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Foreword 
The Symposium on Fire Standards and Safety was presented at a 

meeting held at the National Bureau of Standards, Gaithersburg, Md., 
5-6 April 1976. The symposium was sponsored by The National Bureau 
of Standards and The American Society for Testing and Materials 
through its Committee E-5 on Fire Tests of Materials and Construction. 
A. F. Robertson, National Bureau of Standards, presided as symposium 
chairman. 
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J. W. Lyons^ 

Fire Research and Fire Safety: A 
Status Report on the Situation in the 
United States 

REFERENCE: Lyons, J. W., "Fire Research and Fire Safety: A Status Report on tlie 
Situation in tlie United States," Fire Standards and Safety, ASTM STP 614. A. F. 
Robertson, Ed., American Society for Testing and Materials, 1977, pp. 5-10. 

ABSTRACT: During the past century, efforts to control and reduce fire losses have 
concentrated successively on conflagrations destroying entire cities, large sections of 
cities, or large buildings, and, finally, on fires in the room of origin or in family re
sidences. The first effort created effective fire departments, the second, the fire en
durance concepts now an important part of the nation's building codes, and the third, 
now in full development, has produced research programs on interior finish, furnish
ings, and other consumer products. This current effort to protect occupants in the 
room of fire origin or in family residences is proving to be the most challenging and 
complex, technically and socially, of the three. These occupancies vary in materials 
used, configuration of the rooms, and placement of an infinite variety of movable 
contents. 

To assess the level of fire safety, we must be able to compute or measure the time-
temperature and time-gas concentration profiles at a number of points in the room. 
This requires, first, careful full-scale research and concommitant theoretical model
ing. Second, it requires smaller, more economical tests which are correlated with the 
full-scale work. A series of such smaller tests will be necessary, including smoke and 
gas evolution, rate of heat release, and rate of fire spread over surfaces. Work on all 
of these is active now in many laboratories. The symposium will provide interesting 
progress reports on some aspects of these current efforts. 

KEY WORDS: fires, fire safety, research, buildings, flammability, furniture, fire 
tests, fire hazards 

It is appropriate that fire research be the subject of the symposium pub
lished in this volume during the 75th anniversary observance at the Na
tional Bureau of Standards (NBS) and that it be jointly sponsored with 
the American Society for Testing and Materials (ASTM), for these two 

' Director, Center for Fire Research, National Bureau of Standards, Washington, D. C. 
20234. 
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6 FIRE STANDARDS AND SAFETY 

organizations have been active in this field during most of their histories, 
and they have cooperated closely throughout this period. Today more 
than ever, ASTM and NBS are each coping with very serious challenges in 
the arena of fire safety. This symposium has been planned to illuminate 
some of the challenges, to indicate progress being made by many different 
groups, and to suggest when and how success may be achieved. This 
paper will describe the present difficulties and outline the direction we are 
taking. 

Fire fighting has been a challenge to man probably ever since he moved 
out of the cave and certainly since he began to live in villages and towns. 
Surprisingly, fire fighting has been treated as a formal public responsibil
ity only recently; for example, the London Fire Brigade began to receive 
tax support only in 1865. 

Fire research in support of fire prevention and control has a distinguished 
history. Perhaps the first such work was reported for textile products in 
England in 1684. The French chemist Gay Lussac carried out extensive 
studies on means to improve fire resistance of fabrics used in theater cur
tains and in 1820 reported a list of substances he found effective on vari
ous fibers. William Henry Perkin, the great dye chemist, conducted re
search on flame proofing cotton fabrics and in 1913 published results 
which led to a commercial process. Gay Lussac and Perkin made most of 
the fundamental observations necessary to construct a science of chemical 
alteration of burning behavior by treating the condensed phase. For the 
most part, the rest of us have been ringing changes on their basic themes 
ever since. 

Until the twentieth century, almost all efforts in fire control were directed 
to preventing holocausts, the loss of entire cities or large portions thereof. 
In the private sector, insurance companies sprang up to reduce the bur
dens of fire loss on individual property owners. The insurance under
writers were the driving force in creating fire companies. By about 1900, 
municipal fire services were well developed in most industrial countries, 
and, with a few notable exceptions, the disastrous urban fire was a thing 
of the past. By the 1920's, fires had been, in most instances, confined to 
the building of origin. To go further required research on building fires 
and some design innovations. 

Fire researchers led by NBS's Ingberg proceeded much as we do today: 
they agreed on a most probable fire scenario, conducted full-scale fire 
tests, defined the critical control points, and suggested a means of using 
the results in controlling building design via the building codes. In this 
case, the relationship between fire load and fire severity was determined, 
and the concept of fire endurance requirements for structural components 
was developed. For a given amount of fuel in an enclosure, a fire of a cer
tain intensity may be expected for a given length of time. Therefore one 
may, if one uses current knowledge and tools wisely, confine a fire to the 
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LYONS ON FIRE RESEARCH AND SAFETY 7 

area of origin and ensure that the building retains its structural integrity 
by designing the walls, floor and ceiling, and the structural members to 
resist the predicted fire exposure. Thus was developed the fire endurance 
concept known to us all in terms of ASTM Fire Tests of Building Con
struction and Materials (Including Tentative Revision) (E 119-75) and 
building code requirements for 1, 2, and 4-h ratings. During the half cen
tury since this work was undertaken, we have built our cities and towns so 
that, by and large, we expect fires to be contained within the room or 
area of origin. In fact, rarely do we lose an entire building which has been 
constructed to meet these fire endurance requirements. Most large build
ings in the United States built during the period 1920 to I960 are in this 
category. 

In the last decade and a half, however, there has been an increasing 
use of new materials and new design concepts, the fire safety of which is 
not well enough understood. The research on which today's codes rest 
was done on traditional building materials (wood, gypsum plaster, con
crete, and steel) used in certain traditional designs. Now we find many 
synthetic polymers used in buildings of more open design, and the old test 
methods and concepts are found wanting. Materials pass tests but fail in 
actual use. Hallowed procedures are suddenly found defective. There is 
confusion in the fire testing community. 

We are entering a new era of fire safety design and enforcement in 
which at least three themes are receiving our attention: definition of the 
relative toxicity of combustion products from various materials, develop
ment of tests and standards that encompass the contribution of moveable 
furnishings to fire spread and growth, and modification and extension to 
residences of technology developed for large public and institutional 
buildings. Let us examine each of these in turn. 

As attention shifted from protecting cities and entire large buildings to 
saving occupants in the area of fire origin and occupants in one- and two-
family residences, concern developed about the effects of toxic combus
tion products. Data from studies sponsored by the Federal government 
and others showed that more people die from fires at home than any
where else and that the direct cause of death is more often from inhaling 
toxic gases than from burns. The significance of this is more telling if one 
subtracts from the data fires involving apparel as the first item ignited. 
In other words, in building fires, smoke and toxic gases are the problem 
much of the time. 

It has been the practice for authorities to put down as the cause of 
death in such cases "smoke inhalation." This is of no help if one is seek
ing ways to reduce the number of such fatalities. In the years since about 
1970, several research programs have been undertaken to develop better 
understanding of the toxicity problem, with the ultimate goal of devising 
ways and means of mitigating its effects. Pathological tests of fire victims 
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8 FIRE STANDARDS AND SAFETY 

using techniques especially designed for the purpose have shed much light 
on the causes of these deaths. Carbon monoxide is the principle toxic 
agent but is often found in combination with alcohol, heart and circulatory 
disease, or other conditions producing exceptional vulnerability to stress. 
There is a significant fraction of cases—say 10 or 15 percent—which can
not be explained by either this mechanism or heat and flame. These fatal
ities have been attributed to toxic products more or less specific to the 
material burned, for example, hydrogen cyanide from nitrogen-containing 
materials, hydrogen chloride or other chlorine-containing gases from 
chlorine-based polymers, and so on. There are research programs active 
today to define the toxicity of combustion products from known materials. 
There have been some surprises; there will be more. We have learned thslt 
simplistic approaches will not do; that merely analyzing the gases for 
major components will miss the unexpected compound formed during 
combustion and toxic at very low concentrations; and that simply count
ing the number of dead rats in an animal exposure is only the first step. 
It may turn out that sublethal effects—irritation and disorientation—are 
just as important. And we have learned that there are important delayed 
effects, that victims may appear to have survived only to be overwhelmed 
by lung disorders hours or days later. 

This field is very active now and will be for some time to come. The 
development of toxicity guidelines for selection of materials for construct
ing and furnishing our living spaces has not yet begun. There are serious 
and difficult issues of regulation and enforcement, especially for furnish
ings. 

Moveable furnishings in residences and in many public occupancies are 
not covered by codes nor any other control. Exceptions are carpets and 
mattresses covered by mandatory Federal standards under the Flammable 
Fabrics Act. The difficulties in controlling fire spread and growth in 
furnishings are two: the technology is not fully developed, and the means 
of implementing it are not tested. 

Whereas ignition control may be effected for furnishings via the Con
sumer Product Safety Commission (CPSC), spread and growth of fire 
given a sustained ignition is not so readily achieved. This is because spread 
and growth involve interactions among several pieces of furnishings, each 
of which is purchased separately. No one may tell an owner of a house 
how many items made of a given material may be moved into a given 
room. The CPSC presumably has jurisdiction only over the individual 
items and not over their interactions. The building and fire codes do not 
apply except in special occupancies. To extend the coverage will require 
innovation. In addition to regulatory efforts, another possibility is educa
tional labelling programs in which the potential contribution to fire is 
given. Such programs will take considerable ingenuity; nothing has been 
started as yet in this area because there remain technical problems to be 
solved. 
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LYONS ON FIRE RESEARCH AND SAFETY 9 

Technically, the challenge is to develop a means of determining the fire 
severity in terms of escape time as a function of number, kind, and place
ment of furnishings and the geometry, interior finish, and ventilation in a 
room. This may be done in one of three ways: (a) full-scale room fire 
tests for each combination, (b) development of a series of small-scale tests 
shown to correlate rigorously to full-scale results, and (c) use of thermo-
chemical and thermophysical properties combined with a mathematical 
model to predict escape time for a given configuration. Work is in pro
gress on all three. We are sure of success on the first, but extensive re
quirements for full-scale testing would impose heavy financial burdens on 
industry. Nonetheless, the work is needed on full-scale room fire tests as 
the basis for the other two approaches. The use of a battery of smjall-scale 
tests run on each of the furnishings separately and the results integrated 
into one or more empirical predicting equations seems feasible in principle. 
The Center for Fire Research mounted a separate program just on this 
problem in late 1973. At that time, we estimated it to be a five-year pro
ject. We are now halfway through and are hopeful of success, though not 
yet sure of it. One of the difficulties is that many of the tests used in the 
past are not sufficiently precise, and some have given misleading results 
on synthetic polymers. It is our hope that we can upgrade some of these 
tests and remove the remaining difficulties by using the tests together 
rather than separately. 

The more basic approach of using mathematical models developed 
from fluid mechanics is more satisfying but more difficult. The issue is 
not whether a model can be developed, but rather whether it will be sensi
tive enough to deal with the asymmetries and heterogeneities of the furnished 
room. There is no lack of ideas in this field, and we have at NBS a crack 
team on the problem. Time—perhaps five years—will tell. 

Finally, we have the challenge of transferring to the one- and two-family 
residence the focus and concern for fire safety that has been devoted in 
the past to large buildings and public and special-risk occupancies. The 
fire community has addressed multiple occupancies because of the poten
tial for major loss of life. When such disastrous fires occur, they com
mand great public concern. On the other hand, most fire deaths occur in 
the home, one or a few at a time. If we are to cut our fire losses by half 
in the next generation, far more must be done to reduce residential fire 
fatalities. This means working through the local codes for the building it
self and through CPSC and industry for the furnishings. It means innova
tions in design of new housing, better and less expensive detection and 
suppression systems, and far more effective programs to educate the 
public to the nature of fire hazards. The Department of Housing and Ur
ban Development has a program to improve design concepts based on the 
National Fire Protection Association's (NFPA) decision tree approach. 
Our Center has a number of projects that bear on the question. The model 
codes and some local codes are pressing for wider use of detectors. But 
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10 FIRE STANDARDS AND SAFETY 

this is all a beginning. Vigorous and tenacious efforts will be required to 
raise the level of safety in the home to anywhere near that in most office 
buildings, industrial occupancies, and public places. Curiously, the fire 
safety in mobile homes may shortly be better than that in other residential 
housing simply because the fire problem in mobile homes is being ad
dressed by the Department of Housing and Urban Development, as a re
sult of new Federal law, as a single integrated problem. There may well be 
one or perhaps a series of mandatory standards issuing from this work. 

These, then, are some of the current trends in fire research and the 
foundations on which they rest. 

DISCUSSION 

M S. Abrams' {oral disct4ssion)—You showed a breakdown of the 
percentage of deaths in the various types of fires. The first line was resi
dential at 72 percent. Do you have further breakdowns as to how much of 
that is single family, high rise, multifamily, low rise, public housing, and 
so forth? 

J. W. Lyons (author's oral closure)—We do have available further 
breakdown as to the sort of fire that causes the problem in terms of oc
cupancies. We don't have it in the manuscript. There is a paper coming 
out on this work, and the breakdown is there (Clarke, F.B. and Ottoson, 
John, Fire Journal, Vol. 70, [3], No. 20, May 1976). This is from the Fire 
Incident Data Organization system that NFPA operates. It is not the basis 
for their annual fire statistics. It is only on fire fatalities. 

' Manager, Fire Research Section, Portland Cement Association, Skokie, 111. 60076. 
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Henry Tovey" 

The National Fire Incident Reporting 
System: A Key to Fire Hazard 
Quantification 

REFERENCE: Tovey, Henry, "The National Fire Incident Reporting System: A Key 
to Fire Hazard Quantification," Fire Standards and Safety, ASTM STP 614, A. F. 
Robertson, Ed., American Society for Testing and Materials, 1977, pp. 11-25. 

ABSTRACT: The National Fire Incident Reporting System is the collection of na
tional fire loss data for fires attended by the fire service. It includes information on 
factors involved in fire ignition, spread, and extinguishment. It has been developed 
with recognition of the importance of serving the needs of state, regional, municipal, 
and local fire jurisdictions, as well as those at the Federal level. A representative selec
tion of states has been identified for cooperative preliminary studies of this system. 
The system is based on use of the fire data reporting procedures developed by the 
National Fire Protection Association. Data elements have been selected as usual with 
many compromises to provide the most versatile use of data readily available. A re
view is presented of the way in which the data collected could be used in locating and 
analyzing fire problem areas as they^jccur. Brief mention is included on work under 
way to report and classify fire incidents on an international scale. 

KEY WORDS: fires, fire hazards, information systems, mortality, fire losses 

America Burning, the 1973 Report of the National Commission on Fire 
Prevention and Control, pointed up that, in the United States, fire is a 
major national problem [7].^ It stated that fire claims nearly 12 000 lives a 
year, injures some 300 000, and destroys property worth over 4 billion 
dollars. It stated that the United States leads all the major industrialized 
countries in per capita deaths and property loss from fire. The death 
rate is nearly twice that of second-ranking Canada. Among the Com
mission's recommendations was that a National Fire Data System be es
tablished to help place fire prevention and control programs on a firmer 
foundation of scientific data and to facilitate development of cost-ef
fective solutions to these problems. 

' Director of Planning, National Fire Data Center, National Fire Prevention and Control 
Administration, U.S. Department of Commerce, Washington, D.C. 20236. 

'The italic numbers in brackets refer to the list of references appended to this paper. 
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12 FIRE STANDARDS AND SAFETY 

Acting on the recommendation of the Commission, the Congress 
passed and the President signed the Federal Fire Prevention and Con
trol Act in 1974 [2]. The Act dealt with the entire national fire problem, 
and it established the National Fire Prevention and Control Administra
tion (NFPCA). Federal-level responsibility for the collection, analysis, 
and dissemination of data on the occurrence, control, and results of 
fires of all types was assigned to the National Fire Data Center of the 
Administration. The legislative mandate also specified that the program 
of the Data Center shall be designed to provide an accurate nationwide 
analysis of the fire problem, identify major problem areas, assist in 
setting priorities, determine possible solutions to problems, and monitor 
the progress of programs to reduce fire losses. This paper describes the 
National Fire Incident Reporting System (NFIRS), an ongoing effort 
undertaken in partial fulfillment of this mandate, and it provides a very 
brief review of a related activity on the international level. 

The National Fire Incident Reporting System Concept and Operation 

The primary objective of the NFIRS is the collection of national fire 
loss statistics on fires attended by the fire service, including information 
on factors involved in fire ignition, spread, and extinguishment. However, 
the large cost of any system collecting national statistics led to an early 
policy decision that NFIRS must be more than a mere tool for data collec
tion. Thus, the development or improvement of fire data systems serving 
the needs of state, regional, municipal, of local fire jurisdictions, as well 
as Federal needs, became a major NFIRS objective. Further considera
tions led to the establishment of another objective: the standardization 
and improved uniformity of fire data reporting and collection on all levels. 

The NFIRS concept of a national fire data network is based on the 
cooperation of local, regional, and state fire jurisdictions, and the 
NFPCA (Fig. 1). Data for each fire incident are reported using a na
tionally uniform coding structure. The incident reports produced by the 
local fire service can be computer processed at the local or regional level 
and then passed on to the state jurisdiction in computerized form (Fig. 2). 
Alternatively, fire incident reports can be sent directly tp the state juris
diction, in which case they are computer processed by the state. All the 
fire data collected are tabulated and used by the state for problem analysis 
and production of annual and periodic reports, as well as feedback re
ports to the participating fire departments. On the state level, the com
puterized data are also processed into a national format and sent to the 
National Fire Data Center (Fig. 3). In the Center, the data received from 
all participating statewide systems are tabulated and analyzed, combined 
with other data bases, and reports are prepared for feedback to the state 
sources as well as dissemination to other interested groups. 
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TOVEY ON NATIONAL FIRE INCIDENT REPORTING 13 

FIG. 1—National Fire Incident Reporting System (an activity of the National Fire Data 
Center). 

# 

liirtf AstfNMf 

ftow 0f tatomutikm 

FIG. 2—Fire report flow of information from fire scene to National Fire Data Center. 

FIG. i—Flow of information (reports and analysis) from NFPCA. 

To ensure the maximum possible output versatility, the data coming to 
the Data Center are stored in the system on tapes essentially as they come 
in, without condensing. While some standard outputs for the system are 
already well defined, it is expected that the data base will be used by a 
broad group of users, with varied interests and points of view. In addi-
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14 FIRE STANDARDS AND SAFETY 

tion, important new uses for the data, not anticipated today, are still 
likely to be found. For this reason, it is believed that, at least initially, 
the system's capability of producing versatile outputs justify the some
what higher storage costs. Since the initial number of data sources is 
limited, these costs are not prohibitive. 

It is recognized, of course, that, in time, the NFIRS data base may 
become very large. When all the States that constitute a representative 
statistical sample of the nation join NFIRS, it will be possible to decrease 
the amount of data in storage. In addition, methods of summarizing 
and condensing much of the data will be developed in time, so that only 
a relatively small portion of the total data base will need to reside in 
costly storage. The remainder of all the data will be stored in an archival 
mode where it will be accessible when needed. 

Preliminary Test of the NFIRS Concept 

A preliminary test of the system concept was performed in 1974 and 
1975 [3-5]. The test was limited to jurisdictions which already collected 
fire incident data. Results indicated that diverse fire service departments 
can prepare incident reports using a uniform classification scheme and 
that the system can accept reports from several different sources and 
produce a data base that can be used to produce useful outputs. During 
this period, it also became apparent that existing local fire service sources 
will be unable to provide fire incident data that would be representative 
and descriptive of the national fire experience, but that a number of states 
were interested in establishing statewide fire incident reporting systems 
for their own purposes. However, they lacked the necessary resources and 
needed assistance. These states indicated that they would be glad to co
operate with the NFPCA to ensure nationwide compatibility of the data 
for the benefit of their own state and the Nation. Accordingly, a decision 
was made to adopt officially a uniform classification scheme and a 
standard vocabulary; develop an official set of data elements and fire 
incident and fire casualty reporting forms; a training manual for in
structors, and a handbook for those who will be filling out the forms; as 
well as a well-documented computer software package for processing the 
data. The computer package had to be complete, with instructions for 
keypunching the data from the report sheets at the front end and pro
grams for producing reports meeting the basic requirements of the state 
and local level fire jurisdictions at the output end. It also had to be flexi
ble to permit the different fire jurisdictions to modify it to fit their own 
special needs. Sample copies of the forms, the training manual/hand
book, and the complete computer package are provided free of charge to 
state-level jurisdictions willing to participate. A set of states representa
tive of the Nation was identified by a stratified statistical sampling plan. 
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TOVEY ON NATIONAL FIRE INCIDENT REPORTING 15 

and these states have been assigned a high priority for participation in 
NFIRS. 

NFIRS Data Elements 

Following the established policy guidelines, NFIRS has adopted the uni
form classification scheme for fire data reporting developed by the Na
tion's fire community through the voluntary consensus mechanism of the 
National Fire Protection Association's Committee on Fire Reporting [6]. 
All data elements collected by NFIRS are based on this classification 
scheme, and all are included in the incident and casualty report forms de
veloped by the Committee. The Committee also agreed to identify the 
data elements collected by NFIRS by small black triangles in the upper 
left-hand corners of the appropriate data element boxes. This permits fire 
jurisdictions that participate in NFIRS to use these forms readily, and 
the NFPCA adopted them (Figs. 4 and 5). It should be pointed up, how
ever, that NFIRS does not require the use of these or any other specified 
forms. Each participating jurisdiction is free to design its own, as long as 
the data elements are based on the uniform classification scheme and the 
standard vocabulary adopted by NFIRS, and the form includes the na
tionally collected data elements. 

While a sincere effort was made to make the selection of the data ele
ments collected by NFIRS on the objective basis of utility and availa
bility, inevitably the list had to be a compromise between those who 
wish to keep the incident report as simple and short as possible to mini
mize the effort necessary to fill it out and those who insist that compre
hensive data on factors involved in fire ignition, spread, and extinguish
ment must be gathered to make possible the development of rationally 
justifiable and meaningful fire prevention and control programs. While 
only extensive experience will show how close the NFIRS set of data ele
ments is to optimum, the following discussion indicates how the NFIRS 
elements relate to the objectives of the system in terms of their useful
ness in identifying and characterizing the fire hazard. 

Just what do we want to know about a fire when we try to identify 
and characterize the hazards associated with it? The answer to this ques
tion is not as easy as it may appear at first glance. However, while 
there may not be a consensus on this point, there appears to be an agree
ment on at least some of these elements: information on when and where 
the fire happened; on the causal factors; on fire growth; on the place in 
which the fire happened; on the total dollar loss; and on casualties. These 
categories will serve as examples. 

The "when and where" information is provided by questions on Lines 
A and B of the NFPCA Incident Report Form. Information on date, day 
of week, and time of day makes it possible to correlate the frequency of 
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FIG. 4—NFPCA incident report. 
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incidents, their severity, and other characteristics, with temporal factors, 
such as daily activity patterns, or the seasons of the year. The zip code 
and Census Tract information provide the geographical coordinates which 
permit linkage of the fire data with, for example, demographic and 
socioeconomic data in the files of the Census Bureau. Information on 
causal factors is provided by the questions on Lines K and L of the form. 
The first of these is concerned with the ignition source and whether it 
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NFPCA CASUALTY REPORT 
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FIG. 5—NFPCA casualty report. 

was a piece of equipment. Information on this point is of vital importance 
to equipment manufacturers, as well as to regulatory agencies such as the 
Consumer Product Safety Commission, because it identifies equipment 
and products that require further attention. For this reason, if it is a piece 
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of equipment that was involved in ignition, further questions are asked 
about it on Line T of the form (the make, year, model, serial number, 
and voltage). 

The second question in this series asks about the form of the ignition 
energy, whether it was the heat from a burning cigarette, or a spark from 
an open fire. The next two questions are concerned with the nature and 
the form of the first item ignited, and the final one is concerned with the 
condition or situation—the action or lack of action—that permitted the 
heat from the ignition source to cause the ignition of the first item. 

All these questions have been very carefully defined and selected, so 
that, when the answers are considered together, they can provide the in
formation necessary for reconstructing the causal chain of events that led 
to the fire. For example, if the equipment involved was an "electric 
iron," the heat of ignition was "heat from properly operating electrical 
equipment," the type of material first ignited was "wearing apparel not 
on a person," and the ignition factor was "unattended operation," the 
cause of fire can be readily visualized. 

Information on fire growth is provided by the questions on Lines M, 
N, and O. It is made up of several components, and, like the informa
tion on fire cause, it is most useful when these components are related 
to each other and to other information about the fire. One component is 
concerned with the extent of the spread: was the flame, or smoke, or 
water damage confined to the object of origin? to the room of origin? to 
the fioor? Did it extent beyond the building of origin? Obviously, this in
formation in itself has a limited value. But, if a high correlation were 
found between extent of smoke damage and, say, polystyrene as the type 
of material first ignited, this would have some interesting implications 
concerning the fire hazard of polystyrene products. 

The second component of the fire growth complex is concerned with 
what helped it most to grow. After all, it is not always the first item 
ignited that is the culprit, the important factor in fire spread. It could 
have been the second or even the third item ignited, the drapery that 
spread the fire across the room in no time at all, but was ignited from 
a small wastebasket fire started by a glowing match. The third component 
is concerned with the path taken by the spreading fire: did it move up an 
open staircase? Did it spread across a long hall without fire doors? Or did 
it move through to a hole in a fire wall? The collecting of information on 
these two aspects of fire growth is a relatively new development in fire 
reporting, and, during the initial stages, the system will not accumulate it 
on the national level. However, because the inferences that can be drawn 
from data on these points should be of much value to those concerned 
with life safety codes, architects, builders, makers of furniture, furnish
ings, and countless others, the system provides for recording and collec
tion of the data on the state level. 
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TOVEY ON NATIONAL FIRE INCIDENT REPORTING 19 

Information on the place where the fire happened is provided by a 
series of questions on Lines H, I, and J. They deal with type of structure 
in which the fire occurred, the construction type and method, and the use 
to which the property was put at the time of the fire. Data derived from 
answers to the first of these questions permits the analysis of fire inci
dence statistics in terms of the type of structures involved, such as build
ings, tents, bridges, or underground structures. Information on construc
tion type permits analysis in terms of standard constructions that differ in 
fire resistance and stability under fire conditions, such as fire resistive 
structures, heavy timber, or unprotected wood frame. The terminology 
used in the system is based on a National Fire Protection Association 
(NFPA) standard [7], which can be related to the several building codes 
in use in the United States, such as the Basic Building Code, Standard 
Building Code, and the Uniform Building Code. The data should, there
fore, be useful for establishing code requirements and monitoring their ef
fectiveness. 

Data on methods of construction are meant to help in identifying dif
ferences that may exist between the behavior in fire of structures built 
on the site and those built in a factory in a modular form or assembled on 
the site. 

Information on fixed property use allows analysis of the fire problem 
on the basis of property use, one of the most popular ways of analyzing 
fire data. Many of the codes and regulations and much of the effort in 
the fire area are directed at problems presented in terms of a particular 
type of occupancy such as manufacturing plants, restaurants, nursing 
homes, hospitals, apartments, or single-family dwellings. The rational 
way of establishing the criteria for these codes and regulations and of 
allocating priorities to these efforts is based on the fire hazard associated 
with each occupancy type as identified and quantified by fire experience 
data. 

Information on the dollar losses resulting from fires is one major 
factor in determining priorities for, and determining the cost-effective
ness of, programs aimed at combatting the fire problem. Unfortunately, 
reliable dollar loss data are hard to come by because fire service personnel 
are not schooled appraisers. The multitude of methods for loss esti
mates—original cost, market value, replacement cost—is another obstacle 
to obtaining comparable data. Since information on total dollar loss is so 
important, both a dollar estimate and a range are asked for on Line Q of 
the form. The instructions explicitly request that the estimates be made 
on the basis of cost of replacement in like kind and quality and that only 
the direct physical loss to the structure, contents, machinery, equipment, 
and such, be considered. 

The identification and characterization of casualties resulting from a 
fire have always been integral parts of fire reporting. NFIRS collects 
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20 FIRE STANDARDS AND SAFETY 

information on fire casualties on a separate casualty report (Fig. 5) 
which calls for information on the victim's age, sex, affiliation, and 
casualty type and severity. Other questions, such as those concerning the 
nature of the injury, part of body injured, and disposition, or those 
concerning familiarity with structure and conditions preventing escape, 
are designed to provide additional information about fire casualties for 
analysis and correlation with the various fire incident parameters. For 
example, if the data show that lack of familiarity with the structure is an 
important factor, an educational campaign to get people familiar with 
the structures where they live and work in order to cut down the number 
of casualties would seem indicated. However, if correlation with incident 
data shows that lack of familiarity with structure is of importance only 
for certain types of occupancies, such campaigns could be aimed more 
precisely and thus be both more effective and more cost effective. 

National Fire Data System 

This discussion did not cover all the data elements on the NFPCA 
incident reporting form, but it should be apparent from it that, when 
NFIRS is implemented on a scale sufficient to provide data statistically 
representative of the national fire experience, and the data quality is 
good, it will be possible to identify the major fire hazards and rank them 
in order of priority. Still, it should be made clear that, while NFIRS is 
expected to fulfill a significant part of NFPCA's mandate in the fire 
data area, it was not designed to satisfy all fire data needs. The National 
Fire Data Center is developing several other data systems which will 
supplement NFIRS and together constitute a comprehensive National 
Fire Data System. Thus, since NFIRS is limited by design to fire incidents 
attended by the fire service, household surveys, similar to that described 
in a recent NFPCA publication [8], will be conducted periodically. Also, 
since NFIRS was not designed to provide the detailed, exhaustive in
formation necessary for suggesting possible solutions to a fire hazard 
problem, the Data Center has planned and is implementing a network 
for in-depth investigation of specified classes of fires, conducted on a 
contract basis by well-trained investigators. This effort will be coordina
ted with a related program conducted at the Center for Fire Research, 
National Bureau of Standards. 

The National Fire Data System is expected to include relevant fire data 
from the insurance industry. National Center for Health Statistics, the 
Consumer Product Safety Commission, and other governmental and 
private sources. In addition, it will incorporate or establish regular or 
direct access to other data files necessary for a full understanding of the 
causes and effects of fires, such as the demographic and socioeconomic 
files of the Census Bureau. 
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International Fire Data Networi( 

It is also hoped that, at some time in the future, the U.S. National Fire 
Data System will be a part of an international network of fire data sys
tems. Fire is an international problem, but, at the present time, it is ex
tremely difficult to compare fire losses in one country with fire losses in 
another. The statistics, if collected at all, are collected on different bases, 
with each country including or excluding different types of fire, using 
its own definitions, and classifying the data in different ways. Reliable 
statistics on fires involving specific products, in particular, are very 
scarce. However, efforts to develop a basic international system for fire 
data, capable of producing statistics that could be compared from country 
to country, are underway under the auspices of the International Stan
dards Organization. Because textile flammability has been recognized as a 
problem for some years now, the Subcommittee on Burning Behavior 
of Textiles and Textile Products of the Committee on Textiles assumed 
responsibility for the effort, with the actual work performed by the Sub
committee's Working Group 6, on Risk Data Analysis (ISO/TC38/SC19/ 
WG 6). The Working Group has held three meetings over the past couple 
of years: in Zurich in June 1974 and in Paris in October 1974 and May 
1975. The meetings were attended by experts from Australia, Belgium, 
Canada, France, Germany, Italy, Japan, Netherlands, Norway, Switzer
land, the United Kingdom, and the United States. The meetings of the 
parent subcommittee were also attended by representatives of Austria, 
Denmark, Finland, South Africa, Spain, and Sweden, so that these 
countries also had an opportunity to participate in the effort. 

We have exchanged information about the status of fire data systems in 
the various countries, and I might mention that they range all the way 
from rudimentary ones to sophisticated systems such as that in France, 
which is capable of producing complex reports and answering queries. 

Having become acquainted with one another and with fire data systems 
in each other's countries, the members of the Working Group agreed 
that, because it would be impractical to collect detailed data on all fire 
incidents, it is necessary to establish a bilevel system. The concept is 
similar to that adopted in the United States in that the system would col
lect statistical data on all fires and detailed data through in-depth in
vestigation of an appropriate sample of fires of a specified type. The 
Working Group also agreed that maximum use should be made of exist
ing systems and other existing resources. 

To achieve these objectives, the Working Group agreed that its mem
bers will send information on statistical data on all fires to the United 
States—to the National Fire Data Center—for a preliminary examination 
and perhaps the development of a tentative list of data elements to be 
used in a standard international fire incident reporting form and send de
tailed reports on textile reports to Dr. Janet Thompson of the United 
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Kingdom, for the same purpose. Following the Working Group's meet
ings, the Subcommittee reviewed these plans in a plenary session and 
formally endorsed the effort to examine data from a number of different 
countries, evaluate it, and try to propose standardized international forms 
for reporting fire incidents. 

The exact date and place of the next meeting of WG-6 has not yet been 
set, although the U.S. delegation has issued an official invitation to the 
Subcommittee to meet in the United States in September 1977. This is 
more than a year from now, but the tasks undertaken by the subcom
mittee and its Risk Data Analysis Working Group are very substantial, 
and we are already behind schedule. Still, progress is being made. We 
have been able to define what we want to do and agreed on how to do 
it. This, I am told, is half the battle. 

I am optimistic that it will not be very long before standard national 
and international fire statistics become available and permit us to learn 
what is the magnitude of the fire problem, what are the high-priority 
areas for standards, codes, public education, and research. Through data 
analysis, we will be able to contribute to the solving of the nation's and 
the world's fire problems. 
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DISCUSSION 

K. P. Reynolds' {oral discussion)—y/hen will this be a national pro
gram where all fire departments will feed information into the program? 

Henry Tovey (author's oral closure)—Well, the time schedule is some
what like this. We are now working with three states in the validation 

'County fire marshal, Albemarle County, Charlottesville, Va. 22901. 
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program. We hope to complete this in three months, and, by the end of 
the fiscal year, we hope to add another four to five states. We hope to get 
eight additional states within the next year. A major factor that must be 
accounted for in this effort is the readiness of a state to install and 
operate a state-wide fire incident reporting system. Incidentally, we have 
had several inquiries about NFIRS from various fire chiefs in Virginia, 
and my answer is always: please get together. Unfortunately, we are in no 
position to deal with individual fire departments. We simply do not have 
the resources and staff that would be required. 

R. P. Fleming^ (oral discussion)—I didn't notice a space on the Fire 
Incident Report where one could indicate whether the point of fire origin 
was protected by an automatic fire suppression system. Do you not think 
that this information is crucial to any analysis of fire growth in regard 
to constructing type? 

Henry Tovey (author's oral closure)—The answer is yes, there is a place 
(see Line Q sprinkler performance), and the answer is yes, we do feel it is 
crucial. Now, how frequently will we get that information? I don't 
know, but we will find out in a little while. 

C. R. Williams^ (oral discussion)—When might the first results from 
your study be available? 

Henry Tovey (author's oral closure)—We hope to have the first re
ports out by the end of this calendar year. They won't be very good. 

M. Lanier* (written discussion)—There is no doubt that NFIRS is a 
needed data-gathering program; however, many states and especially local 
governments do not have funds available to establish and maintain such 
a program. Because of this, it seems that states and local governments 
will need Federal support to assist in securing people or in training people 
to set up and maintain the system. 

Georgia is a highly rural state with an estimated 450 fire departments. 
An estimated 75 to 80 percent of these are small-town volunteer de
partments. Most have no records or, at best, very poor records. Due to 
this type of situation, the establishment of a "statewide" reporting sys
tem would be a costly and time-consuming matter. 

Is it intended by the NFPCA for "all" fire departments and states to 
become a part of a fire reporting system? If not, what percentage of de
partments from cities and what percentage of departments from rural 
areas would be acceptable to permit realistic estimates of the fire prob
lem. Are Federal funds available to states and local governments to set 
up a NFIRS? 

Henry Tovey (author's written closure)—The National Fire Prevention 

^Director, Engineering Standards, National Automatic Sprinkler and Fire Control Asso
ciation, Mt. Kisco, N.Y. 10549. 

'Commercial development manager, Monsanto, St. Louis, Mo. 63166. 
•"Fire marshal, Rome Fire Department, Rome, Ga. 30161. 
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and Control Administration recognizes that many states and local govern
ments do not have the funds required to establish and maintain statewide 
fire incident reporting systems. For this reason, the NFPCA established 
a State Fire Incident Reporting Assistance Program. Under this program, 
the NFPCA provides, upon the approval of a grant request from a 
state, master copies of forms suitable for use in fire incident and 
casualty data collection; master copies of training materials; a computer 
software package for processing the data; and financial assistance ranging 
from $5000 to $20 000 per state, depending on need. Admittedly, the 
funds provided under this program are not nearly adequate to offset the 
cost incurred by a state when it establishes a statewide fire incident re
porting system. However, the NFPCA must also operate within a very 
limited budget. A detailed description of the state fire incident report
ing assistance program, with guidelines for applying for a grant, can be 
obtained by writing to the NFPCA, P. O. Box 19518, Washington, D.C. 
20036. 

The other question was whether NFPCA intends all fire departments to 
become participants in the National Fire Incident Reporting System. This 
is a worthy objective, but we fully recognize that it is not likely to be 
achieved in the near future. For this reason, NFPCA has identified 19 
states which, when taken together, constitute a satistically representative 
sample in the United States with regard to fire experience. These states 
include California, Colorado, Delaware, Florida, Iowa, Louisiana, Mary
land, Massachusetts, Michigan, Minnesota, Missouri, Nevada, New York, 
Ohio, Oregon, Rhode Island, South Dakota, Washington, and West 
Virginia. Because of its limited resources, NFPCA assigns a higher 
priority to these states than to states not on the list. Since some of the 
states on the list are not now and are not likely to be in a position to go 
statewide in the near future, it may well be necessary to resort to statisti
cal sampling for obtaining representative data from these states. Such 
methods have not yet been developed. 

/. Deitz' (written discussion)—There are two groups, which, from the 
discussion, do not appear to be included in the data base collection sys
tem. These include the Federal Government (military bases, government 
installations with their own fire protection facilities) and private industry 
(large complexes where most fires are not reported to a municipal author
ity). Is any effort being made to include these in the data base? 

Henry Tovey (author's written closure)—Your remark that the National 
Fire Incident Reporting System is limited to data on fires attended by 
state and local government fire service is quite correct. The National 
Fire Data Center is planning to supplement these data with data obtained 
from other sources. To respond specifically to your questions, data on 

'Fire protection engineer, Brookhaven National Laboratory, Upton, N.Y. 11973. 
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fire experience in government installations are being collected through the 
mechanism of the former Federal Fire Council; and we are attempting to 
collect data on the fire experience in large industrial installations, pro
tected by private fire service. These attempts are still in the early stages, 
and any assistance anyone can provide in this effort would be more than 
welcome. Our hope is that, ultimately, all Federal agencies as well as 
private fire departments will use fire incident reporting forms which con
tain the data elements on the NFIRS form and will provide the data to the 
Data Center. 
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Materials, 1977, pp. 26-54. 

ABSTRACT: Data are presented and analyzed on the demographic variables (loca
tion, age, sex, and race) of people perishing in fires in the state of Maryland in 
1972/1973, on the physical causes of these fires, and on the most likely medical ef
fects. Carbon monoxide as asphyxiant, cigarettes as ignition source, and the dis
proportionately large involvement of children and the elderly are pointed up. The 
contributory effects of alcohol ingestion, particularly in men in the 40 to 60 years age 
group, are described. 

KEY WORDS: fires, demographic surveys, mortality, fire hazards, toxicity 

Many of the materials used in buildings, such as brick, stone, concrete, 
glass, or steel, will not sustain combustion. But a typical dwelling con
tains many combustible materials, such as wood, plastics, paints, paper, 
textiles, and metals as part of its structure and furnishings and so 
many energy sources that can ignite them, that it is not surprising that ac
cidental and unwanted fires are a common occurrence. Whether such inci
dents remain innocuous or develop into fires causing substantial damage 
depends on intricate combinations of fuel types and geometry, complex 
and mostly unpredictable interactions of heat and gas flows, and on many 
other parameters. It also depends on the effectiveness of the counter-
measures that are called into action. 

The number of incidents requiring concerted countermeasures is great. 
A large body of statistical information is, in principle, available, the 
analysis of which could lead to insights into the most common causes of 

'Principal investigator. Fire Problems Program and systems analyst, respectively. Ap
plied Physics Laboratory, The Johns Hopkins University, Silver Spring, Md. 20910. 
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fires, their rates of spread, the behavior of humans under stress, and the 
economic and human losses.^ Unfortunately, the full power of this in
formational resource has rarely been exploited. As a consequence, pro
ductive recommendations for better building and products designs, for 
improved countermeasures, or for safer human behavior patterns have yet 
to come forth. 

Of all the unwanted fires, those that result in death to human beings 
are subject to the most intensive investigations into their origins and 
consequences. Their numbers are sufficiently large (that is, several 
thousand per year) to provide a sound statistical base without raising 
the data gathering and interpreting to an unmanageable size.' They repre
sent the extreme outcomes of a much larger and even more diverse num
ber of urban fires with less severe consequences but with similar case 
histories. However, in this area, detailed and extended analyses that tie 
together causes, consequences, and demographic information are also 
very rare. 

The ongoing investigation of fire-related fatalities, summarized in this 
paper and carried on since the fall of 1971, has as its objective the 
obtainment of insights into the demographic characteristics of fire 
victims, the most probable physical and psychological causes of fire ex
posures, and the biochemical reasons for fire deaths. The results that we 
wish to obtain from this study are whether and in what ways substan
tial reductions in the number of fatalities can be effected. It also pro
vides a data base against which to compare future trends. 

The study is limited to fatalities that have occurred in the state of 
Maryland during 1972 and 1973. This restriction was set by the fact that 
this geographical area provides an adequately large number of cases (ap
proximately 100/year) and because the necessary medical and legal per
missions for carrying out the study could be obtained satisfactorily with
in this political unit. It was further restricted to C2isualties that occurred 

^A recent National Household Fire Survey (highlights published by the U.S. Department 
of Commerce/National Fire Prevention and Control Administration) gives an estimate of 
5 575 000 unintentional fires/year in the United States, based on a sampling of 30 500 
households. An incident was counted £is a fire if it emitted smoke or flames and was not 
started intentionally. Less than 10 percent of the fires required the attention of fire de
partments. The most detailed and consistent analyses of the causes and extinction methods 
of fires reported to fire departments are published in the Annual Reports of the Director 
of Fire Research, Department of the Environment and Fire Officers' Committee, Joint 
Fire Research Organization, London. 

' Fire deaths in the United States are reported annually in the September issues of Fire 
Journal (published by the National Fire Protection Association). Multiple-death fires, ac
counting for approximately 10 percent of all fatalities, are published in the July issues. The 
total fire deaths (including motor vehicle fires) are given as 5.71/100 000 for 1972. A 
critique of the shortcomings of available fire fatality data is given in Halpin, B. M., "Sur
vey and Evaluation of U.S. National Fire Death Fatalities," APL/JHU FPPTR6, The 
Johns Hopkins University/Applied Physics Laboratory, Dec. 1971. 
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28 FIRE STANDARDS AND SAFETY 

within 6 h of the onset of the fire, thus excluding fatalities that occurred 
at a later time and which are covered in a separate investigation." 

In view of the paucity of detailed fire statistics on fire injuries and 
deaths, we are unable to compare the findings of this study with results 
from other sections of the United States or from other countries so as to 
establish similarities or differences with experiences elsewhere. However, 
we believe Maryland to be a typical cross section of the United States in 
terms of the social and economic patterns that give rise to fire accidents 
and conclude that the observed results probably have general validity. A 
report on much of the information discussed here has been published in 
Footnote 5. 

Data Acquisition 

The data used in this paper were obtained from several sources. Demo
graphic data came from reports of fire department and fire marshal in
vestigators who provided information about the location of the fires and 
the personal data of the fire victims. The most probable causes of the 
fire starts were also obtained from the assessments of the investigators. 
Biochemical and clinical information regarding the medical causes of 
death were derived from detailed autopsies of the fire victims. Additional 
information about materials first ignited or involved in the fire spread, 
escape attempts, ingestion of fire gases, soots, and of heavy metal oxides 
were also available. 

For analysis, the data were subdivided into three distinct geographical 
areas: (a) urban Baltimore city, (b) the four large counties (Baltimore, 
Prince Georges, Montgomery, and Anne Arundel) which are predom
inantly suburban but with some urban and rural characteristics, and (c) 
the 18 small counties which are mostly rural. The population distribution, 
the number of fire fatalities, and the number of autopsies performed in 
these three areas in 1972 and 1973 are given in Table 1. 

The biochemical and clinical follow-up was most detailed for fire 
victims in Baltimore city where 59.7 percent of the fatalities met the 6-h 
time and the autopsy criteria (Table 1). In order to avoid a predominance 
of city-oriented information, the data were normalized (that is, reduced 
for Baltimore city and increased for the 18 small counties) so as to 
match, on a percentage basis, the total reported fire casualties in the 
various administrative subdivisions within the state of Maryland. The 

'Preliminary information (Annual Summary Report 1 July 1973-30 June 1974, APL/JHU 
FPPA74, The Johns Hopkins University/Applied Physics Laboratory, Aug. 1974) indi
cates that the ratio of fire deaths that occur in Maryland later than 6 h after the onset of 
fire to those occurring in less than 6 h is approximately 1/2.5. This results in a 71 percent 
coverage of fire deaths in this study. 

'Halpin, B. M., Radford, E. P., Fisher, R., and Caplan, Y., "A Fire Fatality Study," 
Fire Journal, Vol. 69, 1975, p. 11. 
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TABLE I—Population and fire fatality data in Maryland (1972/1973). 

Location 

Maryland 
Baltimore 
4 large counties 
18 small counties 

Population 

3 910 000 
906 000 

2 104 000 
900 000 

Total Fire 
Fatalities" 
(two-Vear 

period) 

257 
72 

110 
75 

Annual 
Fatalities 

Per 10 000 
Population 

3.28 
3.95 
2.60 
4.16 

Total 
Autopsies 

Performed' 

100 
43 
38 
19 

Fatalities 
Autopsied, "In 

38.9 
59.7 
34.6 
25.3 

"As reported by the Maryland Fire Marshal. 
'Carried out by the Medical Examiner's Office, State of Maryland. 

data were correlated in a number of different ways. The "analysis tree" 
followed in this paper is indicated in Fig. 1. 

Per Capita Fatalities 

The overall fire fatalities statistics in 1972/1973 for the state of Mary
land and of its 23 administrative subdivisions (Table 2) lead to the follow
ing conclusions. 

The average fire fatalities for the state were 3.28/100 000/year. The 
per capita casualties were highest (4.16/100 000/year) in the 18 small 
counties, followed closely by the densely populated Baltimore city (3.95). 
The lowest per capita fatalities (2.6) were found in the four large counties. 
The reported U.S. fatality rate is 5.71/100 000/year.' 

While the average per capita fatalities in rural counties were high, wide 
fluctuations exist among them (Table 2). Two thirds of them fall above 
and one third below the mean for the state of Maryland. These fluctua
tions are, in part, due to the sporadic occurrence of fire fataHties. How
ever, the particularly high and constant fatality record of Cecil County 
(more than double the state average) indicates a specific problem area. 
If, by appropriate changes, the life safety record in the state of Maryland 
could be lowered to match the current best record of the suburban 
counties, a 21 percent reduction in the annual number of fataHties 
would occur. Larger reductions would require additional improvements in 
the fatality record in every geographical area. 

Demographic Factors 

The absolute numbers of fire fatalities by location, age, sex, and race 
are given in Table 3. In Figs. 2a,b (age and location). Figs. 3a, 36 (sex, 
race, and age), and Fig. 4 (sex, race, and location), the data, adjusted for 
the autopsy variance in the three geographical areas, are compared. 
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TABLE 2—Fatalities in political subdivisions of the state of Maryland. 

Subdivision 

Caroline 
Cecil 
Somerset 
Queen Anne 
Worcester 
Alleghany 
St. Mary 
Dorchester 
Harford 
Charles 
Baltimore City 
Washington 
Prince Georges 
Anne Arundel 
Talbert 
Baltimore County 
Montgomery 
Wicomico 
Frederick 
Carroll 
Garrett 
Howard 
Kent 

Population 
XlO' 

11 
53 
19 
18 
24 
84 
47 
29 

115 
48 

906 
103 
661 
298 

23 
622 
523 

54 
84 
69 
21 
62 
16 

Fatalities 

Two-Year 
Period (1972/1973) 

5 (0/5) 
11 (6/5) 
4 (2/2) 
3 (0/3) 
4 (4/0) 

11 (9/2) 
5 (3/2) 
3 (2/1) 

10 (6/4) 
4 (1/3) 

72 (39/33) 
7 (1/6) 

43 (21/22) 
18 (10/8) 

1 (0/1) 
27 (15/12) 
22 (12/10) 

2 (2/0) 
2 (2/0) 
0 (0/0) 
0 (0/0) 
0 (0/0) 
0 (0/0) 

254 (135/119) 

Annual 
Fatalities 

Per 100 000 
Population 

22.7 
10.4 
10.5 
8.3 
8.3 
6.5 
5.3 
5.2 
4.3 
4.2 
4.0 
3.4 
3.3 
3.0 
2.2 
2.2 
2.1 
1.9 
1.2 
0 
0 
0 
0 

Age 

The percentage of fatalities in the age groups 0 to 10, 51 to 60, and 
above 60 are substantially higher nearly everywhere in the State than 
what would be predicted on the basis of the U.S. Census population-age 
distribution (Figs. 2a,6, and Table 4). The age distribution in Maryland, 
according to 1970 Census data, is given in Table 4. The children fatalities 
in Baltimore city and fatalities among people older than 65 in the 18 
small counties are particularly high. For example, in Baltimore city, 27.7 
percent of all fatalities occur in children under 10 years of age, whereas 
only 18 percent are expected, based on their number in the population. 
In the age group 0 to 2 years, the fatalities record is substantially poorer. 
In contrast, fatalities in the age group 11 to 20 (9.2 percent) is markedly 
below the level expected from population distribution. It is reasonable to 
assume that the high children fatalities are influenced by their inability to 
escape a fire on their own (especially below the age of two), their 
lack of judgment about escape routes, and the large amount of time 
spent by them indoors. The same arguments probably apply to the age 
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FIG. 2a—Correlations of fire fatalities as function of age. 
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FIG. 2b—Correlations of fire fatalities as function of location. 

group above 65 years. On the other hand, the very high risk shown by 
the 51 to 60 age group is associated with a particularly high incidence of 
alcohol intoxication (see later) which is most likely a contributory factor 
both to the large number of ignitions (from cigarettes) and to the diffi
culty of fashioning proper responses for escape. 

Sex 

Analysis of the data related to the sex of fire victims indicates the 
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FIG. 36—Correlations of fire fatalities as function of sex and race. 

following. Males present a greater risk at all ages (Figs. 3a, b) and loca
tions (Fig. 4) than females (57/43), except for a high female child fatality 
rate that may be due to greater flammability of dresses worn by young 
girls, and a female preponderance in the 21 to 30 age group. As will be 
shown later, alcohol consumption, largely by men, begins around the age 
30 and becomes increasingly pronounced up to the age of 60. This heavy 
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FIG. A—Correlation of fire fatalities in Maryland as function of sex and race (M = male, 
F = female, W = white, B = black). 

drinking habit of older men not only contributes to the increase in the 
absolute number of fatalities in the older age groups, but also shifts the 
male/female ratio markedly toward men. It is a behavior pattern that is 
particularly prevalent in Baltimore city. 

Race 

With respect to race, the proportion of fatalities among blacks in the 
state of Maryland is higher (29 percent) than the population ratio would 
predict (17.8 percent). This higher mortality does not come from Balti
more city where 60 percent of the state's black population lives and where 
black and white fatalities very nearly correspond to the population ratio. 
Rathei-, it is due to the contributions from the small counties where the 
black fatality rate is substantially greater than expected. This increase 
cannot be ascribed to cigarette smoking or alcohol intake, behavioral 
habits which are not notably different than in the other areas of 
Maryland. One can speculate that the higher fatality rate among rural 
blacks is due to economic reasons, reflected in the malfunctioning or 
unsafe use of mechanical equipment (such as stoves) with lower ignition 
safety or of furnishings and building materials with a tendency to rapid 
flame spread and increased intensity once ignition has taken place. 

The high fatality incidence among black children (Figs. 3a,b) is note
worthy. This could, in part, be due to the absence of adult supervision, 
which prevents rescue from fires that are caused by mechanical malfunc
tions or by children playing with matches. By contrast, black fatalities 
in the 11 to 20 age group are unusually low. 
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Alcohol Contribution 

While specific contributions of alcohol to each individual case cannot 
be assessed because detailed information is unavailable, its overall in
fluence on and correlation with the fire fatalities record is substantial. 
Ingestion of alcohol not only enhances the human errors that are the 
causes of most fires, but it makes escape more difficult. It depresses 
arousal to danger and slows down the taking of adequate counter-
measures. It may also lower the lethality threshold of many toxic sub
stances although there are no firm medical data to bear this out. 

The contribution of alcohol is shown in Tables 5 and 6 and Figs. 5a, b, 
6, and 7. The magnitude of involvement is expressed in terms of blood 
alcohol level. A value in excess of 0.1 percent corresponds to intoxica
tion. 

The seriousness of the alcohol problem is shown clearly in Fig. 5. Blood 
alcohol content above 0.1 percent rises sharply in victims beyond the age 
of 30 and only declines somewhat at ages greater than 60. This excessive 
alcohol intake is particularly prevalent for men.' Fifty-seven percent of 
all male fatalities involve alcohol, as against 26 percent for women (Fig. 
6). In 71 percent of all fatalities in the age group 51 to 60, a connection 
with alcohol intake is observed. Alcohol is involved in 48 percent of all the 
white and in 39 percent of the black fatalities (Fig. 6). Forty-three percent 
of all the fire victims in Maryland had a positive test for alcohol. This 
rises to 51 percent if fatalities under 20 years of age are excluded. 

By sex and race, the heaviest correlation of alcohol use and fire deaths 
comes from black men (where 62 percent of all fatalities involve alcohol), 
closely followed by white men (56 percent), and white women (35 per
cent). In contrast, no fire deaths involving alcohol have been recorded in 
black women (Fig. 6). Very heavy drinking (with blood alcohol levels in 
excess of 0.2 percent) is concentrated in Baltimore city (Fig. 7), with the 
small and large counties at a lower level. Statewise, it involves white 
males most (28 percent), followed by black males (26 percent). Heavy 
drinking among white women is low (3 percent) and entirely absent in 
black women. 

Time of Incidents 

Fatal fire accidents occur throughout but are not uniformly distributed 
during the year or the time of day (Fig. 8 and Table 7). A preponder-

'The data from a report on alcohol drinking habits (Calahan, D., Cisin, I. M., and 
Crossley, H. M., "American Drinking Practices: A National Survey of Behavior and At
titudes Related to Alcoholic Beverages," Report 3, Social Research Group, The George 
Washington University, June 1967) do not show clear evidence that heavy drinking increases 
substantially with age for either men or women. It remains constant (at 25 ± 5 percent 
of the surveyed population) except for a decline beyond age 65. However, women are only 
about one quarter as much involved in heavy drinking as are men. 
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FIG. 5a—Correlations of fire fatalities in Maryland as function of age. 

100 

80 

ieo 

S 4 0 

20 

Negative 

i i ' 

liSVM Negative Blood Alcohol (Percent of Age Group) 
I < .1 % (Percent of Age Group) 

. 1 < .2% (Percent of Age Group) 
I > .2% (Percent of Age Group) 

Recorded Fatalities (Adjusted) 

< . 1 % .K.2X >.2% 

i •iliii ..gi 
Age (years) 

mn mtm 
FIG. Sb—Correlations of fire fatalities in Maryland as function of blood alcohol content. 

ance of fatal accidents takes place between midnight and 6 a.m. (42.5 per
cent), followed by 6 p.m. to midnight (22.1 percent), 6 a.m. to noon (18.6 
percent), and noon to 6 p.m. (16.8 percent). The midnight to 6 a.m. 
period involves adults slightly more (44 percent) than children (36 per
cent). Also, alcohol-related fatalities peak in that period, but the fraction 
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FIG. 6—Correlation of fire fatalities in Maryland as function of sex, race, and blood 
alcohol content. 
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Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BERL AND HALPIN ON FIRE-RELATED FATALITIES 43 

40 

t 
h 

10 

0 

1 1 

\ 
\ 

- \ 

I I I I 1 

— — Fatalities 
Fatalities- Blood Alcohol > .1% 

\ 
\ 

\ 

—̂ — -^ -^"^ 

1 1 I I I I 1 

1 

-

-

-

-

1 
Midn — 6 am 6 am — Noon Noon — 6 pm 

Time Period 
6 pm —1 Midn 
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TABLE 7—Occurrence of fatal fire accidents by time of day 
(113 cases, not adjusted, 1972/1973). 

Time Total Adults 
Adults, 

alcohol >0% 

15 
8 
6 
8 

37 

Children 
(<10 

years old) 

9 (36%) 
6 (24%) 
5 (20%) 
5 (20%) 

25 

Children 
« 2 

years old) 

2 
3 
3 
2 

10 

Midnight to 6 a.m. 
6 a.m. to noon 
Noon to 6 p.m. 
6 p.m. to midnight 

48(41%) 39(44%) 
21 (18.6%) 15 (17%) 
19(16.8%) 14(15.9%) 
25(22.1%) 20(22.7%) 

113 88 

of intoxicated fire victims is highest during the day. Children under the 
age of two are most heavily involved in the period 6 a.m. to 6 p.m., indi
cating that the absence of adults to assist in rescue may be of importance. 

With regard to seasonal distribution, the six cold months of the year 
(October to March) are responsible for 69 percent of all fatalities (Table 
8 and Fig. 9). Alcohol involvement is also heaviest during this period 
(69 percent), as are the number of incidents in which more than one 
person is killed (71.7 percent). 

Physical Causes of Fires 

Reconstruction of the events that initiated fires with fatal outcomes 
depends on detailed investigation at the fire scene. The causes can be 
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TABLE S—Occurrence of fatal fires by time of year (1972/1973 not ae(fusted). 

Alcohol >0.1% in 
Month Total Fatalities Multiple Fatalities Total Fatalities 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

20 
8 
8 
5 

11 
2 
0 

n 
2 

10 
8 

15 
100 

12 
2 
4 
0 
6 
0 
0 
5 
0 
0 
4 
6 

39 

3 
5 
4 
2 
5 
1 
0 
3 
0 
4 
4 
5 

36 

201 
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FIG. 9—Correlation of fire fatalities as function of time of year. 

divided into two broad categories: (a) human errors or delibarate fire 
starts and (6) malfunction of mechanical equipment. 

Table 9 presents a listing of the most probable causes. Tlie importance 
of cigarettes is evident. A sizeable perc«itage (47.2 percott) of the fatal 
Hres had their origin in the careless handling of cigarettes. The remainder 
were spread among a wide variety of human misjudgments (careless use 
of matches and of flammable liquids) or were due to faulty equipmoit 
(electrical short-circuits, etc.). Motor vdiicle and airplane crashes or 
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TABLE 9—Physical causes of fatal fires as indicated 
by fire investigators. 

Smoking 
Matches 
Candles 
Cooking 
Flammable liquids 
Heaters 
Electrical malfunctions 
Suicides 
Suspicious origins 
Unknown 

Total 

50 
5 
2 
3 
2 

13 
3 
3 
9 
9 

99 

explosions, where ensuing fires were judged to be the primary cause of 
death, were rare or nonexistent. 

Since cigarettes are the major cause of fire fatalities, it is of interest 
to analyze the available data in more detail (Table 10). Sixty-one percent 
of the Baltimore city fatalities involve cigarettes, as compared to 50 per
cent and 32.6 percent in the large and small counties, respectively, indica
ting a substantially larger use and misuse of cigarettes in the city and the 
suburbs. Almost half (42 percent) of the cigarette-caused ignitions occur 
in the midnight to 6 a.m. period. The other periods are almost equally 
involved at half this rate. 

As one would suspect, excessive alcohol ingestion and cigarette-caused 

TABLE 10—Cigarettes as ignition soiree in fire fatalities. 

Male Female Male Female 
White White Black Black Male Female White Black Sum 

Total fatalities 
(unadjusted)" 24 14 

Blood alcohol 
> 0% (unad
justed) 16 8 

Location 

31 19 38 12 

0 23 8 24 

50 

31 

Cigar«te Cigarette 
No Caused Total Caused 

Alcohol Alcohol >0<^ Fatalities Fatalities Fatalities, <% 

Maryland (adjusted)' 
Baltimore (adjusted) 
4 large counties (adjusted) 
18 small counties (ad

justed) 

14.2 
7.0 
5.0 

2.8 

27.7 
8.1 

14.0 

5.6 

42.5 
15.1 
19.0 

8.4 

88.7 
24.9 
38.0 

25.8 

47.9 
60.6 
50.0 

32.6 

'(unadjusted)—total case load. 
''(adjusted)—corrected for differences in participation in the fire fatalities program among 

the three major jurisdiaions (Baltimore city, 4 large counties, 18 small counties). 
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ignition are closely linked. In two thirds of the fatalities ascribed to ciga
rettes (that is, 31 in 50) elevated alcohol contents were found. Further 
details are given in Table 10. The larger contribution of men to cigarette-
caused deaths and their heavy involvement in the smoking/drinking link 
is evident. 

Medical Causes of Fatal Fires 

The fatal outcome of fires on human beings can be due to either a 
single or to a combination of distinct classes of causes. One class is made 
up of a broad spectrum of chemicals that are produced and inhaled at 
the fire scene. During combustion, many compounds are generated which 
are highly toxic to human beings.' It is difficult to predict their nature 
and concentration in detail since these factors are strongly dependent 
on the manner by which fires engulf the burnable components, on their 
composition, and on the gas flow pattern within the burning structure.' 
Some of the substances are potential asphyxiants (such as carbon mon
oxide (CO)' which displaces oxygen from hemoglobin and thus disturbs 
the normal oxygen delivery in the body). Others are specific in their inter
ference with specific enzymatic reactions (hydrogen cyanide (HCN)). 
Acidic or irritating gases (such as hydrochloric acid (HCl) from the com
bustion of polyvinyl chloride'" or aldehydes) may lead to severe pulmoneiry 
disorders. Combustion products containing highly toxic agents affecting 
the central nervous system" and metal-containing soots have recently 
been identified.'^ 

'Kishitani, K. and Nakamura, K., "Toxicity of Combustion Products," Journal of Fire 
and Flammability/Combustion Toxicology, Vol. 1, 1974, p. 104. Kishitani, K., "Study of 
Injurious Properties of Combustion Products of Building Materials at Initial Stages of 
Fire," Journal of the Faculty of Engineering, University of Tokyo (B), Vol. 31, No. 1, 1971. 
Einhorn, I. N., "Physiological and Toxicological Aspects of Smoke Produced During the 
Combustion of Polymeric Materials," Environmental Health Perspectives, Vol. 11, 1975, p. 
163. 

'Madorsky, S. L., Thermal Degradation of Polymers, Reinhold, New York, 1%8. 
Wagner, J. P., "Survey of Toxic Species Evolved in the Pyrolysis and Combustion of 
Polymers," Fire Research Abstracts and Reviews, Vol. 14, 1972, p. 1. Wooley, W. D., 
Plastics and Polymers, Dec. 1973, p. 280. Bowes, P. C , "Smoke and Toxicity Hazards 
of Plastics in Fires," Annals of Occupational Hygiene, Vol. 17, 1974, p. 143. 

'Haldane, J. S. and Priestley, J. G., Respiration, Yale, 1935. Drinker, C. K., Carbon 
Monoxide Asphyxia, Oxford, England, 1938. Killick, E. M., Physiological Review, Vol. 
20, 1940, p. 313. Meigs, J. W. and Pugh, J. G. W., Archives of Industrial Hygiene, Vol. 
6, 1952, p. 344. Carbon Monoxide: A Bibliography With Abstracts, U.S. Department of 
Health, Education and Welfare, Public Health Service, 1966. Bour, H. and Cedingham, I. 
McA., Eds., "Carbon Monoxide Poisoning," Progress in Brain Research, Vol. 24, Elsevier, 
New York, 1957. "Biological Effects of Carbon Monoxide," Annals of the New York 
Academy of Sciences, Vol. 174, 1970, p. 1. 

'"Coleman, E. H. and Thomas, C. H., "Products of Combustion of Chlorinated 
Plastics," Journal of Applied Chemistry, Vol. 4, 1954, p. 379. Tsuchiva, Y. and Sumi, K., 
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A second class covers the effects of unusual stress on persons involved 
in fires. Heart attacks or severe hormonal upsets can have fatal outcomes, 
especially if aggravated by disturbances brought on by the exposure to 
noxious chemicals. 

A third broad class includes thermal causes, of which burns are the 
most common example. Accidents, such as falls, cuts, or bruises incurred 
during escape from fire situations, may also lead to fatal outcomes. 

In this study, detailed biochemical analyses were made as part of a 
general autopsy to identify the principal causes of the deaths. 

Initially, the primary measurements were confined to carboxyhemoglobin 
(COHb) levels as indication of CO ingestion. At a later stage, lungs of 
fire victims were analyzed for volatile organic gases" and for soot deposits. 
Most recently, blood cyanide levels have been measured as well.'* In 
addition, an investigation of CO interaction with preexisting heart mal
function is under way." Observations on the extent of burns are also 
available. 

"Thermal Decomposition Products of Polyvinyl Chloride," Journal of Applied Chemistry, 
Vol. 17, 1967, p. 364. Stone, J. P., Hazlett, R. N., Johnson, J. E., and Carhart, H. W., 
"The Transport of Hydrochloric Acid from Burning Polyvinyl Chloride," Journal of Fire 
and Flammability, Vol. 4, 1973, p. 42. The presence of hydrochloric acid condensed on or 
absorbed by soots is frequently observed during the analysis of solid combustion products 
found at the scenes of fires (Berl, W. C , Proceedings, First Conference and Workshop 
on Fire Casualties, Applied Physics Laboratory, The Johns Hopkins University, April 1976, 
p. 73). The detection in soots deposited in the tracheobronchial trees of fire casualties is 
masked by the chloride ion content of biological fluids. The possibility of severe, local 
chemical irritations of lung tissue is obvious. 

