used in analysis and devel-
opment of fire prevention and control methods should be undertaken and given a
high priority.

Heat, pyrolytic gases, smoke, and panic all threaten survival when fire devel-
ops in a confined space such as an airplane. Aircraft fires are especially hazardous
because of the unavoidable need for large quantities of highly flammable fuel on
board, limited exit facilities, and frequently, a high population density. Increased
awareness of fire hazard is a part of aircraft design; development of methods for fire
detection and procedures for suppressing aircraft fires must have high priority.

2.3 Specific Conclusions and Recommendations
2.3.1 Fire Dynamics and Scenarios

Designers and builders of aircraft today need a stronger basis for the risk
assessment and trade-off studies that are clearly needed as a part of the building-
operation sequence. Availability of detailed and reliable scenarios can supply this
basis.

Scenarios are beneficial, not only as aids in analyzing specific accidents but
also as guides to designers of aircraft on materials selection and design modifica-
tions. In addition, detailed fire scenarios are useful in developing realistic fire test
methods and setting standards. Unfortunately, many current tests and standards
were not developed within the framework of realistic fire conditions. Fire scenarios
can guide the formulation of regulations and planning of meaningful research pro-
grams.

A major reason for developing detailed aircraft fire scenarios is to help pre-
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vent future fires and limit the loss of life, injury, or damage caused by fire. Thus,
in-depth analyses of detailed fire scenarios should provide essential information to
the aircraft designer.

While materials selection and arrangement play a major role in the prevention
and control of aircraft fires, other elements, totally unrelated to polymeric materi-
als, are extremely important. Prevention can be enhanced by proper education,
more stringent regulations, and modified operating procedures. Control is strongly
influenced by the absence or presence of adequate detection, extinguishment, and
life support systems. These additional factors must not be neglected; therefore, an
overall systems approach is necessary to decrease the hazard of fire on aircraft,

A major inadequacy is the lack of sufficiently detailed scenarios to direct
optimum fire-safety design of aircraft. Furthermore, fire scenarios developed solely
on the basis of accident investigations would be inadequate to achieve this objec-
tive. Generalized scenarios (as outlied in Section 3.3) based on real or credible
incidents shauld be developed. The specific events in these scenarios (e.g., rate of
fire spread, heat release) should be further quantified by information obtained from
large-scale experiments. (Ultimately, this procedure should result in the develop-
ment of analytical models for use in predicting fire hazard and the need for expen-
sive large-scale experiments will be eliminated.) It must be noted, however, that
information from actual aircraft fire incidents needed for such scenarios is incom-
plete and not readily available; information that is available generally provides an
insufficient basis for useful scenarios. The reason is inadequate collection and re-
porting of field data; therefore, accident investigation teams should utilize the
general model of scenario development presented in Section 3.3 to ensure that all
essential elements of a fire scenario are adequately addressed in their accident
reports. In addition, the National Transportation Safety Board (NTSB) should
broaden its coverage to include minor and incipient fires, including those that do
not cause injury or structural damage, and should act more rapidly in disseminating
the information it collects.

The application of fire scenario analysis to improve aircraft safety is the most
productive methodology for dealing with the complex aircraft system. Scenarios,
therefore, should be used for the analysis of fire hazard and for the development of
methods to provide increased survivability. In particular scenarios should provide
bases for (1) materials selection; (2) design criteria; {3) validation of test methods;
(4) promulgation of regulations; (5) personnel training; and (6) research and de-
velopment objectives.

2.3.2 Aircraft Design and Operation

The problem of fire safety in aircraft is unique because of the limited egress
capability afforded passengers and crew. There is no egress available to passengers
and crew of a commercial aircraft in flight. For this reason, a systems approach to
fire safety was employed for the investigation, evaluation, and subsequent recom-
mendations for fire safety of the total vehicle system. The resulting conclusions and

o
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recommendations therefore reflect, to a great extent, fire prevention as well as fire
containment considerations. In this context, a positive approach for improving the
fire-safety aspects of the airplane system is recommended to include the following:

1. Development of fire scenarios to provide the reference base needed for use
as a system design tool as well as the analyses and trade-off studies that will
generate a better tool.

2. Fire hardening of fire-prone areas to improve fire-retardant qualities and
decrease toxicity (especially those particularly susceptible to rapid fire spread, such
as galleys and lavatories).

3. Further eliminating fire ignition sources and reducing the fire load through
the prohibition of all smoking in aircraft cabins and lavatories and the introduction
of the use of rubbish compactors for trash stowage during flight.

4. Detecting fires in the early stages of development through the provision of
fire and smoke detection equipment in areas occupied by crew and passengers as
well as those spaces not normally occupied by humans {e. g., cargo holds).

5. Requiring airline flight crews to wear clothing fabricated from commer-
cially available fire-retardant fibers.

6. Completely reviewing existing passenger emergency oxygen systems in
terms of their respective safety and purpose (i. e., for use during emergency decom-
pression) as well as from the standpoint of providing oxygen mask systems that
prevent the inhalation of smoke and toxic gases and that can be used during the
evacuation of the aircraft,

Analyzing the use of crashworthy fuel systems in commercial transport air-
craft with a view toward taking advantage of U.S. Army experience in diminishing
post-crash fire fatalities in aircraft equipped with such fue! systems.

2.3.3 Materials

Aircraft safety is affected by several factors operating in concert, the
polymeric materials of construction representing only one facet. Fire prevention,
fire detection, fire control, and fire-resistant materials must be considered as a
system.

Many of the polymeric materials used in commercial and military aircraft are
deficient from the fire safety point of view. Better materials are available for some
purposes, and new materials not commercially available would be acceptable for
other applications. However, for many areas, there are no materials that are com-
pletely suitable in all respects and informed trade-offs must be accepted.

The primary guidelines of economics, serviceability, and aesthetics have been
coupled with the need to meet existing fire safety regulations. The use of available
improved materials could be accelerated, however, by the issuance of more strin-
gent regulations. New test methods are also needed to guide materials develop-
ment and selection. The effects of smoke, heat, and toxic products of pyrolysis are
particularly important since egress from an aircraft is limited or unavailable. These
concerns have only recently received critical attention in the selection of materials.

8
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Polymeric materials used in the construction of aircraft galleys and lavatories,
where a major portion of fires start, can be improved from the standpoint of
ignition, flame spread, and smoke and toxic-emission threat.

Fire safety research on polymeric materials, supported by the government
and industry is fragmented and is difficult to assess because of poor exchange of
information. The division of responsibility for moterials selectior, between airframe
manufacturers and aircraft operators presents an interface problem.

The more extensive use of detector and extinguishment systems will decrease
the consequences of polymeric materials flammability.

Materials carried on board by passengers contribute significantly to fire haz-
ard and fire load.

Combinations of polymeric materials may behave more adversely under fire
conditions than predicted from evaluation of individual components.

Fire safety of cabin interiors can be improved significantly by the selection of
currently available char-forming materials, although improvements in fabrication
methods are required for these materials.

Polyvinyl fluoride, covering large areas of the interior walls of many aircraft,
represents a potential source of smoke and toxic gas during pyrolysis of combus-
tion.

The flame-retardant epoxies used in wall compusites can be the source of
significant quantities of smoke.

Neoprene and/or urethane-coated nylon fabrics used in life vests, life rafts,
and emergency slides are unsatisfactory with respect to ignition, flame spread, and
smoke and toxic gas emission.

Polyurethane foam, and in particular flexible foam, used in aircraft is defi-
cient in many fire safety aspects.

The use of carpets in the vertical position in aircraft as decorative material
introduces an unnecessary fire hazard.

The contribution of the chemical oxygen generator system to the potential
fire hazard of materials needs defining.

In light of this situation, the committee recommends that:

1. The replacement of present materials in new and remodeled aircraft inter-
jors with available improved materials be accelerated.

2. Methods for risk and trade-off analysis be developed and employed in
materials selection.

3. In existing aircraft, where practical, require replacement of existing mater-
ials with improved materials when a significant decrease in risk is established.

4, More meaningful flammability tests and methods for evaluation be devel-
oped to assist in materials development and choice.

5. Tests and guidelines for definition of toxic hazards from pyrolysis and
combustion of polymeric materials be developed.

6. The coordination of fire safety-related materials piograms and dissemina-
tion of information therefrom to all interested parties be improved.
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7. Means be evolved to stimulate commercial development and availability of
new materials that are superior from a fire safety point of view.

8. The split responsibility for materials selection and design between aircraft
manufacturers and aircraft operators be resolved.

9. The research and development programs for thermal protection methodol-
ogy and for hardening aircraft fuselage against the external fire threats be extended.

10. More stringent fire safety regulations be implemented.

11. The fire resistance of the existing polyurethane foam-based seating sys-
tems be improved through design, construction, and selection of covering materials.

