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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 Advi-
sory 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 all cases the
committee has put forth useful recommendations as to the direction of future
actions to make the use of these materials safer for society.

Harvey Brooks, Chairman
Commission on Sociotechnical Systems




&7 ABSTRACT
his is the second volume in a series. The fire safety aspects of polymers are
examined with primary emphasis on human survival. Other volumes in the series
deal with materials: state of the art; fire dynamics arld scenarios; aircraft (civil and
military); and applications to buildings, vehicles, shjps, mines and bunkers. A sum-
mary volume (Vol. 5) has been added to the serigs'to pull together the disciplinary
material of i :

his report summarizes the state of the art on test methods which can be
employed for evaluating various aspects of flammability behavior in polymeric
materials. Separate chapters in the report are concerned with a broad overview of
problems associated with the development of tests and standards {Chapter-3), with
brief summary of the most important U.S. test methods (Ehapter-4), and with a
critical discussion of these {Chapter 5} in which status, limitations and problems of
currently available test methods are reviewed. The concepts of fire dynamics, and
their importance in the future development of meaningful test methods are dis-
cussed under a separate heading (Chépter 8} -

In this report, test methodology is reviewed with cursory reference to the end
uses where a particular test may be employed or applicable, A more detailed dis-
cussion of test methods used for specific products (e.g., building materials, coatings,
fabrics, etc.) is provided in the appropriate end-use volumes.

Conclusions and recommendations are included at the end of Chapters 5, 6, and
7,and also highlighted in Chapter 2.Y

VOLUMES OF THIS SERIES

Volume 1  Materials: State of the Art
Volume 2  Test Methods, Specifications and Standards
Volume 3  Smoke and Toxicity

(Combustion Toxicology of Polymers)
Volume 4  Fire Dynamics and Scenarios

Volume 5  Elements of Polymer Fire Safety and
Guide to the Designer

Volume 6  Aircraft {Civil and Mititary

Volume 7  Buildings

Volume 8 Land Transportation Vehicles

Volume 9  Ships

Volume 10  Mines and Bunkers

|




PREFACE

The National Materials Advisory Board (NMAB) of the Commission on Socio-
technical Systems, National Research Council, National Academy of Sciences-
National Academy of Engineering, was asked by the Department of Defense, Office
of Research and Engineering, and the National Aeronautics and Space Administra-
tion to "initiate a broad survey of fire-suppressant polymeric materials for use in
aeronautical and space vehicles, to identify needs and opportunities, assess state of
the art in fire-retardant polymers (including available materials, production, costs,
data requirements, methods of test and toxicity problems), and describe a compre-
hensive 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 duplication of interest existed. At the request of the other
agencies the project scope was broadened, subject to satisfying the needs of the
original requestors,

The total list of sponsors of this study now comprises Department of Agricul-
ture, Department of Commerce (National Bureau of Standards), Department of
Interior {Division of Mine Safety), Department of Housinq and Urban Develop-
ment, Department of Health, Education and Welfare (National Institute for Occu-
pational Safety and Health), Department of Transportation {(Federal Aviation
Administration, Coast Guard), Department of Energy, Consumer Product Safety
Commission, Environmental Protection Agency, and Postal Service, as well as the
original sponsors.

The committee was originally constituted on November 30, 1972 and expanded
to its present status on July 26, 1973, The new scope was established after presen-
tation of reports by liaison representatives covering needs, views of problem areas,
current activities, future plans, and relevant resource materials. Tutorial presenta-
tions were made both at meetings held in the Academy and during site visits, when
the committee or its panels 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 on foreign fire technology were supplied by the U.S. Army Foreign Science
and Technology Center and NMAB Staff.

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 of the Study

Consistent with its charge, the committee directed its attention to the behavior
of polymeric materials in fire situations with special emphasis on human safety
considerations. Excluded from those considerations, however, were firefighting,
therapy after fire-caused injury and mechanical aspects of design not related to fire
safety.

The work of the committee included: (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 identified gaps, (5) development
of conclusions, {6) formulation of recommendations for action by interested public
and private agencies, and (7) estimation, where appropriate, of the benefits that
might accrue through implementation of the recommendations. Within this frame-
work, fundamental disciplinary areas were addressed individually; end-uses were
considered when the possibility of fire was a design consideration and the end-uses
were of concern to the sponsors of the study.

Attention was given to natural and synthetic polymeric materials; primarily in
terms of their fire safety performance as determined by their composition, struc-
ture, reaction 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. Relevant test methods, specifications, and standards were con-
sidered, regulations, 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 on human safety; morbidity and mortality were
treated only as a function of the materials found among the products of combus-
tion. 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 effor* to clarify the understanding of phenomena accompanying fire,
attention was directed to the mechanics of mass and energy transfer (fire dyna-
mics). 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, design
principles and criteria were also considered.

In organizing its work, the committee concluded that its analysis of the fire
safety of polymeric materials should consider the materials themselves, the fire
dynamics and the societal systems affected. This decision ted to the development of
a report structure that provides for separate treatment of the fundamental-
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disciplinary aspects of the problem (the data base) and various aspects of product
end-use.

Accordingly, the committee presents its findings in five disciplinary and five
end-use reports as follows:

Volume 1  Materials: State of the Art
Volume 2  Test Methods, Specifications and Standards
Volume 3  Smoke and Toxicity

{Combustion Toxicology of Polymers)
Volume 4  Fire Dynamics and Fire Scenarios

Volume 5  Elements of Polymer Fire Safety and
Guide to the Designer

Volume 6  Aircraft (Civil and Military)

Volume 7 Buildings

Volume 8 Land Transportation Vehicles

Volume 9  Ships

Volume 10

Mines and Bunkers

Some of the polymer applications and characteristics are in the classified litera-
ture; 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 completed. Thus, the output of the
committee is freely available to the public. Considering the breadth of the fire
safety problem, it is believed that exclusion of classified information at this time
will not materiallv affect the committee’s conclusions.

Many statements about the fire safety aspects of polymeric materials appear in
each of the committee’s reports, but members of the committee emphasize that
such statements, including judgmental comments regarding fire safety aspects of
materials in particular end-uses, apply only to the specific situations they describe.
The suitability of a material, from a fire safety point of view in a given application,
depends on many factors, e.g., ease of access, ease of egress, proximity of ignition
hazard, proximity of other combustible materials, thermal flux and duration of
ignition source, ambient oxygen partial pressure, and fire and smoke detection and
suppression systems in nlace. Therefore, statements in this volume (as in the others)
must not be taken out of context and applied to the use of identical materials in
other situations.

Members of the committee are and have been involved with materials research,
development and applications as well as system design and evaluation, whereas the
sponsors’ liaison representatives deal with materials research and development, regu-
lation, procurement, operations and analysis. In these circumstances, the fire safety
performance of each material considered was subjected to a broad spectrum of
expertise. Full and extensive communication over the lengthy period of the com-
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mittee’s deliberations provided an unusual base for augmentation of its expertise
and rounding of knowledge.

1.2 Scope and Limitations of This Report

In this volume, the "‘state of the art" is reviewed in a general way. Technical
problems of fire testing in polymeric materials, and some of the reasons for lack of
correlation between results of laboratory tests and behavior of materials under use
conditions are discussed in Chapter 3. Most well-documented test methods cur-
rently used for comraercial products are outlined in Chapter 4 and critically dis-
cussed in Chapter 5. Theoretical knowledge on which future test method develop-
ment might be based is presented in Chapter 6. The agencies and organizations that
are currently responsible for the formulation and enforcement of fire safety specifi-
cations and standards are indicated in Chapter 7.

Throughout this volume, the subject is discussed broadly to present an overall
view of the problem. Detailed reviews of test methods specifically designed for or
applicable to specific end-use requirements (e.g., aircraft cabins, building materials,
etc.j are presented separately in the appropriate end-use volumes.

Primarily, the material reviewed covers U. S. technology. It is not intended to
ignore advances in foreign countries (in fact, salient test methods developed abroad
are included), but it is necessary to recognize that the state of the art on technology
of test methods cannot be reviewed without concomitant consideration of the
societal factors and legisiative processes that motivate and determine the evolution
of fire safety standards for polymeric materials.

In attempting a critical evaluation of the state of the art, rather than the prepara-
tion of a mere catalog of existing methodology, the committee has (inevitably)
exercised judgment in the selection of technical information available in the litera-
ture and from other sources. In doing so, every effort has been made to avoid bias,
and to reach an objective, unified, coherent assessment of the state of the art on
this critically important aspect of the fire safety problem.

1.3 General Considerations

As concern for fire safety increases in our society, requirements for the response
of polymeric materials to heat and fire must be defined in the context of specific
end use, and of potential exposure to a wide range of fire conditions. This task
poses formidable problems. Even with the best scientific, technological, sociological
and political skills, approaches to these problems are barely discernible at this time.
Progress wouid be enhanced if the flammability of or fire hazard posed by a given
polymeric material were an intrinsic property that could be measured in definitive
terms. In fact, flammability of polymeric materials and fire hazard posed by speci-
fic products of systems depend greatly on many factors in addition to composition.
Geometry, orientation, ventilation, proximity of other materials, etc., can have
overriding effects on the response of a material in a fire.
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Also, progress might be accelerated if measurements of relative flammability
made for a given material in the laboratory could be interpreted and analyzed to
provide accurate indications of the material’s behavior in a major fire. This is not
the case, since, to date, our understanding of the physics and chemistry of fires and
of fire phenomena has not been sufficient to provide a basis for definitive simula-
tions in the laboratory.

The subjects of testing methodology, validity and significance of test results,
interpretation of laboratory results, and extrapolation to end-use con-ditions are of
critical importance in the overall consideration of the fire safety of materials.
Technical efforts of many groups have produced important advances, and the
rationale for the selection of specific test methods is being reviewed and revised on
a continuing basis. Nevertheless, incomplete scientific knowledge and fimitations in
dealing with many problems of fire testing are reflected in a continuing pragmatism
that has led to the development of scores of test methods, each designed to
simulate use conditions a little better, or to measure differences between materials
or trends more precisely, or to isolate specific parameters of flammability behavior,
or to provide experimental verification of idealized theoretical models.



CHAPTER 2
SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

2.1 Summary

The behavior of a polymeric material in a fire environmen and the hazard posed
by a given product depend on a number of factors (in addition to chemical com-
position). Geometry of the system, ventilation, proximity of other materials, etc.,
determine to a large extent the response of a given material in a fire. The flamma-
bility of, or the fire hazard posed by a given polymeric material is not an intrinsic
property that can be measured in definitive terms by a simple test.

Early fire tests were developed primarily for naturally occurring polymers, and
with very limited understanding of fire science. While knowledge has improved,
material technology has progressed at an even more rapid rate, and demands for
more meaningful fire tests have outstripped the gains in knowledge.

The objective of all fire safety activities is to reduce loss from unwanted fires. To
work towards this objective, the subjects of testing methodology, validity and
significance of test results, interpretation of laboratory results, and extrapolation to
end-use conditions must be considered of critical importance.

2.2 Conclusions and Recommendations

{This is a partial compilation of the more important conclusions and recommen-
dations. The committee’s complete conclusions and recommendations will be found
at the end of chapter 5, 6, and 7 as noted).

Conclusion: For a lonyg time, test methods have been developed with limited
understanding of the phenomena of fire growth. Knowledge has advanced con-
siderably in the last decade, and the development of more meaningful test methods
based on fire dynamics cannot be attempted. Recommendation: Require that tests
and standards demonstiate a rational relationship to the hazards they are designed
to control,

Conclusions: Many test methods and criteria for fire hazard used today were
developed through experience with cellulosic materials. These tests are not neces-
sarily adequate for the valuation of fire hazard of synthetic polymers. No single test
is adequate to completely evaluate the fire hazard of a particutar material. The
complexity of ignition phenomena makes it impossible to devise a single test for the
evaluation of ease of ignition that is applicable to different materials and end-use
situations. Recommendations: In the development of tests for ignitability, simulate
well-defined ignition sources and end-use conditions.

Conclusion: The rate of flame spread is strongly dependent on many physical
and geometrical parameters. Thus, tests that presume to establish relative flame
spread characteristics of polymeric materials in a definitive manner may be valid
only for the particular conditions of the test and may give misleading results if
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extrapolated to other conditions. Recommendations: Continue work on tests for
fire hazard of interior finish materials; the currently used ASTM E-84 test must be
improved or replaced. Correlate surface flammability test ratings to full-scale fire
hazard,

Conclusion: The rate at which heat is released during burning is an important
criterion for evaluating fire hazard from a particular material. Therefore, tests
measuring rate of heat release can be of great significance. Recommendation: Con-
tinue the current development of tests for rate of heat release.

Conclusions: The oxygen index test provides a laboratory technique for the
evaluation and guidance of the development of new materials; however, since it
does not mode!l energy feedback realistically, it is not sufficient for characterizing
fire hazard or standards or regulations. There are no standardized test methods for
determining relative ease of extinguishment for different polymeric materials. In
view of the many factors influencing extinguishment, there seems to be little
chance that a small-scale test method could be developed to adequately determine
minimum water application rate for a given polymeric material. Tests for smoke
evolution are important, since the presence of smoke is an important parameter of
fire hazard. Available tests for smoke evolution yield results that depend greatly on
the conditions of testing {e.g., ventilation, heat flux level, sample orientation).
Recommendation: Place high priority on the development of more meaningful tests
for smoke evolution,

Conclusion: Fire safety toxicity standards for materials have largely ignored the
complexity of the problem. No accepted toxicity tests are currently available.
Recommendations: Mandate the use of laboratory animals during a first-tier screen-
ing assessment of combustion product toxicology. Incorporate both a behavioral
end-point and a mortality count in an appropriate toxicity screening test.

Conclusion: Currently available tests for fire endurance are generally satisfac-
tory. Recommendation: Run the ASTM E-119 fire endurance test with a positive
pressure on at least the upper two thirds of wall specimens so as to improve the test
when there are openirgs in the wall.

Conclusion: Large-scale tests are necessary as acceptance tests for polymeric
materials and products and to establish the validity of various small-scale tests.
Recommendations: Reflect the nature and type of fire scenario to be protected
against when designing large-scale room tests.

Conclusion: The complex interaction of fundamental processes in fire dynamics,
coupled with a relatively small funding effort, has led to rather slow progress in
quantifying fire behavior. Recommendation: An increased program of sufficient
magnitude and stability, funded by the government, in the specific area of fire
dynamics must be established. This program should be conducted primarily in
academic, non-profit, and governmental research organizations but the projects
should be closely monitored by advisory boards including broad representation by
manufacturers, users, and members of standards-setting organizations.
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Conclusion: The current level of understanding of fire dynamics is not suffi-
ciently developed to permit thorough scientific analysis of most fire test methods.
The behavior of a given material in a fire depends not only on the properties of the
fuel but also on the fire environment to which it is exposed. Consequently, if test
methods are to be meaningful, they must simulate the critical fire dynamic condi-
tions. An understanding of fire dynamics is essential if the critical conditions are to
be identified. Consequently, fire dynamics can be extremely useful in test method
selection and development. Valid modeling procedures based on evolving fire
dynamic principles offer promise for reduction in the dependence on, and the cost
of, large-scale fire tests. Recommendation: Fire dynamics expertise should be em-
ployed when developing new test methods and for validation and improvement of
existing test methods.

Conclusion: The major importance of test methods is that they become a part of
the specifications, standards, and codes that define the performance of materials.
Recommendation: Test methods incorporated in regulations must be carefully
investigated to establish their validity and limitations.

Conclusion: Only the United States among developed nations has widely frag-
mented systems of fire safety standards and codes. This contributes to losses of life
and. property that might be avoided. Recommendation: Attack the problem of
fragmentation of fire codes by judiciously evaluating the modes used in other
developed countries and adopting their practices as seems desirable in the United
States.

Conclusion: Codes and standards are only of value to the extent that they are
enforced. Recommendation: Enforcement of fire codes and mandatory standards
should be uniform and rigorous.

Conclusion: Recognizing that all contributors to the fire protection system
should be stimulated to maximum activity in the pursuit of fire safety, incentives
should be sought to further these activities. Recommendation: Search out
economic incentives such as favorable insurance rates, favorable tax treatment, or
other societal incentives that favor improved fire safety.



CHAPTER 3

OVERVIEW OF TEST METHODS, STANDARDS,
SPECIFICATIONS, AND CODES

3.1 Introduction

In the United States the choice of materials relative to fire safety is governed by
a complex hierarchy of test methods, standards, specifications, codes and related
regulations (Lyons 1975; National Bureau of Standards, 1975). The complexity of
this system and the number of agencies involved present serious difficulties, both
for the manufacturers of polymeric materials and products and for the users of such
products.

The objective of all fire safety activities is to reduce loss from unwanted fires.
The precise definition of loss is itself a difficult and controversial problem, but for
our present purpose we will focus attention on two major components, human
death and injury and the destruction of material property.

Fire safety activities fall into five general categories:

{a) the unorganized efforts of individuals, based on limited knowledge of the
problem and concerned with the safety of their own property and the
personal safety of their family and associates,

(b) the voluntary efforts of associations concerned with the development of fire
test methods and recommended safety practices and the dissemination of
authoritative fire safety information,

{c) the economically motivated efforts of industrial organizations, including the
insurance industry, concerned primarily with minimizing property loss,

(d) the statutory efforts of government regulatory agencies to reduce the fre-
quency and severity of fires through mandatory codes and standards,

(e) the organized efforts of the Fire Services directed primarily toward the
prevention, control, and extinguishment of fires.

Test methods, standards, specifications, and codes have their origin and find
their applications principally in activities (b) and (d} above.

Test Methods are procedures for measuring a property or behavioral character-
istic of a material, product, or assembly as an aid to predicting its performance in
application. Most test methods were designed originally to guide the development
or acceptance of a material, product or system, |f a method proves useful, it may be
described in publications and adopted by others with similar needs. If it is recog-
nized as a generally useful procedure, it may be submitted to a voluntary standards
writing and promulgating body such as the American Society for Testing and
Materials (ASTM), the National Fire Protection Association (NFPA), a technical
society, or trade association for possible adoption. After further consideration,
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usually including inter-laboratory trials to establish operability and reproducibility,
it may be accepted and documented as a standard test method.

The term‘Standards’ is applied to a variety of rules and procedures designed to
provide an orderly approach to problems of fire safety. Standards may include
definitions and terminology, methods of measurement, performance requirements,
and rules for the protection of persons and property. The majority of the standards
in use in the United States are Voluntary Standards, developed by legitimizing
organizations frequently through a consensus process involving producers, users,
and general interest groups (National Bureau of Standards, 1970). Such voluntary
standards may become mandatory standards if adopted by a government agency
having jurisdiction in the area. Mandatory standards may also be promulgated by
government agencies having specific statutory responsibility. For example, the
Consumer Product Safety Commission issues standards covering the safety of con-
sumer products while the Department of Transportation establishes regulations
governing the safety of vehicles. Such standards may specify a level of performance
suitable to the proposed application, a test method to measure performance, and
sampling plans, record keeping requirements and other appurtenances necessary to
demonstrate compliance with the standard.

Specifications find their principal use in commercial practice where they are
used to define the properties of a material, product or structure being procured.
They establish the level of performance which the items must meet and the test
method by which the performance is to be measured. When incorporated into a
purchase contract, the specification becomes part of a legal document enforceable
in the courts. The citation of standard test methods in specifications is a great
advantage since it obviates lengthy and perhaps ambiguous description of test pro-
cedures. Thus, to say that a flame spread classification is to be determined by
ASTM Method E 84 is equivalent to including nine pages of descriptive material
trom the ASTM Book of Standards.

Codes are compilations of standards and recommended practices designed to
assure a desired level of safety in a building or building sub-system. Examples are
the NFPA Life Safety Code, the National Electric Code, and the four model
Building Codes. These are usually voluntary codes developed by the consensus
process, but they become mandatory within the designated area of jurisdiction
when adopted by a local, state, or federal government agency. Unlike Canada and
several other countries, the United States does not have a national building code
which can be used to govern fire safety as well as other aspects of building construc-
tion on a nationwide basis. Instead, these requirements are covered by some 20,000
local codes. While most of these codes are based on one or another of the model
codes and possesss a considerable degree of similarity, local differences pose a
serious problem to architects, designers, material suppliers and builders.

Guidelines may be issued by a particular agency or institution in expectation of
more precise specifications and/or standards to follow. They generally represent
compendia and/or lists of requirements to be met by products, processes, or
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systems until such time as regulations are issued. Guidelines cannot be enforced,
but they are an important factor in the procurement of materials or systems which
are not covered by regulations.

3.2 Present Status of Fire Test Methods Applicable to Polymeric Materials

The field of fire hazard testing of materials is in a state of ferment. The relevance
of old, well established test methods is being questioned and new concepts of
performance testing are being discussed. This situation is due largely to two factors;
an influx of new materials and products, principally based on synthetic polymers,
into the environment and an increased emphasis on life safety in fire safety regula-
tions.

Up to about 10 years ago, the emphasis of fire safety regulations, fire test
methods, and fire research was on the protection of property. The combustible
components of most structures were of natural origin and their fire performance
properties were intuitively recognized through long familiarity. A few weli estab-
lished tests served to characterize the behavior of new applications and new con-
struction techniques.

With the recognition that the human cost of fires, in terms of deaths and in-
juries, might equal or exceed the direct property loss, and with increased emphasis
on public safety, the main thrust of fire safety development has shifted from the
protection of structures and property to the protection of building interiors and
their occupants. This thrust has focused attention on the fire safety properties of a
new class of products, the multitude of consumer products, materials and furnish-
ings that create the environments of modern structure interiors. These materials and
products provide numerous opportunities for ignition, rapid fire growth, and the
spread of smoke and toxic gases. They pose a threat to human safety out of
proportion to their contribution to structural damage and property loss in most
fires.

Many new products are made of polymeric materials. Moreover, a great variety
of new materials whose widely differing (from traditional materials) fire per-
formance properties are not known or not widely recognized have been introduced.
Fire performance tests designed to evaluate the structural fire performance of tradi-
tional materials were inappropriate for these new materials and applications. As a
result, there has been a proliferation of new small scale test methods, most of which
originated as ad hoc tests in development laboratories and were designed to permit
the convenient comparison of experimental material formulations. Their relevance
to the performance of products under use conditions was seldom a factor in their
development. A few of these tests have achieved recognition as standard test
method; by virtue of their endorsement by ASTM, NFPA, Underwriters Labora-
tories and other organizations.

The action of the Federal Trade Commission against the cellular plastics industry
(Federal Trade Commission 1975) triggered a massive reexamination of the rele-

10
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vance of existing fire test methods to the prediction of the performance of materi-
als, products, and systems in fires. While the FTC action provided the impetus,
recognition of the problem had been building up in the fire research community for
a number of years.

The proposed FTC complaint alleged: “The aforesaid ASTM test standards are
neither reliable nor accurate tests for determining, evaluating, predicting or describ-
ing the burning characteristics of plastics products under actual fire conditions.”

The crux of the complaint is found in the last three words. What are “actual fire
conditions’*? To consider this question ASTM established Committee E-39 on Fire
Hazard Standards (later merged with Committee E-5). Similar committees have
been established in several other industrial countries, and the philosophy of fire
hazard testing has become a popular subject for discussion {(Malhotra, 1975).