"Petajan, J. H., Voorhees, K. J., Packham, S. C , Baldwin, R. C , Einhorn, L N., 
Grunnet, M. L., Dinger, B. G., and Birkey, M. M., "Extreme Toxicity from Combustion 
Products of a Fire-Retarded Polyurethant Foam," Science, Vol. 187, 1975, p. 742. 

"Soots ingested by fire casualties show a surprisingly frequent presence of metals, often in 
relatively high concentrations. Lead (presumably from paint pigments), copper, and 
cadmium (from electrical wiring and fixtures), and antimony (from fire inhibitors) have 
been detected in nearly one quarter of all fire victims. While their contribution to the 
fatal outcomes appear remote, the significance of these findings for people recovering from 
exposure to other combustion products remains to be established. 

"Evidence for irritating organic compounds has been obtained by analysis of lung gases. 
Acetaldehyde is present in detectable amounts in the lungs of most fire fatalities (to be 
published). 

"The development of a reliable analytical method for hydrogen cyanide in human blood 
(Altman, R., Proceedings, First Conference and Workshop on Fire Casuakies, Applied 
Physics Laboratory, The Johns Hopkins University, April 1976, p. 65) has led to routine 
blood screening of fire fatalities. The significance of its frequent presence and its contri
bution to debilitation and death in the presence of carbon monoxide needs clarification. 

"A surprisingly large number of fire victims have been shown to have had preexisting 
heart disease (Fisher, R. S., Proceedings, First Conference and Workshops on Fire 
Casualties, Applied Physics Laboratory, The Johns Hopkins University, April 1976, p. 41), 
particularly in the age span 20 to 39. While a relationship of oxygen deprivation and 
heart failure has been postulated before (see Comroe, J. H., Physiology of Respiration, 
Year Book Medical Publishers, 1974), the availability of a large number of fire victims 
with varying degrees of carbon monoxide ingestion will make it possible to establish this 
suspected relationship more firmly. 
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Figure 10 presents a summary of the biochemical measurements of the 
COHb content in the blood of fire fatalities, as well as the blood alcohol 
content and an indication of ignition caused by cigarettes. The results 
are shown in Table 11. If a COHb content of 50 percent or higher is set 
as the lethal limit, the majority of the casualties (59 percent) had inhaled 
lethal quantities of CO. Other debilitating compounds may have been in
volved also, for which chemical analyses were not made. In another group 
of eleven fatalities, the CO content was sufficiently high (that is, above 30 
percent COHb) to have caused severe debilitating reactions. 

Discussion 

Despite the unquestioned complexity of the physical and medical causes 
that lead to death in fires and the difficulty of obtaining adequately detailed 
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cmses of death, and smoking as initiator of fatal fires. Numbers refer to blood alcohol levels. 
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information and reconstructing the important chains of events, it is pos
sible to reach a number of general conclusions that shed some light on 
the major problem areas. Interpretations may change with time since 
they are based on ex post facto evaluations of potentially varying human 
behavioral and technological factors. But, insofar as Maryland is typical 
of the living conditions and life styles of many parts of the United States, 
the results may be suggestive of the general problem elsewhere. 

Most fire fatalities are solitary incidents or incidents that involve only 
a few persons. They occur primarily in residential structures and are 
largely the resuh of human errors. Few fire deaths are deliberately planned 
or self-inflicted. Spectacular and costly disasters in schools, movies, air
planes, and public meeting places are rare and hardly affect the national 
annual fatality records. During the entire four-year span of the fatality 
study, no mass disasters were encountered. 

Also, the generally quoted substantial contribution of automobile 
crash fires to the death toll" was almost entirely absent when the medical 
results of the investigations were analyzed in detail. This is so contrary to 
the accepted statistical information of nearly one third of sill fire fatalities 
occurring in automobile fires that a detailed check on the reasons for 
this discrepancy is in order. 

All age groups are involved in fire fatalities, with children under 
ten years of age and adults beyond the age of forty involved well beyond 
their proportional number in the population. Black children in Baltimore 
city and old people in the small counties are psirticularly vulnerable groups. 
In both cases, insufficient help with escape during the emergency may be 
an explanation. 

Men make up a substantially larger fraction of the fire casualties than 
women. This is related to a marked increase in the ingestion of alcohol 
by men in the age groups beyond 30. Most likely, it has an effect on the 
number of accidental ignitions and on the ability to take proper counter-
measures. 

Fire fatalities have occurred in nearly all of the political subdivisions 
of the state of Maryland. The average per capita record in the smaller, 
rural counties and in urban Baltimore is almost twice as poor than that 
in the larger, suburban counties. It is difficult, on the basis of the available 
information, to provide an explanation for this difference. Behavior pat
terns, standards of building construction, and fire safety of furnishings 
vary considerably with the various locations. One can speculate that the 
response time of local fire departments may have an effect in reducing the 
casualties in the large counties. Medical treatment may also be superior in 
the suburban communities. However, to confirm such tentative explana-

"The Report of the National Commission on Fire Prevention and Control (America 
Burning) presents fire loss data (Appendix V) for 1971. The life loss in building fires is 
given as 7570. Motor vehicle-caused fire losses are 3950. 
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tions would require a much more refined analysis of the fire development, 
of human behavior, and the effectiveness of countermeasures. Such detailed 
information does not currently exist. 

It is tempting to speculate about the wide variations in COHb content 
of fire victims and their relationship to the manner in which death occurred. 
The majority of the 59 casualties showing COHb values in excess of 50 
percent was probably due to slow ingestion of toxic gases (mainly CO) 
which were generated by smoldering combustion." Small quantities of a 
carbonaceous fuel (in the order of one tenth of a pound) can generate 
enough carbon monoxide to produce a concentration in excess of 0.1 
percent CO in a room of 1600 ft' volume (10 by 20 by 8 ft), with negligibly 
small temperature rise or oxygen depletion. One would expect high levels 
of carbon monoxide to be the sole cause of death. 

Should smoldering combustion be followed by a free-burning but ven
tilation-controlled fire, it is conceivable that moderate COHb concentra
tion (30 to 50 percent), together with bums, are the joint causes responsible 
for the fatal outcomes. In such cases, the initial ingestion of CO occurred 
in the absence of a high-temperature-producing flame. By itself, this CO 
ingestion would have been sufficient to cause death but could have led 
to severe incapacitations. But at a later time, the free-burning fire has 
advanced toward the victim close enough so that serious bums were caused. 
Evasive action was made difficult or impossible by the earlier COHb 
buildup. 

In the case of fire victims with COHb contents below 20 percent, fatal
ities in most instances were due to the effects of rapidly evolved hot gases 
from explosions or flash fires. This can lead to very high temperatures 
and extensive oxygen depletion in a short time. Carboxyhemoglobin build
up is either negligible or low, partly because the CO content in such fuel-
controlled fires is low, partly because the high gas temperature leads to 
rapid stoppage of breathing (laryngeal spasms). Fuel vapor explosions, 
rapidly progressing fires in compartments, or rapidly propagating clothing 
fires are representative examples. 

An unexpectedly large number of fire victims in the low COHb range 
were found to have suffered with severe cardiac difficulties, amounting 
to 9 out of the 34 fatalities with COHb contents of less than 40 percent. 
Since these fatalities were also strongly linked with cigarette smoking as 
a cause of the fire start (Table 10), it is conceivable that, in some in
stances, a fatal heart attack may have been the cause rather than the con
sequence of the fire. It is not possible, at this time, to judge the impor
tance of other eventualities such as the effects of stressful situations 

"Conditions leading to smoldering or flaming combustion are described in Palmer, K. N., 
Taylor, W., and Paul, K. T., "Fire Hazards of Plastics in Furniture and Furnishings: 
Characteristics of the Burning," Building Research Establishment Current Paper CP 3175, 
Fire Research Station, Borehamwood, England, Jan. 1975. 
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during a fire or the combination of a moderate CO ingestion and heart 
insufficiency, particularly when coupled with high alcohol intake. 

Conclusions 

Fire deaths are distributed throughout the state of Maryland, but the 
rate is notably lower (approximately one half) in suburban communities 
as compared with Baltimore city or rural areas. Deaths in children and 
the elderly occur well beyond their proportion in the population. Fire 
disasters, involving many people, and fatal transportation fires were rare 
in this two-year study and did not contribute much to the total fatality 
record. 

Inhalation of CO is responsible for incapacitation and death of 72 
percent of the fire fatalities. A pronounced involvement of alcohol (detected 
in 43 percent of all fire victims), particularly with men between the ages 
of 40 and 60, has been observed, coupled with careless use of cigarettes. 

Warning devices sensitive to smoke or other products of combustion 
could have prevented many of the fatalities in which high carbon monoxide 
intakes were involved. An effective public information effort, pointing up 
the hazards to life of simultaneous smoking and excessive drinking, 
should prove beneficial. Large life hazards posed by cigarettes as ignition 
source for fatal fires have been observed. Improved materials and designs 
that prevent smoldering, cigarette modifications, and public education on 
the hazards represent appropriate countermeasures. 
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DISCUSSION 

J. H. Petajan^ {oral discussion)—In the statistics on fatalities caused by 
cigarettes, how many of the victims were "primary," that is responsible 
for the ignition, and how many were "secondary," that is, not responsible 
for the initiation of the fatal fire? 

' University of Utah, Salt Lake City, Utah 84112. 
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fV. G. Berl (author's oral closure)—Ot the 50 recorded fatalities due 
to cigarette-ignited fires (in a total sample of 100 casualties), 30 were due 
to ignitions in which the cigarette smoker became the single fatality. In 
2 cases, the solitary victim did not cause the ignition. In 9 multiple in
cidents, 18 persons died, of whom 9 were responsible for the cigarette-
caused ignition. Thus, 11 fatalities were "secondary" in the sense that the 
victims bore no responsibility for the fire cause. Of these, 4 were less 
than 10 years old. 

One last point I would like to make. We find it very difficult, on the 
basis of what is happening in the state of Maryland, to account for an 
annual f£ ality of 12 000 people. We rather think it is more like six or 
seven tnousand, extrapolating Maryland to the country as a whole. This is 
a serious matter yet to be resolved. 

C. F. Kleiri^ {written discussion)—What are the long-term effects of 
exposures to low levels of toxic gases, such as CO, HCN and HCl? 

W. G. Berl (author's written closure)—The effects of repeated exposures 
to toxic gases at sublethal levels on humans are difficult to determine. An 
effort is currently underway in "Project Smoke," carried out by the Johns 
Hopkins University School of Hygiene and Public Health to analyze the 
long-term effects of exposures to fire atmospheres and stresses on fire 
fighters. This study, however, cannot give insights into the contributions 
from individual gases. 

D. Hammerman^ (written discussion)—Has an effort been made to 
collect data on blood COHb levels in survivors who were nearby or in the 
fire area where a fire fatality occurred? 

W. G. Berl (author's written closure)—No systematically acquired 
information on COHb is available on people that have been exposed to 
fire atmospheres. Generally, if toxic effects from high intakes of carbon 
monoxide are suspected, oxygen is administered as quickly as possible 
in order to reverse the debilitating effects of CO. 

It would be of value, however, to gather more information on survivors 
from fires who have ingested toxic combustion products. It would help 
to distinguish effects that may not be caused by CO (such as hyperven
tilation) and for which oxygen therapy is not a cure. There is also little 
factual information on hand on sublethal effects of CO that cause severe 
physiological and psychological malfunctions in stressful situations. 

C A. Clark* (written discussion)—Can the data be analyzed in terms 
of deaths: (a) where the victim was known to have been in the room of 
fire origin and (b) where the victim was not in the room of fire origin? 

B. M. Halpin (author's written closure)—In the analysis of the data, 

^Senior research engineer, Johnson Controls, Inc., Milwaukee, Wis. 53201. 
'Chief fire protection engineer. Office of the Maryland Fire Marshal, Baltimore, Md. 

21201. 
'Senior development scientist, B. F. Goodrich Chemical Co., Avon Lake, Ohio 44012. 
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the room of fire origin and the location where the victim is found are 
both recorded. Thus, one can determine whether or not the victim was 
found in the room of origin. 

In about 40 percent of the cases, the victim was found in the room 
where the fire originated. However, it is not always discernible whether 
the victim was there at the time that the fire started. Some persons clearly 
entered the room of fire origin on a search mission. The details of such 
special situations are very difficult to reconstruct. 

Similarly, many victims escaped from the room of fire origin only to 
die somewhere else. Again, it is not possible to retrace their movements 
in detail. 
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REFERENCE: Bercaw, J. R., Jordan, K. G., and Moss, A. Z., "Estimiiting Injury 
from Burning Garments and Development of Concepts for Flammability Tests," Fire 
Standards and Safety, ASTM STP 614, A. F. Robertson, Ed., American Society for 
Testing and Materials, 1977, pp. 55-90. 

ABSTRACT: Part of the flammability research at Du Pont has been concerned with 
understanding the way various garments ignite and transfer heat under simulated 
conditions of use. The objective is to develop basic principles which will aid in the 
definition of improved products and guide the development of more appropriate test 
methods. To this end, we have acquired Thermo-Man, a thermally instrumented 
manikin and heat sensing system which produces detailed estimates of injury from 
burning garments. The highly sophisticated system and procedure for injury evalua
tion to give accurate estimates of area burned and burn depth through the human skin 
is reviewed. Burn injury data are presented which predict injury potential from com
mon apparel, including fabrics from both man-made and natural fibers. Effects of 
garment type on potential injury and injury-time propagation are also discussed. 

Thermo-Man provides a unique basis for development of concepts for more relevant 
and predictive flammability tests applicable to general apparel fabrics. The essential 
aspects of burn injury production are fabric ignition and heat transfer. Research at 
the National Bureau of Standards (NBS) and Du Pont is aimed at developing a heat 
transfer concept for possible consideration as part of a general apparel fabric flamma
bility test method. 

KEY WORDS: fires, flammability, flammability testing, fabrics, apparel fabrics, heat 
transfer, burns (injuries) 

The basic objective of product safety tests and standards is to protect 
the public from the unreasonable risk of serious injury, death, or prop
erty loss. In addition, to protect the public from undue burden, such 
standards should be addressed to those areas where: 

1. Need is the greatest. 

'Manager, Product Services and Technology, Textile Fibers Dept., senior research chemist. 
Textile Research Laboratory, and research chemist. Textile Research Laboratory, respec
tively, E. I. du Pont de Nemours and Co., Inc., Wilmington, Del. 19898. 
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2. Hazard can be defined. 
3. Relevant test method can be designed to protect against such hazard. 
4. Reasonable cost-benefit can be predicted. 

It is probably obvious by now that we have just reviewed many points 
stated in the Flammable Fabrics Act and voiced by the Consumer Product 
Safety Commission. 

The purpose of this paper is to discuss some of our efforts at Du Pont 
as they relate to the second and third points just listed. Definition of any 
real-life flammability hazard is a highly complicated task. Considerable 
progress is being made using sophisticated facilities and instrumentation 
to better define and understand the combustion properties of materials 
for construction and home furnishing. The difficulties of such studies are, 
in many ways, even more complicated when we attempt to define any 
real-life hazards of apparel fabrics because of human involvement and 
interaction. 

Textile flammability is a matter of real concern to Du Pont, as well as 
the industry in general. We want to develop a factual understanding of 
the problem so that we can take intelligent courses of action. As a result, 
part of our fabric flammability research at Du Pont has been concerned 
with understanding the way various garments ignite and transfer heat 
under realistic conditions. Our objective is to develop basic principles 
which will aid in the development of more appropriate test methods and 
in the definition of improved textile products. 

Equipment And Procedures 

Our Textile Research Laboratory has placed heavy emphasis on the 
measurement of heat transferred from burning fabrics and garments to a 
sensing surface, since heat transfer is a key factor in producing actual 
burn injury. Early work in this area was based on use of a fairly simple 
heat transfer panel and a simple instrumented child-sized manikin [1].^ 
Much useful information was obtained from experiments conducted with 
these devices, but they also had some shortcomings. Recognizing the need 
for more quantitative research in this area, we acquired Thermo-Man, a 
highly sophisticated manikin and sensing system which is capable of pro
ducing detailed estimates of injury from burning garments. Thermo-Man 
was originally developed by the Aerotherm Division of the Acurex Corpo
ration for U. S. Air Force studies of protective clothing. 

The Du Pont Thermo-Man system shown in Fig. 1 was modified specif
ically to study general apparel flammability. The general principle of 
operation is for the heat sensors to detect temperature at a given time, 
which is then translated by a computer program into extent of body dam-

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. l — Thermo-Man. 

age. The procedure for injury evaluation is shown in Fig. 2. Each of 
Thermo-Man's 122 sensors (including 8 sensors in the face, neck, and 
head) can be scanned up to 3 times/s to record temperature-time history 
during the experiment. This is converted into incident surface heat flux 
which serves as the input to a skin-simulant computer program. Skin sur
face temperature history is computed, and heat transfer through the skin 
is determined using thermal properties of human skin. Knowing the 
temperature history as a function of depth allows depth of thermal injury 
to be determined. The burn injury model developed by Aerotherm follows 
the work of Henriques [2] which was modified by Stoll et al [3,4]. The 
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FIG. 2—Procedure for injury evaluation. 

model assumes that thermal injury is an activated rate process following 
an Arrhenius-type relation 

= I C exp ) 
dd \ RT / 

where Q, integrated and equated to unity, means that tissues at tempera
ture T are dead in 0 s. Figure 3 shows excellent correlation of the model 
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FIG. I—Correlation of skin bum tests with mathematical model of skin injury. 

(as depicted by the dashed line) with experimental second degree or partial 
thickness burn injuries on human and porcine subjects l2-7\. In our 
Thermo-Man system, this relationship has been extrapolated to estimate 
full-thickness or third degree burns, although its correlation with living 
skin cannot be so precisely established. 

Modifications are being made periodically to our Thermo-Man to make 
it as predictive as possible of deep injuries. For example, we have changed 
the computer program to account for the liquid-to-vapor phase change 
that occurs at 100 °C for tissue water. Without this modification, our 
computer program overstates third-degree tissue damage. Also, a con
trolled wind system has been added to simulate Thermo-Man in motion 
(Fig. 4). 

We believe that the Thermo-Man system provides an ability to study 
apparel flammability in a quantitative way heretofore not possible. It is 
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FIG. 4—Thermo-Man chamber. 

the only one being used in the textile industry to study apparel flam-
mability. 

The actual burn damage information provided by Thermo-Man is de
scribed in Figs. 5, 6, and 7. Computer printouts include a summary of burn 
damage as percent body burned by class or degree of injury at various 
depths into the skin. This is measured in terms of Q, the Henriques' tissue 
damage factor. Class A means no epidermal damage, while Class B signi-

I . SliMM4Rr OF BURN DMME TO WE TOTAL BODY 

• CLASS A - NO DAMAGE (Q < 0.5 AT KiOii) 

• CLASS B - / » ' DfGSfC r0.5< 0 < / . 0 4 T / 0 0 « ; 

• CL4SS C - 2nd DEGREE (Q -1.0 BETWEEN 100 8 200011) 
PARTIAL THICKNESS 

• CLASS 0 - y^ DEGREE (O > 10 AT 2000U ) 
FULL THICKNESS 

( WHEN Q • I , ALL CELLS ARE DESTROYED ) 

E. BODY REGIONS 

• X DAMAGE BY CLASS 

» Q AT lOOft AND 2000)1 

• HEAT (CAL./CM.^ ) 

FIG. 5—Thermo-Man burn damage information. 
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TIME • INJURY PROFILE 

• NUMBER OF SENSORS REACHING a'I AT 10 

DEPTH LEVELS VS. TIME 

• TIME VS. CLASS OF INJURY 

HEAT TRANSFER DATA 

• TIME VS. TEMP 

• TEMP. AND n AT 100u 

• HEAT FLUX 8 TOTAL HEAT VS. TIME 

FIG. 6—Thermo-Man burn damage information (continued). 

fies first-degree burns or reddening of the skin. Class C indicates second-
degree or partial-thickness burns through the epidermis which averages 
about 100 fim in depth. This is accompanied by blistering. Class D indi
cates third-degree or full-thickness burns through the dermis and cor
responds to an injury depth which can exceed 2000 ^m in depth. An 
artist's conception of human skin is shown in Fig. 7. Second- and third-
degree (C and D) injury exceeding 15 to 20 percent of the body area 
normally requires prolonged hospitalization in a specially equipped burn-
trauma unit. Since skin regenerating functions such as sweat and sebaceous 
glands and hair follicles are destroyed in third-degree burns, skin grafting 
is required. 

The computer printout also breaks down body injury by body region 
burned. Complete heat transfer information is also provided. As shown in 
Fig. 6, a time versus degree-of-injury profile and heat transfer data, in
cluding skin surface temperature at any given time, tissue temperature and 
damage at 100 ^m, and heat-flux plus total heat versus time, are printed 
out. We can also obtain a plot of body area burned as a function of time 
for each burn class. 

Before illustrating the kinds of information which the Thermo-Man 
system can generate, we would like to caution against drawing too many 
general conclusions from the data. As you know, many factors affect 
apparel flammability and any related injuries. Among these factors are 
the garment design, fit, and condition, the fabric composition, construc
tion, finishes, the conditions of ignition, the presence of flammable liq
uids, the victim's reactions, and many others. We can only present data 
for very simple accident circumstances. Every real incident is unique, and 
we do not presume to say that Thermo-Man duplicates real life. However, 
we do believe that Thermo-Man is the closest we can get today to simulat
ing a real apparel flammability accident in a laboratory environment. 
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FIG. 1—Human skin. 

Experimental Work 

Our experimentation with Thermo-Man has been underway for over 
a year. We have tested an extensive number of commercially available and 
experimental fabrics, some of which are shown in Fig. 8. As you can see, 
the list includes a wide range of 100 percent textured polyester wovens 
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FIG. 8—Fabrics tested on Thermo-Man. 

and knits, untreated cotton, untreated polyester/cotton, acrylic, wool, 
acetate, nylon, spun polyester, spun flame-retarded polyester, blends of 
spun flame resistant (FR) polyester with FR rayon, and FR cotton. 

In our first series of experiments, our intent was to define Thermo-
Man's ability to distinguish among these various textile compositions, 
while keeping garment design and ignition source constant. 

We, of course, recognize that ease of ignition and extinction are very 
important considerations in garment flammability properties. However, in 
our work to date, we have elected to emphasize the question: "once ig
nited, how much damage was caused by the burning garment?" 

Single layer A-line garments with no undergarments were ighited with a 
triangular tab of filter paper weighing 1.1 g. It is attached at the hemline 
behind the right knee, as shown in Fig. 9. This paper tab size provides 
an exposure similar to that of a book of matches or a few-second ex
posure to a gas range burner. It is substantially more severe than the 3-s 
exposure in Federal flammability standards DOC FF 3-71 or FF 5-74 for 
children's sleepwear. 

Burn injury data were computed during 80 s following ignition of the 
garment. We recognize that the first 30 to 60 s are probably the most crit
ical io an actual apparel flammability accident. However, the 80-s dura
tion and other conditions were selected after considerable experimentation 
to approximate injury results reported for similar apparel and ignition 
sources in the National Bureau of Standards's (NBS) Flammable Fabric 
Accident Case and Testing System (FFACTS) file on actual burn ac
cidents. 

Analysis of the fabric burning behavior and burn injury data indicates 
that, under the conditions of this test, there is less than 1 to 2 percent 
body area injury potential (Fig. 10) for 100 percent textured polyester, 
nylon, spun polyester, and flame-retarded fabrics such as FR cotton, 
spun FR polyester, and FR polyester in certain blends with FR rayon. A 
wool fabric also registered less than 2 percent body area damage. All of 
these fabrics self extinguished. In fact, only 3 of the 45 commercial textured 
polyester fabrics gave any injury at all, and that was restricted to 1 per
cent second-degree damage at the ignition point. 
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FIG. 'i—A-lme garment and ignition tab. 
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FIG. 10—Fabrics with less than I to 2 percent bodily injury. 

For the more flammable fabrics, Thermo-Man has the ability to quantify 
different degrees of heat transfer and injury. This is illustrated in Thermo-
Man injury diagrams. In Fig. 11, a 3.2-oz untreated cotton burned 33 
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FIG. 11—Thermo-Man burn injury, cotton (3.2 oz). 

percent of the body, with 14 percent experiencing full-thickness, third-
degree burns. The dotted area denotes first-degree burns, while the lined 
area denotes second-degree, and solid black denotes third-degree. Figure 
12 shows that a lighter-weight, 2.9-oz untreated polyester/cotton burned 
29 percent total area, but only about 2 percent of the area was full-thick
ness injury. A-line garments of acrylic or acetate gave localized burns 
(largely second-degree), shown in the next two figures (Figs. 13 and 14), 
both covering areas of about 15 percent. The acrylic and the acetate 
dresses often self extinguished when flame fronts reached close-fitting 
garment areas. 

In addition to the extent and severity of burn injury shown in these 
injury diagrams, our system prints out an injury-time profile. To illustrate, 
results for untreated 3.2-oz cotton are shown in Fig. 15. Note that it took 
24 s after garment ignition for initial injury to occur, and, 6 s later, 10 
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FIG. 12—Thermo-Man bum injury, polyester/cotton (2.9 oz). 
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FIG. 13—Thermo-Man burn injury, acrylic (3.5 oz). 

percent of the body was burned through the epidermis. After 40 s, suf
ficient heat was generated to cause full-thickness or third-degree burns, 
increasing up to about 15 percent of the body at test termination. In Fig. 
16 for untreated 2.9-oz polyester/cotton, initial injury occurred at 12 s, 
and an additional 30 s were required to cover 10 percent of the body. 
Fifty-two seconds were required before third-degree burns occurred, 
which increased only to 2 percent of the body area at termination. 

Following these initial experiments, some of which have been reported 
[5], we expanded our experimental work to include various modes and 
intensities of ignition sources, the effects of garment configuration and its 
proximity to the manikin surface, and the effects of multiple garment 
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FIG. 14—Thermo-Man bum injury, acetate (2.8 oz). 

FIG. 15—Cotton (3.2 oz) large tab behind knee. 
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FIG. 16—Polyester/cotton (2.9 oz) large tab behind knee. 
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layers. These variables, as anticipated, complicated the apparel flamma-
bility picture to a significant degree. Results cast serious doubts on the 
ability of any single, small-scale test to predict the hazards of apparel 
products. Some specific examples are discussed. 

One example of our mode of ignition work is shown in Fig. 17. In this 
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FIG. 17—Thermo-Man burn injury, cotton (3.2 oz). 

case, we ignited the cotton A-line garment with the paper tab in the lap 
rather than at the hem. The flame spread was slower, giving only 10 per
cent area burns in 80 s. Other ignition tests (some to be discussed later) 
confirmed the sensitivity of untreated cotton to oxygen availability. Paper 
tab ignition at the hemline was selected as the standard ignition mode for 
A-line garments as representing the more severe case, since meltable fibers 
cannot shrink away from the ignition source, and air is readily accessible 
to both fabric surfaces. 

Examples of multigarment system burns are shown in Figs. 18-20 for a 
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FIG. 18—Cotton dress over polyester/cotton slip and cotton/rayon pants. 
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FIG. 19—Cotton dress over nylon slip and nylon/polyester pants. 
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FIG. 20—Cotton (3.2 oz) large tab behind knee. 

cotton dress over cellulosic versus thermoplastic undergarment systems. 
An important observation was that both undergarment systems provided 
a degree of protection from injury to Thermo-Man during the early stages 
of the garment burns. Comparing time-injury profiles of the multilayer 
garment burns to that of the cotton A-line garment without undergar
ments shown earlier (Figs. 15 and 20, the latter rescaled for comparison 
with Figs. 18 and 19) revealed that less second- and third-degree injury 
was experienced in tests with undergarments, during the first 80 s. 

For example, both sets of undergarments restricted second- and third-
degree injury to less than 5 percent body area at 30 s versus 11 percent 
area damage without undergarments. At 60 s, the nylon undergarments 
suppressed injury to 13 percent second- and third-degree area damage 
versus 20 percent with cotton undergarments as compared with 27 percent 
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without undergarments. However, if tiie test garments are permitted to 
continue burning for an unrealistic 3 to 4 min, extensive body damage is 
incurred by both systems from additional fuel provided by the undergar
ments. Both situations of protection and aggravation exist in actual burn 
accidents. The FFACTS file contains examples where underclothing ap
parently provided protection and other examples where underclothing ap
peared to contribute to the extent of injury. 

In order to further our understanding of the way apparel fabrics ignite 
and spread flame, we investigated a series of common fabrics in several 
standard garment configurations. In this series, we also studied the dif
ferences between ignition at hemline extremities and garment surface igni
tion. 

We depict some of these relationships in photographic montages show
ing flame spread at 30-s intervals. 

In Fig. 21, we show the flame spread performance of five different 
fabrics in dresses, with ignition at the middle of the front hemline. This is 
an example where visual ranking can be quite misleading. Although more 
apparent in color photography, these black and white picture sequences 
imply that the potential damage from the acrylic or polyester/cotton gar
ments might be greater than untreated cotton (as illustrated by flaming 
and the "disappearance" of the white garments) during the 60 to 90-s 
period. However, Thermo-Man heat transfer measurements told a dif
ferent story. As we can see in Table 1, the cotton garment at 80 s had 
caused 25 percent body area damage (second- and third-degree burns). 
The polyester/cotton caused 18 percent area damage, and the acrylic, 9 
percent. Wool was less than 2 percent. 

It is a common error among laymen to associate the heat from a flame 
with its luminosity in the visible portion of the spectrum; that is, the more 
visible the flame, the hotter. As any chemistry student knows, luminosity 
indicates inefficient combustion, and it is the nonluminous flame which is 
producing the most heat. 

To illustrate these points, we have observed the thermal radiation from 
the flames of burning fabrics using a scanning infrared camera (Barnes 
Engineering Type T-6), sensitive from 2 to 20 /̂ m. Without going into 
detail, this experiment showed that there is virtually no relationship be
tween the visual luminosity and the thermal radiance of fabric flames. 
In fact, very little thermal radiation is emitted from the very thin flames 
occurring in fabric fires. So the eyes can be a poor judge of heat and 
hazard. 

Figure 22 shows flame spread characteristics of five fabrics in men's 
pajama-type garments when ignited at the right pant cuff. In this case, 
and in contrast to front-hem ignited dresses, the visual flame spread rate 
was fastest for cotton. Garments of 100 percent nylon essentially failed 
to ignite. Typically, the acrylic is slower to get going but, like 100 percent 
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TABLE \—Thermo-Man injury in dresses. 

Composition 

Cotton 
Polyester/cotton 
Acrylic 
Wool 

°80 s after ignition. 

oz/yd' 

3.2 
2.9 
3.5 
3.5 

Second- and Third-Degree 
Burn Area, %° 

25 
18 
9 

<2 

cotton and polyester/cotton, can be largely consumed if the test is con
tinued for a longer period of time. 

The next two montages (Figs. 23 and 24) show the differences between 
ignition at the front hemline versus ignition on the front surface of shirt-
type garments. The fabric damage patterns are quite similar for all-cot
ton, polyester/cotton, and acrylic within a given ignition case. However, 
as expected, surface ignition lagged edge ignition in flame spread rate. In 
both ignition modes, 100 percent polyester did not propagate a flame. 
These findings were essentially duplicated in a pants series comparing cuff 
ignition with ignition on the surface at the knee. 

Flammability Test Concepts 

Through hundreds of burn experiments on Thermo-Man, some of 
which have been described in this paper, we have gained a better under
standing of garment flammability and a high level of confidence in the 
capability of this system to quantify injury potential from burning gar
ments. Though not perfect, we believe Thermo-Man provides the best 
available reference for developing a meaningful fabric flammability test 
suitable for general apparel. 

An overall perspective of the problem of developing a general flamma
bility test for apparel fabrics must include the following points. 

1. The hazard to be protected against must be identified and quantified 
as thoroughly as possible from reliable accident reports and from laboratory 
research. 

2. We must be able to predict real-world behavior as best we can 
through simulation of key aspects of apparel fires. 

3. Finally, we need to define intrinsic fabric properties related to the 
hazard and reliable laboratory-scale measuring tools which are consider
ably less complicated than the full-scale simulations required for the first 
two points. Here, the object is to provide a continuous scale along which 
fabrics can be ranked and meaningful pass/fail criteria selected. 

As we have said, Thermo-Man enables us, for the first time, to quanti
tatively compare and rank garments by hazard in a laboratory situation. 
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FIG. 24—Shirts, surface ignition. 

In order to adapt our Thermo-Man results to the first two requirements 
listed, we have derived a parameter designated as a burn severity func
tion, B. This permits a single number to be assigned which takes into ac
count the depth and area of injury from a given Thermo-Man accident 
simulation. The equation for B is shown. Fabrics causing injuries varying 
in depth, as well as extent, can thus be directly compared quantitatively 

B(A,d) = /l[ln((5/100) -I- 1] 
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5 is a function of burn area (A) and burn depth (d). The derivation of 
B comprehends a linear increase in burn severity with increasing burn area 
so long as there is damage through the epidermis, which is assumed to 
average 100 f/m in thickness. The severity also increases with increasing 
depth of burn injury but at a nonlinear decreasing rate as the depth in
creases. 

The dependence of B on depth and area is shown in Figs. 25 and 26. In 
Fig. 25, B is plotted against burn area (A) at various depths of injury. 
This plot shows, as we have stated, that a given increment of injury depth 

A ( % body area ) 

FIG. 25—Dependence of burn severity on area at different depths. 
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FIG. 26—Dependence of burn severity on depth at different areas. 
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has a greater effect on B values at shallower depths than at deeper injury 
depth. In Fig. 26, B is plotted against burn depth (d) at various areas of 
injury. If burn area is small, then B, the burn severity function, does not 
increase very rapidly as depth of injury increases. However, in the cases 
where burn injury areas are larger, severity increases rapidly with increas-
ing\damage depth. 

We believe this system may, in fact, provide more precise burn injury 
information than is presently available through physicians from burned 
patients. There is no clear-cut, clinical method for quantitatively assessing 
the severity of human burn injury beyond rough estimates at the time of 
hospital admission. In this regard, Dr. J. A. Moylan [9] has stated " . . . the 
clinical signs we use [to estimate second- and third-degree burns] are very 
inaccurate. Let me emphasize that people who are experts in burn care are 
right only six in ten times when they say a burn is second or third [degree] 
. . . . Indeed, the proof of the pudding is, if it's second degree, it'll heal 
without grafting, if it's third degree, it'll require skin grafting. . . . It's a 
functional distinction." 

The Thermo-Man system, we believe, provides a valid conceptual model 
of burn injury, not perfect by any means, but good enough to allow us to 
proceed with confidence in our efforts to define the elements of a general 
apparel flammability test method. 

Any proposed flammability test method ought to meet the requirement 
of predicting relative burn severity on Thermo-Man for some series of 
fabrics. 

Table 2 shows how some current char-length tests fare versus Thermo-
Man. In both the present federal children's sleepwear standard, FF 5-75, 
and the proposed semirestraint test, the length of char or burned fabric 
is intended to distinguish hazardous from nonhazardous items. An aver-

TABLE 2—Thermo-Man versus current tests. 

Specimen, oz Char Length, 

Acetate, 2.8 
Acrylic, 4.3 
Wool, 3.5 
65/35 polyester/cotton, 2.9 
Cotton, 3.2 
Polyester, 7.5 
Polyester, 7.0 
Polyester, 6.5 
90/10 polyester/silk, 7.0 
Polyester, 5.8 

10 
10 
10 
10 
10 
5 
3 

10 
10 
10 

FF-5 

, in. Pass/Fail 

F 
F 
F 
F 
F 
P 
P 
F 
F 
F 

- Semirestraint 
Char Length, in. 

12 
12 
12 
12 
12 
6 
3 

10 
12 
10 

Thermo-Man Burn 
Severity, B 

(A-Line Dresses) 

24 
25 

5.6 
53 
88 
0 
1.5 
2.8 
5.9 
0 

NOTE—Tests fail to consider the essential aspects of burn injury production: the burning 
fabric evolves heat which is transferred to the body. 
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age char length in excess of 7 in. represents a failure. The maximum spec
imen length in FF-5 is 10 in. and in the semirestraint is 12 in. In the last 
column are the Thermo-Man B values. We see that these fabrics de
scribe a range of injury production on Thermo-Man from a B value of 
zero, to a 5 value of 88, with numerous intermediate values. No such 
range exists in the char-length data. 

It would appear that char length is a rough cut criterion with problems 
of regulatory overkill and shows little, if any, correlation with hazard. 
Numerous fabrics of very low injury potential fail the test. Further, fab
rics which vary in burn severity by more than an order of magnitude are 
indistinguishable by the char-length tests. The problem with these tests is 
that they do not measure the essential aspect of burn injury production: 
heat which is tranferred to the body. Only when that heat is in excess of 
some minimum over a sufficiently large area does clinically significant in
jury occur. 

Recognizing this, we undertook a program to characterize a variety of 
fabrics for their lateral heat transfer capability. We selected a fixed and 
controllable configuration, as shown in Fig. 27; the 8 by 9 in. specimen is 
held in a frame !4 in. from a heat sensing surface. Ignition is with an 
0.1-g filter paper tab. The entire apparatus is vertical. The heat sensing 
board, shown in Fig. 28, monitors the burning of a 4 by 5 in area in the 
center of the specimen. It consists of 24 blackened copper disks about 
Vi in. in diameter. These disks are scanned every second by a VIDAR 
digital data acquisition system. All results are compared directly with 
identical fabrics in tests on Thermo-Man. 

Figure 29 shows the excellent correlation we have obtained between 
heat transfer to the sensor board and the Thermo-Man burn severity for 
A-line dresses. The coefficient of determination, /^^ is 0.97, meaning that 
97 percent of the variation in B is accounted for by the variation in the 
abscissa. We will discuss the abscissa in a moment. Recognizing that some 
of these 13 data points represent a relatively small number of determina
tions on both the sensor board and Thermo-Man, we are nevertheless 
optimistic that the data fit will be further confirmed as more determina
tions are made. 

The abscissa involves the average heat dose, q, (in calorie/square cen
timetre) which the 24 sensors have received for the entire duration of the 
sensor board burn. We divide q by /, the time it has taken the entire 
sample to burn. This is, in effect, the inverse of the burning rate. Thus, 
the abscissa is the heat dose weighted by the rate of burning or flame 
spread. 

We note that the ordinate involves the value of Thermo-Man fi at 80 s 
from the time of fabric ignition. The reasons for this choice have already 
been discussed. For fabrics which self extinguish, 80 s generally exceeds 
the actual burn time. However, for nonextinguishing fabrics, 80 s is con-
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FIG. 27—Fabric and ignition tab in heat transfer board. 
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FIG. 28—Heat transfer board. 

siderably shorter than the time it takes such a garment to burn to com
pletion. For Hghtweight garments, it may take 3 min or so; for heavy
weights, as much as 7 min may be required. Thus, there is an impHcit 
time dependence in the Thermo-Man data as we report it. Since the burn 
severity depends so strongly on area involved, it is clear that, at 80 s, a 
smaller area will be involved with a slow-burning fabric than a rapidly 
burning one. Thus, we divide the area averaged heat dose that a fabric is 
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FIG. 29—Heal transfer to Du Pont sensor board. 

capable of transferring to a vertical surface by the time it takes to burn a 
fixed area. 

We have work currently underway to assess Thermo-Man injury poten
tial and correlation to the sensor board for additional garment configura
tions, including the six specified garment types under study by the Con
sumer Products Safety Commission. Initial Thermo-Man data for three 
garment configurations in three dissimilar fiber compositions are shown 
in Table 3. Note that the looser-fitting nightgown and pajama garments 
are ranked similarly to that described earlier for A-line dresses. These 
data tend to confirm that various fabric compositions can develop their 
own unique burning characteristics in different garment types. 

For the case of pajamas, an apparent chimney effect may actually 
promote the burning of cotton pajama pants. The proximity of the 
pajamas to the Thermo-Man body (in comparison with a nightgown or 
dress) provides greater heat transfer as long as there is adequate oxygen 
for combustion. On the other hand, the pajama configuration appears 
to slow down heat transfer and injury in the case of acrylics. Thermo-
Man documentation shows that, for loose fitting garments like pajamas 
with ignition at the lower edge of the pants, the cotton garment is largely 
consumed in 80 s (Fig. 30), resulting in 63 percent area second-degree and 
third-degree burns, shown in Fig. 31. By comparison, the acrylic garment 
has been consumed only to the knee (Fig. 32) in 80 s, yielding only 4 per
cent area burns, shown in Fig. 33.-

In the shirt configuration, we hypothesize that the closeness of fit of 
the cotton garment resulted in considerably less heat transfer than for 
pajama or nightgown-type garments. This can be explained on the basis 
of oxygen depletion with some heat-sink cooling effect from Thermo-Man 
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FIG. 30—Cotton pajamas on Thermo-Man. 
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TABLE 3—Thermo-Man injury (edge ignition at lowest extremity). 

Garment 

Nightgowns 
cotton 
acrylic 
nylon 

Pajamas 
cotton 
acrylic 
nylon 

Shirts 
cotton 
acrylic 
nylon 

Weight, 
oz/yd^ 

3.2 
3.3 
4.0 

3.2 
6.9 
4.0 

3.2 
3.3 
4.0 

Second-
Injury, 

and Third-Degree 
," Body Area, 

39.3 
13.2 
0 

62.8 
4.1 
0 

14.8 
18.1 
0 

% 
Burn Severity, 

Index, B 

136 
51 
0 

241 
16 
0 

59 
65 
0 

"Terminated at 80s. 
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FIG. "iX—Thermo-Man burn injury, pajamas (SOsj, 3.2 oz cotton. 

himself. Thermo-Man documentation for shirts was obtained 80 s after 
tab ignition at the lower, front shirt-tail hem. The front of the cotton 
shirt is well consumed (Fig. 34) with 15 percent area burns (Fig. 35). Con
trary to the case for gowns and pajamas, acrylic fabric nearly duplicates 
(Figs. 36 and 37) cotton performance in shirts for second- and third-degree 
burn damage. 

In still another Thermo-Man study, a series of fabrics was evaluated in 
dress versus shirt-type garments. Results shown in Fig. 38 basically rein
force those just discussed for gown, pajama, and shirt configurations. 
Figure 38 shows that oxygen depletion effect for the cotton shirt versus 
the dress. Also, it should be noted that, except for cotton, the injury in-
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FIG. 32—Acrylic pajamas on Thermo-Man. 
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FIG. 33—Thermo-Man burn injury, pajamas (80s), 6.9 oz acrylic. 

dex for these fabrics increased as the garment configuration shifted from 
dresses to shirts, due to the shirt's closer proximity to the body. 

Fabrics of 100 percent nylon failed to cause injury in any of the various 
garment configurations. Similar performance would be expected from 
garments of 100 percent polyester, modacrylic, or FR cotton. 

Conclusions 

In nearly all this work, it must be reemphasized that we have elected to 
study the severe condition: "once ignited, how much damage resulted?" 
We recognize, for example, that garment style and fit can affect probabil
ity of exposure to ignition sources, an extremely important factor. Further, 
we know that fabric composition, construction, and condition can af
fect ease of ignition, once exposed. Finally, we are aware that all of these 
factors plus human reaction can determine how the flames spread, trans
fer heat, and cause damage. 

Although a considerable amount of research has been done with 
Thermo-Man, much more remains to be done. In an industry-wide pro
gram, we are systematically studying on Thermo-Man a broad range (in 
both fabric and flammability characteristics) of commercial and develop
ment fabrics in basic apptirel configurations to define the effect of gar
ment type, fit, and composition on flame spread, heat transfer, and po
tential injury. We will relate these results to the Consumer Products 
Safety Commission's National Electronic Injury Surveillance System 
(NEISS) and FFACTS file accident data where appropriate. We will also 
relate the resuhs to the various test methods under development and identify 
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FIG. 34—Cotton shirt on Thermo-Man. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



86 FIRE STANDARDS AND SAFETY 

mm - MAM 
8UR// mjOKY 

sum (wa PI MKTS) to ac. 
3.1 eerrw 

• I" MMee • 0.6» 
• I e^oEsnee • M « 

• 3"oemeE > _ii* 
• MAX. HEAT • JSd. « V " * 
• TOTAL HEAT « 3L. ««<• 

• BURN NO. 13S-I 

FIG. 35~Thermo-Man burn injury, shirt (over polyester pants), 80s, 3.2 oz cotton. 

the most appropriate, meaningful approaches. The task is very difficult 
but accomplishable and is underway. 

It is our conviction that the data presented here have been obtained 
through the most advanced techniques and equipment available. Yet, we 
are still faced with unanswered questions and anomalies. Aside from the 
preliminary conclusions reported, one notable result of this program is the 
clear reinforcement of opinions that the subject of ignition and flamma-
bility of fabrics and the definition of hazards is extraordinarily complex. 
Regulations should reflect that complexity, not in a complexity of their 
own, but rather in strict adherence to sound scientific facts and reliable 
accident and economic data. With industry and government working to
gether to determine and verify relevant data, we can develop tests and 
standards for use where there is a recognized need that will minimize the 
hazards at the least possible sacrifice to the consumer in garment per
formance, durability, aesthetics, and economics. 

We can never expect to live in an environment that is utterly free of 
danger, but we certainly can minimize the hazards. To this end, many 
segments of our textile industry have recognized a responsibility to throw 
their physical, financial, and human resources into programs to provide 
safer products. We believe we are making progress toward that objective. 
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FIG. 36—Acrylic shirt on Thermo-Man. 
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DISCUSSION 

C. F. Klein^ (oral discussion)—On the way to the aiport, my wife told 
me about an article in the paper; I didn't read the article myself, but she 
says it reported that some types of cancer are associated with fabric flame 
retardants. Can you comment on this? 

J. R. Bercaw (author's oral closure)—As far as I can understand the 
situation, a particular chemical retardant that is used for 100 percent 
polyester fabrics to ensure compliance with the childrens' sleepwear stand
ards, has recently been found to be mutagenic in the Ames mutagenicity 
test. According to the National Cancer Institute's (NCI) Advisory Com
mittee on Environmental Carcinogenicity, this does not prove that such 
flame retardants are, in fact, carcinogenic. It means that animal tests 
must be run to make a determination of carcinogenicity. Animal tests 
have been underway at NCI for over a year and a half on this material, as 
well as on 80 or 90 other chemicals that they are studying. We expect 
results around the end of this year to tell us what the problem may be. At 
this point in time, it would be an error to say that this chemical is car
cinogenic. 

R. E. Taylor^ (oral discussion)—In line with the work you are doing, 
which is excellent on bums, are you or do you propose to collect and analyze 
the gases which would be inhaled from those fabrics by the person who 
they burn and study the effects they would have, both short- and long-
term, on that person? 

J. R. Bercaw (author's oral closure)—That's outside the scope of our 
work. However, later in this symposium you will be hearing about some 
excellent work that is going on at the University of Utah and other places 
which will take your question into account. At the present time, they are 
more concerned with combustion products from materials of construction 
because they believe that is a greater hazard. 

'Senior research engineer, Johnson Controls, Inc., Milwaukee, Wis. 53201. 
'Coordinator, Codes and Standards, Republic Steel Corp., Cleveland, Ohio 44101. 
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90 FIRE STANDARDS AND SAFETY 

S. Martin^ (written discussion)—What temperatures are actually being 
measured? The paper does not seem to explain this point. 

I would also like more information on the extent to which the thermal 
properties of the manikin have been matched to those of human skin. 
This is important since it is well known that any heat sink material in 
close proximity to a burning solid, especially thin films such as fabrics, 
affects the burning behavior. 

A. Z. Moss (author's written closure)—The only temperatures measured 
are subsurface temperatures at a depth of 12.5 nm beneath the surface of 
the molded epoxy-fiberglass resin of which the manikin is made. The heat 
conduction properties of this material are well characterized. The test was 
chosen to allow convenient numericial calculation of surface heat fluxes 
using a one dimensional finite-difference form of the Fourier heat con
duction equation. The resulting surface temperatures, though about 30 
percent higher than in living tissue for similar exposure, are different 
enough from the source temperature that it is not necessary for the prop
erties of the skin simulant to exactly match those of human skin. Excel
lent correlations have been demonstrated between the Thermo-Man and 
either human or animal exposure to thermal radiation. We are unaware of 
£my effect of this device in distorting the burning behavior of fabric. 

'Manager, Fire Research, Stanford Research Institute, Menlo Park, Calif. 94025. 
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fires, their rates of spread, the behavior of humans under stress, and the 
economic and human losses.^ Lfnfortunately, the full power of this in
fo nJ^_tiJ5)»^^/^an^e has rarely been exploited. As a consequence, pro
ductive recommendations for better building and products designs, for 
improved countermeasures, or for safer hum.an beha\ior patterns ha\e vet 

tocjjgî cjfjijon and Burning of Solids 
Ot*al! the unwanted fsres, those that result in death to human beings 

are subject to the most intensive investigations into their origins and 
consequences. Their numbers are sufficiently large (that is, several 
thousand per year) to provide a souiiU statistical base without raising 
the data gathering and interpreting to an unrnanaceable si^e.' Thcv renre^ 
sent t)rtR^!J^nSy?^ffW, ^f . j W W WAJf 9ff8 ¥,^'!}'%l{i{''''&^W^^'f^.W.^, 

Safety. ASTM STP 614. A. F. Robertson, fcd.. American Society Tor TesiinR and 
ber of 

Safety, ASTM STP 614. A. F. RoDertson.fcd., American Society Tor Testing and 
^MM^Hifi, I^-^pff'5#-fff.^ severe consequences but Hitn similar ca.se 

histories. However, in this area, detailed and extended analsses that lie 
togethABSaaACa;: TbiHaniiderreeJe,wsa<ndret*ehK)g'teishicf fo»DPWSffi(S>/i fia?(Sr9'Wfe' 
very rS 'S^ ' °" ' smoldering, flame spread, and burning of a fully ignited surface. Both 

_ , celliilosic and thermoplastic combustibles are ,copsidere.d. In each case, the emphasis 
1 "eisqflSpip|hi%ffifclSabiP&iaAi# i;*h64jSfitW' ftt^i^f^^oAWniH^f Ir^iiotfleMkSI 

paper ntttUtndsBirieoti oWmaiBljetotlbe a6yUa*akeTili3nHEBtivasprBd;iciitrti^efit>eh '̂Her 
obtain^^to'\i¥n'te^'i¥)*9g m^^' flW" îWPiWW -̂pK ê P5«fB?ti.''fil!iR^^^ '̂ 'J?.*\«**f« 

are traced, and problems particularly wortfiy of further research are identified. In 
victun^jg^i^ fflP^sfHi^rttr''fte!'Sobjetti 'ori(y-a if^' hlfelilights^oMheBteraturfe' iare <Ks-
posur(istss8d?J6thefok»disearD;prb\ridBdi 'Mtonloni rprogittai Jns.ofjif̂ ies Hm Mov'tm toN<l>e 

author, is mentioned. 

KEY WORDS: fires, ignition, burning rate, flame propagation 

The study is limited to fatalities that have occurred in the state of 
MarylltlMScftr^ffi^ ^ ^ p t ^ c f b f g p f 9 y , i c | ^ , ^ j | ^ ^0^^^^ WW^ M^'^^ 

thiscgt6§pi<iiflR;an^fe"3w«<ftt ^i<kie^!iStf n?R&?î  A\^m>^KH'i^°^k^^p'^-

fond of working with purified alpha-cellulose and with poly{methyl meth-
acrylate), the latter because it gasifies directly to the monomer, it does not 

' 'd!rapne;t€e8sivfeh^«and'( '̂ifSi>(ptopert(iie$i)arij!sbetteititdefined tthan^epiastcOther 
of Caaunei-cc,'National f-i-rc l^-'-ewnnon .ind (''.nurol AJminisrratiom ei-.es an •̂•uirnaif iif 
.S 57y(TO,un!nu:nt!Qnal liic^/.eai- in ihc L'LrCii Sja e< .j-ia^ed on a .ruiipiini; oi V) V^) ^ 
househ<€te^ly,ii^entfl^lMPfei 5î Qfl|4eSJJrjrQyo4iP8,nyL W q t o § M^. ^fF^er 
stari<«ari«tyti(cr&iboitibast!biei'*©lidsntteanhtbi$eiistu*»^eists^tiaiadv^! furtherdnore, 
P^"ffiaWM'^'i-^,.ftsga^'is'^1^1ertai^'6i^'edfn^Ssfte^''oPc 
01 tires reported to fire 3£pannu-rn^ ?ji- rabli^rn-S m the AnnuoL Renoris of the Oicecuj'- , 

FirefeseexjMSJiiiog-atbe.torMlbostion behavior of relatively pure cotton, poly-

total tire deaths (including mou..r vtSacie fires) aio i:;^en as ".71 1(V) (VKi mr 1972 .\ 
c'iti'^iie'Vldiif)i*^M4fi¥ratf*'ail'ect<ir<«#r»ifei^H,iPitJtOf-yiMutiahltes«aiWbi 
'*̂ '>' •^si-.mOiiP^ o'' I ' S . Nasional Fnc IVatli t aiaiiti-.-s." APL .IfU; FPPTR6. i l,e 
Johns Hopkin,'; University,•.'Vpplicd Piiv.siL.s Fabor.irorv, Dcv IV! , 
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Even the simplest imaginable solid ignites and burns with far greater 
complexity than a gaseous fuel. Since the solids we are concerned with 
must volatilize to form gases before combustion can occur, all the com
plexities of gaseous combustion are present and, in addition, certain 
characteristics of the solid: (a) transient thermal response; (b) pyrolysis 
thermodynamics; (c) pyrolysis kinetics; (d) radiation properties at surface; 
(e) diathermanous properties; (/) thermal conductivity; (g) melting; and 
(h) char formation. If we recall the status of gaseous combustion research 
in about 1932, the first qualitative insight into the hydrogen-oxygen com
bustion via a branching chain reaction involving atomic hydrogen, hydroxyl, 
and atomic oxygen species had just emerged. It took approximately 30 
years of subsequent research before rather complete quantitative under
standing was reached. The methane-oxygen reaction is more complex 
and lagged by at least another decade. However, tremendous advances in 
our understanding of gaseous combustion have occurred over this 40-year 
period, and we now know how to obtain computer solutions for many 
gaseous combustion problems. The researcher can only hope that the next 
several decades will see comparable progress with solids. 

Piloted Ignition 

In discussing ignition of a solid, as contrasted to ignition of a gas, a 
careful distinction must be drawn between piloted ignition and spon
taneous ignition. The essence of the piloted ignition problem is that the 
combustion process of a solid may not sustain itself except perhaps mo
mentarily once the source of ignition energy is withdrawn or exhausted. 

Let us list the principal factors involved in the ability of a just-ignited 
solid to continue burning after the ignition energy flux is removed. 

1. The pyrolysis gases must issue from the surface into a boundary 
layer at a high enough rate to permit establishment of a flame at a position 
far enough from the surface to avoid quenching. 

2. The flame must heat the surface at an adequate rate to continue 
production of pyrolysis gases. 

3. The rate of heat conduction (and possibly radiation) from the sur
face into the cold interior of the solid must not be excessive. This rate 
decreases with time as the sohd heats up. 

4. The rate of radiant heat loss from the surface outward to the colder 
surroundings must not be excessive. 

5. The radiant input to the surface from more distant flames, or from 
hot gases and smoke, or from other facing hot surfaces can compensate 
for loss mechanisms. 

In special cases, additional factors may be present which affect the 
energy balance at the surface, including melting and dripping, heat loss 
to adjacent cold inert surfaces, cooling by impinging water droplets from 
a sprinkler, etc. 
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FRIEDMAN ON IGNITION AND BURNING OF SOLIDS 93 

The research on piloted and spontaneous ignition of cellulosic solids 
was reviewed in 1970 by Welker [If and in 1972 by Kanury [2]. Kanury 
credits Bamford, Crank, and Malan [3] in 1946 as having initiated modern 
research on the problem and credits Akita [4], Simms [5], Weatherford 
[6], and Martin and Alvares [7] with making especially significant con
tributions. In very brief summary, the following has been established for 
piloted ignition of cellulosic solids. 

Flaming will not persist in a single wood slab not subjected to supple
mental external heating unless the average temperature within the slab 
is greater than about 320 °C. The corresponding pyrolysis gas flux from 
the surface is greater than 2.5 x 10'" g/cm^s. Transient flaming can 
occur when the surface temperature reaches 450 °C (convective heating) 
or 300 to 410°C (radiant heating in a quiescent ambient atmosphere). 

Under ideal conditions, the time required to heat a wood slab of given 
thickness to a condition of sustained burning is proportional to CQX if 
the slab is thermally thin, and to x^/a if the slab is thermally thick, where 
X is slab thickness (or half thickness if appropriate), C is specific heat, 
Q is density, and a is thermal diffusivity. Thermal thickness is satisified 
when the slab is substantially thicker than A,( 7* - To)/I, where A is thermal 
conductivity of the slab, T* is "critical surface temperature for sustained 
ignition," and / is the incident heat flux on the surface. Thus, the dividing 
line between thermally thin and thermally thick behavior depends on the 
heating rate /. 

In a recent study, Rangaprasad et al [8] correlated radiant piloted igni
tion data for cotton and other thin cellulosics in a vertical position and 
showed that all data could be correlated in a plot of t/w versus al, where 
?, is time to ignition, w is fabric weight per unit area, and a is absorptivity 
for incident radiation of intensity /. The minimum value of al was about 
1.25 W/cm^ 

This represents the highlights of what has been established concerning 
pilot ignition of cellulosic solids. The 320°C average temperature criterion, 
as well as the 1.25 W/cm^ absorbed radiant flux criterion, while obviously 
useful, are purely empirical, and no attempt has been made to derive 
these numbers from the five fundamental factors just listed (pyrolysis 
gas concentration in boundary layer, heat transfer from flame to surface, 
internal heat transfer, radiant loss from surface, and radiant flux from 
surroundings to surface). Such a development is held up, not only because 
of mathematical complexity, but also, and primarily, because of lack of 
quantitative knowledge of component processes which are involved. Some 
areas requiring further knowledge are listed 

1. Thermal conductivity of partially decomposed wood, 
2. Kinetics and energetics of primary pyrolysis, 

'The italic numbers in brackets refer to the hst of references appended to this paper. 
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3. Secondary reactions of pyrolysis gases and possibly oxygen in the 
char layer, 

4. Flame kinetics ot pyrolysis gas mixture in boundary layer, 
5. Convective and-^diative components of heat transfer fgom flame to 

surface, and „ I ' 
6. Radiant emiss vi^ of surface, which may change as cha| develops. 

Tiiiping nc^ to v^ious thermoplastics instead of woodcor cellulose 
proep:ts, we Tind tea very little systematic research on pitted ignition 
has t)een done. Tl in"thermoplastics, such as fabrics, are §ther ignited 
or locally destroyec b | melting within a second or so when a" small flame 
is applied. The limifTî  oxygen index test shows thcĝ  many thermoplastics 
in a candlplorm ca i be ignited and will sustain coiribustion iij| atmospheres 
cont|ininj appreciaCly-'less than 21 percent oxMeiprwhile sus^ned candle
like !|)lrniig of a small wood stick requires a s ^ i clfas 28 pef:ent oxygen. 
It n&i? be speculated that this difference is Dtfeiri^ due to relative mag-
nitufles of |a(jli|tive loss from the burning ^riace, the pl^tic surfaces 
being at ittiiSfily 400 °C, while the charred S^o^dlis at pe^aps 600 °C. 
If radiant iSs; ^ries as T/, then a 200 °C dtffereSce in T ĉwould mean 
three times as n^h a radiant loss rate. § \ ^ 

\\9Ble it is not possible to maintain sustained burning of | ; single semi-
infimte slab of wood facing a cold ambient, it is leaiy to do gp for a semi-
infinite slab of many thermoplastics. Given a thick slab of poly(methyl 
methacrylate), the edges and corners of which â e masked, a thin surface 
layer (a few igilHmetres thick) preheated to^bout270°C i§ a sufficient 
condition for pjlote£ignition of the surface t§lead, to sustagied burning. 
Once this has been J:complished, applicationSpfra- smallgjilcS, flame for a 
second or so will grodujce sustgined burniiig. It wjould seem t6 be relatively 
easy to detertpili^ theenergy 1-equirement Coules/Gmj) to l^ing a plastic 
slab^to this cdrifl^ion ^s a ^liction of hdating ratC |iutcth^writer is not 
awafe that {hg | ^ be£̂ i dope? 

Sine 

Spofgin^Tis Ignition {-̂  
i,g o M. - , . 

Tie cruci il and c(gnplex £§urp_(SF the ri na^aV ( l̂emical faction lead 
ing ft) ignitijon ^usl Se 
viously discuss 

o L-_ a-
i:? Z < 

add( d ̂ q^h^complieatlms & pilotec^ignition pre-
sponEan^ofis ignition i||a'%iore di^icult pheno

menon to describe in basic ter|ii0l|^'n piloted igniti^Vilis surpri^g that much 
more research has-Sseli doni 6n'Ae former tlian the latt^. (They are 
both of compSiabiLe.«nportanjeC-to the fire protection engineejr.) 

There are twc^ extreme cases %f spontaneous ignition of a~solid: (a) the 
solid is a large j>6roas mass undergoing slow oxidation whg:h ultimately 
self-heats to gl6win| ignition and then flaming ignition (or directly to 
flaming ignition), or (b) the surface, subjected to external heat, emits 
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hot pyrolysir,SBBB«hipb;dftter^^g%/W)fe/vWBbi^/^J^XS?B/M4fo^. some 
point in the flow field, oxidative self-heatins of a pocket nf gas o c c u r s . — 
resulting in ignition. (There is a possible intermfedWteecase of surface ^tocicta-

. _ _ _ . r^S^ti^ilt \P^ 

tion leading to ignition.) p^^^^,^„ . Two-Year . ^ , Per loaooo 
In ea(*itfa««K3# variety of igeometr iesF??^ be enf i^^^0?3;or e^^]^\^„ 

slab (vertical, hor izon ta l^ fac ing Tip o r down>, cylinder, ^ h e r e , cube , 
local h g j l i 8 t or hot line s^^rce on surf^^e, etc. An [f^jfnsive Htefjt^re 
exists o$bgati»l conditions fc^runaway heatpig with t h e ^ y ^ o u s b o u p ^ y 
conditiSflsenf^acaring the transient heat coftduction eqisation with art.Ar-
r h e n i u s ^ ^ ' ^ ^ ^ t e r m . (See thg^extensive re\((ew articles g^jThomas I9^^nd 
MerzhagROMaafid Averson [K^i as well as mpre recent s ^ j e s by S h o i ^ a n 
et al [iQ^rctpftotnas [12], and^Zaturska [13}.) In general^ithe use of llftse 
t h e o r i e f i J ^ t r i c t e d by l a c k ' § detailed kni|wledge of tj|^^^hemical ki^^ics 
for prasticaloeaKfyof intere$b6 72 (39/33) 4.0 

Ther)*'aa|iijgtigttensive e x p ^ m e n t a l data "reported foresurface heating 
l e a d i n ^ i r ^ ^ ^ e o u s ig^gon of cellu^sic mater^^^^f^ee Simm^;J5], 
MartinT6?3«rand Akita [4]). iahe primary fpding is th^/^ijansient flafiyng 
ignitiorfaî iffloocfeapnsftce th#«lirface reachd? 500 to 650?G2)The ignitioa is 
observ^J^llP^te in the g ^ phase rathe?^han at t h i ' j i ^ce . The li^er 
the heattî esuicface area, the piore readily t^e ignition (^§f!^Ts. Simms Jlpds 
that thgi««Jlirrence of turbidfence in the stream of gasei^^nitted from the 
surfac^g^'I'^portant to the^^nset of ignition. He ob^tted photogfephs 
showirigeignition to occur airfhe laminar-t|irbulent tra^fflon point ip the 
flow field. Radiant surface heating with ^ d ambiem33Ml ̂ quires heating 
to a higher surface temperature than cunvective heating with hot air, as— 
would be expected. 

'niere are fewer studies of spontaneous ignition of plastics under pre-
cisdf^controlled conditions. Kashiwagi et al [14] ignited poly(butadiene 
acryliEhaeciî rsantpbs irf rfadadKtetuihetttHi6^i9g30}5iXg©nt{nitCpg?li raJJOOr^nd 
in abfew fiflllasKanasttejrtiaiijigh^iast-iSbaiB^i^xEwi^ahlratittpai^ 

ocditttibttlie)ga^igthawtbai»ai(l fBahdaf4jce.TEh©^wifcttteu9fi«g4n WSt^lttnd, 
theifOftMafalowtftfffeiiQntliiB ifeaitioffl pceurifedT3Fhe aiuth©rs.W««?cnofaftblfie-
to iiiul̂ ®oi(nlheepoiJ§ibai*^ thatlsurfaoencwidaitiQipas »ldiiaaigas-Rbas« Tfm-18 
tioHn«tisc(eontrabutdiig)ioi<thfajfenhieh, Hhheughi[lh^yitf2»ffK?Adh?ti^eb?7.7 
gapptism- mgcUJufstalitOhlemiUsr iandiSdnamor&tbi l/]^]y4gl)it^ ggb^styf^^^as 
andrt^oi^ jsaiipte* witfieâ assSE4usfa«dau»es dfeflO rtQi^eerViVcma ̂ &|aimngn. 
igrittid»2iflgM)gr0i2|99) itts ^yBaripufeo#piii»^«tre«srti a i ^Q«J^ 
bli^cQdmsan flEdajJd^tyrehe agEygnwiik4ll>tcrQfeî (fe ^(jgMp«in^ft¥dly 
prtalewibl}ettfvcka»jagpt*ofc 6nHrgj)(»piitetiaire(riibo<it«*ftrnthft 5Brfe^f^ft|^to 
th^sitmietJtlit fllhehighiUsikitrehlfbeadesQ-iinodifoFliWtî attilg^ it^m^mu^to 
tirtnc«ifuijiin§rdi«)outBa«ce tovbe (hspte&iHo ifetott' 6£lft°Qg#Solpnĝ (SP, tjlftir 
ox^Ste/OfitfO^eircaticafohighseapoghitiiDepreawtlt i*dififW5*oarlJmife»ti©p fPne 
theilgnlttesi tlaautidnKloors. The same arguments probably apply to the age 
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The most sophisticated theoretical model of spontaneous ignition near 
an irradiated surface which takes cognizance of the observed initiation in 
the gas phase is that of Kashiwagi [16\. He developed a one-dimensional 
model in which fuel vapor and oxygen react in the gas phase, and heat is 
liberated at a rate proportional to a postulated one-step reaction 

where Cr and Co are the local concentrations of fuel and oxidizer. The 
model permits fuel and oxygen to interdiffuse through nitrogen or other 
inert; all species are assumed to have the same diffusivity. The ignition 
is caused by incident radiation which is permitted to be absorbed in depth 
according to Beer's law. The solid pyrolyzes at the surface according to 
zero-order Arrhenius law. Various properties are taken to be constant 
and reradiation from the surface is neglected. The surroundings are cold. 