12. A relatively fire-safe replacement for the existing polyurethane foam
cushioning be developed.

13. The fabrication cost of large complex parts from char-forming materials
be lowered.

14. Known hazardous textile materials used in aircraft interiors be replaced
with available improved materials.

156. The toxic hazard from pyrolysis and combustion products of the
polymeric materials used in aircraft interiors be defined.

16. The galley and lavatory areas be fire hardened.

17. Fire-safety coatings for base fabrics used in life rafts, life vests, and
emergency slides be developed.

18. The use of organic fiber carpets in a vertical position be eliminated.

19. The fire safety of overhead duct insulation systems and/or choice of
materials be improved.

20, The fire safety of wall and ceiling panels be improved through choice of
materials or development of new materials when necessary.

21. The hazard of carry-on materials be defined and controlled.

22. Knowledge of the relationships of polymer structure and fire environ-
ments to the nature of pyrolysis and combustion products of polymers and combin-
ations of materials be increased.

23. The contribution of emergency oxygen systems to the potential fire
hazard of polymeric materials be defined.

2.3.4 Testing

in its assessment of the situation, the Committee has concluded that it is
extremely questionable whether the ‘‘self-extinguishing’ cabin and cargo compart-
ment interior materials now provided by Federal Aviation Regulations and their
specific test conditions represent minimum acceptable fire-safety level for aircraft
certification based on today's knowledge. Current flame-resistant and self-
extinguishing criteria neglect other important flammability characteristics of poly-
rneric materials, especially smoke and toxic gas production. Current material flam-
mability standards are based solely on ‘““flame resistant’’ criteria which do not
adequately represent the more severe fire hazard configuration or subject the mater-

10
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ial to real fire conditions. Polymeric fuel additives show great potential for reducing
the fire hazard from fuel spillage following a survivable crash, but test methods are
lacking.

In view of its conclusions, the Committee recommends that:

1. Research be initiated to correlate test methods with fire hazard of poly-
meric interior cabin materials. Additional large-scale testing is required to provide
the data base for validating small-scale tests and modified regulations should be
promulgated if required.

2. ASTM E-162, the radiant panel test, should be employed to determine the
"flame-resistance’’ of cabin andcargocompartment interior materials, since it more
closely represents real fire conditions than do currently employed tests.

3. The vertical test should be employed for all cabin and cargo compartment
interior fabric materials. Then the same level of fire resistance would be maintained
for all fabric materials. Further, three separate tests, using flame application time of
3, 12, and 60 seconds should be employed in the vertical test.

4. Performance levels for acceptance in both the E-162 and vertical tests
should be based on the responses of these materials in large-scale tests.

5. The NBS smoke density test (NFPA 258) is the most useful smoke test
presently available and should be employed in a smoke standard for interior cabin
materials. The variation of smoke production with heat flux should be evaluated.

6. The FAA should establish standards governing the toxic gas emission char-
acteristics of compartment interior materials when subjected to real fire conditions;
however, further research and study are necessary before this recommendation can
be implemented.

7. The development of modified fuels should be continued, and a test method
should be developed for screening modified fuel candidates under conditions that
correlate with the most severe fuel release and ignition conditions expected in a
survivable crash.

2.3.5 Smoke and Toxicity

At the present time the Committee believes that it is difficult to establish the
degree to which combustion and thermal decomposition products from synthetic
polymers on board aircraft are involved in hazards to human survival during aircraft
fires. It is known, however, that deaths caused by toxic gases generated during
in-flight and other aircraft fires have occurred in accidents that might have been
otherwise survivable. Additionally, laboratory evidence indicates that smoke can be
an important adverse factor in escape and survival due to obscuration of exits,
lachrymation, and panic, as well as toxicity.

Although carbon monoxide is a major toxic hazard in polymer fires, current
data indicate that under both clinical and experimental conditions thermal decom-
position products other than CO may be involved in the hazard to human survival if
certain types of polymer systems and/or fire-retarded polymers undergo com-
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bustion or pyrolysis. Also, the investigation of the overall biological effect of poly-
mer combustion products including synergism of the polymer combustion products
to produce a graver effect than any acting alone has been inadequate in that
autolytic {as opposed to pyrolytic) phenomena have been ignored /inter alia.

In view of the conclusions, the Committee recommends that:

1. A research program be established in two or more qualified institutions to
develop criteria and practices for determining the degree to which polymers con-
tribute to human morbidity and mortality in aircraft fires.

2. Polymers be utilized that will meet structural, economic, and design re-
quirements and offer the least life hazard in fire situations (the contribution to life
hazard will generally depend on both the total amount and particular application of
the polymeric material).

3. Attention be directed towards more extensive utilization of methods for
fire detection in fire-susceptible areas on aircraft (e. g., galleys, lavatories and cargo
holds).

4. The efficient and safe utilization as well as the toxicology of firesuppres-
sant chemicals to be more fully investigated.

5. The feasibility of using life support systems independent of the aircraft
cabin atmosphere be assessed.
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CHAPTER 3

FIRE DYNAMICS AND SCENARIOS
(FAILURE MODE AND EFFECT ANALYSES)

3.1 Introduction p,

The physical, chemical, and thermal aspects of fire render it a complex phen-
omenon. Over several thousand years man has learned to use fire and, to some
extent, control it, but many processes associated with ignition, combustion, and
extinguishment of fire remain largely unknown. Practical solutions for many fire
situations have been devised without full knowledge of the fundamental processes
involved and their interrelationship; however, many of these solutions have been
based only on post-fire analysis and this approach is no longer satisfactory.

Modern technology has provided us with larger and more sophisticated living
and transportation units that have elaborate interiors and furnishings made from
new polymeric materials. Sufficient knowledge about the fire safety aspects of
these materials is lacking and, as a result, the potential danger to life and capital
investment is high. Thus, development of a sophisticated approach to fire preven-
tion, decision, and extinguishment has become a necessity, particularly in the case
of the modern airplane,

Many empirical approaches to the problem have been developed, specifica-
tions and regulations written, and operating procedures established and implement-
ed. The combined efforts of the manufacturers, operators, and government regula-
tors of aircraft have resulted in a product whose technical performance is signifi-
cantly superior to the product of many other industries.

Nevertheless, specifications relating to fire hazard, including potential toxic
effects, normally are not included in the performance specifications for polymeric
materials, and the development of fire-retardant materials has lagged seriously be-
hind the rapid expansion in use of new synthetic polymeric materials. Thus, while
today’s commercial and military aircraft have a remarkable safety record, the great-
ly increased risk per accident resulting from use of larger sized aircraft necessitates
an unflagging effort to eliminate or reduce the fire hazard including the effects of
smoke and toxic combustion products.

There is no one best way to reduce the fire hazard in modern airplanes; but it
is clear that any solution must be based upon knowledge of how materials choice,
aircraft design, training, education and regulations affect the initiation and spread
of fire in an aircraft. Unfortunately, scientific understanding of fire is presently
inadequate to permit one to predict precisely how the substitution of one material
for another or how a specific design modification will atfect the overall hazard level
on the aircraft. More information based on research investigations, large-scale real-
istic fire simulation experiments, and properly detailed reports of actual fires is

13
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needed before such questions can be fully answered. In the interim, however,
existing technology must be employed to minimize the fire hazard associated.with
modern aircraft.

Presented in this chapter are '‘Generalized Scenarios for Aircraft Fires’' (Sec-
tion 3.2) that, while hypothetical and not representing a one-to-one description of
any specific fire, illustrate the potential threat to life safety from fire on an airplane
as well as the value of scenarios in identifying means for reducing the hazard in
commercial aircraft (e.g., through improved material selection and design; the addi-
tion of detection, extinguishment and life support systems; the institution of regu-
lations). Reliability engineers might recognize scenarios as a form of failure mode
and effect analysis.

Scenarios are beneficial both as aids in analyzing specific accidents and as
guides to designers of aircraft on materials selection and design modifications. In
addition, detailed fire scenarios that incorporate experience are useful in developing
realistic fire test methods, setting standards (unfortunately, many current tests and
standards were not developed within the framework of realistic fire conditions),
formulating regulations, and planning meaningful research programs.

Scenarios have maximum utility if they: (1) represent accidents having high
probability of causing a significant portion of the annual life loss from fire and (2)
provide sufficiently detailed information to permit useful analysis. (Unfortunately,
vi-tually all real fire investigations are handicapped by the absence of trained ob-
servers, especially at the early stages of the fire, so frequently one must guess what
happened from fragmentary evidence.)

To indicate what information is desirable in the ideal fire scenario and to serve
as a guide to those responsible for the preparation of specific accident reports,
’Guidelines for Developing Fire Scenarios’’ are presented (Section 3.3) to identify
the important factors generally present in an aircraft fire that results in catastrophic
failure. The physical behavior of fire is emphasized and human behavior is deem-
phasized since this study stresses fire safety via materials selection and design con-
siderations. This general model for fire scenario development also can assist in the
design and monitoring of large-scale realistic fire simulation experiments.