A basic shortcoming of most small scale tests can be illustrated by reference to a
typical test method such as ASTM D 1692. Here a small sample of the test material
in a horizontal orientation is ignited at one end and the progress of burning is
observed. In the combustion of a solid fuel, energy feedback from the high
temperature gaseous combustion zone pyrolyzes the fuel surface to provide a con-
tinuing supply of gaseous fuel to the flame. The rate of burning is directly related
to the magnitude of this energy feedback. In the ASTM D 1692 test configuration,
most of the energy of combustion is dissipated in the rising convective plume and
through radiation to the cool surroundings. In a real fire, on the other hand, energy
exchange between adjacent fuel surfaces and radiation from the heated surround-
ings greatly increases the energy feedback and the intensity of combustion. Experi-
ments at Factory Mutual Research Corporation have shown that the burning rate of
a wood crib in a well ventilated compartment may be nearly twice as great as that
of a similar crib burning in the open because of increased energy feedback
(Friedman, 1975). In the same laboratory it was found that radiation provided
approximately 85% of the energy flux to the burning surface at the top of a vertical
12 ft. plastic wall panel, resulting in a threefold increase in burning rate over that at
the bottom of the panel (Orloff et al. 1976). Obviously, any test which pretends to
simulate “‘actual fire conditions’” must simulate the energy environment of a real
fire.

3.3 Development of Tests and Standards

In the past, test method development and the formulation of codes and stan-
dards has proceeded in a largely unstructured and sometimes haphazard fashion.
Test methods frequently evolved from the ad hoc tests of the development labora-
tory and standards were developed intuitively in response to a perceived need. In
more recent years the process has begun to become more formalized, and new tests
and standards are expected to demonstrate a rational relationship to the hazards
they are designed to control. This change is related to two factors. First, the
increase in government regulatory activity has made these regulations subject to

1"
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challenge in the courts, requiring a factual basis for regulation as opposed to the
intuitive approach that has served in the past. Second, an increased awareness of the
societal costs of regulation is reflected in demands for a high fevel of cost effective-
ness.

The rational development of an effective fire safety standard is a four step
process:

1. ldentification of Hazard

2. Quantification of Hazard

3. Development of Test Method

4. Development of Performance Standard

3.3.1 Identification of Hazard

The order of magnitude of the fire loss in this country is well known and this
alone is sufficient to justify a major effort to reduce the loss. However, the diversity
of fire problems requires a much more detailed knowledge of where and how fires
occur before effective remedial action can be taken. This information can be sup-
plied by statistical surveys of fire incidents.

A major source of fire incident data is the FIDO (Fire Incident Data Organiza-
tion) file maintained by the NFPA, This computerized data base contains informa-
tion on approximately 30,000 fire-related incidents in the period 1971-1975. The
data are obtained from the fire services and are primarily from fires causing death,
injury or major property loss. Consequently, the FIDO file does not present a total
profile of fire experience. For example, deaths and injuries due solely to apparel
fires are probably underrepresented because the fire services are not always called
to such fires. Small fires which have the potential of growing to major proportions
if not quickly controlled are also excluded. Nevertheless, this is the largest source of
U.S. data on major fires and is invaluable in the identification of hazard area and
the establishment of priorities (National Fire Protection Association, 1975; Clarke
and Ottoson, 1976).

In an effort to establish a more statistically valid measure of fire experience, the
National Bureau of Standards (NBS) and the Consumer Product Safety Commission
(CPSC) jointly sponsored a National Household Fire Survey conducted by the
Bureau of the Census (National Fire Prevention Control Administration, 1976). A
statistically selected sample of 33,000 households were interviewed and a totat of
2,463 fire incidents ware reported to have occurred during the preceding year.
Follow-up interviews provided additional details on these incidents. While business
establishments and public buildings were excluded from the survey, the results give
a useful estimate of the magnitude of the household fire problem.

This effort is being continued by the recently established National Fire Data
Center of the National Fire Prevention and Control Administration (NFPCA)
(Public Law 93-498, 1974). The National Fire Data Center is charged with the
responsibility to gather and analyze —
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(1) information on the frequency, causes, spread, and extinguishment of fires;

(2) information on the number of injuries and deaths resulting from fires, in-
cluding the maximum available information on the specific causes and
nature of such injuries and deaths, and information on property losses;

(3} information on the occupational hazards faced by fire-fighters, including
the causes of deaths and injuries arising, directly and indirectly, from fire-
fighting activities;

(4) information on all types of firefighting activities, including inspection prac-
tices;

(5) technical information related to building construction, fire properties of
materials, and similar information;

(6) information on fire prevention and control laws, systems, methods, tech-
nigues, and administrative structures used in foreign nations;

{7) information on the causes, behavior, and best method of control of other
types of fire, including, but not limited to, forest fires, brush fires, fire
underground, oil blow-out fires, and waterborne fires; and

(8) such other information and data as is deemed useful and applicable.

Ultimately, the National Fire Data System, which will include data from the fire
services, from surveys such as that described above, and from other public and
private sources, should provide a greatly improved source of fire information. How-
ever, such data collections can only provide retrospective information on past
events. They cannot predict the future as new materials, new applications, and new
construction techniques are introduced. We would like to anticipate hazards and
recognize unsafe products before they appear as significant statistics in the fire
record. This can best be accomplished by the laboratory measurement of pertinent
properties of new materials, products and systems and the development and
analysis of fire scenarios involving these items.

Another area where statistical surveys are of limited value is the infrequent
catastrophic fire such as an aircraft crash fire {Lucha et al. 1975) or an oil refinery
fire. Here the sample is too small for valid statistical analysis. However, the scenario
approach can provide a useful tool for the identification of hazard.

3.3.2 Quantification of Hazard

Statistical data of the type described above serve to identify general areas where
fires occur with significant frequency and severity, but they seldom provide the
detailed information necessary to guide remedial action. For this purpose it may be
necessary to know the precise materials or products which played significant roles
in the fire, the nature of the ignition source, the growth pattern of the fire, the
behavior of humans who may have been involved, the mechanism of injury or loss,
and many other details of the incident. Such information is seldom available from
routine fire reports and an in-depth investigation of selected incidents may be
required (Buchbinder and Buchbinder, 1975).

13
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For example, statistical data indicated the large number of injuries and deaths
from fabric fires, leading to the 1967 Amendment to the Flammable Fabrics Act.
However, the statistical data provided no guidance for the development of test
methods and standards which would be more effective than the existing standard
CS 191-53. To provide the needed information, the National Bureau of Standards
established the Flammable Fabrics Accident Case and Testing System (FFACTS)
(Vickers, 1977). This system, since taken over by the Consumers Produ: t Safety
Commission, provided in-depth investigations of more than 3,500 fire incidents
involving flammable fabrics. Samples of the materials involved were obtained
wherever possible for identification, laboratory testing, and sometimes accident
simulation. More than 100 factors relating to a given incident could be coded for
automated retrieval from the data bank (not all these data would be available from
a given incident). Through analysis of this data file it was possible to identify such
factors as the type of product most frequently involved, the sources of ignition, the
types of fabrics, the age groups most frequently injured, and the cause of injury
(burns, smoke or gas). It was then possible to develop test methods and standards
directed to specific causes of loss.

A similar, but rather limited in depth, study of fires in which plastic materials
played a significant role is now under way at the National B.ureau of Standards. The
data base is still too small to provide significant conclusions.

While in-depth investigation of real fires is an invaluable tool in quantifying
hazards, it is limited by the incompleteness of the available information, the usual
absence of trained observers, and the lack of quantitative data. Laboratory simula-
tion of the fire can frequently be used to provide the missing information. Here the
actual circumstances of the fire, as described in the accident scenario, are recreated
as accurately as possible and the behavior of the resulting fire is compared to the
scenario. Trained observers and extensive instrumentation may be used to provide a
more objective and guantitative description of the event. A key question to be
answered is ‘‘could the real fire have occurred in the manner postulated in the
investigative scenario?”’.

3.3.3 Development of Test Method

With the identification and quantification of the hazard to be addressed, the
development of a suitable test method to measure hazard potential can usually
proceed in a straightforward manner. Malhotra (Malhotra, 1975) has listed the
following attributes of a well-designed fire test method.

(a) Environmental conditions: The test should reproduce the heating regime
source, thermal feedback, oxygen supply, movement and dispersal of
combustion products as is likely to be experienced in practice.

(b) Range of applicability: The environmental conditions should be capable
of variation to increase the applicability of the test.
{c) Material representation: The modeling of the material should be such as

14
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to exclude effects of size, the presence of joints and junctions.

(d} Flexibility: The test should be capable of reproducing different orienta-
tions in which the product can be used.

(e} Reproducibility, repeatability and discrimination, should be of an
acceptable level depending upon the nature of the test. A variance of 5
percent is satisfactory in most cases, in some even 10—-15 percent is
adequate.

(f) Ease of operation: Small tests should be capable of single-handed
operation in no more than two hours, even complex tests should not
take more than one day.

(g} Meaningful expression of results: The results should be expressed objec-
tively in units which make comparison easy. Descriptive phraseology
should be avoided."”

We question the strict interpretation of item {c) since size must inevitably have
an effect in real fires and the test method should give an indication of this effect.
And if joints and junctions are characteristic of the mode of application of the
product, the behavior of these under fire conditions is a legitimate objective of the
test. Thus, in discussing the development of the Tunnel Test (essentially the current
ASTM E 84), Steiner states (Steiner, 1961):

“In the development of this test, the size of the specimen was aimed at
the minimum which would reproduce actual behavior of surfaces under
fire exposure conditions, which requires that the test surface be given
the opportunity to develop conditions contributing to flame spread,
such as distortion and separation of joints and to delamination. The
larger the area, within limits, the more realistic is the behavior created
by the fire exposure.’’

The reproducibility requirements suggested in Mathotra’s item (e) also appear to
be optimistic and unnecessarily restrictive. Such precision can be achieved under
carefully controlled laboratory conditions; however, experience with test methods
which simulate more closely the conditions which might be expected in a real fire
indicates that a much larger variance is to be expected (Lee and Huggett, 1975).
Such imprecise results can still be useful in separating materials into broad per-
formance categories useful in fire safety regulations. Indeed, the present level of
understanding of fire phenomena and the ability to translate such understanding
into standards is so limited that more precise measurements would be of marginal
value from a fire safety standpoint. This lack of precision does pose serious prob-
lems, however, when questions relating to legal compliance with standards come
into play.

Finally, the fire performance of a specific material, product, or system may
change during service life. Such factors as weathering, thermal stress, abrasion, etc.
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can seriously alter the fire performance characteristics measured by tests which do
not consider these factors. For example, water soluble additives or volatile com-
ponents may be extracted or exuded and affect the material’s response.

3.3.4 Development of Performance Standard

A final step in the technological portion of the process of reducing fire loss is the
development of a standard or recommended practice which, when properly imple-
mented, will reduce the probability of occurrence of the particular type of loss
addressed. This is perhaps the most difficult step in the process. A good standard
will consist of three parts: a test method by which the hazard potential of the
material, product or system is to be measured; criteria which establish appropriate
levels of performance for the given application (these may vary with the application
for a given product); and sampling plans, inspection procedures and other auxiliary
requirements by means of which the producer, consumer, and regulator can be
assured that the product does indeed meet the requirements of the standards.
~ The test method selected must be appropriate to the hazard to be controlled.
Thus a fire retarded cotton batting performed well in an open flame ignition test
but underwent smoldering combustion when ignited by a cigarette. Hazard analysis
had shown that smoldering combustion caused by a low energy ignition source was
the most frequent hazard mode in mattress fires. On the other hand, blankets are
not readily ignited by a cigarette, and hazard analysis demonstrated that a flaming
ignition test method would be appropriate for the reduction of the frequency of
blanket fires.

The establishment of suitable levels of performance is a critical step in the
development of a standard. Too low a level may allow the continued existence of
unacceptable hazards while too high a level will place an unreasonable burden on
society in terms of increased cost and limitations on the choice of goods. Different
levels of performance may be required for different applications. A lower level may
be acceptable for single family dwellings where the occupants have easy access to
exits and have a measure of control over their own activities, while a higher level of
safety may be appropriate for a high-rise apartment building where egress is limited
and the occupants may be exposed to hazards not of their own making. Similarly, a
higher level of protection may be needed in institutional buildings where the occu-
pants may be handicapped or physically confined than for buildings occupied by
the normal population.

Formal cost-benefit analysis has not been applied to the setting of performance
levels because of the complexity of the problem and the difficulty of obtaining
adequate data (Dardis, 1975). Standards have usually been established on an intui-
tive basis, guided by accident experience, simulation experiments, and an estimate
of the probable economic impact. For example, fire investigations and laboratory
simulation experiments indicate that the “Pill Test’” (DOC-FF-1-70) affords
adequate performance assurance for floor coverings in the great majority of applica-
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tions (Tu and Davis, 1976). A carpet which passes the test will not be easily ignited
or spread the fire from a small ignition source. If a fire develops in a room, the floor
covering will be one of the last fuel elements to become involved and will make a
minor contribution to hazard. Economic studies indicated that the standard would
have only a small impact on the floor covering industry. On the other hand, acci-
dent investigations identified one class of fires that would not be adequately con-
trolled by the pill test standard; fires in which corridors and stairwells provided a
path for fire spread through a building from a well established room fire. Full scale
simulation experiments helped to quantify the hazard and guided the development
of a suitable test method (Huggett, 1973). Tests of the floor coverings involved in
several disastrous fires and in the simulation experiments suggested levels of per-
formance adequate to control the hazard in various applications. Tests on a repre-
sentative selection of floor covering from the market place gave an indication of the
economic impact of the proposed levels of performance. The product of this exten-
sive series of related studies was a recommended practice which, while possessing
obvious limitations, is perhaps the most firmly grounded and thoroughly docu-
mented of any in the fire safety field (Benjamin and Adams, 1976).

Having established suitable levels of performance and a means of measuring
performance, it is necessary for the supplier to be able to determine that his
product meets the requirements of the standard. The consumer requires assurance
that the product he purchases will perform as advertised, and the regulator must
have a procedure for policing the market place. Since fire hazard tests are almost
invariably destructive tests, the concept of 100% inspection is obviously inappli-
cable. Some form of quality control or statistical sampling plan is required. This
problem has been addressed recently by Broussalian et ai., and the following para-
graphs are taken from the summary of their report (National Bureau of Standards,
NBSIR 75-697, 1975).

1. After identifying a hazard which he deems is in the public interest to reduce,
the regulator begins by devising a technique for measuring some appropriate physi-
cal feature of the product which -is suspected of causing injury. For example, in the
case of fabrics, he may determine that the length of a char induced by a suitable
ignition source correlates well with flammability and the risk of burn injury. Having
made such a determination, the regulator is then in a position to specify an objec-
tive means of measurement and the setting of a proper standard. The latter consists
of specifying a range of acceptable values of the product feature, e.g., flammability
when it is measured as prescribed by the standard. It must be appreciated that any
product, even though it meets the standard, still contains some residual level of risk.

2. Having established a “'reasonable’” standard by taking into account costs,
benefits, and the residual risks which people are willing to assume, the regulator
must further find an effective means of gaining compliance. The five which follow
constitute his major available options. In the order of taking earlier and earlier
action in the production process for the purpose of avoiding injury from unwanted
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products they are the following: (l) processing of complaints about injurious and
defective products leading; for example, to recall, to other administrative action, or
to support of liability litigation; (I1) off-shelf market place sampling of products
leading to further action such as an investigation of the manufacturer's quality
control procedures or to direct administrative legal action; (111} voluntary sampling
or other quality control assurance provided by the producer; (IV) in-plant manda-
tory sampling prescribed by the regulator; and (V) prototype testing prior to pro-
duction. Combinations of these can also be used.”

A good fire safety standard will not, of itself, reduce fire loss. It must be
implemented. This may be through voluntary compliance by producers, designers,
and builders or, more frequently, through adoption as a mandatory standard, regu-
lation, or code requirement by a government agency. Finally, there must be en-
forcement through inspection and possible legal procedures to assure compliance. It
is apparent that with the development of suitable test methods and voluntary
standards or recommended practices, the problem of the fire safety aspects of
polymeric materials passes out of the hands of the technologists and into the hands
of a much broader segment of society.

3.4 Classification of Fire Test Methods

Strictly speaking, a fire test method is a procedure which can be used to predict
the performance of a material, product, structure, or system under a fire exposure
condition that can reasonably be anticipated in the intended application. In prac-
tice, a great variety of physical observations and measurements have been referred
to as fire test methods. They differ widely in purpose, scale, degree of sophistica-
tion, and other attributes, making systematic classification difficult.

Hilado (Hilado, 1973) divides test methods into two groups: research tests and
acceptance tests. He points out that different methods may be applicable to
materials in different physical states: gases, liquids, and solids in different states of
aggregation. Further, test methods may measure different fire hazard characteristics
such as:

ease of ignition
surface flame spread
heat release

smoke evolution
toxic gas formation
fire endurance

Acceptance tests may be further classified according to the intended end-use of
the product which frequently requires compliance with specific regulations. Finally,
tests are frequently classified according to size and designated by such descriptive
and non-quantitative terms as large scale, full scale, subscale, small scale and labora-
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tory scale. From a fundamental standpoint, this is the least useful type of classifica-
tion but from a practical standpoint the size of the test may be very important.

Robertson (Robertson, 1975) classifies test methods as property tests and
system tests, and makes a further distinction between nondestructive and destruc-
tive tests and between active and passive tests. Malhotra (loc. cit.) expands this list
to include basic property tests, quality assurance tests, hazard assessment tests and
ad hoc tests designed to deal with specitic situations.

A multidimensional matrix would obviously be necessary to provide a detailed
classification of the hundreds of test methods which have been described in
published reports. In the following sections we discuss test methods under several
of the headings suggested above without attempting a rigorous classification. Some
methods may fit under more than one heading, thus a given test method may be
considered from more than one point of view.

3.4.1 Research Tests

More properly, these should be referred to as research experiments rather than
tests. Their purpose is to provide a better understanding of some particular aspect
of fire behavior under well-defined conditions, rather than to predict product per-
formance in a real fire.

Research tests are characterized by careful control of the environment of the
experiment, extensive data collection (A full-scale bedroom fire experiment in-
volved the recording of 192 channels of data at frequent intervals over a 15 minute
period (Alpert et al., 1975)) and detailed analysis of the data aimed at developing a
theoretical description of the phenomenon under study. The size of such experi-
ments can vary widely, ranging from the micro-scale probing of a laboratory flame
to one of the largest fire experiments ever undertaken, Operation Euroka, a 50 acre
wildland fuel fire in Australia (Adams et al., 1973).

Scaling and modeling experiments constitute a special class of research experi-
ments. Modeling experiments are usually smaller in size than the prototype. They
are used because they may be less expensive, less hazardous, more reproducible
and more amenable to precise measurement and analysis. The purpose of a
modeling experiment is to develop rules for predicting the outcome of a prototype
test from the results of a subscale test or experiment.

Successful modeling involves a great deal more than the mere reduction of the
scale of the experiment. This is because the various output parameters of the fire
{fuel consumption rate, convective energy transport, radiant flux, etc.) are not all
related to the controllable input parameters (linear scale, fuel loading, ventilation,
oxygen concentration, etc.) in the same functional way. Indeed, the complete scale
modeling of a fire is impossible and all useful models represent cases of partial
modeling where only selected aspects of the prototype fire which are of primary
interest are modeled exactly. As Spalding (Spalding, 1963) has aptly said, ‘The
central problem of partial modeling is to discern which modeling rules need not be
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obeyed, and to estimate the resulting errors in the predictions which are made."’

A simple example of the difficulties encountered can be found in the observa-
tion that small flames are usually laminar in character while real fires are almost
always turbulent. The transition from laminar to turbulent burning occurs when the
characteristic scale of the fire exceeds a few inches. Obviously, a small laboratory
flame can not be expected to model the combustion behavior of the same fuel in a
turbulent fire environment.

Difficulties are also encountered in maintaining the ratio of radiative to con-
vective heat transfer constant as the scale of the fire is changed. For example, the
reradiation from a burning surface to the room depends on the temperature of the
burning surface, which is relatively constant and not scale-dependent, while the
energy flux from the flame to the surface increases markedly with scale.

In a more elaborate investigation of modeling techniques, it was shown theore-
tically that many of the characteristics of a large-scale fire are accurately modeled
by a laboratory fire burning at an elevated pressure if the product of the cube of
the length times the square of the pressure (1® p?) is the same for the model as for
the prototype (de Ris et al., 1973). Both transient and steady state aspects of fires
were modeled in a 2.15 m? pressure chamber at pressures up to 30 atm, with up to
a ten-fold reduction in the characteristics scale length of the experiment over the
atmospheric pressure prototype (Alpert, 1975). Not all aspects of the fire are
modeled successfully by the pressure modeling technique, but it affords an excel-
lent example of the application of partial modeling to the design of reduced scale
experiments.

3.4.2 Property Tests

Property tests mecasure a property or performance characteristic of a material
independent of the product or application in which it is to be used. They may be
further subdivided into measurements of intrinsic properties, independent of
sample geometry and test environment (e.g., heat of combustion, thermal con-
ductivity, heat capacity) and measurements of performance properties which reflect
an interaction with the test environment under carefully standardized conditions
(e.g., autoignition temperature, oxygen index, specific optical density).

Test methods of this type are useful in product development and quality con-
trol, as well as in the establishment of specifications and in regulatory activities.
They are less useful in setting fire hazard standards since the relationship between
the measured property value and performance in an application under real fire
exposure is seldom established. For example, the analytical determination of the
concentration of fire retardant in a polymer composition may be a suitable method
of quality control of the formulation process, but it tells little about how a product
made from the material would perform in a fire.

Property tests are usually small in size, simple and inexpensive to carry out. In
contrast to the research tests discussed in the previous section, they should be
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performed according to detailed and carefully documented procedures and the
results should be capable of objective interpretation, free of any opportunity for
subjective judgements. Since the results of such tests may be at issue in legal
proceedings, such as disputes over specification acceptance of materials or com-
pliance with a mandatory standard, the manner in which the test is conducted may
take precedence aver the significance of the results as a measure of hazard.

3.4.3 System Tests

In contrast to property tests, system tests emphasize interactions — interactions
between material properties and the configuration in which the material is used,
interactions hetween the various components which make up a system, and inter-
actions between the system and its environment. They are designed to simulate the
significant features of an anticipated fire exposure under application conditions.
Thus, they may be used to predict performance and to provide the basis for effec-
tive hazard control standards.

The nature of the interactions which must be accounted for in systems tests is
not always apparent at first glance. Thus, the fire performance of a carpet is found
to be more dependent on the insulating properties of the pad and subfloor on
which it is installed than on the combustion properties of these materials (Danyes
and Quintiere, 1974). Obviously, a suitable system test for carpeting must measure
the behavior of the entire floor assembly and not that of the individual compon-
ents. Similarly, in testing the fire properties of interior furnishings in compart-
ments, it is found that the rate of fire growth is affected significantly by the
thermal inertia of the compartment walls even though they are of noncombustible
material.

The world of real fires embraces an almost unlimited range of possible condi-
tions. The following are some of the variables which can have significant effects on
the nutcome of a system test or a real fire:

Ignition Source
Location
Temperature
Energy output
Duration

Combustibles
Fuel Load
Composition
Availability
Configuration
Moisture content

Ventilation
Natural
Forced
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Wind velocity and direction

Venting during the fire
Confinement

Dimensions of compartment

Thermophysical properties of walls

Structural integrity

A single test represents only one point in this multi-dimensional space. It is
seldom practical to conduct a sufficient number of tests to provide a reasonable
sample of the fire conditions that can be anticipated. Therefore, it is extremely
important to be able to generalize from the results of a particular test and predict
the effects of limited variations in fire conditions. This is perhaps best accom-
plished through the scaling and modeling techniques referred to above, but it may
also be accomplished empirically by testing at more than one level of the appropri-
ate test variable. For example, the Flooring Radiant Panel Test (Benjamin and
Adams, 1976) exposes the test specimen to a controlled range of radiation intensi-
ties. The fire performance of the material in a variety of fire exposures can be
inferred from the results.

System tests are most useful as test methods to be referenced in fire hazard
standards and codes. When properly designed, they combine a practical level of
operability with a demonstrable relationship to performance in real fires.