The equations were solved numerically with a powerful computer, and 
the effect of variables on the solution was explored. The in-depth absorp
tion feature of the model had a strong influence on ignition delay time at 
high incident fluxes. Ignition delay time was very insensitive to heat of 
pyrolysis. Effects of the nature of the diluent gas (nitrogen, helium, and 
argon) were found. Interestingly, no ignition would occur if the assumed 
rate parameter for the gas reaction were either too large or too small. 
Also, for a given gas reaction rate parameter, no ignition would occur 
if the pyrolysis rate parameter was either too large or too small. An ex
planation of the latter effect is: if pyrolysis occurs too readily, the oxygen 
cannot penetrate close to the surface, and the place where the proper mix
ture exists is too far from the surface and hence not hot enough for a 
runaway gas reaction. If pyrolysis occurs too reluctantly, the fuel supply 
is insufficient at the early stage of the induction period; later in the in
duction period, the oxygen in the high temperature region has been con
sumed, after which the fuel concentration builds up. 

The foregoing is a one-dimensional model, lacking a boundary layer 
feature. In another study, Kashiwagi and Summerfield [17] developed 
a model containing a laminar boundary layer. In this model, the heating 
was convective by hot oxidant; there was no incident flux and no in-depth 
absorption. This differs from the previous problem in the sense that the 
fuel supply is governed by convective heating by the hot oxidant, and the 
heat from the runaway ignition reaction which occurs downstream is not 
coupled to the gasification process. Again a high-speed computer was 
used. 

There is clearly a need for further refinement of models for this com
plex process of spontaneous ignition. There are outstanding difficulties, 
however. First of all, if each study led to analytical results that could be 
built upon by the next investigator, progress would be easier than the 
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actual situation where each researcher must construct a more elaborate 
numerical program than his predecessors and then feed it to a more power
ful computer.' Second, the assumption that the runaway reaction is a 
one-step process, first order in both fuel and oxygen, may prove to be 
an unacceptable simplification of a chain reaction. Third, the observations 
chat the first appearance of luminosity is correlated with the point of 
turbulent breakup of a laminar boundary layer (for free-convective flow 
field) provides a challenge to the theoretician, since, leaving aside the 
chemistry, the fluid mechanics of laminar-turbulent transition is poorly 
understood. 

Smoldering 

Smoldering is nonflaming combustion. It may propagate by a "front" 
or "wave" which involves air oxidation generally combined with pyrolysis. 
It may be self-sustaining, or it may require assistance from an adjacent 
energy source. It generally occurs in sheets of paper or cotton which are 
isolated by an air layer from good thermal contact with a heat sink or in 
bulk porous material which may be in contact with a heat sink as long as 
the porous material is thicker than a critical value. Flexible polyurethane 
foams, even if fire retardant, can smolder when in contact with a smolder
ing cotton fabric, and some polyurethane foams [18] will smolder in a 
self-sustained mode (without help from a cotton fabric). 

Little pubhshed scientific research exists on the smoldering process. 
Key questions to be answered are: 

1. What factors determine when smoldering can occur? 
2. What governs the progagation rate? 
3. What are the reaction products, especially the airborne ones? 
4. Under what conditions will a transition from smoldering to flaming 

occur? 

The writer understands that research is under way by T. Y. Toong and 
A. Moussa of Massachusetts Institute of Technology on smoldering of 
cotton and by M. Summerfield and T. J. Ohlemiller of Princeton and 
R. J. McCarter of National Bureau of Standards on smoldering of foam 
plastics, but no results have been published to date. 

In 1957, Palmer [19] studied smoldering. He found that a minimum 
depth of wood sawdust or cork dust of the order of a centimetre was re
quired for smoldering to occur in still air. The finer the dust particle 
size, the thinner the minimum depth. If air flowed across the surface at 
2 m/s, the minimum depth was reduced to one eighth of its value in still 

'M. Kindelan and F. A. Williams (Combustion Science and Technology, Vol. 10, 1975, 
pp. 1-19) have very recently made progress with an analytical development treating a portion 
of the ignition process, the temperature rise of a heated reactive solid. 
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air. However, ifi experimatts iwdthnftbieFbosff̂  <8tuftven higher air velocities, 
increase of air flow led t^tfiiiBKhfiigffe "Tfife'^lical velocity was 1̂  m/s 
in the propagating direction) aiidn9ina/»tfflithefOppqiStt«uairection. -̂  

Palmer also investigatefflhloi^MfiK^ ĵ f ra„ro»ximum depth of a p|)rous 
bed which can! sustain deê ) "SittdMaHdg! Me'4 t̂tduced smoldering it the 
base of a bed Of wood sawdust 85 cm deep and found that propagation 
could still QccUr. HThe rate, when compared with that in shallowff beds, 
was inverseljf^t'cjtobgtional to bed depth. 

•several investigators [19-23] for Smol; 
.1̂ 0 in stilf; air §re listed in TaBle|k 

^ Eufi'̂  IIP T " ! # i ; 
Results takeji^ 

of various Itnajt^l Thi 

Beech sawdust, 200 jiin ^' "̂ ^ ' 0.10 
Coal, <104Mm i-io. 2a-Correht,ons of f,re fa!al,nes'i\{%ncnon 
Cocoa, <40^(m 0.16 
Lycopodium, <40 )jm 0.19 
Fiberboardgfl^ gZcm'_ _ Q.20 
Sawdust, undried, 76 to 152 um 6.24 
^ - *̂  i_ J , k.--:̂ xiD 1^l3rvland (Percent of Aqe Grouaj ^r, 

• C i g a r e t t e , beljween puffSo^^za Bal„r.ore .Percenrot A ^ Grou?!^^ 
P a p e r ro l l , 0 . 6 6 c m d i a , 4 f t 5 f i 4 Large Counties 'Percent of A^-Sftup) 
P a p e r ro l l , i9.lt c m d i a , 4 © ^ G ^ 18 Smail counties IPercem of <Qe4*ouBl 

Cardboard 1 bm wide, 0.076 EiflWiet?, 'BHP^C' (Adiusteoi o.60 
Cotton, singl^ yarn, 0.028 cm dia, 0.7 g/cm' 5.4 
Cotton stlintt-0.0^5,^^ia, 0.22 g/3<;jn̂ ^̂  4 L3,|?cin„es , 

Palmer 
Cohen and Luft 
S)nen and Luft 
Cohen and Luft 
Palme£_ 
Cohen anTLuft 
Gugan 
Kinbara et al 
Kinbara etal 
Kinbara et 1̂ 
Our laboratories 
Our laboratories 

3 Srnall Counties 

ay be seen, si|iolderfing propagates Itfirough 
min[]ihd Bffit>agates 

irroutiHed ^^/'^r. An 
(priviiy^̂  p^^irhunica 
torie! *weieh rate 

2 ?o(-a 
varied frorrf cas^ to ca 
a bed of poroifisj mate: 
considerably ^f^|iH aif 
inverse proporltij 
tion, Factory^ 
and the productW^Mtti diameMyid strand Tfenlify. 

Palmer found that smoldering rate within a bed increased sharply with 
increased air velocity over the bed when the velocity was in the direction 
of smolder propagafion:1tfe"rounai'aittv^lf stt̂ ll" f̂̂ ^^^ porosity, 

'^fmmmf3pf''^M^Mi..r hand,. the,very htghnsk shown hy 

lumoer t)i lamtions i 

irom 40 to 150°C caused a 60 percent increase m rate.) 
in the writer's opinion, there is no adequate quantitative theoretical 

explanation of these trends. 
Cotnmbn obserVatiott reveals dJiat sirtcrideringlisf g êi;8Uy î*cfi?ffi\R3oie4he 
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visi|le pn 
because o 

11 * M ' 
oxygen 
ture wt 
otherif 
would 
temperiai 
in miri% 

by gdnferation bf smoRe which appeairs tfo be aft aerosdl of condensed 
high m )lecu^gkf|^J^|^^^^^|&igttfec| by FJyrolysis in or near the smolder
ing zoiie. Tiami*ioii(pif«©irbf saioldiring t6 flaming combustion may be 
marke°crby ^(D^^^'jf^^^^g^TOl-maticjn ^ r unit of heat release for 
the ob> ious reasonithatutlwesmoiwicis confeusijble. It must be noted, how-
eveljfjiat, when"MMe¥fiiiM^'^a6'6'ilrriftgLde^ within a porous bed, no 

ucts may emerge until the srioldej-Jng zone reaches the surface 
self-absorption of products vitninlihe bed. 
nietry of the smoldering ŝ u]j)stjan(|̂  controls the availability of 

he smoldering aone, 
tbe zort;, andt fui 

iaich iisEanlvers 
(itpBci tie rJiflti( 

S^.r'!he!<£is#fl- SsPm 
tj^,(t)^4|^jij 

1$, in~|irn, influences the teitper^ 
this jtem] 3erature is influencsd 
•ssh€j[|jpoî ectfb(i|i tEJouMthUto 

0-10 11-20 21-30 31-4041-50 51-60 - 60 

Of course, we know that when wftg|:(y^s,on a cigarette or blow on a 
smoldering object the glow intensity increases. With a cigarette, Egerton 
et al [22] measurliFa^'i5ea''̂ ffi^&^S{ifr'£^6f'«2©''Cfi?6f8f^4f%as puffed, 
with a thermocouple, and 1100 to 1200°C for hot spots during the puff, 
with a photeteraphic technique. Palmer4^^], using an optical pyrometer 
with smolderiiig cork 3^^!'6j'aff6tf'M)P'fflP'780°C in still air and 900 to 

r*̂  Es5ZJTemaTeT"ercent orAge tjroupT 
9 3 0 ° C a t 1 m/J5 a i r fl0Wf;=3 white (Percent of Age Group) 

l ^ o n of available combustion 
energy releasejd during smoldering or on complete chemiial analysijs of 
smoldering i^iction products. (Of course, much information is available 
on pyrolysfe reaction products^n inert atmospheres.) 

Referenge spbultf^be made ̂ to t̂tf^ National ^teeau of| [Stfflwfcirdsl test 
for smoket)?fe|duction 
with exposed s 
of 2.5 W/cn;̂ '̂̂  
flaming condi;ii 
chamber, beca 

losed cabinetnin wWich a specimen 
cm|^^ irradmed at a flux jevel 

.eif|eii|i!her fljanj^ii irher ipnĵ m: 
vertitjaliy' 

fiihcili 

jiploys as 

!»e ierftolmed I 
lie|i| trar 

fcatPi^is mOa 
Such data arffrepisi-tedJby GaSkiltf2^ ind by tiilador(25}. *Tloke genera
ted during a test un^erhonflaming conditions might be due to snrordering 
(as defined herein), or it might be das'vto^'pyrolysis with no oxidation 
whatsoever tam&3P\3mrr3M?ia)^fir^mi>^ydWa^'^Ws^^Shj^P under 
nonflaming or so-called smoldering conditions may only be vaguely re
lated to smoke production under natural smoldering conditions, that is, 
witls«!TO^^rfg>n^jfHJ |̂,^g |̂i |̂f3itWUfl«^. at all ages (Figs. 3a,b) and loca-

A§n&>PPtgct4)̂ ?hWfeiffeTffl̂ (9fl«0y? ;̂̂ ĵ !r?WiJi'9ffgfr?ffcSW9lf?fî  
flaffiigahiiefifei? KfraJ^tJg *i3S^Jaf^^?nfflifM!iMti9P-dfeF^l'Wr8 yf]\^-rig 
pepw?,nt«n©n, q^¥fitlip|;r̂ irofl«>yafl9eSHioWei3i|ig^Ta^SaOf |H?^r^o^9Vih%e 
neYl85NPfesimwd28ctJl?witJQn,A t̂flSfflinSr,̂ «i>)th(W^ fefi?P!Pm4i# iW^igs 
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100 FIRE STANDARDS AND SAFETY 

direction. However, he notes that "combustion with flame could be 
produced with board strips if the strips were allowed to smolder in still 
air and accumulate a carbonized residue before the application of an air 
draught." On the basis of the earlier discussion of spontaneous ignition, 
we suppose that this procedure in some way brought pyrolysis gases at 
around 600 °C in contact with air. 

Flame Spread 

The rate of advance of a flame across the surface of a combustible 
solid is readily measured. It is found to be affected by many variables. 

Physical and geometrical parameters 
Orientation of surface 
Direction of propagation 
Thickness of specimen 
Roughness or presence of sharp edges 
Initial temperature 
Pressure 
Velocity of atmosphere 
External radiant flux 

Chemical parameters 
Composition of solid 
Composition of atmosphere 

Experimentally measured effects of these variables have been summarized 
by Friedman [26\ and by Magee and McAlevy [27\. The bulk of these 
studies are concerned with horizontal or downward propagation, even 
though upward spread occurs several orders of magnitude faster and 
appears to be controlled by different processes. 

Since the reviews [26,27], further studies seeking to pinpoint the de
tails of the horizontal or downward spread mechanism have been carried 
out by Hirano et al [28-30], Sibulkin et al [31-33], Moussa et al [34], and 
Fernandez-Pello and Williams [35]. The principal controversies concern 
the contributions of the various modes of heat transfer at the leading 
edge of the flame which may be different for thick versus thin materials, 
cellulosic versus thermoplastic materials, etc. The details of the gas motion 
near the leading edge are involved. 

Theories of this type of propagation were reviewed by Sirignano [36] 
in 1972. A more current review is now being prepared by F. A. Williams 
for the forthcoming Sixteenth (International) Combustion Symposium. 

Some novel data on the effect of preheat on flame spread across ther
moplastics have been obtained by Perrins and Pettett [37]. Kashiwagi [38] 
has analyzed effect of radiative flux on flame spread over porous mate
rial. 
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FRIEDMAN ON IGNITION AND BURNING OF SOLIDS 101 

The much more rapid upward spread process has been studied very 
little. Hansen and Sibulkin [39] made a prehminary study of spread up a 
small thermoplastic wall. Orloff et al [40] made a much more detailed 
study of turbulent spread up thick vertical polymethyl methacrylate 
(PMMA) walls 157 cm high. They used cooled side walls to ensure truly 
two-dimensional spread. The velocity of the ascending fuel pyrolysis front 
increased from an initial value of about 0.05 cm/s to a final value of 0.6 
cm/s, still increasing when the front reached the top. Measurements of 
flame height were made as the propagation occurred, and the excess of 
the flame height over the pyrolysis front height increased continuously. 
From this measured flame height, combined with radiative flame heat 
transfer measurements and known transient thermal properties of the 
PMMA, values were calculated for rate of flame spread, which were in 
good agreement with the measured values. These results show that the 
spread rate is controlled by the largely radiative heat transfer from the 
upper part of the turbulent flame to the portion of the wall above the 
pyrolysis front. A further unpublished experiment by Orloff and co
workers with a taller PMMA wall, 356 cm high, shows that this spread 
process is still accelerating, even up to this height. 

The turbulent upward spread over fabrics should differ from the fore
going behavior in that, as the flame climbs, the lower portion of the 
fabric burns out, limiting the uhimate size of the flame and hence the 
spread rate. 

Markstein and de Ris [41] have studied this with cotton fabrics held 
vertically and at various angles of inclination, again with side walls. With 
fabrics up to 150 cm long, the flame spread was found to continually 
accelerate, acquiring a turbulent character after a brief laminar period. 
An analysis showed that an asymptotic rate would have been reached 
eventually if the fabrics had been larger. The asymptotic rate varied from 
20 to 45 cm/s, depending on angle of inclination and relative humidity. 
Without side walls, the transverse air flow had a profound effect, short
ening the rising flames and thereby reducing the distance over which they 
can preheat the fabric. Under this condition, the spread rate is lower than 
with side walls and attains a constant value rather early after an initial 
accelerating phase. 

Burning Rate 

For an ignited thick solid object of finite size, a more or less steady-
state burning period may be expected after the flame has spread to involve 
all the exposed surface. The burning rate during this steady period is of 
considerable interest from a fire safety viewpoint because: (a) the intensity 
of the fire strongly influences the probability of secondary ignition of 
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neaAlyoftbJeQsntti^utlHnfire intensity determines the rate of buildup of 
smoke,and toxic .gases throughout Uie,structure containing Jthe fire; and 

wnire specinc confriDunons pTalconor to. each individud. case caBnot 
(c) Any aiverijT^e suppression jtechhique (hand-held extinciflsner, aiuo- . 

' oe •'a^essed because delauea ipformatinn is, unavailaQTe^^its QYeralL in-
mafic sprmlcrer. etcTbecpmes meftectiye when the. Ore mienSty is greater. 
, mience on.liria torrelation witTj the fire JataTities. record j s iubstantial. 

than sonie critical .value, AccordingTy,, research to predict the steady Durn-
. Tngestign af ,alcoTior, not onlV'erfjbances.the .Human ercore that are the 
ing rate of a fully involved combustible object in terms 6i me BnysTco-
,"03.0865 or most fy-es, out ,it makes escape, more oifficult. n aepresses 

chemical Droperties of the cornbustinle is important. ^ , 
,ar.ouS8fi to ganger, ana.. slews, down tne taking of adeqyata. cauQier-
iLis known, that, if the fire isTpurning in a comBartment with limited 
nieasures. It may also .lower tne TetlTalitv tnnesnpid of, rnany igxic-^ub 

ventilatiQn. or thejuel is in a geometry JiKe a closely packea w'ooa criD 
. stances arthoueh there are a a nrm mMical data to bear tnis gut^ . 

_,•; 6, ana T T n e roagrutude ,oi invqj\^emeflt.,is .expressed m terrns. of lalpc 
The,research on critical conditions Tor A'entilatioif control ispuiside tne 

alconol jeveL.A value in .excess oT 0. J percent^corresnonds tq. intoxica-
scope of tins review. We shall hmit ourselves here to prediction oi Durn-

^!" i^e sefiousnesV,oP!he aico^^oUprobfe'rri. i s ^ a w n clearly, in Fig. 5. Blood 
The probleni can Ije approached scientincallY in six sieps.oi prpgres-

. arconoT co.nteni above.TTl percent rises sharply in victims beyond The age 
of 3(7 ana omy cieSlines somewhat at ages greater than 60. This excessive 

lal(Btoliiigtala(teiso^aa[ticQiaqiprptm^ltiquifid>rdiHq)lA l(itOy-®eQra(:ti@n;eQr of 
ra(^iOll5(p fatalities involve alcohol, as against 26 percent for women (Fig. 

26).Bln'r7ihg)9ai^t>£ifaalle{^a4ad«tatmgi libjaidgsi^aap 01itniin66,fk>VOi€Hd9%ion 
no yadia»loal(i,ol intake is observed. Alcohol is involved in 48 percent of all the 

3^ylttter&dddti(A9(ifetacbUlBhtlftoW9ck fatalities (Fig. 6). Forty-three percent 
4}f IfiMr(»UadinmN6ftraiiiadvMadQtignriitflaadoavpodiv^bec^trtosfatcohol. This 
5^js^bstStbricOT«rft#ifolyiiirigssoKdrfoiClEya^M'adQgdiqwcfc>(cluded. 
6. E!K>HSldeffBlio9iCQfthK)heax)mplmr̂ Qtne<iri$S ^ttedbd6,ueeiting, fP^iditfths 

oppOSiWi ft'»te,tdachen}ans$\zi'4iQfec&fi;t3eet>Ej)t of all fatalities involve alcohol), 
closdy.followed bv white men (56 Dercent). and. whjte WQrn£D (̂35. ner-
In aU these cases, one,.is encouragea, hy reSuiK to aaie to makr the . 

a s s ^ S i S l^^l% fi?e\Sr%4&teMc« '" 

excess 01 0.7 percejitl is concentrated m. Baltimore citv (Fie, 2i,„wuhihe and tne surface pyrolysls. reaction i ior sphdsj may be ignore^ to 'a iirsr. 
smau ana Targe_ colinlies at a lower, lever. Statewjse. U mvpjyes ;tfhite apMOximation. There are two coubred raie-conirpliing processes, tne 

interdifmsion rate orluei Apors ^a^ox^gen,'"whicn ^etefnift^s m r n a m e ^ ^ 
. orinigrig airion.e wmte wdTmeii is, low H riercentl ana cntirehi absent m 

size.aiiA location, and the feedback rate or combustion-rdeasea energy 
to the fuel siiri'ace. The latter depends in part on the temperature differ
ence between the flame and the surface; and the surface temperature of a 
pyiBtjttiii^ telidedfepends on the pyrolysis kinetics. However, this latter 

l | f s ° f a | 8 S e J ^ f i r m ^ ^ ^ | | « " ¥ f t « 5 ' f f i W 
assuming a constant surface temperiftre i^ay g^ve a foo^ appTO îffiSPiBn^ 
of thfflpfQSeSSlk-om a report on alcohol drinking habits (Calahan, D., Cisin, I. M., and 

M«teh>piH)lMiedAwrkaori^hiisiiiefleralcproblbtaid8aft«aitebletiBetbei(d^fiic^ 
coH îgitimnifefat̂ teî ijj M'mdrMm h^sm^^^^^im\m ifîâ*̂« 

WSsHmJron Vnivcrsnv, func" TOH ao iiot sFiou ?le^r,c\ii-nce ihai.Fie.n;. dniihJne increases 
preMQmiE«Yie.Wh,[4IJ,rh4?i4lscH,^drSPro^iPi)tlj«TT3frtof^j^rjyp|^^ Ijn slî JFJen-

of tiie suneyed populationl except l.ir a dt-clinc b'.-U)nd age 65. H()wc.\er, uuinen arc oni\ 
about one quarter as mucii iii\c.l\ed u-i hca\> Jriiikuig as are men. 
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summary, as long as we restrict our attention to sufficiently small flames 
so that the radiative flux is small relative to convection, excellent agree
ment is obtained between measured values of burning rate of simple fuels 
and theoretical predictions. The most important properties of the com
bustible which are needed for these predictions are the energy required 
to vaporize or pyrolyze it, L, the stoichiometric mass fuel-air ratio, r, and 
the hejt ot coijnbustion per unit mass of fuel vapor. A//. These are in
volved thr<i)î H aajai^aoHeS^fflka-eihSf^laufiiBfemhS ^palding B 
numbei, defined as 

whwe 

1$e 

00 r̂  Tf -->\p^jT&H «-i '€gt'Ty '* cSTi) rr, o —• —• v% 

L + CATs- Td 

^ ; •<> —^ Tt >r\\ \0 w ^ O O — 1 ^ O O r ^ - ^ l r - — — — O M ^ 

CS ai id Ctj 0= i specific heats of gas and solid (or liquid), 
^ r , 9= I si*rface^fraperatgr^i 
STfo ̂  ambient air temperature, and 
û T, Q= I interior temperature of the solid (or liquid). 

- o - -

numCTato? Is'̂ a t̂S^oxiifidfetî  1he en^rgif-rdteiised^by :ombustion 

(1) 

per linit mas?of air reacting, while the denominator is the energy required 
to ^siiy unR mass of fuel. The B number, a thermodynamic parameter, 
ranges from about three to eight for most common liquids and is much 
smaller for pyrolyzing solids. It has not been accurately determined for 
m a ^ iolids^Ut is believed to be about 1.3 to 1.7 for PMMA and some
what loweij fprldth^r-saids p i ^ ^ p l f n ^ f fibPti? tf^pQftl^ itfiei modynamic 
param;ter,j as | the pyrolysis mechanism and, hence, the end othermicity 
of a given Sibstance may depend on the surface heating ra e. Further-
moi%, it hasJbeeS pr8iJbbgdqf^,?;f tBaf^sarfee^'bxiaaBiPls^ii important 
part; of the Burning process, and this, if true, would influenc* the energy 
bal^c: in a^anner^ot considwed in the theory. Fin^y, chirring mate
ria^ like x§oo4 Surnswith i& ii^tially Iggh^ate wMch^educes as the in
sulating cgaf ia|eg§iglds i|:5 ir@ thi&Bcgt^licatiDg,"^ wel as others 
associiited w|ti fr^in ^ructfirl, c?ackir(|,'̂ ''etc?, maR^it difficilt to apply 
precise quantitative treatment to wood or related materials. 

When the B'number mass-transfer a@)roach is i&ed to predict burning 
rate rh " (g/cfli 

o 

s), an expression of thef orm 

m a— 
A/Cg $iB 

E 
1/1 

1)2 (2) 

may be derived, where 6 is the thickness of a boundary layer between the 
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104 FIRE STANDARDS AND SAFETY 

flame and the surface (governed by fluid-mechanical effects) and Xg is 
the thermal conductivity of the gas. Since, in the theoretical development, 
the assumption is made that the Lewis number of the gas is unity 

AQe. ^ J (3) 
K 

then Eq 2 may be written in the alternate form 

m" = ^ l n ( f i + 1) (4) 

where Dg and Qg are the diffusion coefficient and density of the gas mix
ture. 

For a droplet in a stagnant atmosphere, the boundary layer thickness 
6 may be shown theoretically to be equal to the radius of the droplet. 
Theory and experiment agree well for burning droplets of various liquids. 

For a soUd object of characteristic length y burning with a boundary 
layer 6 due to buoyancy induced by gravitational acceleration g and pos
sibly also an imposed flow velocity V, 6 is given by a dimensionless rela
tion of the form 

— = / (Gr , Re) (5) 
y 

where Gr is Grashof number (the square of the ratio of the buoyancy 
force acting on an element of hot gas to the viscous force acting to sup
press flow, and Re is Reynolds number (the ratio of inertial to viscous 
force acting on an element of fluid) 

gy' AT Vy 
Gr =~^ X - — ; Re = - ^ - (6) 

where v̂  is kinematic viscosity of the gas, and AT is the temperature dif
ference between hot and cold region. 

Specific forms of Eq 5 have been developed for various geometries. 
The most detailed analysis has been made for laminar burning at a vertical 
surface with a natural convection flow field. Kim et al [48] have analyzed 
this problem in detail, generalizing a previous treatment by Kosdon et al 
[49]. They find that, in addition to the primary dependence of burning 
rate on B and Gr, there is also minor dependence on the surface tempera
ture, the stoichiometric ratio (in addition to its effect on B), and a trans
port property parameter. For surfaces no taller than about 10 cm, flames 
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FRIEDMAN ON IGNITION AND BURNING OF SOLIDS 105 

remain laminar, and this theory gives results in good agreement with 
experiment. 

Unfortunately, the foregoing theoretical approach becomes grossly 
inaccurate when one attempts to apply it to somewhat larger fires with 
turbulence and especially with large radiant flux. For example, Magee and 
Reitz [50] found that the steady burning rate of a vertical slab of PMMA 
35 cm high would triple in magnitude when an external radiant flux of 
only 1.7 W/cm^ was imposed. Radiant fluxes up to an order of magni
tude larger than this have been measured near realistic fires. As another 
demonstration of the role of radiation, Modak and Croce (Factory Mutual 
Research Corporation (FMRC), not yet published) measured burning rate 
of a series of deep PMMA pools of different sizes: 

Burning Rate After 30 min. 
Pool Area, cm^ g / m ^s 

232 6.1 
929 10.5 

3716 18.5 

Radiation measurements and analysis confirmed that this increase of 
burning rate is due to the increased radiative flux from the larger, more 
optically thick flames. 

Orloff et al [40] have made detailed measurements of local steady burn
ing rates and local flame-generated radiant energy fluxes at various heights 
on a vertical PMMA slab 157 cm high. Key results are: 

Height, cm 

38 
51 
76 

102 
127 
153 

Heat Flux, 

Radiative 

1.35 
1.47 
1.79 
1.93 
2.11 
2.15 

Flame to Surface, 
W/cm 2 

Convective 

o;65 
0.61 
0.41 
0.49 
0.51 
0.55 

g/m^-s 

7.1 
7.6 
8.3 
9.5 

10.6 
11.5 

The analysis included consideration of radiant absorption by gaseous 
species between the flame and the surface and allowed for radiant loss 
from the surface outward. These results clearly show the dominant in
fluence of radiation on fires of this size range. A recent extension of this 
study to a taller PMMA wall 356 cm high showed that the burning rate 
continued to increase with height, being 20 g/m^ • s at the upper point. It 
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is estimated that about 90 percent of the heat flux impinging on this point 
, CSSS3 Negative Alcohol (Percent of Subgroup) 

w a s r a d i a t i v e . t2zZ3< . 1 % (percent of subgroup) 

These types'oFJeSfil^aiffiie'tKaS^astaaied research on the radiative aspects 
- , . I 1 > ?% (PpfrPfi^r nf Sijhgrnup) . i rr^t i i i_ 

of sohd combustifc)ter<feMFnu)igsi&dyfigently needed. The problem may be 
divided into two parts: (q) the radiative emission from the flame^ as in
fluenced by size, chemic^ nature, and possibly turbulence and (p) the 
response of a given burnim solid surface to an imposed radiant fluj level. 

Present knowledge of flame radiation is grossly inadequate for quantita
tive! prediction. Both soot§particles andRgaseous water (H2O) and carbon 

) are known|to contribute significantly.nOn the basis of a 
iured temperature (Schmim method) fol turbiflent PMMA 
C, unpubUsl^d), blackbo(% radi&on w^uld b | 22 ^7cm^ 
der o^magnkude larger th^n the |arlier-thentioned radiative 

all a | the 1^ m̂  hiight. fhus, ^meth^g fan more 
R.a*;ii„jly thfck â sijdmptioiS isjieeded. |̂  ^ 

ve reteeiftly |xDlorOT^ ̂ ipn^ans^ o|| catei^lating 
yfla&ies, aM fTijenfislionM^i^glihkj^^^ iSijbulkin 

Irhis 
fluj: 

emi s$i 
[52 ma kstein 
[53] has vmeassured en^^ion and absorption with an array of up to ten 
laminar diffusion flames with various gaseous fuels. The most sooty 

^/J^fegpf:'^'^^W{it^&i^^effi'4rflV'trri^^ sf Mythmi'&m 1.7 
times the radiance of propane on the basis of a single flame. The varia
tion of transmittance with number of flames showed that, of the nine 
fuels investigated, the three sootiest could be represented by a grey-gas 
model. The other, l^fosooty* ifoelSt Eeqywe^ a model using a sum of two 
weighted grey-gas t e i ^? If ^ 2^| |gft^Jl^' lhese terms may be associated 
with soot an(|jnolecula* bandii^iaton»d)Ciespectively. 

In regard topthe^response of a burningTurface wh^n stimulated by an 
external radiant flux q^", Tewarson and Pion [54] h^ve obtained results 
which, as a first approximation, may be represented by a simple relation
ship 60 

^ " = m^ + q„"/. 

where L isftl?^ Energy required to;i)yrolyze 
eluding thelenersy needed | o bring ^ from its initial state to the pyrolysis 
condition).'^By i^easuring^w versu^j^R" for^^ variety of solids (10 cm 
diameter) andoia||ing the sii)pe t& b^/L, thej^jobtainj^alues of L such as: 

(7) 

nit malss of the solid (in-

«H ^ I: IfJIL I n U i^ai/g) 

(4rid<i^) H 

FIG 

TjxJIrtlWlin''' Baltimore 4 Larqe lOSma l l ^o / -
rIVllVI/\ Counties Coun t ies - ' " " 

Polystyrene 420 
7—Correlation of fire fatalities as function of location and blood alcohol content. 
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Polyethylene 555 
Polyoxymethylene 580 
Fire-retarded polyisocyanurate foam 877 

The value for PMMA is in excellent agreement with independently mea
sured values; in the absence of any other method, the foregoing laboratory-
scale procedure is recommended to get a general idea of how the burning 
rates of various solids respond to radiative flux. The foregoing list shows 
that some soUds are three times as resistive as others. (Roberts [55] has 
found that burning rate of polyurethane foam increases more rapidly 
with radiative flux than does wood, but he attributed the difference to 
pyrolysis kinetics, while Magee [50] and Tewarson [54] propose that it is 
simply governed by the energy balance at the surface.) 

From a fundamental viewpoint, the situation is more complex than 
Eq 7 suggests, since, as the burning rate increases with increasing external 
radiant flux, other factors may change, such as the convective heat trans
fer rate, the flame radiation from the larger flame, the rate of heat loss 
from the sample, etc. Analysis of these factors is now under way at FMRC. 

Finally, the role of turbulence in burning rate must be discussed. The 
most obvious effect is on the flame size and shape, which must be known 
in order to predict the radiative flux which impinges on a target with a 
given view factor of the source flame. Thomas [56] and Steward [57] 
review and provide correlations of the size of buoyancy-dominated flames. 
Steward's model predicts that the visible flame tip corresponds to the 
height at which 400 percent excess air has been entrained. This demon
strates the important effect of turbulence on the flame structure. 

Another effect of turbulence is to augment the heat transfer from the 
flame to an adjacent pyrolyzing surface, de Ris and Orloff [58] have 
investigated the effect of surface orientation on burning rate, including 
floor, wall, ceiling and intermediate orientations. Results show large 
dependence of burning rate on orientation, ascribed to gravitational 
generation of turbulent kinetic energy (maximum for an upward-facing 
surface), which modifles the flame thickness and the resultant radiative 
flux. 

A promising approach to providing a more quantitative description of 
the flow field in a fire is offered by the application of recently developed 
numerical turbulence models (see Lockwood and Naguib [59]). At FMRC, 
an attempt is now being made to extend this type of model to include 
radiation. 

The radiative properties of a turbulent diffusion flame may be different 
from those of a laminar diffusion flame of the same size. Markstein [60] 
has studied arrays of laminar and turbulent ethane flames and has found 
important differences. For example, the radiance extrapolated to an in-
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finite number of turbulent flames is reduced by a factor of 0.71 with 
respect to an infinite number of laminar flames. 

To summarize the discussion of burning, we have seen that rather small 
fires may be described by convective mass transfer theory without detailed 
knowledge of chemistry (except that L must be known), while larger fires 
are dominated by radiative transfer, requiring knowledge of flame radiance 
and flame shape as well as L. The foregoing applies to simple fuels, that 
is, surfaces which pyrolyze neatly upon being heated and accordingly 
burn at a steady rate when a steady heat flux is imposed. We have chosen 
to ignore complications due to diathermancy of thick thermoplastics, 
which means that their burning rates would slowly increase with time 
because of radiative heating in depth, or due to char buildup, especially 
of cellulosics, which may cause a reduction of burning rate with time. 
(Kung [61] has made a recent theoretical treatment of the latter problem.) 
While these transient effects are clearly important, the area of greatest 
uncertainty at this time, in the writer's opinion, is that of the radiative 
transfer from flame to surface. 
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DISCUSSION 

p. H. Thomas^ (oral discussion)—I'd like to congratulate Dr. Friedman 
and recommend careful study of his paper. It is a very exhaustive and 
thorough survey. I'd Uke to add something to the conclusions of it. I 
wholly endorse what the speaker says about the lack of appreciation of 
the importance of thermd radiation in fires, and it has a very direct con
sequence for the practical business of making standards. It may well be 

' Fire Research Station, Boreham-Herts, United Kingdom WD6 2BL. 
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much better in some situations for the standards to be written in terms of 
thermal flux, not temperature. There are standards which have been writ
ten in terms of temperature where one has to take action, as we did in 
International Council for Building, Research, Studies and Documentation 
(CIB) last week, to try to improve standardization by standardizing the 
uniformity of flux during the conduct of fire endurance tests. The problem 
of radiation is a very important one that affects standards as well as 
scientific research. 

/?. J. McCarter^ {written discussion)—I have some comments on smolder
ing combustion that are prompted by recent work, to this effect: 

1. Cellulosics are the primary fuel of smolder, at least in regard to 
apparent life-hazards. 

2. Cellulosics do not have an intrinsic smolder tendency. 
Regarding the latter, cellulosics have a wide range of smolder behavior, 
dependent upon acquired inorganic contaminants. Pure cellulose (for 
example, "ashless" filter paper or USP absorbent cotton) does not smolder. 
Thus, the answers to your first listed questions, the when and how of 
smolder, would be supplied for cellulosics primarily by incisive chemical 
analysis. The last two questions, from a life-safety viewpoint, would 
appear of secondary interest, as potentially lethal amounts of carbon 
monoxide (CO) are released in either event. 

R. Friedman {author's written closure)—These are very interesting com
ments. Thank you. 

R. G. Gann^ {written discussion)—I would like to add a brief descrip
tion of our recent studies at Naval Research Laboratory to Dr. Friedman's 
review of the nearly neglected realms of smoldering combustion. Using 
a 2.7-cm inside diameter flow tube, I. Cheng and I have investigated the 
smoldering of coconut shell charcoal. Both gas velocity upward through 
the fuel (7 to 28 cm/s) and oxygen content of the entering gas (7 to 20 
percent) were varied. As might be expected, we found that the combus
tion temperature and mass biuning rate of the fuel decreased as the oxygen 
fraction or gas velocity was decreased. However, the CO/carbon dioxide 
(CO2) ratio in the effluent gas also decreased. Since the fuel burned from 
the bottom of the bed, we attributed this behavior of the CO/CO2 ratio 
to a temperature-dependent, heterogeneous reduction of CO2 in the down
stream (that is, physically upper) layer of charcoal. A more detailed account 
of this work will be published within a year. 

R. Friedman {author's written closure)—Thank you. We will look 
forward to this published account. 

^Chemical engineer. Center for Fire Research, National Bureau of Standards, Washington, 
D.C. 20234. 

'Research chemist. Center for Fire Research, National Bureau of Standards, Washington, 
D.C. 20234. 
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Some Problem Aspects of Fully 
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REFERENCE: Thomas, P. H., "Some Problem Aspects of Fully Developed Room 
Fires," Fire Standards and Safety, ASTM STP 614, A. F. Robertson, Ed., American 
Society for Testing and Materials, 1977, pp. 112-130. 

ABSTRACT: The knowledge of fully developed room fires is reviewed fairly fre
quently, and research in this field is increasingly applicable to building design for 
designers who need to predict fire severity. In addition, there are several problems of 
general interest with relevance to other fields of fire safety, for example, stability of 
the system and the properties of the flame emerging from the window opening. This 
paper discusses these and other problems, along with some wider theoretical aspects 
of fully developed fires. 

KEY WORDS: fires, ventilation, heat, fuel 

Nomenclature 

a 
A 

A\fH/AT 
A f 

./\. f 

c 
E 
F 
f 
H 

A/f„x 
LHf 

h 

Constant 
Window area 
Ventilation factor 
Total (or weighted) wall, ceiling, or floor area 
Total (or weighted) wall, ceiling or floor are not covered by 
fuel 
Specific heat 
Activation energy 
Constant 
Fraction of heat released outside 
Window height 
Heat released per grzun of oxygen consumed 
Calorific value of fuel 
Mean of a transient conductance through walls 

' Head of Special Projects, Fire Research Station, Borehamwood, Hertfordshire, United 
Kingdom. 
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/„ Rate of heat loss to wall, etc. 
/e Rate of convected heat loss 
IR Radiation (window) loss 
k Constant 
L Lh- c(T* - To) 
M Mass inflow of air (0.50 A\fH for the normal fully devel

oped fire) 
m Constant 
Q Rate of heat release 
q Rate of oxygen consumption 

qy. Mean flux to solid walls etc. not covered by fuel 
r Gas phase stoichiometric ratio of oxygen to fuel 

R Rate of burning 
R Universal gas constant 
s Constant 

7^0 Initial and ambient temperature 
Ti Internal and exit temperature 
T* Temperature of fuel volatiles entering gas phase 
Lh Energy to release unit mass of fuel volatiles 
Aox Oxygen concentration 
kf Fuel concentration 
Q Density 

Fully developed fires seem to have been studied first by Ingberg [7],^ 
and the history of this work and subsequent developments have been 
reviewed by Robertson and Gross [2]. Ingberg recognized the role of 
ventilation. He did not quantify it; but he claimed that his experiments 
were undertaken in conditions of maximum fire severity. Fujita [J] and 
Kawagoe [4\ later showed how to quantify the main role of ventilation, 
and the recent work for the Conseil International du Batiment (CIB) [5] 
has shown that mean gas temperatures do have a maximum value (Fig. 1) 
in a range of ventilation conditions within which Ingberg's conditions 
could plausibly have been chosen. Figure 2 compares various data for 
the fire resistance required to survive a burnout. Ingberg's data are cal
culated, assuming the ventilation conditions, giving a maximum mean 
temperature. 

State of the Art 

Fully developed fires in compartments have most recently been reviewed 
by Harmathy [6], and, for the purposes of building design, the following 
relationships are the twin foundations of the analyses of Kawagoe and 
Sekine [7,5] and Magnusson and Thelandersson [9]. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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A ^ / A H ^ 

A^ excludes floor and opening 

Fire load densities in range 2 0 - 4 0 k g / m ^ (for details see referenceO)) 

Various compartment shapes; fuel is 2cm x 2cfn wood sticks, 2 c m apart in cribs 

FIG. \~Time mean temperature near ceiling. 

Extrapolatran of CIB data — 3 spacing-
(A^ including floor) 

Extrapolation of 
full-scale test 
correlation (ref <3)) 

( A A / ^ " 

Ingberg's test data Upper values based on area above ISO^ 
Lower values based on area above 300^ 

5 0 0 

FIG. 2—Ingberg's recommendations and extrapolation of other data. 

First is the empirical relationship between /?, the rate of burning, and 
A\fHy the ventilation factor for window of area A and height H 

R = kAsfH (1) 
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where k is 5.5 kg m"''^ min"' or 0.09 kg~' m"''^ s"' approximately, and 
second is the heat balance 

G = /, + /„ + /« (2) 
where 

Q = rate of heat release, 
I„ = rate of heat loss to walls, etc., 
/c = rate of convected heat loss, and 
IR = radiation (window) loss. 

IK is generally negligible in its effect on the heat balance but is impor
tant for external hazard, and I„ can accommodate the effects of the dif
ferent thermal properties in the walls, a simple statement hiding the com
plexities of the analyses of Kawagoe and Sekine [7,8] and Magnusson 
and Thelandersson [P], which are the current bases for the design codes 
most widely recognized. 

Q presents our first problem. Q is conventionally related to R by an 
effective calorific value. Kawagoe and Sekine [7,8], by fitting calculations 
to data, found 2575 cal/g to be the best value for wood fires. By virtue 
of Eq 1, one can write Q«-A\fH, and this, written directly, has in fact a 
more plausible basis than writing Q^ R^ A \fH because, for ventilation-
controlled fires, A sfH can be seen to physically determine the maximum 
possible heat release, while the burning rate is only empirically related to 
it. Magnusson and Thelandersson pursue the process of fitting calcula
tions to data by developing shape factors for the variation of Q in time 
and normalizing the total heat release with that available from the calorific 
value of the fuel. Harmathy [6] has criticized the neglect of heat released 
outside but, so long as the effective calorific value is empirical, the signif
icance of this neglect is not immediately apparent (see section on the fire 
outside). Calculations based on Eqs 1 and 2 for ventilation-controlled 
fires generally require greater protection for structures than fuel-controlled 
fires, and we have to ask whether there is any benefit from further refine
ments of theory. In what follows, a number of theoretical points are 
raised which are possibly not of great significance in relation to existing 
design procedures for calculating fire resistance requirements, but it must 
be remembered that providing adequate fire resistance is not our only 
problem. 

1. A description of fire behavior adequate to describe an internal fire 
is insufficient for the designer of protection against fire spread up the 
outside of the buildings. The reason is that Eq 1 defines a rate of fuel loss 
which, even if it were a completely correct prediction of the rate of burn
ing R, which strictly it is not \3,10\, tells us nothing about how much 
unreacted fuel is emerging out of the window and contributing to the 
outside fiames. 
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2. The temperatures calculated from an exact heat balance (as we shall 
see, Eq 2 is not an exact heat balance) are not a sufficient basis for esti
mating radiation from the flames, because flame emissivity is more impor
tant to external heat transfer than internal and because small acceptable 
errors in temperature T_may become large unacceptable errors in T* 
(which has a time mean T different from (7)"). It is not possible at pres
ent, therefore, to estimate the hazard external to a compartment from 
any logical extension of the design basis for fire resistance unless some 
empirical corrections are introduced. 

3. The constant k is known to be variable [3.10], but, even if constant, 
there is no theory available for predicting the effect of changing the fuel 
on it. 

To these we can add other problems, for example, those raised by a 
consideration of the following. 

4. Fully developed fires arise only after a usually rapid change in fire 
conditions called "flashover", so that certain conditions are necessary for 
their existence. Can we say that we can specify these at the present time? 

5. The object of fire fighting is to control and extinguish fires. Can 
theory help us to understand and improve this process? 

6. There are ventilation conditions conducive to minor explosions [11]. 
Will these become more common with fuels other than wood? 

We shall now comment on these topics by writing a heat balance in 
more detail than is normally done. 

Theory, With Kinetics of Reaction Included 

We shall first relax the first conventional assumption of infinitely fast 
reaction rates and consider a finite reaction rate in its simplest form in a 
gas phase heat balance. Let Aox.i and Aox.2 be the inlet and exit mean oxy
gen concentration respectively and y/,2, the mean exit fuel concentration. 
We should not consider an overall heat balance, but, in fact, two, one 
for the gas phase and one for the solid or liquid fuel phase. Here, for 
brevity, however, we neglect any surface reaction during the flaming 
phase of a charring solid. 

Equating oxygen and fuel consumptions according to stoichiometry, 
we have 

MAox.1 - iM+ R)ko..2 = Q (3) 

r[R - (Af + R)kf,2] = g (4) 

where r is the gas phase stoichiometric ratio of oxygen to fuel and where 
the rate of oxygen consumption q will be described for illustrative pur
poses in the arbitrarily simple form 

q = ae'̂ oxA/e-^^* '̂ (5) 
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Note here a is proportional to enclosure volume. If we maintain the as
sumption of uniform mixing, we can write the effective mean reacting 
concentrations as the exit values, that is 

q = aê Aox,2A/.2e- E/RT (6) 

Of course, mixing is unlikely to be uniform. The tendency to stratify 
between the heavier inflow and the lighter hot gases inhibits rapid mixing, 
but, near certain piles of fuel, there will be local buoyant plumes. The 
next relaxation of our assumptions might be to allow the volume of the 
reacting -;ases to be that of the heated zone in the upper part only of the 
enclosed volume. Here, we shall look only at the qualitative consequences 
of relaxing the constraint of infinite reaction rates. 

The heat balance of the gas phase is written as (Fig. 3) 

Q = c(M + R)(T2 - To) - Rc(T* - To) + L" + Rt^h (7) 

where small terms including radiation loss through the opening /« are 
neglected, and all gaseous specific heats are assumed the same._ 

I J' is mean flux to solid walls etc. not covered by fuel {^hAr'^Tz -
To), Lh is mean energy to fuel to release unit mass of fuel volatiles at 
T*; A is a mean of a transient conductance through the walls. The surface 
impedance is included in this term, and AT' i^ the total (or weighted) 
wall, ceiling, or floor area not covered by fuel. 

I«(=hAV(T,-T„)) 

- ( M * R ) c T 2 

McTo-

Gas phase boundary drawn just outside solid surfaces 

FIG. 3—Gas phase energy balance (neglecting surface combustion). 

The conventional neglect of the wall and other area covered by fuel 
and the term RLh means that the heat entering the fuel is treated as if 
it were entering a wall, a satisfactory initial approximation but perhaps 
not wholly so if a high proportion of the internal surface is covered by 
flammable linings. 
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For ventilation-controlled fires we have 

Q = 9A//„, (8) 

or an identically equal expression in terms of fuel, making use of the 
mass balances in Eq 4 and the values of r and the fuel calorific value 
LHf. lih - c(T* - To), the net enthalpy transfer to the fuel is denoted 
byL. 

We obtain finally 

Mr,' [hA-'/r- 4- (M 4- RWR 
^ox,2 = 

A/,2 = 

where 

E E 
8 = X (Ta - To) and B = x HHo. (Ha) 

M + R 

Rn" 
M + R 

(M + R)B 

[hAr'/c + (M + R)]e 
r(M + R)B 

(9) 

(10) 

« ' = Aoxi (1 — 1 and n" = (l ) 
• V Ao,,,MA//o,/ \ fA//„,/ 

(Mn' - Wd){Rn" -̂ ^— 

(lib) 

E/RT 

= IVe + IR/B (12) 
Rf 

and 

„^ hA'r/c + {M + R) , , EL 
W = and / = B cRTo^ 

The feedback /, while important in determining R, is not a major feature 
of the gaseous heat balance, so we shall discuss only 

y = apo e-^"'^' = ^̂  (13) 
{Mn' - Wd)(Rn" - Wd/r) 

where we write 

g-E/RTt — g-E/Rng-e/(]+Be) (14) 
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where 

B = RTo/E 

Equation 13 can produce the classic S-form well known, for example, 
in stirred reactor and self-heating systems limited by diffusion (Fig. 4), 
and recently referred to in connection with fire suppression by Williams 
[12\. For typical values of the various parameters, two stable and a third 
unstable equilibria exist (Curve A which is drawn on the assumption that 
rR > A/Aox.i but is otherwise diagrammatic). The limits of stability are 
not necessarily exactly at the critical points. In general, the right hand 
side of Eq 13 is proportional to a power of scale between 2 and 3, while 
the left side is proportional to volume, that is, (scale)'. The lower critical 
point exists only near 9 of order unity. Thus, if we write the numerator 
as d^e'' and Mn'/W > m and rR/W > m, the lower critical value of 0 is 
m, and, in general, we are concerned with temperatures much higher than 
are given by this. A discussion of fully developed fires can proceed with
out concern for this lower branch except for the one aspect we discuss 
next. Curves without critical points can occur, but they imply a low value 
of Mn '/W or R/W, for example, a high wall loss or very small openings 
(Curve B). As drawn, the curve is a function of Mn'/W and rRn"/WB 
and To, and R is assumed constant. Before discussing the further implica
tions of this, we shall reexamine the conventional heat balance. 

Conventional Heat Balance 

The conventional heat balance of a ventilation-controlled fire (the kind 
of fire in which the temperature is usually regarded as uniform), based on 
previous equations and Aox,2 = 0, becomes formally 

ê ax = Mn '/W = ^ ^^^ (15) 
hAr'/c + (M + R) 

the upper limit shown in Fig. 4. _ 
Introducing the time dependence of h by introducing the thermal cou

pling of the gases to the walls etc., leads in principle to the equations used 
by Kawagoe and Sekine [7,8] and Magnusson and Thelandersson [9]. 

My colleague, M. BuUen [13], has recently looked at the conventional 
heat balance equation with the addition of a conventional fuel surface 
energy balance for a pure liquid to determine R, and, with a more detailed 
treatment of emi^sivity for the radiation from the walls and from the 
flame, to define h. With M^A\fH, the heat generation has been taken 
as either MLHox or as RLHf, only the former being valid if /? > MXoxVr 
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^-Conventional calculations (Xox,2 = 0) 
.Ma' 

rCMtRI' 

FIG. 4—Uniform fire—role of kinetics (R constant). 

and the latter if /? < MkoK.i/r. He obtained results in the form shown in 
Fig. 5. 

In theory, both aa and bb are permissible solutions, bb applies as the 
limit to Curve A in Fig. 4 of rR < MAox,i, but we shall see that bb is 
usually unstable. The curvature in aa, slight but significant, has been 
found in the analysis by Thomas and Nilsson [14] of Nilsson's [15] experi
mental data. The portions cc and dd are both logically impossible. Be-

QaR AH«('rR AHOX) 

M(aA/Hl 

FIG. 5—Conventional heat balance with temperature dependence ofR. 
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yond the Point X, therefore, the modd as described cannot provide a 
solution. At X, burning takes place, in principle, stoichiometrically; 
below it, there are unburnt fuels burning outside, but, above it, the basis 
of the model must break down since it cannot give any solution. The 
system presumably becomes fuel controlled without uniform temperature 
and with M no longer given by 0.5 As/TI. 

The behavior for low M and R below the Point Y is referred to next. 

Generation of Fuel and Stability 

We have referred to the fact that the empirical value of 0.09 kg m""^ s*' 
is based on experiments in which wood was the predominant fuel. How 
can we find the effect of a change in the fuel? We could envisage instan
taneously removing a fuel bed from a steady state fire and replacing it 
with an identically shaped bed of different fuel. What happens? If, in 
the same thermal environment, the new bed produces volatiles at a faster 
rate, there will, in an ideally ventilation-controlled regime, be no burning 
of the extra volatiles. These absorb heat, and the fire cools, but this can
not be by so much as to reduce the rate of evolution of volatiles below 
its value for the old fuel bed, so we conclude that the more readily pyrol-
yzing or volatilizing the fuel, the cooler the fire despite the decomposition 
being faster, a somewhat obvious result. Reversing the procedure even
tually leads, of course, to fuel-Umited fires. 

In practice, not all pairs of fuels are interchangeable with each other in 
the sense just discussed without changing their form. Wood remains rigid 
while some plastics do not. Some liquids burn without change of com
position; others do not, so there are limitations to the concepts in idealized 
theory. In principle, the thermal environment will be describable in terms 
of the gas temperature rise 0, and To. The wall temperature and all heat 
transfer rates are eventually determined by these so we can write the rate 
of burning R, symboUcally as 

R = R(e) (16) 

which then shows that, if, at the temperatures given by Mn '/W, R > 
Mko%.\/r. Curve A in Fig. 4 is asymptotic to Mn'/W; the fire is ventila
tion controlled (we assume M constant). If, at this temperature, R < 
Mkox/r, Curve A is limited to a lower temperature, namely, rRn"/W. 
Since R depends on temperature, this will be the particular temperature at 
which 

^ rR(B^)n" 
"R — 

W 
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M is not as sensitive to variation in high compartment temperatures as R 
is expected to be; their characteristic variations with temperature are 
sketched in Fig. 6. At low mean temperatures, fuel volatiles may be evolved 
only by virtue of the local temperatures being high enough. Such a rela
tionship can be incorporated into Eq 13. 

FIG. 6—Typical dependence of R and M on temperature. 

Let 

R = Fd' (17) 

where F and s are functions of the fuel type. Then 

gg-E/HT, OC 
Qm-l g - 8 / ( l + Bg) 

( ^ - ) ( " • - - f ) 
(18) 

If * > 1, as suggested in Fig. 6, there is a minimum 6 to which the pre
ceding arguments apply unless local nonconformities are incorporated. 
The effect of such a dependence of Ron 6 is to suppress the low tempera
ture ignition of Fig. 4 (at 6 of order unity) which corresponds to a few 
tens of degrees centigrade temperature rise. The minimum temperature 
rise must normally exceed this to produce finite fuel concentrations from 
solids and produce temperature characteristics of'the kind sketched in 
Fig. 7. Although a full discussion of stability is outside the scope of this 
paper, the lower branch is readily seen to be unstable. If the system were 
to exist as a point on this branch, a fall in temperature would suppress 
fuel generation and heat production in the gaseous phase and so bring 
about extinction; a small perturbation upward would raise kf from a low 
value and would raise the temperature, but would alter the oxygen con
centration very little. More heat would be produced, and the system 
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9™x.J|j^ 

JfiL. 
rFn-

- ^ ^o^*-"^' 

FIG. 1—Uniform fire—role of kinetics (R temperature dependent). 

would necessarily move upwards to the upper branch. At the upper branch, 
the system is oxygen controlled, and a perturbation, which raises the 
oxygen concentration, lowers the temperature or vice versa. The lower 
branch is the bb portion of BuUen's solution of Fig. 5. 

What is important for us is that, in this model, there is no way of 
reaching the upper stable state except by providing, in a transient stage, 
some energy for the fire to cross the lower boundary and "jump" to the 
upper one, a process which presumably corresponds in at least some 
aspects to "flashover". Nonuniformities allow R to be finite even at tem
peratures below the mean corresponding to the lower branch. 

Raising F (or the rate of production of fuel at any given temperature) 
promotes the onset of instability and "flashover" in a developing fire 
(lowering the temperature of the lower asymptote), but hardly raises the 
temperature of the fully developed fires. This is because the excess fuel is 
mostly not burnt and acts as a heat sink. 

Thus, increasing the mass transfer potentiality of the fuel by, for ex
ample, reducing its latent heat reduces the threshold to be reached by the 
growing fire and, one presumes, the rate of growth towards that thres
hold; that is, more flammable fuels produce faster growing fires and a 
more easily reached flashover. 

Low Values of A\fH 

It is clear that, because the basic temperature characteristics of R and 
M are different in form (Fig. 6), lowering the size of the opening could, 
in certain circumstances, lead to temperatures too low to sustain the fuel 
flow, and a ventilation-controlled regime at low temperature is in theory 
not possible. It can be shown that for s > 1, aa and bb in Fig. 5 curves 
derived from Eqs 15 and 17 intersect twice, if at all, producing a second 
pair of logically unacceptable solutions in which the basic assumptions 
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of our model are inappropriate. For s = 2, the equations can readily be 
solved to give the condition for the existence of a ventilation-controlled 
regime (R > MkoJr) and thereby two intersections as 

^^4hAT'/c{l + r/Aox.i) 
F> ; 

(rB - If 
This condition is, in effect, a requirement imposing a limit on wall heat 
loss or a minimum surface area of fuel to which F is proportional. 

From Eqs 15 and 17, the Hmiting value of the air flow M for xentilation-
controlled fires, having low thermal feedback or high heats of reaction is 

Mc = 
"•ox.l"-nox 

where T2 is the temperature of the gases. Taking h = 0.01 kW/m^ [3] as 
a typical value, T2 - To- 600°C. AoxA//ox as 4000 kJ/kg, we obtain 

AT O.SAOXA// ox"'« ox 

a result of the same order as Tewarson's lower limit for the normal ven
tilation-controlled regime, at which periodic minor explosions occur [11]. 
Physically, this implies that the heat released is virtually all lost to the 
walls. Attempts to reduce M below the value at Y must result in either 
extinction or some behavior which cannot be described by our assump
tion, for example, nonuniformity or transience (oscillations). In terms of 
Eq 18, this is because there is no solution for positive fuel and oxygen 
concentration of a < ( W/rn"F)"'-^. 

An Oscillatory Behavior 

Let us return to considering Fig. 7 and a fire on its upper branch. If 
temperatures are high enough, the evolution of unburnt fuel is more 
significant than the evolution of unreacted oxygen, and the system is 
ventilation controlled. 

Consider now a reduction in the ventilation factor A\fH. M falls, 
and the system equilibrium moves to a lower curve, eventually reaching 
one from which future reduction causes "extinction". In so far as there 
is some residual local burning, for example, below the surface of cracked 
fuel elements, there will be production of fuel gases at what, in theory, is 
an average temperature rise of zero; that is, the lower branch of the S-
curve in Fig. 4 is not wholly suppressed as in Fig. 7, and the possibility 
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of a reignition (for example, by self-heating) exists (as illustrated in Fig. 
8). However, the curve involved is changed because the value of h changes; 
in effect, it becomes negative as heat from the hot walls returns to the 
gases. 

^ 

'̂C 

^ • = 
^ ^ , , . - - - ^ 1 

E, 

'• 
hAT 
AJHT 

- '̂' 

rlM»R)' »Po'o 
E/RTo 

FIG. 8—Possible oscillation caused by decreasing A\/H. 

If the drop in h is large enough for £, to be the right of h, the system 
would reignite and possibly oscillate (see Fig. 8). A transient analysis 
would be needed to explore such behavior. This, of course, is not the only 
possible source of oscillation. 

Tewarson [77] has drawn attention to the possible complex roles of 
kinetics at low ventilation; the fact that Tewarson quotes the same critical 
for two different fuels supports the view that this term is not primarily 
related to the fuel. 

This argument is presented here only in the sense of such a suggestion, 
but it tends to confirm the observed insensitivity of the behavior to a 
change of fuel and suggests that we need not be concerned with the crit
ical window openings becoming more in the range of typical building 
values and so presenting new hazards arising from instability as such just 
because the fuel has changed. 

The Fire Outside 

The External Flame 

One of the remaining problems of building design is to provide protec
tion from flames emerging from openings in building facades. Calculating 
the heat transfer, the temperatures and velocities of the hot gases are part 
of the problem of estimating the requirements for external structures and 
of reducing spread externally up the facade. Of course, the radiation 
depends on the emissivity, and this cannot yet be calculated a priori for 
buoyant, turbulent, diffusion flames. The safest and most practical pro
cedure is to assume a radiation flux level. 
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The temperature of the gases leaving the window—or perhaps, more 
exactly, approaching the window—is Ti but, as soon as the plume turns 
upwards, entrainment becomes faster, and combustion and dilution pro
cesses commence. The temperature at which flames radiate is clearly 
determined by these processes as much as—and probably more than—by 
the temperature Tj. Because of this, we have to admit that there is no 
basic theory for the external flame which can be expressed in terms of 
building and occupancy characteristics, such as fire load and window 
opening. 

The external flame might be regarded roughly as a region in which the 
stoichiometric air requirement is finally met. The differences in tempera
ture between a wholly open free-burning flame and one in the flame exter
nal to a compartment will depend upon the differences in the heat loss, 
the loss from the former being largely radiation to cold surroundings, 
and from the other radiation to walls and fuel etc; so long, therefore, as 
these are not too hot, the difference will be small. Stromdahl [76] reports 
radiating temperatures of flames as about 1(XX)°C some 200 °C higher than 
in the room. We also need comparisons with "open" fires since some exter
nal flames may be more easily considered as flames from such fires per
turbed by compartments than as extensions of compartment fires. 

The External Heat Release 

Harmathy [6] has suggested evaluating the heat release within the com
partment by exploiting published flame correlations to estimate the exter
nal heat release. For this to be superior to basing heat release on air flow 
(even if one has to introduce some allowance for the exit oxygen), one has 
(a) to neglect certain difficulties [7 7] in the usage of the correlations, and 
{b) assume that R/A\fH does not vary from 0.09 (5.5 kg min"' m""^) so 
that one can calculate flame length in terms oi A\fH. 

The total heat release rate is RMiy where A/T̂  depends on the degree of 
conversion to carbon dioxide and water. Within the limits set by the 
simphfied kinetics in this model, the rate of heat release outside, as a frac
tion of the whole, is 

/ = 1 -
MAo,.i - (A/ + 7?)Aox.2) 

rR 

which from Eq 9 

Ai/oxr 

/M + R\ RTo' _ hAr' /e\ RT,' _ L 
\ R / E LHo^r \R) E LHo^r 
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that is, from Eq 11a 

/• - 1 _ A {J^LL£\ _ ^^r' A _ ^ 
rB\ R J B R A//oxr 

For values of 

rAHo, = LH,= 19, MJ/kg 

0 ~ 1000°C 

M/R ~ 5 

h = lO-'kW/m' °C 

A\fH/AT ~ 0.05 m-^' 

we have 

L 
/ = 0.40 -

AH, 

very close (perhaps fortuitously) to Harmathy's estimate (based on a 
lower AHf and zero Ah), though clearly the agreement of numerical values, 
being based on correlations experimental but different, but neither wholly 
theoretical, is to be expected and, for typical variations about these values, 
values of from, say, 0.2 to 0.6 could be envisaged. 

Without a determination of R independently of M, one cannot proceed 
f£ir in a discussion of Eq 19. We note that reducing L has two effects 
on / , one directly on the last term and the other in increasing R, and, if 
this is of greater importance, / is increased. 

Conclusion 

A number of diverse aspects of compartment fires have been examined 
briefly, and attention is drawn to certain secondary features of these fires 
which lie outside what is acceptable as a theory for the design prediction 
of fire resistance. One can describe one feature of flashover—perhaps 
only of certain kinds of flashover—as a transition across a fuel-controlled 
regime which is unstable in conditions of uniform burning. The descrip
tions employed here are highly oversimplified and the conclusions specula
tive, but future studies along these lines might be rewarding. Some theoret
ical basis has been indicated for the regimes of very low AsfH/Ar depart
ing from that of being conventionally ventilation controlled. A calculation 
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of a critical parameter gives a value of similar order to that observed by 
Tewarson and suggests an important role for wall heat loss. Certainly, 
once one departs from the design of fire resistance, the theory of fully 
developed fires requires considerable development to provide an adequate 
base for the other fire problems, be they in design, fire stability and con
trol, or the role of extended flammable surfaces in producing fuel which 
burns outside the window. 
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DISCUSSION 

R. A. Lacosse^ (written discussion)—Dr. Thomas showed a slide of a 
fire using insulating board. Reference was made of using unfinished in
sulating board. 

So as not to raise questions and confuse those not knowledgeable in 
this area, this is to advise that, since the late 1950's, all insulating board 
products used as exposed interior finishes have been manufactured with a 
flame resistant finish. 

For this application, there are presently no unfinished insulating boards 
in this country (United States) and should be so recorded in Dr. Thomas' 
paper. 

P. H. Thomas (author's written closure)—Mr. Lacosse refers to "flame 
resistant" finishes. Of course, if the lining really did "resist" flame, there 
would, in effect, be no flammable lining, but if the finish, as is more 
usual, only retards flame and thereby prevents some fires and perhaps 
delays flashover in others, it may not necessarily burn any less fast in a 
fully developed fire should this occur. In so far as it does bum less rapidly 
than the untreated material used in the experiments showing large flames 
out of the window, because of its treatment or greater conductance or any 
other reason, the flames will presumably be smaller; the difference would 
be one of degree unless flashover is actually prevented. 

R. G. Gann^ (written discussion)—I infer from your treatment of fully 
developed fires in ventilated compartments that the behavior of these fires 
is essentially independent of the preflashover conditions. That is, the 
combustion depends primarily on the fuel character and the ventilation 
rate. To what extent is this realistic? It seems that, as we tend towards less 
flammable materials (that is, as we attain more success on that front), a 
greater degree of sophistication must be applied in modeling the transition 
from local to widespread burning. 

P. H. nomas (author's written closure)—Dr. Gann is correct in in
ferring that I am assuming here that the behavior after flashover is in
dependent of the behavior before flashover. This would not be so, for 
example, if fire wholly bums out part of fuel before flashover has occurred. 
The flashover period may be influenced by many factors having little or 
no effect on the fully developed fire, and it is doubtful if design for resist-

' Manager, Technical and Manufacturing Services, Acoustical and Board Products Associ
ation, Parkridge, 111. 60068. 

^National Bureau of Standards, Washington, D.C. 20234. 
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ing fully developed fires should be based on anything but the worst case, 
so long as this has a high probability. 