Since the major reason for developing detailed aircraft fire scenarios is to
prevent a future fire from developing or to limit the loss of life, injury, or damage
caused by such a fire, “Guidelines for Analysis of Fire Scenarios in Aircraft’’
(Section 3.4} are presented. An in-depth analysis of detailed fire scenarios will
provide essential information to the aircraft designer. While it is obvious that mater-
ials selection and arrangement can play a major role in the prevention and control
of aircraft fires, there are other elements, totally unrelated to polymeric materials,
which are extremely important. These additional factors must not be neglected
since an overall systems approach is necessary to decrease the hazard due to fire on
aircraft,

14
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3.2 Generalized Synthetic Scenarios for Aircraft Fires (Based on Actual or
Probable Incidents)

3.2.1 Ramp Fire
3.2.1.1 Description

The fire started from an electrical fault in a razor outlet in the left aft
favatory of a commercial jet transport parked at a passenger-loading gate at a
metropolitan international airport.

The aircraft had arrived at the airport at 12:57 a.m. after a routine flight.
Between 2:15 and 2:30 a.m. a cabin cleaner allowed some water to enter the shaver
receptacle in the left aft lavatory (the cleaning was being done with an agueous
detergent-type solution). The resulting sparks and smoke lasted for only 2 or 3
seconds. The cleaner advised the heat mechanic on duty of the occurrence and
finished cleaning, noticing no further smoke.

Sometime later a line mechanic was assigned to check the razor outlet on the
aircraft. He apparently thought that the circuit breaker for the right forward lava-
tory razor outlet had ‘'popped’’. (It was actually the circuit breaker for the shaver
outlets in the aft lavatories). Sometime between 4:00 and 4:30 a.m. the mechanic,
using standard trouble-shooting procedures, worked on the right forward lavatory
razor outlet. He reset the circuit breaker, which again popped after approximately
one minute, and then serviced the razor outlet to remove any moisture. He reset the
breaker again and, as before, it stayed reset for about one minute and then popped.
No work was done on the left aft lavatory circuit, the one actually affected, leaving
one to conclude that the line mechanic’s instructions had been inadequate or that
he did not understand them.

Unable to fix the forward lavatory shaver outlet, the mechanic walked
through the aircraft to check for any other occupants at about 4:45 a.m. He then
left the aircraft unattended and disconnected the ground power unit to refuel it. He
intended to later render the troublesome circuit inoperative.

It is estimated that about 4:20 a.m. electrical arcing during trouble-shooting
ignited paper products that had fallen into the space behind the razor outlet from
an adjacent towel and facial tissue dispenser located directly above the shaver
receptacle. During this early stage the fire was in the concealed space behind and
above the aft lavatory paneling and therefore not detected.

From this point of origin, the fire traveled up between the structural fuselage
framing to the overhead ceiling area and forward in the undivided ceiling plenum
area to a point about as far forward as the wing’s trailing edge. There the fire
diminished in intensity and seemed to be more below the ceiling panels than above.
From the first class cabin divider forward to the cockpit door, flame penetration
appeared to have resulted from a flashfire, with damage to the passenger service
unit housing, disintegration of the vinyl coating on the hat racks and sidewall
coverings, and damage to the ceiling panels. Smoke and soot penetrated the cockpit
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in areas between the fuselage skin and paneling. Local intensification of the fire
occurred when the thermal relief valves on the oxygen bottles in the hat racks
operated. The first alarm was given at 5:03 a.m. when smoke was observed coming
from the left forward entry door, the only door that was open at that time. The
observer called for the fire department to be notified and attempted to enter the
cabin, thinking the fire was in the cockpit area. In this attempt he encountered
vellow-black acid smoke’’ pouring from the cabin door that prevented entry to the
cabin.

Other employees then attempted to attack the fire with dry chemical extin-
guishers through the aft right galley service door after obtaining a lift truck and
opening that door. By then, a red glow had appeared at several cabin windows and
the forward entry door was closed to prevent a “‘chimney effect” through the
cabin, but the firefighting effort was unsuccessful. Clearly, the fire had progressed
too far and had involved a major portion of the concealed spaces in the cabin.

The airport fire department received the alarm at 5:09 a.m.and at approx-
imately 5:13 a.m. men with five pieces of fire equipment arrived at the scene. The
equipment consisted of two 3,000-gallon crash trucks, two 2,300-gallon nurse
trucks, and one 1,000-pound dry chemical unit. Four 2%inch hose lines were later
placed in use (one at the rear galley door, one at an over-wing exit, one through the
forward entry door, and one through a window that had been punched out and
through the rear door). The airport fire crew later received backup equipment from
an off-airport fire section. About 5:30 a.m. the fire appeared to be extinguished.
Fortunately there were no injuries or fatalities, but the direct moneyloss was calcu-
lated at about $900,000 and the aircraft was out of service for 3% months.

3.2.1.2 Analysis

The aft right lavatory (door closed to the cabin) had received only heat and
smoke damage and was inspected for comparison conditions. The razor outlet panel
was removed. Detailed inspection of the aft left lavatory, where the fire was be-
lieved to have started, confirmed that an electrical short had been experienced at
the 116-volt ac razor outlet; burned paper products were found around the outlet.
As noted, the fire was concentrated first in the concealed space behind the razor
panel and thentraveled up between the fuselage frames to the overhead ceiling area.
An aluminum duct, supplying an “eyeball” air conditioning outlet in the lavatory,
was melted at the point where it passed immediately above the razor outlet and the
point of paper towel accumulation.

When the fire reached the concealed space above the drop ceiling in the
lavatory, it entered an open channel without any fire divisions that extended above
the cabin all the way forward to above the cockpit. The fire went around a water
tank in the ceiling and then forward, breaking out of the dropped ceiling plenum
into the area above the curved ceiling panels. Burned wiring bundles indicated the
intensity of the fire in that area. Besides the paper toweling and tissues, combusti-
bles available to burn include acrylonitrile butadiene styrene (ABS) or vinyl-type
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thermoplastics, wiring insulation, wood frames for the vertical and ceiling panels,
and neoprene/nylon vapor barrier covering the insulation blankets. Most of the
wood frames were charred through near the place of fire origin. As noted above,
only smoke had been noticed when the fire was first discovered and several minutes
passed before flames were seen through the cabin windows. Thus, it is assumed that
the fire burned through the ceiling and into the cabin about 5:10 a.m.

in the aft (tourist) section of the aircraft almost all the polymeric substances
above the windowline in the passenger cabin burned. This was disturbing since the
cabin had been redecorated in November 1968 to comply with the material require-
ments of current Federal Air Regulations (FAR 121.312). It was readily apparent
that this fire imposed on the interior materials more severe conditions than those
used in testing such materials for compliance with the regulatory specifications. The
acrid smoke, produced by the cabin lining materials, and the wiring insulation
prevented access for fire control. In the forward (first class) cabin, damage was far
less severe.

The contribution to the fire from released oxygen was localized. Eight oxy-
gen cyclinders were involved. While all showed different exposures to heat, all were
found empty, the oxygen having escaped through the cylinder safety plugs.

Analysis of this scenario suggests the following remedial steps:

1. A barrier should be provided to prevent paper towels and other debris from
entering the areas behind the razor outlets in the aft lavatory. Such material pro-
vided ready tinder for the fire when the electrical fault occurred.

2. Better shielding for lavatory electrical connections should be provided to
prevent penetration of water or cleaning solutions. Theshaver-power receptacle
assembly design {with the wires routed up from the receptacle) permitted water or
collected moisture to run down into the receptacle from the exposed side; moisture
on the back of the panel assembly could run down from above and collect in the
assembly. Water on the electrical connections was judged a major contributing
factor in this fire.

3. The possibility of providing fire-retardant (metal char-forming foam or
char-forming glass-resin composite) fire bulkheads at intervals in the concealed
space above the drop ceiling and headliner should be investigated (giving due con-
sideration to toxicity and smoke hazard). Such bulkheads would have either con-
tained the fire or caused it to break out and reveal itself sooner, leading to earlier
discovery and less damage. Most aircraft have undivided concealed spaces behind
ceilings and headliners; this space may constitute as much as 15 percent of the total
volume of the aircraft.

4, Cabin finishing materials that minimize flame spread, smoke emission, and
generation of toxic gas should be selected. The fact that the fire occurred and grew
so intense that it jeopardized the entire aircraft suggests that polymeric materials
are vulnerable to undetected fires. The ignition source and the tinder were relatively
small (no aircraft fuel was involved); yet the installed furnishings ignited readily and
burned freely, demonstrating the inadequacy of current tests and standards.
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3.2.2 In-Flight Fire in Unattended Area
3.2.2.1 Description

The fire started due to an undetected electrical short within the left nickel-
cadmium aircraft battery sometime during a 54-minute regularly scheduled passen-
ger flight. Nineteen passengers and three crew members were aboard the aircraft.