3.4.4 Prototype Tests

Prototype tests expose the fully developed product, system, or structure under
test to a fire environment that may reasonably be anticipated under conditions of
actual use. By definition, they are full-scale tests although the actual size of the test
will vary widely with the size of the item. For example, a prototype test of a child’s
sleeping garment might be carried out in a laboratory hood while a test of a
pressurization system to control smoke movement might involve a complete multi-
story building.

Prototype tests may be considered to be a limiting case of the system test where
the conditions which determine performance are not merely simulated but are
followed in exact detail. Prototype tests are apt to be very expensive, thus restrict-
ing the number of tests that can be conducted.

Circumstances sometimes provide opportunities for prototype tests (ad hoc
tests) which would otherwise be prohibitively expensive. Thus, buildings scheduled
for demolition have been utilized in a number of notable tests (See, for example,
Shorter, 1961; Hill, Butler et al., 1973). Similarly, a bus which had suffered severe
mechanical damaye afforded an opportunity to conduct burnout tests on the
vehicle's interior {Braun, 1975).

As in 3.4.3, a prototype test represents only a single point in the fire matrix and
the ability to generalize from the results is severely limited. Tests are conducted on
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fully developed items, so the results are of limited value for development purposes.
As a result of these limitations, prototype tests find only limited use in fire safety
activities. Their chief value is in confirming the predictions drawn from property
and system tests made during the development of the item under consideration. In
situations where a very high level of fire safety is required, for example, in a
manned satellite or an aircraft, prototype testing is the only means presentiy avail-
able to provide the required level of assurance,

3.4.5 Size and Scale of Tests

A great deal of recent discussion has centered on the appropriate size or scale of
fire hazard tests (Benjamin, 1975; Wilson, 1976). The position has been advanced
that only large-scale tests provide a reliable measure of hazard. In this connection, it
is interesting to note that the tunnel test {(ASTM E 84) has been referred to as a
small-scale test although it requires a test specimen 25 ft. long. Much of the present
confusion results from the lack of adequate and generally accepted definitions.

First, it is important to recognize the difference between size and scale. Size
refers to the physical dimensions of the test assembly while scale refers to its size
relative to that of the prototype. Prototype tests are, by definition, full-scale tests.
They may be large or small, depending on the dimensions of the item under test.
System tests may be full-scale tests or subscale tests depending on the scale on
which the test item is simulated. Subscale tests are obviously smaller than their
prototype and should make use of suitable modeling relationships to relate the
results to the expected performance of the prototype. For operational convenience,
the scale is frequently reduced to (and sometimes beyond) the limit where accept-
able modeling is possible,

Small or laboratory size tests may be loosely defined as those which can be
conducted in a conventional laboratory. Their characteristic dimensions will usually
not exceed one meter and range downward to micro-scale property measurements.
Large-size tests, on the other hand, may be defined as tests which require a
specialized test structure or are conducted in the open.

Full-scale tests provide the most reliable measure of hazard potential, but their
use is frequently impractical from the standpoint of cost and convenience. Subscale
tests can provide a practical alternative if they are carefully designed to model
correctly the essential features of the prototype test. Laboratory size property
measurements are useful for development and control purposes, but great caution
must be exercised in trying to relate them to hazard potential in real fire situations.

3.5 Fire Development

Most fire tests and standards treat fire as a quasi-steady phenomenon. Many test
methods subject a sample of material of small fixed dimensions to an arbitrary
energy pulse and record the response. Even in cases where the test method em-
bodies a rate concept {ASTM E 162, NFPA 258, etc.), the results are usually used
in building codes and standards in the form of integrated, non-time dependent
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material properties (flame spread index, specific optical density, heat of com-
bustion, etc.). Thus, to specify that a material for a particular application shall have
a maximum specific optical density not greater than 300 has little meaning unless
the quantity of material, the volume of the compartment, and the rate at which the
material becomes involved in the fire are known.

Codes and standards do give limited recognition to the time dependence of fire
phenomena through the use of time ratings for structural components when sub-
jected to a programmed temperature-time history (ASTM E 119, etc.). The
Federal Aviation Administration has recently called attention to the concept of
time dependent phenomena in fire standards through proposals to relate the allow-
able rates of smoke and toxic gas production to a ““time to escape’’ (FAA, 1974;
FAA, 1975).

Real fires are transient phenomena that follow a well-defined pattern. The course
of a typical fire, unperturbed by outside intervention, is represented by the sketch
in Figure 3.1. Here “t"” is time and ““I’" is a measure of fire intensity, e.g., rate of
fuel consumption, rate of heat release, rate of generation of combustion products,
etc.

Gasoline
Cigaratta |gnition
Ignition

———

—_—t

Figure 3.1. Typical fire development pattern.

Various stages in the fire development process are of significance in the control
of fires and the limitation of loss. These stages are measured by the occurrence of
critical events on the time line. Actually, two time lines must be considered. The
tirst is defined by the progress of the fire and includes the time of ignition, the
times to reach critical levels of temperature, smoke concentration, and concentra-
tion of toxic gases, the time to flashover, the time of structuras failure, the time to
the start of decay, and the time of extinction. The second is determined by the
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human (and mechanical) response to the fire and includes the time of detection, the
time of activation of a fire extinguishing system, the time cf evacuation, and the
time of arrival of the fire department. In general, the extent of loss will depend on
the relative sequence of events on these two time lines. The development of test
methods and standards which give greater recognition to the time-dependent siature
of the development of hazard should be a goal of future fire safety activities.

All fires start with an ignition event; a source of energy comes in contact with an
easily ignited fuel (kindling fuel)in the presence of an adeauate supply of oxygen
and initiates an exothermic chemical reaction. |f the rate of heat evolution is
greater than the rate of heat dissipation to the surroundings, the temperature will
increase and the fire will arow. Energy feedback to the fuel from the hot flame
accelerates the growth exponentially.

The time of ignition is not uniquely defined with respect to the fire growth time
line. In rea! fires, the exact time of ignition is seldom known. A low energy ignition
source such as a lighted cigarette dropped on an upholstered chair would represent
a point far to the left in Figure 3.1. The smoldering fire might grow slowly over a
period of hours before breaking out into open flaming, followed by fire spread to
other fuel elements and leading ultimately to flashover. in another case, a can of
gasoline.poured on the chair and ignited would lead to very rapid initial fire growth.
However, once the gasoline has been consumed, further development of the fire will
follow much the same course as in the previous example (Figure 3.1).

The rate of the later stages of fire growth is thus seen to be largely independent
of the characteristics of the ignition source. The ‘‘time to flashover” is not an
unambiguous measure of hazard potential.

The use of ignition source/kindling fuel combinations of in.creasing strength has
been suggested recently for use in room burn experiments (ASTM, 1977).

1t is apparent that increasing the energy output of the ignition source, provided
the source is capable of initiating a sustained ignition, is equivalent to moving to the
right along the axis of Figure 3.1. The test then becomes a measure of the strength
of the ignition source needed to produce flashover in a given time as well as of the
fire growth characteristics of the item under test.

The growth rate will depend on the geometry and combustion characteristics of
the fuel elements, the dimensions of the fire compartment, ventilation, and other
parameters relating to a specific fire. The initial growth of a fire is due to the spread
of the fire nver the surface of the fuel element first ignited, followed by spread to
other fuel elements. The fuel consumption rate will be equal to the product of the
fuel density, the burning area, and the linear regression rate of the burning surface.

The burning area will increase with time at a rate determined by the geometry of
the fuel surface and the flame spread rate. Both the flame spread rate and the
burning rate are functions of the fire intensity (energy feedback to the surface),
accounting for the exponential growth of the fire. As the fire growth rate accele-
rates rapidly, a point will be reached where all of the readily available fuel surfaces
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are involved and further growth is limited. The fire then proceeds at a relatively
constant rate determined either by the availability of fuel (fuel limited fire) or the
availability of oxygen (ventilation limited fire} until fuel elements begin to be
completely consumed. This process results in a decrease in fire intensity, and even-
tual extinction.

In a room or compartment, the stage at which all exposed fuel surfaces become
involved is termed ‘‘flashover’’ (Waterman, 1968). At this point, conditions inside
the compartment are clearly untenable and ad hoc efforts at fire fighting are un-
likely to be effective. Flashover thus represents a significant stage in the fire de-
velopment with respect to life safety. Not only will any occupants of the room of
origin become casualties, but large volumes of flame and hot gases issuing from the
flashed-over room will cause rapid involvement of other parts of the structure.
Polymeric materials can play a very significant role in the development of flashover
conditions since the fire, just prior to flashover, involves the principally polymeric
interior furnishings and finishings of the room rather than the structural elements
of the building.

While the period of fire growth leading to flashover is of primary importance
with respect to the safety of persons, the post-flashover fire, spreading to other
compartments and structures and ultimately leading to structural failure, makes a
farge contribution to property loss. This is reflected in the requirements found in
many building codes for fire resistance measured in hours for structural members.
The intensity and duration of the post-flashover fire is determined largely by the
fuel loading and ventilation. An extensive discussion of the post-flashover fire is
contained in a recent report by Babrauskas and Williamson {(Babrauskas and
Williamson, 1975).

Much effort has gone into the study of fully developed (post-flashover) fires and
the development of test methods and standards for their control. In contrast, the
period between ignition and flashover has received much less attention. With in-
creased recognition of the role of interior furnishings and finishings in the early
stages of fire growth, this area should receive much greater emphasis in the future.
The role of polymeric materials is particularly important since polymeric products
make up a significant and increasing part of the fire load in building and vehicle
interiors. Improved test methods to characterize their contribution to fire growth
and effective standards to guide and control their application are urgently needed.

26



CHAPTER 4
TEST METHODS

4.1 Introduction

The field of fire hazard testing of materials is being questioned and new concepts
of performance testing are being discussed. This situation is due largely to two
factors: an influx of new materials and products, principally based on synthetic
polymers, into modern buildings and transportation vehicles and an increased
emphasis on life safety in fire regulations. As a result, there has been a proliferation
of new small scale test methods designed to evaluate materials and products. Most
of these tests originated as ad hoc methods aimed at a convenient comparison of
experimental materials. Their relevance to the performance of products under use
conditions was seldom considered during their development. Nevertheless, many of
these tests have achieved recognition as standard test methods by virtue of their
endorsement by ASTM, NFPA, Underwriters Laboratories and other organizations.

The tests described and listed in this chapter are significant and/or widely used
in the evaluation of fire performance of polymeric materials. A detailed description
of each test is not feasible; however, each test is referenced (by ASTM numbers
where possible) so that a complete description can be obtaned if desired. In Chap-
ter 5, these tests are discussed; in particular, the usefulness of current tests to
evaluate the flammability characteristics of synthetic polymeric materials is ad-
dressed.

4.2 Tests for Ease of Ignition

Ease of ignition may be defined as the facility with which a materia! or its
pyrolysis products can be ignited under given conditions of temperature, humidity,
flow velocity and oxygen concentration. This characteristic provides a measure of
fire hazard in that ignition of a combustible material is the first step in all fires and
a material which ignites more easily than another will more readily contribute to
the propagation and growth of fire. Some ““measures’’ of ease of ignition are auto-
ignition temperature, flash ignition temperature, and ignition time.

Almost any polymeric material can be made to ignite, given enough heat,
oxygen, and time. Ease of ignition can, therefore, be measured by combining these
elements under fixed conditions. The most simple tests show whether a specimen
exposed to a combination of these elements under fixed conditions will or will not
ignite.

Many tests provide a measure of both ease of ignition and surface flammability.
Some tests measure surface flammability for materials that are easily ignited and
measure the ease of ignition for materials that are difficult to ignite. For con-
venience in discussion, all tests that provide some measure of surface flammability
are described in Section 4.3. Tests for ease of ignition are shown in Table 4-1.
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4.3 Flame Spread Tests

Flame spread may be defined as the rate of travel of the flame front. This
characteristic is a function of both the chemical composition of the material and
the physical conditions of the test {sample orientation and dimensions, environ-
mental conditions such as air velocity, oxygen concentration, external radiant heat
flux, etc.). Flame spread rate provides a measurement of fire hazard in that it
controls the time after ignition when the fire reaches a dangerous size. Flame spread
tests have been the most common measure of flammability in the past and con-
sequently many flame spread tests exist. Table 4-2 lists many of these tests.

4.4 Rate of Heat Release Tests

The conventional calorimeter, (e.g., the Parr Bomb) measures the thermo-
chemical guantity of heat released when a known small quantity of fuel is com-
pletely burned in oxygen and the products of combustion are cooled to the initial
fuel-air mixture temperature. The heat-release rate calorimeter {(HRRC) introduces
a time-scale over which the heat is released, and aims to define the rate at which a
material exposed to fire conditions contributes heat to the fire. This characteristic
provides a measure of fire hazard in that a material which burns with the evolution
of little heat per unit time will contribute appreciably less to fire growth than a
material that generates large amounts of heat per unit time. Table 4-3 lists some
rate of heat release tests.

4.5 Tests for Oxygen Requirements

A variety of research tests have been used in which the burning of a test speci-
men is observed in atmospheres containing varying amounts of oxygen. One of
these tests (limiting oxygen index) has achieved the status of a standard test
method and is listed in Table 4-4.

4.6 Tests for Ease of Extinguishment

While test procedures exist to evaluate effectiveness of portable extinguishers on
certain standardized fires (e.g., wood pellets, n-heptane pools), the inverse pro-
cedure of using a standardized extinguisher to test a variety of materials has never
been developed. Thus, there are no standardized test methods to determine the best
extinguisher for a particular polymeric combustibie, or conversely to determine the
relative ease of extinguishment of a series of polymeric combustibles by a given
extinguisher.

Full-scale tests {or partial full-scale tests) to determine the ability of automatic
sprinklers or foam applicators to control fires of specific materials are frequently
performed at fire tests centers such as Factory Mutual or Underwriters Labora-
tories, but these tests have not developed into any standardized tests.

30



TEST METHODS

(panunuo))

(zot1-1
WLSY 03 IelTuwrs) bHuriesay juerpex
Iopun xapuT peaids sweTj saansesdu

K3t1susp ayows pue
yibuor suwetr3 ‘yzbusay aeyos ‘ouwry
uot3Tubt snid uorTisnquwos sainsesau

TeuoTin3yT3suT

103 ,wd/M (0G°0 z'sa@touednooo
Amﬂuuwemoo pue TeTjuaprsax I0J
wo/M 6Z°0 z tETI83ITIO 9ouejzdaonoe
2 ‘ooejans BuTtIOOT3I 2Yy3j UO UOTY
-ebedoad swel3 urteasns o3 Aaessaoau
XNTJ JUETpel WUNWIUTW SaInseaw

uoT3INQTIAZUOD 3Jeay pue
A31susp ajyows ‘pesads swel3 aoeyans
saansesw pg-T WISV O3 IRTIWTS

p8-d WILISY 03 JIelTwis Sq O3 papuajur
A11eutrhbrro saniea I3sTx sanjeirsduel
pue 1030e3J pesids sweTj saanseau

uoTINGTIFUOD

Ionj pue uoljeasush a9jows ssaansesuw
osie !sTelisjew 19yjzo I03 Iaybiy =%
}eo pax 103 00T O3 PILOq JUSBWIO
so3saqse se yons ,SaTqrisnquos-uou,,
I03 0 woxj abuex santea !pesads
sweT3 3oevjans saanseaw Artaewrad

sbuTIaA0D 00713
BTTIXOIUOU JUDTTTSDI

sbutasaod 100713
9TTIXDIUOU JUSTTTSSI

sKkem3Txo pue sSI0pTIIOD
sbutprIng ut payre3sut
swa3sAs burIaA0D 100713

jusuwdoTaaap pue
ysIeasar ur pasn Arieaausb
isTeraajew HurpTINg

yg-a 3O

suorjestidde x03 pasn
oq XKXew !3s53 Butussios
e se pasn Afieasuab

uot3jel

-nSUT DTISNOOe/TewIaysly
‘pbutylzeays (°s32 ‘SI1T1I
Pburytao ‘Burtaued °b°3)
sTetrIsjew YsTutrj IOTIajut

uTt 9 x ut 81

ut { X ut G°I¢

buot wo 00T

ssau
-}OTy3 Tenjoe x
ut GgL°€T x 313 8

sSsSau
-oTy3*xXew ur {
X ur 81 X ut 9

ssau
-3oTy3 Ten3oe x
33 §Z X uY 02

T1Z¥9 POUIDBKH

TTv9 Poy3lISW

105 "ON
*PIS POYISH

$9J, TeIapa,
vau T pPad

3s3] 12ued
Jjuetpey burxoord
(L)

98Z-3 WLSVY

T2ued 3juerpey
Z291-3 WLSVY

3835, Tauung
¥8-d WLSVY

SLINS3AY LS3AL

NOILVDITdd¥

dZIS dATdWVS

JOHLIAW LS3AL

153/ peaids awe|4 ‘Z-p 3/qe.L

K}




TEST METHODS, SPECIFICATIONS AND STANDARDS

{panunuoy)

)

(895-Q WLISY O3} IelTuls)

pasuing uswuroads jo eaie sjxodax
osTe ‘uawtroads uang A1s3atdwod

03 IO JT9S3IT YSINHBUTIXD I3Y3Td 03
2ueyj 9@yl 103 paxrnbsa swr3l saansesu

(S€9-0 WISY 03

IeTTWIS) 3STMIAYIO pauang yibus xo
1S3YdUT INO3 spaaooid suer) uaym
23ex1 Hbutuang TEIUOZTIOY SIINSEIU

butuang Jo 3us3xad I0
butuang jo 93eI TPIUOZTIOY S2INSEdU

*o38
‘butwery ‘Hurtddrap BUTpnNIOUT ‘2STM
-I3Yy3jo Hburtuing JO JUDIXD pur DWIY
10 ‘o1bue so1bdp G§ ' 3B posjunou
uswroads uo 93ex Butuang saansesu

9sTMIaY30
butuang jo 3jua31xd pue M3 A0
‘s3ea buTuing TEOTIISA SIINSEIU

25TM
-I9yjo HuTuIng JO 3JUSIXD pue BWI]

I0 ‘umy QT Spoodoad swell uaym
93ex1 butuang TEIUOZTIOY Saanseau

switjy Io
s39ays otT3serd utyjz

sIeq psplou IO S398Ys JO
wioy ur sot3isetrd prbra

So13

-se1d I1eInITo9o 9TqIXa13
10 prbTta 103 8anpasoad
butussiaos Axojzeaoqer

butasays
uTty3l 10 wity 3o wiog
oyl utl sor3iserd oTqIXaT3

sWTT3 IO
E3IDOYS UTYUT 'STQIX2TI
30 wioj oyl ut soat13serd

saef J0O WINI UT S3T3
-se{d butjioddne-31as jo
AITTIEUUET] SATIET3T JO
18231 Butusaras ArojeIoqeT

j99ys
JO SSauUYOTYI
X ut T x uTt 87

SS3UYDTY3 TewIou
Aq ut g*0 x uT ¢

3}OTY3
uny €7 o3 dn x
ur 0g X uml QGT

y3zbusr umr gzz
X 9pTM umr 97

Yyabuar wo ¢
X 2pTa W GF

g5aU
=¥o7y3 patrddns x
W ST X mRt SET

¢T0Z POYIBKH

TZ0CZ POY3IsW

90% °ON

*P3IS POYISW

A Vumwa TRISQRA4
6

¢69T-0 WLSY

€EYT-0 WLSY

89G6-d WLSY

SE9-0 WLSY

SITNSHY LS3L

NOILVDITddY

dZIS JTAWYS

JOHLIW IS3IL

(Panunuo)) sisay peasds awel4 ‘z-p 3/qel

32



(panunuo)}

:aE\Nuu\:um 002 Po2Dx9 30U 3Isnu %
I01Tad3UT 3IDNP JO B3E1 ISEITS2I 3eady
23NUIW-3UO0 WNWIXeW pue 383 2yl buranp
do 000T ©3 pa3TuTl 21 saanjeaadwal
3IonNp xo0Tao3uT ~UUﬂﬁ 2y3 JO pus I3yjo
2yl 03 2aT3 UoTITULT Byl woxj poadoxd s3onp
jou 3Isnu HButweyi 3s33 dy3z ssed o3 burTpuey Lumj pue ITe uozey 226v WJ
(v1)
315331 oyl ssed
INO UINg IO pPAaAOWSI ST IDINOS dweT] buot 313 8
2yl usyM YysTInburixs-3jIos yosTym satqed X 9pTM UT 2T X
*3S33 9yl [TeJ 25INOS swelj 9yl dA0ge dsap utr ¢ KAeay
Kex3y sy3z 3o 3ybray Te303 ©yYy3x uiang satqes e ur pajunow (3s93 awel3)
pue awreT3 oy3 o3ebedoad yotym saiqed OT1a309T® JI SSeTd sa1qed> a1dr3Tnu [:Talcicich
(€7)
uswroads a1IM
pajunow ATTeST33I2A JO 2DUPISTSaI S9ITM pojeInsur (3593 awet3)
17 butweyj pue peaads swelJ saanseau -o13setdouaayy wo 9¢ *xoadde €8 1IN
[a]
W butrddrap R
[ wolJ Yy3eauIspun uUO3IFOD JO UOTJITUBT S9Ted pue SOITM ydeab
W ‘BwTy) pue 3ua3X?d Hhuruang sainsesu pa23ernsutr-a1aqqnx -eaed uo spuadsp Py IN
- (17)
17 *3S93 UOTAITULT ue SapnTdouUT OSTY
i ‘1S3 Tdued JUETIPRY Z9T1-F WISV pue
3s393 butuang Te3UOZTIOY IO0F Z691-d
puU® 6£9-d WISV sdordwe Afietrjussse
3S39] ‘uotT3led1JTIsseld uo burpuadap saoue
suotieanbTjuod [esT3ISA pue Jejuoz -t1dde pue sooTASp uwwm 80§ X W gGT
-TI0Y Byl utr a3er1 HUTUINg Saanseauw ut sjzed or3serd umr 227 X ww £2T v6 "IN
(o1)
“s3893 9sayl) url souewrojaxad uo butpuad
-9p D Sse[d pue g sseld ‘(3s=3q) v
SSe1D p93jex 21e sTeradjew burisaoo
jJooy “*spueaq butuang 03 )O9p JOOI
ay3 s3oalqns pue ‘asuelstp peaads (s3tTwry
sweTj saInseaw ‘sSweTl JUSIFITUISIUT w o'y X w T 03 06L 1I0)
03 }o9p Joox jo 3suodsax saansesuw sbuTIsAo0D jJoox u g 7T X w T 80T-I WLSY
SITNSIY LSAL NOILYDITddVY dZIS TTdWYS GOHLIW IS3L
(panunuoy) sisal peaids aweld 'g-p 3/qeL
i - S e —




<

TEST METHODS, SPECIFICATIONS AND STANDARDS

(Panunuo))

(paepuels

ay3 ur papnIoutl a1e sjuswaITnbax I9yjzo
pue ‘uetd burydwes) ‘-swt3 Sweyj [enprsax
pue uswroads 3sa83 uT YyjzbusaT aeyo saansesu

*90X3UMOD 3O

(1o1edde Hurieam) sotaqey [ie 103 pIepuels
2yl ST 3Is9] ‘uor3Tubr jOo °9seo pue but
-yser3 xo bButuang jo a3ex jo aanseauw ybnox

‘Yyour G*Q Isaaesu 03 puoodds ixad 1o
23nutw x3d sayour ut po3zxodaxr burtuang jo
@3ey °*xauangq seb petrjtoads Aq uotratubt

yabusat Ieyo pue swrl HuTwe(F saansesu

Ieyo
03 Aouspusi pue ‘uorjebedoad moib pue
sweTJ O3 Y3IOTD JO SOUPISTSaI saanseaul

swel3 ayl Aq paro2AeI]
9JUP3ISTP SaINSesaw 3ISIL  *TOYODTE W £°0
Hfututejuoo dnd e ST IDINOS UOTFTUBT

sbutrddrtap jo
butwelj pue ‘pesaads awerJ TeoT3IADA
‘swtl buTtweTy uswroads s3TWTT IS