There are situations where a change of occupancy can turn a situation 
in which flashover is virtually impossible into one in which it is very prob
able, and this possibiUty is recognized in principle, even if implicitly, by 
some regulatory bodies in the issue of building licenses and the variation 
of requirements for different occupancies. 
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ABSTRACT: A review was made of both full-scale and scale model experiments con
cerned with fire growth and spread in building compartments. It appears that "flash-
over," that is, the rapid transition to a fully developed room fire, could be initiated 
by a fully involved chair fire alone or by a large waste container ignition source 
against a combustible lining material. Scale model results continue to provide valuable 
insight, but the validity of partial scaling results must be considered for each type of 
experiment. A quasi-steady idealized mathematical model was developed to analyze 
the various parameters of fire development in a room. These theoretical results show 
the significance of fuel properties, fire size and location, room and doorway dimen
sions, and wall thermal properties. The limitations of a mathematical approach are 
also discussed. 
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fluid flow, heat transfer, theories 

Nomenclature 

A Surface area 
c Orifice coefficient 

C, Cg Specific Iieat of solid, fluid 
d Density ratio, Qg/Qa 

D Horizontal distance from flame 
Fr Froude number 

Far Geometric configuration factor between the thermal dis
continuity plane and the floor 

g Gravitational acceleration 
Gr Grashof number 

' Mechanical engineer. National Bureau of Standards, Washington, D.C. 20234. 
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h Convective or total heat transfer coefficient 
H Height 

A^ Heat of combustion 
A^„ Heat of volatilization 

/ Enthalpy 
k Thermal conductivity 

ke Entrainment constant 
ko, k\, k2, kf Constants 

K Wall and ceiling conductance length scale 
L Length of room 
m Rate of mass flow 
p Pressure 
q Rate of heat flow 
r Mass air to fuel ratio 

Rf Radius of flame 
R Universal gas constant 
t Time 
T Temperature 
V Velocity 

W Width of room 
X„ Height of neutral plane 
Xa Height of thermal discontinuity 

a Coefficient of volume expression 
/3 Parameter defined by Eq Ic 
y Area ratio, y4jr//4H^ 
6 Wall thickness 
6f Effective heat transfer length ahead of flame 
A Difference operator 
£ Emissivity 
yL Viscosity 
Q Density 
T Dimensionless time, th ^/kqc 

03 Parameter defined by Eq lb 

Subscripts 

a Air 
b Burning 
d Thermal discontinuity 
e Entrainment 
/ Flame 

fuel Fuel 
F Floor 
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g Hot gaseous combustion products 
ig Ignition 
n Neutral plane 
o Doorway 
p Plume 

prod Products 
py Pyrolysis 

r Radiation 
s Fuel surface 
V Volatilization 
w Hot walls and ceiling 
a> Reference state 

Superscript 

( ) " Per unit area 

The discovery of fire by mankind has been both a blessing and a curse. 
The term "combustion" connotes the beneficial aspects, such as heating 
our homes and yielding a useful energy source. On the other hand, the 
term "fire" implies a hazard and an uncontrollable state. In modern 
society, the amount of furjiishings in residential occupancies has risen, 
increasing the chance of fii'e growth. Whether a small fire will become 
large is a question for the fire safety engineer. A definitive answer to this 
question cannot be given with our current state of knowledge. What can 
be given at this time is a review of what we know (or think we under
stand) about the spread of fire in enclosures. 

This presentation will focus on the problem of fire growth within an 
enclosure or room. In this context, envision a room with openings, such 
as doorways or windows, within which an ignition has occurred. The 
ignition source or primary fire may grow in size due to heat transfer from 
the flames to its immediate surroundings. Air flows into the fire by the 
buoyant force of the fire itself, and the flow is limited by the size of the 
openings to the room. The fire may go out because its fuel is depleted or 
it may continue to grow. At some point in its growth, the room will be 
sufficiently heated to increase the rate of heat transfer to the fire and 
unburnt materials. Thus, the fire will tend to accelerate in growth due to 
this feedback process. The maximum fire size that can develop under this 
feedback process is limited by the air supply rate through the openings or 
the amount of available fuel in the room. This maximum fire size is usu
ally termed the fully developed fire. The rapid fire growth process pre
ceding this stage is termed "flashover." Several criteria may be used to 
define flashover, but a satisfactory definition is difficult to make in quan
titative terms. Let it suffice that flashover is a critical state in the fire 
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growth in a room which marks the difference between a fire that stays 
relatively small and confined to its initial surroundings and a fire that 
reaches its fully developed state. 

Review of the Literature 

Recent reviews on the fire growth in building compartments have been 
given by Thomas [lY and Friedman [2]. Hopefully, the present discussion 
will add some additional information to a very multifaceted problem. 
However, the present review has been far from exhaustive, and further 
efforts to probe the literature and synthesize the facts will, I am sure, be 
beneficial. 

Full-Scale Fire Experiments 

Efforts to understand the fire development in a room have invariably 
led to full-scale experiments of fires set by scientists in rooms of various 
shapes and contents. The motivation for these tests may have varied, but, 
in each case, the study has enabled the experimenter to observe the chro
nology of the fire development and to correlate this with various mea
surements. In retrospect, we can learn something about the way the fire 
has spread and the factors indicating the hazard. 

It is known that accidental fires frequently start from a cigarette care
lessly forgotton on an upholstered chair or bed. This type of ignition 
usually leads to a smoldering fire. The dynamics of the smoldering fire 
can be different from flaming combustion. The temperatures in the room 
will be relatively low, and the fluid flow of gases in the room may involve 
layering of the gases. It appears that carbon monoxide (CO) is the prin
cipal hazard of the smoldering fire. If the smoldering material is a poly-
urethane foam, a sufficiently strong airflow can induce flaming com
bustion; however, this appears to be an uncommon or rare occurrence [5]. 
The outbreak of flaming combustion in other materials, such as cotton 
padding in upholstered furnishings, is more likely. Hafer and Yuill [4\ 
performed extensive experiments of flaming and cigarette ignitions on a 
variety of bedding and upholstered chairs. The developed fires were 
smoldering or limited in flaming combustion, probably by the very small 
window openings they had in the room. Had the windows been opened 
wider, it is expected that larger fires would have developed. In fact, it is 
remotely possible that flammable vapors which would collect in an en
closed room due to a smoldering fire could cause a very violent fire or 
explosion [5] upon the sudden addition of fresh air or a flaming ignition 
source. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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In experimental studies, emphasis has been placed on residential oc
cupancy fires such as the office, the living room, or the bedroom. In 
1939, Ingberg [6] studied the fire severity and duration of typical living 
room furnishings. For a moderate amount of living room furnishings, the 
extent of fire spread was to some furniture items; whereas, for a heavier 
fuel loading, the living room fire led to flashover in the adjoining rooms. 
They concluded that the orientation of the furnishings is important with 
respect to the fire origin. Bruce [7\ concluded, after a series of room fire 
experiments, that the direction of the flames on the first item ignited had 
an effect on the rate of fire development. Thus, the effect of fire location 
in the room and air currents which direct the flame of a small ignition 
source play a significant role in the early growth of a fire. 

Waterman [8] conducted an extensive series of experiments to deter
mine the conditions supporting room flashover. The room was 3.64 by 
3.64 by 2.43 m high with inner surfaces of silica-asbestos board. He 
examined fires started on various items of furniture and also varied the 
size of the window openings to the room. He concluded that the mecha
nism for room flashover is not the ignition of the unburnt gases which 
collect along the ceiling but is due to combustible items being heated by 
radiation and convection to the point at which they will ignite. Moreover, 
in these experiments, he indicated that most of this radiation originated 
from the heated upper walls and ceiling and not directly from the flaming 
item. When any major furniture item became fully involved in flames, 
flashover generally followed. This usually occurred for burning rates >M) 
g/s. For example, an upholstered chair fire could cause the fire to spread 
throughout the room by releasing a significant amount of energy to heat 
the room. The confined hot gases and heated walls and ceiling then radi
ate back to other items causing them eventually to ignite. 

Developing fires in a bedroom ensemble have been reported by Hillen
brand and Wray [9], Croce and Emmons [10], and Croce [77]. The first 
study is noted for its demonstration of the effect of fire retardant mate
rials on fire spread and for the unusual flow conditions that resulted at 
the doorway of the bedroom. The latter studies [70,77] are noted for the 
extensive analysis of the data by a team of scientists. These studies point 
out the importance of radiation from the smoke layer to the lower por
tions of the room. For example, Alpert in Ref 77 reports, just prior to 
flashover, a heat flux of 4 W/cm^ to a horizontally mounted sensor 
(Garden) located at the edge of the primary fire source (a burning mat
tress). He estimated that about 1 W/cm^ was due to the hot smoke layer. 
Moreover, Orloff and de Ris in Ref 77 demonstrated that the ignition of 
a remote item (a bureau) was probably due to radiation received from 
the smoke layer. 

Fires involving wood cribs and upholstered and foam chairs in rooms 
were studied by Hagglund, Jansson, and Onnermark [72]. They settled on 
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a definition of flashover as the point when flames emerged from the door
way of their concrete test room (2.90 by 3.75 by 2.70 m high). This ap
peared to correlate with a temperature near the ceiling of 600 °C. Their 
data for wood cribs is represented in Fig. 1. It illustrates the classical 
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FIG. I—Mass loss rate of wood cribs in a room with various window openings [12]. 

presentation of ventilation and fuel-controlled fully developed fires. It 
further illustrates a mapping of their flashover region on this plot. Thus, 
the results display the potential for flashover as a function of the window 
opening and amount of fuel involved in combustion. A generalized ver
sion of such a plot would certainly be welcomed by the fire safety engi
neer. 

The importance of the initial or primary source fire on flashover poten
tial has prompted some investigators to study individual items in a room 
enclosure. Gross and Fang [75] studied the burning characteristics of 
waste containers (18 to 120 litres) and upholstered chairs. They found 
the flames from these burning items would impart a heat flux of about 
0.5 to 5 W/cm^ to adjoining items. Fang [14] obtained similar heat flux 
results for a more extensive study of upholstered chair fires in rooms. 
The average duration of these chair fires was about 1 h. In most of these 
experiments, the maximum separation distance to cause ignition of adja
cent paper, cotton cloth, or wood targets was 0.15 m. Theobald [75] also 
found that radiation from a burning chair could ignite cotton cloth 0.15 
m away, but a burning wardrobe could ignite cotton cloth 1.2 m away. 
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Thus, the larger the room fire, the greater the radiant ignition hazard to 
the surroundings. 

A summary of typical burning rates for various room items is shown 
in Fig. 2. Also shown in the figure are values for fully developed room 
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FIG. 2—Range of maximum burning rates for various residential combustible materials. 

fires estimated from Christian and Waterman [16]. In a room environ
ment, the burning rate, or, more directly, the energy release rate of the 
burning item, will be significant with regard to the potential of flashover. 
Figure 2 gives a perspective on the maximum burning rate for typical 
furnishings. These data were collected from various sources, and, con
sequently, the enclosure size was not the same for all cases. However, the 
data were selected for fires which were not ventilation controlled. 

Although a large burning item of furniture alone may be sufficient to 
cause room flashover, combustible lining materials along the walls and 
ceiling can often be ignited by relatively small ignition sources and thus 
contribute significantly to the development of flashove^r. Bruce [7] ob
served that the lining materials did not significantly get involved in fire 
until flashover ^occurred. His ignition sources were in the center of the 
room. However, Fang [17] studied lining materials exposed to a comer 
ignition source (a wood crib with a burning rate of approximately 7 g/s). 
He designated flashover by the radiative ignition of horizontal targets of 
newsprint and 6-mm-thick plywood located at the center of the room 10 
cm above the floor. The newsprint ignited at a minimum of 1.7 W/cm\ 
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compared with 2.1 W/cm^ which was required for the plywood. Fang 
related this to an average upper gas temperature of roughly 610°C. For 
his ignition source and wall linings alone (that is, a noncombustible ceil
ing and floor), he found that flashover occurred for wall materials tested 
which had an ASTM Test for Surface Burning Characteristics of Building 
Materials (E 84-75) flame spread classification (FSC) >180 or alternately 
an ASTM Test for Surface FlammabiUty of Materials Using a Radiant 
Heat Energy Source (E 162-75) flame spread index (I) >150. 

Similar experiments were conducted at Underwriters Laboratory [18] by 
Castino and co-workers. They investigated cellular plastics and other 
materials which lined the walls and ceiling of a room. When they sub
jected a room to a 9-kg (20-lb) wood crib corner fire (with an estimated 
burning rate of 6 to 10 g/s, which can be interpreted as a large waste con
tainer fire or a chair fire) 5 out of 6 Uning materials tested became 90 
to 100 percent involved in burning. These materials had ASTM Test E 
84-75 FSC of 3 to 178. The paper surface on plaster board linings (FSC = 
13) became up to 65 percent involved in flaming for a short time under 
the fire exposure of a 23-kg (50-lb) crib (with an estimated burning rate at 
20 to 25 g/s). It appears that it does not take a very large comer fire to 
fully involve wall lining materials in a room. 

In contrast to wall and ceiling Unings, floors and floor covering mate
rials seem to present a less severe problem. For example, Davis and Tu [19] 
report no more than 18 percent involvement of carpets subjected to cor
ner fires of upholstered chairs or 6 to 30-kg wood cribs when the walls 
and ceiUng of the room were noncombustible. 

The role of Uning materials and their contribution to room fire develop
ment is a complex phenomenon. The contribution of flames under an 
incombustible ceiling [20] and a combustible ceiUng lining [21] have been 
studied by Hinkley, Wraight, and Theobald and further discussed by 
Thomas [22]. A quaUtative sketch taken from these studies is displayed in 
Fig. 3. The contribution of direct flame radiation and combustible ceiling 
are shown in terms of the incident radiative heat flux to the floor and 
distance from the fire. Hinkley and Wraight [21] found that a combustible 
ceiUng could increase the heat flux by more than twice that of an incom
bustible ceUing. Thomas [22] indicates that the time to heat up and ignite 
a combustible material is directly proportional to its thermal property 
kQC (the product of thermal conductivity, density, and specific heat). 
Hence, low density Unings will tend to heat up quickly and ignite quickly. 

Although the emphasis of this paj)er is the developing fire in a room, 
some other cases of buUding fire spread will be mentioned. Once a room 
fire has developed to a large size, its chance of spread to the surroundings 
increases. One hazard is fire spread into an adjoining corridor. The resul
tant floor and ceiUng incident heat fluxes due to a room fire of various 
sizes are shown for a corridor in Fig. 4. These results were taken in the 
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FIG. 3—Qualitative radiative heat flux distribution along a floor from flames and a healed 
ceiling [21,22,23]. 

facility previously described by this author [23] in discussing the phe
nomenon of fire spread along corridor floor coverings. The results shown 
in Fig. 4 are for noncombustible corridor linings. The heat flux data are 
relative to cold surfaces, that is, to water-cooled heat flux gages. The 
ceiling flux is primarily convective, while the floor flux is radiative. It is 
significant that the results display the effect of external room vents (which 
supply additional air) and fire location for the four crib cases. Fire spread 
from a room to a corridor with combustible wall and ceiling linings was 
studied by several investigators [24-26]. The case of fire spread in com
bustible passages has been studied [27-29] with the application to mine 
fires in which the gas flow is totally in one direction. If enough fuel is 
available, these fires can become fuel rich, and the propagation then 
depends on the inlet air speed. This undirectional flow case can have rele
vance to vertical ducts and stairwells in building fires. The problem of 
flame projection from a window and possible spread to the next story 
of the building and the hazard of the fire plume from a burning house has 
been analyzed very extensively by Yokoi [30]. Finally, the dynamics of 
fire spread throughout wood-frame buildings has been studied by Butler, 
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FIG. 4—Incident heat flux to cold surfaces of a ceiling and floor in a corridor adjoining 
a room fire of various intensities. Numbers in symbols indicate the number of 18 kg wood 
crib fires in the room. Cribs were located in the center of the room and room vents were 
closed unless noted otherwise. 

Martin, and Wiersma [31], and the St. Lawrence burn experiments ex
amined the potential of fire spread between buildings [32]. 

Small-Scale Laboratory Studies 

An international cooperative study examined the effect of many vari
ables on flame spread through wood cribs within a 1-m-high compartment 
[33,34]. The initial conclusions from these studies show that the fire 
spread rate depends on the bulk density of the fuel during its early growth; 
then it accelerates as the compartment is heated. The spread rate was 
found to depend on the position and size of the ignition source, fuel 
height, stick spacing, and lining material. The spread rate had no depen
dence on compartment shape and little dependence on opening size. It is 
interesting that initial rates of spread differed significantly among the 
various laboratories. The data from these experiments will probably con
tinue to be analyzed. 

There is a strong desire in fire research to conduct scale-model simula
tions of full-scale experiments. The motivation for this is the obvious 
savings in cost and setup time and the easier ability to change variables. 
Although similitude modeling can have a mathematical basis, it is impos
sible to scale all of the dominant dimensionless groups in a fire experi-
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ment. For excellent dissertations on the mathematical basis of simiUtude 
modeling in combustion, one should refer to Spalding [35], Hottel [36], 
or Williams [37]. Both Hottel and Williams indicate the advantages of 
utilizing a high pressure chamber, and Williams goes further to indicate 
the added advantage of using a high pressure centrifuge. The "pressure 
modeling" approach primarily lies in adjusting the Grashof number (Gr) 
by increasing the ambient pressure such that the dimensionless mass trans
fer or burning rate is preserved since essentially 

m,"l = /(Gr) (la) 

(M/e)' M' \RT} 
Gr = ^' ^'^"'' = «• '̂ "^ l-f^Y (16) 

for a perfect gas. Also, the convective heat transfer is preserved since 
the Nusselt number, hl/k, is also strongly dependent on Gr. The Froude 
number (Fr) is also preserved in the pressure modeling scheme, that is 

provided the imposed flow speed is adjusted. By preserving the Gr and Fr 
numbers in the pressure modeling method, the viscous, buoyancy, and 
convective processes will remain similar between the model and the proto
type. The success of this method has been demonstrated by several in
vestigators [38-40] for simple geometries and for wood crib fires in enclo
sures. The inability of this method to account properly for radiation 
emitted from heated surfaces and perhaps also for flame radiation is a 
pitfall of this approach. 

A more commonly used scaling approach has been to burn "scaled-
down" models at normal atmospheric pressure. It can be referred to as 
"Froude number modeling" since the Fr number is the primary variable 
preserved. However, in this modeling context it is convenient to write the 
Fr number as 

Fr = ^ _ 1 Z ^ ^ J J 1 _ (for a perfect gas) (3) 

where the energy input rate q has essentially eliminated K by a conserva
tion of energy relationship given as 

g = QC^VnUT (4) 
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Many investigators [41-47] have used this approach with varying sub
sidiary conditions which depended on the manner of representing the 
energy release rate q and the restriction of maintaining the ratio of fuel 
generated rate (rhy) and airflow rate (m„) constant between the model and 
the prototype. The airflow rate is modeled as the product of door width 
(Ŵ o) and height to the 3/2 power (//»"'^). Wall properties are usually 
modeled in this method in an attempt to maintain identical temperatures 
in scaling; however, radiation effects from flames and gases can upset 
this type of model. In general, the more complex the fire problem, the 
more likely that Fr number scale modeling will fall into an art form rather 
than one that can be supported by mathematics. Although scaling results 
may achieve a level of success, it may not be known whether nonscaled 
effects have compensated the results to give good agreement between the 
model and full scale. It is interesting to note that Hird and Fischl [48] 
used 1/10, 1/5, and 1/2 geometric scale models of a room and its furnish
ings with the full-scale furniture thickness maintained. Their scale model 
temperature and time to flashover results were in good agreement with 
the full-scale experiments. 

Mathematical Models and Correlations 

It should be realized that, although experimental studies of room fire 
growth are valuable, they alone are not sufficient to provide us with a 
general understanding of the effect of room and fuel initial conditions. 
The layman probably could list quite well the number of variables which 
will affect the fire growth, and the experimenter will undoubtedly incor
porate some of these in his fire tests. However, it is the mathematician 
that can vary all the governing parameters through the solution of equa
tions which represent the fire growth. Although the mathematical approach 
has the most potential, its accuracy will only be as good as a correct under
standing of the fire growth processes and the ability to model reality. 
Without a mathematical model, the fire safety engineer will have to rely 
on his impressions of full-scale fire experiments and relative material 
rankings from flammabiUty test methods. 

For the room fire problem, mathematical modeling has been motivated 
by the desire to generalize the results of experiments designed to predict 
the fire severity to the structure and the fire duration. Kawagoe [49] and 
Sekine [50] have set the tone of this approach by modeling the buoyancy 
driven airflow as an orifice flow problem through the room doorway or 
window. A global energy balance was applied to the room, and transient 
heat losses were accounted for in terms of the wall material properties. 
Thomas, Heselden, and Law [57] presented a comprehensive account of 
the fluid flow and heat transfer processes affecting fires in compartments 
with both large and small openings. Others [52-56] have considered vari-
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ous improvements to this type of global modeling. These models are not 
directly relevant to the developing fire process because they emphasize the 
ventilation-controlled fire or they do not consider the local heat transfer 
process affecting the fire growth. In this regard, Parker and Lee [47] and 
Fowkes in Ref 11 have attempted a more detailed analysis applicable to 
the developing fire. Motivated by these approaches, a mathematical 
model for the developing fire will be presented in the next section. 

Before leaving the discussion of mathematical modeling, the considera
tion of computer solutions should be discussed. This approach solves the 
governing differential conservation equations by numerical methods. It 
has been restricted up to now to two-dimensional (or axisymmetric) geom
etries. This approach was initiated by Torrance and Rockett [57] and has 
been followed by others [58-60] with various degrees of complexity in
cluded in the problem. Attempts to include radiant heat transfer, com
bustion, turbulence, and openings in the enclosure have all been made. As 
this approach seeks to model more of reality, confidence in its results 
must be developed. The application of computer modeling will ultimately 
depend on its accuracy, cost, and accessibility to the designer. 

A Mathematical Model of Fire Growth 

A sufficient understanding exists so that a conceptual model of the 
physical processes of fire spread in a room can be constructed. In addi
tion, a mathematical description of these processes can be represented 
in a reasonably simple manner. The chemical aspects of a developing 
room fire involving the efficiency of combustion and possible reignition 
of unburned combustion products must await future developments and 
will not be considered here. 

The model to be considered here is motivated by the analyses of room 
fires by Rockett [61], Fowkes [11], and Zukoski [62] and of corridor fire 
exposures by this author [63] and McCaffrey and Quintiere [64]. The 
model considers a fire of a fixed circular burning area on the floor of the 
room. Only a doorway opening will be considered in the example to fol
low, and the region beyond the doorway is large in extent. Fresh air flows 
through the lower part of the doorway, is entrained into the fire plume, 
heated, and flows out of the upper doorway region. The fire plume heats 
its local surroundings, and a hot, well-stirred region is formed in the 
upper volume of the room heating the walls and ceiling by convection 
and radiation and the floor by radiation alone. The fire grows or not, 
depending on the resultant heat transfer to other combustible items and 
on the extent of fuel available. In the following analysis, the contributing 
mechzmisms will be decoupled into three processes: (a) fluid flow to the 
fire and room, (b) heat transfer within the room, and (c) heat feedback to 
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the fuel and its subsequent consequences on burning rate, flame spread 
speed, and ignition. 

Fluid Flow 

Figure 5 displays the fluid flow and vertical temperature distribution in 
a scale model of a floor fire in a room adjoining a corridor. The flow 

H=32cin 

|GAS eUffilER^. 

\'—13 cm—^ 
- 22 cm 

—»-T 
ROOM WIDTH'32 cm 
BURNER WIDTH >l3cin 
DOOR HEIGHTS 28.5cm 
DOOR WIDTH =11 cm 

100 200 300 
TEMPERATURE CO 

T-T 

FIG. 5—Fire induced room flow pattern and vertical temperature distribution taken from 
a scale model. 

pattern was sketched from titanium oxide (TiO:) smoke traces. Although 
this is a scale model, it would agree qualitatively with the flow in a full-
scale room. The mathematiccd model that will be adopted follows that of 
Rockett [61], The model is illustrated by Fig. 6. A combustion region 
is depicted above the fire base area A^. This fire plume entrains air up 
to height Xa (the thermal discontinuity) above which the combustion pro
ducts are at a uniform temperature Tg. This representation is reasonable 
since, except for possible mixing at the doorway, air can only flow into 
the upper room atmosphere through the fire plume. Also, except for 
regions of combustion, the upper atmosphere fluid is well mixed by the 
entrainment process shown in Fig. 5 so that a uniform temperature Tg is a 
good first approximation. The flow into and out of the doorway is governed 
by the height Xa and the neutral plane height X„. (The neutral plane 
height is the height at which the pressure difference across the doorway 
is zero.) The doorway flow model has been recently analyzed by Prahl 
and Emmons [65] who give a derivation of these governing equations. 
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FIG. 6—Flow and thermal model. 

Mass Flow Rate of Products Out of the Doorway 

rh, = 2/3 cW^,\/lgd(\ - d) (//„ - X„y'^ 

where 

d = density ratio Qg/Qa and 
c = orifice coefficient. 

Mass Flow Rate of Air into the Doorway 

(5) 

m, = 2/3 cW,Q, s/2g{\ - d) iX„ - X^Y'^ (X„ + X^/1) (6) 

The remaining equation that is required to complete the flow model is 
the rate of air entrained into the fire plume. For the axisymmetric fire 
plume an approximation of Steward's [66\ result was used. 

Mass Flow Rate of Air Entrained into the Fire Plume 

m, = m,w{pXa/H„ + 1)"^ 

where co and p are dimensionless parameters. They are given as 

1 

(7a) 

O) = 

1 + 
AH 

rCJ, 
Ob) 

which is small (to be taken as 0.08 in the calculations to follow), and 
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p = 4/5 A:/" (1 - a,) I " " ' //„ (7c) 

where Ar̂  ~ 0.1 is the plume entrainment constant. The weak link in the 
flow model appears to be the entrainment Eq 7 for several reasons. First, 
in the form given an uncertainty in the entrainment constant affects m„ by 
almost A:/. Second, the equation provides a model of a free burning fire, 
not one that is in an enclosure. Third, the shape of the fire source (that is, 
axisymmetric, Une fire, wall fire, etc.) and drafts in the room which affect 
the orientation of the flame require a more complete mathematical repre
sentation than that given by Eq 7. Nevertheless, the present representation 
will be qualitatively correct and can be made more accurate by an em
pirical adjustment in k^. It should be noted that the effect of fire location 
in the room can be achieved by reducing k^ by 1/2 for a fire against a 
wall and by 1/4 for a comer fire. Equations 5, 6, and 7 can now be solved 
for the three unknowns X„, X^, and m., provided it is recognized that 
the conservation of mass 

rhg = ihy + riia (8) 

holds and that for a density ratio (rf) below 1/2, the temperature has 
little effect on the flow. The flow equations will be decoupled from the 
energy equation to follow by specifying d = 1/2. The fuel mass genera
tion rate, rhy, will be specified, but the fire area. Ay, will be determined to 
match the energy requirements. 

Some results from this flow model are shown in Figs. 7 and 8. The 
equations were solved by the Newton-Raphson method. Figure 7 displays 
nJa as a function of the traditionally used "ventilation parameter" A„\fH„. 
The results are in qualitative agreement with the limiting form 

m„ = kJi„\fHl (9) 

where Thomas et al [57] gives k, = 0.50 k g / m ' " s for the small opening 
and Ar„ ~ 0.13 for a large opening comparable to the cross section of the 
compartment. It should be emphasized here that, when the opening is 
nearly equal to the cross section of the compartment, then Eq 5 and 6 
should be modified to account for small changes in velocity across the 
opening, and values for the orifice coefficients will be larger than the 
conunonly used values of 0.6 to 0.7. Figure 8 shows that the neutral plane 
height decreases as the door width decreases and /w, increases. The thermal 
discontinuity X^ is only a few centimeters below X„ in these calculations. 
These conditions are Hkely to hold up until flashover, after which the 
plume entrainment model may not hold in its present form. 
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rtiv= 100 g/s 

PRESENT MODEL 

THOMAS, et ol [51] 

3 4 5 6 
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FIG. 7—Theoretical airflow rate as a function of the ventilation factor, AQV/TTO. Door 
height. Ho = 2 m; ke = O.y; d = 0.5. 

Energy Transport 

In order to keep the present analysis brief and simple to follow, all the 
thermal processes will be assumed as quasi-steady. Primarily, the transient 
conduction processes and the phenomenon of transient fire spread, which 
are the important transient aspects of the problem, will be taken as in
dependent of time. Consequently, the results of this analysis should be 
interpreted as follows. For a given fire size A,, the mathematical model 
predicts the flow, thermal, and burning conditions. Based on those results, 
the potential for fire growth or flashover can be assessed. In addition to 
the quasi-steady specification, the following assumptions are made. 

1. All combustion occurs in the plume below X^. (This is not true in 
reality since flames can be observed above Xa in room fires and may 
impinge on and stretch across the ceiling. It is imposed to simplify the 
problems. A more general model can not be developed at present because 
the mixing process which controls the rate of combustion in the plume 
is not well understood.) 

2. The upper fluid region is a grey gas at emissivity tg and uniform 
temperature T^. (This assumption will be satisfactory provided no com
bustion occurs in this upper region. The recirculatory flow in this region 
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FIG. 8— 
height. Ho 

Theoretical doorway neutral plane height as a function of door width. Door 
= 2m;kc= 0.1; A = 0.5. 

will tend to make the temperature and composition uniform. However, 
if combustion occurs here, a uniform temperature would not occur.) 

3. All surfaces are blackbodies. (In most cases, the surfaces of mate
rials would have emissivities and absorptivities of 0.8 or higher. However, 
polished metal surfaces will have high reflectivities, and white painted 
surfaces would have a high reflectivity for radiation in the visible wave
length region of the spectrum. All surfaces will become more absorbing 
as soot is deposited on them or as surface charring occurs due to the fire 
development.) 

4. Radiation loss through the doorway is neglected. (In terms of an 
energy balance, an insignificant fraction of the total energy released in 
the fire is radiated through openings in the room. Of course, this depends 
on the size and location of the openings. However, for a single doorway 
opening, Croce [10,11\ found that, during the developing stage through 
flashover, less than 10 percent of the energy release rate was radiated 
through the doorway. Ahhough it is justifiable to neglect this quantity in 
an overall energy balance, the resultant radiant heat flux to exterior sur
faces in the field of view for the opening may not be insignificant in terms 
of potential ignition and flame spread to these surfaces.) 

5. Radiant energy transfer from the fire plume is approximated with a 
constant flame temperature, 7>, and is only allowed to occur to the fuel 
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surface at T^ and the cold floor at r„. However, incident radiant heat 
flux {qr,d") is allowed to strike the fire plume and interact with it and the 
fuel surface. (This assumption is consistent with Assumption 1 and sim
plifies the radiative heat transfer analysis by not allowing an interchange 
between the fire plume and the hot upper gas region. This omission is 
compensated by the transport of convected energy from the fire plume to 
the hot gas region.) 

6. The floor is at the inlet air temperature Ta- (This is valid for the 
early stage of the fire only. As the floor increases in temperature, the 
net radiative heat flux to the floor will decrease as significant radiation 
is emitted from the floor. In the present analysis, holding the floor tem
perature fixed at r„ yields, more correctly, the incident flux to the floor 
rather than the net radiative heat flux.) 

The energy conservation law will be applied to three spatial regions (or 
control volumes, CV) which designate distinct regions and which simply 
characterize the phenomena. These are shown in Fig. 6 and designated 
as follows. 

CVr—The region enclosing a fixed mass of fuel bounded by its exposed 
surface and an internal horizontal plane which moves at the regression 
speed of the vaporizing surface and where the fuel is at its initial tempera
ture, r . . 

CV,i—The region enclosing the fire plume bounded by the fuel surface 
and thermal discontinuity plane at X^. 

CV|i,—The region bounded by the walls, ceiling, and thermal discon
tinuity plane X^. 

Enthalpy Relationships—Before developing the energy conservation 
relationships, some thermodynamic state equations will be specified. Pri
marily, the equations expressing enthalpy (/) as a function of temperature 
{T) are needed for the fuel, air, and products. A reference state at r„ 
(and normal atmospheric pressure) is used. The enthalpy of formation 
is designated as /°, and is zero for air. The fuel is assumed to vaporize 
from the liquid (or solid) phase as a pure substance. Its enthalpy can be 
expressed as 

/fuel = /fud° + Cfuei( T - r j for T< r , (10a) 

and 

/fuel = /fuel° + Cfuel( T, - T,) + HH, + C,(T - T,) fOT T>T, 

(106) 

where 

r , = vaporization temperature and 
Ai/„ = heat of vaporization. 
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The specific heat of the fuel (condensed phase), Cfud, is constant, and the 
gaseous specific heat, Cg, will be taken as the same for the air, fuel, and 
products. The enthalpy relationships for the products (all gaseous) and air 
follow 

'pr<Ki= /prod° + C,(T - r .) (11) 

and 

L=C,(T-TJ (12) 

Energy Conservation for the Fire Plume—The application of a steady-
state conservation of energy for the fire plume (CVn) is given by 

EyQ^./A, - Qs - Qr,/ = mJom(Tp) - rhJ(Ta) - /"v/fueKgasXr,) (13) 

The first heat transfer term represents the rate of radiant energy received 
from the upper hot region of the compartment which is absorbed by the 
fire plume. As a simplication, the area associated with this transfer of 
energy was taken as the fuel vaporization area A^. The fire emissivity £/ 
(or absorptivity) is represented by 

t,= \ - exp(-k,H,) (14) 

where kf = 0.5 m"' is an approximate value for wood flames [67\ assuming 
their height (///) is about twice their base diameter. The height of a tur
bulent diffusion flame can be determined by 

^ , = 16.2 [ 4 - 1 - ^ I , « . - (15) r (/• + coygy 1 ' ^ 

from Steward's correlation [66]. For a fire plume in a room, this equation 
would only apply provided Hf < X^. Hence, in the present model, Hf in 
Eq 14 should be the smaller of Xa or that given by Eq 15. 

The other two heat transfer terms represent the net heat transfer rate to 
the fuel surface (q,), and the rate of radiative loss from the fire plume 
(gr,/)- The former will be explicitly expressed later. The radiative heat flux 
from the plume, neglecting an interchange to the upper surface of CVn 
(Assumption 5) can be determined by using standard principles [68] as 

g^y = CfoT/ + F2,(l - £ > r / - [1 - F22(i - £/)]o7'/ (16a) 

where Fj2 and F23 are appropriate configuration factors. Because Ty is 
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large (~1200 K) compared 1o T, and r„, this heat flux was approximated 
as 

Finally, by approximating the fire plume as a cylinder of base area A, 

and height Hf 

qrj = tpT;2\r^Ji, (17) 

Although this approximation is crude, it probably would not be fruitful 
to make it more sophisticated until our knowledge of radiation from fires 
has improved [67,69,70]. 

For the enthalpy flow rate terms in Eq 13, only /out(7'p) must be deter
mined. This can be done by determining the mass fractions of species 
based on the combustion reaction occurring in the plume. The reaction 
can be represented on a mass basis as 

l[fuel] + /-[air] -* (1 + r) [products] 

where r is the stoichiometric mass air to fuel ratio. Depending on the 
fuel vaporized (m„) and air entrained into the plume (m„), there may be 
excess fuel {riipy) or excess air leaving the plume. In general 

m, = rht + rhpy (18) 

where 

rht = fuel burned and 
rhpy ~ 0 if /w„ < mjr. 

By defining the heat of combustion in the conventional manner as 

A/ /= /fuei°- (1 + r)/p.<Ki° (19) 

that is, based on the condensed fuel phase, then it can be shown that Eq 
13 can be written as 

^tQr./A, + m,AH - gs- ^frT/ x 2 / / / \ / iT , = m,C,(Tp - T.) 

+ rhpylAH, + (Cf„e. - C,)(T, ~ r„)] - mAHH, + dUTs - T,)] 

Energy Conservation for the Fuel—By assuming an inexhaustible supply 
of fuel and no heat losses from the fuel except at its vaporizing surface, 
the conservation of energy for GVi yields 
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q, = riiA^H, + Cr„ei(7; - TJ] (21) 

This equation can now be used to simplify Eq 20 by cancelling the heat 
supply rate to the fuel with the rate of energy necessary to produce gaseous 
fuel. 

Energy Conservation for the Hot Gas Layer—An energy conservation 
applied to the hot gas region at Tg ignoring any radiative interaction with 
the fire yields 

rh,C,(T^ - T,) = Qr.J'A^ + Qr./A, + hJiJ^T, - TJf (22) 

where qr,«" and Qr,/ are the net radiative heat fluxes to the hot walls 
and ceiling at r „ and through the thermal interface (labeled d in Fig. 6), 
respectively. The hot wall and ceiling area is given as 

A„ = LW + 2liH - Xa)(lV + L)] (23) 

and the floor area as 

Af = LW (24) 

The radiative heat fluxes are determined from interchange relationships 
between the hot gas Eind surfaces W and d [66\ 

qr,J' = £,0 7-/ + y(l - £ > T / - [1 - (1 - y)(l - t,)\oT^* (25) 

Qr,/ = (1 - t,)aTJ + £ , o r / - OT: (26) 

The radiative heat flux to the floor due to the upper hot region in the 
room is given as 

QF" = F,^q^y (27) 

where the geometric configuration factor F^F is for parallel planes and 
depends on X^, L, and W [77]. This does not include direct radiation 
from the fire plume. 

The heat transfer coefficient, h„, and gas emissivity, Zg, depends on 
other variables, and relationships are needed to specify their values. 
Alpert [72\ and Veldman et al [75] have shown that the heat transfer to 
the ceiling from an impinging buoyant plume depends on the energy 
release rate of the fire, the height of the ceiling, and the radial distance 
from the plume. This is an idealized result for the room fire since they 
do not consider the confining effect of the room and doorway. The effect 
of a room on ceiling heat transfer has been recently investigated by Zukoski 
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and Kubota [74]. Also, Moriya et al [75,76] measured an average con-
vective heat transfer coefficient to a cylinder in the center of a fully devel
oped room fire. It is likely that the heat transfer coefficient may vary 
from 1 to 100 W/m^K depending upon the fire condition. A h„ of 20 
W/m^K was selected for calculations in the present analysis. For the gas 
emissivity an approximate relationship will be specified. 

£, = 1 - exp[-(A:, + ArjCJCi/ - X,)] (28) 

where Cs is the soot concentration in mg/litre, ki = 0.33 m"' (which 
corresponds to roughly 12 percent water (H2O) and 12 percent carbon 
dioxide (CO2) in the gas), and ki = 0.47 Utre/mgm. The values of k, 
and kz were estimated from an analysis of smoke in corridor fires by 
Bromberg and Quintiere [77]. As seen by this model, radiative effects 
have been ignored which involve scattering due to liquid aerosols and 
changes in radiative transport due to temperature and concentration 
gradients. 

Conservation of Energy at the Heated Walls and Ceiling—The final 
equation required to complete the solution for Tg, T„, and QF" is the wall 
surface and gas energy balance. This is given as 

Qr.J' + K(Tg - r j = K{T^ - r j (29) 

which says that the sum of the net radiative and convective fluxes to the 
walls and ceiling are equal to the heat conducted into the wall. In the 
early growth of a fire, the conductive heat is, for typical wall construc
tions, absorbed by the walls not conducted through them. For this reason, 
the conductEmce K is approximated as 

K.\f^ (30) 

where kQC is a thermal property of the wall lining and t^ can be regarded 
as a characteristic burning time, that is 

tt = mt/nib (31) 

the duration of the fire. The characteristic conduction time for the wall 
or the time to heat the unexposed fire side can be given a& 

t„ = -^i— (32) 
ik/QC) 
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where d is the thickness of the wall lining. For typically used plaster wall-
board, C can be roughly 20 min. Values of A" can be 10 to 30 W/m^K 
for plaster board, depending on /*. The range of probable values of ti, is 
10 to 100 min, depending upon the amount of fuel available. The effect 
of K or kQC on the results will be shown later. 

Fire Spread and Growth 

The growth and spread of the fire will depend on the heat transfer from 
the flames and heat feedback from the room environment to the unburnt 
available fuel. The fire growth process can be separated into five distinct 
modes: 

1. Continuous surface flame spread; 
2. Continguous fire spread, that is, spread to items in contact with the 

primary fire or adjoining items; 
3. Noncontiguous fire spread, that is, spread to items separated by a 

relatively large distance from the fire; 
4. An increase in the burning rate due to room augmented heat transfer 

to the burning item; and 
5. Propagation through a combustible gas mixture which evolved from 

unburnt pyrolysis products. 

The following discussion wiU elaborate, to a limited extent, on all but 
the last mode. 

The rate of continuous surface flame spread will depend on the point of 
ignition, surface orientation, and other configuration and thermophysical 
variables. As an illustrative example, flame spread over a horizontal sur
face with an externally appUed radiant flux is considered. This problem 
was analyzed by Kashiwagi [78], and his results for flame convective and 
radiative forward heat fluxes are shown in Fig. 9. He found that both 
the burning rate and spread rate increase significantly with an increase 
in the externally applied radiative heat flux. This is demonstrated math
ematically by [63] 

v,=±-^ r ^y p-T (33) 
n (kQch [ ( r^ - r j - (qr"/h)il - e^erfcV^)] 

where 

6f = effective heat transfer length over which an average total heat flux 
q/ from the flame is incident, 

h = total heat transfer coefficient, and 
T = th^/kgc. 

It shows how the velocity Ky can increase rapidly with the external flux 
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FIG. 9—Heal flux ahead of a flame moving horizontally over a carpet under various 
external heat fluxes [78]. 

QF" to the floor and time /. In theory, as the denominator of Eq 33 ap
proaches zero, a form of flashover might be perceived, provided enough 
fuel is available. 

Continguous spread relies on both convective heating from the flame 
plume and direct radiation transfer fromthe flame. Of course, it is also 
enhanced by preheating from an external heat flux resulting from the 
fire being confined by the room. As an example of quantifying the radia
tive heat fluxes, the analysis by Dayan and Tien [79] for a cylindrical fire 
column should be considered. They show that the radiant flux from the 
flame at large distances, D, decreases as D'^ for surfaces facing the flame 
and is proportional to RfH//D^ for horizontal surfaces, where Rf is the 
flame radius and Hf is its height. A demonstration by de Ris and Orloff 
[80] of the surface heat flux by flames on a vertical surface showed the 
significance of the radiative contribution. Their results indicate that con
vection and radiation are both important in analyzing heat transfer from 
flames in contact with a surface. A general prediction model for this is 
not yet available. 

Noncontiguous flame spread is likely to occur by two mechanisms. The 
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flame plume impinges on the ceiling and ignites or simply pyrolyzes any 
available fuel of the ceiling and wall linings, and the pyrolysis products 
may ignite elsewhere when they encounter sufficient oxygen. The second 
way is by spontaneous or piloted ignition of the combustibles in the lower 
space of the room due to radiative heating by the hot upper room region. 
For example, Simms [81] states that about 4 W/cm^ is sufficient to spon
taneously ignite cellulosic materials in 30 s or more. The minimum radia
tive flux required for spontaneous ignition is given as 2 to 4 W/cm^ and 
for piloted ignition as low as 1 W/cm^ [82]. 

Finally, another mode of fire growth is the increase in burning rate per 
unit area due to an increase in heat flux to the burning surface from the 
surroundings. Friedman [2], in discussing some recent work, reports as 
much as a 60 percent increase in the burning rate of wood cribs in an 
enclosure over the free burning rate for the wood cribs; whereas the free 
burning rate of a plastic horizontal slab was enhanced by almost three 
times when burned in 1.22-m-high enclosure. The radiative interactions 
occurring here are very complex, and only the free burning problem has 
been mathematically modeled [83]. In order to complete the system of 
equations considered in the present analysis, such a feedback relationship 
is needed. This has been represented by Eq 21; however, an expression for 
q, is needed. Because a fire within an enclosure is being considered, q, is 
composed of two distinct contributions: the heat transfer from the fire 
plume and the heat transfer radiated from the hot gas layer and heated 
enclosure surfaces. By considering the radiative exchanges on the fire 
plume and by assuming a simple form for convective heat transfer from 
the fire to the fuel, it follows that 

qs = AA(l - iMr.a" + ^pT; + (1 - z,)aT* - oT* + h,{Tf - T,)] 
(34) 

The first term in brackets on the right-hand side represents the radiative 
heat flux which results from the fire being confined within the room. The 
second and last terms represent the radiative and convective heat transfer 
from the fire to the fuel, respectively. Although this representation is 
simplistic, it does qualitatively include the primary features of these heat 
transfer processes. Equation 34 is the last equation required to complete 
the necessary number of equations for solving the room fire growth model. 

The solution to the presently formulated model is performed as follows. 
The flow equations (Eqs 5-7) are solved for m„, Xa, and X„ given m„ and 
the doorway dimensions. Then, the energy transport equations (Eqs 20, 
21, 25, 26, 29, 34), including subsidiary relationships, are solved to yield 
Tg, T„, q,y, q,J', q,, and A^. The floor heat flux, qr", due to the upper 
hot gas layer, is then determined from Eq 27. The fire plume also con-
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tributes to radiative floor heat transfer and decreases as a function of 
distance from the fire. For a relatively large distance from the fire, QF" 
can be used as an indicator of flashover in the model. For example, flash-
over may be considered to have occurred if q/' > 2 W/cm^. Alternately, 
the gas temperature T^ may be used as an indication of flashover or poten
tial ignition of fuel in the upper room space. In summary, the solution 
of the room fire model yields, for a given room geometry, materials, and 
fuel: the room gas and ceiling temperature, floor radiative heat flux, and 
fuel mass loss rate and burning rate. 

Illustrative Results 

In order to obtain numerical results from the model, some geometric 
and fuel parameters must be specified. These were chosen to represent 
typical rooms and a hypothetical fuel suggestive of a plastic. Table 1 

TABLE 1—Specified parameters for the fire growth model. 

Room and Doorway Dimensions, m 
L, W (length, width) 
//(height) 
W, (door width) 
//„ (door height) 

Fuel Parameters 
r (air fuel ratio) 
A// (heat of combustion) 
T, (pyrolysis temperature) 
A//„ (heat of volatilization) 
Cfuei (specific heat of condensed phase 

fuel) 
Other Parameters 

If (flame temperature) 
Cg (specific heat of gases) 
r„ (air temperature) 
h„ (wall convective coefficient) 
K (wall conductance) 
C, (soot concentration) 
h, (fuel convective coefficient) 

3. 3 and 4, 4, 
2.5 

0.25 to 2 
2 

7 kg air/kg fuel 
20 MJ/kg 

600K 
1.6 MJ/kg 

2 k J / k g K 

1200 K 
1.05 kJ/kg K 

300 K 
2 0 W / m ' K 

10, 3 0 W / m ' K 
0.05, 4 mg/litre 

5 W / m ' K 

summarizes the values selected for the computations that were made. The 
equations were solved on a digital computer for fuel mass loss rates, /M„, 
between 5 to 100 g/s in increments of 5 g/s. As stated earUer, the area 
involved in combustion is treated as the independent variable and repre
sents the fire size. 

Figure 10 displays results for the burning rate or, more specifically, 
the fuel volatilization rate m„ for a wall material of conductance (AT), 
room size (£, W), and smoke concentration (C^). Above 61 g/s, the 
maximum combustion rate is reached, and further increases in area A^ 
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FIG. 10—Theoretical mass loss rate as a function of fuel surface area, room size, con
ductance (K), and smoke concentration (Cs). 

lead to unburned products in the room. Thus, the extent of flames at the 
doorway will increase significantly. A change in C, from 0.05 to 4 mg/litre 
represents a change from very little smoke to almost an opaque black 
cloud respectively; whereas, values of K of 10 and 30 W/m^K represent 
plaster board walls and concrete respectively. The results in Fig. 10 show 
C, has a small effect; yet a change in K from 10 to 30 W/m^K yields 
almost the same decrease in /w„ as a change in room size from 3 by 3 m to 
4 by 4 m. The reason why C, has little effect on m^ (and also on QF") is 
that the corresponding change in £g from 0.3 to about 1 causes the gas 
to lose more heat to walls by radiation, which increases T„ and decreases 
T 

If the free burning fire (that is, no enclosure) is analyzed by the present 
model, it will be found that the model yields no increase in the burning rate 
within an enclosure compared to the free burning fire. This is contrary to 
results observed in experiments [2]. Consequently, this must be viewed as 
a deficiency in the present model and, to a lesser extent, may be attributed 
to the choice of parameters assumed. Moreover, the model for radiative 
heat transfer to the fuel probably needs refinement. 

However, the present model does show the relative influence of room 
size and materials on the fuel mass loss rate. Figure 11 shows the effect 
of these parameters on the incident radiative heat flux to the floor, QF". If 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PATRICK ON IMPORTANCE OF MONITORING CHANGE 159 

Monitoring of streams may be by the observation of change in the major 
components of the ecosystem in selected stream areas or by the introduction 
of substrates to study one or more groups of organisms. Studies of whole 
ecosystems are much more informative and much more expensive. The 
monitoring by the use of substrates is very inexpensive and is feasible on a 
continuing basis. 

Many new methods of monitoring the biosphere will have to be devised 
through research. At the present time in the aquatic world we probably have 
the best examples of fairly long-term monitoring, that is, continual 
monitoring and intermittent monitoring over a 20 to 25 year period. 

Background of Monitoring Sites 

I have selected two examples of these types of monitoring, that is, 
monitoring using natural communities of aquatic organisms as a basis on 
which to measure change. The two examples that I have selected are a free-
flowing river in the southeastern part of the United States, the Savannah 
River (which is the boundary between South Carolina and Georgia) and the 
Sabine River estuary in Texas. 

Savannah River 

The first example, the Savannah River, has had for many years a fair 
amount of sanitary wastes, farm wastes, and sediments entering it, but at 
the time when our studies were started these had an effect but had not 
degraded the river severely. Indeed, during the course of our studies this 
river has not been severely degraded, but we have been able to see the effects 
of various types of man's activities upon it. Until the middle 1960's, there 
were very little industrial wastes entering the river between Augusta and our 
study area at the Savannah River Plant. However, during the 1960's, 
several industries were constructed between Augusta and the study area. A 
large dam was put into operation on the river upstream from Augusta be
tween 1951 and 1955, and dredging was carried out to deepen the channel 
between 1958 and 1962. Industrialization developed significantly in the late 
1960's. 

Sabine River Estuary 

The second example, the Sabine River estuary, is a river which had a 
heavy load of organic pollution at the time our studies started. Since the 
start of our study, waste treatment facilities have been greatly enlarged and 
improved. At the same time, many more industries have come into the area, 
and the population of the city or Orange and the surrounding area have in
creased markedly. A dam had been built during this period of our study 
(Fig. 1). 
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FIG. 12—Theoretical thermal conditions as a function of room fire size (Av) and door 
width (Wo). Room size: 3 by 3 by 2.5 m high; Ho = 2 m; Cs = 0.05 mg/litre; K = 10 
W/m^K. 

the ventilation parameter, A„\fHl, in Fig. 13. There, the available fuel 
area A, is analogous to the crib weight of Fig. 1. The locus of T^ = 600°C 
and 9F" = 2 W/cm^ are shown, and the regions contained by these loci 
can be considered as flashover regions similar to that of Fig. 1. Thus, 
the mathematical results are similar to these data. It should be noted, 
however, that the theoretical ventilation-controlled mass loss rates do not 
coalesce into one Une as do the experimental wood crib results of Fig. 1. 
In Fig. 13, the ventilation-controlled fires are mass loss rates above the 
stoichiometric locus curve. The region below this locus is the region of 
fuel-controlled fires. 

Conclusions 

There is an abundance of experimental results for fire development in 
rooms involving furnishings. These suggest that, in typical residential size 
rooms, flashover is likely to occur if the major item of furniture becomes 
fully involved in fire, or if something like a large waste container or chair 
fire ignites a combustible wall and ceiling lining. These experiments have 
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main characteristics of water quality. Sediment load, bacterial content, tem
perature, and flow rates are also estimated. The sediments that form the 
river bed are also analyzed for particle size and source of possible pollutants 
such as heavy metals and petroleum. Such studies are usually performed on 
both high and low tides in estuaries, and at different periods of the day in 
free-flowing streams. Sufficient analyses are made on different days at dif
ferent times to obtain a mean and a standard error of the mean for the 
various analyses and a confidence level of predictability. 

In the biological studies, the specialist enters the stream and thoroughly 
collects the area. He usually continues to collect until he has collected for 
half an hour without adding a new species to his collection. This, of course, 
is true for the macroscopic species; for microscopic organisms, it is im
portant to collect all habitats in the study reach. Typically it takes about two 
days for a specialist to study an area of 200 to 300 yd in length. It is im
portant that all types of habitats characteristic of that particular reach of 
the river are included in the study area and that they be of comparable types 
in the various areas of study. 

Discussion of Results 

Savannah River 

The results of such thorough studies in the Savannah River indicate that 
there was a considerable improvement in the algae from 1954 to 1955. This 
is probably due to the operation of the Clark Hill Dam. This dam brought 
about the precipitation of the sediments, and it was evident that the 
sediment load of the river downstream was much lower immediately after 
the operation of Clark Hill Dam. This, in turn, would increase the depth of 
the photosynthetic zone and thus bring about a production of a larger num
ber of species of benthic organisms. This same effect of improvement, 
probably due to the improvement of the food base, is seen in algae, ar
thropods, and fish (Figs. 2 to 4). 

In the period around 1960, there was a decided drop in species diversity, 
particularly of the algae and insects. It was during this time that con
siderable dredging of the river was performed. As a result, the water had a 
much higher suspended solids load, the algae decreased, and the food for in
sects similarly decreased. Also, the filter feeders were found to be much 
fewer during the period when the river was being dredged. This period ex
tended from around 1960 to 1%5. However, toward the end of the dredging 
period, there was a decided increase in the benthic algae at most of the 
stations. The only station where this was not true was at Station 6. The fish 
did not show the decrease in species in 1960 as was indicated by the other 
groups, but rather they tended to increase a bit over 1955. The decrease in 
fish species, probably due to a lower food base, was evidenced in 1965. 

In 1968, we saw a decided decrease at all stations in the number of algal 
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be done. In this regard, more work is called for in studying the entrain-
ment rates of fires in enclosures, the mixing process which control the rate 
of combustion, flame height and flame extension length under a ceiling, 
and the radiative interaction between flames and smoke and its effect on 
the surfaces and subsequent burning and pyrolysis rates. 
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DISCUSSION 

C. T. Grimm^ {oral discussion)—Is the rate of burning significantly 
affected by the thermal storage capacity of the structure? 

James Quintiere (author's oral closure)—Yes, it is. This is displayed by 
the model. I should point out that, in doing a theoretical analysis like 
this, we just tend to get trends and qualitative effects; they are semiquanti
tative; they give us the right order of magnitude. But we really need to do 
some experimental work to assess that property. There are a lot of param
eters in this model that have been fixed, and there is uncertainty with 

' Civil Engineering Department, University of Texas, Austin, Tex. 78798. 
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them. So yes, the model does display this effect, but whether in the correct 
amount, I don't know at the moment. 

H. Mitler^ {oral discussion)—I was curious as to whether you tried 
to compare your theoretical results to actual experimental data? 

James Quintiere (author's oral closure)~U I were to do that I would 
have to consider the transient problem, and I have not gone to that point 
as yet with this model, but I know people who are pursuing that in other 
organizations. I've looked for qualitative trends from a host of experi
ments, and they tend to be somewhat in agreement with this model. One 
thing that this model does not provide in its present form is an indication 
of the enhancement of burning rate in a compartment over that with the 
same amount of fuel in the free burning state. So it's deficient there. 

/. Glassman^ {oral discussion)—I certainly think the model is useful for 
predicting the ventilation rate with fuel controlled fires, but I become 
very concerned when I hear you try to apply it to flashover problems. 
First of all, as I understand it, flashover involves a flame spreading pro
cess; there is a release of energy at one point that propagates (like a flame) 
in a given direction or in many directions. If so, it is difficult for me to 
see how this process could occur in your model when you uniformly take 
the temperature at the ceiling as roughly 600 °C. Secondly, it seems that 
if you are going to talk about flashover, I feel very deeply about this 
problem, we are talking about limit (flammability) mixtures, and along 
the roof you will eventually get within a flammability limit. And when 
there is an ignition source, indeed the original flame or, as you said before, 
the hot products, get to a high enough temperature, they gasify to a limit 
mixture and are ignited at a point. Since you are within an enclosure and 
have stratified flow, then you should get rapid propagation which I think 
some call flashover, but I don't see how that can come out of your model. 

James Quintiere {author's oral closure)—The gas phase combustion 
process would not be contained in my model. My model is primarily a 
thermal model. One can view, I feel, flashover or the development of 
flashover through several mechanisms. One mechanism is the thermal 
mechanism which is heat transferred to other items causing them to ignite 
or causing the fuel that is first ignited to burn more rapidly due to radia
tion feedback back to it or causing the fire to spread away from it more 
rapidly due to radiation enhancement. These mechanisms can be expressed 
by this kind of model and, in that sense, it's a fire growth process. 

/. Glassman {oral discussion)—It's not a propagation of the flame? 
James Quintiere {author's oral closure)—No, it's not the gas phase 

combustion problem that may be one of the mechanisms of flashover, 
and it comes down to this question of really how do you define flashover. 

^Research associate. Harvard University, Cambridge, Mass. 02138. 
'Professor, Department of Aerospace and Mechanical Science. Princeton University, 

Princeton, N. J. 08540. 
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J. A. Rockett* {oral rfiscus«o«)—Relative to Professor Classman's 
comment about the flame in the gas phase "along the roof," one of the 
more intractible problems at the present time is the physical extent of the 
combusting envelope and the degree of combustion achieved. Room burning 
behavior will be qualitatively different if the combusting plume impinges 
or does not impinge on the ceiling, and the effect will be exaggerated 
for a combustible ceiling. Further, flame height is known to be increased 
by an adjacent wall. Aside from the work of Steward (1964) there is little 
guidance on how to estimate turbulent flame heights. Work by Faeth, 
now in progress at Penn State, will give us some idea of the effect of 
both an adiabatic and an isothermal wall on plume characteristics. The
oretical work by Baum here at the National Bureau of Standards should 
improve our ability to deal with turbulent mixing in bouyant plumes. 
From this, a better technique for estimating flame heights and complete
ness of combustion could be obtained. Nevertheless, there is need for 
considerable work in this area before we will be able to predict the gas 
phase burning behavior and its effect on room flashover. 

* Chief, Program for Physics and Dynamics, National Bureau of Standards, Washington, 
D.C. 20234. 
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ABSTRACT: This paper proposes a basic direction for building systems designs 
based on scientific methods of quantitative evaluation in order to ensure human 
safety in building fires. Herein are described the position of the smoke control system 
as a subsystem of the whole system and the methods of designing the subsystem. 
Design of the subsystem is intended to produce a rational smoke control system best 
suited to each individual building based on computer simulation predictions of smoke 
flow or pressure distribution in the building. An outline of calculations on fiowrate 
and pressure, concentration of smoke and gases, and thermal conditions is given. 
Calculations are divided into three steps according to the required level of accuracy, 
and these steps may be used appropriately, depending on specific goals. As an 
example of their application, the author demonstrates the design of a simplified 
smoke control system method, showing that it can provide simple, quantitative 
evaluation of the effectiveness of various smoke control systems under different 
conditions. 

KEY WORDS: fires, fire safety, smoke, ventilation 

It is an undeniable fact that fire disasters involving many fatalities have 
occurred frequently in Japan during recent years. Certainly, one can 
obtain many useful suggestions for safety measures from such individual 
fires, but such experience has not yet accumulated to the degree that it 
can be appropriately reflected in safety measures and techniques. Further
more, there has been no methodology which reflects such experience in 
the effective introduction of safety technology and the development of 
fire safety systems. Accordingly, the development of theory and methods 

' Chief of Fire Research Section, Building Research Institute, Tokyo, Japan. 
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for the quantitative evaluation of safety systems and the optimum design 
and operation of these systems is a vital task which must be performed in 
order to raise the level of fire prevention technology. 

From such a standpoint, we have been actively concerned, for some 
years, with carrying on a variety of research programs to gain a scientific 
understanding of smoke production and movement mechanisms and 
establishing engineering design systems that can be rationally appUed to 
building fire safety design. This paper outUnes our research concept on 
such matters and introduces our general concept of human safety and 
smoke control systems in building fires, calculation methods for pre
dicting smoke movement and designing smoke control systems, and an 
example of smoke control design. 

Systems for Human Safety in Building Fires 

For the sake of convenience, we define fire prevention safety design as 
"design to derive the optimum system needed for each building to ensure 
the safety of its occupants from fires, based on engineering principles, 
that is, on quantitative evaluation." In evaluating and determining a 
safety system for a building through fire prevention safety design, freedom 
should be allowed in the selection of the methods and structure of the 
safety system, providing the required or target level of safety can be 
secured. In other words, the objective of the fire preventive safety design 
is to design a safety system which satisfies daily functional convenience 
and economic aspects and also guarantees the necessary safety without 
being Umited to fixed methods and structures. 

A conceptual diagram of a safety system applying such design is shown 
in Fig. 1. As is clear from this diagram, the safety system is grouped 
roughly into a train of subsystems to secure the safety of human lives 
(including the safety of property) by preventing the outbreak and spread 
of fire, and another train of subsystems to secure the safety of human 
Uves after the outbreak of fire 

RT= I -[{l - r,)(l - rj)(l - /-,)] X [(I - /•4)(1 - r,)] 

[probability that fire will break out and spread] x 

[probabiUty that life will be in danger] 

These subsystems themselves include subsystems for precautions against 
fire outbreak, limitation of fire growth, etc. The total safety system is 
composed of these subsystems in parallel form. Thus, if /?r is the assess
ment of the overall reUability or effectiveness of this safety system, it can 
be expressed as follows. This equation shows that if any one (r,) of the 
five subsystems (n ~ rj) is perfect (r, = 1), this safety system becomes 
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perfect {RT = 1), even without the presence of other subsystems (/>). 
Realizing, however, that such a perfect subsystem may be almost impos
sible, it may be necessary to devise the constitution of the subsystems 
(apportionment of /"i ~ rs) best suited to individual buildings so that the 
design will enhance the reliability RT of the total system, not sacrificing 
to apportionment the conveniences and economics of the buildings. 

In some cases, partial quantitative assessment of the reliability (effec
tiveness) of each subsystem may be possible by statistical and probabilistic 
means and analyses of fire phenomena, but, in general, a number of 
difficulties will remain. Nevertheless, it seems very important to continue 
developing fire hazard research, keeping this objective in mind. 

Smoke Control System and Its Design 

The smoke control system, as shown in Fig. 1, is ranked as one of the 
subsystems of the total safety system. The smoke control system is also 
made up of such subsystems as spatial construction of the building, ven
tilation equipment, and their starting and operating devices. The assess
ment of this system (/•4) is determined by the probability (r^') that equip
ments in the system will start and operate as expected (reliabiUty of equip
ments) and by the probability {rt") that this will control the movement of 
smoke as well as designed (effectiveness of the system). Generally, (rt) 
can be assessed as {r^ = r*' x TA "). The effectiveness (r4") of the system 
can 2ilso be defined as a percentage to show to what extent those con
ditions that were accounted for at the design stage have covered the 
probable fire conditions at the time of a real fire. In this sense, the method 
setting hypothetical conditions for use in its design is of great significance. 

The movement of smoke in building fires essentially follows laws of 
physics, and, therefore, its physical process should be determined by 
ambient physical conditions. Thus, if the physical laws and conditions 
for the movement of smoke are clarified, it is eventually possible to pre
dict the movement. 

Regarding the former, as will be described later, it seems right to say 
that a calculation method for predicting the movement of smoke based 
on physical laws may now be in the final stage for practical appUcation. ̂ -̂  
Also, the results of several field experiments confirm that the calculation 
method has enough reliability for practical use. However, as to the latter, 
it is extremely difficult to predict in advance the various conditions such 
as spatial construction, openings or flowpaths, external weather, and so 

^Wakamatsu, Takao, "Experiments on Smoke Movement in Building," Occasional 
Report of Japanese Association of Fire Science and Engineering, No. 1, 1974. 

'Wakamatsu, Takao, "Smoke Movement in Building Fires," Occasional Report of 
Japanese Association of Fire Science and Engineering, No. 1, 1974. 

"Wakamatsu, takao, "Unsteady-state Calculation of Smoke Movement in an Actually 
Fired Building," Proceedings, The Control of Smoke Movement in Building Fires, CIB W14 
Symposium, International Conference of Building Officials, 1975. 
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on. That is, the difficulty in predicting these conditions make predicting 
smoke movement more difficult. 

There are various means for controlling smoke movement. "Smoke 
control design" can be defined as a way to find a means or system of 
controlling the smoke which is well suited to each individual building and 
then to derive the optimum quantitative conditions required for those 
means. Smoke control design, up to the present, is neither widespread in 
its concept nor systematized as an engineering system. From now on, 
it may be necessary to arrange and establish a theoretical system for 
design with the following three items as its skeleton. 

1. Data that provide hypothetical conditions for design in calculation. 
2. Calculation methods that allow quantitative evaluation of the smoke 

control effect. 
3. Methods of introducing the calculation results into the control systems. 
Item 3 is necessary to assess the results obtained from Items 1 and 2 in 

light of the reliability of Items 1 and 2. In the case of Item 3,'it will be 
necessary to arrange methods and standards for assessing reliability and 
estabUshing safety factors. Here, Items 1 and 2 are only used for detailed 
description because Item 3 is a future rather than a pressing problem 
compared with the other two. 

Hypothetical Conditions in Smoke Control Design 

It is almost impossible to predict when, where, and under what con
ditions a fire will occur. However, it may be possible to limit the scope of 
the probable conditions to some extent by studying the probabilities 
derived through analyzing data on statistics of fires and meteorology, 
actual conditions of various buildings, and other factors concerned. As 
for the conditions which have a great effect on smoke movement in build
ings, that is, 

1. Times of fire outbreaks. 
2. Meteorological conditions (direction and velocity of wind, air tem

perature, wind pressure coefficient). 
3. Location of fire outbreaks (floor and compartment of origin). 
4. Flow resistances of doors, windows, ducts, and shafts (flow coeffi

cients, ratio of broken windows and opened doors, etc.). 
5. Temperature distribution in buildings (fire compartment, general 

compartments, staircases, ducts, and shafts). 
it may be adequate at the present time to estabUsh a standard for each of 
these conditions for input data so that the designed system is always on 
the safe side. 