The flight departed at 4:30 p.m. on an instrument-flight-rules flight plan.
Shortly after departure, the captain cancelled the flight plan and proceeded in
accordance with a visual-flight-rules flight plan via the same route. The flight rou-
tine was uneventful until after the landing at an international airport. The airplane
landed at approximately 5:24 p.m. During the landing roll-out the captain noticed
an unusual odor and discussed it with the first officer. They decided that engine
fumes coming from the fresh air inlet due to a quartering tailwind were the cause
and the circulation fan was turned off. While waiting for another plane to land
before proceeding to the terminal, the stewardess came forward and informed the
captain that there was smoke in the vicinity of row 4 on the left side. Acting on the
captain’'s orders, the first officer checked the cabin and verified the presence of
smoke. At approximately 5:27 p.m. the crew requested ground control to check
the right side of the aircraft for smoke. Prior to ground-control acknowledgement
of this request, the flight crew transmitted, ‘'shutting down, bring out the fire
stuff.” The captain stopped the aircraft immediately and ordered that the air stair
door be opened. After the engines were shut down and all electrical switches were
turned off, the first officer was ordered to proceed to the bottom of the stairs to
direct passengers away from the aircraft. As the captain started to leave his seat, he
noted that he could move the control wheel to full aft position although the
control lock had been engaged about two minutes earlier following the landing
roll-out. After all passengers had deplaned, the captain entered the partially smoke-
filled cabin and made a positive check that everyone had evacuated. At no time did
the captain observe any fire. The captain then deplaned and directed the passengers
to an area further away from the aircraft. Airport emergency equipment arrived at
this time and began to direct foam water into the cabin.

3.2.2.2 Analysis

The investigating team determined that the probable cause of this accident
was an undetected electrical short within the left nickel-cadmium aircraft battery
that resulted in absorption of an increasing amount of heat energy over an un-
known period of time and progressed to a state of thermal runaway. The nickel-
cadmium battery removed from the left side of the aircraft was severely charred
and discolored by heat and fire. The polystyrene cell case material had melted and
solidified in the bottom of the battery case. A solidified flow pattern of this
material through the battery case viewing ports also was evident. All external bat-
tery case damage was above these viewing ports.
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The near complete destruction of the battery precluded a determination of
the mechanics of the internal failure that resulted in a thermal runaway. After
considering the oeprational requirements and practices of the airline, in conjunction
with an in-depth review of the maintenance program, it was concluded that com-
pany operational demands and maintenance procedures could be eliminated as
contributing factors in this accident.

The air circulation pattern resulting from operation of this aircraft’s pressuri-
zation system (it forces air from the cabin into the baggage compartments, and then
overboard through the outflow valves located in the aft underside of the aircraft)
makes it difficult to determine when the battery malfunction began. Smoke or
fumes originating in the batteries during flight would dump overboard through
normal air circulation and the odor would not enter the cockpit until after
the aircraft had landed and the cabin pressurization system spill valves were opened.
In this case, the crew smelled a burning odor while the recirculation fan was on
after landing; however, when the fan was turned off the odor dissipated.

During landing roll-out and the subsequent taxi to the terminal with the
battery in a state of thermal runaway, one or both of the following sequence of
events developed: (1) the polystyrene cell case material heated by the thermal
runaway ignited and emitted fire and smoke through the battery case viewing ports,
or (2) the cell case material was heated to its decomposition tem perature giving off
highly flammable gaseous pyrolysis products which were ignited by the hot battery
and in turn ignited the polystyrene cell cases. Smoke and fumes from the shorted
battery then began to seep into the cabin through vent holes below the seat A
windows at rows 4 and 5 and was observed by the seat occupants.

As mentioned above, the exact time of initial battery malfunction could not
be ascertained. However, the flight control push rods located a short distance above
the left battery had not been burned through at the time the flight control lock was
engaged following {anding roll-out. Therefore, these push rods were burned and
melted by fire between the time the aircraft was turned from the landing runaway
and the time the captain assisted himself out of his seat by pulling on the locked
control yoke. The elapsed time between these two occurrences was approximately
2 minutes, which attests to the extreme intensity of the battery fire.

The aircraft interior was severely damaged by fire, heat, and smoke, The
passenger compartment in the vicinity of row 4 received the most severe fire and
heat damage, and the damage throughout the cabin was more extensive at the
ceiling level than on the lower side wall structure. A hole of about 21 by 31 inches
was burned through the wood floor below seat 4B, and damage to the area below
the cabin floor was limited to the left side of the electrical compartment located
immediately below row 4. That portion of the aileron, elevator, and rudder control
push rods (approximately 16 inches) located about 11% inches above the left bat-
tery had melted away, as did three floor-support stringers. Fuel and hydraulic
systems, which could have fueled the fire showed no evidence of system leakage.
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This accident was one of a series of nickel-cadmium battery fires in aircraft,
and an analysis of the scenario suggests the following remedial steps:

(1) An in-depth program aimed at an analysis of these battery failures with a
view toward discovery of the failure mechanism should be undertaken.

(2) As a resuit of this and other fires that have occurred aboard this type of
aircraft, engineering changes to improve the fire safety in the electric bay region
should be undertaken. Pending the completion of such engineering changes, the
airline operators might:

a. Install steel flight control push rods in the electrical compartment area,

thus lengthening service life before loss of function.

b. Shield the electrical components in the aft section of thc clectrical com-

partment.

¢. Consider attachment of aluminum or steel reflector material to the under-

side of the cabin floor in the electrical compartment area or, alternatively,
use of refractory insulation to contain fire and prevent flame and heat
penetration through the floor.

3.2.3 Crash Fire With Fuselage Essentially Intact
3.2.3.1 Description

Following a routine flight the commercial jet air-liner made a normal ap-
proach in preparation for landing. Because the descent rate was too high, the main
landing gear was torn off as ground contact was made and the aircraft skidded,
colliding with ground objects. The landing impact, while severe enough to destroy
the landing gear and jam some exit doors, did little structural damage to the
fuselage and caused only relatively minor injuries to a few passengers. However, a
few seconds after impact, fire started from a ruptured fuel line under the cabin
floor. Within 90 seconds the entire cabin was engulfed in flames. Passengers sitting
behind the egress hatches over the wing escaped with minor burns. During the fire a
hole appeared in the crew cockpit, and the co-pilot and engincer escaped via this
exit; the pilot did not have sufficient time to exit and perished due to intense
smoke and heat. Although two airport fire trucks arrived about 3 minutes after
impact, they were too late. Ninety-nine passengers did not have time to escape
before being stricken by the fire; twenty-nine received minor injuries. The fuselage
was completely destroyed by the fire.

3.2.3.2 Analysis

Take-off and landing are the most hazardous parts of a flight. Although
constant attention is given to adherence to safety practices and accidents resulting
from aborted take-offs and crash-landings are not frequent, there is, nevertheless, a
continuing hazard. Many passengers often survive the impact in accidents of this
nature, but in far too many cases, they die as a result of external fire fed by fuel. A
strong influencing factor in the case of survivable crash is the possibility of structur-
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al damage that would rupture the fuselage and admit fire.

The scene described in this scenario is a familiar one to crash-fire investigators
who find that little time is required for fatal injuries to occur once a crash fire has
started. Generally, passengers caught in an aircraft ground accident that has resulted
in fire have only seconds to escape. Those failing to exit quickly die from exposure
to heat and toxic gases. Because of the fire danger, rapid evacuation is stressed in all
such accidents. Unfortunately, it is not always possible to evacuate an airliner fast
enough to save all on board and as more of the larger wide-bodied airplanes capable
of carrying several hundred passengers are put into service, quick evacuation in
emergencies will remain a serious problem,

Due to the extremely rapid series of events in crash fires, it is impossible to
accurately detail the exact conditions inside the aircraft. However, an instrumented
full-scale test has been run that stimulates post-crash fire conditions. In this test, a
fuselage section was taken from a surplus C-47 airplane. The fuselage was instru-
mented to measure the exterior and interior thermal environments as well as the
intrusion of smoke and toxic gases. The fuselage was subjected to a JP-4 fuel fire,
designed to envelop the fuselage completely with flames and to expose the vehicle
to the maximum heat flux for 10 minutes.

Although the fuselage interior was obscured by dense smoke, motion pictures
showed flame penetration within 1 minute after ignition. After 2 minutes, the
section was completely destroyed. Air temperature in the cabin rose to 601°F
(316°C) in less than 2 minutes after start of the fire and continued to climb rapidly
as the section was destroyed. Within 30 seconds after ignition, smoke started to
penetrate the interior, to survive occupants of the cabin would have had to have
been evacuated by this time.