X9-0 °@zTs
geamdoaTs S,uUsIpITyD

a1bue Gy yiold
3o A3TTTqeumre}

1e3U0ZII0
jo @3ex

Yy3joros 30
20UP]ISTSDI SueTI I0J
3S93 pPI2T3 [eOT3I8A

1e9TI3ISA-Y3o0T> 3JO
2OUP3ISTSDI Bweld

123UOZTIOY~-Yy3IO[d 3JO
2oue31STSa1 sweTd

SOTTIXOL

S3US3 pue SUTIT
-nedxey se yons sburae
~A0D 100p3N0 aAT3ID3a]
-oxd x03 pue ‘bButyjoro
aaT3o930ad ‘sa13T
-Ttoe3] 3axodsuex3 pue
sbulpiIng jo sbutystu
-INnj IOTIdJUT DY} ut
pesn !{swilj pue Sa7T3
~-X93 20ue3lsSTSax aureTyd

[(zL6T °3des)
(6)¥ DoIvwvV°(C])

(uT 0T X G°¢) popusure
WO p ST X 6°8 1L-€-a4-204
SZT-d WISV
osTe 295
sayouT 9 X Z 8065
ut z/1-¢1 X Z/1-¢ 906S

abpe ue sutejuod

ystym az1s Aue y06S
ut z1 X v/€-¢ £06S
sayYOSuUT QT X ¢ 006S
T6T °“ON
‘P35S Teaspad
(91)

wigZXxX w9'Q

w T*Z x wd £°ZT1

31593 afeos-abieq]
o Gz X wo 2

3593 ateos [rews T0L V44N
(ST)

SLINSIY I1.S3L

NOILVDITdav

dZ21IS Jd'TdWYS QOHLAW LS3AL

(Panunuo)) sisa) peasds aweld ‘Z-p 9/qel

34




©

TEST METHODS

(Papnjauc))

TO-€T-OME9¥

-d71 X371s&ayd pue ‘ZT-Z€ POYISW 3ISBL
WD ‘69£-LAVS Se awes sy3z AT{eI3uassa
ST 3893 sIYyl “‘uaurtoads ayz jo pua
paodwe 1o ayl wox3j sayosutr z/1-1 urod

e sayoesx uswroads Huruang a8yl woxj
suel3j 9Yy3l uUaYym SWTI) aY3 sSaInseaul IS
"owely e Yjtm pajtubly “-uor3iTsod
123UO0ZTIOY ® UT pPIISd3 [eTIajeu

(x9331tp butrssed x03
eTI93TI)) TL-£~-dd-D0d SP IS23 2Wes

saed zsbuassed urt
Pasn sTetidjew I0TX
-23ut jo A3T{Tqeumrety

bI-L @zts
Ie9mdaaTs S,Ul3IpPTIYD

Z0E "ON
*pas L3ages
Ut pT X ¢ QIOTYDA IO0JONW
(1)
(Ut 0T X G°¢)
ud p°GZ X 6°8 ¥L-S-43-00d

SLTINST LS3AL

NOILVYOITdd¥Y

dZIS TTAWVS QOHL3IW LS3IL

(Panunuo)) s1sa) peasds awelq Z-p 9/qel

35




Fa

TEST METHODS, SPECIFICATIONS AND STANDARDS

I2JIDWTIOTRD SN Se sues

I933WTIOTe) SEN Se suwes

23e1x xead uo spuadep
UOTIeDTITSSEID JOOI {owT3 JO uoTiduny
® SP S3EP1 3SEITII JPOY Saansesu

I932wTIOTR) SGN SEe Swes

S93eX 9Sea[SI 3edY 103 ‘sabeaoaae
utw-Q7 pue utw-g ‘utw-y ‘yead
s33odax Arreotrdi3 !swr3 Jo uoriduny
® SP D3PX 9SE9[dI 3ILaY Saansesduw

y8-3 WILSVY se swes

Atuo jeo pax 03 2ar3EILax
uoTrjewIojutr sopraoad_pue ‘jo o3ea
Jou ‘asesalax 3eoay [e303 sijaodax

SaT1q

-WOSSe UOTJIONIISUOD
Jo stapouw snid
‘¥8-3 WISY Sse swes

saTTquUasse
UoT3ONIZISUOD ISYJO
pue 11es (apow snid
‘y8~3 WLSV Se oaures

sa1Tquasse
butjoox ajrsoduwos

¥8-3 WISV Se aures

¥8-3 WLSY se awes

¥8-3 WISV Se oswes

uoT3eTNSUT DTISnNode
/Tewxdyl ‘butyjzeays
(032 ‘3113 butrTlao
‘butrTaoued *H-9) steTx
-23Pw YSTUTJ IOTISJUT

w 9t°0
X w 9p*Q IA9IswWTIOTED 'Idd
(z2)
w 19°0
X W 9p°0 IDIDWIIOTRD INS
(12)
ssau

-39TY3l Tenjoe x
33 S X 33 Gy I932WTIOTED WA
(02)
wd $°Gge
X ud p°gZ I9JBWTIOTED NSO
(61T)

wd Zz°G1
X w0 peIl JISISWTIOTRD SN
(81)

SSaUXDTY3 °xXew uyt T T2ued 3juetpey

X UT 87 X Ut 9 Z91-3 W1SVY
SSauUYdTY3 Tenjzoe
X 33 ST X Ut 02 ¥8-3 WLSVY

- SL'INSAY 1.S3L

NOILVOI1ddVvY

JZIS TIdWYS JOHLIW ISdL

$353 aseajay 1eap JO ey £-p Iqes

36



TEST METHODS

Yeo pax 03 SATIRT3X dows
ay3 Aq uotidiosqe 3ybT1 saansesu

ATuo uotjysnqg

-wod butwer3y 103 ‘HBurjex A3Tsusap
ayows ‘uorzdaosqe ybtry jussaad
utT A3TSUSpP SYOWS UNWYXPW SaINSesw

wd/M §°Z 30 Xni3 juerpex
Teuxalxa :m I9pun suorjlTpuod butrasp
~Tows pue Hutwer3i I9pun A3TSUIP
a)ows Teotjdo wnurxew sainsesu

uoTjeTNSUT OT3snooe/Teu
-I19y3 ‘burtyjzeays (*o39
‘a113 butrtreo ‘Hut
-taued *6+3) sTerIal
-ew YysTUTy IOTIBIUT

sot3serd 11e

SOTTqUasse pue
sTeTIo3jew pIrfos otueb
-I0ut pue otuebro TTE

SSauUyoTY3 Tenijoe
X 33 6T X ur 0¢

ASTYI UT p/T
X Ut T x ur {

ssau
XOTY3 °*Xew ur T
X Ut ¢ X ut ¢

b8-3 WLSVY

€¥8Z-d WLSY

62 VYddaN
(e2) B

SI'INS3Y LSdAL

NOILY¥DITddv

dZIS TTdWVYS

QOHRLIW ISdL

uonINIOAF INOWS 104 SIS3L G-t 3|qel

*033 ‘butpusaq ‘butrddray ‘Butrixeys jo

suoT3dTI0S9p OsTe !{uoT3isnquod bur

-weT3 3xoddns 3snl o3 aanaxTu NZ\NO

HuTMOT3 utr uabAXO JO UOTIRIIUSDOUOD
unwTUuTW) Xa2putr uabAxo ay3l sasansesuw

ot3serd aeInyTad pue
wyT3 Burpniour SOT3
-seTd JO SuULIOJ SNOTIeA

uw 0ST-0L X

um 0°¢ X uw G*9
butyxoddns-3T3s
*6*2 wxro3z o113
-se1d uo spuadag

(107)
£982~0 WISV

SIINSAY ISAL

NOILYDITddvY

JzZ1S JTIWVS

QOHLIAW IS3L

Judwainbay uabAxQ 104 1531 “p-p 31qe]

37



TEST METHODS, SPECIFICATIONS AND STANDARDS

4.7 Tests for Smoke Evolution

Smoke density may be defined as the degree of light or sight obscuration pro-
duced by the smoke from a burning material under given conditions of combustion.
This characteristic provides a measure of fire hazard, in that an occupant has a
better chance of escaping from a burning structure if he can see the exit, and a
firefighter has a better chance of putting out the fire if visibility is adequate. Some
measures of smoke density are: degree of light absorption, specific optical density,
and smoke development factor.

Tests for smoke evolution generally involve measurement of the fraction of light
absorbed or obstructed by smoke evolved from a decomposing or burning material.
The degree of obscuration is a function of the number and size of particles, refrac-
tive index, light scattering, rate of movement, extent of ventilation, and distance
through which tight must travel. Table 4-5 lists tests for smoke evolution.

4.8 Tests for Toxic Gas Emission

Tests for the toxicity of a material’s pyrolysis and combustion products
generally fall into two types: those concerned with identification and analysis of
the chemical compounds in the gaseous combustion products, and those concerned
with studying the effects of these gases on laboratory animals. There are many
laboratories in this country and throughout the world using various test apparatuses
and procedures for toxicological studies; however, to date, no test method has
emerged as the accepted standard for toxic gas emission determination. For a more
detailed discussion of toxicity tests, see Volume 3 of this series.

4.9 Tests for Fire Endurance

Fire endurance may be defined as the resistance offered by the material to the
passage of fire, normal to the exposed surface over which the flame spread is
measured. This characteristic provides a measure of fire hazard in that, other things
being equal, a material which will contain a fire represents more protection than
one which will give way. Some measures of fire endurance are penetration time and
resistance rating.

Most fire endurance tests are primarily concerned with the complete system
rather than with individual materials, because it is widely recognized that the per-
formance of individual materials that comprise the system are not necessarily in-
dicative of the performance of the system as a whole.

Tests for fire endurance have been a vital part of fire safety testing for many
years. Table 4-6 lists the major fire endurance tests.

4.10 Fuli-Scale Tests

Full scale fire tests are designed to reproduce actual fire scenarios under con-
trolled and measured conditions. Generally, they can be divided into three types:
(1) corner, (£) compartment, and (3) corridor tests. Compartment-and-corridor
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TEST METHODS

tests, or room-and-corridor tests, could be considered as a fourth type, but these
tend to be either compartment tests with additional information on the adjacent
corridor, or corridor tests with an adjacent compartment used as the fire source.
Table 4-7 lists commonly used full-scale tests.
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CHAPTER 5
DISCUSSION OF TEST METHODS

5.1 Introduction

Laboratory tests are designed to evaluate some aspect of the fire performance of
a material or assembly in . reproducible simulation of some real life situation.
These ‘‘small-scale’’ tests are useful, since they are economical in comparison to
full-scale test replications of rooms, corridors, buildings, etc. The major problem,
however, is that there is a general lack of correlation between small-scale laboratory
test results and real-life large-scale fire behavior. In a recent paper (Malhotra, 1974)
the author states:

“The early tests were devised with only a limited understanding of laws
governing fire growth and severity and while in the last decade the
knowledge has improved, the material technology has progressed at a
tremendously fast rate with demands for more and more fire tests
outstripping the gains in knowledge. It is, therefore, not surprising that
the ratio of satisfactory to unsatisfactory tests has deteriorated.”

Test methods used today were developed on the experience that test designers
were able to relate to the specific problem (e.g., ASTM E 84, ASTM E 162, ASTM
E 119). At the timemany of these tests were developed, this experience was limited
to fires involving mainly cellulosic materials. Primarily, these tests ranked materials
in reference to a given cellulosic material (e.g., red oak) and through experiences of
the test designers provided a measure of the hazard posed by these materials in
end-use situations. However, through technological advances and extended use of
synthetic materials, the tests that had been doing an adequate job regulating materi-
als may no longer be valid.

In this chapter, current tests employed to measure the flammability characteris-
tics of materials are discussed; in particular, their usefulness in evaluating synthetic
polymeric materials is addressed.

5.2 Ignition Tests

Ignition of a combustible material is the first stage in any fire. Once the fire is
started, ignition delay times of other materials, coupled with flame spread, affects
the rate of fire spread and growth. Hence, control of ignition is crucial to fire
prevention and control.

Most polymeric materials will ignite and burn if sufficiently heated in the
presence of air or other atmosphere containing sufficient oxygen. Consequently,
from the point of view of fire safety, it is desirable to know how long it takes a
particular polymer to ignite, and whether or not it will ignite when exposed to a
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given oxygen containing environment and a given heating rate.

The ignition of a polymer is an extremely complex process depending on heat
and mass transfer, thermal degradation, and chemical reactions. Since it is generally
agreed that for most polymers, flaming ignition occurs in the gas phase above the
polymer surface and involves an exothermic reaction between oxygen and the fuel’s
pyrolysis products, the degree of air motion or turbulence, as well as access to
oxygen, are important. Details of heat transfer from the ignition source to the
polymeric material will also influence the ignition process. This heat transfer may
be some combination of conduction, convection and radiation.

The thickness and thermal properties of a material are vital in determining the
time required to achieve ignition, given specific heat flux and environmental condi-
tions., The time to igntion for a ‘‘thermally thick” specimen (see Sec. 3.3.3 of
Volume 4) is independent of the thickness and controlled by the ‘‘thermal inertia,”’
which is the product of the thermal conductivity and the heat capacity per unit
volume. For a “thermally thin” specimen, the time to ignition is proportional to
the product of the thickness and the heat capacity per unit volume (fabrics are
generally in this category). Whether the specimen behaves in a “‘thermally thick’ or
“thermally thin’ manner depends not only on the physical thickness, but also on
the heating rate, the heating time and the ‘“‘thermal diffusivity,” which is the ratio
of thermal conductivity to heat capacity per unit volume.

In the case of a thin flammable material (carpet, paneling, etc.) in thermal
contact with an underlying material, the thermal properties of the underlying
material can strongly influence the ignitability by the degree to which the under-
lying material acts as a heat sink.

Configuration and orientation of the polymeric material can also be of great
importance. Ignition tends to occur more readily in a crevice or fold, at an edge or
corner, etc., rather than in the middle of a flat surface.

The complexities of ignition phenomena make it impossible to devise a single
test that will determine the ease of ignition of different materials for a variety of
end-use situations. It has already been pointed out that ignitability will depend on
specimen thickness and geometry, the type and method of application of the igni-
tion source, ventilation and environmental conditions. Consequently, most ignition
tests are of limited value. Many of the ignition tests currently employed (e.g.,
ASTM D 1929, ASTM D 229, UL ignition temperature test, UL hot wire ignition
test, etc.), expose a specimen to heated air and measure the temperature {and/or
time) required for ignition. This so-called “ignition temperature” is not an intrinsic
property of the material, but depends strongly on ventilation rate, test specimen
size and obviously on the heating conditions in the test. Yet these “ignition
temperatures’’ are frequently reported and used to rank materials.

Another series of ignition tests developed at Underwriters Laboratories to evalu-
ate the ease of ignition of materials intended for electrical applications involves
subjecting the specimens 10 a high-voltage or high-current arc. Generally these tests
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are ''go, no-go’‘tests, in which the specimens either do or do not ignite. It is not
clear whether these tests represent a realistic service condition; therefore, results
must be interpreted with caution.

Two recently developed ignition tests designed to simulate cigarette ignition
have avoided the complexities mentioned above by employing an everyday ignition
source, a cigarette with materials in a specific application, either as a mattress or as
covering and padding for upholstered furniture. These tests recognize that this
ignition source frequently initiates fire in these two items. Hence, tests were de-
veloped to measure the hazard posed by cigarette ignition of such items. Despite
the simplicity of these tests, once the optimum arrangement and location for
placing the ignition source was determined, the results are a good indication of the
hazard for these common occurrences. Obviously, these tests do not simulate fire
performance of these materials when exposed to a flaming ignition source.

There seems to be little current work going on developing additional ignition
tests. Due to the complexities of the ignition phenomena, it would seem that future
ignition tests should be directed towards determining whether or not ignition
occurs from a given source, e.g., match flame, grease pan kitchen fire, etc., to a
given item, e.g., drapes, kitchen cabinets, etc. This approach, determining igniti-
bility in a specific instance, could be based on fire statistics data of the most
probable “ignition source — ignited item’’ combinations and would give an accurate
measure of the ease of ignition under the specific circumstances cf the test. An
alternate approach would be to measure some ignition property, e.q., ignition time,
in a carefully controlled experiment, recognizing that the quantity measured is not
an intrinsic property of the material, and attempt to establish some relationship of
this “property’’ to fire safety in actual situations.

5.3 Flame Spread Tests

Unless a person is in intimate contact with the ignited item, a fire is not apt to
do much harm until it has grown by spreading some distance from the point of
ignition. The rate of flame spread is very important in the history of a fire, because,
as noted earlier, it controls the time after ignition when the fire reaches a dangerous
size. The ‘‘dangerous size" relates to the rate of heat release, to the rate of genera-
tion of toxic and smoky products, or to the difficulty of extinguishment. The
ability to detect, fight, or escape from the fire depends on the time before the fire
reaches a dangerous size and hence, on the spread rate.

The propagation of a flame over a combustible solid is an extremely complex
process. A large body of test methods have evolved over the past thirty years
designed to measure the rate of flame spread. Many of these tests were developed
without allowing for the numerous factors influencing the flame spread rate.
Efforts have been largely fragmented and the test methods developed yield results
that are generally not consistent and do not adequately reflect behavior in actual
fires.

Results from many experimental investigations have been summarized
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(Friedman, 1968; Magee and McAlvey, 1971). it is indicated that the flame spread
velocity is affected by many parameters such as:

Physical and geometrical parameters including
orientation of surface
direction of propagation
thickness of specimen
specimen size
surface roughness
presence of sharp edges or crevices
initial fuel temperature
environmental pressures
flow velocity of environment
external radiant flux
humidity

Chemical parameters including
composition of solid
composition of atmosphere

It is essential that individuals involved with test method development and
persons responsible for selecting tests as a basis for material specifications recognize
how strongly some of these physical and geometrical parameters affect the flame
spread rate. For example, vertical flame spread is a continuously accelerating pro-
cess; for small specimens the flame spread rate upward is at least an order of
magnitude faster than vertical downward or horizontal flame spread (Magee and
McAlevy, loc. cit.). Also, horizontal flame spread over specimens with exposed
edges occurs approximately five times faster than when the edges are inhibited.
Raising the initial temperature of polymethylmethacrylate from 25°C to 150°C
doubles the horizontal flame spread velocity. Increasing the specimen thickness for
“thermally thin’’ specimens lowers the flame spread rate proportionally- since for
“thermally thin'’ specimens the flame spread velocity varies inversely with the
specimen thickness (Magee and McAlevy, loc. cit.}). These examples show how
important an understanding of the factors influencing flame spread is when either
developing or selecting an appropriate flame spread test.

Since, to propagate the flame, heat must travel ahead (possibly augmented by
radiation from the surroundings) to the unignited material, certain heat transfer
modes must be involved. However, the flame spread rate is affected by and changes
with variations in the magnitude and relative importance of conduction or con-
vection in the gas phase, conduction in the condensed phase, and radiation in the
gas phase. Thus, tests which presume to establish relative flame spread characteris-
tics of polymeric materials in a definitive manner are valid only for the particular
conditions of the test and may give misleading results if extrapolated to other
conditions.
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Small-scale laboratory screening tests in this category include ASTM D 635, D
1692, D 3014, D 568 and D 1433. All these tests claim usefulness for determining
the relative or comparative bu-ning characteristics of materials. Actually they
compare the behavior of materials only under the unique conditions of the test.
Changing the specimen size, thickness, orientation or initial temperature, or chang-
ing any of the environmental conditions, changes the magnitudes and relative im-
portance of the heat transfer modes involved and thus changes the flame spread
velocities and most likely the relative flame spread characteristics of various materi-
als. Also, since none of these tests simulates the energy feedback from the surround-
ings that occurs in real fires, the magnitudes of the spreading flame velocities ob-
tained are unrealistically low. It cannot be assumed that any of these small-scale
laboratory screening tests meaningfully “rank’’ the flame spread characteristics of
materials in any other size, geometry, and “fire’’ condition than the precise one tested.

When a material is used as an interior wall or ceiling finish, it will affect the fire
hazard at the place of use according to the extent to which it permits spread of
flame over its surface, contributes fuel to the fire, or generates smoke and toxic
gases when burning. In the United States, the Steiner Tunnel Test (ASTM E 84) is
the most widely used procedure to measure the potential hazard of room lining
materials. While this test reports measurements of fuel contribution, smoke density
and rate of flame spread, this procedure is primarily used to determine flame
spread. Despite considerable discussion and objection regarding technical details of
the test, the ratings resulting from this method have widespread use. They are
used in several national model building codes, many local codes, and by various
regulatory bodies primarily as means for limiting the use of combustible interior
finish materials in buildings.

This test, developed by Steiner in the early 1940’s, was predicated on measuring
the hazard resulting from fire propagating up a wall or along a ceiling in a room or
corridor. The need for an interior wall finish material test was demonstrated by
several fires in which the interior finish was the key factor in life loss. The test was
developed with the intent of reproducing conditions consistent with field experi-
ence. Such conditions were created by adjustments of the fuel and air supply until
the fire hazard properties of known materials were properly ranked. At that time,
experience was solely with wood and similar cellulosic materials, and the test was
developed to provide a basis for comparison of the flame spread hazard of these
materials.

This test seemed adequate until the development and use of certain types of
synthetic polymeric materials such as low density polyurethane and polystyrene
foams, and several types of thermo-plastics. The test method does not provide a
satisfactory rating for materials which soften, melt and drip or are of very low
density.

Thermoplastic foams rapidly melt in the vicinity of the impinging gas flame and
pull away from the roof support. This physical phenomenon prevents flame spread
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down the tunnel and consequently the material is given a low flame spread rating.
Meanwhile, the drippings continue to burn on the tunnel floor, yet this obvious
hazard in real life situations is not reflected in the calculation of flame spread
classification (fsc), although it is recorded as an observation in the test report.

The low density of these foams also results in a misleading indication of fire
hazard in this test. Due to low density and hence a low thermal conductivity, only a
thin surface layer of foam is heated by the hot gases in the tunnel. Thus, the rate of
production of combustible pyrolysis gases is low and the gases are swept away
before burning. In a room fire however, these combustible pyrolysis gases would be
confined and eventually burn, augmenting the fire intensity in the room. Thus some
materials burn in a very hazardous manner in the real world whereas the test
indicates that they should not.

Therefore, ASTM E 84 should not be employed as the sole criterion for fire
hazard of all interior finish materials until such time as the test is modified to
correct for the shortcomings mentioned above.

Work on the utility of this test for synthetic polymers, especially foams, is
underway. For example, in a series of tests for the Society of the Plastic Industry
{Christian and Waterman, 1970), a corridor was employed to evaluate the
correlation of the ASTM E 84 flame spread classification for materials used on the
walls and ceiling with fire behavior. The fire was started in a 10 X 15 ft (3.9 X4.6
m} room with an 8 ft (2.4 m) high ceiling adjacent to the corridor. The time for
various linings to burn the length of the corridor was measured. It was concluded
that “Itis clear that placement of the materials in the order of ascending tunnel test
flame spread ratings does not quite place them in the order of increasing flame
spread rate or decreasing time in the full-scale corridor."”

In a recent series of tests conducted at Underwriters Laboratories (Castino,
1975), the flashover characteristics of rooms lined with low density foamed plastics
and other common building materials used for interior finishes were investigated.
Various ignition sources were employed. It was concluded that:

“Total incident heat flux levels in the test flame area of the 25 ft tunnel
test are comparable to heat fluxes in the flame area of a 20 Ib burning
wood crib ignition source in a corner geometry."