For the sake of convenience in designing the control systems in Japan, 
we offered the following tentative proposals for the five conditions just 
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described. However, many of these are not supported statistically or 
experimentally, and there remains much future study to be done, especially 
the conditions of open doors and windows at the time of fire outbreaks. 

Times of Fire Outbreaks 

Wintertime (buildings being heated) and summertime (buildings being 
air conditioned), during which a great temperature difference exists between 
the external temperature and the air within buildings should be chosen as 
a design condition. 

Meteorological Conditions 

They should be determined as follows on the basis of the meteorological 
statistics in each particuleu region during winter and summer. 

Air Temperature 
Winter Minimum average monthly values of the daily lowest tem

peratures (example: - 1.5°C, January, Tokyo) 
Summer Maximum average monthly values of the daily highest tem

peratures (example: 30.7 °C, August, Tokyo) 
Wind Velocity—Wmd. velocity Fo, up to that which encompasses 95 

percent of accumulated wind velocity frequency observed at the observatory 
in each area during winter and summer, is set as a standard, and wind 
velocity V, which corresponds to the arbitrary height /J of a building, is 
determined as follows according to the site of each building. 

For high-rise buildings built on broad sites 

V = kx Voih< Ao) 

V=^ k X Voih/horih > ho) 

For buildings built within urban areas 

V= k X V«{h< ho), 

V= kx Voih/ho)Hh>ho) 

where 

k = revising factor for wind velocity and 
ho = height from the ground to the place where the anemometer of 

each observatory is located. 

Wind Pressure Coefficient and Wind Direction—The standard wind 
direction is taken so that it is normal to the principal openings or (windows) 
and hence causes positive wind pressure on them. The wind pressure 
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coefficient for each opening facing the external air is decided on the basis 
of the standard wind direction. 

Location of Fire Outbreaks 

As for the determination of floors where a fire may occur, considera
tion must be given to the natural ventilation effect on smoke movement 
upward or downward through shafts used particularly during heating or 
air-conditioning periods. Taking this into consideration, studies should be 
made on lower floors (for example, basement, ground floor, second floor) 
for winter and on both upper floors (for example, top floor) and lower 
floors for summer. In many cases, there will be a floor which will bring 
the most dangerous smoke spread in the event of fire. In addition to such 
standard cases, more work is required to study the situations posed by 
changes in the floor of origin, as in a building with special features in its 
spatial construction. 

With regard to the compartment of origin, attention should be centered 
on those which satisfy the following requirements on the specific floor. 

1. A compartment which is densely occupied, being used for general 
purposes. 

2. The compartment considered to have the highest probability of fire 
outbreak. 

3. The compartment estimated to present the greatest difficulty in 
smoke control should a fire occur in it. When there are more than two 
compartments which satisfy these conditions, and it is predictable that a 
certain smoke control measure may produce considerably different results 
in each, a study is made on each of them. 

Flow Resistance of Openings (Windows and Doors) and Ducts and Shafts 

Concerning an opening (or a flowpath) detailed as to cross-sectional 
conditions, the value of its resistance can be easily obtained from such 
data as the ventilation design standards at room temperature. Although 
it is very difficult to estimate the opening conditions of windows and 
doors in fires, a daring assumption is proposed for this problem, as 
shown in Table 1. In this table, for example, the figure "zero" or "one" 
signifies that the door (or window) is normally closed, or fully opened 
(or broken), respectively. 

Temperature Distribution Buildings 

This is a steady-state calculation assuming that there is no temperature 
change with time in a part of a building. Table 2 shows the hypothetical 
temperature fixed for each part of the building. The temperature of a 
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TABLE 1—Opening ratio for design (ratio of effective flow area to fully opened area). 

Opening 

Window 

Door 

Steel shutter 

Position and Specification 
of Opening 

common glass 
wired glass 
heatproof glass 

with device for self-closing 
steel 
wooden 

others 
steel 
wooden 

with heat detector 
with smoke detector 
manual operation 

Fire Room 

0.5 
0.2 
0 

0.1 
1 

0.5 
1 

0.5 
0.2 
0.8 

Escape Route 

0.2 
0.2 
0.2 

0.5 
0.5 

0.8 
0.8 

1 
1 
1 

General 
Part 

0 
0 
0 

0 
0 

0.5 
0.5 

1 
1 
1 

TABLE 2—Temperature assumed for design (°C). 

Compartment Winter Summer 

Fire room 
General room 
Staircase 
Duct, shaft" 

900 
20 
15 

1 0 ~ 3 0 

900 
25 
27 

1 0 ~ 3 0 

"Adopt usual temperature according to the use of the 
duct of shaft. 

fire room or compartment shown in this table is determined to be a fully 
developed fire which, in general, makes the designed system on the safe 
side. 

Calculation Method of the Movement of Smoke and Smoke Control 

The calculation method for predicting the fluid phenomena of smoke 
and air ranges from microscopic to macroscopic levels. Depending on 
whether the fluid field that is in question deals with the whole building 
or an extremely localized part of it, the level of the calculation method for 
use in its analysis is eventually changed. For instance, to solve the fluid 
characteristics in full detail for a fire compartment at the initial stage 
of a fire, numerical calculation of basic fluid dynamics equations by 
means of the finite difference method is essential, and consideration has 
to be given to compressibility as a computation factor. 

The method adopted here, so to speak, is the most macroscopic one, 
in which a whole building is regarded as a fluid field for the calculation. 
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That is to say, this method intends to solve the movement of smoke and 
air in a building as a whole by computing the quantity of smoke and air 
flowing through each opening and flowpath, on the assumption that the 
temperature is uniform in each compartment except the vertical shafts, 
and without giving special thought to the localized flows in the building, 
for example, inside a certain room. 

When calculation is made of smoke movement and its control, the 
pressure and flowrate in each part of a building must be computed, and, 
as the case demands, it also becomes necessary to carry out calculations 
for the concentration of smoke and gases, and heat in order to obtain the 
temperatures in each part of the building. 

Calculation of Pressure and Flow Rate 

Under the same conditions of temperature and pressure, there is no 
remarkable difference in fluid properties between smoke and air. Con
sequently, it is convenient to regard smoke in the same light as air and 
calculate only the flow of air, and, as the need arises, to consider the 
concentrations of smoke or gases included in the air. Accordingly, in 
this section, calculation of pressure and flowrate is made only on air. 

When a pressure difference AP across an opening or a flowpath is given, 
the mass flowrate Q can be obtained generally from the following equation 

Q = aA\/2gY\^p\ (1) 

where 

a = flow coefficient, a = l/s/J, 
I = 1 + ^ + A (L/D), 
i = pressure loss coefficient of flowpath (or opening), 
X = frictional resistance coefficient of flowpath, 

L = length of flowpath, 
D = equivalent diameter of flowpath, 
A = sectional area of flowpath (or opening), 
g = gravitational acceleration, and 
y = density of air. 

Since there may be cases, such as those shown in Fig. 2, where the pres
sure difference at the opening in question is not uniform because of the 
temperature difference between the two spaces / and j on each side of the 
opening, Eq 1 is more generaUzed and is expressed in the following equa
tion 

Q = KaB(h2 - A,)\/2fy|A/>J (2) 
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where for y, = ŷ  

K = I, h2 - h, = H^ ~ H„ LP, = APy 

y = y,(APy > 0), or y = y,(APy < 0) 

and where for y, # ŷ  

2\/2» / 7i 
K = —̂—̂ \ / 1 + =-r, where n = hi 

AP. = — ^ ; — - Aŷ „ where Ay,. = yj - y, 

//J2 

The values of A,, /12, and y for y, # y, in Eq 2 can be obtained from Table 
3 and Fig. 2, depending on the height of the neutral plane YN and on 

TABLE 3—Relationship between h,, hz, y and position of neutral plane. 

Position of 
Neutral Plane 

H,<Y^<H, 

Flow Part of 
an Opening 

whole area 

upper part 
lower part 

whole area 

A, 

0 
0 

hz 

Ys- H, 

H,- Ys 
Ys- H, 

/ . > y. 

y. 

y. 
yo 

y. 

y 

y„ < y. 

y, 

Yi 

Yo 

whether the value of Ay,, is positive or negative. In addition, according to 
Fig. 2, YN is given by the following equation 

Y^ = AP,,/Ay,, 

When Room / is considered as a subject, let Q„ be the mass rate of air 

icon @ P : Static pressure on floor level 
: Pressure difference Pij = Pi - Pj 

iPa : Average pressure differaioe 
B : Breadth of opening 
Q : FlcM quantity 

FIG. 2—Mathematical model of flow quantity, pressure, and opening conditions. 
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flow via an arbitrary Opening o from an arbitrary adjacent Room j to 
the Room /, and let Q^ be the mass rate of air flow from / to j . Then, 
absolute values of Qu and Qji are obtained from Eq 2. Let Qij < 0 and 
Qji ^ 0; then the apparent mass rate of air flow through Opening o into 
Room / is expressed by the following equation 

e.o = (Qo + Qjdo (3) 

Here, if yj = y,, or Y^ ^ H, or Ys > HH for yj # y,, either Qy or Qji 
eventually becomes zero. 

This is the gist of a calculation method for obtaining the mass rate of 
air flow via an opening where the pressures and temperatures (or specific 
density y) in two rooms located on both sides of the opening are given. 
However, in practice, the pressure in each room of a building is generally 
unknown, so, in order to obtain the pressure and, simultaneously, the 
flow quantity, the mass balance in each room must be considered. 

Now, let us consider an arbitrary Room / connected with Rooms m in 
number, via flowpaths m' in number for any of the rooms. Then, the 
mass balance Z Q, of Room / is defined from Eq 3 as follows 

m m' 

I Q , = I I ( 6 , , + a,)o.y (4) 

Qji and Q^ also include the amount of forced ventilation. On the other 
hand, let P, and P, be the static pressure at the standard level (for example, 
floor level) in Rooms / and y, respectively, then the flowrates Qtj, Qji are 
described by the equations 

Qij=MPi,Pj) and Qji=fsiiPi,Pj) 

Accordingly, Eq 4 is written as 

lQ<=MPi.Pl,P2 Pm) 

In a case when there are compartments n in number in a building, the 
mass balance equation for incompressible fluid for each compartment is 
expressed by 

or 

/l(P..P2 P„) = 0 

MP,,P2 />,, . . . ,P„ ) = 0 (5) 

fniPuPl P„) = 0 
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That is to say, for P,, ..., Pn is obtained by solving simultaneously n 
number of mass balance equations with unknown quantities n in number, 
that is, pressures Pi, . . . , P„, in each room. The pressures to be included 
in an equation / , = 0 are, in practice, only P, and the pressures in those 
rooms connected direclty to Room / via some flowpaths or openings. 

Since each of the simultaneous Eqs 5 becomes a nonhnear equation as 
represented in Eq 2, it is generally difficult to solve Eq 5 in an analytical 
way. An example of its solution is shown next. 

First of all, from the first equation in Eqs 5, Pi is given as a function 
ofP2, . . . , P „ , thatis 

P. =f^*(P2,Pu ...,k) 

Substituting this into fi = 0, . . . , / „ = 0 in Eqs 5, simultaneous equa
tions (n - 1) in number are obtained, from which P, is eliminated, that is 

f2\f^HP2, Pa. . . . . P„), P2, P „ . . ., P„] = 0 
(o) 

fn\f^*{P2, P „ . . . , P„), P2, Pa. . . . , P„] = 0 

Successive eUmination of Pi, . . . , P„-i by a similar procedure turns Eqs 
5 into the following equation consisting of only P„ 

(7) 
fn*\f.*f2*- . . . f„-:*{Pn),f2*f,*- ••. U^^Pn) 

/ . -2* •/„-.*(/»„),/„-.*(P„),/'„] = 0 

where, for example, 

/ . * •/2* / a * (P) = / , * ( / : * ( / a * (P ) ) ) 

A flow chart demonstrating this procedure is shown in Fig. 3. 
A general method to obtain the pressure in each compartment and the 

flow quantity in each flowpath in a building was described previously. 
However, in practical appUcations, it is possible to calculate this using a 
simpler procedure, depending upon the spatial construction of a given 
building. 

Calculation of Smoke and Gas Concentrations in a Compartment 

Considering the balance of the concentrations at an arbitrary time 
t = kLt(k = 0, 1,2, . . . ) during a time interval Lt with regard to an 
arbitrary Compartment /, the following balance equation is obtained 

[I(Q,, X Q) - I (Q„. X 0 ] Ar = ( KyAC), (8) 
J J 
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C START ) 

u ^ ^ 
INITIAL VALUES OF P,; ;?„ \ 

ICALCUUTION OF ZQ, | 

|P2 = P2^-AP»1 

|Pn-l=Pnl+APn 

[CALCULATION OF ZQn 1 

FIG. 3—General procedure for calculation mass balance equations in a building. 
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where 

K = air volume, 
y = specific density of air, and 

AC, = a change of concentration in the time interval AMn the com
partment, that is, AC, = C,(A: + 1) - C,(A:) 

From the mass balance in the compartment, expressing ZQ, = ^Qji = 
IQ,^ and Qy, Qji, etc., at / = kiit, respectively, by Quik), QAk), etc., 
the following equation is obtained from Eq 8 

c..(.. 1) = ̂ [e>.wx^m , !c..(;t) - llM^}£Am X 
^Qiik) \ Ig.(A:) ) 

The value Ci(_k) of the smoke or a gas concentration in a compartment 
can be expressed in terms relative to the concentration of Cp in a fire 
compartment, providing that Cp can be assumed to be constant (for 
example Cp = 1) during the fire. 

Heat Calculation 

Regarding heat calculation to obtain the temperature in each compart
ment, heat balance during a time interval A? at / = A:AMn Compartment 
/ is considered in a manner similar to that described previously for the 
calculation of concentration. The heat balance equation is described by 
the equation 

{Cp[l(g„ X Tj) -"LiQo X r,)] - ! [>! , . X 
(10) 

where 

Cp = specific heat of air at constant pressure, 
Ti, Tj - temperature in Compartments / and j , respectively, where j is 

a compartment connected with /, 
AT = a change of temperature in a time interval A/, 
A i„ = surface area of arbitrary wall (or ceiling or floor) w in Com

partment /, 
r,v = surface temperature of the wall, and 
hi„ - heat transfer coefficient from Air / to the Wall w. 
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Expressing the values concerned with a time t = ArAMn the method 
used for Eq 9, the following equation is obtained from Eq 10 

Uk + 1) = r.(A:) {1 - ^ \ I Q,(k)} + ^' X 
[V X y(k)l J [V X y(k% 

(11) 

{Z {Qj,{k) X Tj{k)] - - ^ I / l , v X hi^{k) X [Uk) - r,v(A:)]} 
i Cp " 

There are several methods to calculate the surface temperature r.v of 
a surrounding wall (or ceiling, floor, etc.) w. And, in cases where the 
wall is assumed to be a semi-infinite solid, the following equation is 
obtained, assuming 7,^(0) = r,(0) 

TUk) = r,(l) - [r,(l) - UO)] exp[HJiO) X XiM] X erfc[//.v(0) X 

s/7~x^t] + ... + [Uk) - Tik - 1)]{1 - QXY>{Hj(k - 1) X (12) 

x.vA/] X erfc[//.v(A: - l)\/x,v X A?} 

where 

A,v = thermal conductivity of Wall w, and 
Ki„ = thermal diffusivity of Wall w. 

Kinds of Calculation Methods and Their Application 

The calculation for predicting smoke movement or smoke control 
design can be made on the basis of the three kinds of calculations just 
described, which are suitably combined to meet specific requirements. 
For example, when a calculation is made for smoke control design, the 
calculation of the smoke concentration is not necessarily required, but, 
in many cases, it is sufficient for the design to calculate only pressure 
conditions required for smoke control. In other words, such calculations 
each differ in the accuracy and output data required or appropriateness 
of labor and time to be spent. Therefore, it seems convenient to categorize 
the kinds and application of calculation methods, that is, unsteady-state, 
precise steady-state, and simplified steady-state calculation methods. 

The aim of the unsteady-state calculation method is to clarify the 
changes with time of the flowrates, concentrations, and temperatures in 
each part of a building in response to the changes in conditions which 
vary from time to time after the fire breaks out. To apply this calculation 
method, all of the three formulas just mentioned have to be solved simul
taneously. This calculation is advantageous in that is can predict or clarify 
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not only the movement of smoke but also the thermal conditions in a 
building with more accuracy than the others following, while, on the 
other hand, it is disadvantageous in that it generally demands much more 
time than the others. As applied examples of this calculation method, 
several analyses have been carried out for actual fires occurring in Japan 
(for instance, the Sennichi Department Store, a hospital, and field fire 
experiments). Some of these have already been reported in publications. 

The precise steady-state calculation method is a method of solving the 
mass balance equations for £ill spaces in a building, assuming that the 
conditions of the openings, external weather, and temperatures in the 
building do not change with time, in other words, that the movement of 
air and smoke is regarded as steady. Therefore, this method enables one 
to accurately predict the movement when various conditions which may 
exert a serious influence upon the movement can be regarded as approxi
mately steady, for instance, as is seen with a fully-developed fire in a fire 
compartment. In practiced apphcation, this seems fairly effective when 
highly accurate evaluation is required in the smoke control design on the 
assumption of a steady-state flow (assumption on the safe side). It is, of 
course, possible to calculate the concentration of smoke or gases in indi
vidual compartments on the basis of the results on flowrates obtJiined 
through this method. Further, this can be said to be the basic calculation 
method on which the aforementioned and the hereafter-described methods 
are based. 

The simplified steady-state method is defined here as a method for 
solving the mass balance equations only, for spaces such as each space on 
a floor of origin and vertical shafts, where the major flows are formed. 
In this case, flow resistances of omitted spaces are synthesized together. 
One variety of this method is to immediately obtain the ventilation con
ditions required for the intended smoke control by introducing an equa
tion on smoke stopping conditions. This method will be described in more 
detail in the next section. 

Since it is possible to conduct these calculations with exceedingly short 
computional time, this method may be very useful in cases where a great 
number of calculations on different conditions are required for a certain 
building. It will be more practical, in designing the smoke control systems, 
to evaluate the efficiencies of many systems posed for the control under 
various conditions at an initial stage of the design, and then to recheck 
some systems (estimated to be realized through the calculations) by means 
of any of the more precise methods mentioned previously at a final stage. 

Case Study on Smoke Control Design 

Many efforts have been made to control the movement of smoke in 
fires by means of natural or mechanical ventilation, and many proposals 
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have been made on the control methods for smoke. However, because 
smoke movement is greatly influenced by external conditions (air tem
perature, wind), conditions of a building (spatial construction, opening 
conditions, temperature distribution in each space, etc.). it is difficult 
to ensure uniformly the safety of all individual buildings by means of a 
certain method of system. Therefore, by comparing the methods or 
systems posed for a building with a quantitative evaluation of their effi
ciencies under different conditions, the most suitable one may be chosen 
from them and the requirements for the method or system derived, for 
example, as to sizes of ventilation openings, amount of forced ventilation, 
and so on. For these reasons, some calculation methods are necessary 
for designing the smoke control systems. 

Mainly to explain the calculation procedure use of the simplified method 
in more detail, a case study is introduced here, taking the following build
ing model as an example. 

Model for Calculation 

A mathematical model for the simplified method is shown in Fig. 4, 
focussing on the floor of origin, on which fire room (F), corridor (C), 

op 
F 

A'~ 

vs 
(re)! 

op 

vs, 
<cs> 

,OP 

; v s ' 
<IS); 

•vs 
)(SS), 

, P9 I ; op 

A>J-

Li 

vV-

F : Fire roan 
C : Corridor 
L : lobby 
S : Staircase 
vs; vertical shaft 

;, op: apenist} 

V : Static pressure 

0 IW, PW' : Wind pressure 

FIG. 4—A model for simplified calculation (sectional elevation of fire floor). 

lobby (L), and staircase (S) are arranged in this order. Each of the com
partments has two openings, one facing the open air and the other con
necting the compartment to a vertical shaft (FS, CS. LS. SS). The vertical 
shaft here represents an air-conditioning duct system, elevator shaft, 
smoke tower, etc. 

Formation of Smoke Control 

It is idealistic to confine the spread of smoke only to the compartment 
of origin and ensure steady safety of the occupants in the rest of the 
building from the smoke and gases in the event of fire. 

The location of measures to cut off the smoke spread should be decided 
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in relation to such factors as emergency evacuation systems. In this model, 
the openings or doors lying between F-C. C-L, and L-S can be considered 
as the prearranged position for stopping smoke on the fire floor, and all 
of these positions are taken into consideration in the calculation. On the 
other hand, as the prearranged position for forced ventilation, the com
partments F, C, L, S, and the combinations of them can be considered 
as shown in Table 4, even if most of them are not practical. In the design 
of smoke control, it may be sufficient to choose some practicable com
binations from among these four. 

TABLE 4—Combination of forced ventilations. 

Number of Position for Forced Ventilation 
Position for 

Forced Ventilation Fire Room Corridor Lobby Staircase 

+ 

+ - + -
+ - + 

+ - + 
+ - + -
+ - + 

+ - + 
+ - + - + 

+ - + - + 

NOTE— + means air supply, - means smoke exhaust; + - means + or 

Procedure of Calculation 

While there are several simplified-method smoke control designs, a 
method which enables one to obtain very easily the required amount of 
forced ventilation will be introduced here as an example. In this example, 
only such principal spaces as the compartments (F, C, L, S) and the ver
tical shafts (FS, CS, LS. SS) are used for calculation. Vertical shafts and 
spaces generally have a significant effect on controlling the smoke move
ment. It is assumed in this model that each of the shafts is connected 
with a synthesized resistance of flow to the external air. The pressures 
on a standard level in these principal spaces are represented by Pp, Pc, 
PL, PS. PFS. Pes, PLS, and Pss- Table 5 shows the relation between each 
mass balance equation and the pressures concerned with the equation. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



186 FIRE STANDARDS AND SAFETY 

TABLE 5—Relationship between mass balance equation and pressure as variable. 

Pc PL PS PFS Pes PLS PSS 

J-Qr O O O 
Igc O O O O 
I Q . O O O O 
ZQS O O O 
5:Q« O O 
IG« O O 

se„ o o 
I.Qss O O 

where the pressures are regarded as variable in the equation. Since forced 
ventilation in each shaft is not taken into account, the pressure in each 
shaft is expressed, respectively, from the mass balance equation for each 
shaft, as a function of Pp, Pc, PL, or Ps, given below 

PFS = riPr), Pes = PiPc), PLS = / * ( P x ) , Pss = f*(Ps) • • • (13) 

Consequently, in the composition of the calculation procedure, only 
PF, PC, PL, and Ps are taken into account as the pressure to be solved. 
The composition for each case differs slightly by the position of the 
smoke stopping and the forced ventilation. Therefore, the following 
shows an example to explain in more detail the procedure and com
position for a case intending to obtain the required amount QF of forced 
ventilatioii_in the fire Room F for stopping smoke at each position. (In 
this case, Qp seems naturally to be the amount of smoke to be exhausted.) 

The Case of Smoke Stopping at F-C 

The simultaneous equations for this case consist of an equation for 
the required condition to stop the smoke and the mass balance equations 
for each compartment, and they are given in the following functional 
form 

Pc = fiPp) • . . for smoke stopping (14) 

^QF = MPF, Pc, QF) = 0 (15) 

2 Qc = MPF, PC, PL) = 0 (16a) 

^QL = MPc, PL, Ps) = 0 (17fl) 

TQs = fsiPL, Ps) = 0 (18) 

By substituting Eq 14 in Eqs 16a and lla, Eqs 166 and 176 are obtained 
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I Gc = /(PF, APF), PL) = 0 (166) 

I Gx = nnPf), PL. PS) = 0 (176) 

Here, expressing Pp and Ps as functions of Pi., from Eqs 166 and 176, 
such as 

PF^/CHPL) and Ps=^fs*iPL) 

and then, by substituting them in Eq 176, Eq 17c is obtained as 

/L{if(Jc*{PL)), PL,/SHPL)} = 0 (17c) 

Thus, all of the unknown pressure PF, Pa PL, and Ps can be obtained 
from these formulas, and then, Qf—the amount of forced ventilation 
at the fire room required to stop the smoke at the opening or door F-C—is 
given by substituting Pp and Pc as obtained in Eq 15. 

The Case of Smoke Stopping at C-L 

PL = f{Pc) • • • for smoke stopping (19) 

^QF = friPr, Pa QF) = 0 (20) 

I.Qc = MPF, Pc, PL) = 0 (21) 

TQL = MPc, PL, Ps) = 0 (22a) 

^Qs = fsiPL, Ps) = 0 (23a) 

By substituting Eq 19 in Eqs 22a and 23o, Eqs 226 and 236 are given as 
functions of only Pc and PL 

^QL= MPC. f(Pc), Ps) = 0 (226) 

J.Qs=fs(J(Pc),Ps) = 0 (236) 

Here, expressing Pc as a fimction of Ps from Eq 226, such as Pc = fL*(Ps) 
and then, by substituting this into Eq 236, Eq 23c is obtained as 

fs{f(jL*(Ps)), Ps} = 0 (23c) 

PF, PC, PL, and Ps can all be obtained from these formulas, and then, 
Qjr—the required amount for smoke stopping at C-L—is given by solving 
Eq 20 with Pp which is to be obtained by substituting Pc and PL into Eq 21. 
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The Case of Smoke Stopping at L-S 

Ps = APL) ••• for smoke stopping (24) 

I Q F = /APF, PC, QF) = 0 (25) 

^QC = MPF,PC,PL) = 0 (26) 

^QL = MPc, PL. Ps) = 0 (27) 

I.Qs = fsiPu Ps) = 0 (28a) 

By substituting Eq 24 into Eq 2Sa, Eq 286 is given as a function of P^ 

fs{Pi.,APL)} = 0 (286) 

Thus, Pp, Pc, PL, and Ps can all be obtained from these formulas, and 
then, QF—the required amount for smoke stopping at L-S—is given by 
solving Eq 25. 

Figure 5 shows a flow chart representing the just-mentioned procedure. 
Further, if the corridor, lobby, or staircase is chosen as the location for 
the forced air supply or smoke exhaust, a calculation procedure can be 
composed in a similar manner. 

An Example Building and Hypothetical Conditions 

Figure 6 shows a typical floor plan of a 50-story building. As this is 
bisymmetrical, we may calculate only half, including fire rooms, providing 
that the other part is under the same conditions as this part. Then, the 
previously introduced mathematical model and calculation procedure can 
be applied also to this building. Those values proposed in the previous 
section are adopted in principle as general conditions for this example. 
First, a case consisting of these conditions, as shown in Table 6, was set 
as the standard case. Then, in order to study the influence of such individual 
conditions as external wind velocity, openings, smoke tower, forced ven
tilation, etc., on the smoke control effect, 16 cases are chosen, and only 
one factor of the conditions in the standard case is changed in each of the 
cases (see Table 7). 

Results of Calculation for Example Building 

Table 7 shows the required amount of air supply (+) or smoke exhaust 
( - ) calculated for 12 (4 x 3) variations for each of the 16 cases, that is, 
4 cases of the locations of air supply or smoke exhaust and 3 cases of the 
locations at which the smoke is stopped. When a smoke stopping position 
is situated somewhere between the fire room and some forced ventilating 
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( START ) 

[ DATA INPUT 

SMOKE STOPPING"'^'l^' 

CALCULATION 10^-fjP,fifi]| 
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CONDITION FOR „ - o 
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T 
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CALCUUTWN IOa'ts(PZ^ 
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Pi= PL+AP, 

|CA1CUUT10N tOi=t(F?.Pc.ta| 

PF= PF+APF 

'̂ •''c,Fi.Ps~cleHn«d 

[CAICULATION rQc'W^.t^.Pj| 

(V>d*tlncd 

Pp=PraP, 

ICALCULATWN: 5 , - MP, . P J 

I OUT PUT CF SOLUTION 

I ( STOPQ 

FIG. 5—Procedure of a simplified calculation method (in the case of forced ventilation at 
fire room). 

space, the required smoke stopping must be achieved by air supply. On 
the Other hand, when a forced ventilating space is situated somewhere 
between the fire room and some smoke stopping position, it must be 
achieved by smoke exhaust. Therefore, the sign on the figures in the table 
is generally plus for the former and minus for the latter. In opposite cases, 
it means that the aim or the smoke stopping is achievable without forced 
ventilation at the position proposed. 
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FIG. 6—Typical plan of an example building. 

By this calculation, of course, we can obtain not only flow quantities 
at openings and flowpaths but also static pressures in the spaces con
cerned. Figure 7 gives an example showing the computed results for the 
mass rate and the static pressure in Case 3 under conditions where air is 
supplied at the lobby (L), and the smoke is stopped at the door between 
C and L {C-L). This figure presents a simpUfied view of the air or smoke 
flows shown by the arrows for the fire floor and every tenth floor. The 
values of the pressures in Fig. 7 represent the difference from the static 
pressure of the external air at the level of the fire floor. 

Since the calculation just introduced is conducted on a particular model 
of a building with some limited conditions and assumptions, it is difficult 
to derive some general applicability about the effects and efficiencies of 
smoke control from these results. However, there will be remarkable 
difference in the required amount of ventilation, according to the location 
of the ventilation, even though the smoke stopping is to be done at the 
same location, and it is more effective to conduct the forced ventilation 
in the corridor or lobby rather than in the fire room or staircase, under 
conditions such as external windows being largely broken up on opening. 
For reference, the Japanese Building Code requires, in principle, provi
sion of some systems for exhausting smoke from fire compartments. 

The type of calculation methods introduced through an example are 
therefore extremely useful for design or evaluation of systems or measures 
for smoke control because, in carrying out such design, one would normally 
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TABLE 6—Standard condition for comparison of smoke control effect 
under various conditions. 

Genereil Conditions 

Condition Specification 

Season of fire outbreak 

External weather condition 
temperature 
wind direction 
wind velocity 

Number of floors of building 
Floor height 
Position of fire outbreak 

Temperature 
fire room 
corridor 
lobby 
stetircase 
duct, shaft 

winter 

-X.S'C 
N 

9.0 m/s 

50 
3.5 ra 

room on 2nd floor 

900 (°Q 
20 
15 
15 
10~30 

Opening Conditions (not only for the "standard case") 

Situation of Opening 

Sizes of Opening, m 

Height Breadth H,' 

Fire room 
window 
natural ventilation opening 

Fire floor, door 
F-C 
C-L 
L-S 

General floor, window 
staircase 
lobby 
corridor 
office room 

Staircase, door 
ground floor 
roof floor 
general floor 

Opening of smoke tower 

Elevator door 
to lobby 
to corridor 

Air conditioning duct system 

1.8 
0.2 

2.1 
2.1 
2.1 

1.8 
1.8 
1.8 

12.0 
12.0 

0.9 
1.0 
0.5 

1.0 
1.0 
1.0 

0.9 X 10-' X 75.0' 

2.0 
2.0 
2.0 

1.0 
1.0 

3. X 10-' 

0.7 
2.5 

0.0 
0.0 
0.0 

0.7 
0.7 
0.7 
1.8 

0.0 
0.0 
0.0 

1.0 

2.0 
2.0 

1.0 

0.1' 
0.25' 

2.0 

0.0 
0.0 

/?" = 0.2sV(kgm') 

°H, = vertical distance from floor surface to bottom of the opening. 
'Total amount of window crevices every floor (equivalent breadth x length). 
'Total breadth of door crevices every floor. 
•"Flow resistance of subsystem of ducts between room and main vertical shaft. 
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FIG. 1—Flow quantity (kg/s) of air or smoke through each opening at fire floor and 
every ten floors, and static pressure (.kg/s) on flre floor (for Case 3. forced air supply at 
lobby, and smoke stopping at the door between C and L). 

be required to carry out a great number of calculations of different con
ditions for even one building. 
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H. J. Roux' 

The Role of Tests in Defining Fire 
Hazard: A Concept 

REFERENCE: Roux, H. J., "The Role of Tests in Defining Fire Hazard: A Con
cept," Fire Standards and Safety, ASTM STP 614, A. F. Robertson, Ed., American 
Society for Testing and Materials, 1977, pp. 194-205. 

ABSTRACT: Recent increased concern about life safety by various interested public 
agencies has led to questioning the credibility of small-scale fire tests in predicting the 
performance of a product or system in a real-fire situation. 

It is proposed that many of these fire test methods, though, can be upgraded to 
fire-characteristic test methods by the application of appropriate criteria. Further
more, the results from one or more fire-characteristic test methods, plus other param
eters, could then be integrated to establish the potential for harm (PH) of a product 
or a system. The fire hazard of a product or system can then be established by com
bining the potential for harm with the degree of exposure. 

One pragmatic approach to establishing the integration equation for the PH of a 
product or system is to start with the available fire statistics for that product or sys
tem and to prepare a scenario that describes the involvement and the effects of the 
subject item in a fire situation. Then an integration equation that fits this scenario can 
be written. This approach would identify the fire-characteristic test methods and pa
rameters that are needed to assess the PH of that product or system. Included in this 
concept is the idea of using full-scale fire tests either to prove the integration equation 
for a given product or system or to assess directly the PH of that given product or 
system. 

Alternatively, full-scale fire tests can be used to derive the integration equation for 
a given product or system when no fire statistics are available for that product or sys
tem. 

KEY WORDS: fires, fire hazards, tests 

Our concern for the hazard of living has many facets, not the least of 
which is the fear of exposure to an unwanted fire. We limit this hazard by 
prevention or control of the unwanted fire or absentation. Yet, our minds 
are usually free of any thought of fire hazard. It is only the headline re
porting a multiple-death fire or the experience of an immediate event that 
awakens our thoughts to this concern. 

'Coordinating manager. Product Fire Performance, Armstrong Cork Co., Lancaster, Pa. 
17604. 
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ROUX ON ROLE OF FIRE HAZARD TESTS 195 

Chauncey Starr explained this type of response in an earlier analysis 
[7]̂  of human activities. He divided all human activities into two catego
ries: those in which the individual participates on a voluntary basis and 
those in which the participation is involuntary. We are willing to ski, for 
example, because the hazard involved in skiing is equal to or less than the 
hazard we voluntarily accept for the value received by skiing (Fig. 1). In 
a different situation, we are willing to use electric power in our homes 
because the hazard involved is equal to or less than the hazard we invol
untarily accept for the value received. Accordingly, based on this thesis, 
fire on a national basis is also an acceptable hazard. There is no great, sus
tained, public outcry about the 12 000 deaths due to fire year in this 
country. As shown, plotted by the author on Starr's diagram (Fig. 1), fire 
hazard is much less than the hazard that society involuntarily accepts, ir
respective of the value received. 
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FIG. 1—Starr's diagram. 

There are two important conclusions that can be drawn by the applica
tion of this analysis to fire hazard: 

1. Hazard involves some degree of exposure. In other words, there is 
no hazard in skiing to the person who does not ski. Similarly, absentation 
from an unwanted fire eliminates the hazard. 

2. The degree of hazard is a direct function of the degree of exposure. 
The low value of fire hazard plotted on Starr's diagram reflects the low 
degree of exposure of a person in the United States to an unwanted fire. 
Take into consideration the number of fires that do occur, specifically 
those that result in death, versus the ntimber of hours of exposure for the 
entire population (some 200 000 000 people, 24 h/day, 365 days/year). 
Keep in mind that the number of fires of this type that occur in selected 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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situations, such as an unregulated nursing home, and the number of 
hours of exposure for those persons in such an environment, resuhs in 
different degrees of exposure and different values of fire hazard than are 
plotted on Starr's diagram. This is of particular significance for the person 
in a high-exposure situation, although he is statistically counted as part of 
the entire population. 

It is also interesting to note from this analysis that the prevention and 
control of fire hazard does not need to be 100 percent successful; perfec
tion in this area is not a requirement of society. Unfortunately, though, 
there is a tendency among some researchers and some fire-protection 
practitioners to continue, ad infinitum, consideration and discussion of all 
of the variables, for example, different fire situations that might apply to 
defining a given fire hazard. There is clearly a greater need for immediate 
action to solve a substantial part of the problem, although not all of the 
problem is solvable or even understood. This paper is presented with this 
thought in mind. 

Definition of Fire Hazard 

In order to properly address the fire-hazard problem, we must remove 
the confusion that exists in defining and understanding fire hazard itself, 
particularly the word "hazard." It is thought that one can test for fire 
hazard; however, this is not altogether true when one must take into ac
count people exposure. It may be true for property exposure when the 
expense is justified. However, in most cases, the loss in a real fire is the 
only positive fire-hazard test result available, and obviously ;it is "after 
the fact." 

More specifically then, fire hazard (FH) of a product or system, or of a 
room or space, or of a situation is the combination of the potential for 
harm (PH) of that subject and the degree of exposure (E) of people or 
property to a fire involving that subject. Qualitatively, this is expressed as 
follows 

FH = PH X E 

It is self-evident from this relationship that there is no fire hazard if there 
is no exposure! 

To digress for a moment, the selection of the expression "potential for 
harm" is justified from several viewpoints. First, it is self-explanatory, 
and it clearly and accurately delineates the value which it reports. Second, 
it is not easily confused with the words "hazard" or "risk," which, by 
definition, include the factor of exposure. Third, it is not alarming, in the 
sense of disturbing or frightening the user, but rather serves as a warning 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ROUX ON ROLE OF FIRE HAZARD TESTS 197 

in the sense of alerting or cautioning the user, a much-preferred connota
tion. In addition, there is a scaler implication in this expression that is rec
ognizable in its acronym, PH, in respect to the more famiUar acidity scale 
ofpH. 

It is also the intent of this paper to emphasize the fire hazard of a 
product or system. Fires no longer destroy cities, or many buildings com
pletely, with the possible exception of unregulated single-family homes or 
comparable construction. The principal area of concern is a room or 
space and the products and systems within that space. A priori, the fire 
hazard of a material is denied since a material exists only as part of a 
product or system in a real-fire situation. 

The fire hazard of a situation, by definition, is the fire hazard of a 
given room with a given product added to that room. Therefore, the fire 
hazard of a product is the change in the fire hazard of a situation as 
caused by the addition of the product to the existing room or current 
situation. The fire hazard of a product is generally not directly measurable, 
even assuming a given degree of exposure, because a product does not act 
independently of the room (environment) in which it is located. One ex
ception to this premise (and there may be others) is the clothing on a per
son, and this is quite a limiting situation. 

Of greater importance, though, is the proposition that measuring fire 
hazard directly is improbable, if not impossible, when a degree of exposure 
of people is included. True, it is possible to include a degree of exposure 
of property in a fire-hazard test of a room or situation (which indirectly 
could lead to a measurement of the fire hazard of a product), but the 
expense and complexity of the test makes this improbable. As a matter of 
consideration, if one considers all avenues, it is even possible to simulate 
a degree of exposure of people. 

Nonetheless, it is definitely possible to measure the PH of a room, since 
it is independent of exposure, and this is typically what is measured in 
full-scale (room) fire testing. Criteria for this mode of testing are now 
being established [2]. As mentioned before, it is also possible to measure 
the PH of a product by the difference in the PH of a room with and with
out the product in question. Practically speaking, though, there is a 
strong desire to measure the PH of a product directly without the addi
tional expense and encumbrance (complexity, limited testing facilities) of 
two PH room tests, especially for an individual product. 

Measurement of Potential for Harm 

A procedure for measuring the PH of a product directly, albeit by in
duction, is within reach (Fig. 2). This procedure makes use of an integra
tion equation to bring together the results from one or more fire-charac
teristic test methods (FC), plus other parameters (OP), in an appropriate 
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FIG. 2~~Product potential for harm. 

order that generates (induces) the PH of the product in question. It is 
expected that each type of product would have a different integration 
equation. The general form of this equation, in any event, is as follows 

= ; PH = J FC," X FCj* X PC/ X OP,° X OP/ 

Integration equations for this type of purpose are not new [3-5]. As a 
matter of fact, most authorities having jurisdiction integrate, however 
subconsciously, the results (real or imaginary) from one or more fire-
characteristic tests. Factors, such as ease of ignition and rate of flame 
spread, together with information on other parameters, such as product 
size and use (environment), are used to arrive at an estimate of the PH of 
the product. This is then used, in combination with an estimate of the 
degree of exposure, for product approval. 

(For the future, there is also the thought of a supraintegration equation 
that brings together the results from several product-integration equa
tions, with other parameters, in an appropriate order to generate the PH 
of a room. This is more properly the jurisdiction of a building code.) 

The integration equation can be derived in several ways for a given type 
of product. One way is to utilize directly the experience of the authorities 
having jurisdiction, formalized if desired by the Delphi technique, to write 
the integration equation. Another way is to start with the fire statistics, 
for the type of product in question, and to prepare a scenario that de
scribes how the product typically becomes involved in and contributes to 
a fire. After approval [6] of this scenario, it is translated into the integra
tion equation. 

By way of enlightenment, the scenario from this source is virtually a 
word picture of the fire hazard of the product since it includes a complete 
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account of both the product's potential for harm (used to derive the in
tegration equation) and the degree of exposure. The specific information 
included in a typical scenario [7] consists of the type of loss (death, in
jury, or property damage, or all of those), type of occupancy, time of 
fire, ignition source, spreading agent, and direct cause of loss (smoke or 
gas or heat or flame or all of those). In prospect, the concern in most 
scenarios is to the length of time before flashover occurs in the room in 
which the product is located. 

In the absence of fire statistics for a given type of product, the full-
scale (room) fire test is an alternate source for the scenario needed to 
develop the integration equation. Two methods can be used to develop 
this source: (a) a single full-scale (room) fire test, which can be used to 
confirm the scenario prepared from fire statistics, or (b) a pair of fire 
tests, one with and one without the product in question, with the dif
ference in results used in the scenario preparation. 

An excellent example of the use of a scenario to prepare a valid integra
tion equation for a given type of product is the mattress-fiammability 
standard [*]. Although fire statistics were used by the National Bureau of 
Standards to prepare the original scenario, a final scenario with sufficient 
detail was possible only after full-scale (room) fire tests of mattresses. The 
resultant integration equation is, by the way, very simple; it contains only 
a single fire-characteristic test (ease of ignition by a burning cigarette)! 

One study is now underway on the mechanics (mathematics) of writing 
integration equations for various types of products, and early results [9] 
have identified some of the problems involved. For instance, information 
is lacking on the component limits (heat, flame, smoke, gas) of the human-
response envelope. This information is needed to set the appropriate order 
of the various results of fire-characteristic test methods and other param
eters in the PH integration equation. This is further complicated by the 
need to establish the bases for the component limits, that is, temporary 
loss of useful function (control response) or permanent loss of life. At 
the same time, there is another study [10] underway that is directed 
toward preparing appropriate criteria for the qualification of a fire test 
method as a fire-characteristic test method, a key element in any integra
tion equation. 

Fire-Characteristic Test Metliods 

Many fire test methods known today are not capable of being upgraded 
to FC test methods without substantial change. However, there is no need 
to qualify all fire test methods as FC test methods; many will continue to 
serve for other uses, such as control or quality-assurance-type tests. To 
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these methods, though, when under the jurisdiction of the ASTM Board 
of Directors, the following caveat is attached: 

This standard (fire test method) should be used solely to measure and describe 
the properties of materials, products, or systems in response to heat and flame 
under controlled laboratory conditions and should not be considered or used 
for the description, appraisal, or regulation of the fire hazard of materials, 
products, or systems under actual fire conditions [11]. 

This caveat emphasizes the difference between performance-predictive 
type FC test methods and other fire test methods. It is also, in part, one 
reaction to the increased concern about life safety by various interested 
pubUc agencies [72] that has led to the questioning of the credibility of 
small-scale fire tests to predict the performance of a product or system in 
a real-fire situation. This is the role of an FC test method. 

To digress for a moment, the selection of the expression "fire-charac
teristic test method" is justified from one particular viewpoint. Most im
portantly, it explains the type of answer sought by the particular test, a 
subject ignored with the more common designation "fire test method" 
and not definitive enough with the alternate, suggested designation "fire-
performance test method." 

The proposed [10] criteria for the qualification of a fire test method as 
an FC test method are as follows: 

1. The method shall measure one or more fire characteristics. Herein 
lies one of the problems, the proper categorization (identification) of fire 
characteristics. One list [70] of fire characteristics contains the following 
ten items: 

(a) Ease of ignition. 
(b) Rate of heat release. 
(c) Rate of fire growth (change in rate of heat release). 
(d) Rate of smoke production. 
(e) Rate of toxic (and corrosive) gas production. 
if) Rate of flame spread. 
(g) Rate of oxygen depletion. 
(h) Rate of burning (consumption). 
(0 Structural integrity. 
(/) Ease of extinguishment. 

Although most of the fire characteristics on this Ust are of the same 
category (a basic fire property of the product), some, such as oxygen de
pletion, depend upon the environment in which the product is located. 
Further study is, therefore, needed to confirm and define this list of fire 
characteristics. 

2. The method shall test the product or system in the form of its use. 
Incorporated in this criterion are the concepts of geometry and orienta
tion (of the product) and, conceivably, a ratio of area (of product) to 
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volume (of space). The latter is of particular consequence in assessing the 
interaction of enviroiunent on performance. 

There are two ways the environment can be considered when it is not 
automatic, as in the case of a full-scale (room) fire test. The first way is 
as part of the fire-characteristic test method. The second way is as part of 
the integration equation for PH, as one of the other parameters in the 
equation. Either way, any success in correctly assessing the PH of a prod
uct or system is dependent on the skill with which the effect of the en
vironment (room or space) is embodied in this measurement. It is fortunate 
that most products have a limited number of applications and, it is hoped, 
a commonality of enviroiunent caused by the other properties and cost of 
the product or the strictures contained in the instructions and recom
mended practices for the product. 

3. The method shall provide a quantitative result. This criterion is 
needed in order to obtain the proper form of input to the PH integration 
equation. It also avoids the prejudgment inherent at this level in qualitative 
tests of the go/no-go type. 

4. The method shall use an ignition or fire source that is related to a 
real-fire situation. An idealized ignition or fire source is obviously sought 
for test simplicity; but because of the complexity of a real fire, test igni
tion must be related to a real-fire situation. This relation, interestingly, is 
prescribed by the same scenario as that used to write the PH integration 
equation. 

In this regard, it is expected that there will be a need for a better defini
tion of fire exposure. This definition might use a target or a mathematical 
expression that "reads" radiant heat flux, convective heat flux, and gas 
temperature as a function of time [13]. The capability of the test method 
to use different sizes of ignition or fire sources is also of some consequence, 
particularly from the economics side of performing the test. 

Control of Fire Hazard 

Although the authority having jurisdiction would be expected, in 
theory, to limit the fire hazard of a situation for .regulatory purposes, it is 
expected that he will, in practice, limit the PH of a room or the PH of a 
product. It is further expected that he will be guided in doing this by an 
estimate of the degree of exposure associated with the room or product. 
The degree of exposure is the probability of a person or property being 
exposed to the fire, coincident (the time element) with the probability of a 
fire occurring in the same place. In some cases—for example, property 
and a nonambulatory patient that are fixed in space—the degree of ex
posure is dependent only on the probability of a fire. 

The important thing is the measurement of the PH of a room or product 
that the authority having jurisdiction is able to use. Coincidentally, it is 
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of consequence to determine, particularly for a product, whether the value 
sought for the PH is of the mean or average (most probable) case or of 
the extreme (most severe) case of involvement in a fire. Guidance for this 
determination is sometimes available from the fire statistics for the type 
of product (or room) in question. 

The value obtained for the PH of a room or product is without dimension 
and thus not subject to prejudgment. Also, the authority having jurisdic
tion is free to consider several different methods of use of this value. For 
example, with experience and the knowledge of the PH of other rep
resentative products, a limit could be set for the PH of a given type of 
product or different limits for different types of occupancies. This is the 
typical approval/disapproval type of decision. 

Another method, more productive but involving a more difficult type 
of decision, is to accept the measured PH, regardless of its value, and 
then to require either enforced proper-use instructions and recommended 
practices or a "success-tree" [14] approach. The latter is an engineering 
approach to the use of other fire-protection measures ("prevention of 
fire, ignition" and "manage fire impact" are the major headings) in the 
same occupancy to obtain a given fire safety objective, although there is a 
patently unacceptable room or product within that occupancy. 

Conclusion 

A proposed procedure has been presented in this paper that provides 
for the upward progression (scaling?) from a fire test method, to a fire-
characteristic test method, to the calculation or test of the potential for 
harm, and, finally, to the measure of the fire hazard of a product or sys
tem. At this time, it is expected that appropriate fire-characteristic test 
methods can be prepared. 

Concurrently, it is not expected as yet that any PH integration equa
tions can be developed other than those that contain only one fire-charac
teristic test method or those that evenly weigh the results of all of the fire-
characteristic test methods involved in a particular equation. 

The need for a comprehensive procedure is easily substantiated. There 
is the need to know, accurately and at the least cost, the fire hazard of all 
of the new products and systems that enter the world each day, if not 
simply to provide the basis for any sort of corrective action. But there is 
also the need for a procedure or plan that precludes continuation of the 
extremely fragmented and, therefore, inefficient approach to fire testing 
that exists today. 
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DISCUSSION 

p. H. Thomas^ (oral discussion)—\ go along most of the way, perhaps 
all the way, with the "potential for harm" side. My only question relates 
to the combination of this with "exposure." A feature of fire is that it is 
something that one can intervene in, to put in sprinklers, detectors, and 
all sorts of other systems, so it is, in some ways, different from some 
other things like being hit by a meteorite and certain risks to which people 
develop fatalistic attitudes. They say, "If that happens, that's the end." 
So I want to ask if people weight their attitude to exposure and to the 
consequences of that exposure differently, does it not affect compounding 
of these two probabilities as if they were independent? Does fire hazard 
depend only on some combination and the components PH and E not 
matter in themselves? 

H. J. Roux (author's oral closure)—I am not sure that there is a quick 
answer to your question. I think the key concept in my paper, to be re
dundant, was the idea that hazard involves both a potential for harm and 
also exposure. I do recognize that, in many situations, we will not be able 
to either control exposure or the potential for harm because this is a 
symptom of the real world. We will have to accept, in many cases, a given 
degree of exposure. And, as such, we will deal only with the subject of 

' Fire Research Station, Borehamwood, Herts, United Kingdom WD6 2BL. 
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potential for harm and try to reduce this as much as possible. And, con
sequently, I think, in many cases, the final result or fire hazard, will then 
be subject to the efforts of the authorities having jurisdiction. 

H. L. Malhotra^ (oral discussion)—Figure 2 gave me the impression 
that full-scale room tests are regarded as providing positive proof of the 
behavior pattern in a fire. Having designed and seen numerous full-scale 
tests I would like to suggest that such tests also can be subject to as much 
variability and some of the other drawbacks as the tests which they are 
replacing. I would like to suggest that we need to change our attitudes 
toward fire tests whether they be the bench-type microtests or the complex 
room-size macrotests. We should not regard tests as giving a definitive 
answer on the safety or hazard of certain materials or products but only as 
a means of providing technical information on which judgment can be 
based. 

Fire tests by themselves are incapable of making judgments. These 
should be made by the users on the basis of the information the tests 
provide and using a systems approach in which the test information is 
assessed alongside other data relevant to the assessment of the fire hazard. 

The unsatisfactory situation to which reference has been made in this 
paper, developed not only because of the inadequacy of a range of fire 
tests, but also because of the misuse to which they were often put. It is 
worth drawing attention to the activity which is taking place in the Inter
national Standards Organization (ISO). A special panel with representatives 
from Australia, France, Switzerland, the United Kingdom, and the United 
States has been discussing the philosophy of fire tests and their role. It is 
intended to use the final document as a guide to all ISO technical 
committees engaged on preparing fire test procedures. One aim of this 
activity is to prevent the occurrence of the unsatisfactory situation by 
providing a better understanding of the role and functions of fire tests as 
well as their limitations. 

H. J. Roux (author's oral closure)—It is my hope that the concept 
presented in this paper is reflective of your own thoughts. For example, 
one of the criteria that is presented for a fire characteristic test method is 
that it shall provide a quantitative result rather than a go/no-go type of 
answer directly. Further, the idea of potential for harm is to force a judg
ment which is not based on a single test result alone, in assessing the fire 
hazard of a product. 

IV. A. Dunlap' (oral discussion)—Does the potential for harm factor 
include both probability and severity? 

H. J. Roux (author's oral closure)—Severity would be a characteristic 
of the product in question, as reflected in its PH, based on the results of 

^ Fire Research Station, Borehamwood, Herts, United Kingdom, WD6 2BL. 
'Codes and standards specialist, The Dow Chemical Company, Midland, Mich. 48640. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DISCUSSION ON ROLE OF FIRE HAZARD TESTS 205 

the appropriate fire characteristic test methods. For example, smoke 
production might be an important factor in the PH for a given type of 
product. Product A, though, might produce more smoke than Product B, 
and therefore its PH value would be higher. In regard to probability, I 
included it only at the interface with degree of exposure. There may be 
other ways of looking at it. 
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ABSTRACT: The complete regulatory process involves the application and enforce
ment of building and fire codes. Building codes govern new construction and embody 
standards designed to protect occupants and property from the hazards of fire. Fire 
codes are intended to preserve fire safety features of building codes and to govern fire 
safety practices involving the processes and uses within buildings. These codes must be 
compatible. Additional research is needed to address some of the newer fire problems 
now confronting regulatory officials. 
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The regulatory process, as it is addressed in building and tire codes, is 
not fully understood. A too-frequent assumption is that matters relating 
safety are delineated in fire codes and enforced or applied by the fire depart
ment of a municipality. Actually, the main function of a fire department is 
the logistical response to actual fires and, no less important, perhaps more, 
the supervision of fire prevention programs and the supervision of mainte
nance of fire protection equipment. 

Fire maintenance programs usually follow regulations detailed in either a 
building code or a fire prevention code. For example, the building code may 
require the installation of an automatic fire-extinguishing system in a build
ing in view of the building size. The fire maintenance program is designed to 
ensure that the fire-extinguishing system, as installed, will be maintained in 
a ready condition. It is the building code which establishes the basic fire 
safety characteristics of a structure. It is the building code that sets out 
building areas and heights, fire endurance of building elements, exit design, 
and the installation of fire protection equipment. And it is the enforcement 

' Managing director. International Conference of Building Officials, Whittier, Calif. 90601. 

209 

Copyright' 1976 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



210 FIRE STANDARDS AND SAFETY 

of a compatible fire code which ensures that the basic fire safety elements 
and systems built into a structure are maintained and that the processes and 
uses conducted within a building are consistent with recommended safe 
practices. 

The Regulatory Process 

Although carried out at the local municipal level, the regulatory process 
throughout the United States, insofar as it affects private and, to a great 
extent, pubUc buildings, is a derivation of police power reserved to the 
states. States, in turn, have delegated this in whole or in part to local munic
ipal governments. 

The building code is generally thought of as that document which regu
lates all building construction. It includes within its definition codes dealing 
with zoning, pressure vessel inspection, elevators, etc. This explanation is 
generally acceptable since the entity responsible for building safety also has 
administrative and enforcement responsibilities in these other areas. In ad
dition, responsibilities sometimes include areas dealing with building main
tenance. This is particularly true in the housing field where housing codes 
are adopted to guard against the growth of substandard housing or to pro
vide a basis for rehabilitation of existing residential buildings. Fire codes, 
on the other hand, are strictly concerned with the maintenance and use of 
buildings. And, if adopted, they are generally enforced through a fire pre
vention agency linked to the local fire department. I say "if adopted" be
cause many communities in the United States that are basically rural in 
character, such as unincorporated areas of counties, have voluntary fire 
departments or separate fire districts that divide a county into several areas 
which are not politically compatible in terms of enforcement of fire codes. 
Yet, a code which deals with the continued fire safety maintenance of a 
building has a significant impact on the fire record, and fire code adoptions 
should and must be encouraged if we are to make continued advances in the 
protection of life and property from the ravages of fire. 

Building and fire codes, although different in their approach (that is, new 
construction versus maintenance), must be wholly compatible. It would be 
ludicrous from an administrative viewpoint to require exists for assembly 
occupancies to be maintained in accordance with rules and regulations that 
are in conflict with the exit situations which were originally designed into 
the structure on the basis of the building code. The Uniform Building Code^ 
and Uniform Fire Code' are examples of wholly compatible documents 
which separate construction and maintenance yet utilize compatible and 
consistent terminology in requirements to ensure that the fire safety features 
and designs implanted in buildings are adequately maintained. 

' Uniform Building Code, International Conference of Building Officials, 1976 ed. 
'Uniform Fire Code. International Conference of Building Officials and Western Fire 

Chiefs Association, 1976 ed. 
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Model Code Influence 

A 1971 survey* of building code use in the United States indicates that 3 
percent of cities with a population larger than 10 000 have no building code 
regulations. The survey went on to report that approximately two thirds of 
all local codes are patterned after one of the four model codes. The acceler
ated adoption of model codes over the last few years would indicate that 
these ratios have been further enhanced so that the model codes are the 
dominant factor in the United States' current regulatory process. These 
codes and their pubUshers are as follows: 

1. Basic Building Code—Building Officials and Code Administrators 
(BOCA) International, Inc. 

2. National Building Code—American Insurance Association. 
3. Southern Standard Building Code—Southern Building Code Congress, 

International (SBCC). 
4. Uniform Building Code—International Conference of Building Of

ficials (ICBO). 
The code change processes of BOCA, ICBO, and SBCC provide an open 

forum for exchange of views, and the resulting code publications of all 
groups spread the cost of their development (several hundred thousands of 
dollars) among all the users. The model code organizations provide addi
tional valuable services that are vitally necessary in the enforcement pro
grams of adopting jurisdictions. 

New building products and systems are reviewed monthly by ICBO, for 
example. Those meeting the performance standards of the code are com
municated to all member jurisdictions through the medium of a descriptive 
report that identifies the product or system and its uses and limitations. The 
professional staff assembled is able to serve hundreds of communities in a 
uniform fashion. Cities acting alone would have to provide identical levels 
of service. The large monetary savings of this joint activity are obvious. 

The educational program of ICBO is another broad and diversified ser
vice that provides communities with training courses, seminars, educational 
aids, and an inspector,certification program. The dynamics of this building 
industry demand that those engaged in the regulatory field be absolutely 
current. To achieve this individually would represent a cost that even our 
largest cities would find difficult to meet. 

Maintenance of a professionally trained staff of civil and structural engi
neers to assist in code interpretations and plan review of major structures 
is yet another highly utilized service and one sorely needed in smaller juris
dictions. 

Although these descriptions are in terms of ICBO, BOCA and SBCC also 
offer services of varying character in these areas. The significant point is 

'Applefield, Milton, "Use of Fire Limits in the United States," United States Forest Ser
vice, 3 Nov. 1971. 
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that these agencies not only exist, but they offer the valuable asset of uni
formity in a most effective and economical way. 

Building Code Ciiaracteristics 

Model building codes classify building occupancies and uses into groups 
that are similar in nature with respect to the fire and life hazards that build
ings pose. These codes are all framed to permit a wide range of uses within 
a given building occupancy. Once a certificate of occupancy is issued, the 
building owner or lessee is free to conduct many diverse activities which, 
under current code structure, do not change the basic character of the oc
cupancy. The Uniform Building Code, for example, groups together such 
uses as wholeseile and retail stores, office buildings, factories and workshops 
(not using highly flammable or combustible materials), and storage or sales 
rooms for combustible goods. 

One purpose of such grouping is to include those uses which reflect a 
similar h2izard to life based on combustible content or fire load. This ap
proach also benefits the owner, since he is free to consider a wide range of 
potential building uses over the projected or amortized life of the structure. 
This point of variable occupancy is stressed because wide-ranging uses, 
which involve corresponding broad changes in type of contents, should be a 
fundamental consideration when deciding what part of the unchanging 
building structure is to be regulated, as well as the manner in which the 
regulations are to be applied. There is no doubt that there are situations 
where the character of the occupancy can be rigidly controlled, particularly 
at the owner's option. Examples include military installations and certain 
other governmental buildings. However, for the great majority of construc
tion, such controls are presently outside the scope of normal municipal 
activities. Since there is minimal content control, it is necessary to consider 
this variable in developing regulations. 

Building construction types are classified by building codes into catego
ries resembling varying degrees of fire endurance or fire resistance. Areas 
and heights are assigned to the different occupancy categories on the basis 
of the different building construction type in which they are housed, the 
greater height and area enjoyed by the most fire-resistive building type and 
so on down the scale. The assigned height and area and the construction 
type stem from studies of fire loading and occupancy loading as well as 
spatial separations of a building from its neighbors. Where vacant usable 
adjacent land occurs, the codes assume that the land is occupied or, in other 
words, that the building in question will face the greatest potential hazards. 
Construction types of fire-resistive character have specified hourly fire-
resistive ratings assigned to the principal supporting elements. And, multi
story buildings are required to achieve a great degree of compartmentation 
to guard against the story-to-story transfer of fire. In addition to floor-to-
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floor separation, compartmentation also embraces the enclosure of vertical 
openings and concealed spaces which have a potential for contribution to 
fire spread. 

There are additional refinements dealing with the hazards of fire spread. 
For example, occupancies or uses that are incompatible are required to be 
separated from each other in an envelope maimer. Buildings with excessively 
large areas must be subdivided by area separation walls with sufficient fire 
endurance to constitute separate structures. These walls may vary from 
2 h for buildings of low fire-resistive character to 4 h for buildings of the 
highest type. Wherever fire endurance of building elements is prescribed, 
it is based upon demonstration of performance under ASTM Fire Tests of 
Building Construction and Materials (Including Tentative Revision) (E 
119-73). Materials and systems of materials that have achieved ratings derived 
from this standard ASTM test are listed in substantial detail in building 
codes, in supplemental pamphlets, or in listings published by agencies such 
as Underwriters Laboratories. Sufficient information is provided to ensure 
that the construction, as built, will have the same integrity as the fire test 
specimen. This requires careful analysis and a degree of ingenuity since the 
as-built construction varies significantly in size from the tested prototype. 

The flammability of interior finishes and their contributions to fire 
spread are addressed in codes. The ASTM Test for Surface Burning Charac
teristics of Building Materials (E 84-73) (tunnel test) is the primary code tool 
which assesses the relative surface flammability of building finishes. This 
test procedure is also utilized as an indication of comparative smoke density 
of the products of combustion that may be expected from these finishes. 
Plastic materials utilized in the building structure are approached in a 
similar manner as interior finishes but may be further restricted (as in the 
Uniform Building Code) on the extent of use in given situations, primarily 
to glEizing functions. 

The codes utilize the ASTM Test for Noncombustibility of Elementary 
Materials (E 136-73) as a basis for categorizing the combustibility of build
ing materials. It is also necessary to employ concepts involving potential 
heat and heat release along with tests for noncombustibility to properly 
evaluate some of the newer building products. All of the model codes are 
performance oriented, so it is possible to develop approaches which will 
accept innovations without affecting fire safety. 

Automatic fire-extinguishing systems are given responsible assignments 
in the codes. They are the means, for instance, whereby basic building areas 
can be multiplied. In the Uniform Building Code, for example, for one-
story structures, the areas can be increased threefold, while in a multistory 
building, areas may be doubled, assuming fire-extinguishing systems, such 
as fire sprinklers, are installed throughout the building. These systems are 
also required to address specific hazards. They must be installed in all retail 
sales buildings with floor areas in excess of 12 000 feet̂ , as well as in as-
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sembly areas having exhibit spaces of 12 000 feet̂  or more. Fire-extinguish
ing systems have always been required traditionally in the areas that present 
difficult or impossible access from a fire-fighting standpoint, such as in 
basements and cellars or in windowless structures. They are also a suitable 
alternative to certain compartmentation requirements in high-rise buildings. 

The use of smoke detectors in gaining in codes. A major trend is toward 
mandating their installation in new residential buildings in areas adjacent to 
sleeping rooms. Dependent upon the building design, several units may 
have to be installed. They also are used in some codes as a suitable actuating 
mechanism for fire doors protecting vertical shafts or providing envelope 
protection in corridors. Similar requirements find their use in the air-condi
tioning, heating, and ventilating systems of buildings. 

Another fire protection tool utilized by codes for buildings of extensive 
area is roof venting. This facilitates the removal of both heat and smoke in 
the event of fire, building roofs being divided into large but separate areas 
and vented for this purpose. 

The relationship of fire hazard to occupant safety is, of course, a para
mount concern of building codes. In low buildings and in buildings where 
persons are ambulatory, codes prescribe appropriate parameters to ensure 
adequate wddths of corridors, stairways, and doorways. This is accomplished 
by determining minimum widths for a single person exiting and then devel
oping minimum standards for the component portions of the exit path. The 
basic parameter for sizing exits is the occupant density for various uses. 
The number and width of exits is a function of the total occupant load 
determined by this density factor. Minimum exit dimensions accommodate 
a substantial number of occupants so that the actual occupant load only 
becomes a governing factor for the larger occupancies. For example, the 
Uniform Building Code requires two exits from a retail sales room when the 
occupant load exceeds 50. The minimum width of an exit door is 3 ft. Since 
the minimum width in feet is defined as the occupant load divided by 50, a 
3-ft-wide exit doorway could accommodate 150 occupants. 

When more than one exit is required, they must be arranged so that if one 
becomes blocked, the others will be available. The two-exit situation under 
this concept is resolved in the Uniform Building Code by requiring that the 
two exits be placed a distance apart equal to not less than one half of the 
length of the overall diagonal dimension of the area to be served measured 
in a straight line between exits. This technique is easily applied to irregularly 
shaped buildings as well as those of conventional configurations. 

The number of exits are also a function of the height of a building with 
two exits being required when the occupant load exceeds ten. Story-to-story 
exiting is determined on the basis of traffic flow, considering that all occu
pants will not reach the desired stairway at the same time. This is done in a 
proportional manner, recognizing the fact that the number of exits from 
any one story cannot be less than the occupant load dictated by that story. 
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Another aspect of exit design is the length of exit travel. Excessive travel 
length inhibits orderly and fast evacuation. The occupant is also given the 
benefit of protection of an enclosed stairway or corridor. Special exit pro
visions are assigned to occupancies that merit special consideration, such as 
hospitals, where exiting is accomplished in part by attendants moving 
patients to areas of refuge within buildings, usually on the same floor. 

Fire Code Characteristics 

Although fire codes contain similar concepts and aims as are found in 
building codes, they only serve effectively when there is compatibility with 
the building code, and both have complementary objectives. 

In a workable enforcement program, fire codes are directed towards 
maintenance of fire protection features regulated by building codes and the 
regulation of the processes that take place in buildings. This includes, for 
example, the safe handling of hazardous materials, fueling and defueling of 
aircraft, safety practices in welding and cutting operations, installation and 
maintenance of combustible dust collectors, maintenance of exit ways in 
buildings, and so on. The list seems endless, but the objective is clear. When 
the building is safely constructed and open for occupancy, the continued 
safe maintenance is all important to achieve fire safety. 