A test identical to that described above was conducted at the same time to
demonstrate the concept of passenger protection by surrounding the passenger
compartment with a fire-retardant shell that would protect the occupants long
enough for the fire to burn out or for firefighting equipment to reach the airplane
and extinguish the fire.

An airplane fuselage (actually one-half of the C-47 mentioned above) was
fitted with a lightweight polyisocyanurate foam and an intumescent paint and
tested in the JP-4 fuel fire mentioned previously. Temperature in the protected
cabin changed very little for the first 6 minutes; but, as the heat finally penetrated,
the temperature rose faster, reaching 300°F (149°C) as the fire burned out in 12
minutes. This temperature is within the human tolerance level (for more severe
conditions) and indicated that, if temperature were the only consideration, passen-
gers could have survived for this period.

Generation of toxic gases is as important a consideration as temperature. Up
to 5 minutes into the latter test, no toxic gases were detected in the protected
cabin. Unfortunately, at that point, the gas-sampling probe had to be withdrawn;
therefore, no measurements were made later in the test. Although gas generation
was a possibility later in the test, the amount of toxic gases was not believed to
have been sufficiently high to have influenced survivability.
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Had the test represented an actual airliner crash fire at an airport, firefighting
equipment generally could have reached the airplane and extinguished the fire in
less than 8 minutes. At the 8-minute elapsed time point in he test, there was no
question of either heat or toxic gases endangering life in the cabin.

While the concept of passenger protection was adequately demonstrated by
this test, it must be retarded as only the first step in developing an effective system
to increase the chances for crash-fire survival. Many technical problems such as
portection against fusealge rupture, providing protection for windows, and design
problems associated with maintenance and operation” must be solved before such a
sysrem can be used. Nevertheless, results of the test ,.ve promise that through
proper design and use of suitable materials, protection n.ay be provided for passen-
gers caught in a crash fire.

3.2.4 In-Flight Fire in Unoccupied Lavatory
3.2.4.1 Description

A transatlantic commercial jet transport was nearing the end of its flight and
was approximately 30 minutes from its landing destination when a fire was re-
ported in the lavatory. An unidentified passenger left his seat, proceeded to the rear
of the plane, and entered the closed lavatory where he encountered a wave of white
smoke. He quickly closed the lavatory door and called fcr attendants.

The first steward went into the cockpit and reported smoke and fire in the aft
lavatory. The cabin crew discharged two fire extinguishers inside the lavatory; but
the smoke increased and became darker.

The captain radioed about the fire and requested emergency descent. At the
same time he ordered the cabin depressurized and sent the flight engineer back to
analyze the situation. The flight engineer proceeded to the rear of the cabin taking
with him a CO, fire extinguisher bottle. Arriving in the back, the flight engineer
saw the black smoke already completely filling the area behind the last row of seats.
He handed the extinguisher to a steward and quickly proceeded back to the cockpit
to report to the captain. As the airplane was descending the flight engineer pro-
ceeded to increase the airflow to the cabin and keep the smoke in the rear of the
airplane. '

Soon thereafter a steward came into the cockpit reporting that the passenger
cabin was half filled with smoke and passengers were being affected. The captain
ordered an overwing emergency window removed. A steward equipped with an O,
bottle and a full face mask tried unsuccessfully to comply with that order.

Approximately 3 minutes after the first report of smoke and fire in the
lavatory, smoke reached the cockpit and immediately filled it reducing visibility
inside so that the pilots could not see either the instruments or outside through the
windshield. Both pilots opened their sliding windows and the flight continued.
Visibility was made possible through the open windows.

*For example, weight of foam, possible cracking and settling of foam from vibration, interfer-
ance with fatigue analyses (G. P. Bates, Jr., private communication).
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The captain decided to land as soon as possible and the aircraft was landed
soon thereafter on an open field. During the landirg both main landing gears broke
off. The fu selage came to rest practically intact. After the aircraft came to rest, the
fire, already in existence inside the fuselage, finally broke out on the top of the
fuselage in front of the vertical fin. This fire consumed virtually the entire fuselage
interior. Only one passenger and some crew members survived.

3.2.4.2 Analysis

This situation, an in-flight fire in an unattended area, poses a significant
threat to human and structural survivability. Generally, access to such compart-
ments is limited and hand extinguishment systems, if available, are not sufficient to
suppress the fire. Detection of the fire is usually accomplished by either passengers
or crew reporting smoke and noxious fumes in the cabin or cockpit. Detection may
occur long after ignition of the initial fuel element and only after the fire has grown
to in-flight uncontrollable proportions. Thyonly means of survival is to land the
aircraft quickly, preferably at a location where ground firefighting equipment is
available, butas indicated by the scenario, this is not always possible.

In the lavatory fire described above, no flames were evident inside the fuse-
lage. The smoke pattern was as follows: white at the very beginning, then becoming
darker, and then black and dense; the odor was not identifiable but very disagree-
able and irritating to the eyes. Smoke progressed towards the front of the cabin
from the ceiling to the floor. Survivors reportedly used portable O, masks. The fire
appeared to have started in the concealed space behind the paneling in the lavatory.

Unfortunately, it is not known whether application of the fire extinguishers
on board to the source of the fire might have extinguished it at this point. However,
without further means of fighting the fire on board the crew elected to emergency
crash land the pland and evacuate the passengers. Despite the crew’s attempts, the
combination of hazards including the lack of oxygen and presence of fire and
noxious gases resulted in the death of the passengers aboard.

In such tragedies, the question always asked is: How might it have ouen
avoided? The following recommendations are directed towards minimizing the haz-
ard of in-flight fires in unattended areas:

1. Specific design changes and material selection should be made to minimize
the rate of growth of fires and the evolution of smoke and toxic gases.*

2. An effective fire detection system should be developed that includes the
elements of remote sampling (to provide an indication that a hazardous condition
exists) and point sampling (to localize the danger).

3. A determination of optimum fire extinguisher systems should be made.

4. Specific data should be furnished to enable flight crews to identify smoke
sources.

5. Procedures to control and exhaust smoke effectively during probable spe-

*The FAA issued a Notice of Proposed Rule Making in this area in the spring of 1975.

23




AIRCRAFT: CIVIL AND MILITARY

cific flight regimes while maintaining an adequate life support system should be
established. Present ‘“drop-down’’ emergency oxygen systems were designed and are
effective only for depressurization use and not for use in a smoke and toxic gas
environment,

3.3 Guidelines for Developing Aircraft Fire Scenarios
3.3.1 Introduction

Aircraft fire scenarios should be based on real incidents, either major aircraft
fires and/or plausible extrapolations from minor incidents where proper design or
timely interdiction prevented a major catstrophe. While most aircraft fire investiga-
tions are handicapped by the absence of trained observers during the active stages
of the fire and by the extensive destruction of physical evidence, major accidents
are thoroughly investigated by skilled investigators and the probable sequence of
events frequently can be reconstructed with a high degree of confidence. In some
cases, experimental simulation of critical elements in the scenario may be helpful in
choosing alternative paths of fire development or in lending support to speculative
deductions. In such cases, the fire scenario provides essential guidance for the
design of meaningful experiments.

A practical range of fire scenarios can describe only a small fraction of fire
incidents that could possibly occur in aircraft; therefore, it is necessary that they
treat relevant factors that affect fire development in a way that permits generaliza-
tion. In particular, scenarios based on real incidents will be retrospective in nature
and will be incapable of predicting the effects of new designs and new materials on
fire safety unless the teachings of the scenario can be applied to new situations.

This section is concerned primarily with the important physical aspects of an
aircraft fire that belong in a scenario. In keeping with the focus of the study {i.e., on
modifying materials to achieve fire safety), the physical behavior of fire is empha-
sized and the behavior of human beings is deemphasized. Nevertheless, it is obvious
that people may enter into the fire scenario by: (1) preventing the fire, (2) starting
the fire, (3) detecting the fire, (4) extinguishing the fire, (5} escaping from the fire,
or (6) being killed or injured by the fire. However, the human psychological and
physiological characteristics involved are beyond the scope of this report.

3.3.2 Ignition Source

In general, the fire scenario will start with ignition which may be character-
ized as the bringing together of an energy source and a combustible material in the
presence of an oxidizing atmosphere so that a self-sustaining exothermic reaction
occurs. Most atmospheres that support himan life also will support combustion so
the presence of an ignition-supporting atmosphere may be taken as a “given’’ in
aircraft fires and attention can be focused on the combustible material and the
energy source. However, it must be recognized that local oxygen concentrations
higher than in normal air (20.9 percent) may be associated with the oxygen supply
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system and these higher concentrations can increase the susceptibility to ignition
and the rate of burning of most combustibles.

Ignition sources in aircraft fires may be external to the aircraft cabin (e.g.,
lightning, hostile action, or failure of the fuel or propulsion system) or within the
cabin (i.e., due to failure of operating equipment such as the electrical system, or
the actions of passengers or crew, such as careless handling of smoking materials. In
cabins ignitions are more amenable to control through proper materials selection
than are the more catastrophic events of external ignition.