A major conclusion of this report is: “The flame spread classification of
materials developed in the standard 25 ft tunnel test corresponds with
the performance of those materials in corridor, corner and vertical-
wall full-scale building geometry tests.”

This conclusion was based on a criterion for acceptance; namely the determina-
tion of whether the room reached fl: Yover conditions as evidence by a ceiling
maximum temperature greater than 64 C (1200°F) or whether full ceiling involve-
ment occurred.
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However, if the time to flashover is employed as the criterion for hazard, then a
different conclusion would be reached. Specifically, studying Table 5-1, con-
structed from data in the Castino-Underwriters Laboratories report, one readily
sees little correlation of time to flashover with flame spread classification — in fact,
for materials with the same classification, flashover times can vary by an order of
magnitude. Also these data indicate that cellulosic materials used as room linings
produce a different (and seemingly lesser) degree of hazard than polymeric foams
having the same flame spread classification.

Table 5-1. Time to Full Ceiling Involvement (with 20 Ib. crib)

Room Tests

_Sample Material ASTM E 84 FSC _Time
5 Polyisocyanurate foam, FR 22 1:20
A Polyisocyanurate foam, FR 23 1:40
3 Treated plywood 23 -——%
H Untreated plywood 178 8:20

corne sts
J Untreated fiber board 54 10:00
Q2 Polyurethane foam, FR 59 1:22
AD Polyurethane foam, FR 75 0:40
AE Red Oak 100 8:45
v Untreated particle board 156 3:15
K Untreated plywood 159 4:00
AC Polyisocyanurate foam, FR 364 1:25
o} Polyurethane foam, FR 925 1:30
o) Polyurethane foam, FR 173% on22

® Not reached in 20 minutes
FR - flame retardant added.

The examples shown in Table 5-1 show that the ASTM E 84 test does not
consistently measure the hazard from wall and ceiling linings, particularty when
some new synthetic plastics are employed. Much additional work is required to
determine to what extent and for which materials this test can adequately measure
fire hazard.

Various organizations {e.g., Union Carbide Co., Monsanto Co., and the U.S.
Forest Products Laboratory) have developed small tunnel tests as a more modest
means for evaluating materials than the ASTM E 84 tunnel test. The designs of
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these tunnels allow flame spread ratings from the ASTM E 84 tunnel and the
smaller tunnel to be correlated, but only for specific materials with flame spread
classifications in a rather narrow range. Exact modeling between a smaller tunnel
and the ASTM E 84 tunnel is almost impossible due to the complexities of the fire
dynamics involved.

in the fate 50's, the National Bureau of Standards developed the radiant panel
test with the specific objective of providing a relatively simple and reproducible
method for measuring the surface flammability of materials. It was expected that if
such a test method could be provided it would be widely used for research and
quality-control purposes during manufacture of building finish materials. This test
method was recognized by ASTM in 1960 (E 162). It is seeing increased use in
building codes and material specifications even though ASTM E 162 includes a
statement that it is not intended for such purposes.

The test recognizes two important factors in characterizing surface flammability:
{1) the critical energy flux necessary to propagate the flame and (2) the rate of heat
liberated during flame spread. Moreover, the radiant-panel test method permits
separate measurements of these two properties during a single test. The propor-
tionality constant used in the calculation of flame spread index was selected to
provide some measure of agreement between the resulting index and that derived
from the ASTM E 84 tunnel method, particularly over the range of flame-spread
indices of about 10 to 150. However, data with synthetic polymeric materials
indicates that the correlation between these two tests is uncertain.

It seems fair to suggest that use of both the Steiner tunnel test and the
radiant-panel method has contributed considerably to our understanding of the
flammability behavior of solids. However, a need still exists to conduct carefully
planned research programs on the relevance of surface flame spread ratings cur-
rently being used to determine fire hazard; particularly in the case of synthetic
polymeric building finish materials. Prior to the completion of such programs it
seems premature to assume that these or any other surface flame spread test
methods are capable of rating materials correctly.

Some tests in which flame spread is a factor have been developed to measure a
specific hazard. For example, DOC FF 3-71 flammability standard for children’s
sleepwear is intended to control the hazard of flame spread continuing upward if
the fabric is ignited. Similarly, ASTM D 2859 {or DOC FF 1-70) measures the ease
with which a small ignition source, simulating, for example, a burning ember from a
fire place, could propagate a flame over a carpet or rug. These tests form the basis
for flammability standards for children’s sleepwear, rugs and carpets respectively.
The standards are intended to prevent the occurrence of significant flame spread in
the event ignition occurs. Both tests were developed in direct response to a specific
hazard and are thought to be quite effective in dealing with that particular hazard.

Another test specifically designed to measure surface flammability of a specific
item, i.e., roof coverings, in the configuration and under exposure conditions which
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might be typical of a real-life fire, is ASTM E 108. This test seems to be a reason-
able approach to classifying roof coverings.

In summary, the surface flammability characteristics of materials are important
and should be evaluated. However, since the flame spread process is strongly con-
trolled by the magnitude and relative importance of the heat transfer modes in-
volved, small-scale tests designed to provide relative comparisons of hazards have
very limited meaning because they fail to model thermal energy feedback correctly.

On the other nand, small-scale tests developed to simulate a specific surface
flammability hazard (e.g. carpet test) can be quite effective in controlling that
particular hazard. At this time it is not clear what the most effective approach will
be to classify the hazard from wall and ceiling finish materials. ASTM E 84 (or
possibly ASTM E 162) and the corner test offer a potential method, without a
complete full-scale burn, to evaulate these materials.

Much work must be done to relate surface flammability test ratings to full-scale
fire behavior hazard, but it is unlikely that any onc flame spread test can predict
the surface flammability hazard of all materials in all situations.

5.4 Rate of Heat Release Tests

In recent years, there has been growing suprort among workers in the fire field
of the concept that the rate at which heat is released during burning is an important
criterion for evaluating the fire hazard from a particular material. It is considered to
be a significant ‘‘characteristic’’ of room linings, and it must also be an important
parameter of room contents that could contribute to early fire growth.

Since the rate of heat release is thought to be most important during the
“steady’’ burning period following flame spread, it is a measure distinct from ignita-
bility or surface flame spread potential, and is considered to be of greatest signifi-
cance in the stage of fire growth preceding flashover.

The rate of heat release from initially ignited material(s) has a significant influ-
ence on local fire intensity and hence on the subsequent development of a fire since
1) the intensity of the fire strongly influences the probability of secondary ignition
of nearby objects, 2} the fire intensity determines the rate of buildup of smoke and
toxic gases in the room of fire origin as well as throughout the building containing
the fire, and 3) all fire suppression techniques become ineffective once the fire
intensity has grown beyond some critical level. Thus a basis for the importance of
the rate of heat release concept is readily established.

The concept of rate of heat release had its origins in the early 1940’s (Steiner,
1943) when the measurement of “fuel contributed’’ along with flame spread rate in
the newly developed tunnel test (ASTM E 84) was described. While Steiner did not
describe his plot of flue-gas temperature vs time as a rate of heat release curve, it
was, in fact, a measure of the rate of heat release during the stages of surface flame
spread and subsequent burning of the specimen. Thirteen years later, (Robertson,
Gross, and Loftus, 1956) in what is now ASTM E 162, a flame spread rate was
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combined with a factor involving the rate of heat generated by the material under
test to determine a flame spread index for that material. Both of these tests are
essentially flame spread tests, and when evaluating heat release, these tests only
report total heat released, and only provide information relative to red oak (ASTM
E 84) or hardboard (ASTM E 162). However, reference to the time-gas tempera-
ture data could vyield rate of heat release measurements. These measurements would
include heat released during flame spread and steady state burning, in contrast to
current proposed measurements which focus primarily on the steady burning
period.

The first instrument designed specifically to determine rate of heat release was
the FM Construction Materials Calorimeter (Thompson and Cousins, 1959). Re-
cently, instruments have been developed at the National Bureau of Standards (NBS)
(Parker and Long, 1972), Ohio State University {(OSU) (Smith, 1972), Stanford
Research Institute (SRI) (Amaro et al., 1974) and Forest Products Laboratory
(FPL) (Brenden, 1975) to measure the rate at which heat is released from a burning
material.

In a typical heat release rate calorimeter (HRRC), a sample of material, of
known physical and chemical composition, is exposed to a controlled air flow and
an external radiant heat flux simultaneously. In some instances, a pilot ignition
source is provided at the bottom edge of the sample. The back surface of the
specimen is either insulated or water-cooled. In the latter case, the temperature rise
of the water stream is used to calculate the heat "‘released” through the specimen
back surface. A secondary gas burner may be present in the flue stack.

Once the specimen is ignited, heat is released as a function of time. This released
heat may be measured directly or by substitution, by either operating the calori-
meter in an isothermal or adiabatic mode. In the substitution method, the flue gas
time-temperature curve is reproduced by burning a gas, e.g. propane, to make up
the difference between the test and reference (inert) samples. The rate of heat
release of the test sample is thus obtained from the rate of consumption of propane
during the substitution run. During adiabatic operation of the HRRC, the rate of
heat release can be calculated directly from the rate of temperature rise in the
products of combustion. In the isothermal mode, the flue gas temperature is moni-
tored by thermocouples and kept constant by adjusting the energy input to the
secondary gas burner in response to the unknown heat-release rate. The heat release
rate is then calculated directly from the gas consumption rate. Table 5-2 sum-
marizes some of the important features for the five calorimeters (Chamberlain,
1975).

The HRRC attempts to duplicate the path taken by materials in this con-
sumption during a fire. Hence, the heat release rate measured with the HRRC is an
extrinsic property of the test method wt..ch depends on a number of factors, such
as: the specimen geometry and orientation, the availability of air and the air flow
velocity, external heating, heat losses to the calorimeter walls, dripping, charring,
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Table 5-2. Heat Release Rate Calorimeters

Exposure
Location| Sample Size Type Source Intensity
(W/cm2)
(cm x cm)

FM 122 x 122 Substitution Hot com- | t/T curve,
adiabetic bustion 0-12
equiv, gas gases
flow

NBS 11,4 x 15.2 |Direct iso- Gas fired 1.5-9
thermal equiv.|radiant
gas flow panel

osu 25,4 x 25.4 |Dire¢ - adia- Electric up to
betic tem- radiant 3.5
perature panel
rise

SRI 46 x 21 Direct iso- Gas fired 1.5-9
thermal equiv.|radiant
gas flow panel

FPL 46 x 46 Substitution Gas fired Up to
adiabetic panel 4
equiv, gas
flow

etc. Thus, since the rate of heat release is not a fundamental physicochemical
property of a material, one would expect that different HRRC, employing different
"’fire conditions,” would yield different measures of rate of heat release.

Each HRRC has one or more shortcomings. For example, both the Factory
Mutual and Forest Products Laboratory HRRC's operate on the substitution princi-
ple and hence, they require two runs to evaluate each sample. The Factory Mutual
calorimeter also employs an exposure on the sample which corresponds roughly to
the standard ASTM E 119 time-temperature curve compressed into a much
shorter time. However, the test suffers since it only allows one fire exposure. The
primary disadvantages of the National Bureau of Standards instrument are the small
sample size, the limitations in evaluating an assembly of materials in a practical
configuration and the use of an after-burner. This latter feature may result in a
higher value for rate of heat release than would occur in a real fire, where unburned
pyrolysis gases might escape the room of fire origin. Both the Ohio State University
and Forest Products Laboratory calorimeters are limited to the low and moderate
heat flux ranges. The Ohio State University instrument also suffers in that the rate
of heat release due to flame spreading over the surface cannot be uncoupled from
the rate of heat release from those portions over which the flame spreading process
is completed. This shortcoming could completely obliterate the initial heat release
rate characteristic of, e.g., charring materials. Also, since the Ohio State University
instrument operates adiabatically, with a direct measurement, the continuous appli-
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cation of a pilot flame at the specimen bottom edge will influence the heat release
rates. The Stanford Research Institute instrument was specifically modeled on the
National Bureau of Standards calorimeter, maintaining the high heat flux capability
but increasing the size so that much larger specimens could be accommodated.
Unfortunately, as shown in Table 5-3, the results obtained from these two instru-
ments, supposedly similar in design, do not agree (Brenden, 1975). This difference
is probably due to specimen size effect on the rate of heat release, but it is im-
portant to note the procedural differences between the two instruments such as
top-versus-bottom piloting and back-surface insulation versus back-surface cooling.
In fact, it appears that attempts to compare data derived with any of the five
calorimeters will be unsuccessful in large measure because of the overriding dissimi-
larities in operation.

Table 5-3. Comparison of HHR Calorimeters

Heat Release Rate (w/cmz)
Douglas Fir
Plywood
Marine Grade NBS SRI osu FPL
Exposure (W/cm?) 2.6 | 2.6 | 2.6 | 1.6-2.3
Time to Ignition (sec) 155 97 26 265
Peak HHR 8.8 10.8 10.5 17.0
Time to Peak (sec) 17.0 170 26 23 min
First l-min. avg. HHR o] 0 3.2 0
Pirst S-min. avg. HHR 2.4 4,7 6.7 1.7

Current HRRC's are not restricted to any specific materials and thus are suitable
for the determination of rate of heat release from polymeric materials. An example
of an HRRC output curve is shown in Figure 5.1. This curve is typical and qualita-
tively correct for wood and other materials that form a stable char. The ignition
delay, usually measured with a stopwatch, is the time from the closing ¢* the door
to the appearance of a flame. The peak heat release rate for these materials occurs
at or shortly after ignition; the heat release then declines to a slowly diminishing
plateau until the specimen is consumed. Other types of materials, e.g., those pro-
vided with a thin-layer of decorative coating, exhibit a much different response, e.q.,
high initial heat-release rate that rapidly falls to a much lower rate (Chamberlain,
1975). Thus, the technique has demonstrated the capability to detect and measure
differences among various materials. From these curves, peak, one-minute average,
five-minute average and ten-minute average rates of heat release are reported. Table
5-4 shows some HRR data for three manufactured wood products. However, a brief
table of peak and average heat release rates cannot adequately describe the burning
characteristics of a material. It should be accompanied by the HRR curve. For
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St Dougtat Fir, 1.5 .

Exposure’ 6.0 W/em?2

Pesk HRR 11.1 W/cm?2
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Figure 5.1. Typical HRR calorimeter output curve.

Table 5-4. Heat Release Rates for Wood Products Exposure = 6.0 W/cm?

Heat Release Rate (w/cmz)
Material
{thickness mm) Peak l-min. 5-min, 10-min
avg, avg. avg,
pParticle Board (16) 13,2 9.6 10.9 9,8
Hard Board
Medium Density (10) 1745 11,1 11.5 -
Hard Board
Medium Density
Paper-Faced (11) 24.9 16.2 11.6 -

example, the peak rate, 24.9 W/cm?, for the hardboard, occurs as a sharp peak
immediately after ignition, which quickly diminishes to a much lower and fairly
constant value. On the other hand, the peak value for the unfaced medium density
hardboard, 17.5 W/cm?, did not occur until about seven minutes, and was followed
by disintegration of the specimen. However, the average rate of heat release, and
hence the total heat released, was almost identical for the two specimens during the
first five minutes.

Table 5-5 presents data on southern pine from the NBS calorimeter which show
reasonable reproducibility of HRR. However, the results from some preliminary
round-robin testing on marine trade plywood shown in Table 5-3 indicates little if
any agreement among the various HRRC. Explanations for the differences observed
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Table 5-5. Performance of NBS Calorimeter Southen Pine at 6.0 W.em®

Exposure
Average HHR (W/cm?)

Date Peak HHR . i

(W 7cm?) 1-min. I S—rain, 10-min.

L

6,/25/74 12.2 10.4 10.6 9.1
6/25/74 12.8 8.8 11.3 9.7
2/137/75 13.0 10.3 11,0 10.0
2/1477% 13.0 10.0 11.0 10.9

included the location of the pilot flame and basic design differences among the four
ins:ruments.

The development of a test method generally includes three stages: the growth of
a concept, the design and development of an instrument to measure a quantity
based on the concept, and the application of the measurements to a specific situa-
tion. Test methods for rate of heat release are presentiv at the second stage; conse-
quently little if any data are available that correlates rate of heat release measure-
ments with large scale fire behavior. This step shouid foliow shortly and then
criteria will be developed, based on rate of heat release tests, to improve the fire
satety of materials in use. Meanwhile, more data are needed to fully evaluate the
performance characteristics and reproducibility of the current available instru-
ments. Current HRRC's differ significantly in their designs and capabilities, and
most are still undergoing changes. Much more round-robin testing should be done
to assess the accuracy and reproducibility of each instrument; theretore, persons
involved with rate of heat release measurements should assemble and decide which,
or a combination of which, instruments should form the basis for a test method.

A recently developed test, that in essence measures rate of heat release from
wearing apparel, is known as the “Mushroom Apparel Flammability Test”
*(MAFT). This test has been proposed (Brenden et al., 1976) as the basis for a new
Federal Standard for flammability of wearing apparel.

Fabric specimens are tested in a cylindrical configuration (which simuiates a
garment) and pass-fail criteria are based on time to ignite them with a specified gas
flame, and on heat transferred to sensors in the apparatus.

A fabric classification scheme, based on maximum heat transfer rate and mini-
mum ignition time, is proposed as part of the standard, and suggests that fabrics
which transfer little heat to the inside of the cylindrical configuration (Class 1)
could be used for all garments. Use of fabrics which transter larger amounts of heat
would be restricted as to garment type and style. The conditions of the test are
intended to simulate realistic situations.

5.5 Tests for Oxygen Requirement

Since its introduction (Fenimore, 1966), the Oxygen Index Test has achieved
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wide popularity as a means of characterizing the flammability of materials. Its
advantages include simplicity of equipment and ease of operation, good reproduci-
bility, good differentiation of, materials, versatility, and the use of small, easily
prepared test specimens. These attributes make it a valuable tool for use in the
preliminary stages of product development and for quality contro! purposes. The
standard version of the Oxygen Index Test, ASTM D 2863, is applicable to plastics
including solid, cellular, and film forms. A similar procedure has been used exten-
sively for textile materials.

In the standard test, the sample is ignited at the top and burns downward with a
small candle-like laminar flame. Energy from the flame is dissipated to the cool
surroundings and there is little energy feed-back to support the combustion of the
sample. This is in sharp contrast with the hot turbulent environment characteristic
of most real fires. For these reasons, the test is of little value in characterizing the
behavior of materials under conditions encountered in real fires.

Numerous variations of the standard test have been used for experimental pur-
poses. Ignition of the sample at the bottom with upward burning gives a substan-
tially lower value for the critical oxygen concentration than does the conventional
top burning configuration (Stuetz et al., 1972). This lower value is due to more
effective heating of the sample by the flame plume and, perhaps, better mixing of
oxygen with the fuel gases. It has been found that a standard oxygen index of
approximately 27 is needed to assure that a small sample of material will be self
extinguishing when ignited at the bottom in air {20.9% oxygen).

Thermoplastic materials present problems in the standard test because of melting
and dripping. The melt carries heat away from the combustion zone so a higher
oxygen concentration is needed to maintain the heat balance at the burning surface.
To avoid this problem, wicks or cup type sample holders have been used to hold the
melt in place. Good correlations of oxygen index with polymer viscosity have been
observed (Reimschuessel et al.,, 1973). This correlation may be important in
studying the effects of additives on polymer flammability characteristics. Additives
that lower the melt viscosity may increase the oxygen index, giving a false indication
of flame retardant action which may not be corroborated by other tests.

The oxygen index decreases with an increase in the initial sample temperature
since less energy feedback is needed to maintain the burning surface of the sample
at the required temperature. This effect can be a cause of error when the apparatus
becomes heated from successive tests.

Routley (Routley, 1973) has suggested making use of this effect by measuring
the oxygen index as a function of temperature and taking the temperature at which
Ol = 20.9 (burning in air) as a measure of material flammability. This suggestion
appears to be useful because almost all real fires involve pre-heated fuels at oxygen
concentration at or below that of air. The oxygen sensitivity, the rate of change of
Ol with temperature in the atmospheric oxygen concentration region, may be
another useful measure of flammability.
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Numerous attempts have been made to provide a theoretical interpretation of
the oxygen index test, but the results to date have been unsatisfactory (Martin,
1968; Johnson, 1974 ; Kanury, 1975). While the sample is burning, energy feedback
from the flame to the burning surface maintains the surface temperature at a level
where pyrolysis of the polymer supplies gaseous fuel to form a combustible mixture
with the oxygen/nitrogen stream. As the oxygen concentration is decreased (and
the nitrogen concentration increased) the flame temperature will decrease, reducing
heat feedback and the supply of fuel to the flame zone. At a critical oxygen level
(the oxygen index) a sudden transition from active burning to extinction occurs,
but satisfactory understanding of this phenomenon requires both a detailed descrip-
tion of the energy transport processes in the experimental system and identification
of the critical parameters leading to flame extinction.

Attempts have been made to apply the oxygen index test to liquids (Nelson and
Webb, 1973). Indeed, the original concept for the test derived from studies of the
burning of liquids and gases (Simmons and Wolfhard, 1957). From a practical
standpoint, the standard test configuration suffers from the disadvantage that the
sample holder provides a large heat sink with poorly defined heat transfer charac-
teristics. The measured value of the oxygen index under these conditions is more a
function of the design of the apparatus than an intrinsic property of the liquid. The
study of liquids is attractive from a theoretical point of view since the vaporization
process is simpler and better understood than pyrolysis of polymers. To avoid the
heat transfer difficulty, Roberts (Roberts, 1975) devised a flow system where the
bulk temperature of the liquid could be maintained at a constant value and heat
loss to the environment was minimized. Using this method, he showed that the
temperature at which the oxygen index is 20.9 is approximately equal to the fire
point of liquid as measured by conventional methods such as ASTM D 92.

The difficulties encountered in these experiments with liquids help to show why
the oxygen index test is successful with solid polymers. Most solid polymers have
low and similar values of thermal diffusivity. The temperature of the burning sur-
face is high and relatively constant for all organic pol‘ymers since it depends on the
strength of the carbon-carbon bond rather than on the vaporization of smali mole-
cules. When an elongated polymer sample is burned at its upper end, heat loss from
the hot burning surface into the sample and sample holder is small and relatively
independent of minor variations in composition and sample size. The heat balance
at the burning surface depends primarily on the chemical properties of the polymer
and the composition of the atmosphere and is relatively independent of apparatus
parameters. Thus the test provides a convenient way of comparing the relative
flammability of similar polymer compositions under closely controlled laboratory
conditions. Recourse must be had to test methods providing a much more severe
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fire exposure in order to predict the performance of materials under conditions
likely to be encountered in real fires.

5.6. Extinguishment Test Methods, Specifications, and Standards
5.6.1 Portable Extinguishers

In terms of extinguishment, combustibles are classified by the National Fire
Protectinn Association in four categories:

Class A: “ordinary combustible materials, such as wood cloth, paper, rubber

and many plastics”
Class B: flammable liquids, gases, and greases’’
Class C: ""energized electrical equipment”’
ClassD:  “combustible metals, such as magnesium, titanium, zirconium, sodi-

um, and potassium.”

As is well known, well over half the tonnage of synthetic polymers in use
consists of materials which fuse on application of heat to produce a low-viscosity
melt. Polyethylene and polystyrene are major examples. On the other hand, some
polymers produce a rather viscous melt which tends to stay in place rather than
flow (e.g., polymethyl methacrylate), and yet others char rather than melt (e.g.,
phenol-formaldehyde).