The code interaction I describe is the view from the enforcement end. 
As our country matures, and certainly as the cost of new building construc
tion increases, it is most important to adjust regulatory practices to con
serve and maintain the inventory of existing construction. 

Code Enforcement 

The regulatory framework necessary to implement codes must be empha
sized. The most well-conceived and highly principled code document will be 
of no value unless measures are adopted to carry out the enforcement. This 
goes beyond mandating the requirements into law. The adopting jurisdic
tion must provide the necessary staff to carry out a vigorous enforcement 
program. For new construction, this means a professional engineering and 
inspection staff with appropriate administrative and management control. 
New construction enforcement programs can only begin by a detailed re
view of plans in their entirety to verify that the project, when constructed, 
will meet the requirements of the code. Plan review embraces both struc
tural and nonstructural aspects of the code and requires a high degree of 
professionalism, one no less than that of the persons who prepared the 
plans. If anything, a greater degree of expertise is needed. If plans are found 
wanting, then revisions must be made and a further review undertaken to 
verify that errors have been corrected. Jurisdictions that instigate preliminary 
plan reviews for major projects have provided an excellent service to fore-
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Stall the occurrence of major problems. This process demands that jurisdic
tions involved develop a firm internal working relationship between the 
building and fire departments and that they adopt current and enforceable 
codes. 

Once the plans have been approved, careful field inspection is necessary 
to ensure that the construction, as contemplated by the plans, is carried 
forward. It is futile to assume that the field inspector is going to both inspect 
the structure and review the plans at the same time. Inspectors must be ade
quately trained in field techniques and be aware of any changes or devia
tions to the approved plans. An in-house training program maintained on a 
continuing basis is necessary to verify correctness and to refresh inspection 
personnel and plan review personnel with construction systems and tech
niques that may be new or infrequent. When the building has been con
structed, and a certificate has been issued permitting occupancy, provisions 
should be made for periodic maintenance inspections to ensure that the fire 
safety features and the fire protection devices that were originally installed 
have been properly maintained in an operable condition. An important an
cillary aspect includes fire training and fire drills for the occupants of all 
buildings. 

It is frightening that many communities do not maintain an orderly fire 
prevention program. Locked exit doors are the most common result of this 
indifference and invariably result in high life loss. The use of stairwells and 
corridors for storage is another example of a fire hazard that encourages 
disasters and could be averted by an inspection program. The failure of 
automatic fire extinguishers to function when needed is a further example 
of a lack of preventive m2iintenance. 

Fire Hazard Assessment 

Over the last few years, much concern has been expressed over the ability 
of ASTM fire test methods to adequately assess fire hazards. Practically, 
these methods were not developed for the purpose of making such assess
ments alone. Rather, they were intended to be used, and are used, as part of 
the data base upon which hazard assessments will be made. Clarifying 
language is being introduced in many of these methods to underscore their 
Umitations, and this will be a definite aid to those who might misinterpret 
or abuse their intent. 

Fire hazard assessment is accompUshed when the results from basic re
search and performance tests are coupled with other parameters to deal 
with the potential for fire and the probability of its occurrence. Conditions 
vary if the fire hazard assessment is made in terms of property protection as 
opposed to protection of life. Often fire hazards can be mitigated through 
the application of techniques not measured by standardized fire tests such 
as the use of automatic fire-extinguishing systems or the insertion of early 
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detection devices with provisions for rapid occupant evacuation. These 
various alternatives and techniques are reflected in building and fire codes 
which, in reality, become a basis for the systems analysis of a fire hazard. 

The foregoing explanation of codes was intended to show some of the 
relationships applied by codes in their analysis. The significance and degree 
of accuracy of tests must be viewed within the perspective of code use and 
enforcement when judging building hazards. 

Recently enacted legislation establishing the National Fire Prevention and 
Control Administration and the Consumer Product Safety Commission 
can, if wisely administered, complement the objectives of building and fire 
codes. An accurate definition of the fire problem is essential to its assess
ment and to its solutions. And, certainly, there is a need to examine and 
control building contents to the point of excluding materials that represent 
serious problems. 

Some Concluding Observations 

Compatible building and fire codes enforced together are a comprehensive 
approach to the assessment and solution of fire hazards posed to both life 
and property. 

Codes and the fire test methods they embody will constantly change 
through the years because the materials available for construction and the 
methods of construction change. Further, the attitudes of people change as 
to what codes should do and what constitutes reasonable safety within limits 
tolerable to the public. 

Basic fire research will always be needed to respond to the changing aspects 
of the fire problem. A more demanding economy requires design refine
ments. New construction techniques must be evaluated, and their economy 
and effectiveness must be measured. The concept of restraint in fire en
durance must be more precisely quantified. Analytical approaches should 
be developed, since they hold the greatest promise for economical design 
against fire. The fire hazard characteristics of newer materials need to be 
identified and judged. 

The research must address the real world where building contents and 
building structure must be viewed concurrently. To assume that building 
occupants can endure a hostile fire producing salubrious gases seems a tri
fle farfetched. Research indeed must have a practical orientiation. 

In the creation of fire safety standards, it must be kept in mind that the 
American people do not live in complete safety; rather, they live a relatively 
safe life, considering the hazards that surround them. Absolute safety is not 
attainable. Regulations and standards cannot be so exacting, impractical, 
and uneconomical as to curtail construction. Requirements so restraining 
would find that the people affected might well prefer to be less safe with 
more freedom. 
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Many current fire deaths are attributable to fire spread in older buildings 
that do not meet present fire safety standards. That existing building and 
fire codes are not vigorously applied to new and particularly old buildings 
(where fire deaths and losses are greatest) may be of much greater significance 
in assessing the fire problem than the precision of some test methods. 
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DISCUSSION 

W. A. Dunlap^ {oral discussion)—Can you make an estimate of what 
percentage of residential construction today would be built in areas that 
would require early detection devices. 

/ . E. Bihr (author's oral closure)~TYit Uniform Building Code (UBC) re
quired early detection devices in dwelUngs with the production of the 1973 
edition. So, for the last three years, with few exceptions, all new dwelUngs 
constructed under the UBC have enjoyed the installation of detectors. The 
exceptions are of isolated incidences where a few local communities have 
opted out. 

J. R. GaskilP {oral discussion)—In view of your statement that contents 
remain unregulated, a good building official has one of its arms tied. Would 
you see any advantage in proposing some kind of a recommended practice 
or an addition to a building code to regulate the contents of public buildings? 
How about a recommended practice which could be broadcast for private 
buildings as a research tool or as a useful adjunct to the various model 
codes? 

J. E. Bihr {author's oral closure)—A recommended practice is always 

' Codes and standards specialist, The Dow Chemical Company, Midland, Mich. 48640. 
' Fire protection engineer, Lawrence Livermore Laboratory, University of California, Liver-

more, Calif. 94550. 
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useful. The problem content control poses is the enforcement problem. 
How are you going to ensure that these regulations are enforced? The 
simplest way to enforce content regulations seems to me to be at the point 
of manufacture. If that could be obtained, it would solve a lot of problems. 
If you wait until a chair, for example, is inserted into the room, then you are 
very far down the road. But I believe that recommended practices are in 
order. They don't involve an enforcement responsibility, yet they indicate 
the direction in which one might choose to go. 

D. Hammerman^ {oral discussion)—There was a comment which is sup
ported by many people that fire codes should be for the maintenance and 
use of buildings. I deal, to a great extent, in building construction from 
both standpoints, and, as we all know, in building codes, there is a great 
deal of fire protection. For example, height and area limits, construction 
classifications, fire resistance of building materials, interior finish, fire 
stopping, fire extinguishing systems, fire detection systems, entire chapters 
on means of egree, etc. My question is this: suppose (and meuiy people will 
not agree with this) all this collected fire related material were placed in a 
code that would be called a fire code and administered by persons that 
would have expertise in this area, perhaps fire protection engineers. Would 
this not make for a better system rather than saying a building code should 
be administered by building officials and "check the oil rags by the fire 
department?" 

J. E. Bihr {author's oral closure)—! think this might make an interesting 
debate at some national forum. I take the view that building officials and 
building inspectors are trained in the construction of buildings and that the 
fire safety features of buildings are an integral part of building construc
tion. I also feel that they can work cooperatively with the fire services to 
achieve mutual objectives. 

G. M. Lanier* {written discussion)—In the real world, we actually need 
one set of codes or standards that can be applied to existing situations and a 
separate set that deals with proposed or new construction. This would be a 
great asset to enforcement agencies in dealing with the fire problems. We 
must realize that existing buildings will never be brought into compliance 
with new criteria. What is a realistic level of risk that can be established 
where existing conditions are involved? 

The response made to Mr. Hammerman's comments and question needs 
to be reviewed. In my city, the building official and myself have a good 
working relationship. I feel lucky because it is a fact that, in most areas, 
building officials and fire officials do not communicate and jointly review 
plans. In some cases, the building official gives fire protection features 
proper attention; however, in most cases, fire protection features are loosely 

' Chief fire protection engineer. Office of the Maryland Fire Marshal, Baltimore, MD. 21201. 
* Fire marshal, Rome Fire Department, Rome Ga. 30161. 
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applied by building officials. This is primarily due to an underestimation of 
fire growth, fire spread rates, smoke production, smoke spread, etc. There 
is also a lack of understanding of how people react to smoke and fire and of 
the fire extinguishment problems facing the fire department. It is vitally im
portant, in my judgment, that we must get the building officials and fire 
officials together in the plan review process. Unless we get together, the 
pubhc will go lacking. 

It is suggested that building codes and fire codes contain a requirement 
for the enforcing authorities to jointly review plans and act together on 
other matters. For example, the building code would require the building 
official to consult with the fire official on fire protection matters, and the 
fire code, on the other hand, would require the fire official to consult the 
building official on various matters. Do you feel this is reasonable and 
realistic? 

J. E. Bihr {author's written closure)—I heartily concur that a positive 
working relationship between building and fire officials in a community is 
of the greatest importance in realistically interpreting and applying building 
and fire codes. Joint plan review is an excellent way to accomplish this ob
jective. Certainly, there should be an intimate working relationship in both 
professions to assure that a proposed structure is adequately designed in 
terms of fire defenses. I concur with your view that it would be inappropriate 
to strictly departmentalize the roles of the fire and building official. 

There is no doubt that existing buildings play the primary role in fire 
problems to date. These older buildings simply do not have the benefit of 
modern fire protection techniques. Communities should actively concern 
themselves with these obvious deficiencies, since these are the buildings 
that lead the list in fire statistics. Solutions to the fire problems in these 
buildings must be unique; however, there are tools available. 

R. Friedman^ {written discussion)—In your opinion, if a new building is 
to be fully sprinklered, should present building codes be relaxed in some 
degree with regard to compartmentation or other features? If so, how? 
If not, why not? 

J. E. Bihr {author's written discussion)—Codes already recognize the use
fulness of sprinklers in a variety of situations. It is not correct, in my view, 
to assume requirements are relaxed but rather that the usefulness of a 
sprinklering system has been recognized as either an alternative or primary 
means of mitigating hazards. The code approach in this area is quite detailed 
and encompasses such things as increased building areas, windowless build
ings, greater exit travel and so on. There are many building designs in 
which sprinkler installations were not previously considered due to cost de
terrents. The time has now come for these buildings to have the additional 
protection afforded by the sprinkler systems. In my view, major structures, 

' Scientific director. Factory Mutual Research Corp., Norwood, Mass. 02062. 
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fully sprinklered, do not warrant significant reductions in key fire resistant 
features because redundemcy is necessary should sprinklers become in
operable through damage, abuse, or other causes. It is simply not prudent 
to ignore these possibilities. 

A. Peppin^ (written discussion)—In your presentation, you raised the 
issue that, although there is a need to evaluate interior finishes for flame 
spread, ASTM Method E 84 will not necessarily predict the ultimate 
performance of such materials. Would you care to expand on this? Do you 
see the need for improved tests that would, in fact, predict performance? 
If so, what type of tests would you envisage? (for example, full-scale tests?) 

/. E. Bihr (author's written closure)—ASTM Method E 84 presents a 
basis of comparison of the surface flammability of materials under stand
ard conditions of tests. The test method is not designed to predict the per
formance of materials in various room combinations acting together with 
different finishes or with different distributions nor does it examine synergistic 
effects. Full-scale room burn-out tests are the only realistic method, in my 
opinion, to evaluate the contribution of specific finish deployment in a 
room fire, and even this may be misleading due to ventilation, ratio of 
noncombustible contents to total combustion, etc. ASTM Method E 84 
is a useful tool in characterizing the materials that are tested in the fuller 
scale tests, but ASTM Method E 84 does not provide a basis for judging 
total fire performance in a building environment. Codes recognize this and 
prescribe additional limits on finish beyond ASTM Method E 84 results. 

'Commercial development manager, Monsanto Company, St. Louis, Mo. 63166. 
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ABSTRACT: Voluntary standards are defined as standards used voluntarily. Of the 
more than 23 000 voluntary engineering standards in use today, most are commercial 
standards. The preparation of these standards represents the contributions of thousands 
of experts who write "consensus" standards that in some way affect every product, 
service, process, or environment. The future of voluntary standards will be assured if 
those standards are adequate and their use satisfactory. 
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For more than three quarters of a century, private organizations like the 
American Society for Testing and Materials (ASTM), the National Fire 
Protection Association (NFPA), and many others have developed and pub
lished standards. So great was the proliferation of standards that, as early 
as 1918, people realized a need to {a) coordinate these efforts to avoid dup
lication and to generally put some semblance of order into the burgeoning 
development that was taking place and {b) to provide some acceptable and 
easily identifiable mark of credibility to standards developed by trade as
sociations and other groups where such might otherwise be lacking. That 
realization resulted in what we know now as the American National Stan
dards Institute (ANSI). 

In 1972, the National Bureau of Standards (NBS) listed 23 300 voluntary 
engineering standards.^ If one considers that most of these standards are 
written by committees, it is apparent that literally thousands of people are 
involved in standards making. Consider also that most of these persons 
serve voluntarily; that is, they do not charge the organization sponsoring 

'Assistant vice president. Standards, National Fire Protection Association, Boston, Mass. 
02210. 

^National Bureau of Standards Special Publication 329, an index of U.S. Voluntary En
gineering Standards. In 1945, the National Directory of Commodity Specifications listed 
35 000 specifications, but that publication has not been updated. 
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the committee on which they serve for their services. Therefore, the bene
ficiaries or users of the committee product are largely receiving a free serv
ice. While the beneficiaries may be on the receiving end, the employer of 
the committee member (or the member if he is self-employed) is on the 
giving end. The travel expense, the committee member's salary, and the 
cost to the employer for time while the member is away, multiplied by the 
number of people who serve on technical committees, without doubt 
represents many millions of dollars annually. It is doubtful that anyone 
has attempted to estimate the amount of money that is spent annually on 
standards writing by the private sector. 

Not measureable in monetary terms is the vast resource of knowledge 
and skills that these committee members provide; it is staggering to consider 
and probably unmatched by any other voluntary effort. 

This voluntary contribution, interestingly, is not simply from profit-
making organizations. It is also from nonprofit organizations and associa
tions. Federal, State, county and municipal agencies, educational institu
tions, and the like. Certainly, there is some motivation that prompts these 
people to participate, and undoubtedly that motivation varies, depending 
upon the interest of the employer of the committee member. In some cases, 
that motivation is simply an interest in contributing. 

Voluntary standards cover practically every product, service, and practice. 
They affect commerce, industry, and public safety, and thus, ultimately, 
every inhabitant of the United States. Standardization alone has made a 
tremendous economic impact, and, without it, there would be chaos. It is 
not possible to estimate the injuries and loss of life and property that the 
voluntary standards have been responsible for preventing. 

It seems axiomatic that the voluntary standards have made a tremendous 
contribution to the well being of this nation. 

Voluntary Standards Defined 

For the purpose of this discussion, voluntary standards are standards 
that are used voluntarily. While this is a very definitive statement, the fact 
is that the situation is not that definitive. 

In the private standards world, it is volunteers who prepare the standards. 
This has prompted some to refer to the standards that volunteers write as 
voluntary standards. In organizations like the NFPA, volunteers write 
codes, standards, recommended good practices, manuals, and guides. Of 
this variety of output, only codes and standards are written in a fashion 
that makes therti suitable for adoption as requirements to be applied as law. 
The volunteers who prepare these codes and standards are fully aware that 
they are writing documents that may be adopted by a local. State, or Federal 
government agency for legal enforcement. These documents then could 
hardly be defined as voluntary documents. It is a fact, however, that, in 
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areas where those codes and standards, or others Hke them, have not been 
promulgated by a government agency, the codes and standards are used 
voluntarily by industry and business in general, as well as private and 
public institutions of all kinds. The recommended practices, manuals, and 
guides are not written for legal application and therefore are voluntary 
documents. 

It is desirable too to place the word "standard" in perspective for the 
purpose of this discussion. "Standard" is used in its broadest sense as 
defined in Websters' Third New International Dictionary as "something 
that is established by authority, custom, or general consent as a model or 
example to be followed." It is assumed that ANSI considers a standard to 
be as Webster defined it because ANSI adopts all kinds of documents, 
some of which could be called textbooks, and labels them American 
National Standards. 

The NFPA, as well as some other standards-making organizations, define 
standards in a much narrower context (that is, a document containing only 
mandatory provisions using the word "shall" to indicate requirements). It 
is this wide differentiation of meaning among standards makers and users 
that undoubtedly confuses many persons. In the voluntary standards field, 
however, it is much more common to find documents that fail to meet the 
NFPA definition but do meet the Webster definition. This fact may be a 
problem with voluntary standards. 

Use of Voluntary Standards 

If one accepts the estimate that there are more than 23 300 voluntary 
engineering standards published in the United States alone and recognizes 
that standards are only prepared and published when there is a recognized 
need, one must postulate that the use of standards must indeed be impres
sive. 

The specification writer, for example, will seek out and specify standards 
for compliance with the specifications that he writes. The manufacturer, 
recognizing this fact, actually includes recommended specifications in his 
literature and indicates the standards which his product meets. This may be 
true even though his product is not regulated and therefore not required 
to meet a standard. It provides the specification writer (and any other per
son interested in the product) with an assurance that the product, in the 
opinion of the manufacturer, meets a national standard which is important 
for design purposes and for the purpose of specifying a desired quality 
level. 

Other reasons for manufacturing a product to meet a standard are the 
recognized need for standardization to allow interchangeability of parts, 
to enhance modular design, and to promote international trade. Another 
compelling reason for manufacturing to meet a standard is that, in the event 
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that the product of the manufacturer is involved in or the result of an ac
cident, and liability is incurred, voluntary compliance with the standard, 
if it is a national standard, would most certainly be weighed by the court 
in making its decision. Such use of standards can also be translated into the 
voluntary use of safety standards that are written for adoption and use by 
regulatory authorities. Frequently, property owners voluntarily comply 
with such standards because (a) they feel an obligation to provide a safe 
environment to the people that inhabit buildings for whatever reason and 
(b) they recognize the necessity to protect their property from, for example, 
the ravages of fire. 

In cases of injury or loss of life, the property owner may be sued by the 
injured person or the survivors of the person whose life has been lost, in 
such cases, the owner may have to justify why he did not follow nationally 
recognized standards to protect the people in his building. 

Another compelling reason for voluntarily complying with safety stan
dards pertains to the more favorable insurance rate that a property owner 
pays. 

The aforementioned examples represent only a few of the uses of volun
tary standards. Undoubtedly, there are many more uses, and, in fact, there 
is probably hardly a product, service, process, or environment that is not, 
in some measure, subject to a standard of some sort, it seems incredible 
that anyone could ask the question: Is there a place for voluntary standards? 

Current Voluntary Standard Situation 

Today, perhaps, as never before, voluntary standards are subject to scru
tiny by all sorts of persons. The public has been made to believe by certain 
consumer activists and feather-bedding bureaucrats that some voluntary 
standards are not adequate and that the application of them produces infer
ior, sometimes dangerous results. One activist has stated that the responsi
bility for developing standards which eventually become embodied in public 
statutes should rest with a governmental body which is accountable and 
open to the public and subject to conventional legal controls. It has been 
charged that committees that write voluntary standards are dominated by 
those who are subject to the standards and that there is little or no represen
tation on committees of the consumer interest. An interesting result of this 
latter charge is the conglomerate of organizations that now purport to repre
sent the consumer. Some of them are trade associations. Organizations 
that have been publishing voluntary standards for years, some of them for 
more than three quarters of a century, are now faced with allegations of not 
providing adequate "due process" in their standards-making systems, and, 
therefore, the results are not "consensus" standards. Demands are made 
that standards be accompanied by cost-benefit and cost-effectiveness stud
ies, and environmental impact statements and that research studies or statis-
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tical data provide the basis for each requirement. Standads based on engi
neering judgement are not adequate in the opinion of some persons. 

Added to these pressures on standards-maicing organizations are the 
events taking place at the Federal Government level. Two such events 
that have occurred within the last few years are the Occupational 
Safety and Health Act (OSHA) and the Consumer Product Safety Act 
(CPSA). The impact of OSHA has already been felt, and, fortunately for 
the voluntary standards world, the act permitted the use of "consensus" 
standards initially. Even that brought forth complaints from some sectors. 
For example, one large segment of industry that had been participating in 
the committee activity which produced the consensus standards that were 
included in the OSHA regulations and which had agreed to those standards 
was heard to remark, "Yes, we voted for the standards, but we never 
thought we would have to comply with them." What will happen now that 
the original OSHA regulations are being revised is difficult to predict, but it 
is likely that the regulations and the standards (which are also being revised) 
will drift farther and farther apart as time passes. 

The impact of the CPSA has really not been felt yet, but it seems unlikely 
that the Consumer Product Safety Commission (CPSC) will adopt volun
tary standards for promulgation. The act is so broad in its scope that, in 
years to come, the commission could promulgate many standards covering 
all kinds of products. 

There has been other legislation passed that has affected voluntary stand
ards on a much smaller scale than OSHA or CPSC. The distressing part of 
this legislation is that it has not recognized the usefulness of the voluntary 
standards effort of this nation. Most of it has been so written that any stan
dard resulting from the legislation preempts all local and state standards. 
This means that the voluntary standards sector cannot compete in this stan
dards market. The legislation has therefore preempted states rights and elimi
nated free enterprise. 

How are the standards-making organizations responding to these pressures? 
Standards-making systems are being revised to assure due process: the classi
fication by interest of committee members is being carefully scrutinized; 
more consumers are being sought for committee membership; and more 
public review of proposed standards is inherent in the revised systems. 
Coupled with these changes are provisions for the recognized need to publish 
standards more expeditiously. Every effort is being made to provide input 
to the proposed revisions to the OSHA regulations so that they will be as 
compatible as possible with current editions of voluntary standards. 

At least one standards-making organization has been an "offerer" to CPSC 
for the writing of a standard for that commission and has adjusted its nor
mal standards-making procedures to accommodate the extremely short time 
constraints for developing a standard. 

As for the committee's writing standards, they are receiving more statisti-
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cal data than ever before, and they are promoting research and using research 
results. They are also writing performance-based standards wherever possi
ble, and they recognize that, in the near future all standards must be revised 
to reflect the use of Systeme Internationale units. 

It is truly remarkable that committees respond so willingly to the demands 
made on them by the organizations that publish the standards they write. 
This response clearly is a reflection of the ability of the committee members 
to recognize the need to respond to current needs and a reflection of their dedi
cation to the voluntary standard efforts. 

The Future of Voluntary Standards 

The future of voluntary standards depends largely on (a) the need for 
voluntary standards as realized by their users and (b) the continuation of the 
support for the voluntary standards-making organizations as reflected, for 
example, by participation in committee work. 

To date, there has been no evidence that the need for voluntary standards 
has diminished. On the contrary, new voluntary standards are being devel
oped, and the development was only instigated after demonstrated need. 
New materials, new processes, new practices all create a need for new stan
dards. Unless technological development and growth come to a complete 
standstill (which state would affect much more than voluntary standards), 
there will always be a need and a future for voluntary standards. 

It will probably be noted that the preceding sentence did not include the 
phrase "unless the Federal Government assumes all the standards develop
ment functions for the nation." Of course, this is a possibility, but, for 
many reasons, some of which are given in this paper, the possibility of the 
Federal Government assuming that role appears extremely remote. Obvi
ously, it behooves the private sector to avoid actions which would provide the 
advocates of the Federal Government taking such a role with sound reasons 
for their advocacy. 

Nor has there been any significant diminution to date of support of organiza
tions that publish voluntary standards. There are, however, indicators of how 
sincere that support is when the Federal Government decides to promulgate a 
standard in an area that has traditionally been served by voluntary standards. 
Experience has shown that, in some of those cases, support from industry, 
trade associations, designers, and others quickly sways to the Federal Govern
ment, apparently because (a) Federal law, which preempts all state and local 
law, appears to be a simple way to eliminate the possibility of there being local 
regulations that are not uniform, and (b) strong private organizations can insti
gate pressure for change from politicians if it appears that the Federal regula
tions are unacceptable to those organizations. It is not the purpose in this dis
cussion to dwell on the threat that such activities by the Federal Government 
and the private sector alike make to states rights and the free enterprise system. 
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The question, as it pertains to the future of voluntary standards, is why it was 
felt necessary that there be Federal legislation. Why wasn't the voluntary stan
dard adequate and its voluntary use satisfactory? These are the questions that 
must be asked of each voluntary standard: Is it adequate (that is, does it fulfill 
the needs of all), and is its use satisfactory (that is, is it, in fact, being used 
universally and voluntarily complied with)? 

Summary 

There is indeed a place for voluntary stemdards, now and in the future. The 
current use of voluntary standards is impressive jmd growing. But voluntary 
standards are also under more public scrutiny than ever before, and those orga
nizations that develop, process, and publish standards must adjust to meet 
societal needs now. 

The future of voluntary standards depends upon the need for them and the 
support received by the organizations that develop, process, and publish stan
dards. The Federal Government will not take over all the standards develop
ment for the nation; it cannot afford to, and the public cannot afford to let 
it try. The questions to be asked and dealt with now are: Is each voluntary 
standard adequate, and is its use satisfactory? If these questions can be an
swered affirmatively, there will be a place for voluntary standards in the 
future. 

DISCUSSION 

/. TV, Einhom' (oral discussion)—I agree with the use of both voluntary 
and mandatory standards where necessary, but I'd like to hear your com
ments pertaining to one area that I have been concerned with, and that is 
assessment of the value of these standards. Do you believe that the role of 
the voluntary standards organization should include an assessment of 
the use of these standards? For instance, if one requires detectors or fire 
suppression equipment or even acceptibility standards for materials, shouldn't 
there be some sort of evaluation to see whether the standards accomplish 
their objectives, or, if further modification of the standard becomes neces
sary, is there a means by which the standards organization will realize this 
need? 

R. E. Stevens {author's oral closure)—There should indeed, and the feed
back mechanism is a vital part of the standards-making system which prob
ably has not been treated as carefully and as well as it should be. How
ever, if a governmental agency adopts a standard and makes it a law, prom-

' Professor, Flammability Research Center, University of Utah, Salt Lake City, Utah 84108. 
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ulgates it, it's very difficult, if not impossible, for the standards-making 
organization to monitor the activity in the use of that standard, whether 
it is, in fact, being applied properly, interpreted properly, and so forth. 
In our organization, we provide an interpretation service, as most organiza
tions do. We have field people who go out and talk to the enforcing 
people and try to educate the users of the standard. The feedback mech
anism is vitally important, and it requires input from all of us, whether 
or not we are on the committee that writes the document. We should get 
our thoughts in, get them kicked around, and get them into the standard 
if they are that important. 

K. P. Reynolds^ (oral discussion)—I always hear the argument in our 
own profession that business and industry dominate the fire codes and the 
standards. This might sound like heresy, but I always think that we, in the 
fire service, are great Monday-morning quarterbacks. After everything has 
been done, then we complain about it. If you'll notice, there is very little 
participation from the fire service in the code and standards development 
process. In fact, it is appalling how small a fraction of the fire protection 
enforcement community belong to the NFPA. I wonder if you could just 
speak briefly on how the NFPA does want enforcement participation in the 
development of codes and standards? 

R. E. Stevens (author's oral closure)—Of course, the NFPA is vitally inter
ested in participation by the fire marshals, the fire service, the building offi
cials, the electrical inspectors, and everyone that uses the code either for 
local purposes or even, on the other end, those that are paying the bill, so to 
speak. This is a severe problem because of the economic situation within 
states and cities. It was hard enough a few years ago to get travel money to 
come to meetings. It's now doubly hard. This is one of the reasons why we 
changed our standards-making systems to provide a mechanism whereby 
eveyone would have a formal input. The distribution of our committee 
reports for each meeting, with the new system, went from 6000 to 12 000 
copies. Recognizing that many people cannot participate in committees 
because of travel money or constraints, they do have an input, and that input 
has to be considered by the committee, and the committee has to document 
its action, and we have to publish the results. Yes, we are vitally interested in 
participation of the fire service. 

W. A. Dunlap^ (oral discussion)—You menfioned the attempts to get more 
consumer participation in the standards process, and I appreciate that, but 
I'd like your comments on the feasibility of that in these very technical kind 
of matters. When I go to my doctor, and I don't like what he says, I may 
move to another doctor, but I'm not going to another layman. 

R. E. Stevens (author's oral closure)—This is indeed difficult. We've had 

^ County fire marshal, Albemarle County, Charlottesville, Va. 22901. 
' Codes and standards specialist. The Dow Chemical Company, Midland, Mich. 48640. 
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some rather interesting experiences beating the bushes for consumers on our 
committees. It is one of the things we've got to do. We have set up what we 
call a consumer sounding board under the auspices of ANSI. A sounding 
board is a mechanism by which one of our committees can present its stan
dard or document to a group of consumers. They are housewives or anybody 
who is simply a consumer. They study the document and come back with 
critiques of it and input for the committee. But, on the other hand, we have 
had some real bonafide consumer types on committees. Quite honestly, we 
have been amazed at the input these people have made, even on some rather 
technical subjects. They do make a great contribution. The other thing is 
they don't have travel money either. It is very hard to get a housewife to 
come to a committee meeting. 
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authority over thousands of consumer products. Mandatory safety standards for 
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planned under the Consumer Product Safety Act, and two other standards will have 
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The Consumer Product Safety Commission (CPSC) has broad regula
tory authority over thousands of consumer products. This paper will 
present an introduction to the fire safety aspects of existing regulations 
and will discuss rule making in progress within the framework of the 
legislation administered by the Commission. Also to be discussed are 
some of the powers of the Commission and the implications of that 
authority for the community of persons interested in fire safety. 
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Engineering Sciences, U.S. Consumer Product Safety Commission, Washington, D.C. 
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The Consumer Product Safety Commission 

Background 

The Consumer Product Safety Commission resulted in part from the 
work of the National Commission on Product Safety, created in 1968. 
The National Commission estimated in 1970 that 30 000 consumers are 
killed and 20 million injured in accidents in and around the home, many 
of them product related, resulting in an annual cost to the nation perhaps 
exceeding $5.5 billion [7].̂  In fiscal year 1975, hospital emergency room 
treatment was given for an estimated 6 936 520 product-related injuries 
[2]. 

In October 1972, Congress passed the Consumer Product Safety Act 
(CPSA)' which established the CPSC and gave the new Commission 
authority to set mandatory nationwide safety standards for consumer 
products. 

In addition to its responsibility for administering the CPSA, the Com
mission was given by transfer the administration of the Federal Haz
ardous Substances Act,'' the Flammable Fabrics Act,^ the Poison Pre
vention Packaging Act of 1970,' and the Refrigerator Safety Act of 
1956.' 

Data Sources 

In order to help identify the nature, frequency, and severity of product-
associated injuries, the Commission has a tool called the National Elec
tronic Injury Surveillance System (NEISS: pronounced "nice"). The 
NEISS is a computer system linked to the emergency rooms of 119 
hospitals statistically selected throughout the nation. The product-associa
ted injuries treated in these emergency rooms are coded in a standard 
epidemiologic manner which includes the product or product grouping. 

In addition to the NEISS data, the Commission receives, from each of 
the states, death certificates for all product-associated deaths. These sup
plement the data on injuries which appear in the NEISS emergency 
rooms. 

Fire-related injury data collected in hospital emergency rooms may not 
accurately reflect occurrences because very serious burns may be treated 
in special hospital burn units. Victims who die may never be taken to the 

^The italic numbers in brackets refer to the list of references appended to this paper. 
'Public Law 92-573; 86 Statute 1207, and those that follow; 15 USC 2051, and those that 

follow. 
* 15 USC 1261, and those that follow, as amended. 
' 15 USC 1191, and those that follow, as amended. 
' 15 USC 1471, and those that follow. 
' 15 USC, 1211, and those that follow. 
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emergency room. Some burn incidents may be reported as accidents that 
do not indicate the occurrence of a fire. The latter may be reported under 
other product codes as "unknown origin." 

One such additional source of data is the Flammable Fabrics Accident 
Case and Testing System (FFACTS) that was developed at the National 
Bureau of Standards (NBS) to process and analyze data from reports of 
individual fires involving fabric products. Between 1967 and December, 
1974, approximately 3000 cases from the Food and Drug Administration, 
the CPSC, and state and local fire marshals were coded into the FFACTS 
and supplemented by laboratory evaluations. Another source of data will 
be the National Fire Data System maintained by the National Fire Pre
vention and Control Administration. Other sources have been the various 
fire loss reports compiled by the National Fire Protection Association' 
and a survey conducted by the Bureau of the Census funded jointly by 
the CPSC and the NBS.' 

Consumer Product Safety Act 

Overview 

Under the CPSA, the Commission can act to prevent or reduce an un
reasonable risk of injury associated with a consumer product." The Com
mission's regulatory authority over consumer products may take various 
forms, depending upon the nature of the risk. Mandatory nationwide 
safety standards, which preempt local and state laws, may be promul
gated. Consumer products which present unreasonable risks of injury and 
for which no feasible safety standard would adequately protect the pubUc 
may be banned. A consumer product in the possession of a manufacturer, 
distributor, or retailer may be seized if it presents imminent and un
reasonable risk of death, serious illness, or severe personal injury. Noti
fication to the public and repair of defects may be ordered if it is found, 
after a hearing, that a consumer product creates a substantial product 

' See any issue of Fire Journal, published bimonthly by the National Fire Protection As
sociation (NFPA), Boston, Mass. 

'This survey of over 33 000 U.S. households was conducted during the week of 15 April 
1974. Those surveyed were asked to recall all types of fire incidents and fire-related in
juries or deaths or both since 1 April 1973. A draft of the final report has been printed 
(Refi). 

'"Section 3(a) (1) of the CPSA defines "consumer product" to mean " . . . any article, or 
component part thereof, produced or distributed (i) for sale to a consumer for use in or 
around a permanent or temporary household or residence, a school, in recreation, or other
wise, or (ii) for the personal use, consumption, or enjoyment of a consumer in or around 
a permanent or temporary household or residence, a school, in recreation, or otherwise . . ." 
Nine specific exclusions from this definition are listed. Among these exclusions are products 
and substances regulated by other federal agencies, tobacco and tobacco products, and 
" . . . any article which is not customarily produced or distributed for sale to, or use or con
sumption by, or enjoyment of, a consumer . . . . " 
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hazard. Civil and criminal penalties may be imposed for violation of a 
commission rule. 

A unique feature of the CPSA is the offeror process by which the Com
mission publicly solicits offers from all interested organizations and indi
viduals to develop recommended standards or to submit existing stand
ards for consideration by the Commission. This solicitation, published 
in the Federal Register, identifies one or more product-associated un
reasonable risks of injury which are to be considered by the offeror dur
ing the development of the recommended standard. Once the offeror 
recommends a standard to the Commission, the Commission must either 
publish a proposed regulation for the consumer product or withdraw the 
proceeding for the development of the regulation. 

The CPSC is not limited to regulatory action. It also encourages 
voluntary standards making to reduce unreasonable risks of injury as
sociated with consumer products. The Commission also has an active 
Bureau of Information and Education which, among other activities, 
seeks to educate the public about product-related hazards. 

Present Activities in the Fire Safety Field 

Matchbooks—A standard which is being developed almost exclusively 
for fire safety is one for matchbooks. The Federal Register notice of pro
ceeding listed seven types of injury which were to be considered by the 
offeror.'' Injuries to children were specifically included. Some of these in
juries are associated purely with the construction of the match or match-
book, such as burns or other injuries resulting from fragmenting match-
heads, delayed ignition, sparking, and unexpected ignition. Other injuries 
are of a type which involve the additional element of human factors, such 
as the use of matchbooks by impaired persons and children, ignition of 
the remaining matches in the book when a single one is struck, and a 
failure to completely extinguish a match that has an extended burn time 
or demonstrates afterglow. 

The American Society for Testing and Materials was the offerer on the 
matchbook standard. The CPSC itself has developed an additional re
quirement which, if adopted, would require matchbooks to be child re
sistant. Under this version, certain design options for the cover would be 
specifically permitted. The cover could be of a latching type which re
quires simultaneous motions, sequential motions, or a minimum force for 
opening. Alternatively, it could be of a nonlatching type if the Com
mission approves the specific cover design based on its child resistance. A 
proposed standard may be published shortly in the Federal Register. 

" "Bookmatches: Proposed Safety Standards," Federal Register, Vol. 39, Consumer 
Product Safety Commission, 4 Sept. 1974, p. 32050. 
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Aluminum Wiring Systems—Another product for which standard de
velopment has been commenced is aluminum wire for residential electri
cal branch circuits, as announced by the Commission's notice of proceed
ing on 4 Nov. 1975.'^ A full explanation of the theories which have been 
suggested to describe the exact manner in which connections made with 
aluminum wire can overheat and start fires is beyond the scope of this 
paper." 

The CPSC has collected numerous reports of aluminum wire incidents 
involving electrical malfunctions in single family dwellings, mobile homes, 
and multifamily dwellings between 1967 and 1975. In these reports, 
damage ranged from failure of an electrical component to fires with ex
tensive structural damage. Twelve deaths were reported [5]. 

When aluminum is exposed to the air, an oxide coating of between 30 
and 100 A develops in seconds. This coating is hard, brittle, and has a 
high electrical resistance. Therefore, to make an electrical connection to 
aluminum wire, the oxide must be broken and the connection made to the 
aluminum itself. 

The CPSC technical staff believes that the potential fire hazard at 
wire-binding screw terminals of outlet devices develops when the connec
tion moves,'" the oxide film forms on the newly exposed surfaces, and 
the resistance of the connection increases. The combination of alumi
num's relatively high coefficient of thermal expansion, and the compres
sive stress relaxation of the wire have contributed to the movement at 
connections. With continued motion comes overheating produced by the 
increasing electrical resistance. The insulating material of the wire and 
receptacle or switch may then overheat, causing a fire. 

Because convenience outlets typically are wired in a series-parallel com
bination, current may flow through portions of one or more unused out
lets to feed another which is being used. For this reason, fires may origi
nate even in unused receptacles [5]. 

The products to be addressed by the standard are the aluminum con
ductor in Nos. 10 and 12 Awg sizes and termination devices such as wall 
switches, convenience outlets, wire splicing devices, and circuit breakers. 
Copper clad aluminum conductor where the copper coating is 10 percent 

'^"Aluminum Wire Connections: Proceeding for Development of Consumer Product 
Safety Standard," Federal Register, Vol. 40, Consumer Product Safety Commission, 4 
Nov. 1975, p. 51218. Among other items, this invitation for offerors presents the Com
mission's preliminary determination of unreasonable risk of injury associated with the use of 
aluminum wire, a description of the nature of the risk of injury, and discussion of relevant 
voluntary standards known to the Commission. 

"For a compendium of information describing experimental research at the NBS on 
terminating aluminum wires and also containing information on failure mechanisms, con
nector cycling tests, and a bibliography, see Ref 4. 

"Some causes of relative motion between wire and termination device have been identi
fied as mechanical disturbances, metallic creep in the wire, thermal cycling (caused by the 
environment or by current flow), and transient electrical surges. 
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or greater of the conducting cross sectional area has been excluded from 
the scope of the standard. 

In December 1975, the Commission rejected the one offer that it re
ceived to develop the standard and directed the staff to develop a plan 
for writing the standard within CPSC. In addition to the development of 
the mandatory standard, the Commission in August 1975 authorized the 
staff to initiate proceedings before an administrative law judge to de
termine if "older technology aluminum wire systems" " installed in 2 
million homes presents a substantial product hazard and, if so, to deter
mine what remedial action should be taken by the parties to the pro
ceeding. 

Television Receivers—Underwriters' Laboratories has been selected as 
the offeror to develop a safety standard for television receivers. Among 
the risks of injury to be considered are those from fire. 

Unfortunately, in cases of television fires, it is often difficult or im
possible to determine the exact cause of the incident. As far back as the 
late 1960's, characteristics of certain televisions were suspect. Among the 
influencing factors were the higher operating temperatures and voltages of 
color televisions and the trend toward the use of polymers. Color tele
visions operate at electric potentials up to 30 kV, black and white up to 
16 kV. Operating temperatures of color televisions are in the 43 to 46°C 
range (110 to 115°F). Certain insulation materials were thought to be sus
ceptible to thermal breakdown or smoldering. Use of combustible 
materials both in the circuitry and in the enclosures were blamed for con
tributing to the buildup of fire and noxious products of combustion 
[6-8]. 

In order to understand more thoroughly the factors which contribute to 
the ignition itself and to the severity of the fire (as well as hazards 
not related to fire), the Commission subpoenaed from television manu
facturers reports of accidents and safety-related incidents. Over 10 (XK) of 
these reports had been received by the manufacturers over a period from 
1970 to mid-1974. 

An analysis of 7620 of these incidents showed that 83 percent were fires 
or fire related. Fifty two of the fires involved fatalities. A higher inci
dence of fires occurred in damp climates than dry. For those reports in 
which the set was identified, both as to year of manufacture and as to 
being black and white or color, the incidence of fires for each year of 
manufacture was always significantly greater in the color sets and aver
aged two times that of the black and white sets. The reports also indi-

" "Older technology aluminum wire systems" is a shorthand method of referencing 
aluminum wire in Nos. 10 and 12 Awg generally manufactured prior to 1971, but possibly 
installed after 1971, and devices manufactured for use with the wiring or that reasonably 
could be expected to have been used with the wiring. Some attempts to find solutions to the 
hazards posed by aluminum wire—such as indium plating, low-creep aluminum wire, the 
CO/ALR termination, and the crimp connection—are not considered "older technology." 
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cate that a fire is over six times as probable in a set equipped with an 
"instant-on" feature by which the filaments, including that of the picture 
tube, are kept energized even when the set is turned off. This figure is 
based on 861 fires in which the presence or absence of "instant on" was 
known. In 3103 fires, the origin of the fire within the set was identified; 
of these, 36.4 percent cited the high voltage section as the origin. The 
incidence of picture tube implosions during fires is not known, but an 
implosion was indicated as having occurred in 306 of the reported fires. 
These reports mentioned implosions as a factor in the spread of fire 
through the scattering of hot or burning particles or drops of burning, 
molten plastic. Explosions were said to have been caused when air and 
unburned gases were suddenly mixed by an implosion [7]. 

In its development of the proposed safety standard, the offeror was 
asked by the Commission" to consider the possibiUties of fire resulting 
from arcing or overheating of components in conjunction with flammable 
materials used in the construction of the set, especially the enclosure. 
Other risks to be addressed are capacitors which remain charged after the 
set is turned off, the failure of external components such as power sup
ply cords and remote control cords, and picture tube implosions during 
a fire. 

In addition, the offeror will address risks of electric shock from ac
cessible portions of the set. Also, the offeror presently plans to require 
that a set of installation instructions for achieving proper grounding be 
given to each purchaser of an outdoor antenna. 

Gas Fired Space Heaters—Ignition of fabrics, contact burns, carbon 
monoxide poisoning, and anoxia will be addressed by a planned standard 
for gas-fired space heaters. Not only can materials such as wearing ap
parel and draperies be ignited by contact with the flame, but also there 
are risks from ignition of any gas or vapors that may have accumulated 
due to a fault in the heater or from other nearby sources. Solutions will 
be sought for preventing ignition of walls and furnishings from an excess 
of heat transported through the rear and sides of a space heater. Surface 
temperature will be regulated to guard against skin contact burns." As
surances of adequate venting and fuel supply also will be included to 
minimize the danger of carbon monoxide poisoning, anoxia from other 
causes, and accumulation of combustible mixtures. 

Based upon NEISS data, the Commission estimates that space heaters 

""Hazards from Television Receivers: Proceeding to Develop Safety Standard," Federal 
Register, Vol. 40, Consumer Product Safety Commission, 28 Feb. 1975, p. 8592. 

"The thermesthesiometer is a device developed by the NBS under CPSC sponsorship. It 
measures the temperature that would be experienced by a human if contact were made with a 
heated surface. The measurement, indicated in degrees Celsius on the instrument, is called 
the "contact temperature." This method of measuring surface temperature has been adopted 
in ANSI Z21.1 "Household Cooking Gas Appliances" and is being considered for use in 
UL 858 "Household Electric Ranges." 
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were involved in 5300 injuries treated in hospital emergency rooms during 
1973. Of the emergency room cases in which the type of heater was re
ported, the greatest number (34 percent) were fueled with gas. The second 
most prevalent type given was electric powered (12 percent). In 47 per
cent of the injuries, the type was not given. Other death and injury in
formation available to the Commission from in-depth investigations and 
death certificates also indicates a high rate of injurious or fatal accidents 
involving gas [9]. 

The Commission has determined that only gas space heaters present an 
unreasonable risk of injury. This determination was based on the just 
mentioned statistics and on the fact that gas space heaters are associated 
with serious hazards that are not present in electric space heaters, such 
as carbon monoxide poisoning, anoxia, and explosion." 

Of all the NEISS space heater related injuries, 69 percent were burns. 
Over half of these were burns to the extremities. This high proportion of 
burn injuries becomes even more significant when one recalls that burn 
injuries in general may be underreported in the NEISS. 

The Commission has conducted in-depth investigations of over 200 
injuries that were associated with gas-fired space heaters [9]. Although 
distribution of these injury types in the in-depth investigations is not 
necessarily representative of their distribution within the NEISS, they pro
vide a more detailed indication of types of accidents that are occurring. 
An analysis of 218 of these investigations showed that 135 were burns 
that resulted from contact with a surface of the heater. Thirty eight of the 
injuries involved clothing ignition. Another 16 were carbon monoxide 
poisonings. The remaining 29 are divided between explosions, ignition of 
vapors from flammable liquids, nonburn injuries from contact with the 
heater (for example, lacerations), ignition by the heater of something 
other than clothing, and miscellaneous. 

The American National Standards Institute (ANSI) and Underwriters' 
Laboratories (UL) have promulgated standards which govern, among 
other things, aspects of safety associated with gas fired heaters." Follow
ing a decision by the Commissioners to do so, an invitation for offerors 
to develop a standard or submit existing standards is planned for publica
tion in the Federal Register. Any such notice will contain a discussion of 
what the Commission believes are the merits and inadequacies of these 
existing standards. In the meantime, the staff has been following en-

" "Space Heaters: Partial Denial of Petition," Federal Register, Vol. 40, Consumer 
Product Safety Commission, 5 Sept. 1975, p. 41172. 

"These include the National Fuel Gas Code (ANSI Z223.1-1974, NFPA No. 54); "Stand
ard for Gas-Heating Appliances for Mobile Homes and Travel Trailers, UL 307(b); "Ameri
can National Standard for Gas-Fired Room Heaters, Vol. I, Vented Room Heaters, ANSI 
Z21.11.1-1974; "American National Standard for Gas-Fired Gravity and Fan Type Direct 
Vent Wall Furnaces, ANSI Z21.44-1973; Amerian National Standard for Gas Fired Gravity 
and Fan Type Vented Wall Furnaces, ANSI Z21.49-1975. 
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couraging changes in four standards of the American National Standards 
Committee on Performance and Installation of Gas Burning Appliances 
and Related Accessories (Committee Z21). 

Other—The Commission under the CPSA may regulate fire-related 
risks of injury other than sources of accidental ignition. For example, 
there are plans to initiate the offerer process for the development of a 
fire safety standard for tents. 

Research 

Where necessary to an understanding of the risks or injury modes, the 
Commission conducts research directed toward improving the safety of 
the products involved. Two such programs are being conducted for the 
Commission by the National Bureau of Standards. 

Because consumers continually are injured in accidents involving 
flammable fabrics and related materials, the Commission has a broad-
based research program at NBS consisting of basic flammability and 
hazards, analysis of injury data, and development of test concepts for 
general wearing apparel and textile interior furnishings not covered by 
existing standards. The work involves research into the mechanisms of 
fabric combustion (including smoldering) and flame inhibition. Also 
covered are the characteristics of full-scale fires involving textile interior 
furnishings and correlation of small- and large-scale tests. 

The CPSC has joined with the Society of the Plastics Industry, the De
partment of the Navy, and the Veterans Administration in a program at 
NBS to address the difficult problem area of generic fire hazards as
sociated with plastic items generally and with items used to furnish and 
decorate the home. Plastic products have been found to be involved in 
many serious fires, both as fuel and as producers of noxious smoke. The 
work attempts to identify plastic products involved in fires and charac
terize the properties that make the products hazardous. Laboratory test
ing and simulation of fire incidents are employed both on specimens from 
fire sites and on purchased specimens. Room burn tests of plastic furnish
ings are conducted in order to assess their role in compartment fires. 

Looking to the future, the Commission staff has been considering 
alternatives to safety devices that do not function properly when needed. 
The staff has gathered information about the various forms of fire de
tectors and fire extinguishers, together with case histories of malfunc
tions. Of special concern are the related problems of failure of a detector 
to alarm in time during a fire of the sort which should activate a life-pro
tection device or system," and the use of inappropriate detectors for 
particular situations. For example, studies have shown that detectors 

""See the following articles in Fire Journal. NFPA; Vol. 68, No. 2, March 1974, p. 52; 
Vol. 68, No. 3, May 1974, p. 65; Vol. 70, No. 1, Jan. 1976, p. 43. 
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using a metal oxide semiconductor did not alarm under test conditions 
that activated photoelectric and ionization types within the prescribed 
time period [70]. 

The engineering staff has followed with interest the development by 
Bukowski and Bright of performance specifications for single-station 
smoke detectors. These specifications are a combination of criteria from 
UL standards and modifications to them based on work done at the 
NBS.^' There also are a number of other standards for detectors." 

Soda-acid fire extinguishers, no longer manufactured, have been identi
fied as potential hazards based on deaths and injuries sustained by people 
attempting to discharge the units [7/]. Pressurization of extinguishers 
weakened by corrosion and embrittlement can lead to violent rupture of 
the case or dome. Studies are being conducted to determine the cause 
of failure and to recommend nondestructive test methods for identifying 
the dangerous units. ̂ ' 

Preliminary investigations continue into other aspects of the residential 
fire problem. Mostly, this activity has consisted of gathering research 
results from around the country and gathering fire experience data 
categorized by product. This work, as well as the work in detectors and 
extinguishers, is now only a staff function; the Commission has not ex
pressed an intent to take regulatory action in these areas. 

The Commission's Bureau of Biomedical Science has been engaged in 
work designed to assess and investigate the difficult problems that may 
generically be called the toxicity of products of combustion. One study, 
conducted for the Commission by Dr. Dressier of the Harvard University 
Medical School, was designed to develop an acceptable smoke toxicity 
test and to establish the validity of this test method by determining the 
relative toxicity of 22 materials commonly found in the home." A con-
troUed-atmosphere smoke apparatus, designed at Harvard, was used to 
expose 1638 rats to the smoke produced by the flaming or smoldering of 
varying concentrations of 21 materials. White pine wood was used as a 
control. The materials burned represented eight major categories of home 

^'The proposed "Standard for Single and Multiple Station Smoke Detectors," UL 217, 
combines the present requirements appearing in "Standard for Smoke Detectors, Com
bustion Products Type," UL 167, and those from the proposed fourth edition of "Standard 
for Photoelectric Type Smoke Detectors," UL 168 (ANSI A131.4-1971). 

""Standard for Fire Alarm Devices, Single and Multiple Station, Mechanically Operated 
Type," UL 539; "Standard for Household Fire Warning System Units," UL 985; "Standard 
on Automatic Fire Detectors," NFPA No. 72E-1974; "Standard for the Installation, Main
tenance and Use of Household Fire Warning Equipment," NFPA No. 74-1974; "Approval 
Standard Smoke Actuated Detectors for Automatic Fire Alarm Signaling," Factory Mutual 
Research 3230-3250. 

^'Christ, B. W. and Smith, J. H., "Safety Evaluation of Soda-Acid Fire Extinguishers," 
NBSIR 75-922, National Bureau of Standards, Washington, D.C. (unpublished). 

"Dressier, Donald P., MD, Smoke Toxicity of Common Consumer Products, Final Re
port, Harvard Medical School, Department of Surgery, 16 June 1975 (unpublished). 
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furnishings: wallpaper, carpets, noncarpet floor covering, upholstery, 
draperies, wallboard, paint, and wood. Harvard reported that the test is 
reproducible and that differential mortality may be determined from 
physiological monitoring of the rats and histological examination of the 
lungs. Follow-up work has been conducted and will be reported shortly. 

Flammable Fabrics Act 

Background 

When the Consumer Product Safety Commission was activated on 14 
May 1973, the jurisdiction of the Flammable Fabrics Act (FFA), as 
amended, was transferred to CPSC from the Department of Health, 
Education, and Welfare, the Department of Commerce, and the Federal 
Trade Commission. The FFA was established by Congress in 1953 as a re
sult of serious burn injuries incurred in accidents involving flammable 
apparel. Most notable were the notorious "torch" sweaters and boys' 
cowboy chaps. The FFA was appUcable to all wearing apparel except 
hats, gloves, footwear, and interlining fabrics. 

In 1967, the FFA was amended to extend the coverage of the Act to 
interior furnishings and other areas of wearing apparel which had been 
previously excluded. Authority was given to the responsible agency to 
promulgate flammability standards based on investigations or research 
and a finding that such standards are needed to protect the public ade
quately against unreasonable risk of the occurrence of fire leading to 
death, injury, or significant property damage. The Act states that each 
standard, regulation, or amendment thereto promulgated shall be reason
able, technologically practicable, and appropriate. 

The Commission continues to promulgate standards for flammable 
fabrics under the FFA. 

Existing Standards 

General Wearing Apparel—Covamtrcva\ Standard 191-53, "Flamma
bility of Clothing Textiles," was adopted by Congress in 1953 as the 
flammability standard for determining compliance of general wearing 
apparel with the requirement of the FFA. This standard specifies the 
testing of 2 by 6-in. fabric specimens placed at a 45-deg angle in a test 
chamber. After mounting the specimens in metal holders, oven drying, 
and cooling in a desiccator, the specimens are exposed to a small 5/8-in. 
flame for 1 s, and, if ignited, the rate of flame spread over a 5-in. 
distance is measured. Fabrics which ignite and burn the 5-in. distance in 
less than 3.5 s for smooth surface fabrics and less than 4.0 s for raised-
fiber surface fabrics are prohibited from sale in commerce. 
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Carpets and Rugs—lhs Standard for the Surface Flammability of 
Carpets and Rugs, FF 1-70, and the S^ndard for the Surface Flamma
bility of Small Carpets and Rugs, FF 2-70, became effective on 16 April 
1971 and 29 Dec. 1971, respectively. FF 1-70 is applicable to carpets and 
rugs which have one dimension greater than 1.83 m (6 ft) and a surface 
area greater than 2.23 m̂  (24 ft̂ ), whereas FF 2-70 is applicable to carpets 
and rugs less than this size. The difference between FF 1-70 and FF 2-70 is 
that small carpets and rugs that do not comply with the requirements of 
FF 2-70 can be sold if they are properly labeled. 

Both standards (Fig. 1) require that seven of eight specimens, selected 

FIG. 1—Test apparatus for carpet and rug standards FFl-70 and FF2-70. 

as representing the lot, pass the test criterion. Each specimen is oven 
dried, cooled in a desiccator and placed in a test chamber for testing. A 
small methenamine tablet is ignited at the center of the specimen. If the 
resulting char does not extend to within 1 in. of a flattening frame con
taining an 8-in. diameter hole, the specimen passes the test. Carpets and 
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rugs that contain a fire-retardant treatment must be laundered according 
to a specified procedure prior to being tested. These treated carpets and 
rugs must be labeled with the letter "T." 

Children's Sleepwear—The Standard for the Flammability of Chil
dren's Sleepwear, Sizes 0 through 6X, FF 3-71, as amended, and the 
Standard for the Flammability of Children's Sleepwear, Sizes 7 through 
14, FF 5-74, as amended, became effective on 29 July 1972 and 1 May 
1975, respectively. These two standards (Fig. 2) involve subjecting sets of 

FIG. 2—Test apparatus for children's sleepwear standards FF3-71 and FF5-74. 

five individual specimens measuring 3'A by 10 in., which have been dried, 
to an open flame for 3 s. After combustion ceases, the damaged por
tion of the specimen, the char length, is measured. FF 3-71 requires an 
additional measurement, the length of time that burning fragments re
main on the base of the test chamber. The standards specify that the 
average char length of the five specimens shall not exceed 7 in., while no 
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individual specimen char length shall be greater than 10 in. For garments 
and fabrics covered by FF 3-71, no residual flame time shall persist longer 
than 10 s. 

The standards include provisions for testing the durabiUty of flame-re
sistant characteristics to laundering and labeling to alert consumers to 
agents that may reduce flame resistance. Also specified in each standard is 
a sampling plan that requires premarket testing of fabrics and garments 
before introduction into commerce. 

Mattresses—Information available at the time the development of the 
standard for mattresses began showed that the typical hazard associated 
with accidents involving mattresses was the result of smoking.^' Typically, 
the individual would go to sleep with the cigarette still burning; the 
cigarette then ignited the mattress materials, and the mattress smoldered. 
The individual, and possibly others in the building, were asphyxiated. 
Therefore, the cigarette was chosen as the ignition source for the test 
method in the standard. 

The Standard for the Flammability of Mattresses (FF 4-72), as 
amended, became effective on 22 June 1973, and included a six-month 
period for labeling of noncomplying mattresses. This warning label 
amendment was intended to ease the economic impact of the standard on 
small manufacturers. 

FF 4-72, as amended, contains a sampling plan and requires premarket 
testing by the manufacturer. The standard (Figs. 3a, b) specifies proto-

BARE 

TWO SHEETS 

\ 
TWO SHEETS 
FIRST SHEET 

TUCKED UNDER 
-P IN 

TAPE EDGE 

FIG. 3—Schematic ofFF4-72: (a) mattress preparation and (b) cigarette location. 

"See Refs 12 and 13. Also "Mattresses: Proposed Flammability Standard," Federal 
Register, Vol. 36, No. 18095, Consumer Product Safety Commission, 9 Sept. 1971. 
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type qualification and production testing at least once every three months 
for each mattress type. On each required mattress surface, a minimum of 
nine cigarettes are placed at various specified locations on one half of the 
bare mattress surface. The test is repeated on the other half of the mat
tress surface with the cigarettes placed between two cotton sheets. Six 
surfaces are required for prototype testing and two surfaces for produc
tion testing. 

Present Activities 

The staff will present the draft standards discussed later for upholstered 
furniture, general wearing apparel, and specified wearing apparel for 
consideration by the Commission as possible approaches for reducing 
burn injuries associated with those products. 

Upholstered Furniture—A Finding of Possible Need for a standard 
regulating upholstered furniture was published by the Department of 
Commerce in the Federal Register on 29 Nov. 1972. 

The hazard associated with upholstered furniture is very similar to the 
scenario described for mattresses. Therefore, the cigarette is being con
sidered for the ignition source in the standard under development for up
holstered furniture. 

A draft of a recommended standard was submitted to CPSC staff 
from the NBS in October 1974. The Commission staff have reviewed the 
draft proposed standard, conducted a preliminary economic impact study, 
and are formulating a final briefing package for submission of the pro
posed upholstered furniture flammability (smolder resistance) standard to 
the Commission for consideration. 

The draft standard (Fig. 4) involves testing mock-up representations 
of furniture items for resistance to cigarette ignition. The mock-up test 
concept represents a new approach to testing for standards promulgated 
under the FFA. It is recognized that this concept is compromising as
surance that the final product will not ignite from smoldering cigarettes 
in some configuration and circumstances. However, in an effort to obt£iin 
a feasible solution to reducing the primary hazard, the mock-up concept 
is being considered. Additionally, this concept, if finaUzed in a standard, 
will require different techniques for enforcement. 

A specified number of cigarettes are placed in different locations on 
the mock-up. If any of the cigarettes cause the mock-up to ignite or char 
more than 3 in. away from the cigarette, the furniture design represented 
by that mock-up is not acceptable. To reduce the furniture manufac
turer's testing burden, provisions are included for classifying upholstery 
fabrics by their performance when exposed to a cigarette. A mock-up can 
then be qualified for use with an entire class of fabrics with one test. 
Periodic testing is required to give assurance that the furniture and 
fabric cigarette ignition characteristics remain acceptable. 
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FIG. 4—Schematic of upholstered furniture test mock-up. 

General Wearing Apparel—On 23 Oct. 1968 the Department of Com
merce issued a notice of finding of possible need to amend or replace 
CS 191-53. The commercial standard had been determined to be techni
cally inadequate to protect the public. All 117 garments involved in the 
burn injury cases of the FFACTS met the existing requirements." Subse
quent analysis at NBS of injury data and characteristics of the fabrics in
volved has also shown that the flame spread rates measured by CS 191-53 
do not relate to injury severity [14-17]. 

The CPSC, in light of this need, is supporting research work at NBS to 
develop a new, more realistic test method for measuring the flammability 
of wearing apparel. Several promising concepts are being investigated at 
this time, specifically, ease of ignition, heat transfer, and ease of extinc
tion. A test apparatus, commonly called the "mushroom" (Fig. 5), has 
been designed to measure the ease of ignition and heat transferred to the 
body by a burning fabric. The test incorporates a cylindrical fabric speci
men attached to a circular sensorized copper cylinder. The specimen con
figuration produced is much like that of a garment on a body. 

The measurement of heat transfer could be used to define self-extin-

*̂ "Notice of Finding that Flammability Standard or Other Regulation May Be Needed 
and Institution of Proceedings," Federal Register, Vol. 33, No. 15662, Consumer Product 
Safety Commission, 23 Oct. 1968. 
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FIG. 5—New test apparatus for general wearing apparel. 

guishment and to predict the size and depth of burn caused by the burn
ing fabric. It is anticipated that specific heat transfer ratings, ignition, 
and extinguishment characteristics could be required of fabrics for use in 
garment types representing compatible risks or potential hazards. 

Specified Wearing Apparel—Another alternative for addressing the 
wearing apparel problem now being considered by the Commission staff 
involves the extension of a modified version of FF 5-74 (Flammability of 
Children's Sleepwear, Sizes 7 to 14) to other items of apparel. The gar
ment items causing the most severe injuries and cited most frequently in 
available injury data are nightgowns, robes and housecoats, pajamas, 
dresses, shirts, and pants [18]. 

For this purpose, the Children's Sleepwear Standard was modified to 
require only fabric testing, except in cases where excessive amounts of 
trim are being used on a garment. Test specimens are conditioned at 70 °F 
(21.1 °C) and 65 percent relative humidity rather than oven dried. Only 35 
launderings are required, rather than 50. 

On the basis of this modified standard. Commission staff have con
ducted an economic impact analysis that estimates the effects of this 
standard, if promulgated. This report, as well as other background 
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material, will be submitted in a briefing package to the Commission for a 
decision on whether to publish the standard and to what extent. 

Flammability Test Module—Another aspect of federal standards is the 
necessity for their enforcement. In order to provide timely laboratory 
testing of specimens in the field, the Commission is designing a flamma
bility test module. This apparatus will be 28 in. high, 15 in. deep, and 19 
in. wide. It will combine the testing capabilities required for CS 191-53, 
the carpet and rug, and the sleepwear standards. It is anticipated that the 
module will be used for screening purposes only since it will not have the 
capacity for dry cleaning and laundering fabrics or cleaning carpeting. 

Federal Hazardous Substances Act 

Background 

The Federal Hazardous Substances Act (FHSA), originally the Federal 
Hazardous Substances Labeling Act, was enacted 12 July 1960 and later 
amended by the Child Protection Act of 1966 and the Child Protection 
and Toy Safety Act of 1969. On 14 May 1973, the CPSA transferred 
from the Secretary of Health, Education, and Welfare the functions 
under the FHSA to CPSC. Also transferred were the accompanying regu
lations promulgated by the Food and Drug Administration. 

In part, the Act defines the term "hazardous substances" as: "any 
substance or mixture of substances which . . . (v) is flammable or com
bustible . . . if such substance or mixture of substances may cause sub
stantial personal injury or substantial illness during or as a proximate re
sult of any customary or reasonably foreseeable handling or use, includ
ing reasonably foreseeable ingestion by children."" 

Existing Regulations 

The Act defines "extremely flammable," "flammable," and "com
bustible" substances (liquids) in terms of flash points obtained with the 
Tagliabue Open Cup Tester.^' A procedure for determining flash points 
by the Tagliabue Open Cup Tester is provided in the regulations for the 
FHSA. The Act addresses "extremely flammable," "flammable," and 
"combustible" solids and contents of self-pressurized containers but 
states that the flammability or combustibility will be established by regu
lation. 

In regulations issued under the FHSA, the Food and Drug Administra
tion published a definition for "extremely flammable" solids and pro-

" Federal Hazardous Substances Act, Section 2(f). 
"Federal Hazardous Substances Act, Section 2(1) and 16 CFR 1500. 
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vided test procedures for "flammable" solids and "extremely flammable" 
and "flammable" contents of self-pressurized containers.^' To date, there 
are no deflnitions or test procedures for "combustible" solids or "com
bustible" contents of self-pressurized containers. 

These regulations also address the problem of a substance or mixture 
of substances that "generates pressure through decomposition, heat, or 
other means" by providing the following criteria. 

1. If it explodes when subjected to an electric spark, percussion, or the 
flame of a burning paraffin candle for 5 s or less. 

2. If it expels the closure of its container, or bursts its container, when 
held at or below 130°F for two days or less. 

3. If it erupts from its opened container at a temperature of 130°F or 
less after having been held in the closed container at 130°F for two days. 