It would be desirable to have enough information about the ignition source to
characterize it quantitatively, The primary characteristics of the ignition source are:

Maximum temperature (°C)

Energy release rate (cal/sec or watts)

Time of application to target (sec)

Area of contact (cm?)

Considering the ignition source in terms of these parameters, it is possible to predict
the response of the aircraft system to equivalent ignition sources of different origin,
For example, a smoldering cigarette may be similar in terms of these basic ignition
properties of an overheated electrical connection while a match will have character-
istics more closely resembling those of a lighter. In this way, it is possible to
generalize from a particular incident to a consideration of the probable effects of a
range of potential ignition sources.

It will also be desirable to know the mode of heat transfer, which may involve
some combination of conduction, convection and radiation, from the energy source
to the target. Degree of air motion or confinement will affect heat transfer and, as
already noted, access to adequate oxygen is a necessary condition for ignition.
Preheating by prolonged exposure to a low-temperature energy source, such as a
heating duct or overhead electric wiring, may make the target fuel more susceptible
to ignition.

The most important single fact to recognize about a potential ignition source
is that, for solid targets that are not readily ignitable, a “strong” ignition source
generally will ignite the target while a “‘weak’’ one will not. The “strength’’ of the
source depends on energy flux and time of application to the target or on the
product of these two.

3.3.3 First Material Ignited

Identification of the first material to be ignited by the ignition energy source
is a critical element in the aircraft fire scenario. This first step in the fire chain
represents a transition from a controlled or transient energy release to an uncon-
trolled chemical reaction of combustible fuel and oxygen that is capable, if not
checked, or accelerated growth to catastrophic proportion. Obviously, a favorable
point at which to break the fire development chain is at the point of transition to
active combustion. Of principal importance is an assessment of how the probability
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of ignition, given exposure to an energy source, depends on the chemical and
physical properties of the target fuel and therefore, a detailed description of the
relevant target material properties is vital to the scenario.

Most organic materials, gases, liquids, and solids will ignite if brought to a
sufficiently high temperature in the presence of an adequate oxygen supply. Com-
bustible gas mixtures are more easily ignited and therefore should not be permitted
in aircraft interiors. Many flammable liquids also are ignited easily and should be
excluded. Aircraft fuels and other functional fluids essential to aircraft operation
present an unavoidable ignition hazard, but this hazard will be external to occupied
areas except in the case of catastrophic failure.

Solid combustibles probably will be the first materials ignited in aircraft
interiors. These combustibles may be part of the aircraft structure, decorations,
furnishings, or personal items brought aboard by passengers and crew. They may be
derived from natural products such as wood, cotton, paper, and wool or synthetic
plastics that appear in 4 great variety of compositions. Ease of ignition will depend
on both the chemical composition and physical form of the material.

Generic terms such as polystyrene and polyurethane are inadequate to es-
tablish the chemical composition of a material since a great variety of additives (e.
g., plasticizers, fillers, stabilizers, colorants, and flame retardants) that can affect
ignitability may be added to the base polymer. Thus, it is desirable to obtain
samples of the materials from the fire scene. If this is not possible, samples may be
obtainable from other similarly equipped aircraft. The supplier’s product desig-
nation and specification also should form part of the scenario data base.

Thermal properties of the target material play a vital role in determining ease
of ignition. Since the ignition of a solid requires raising the temperature of its
surface to some critical value (the “ignition temperature’’}, heat conduction® from
the exposed surface of the interior will affect the time of ignition. This heat
transfer mechanism obviously becomes crucial to a scenario if the heat flux is of
relatively short duration, compared to the “ignition time.” Elements made of ma-
terials with a large surface-to-volume ratio (e. g., wood or solid plastics) are slower
to ignite since “ignition temperature’ is reached later because energy is conducted
from the surface to the interior.

In the case of composite structures, properties of the underlying layers also
will affect ease of ignition. Thus, a thin decorative laminate may be difficult to
ignite when bonded to the surface of an aluminum plate having a high thermal
conductivity, but may ignite readily when placed on a plastic foam backing. Sim-
ilarly, a carpet placed over an insulating underlayment will be easier to ignite than
the same carpet placed directly on a solid floor.

Configuration of the material also can be of great importance in determining
ease of ignition. Ignition tends to occur more readily in a crevice or fold or at an

*The material property parameter is ‘‘thermal diffusivity’ which is the thermal conductivity
divided by the product of density and specific heat. (G. R. Bates, Jr) — Private communication.

26



———ma

=

TSz

FIRE DYNAMICS AND SCENARIOS (FAILURE MODE AND EFFECT ANALYSIS)

edge or corner than on a flat surface because of more effective heat transfer ¢nd
heat conservation. Similarly, a vertical or downward-facing surface will be moie
readily ignited than an upward-facing one because of increased heat transfer from a
rising convective heat plume.

It is apparent that a detailed description of the physical and chemical charac-
teristics of the first material ignited is important to the first scenario to permit
generalization from a specific case and prediction of ignition behavior in other
situations.

3.3.4 Smoldering Versus Flaming Combustion

Some combustible materials burn in either a smoldering or a flaming mode. In
general, only solids with very low thermal conductivity (e. g., fiber pad or plastic
foam) can smolder. The ignition source may determine whether a material burns in
the smoldering or flaming mode. A high-temperature ignition source, such as an
open flame, will favor flaming combustion while a low-temperature source applied
for a longer time, such as an overheated wire or glowing cigarette, will likely lead to
smoldering combustion. A restricted air supply, as in a closed receptacle or com-
partment or the interior of a partition, also will favor smoldering combustion.

Smoldering combustion is characterized by the production of smoke and gas,
a relatively low temperature, the absence of visible flame, and a slow spread rate.
An upholstered seat cushion may smolder for an hour or longer and then burst into
open flaming combustion. Smoldering combustion is important in aircraft fires
because:

1. It may originate in relatively inaccessible locations and go undetected for
relatively long periods of time, only to break out at some critical time such as when
the aircraft is in flight of left unattended on the ground.

2. Gases produced are toxic to the occupants and may incapacitate the flight
crew.

3. A transition to flaming combustion after a long period of smoldering may
produce a very rapid growing fire because of the preheating of fuels and accumula-
tion of combustible gases during the smoldering period.

4. Smoke and gas produced provide a possible means of early detection
through the use of suitable detectors.

5. Smoldering fires appear to be very difficult to extinguish (a gaseous extin-
guishing agent such as carbon dioxide or a halon® may extinguish flames but
smoldering combustion may continue (deep seated fire) and the flame might re-
kindle after the extinguishant has dissipated).

*Halon: a generic name for several halogenated hydrocarbon compounds used as fire extinguish-
ing agents (Keivshinoff, Fristron and True, Fire Sciences Dictionary and Source Book, Applied
Physics Laboratory, Johns Hopkins University, 1974, p. 114.
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Flaming combustion is characterized by visible flames, high temperatures, and
rapid growth if unchecked. Its presence usually does not go long undetected, and
the issue of control of the fire or catastrophic failure is quickly decided.

Thus, smoldering combustion is a more insidious hazard. The possibility of its
occurrence should be carefully considered in investigating accidents or constructing
scenarios.

3.3.5 Fire Spread

After ignition, the future course of a fire will be determined by the rate of
fire growth and the time at which various defensive actions are brought into play;
therefore these factors are critical elements in the aircraft fire scenario. A small fire,
discovered at an early stage, may be controlled by improvised methods readily at
hand. If it has time to grow, a portable fire extinguisher may be necessary. At a still
later stage, a fixed on-board extinguishment system may be able to control the fire.
in the case of fires on the ground, auxiliary ground-based firefighting equipment
may be able to cope with still larger fires. |f the rate of fire growth outpaces the
speed with which defensive measures can be brought into action, catastrophic fail-
ure will occur.

Fire growth in an aircraft may be characterized in different ways, depending
on the nature of the fire. In a smoldering fire, it may be measured by the rate of
accumulation of snoke and other combustion or pyrolytic products. In the case of
open flaming, the rate of energy release leading to intolerably high temperatures, or
the rate of destruction of operating systems leading to loss of control of the aircraft
may be critical. In a ground fire, the rate of destruction of property may be a more
appropriate measure of fire spread rate.

Fires grow by spreading over the surface of a locally ignited fuel element or
by jumping from one fuel element to the next. The process may be viewed as one
of successive ignition or new combustible fuel surface elements ahead of the advan-
cing fire; therefore, most of the material characteristics that affect ease of ignition
will affect rate of flame spread in similar ways. Combustible materials with high
surface-to-volume ratios and low loss of heat to some thermal sink will spread a fire
rapidly. Gaps between fuel elements will slow or stop the spread of a fire rapidly.
Gaps between fuel elements will favor rapid fire spread. Melting, dripping, and
flowing of thermoplastic materials and structural collapse may contribute mechan-
ically to spread of fire. On the other hand, melting of a thermoplastic may remove
flammable material from the ignition source before ignition.