Furthermore, different solids of the same size and shape which are fully ignited
will burn at different rates. For example, Magee and Reitz {Maggee and Reitz,
1975) found that, for horizontal square slabs of 317 square cm area, the burning
rate (gm/cmz-sec) was three times as great for polystyrene as for polyethylene,
Char-forming materials burn even slower relative to polystyrene, which is the fastest
burning unfoamed solid of more than a dozen tested by Tewarson (Tewarson,
1975). On the other hand, liquid styrene monomer burns more than three times as
fast as solid polystyrene, under certain conditions.

There is no standardized way of rating ease of extinguishment of various com-
bustibles which takes into account these factors of different burning rate and
different tendency to form a fluid melt, except in the sense of Class A versus Class
B classification. As the quoted definitions suggest, plastics are generally taken to be
Class A combustibles. Portable (hand-held) extinguishers intended for Class A fires
are tested by approval agencies (UL, Factory Mutual) for their ability to extinguish
a specified stack of hardwood pallets, after a specified preburn time. Also, excelsior
(wood shavings) is sometimes used to represent a Class A combustible in these tests,

Class B combustibles are simulated by a square steel pan containing n-heptane.
The larger the capacity of the extinguisher, the larger the area of test fire which
must be extinguished in an approval test. For example, an experienced operator
should be able to extinguish a 1.8 m? test fire with a 6 kg extinguisher containing
dry chemical agent.
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It is probable that a fire involving a polymer which forms a fluid melt can be
controlled by an extinguisher intended for Class B fires. Application of water to

such a fire could cause spattering and temporary augmentation of burning rate, but.

continued application of water would cool the polymer to a nonburning state. Note
i"1at since the heat of gasification of a molten polymer is several times as high as
that of an organic liquid such as heptane or benzene, and also the flash point of the
polymer is much higher, molten polymer fires would be considerably less difficult
to extinguish than heptane fires. On the other hand, if the polymer is a smoldering
cellular material, the fire being deep-seated, attack with a Class A extinguisher
{rather than Class B) would appear to be more appropriate.

The foregoing paragraph is a summary of the fire protection engineer’s
knowledge about fighting polymer fires with hand-held extinguishers. There are no
standardized test methods to determine the best extinguisher for a particular poly-
meric combustible, or conversely to determine the relative ease of extinguishment
of a series of polymeric combustibles by a given extinguisher. Such test methods
might be useful, but their value would be limited severely by two factors. First, a
given portable extinguisher may be used to fight fires of a wide variety of materials,
making optimization difficult. Second, the difficulty of fighting a fire depends
more on the size of the fire than on the type of combustible, so factors such as
spread rate, time of detection, ready availability of extinguisher, etc., may be much
more important than specific effectiveness of a given extinguishing agent on a given
polymeric fire. Hence, the need for better test methods in this area would appear to
have low priority.

5.6.2 Automatic Sprinklers

Automatic sprinklers to protect buildings are specified on the basis of the de-
livered water density (generally between 0.1 and 0.6 gallons/min-square foot) and
the maximum foreseeable water demand (sometimes as large as several thousand
galions/min). The cost of installing the sprinkler system is highly dependent on
these design parameters.

The water density required to control a fire obviously depends on the type,
quantity, and arrangement of combustibles present (Magee and Reitz, 1975). Poly-
meric materials in some cases, because of high burning rates, may present especially
severe challenges to sprinkler systems. However, in general, fire loss to property,
especially commercial and industrial property, has been tremendously reduced
when automatic sprinklers have been present. Insurance statistics show that the
expected loss due to fire in sprinklered properties is about $2 per year per $10,000
value. Data suggest that it is about an order of magnitude higher for unsprinklered
property.

Private residences are virtually all unsprinklered, because of cost. A minor pro-
portion of hotels, school dormitories, etc. are sprinklered. A greater proportion of
nursing homes, restaurants, etc. are sprinklered, depending on local ordinances. An
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accurate knowledge of the minimum water application rate and quantity required
to control fires of polymeric materials would be of great value in judging cost
effectiveness of introducing sprinklers versus modifying or banning polymeric com-
bustibles to achieve a desired level of fire safety.

Standards for acceptable sprinkler protection of commercial and industrial pro-
perties have been obtained and are continually being refined by insurance com-
panies {e.g., Factory Mutual), partially by full-scale fire tests and partially from loss
experience. In a few cases, modeling experiments have been helpful. Much more
information is available on industrial and commercial than on residential combusti-
bles.

To illustrate a difference in burning of wood versus expanded polystyrene under
sprinklers, the following data from Factory Mutual are quoted:

Common Conditions: Pallets made of either wood or expanded polystyrene,
stacked six feet high (9 stacks in square arrangement), with sprinkler density of 0.3
gal/min-square foot, top of array 9 feet below ceiling, 165°F sprinkler links spaced
10’ by 10’ on ceiling.

Results — Wood: Seven sprinklers opened; maximum ceiling temperature above
fire was 565°F. The fire spread was controlled.

Results — Polystyrene: 59 sprinkiers opened; maximum ceiling temperature
above fire was 2100°F. Fire burned intensely until melting caused collapse of the
pile.

For very intense fires, especially under high ceilings, the upward velocity of the
fire plume prevents penetration of water droplets. By modifying sprinkler design to
increase production of large drop sizes, penetration can be dramatically improved.
By operating sprinklers above a fire plume maintained and closely controlled by
feeding gaseous fuel to a ring of burners, and measuring water arrival at floor level
in the center of the ring, one can measure penetration efficiency as a function of
sprinkler parameters (it is also desirable to produce some fine drops for optimum
cooling of the plume and ceiling jet, to prevent damage to the ceiling and limit
excessive opening of sprinklers.) Factory Mutual is currently attempting to develop
sprinkler standards based on these considerations.

One of the most severe fire challenges known, other than flammable liquids or
gases, is that of plastic commodities which are stored in factories, warehouses or
retail outlets, in configurations reaching to substantial heights. The maximum toler-
able height under ceiling sprinklers has been empirically determined (Dean, 1975)
for various commodities, and must be much more restricted for plastics than for
cellulosic materials. Among various plastics, Dean found trends as follows:

polystyrene — vigourous burning
polyethylene, polypropylene — intermediate
polyvinyl chloride — relatively mild

However, he noted that exceptions to such rankings commonly exist because of
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effects of detailed geometry, packaging material, or additives, especially plasticizers.

It may be remarked that it is possible to store polymeric materials safely to
greater heights than those permitted under ceiling sprinklers by installing additional
sprinklers at intermediate levels, preferably below horizontal barriers. Alternatively,
a development program is underway at Factory Mutual to use unconventional
sprinkler heads of greater penetrating power at ceiling level, which would permit
relaxation of either storage height requirement or total water demand.

In contrast to industrial fires under high ceilings, there is very little experience
bearing on the minimum sprinkler requirement for a fire in a normal-size residential
room. There is reason to believe that very little water may suffice to control such a
fire. However, if it is necessary to spray the water directly on the burning object,
there is difficulty in locating a sprinkler head so that the spray will impinge on
every potential combustible in the room; if several sprinkler heads are needed per
room the installation cost will be high. There has been developed data relevant to
another concept — i.e. spraying the sprinkler water into the fire gases and onto the
hot ceiling and walls so as to generate steam which may extinguish the fire by
inerting (Kung, 1975). Less than 0.05 gal/min-square foot may be adequate. Much
testing is needed with realistically furnished rooms before standards can be
specified.
~ The action of the sprinkler to control the fire is in part by inerting (both by
steam and by entrained combustion products), in part by direct wetting of the
pyrolyzing solid, in part by pre-wetting not-yet-ignited materials in part by cooling
the fire gases and thus reducing radiative transfer to combustibles, and in part by
creating a fog which itself blocks radiative heat transfer. In view of these multiple
effects, there seems to be little chance that a small scale test method evaluating any
one of these effects will suffice to determine minimum water application rate for a
given polymeric commodity.

5.7 Tests for Smoke Evolution

Tests for smoke evolution are important to fire safety because the presence of
smoke affects the ability of occupants to escape from a burning structure and the
ability of firefighters to control and extinguish the fire. Most existing smoke
methods are concerned with vision obscuration, and therefore seek to measure
smoke density by either optical or gravimetric techniques. No smoke method pre-
sently in use addresses an important aspect, the lachrymatory and irritant character-
istics of smoke which can obscure vision even more effectively than optical density
in the atmosphere.

The National Bureau of Standards smoke density chamber is a widely used
apparatus for measuring smoke density. This chamber represents a means for evalu-
ating the relative smoke-producing characteristics of a material in terms of obscura-
tion, and much of the discussion here addresses it because there is only one other
test method which could be considered a serious contender, the ASTM D 2843 test.
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The NBS smoke density test method, also designated NFPA 258, exposes a
specimen 3 inches square to a radiant heat flux of 2.5 W/cm?, either in the presence
or in the absence of a pilot flame (flaming or smoldering mode, respectively). The
smoke evolved is accumulated in an enclosure with a volume of 18 ft>, and optical
density is measured along a vertical light path 3 ft long. The results are expressed in
values of specific optical density (D), and the maximum value is designated as D.

it is when the use of the test method is expanded from its basic function of
obtaining comparable data on materials that some aspects can become questionable.
As examples, consider the following:

1. The maximum value of specific optical density, D, is corrected by subtracting
the optical density due to soot deposited on the optical system. This procedure
favors heavy soot-depositing materials such as polystyrene to the possible detriment
of fire safety. The soot deposited on the exposed surfaces of the optical system was
obviously in the atmosphere obstructing vision at some time during the test, and its
propensity for depositing on an exposed surface makes it even more likely to
obscure vision through irritation and lachrymation, yet the correction procedure
rewards rather than penalizes this characteristic behavior. The Federal Aviation
Administration proposal to use D values at 1.5 and 4.0 minutes is to be commended
because it avoids the correction step. Fortunately for public safety, the D values for
heavy soot-depositing materials are so high, even with the correction, that these
materials are still recognized as hazardous.

2. Specific optical density is a useful scale for expressing relative smoke density.
Its use in extrapolating values to larger enclosures, however, can be questioned. As
smoke density increases, multiple scattering effects may become appreciable. It is
generally agreed that multiple scattering is not significant at D values up to 16, but
extrapolating D values over 200 to larger enclosures is of doubtful significance.

3. The vertical specimen position permits materials which melt to exhibit unreal-
istically low values because the molten material either is subject to less heat in the
specimen holder trough or overflows the trough and escapes exposure entirely.

The NBS chamber offers the advantages of considerable versatility, such as the
addition of controlled ventilation, continuous weight monitoring, and analytical
and bioassay devices for measuring toxicity. It offers one-dimensional heat flux,
which is essential for evaluating composite structures which are expected to en-
counter heat flux on only one side.

The ASTM D 2843 test is a useful laboratory screening test, and can distinguish
gross differences between materials at substantially less cost than using the NBS
smoke chamber. The horizontal photometer light path at a fixed height tends to
favor materials which produce dense smoke that may not rise to the level of the
light path.

The ASTM E 84 test is primarily a test for surface flame spread, however in the
past a great many materials have been tested for smoke evolution by this test
method. It is desirable that smoke evolution be measured in a test specifically
designed for this measurement.
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5.8 Tests for the Assessment of the Toxicological Aspects
of Pyrolysis and Combustion Products

In general, smoke and toxic gases are far more important than heat and flame as
a cause of fatalities in building fires. According to our present knowledge, carbon
monoxide is the chief toxicant. However, with the introduction of new synthetic
polymeric materials and products into building construction and furnishings, the
potential for the production of new toxicants, e.g., HCN or HCI now exists. The
situation is further complicated by the use of fire retardants to inhibit ignitability
and surface flame spread. During combustion, certain retardants under some condi-
tions can combine with elements in the polymer to form extremely toxic airborne
products. The French, in an attempt to reduce this hazard, have promulgated a
“toxicity standard,”” which simply sets an upper limit to the percentage of various
elements, e.g., Cl, permissible in a given polymeric formulation. This approach is
much too simplistic to insure control of toxic products.

When a polymeric material is thermally decomposed, under either oxidative
pyrolysis or flaming combustion conditions, a mixture of substances comprising
gases, aerosols, particulates and chars is produced. It is difficult to establish whether
the intoxication syndrome (the signs and symptoms of intoxication produced on
exposure to these decomposition products) is produced as a consequence of the
action of one, some, or all of the substances present in these products. Further-
more, combustion toxicology is inherently complex because relatively minor varia-
tions in testing procedure frequently result in major changes in the actual dose of
toxicants produced. Such testing variations include the level of incident heat flux
used, the duration of heating, whether combustion is flaming or nonflaming, the
physical configuration of fuel, the relative mass of the material degraded, amount
of air flow used, etc. Essentially these variations represent a sampling of the various
parameters which are constantly changing in a real fire.

The purpose for investigating the toxicity of a material’s pyrolysis and com-
bustion products is to permit the evaluation of potential hazards that might arise
from the use of that material in a product or system. Fire safety toxicity standards
for materials have largely ignored the complexity of the problem and are many
times grossly over-simplified. A statement such as ‘‘shall be no more toxic than
wood,” used for example in some building codes, is virtually meaningless. It does
not indicate how this determination should be made, nor whether the proposed
material is used in comparable amounts or under equivalent conditions. Further,
the toxicity of the decomposition products of wood varies greatly depending on
species composition and combustion conditions. The present situation is confused
and may even be described as chaotic.

Approaches to Toxicity Assessment

Tests for toxic gas assessment use one, or both, of two approaches: 1) identifica-
tion and analysis of the chemical compounds in the decomposition products, and 2)
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exposure of laboratory animals to the decomposition products; in sum, analytical
or bioassay.

Analytical

The analytical approach is based on the philosophy that if only a limited number
of chemical compounds are responsible for essentially all the toxic effects, then
analysis for these particular compounds would permit prediction of essentially all
toxic effects which could be expected. However, the analytical approach suffers for
the following reasons. First, a basic weakness of the analytical approach is the
assumption that knowledge of the complex mixture of decomposition products
produced under a given set of fire conditions can lead to satisfactory prediction of
their combined toxic effects. Second, the biological activity of a compound may
make it of great importance in the production of the intoxication syndrome, but its
concentration may be very low and consequently not suspected to be significant, or
it may not even be detectable by ‘‘common’’ techniques.

For these reasons, it should be mandatory to use laboratory animals during the
first-tier screening assessment of combustion product toxicology.

Bioassay

Whereas the analytical approach calls for analysis followed by prediction of
toxic effects on the basis of incomplete data for pure gases, the bioassay technique
directly measures the effect of the combustion products on a biological system, and
bypasses all the intervening uncertainties. Since human beings cannot be used in
such experiments, a choice of test animal must be made, and mice and rats are the
species of choice in most tests. There are differences of opinion as to which species,
and which strain of that species, is more suitable for predicting human response.
Rats are the preferred species for general toxicologic studies since they provide a
more ready supply of blood for analysis. Mice are recommended for sensory irrita-
tion studies and some behavioral tests.

Apparatus

Although many apparatuses and procedures have been developed, there is no
standard and/or procedure utilizing the bioassay aproach which is widely accepted.
The available test apparatuses differ in size, location of the test animals, method of
toxic product production, and amount of air flow used. The animal exposure
chambers range in volume from 2.2 liters to 510 liters. The smaller the chamber,
the greater the effect of oxygen consumption by the test animals over a period of
time (unless pure oxygen is introduced to maintain the oxygen level at 21 percent),
but small chambers limit the number and size of the test animals. On the other
hand, the larger the chamber, the greater the quantity of material required to
achieve a given concentration of toxicant, and the greater the probability of varia-
tions in gas and aerosol composition between different locations in the chamber. The
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exposure apparatus must be of sufficient size so as not to inhibit the animals’
normal biological functions during the time of exposure.

It is necessary to minimize heat stress on the animals during a test. The available
tests differ as to whether the test animals are in the same chamber as the material
being tested. The major reason for separating the combustion chamber by a given
distance from the animal chamber is to cool the gases sutficiently and minimize
direct radiation so that the animals are not exposed to extreme temperatures.
Theroretically, having a sample and animals in the same chamber would minimize
loss of toxicant; in practice, the animals are kept at least 6 to 12 inches away from
the sample to minimize heat stress. The time of travel of the combustion products
and the accompanying heat losses can drastically affect the composition of the
toxic species to which the animals are eventually exposed. Furthermore, reactions
with and/or condensations on the exposed surfaces of the apparatus may also affect
exposure conditions.

Toxicity tests also differ as to whether a fixed temperature or rising temperature
history is used to generate the combustion products. Many materials produce more
toxic effluents at some temperatures than at others, and the selection of fixed
temperature levels unavoidably favors some materials over others.

There are differences between tests as to amount of air flow used. Some tests are
entirely closed-system tests, with neither inflow of fresh air nor bleeding off of
toxicants by displacement. The results are independent of flow rate and involve no
loss of toxicants, but the lack of a fresh air supply causes oxygen depletion. Some
tests use closed systems but add continuous air recirculation. Other tests use the
flow-through technique with a continuous stream of air; this technique offers the
lowest oxygen depletion and the highest level of oxidation during pyrolysis. Since
oxygen depletion occurs in most real fires, the range of oxygen levels that can be
considered realistic or allowable for the test animals becomes debatable.

Most toxicity tests use pyrolysis, and a minority use flaming combustion.
Flaming combustion introduces mc.e variabies such as air flow rate, area of burning
surface, etc., and aggravates the problems of oxygen depletion and heat production
as regards the test animals.

Procedure

An appropriate screening test procedure should incorporate both a behavioral
end point (loss of avoidance or other means of evaluating the animal’s incapacita-
tion} and a bioassay (appropriate monitoring of the physiological status of the
animal such as blood chemistry, heart rate, breathing rate, etc.). Time of death is
frequently taken as an end point because of convenience, but incapacitation may
bear a more meaningful relation to fire hazard.

it should be obvious that the use of only one set of combustion conditions to
evaluate a material or to attempt to compare different materials at a single condi-
tion may be inadequate. There is no a priori reason to expect that the behavior of
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a material under any one set of conditions is representative of its behavior under
other sets of conditions.

Thus, a matrix must be used to provide an appropriate set of exposure condi-
tions which may then be used to assess a material‘s potential toxicological hazard.
The material must be exposed to nonflaming as well as flaming conditions to permit
evaluation of its contribution to hazard in the smoldering state, at the point of
flaming ignition, and during the post-flaming state. In addition to varying the heat
flux and nature of combu tion conditions, the matrix must also provide data per-
taining to concentration-response or dose-response (a dose indicates the amount of
chemical administered at a specific interval of time). The simplest procedure is to
select a sample weight, perform the test, count the number of dead animals at the
end, and report percent mortaility. This procedure provides one scale of compari-
son, from O to 100 percent; however, when a wide range of materials are tested at a
single exposure level, many tend to fall either at 0 or 100 percent. The single result
of either 100 percent death or 100 percent survival tells relatively little about the
lowest dose likely to be lethal and how the material under consideration compares
with other materials. Preferably, comparison should be made on the basis of
response at several dose levels, as shown in Fig. 5-2, which illustrates the type of
graph resulting from doses on a log scale plotted against percent mortality for two
substances identified as A and B. From the graph it is clear that at dose X, both A
and B are equally lethal, whereas at dose Y, A is more lethal than B, and at dose Z,
B is more lethal than A. No single point would give this information. Incapacitation
data can be treated similarly.

Summary

In a typical uncontrolled fire, conditions are continually changing, resulting in
varying exposure conditions, e.g., heat flux, air flow, etc. Hence, the toxic environ-
ment is continually changing as well. Small scale tests are designed to give a measure
of the specific toxicity (toxicity per unit mass consumed) of a material. In a real
fire the toxic hazard will depend on the concentration of combustion products in
the atmosphere, i.e, on the quantity of material burned, the rate at which it burns,
the volume of the system in which the products are dispersed, as well as on the
specific toxicity of the rnaterial. Thus, it is erroneous to expect that simple toxicity
tests offer a precise hazard evaluation. Rather, well developed small-scale tests may
be profitably used to screen comparable candidate materials under specified degra-
dation conditions and permit the recognition of toxicologically unique pyrolysis or
combustion products.

5.9 Tests for Fire Endurance

Fires usually start in buildings with one small item in flames, such as a waste
paper basket or chair, and then grow in size. If the fire is going to become serious,
the small fire which beganwith a single item eventually grows to involve the whole
room. The instant of total room involvement is called '‘flashover.”
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Figure 5.2. Comparison of mortality produced
at dose levels X, Y, and Z by substances A and
B.

The chain of events that lead to a serious fire can be broken in many places.
Often the probability of a fire reaching flashover is very small, but a sequence of
improhable events can lead to flashover even in the best protected areas. The
realization that the worst eventuality is not impossible must lead to an evaluation
of how a building would respond to a sustained high-intensity fire. This fire per-
formance of a structure is termed fire resistance or fire endurance and is measured
in the ASTM E 119 Fire Test.

One of the most important characteristics of the post-flashover fire is that it can
be considered a volume process where average temperatures and heat fluxes within
the compartment are meaningful concepts. This phase is directly contrasted with
the pre-flashover period, during which time flames are either localized to stationary
sources or else characterized by flame fronts advancing along surfaces. The gas
temperatures have extreme spatial variations — for example, flame temperature near
2000°C in some areas and near-ambient temperature elsewhere.

A number of factors, such as ventilation, fuel load, and thermal properties of the
structure, have a controlling influence on fire intensity at any instant. To illustrate
such influence, the historical development of a standard fire exposure is reviewed
and its relationship to the expected fire is discussed: The earliest attempts to test
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the fire resistance of different structures occurred in the last two decades of the
19th century and essentially consisted of someadhoc furnace tests in which the
specimen was exposed to a constant temperature for a given time period. Sixty
years ago, an ASTM committee issued the first edition of C 19, the predecessor of
the current E 119 standard (ASTM, 1918. The C 19 standard was based on an
exposure of the test specimen to conditions based on a time-temperature curve
which was believed to approximate the course of fire in the heavily timbered
structures of that day. This curve has been essentially unchanged and to this day it
closely resembles the curves used by most countries for the post-flashover evalua-
tion of structures. The ASTM E 119 curve and those of other countries are shown
in Figure 5.3. It is quite evident that they have common origins. The concept of
using more than one exposure was never adopted and these curves have become the
only post-flashover exposures for structures used in buildings (ASTM, 1918).
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After the initial adoption o* the standard post-flashover fire test, some interest
arose in checking the validity of the assumptions that underlay the committee’s
work. The most significant research was attempted by Simon Ingberg at the U.S.
National Bureau of Standards (Ingberg, 1927, 1928, 1942, 1957, 1967). Starting in
1922 and continuing through the 1940’s he conducted numerous research programs
aimed at better characterizing the post-flashover fire.

68




DISCUSSION OF TEST METHODS

Ingberg’s experimental work probed two aspects of describing the post-flash-
over fire —conducting burnout tests and making fuel load surveys. The burnout
experiments were conducted over a period of years in three different test buildings
and encompassing both residential and office occupancies. An average time-
temperature curve for one of these tests is shown in Figure 5.4 for a case where the
fire was much less intense than in the standard exposure. Other experimental fires
generated temperatures substantially greater than the standard exposure. One
aspect of these tests was that Ingherg attempted to obtain the worst possible fire
conditions by controlling ventilation. He normally adjusted swing shutters on the
windows of his burnout chambers to achieve his purpose, but unfortunately never
reported the ventilation used in his experiments. The systematic study of the
effects of ventilation was not stz; ted until after World War |1,

TEMPERATURE, C

TIME (hours)

Figure 5.4. Average time-temperature curves for burnout
tests (after Ingberg).