4. It it comprises the contents of a self-pressurized container. 

Present Activities 

The Commission staff is in the process of developing a program to re
view all the flammability regulations under the FHSA. Such a program 
will identify the hazard associated with products or classes of products 
covered by the regulation and consists of reviewing, modifying, or de
veloping new regulations or all of these, including test methods to more 
adequately predict the hazards. 

Presently, the Commission is funding work at the NBS to review and 
modify, where appropriate, the flammable solids test method. The test 
method, as now written, specifies testing of materials by measuring their 
dimensions, placing the material by means of clamps, ringstand, etc., in 
a horizontal configuration, and measuring a rate of flame spread. This 
technique is not appropriate for many nondimensional products such as 
toys, decorations, Easter grass, Christmas trees, etc. Therefore, there is a 
need to design a test method or methods that measure the flammability of 
products in their actual use condition to more accurately predict the 
hazards. Information on burn incidents is being accumulated to help 
identify the hazard patterns. 

Summary 

The CPSC has broad regulatory authority over thousands of consumer 
products. Identification of risks is the first step in the regulatory process. 
Within the fire safety field, this identification can come from injury data, 
fire reports, tests designed to demonstrate the existence of a hazard, and 
the work of outside groups involved in fire hazard identification. 

»16 CFR 1500. 
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Regulation under the FFA has resulted in mandatory standards for 
children's sleepwear, clothing, carpets and rugs, and mattresses. The 
FHSA contains broad flammability regulation for "extremely flamma
ble," "flammable," and "combustible" substances and solids. Three 
mandatory fire safety standards under the CPSA are being developed or 
planned, and two other ones will have fire safety aspects. 

Future Commission emphasis under the FFA for clothing and interior 
furnishings may take the course of generic or general type standards. 
Under the CPSA and the Federal Hazardous Substances Act, the ap
proach may be either generic or on a product-by-product basis. 
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DISCUSSION 

/. N. Einhorn' (oral discussion)—The CPSC has sponsored research by 
Dr. Dressier's group at Harvard University. After submission of Dr. 
Dressler's final report, a number of organizations were asked to critique 
this report. The results of this critique would be most useful to many 
scientists and engineers working in this area, for example to members of 
ASTM Committee E 5.02.02. Has there been a summary of this critique, 
and, if so, where can one obtain this summary? 

Walter Thomas (author's oral closure)—To my knowledge, there has 
been no report filed on the critique by the group that were requested to 
prepare one. The status of this can be obtained from the Bureau of Bio
medical Science, in our organization, which has the primary responsibility 
for this particular project. 

'Professor, Flammability Research Center, University of Utah, Salt Lake City, Utah 
84108. 
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Advantages, Progress, and Problems 
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ABSTRACT: Four basic requirements of fire safety standards are proposed: the system 
of international rules must be objective, practical, mandatory, and consistent. Taking 
into account the state of the art, the fulfillment of these basic conditions is subjected to 
some substantial constraints. A very important constraint appears to emerge from the 
inconsistency between the quantification of levels of protection and the quantification 
of measures to meet the required levels. Other constraints follow from political and legal 
considerations. A discussion on these constraints is presented, and recommendations 
are given to face the identified problems. 

KEY WORDS: fires, fire safety, standardization, regulations, standards, codes, fire test 

In contrast to other phenomena, even in ancient times, the occurrence of 
fire was considered to be a disaster, the frequency and effect of which could 
be reduced by rational measures. Due to the restricted knowledge and tech
nical possibilities, however, several fires have occurred which not only led 
to extreme losses but, in fact, threatened the continuation of whole com
munities. An example of such a disaster is the severe fire which destroyed 
the main parts of Rome during the reign of Emperor Nero. Nero officially 
blamed the Christians for it. The authorities who were responsible for the 
rebuilding of the city, however, knew better. So they stipulated rather 
detailed directives on, for example, the width of the streets, the materials to 
be used in facades, how to organize activities involving extreme fire hazards, 
etc. 

More recent history also provides a number of illustrations of fires which 
resulted in an almost total burnout of whole cities. Especially in the middle 
ages, such disasters occurred rather frequently. Some cities are even reported 

' Deputy director and research engineer, respectively. Institute TNO for Building Materials 
and Building Structures, Rijswijk, Delft, The Netherlands. 
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to have undergone this fate several times. Commonly, such fires led to a 
revision and a reinforcement of the existing directives on fire safety. 

As a result, the grip of the authorities on fire safety gradually became 
stronger. The first written directive on fire safety for a city like Amsterdam, 
for example, is dated 1399. This directive was incorporated in the regular 
system of law, valid within the city. It was comprised not only of directives 
on fire safety but also a detailed system of punishment in case the given 
rules appeared to be neglected. And this punishment was extremely severe 

In the beginning, due to the autonomy of small cities and counties, the 
directives were only valid for rather insulated areas. This insulated develop
ment led to important differences in the several approaches. The growing 
tendency to national unities, which became manifest in the nineteenth and 
in the first part of the twentieth century led to a certain harmonization of 
these directives on a national scale, although, in many countries, local dif
ferences still exist. This development, which is laudable in itself, conse
quently gave rise to a rather strict and formalized system of rules, in many 
cases, cramped into the national legislation. Consequently, the existing 
differences between the several systems were sharpened. 

Conditions today, however, are characterized by rapidly increasing com
munication and trade. As a result, industrial and other activities are no 
longer restricted to national borders. 

Differences in national approaches obviously frustrate such a develop
ment. Consequently, the several national systems should be harmonized 
and replaced by an international one. 

Main Features and Basic Conditions 

The goal of standardization on fire safety is to create an objective base 
on which both (a) the levels of protection against fire and (b) the technical 
measures to meet the required levels can be quantified. 

International standardization means that the several national systems 
concerned with fire safety in buildings, which, for many reasons, conflict, 
must be harmonized, taking into account, of course, the just-mentioned 
goals. The specific aim of such standardization is to level the existing differ
ences where they are irrelevant. 

Before discussing, in more detail, the ways and means to arrive at an 
international system, it is necessary to describe more precisely what it implies 
and which basic conditions are to be taken into account. In this respect, 
the following terminology will be used.' 

Regulations—These are documents, having force of law, detailing pur-

' The italic numbers in brackets refer to the list of references appended to this paper. 
' The terminology presented here does not necessarily coincide with the terminology used in 

the respective countries. In this respect, also, standardization of terminology will be useful. 
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poses and listing general requirements on levels of protection; such regula
tions commonly function as a framework for more specific requirements. 

Codes—Codes signify documents, referred to in the regulations and 
comprised of more specific requirements on levels of protection; such codes 
are valid for very specific types of buildings (for example, hospitals and 
schools). For practical reasons, sometimes practical solutions to meet re
quired levels of safety are also included in codes; these are called codes of 
practice. 

Standards—These documents are referred to in the regulations and codes 
and are comprised of specific techniques and methods which are necessary 
in order to quantify the measures to meet the required levels of protection. 

Standardization—Standardization is the activity necessary to arrive at a 
consistent set of regulations, codes, and standards with respect to fire safety 
in buildings. 

In the subsequent discussion, regulations, codes, and standards will be 
designated as rules. 

In Fig. 1, an outline is given concerning the structure of regulations. 
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specific 
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FIG. 1—Schematic presentation of the structure of regulations, codes, and standards on 
fire safety of buildings. 
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codes, and standards (rules) which are common practice in many countries. 
Harmonizing the several national systems into an effective international 
system obviously necessitates the harmonization of all mentioned com
ponents. In doing so, the following basic conditions are to be taken into 
account. 

1. The system must be objective. This yields to the suggestion that the 
system is to be based on functional requirements, rather than on typological 
description of products. 

2. The system must be suitable for practical use. This yields to the 
necessity of simplification of the rather complex reality behind the system. 

3. The system must be mandatory. To ensure general application of the 
system, it must have the force of international law. 

4. The system must be consistent. As has been stated before, the intended 
goal of standardization is twofold: quantification of both the required levels 
of protection and the measures to meet these required levels. Obviously, 
there must be some balance in the way in which these two items are pre
scribed, since it is pointless to reach for a high level of perfection in one 
field if the other field is hardly elaborated. 

Suggested Ways to Achieve Interaational Standardization 

International rules must be based on functional aspects. In analyzing 
these aspects, two main items are of interest: (a) the probability and nature 
of fires in buildings and (b) the material and structural response to the fire. 
Therefore, in setting up a system of international rules, it is logical to use 
these aspects as a starting point. Such an approach is indicated in Fig. 2. 

First of all, these aspects are to be established in as complete a way as 
possible. This is essentially a statistical and physical problem. 

The next step must be an evaluation of these aspects to arrive at: (a) per
formance criteria (formulated in a broad sense) and {b) methodology to 
predict the material and structural behavior during fire. 

The performance criteria at this stage should be formulated in a rather 
broad sense. For example: 

1. "The structure has to withstand the fire during a period long enough 
to permit the occupants to escape." 

2. "The structure has to withstand a fully developed fire, and the con
dition of the structure must be such that, after extinguishing, economic 
repair is possible." Which of such criteria are appropriate in a certain situa
tion or for a certain type of building must be determined on the basis of 
socioeconomic considerations. 

Based on insights concerning the material and structural response to fire, 
a methodology must be designed by which the actual behavior during fire 
can be predicted. Such methodology can be based on tests as well as on cal
culations, depending on the state of knowledge. 
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FIG. 2—Standardization on fire safety in relation to functional aspects. 

At this Stage the following steps must still be made. 
A. Transformation of the performance criteria to levels of protection 

must be accomplished. Performance criteria formulated in a broad sense are 
to be quantified by transforming them into well-defined criteria (levels of 
protection). 
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For example, the requirement that "a structure shall withstand a fully 
developed fire" may be replaced by the requirement that its fire resistance 
(under standard fire exposure) must exceed a certain value depending on, 
for example, the fire load, ventilation conditions, etc. Obviously, other 
factors may be taken into account. 

B. It is necessary to reduce the methodology to a practical, ready-to-use 
system of rules or data or both by which it can be judged whether, 
in a given situation, the required levels of protection will be met. 

For example, one has to be most careful in introducing very complicated 
approaches in order not to interfere with the condition of practical usability. 
It may be desirable to provide several alternatives, depending on the level of 
ambition. 

Realizing Steps A and B, the key words are materialization (of the perform
ance criteria) and simplification (of the methodology to predict the material 
and structural response to fire). Both activities shall be performed in such a 
way that the extent of reliability is consistent. 

Moreover, political considerations will evidently come to the fore since 
another basic condition is that general application of the provided rules 
must be ensured ("the system must be mandatory"). As a result, especially 
with regard to international harmonization, the political aspect will be of 
extreme importance. 

In order to analyze the constraints and opportunities present with respect 
to the just-described procedure, the subsequent section provides a brief 
outline on the state of the art concerning international standardization and 
the knowledge on which this standardization is based. 

State of the Art 

Present State of Standardization 

At present, practically all developed countries have regulations where the 
principles on which the fire safety requirements are to be based are laid 
down. In such documents, national codes and standards which give more 
specific requirements are referred to commonly. Normally, the regulations 
have the force of law, and this consequently holds true for the codes and 
standards to which they refer (see Fig. 1). 

It appears, however, that, between the several national systems, consider
able differences do exist. As a result, international standardization is far 
from being at hand. Looking at the actual sources from which the differ
ences emerge, the following distinctions can be made: (a) philosophy, (Jb) 
technical aspects, and (c) legal aspects. Subsequently, a brief review of the 
three mentioned items will be given. 

As far as philosophy is concerned, in practically all countries, require
ments on fire safety in buildings are based primarily on safeguarding against 
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loss of life and injury of the occupants. It is thus generally required that 
structural integrity is maintained whereby occupants can escape. In addition, 
in many countries, it is required that measures be taken so that the fire 
will be limited to one building or to one compartment. The latter point 
gives rise to some uncertainty since, in many cases, it is not clear whether 
reduction of economical losses should also be recognized as a main goal of 
the regulation on fire safety. In some countries, (for example, the Nether
lands [2]), the economical aspects are explicitly excluded. On the contrary, 
in other countries (for example, Switzerland), the economic aspect is fully 
incorporated in the rules [3]. In the latter case, a very important role is 
played by the insurance companies. Considering the several national ap
proaches, one very striking point is4hat the relationship between the goal of 
the regulations on fire safety and the actual levels of protection is seldom, 
if ever, specified. It is thought that a crucial obstacle on the way to inter
national standardization emerges from this discrepancy. 

As far as the technical aspects are concerned, the situation is much better 
on first sight. In this field, international organizations like International 
Standards Organization (ISO) have already been active for many years. The 
work done by ISO/TC 92 must be mentioned in this respect. A good illustra
tion of this international cooperation is the "Recommendation on Fire 
Resistance Tests of Elements of Building Constuctions" (ISO/R 834) [4]. 
Most of the countries do accept the major requirements of this document. 
It must be kept in mind, however, that, on many details, a considerable 
divergence between ISO/R 834 and national standards still exists [5,6]. 

For example: 
1. The failure criteria for fire-exposed structural members are defined 

in a rather general way. As a result, in the national standards, additional 
rules are given, which unfortunately appear to differ considerably from 
each other. 

2. In most of the countries, the ISO fire curve is adopted as a conven
tional condition as far as the ambient gas temperature is concerned. How
ever, the other conditions during the fire tests (for example, measurement 
of temperatures, dimensions and number of specimens, conditioning, load 
and restraint conditions) still display discrepancies. 

In this respect, it must be mentioned that most of the countries only accept 
a classification of materials or elements based on fire tests. However, in 
some countries, the possibility for a more theoretical approach is available. 
An illustration of this is given in the Swedish regulations [7\. Based on these 
regulations, it is possible in Sweden (as an alternative to more conventional 
methods) to analyze the behavior of fire-exposed steel structures under 
natural fire conditions by means of calculation [8]. In this context, however, 
attention must also be paid to the initiative of internationaf material organi
zations like Comite International du Beton (CEB), Federation International 
de la Precontrainte (FIP), and Convention Europeenne de la Construction 
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Metallique (CECM). The first two organizations recently issued a first draft 
for international recommendations with respect to the design of reinforced 
and prestressed concrete sturctural members for fire resistance [9], Within 
the CECM, activities are in progress to arrive at analogue recommendations 
in the field of steel structures. 

Summarizing, it must be stated that, although considerable progress has 
been made in harmonizing the technical aspects, the present situation is not 
yet quite satisfactory. As a result, in Europe, for example, considerable 
difficulties concerning recognition and exchange of test results of the dif
ferent natiouEil laboratories are encountered. An effort on the part of the 
Commission of European Community to alter this situation must be 
mentioned. Also, European stations OH fire research have formed a group 
which deals with this problem (International Laboratory Data Acceptance 
(ILDA)). 

Concerning the legal aspects, it can be noted that, in most countries, 
standardization on fire safety is based on nationeil legislation. It must be 
kept in mind, however, that, in some cases, harmonization is far from being 
achieved even within the national borders. In Great Britain, for example, 
separate regulations on fire safety are in force for England and Wales, 
Scotland, Northern Ireland, and Inner London Area. All these regulations 
differ on the required levels of protection [JO]. Such situations, partly re
sulting from local circumstances, partly stemming from the past, are present 
in many other countries. They obviously interfere with efforts toward 
achieving international standardization. Another complication results from 
the fact that the more specific stipulations (codes, see Fig. 1) are generally 
only given for a limited number of building types (for example, high-rise 
flats, hospitals, schools, etc.). The building types for which rules are given 
do not coincide in the different countries. If the building is not covered 
by the available codes, establishing the protection level is generally left to 
the competence of the local authorities. In a country like the Netherlands, 
this responsibility is given to the municipal government. In other countries, 
it may belong as well as to the government of the state or the province. 
As can be expected, this situation sometimes leads to important and un
justified local differences between required levels of protection even within 
one country. 

Present State of Knowledge 

To meet the intended goals of standardization on fire safety (see the 
section on basic standardization conditions), a considerable amount of 
knowledge has to be assembled. In the last few decades, this knowledge 
has increased substantially as far eis the understanding of the fire process 
itself and the structural response to fires is concerned [11-12]. In this 
respect, once again, the V2iluable efforts of international material organiza-
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tions like CEB, FIP, and CECM must be mentioned (see, for example, 
Ref. 13). Also the Comite International de Batiment (CIB) is active in this 
field, with special emphasis on international exchange of knowledge. 

Obviously, this knowledge can be used to derive and refine methods (both 
theoretical and experimental) on ways of meeting given levels of protection. 
However, the problem of how to establish realistic levels of protection can
not be solved simply by applying such knowledge. Economic and social 
aspects must be taken into consideration to achieve this need. Apart from 
some pilot studies [14-16], however, no attempts have been made so far to 
extend our knowledge in this field. It is thought that this imbalance is mainly 
caused by a general preference of the scientist for physical quantification. 
Phenomena which cannot be expressed in physical or statistical terms and 
thus cannot be quantified by conventional means are, to some extent, out 
of the scientist's field. Von Goethe, in his famous play, Faust, makes 
mention of this feature, putting the following words in the mouth of 
Mephistopheles": [77] 

There spoke the veriest bigot of booklearning. 
What you discern not. Sir, there's no discerning 
All, that you touch not, stands at hopeless distance 
All, that you grasp not, can have no existence. 

As will be elucidated in more detail in the next section, it is felt that the 
identified gap in knowledge represents one of the main points of weakness 
in the present situation with respect to any attempt to reach for an inter
national system of rules on fire safety. 

Constraints and Recommendations 

The fulfillment of the four basic conditions formulated in the begin
ning of this paper is subjected to some substantial constraints. In this 
section attention will be paid to these constraints. Moreover, recommenda
tions will be given to face the identified problems. 

It is thought that important problems will be encountered in trying to fullfill 
the condition of consistency between: (a) quantification of levels of protec
tion and (b) quantification of measures to meet the required levels. 

As pointed up in the section on the state of knowledge practically nothing 
has been done so far concerning the first item. Emphasis has been 
on the second item, however. It is felt that this situation, in the end, will 
have very serious and unfavorable effects: the existing inconsistency be
tween the choice of levels of protection and the quantification of the 

" Adapted from the German [18]: 
"Daran erkenn ich den gelehrten Herrn! 

Was ihr nicht tasted, steht euch meilenfern. 
Was ihr nicht fasst, dass fehlt euch ganz und gar 
Was ihr nicht rechnet, glaubt ihr, sei nicht war." 
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measures to meet these levels will widen. As a result, the efforts in the 
technical field will degenerate more and more into attempts to convince 
the responsible authorities, adhering to the letter of the law. Due to its exact
ness, a technical solution may suggest a great reliability on the measures on 
which it is based. However, as long as this inconsistency has not been 
eliminated, such suggestions are misleading and may even be dangerous. 

Consequently, the quality of the standardization will be endangered. 
Moreover, basic differences in the national approaches do exist with respect 
to the required levels of protection. However, a sound base on which an 
international discussion on this matter can be carried out is lacking. It is felt 
that such a base is a necessary condition for international agreement. It is 
strongly recommended that primary efforts in the study be directed toward 
attaining desirable and motivated levels of protection. In this discussion, 
both scientists and authorities responsible for fire safety should participate. 
An effort on the part of CIB, W14, to deal with this problem must be men
tioned (Code Advisory Panel). This implies an extension of the terms of 
reference of CIB, W14. 

A further constraint follows from an essential discrepancy between some 
of the basic conditions. The condition of reaching for an objective system, 
on one hand, urges us to a functional approach. As a result of the complexity 
of the physical, social, and economical mechanisms involved, such an 
approach will lead to rather detailed and subtle rules. On the other hand, 
however, conditions concerning the practical usability and the mandatory 
character of an international system of rules urge us in the direction of 
simplification. Political considerations will also force a trend to rather 
simple and not very differentiated solutions, since only common ideas will 
be attainable. For example, in the last few decades, substantial progress has 
been made with respect to the state of knowledge about natural fires and 
structural response to fire. However, this increasing state of knowledge, 
commonly recognized, has been reflected only partially in the national stan
dards. Therefore, it is doubtful whether, from a political point of view, an 
international agreement on such unconventional approaches will be possible. 
For the several reasons just mentioned, it is felt that important simplifica
tions must be accepted. It is pointed up, however, that an explicit motiva
tion and reference to the background of the simplified rules are essential. 

An often-mentioned type of constraint is introduced by the occurrence of 
local differences. Of course, one has to realize that such differences do exist 
(for example, with respect to equipment of the fire brigade, methods of con
struction, density of the population, etc.). However, in the opinion of the 
authors, local differences are sometimes used incorrectly as arguments to 
retard harmonization. 

Closely related to the political aspect is the legal aspect. Since a basic 
condition is that each system of rules needs to have force of law, such a sys
tem is likely to have repercussions with respect to the national legislation. 
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For this reason, it seems only sensible to reach for international standard
ization if the need for harmonization is supported by the intergovernmental 
willingness to abandon national conceptions. In this respect, it is very 
strongly recommended to involve legal considerations right from the begin
ning. 

Conclusions 

The authors are aware of the fact that this paper is not a blueprint for 
international standardization. More problems have been raised than 
solved. However, it is felt to be extremely important that a discussion on 
the problem, taking into account all aspects, has begun. The aim of this 
paper is basically to stimulate this activity. 
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DISCUSSION 

R. M. Fristrom' (oral discussion)—International standardization of fire 
tests and codes is very important. We have an even more complex 
problem in the United States because of many local jurisdictions. Could you 
comment on the relationship between your international efforts and our 
own efforts to standardize within this country? You are interested in 
European aspects: do they have bearance on American standards? 

J. Witteveen (author's oral closure)—This is a very interesting question 
because, if you want to have international standardization, of course, you 
have to begin with your own country. If you look to even a small country 
like the Netherlands with about 15 million inhabitants, standardization is 
not at hand at the moment. There are many local differences, especially as 
far as the levels of protection are concerned. As I learned from my 
American colleagues, in the United States you have the same problems 
many other countries have. But I think it is esstenial that we try to have an 
international discussion on a scientific and logical basis. This should also be 
used for stimulating similar activities in our own countries. 

H. Tovef (oral discussion)—One of the problems that we run into, for 
example, in data processing where the uniformity of procedures is terribly 
important, is the incentive we can offer the prospective participants to 
persuade them to change their way of doing things. There is really not 
much that we can offer. We can say: we want to compare our data with 
yours. But they may not care. I am afraid that we will have to live for a 
long time before uniformity is greatly improved. I would like to suggest 
something that you did not address in your talk, namely, that we ought 
to start thinking about how to live with different systems. What methodo
logies can be developed to permit us to make some correlations using differ
ent data or data collected on different bases. 

/ . Witteveen (author's oral closure)—Of course, international standard
ization is a fairly long-term exercise, and, for the time being, we shall have to 
live with the different systems. Your suggestion about correlating the differ
ent systems can be used and is, in fact, followed today, as far as the 
technical measures to meet required levels are concerned. In my opinion, 
this will, in say ten years, converge into an international standardized 

' Senior staff chemist. Applied Physics Laboratory, The Johns Hopkins University, Silver 
Spring, Md. 20910. 

^National Fire Data Center, National Fire Prevention and Control Administration, U. S. 
Department of Commerce, Washington, D. C. 20234. 
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system (for example, tests, calculations). As far as the quantification of 
levels of protection is concerned, there is a need for an international 
accepted methodology on which the national approaches can be based. 
This activity will take a much longer time than the ten years I mentioned 
before. Until now, the national approaches have not been consistent and 
are sometimes illogical, so that the systems cannot be correlated. 
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ABSTRACT: The characterization of fire atmospheres is discussed. A complete 
description would require more than 10" measurements. This is beyond present 
capabilities, but the requirements could be reduced by separating the problem into 
three regimes, each characterized by a minimum volume-time (v, t) increment. They 
are: (a) overall fire atmospheres (v = 1 m', r = 10 s) for hazard and detection, 
(b) fire plumes (v = 10"' m^ r = 10"' s) for heat transfer and fire propagation, and 
(c) flames (v = 10"" m', / = lO"* s) for microscopic and molecular combustion 
processes. By systematically applying these characterizations to the regions where they 
are required, the data base can be reduced to 10' measurements for a typical small 
fire. This is feasible with present technology. However, the application would require 
a substantial investment in facilities and the development of sampling and analytical 
technique. Some sampling and analytical problems associated with characterizing 
fire atmospheres are discussed. The current status is illustrated using several recent 
studies. 

KEY WORDS: fires, analysis, flames, sampling, measurements, fire detection sys
tems, fire hazsu'ds, heat transfer, flame propagation, combustion 

The complete characterization of a full-scale fire is a massive problem 
which is impractical even with present day techpology. As an example, 
consider a small house fire with a volume of 1000 m' burning for an 
hour. Some flame phenomena occur in random regions as small as 
10~" m' and require a time resolution of 10"* s. Full characterization 
requires temperature, gas velocity, and the concentration of as many as 
100 species in each of these minimal volume-time elements. If we assume 
complete characterization of each minimal element, more than 10" mea-

' Chemist, Principal Staff, Applied Physics Laboratory, Johns Hopkins University, Silver 
Spring, Md. 20910. 
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surements would be required. A fast machine can read 10' measurements/s 
and would take three million years to read the data. No machine ap
proaches this storage capacity. The problem is also beyond present analyt
ical technology. To obtain the data in real time would require ten thousand 
million separate measuring devices. This would disturb the system strongly. 
If every chemist in the U.S. did 3000 analyses/s/day it would require 3000 
years to complete the project. Few analyses can be completed in a second. 
The Orsatt analysis and titrations are not candidates for this job. Even 
assuming that the data could be obtained, it is clear how such a flood 
of information could be analyzed. 

One systematic approach to the problem is to isolate the critical infor
mation and divide it into manageable segments. Much of the total infor
mation available is redundant or unnecessary. During the early history of 
the fire, only the region around the ignition requires characterization. 
High time spatial resolution is required for combustion waves, but they 
persist only for short periods, and much of this behavior is better studied 
in the laboratory. Considering the hierarchy of scales and using those 
appropriate to the processes under study, one might divide a fire into 
volumes 1 m on a side characterized at 10-s intervals over a 1-h period. 
This would require 10* measurements, and a single multiplexed high
speed data channel would be adequate with video tape storage. The next 
lower structural heirarchy would be volumes 1 cm' with time resolution 
of 10"' s. Only a few of the original 1 m elements would require this 
detailed characterization, but the locations requiring this detail change as 
the fire progresses. The information required is temperature and flow 
patterns in and around the progressing fire. Specification at this level 
might require 10' measurements. This is equivalent to ten video channels. 
Data handling at this rate has been done in aerodynamic testing [7]̂  but 
never for hour-long periods. This amount of information would be dif
ficult to interpret. 

The finest scale processes are those occurring in the flames. The spatial 
and time resolution requirements make the use of sophisticated instru
mentation mandatory. This is much better done under laboratory rather 
than field conditions. Since these microscopic combustion processes depend 
on local conditions rather than overall fire characteristics, this is a fea
sible separation. The number of potential fuels is large, and the oxygen 
level can vary from normal air at 20 percent to almost any level of vitia
tion. In addition, the radiation level and turbulence level are important 
parameters. To cover all of these local conditions would require a study 
of perhaps 100 fuel types at five oxygen levels, five flow conditions, and 
five radiation levels. This would require a bank of at least 10' measure
ments, but it would have the virtue of being generally applicable to fire 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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situations and reusable. Only a small fraction of this information is avail
able in the present literature. 

Even this program is too ambitious for our present resources. The 
facility which could execute this problem over a period of a decade would 
require an investment of 10 miUion dollars a year over ten years. This is 
not beyond society's capabilities but is unlikely in the present economic-
political climate. Therefore, we turn our attention to what has been done 
and what might be possible. 

A well-instrumented room burn will utilize perhaps 100 thermocouples 
operating at a 10-s repetition rate, 50 velocity sensors operating at a 10-s 
repetition rate, and a dozen gas sampUng points operating at a 100-s 
repetition rate. A typical run time might be 1000 s. This results in the 
accumulation of 2 x 10* measurements which is a respectable amount of 
information to interpret. One can visualize improvements by two orders 
of magnitude as microminiaturization, microprocessors, and microcom
puters are applied to instrumentation. This should make instruments 
cheaper with increased channel repetition rates and allow direct tran
scription of data to the computer. This approaches our idealized char
acterization so that one might hope that, with normal improvements, good 
statistical design, and intelligent experiments, a meaningful "complete" 
description of a fire could become a reality in the next decade. 

Sampling Problems 

The description of a region requires specification of temperature, pres
sure, gas velocity, and composition. Since composition is a manifold 
variable while temperature is a single scalar, and velocity a three-com
ponent vector, the bulk of information is composition. We will therefore 
discuss principally composition specification, which is the most difficult 
problem and in need of improvement. It should be remembered, however, 
that temperature and velocity are basic to the problem. Pressure is usually 
constant. 

Sample Requirements 

A meaningful sample must represent a known average of the particular 
time-volume element being withdrawn. Composition, temperature, and 
gas velocity vary with position and time as the fire evolves. Large-scale 
variations occur because of stratification, flow, and fire progress. Fine-
scale variations result from turbulence and reaction processes. On the 
microscopic level, this problem is best solved by following the changes 
in real time. On the intermediate scale, one is interested principally in 
flows, turbulence levels, and temperature. The principal composition 
information required is the fuel-oxidizer level which can be used to deter-
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mine local combustion potential. On the macroscopic scale, the averaging 
problem is severe because most probes characterize a region which is 
small compared with the volume to be characterized, and variations over 
the volume are often severe and significant. These problems are outlined 
in more detail in the sections on probes and sample averaging. 

A second important question is the level at which an analysis should 
be terminated. In a problem as complex as fire atmosphere characteriza
tion, it is unrealistic to ask for a complete analysis. As analytical sensitivity 
is increased, the number of detectable species goes up. With parts per 
million as a minimum detectable level, hundreds of compounds can be 
detected in a typical fire. Present day attainable levels which go as high as 
one part in ten billion would probably increase this a hundredfold. What 
is needed is a rational criterion for setting the minimum level of detection. 
For the fire problem, this criterion is the concentration at which a danger
ous short-term effect on people or property exists. Since people are usually 
more delicate than property, Umits should be related to life safety. Fire 
exposures are usually fractions of an hour. Therefore, the ideal is to deter
mine the concentration and distribution of those species which adversely 
affect people in these concentration-time dosages. For materials such as 
the phosphoryl compound found by the Utah group [2], this is ~10"*, [3] 
but for most toxicants, the dangerous level lies above 10"' (Table 1). Soot 
particles, liquid droplets, and inorganic dust are also produced in fires. 
Polar gases are adsorbed on particle surfaces. This presents a complex 
analytical problem. 

TABLE 1—Toxic products of combustibles. * 

Toxic Product 

Oxygen depletion 
Carbon dioxide 
Carbon monoxide 
Nitrogen oxides 
Halogen acids 
Ammonia 

Sulphur dioxide 
Hydrogen cyanide 
Benzene 
Phenol 
Aldehydes 
Organic acids 

Phosgene 

NOTE— 

Common Source 

combustion 
carbonaceous materials 
carbonaceous materials 
celluloid, polyurethanes 
Are-retarded plastics, halogenated plastics 
melamine, nylon, urea-formaldehyde 

resins 
rubber, thiokols 
wool, silk, plastics containing nitrogen 
polystyrene 
phenol-formaldehyde resins 
wood, paper 
cellulosic materials, rayon, nylon, poly

esters, phenol-formaldehyde resins 
chlorinated plastics 

+ Dangerous concentration. 
- Small concentration. 
0 Negligible concentration. 
* Modified after Wagner [4]. 

Free Burning 

0 
+ 
-
-
+ 
0 

+ 
-
0 
-
-

0 

Smoldering 

+ 
-
+ 
+ 
+ 
+ 

-
+ 
+ 
+ 
-
+ 

— 
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Chemical Species in Fires 

A fire atmosphere is a complex chemical mixture with gas phase species 
and liquid and solid particles. 

Gas phase molecules can be classified as stable species, with Ufe times 
which are long compared with sampling and transfer times, and short
lived unstable species. In most parts of a fire, the species are stable. The 
flame region, however, involves high temperatures where short-lived 
molecular fragments such as radicals, atoms, and ions are produced. They 
are best studied in the laboratory where special instrumentation is used 
for rapid sampUng. Flame studies have been reviewed recently [/,J]. Fire 
gases can contain a host of toxic species; the most important are Usted in 
Table 1. 

Probes 

Fire atmospheres are usually analyzed by withdrawing a sample through 
a probe and transferring it to an analytical system. Some typical probes 
are shown in Fig. 1. Two types of probes are used, the sonic microprobe, 
Fig. Ic, and the cooled subsonic probe. Figs. \a,b. The design of probes 
was reviewed by Tine in 1961 [P] and by Bilger [6] in 1973. A recent dis
cussion of microprobe sampling in flames has been given by Fristrom [l,5\. 

Sonic probes sample gas phase composition directly and allow deter
mination of radical species which are important in flames. Problems 
occur with this probe type if particulates are present, as occurs in many 
fires. Microprobes are easily clogged and small particles are sampled 
preferentially. A subsonic probe sampUng at local stream velocity (called 
isokinetic sampUng) allows an unbiased sampUng of particle ladened 
atmospheres. However, quenching of the sample is accompUshed by con
duction to the probe walls, and this is often inadequate for rapidly reacting 
flame gases. In addition, sampUng flows of varying velocity can induce 
acoustic oscillations which disturb the sampling rate. 

Spatial and time inhomogeneities lead to errors both when they are 
smaU compared with the volume to be characterized and when they are 
small compared with the probe sampling volume. The ideal situation 
would be to sample a small enough region with a short enough sampling 
time so that the sample wiU be homogeneous in space and time. As we 
have seen, this leads to an impractical number of samples. This problem 
is not always addressed in fire studies, but it is serious. Three approaches 
suggest themselves: 

1. Accept the averaged samples and try to estimate the error level; this 
is often impractical. 

2. Use an analytical method which averages over a large volume [6]. 
This is of limited applicability because fire atmospheres are often too 
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SAMPU OUT . 

10-100^ 

SAMPLE ruac ; 

(d) 

Travening 
Mechanism 

To 
' Analytical 

Systetn 

(o) Water-cooled isokinetic probe [6]. 
(6) Water-cooled aerodynamic nozzle probe [7]. 
(c) Microprobes for flame studies \S\. 
(rf) Proposed traversing nose with probe and inlet flow adjusted to simulate breathing. 

Probe rake is traversed so that a cylindrical volume is sampled uniformly. 

FIG. \—Sampling probes for fire atmospheres. 
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smoky for transmission, and even clear atmospheres require knowledge 
of the temperature distribution. 

3. Move the sampling point systematically through the test region during 
the sampling period. This approach would appear to be promising since 
it allows control of the averaging. 

Bilger gives an excellent discussion of sample collection aerodynamics 
[6]. Sampling nonhomotropic gas flows (flows of nonuniform density) is 
discussed by Tine [9]. Density variations in combustion can exceed tenfold 
over short distances. This introduces no error in isokinetic sampUng (that 
is, the velocity into the probe is the same as the stream velocity). If the 
sampling velocity differs from stream velocity, however, the sample will 
be biased in favor of the more dense portions of the sample. The situation 
is further complicated by the dependence of the sampling on the acoustic 
impedance of the sampling line. This can be serious for subsonic sampling 
[9]. Near isokinetic conditions moderate velocity variations in sampling 
are not serious, but the shape of the probe head can have serious effect 
[6]. 

In fires, the sample will usually vary in composition during the sampling 
periods. This is a problem because even if the sample is not biased by 
the probe, it will not represent a linear time average. The averaging prob
lem has been addressed by Bilger [6] who concludes that, with isokinetic 
sample collection, the sample composition should be the Favre mean. 
The difference between the Favre mean and the time mean can be up to 
40 percent 

r,,. = QUS Y/QU, = Q y , /e = Y, (1) 

where 

Yi = mass fraction of species /, 
y,,j = sample value as analyzed, 

Q = density, 
(/, = sampling velocity, and 

tilde = a Favre average defined as shown or in terms of the Favre prob
ability density function [6]. 

With sonic orifice sampling without aerodynamic bias, the sample com
position will be 

Y,,,= CnQ*C*Yi/CoQ*C* (2) 

This lies between the true mean and the Favre mean. Here c* and Q* 
are the sound speed and density at the throat and Co the discharge co
efficient. Throat Reynolds numbers are around 100 so that Co can vary. 
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Sample Transfer 

Fire atmosphere samples pass from the probe through a sampling Une 
to a container or analytical instrument. Gas samples can be biased by 
adsorption or condensation of species such as water, halogen acids, hal
ogens, hydrocyanic acid (HCN), high boiling organic molecules, ammonia, 
etc. Particulate material can be biased because particles of various sizes 
are separated by velocity gradients, or particle size may change by agglom
eration. Particles may be lost on the walls of the transfer tube and species 
may be exchanged with the gas phase. 

If one is trying to follow composition in real time, sharp changes are 
masked by turbulent and diffusive mixing and preferential adsorption 
in the sampling lines. Corrections can be made using Laplace transform 
theory providing the line characteristics are measured [10]. 

Analysis of Fire Atmospheres 

Even if one assumes a perfect representative sample of a fire atmosphere, 
the problem of analysis still remains. This has two aspects: (o) the analysis 
of the gas and {b) the analysis of the condensed phase. Condensed mate
rial can either be Uquid with dissolved gases or solid with adsorbed gases. 
Gas analysis is complicated by condensible species since the temperature 
of the fire gases usually exceeds that of sampUng lines. The condensed 
phase can be collected on a filter and the gas taken in a sampling bottle. 
Both condensed and gas phases are complex mixtures containing hundreds 
of measurable components. 

The first question is: What are appropriate compounds and limits of 
detectability for the fire problem? The objective could be either to deter
mine fire mechanisms or to establish the danger of the atmosphere to 
life and property. As mentioned previously, fire mechanisms involve tran
sient reactive species which are difficult to sample, and such studies are 
better done in the laboratory. Therefore, we will address the problem of 
analyzing fire samples for danger to life and property. This simplifies the 
problem, since compounds which are present in concentrations below the 
threat level can be ignored. Unfortunately, this approach leaves one dan
gerous loophole, the unexpected compound which is lethal in low concen
trations. There is no completely satisfactory answer for this problem. The 
approach of Birkey at the National Bureau of Standards (NBS) [77] is 
one answer. This is to screen atmospheres for unusual animal toxicity 
which, after detection, can be identified. This was done with phosphorous 
toxicants at Utah [2\. This technique falls outside the scope of the pres
ent paper. 
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Gas Analysis 

Many analytical methods can be used for flame gases, and the inter
ested reader is referred to standard works on gas analytical techniques. 
Major species, such as oxygen, carbon dioxide (CO2), carbon monoxide 
(CO), £ind water (H2O) can be continuously monitored using gas chromato-
graphs, mass spectrometers, or optical spectrometers. These are all moder
ately expensive instruments, and large numbers of analyses are required 
for the fire characterization. There is hope of improvement of the situa
tion through automation of analyses [12] (Fig. 2) with data reduction 

Programmed 
Timer 

Concentrator -c 
Valve Oven 

Samptol • BypMt 

GC 
Co^mn 

Oven 

Detector 

H-P GC 
Data System 

— j A / D |—[Recofder | 

I—liject 2.5 nil—llijeel I lijKt 

FIG. 2—Automated gas chromatograph for analyzing pollutants [121. 

using the new generation of microcomputers [75]. These techniques have 
not yet been combined for the fire field. A number of complex automated 
clinical analyses have been developed {12\ which offer a model for the 
fire problem. 

Condensed Phase Analysis 

Solid samples can be characterized by particle size distribution and 
shape. Instruments exist for making such measurements both in situ using 
scattered light and on collected samples using automated counting and 
pattern analysis [14\ (Fig. 3). Scanning electron microscopy provides a 
tool which allows size and shape determination and elemental analysis. 

The identification of the material adsorbed on the soot particles is more 
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FIG. 3—Schematic of analysis system for particulates in fire atmospheres. 

complex and is simplified by separation into classes followed by liquid 
chromatography [15\ (Fig. 4). 

Examples 

Studies of fire atmospheres are usually less ambitious than the total 
approach previously discussed. A typical study has a few well defined 
objectives which require the determination of only a few components. 
Common choices have been oxygen, carbon dioxide, carbon monoxide, 
with one or two toxic species (under special circumstances) such as hydro
chloric acid (HCl) in the burning of chlorinated polymers, or HCN in the 
burning of wool or polyurethane, etc. We will give several examples of 
recent studies with short comments and close the paper with the discus-
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FIG. 4—Schematic for separation of smoke constituents into compound classes [15]. 

sidn of an idealized system which might be constructed using present 
technology. 

Fire Atmosphere in an Upstairs Bedroom During Downstairs Fire 

The intent of this study was to establish the buildup of life hazard in an 
upstairs bedroom during a downstairs fire [16] (Fig. 5). Two fire sources 
were used: (a) a fast burning wooden crib and (b) a slow burning sofa. 
Oxygen, carbon dioxide, and carbon monoxide were measured at three 
heights. Samples were taken by a diaphragm pump, stored in glass sample 
bottles, and analyzed in the laboratory by gas chromatography. 

Fire Atmosphere in a One-Story Building 

Measurements were made of the carbon dioxide and carbon monoxide build-
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FIG. 5—Fire atmosphere analyses in a second-story bedroom [16]. 

up during a one-story building burn [17] (Fig. 6). The objective of the 
study was to establish the available safe evacuation time during a fire 
and the hazard of CO and CO2. Analysis was by on-site gas chromato
graphy. 
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FIG. 6—Fire atmosphere analyses in single-story house burn [17]. 

Fire Atmosphere Analysis of Corridor Fire Burns 

Analyses were made of the buildup of fire gases during carpet fires [/5] 
(Fig. 7). The objective of this study was to assess and identify the relative 
hazard of toxic gases in the combustion of various types of carpets. A 
corridor facility was used for these measurements. Compositions were 
measured on site using gas chromatography. 
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Flame Structure 

One area of combustion research which has received considerable atten
tion is the analysis of steady-state flames [8,18\. Here, microprobing is 
used in conjunction with mass spectrometry or gas chromatography or 
both. In some cases, molecular beam inlet probes [/,5] have been used so 
that the concentrations of radicals, atoms, and ions could be determined. 
For one-dimensional flame systems, a satisfactory quantitative interpreta
tion can be made which allows the determination of fluxes and rates of 
production or disappearance of the various species. In less symmetric 
cases, lateral diffusion and heat conduction must be considered. Formal 
analysis has not been made, although it would appear feasible with existing 
computers. A matrix of measurements would be necessary for the multi
dimensional cases. 

In the example of Fig. 8, measurements are given for a burning poly-
methyl methacrylate rod in air [19]. 

aOUNOAK'r OF SIFFuSiM i £ 
f^Kml I 09 ea A80VE TOP - i i u o => 

Ct Hrmouneoiis PLUS O 2 

OISUNCE A80V£ TIP OF BUANIM POLYMER 

FIG. i—Structure of polymethyl methacrylate flame burning in the candle mode [19]. 

Idealized Fire Atmosphere Characterization 

As can be seen by the previous examples, the analysis of fire atmospheres 
has not approached either the sophistication, which would be required for 
a complete quantitative understanding, or the state of the art of sampling 
and analysis. 
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Figure 9 suggests what might be accomphshed with present technology. 
The objective would be to sample a fire atmosphere in sufficient detail to 
assess the hazard to life and property. A probe could be designed to sample 
volumes of 1 m' every 10 s. In the burn of a house with a volume of 300 
m', a reliable picture could probably be assembled statistically by instru
menting 10 percent of these volumes. This would require at least 30 
probes and associated analytical equipment, computer control, and data 
analysis. 

The important points about the sampling system are: (a) the probe 
would systematically traverse through the volume being characterized, 
(b) the sampUng rate and probe size would be adjusted to simulate normal 
nasal breathing, (c) initial separations of the sample would be made so 
that separate analyses could be made of components which appear in the 
nose, tracheal bronchial tree, and the lung, (d) analyses would only be 
made for known hazardous components, and (e) sampling could be auto
mated and computer controlled. 

Such a system would characterize a 1-h fire with 400 000 measurements. 
This would be an extremely detailed and informative description of a fire, 
but many types of fires would need study before reliable conclusions 
could be reached, and, as mentioned in the beginning of this paper, this 
leaves the small-scale and flame structure information still to be deter
mined. Each of these is a job of at least the same order of magnitude. 

Summary 

The good news is that a usable, relatively complete fire characterization 
is within the capabiUties of present technology, and the costs of some of 
the keys to implementation, that is, computer-controlled instrumentation 
and data handling, are rapidly declining. The bad news is that it will be 
some time before the resources can be gathered to carry this out, and 
much remains to be done to make intelligent use of the information which 
might be gathered. 
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DISCUSSION 

A. F. Robertson^ {oral discussion)—Bob, I think that this is a very rele
vant discussion. In consideration of gas analysis during accidental fires, it's 
very common to think of placement of a probe at one point in the room 
and make your analysis and report these were the gases and concentra
tions that were observed during this experiment. But I think that so many 
of us forget the fact that this was a single probe at a single location in a 
particular type of fire, so that I would like to recommend that all of us 
who are concerned with these types of problems remember the limitations 
on the types of gas analysis that we are doing today. Perhaps you have 
suggestions or comments on the concern that should be expressed for 
this limitation. 

R. M. Fristrom (oral discussion)—Well, I would share your worries. 
To mitigate this problem, I have suggested that one should have a probe 

'Senior scientist. Center for Fire Research, Institute for Applied Technology, National 
Bureau of Standards, Washington, D.C. 20235. 
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which traverses the volume it is supposed to characterize (in other words, 
that a probe which moves from point to point and develops a spatial 
average which may give a more meaningful characterization of the system 
than one taken at a single point). A complete characterization would 
require a rake of probes that completely blanketed the situation. One is 
not interested in the microturbulence aspect, but more in the question 
of variations in the volumes that a person takes in a breath. Such an 
average would really be relevant for life safety. So I am also suggesting 
that perhaps one should design probes not for chemistry but to simulate 
the nose intake. 

J. R. GaskilP (oral discussion)—Bob, isn't it still important that you 
have the question of sorption/desorption behavior of the gases on the various 
particular fractions as they travel from the probe to the analyzer? 

R. M. Fristrom {author's oral closure)—This is a serious problem and 
one which must be addressed. There are ways of minimizing it. If you 
can locate your analytical device immediately adjacent to your sampling 
point, you are in great shape. But I can't afford to bum up my mass 
spectrometer every time I want to make a measurement. Continuous flow 
teflon-lined sample tubes are one possibihty. 

C. M Huggett^ {oral discussion)—Bob, you have outlined a very nice 
scheme for accumulating data and I would agree that, given a sufficient 
number of millions of dollars, we can get a pretty accurate picture of 
what goes on in a fire. Have you given any thought to what you are going 
to do with that data when you get it, and how many millions it's going to 
take to be able to interpret it in some useful fashion? I am particularly 
concerned with the problem of being able to draw conclusions concerning 
the physiological effects of the hundreds of compounds that you're going 
to find in your fire gas, possible interactions between these compounds, 
and interactions with such factors as temperature, oxygen concentration, 
and the like. 

R. M. Fristrom {author's oral closure)—The only thing I can say is that 
I would hope by the time that we accumulate the data there will have 
been a great deal of thought given to how it is interpreted. You are quite 
right: if someone doesn't sit down and think about the information and 
try to draw conclusions, it is completely useless. 

'Fire protection engineer, Lawrence Livermore Laboratory, University of California, 
Livermore, Calif. 94550. 

'Chief program chemist, Center for Fire Research, Institute for Applied Technology, 
National Bureau of Standards, Washington, D.C. 20235. 
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ABSTRACT: Experiments were conducted on male Long-Evans rats instrumented for 
measurement of vital functions and a conditioned avoidance response. An intra
arterial cannula was used for removal of blood samples. Rats were exposed to com
bustion products of three polymeric materials. A National Bureau of Standards smoke 
chamber and a smaller "static" chamber were used for exposures. Material A produced 
a syndrome of carbon monoxide (CO)-induced anoxia, the severity of which depended 
only upon the amount of material degraded and not upon the mode of combustion 
(heat flux, flaming, or nonflaming). Material B produced a syndrome of epilepsy and 
carboxyhemoglobin levels below 10 percent. Material C produced a metabolic acidosis 
and mild CO-induced anoxia, the severity of which was related to the amount of 
material degraded, irrespective of the combustion mode. The combustion products of 
Materials B and C produced intoxication syndromes distinctly different from the 
syndrome of CO-induced anoxia produced by Material A. "Limiting" toxicants or 
substances with high biological activity may be present in combustion products and 
produce unique intoxication syndromes. 

KEY WORDS: fires, rats, vital statistics, conditioned responses, combustion products, 
toxicants, carbon monoxide, anoxia, epilepsy, acidosis, intoxication syndromes 

Intoxication syndromes produced on exposure to products of degradation 
of many materials in our environment constitute a serious hazard to human 
life [1-4].^ So many materials are involved that detailed study of each 
one is not possible. Because conditions, such as heat flux, the physical 
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configuration of the material, flaming or nonflaming modes of combus
tion, systems for conducting smoke, etc., may account for variation in 
degradation products, procedures for analysis of the toxicological hazard 
for even a single material can be complex and time consuming [5]. 
Therefore, it seems reasonable to attempt to identify those materials which 
produce unusual or exceptional intoxication and to approach the problem 
of coping with such materials from several different directions. For 
example, a material producing unique intoxication may be modified so 
that toxicity is reduced. For some materials, the possibility of human 
injury may be so negligible that toxicity is not at issue. Structural or 
flammability characteristics may be so superior that some materials must 
remain in use despite significant toxicity. Many factors must be considered 
before a material is accepted for general use. Segregation of materials 
on the basis of exceptional toxicity is an important first step in the logic 
leading to decisions concerning usage. Criteria must be established which 
set limits for intoxication. This paper suggests a method for defining 
exceptional toxicity. In addition, a premise is put forward which states 
that exceptional toxicity may be based upon the presence of a single 
substance among the combustion products which has a high degree of 
biological activity capable of producing the essential features of the 
intoxication syndrome. This toxicant, sometimes acting in concert with 
other substances present in the mixture of combustion products, is 
responsible for a specific intoxication effect, an alteration in the function 
of some organ or system which cannot be explained on the basis of anoxic 
anoxia or carbon monoxide (CO)-induced anoxia alone. Removal of this 
toxicant from the mixture should eliminate the effect. Acting alone, the 
toxicant may not be capable of producing the specific intoxication effect 
owing to the adjuvant action of other substances present in the mixture. 

Method for Assessment of Exceptional Toxicity 

Detection of exceptional toxicity requires an accurate assessment of the 
state of anoxia. Previous experiments have utilized sling-restrained Long-
Evems rats instrumented for measurement of vital functions (electrocardio
gram (EKG), electroencaphalogram (BEG), respirations, and special 
functions such as peripheral nerve conduction velocity, and cortical-evoked 
response). Through an intra-arterial cannula, blood samples were obtained 
for determination of carboxyhemoglobin, oxyhemoglobin, pOz, serum 
bicarbonate, pH, total carbon dioxide (CO2), and base excess during the 
course of intoxication. A conditioned avoidance response requiring the rat 
to maintain left hind-limb flexion to avoid a shock was also used. Control 
data for changes in vital function and blood parameters and behavioral 
alterations occurring during exposure to CO, have been obtained and 
reported previously [6-8]. 
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The following is a summary of the data obtained during exposure of 
rats to CO. The conditioned avoidance response was lost when carboxy-
hemoglobin reached 49 ± 2 percent during exposure to 2500-ppm CO. 
At this level of intoxication, a fire victim would be unable to help himself. 
Except for the degree of CO-induced anoxia present, vital functions were 
only slightly perturbed: slight decreases in respiratory rate, heart rate, and 
blood pressure were observed. These changes were completely reversible 
with the return of carboxyhemoglobin to control levels. Carrying the ex
posure further to produce carboxyhemoglobin levels between 60 and 70 
percent produced a steady decline in heart rate, respiratory rate, and 
blood pressure until a state of ischemic anoxia was reached, at which 
point, the EEC became isoelectric, cortical evoked response was lost, and 
the ventral caudal nerve failed to conduct. At this point, immediate 
resuscitation is required if death is to be prevented. This level of 
intoxication establishes the limits within which it is possible for others to 
save a fire victim. 

Following the exposure, and depending upon the level of intoxication 
reached, various degrees of morbidity may ensue, ranging from impaired 
learning ability to demyelination of the central or peripheral nervous 
system [9-12]. These effects may require as long as two weeks to occur 
in the rat. In man, months or longer are required. 

The evaluation of CO-induced anoxia in the rat has focussed upon three 
levels or kinds of intoxication: (a) loss of the survival response (the victim 
is unable to save himselO; fb) loss of resuscibility (the victim must be saved 
by others); and (c) morbidity (there are pathological effects following 
exposure). Carboxyhemoglobin levels associated with these levels of 
intoxication have been determined for ambient CO concentrations in the 
moderate range. Very high CO concentrations may cause given levels of 
intoxication to occur at slightly lower carboxyhemoglobin levels. For this 
reason, ambient CO concentration should be known when experiments 
are conducted to assess animal response to combustion products. The 
ability to load and unload CO is an indication of the adequacy of 
cardiopulmonary function, normal loading being dependent upon adequate 
lung ventilation and circulation of blood. Such factors as pulmonary 
edema (fluid in the lungs), bronchial irritation, or breath-holding may 
delay the uptake of CO and modify the rate of increase of carboxy
hemoglobin. 

During screening experiments on animals not fully instrumented for 
physiological and behavioral assessment, a clinical examination has been 
applied which has been roughly correlated with the results of more 
detailed measurements [75]. This assessment was conducted in a 3 by 4-ft 
enclosure on freely moving animals following exposure to combustion 
products. The battery of tests which was routinely performed is sum
marized as follows. 
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Exploratory Behavior—The animal is dropped from a height of 30 cm 
into the center of a 25-cm-diameter circle. The time to place one extremity, 
excluding the tail, outside the circle is determined. 

Nuzzle Response—The response to stimulation of the nose and vibrissae 
with a cotton swab is rated on a 0 to 4+ scale, representing responses 
ranging from indifference to an attack on the swab, 2+ being normal. 

Lid, Corneal, and Ear Reflexes—TYVK is determined with a wisp of 
cotton and rated on a - / + scale. 

Pain Response—This is determined by the number of pin pricks rapidly 
applied to the dorsum of the hind foot which are required to produce 
withdrawal. A scale of 0 to 4+ is used, 2 + being normal. 

Righting Reflex—This is determined by dropping the animal upside 
down from a height of 30 cm. The rat normally can land on all four feet 
in the time required. A scale of 0 to 4+ is used, 4+ being normal. 
Failure to place an extremity properly accounts for one lower grade. 

Posture—This is graded on a 1 to 5 + scale and expressed as a fraction 
of normal. 

General Observations—Respiratory distress, lack of spontaneous ac
tivity, abnormal movements, etc. are observed. 

This protocol is most appropriately used as an initial screening pro
cedure. Systemic effects can often be detected which permit prediction of 
toxicants that may be affecting the test animal. Exploratory and nuzzling 
responses and righting reflexes rapidly disappear and are lost at 
approximately the 50 percent carboxyhemoglobin level. Reflexes depending 
upon brain-stem integrity, such as the lid, corneal, and ear reflexes, and 
gross effects upon posture, occur as the animal reaches the 60 to 70 
percent carboxyhemoglobin level, which produces ischemic shock. Arterial 
blood pressure falls below that sufficient to maintain oxygenation of 
vital organs. 

Concept of the Intoxication Syndrome 

The physiological, behavioral, and biochemical changes which ac
company exposure to CO constitute a syndrome or group of responses 
which consistently occur in the anoxic state. This syndrome has been 
used as a reference against which syndromes produced by other toxicant 
mbctures can be compared and contrasted. The purpose of this comparison 
is to detect those toxicants which produce their effects by means other 
than anoxia. We have assumed, for the purposes of this comparison, that 
a comparable degree of anoxic anoxia will result in the same physiological 
and behavioral end points as those produced by CO-induced anoxia, an 
assumption that requires further investigation and verification. 

When either CO-induced anoxia or anoxic anoxia exist, evaluation of the 
physiological and behavioral response, pathological evaluation of the 
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animal sacrificed postexposure, and knowledge of ambient CO concentra
tion can usually provide an explanation for the degree of anoxia present. 
In the experiments to be described, blood parameter evaluation, clinical 
examination, and an examination of general physiological status have been 
found adequate for discrimination of the syndromes which are not 
produced by a state of anoxia. 

Exposure Chambers 

Two kinds of chambers have been used in these experiments. The first 
is a modified National Bureau of Standards (NBS) smoke chamber which 
has been used for exposure of four Long-Evans rats suspended radially in 
a sling apparatus, so that all shared the same breathing zone. One animal 
contained an intra-arterial cannula, so that blood samples could be 
obtained during and following exposures while behavioral and physio
logical observations were being made on the remaining animals. This 
chamber, until recently, did not permit detailed physiological monitoring 
and has been used for "before and after" experiments. This "screening" 
procedure has been used for the detection of intoxication syndromes 
produced when materials were combusted at varying heat fluxes. Moni
toring of smoke density, CO, and other gases was customarily done. 

A second chamber, a 40-litre acrylic "static box," provides facilities for 
complete physiological, behavioral, and biochemical monitoring of a 
single animal. The amount of material combusted was scaled down ap
propriately from that used in the NBS chamber. The course of the intoxi
cation process was followed, and vital functions were monitored. Behavior 
was sampled continuously throughout the exposure. The conditioned 
avoidance response just described was found to be the most convenient 
measure of behavior. 

Conditions of Material Degradation 

Sample mass, heat flux (orientation and configuration), duration of 
sample heating, and the presence of a pilot flame constitute the critical 
variables of the degradation process. Sample mass was selected to produce 
a moderate degree of intoxication such as the loss of the conditioned 
avoidance response. Loss of resuscibility (shock) sometimes occurred 
when the intoxication syndrome became severe. At times, sample mass 
had to be adjusted up or down to produce the desired degree of intoxica
tion. Similarly, heat flux was changed to achieve a desired level of com
bustion in order to produce a given intoxication end point. In general, 
samples were combusted over a range of heat fluxes to determine whether 
or not alterations in the intoxication syndrome occurred. Samples were 
heated for 10 min (NBS chamber) or 5 min (static box). The total animal 
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exposure time was 20 min. Three or more heat fluxes were used for some 
materials. The use of different heat fluxes was compelled by the observa
tion that the composition of combustion products may change significantly 
as a consequence of flux, thereby altering the intoxication syndrome. 

Materials 

Three polymeric materials were studied; for purposes of this discussion, 
they will be labeled A, B, and C. The materials were selected because they 
produce states of intoxication which demonstrate both an anoxic syndrome 
and specific syndromes easily differentiated from anoxia. 

Results 

Material A 

Seventeen experiments were performed with one male 250 to 300-g 
Loflg-Evans rat in each experiment using the static chamber. Results are 
presented in Table 1. Fluxes of 2.5, 5.0, and 7.5 w/cm^ were used to com
bust the material in both flaming and nonflaming modes. At 5 and 7.5 
W/cm^, spontaneous ignition occurred. The syndrome produced on ex
posure to the combustion products was consistently one of CO-induced 
anoxia. Serum pH, bicarbonate, and excess base were not significantly 
affected until intoxication at shock levels was produced. Behavioral 
responses were those predicted from the degree of CO-induced anoxia 
present. Carboxyhemoglobin levels present when the conditioned avoid
ance response was lost were only slightly less than 50 percent. Increasing 
the mass of material combusted increased the level of carboxyhemoglobin 
and the severity of the anoxia syndrome (Fig. 1). Varying heat fluxes or 
changing the combustion mode did not produce any qualitative change in 
the nature of the intoxication syndrome. 

Examination of the remaining data in Table 1 reveals that the decrease 
in oxyhemoglobin can be accounted for by the elevation in carboxyhemo
globin. The levels of p02 and PCO2 indicate that pulmonary ventilation 
was adequate except when intoxication was severe enough to produce 
anoxic shock. This is predictable from the fact that the loading of CO 
approaches that seen during exposures to the pure gas. It is essential to 
know that hemoglobin and hematocrit (the percentage by volume of red 
blood cells in the blood) is normal, because rats with decreased oxygen-
carrying capacity will not withstand the same elevation in carboxyhemo
globin levels as will normal animals. Elevation in white blood cell count 
(WBC) may accompany the stress of exposure. This would not seem to be 
a predominant effect. It is necessary to obtain all these values in order to 
detect other causes for anoxia, such as impairment of oxygen transport at 
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FIG. 1—Percent carboxyhemoglobin following a 20-min exposure versus mass of Material 
A lost during combustion. 

the cellular level, loss of oxygen-carrying capacity by red cell hemolysis, 
etc. 

Material B 

Three experiments were performed, one each at 2.5, 5.0, and 7.5 
W/cm\ There were four 250 to 300-g male Long-Evans rats in each exper
iment. Partway through the exposure, animals were noted to convulse. All 
animals convulsed following removal from the chamber. At higher heat 
fluxes, and with a greater percentage of material combusted, most of the 
animals died. All behavioral responses were depressed as a consequence of 
the convulsions, but the startle reflex was enhanced prior to the develop
ment of seizures. Automatic, purposeful, but inappropriate, behavior was 
also seen. In static box experiments, spike and polyspike activity was 
noted in the electroencephalogram. Carboxyhemoglobin values were near 
control levels, and oxyhemoglobin levels were nearly normal (Table 2). At 
all three fluxes, this material produced a syndrome of epilepsy, grand mal 
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TABLE 2—Material B. 

Number of Time to Move From Response to Pain 
Animals COHb 25 cm Circle (pin prick) Other Responses 

12 rats 5 to 6% >60 s (<6 s 
normal) 

myoclonic jerks, status 
epilepticus, death 

seizures, and minor motor seizures. The syndrome may be clearly dis
tinguished from that of an anoxic state. 

Material C 

Twenty-three experiments were performed with one 250 to 300-g male 
Long-Evans rat in each experiment. Exposures were conducted in the 
static box during nonflaming combustion at 1.0 (2 rats), 1.5 (8 rats) and 
2.5 (13 rats) W/cm^ Lower heat fluxes were required for this materid 
because of the severity of the intoxication syndrome produced at 5.0 
W/cm^ or above. As can be seen from Figs. 2 and 3, the syndrome con-

is 20 
TIME (minutes) 

FIG. 2—Arterial blood pH for individual rats versus time during exposure to the com
bustion products of Material C. 

sists of acidosis associated with a mild to moderate increase in carboxy-
hemoglobin. Serum bicarbonate and base excess were significantly de
creased, the findings being typical of metabolic acidosis. (Increases in car-
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15 20 
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FIG. 3—Arterial blood percent carboxyhemoglobin for individual rats versus time during 
exposure to the combustion products of Material C. 

boxyhemoglobin of the order found here do not produce acidosis of this 
magnitude). The acidosis was present at all heat fluxes used. More severe 
acidosis was found in rats exposed at higher heat fluxes £ind greater masses 
of material combusted, but considerable variability was found (Fig. 4). 

More detailed analysis of the pH decrease and carboxyhemoglobin in
crease revealed that, during the initial few minutes of exposure, respiratory 
acidosis occurred. The pH decrease resulted from breath holding. Evidence 
for this was seen in the delayed rise of carboxyhemoglobin and normal 
serum bicarbonate levels during the first 5 min of exposure. When pH 
reached its lowest levels, a rise in carboxyhemoglobin occurred, and 
serum bicarbonate was significantly decreased. Measurement of respiratory 
rate confirmed this impression. 

Discussion 

Three materijils have been discussed which produce syndromes of in
toxication quite distinct from one another. 

The first material produces a syndrome of CO-induced anoxia which 
does not vary qualitatively over a range of heat fluxes; the severity of the 
syndrome depends upon the amount of materials degraded. The second 
material produces a syndrome of epilepsy which is quite easily differentiated 
from the syndrome of CO-induced anoxia. The third material produces 
a syndrome of metabolic acidosis and moderate CO-induced anoxia, the 
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FIG. 4—Lowest pH during exposure versus mass lost in the combustion of Material C. 

severity of which depends upon the intensity of the exposure which, in 
general, is a function of the amount of material degraded. 

Despite the fact that the mode of combustion and heat flux produced 
qualitative alterations in the combustion products, no significant quali
tative change in the syndrome was seen for any of the materials studied. 
One can conclude from this that the essential factor(s) responsible for 
the syndrome are not affected by the mode of combustion or heat flux. 
The condition may be unique for these materials, and results may be quite 
different for other materials. 

In the case of Material B, a specific systemic effect—the production 
of abnormal excitability of the central nervous system—constitutes the 
limiting effect of the combustion products. This unusual effect comprises 
the primary toxicant action of the combustion products. Identification of 
the toxicant responsible for this effect, determination of factors which 
decrease or enhance the effect, and an investigation of the mechanism of 
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action of the toxicant must then be carried out. The complexity of such 
investigations and the considerations of material usage may be such as not 
to warrant further investigation. On the other hand, some toxicants may 
produce effects of considerable interest to biological scientists, and in
vestigations may be warranted on this basis alone. 

The third material investigated acidifies the blood and produces a mild 
to moderate degree of CO-induced anoxia. The effect produced is similar 
to that which would occur if an acid were injected directly into the blood. 
Questions concerning the nature of the acidifying process, its possible 
cause by a single agent, and the influence of other factors which may 
modify the acidifying process remain to be answered. As already stated, 
the syndrome produced is distinct from that of anoxia alone. 

A toxicant which may be primarily responsible for a specific effect such 
as seizures or acidosis could exert its action because of the complementary 
action of other toxicants in the mixture. The ability of a primary or limit
ing toxicant to enter the blood may depend upon such factors as the de
pression of protective pulmonary reflexes, modification of cell membrane 
permeability, or the operation of certain carrier mechanisms such as sol
vents or particles. In order to test the hypothesis that such adjuvant factors 
are important to the production of the intoxication syndrome by a single 
toxicant, use can be made of synthetic gas mixtures. With such mixtures, 
it may be possible to reproduce the intoxication syndrome. The syndrome 
may or may not be reproduced by a single toxicant. It is important to 
emphasize that the limiting toxicant may exert its effect only in the presence 
of other substances present in the mixture of combustion products. It is 
possible that the effect would disappear if the toxicant were removed 
from the mixture, even though the effect was not produced by the toxicant 
administered alone. In order to assess completely any intoxication syn
drome, experiments must be performed to differentiate and characterize 
limiting toxicant criteria with these factors in mind. 