As the size of a fire increases, radiative and convective heat transfer increases
and orientation effects become increasinglv important. Fires sprcad more rapidly in
an upward direction and more slowly in a horizontal or downward direction. Thus,
the upper part of a compartment will become involved in a fire early while the floor
and lower regions may not contribute until later stages.

A growing fire will consume large quantities of oxygen from the air. In a
tightly-closed compartment such as an aircraft cabin, the rate of fire growth may be
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limited by the available air supply (ventilation limited fire). Factors that increase
the ventilation rate, such as forced ventilation, breaking of windows as a result of
the fire, rupture of the fuselage, or deliberate creation of openings in the course of
escape or firefighting activities, will increase the rate of fire spread. Increased oxy-
gen concentrations from an oxygen supply system will produce high temperatures
and rapid fire spread.

In the later stages of a compartment fire, all of the fuel surfaces (i. e., surfaces
of combustible structural materials) will become heated by radiation from the
smoke and flame and from the heated ceiling and upper walls. As these surfaces
approach their ignition temperatures, flame spread accelerates very rapidly and the
entire compartment becomes engulfed in flames (a phenomenon referred to as
““flashover’’}). At this point, human survival within the compartment becomes im-
possible; internal firefighting efforts are largely ineffective.

Under conditions of limited ventilation, combustible gases produced by py-
rolysis may accumulate within a compartment. If these gases are mixed with a fresh
air supply, for example, by rupture of the fuselage in a crash landing, a very rapid
anddestructive fire (flash fire) can result and wil! quickly engulf the whole aircraft.

3.3.6 Evolution of Smoke and Toxic Gases

In a building fire, smoke and toxic gases may spread from the region of active
burning and produce casualties as well as property damage in areas remote from the
point of origin. Such long-range effects are less important in the more restricted
environment of an aircraft interior where an uncontrolled fire will quickly render
the entire interior uninhabitable. Nevertheless, smoke and gas evolution may be
important in aircraft fire scenarios for the following reasons:

1. Smoke and fire gases may provide the first warning of a developing fire.
The human nose is a very sensitive detector, and highly sensitive mechanical detect-
ors are available for use in uninhabited or inaccessible spaces.

2. The gradual accumulation of combustion products from a smoldering fire
in the confined interior of an aircraft can affect the occupants by causing confu-
sion, panic, incapacitation, and death. Incapacitation of the air crew in flight would
lead to complete failure of the man-machine system. An on-board {independent of
cabin atmosphere) oxygen supply system and smoke masks for personnel, as re-
quired by present regulations, may permit continued operation for a considerable
time in the presence of a smoldering smoke and gas source if the protective equin-
ment were used.

3. Combustible gases can accumulate in confined spaces to form a combus-
tible gas mixture with air. If this mixture is ignited (e. g., by an electrical spark), a
very rapid (possibly explosive) and destructive fire (flash fire) can result.

4, Post-crash fires may produce a condition of flaming exposure leading to
rapid generation and/or accumulation of smoke and toxic gases.
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3.3.7 Detection

The first detection of a fire is a critical event in an aircraft fire scenario since
it determines the type of defensive action that may be possible and the probability
of success. Detection may be by the passengers or crew of the aircraft or, in
uninhabited spaces, by instruments. Detectors may be sensitive to heat or to the
gaseous or particulate products of combustion. The latter are much more sensitive
and have shorter response times than the former, but they also are more prone to
false alarms and, therefore, have been less used in aircraft than the heat-sensitive
types.

Because of the low temperature and localized heat output, smoldering com-
bustion may escape early detection by a thermal detector. Smoke and gas may give
warning of smoldering, but location of the source may be difficult if the fire occurs
within partitions or structural elements since the smoke may appear some distance
from the actual fire. The location of the fire detectors is very important in the early
detection of aircraft fires since ventilation patterns and compartmentation can
affect the flow of heat and combustion products from the source to the detector.

3.3.8 Extinguishment

The role of extinguishment in the aircraft fire scenario will depend largely on
the state and location of the fire when discovered and on the meansof extinguish-
ment available. A small fire in the open may be extinguished by impromptu means
(e.g., burning newspaper can be extinguished by smothering with a coat or blanket).
A somewhat larger fire may be controlled using a portable fire extinguisher, usually
operated by a trained crew member. Smoldering combustion may be more difficult
to control because it may originate in less accessible locations and because deep-
seated combustion does not respond to the surface application of extinguishment
systems activated automatically by fire detectors. These systems usually are used in
nonoccupied locations. Finally, ground based firefighting equipment may be avail-
able to deal with crash or ramp fires.

Means of extinguishment for use on board an aircraft are limited by: (1)
space and weight considerations; (2) the need for the aircraft to remain operational
after the fire emergency has passed; and (3) the frequent impossibility of immediate
evacuation. Water, the traditional extinguishing agent, generally is not suitable for
on-board use. Gaseous extinguishing agents, either inert dilutents such as carbon
dioxide or agents such as certaihalogenated hydrocarbons (Halons*) are used in
small portable and fixed systems. Halons are more efficient than carbon dioxide,
but they decompose in a hot fire to give off toxic and corrosive products. Halons
themselves are slightly toxic to humans susceptible to heart problems or over ex-
tended periods of exposure. Interactions between human occupants and the fire
extinguishing system may be an important part of a fire scenario.

*See footnote on p. 27.

30




FIRE DYNAMICS AND SCENARIOS (FAILURE MODE AND EFFECT ANALYSIS)

3.3.9 Essential Scenario Elements

The aircraft fire scenario, whether intended to recreate the details of an
actual incident or to describe hypothetical events as a tool for design safety anal-
ysis, describes significant factors and events in the development of the fire from
ignition to successful control or catastrophic failure. As many as possible of the
following points should be covered.

1. The source of the ignition energy should be identified and described in
quantitative terms.

2. The first material ignited should be identified and characterized as to
chemical and physical properties.

3. Other fuel materials that play a significant role in the growth of the fire
should be identified and described.

4. The path and mechanism of fire growth should be determined; particular
attention should be given to fuel element location and orientation, ventilation,
compartmentation, and other factors that affect fire spread.

5. The possible role of smoke and toxic gases in detection, fire spread, and
casualty production should be determined.

6. The possibility of smoldering combustion as a factor in the fire incident
should be considered.

7. The means of detection, time of detection, and the state of the fire at the
time of detection should be described.

8. Defensive actions should be noted and their effects on the fire, on the
occupants, and on aircraft operation should be described.

9. Interactions between the occupants of the aircraft and the fire should be
detailed.

10. The time and sequence of events, from the first occurrence of the ignition
energy flux to the final resolution of the fire incident, should be established.

In addition, the scenario should permit generalization from the particular
incident described and should provide the basis for exploration of alternative paths
of fire initiation and as well as for analysis of the effect of changes in materials,
design, and operating procedures on fire safety performance. When used in this
way, the fire scenario can be an effective tool in increasing the fire safety of aircraft
by increasing man’s capability to visualize and comprehend the events.

3.4 Guidelines for Analysis of Fire Scenarios in Aircraft
3.4.1 General

Prevention and control are prime purposes of any fire scenario analysis. Fire
scenarios may be, and whe possible should be, based on real fires. Developing a fire
scenario requires either a completely documented report of a detailed post-accident
investigation and analysis specifically designed to determine how and where the fire
started and progressed until extinguishment or a similar report of an instrumented
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full-scale test burn. In either case, until existing knowledge of dynamics of actual
fires is augmented by fire dynamics research and studies, development of scenarios
will be an art rather than a scientific presentation of irrefutable evidence. Neverthe-
less, full analysis of the most probable fire scenario is a necessary and effective tool
for use in developing economical and realistic methods for preventing and control-
ling fire in aircraft,

3.4.2 Prevention

The elements of aircraft fire scenario analysis that can contribute to preven-
tion of fire involve the broad areas of education, aircraft design (including choice of
materials) and construction, regulations (legal, carrier, airport, or industry), and
operating procedures. Complex interaction among and between these areas is obvi-
ous.

The scenario of an in-flight fire in an unattended area as presented in Section
3.2.2, will be used here solely for purposes of illustration and therefore due to
abridgment may be technically imprecise for any other usage (see Section 3.2.2 for
details).

3.4.2.1 Education

As one analyzes development of the in-flight fire, one must ask: How could it
have been prevented or minimized? Who, without adequate understanding, allowed
the fire to ignite or continue?