From the earliest tests it was apparent that these fires did not reproduce the
ASTM time-temperature curve very well. A single standardized curve was so appeal-
ing, however, that Ingberg devised a way of molding reality to fit the curve. The
strategem that he invented was to define a fire “severity”” which was set equal to
the integral under the time-temperature curve, above a baseline of either 150°C or
300°C. As can readily be proved, this equal-area “severity’’ has no physical justifica-
tion. It did, however, conveniently reduce the fire description from a two-variable
into a single-variable problem, so that different fires could be directly compared.
The standard curve was thus saved — any actual fire could be defined to have an
equivalent duration on the standard test, as shown in Figure 5.5. The final results
were expressed in the following table:
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Combustible Content Standard Fire
Ibs/ft* of Floor Area Equivalent*BTU/ft>  Duration (hrs)
10 80,000 1

9 120,000 1%

Fol 160,000 2

30 240,000 3

40 320,000 4%

50 380,000 6

60 432,000 7%

*Cellulosic materials have heats of combustion around 8,000 8TU/ib. How-
ever, many of the new synthetic polymers have heats of combustion much
higher, 12,000-16,000 BTU/Ib.
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Figure 5.5. Fire severity equivalence time-tempera-
ture curve (after Ingberg),

To make these resuits useful, the expected fuel load has to be known. Fuel load
surveys were conducted by NBS (Ingberg, 1957; Bryson and Gross, 1967; Culber and
Kushner, 1967; Culver, 1976) at several times, and are still continuing today. They
were intended to provide a rational basis for code classifications of occupancies, but
in practice they have not been reflected in many codes.

The most important aspect of the ASTM E 119 fire test, and all similar post-
flashover tests, is that it purports to allow the evaluation of performance of a
structural element under a standard fire exposure. It is not used to evaluate whether
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the structural element will contribute to the propagation of a fire within a com-
partment, but rather the load carrying capacity or the fire containment per-
formance of the element.

If one neglects the lack of realism in the standard time-temperature curve and
Ingberg’s definition of severity, then the ASTM E 119 test can be used to compare
various building structural components. Polymeric materials have been used in
many assemblies that have passed the ASTM E 119 test for period of time from
twenty minutes to two and even three hours. In most cases the polymeric material
has been protected by a thermal barrier, such as gypsum wall board, and the
polymers were not involved until the later portion of the test period.

Maintenznue of a positive pressure within the furnace would probably improve
the ASTM L 119 test method, but at this time there are no requirements for
measuring and/or reguiating the relative pressure between the inside and outside of
the furnace. Some laboratories conduct the test with a negative pressure over the
entire face of the specimen which results in room temperature air being drawn
through any openings in the unexposed surface of a wall or floor specimen. This
means any flaming within the assembly would have a tendency to be drawn into the
furnace rather than out the opening. Under actual fire conditions in fully involved
compartments, a positive pressure exists in the upper two thirds of the
compartment. It is particularly important that E 119 tests be conducted with a
positive pressure on at least the upper two thirds of wall specimens if there are
openings in the wall. One example of where this is important is when pipe and
conduit penetrations, are being tested in the ASTM E 119 test. Another case is
when doors are testad by ASTM E 152 which is the special version of ASTM E 119
that deals with doors. As with pipe penetrations it is important to conduct the test
with a positive pressure at the top of the door to simulate actual fire conditions.

5.10 Full-Scale Fire Tests

Full-scale fire experiments have been the traditional precursors of standardized
fire tests. Some of the earliest experiments were conducted in the 1790's
(Hamilton, 1959) and there were extensive efforts in the late 1290’s to develop
quantitative measures of post-flashover fire performance. These led to the standard-
ization of the fire endurance tests such as the ASTM E 119 discussed in the pre-
ceding section. There were subsequent full-scale experiments conducted by Ingberg
in the 1920’s and 30’s at the National Bureau of Standards to further establish the
meaning of fire endurance.

More recently, there has been increased activity in the use of full-scale tests,
particularly to evaluate the contribution of synthetic polymeric materials to early
fire growth. In most cases, these tests have been ad hoc evaluations of fire per-
formance which have not been based on any standardized procedure.

The need for large-scale tests has grown as many people in the fire safety com-
munity come to realize that the existing small-scale tests are not adequate to
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evaluate fire hazard in a consistent manner for all materials. The discrepancy be-
tween simulated real-life situations and small-scale tests has been well documented.
The problem was brought to a head when the Federal Trade Commission issued
their proposed rule on cellular plastics products (Federal Trade Commission, 1975).
The Commission said, in effect, that the ““Standard Method of Test for Surface
Burning Characteristics of Building Materials,” variously denoted as ASTM E 84,
UL 723, NFPA 225, did not, alone, constitute a reasonable basis for certification,
since it did not determine the combustion characteristics of the materials under
actual fire conditions.

As a resuit of the FTC action there has been an intensified search within both
industry and the building code community to determine what is a reasonable basis
for substantiating performance of materials. The end result of this search has more
or less centered on the concept of using a room test for the evaluation of wall and
ceiling linings in lieu of, or as a supplement to, the existing ASTM E 84 test
procedure. ASTM Committee E-39, in response to the need for a standard room
test established a Task Group to develop a recommended practice. As a result, Task
Group 4 of ASTM E-39.10.01 has developed a Guide for Room Fire Experiments
{ASTM, 1977), to provide direction to the research or testing agency. The purpose
of the Guide is to provide a document which compiles the information and experi-
ences now available from those actively engaged in this type of testing. The Task
Group hesitated at this time to come up with a test method, since the state of the
art is still in development. However, the document that was produced does attempt
to give in detail the various factors which should be taken into account in the
design of a room or compartment test.

The Task Group discusses in their Guide such things as room size and shape,
ventilation, specimen description, ignition source, instrumentation, and safety con-
siderations. These represent an important range of choices which must reflect to
some degree the nature and type of fire scenario to be protected against. For
example, just looking at the decision to be made on the size, nature and type of the
ignition source, indicates the complexity involved in deciding on the nature of a
room test.

The ignition source in any fire will have a large effect on the total performance
in the room. In fact, the ignition source may become a critical factor in determining
how and when a lining may be involved in a fire. In some of the earliest work on
evaluating linings (Corson and Lucas, 1950), an extensive study of ignition sources
was done, preparatory to conducting a series of full-scale room tests to evaluate
linings and wall constructions. The tests were conducted in a 14 X 20 ft. room 12
ft. high. A series of wood cribs were used of 5, 7%, 10, 20 and 30 Ibs. weight. The
heat release of the fire was analyzed; and the temperatures developed in the room
and the maximum flame height were recorded. For a room of this height it took a
20 Ib. crib to have the flames reach the ceiling.

Whether the flames reach the ceiling during a test will determine the relative
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importance of the combustibility of the wall and ceiling linings. If the flames do
not touch the ceiling then the combustibility of the wall linings determines if the
ceiling material will become involved, since the fire can only reach the ceiling by
traveling up the wall lining. If, however, the flames reach the ceiling because of the
size of the ignition source then the combustibility of the wall linings will be a lesser
or negligible factor in determining if ignition and spread occurs on the ceiling. To
illustrate this point (Fang, 1975), it was found that the importance of the wall
relative to the ceiling lining depended upon the size of the igniting fire. For an
igniting fire that did not touch the ceiling — simulating a small upholstered chair —
the combustibility of the wall lining became a major factor in the time to flashover
in the room. However, when a larger simulated upholstered chair was used, flames
impinged directly on the ceiling and the effect of the wall lining became far less
important; the combustibility of the ceiling lining governed the time to flashover.
In this case, the choice of the size of chair can lead one to differing conclusions on
the importance of the wall versus the ceiling lining.

The room test concept has also been adopted by the International Conference of
Building Officials. In Section 1717c, in a recent amendment of their building code,
they state that plastic foam may be specifically approved, based on approved diver-
sified tests such as, but not limited to, tunnel tests, fire tests related to actual end
use such as a corner test, and an ignition temperature test. As a result of this
change, the Research Committee of the Uniform Building Code has been attempt-
ing to develop a standardized corner test to be used in conjunction with the applica-
tion of their code.

A room test can serve many different purposes; two common obijectives are:

1. As an acceptance test to qualify products or constructions for use as wall
and ceiling linings.

2. To establish the validity of various small-scale tests, which in turn may be
used in lieu of the large-scale room test as acceptance tests.

Obviously, the desired objective would be (2), but until suitable small-scale tests
can be found which can be correlated to large-scale fire behavior, room tests may be
the only means to adequately evaluate the hazard from interior finish materials.

It has long been suggested by many workers in fire research that the corner
formed by the intersection of a ceiling and two walls represents a critical con-
figuration for evaluating the flammability of interior finish materials. For example,
a "corner-wall”’ fire test was one of the comparative tests used (Forest Products
Laboratory, 1962) to relate the 8-foot tunnel furnace to realistic fire situations.
More recently, the Factory Mutual Research Laboratory has reported (Maroni,
1972) a large-scale corner test to represent an industrial situation, and Williamson
reported on a corner fire test to simulate residential fires (Williamson, 1973). Re-
sults from the latter test indicate that some polymeric materials, e.g., polyurethane
foam, which obtained low flame spread ratings in the 25-foot tunne! Test (ASTM
E 84), exhibited intense combustion and high fire hazard when tested in the corner
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test. Williamson concludes that the corner test is a meaningful test procedure for
evaluating the hazard of the newer polymeric building materials. He now reports
that the University of California, Berkeley can run this test for the same cost as the
25-foot tunnel test (Williamson, 1976).

It would seem that, until better test methods are developed which more accurately
measure the fire hazard from interior finish materials, large-scale fire tests, e.g.,
room tests and corner tests, will be used to evaluate materials and products for
acceptability.

5.11 Conclusions and Recommendations

Conclusion: For a long time, test methods have been developed with limited
undérstanding of the phenomena of fire growth. Knowledge has advanced consider-
ably in the last decade, and the development of more meaningful test methods
based on fire dvnamics can now be attempted. Recommendation: Require that
tests and standards demonstrate a rational relationship to the hazards they are
designed to control.

Conclusions: Many test methods and criteria for fire hazard used today were
developed through experience with cellulosic materials. These tests are not neces-
sarily adequate for the evaluation of fire hazard of synthetic polymers. No single
test is adequate to completely evaluate the fire hazard of a particular material. The
complexity of ignition phenomena makes it impossible to devise a single test for the
evaluation of ease of ignition which is applicable to different materials and end-use
situations. Recommendation: In the development of tests for ignitability, simulate
well-defined ignition sources and end-use conditions.

Conclusion: The rate of flame spread is strongly dependent on many physical
and geometrical parameters. Thus, tests which presume to establish relative flame
spread characteristics of polymeric materials in a definitive manner may be valid
only for the particular conditions of the test and thus may give misleading results if
extrapolated to other conditions. Recommendations: Continue work on tests for
fire hazard of interior finish materials; the currently used ASTM E 84 test must be
improved or replaced. Correlate surface flammability test ratings to full-scale fire
hazard.

Conclusion: The rate at which heat is released during burning is an important
criterion for evaiuating fire hazard from a particular material. Therefore, tests
measuring rate of heat release can be of great significance. Recommendation: Con-
tinue the current development of tests for rate of heat release.

Conclusions: The oxygen index test provides a laboratory technique for the
evaluation and guidance of the development of new materials; however, since it
does not model energy feedback realistically, it is not sufficient for characterizing
fire hazard, or for standards or regulations. There are no standardized test methods
for determining relative ease of extinguishment for different polymeric materials. In
view of the many factors influencing extinguishment, there seems to be little
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chance that a small-scale test method could be developed to adequately determine
minimum water application rate for a given polymeric material. Tests for smoke
evolution are important, since the presence of smoke is an important parameter of
fire hazard. Available tests for smoke evolution yield results which depend greatly
on the conditions of testing (e.g., ventilation, heat flux level, sample orientation,
etc.). Recommendation: Place high priority on the development of more meaning-
ful tests for smoke evolution.

Conclusion: Fire safety toxicity standards for materials have largely ignored the
complexity of the problem. No accepted toxicity tests are currently available.
Recommendations: Mandate the use of laboratory animals during a first-tier
screening assessment of combustion product toxicology. Incorporate both a be-
havioral end-point and a mortality count in an appropriate tox/city screening test.

Conclusion: Currently available tests for fire endurance are generally satis-
factory. Recommendation: Run the ASTM E-119 fire endurance test with a posi-
tive pressure on at least the upper two thirds of wall specimens so as to improve the
test when there are openings in the wall.

Conclusion: Large-scale tests are necessary as acceptance tests for polymeric
materials/products and to establish the validity of various small-scale tests. Recom-
mendation: Reflect the nature and type of fire scenario to be protected against
when designing /arge-scale room tests.
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CHAPTER 6

TEST DEVELOPMENT BASED ON FIRE DYNAMICS

6.1 Introduction

If a material were expected to be exposed to fire risk in only one precisely
defined set of circumstances (size, orientation, type of ignition source, method of
applying ignition source, ventilation conditions, environmental conditions, etc.), it
would be obvious how to test it for fire hazard. One must evaluate a series of
candidate materials under a particular set of full-scale fire circumstances and note
which materials are satisfactory or unsatisfactory. One would then evaluate smaller
samples of the same series of materials by a proposed test method, which would
become validated for future use if the results of the two procedures correlated.

Frequently, this idealized approach is not directly applicable because a material
of interest may be exposed to fire risk in a variety of ways rather than in a simple
well-specified set of circumstances. Thus, an incredibly large number of experi-
mental burns would be required to explore fully all the permutations and
combinations of the variables. A second reason is that in some cases even a few
realistic experimental burns would not be feasible; e.g., if each experiment required
destruction of a high-rise building or a Boeing 747, or, if an experiment required
exposure of human beings to lethal fumes.

Many fire test methods, lacking full-scale validation, are highly unreliable indica-
tors of hazard. For many cases, no appropriate test methods exist. Tests are particu-
larly unreliable with regard to fire spread and growth, as well as noxious gas and
smoke production.

If the scientific studies of combustion were sufficiently advanced, one might
hope to turn to scientists for the development of theoretical links between physical
and chemical phenomena involved in test methods and the corresponding
ohenomena involved in real fires. Such theoretical knowledge, even if incomplete,
would appear to be useful in generalizing from limited fire experience; it would be a
powerful supplement to empiricism. However, combustion scientists have made
rather limited progress in untangling the complexities of fire behavior and are
unable at this time to analyze most fire situations in fundamental terms. Research,
involving highly idealized materials and geometries, is progressing on a limited scale.
In other research efforts, some realistic fires are highly instrumented to obtain
useful information, but much additional effort is required before we can expect
major contributions by combustion scientists to more relevant test methods. The
importance of fundamental research in this area is discussed further in Volume 4 of
this series, "'Fire Dynamics and Scenarios,” Chapter 2 and 3.
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6.2 The Scope of Fire Dynamics

What is fire dynamics? In broad terms, it involves quantitative descriptions of
fire phenomena on a scientific basis. An understanding of these phenomena may be
obtained on any one of four levels, as follows:

On the most basic level, we consider fire to be governed by a combination of
effects tracing back to certain established fields of scientific study such as: the
chemical thermodynamics and stoichiometry of combustion; the chemical kinetics
of pyrolysis and combustion reactions; the transfer of combustion energy by con-
duction, convection, and radiation; the motion of combustion gases as affected by
buoyancy, thermal expansion or mechanical force, and as modified by constraining
walls, viscous effects, inertia, turbulence, the properties nf hot gases, and other
pertinent parameters.

These factors are of interest for application purposes in addition to fire
dynamics, but are considered to be proper subjects for academic rather than indus-
trial research. Knowledge deriving from a study of these factors constitutes the
foundation of fire dynamic studies.

On the second level, we may break fire down into a series of phases or stages, and
consider fire dynamics to be an analysis of any of these phases:

smoldering
spontaneous ignition
piloted ignition
horizontal or downward flame spread over solids
(thermally thin or thermally thick)
upward flame spread over solids
flame spread over a liquid below its flash point
flame spread over a liquid above its flash point
burning rate of a liquid pool
burning rate of a solid slab
{charring or non-charring)
(vertical or horizontal, facing up or down)
{laminar or turbulent flame)
formation of toxic species in a diffusion flame
formation of aerosols in a diffusion flame
radiation emitted by a diffusion flame
extinguishment by heat loss
{radiation, convection, heat-absorbing substance)
extinguishment by reduction of oxygen
extinguishment by chemical inhibitors

Research in these phases is conducted largely but not entirely in academic insti-
tutions; results would be of general interest to persons beyond the fire community
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concerned with combustion, such as furnace designers and air pollution control
administrators.

On the third level, we consider fire dynamics to be concerned with complex
processes generally involving interactions of two or more phases given in the fore-
going list. Some examples of such fire dynamics are as follows:

— burning rate of an object as influenced by radiative feedback from the en-
vironment

— burning rate of an object in a non-combustible compartment as influenced by
ventilation of the compartment

— generation of incomplete combustion products as influenced by either of the
above burning rate conditions

— mutual interactions of two adjacent burning objects

— spontaneous ignition of pyrolysis gases from a hot object as influenced by
turbulent free convection and mixing

— properties of smoke from a fire in a compartment as influenced by the
mixing, cooling, and “aging’’ or agglomeration, which occurs in the interval
between smoke generation and its arrival at a detector station

— adsorption of toxic gases from fires by aerosols from the same fires, as
cooling occurs

— analysis of radiant emission, transmission, and absorption in a compartment
at a pre-flashover stage of fire

— the effect of physical scale on fire turbulence, on fire radiation, and ulti-
mately on fire behavior

— delineation of relative effects of chemical kinetics and physical factors on a
fire near extinguishment conditions

— determination of the source of undesirable products of incomplete com-
bustion in a fire; i.e., surviving initial pyrolysis products vs. products formed
in gas-phase reactions in or near a flame

— effects of long-term exposure of materials to various ambient conditions on
subsequent fire behavior

— identification of the mechanisms involved in the interaction of water spray
with a fire, e.g., cooling of pyrolyzing solids, cooling and/or diluting of flame
with steam, prewetting of adjacent fuel, absorbing radiation, entering into the
flame chemistry via C+ H, + O or CO + H, 0, entraining air with the water
spray, as well as exploding superheated droplets in molten polymer and spat-
tering fuel that feeds the combustion process.

Obviously, successful fire dynamics studies along these lines would strengthen
the engineering judgment needed to validate test methods for the realistic determina-
tion of fire hazards. Academic researchers tend to avoid this third level of problems,
because many of them feel that so many major unknowns in the second and first
level problems exist that third level problems are still too difficult to treat properly.

So far, except for mentioning toxicity, we have been discussing fire as if it
occurs in an uninhabited world. Consequently, the fourth level of fire dynamics
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involves interactions of fire phenomena with human response. Problems such as the
following exist:

— sensory detectability of fire (including smell and sound)

— vision as affected by smoke and/or lachrymatory gases

-- panic or confused thinking as induced by fire phenomena

— burn damage of skin by garments, porticularly as influenced by the rate of

flame spread, melting-dripping, etc.

— toxicity including combined (synergistic) or sequential effects of various

toxic species

— toxicity, including prefire condition of victim (blood-alcohol content, heart

or circulatory disease, etc.)

— human ability to control fire at various stages of development as governed by
training, equipment available, panic, etc.
actions of humans which lead to ignition

It is recognized that the study of human behavior is outside the scope of this
study, but it seems reasonable to call attention to this important aspect of the
problem to complete the catalog of what we need to know to obtain a complete
understanding of fire dynamics.

While comprehensive, the foregoing four levels of approach to fire dynamics
exclude phenomena related to the post-flashover development of a fire. They do
not consider the spread of a fire from one part of a building to another; the
interaction of building components (ventilation system, windows, elevators, etc.)
with a fire; the spread of fire from one structure to an adjacent structure; and
tecnnology concerned with detection, communication, escape procedures, etc. Al-
though a strictly scientific study of some elements of these factors is possible,
engineering or systems analysis, involving largely empirical and state-of-the-art
knowledge, is primarily required. Accordingly, the Committee feels that study of
such complex processes should not be called fire dynamics, even though such
studies should utilize fire dynamics when possible.

6.3 Current State of the Art of Critical Fire Dynamics Elements
6.3.1 Introduction

In recent years, most current research on fire dynamics in the U.S. has been
funded to various grantees by the RANN program of the National Science Founda-
tion. However the Federal Fire Prevention and Control Act of 1974 assigned res-
ponsibility for “basic and applied research for the purpose of arriving at an
understanding of the fundamental processes underlying all aspects of fire’’ to the
Center for Fire Research of the National Bureau of Standards. The Center con-
ducts an internal program and is expected to provide much of the future support of
external fire dynamics research. Factory Mutual Research Corporation (FMRC)
supports its own internal program of fire dynamics research. Several other govern-
ment agencies support some fire research which includes, to a minor degree, fire
dynamics studies. Table 6-1, based on estimates, is a representation of the total
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funding tor fire dynamics research (recearch on the toxicology of fire gases is not
included). it shows that the total available fire dynamics funding increased from
$2.39 million in FY 1973 to $2.73 million in FY 1976, but, as of February 1976, is
scheduled 1o decrease to $2.02 million in FY 1977,

Table 6.2 lists the major U.S. research organizations performing fire dynamics
research. In about half the cases, however, the activity consists of a single professor
working part-time with one or two graduate students.

Table 6-2. Some U.S. Research Organizations Performing Fire Dynamics and Re-
lated Research in 1975

10.

11.
12,

13.
14.
15.
16.
17.
18.
19.

(in roughly approximated decrea cd order of activity level)

. Center for Fire Research, National Bureau of Standards, Gaithersburg, Md.,

Dr. J. Lyons, Dr. R. S. Levine, Dr. J. Rockett, Dr. C. Huggett, Dr. J.
Quintiere, Dr. T. Kashiwagi, Dr. H. Baum, Dr. R. J. McCarter.

. Factory Mutual Research Corporation, Norwood, Mass., Dr. R. Friedman, Dr.

J. de Ris, Dr. G. Heskestad, Dr. G. H. Markstein, Dr. R. L. Alpert, Dr. P. A,
Croce, Dr. A. Modak, Dr. F. Tamanini, Dr. A. Tewarson.

. University of California, Berkeley, Cal., Professor R. B. Williamson, Professor

C. L. Tien, Professor P. J. Pagni, Professor R. Sawyer.

. University of Utah, Salt Lake City, Utah, Professor J. D. Seader, Professor N.

W. Ryan, Professor |. Einhorn.

. Applied Physics Laboratory, Johns Hopkins University, Silver Spring, Md., Dr.

W. G. Berl, Dr. R. M. Fristrom.

. Harvard University, Cambridge, Mass., Professor H. W. Emmons.
. Massachusetts Institute of Technology, Cambridge, Mass., Professor T. VY.

Toong, Professor J. A. Fay, Professor G. C. Williams.

. Princeton University, Princeton, N. J., Professor |. Glassman, Professor M.

Summerfield, Professor W. A. Sirignano, Dr. F. L. Dryer.

. Georgia Institute of Technology, Atlanta, Ga., Professor B. T. Zinn, Professor
P. Durbetaki.
University of Notre Dame, South Bend, In., Professor K. Yang, Professor J. R.

Lloyd, Professor M. L.. Doria.

University of California, San Diego, Cal., Professor F. A. Williams.

Pittsburgh Mining and Safety Research Center, U.S. Bureau of Mines, Pitts-
burgh, Pa., Dr. D. Burgess.

Brown University, Providence, R. |., Professor M. Sibulkin.

Cornell University, 1thaca, N. Y., Professor K. Torrance.

Stevens Institute of Technology, Hoboken, N. J., Professor R, S. Magee
University of Montana, Missoula, Montana, Professor F. Shafizadeh.
Northwestern University, Evanston, lll., Professor M. C. Yuen.

California Institute of Technology, Pasadena, Cal., Professor E. Zukoski.

State University of New York, Stony Brook, N. Y., Professor R. Lee, Pro-
fessor A. L. Berlad.

. University of Maine, Orono, Maine, Professor A. Campbell.

21,
22,

University of Washington, Seattle, Wash., Professor R. Corlett.
Pennsylvania State University, State College of Pe..:ylvania, Professor G.
Faeth.
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A rather complete (although not quite current) guide to the published literature
relevant to fire dynamics is Fire Research Abstracts and Reviews, published several
times each year since 1958 by the National Academy of Sciences. Although discon-
tinued in 1977, the Fire Research Abstracts and Reviews are available through Vol.
18, 1976. Another source is References to Scientific Literature on Fire, published
annually for many years by the Joint Fire Research Organization, Borehamwood,
Herts., England. The following journals contain occasional relevant papers: Com-
bustion and Flame, Combustion Science and Technology, Journal of Fire and Flam-
mability, and Fire Technology. See also the biennial International Symposia on
Combustion (The Combustion Institute, Pittsburgh). Two new journals, Fire and
Materials and Fire Research, commenced publication in 1976. Finally, some rele-
vant books (Lewis and von Elbe, 1961; Williams, 1965; NAS-NRC, 1961; N.B.S.,
1972) are referenced.

To illustrate the current state of the art, several samples of fire dynamics studies
and their importance to test method development are as follows:

6.3.2 Burning Rate of Plastic Sliab

Once fully ignited, a thick plastic slab burns at a rate which is believed to be
essentially independent of all chemical kinetic parameters, except those that might
affect the luminosity of the flame. The theory relating this rate to the governing
parameters is well advanced (Friedman, 1971).

For the case of a small or nonluminous flame, radiation is negligible, and the
burning rate is controlled by an energy balance at the surface, in which heat is
convected from the flame gases to the surface and absorbed by conduction into the
interior, endothermic heat-up, depolymerization, and gasification of the plastic
(some of the heat is lost by re-radiation from the surface). While depolymerization
reactions obey the laws of chemical kinetics (i.e., proceed with finite activation
energies), the kinetics has very littie influence on the rate of gasification because
the surface assumes a sufficiently high temperature to permit the reactions to occur
just fast enough to satisfy the energy balance.

Furthermore, the gaseous flame reactions are describable by the Burke-
Schumann diffusion flame model, or refinements thereof, in which the reaction
rates are assumed to be infinite, and heat transfer as well as diffusion rates control
the process.

For the case of laminar flow and negligible radiation, a complete numerical
theory has been formulated. It agrees with experiment (Kim, deRis, and Kroesser,
1971). The important parameters are the Spalding B-number (Friedman, 1971),
which is essentially the ratio of the heat of combustion to the heat of gasification
times the stoichiometric fuel-air ratio, and the Grashof number, which is a ratio
involving buoyancy force acting on an element of hot gas and viscous force. Weaker
parameters are the surface temperture, the gas transport properties, and the
stoichiometric ratio (in addition to its effect on the B-number).
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When the specimen has dimensions of about 10 cm or more, the flame will be
turbulent instead of laminar and large enough so that radiation from the flame to
the surface becomes significant. Neither the theory of turbulence nor the theory of
flame radiation is sufficiently advanced to permit quantitative calculation ot burn-
ing rate in this case from first principles, as contrasted with the preceding laminar
case. However, experimental studies of such turbulent flames have indicated the
relative importance of radiation.

For example, a horizontal slab of polystyrene, 18 cm square, burning as a pool,
is consumed nearly twice as fast (mass per unit area)as an identical stab of poly-
oxymethylene (Magee and Reitz, 1975). In contrast, when a small specimen of
polystyrene rod is burned in an apparatus with an opposed air jet (Holve and
Sawyer, 1975), it is consumed at less than half as fast as polyoxymethylene. When
burning as a large turbulent pool, polystyrene has a flame which is highly luminous,
whereas a polyoxymethylene flame is blue. In small opposed-jet burners, both
flames are blue.

Additionally, when a large polymethyl methacrylate slab is burned vertically
(on one side) instead of horizontally, the burning rate is found to be lower. An
explanation for this phenomenon is that a point on the surface of the vertical slab
doesn’t ‘“‘see’” as great a thickness of flame as the corresponding point on-the
horizontal slab, because the flame shape is different and, accordingly, less radiation
is received. It has been possible to make direct measurements of the radiant and
convective heat arriving at the surface of a vertical polymethyl methacrylate slab; at
a point 50 cm from the bottom, the incident radiant flux is 2.6 times as large as the
convective flux from the flame (Orloff, de Ris, and Markstein, 1975). Thus, even
larger radiant feedback would be expected from the horizontal burning
configuration.

Furthermore, the rate of increase in burning rate for burning plastics, with
incident radiant energy supplied by electrical radiant panels, has been measured
(Magee and Reitz, 1975). For example, a radiant flux of only 1.3 watts/cm? in-
creased the steady burning rate of a vertical polymethyl methacrylate slab by a
factor of 2.5. A ceiling of unit emissivity would emit such a radiant flux if it
reached a temperature of 413°C. Large fires emit radiant fluxes at least five times as
great as this value. Claarly, this effect can be of dominant importance.

Burning rates of thick slabs of wood cr charring plastics are much lower than
those of melting plastics, for two main reasons: 1) the char layer acts as insulation
between the flame and the virgin fuel; 2) since the surface temperature is about 900
K instead of about 650 K, the re-radiation of heat from the surface, which varies as
the fourth power of surface temperature, is much higher.

These recently acquired insights into the role of radiation in burning give pro-
mise for a better understanding of these phenomena. Any flammability test method
must take into account the importance of radiative transfer in fires.
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6.3.3 Burning in an Enclosure

A wood crib in the open burns at a reproducible rate, which may be correlated
with the geometrical parameters of the crib (Block, 1971). When such a crib is
burned in a non-combustible enclosure with minimal ventilation, the burning rate is
greatly reduced, and the proportion of carbon monoxide in the combustion prod-
ucts is greatly increased (Tewarson, 1972). However, if the test were repeated in an
enclosure that is very well ventilated, the burning rate would be considerably higher
{up to 70% greater) than the burning rate for the same crib in the open (Croce,
1976). A possible explanation for this effect is that the ceiling above the crib gets
hot and radiates heat back to the crib. It is also possible that the hot smoky gases
layered under the ceiling also radiate significant heat to the crib. While the relative
radiative effects of the ceiling and the hot gases under the ceiling have not yet been
differentiated, it is clear that the radiant feedback is important.

In a more dramatic experiment, a horizontal slab of polymethyl methacrylate,
30 inches square, was burned under a ceiling 4 feet high, with adequate ventiliation.
The slab burned for a short initial period at a rate corresponding to burning in the
open, but then rapidly accelerated to a rate about four times as great, as radiant
feedback built up (Croce, 1976).

Since the burning of materials in compartment is common to most fires, further
development of the laws governing such burning is essential. Any flammability test
methods designed to measure the hazard contribution by individual items in a
compartment, e.g., upholstered chair, must account for the effect of the compart-
ment on burning behavior.

6.4 Applications of Fire Dynamics to Test Method Development

In general, our knowledge of fire dynamics is still primitive; it is difficult to
point to many examples of its use in test method development. Most tests were
developed when such knowledge was elementary, or at times when enormous pres-
sure existed to develop test methods in a matter of months, permitting no time for
a realistic fire dynamics approach. Even now, tests are often introduced in response
to a specific disaster rather than as part of a long-range development plan.

However, in a recent case, fire dynamics considerations were used in test de-
velopment for fire spread in a corridor with flammable floor covering. In this case,
corridor fire experiments were performed, and the radiation from the ceiling as well
as from the burning gases just below the ceiling was identified as critical in pro-
moting a “flameover condition’’ (propagation rates of the order of a foot per
second) over the floor covering. Thus, a test is being developed involving radiant
heat impinging on a floor-covering sample, with piloted ignition at one end (see
Figure 6.1). In that test, the flame starts in a region of high radiation flux and
propagates to regions of progressively lower radiant flux; then, at some point, the
flame ceases to advance. The acceptance criterion would be the radiant flux level
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Figure 6.1. Test of radiant heat impinging on floor-covering material.

below which propagation must not occur. This critical flux criterion, approximately
0.25 to 0.5 watts/sq cm, would be determined by the occupancy under considera-
tion. These fire dynamics studies (Hartzell, 1974; Denyes and Quintiere, 1973;
Quintiere, 1975a; Kashiwagi, 1975; Quintiere, 1975b; Benjamin and Adams, 1976)
established the importance of this variable and provided guidance as to a proper
value for the critical flux.

Another approach to test method development is the use of fire modeling.
Some historical background on this subject was presented in a 1959 symposium
(Berl, 1961). Also see references (Kashiwagi, 1975; de Ris, Kanury and Yuen, 1973;
de Ris, 1973; Emmons, 1973). In the fire modeling approach, a physical model of a
fire situation is reduced in scale while maintaining geometric similarity and pre-
serving the important chemical and thermodynamic properties of the materials
involved. Were such an approach successful, the benefits to fire testing would be
very great. Unfortunately, progress in its development has been very slow.

The difficulties of modeling a fire by reducing scale arise in several ways: 1)
very small fires are laminar while larger fires are turbulent; 2) as far as fluid mechan-
ics is concerned, the ratio of buoyancy forces to viscous forces in the convective
flow of fire gases is size-dependent; 3) the radiant emission and self-absorption of
the flame are size-dependent; 4} the gas-phase time scale in the fire is shorter for
small than for large fires, with possible effect on incomplete combustion products.
These formidable difficulties have kept people from having much confidence in fire
model test results.
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However, it is anticipated that valid modeling procedures may be developed for
at least some aspects of fire behavior as the understanding of fire dynamics relevant
to situations of interest improves. Then, compensation for any errors or distortions
introduced by the modeling might be achieved by varying cther parameters such as
ambient temperature, pressure, oxygen concentration, or ambient radiation. For
example, it has been suggested that the gravitational force may be varied by use of a
centrifuge.

Some progress has been made by a pressure-modeling technique (Berl, 1961),
which is based on the principle that the Grashof number is invariant if the product
of pressure squared and size cubed is held constant. The Grashof number is a
dimensionless ratio of buoyancy forces to viscous forces in the hot gases around a
fire. Convective heat transfer from the fire plume to the surroundings, expressed as
a dimensionless quantity, is governed by the Grashof number. Pressure-modeling
has been shown to be valid for diffusion-controlled burning as fong as radiation
either varies with pressure in certain prescribed ways or is negligible. Pressure-
modeling has worked over a tenfold specimen size range for turbulent burning of
polymethyl methacrylate and wood objects in several shapes. It is also possible to
model the temperature and velocity distributions near a fire in a building, by using
a reduced-scale physical model at atmospheric pressure (if the fire intensity is
controllable) and reducing the fire intensity so as to maintain a constant Froude
number (the ratio of the square of the maximum fire plume velocity to the ceiling
height). (de Ris, Kanury, Yuen, 1873). This modeling procedure appears to be valid
except in the viscous boundary layer. Future progress in the modeling of fire
situations will be difficult to achieve without a better understanding of the under-
lying controlling mechanisms of fire.

6.5 Conclusions and Recommendations

Conclusion: The complex dynamic interaction of fundamental processes in fire
dynamics, coupled with a relatively small funding effort, has led to rather slow
progress in quantifying fire behavior. Recommendation: An increased program of
sufficient magnitude and stability, funded by the government, in the specific area
of fire dynamics, must be established. This program should be conducted primarily
in academic, non-profit, and governmental research organizations, but the projects
should be closely monitored by advisory boards including broad representation by
manufacturers, users, and members of standards-setting organizations.

Conclusion: Fire dynamics research funding for FY 1977 is estimated to de-
crease 26% below the FY 197C level, because of federal government budgetary
actions. An increase of perhaps 8% is needed even to maintain the past level of
effort, because of inflation. Recommendation: At least an additional 50 scientists
and engineers (approximately equal to the current effort} should be supported over
a 10-year period in the specific area of fire dynamics research. This increase would
represent an additional cost of approximately $2.5 million per year; approximately
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0.02 percent of the annual cost to society of fires in the United States. (President’s
Commission on Fire Protection and Control estimate for 1972 was some $11.4
billion). In view of the shortage of qualified engineers and scientists in the appro-
priate disciplines, the program should be brought to full strength within the first
four years.

Conclusion: Our current level of understanding of fire dynamics is not suffi-
ciently developed to permit thorough scientific analysis of most fire test methods.
The behavior of a given material in a fire is dependent not only on the properties of
the fuel, but also on the fire environment to which it is exposed. Consequently, if
test methods are to be meaningful, they must simulate the critical fire dynamic
conditions. An understanding of fire dynamics is essential if the critical conditions
are to be identified. Consequently, fire dynamics can be extremely useful in test
method selection and development. Valid modeling procedures, based on evolving
fire dynamic principles, offer promise for reduction in the dependence on, and the
cost of, large, scale fire tests. Recommendation: Fire dynamics expertise should be
employed when developing new test methods and for validation and improvement
of existing test methods.
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CHAPTER 7
SPECIFICATIONS, STANDARDS, CODES

7.1 Introduction and Purpose

The technical status of methods for evaluating flammability behavior of poly-
meric materials has been reviewed and discussed in the preceding chapters. Clearly,
test methods play an essential role in fire research, and in the development of
improved materials. However, test methods do not in themselves provide the
desired improvements in fire safety unless they are used in conjunction with en-
forced specifications, regulations or standards. The purpose of this chapter is to
indicate the most important sources for the issuance and enforcement of regulatory
documents. These generally include reference to or description of specific test
methods, and of criteria according to which a given material can be claimed to
comply. In the United States, there are many sources of regulations, and many
routes leading to the promulgation of standards. Test methods specified in the
regulations may have been developed de novo for the material or product covered,
or they have been based on existing techniques with appropriate modifications as
needed. Pass/fail criteria are established in the framework of existing technology in
the course of the regulatory process.

7.2 Definitions and Word Usage

The terms employed in this chapter have been discussed in Chapter 3 (Overview

of test methods, standards, specifications and codes) which should be referred to.

7.3 Origin of Documents
7.3.1 Private Institutions

Specifications and standards including reference to specific test methods and
procedures are frequently developed by technical groups in private institutions in
order to define properties {including flammability behavior) of materials of interest
to the institution. Examples are: /ndustrial organizations which either produce and
market, or purchase and use polymeric materials; Trade associations which reflect
the needs and interests of producer or user companies; Professional and technical
societies which may develop test methods through committees, and provide a tech-
nical base for the evaluation of materials; /nsurance companies, which are con-
cerned with prevention of fires with reference to their clients. Documents which
originate in private institutions may be simply recorded in the technical literature,
or they may become a part of handbooks issued annually by technical societies, and
widely used as reference in industry (e.g., American Society of Testing and Materi-
als — ASTM; American Association of Textile Chemists and Colorists — AATCC;
Society of the Plastic Industry — SPI).
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Mention should also be made of the American National Standards Institute
{ANSI1), which is a federation of technical, trade, industrial, professional and labor
organizations working with government agencies and consumer groups to coordin-
ate standards development in the private sector.

7.3.2 Voluntary Standards

In a recent publication (National Bureau of Standards, 1975), 506 technical,
nontechnical, trade and professional organizations have been identified as genera-
ting voluntary standards; 116 organizations are listed in the area of safety, and
about 25 organizations (National Building Code, 1976) relate to fire safety. The
existing voluntary standardization system in the United States is discussed in detail
in a 1977 report of the National Materials Advisory Board.

Organizations involved are classified as:

A. Voluntary Standards Writing and Promulgating Bodies (e.g., ASTM,
ANSI);

B. Professional Societies;

C. Trade Associations;

D. “Listing” Bodies; and

E. Scientific Bodies

Standardization procedures of the organizations of major importance (e.g.,
ASTM) are discussed in (National Bureau of Standards, 1975). Certification of
compliance by producers is essential to the acceptance and observance of certain
types of voluntary industrial standards, and provides guidance and protection to the
buyer. The extent of testing and inspection required to assure compliance with the
standard are important factors in determining the value of certification.

The role of voluntary standards in the mandatory standard process has been
recently addressed by the Consumer Product Safety Commission (U.S. Consumer
Product Safety Commission, 1977); it has been stated that ‘‘a proper combination
of voluntary and mandatory standards can bring a greater ‘pay-off’ in increased
product safety than either type of standard alone."”

7.3.3 Codes

Codes are compilations of mandatory standards which are used for regulation of
many aspects of life. Codes relevant to the subject of this chapter include: Fire
prevention codes and Building codes (Fire Prevention Handbook, 1976).

The National Fire Protection Association (NFPA) is a principal source of consen-
sus standards and codes for fire prevention. (Many of these have been incorporated
into law by government at various levels).

With the participation of as many as 2500 experts from many fields, the NFPA
develops fire safety standards and codes which are published for voluntary adoption
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by any organization (private or public) or jurisdiction with power to enforce. These
standards are published both individually and in a set of several volumes catled
National Fire Codes. They are periodically revised, based on the findings and activi-
ties of the many technical committees of NFPA,

In addition, the NFPA provides technical advisory services to anyone having a
legitimate concern for fire safety. This service is furnished through technical meet-
ings and publication of technical books, pamphlets, and periodicals. The NFPA Fire
Protection Handbook is recognized as the most extensive reference on fire pro-
tection, and includes digests of federal and state laws affecting fire safety.

Four model building codes have been promuigated in the United States: the
National Building Code, the Basic Code, the Standard Building Code, and the
Uniform Building Code.

While the National Building Code, published by the American Insurance Associa-
tion (AlA) (formerly the National Board of Fire Underwriters), is prepared by the
AlIA Technical Staff, the other three model codes are published by organizations
representing building officials, with their voting memberships having the final deter-
mination on the contents of the codes. These organizations are (1) Building
Officials and Code Administrators International Inc. (Basic Building Code), (2)
Southern Building Code Congress International Inc. (Standard Building Code), (3)
The International Conference of Building Officials (Uniform Building Code). Each
of these three organizations representing building officials also publishes one or
more other building-related codes such as mechanical, plumbing, fire prevention
and the like, which are coordinated with the building code, for the purpose of
eliminating discrepancies in the codes of a particular organization.

7.3.4 State and Local Regulations

To date, only about half the states have formal activity in the promulgation of
standards for fire safety. Standards activities in many states, cities and other govern-
mental divisions are principally associated with purchasing; specifications and stan-
dards are drafted in conjunction with procurement documents; engineers may or
may not have been involved in identifying the test methods or criteria to be used in
the documents. There are, however, many exceptions, e.g., the State of California
{State of California, 1975).

7.3.5 Federal Documents

Federal documents of interest fall into three classes: (1) procurement docu-
ments, (2) guideline documents, (3) regulatory documents. The first and second
groups set the basis for bidding by suppliers to the Federal Government. Procure-
ment documents are prepared primarily by the General Services Administration and
by the Armed Services, although, theoretically, any part of the government may
prepare specifications for goods and services that it desires to acquire, It is usual,
though not required, for the bulk of a government specification to be drawn from a
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previously accepted document originating either in a government agency or in a
private source.

The third group of federal documents includes all mandatory standards issued
and enforced by the Federal Government.

A study has been made for the Department of Defense or Materials and Process
Specifications and Standards. Despite its defense emphasis, it gives a good overview
of current specification and standard activities in the Federal Government. The
reader is referred to this study for details on this subject (National Materials Ad-
visory Board, 1977),

The promulgation of a federal mandatory standard is not a simple process. It
starts with a series of hearings, sometimes conducted by committees of Congress or
by the specific government agency or department which has jurisdiction. This is
followed by publication in the Federal Register, of a statement indicating intent to
issue a standard, or of a Notice of Finding that a standard may be needed. This is in
turn followed by publication of a draft of the document, solicitation of comments,
proposed changes, further hearings, and finally publication of the Standard in the
Federal Register.

Government departments and agencies that are concerned with some aspects of
regulations on flammability and fire safety of materiais are partially listed in Table
1.

7.4. Enforcement of Standards and Regulations in the U.S.

The standards system of the United States is highly fragmented, unlike that of
other developed nations. For example, mandatory building fire codes are enacted
and enforced at the local level (town, country, city). The Flammable Fabrics Act is
enforced by the U.S. Confumser Product Safety Commission; fire hazards in mines
are the province of the Mine Heaith and Safety Administration {(Department of
Labor); fire hazards in nuclear power plants are the concern of the Nuclear Regu-
latory Commission; fire hazards on commercial vessels are the concern of the U.S.
Coast Guard (U.S. Department of Transportation); fire safety in aircraft is a joint
care of the Federal Aviation Authority (U.S. Department of Transportation) and
the National Aeronautics and Space Administration; the Veterans Administration is
concerned with fire safety in its hospitals; the General Services Administration is
concerned with fire safety in federal buildings. The list could be much longer, since
the United States does not have a central agency dealing with fire safety, nor does it
have a single central enforcement agency. The coordination of fire safety activities
in federal agencies, however, is assigned by the National Fire Protection and Con-
trol Act of the National Fire Prevention and Control Administration of the Depart-
ment of Commerce.

At the local level, fire safety regulations are enforced through the power of
building permits, licensing authority, and inspections which are required for occu-
pancy of buildings. Building and operation of vehicles may be permitted or not
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Table 1. Government Departments and Agencies Concerned with Regulations
on Flammability and Fire Safety of Materials

Department Agency/Administration

Department of Commerce Maritime Administration
Office of Product Standards
National Bureau of Standards
National Fire Prevention and Control
Administration (NFPCA)

Department of Defense Army
Navy
Air Force
Defense Supply Agency

Department of Health, National Institute for Occupational Safety
Education, and We!fare and Health

Department of Housing and - -
Urban Development

Department of the Interior  Bureau of Mines

Department of Labor Occupational Safety and Health Administration
Mine Safety Enforcement Administration

Department of Transportation United States Coast Guard
Federal Railroad Administration
Federal Aviation Administration
National Highway Traffic Safety
Administration

Independent Agencies Consumer Product Safety Commission (CPSC)
General Services Administration
National Aeronautics and Space
Administration
Veterans Administration

permitted according to the degree of conformity with established fire safety stan-
dards: This applies to ships, aircraft, and land vehicles. Police power in this area can
be also exercised by the state (notably California) but is more generally exercised
by the Federal Government.

Economic incentives can also have influence in the drive towards fire safety.
Insurance premiums, for example, can be inversely proportional to estimated fire
safety. On the other hand, a recent study (Erling and Reiser, 1976) has shown that
“In America, fire department costs are typically funded from property taxes. This
has resulted in a negative tax incentive situation which discourages the use of fire
safe construction and installation of private fire protection equipment in buildings.
Large buildings without on-site fire protection installations require public fire de-
partments to focus an inordinate amount of resource to deal with the high fire flow
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requirement. This usually results in the small building owner subsidizing the fire
department cost to structures other than his own.” The study proposes a way to
reward property owners for providing fire protection to their property.

7.5 Conclusions and Recommendations

Conclusion: The major importance of test methods is that they become a part of
the specifications, standards, and codes which define the performance of materials.
Recommendation: Test methods incorporated in regulations must be carefully in-
vestigated to establish their validity and limitations.

Conclusion: Only the United States among developed nations has a widely frag-
mented system of fire safety standards and codes. This contributes to losses of life
and property which might be avoided. Recommendation: Attack the problem of
fragmentation of fire codes by judiciously evaluating the modes used in other
developed countries and adopting their practices as seems desirable in the United
States.

Conclusion: Codes and standards are only of value to the extent that they are
enforced. Recommendation: Enforcement of fire codes and mandatory standards
should be uniform and rigorous.

Conclusion: Recognizing that all contributors to the fire protection system
should be stimulated to maximum activity in the pursuit of fire safety, incentives
should be sought to further these activities. Recommendation: Search out
economic incentives such as favorable insurance rates, favorable tax treatment, or
other societal incentives that would favor improved fire safety.
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