The failure of the battery, the alleged source of ignition requires: (1) identifi-
cation of the actual failure mechanism, and (2) identification of interim and/or
permanent means to assure that such batteries do not cause or contribute fuel to
the subsequent aircraft fire. This remedial action could involve considering replace-
ment, increased periodic inservice testing and inspection, better maintenance crew
instruction, and other measures such as use of fire resistant battery enclosures and
fire detection mechanisms.

To the fullest degree possible, representatives of all those who work in the
aircraft industry should analyze fire scenarios to extract needed data on fire preven-
tion and then use the data to prevent or minimize future fires.

3.4.2.2 Design

From the standpoint of aircraft design and construction, the factors that
should guide the analysis of a scenario are the engineering factors related to materi-
als choice and usage (see Section 3.4.2.2.1). In analyzing fire development, the
principal questions focus on how the fire could have been prevented during the
design and construction of the aircraft, what changes in design or construction
procedures should be made, and how the knowledge gained from this fire should be
applied to other existing aircraft and/or in the design of new aircraft. (Overall
aircraft fire safety design considerations can be found in Chapter 4.)
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The illustrative aircraft fire scenario(see Section 3.2.2) will be employed to
consider the design of materials choice and arrangement.

3.4.2.2.1 Materials Choice and Arrangement

Consideration of materials in design comprises not only the materials chosen
for the element — in the case of the illustrative scenario, a battery case — but also
the geometry or shape of the element and its physical location in the overall layout
of the aircraft. Here the greatest gain in fire prevention may be possible. Thus, one
should ask: Could the batteries, which initially caused the fire, have been located
elsewhere? Could a lightweight, strong, and fire-resistive ceiling in the electrical
compartment have been designed to create a fire-safe floor-ceiling envelope to
protect vital elements such as the control rods, stringers, and the cabin floor? Could
the battery case be designed of material more difficult to ignite? What fire tests are
now applied to the batteries? Are the chosen end limits correct or does this fire
suggest the need for more stringent end limits or perhaps a different test procedure?
Could the battery be enclosed in a fire resistive tray enclosure? These and other
basic design questions should be considered and practical solutions derived for the
battery selection and installation arrangement on this as well as all aircraft.

3.4.2.3 Regulations

The term “regulation’” as used in this report includes Federal Air Regulations
(FAR) and Military Regulations (MR); the regulations (rules, design procedures,
design practice) of air carrier operators, aircraft manufacturers, and material sup-
pliers to carriers and manufacturers; and test methods and specifications as well as
the standards incorporated or referenced therein. If one considers the impact of
manufacturing quality control on mass-produced items and the effect of in-service
inspection and maintenance, the importance of the regulations of the air industry is
quite apparent,

Analysis of an aircraft fire scenario from the regulatory point of view would
focus on two aspects: First, one must determine whether all applicable regulations
have been adhered to in the design, construction, maintenance, and operation of
the aircraft involved in the fire. If the regulations have essentially been complied
with, the more difficult task begins. Second, one must consider where, how, anc by
whom the regulations should be amended or new regulations (tests, specifications)
de.cloped to prevent a repetition of the fire; whether an improvement in fire
control provides an equal and/or more economical solution; and whether the fire
hazard identified is unique to a particular use of a specific aircraft or to one model
or type of aircraft or is essentially common to all aircraft.

In the illustrative scenario, the hazard of a thermal runaway in a battery may
well be common to any aircraft using the specific type of battery. If this is accepted
as essentially correct, change in the regulations regarding batteries and their installa-
tion, inspection, and maintenance could be the result of in-depth aircraft fire scen-
ario analysis.
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3.4.2.4 Operating Procedures

The term “‘operating procedures’’ as used in this report denotes procedures
promulgated by any of the agencies mentioned in the above discussion of regula-
tions. Included are: rules for the use, operation, maintenance, and inspection of
components and aircraft systems as well as all types of “‘checklists,” the established
way for handling routine, nonroutine, and emergency situations; and procedures for
fighting or extinguishing fire and for removal of humans endangered by fire.

In analysis of an aircraft fire scenario, procedures related to fire safety are of
prime concern. Here again, one first must attempt to determine, from the scenario
analysis and investigation report, that existing operating procedures were followed.
If such procedures were followed, one must reanalyze the fire scenario from igni-
tion source to extinguishment asking, at each main action point, how operating
procedures could be modified to prevent fire or fire progression at this point and/or
to reduce loss of life, injury, or aircraft damage.

3.4.2.4 Summary of Guidelines for Analysis of Aircraft
Fire Scenarios from the Fire Prevention Viewpoint

Fire is a complex problem involving not only what is done but also what is
not done; consequently fire prevention is also complex. Improvement in fire pre-
vention is technically, economically, and socially feasible now. There is no need to
wait for more basic research or better tools or test methods; rather, use of current
resources must be maximized with competent people being of primary importance.

The foregoing discussion has been presented to show how a multifaceted and
multidisciplinary systems analysis of aircraft fire scenarios may be accomplished; it
has been deliberately broad and somewhat elementary. An actual systems analysis
of real aircraft fire scenario is quite specific and can be elementary or technically
sophisticated in its findings.

As the use of polymeric materials in aircraft increases, the total impact of
these materials on the degree of hazard present must be both assessed and con-
trolled. In this regard, comprehensive aircraft fire scenario analysis is an effective
tool.

3.4.3 Control

The elements of fire scenario analysis that can contribute to control of air-
craft fire involve the broad areas of detection, containment, life support, extin-
guishment and egress. A definite relationship exists between these areas and those
covered in the above discussion of prevention, therefore, some overlap exists in the
discussion (indeed, the guidelines that must be kept in mind relative to control of
aircraft fire during a scenario analysis warrant repetition). The scenario of the
in-flight fire in an unattended area (Section 3.2.2) will be used to illustrate control
considerations just as it was in the above discussion of prevention, and the reader is
reminded of the technical limitations of using the scenario in this way.
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As the fire scenario is analyzed with regard to each of the broad areas enu-
merated above, the basic guestion to be asked at each main action point is: What
could have stopped the fire, minimized its progress, or protected life at this point?

3.4.3.1 Detection

Detection, human or mechanical, alerts individuals to the possible presence of
a fire. The guiding factor for the analysis of aircraft fire control from the detection
aspect are those related to the use of human senses or mechanical devices to
identify the existence of a fire threat and, thereby, lead to initiation of control
action. The value of detection in control of fire is directly related to the time which
elapses between ignition and detection.

3.4.3.1.1 Human Detection

Human detection and the respcnse that detection generates is a prime fire
control factor. Human detection involves several elements including the deliberate
or accidental actions that lead to human sensation (sight, smell, sound or touch)
warning that fire may exist and the trained or instinctive responses of the person
receiving the initial warning. One cannot forget the responses of those subsequently
becoming aware of the possible or actual existence of a fire condition.

In the illustrative scenario, human detection functioned as part of aircraft fire
control as described below. Smoke was observed by a cabin attendant, and this was
the accident observation or detection of fire that triggered a trained response. The
aircraft commander was notified, the presence of smoke verified, and deplaning
procedures initiated to assure passenger safety.

In.addition, the investigation report noted that during landing roll-out, 3%
minutes before the presence of fire was verified and emergency procedures started,
the captain noticed an unusual odor, and he and the first officer decided that the
odor was caused by engine fumes drawn into the aircraft through the fresh air inlet.
It is at this point in the analysis that some questions arise: Should the captain,
during a landing roll-out, have ordered his first officer or cabin attendant to take a
walk through the aircraft to check for smoke or fire? Would such a request have
been prudent, overcautious, or even dangerous during roll-out and taxi operations?
Was having the first officer verify the attendant’s report of cabin smoke wise or
wasteful of time? Do either of these factors suggest change in operating procedure
when a flight crew member believes he has detected the presence of fire aboard the
aircraft?

As indicated above, human detection can be deliberate or accidental and can
invoke a trained or instinctive response. With regard to aircraft, it is suggested that
effective control of fire would support a deliberate and conscious effort on the part
of all air and ground carrier personnel, airport personnel, and federal personnel
involved in air operations to detect fire and/or smoke. These personnel should be
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trained® to: recognize the kind of fire (e. g., electrical), know the types of extin-
guishers available (hand and built-in), how and when to use them, and how to
control a crowd under conditions of limited or no egress (panic on an aircraft might

be more dangerous than the fire).
Standard procedures should be established for fires occuring in various parts

or compartments of aircraft during the phases of operations (i.e., consideration
should be given to electrical fires, baggage fires, galley fires, passenger compartment
fires, fires in fuselage walls, etc., during phases of operation such as hangar mainten-
ance, ramp operations, taxiing, take-off, in-flight and landing). In this regard, train-
ing should include actual fire experience under controlled conditions. Periodic re-
fresher training and testing such as that now used to assure pilot proficiency should
be initiated and/or expanded.

These efforts would maximize early trained human detection and responses
to fire, thus enhancing the possibility that subsequent control activities will be
successful. Particularly important is shat passenger control, a vital element in com-
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