Accurate characterization of the intoxication syndrome depends upon 
the creation of reproducible ambient conditions. As yet, the methods used 
for combusting materials leave much to be desired. If flaming occurs 
partway through the combustion process, then the intoxication syndrome 
may be different from that produced in either the flaming or nonflaming 
mode. Also, it is difficult to produce uniform decomposition of the ma
terial. All of these factors will affect the intoxication syndrome produced. 
Much work remains to be done in this area of research. 

It is possible to rank the concerns for fire safety: the first concern is 
for flammability itself; second, if ignition occurs, it is desirable that the 
intoxication syndrome produced on inhalation or in contact with com
bustion products be reversible. The physician responsible for treating the 
fire victim should not be confronted with a unique and complicated 
problem. Materials which produce disabling syndromes when relatively 
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small amounts of material are degraded must be identified and their use 
modified accordingly. It is essential to describe the intoxication syndrome 
produced and to determine what factors modify its severity; it is important 
to know whether the syndrome changes qualitatively when the conditions 
of material decomposition are changed. These are not impossible goals to 
achieve, and the resultant data can serve as a rational basis for the assess
ment of relative toxicity of materials. 
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DISCUSSION 

M. M. Birky^ (oral discussion)—You mentioned, in the beginning of 
your talk, the inadequacy of doing carboxyhemoglobin measurements on 
human fire fatalities. On the studies that have been reported, there are 
other measurements being done, such as the cardiovascular examination 
and pathology of the respiratory tract. Would you suggest other measure
ments besides those being done or in place of those measurements? 

J. H. Petajan (author's oral closure)—I am sure that a complete 
postmortem examination is being done, and, of course, we recognize that 
postmortem values of acid base balance and oxyhemoglobin aren't going 
to be of much value, but I think we should recognize that because a vic
tim's carboxyhemoglobin may be in the range of 40 to 50 percent does 
not necessarily mean that the cause of his death was entirely due to 
carbon monoxide. I think you also must realize that, if you do detailed 
analysis of the coronary vascular system, coronary narrowing by itself 
may not be the cause of death. The pathologist can usually give you a 
pretty good idea. He can tell you whether there has been a recent throm
bosis, that is, a plugging off of the vessel, or whether the muscle of the 
heart shows evidence of recent absence of blood supply. My point in 
mentioning this was that I don't want people here to simply go away with 
the impression that because 50 percent or so of fire victims have a car
boxyhemoglobin in the 40 to 50 percent range, which we know is disabling, 
this is ipso facto evidence that we have proof that carbon monoxide is 
totally responsible for the death of these individuals. I don't think the 
investigators would assert that either. And the identification of intoxica
tion syndromes of other kinds, in addition to the one of CO-induced 
anoxia, makes it important for us to examine the fire situation and try to 
get what information we can about materials that were burned there and, 
perhaps, to get some blood samples from fire victims. We may find that 
syndromes found in animals represent problems at the fire scene. We have 
anecdotal evidence that some of these syndromes are being produced 
during the acute inhalation of smoke. 

A. F. Robertson^ {oral discussion)—I wonder to what extent there is 
work in progress to relate these kinds of experiments to the real thing 
that we are interested in, that is, the disabling effects on humans? 

J. H. Petajan (author's oral closure)—Well, if you refer to the carboxy
hemoglobin levels, that is, as a starter, the carboxyhemoglobin levels 

' Chief, Section of Combustion Toxicology, National Bureau of Standards, Washington, 
D.C. 20234. 

'Senior scientist. Center for Fire Research, Institute for Applied Technology, National 
Bureau of Standards, Washington, D. C. 20235. 
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which produce a loss of an avoidance response, incapacitation, or shock 
in a rat, they are very comparable to those for man. It is simply a matter 
of the rate at which these levels are achieved. The primary emphasis in 
our laboratory has been to develop an animal model system for evaluating 
the relative toxicity of materials so that we can try to quantify this 
toxicity. We are trying to come up with a single factor or set of factors 
which we can use to describe a material. Components we are considering 
include the heat flux required to produce a given intoxication end point, 
the amount of material that is degraded to produce this end point, and 
the dosage difference between that required to produce 50 percent animal 
mortality (LD-50) and that which results in a loss of function in 50 percent 
of the animals (a type of safety factor). These various components may 
hopefully be combined to yield a measure of material toxicity. This is 
about as far as we have gone. 

A. F. Robertson {oral discussion)—P%it we safe in (I realize that we 
have to work with models and this is an animal model) feeling confident 
that this is a really valid predictor of most of the effects of the gases on 
man? 

/. H. Petajan (author's oral closure)-V/e\l, I could say that observations 
on the rabbit, which has a more suitable pulmonary system for evaluation 
of inhalent intoxication, have given similar results. Speaking as a biologist, 
the rat is a mammal. We are talking about mammalian systems which 
differ quantitatively, but probably do not differ qualitatively, with respect 
to responses we might see in man. Now the ability to extrapolate to man 
requires a knowledge of differences in metaboUc rate, heart rate, respira
tory rate, and differences in the amount of dead space in the lung. The 
rat is not a good animal for studying the direct effect of inhalants on the 
bronchi, etc. But I think that experiments or studies must be done to 
examine the possibility that different materials may produce different 
kinds of pulmonary syndromes or other effects in humans. These should 
preferably be studied at the fire scene or very soon thereafter. At the 
present time, clinicians do not differentiate smoke inhalation injuries of 
different types. They are gradually becoming aware that poly (vinyl) 
chloride (PVC), for example, can produce chronic lung problems and 
more morbidity than some of the other kinds of smoke. I think we 
need more studies of human intoxication. 
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Comp2irtment fire tests have been conducted with increasing frequency in 
recent years without any standardization of procedures. There is a need for 
an agreed-upon procedure for conducting tests in rooms, so that results can 
be understood and interpreted by those people who must evaluate them. 

The need has grown because of a belief on the part of many people in the 
fire safety community that the existing small-scale tests are not adequate to 
evaluate hazard in a consistent manner for all materials. The discrepancy 
between simulated real-Ufe situations and small-scale tests has been noted 
by several experimenters. The problem was probably brought to a head 
when the Federal Trade Commission (FTC) issued their proposed rule on 
cellular plastic products [/].^ The impact of the rule is best summarized in 
the following paragraph. 

It is an unfair method of competition and an unfair or deceptive act of 
practice—to refer directly or indirectly to any standard or certification—unless 
such standard certification or representation is substantiated by a reasonable 
basis, which shall include competent scientific tests which determine, evaluate, 
predict or describe said combustion characteristic under actual fire conditions 

' Chief, Fire Safety Engineering Division, Center for Fire Research, National Bureau of Stan
dards, Washington, D. C. 20234. 

' The italic numbers in brackets refer to the list of references appended to this paper. 
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to the extent that such tests are recognized as probative given the then existing 
state of the art. 

In Note 3 of the same section, it also states: 

The Commission considers that neither the standard entitled "Standard 
Method of Test for Surface Burning Characteristics of Building Materials," 
variously denoted as ASTM E 84, UL 723, NFPA 255,—alone constitutes a 
"reasonable basis—under actual fire conditions" as required by this section. 

As a result of the FTC action, there has been an intensified search within 
both industry and the building code community to determine 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 E 84 test procedure. American Society for Testing and 
Materials (ASTM) Committee E-39, in response to the need for a standard 
room test established a task group to develop a recommended practice. 

The room test concept has also been adopted by International Confer
ence of Building Officials. In Section 1717c of a recent amendment of their 
building code, they state that plastic foam may be specifically approved, 
based on approved diversified tests such £is, 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 attempting to develop a standardized 
corner test to be used in conjunction with the application of their code. 

A room test can serve for many different purposes. Two common objec
tives are: 

1. As an acceptance test to queilify 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. 

The large-scale or room test is supposed to simulate the real world; 
but what is the "real world"? what is the "real fire"? The real world repre
sents a range of probabilities. For example, the probability of a given fire 
load in a room will vary with the type of occupancy. However, even within 
a given occupancy, the probability of a given fire load has a wide range. In 
an office building, we can have fire loads from as low as 1 psf in a confer
ence room to over 25 psf in a storage room. Knowing the existence of this 
possible range of fire loads in a building, one has to choose a reasonable 
fire load to determine what the scenario of a room test for product 
acceptance should be. By a scenario, we mean a postulated probable 
occurrence of ignition and the subsequent chain of fire growth. In addition, 
the scenario should have a reasonably probable relationship of that occur
rence to the nature of the occupancy. For example, if one takes the most 
extreme case for an office building, then all offices should be evaluated for 
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over 25 psf of fire loading in each compartment. However, this is not a pro
bable level, and, therefore, a lower loading should be used. 

The design of the large-scale test to accept products therefore requires the 
definition of a scenario related to their actual end use and one which reflects 
the probability of the incident. 

In the work at the National Bureau of Standards (NBS), we have given 
considerable thought to developing scenarios, since the room and compart
ment tests that we conduct are predicated upon scenarios. An example 
of the importance of the scenario can be illustrated by the fact that the 
significance of the hazard of a particular combination of wall and ceiling 
linings in a room can be made to reflect the fire load that the scenario 
postulates. One can choose a fire load of such magnitude that its contribu
tion will mask the effect of the linings. With this scenario, one can show 
from a l2U'ge-scale test that the wall linings are insignificant, and, there
fore, one should not be concerned about them. However, one can also 
choose another scenario in which the fire load is very light, and the only 
way for the fire to spread from one item to another is via the wall linings. 
With this scenario, the linings become most important. We have considered 
this latter case to be a more typical scenario. Under this scenario, the wall 
lining becomes a critical factor in fire spread and hazard, since flashover 
will not usually occur in a sparsely furnished room if the wall lining does 
not contribute. 

A good illustration of the effect of choice of scenario is a comparison 
of the work done by Bruce [2] and Ferris [3] in the 1950's. Bruce conducted 
tests at Forest Products Laboratories in an 8 by 12 ft test room with an 8-ft-
high ceiUng. The scenario called for a "typical room" with furniture which 
gave a fire loading of 3.9 psf. Most of this weight was concentrated in 
the middle of the room, and the fire was ignited in the middle of the 
room. The closest point of the room furniture to the wall was 18 in. Under 
this test arrangement, Bruce concluded that: 

The nature of the walls, whether plaster, fiber insulation board, or plywood, 
had little or no effect on the time or temperature of the critical point and only 
a small effect on the flashover. In fact, the buildup of fire in the room was 
such that the flames and hot gases from the chair and table burning in the center 
of the room went up towards the ceiling, and the ceiling caught on fire at 
approximately the same time as the walls. 

On the other hand, Ferris used a different scenario in his work at the 
Australian Commonwealth Experiment Station when he was developing a 
flame spread test for wall linings. This work was based on experience 
with a full-scale room test. In starting the study, Ferris looked at various 
types of furniture fires in a 12 by 13 ft room, 9 ft high. He found that 

Certain fires, particularly those involving kerosine heaters, or those in which 
plywood furniture was idejilly placed, were so intense that emy linings would 
add little to the initial overall hazard; other fires involving certain bedding and 
chairs were so feeble as to have little effect on any lining boards. 
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As a result of these full-scale tests, his scenario, designed to specifically 
evaluate the wall linings, was an arbitrary theoretical fire of medium inten
sity within the observed rjmge of possibilities. The fire was simulated with a 
gas flame and was sized to best illustrate the effect of linings on the fire 
growth in the room. 

These two examples illustrate how, by using scenarios with different ig
nition levels to represent the real world, two investigators could arrive at 
different conclusions on the hazard of wall linings. 

The other key item in the design of the room test for acceptance testing 
is the criterion to be used. The criterion depends upon the nature and type 
and definition of the hazard that one wishes to guard against. The ASTM 
E-39.10.01 task group, in their draft. Recommended Practice for Room 
Fire Tests [4], discuss some of the criteria that might be used. 

With our present state of knowledge, the criteria most normally applied 
deal with the rate and growth of fire and the time to flashover. One usable 
criterion is the elapsed time from ignition to flashover in the room. There 
is no currently accepted standard for this time; a 10-min criterion would 
probably be a socially acceptable guide for safety, based on the performance 
expectation that has been existing for many past years in the normal resi
dential type of furnishings and construction environment. For more 
critical occupancies, this criterion could conceivably be lowered. 

Flashover has been found, in a recent series of tests [5], to correlate 
with an average air temperature in the range of about 550 to 600 °C at the 
5-ft level in the center of the room. A more direct indication of flashover 
might be the radiant energy flux incident on the floor. A level of about 2 
W/cm^ at the center of the floor is suggested as an equivalent to the in
cipient flashover in the room. The most convincing indication of flashover 
can come from the ignition of cellulosic indicator panels. Consequently, 
one criterion that may be employed in a room fire test would be the time 
to flashover, as measured by the thermocouples in the upper part of the 
room by a radiometer or total heat flux gage at the center of the floor or 
by the ignition of indicator panels. 

The potential for growth and spread of fire within the room of fire origin 
is another criterion which is useful for determining the ease with which a 
major fire may develop. This criterion may be applied by evaluating the size 
of the igniting source, in terms of energy release, whether from a wood crib, 
waste basket, or a gas burner, needed to cause flashover in the room or 
flame emergence from the doorway of the room. This criterion, however, 
requires a series of tests to determine the critical size of ignition source 
required. 

Another criterion that has been applied is an evaluation of the fire-
damaged area on the wall and ceiling for a fixed size of ignition source (for 
example, a 20-lb wood crib) for the specimen under test. The rate of fire 
growth can also be documented photographically and used as an adjunct 
criterion. 
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The choice of criterion for acceptance may quahfy some products under 
one criterion and disqualify them under another criterion. This is very 
interestingly illustrated in the recent publication by Underwriters' Labora
tories on "Flammability Studies on Cellular Plastics and other Building 
Materials Used for Interior Finishes" [6]. The report uses, as a criterion for 
acceptance, the determination of whether the room reached flashover. This 
is evaluated by determining if a temperature of 649 °C is reached at the ceil
ing or if full ceiling involvement occurred. The report concludes that: "the 
flame spread classification of materials developed in the standard 25-ft 
tunnel test corresponds with the performance of those materials in corner 
and vertical wall full scale building geometry tests." 

TABLE 1—Time to full ceiling involvement (with 20-lb crib). 

CORNER TESTS 

Sample 

J 
Q 

AD 
AE 

Flame Spread 
Classification 

54 
59 
75 

100 

Time 

10:10 
1:22 
0:40 
8:45 

Material 

untreated fiberboard 
foam plastic 
foam plastic 
red oak 

Rcx)M TESTS 

S 
A 
G 

22 
23 
23 

1:20 
1:40 
N" 

foam plastic 
foam plastic 
treated plywood 

"Not reached in 20 min. 

If, however, one wishes to use a different criterion for hazard (for ex
ample, the time to flashover in the room), then the conclusion just cited is 
no longer valid. Looking at Table 1, constructed from data in the report, 
one can see that, for materials with the same flame spread classification 
in either a corner or a room test, the time to flashover varies by almost an 
order of magnitude. This is a significantly different interpretation of the 
effectiveness of the ASTM E 84 tunnel test in determining the hazard of 
materials since it shows that cellulosic materials used as wall linings would 
produce a different degree of hazard than foamed plastic materials, even 
though both have the same flame spread classification. From this discussion, 
we can see that the definition of the hazard from wall linings and the 
criteria for acceptance is one of the most difficult problems facing us today, 
but one that must be faced if we are to evaluate materials and make progress 
in the field of materijils technology. 

The second use for the room or compartment test is to validate the sig
nificance and meaning of the many small scale-tests that are being or have 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BENJAMIN ON A ROOM FIRE TEST 305 

been proposed for material evaluation. This use is not new and has been 
attempted many times in the past, generally with the indication that the ex
isting test methods are not always well validated by the full-scale or room 
tests. This problem has been summed up in a recent paper by Malhotra, 
in which he 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 im
proved, 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. 

Some of the work attempting to validate small-scale tests is of interest 
here. For example, Tourrette [7] from Centre Scientifique et Technique du 
Batiment reported on a series of room tests which were designed to evaluate 
wall and ceiling linings. In this report, the values from the "epiradiateur" 
tests, the French stEmdard, were compared with the results of the large-scale 
tests. He concluded "one consequence which we find from the study of the 
charts is the poor correlation between the reaction-to-fire classification and 
the periods proceeding general conflagration." In other words, the small-
scale test did not predict time to flashover. 

Christian and Waterman [8], in a series of studies for the Society of the 
Plastics Industry, used a corridor to evaluate the meaning of the flame spread 
classification from the ASTM E 84 test method, using test materials on the 
v/all and the ceiling. The fire was originated in a 10 by 15-ft burn room with 
a 8-ft-high ceiling. The room was attached to the corridor and the flames 
and hot gas that left the room went into the corridor. They looked at the 
times required for the fire to travel the length of the corridor with various 
lining materials. Their conclusion was that "it is 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 de
creasing time in the full-scale corridor." 

Ferris [3] in the work mentioned earlier, compared the results from the 
horizontal spread-of-flame test (BS 476: 1953) with time for the flame to 
spread up the wall to the 9-ft level. He noted "the coefficient of correla
tion is 0.69, which is just significant at the 2 percent level, showing that 
there is a trend, eilthough the relationship is not particularly good." 

Ferris did find a good correlation between his large-scale room tests 
and the vertical spread-of-flame test he later developed. This was to be 
expected since the test was developed to duplicate the observed performances 
of wall linings in the large-scale test room. 

Hird and Fischl [P] of the Joint Fire Research Organization conducted 
a series of tests, using a 12 by 18 by 9-ft-high room. They compared their 
results with the existing standard, BS 476. Although there was general agree
ment between their full-scale tests and the standard, they found it signifi-

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



306 FIRE STANDARDS AND SAFETY 

cant that: "the highest classification of the surface spread of flame test in
cludes boards with a wide range of performance, and, where they are to be 
used as linings for both walls and ceiling of compartments containing an 
appreciable amount of combustible material, the surface spread of flame 
classification is not a sufficient indication of the fire hazard." 

Work done by Fang [5] at NBS using a 10 by 10-ft room, 8 ft high, 
showed a correlation between the temperatures developed in the upper part 
of the room and the E 84 flame spread classification. However, the work 
was limited to cellulosic and other conventional linings and did not include 
any plastic foam boards. 

The just-mentioned selected reports indicate that existing small-scale tests 
do not always correlate with the full-scale simulation, and, until we have 
small-scale tests for materials which validly indicate the hazard for a given 
scenario, we must be limited by room or compartment tests to properly 
evaluate wall and ceiling linings. 

Task Group 4 of ASTM E-39.10.01 has developed a recommended prac
tice for room fire tests [4] to provide a guide to the research or testing 
agency. The purpose of the recommended practice is to provide a guide 
which compiles the information and experiences now available from those 
actively engaged in this type of testing. The task group hesitated at at
tempting to develop a test method, since the state of the art is still in develop
ment. 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 such things as a compartment design, the nature 
and type of specimen, ignition sources, instrumentation, and safety prac
tices in their recommended practice. Each of these represents an important 
range of choice which must reflect, to some degree, nature and type of 
scenario. 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 per
formance 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 [70] did 
an extensive study of ignition sources, preparatory to conducting a series 
of full-scale room tests to evaluate linings and wall constructions. The tests 
were conducted in a 14 by 20-ft room, 12 ft high. A series of wood cribs 
were used of 5, 7Vi, 10, 20, and 30 lb weight. The heat release of the fire 
was analyzed, and the temperatures developed in the room and the maxi
mum flame height were recorded. For a room of this height, it took a 20-lb 
crib to have the flames hit the ceiling. 

Whether the flames hit the ceiling during a test will determine the relative 
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 
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determine 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 com
bustibility of the wall linings will be a lesser or negligible factor in deter
mining if ignition and spread occurs on the ceiling. To illustrate this point, 
in work done by Fang [5], it was found that the importance of the wall in 
relation 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, which had flames that impinged directly on the ceiling was used, then 
the effect of the wall lining became far less important, and 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. 

In a recent series of tests conducted by Underwriters' Laboratories [6], 
the effect of the size of the crib was again studied. Use was made of a "cor
ner test," which is a two-sided room having 8 by 8-ft walls and a section of 
ceiling at the intersection of the side walls, with the other two faces left 
exposed. A series of ignition sources were investigated, using 2 or 4 lb of 
combustibles in waste containers or a 20 or 30-lb wood crib. Temperatures 
at the ceiling were recorded for the various fire loads. From this work, they 
developed a qualitative comparison of the ignition energy necessary to cause 
the corner assembly to flashover. They then related this to the flame spread 
rating of the lining under the E-84 test method. This work illustrated, in a 
very useful manner, the fact that the size of the ignition source in a corner 
or room test using wall and ceiling linings will have a major effect on 
whether or not the linings become involved and whether flashover will occur. 

The scenario for the large-scale or real-life fire must therefore include 
some postulate regarding the nature and type of the ignition source. The 
ignition source has been varied in our work at NBS, depending upon the 
scenario chosen. For example, in an evaluation of the flammability of seats 
on buses and subway trains we have used a 2-oz paper bag of trash and a 
2-lb folded newspaper, since, by consensus, these scenarios were agreed 
upon as representing ignition sources likely to be found in such transit ve
hicles. On the other hand, when studying wall linings in rooms, we have 
used a small or large upholstered chair as the item to be ignited, depending 
upon the height of flame we wish to investigate. This scenario represents 
a fire in a piece of furniture in a room corner and is used to evaluate the 
potential of the wall lining to spread the fire from the igniting source. 

Summary 

This paper has attempted to indicate the reason for the need for full-scale 
room and compartment tests at this time. I have indicated the two possible 
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uses of the compartment test (for approval or for validating small-scale 
tests) and have discussed a few of the factors which affect the design of the 
tests, using the choice of ignition source as an example of the problems 
involved in the test design. Reference is made to the recommended practice 
developed by the task group of ASTM Committee E-39.10.01. 
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DISCUSSION 

G. T. Castino' {oral discussion)—Let me just raise one point. The com
parison that you have made is based on the tunnel calculation as it is now 
used, and that is the way, of course, we reported the data in the report. 
Actually, we have found in subsequent studies that if one compares the tun
nel numbers with the data developed in the room burns on the same basis, 
in other words, on the basis of time rather than distance, that the correla
tions are quite a bit better. 

/. A. Benjamin {author's oral closure)—There have been several attempts 
made to change the classification scheme in the E-84 test method. It was 
done originally about five or seven years ago, I think, and it is currently 
under consideration again. And I suspect that this new classification system 
may be an improvement. 

G. T. Castino {written discussion)—There are some problems created for 

' Managing engineer. Underwriter's Laboratories, Northbrook, 111. 60062. 
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US by the statements in this paper, as well as the related data in Table 1. It 
is agreed that, once sufficient radiant flux is developed at the ceiling ele
ments of the corner test geometry, the difference between the time of in
volvement of cellulosic materials and cellular plastic materials is unreason
ably large. However, the basis of the flame spread calculation in the tunnel 
is primarily by distance of spread. Therefore, Underwriter's Laboratories 
(UL) used area of fire involvement as the basis of comparison. The author 
has used time as the basis. In separate studies, carried out at UL, it appears 
that, when compared on the same basis, the tunnel "performance" does 
correspond to the "performance of the same lining materials over a range 
of ignition source severities in corridor, corner, and vertical wall geometry 
enclosures. 

Further, the author elected to use the ceiling involvement time, which is 
perfectly acceptable with the exception that it is the longest time (last to 
occur) because it requires full ceiling area coverage in flaming. If one were 
to use the time to reach the end of the wall-ceiling intersection (the area or 
zone of maximized radiation reinforcement) an entirely different picture 
unfolds; this, of course, assumes that one is interested in equivalently re
lating these measurements in the tunnel and the corner tests on the basis of 
time. Using area of involvement as UL did, the overall relationships that 
led to the finding quoted by the author is valid. 

Another point to be considered is that the author selected materials as 
given by Table 1 in his paper, exhibiting flame spread classifications by the 
tunnel test, in excess of 50 to compare with comer fire tests using 20-lb wood 
crib fire sources. If one deals with materials with flame spread classifica
tions of less than 50, once again, one finds that the UL finding is shown to 
be more creditable. 

/. A. Benjamin (author's written closure)—The key point in the paper is 
that the evaluation of hazard depends upon the criteria chosen. The paper 
suggests that one valid criterion for hazard can be expressed as the time it 
takes to produce flashover in a room. Using this criterion, then, the tunnel 
test is not an accurate predictor of the hazard, as evidenced by Table 1. Mr. 
Castino is correct in saying that one should not expect the tunnel to give 
valid results, based on this particular criterion. I agree with this statement 
and was trying to point out that the tunnel is limited in the nature and type 
of fire behavior which it is equipped to predict. 

H. L. Malhotra^ (written discussion)—The compartment fire test which 
appears to be gaining a great deal of popularity and status is a large-size 
fire test which reproduces the use of materials or products on which infor
mation is required in a very realistic manner. There are, however, many 
other variables related to the design of the igniting source, the range of 

^Head, Building and Structures Division, Fire Research Station, Borehamwood, Herts, 
United Kingdom. 
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qualitative observation, and the quantitative measurements that are possible 
to make which necessitate the introduction of deliberate simplification. 
Consequently, the full-scale fire test deals only with one of the many pos
sible situations and is usable to give direct answers, like many of the other 
existing tests, to the whole range of problems. The need will continue to 
exist for exercising caution in the application of data, and its interpretation 
will require a great deal of expert knowledge which does not fully exist to
day. 

H. Paul Julien' (written discussion)—Mr. Benjamin has presented an 
interesting paper on the prospects for a compartment (corner or room) fire 
test. He makes the point (on page 304 and in Table 1) that all materials with 
the same flame spread classification (FSC) in the ASTM E 84 tunnel test do 
not necessarily exhibit the same time to flashover (or full ceiling involve
ment) in a corner or room test. I can agree fully with this conclusion. 

Table 1 of this paper was constructed from data in a comprehensive re
port of Underwriters Laboratories Inc. (Ref 6). Unfortunately, the entries 
were selected in such a way as to convey the erroneous impression that cel-
lulosic products produce a lower "degree of hazard" than do foamed plastic 
materials of the same FSC. 

Thus, the limited data shown on Corner Tests in Table 1 were chosen to 
indicate a lack of correlation for four samples of intermediate FSC. But 
the UL study (Table 21) also showed that a 20-lb crib did not cause full 
ceiling involvement of any cellular plastic or cellulosic materied with an FSC 
of 28 or less (a total of 15 samples). Also, all 8 samples with an FSC above 
100 had a time to flashover of less than 5 min. On an overall basis, then, 
there is clearly a considerable degree of correlation. 

A glaring omission occurs under Room Tests in Table 1. The Sample R 
from Table 23 of the UL report should be included to present accurately 
the results of that work and to support Mr. Benjamin's basic point about 
a lack of correlation. Sample R is a "foam plastic" with 27 FSC which did 
not reach full ceiling involvement in 20 min. I propose the addition of one 
line under Room Tests in Table 1, as follows: 

Room Tests 

S 22 1:20 Foam plastic 
A 23 1:40 Foam plastic 
G 23 N" Treated plywood 

Add R 27 N" Foam plastic 

"Not reached in 20 min. 

With this addition. Table 1 now illustrates that materials with the same 

'Manager, Advanced Technology and Testing, Jim Walter Research Corp., St. Petersburg, 
Fla. 33702. 
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FSC and of the same generic group can show a vastly different behavior 
in the full-scale room test. 

I believe this change is necessary to avoid a gross distortion of this part 
of the UL study. Table 23 clearly shows that Sample R (cellular plastic) 
outperformed Sample G (treated plywood). Sample G sustained "nearly 
full fire involvement" (page 60 of Ref 6), but Sample R did not. Also, the 
room lining area affected by fire involvement was 356 ft̂  (89.5 percent) 
for Sample G versus only 70 ft̂  (17.6 percent) for Sample R. Furthermore, 
the Sample S included in Table 1 is not a building material at all, but is a 
cellular plastic specimen specially mutilated for experimental purposes 
(page 9 of Ref 6). Thus, Mr. Benjamin's condensation of the UL data on 
room tests appears to this observer to be something less than impartial. 

/. A. Benjamin (author's written closure)—It was not our intention in 
discussing the data in the UL report to focus attention on particular products 
or types of products. The conclusion drawn from these data, with which 
Dr. Julien concurs, is that a given flame spread classification (for example, 
FSC = 25) in the ASTM Method E 84 tunnel test is not a valid indicator 
of whether or not flashover will occur in a room fire test. 

Sample R consisted of a sheet of cellular plastic with an exposed foil 
facing, the presence of which had an appreciable effect on fire performance. 
For this reason, it could not be compared with foams or board that were 
directly exposed to fire. Sjunple S was the identical cellular plastic sheet 
from which the foil face had been removed. 
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Panel Discussion 

F. K. Willenbrock'—Here is how I suggest that the panel operate. 
Since this is an unusually capable panel, we will pose three complex 

questions and give them about 3 min to respond. The first question is, 
"How far can fire standards take us?" The second question is, "How 
much fire safety is enough?" The third is, "What are the biggest 
challenges in improving fire safety?" We have asked each of the panelists 
to consider these questions. They have been given the choice of answering 
all three in 3 min or answering one question in depth for 3 min. You can 
see that we have a lot of confidence in the ability of the panel to respond 
to this unusual intellectual challenge. 

We will work in the following manner: I will ask each panel member 
who wishes to make a statement to limit himself to approximately 3 min 
in length. The other panelists will then ask questions of an informative 
nature. Questions of an argumentative nature should be saved for later. 
After all of the paneUsts have had an opportunity to speak, we will then 
throw the floor open for questions from the audience. I should like to 
use the same ground rules for the audience: no question can take more 
than 3 min. In addition, I have to be able to understand the question or 
it is not a question. 

With that introduction, I would now like to turn to our panelists. We 
have decided to start with Mr. Burgun. Mr. Burgun is an architect. He 
has been very active in fire safety considerations. He is the chairman of 
the National Fire Protection Association Life Safety Committee. 

J. A. Burgun^—I would like to speak on all three of the questions and 
as briefly as possible. How far can fire safety standards take us; not very. 
You could have the best standard in the world, but, until you actually im
plement those printed pages into the reaUty of building design and con
struction, you have accomplished very little. 

How much fire safety is enough? It is too much when it restricts and 
interferes with the quality of life style or freedom of society, and society 
is unwilling to accept the imposition. As an example, I could assure you 
that you would never die of a fire if I placed you in a plain concrete box, 
did not provide you with heat or light, allowed you no reading materials, 
smoking materials, or indeed even clothing. Your chances of dying in a 

' Director, Institute for Applied Technology, National Bureau of Standards, Washing
ton, D.C. 20234. 

^Architect, Rogers, Butler and Burgun Architects, New York, N.Y. 10016. 
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fire would be very, very slim, but your quality of life would be pretty 
bad. There is a second point when there is too much fire safety, and that 
is when il consumes a disproportionate share of a given society's budget, 
and there are more pressing problems to be solved. As an example, we 
are working on a hospital project in Nigeria, and, believe me, we don't 
worry about fire safety. We have other problems far more pressing, such 
as the need for water and basic health care services. 

Question 3: what is the biggest challenge in improving fire safety? As 
far as I'm concerned, it is finding an effective and reasonable way of 
retrofitting existing structures with good quality fire prevention measures. 

F. K. Willenbrock—Thank you. Our next speaker is Larry Seigel. Larry 
is a research consultant for the U. S. Steel Research Center. He has been 
active for some time in fire research programs for his company as well as 
the industry in general. 

Larry SeigeP—An advantage of being the second speaker is that you 
can immediately have a disagreement. I think I heard Mr. Bergun say that 
fire standards cannot take us very far, and the first sentence I wrote in my 
notes was, "Fire standards can take us as far as the public is willing to 
tolerate." But I don't think there is any real disagreement, because I 
suspect that is also what he has in mind. The cost of imposing fire 
standards will increase rapidly as the ultimate in fire safety is reached. 
And, of course, there are practical limits in any case because merely 
writing codes does not guarantee compliance with those codes. There 
have been fires that many of us may recall that illustrate that compliance 
did not occur, and, as a result, disasters did. But we must continue our 
efforts to improve fire safety; and to this end, I have heard many good 
suggestions made at this symposium. But the challenge that we face is 
how to implement many of the ideas within the framework of our codes 
and standards systems. Life safety is now becoming one of our major 
goals, and the products of combustion are now being recognized as a 
significant hazard. Methods for controlling the combustion products need 
to be developed, as has been suggested by one speaker at this conference. 
Perhaps the control of combustible materials at the manufacturing level 
may be one direction in which to go. 

For thermal and structural performance of buildings, much has been 
said about engineering design methods, and these should be encouraged. 
But some method of acceptance of analytical design for fire endurance 
under building codes must be developed because such design methods are 
not generally recognized today. It may be necessary to invent new test 
procedures to establish basic performance of structural elements at ele
vated temperatures. Then, by new analytical methods, the complete per
formance of building assemblies may be subject to engineering design. 

'Associate research consultant, U.S. Steel Research Center, Monroeville, Pa. 15146. 
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This procedure is not unlike that currently used in structural design where 
the strength characteristics of small specimens of material are determined 
by standard tests, and the structural performance of the complete as
sembly is then determined by calculation. Such designs are then certified 
by a structural engineer. We may be approaching the time when fire pro
tection engineers will assume similar responsibilities. 

F. K. Willenbrock—Thank you, Larry. Our next panelist is Wolfram 
Becker. Mr. Becker is a civil engineer. He is the head of the Fire Safety 
Technology group of Badische Anilin-und Soda-Fabrik industries in West 
Germany. He is vice chairman of the Deutsche Industrie-Normen Liaison 
Committee on fire tests and has been very active in both international 
and national standardization work. Mr. Becker. 

Wolfram Becker*—First, I must say that I was a little bit in doubt if 
I should sit on the panel because of our different way of life in Germany, 
our different history, and language; I hope this won't cause misunder
standing. 

Let me say at the outset that a fire is an event that threatens health 
and even Hfe, and the possibility of its occurrence can never be excluded. 
The reason why fires can always happen is that, in our daily life, we are 
surrounded by sources of energy that we cannot do without. Fire protec
tion will, therefore, provide only relative safety to men, even in the 
future, because we can't avoid these potential sources of ignition. 

How far we are prepared to carry fire protection depends, on the one 
hand, on the need for safety of the individual, and, on the other, on the 
readiness of society to assume the burden of preventive measures. We 
cannot say today what hazard threshold will be acceptable to the indi
vidual and to society in the future; this applies as much to fire hazards 
as to any others. The expenditure and limitations required to attain a 
relative degree of safety are hard to estimate. They will depend greatly on 
the economic situation and on the presence of other threats to life, such 
as war and disease; they must also involve sacrifice of luxury to a certain 
extent. 

In attempting to determine the future direction of fire protection, it 
is helpful to first take a glance into the past. At least until the turn of 
the century, fires presented a potential hazard to whole cities. The last 
great fires occurring in peacetime, in Hamburg, Chicago, and Toronto, 
are still remembered. Up to the end of the second World War, the aim 
of fire protection was clearly to restrict the extent of fire damage to a 
single building. 

Nowadays, we attempt to contain fires within compartments of the 
building involved. The logical development in the future could be to aim 

'Vice chairman, Deutsche Industrie-Normen, and engineer. Fire Safety Technology, 
Badische Anilin-und Soda Fabrik, Ludwigshafen, West Germany. 
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at preventing a fire from reaching the flashover stage. This tendency 
toward a more complex consideration can also be recognized in the de
velopment of standards, test methods for materials, and particularly 
building materials. Testing of the material alone and requirements re
ferring only to the materials, which in the past were considered adequate, 
are being replaced by fire performance assessments of products in the 
situation in which they are to be used. 

Nowadays, we have to consider the consequences of the situation, 
namely considerably more differentiated testing and investigations and 
critical questioning of conventional criteria. This trend will probably con
tinue until the end of the century. We also have to get away from the 
idea of the single crucial experiment or test that can be regarded as the 
touchstone for prophecying fire risks. 

In the future, the performance of a particular arrangement of products 
will be based on the results of a large number of tests involving various 
forms of thermal attack. 

And now to answer the three questions: If we continue as we have be
gun, we should be in a position to make a real contribution to improving 
fire safety standards by adequately limiting hazardous situations and by 
relating experiment to practice. 

Fire tests will, however, give no answer to the question of how much 
fire protection is needed. It might give an answer to the question how 
much fire protection is available. There will probably never be enough 
fire safety because human beings cannot stand the effects of even the 
smallest fire. 

F. K. JVillenbrock—Thank you, Mr. Becker. Any questions? 
Our next speaker establishes a bit of the pattern we had in mind. We 

first asked Mr. Burgun, who is an architect, to speak. We then had two 
representatives of the industrial community who are concerned with sup
plying products which have fire safety aspects. We now turn to the re
search community, and our first speaker is Professor Witteveen. Profes
sor Witteveen has been carrying on research in this general area. He is 
associated with the University of Tech Delft, as well as with Toegepast 
Natuurwetenschappelijk Onderzoek, and has been very active on the 
International Council for Building, Research, Studies, and Documentation 
and the International Standards Organization. 

/. Witteveen^—I would like to speak on just one item: "What are the 
biggest challenges we face in fire safety today?" Perhaps you expect that I 
will suggest issues concerning scientific or technological problems. How
ever, I don't think that the biggest challenges are in these areas; I feel 

'Professor, Structural Mechanics, University of Tech Delft, deputy director. Institute 
Toegepast Natuurwetenschappelijk Onderzoek for Building Materials and Building Struc
tures, Rijswijk, The Netherlands. 
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that the most important issues are problems of communication. Well, if 
you look at the partners who play important roles in fire safety, we have: 
the authorities, the designers, the fire services, and the fire scientists. All 
those partners have their own responsibilities and their own means to 
meet these responsibilities. I believe that, until now, the developments in 
the respective areas have taken place in isolation. As an example, research 
on improvements in firefighting has had little impact on research and 
standards on structural fire problems, and vice versa. Also the research 
output has had little effect on building regulations. In order to arrive 
at an effective fire protection situation, the developments should be 
interrelated. This means that the fire scientist must be aware of the needs 
and responsibilities of the other partners, and vice versa. This suggests 
that there is a need for communication in order to arrive at an integrated 
system. Recent tendencies, however, lead to a growing gap between the 
partners. They often seem to be talking completely different languages 
and focussing on their own limited responsibilities. I think breaking this 
trend is the major challenge in improving fire safety. 

F. K. Willenbrock—Thank you. Any comments from the panel? If not, 
I will call our next speaker, Dr. John Lyons, Director of the Center for 
Fire Research at NBS. 

/. W. Lyons'^—The first question is how far can standards take us? I 
would agree with the other gentlemen who've said that, in and of them
selves, they can take us nowhere. However, if standards are properly im
bedded in building codes and in other regulatory measures, or, indeed, in 
the consciousness of our people, I think they can take us very far. The 
Center staff has, for the last year, in response to new Federal legislation, 
been looking at the question of how far technology can take us, given a 
reasonable level of technical effort in both the Federal and the private 
sectors. We estimate that, if we do those jobs that we are confident can 
be done in the research or engineering area, and if the results of this work 
are properly implemented by the rest of the community, a reduction of 
fire loss in this country of greater than 40 percent is entirely possible. 
This is just from the research component, and that leaves out the contri
butions of all the other things that one can think about that one might do 
about fire. So, I think standards can take us a long way if they're con
sidered a part of this broader effort. 

"How much is enough?" is a question that I think should properly be 
directed to the highest-level policy makers in our country. It would be 
presumptuous of me to try to answer that, but I will give the answer that 
the people's representatives in the United States have given. The Con
gress, in response to the National Commission's report, "America Burn-

' Director, Center for Fire Research, National Bureau of Standards, Washington, D.C. 
20234. 
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ing," has certainly indicated its agreement that this country ought to try 
to cut its losses by half in a generation, and then we'll see whether we 
wish to cut them further. And finally, what is the greatest barrier? Let me 
address that strictly as a research question, because I think, if you 
broaden the question, you get into the issue of public apathy and indif
ference which is, perhaps, the biggest part of our difficulty. In the re
search area, I think Mr. Roux's speech yesterday highlighted the point 
better than I can. I think the biggest barrier is in providing the connecting 
links between, in, and among the various things we know how to measure 
or can learn how to measure, so that we can relate these things to the 
overall risk or potential for harm (as Hank Roux put it). Then, of course, 
if we can do that, I think we can devise the control measures to set or 
control that potential for harm at whatever point society wishes it. 

F. K. Willenbrock—Thank you very much. Are there any questions the 
panel would like to raise? If not, we will now turn to our next speaker. 
Bob Blake. Bob is Director of Planning and Development for the 
Facilities Engineering and Property Management in the Department of 
Health, Education, and Welfare (HEW). Bob used to be a member of the 
National Bureau of Standard (NBS) Center for Building Technology. 

Robert Blake^—Thank you, Karl. "How much fire safety is enough?" 
To sketch out a quick response to that question, or better, to rationally 
approach the question, we need a preface statement that shows the HEW 
accountability for fire losses, particularly loss of life in nursing homes. 
You are aware that a number of laws govern the Federal assistance to 
State and local agencies for new construction, alteration, mortgage in
surance, etc., for medical facilities. In the case of MEDICAID and 
MEDICARE, the laws require a Federal compliance role to ensure life 
and fire safety of the patient. Pressures on HEW to assume an active role 
in this area in the early 1970's resulted in an HEW/NBS program to 
collaborate in the area of fire safety. It started in mid 1971 and is planned 
to continue until 1979. We can refer to the proposed NBS Flooring 
Radiant Panel Test as a specific example of program results. 

It is now the clear objective of the work going on at NBS on behalf of 
HEW to specifically address the issues of facility cost, first cost and on
going cost, and the probable benefits in terms of life and property safety. 

Public administrators, both elected and appointed, as well as the Civil 
Service, have not traditionally been pressed to explicitly and openly con
sider economic costs and benefits. Rather, an American ethic has pre
vailed that seems to say we can do what needs to be done if we will only 
generate the resources from our limitless supply to satisfy the need. 
Things are different now. Government at all levels seems to implicitly 

' Director, Office of Planning and Development, Department of Health, Education, and 
Welfare, Washington, D.C. 20201. 
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understand that there are limits to growth, and that, when waste oc
curs, such waste of public capital funds is actually a waste of savings, and 
savings wasted are gone forever. If waste is too strong a word, then per
haps we could say less than useful expenditure of public capital funds. It 
is our clear expectation that the NBS Center for Fire Research will de
velop the tools that will make it possible for government facility pro
grammers and the architect engineer to better articulate to the public at 
large the economic cost choices and the benefit alternatives in the area 
of life safety. 

F. K. Willenbrock—Thank you. Bob. If there are no questions for 
Bob, we will turn to your next speaker, Joe Clark. Joe was also a member 
of NBS until a short time ago when he played a very key role in helping 
the new National Fire Prevention and Control Administration get under
way as its first Acting Administrator and now as Associate Administrator 
for Fire Safety and Research. 

J. E. Clark'—I think whatever remarks I might make would echo what 
Bob Blake has just said, which is that defining the alternative solutions 
to fire safety problems is one of our greatest challenges. Standards are 
certainly among those solutions. Presenting in an open forum the basis on 
which we choose from among those alternatives and noting that there are 
costs as well as benefits associated with whichever one we might choose 
are important. I don't think that there is much I can add, except to 
say that, in the area of nonregulatory solutions to fire safety problems, 
there are alternatives that have not been addressed very much by public 
policy makers. The questions of incentives, whether they be economic in
centives or even psychological and motivational incentives, introduce 
other kinds of approaches that need to be investigated, along with regu
latory and standardization approaches. Perhaps the Federal Trade Com
mission will have another view. 

F. K. Willenbrock—Jot almost introduced our final speaker. No panel 
in Washington would be complete without having a lawyer aboard. So we 
are happy to have Eric Rubin here. Eric is from the Federal Trade Com
mission (FTC). He is concerned with compliance and consumer protec
tion. He has been very active in the fire area through some recent FTC 
actions. Eric. 

Eric Rubin^—My involvement is that of a lawyer, and I guess that 
speaks for my expertise by itself. I think, though our involvement has 
been in respect to polymeric materials, I should make it clear that what I 
am going to talk about goes for traditional as well as polymeric mate
rials. 

What is the greatest barrier to progress? Well, as a layman, when we 

'Associate administrator. National Fire Prevention and Control Administration, U.S. 
Department of Commerce, Washington, D.C. 20230. 

' Assistant director for compliance, Bureau of Consumer Protection, Federal Trade Com
mission, Washington, D.C. 20580. 
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first got involved in fire issues, we were absolutely appalled at the archaic 
state of the art with respect to the technological understandings of the 
phenomena itself. My impressions have remained, right from the start, 
that the emphasis has always been on insurance and property protec
tion, and that is fine, but the focus has got to switch, and it's got to 
switch fast. I believe it has begun to switch, obviously to basic under
standing of what goes on in the fire compartment, the understanding of 
materials, and their interrelationships. Obviously, John Lyons' effort is a 
key to my survival, but it is also a key to these issues. I think, when we 
have some better technological answers, we can begin to make the types 
of tradeoffs that the first speaker addressed. Then we will know how 
much safety is enough. I think safety is like pornography, just as some
one has said, "you know it when you see it." I don't think we even have 
enough data right now to know what we are looking at. Secondly, one 
issue which really concerns me is that of how far standards can go. I 
really don't know how far standards can go or cannot go. If they double 
John's budget, they could go a lot farther than they would where it 
stands. Before standards go anywhere, I think there is a world of things 
that need to be recognized. First of all, I think standards need to focus on 
end-use and on end-use constraints. That has not occurred in the past, 
and that is a large part of the problems that I have been concerned about. 
And I think, secondly, industry has to begin to get itself in a mood (when 
I say industry I really mean the fire community), which is much broader 
than private industry, has to begin to put itself in a position to disclose 
characteristics of products as they begin to understand them. They have 
to be disclosed to consumers; I mean that in the broadest sense, not to 
me and my mother. They have to be disclosed to the fire protection 
people also so that they will know what they are doing when they go into 
a building. The problem, from my casual observation, is that people 
fixate very quickly on any given test. I think that a part of the problem 
with the standards-setting function is that penchant, and it's under
standable, but there has to be some greater flexibility because, as I said, 
the state of the art is evolving. That's what this conference is about. 
And, as the state of the art evolves, the process has to be flexible enough 
to evolve with it. It can no longer be fixated, and that goes for standard 
setters, standard users, and for certifiers as well. Everyone has to become 
flexible. One other casual observation is that I think building code 
authorities, never mind the Federal Trade Commission, have to seriously 
take responsibility and seriously consider themselves as regulators and be
gin to really flex and to make some hard judgments. I think that there 
has been a lot of abdication in that area. That should be enough to send 
three or four people up the wall. 

F. K. Willenbrock—We are now going to allow equal time for other 
people who would like to speak on this subject. John has asked to speak. 

J. W. Lyons—I would like to make a comment about what Eric has 
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said. I was most embarassed to discover, in working with Eric, that I 
couldn't answer his most basic questions. He wanted to know what re
liable, well-grounded scientific test method we had to evaluate the hazard 
of a product, and, you know, in three years, I haven't answered the ques
tion yet. We really don't have such a test. That is embarassing because 
one could say to the Bureau, you have been doing fire research for 70 
years, how come you don't have an answer? It is a difficult problem, but 
I have appreciated the chance to try to instruct Mr. Rubin and the Federal 
Trade Commission. 

F. K. Willenbrock—Are there other panelists who wish to comment? If 
not, may we have comments or questions from the floor? Would you 
please identify yourself, confine your remarks to no more than 3 min, 
and please end with a question? 

/ . V. Ryan^^—l have a comment parallel to your first question: "How 
far can fire standards go?" This is not in a fire area but in a product 
hazard area where we do have some data. One of the first things the Con
sumer Product Safety Commission addressed was that on safety of bi
cycles. An analysis made on an in-depth study showed, if I remember cor
rectly, 17 percent of the accidents could be traced to a defect in the bi
cycle and 83 percent to a defect in the way people, often children, used 
the bicycle. I choose the bicycle because I don't know enough to give you 
numbers on the fire area, but this relates to what Joe Clark was saying 
about nonregulatory approaches and, a little less specifically, to what 
Armand Burgun was saying about social values. In many cases, a 
standard can only take us part way because that is all that can be ad
dressed through regulation. My question is, is there anyone up there or 
out here who disagrees with me seriously? 

F. K. Willenbrock—Does anyone disagree with Jim Ryan? I see Bob 
Blake has offered to disagree. 

Robert Blake—No, I'm going to start off by agreeing with Jim Ryan, 
and I will relate to you a little scene out in Chicago when the architects 
and engineers representing the states for the midwest met there at the 
HEW Regional Engineers Headquarters. The issue was alarm and com
munication in nursing homes and related regulations. All the architects in 
the state governments were banging on the Feds (you know that's the 
way it goes) with regard to the regulation. The air was cleared rather 
quickly and well, I thought, by the architect from the state of Michigan 
who sort of swept it aside and said that alarm communication is not 
necessarily associated with mousetrap devices but that it could rely on 
some common-sense approaches in training. In a nursing home, this could 
involve doing some drills, etc., and that would not require reliance on de-

'° Assistant to the director. Office of Standards Coordination and Appraisal, Consumer 
Product Safety Commission, Washington, D.C. 20207. 
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vices which tend to become expensive which they couldn't afford anyway. 
I think that what he saw was a common-sense approach to a regulation 
which seemed to require all of those nursing home operators in that 
area to install bells, blinking lights, etc., to communicate with deaf, blind, 
etc., people that a fire was going on. This !i a long-winded answer to 
the point you raised, but an important point is that we rely, perhaps too 
much, on devices. We just love gadgets. 

J. A. Burgun—May I just respond to that? Perhaps I was too cryptic 
in the beginning, and maybe I'm pretty much of a skeptic because I've 
been working with the life safety code since 1963 (not that I think it's a 
perfect code because it's far, far from it) and yet only a handful of 
hospitals and nursing homes comply with it. A major reason is that the 
average age of our hospitals ^nd nursing homes in the United States is 
increasing. Primarily, we're just adding something more to something 
that's already there. Even my own buildings don't comply for that very 
reason. We work at Columbia Presbyterian Medical Center, but we just 
add a wing here and a wing there, and we don't have the money to 
make the whole building comply. What has HEW done about it? In 
1970, they came along with the Social Security Administration and 
adopted the Life Safety Code, but they didn't put any money in to cor
rect the deficiencies. All they said was, you aither correct them or we will 
decertify you, and some of the hospitals or nursing homes voluntarily 
withdrew from the program rather than correct. This is not getting it 
corrected, and this is exactly the point I was trying to make. You can have 
an ideal standard, but, until it is incorporated into a building, you haven't 
accomplished much. And it is that implementation that we must ac-
compUsh. Also, HEW has dropped Hill-Burton which has gone out of ex
istence. They don't fund anything anymore. 

F. K. WUlenbrock—Other comments, or next question from the floor? 
H. L. Malhotra"—Can I start by saying that this last week and a half 

has been extremely useful for me. Both the International Council for 
Building, Research, Studies, and Documentation meeting and now this 
symposium have covered a whole range of topics of great interest, rang
ing from fundamental research to standards and codes. Perhaps because 
of my involvement with fire tests over the last couple years in connec
tion with the International Standards Organization, I may be permitted to 
make one or two comments. Particularly, if I may misquote a famous 
saying, I think the fault lies not in our fire tests, but in us. I think we 
have misused them a great deal in the past. I think we have expected too 
much from them, and, when they have not delivered the goods, there 
has been dissatisfaction and a great urge to throw them away. I don't 
think this attitude is the right one. We need to undersand the capabilities 

' ' Fire Research Station, Borehamwood, Herts, United Kingdom. 
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of fire tests, what information they can provide, and what is the best use 
we can make of that information. As you wanted me to end with a ques
tion, I would like to ask, "How do we arrive at a useful level of protec
tion for our buildings?" 

F. K. Willenbrock—We have one panelist who agrees with you. Any 
other comments? John. 

J. W. Lyons—I think. Bill, I would disagree to some extent with your 
opening remarks. I don't think all of our fire tests are all that good. Some 
of them are, and many of our fire tests have a far greater capability than 
we use. We will make a measurement with almost any test. We will re
port a number, and we will throw into the wastebasket all sorts of inter
esting data. For example, consider time dependency. We'll make measure
ments at 30 s, 1, 2, and 10 min, and then throw the data away and report 
only the final result. For example, the tunnel test. Test for Surface Burn
ing Characteristics of Building Materials (ASTM E 84-75), has been 
treated that way in the past. So there's a lot of information there we 
don't use. On the other hand, some of the tests are an abomination. 

F. K. Willenbrock—Other comments? 
Wolfram Becker—May I counter Jim Ryan's statement about the 83 

percent drivers who are involved in accidents. The problem is that these 
drivers are a very bad risk, and they are involved in accidents. If I trans
fer this to our fire protection problems, are the careless housekeepers and 
those engaged in setting fires a part of our problem or not? If they are, 
it seems to me that we will have a real problem. If they are not, then we 
underestimate the risk, and perhaps this may be a key point, a challenge 
for the future, to get better figures on fire loss. And if you find out, with 
your new National Fire Prevention and Control Administration, that this 
is a key point, then perhaps you can succeed in reducing your fire losses 
in life and in property by 50 percent in the next generation. If not, what 
then? Will you turn the screw and ask for more severe fire regulations 
and so on so that you can't build any building anymore? You can't use 
any heating device, and so on? What advantages are there in that? This is 
a big challenge, and we have no answer. Today, what can we do when the 
people are aware of the risk and are setting fires more or less deliberately? 
Thank you. 

Larry Seigel—Karl, along with this matter of getting more information, 
I'm reminded of a remark that Walter Berl made yesterday along the line 
that he was suspicious of the 12 000 death figure that has been quoted 
over and over, and he thought it was something more like 6000. Now, 
whether he's correct or not, the fact that he suspects this arouses my con
cern because I certainly have respect for Walter's opinions. If we could 
prove his 6000 figure, we'd have a 50 percent improvement in fire safety 
immediately. Being a practical sort, I suggest perhaps we'd better look at 
those figures. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PANEL DISCUSSION 323 

F. K. Willenbrock—Jim Ryan's question reminds me of a story that I 
Fieard quite a while ago, before the Consumer Product Safety Commis
sion was in being. The tractor manufacturers were concerned about the 
safety of farmers using tractors. They decided that one of the problems 
was that the tractors rolled over too frequently, and the farmers would 
have greater protection if roll bars were put on. So the manufacturers put 
roll bars on. But they found that the statistics came out just as they were 
before, the same number of accidents. It turned out that the farmers were 
using their tractors to go up higher hills because they had roll bars to 
protect them. In some ways, you can get beaten at your own game. Are 
there other questions? 

C. A. Clark'^—On the subject of life safety, the discussion just came 
down to that 12 000 figure again. I think we need to say something about 
that. I don't know how good that figure is, either, and I also don't know 
how good the figures were, let us say, in the copy of the Handbook of 
Fire Protection that I have dated 1940. At that particular time and for 
some years earlier, the fire deaths in the United States were listed at 
10 000. From then until now, which is roughly 36 years, we have had, I 
guess, a doubling of the population in the United States, so, effectively, I 
think the goals that we talk about and those that the fire community, in 
the meantime, have been working on have been in the right direction and 
have shown results. Now, I think that is very good. My question is, will 
we be able to identify realistic goals as well for the future with the help of 
the National Fire Incident Reporting System and the Johns Hopkins type 
of fire death cause studies? 

J. E. Clark—I would like to make a comment on that. It seems to me 
that, so often in the Federal government, when the way is cleared for 
attack on a problem, the priorities, at least in quite a general way, have 
already been established for you. 

Money may become available to work on safe exits from dead-end 
corridors, when, in fact, that money might be more cost effectively spent 
on smoke detectors or public education. There is relatively little hard 
questioning of the basic public policy issue of how we set the priorities 
for the different attacks that we mount. As resources become available 
and several years from now we approach that asymptote, as we always do 
in the funding curve, we will need to worry about which are the top prob
lems. In fact, we have some difficulty in the National Fire Prevention and 
Control Administration (NFPCA) getting agreement among our manage
ment team as to whether or not death should get a higher priority than 
injury or property loss. It does present a stimulating and important topic 
for discussion, and it does result in substantially different kinds of pro
grams, depending upon how you establish priorities among those three. 

'^Senior development scientist, B. F. Goodrich Chemical Co., Avon Lake, Ohio44012. 
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Finally, our inability even to measure those losses accurately and precisely 
is terrifying. 

J. W. Lyons—\ would like to add to that one point I think is of 
interest. If you look at the fire statistics for the year 1900, as a member of 
my staff did, you can estimate that the efforts of the fire community, 
primarily the efforts of the code officials, the fire services, and really the 
effect of the fire endurance concept, cut the fire death loss rate, that is 
deaths per million, by a factor of four from 1900 to this time and the 
property loss by a factor of two in constant dollars. So the efforts over 
the last 75 years have been very, very productive indeed, and I would not 
want anyone to think that we haven't been doing anything. That might 
have been one of my answers to Eric when he asked me what we have 
.been doing. We have been doing something but that was generally pro
viding protection from the multiple loss fire in large buildings. 

Secondly, if you do look at the retrospective fire fatality statistics, 
NFPA has details on a very clear category of some 27 percent resulting 
from smoldering and flaming fires and furnishings at home. I think I 
indicated yesterday that we estimate some 18 percent of all fire deaths 
come from the upholstered furniture at the scenario of the smoldering 
fire. When you have a scenario that is that much different, I think five 
times as many deaths as in the next nearest scenario, it is clear that that's 
one place you want to put some priority, and we have. Indeed, we have 
worked on the upholstered furniture standard at the Bureau for four or 
five years. And now the policy makers must decide what to do with it. 
Technical facts are more or less in hand; we can refine them, but they are 
now in front of the Consumer Product Safety Commission, and they, 
fortunately, and not I, have the responsibility to make the next decision. 

That brings me to my last point, and that is the great danger, I think, 
of relying too much on fire investigations. We must remember that, when 
we look at fire statistics, we are always looking backwards. And what has 
happened in the past may not be what's going to happen in the future. If 
we change, as we have in recent years, the design of buildings and the 
kinds of materials we have put in, what earthly good does it do us to look 
back over the last 50 years. We got into this in a very difficult way in 
the study in Washington, D.C., of the Metro buses and subways, as some 
of you are aware. Some people who should know better asserted that the 
fire statistics will not support an effort on such vehicles. My answer is, 
of course, that the vehicles in those data bases are mostly very spartan 
and do not have combustibles. The new vehicles are very plush, with com
bustible interiors. So don't overrely on data bases. They are always retro
spective, and the past is not necessarily prologue. 

F. K. Willenbrock—Thank you, John. Our time is up. I want to thank 
our panel members and our alert audience for helping to make this a most 
successful meeting. 
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Summary 

The task of summarizing the message presented by a symposium as 
broadly ranging as this is not an easy one. A technical solution to the 
fire problem is most elusive and yet we are committed to finding one. 

We are, through legislation, in the process of establishing a series of 
new fire safety requirements for consumer and other commercial products. 
It seems only reasonable to consider the benefit: cost ratio derived. How 
can this be achieved if we do not place high priority on some form of 
loss incidence reporting? However, the discussions in this publication 
have raised serious questions as to our ability to define the nature and size 
of our fire casualties even with an accuracy of only about a factor of two. 
We hear that our insistence on states' rights has resulted in important 
variations in the content and even the existence of fire loss records. We 
have difficulty providing adequate incentives to compensate the fire ser
vices for their work in complying with a uniform loss reporting system. 
And yet the need for the resulting information is obviously very great. 
Thus, the progress reported by Tovey on the establishment of a national 
fire incident reporting system is welcome news. It seems likely that we 
will find it necessary to place major emphasis on special studies to 
yield the information required to help us guide and measure the effects of 
each particular remedial action we impose as a means for modifying fire 
loss. 

The work reported by Berl and Halpin suggests that the use of alcohol 
and cigarettes is a major factor leading to many fire fatalities. If further 
special studies were to confirm this suggestion, would it not be appropriate 
to question our continued use of such offenders? The question seems 
to be one of priorities. Perhaps the only reason we have not faced up to it 
in a serious way is the fact that fire is one of the less frequent and visible 
fatal consequences of the use of these materials. This, though, is a 
common obstacle to public appreciation of many fire hazard situations. 

The paper presents again the increasing evidence for the importance of 
the toxic hazard as a basis of fire fatalities. The role of carbon monoxide 
is stressed, but it is encouraging to see evidence of increased technical 
competence in detecting the effects of other gases during post mortem 
examinations. This surely is a field in which increased activity deserves 
support. 

The paper by Bercaw et al provides valuable new information on 
estimating burn severity likely to be associated with fires involving 
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various garment and material types. The manikin model that is being 
used for research studies is exemplary of a high level of fire system test 
methods through which the many components and interacting forces of a 
real fire react to simulate the thermal exposure and thus the burn severity 
a person might experience. The problem is, of course, to provide a test 
method, which can be used on a routine basis, which will yield similar 
data. This paper raises questions concerning adequacy of existing tests 
used by regulatory agencies and suggests that more attention should be 
directed toward heat release characteristics. Studies of this problem are 
currently in progress both in industry and governmental laboratories. 
It seems evident that, as technical sophistication increases, there is in
creasing recognition of the problem of providing test methods which cater 
to the complexities of fire behavior. 

Dr. Friedman's paper on the burning behavior of solids is the first of 
three which provide a review of various aspects of our technical under
standing of the fire problem. This is an excellent review of the subject, 
considering as it does the ignition, smoldering, flame spread, and burning 
phenonema associated with combustion of solids. In studying this paper, 
the fire protection engineer may be impatient that wooden and other cel-
lulosic based materials have not been given more attention. The explana
tion is that, until a competence is developed through understanding the 
burning of ideal fuels, the research worker becomes frustrated with the 
more complex problems of cellulosic and other common fuels. The author 
has surely given evidence of an increasing capability to deal on a technical 
level with the problems of unwanted fires. The emphasis on the need for 
further work on smoldering combustion and radiant heat transfer phe
nomena during fires is well warranted. Clearly we must encourage studies 
in these areas, as well as support means for applying our present under
standing to the fire behavior of the more common materials. 

The paper "Some Problem Aspects of Fully Developed Room Fires" 
by Thomas is a discussion of technical problems faced by a research 
worker today in his attempt to generalize the theory of fire phenomena. 
He suggests three problems: (a) can the factors which are decisive in con
trolling the transition from growing fire to flashover be identified? (b) can 
theory help us understand ways of controlling and extinguishing fires? 
and (c) is it likely that fires involving synthetic polymeric materials will 
result more frequently in explosions than suggested by experience with 
wood-fueled fires? 

The discussion he develops is unconventional and likely to be of greatest 
value to the advanced fire research worker. He suggests that the approach 
he has used is oversimplified but indicative of an increased understanding 
which might develop through further studies. His goals have been out
lined but not reached in definitive form. 

The review paper by Quintiere, "Growth of Fire in Building Compart-
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ments," presents an excellent review of previous work in this field. The 
data on burning rate of various building furnishing items or components, 
given in Fig. 2 of his paper, is a measure of the energy release rate of the 
various fires considered. It presents a most useful summary of presently 
available information. The main thrust of the paper is, however, a dem
onstration of achievements which can be made through the use of com
puter-based fire modeling techniques. By analyzing the various compo
nents known to be important in controlling behavior of fires in compart
ments and assembling these as parts of a computer model, he has ex
hibited a capability of predicting the general burning characteristics of 
such fires. This represents a significant advance in fire research. He seems 
to have properly identified several areas meriting further research work. 
Important among these is a better understanding of the fluid mechanics 
of the fire system and of the interaction of flames and smoke on the 
burning of solid fuels. 

Dr. Wakamatsu's paper on prediction of smoke movement in buildings 
through use of a computer model is illustrative of numerous recent at
tempts to provide an engineering design system for improved fire safety. 
The Japanese have been leaders in this activity. It is understood that the 
techniques described are currently applied in Japan as part of the design 
and approval activities when large buildings are to be constructed. Fol
lowing construction of the building, it would be highly desirable to per
form air movement tests on the completed building to ensure that both 
practical performance and building construction features were as pro
posed when the building design was approved. Such tests should form 
part of a standard building construction inspection procedure. 

The paper by Roux is the first of nine which have been introduced to 
illustrate the ways in which society has tried to come to grips with the 
fire problem. It should be considered in relation to the new policy on fire 
test methods recently adopted by the Board of Directors of the American 
Society for Testing and Materials (ASTM). This defines a fire hazard 
standard as one which can be used to measure the fire hazard of a prod
uct or system in the form and ambient conditions expected during its 
normal use. Roux wrestles with this problem in his paper "The Role of 
Tests in Defining Fire Hazard: A Concept." 

A discussion is presented of the importance of recognizing that both a 
potential for harm (PH) and exposure of people or property (E) terms 
cU'e involved in an assessment of fire hazard. The resulting search for a 
rational way of defining these two factors makes clear the problem we 
all face in providing a technically valid way of evaluating, on an experi
mental basis, the fire hazard associated with a given product in its ex
pected use environment. Roux proposes the use of a series of separate 
fire characteristic test results in deriving the PH term. He outlines the 
currently proposed ASTM requirements for the various possible fire 
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characteristic (FC) tests. But he also refers to the Department of Com
merce mattress flammabiUty standard as an FC test. Caution is necessary 
here. Customary use of fire tests for regulatory purposes has assumed 
that a single test can be used to define the overall fire behavior of a prod
uct. In many cases, this has been accomplished with a fair degree of suc
cess. Tests exhibiting this capability should be classified as of the fire sys
tem rather than fire characteristic type. Such system tests provide an over
all physical and chemical model of some real fire situation. The model 
may be a good one, but, in many cases, it is very imperfect yet continues 
to be used as a predictive model. In general, the fire characteristic test 
usually only measures one of a large number of fire properties of a fire 
system. The mattress flammability test is a fire system test method. 

The two different types of tests must be used in quite different ways, 
and it seems most important to emphasize this fact. In many instances, 
the fire property test will yield a physical property of the material or 
product studied. Such properties can be defined and often measured in 
several different ways. On the other hand, the fire system test result can 
only be defined through reference to the test method used. Obviously, in 
one case, several test methods must be applied to achieve an assessment of 
hazard, while in the other situation, an overall assessment is achieved 
from a single test. 

The paper, "Building and Fire Codes," emphasizes the importance of 
better lines of communication between two groups of officials: those 
charged with regulating building constructional safety and those responsible 
for safe use of buildings after occupancy. The dual regulatory require
ment probably developed as a result of changing occupancy of buildings 
and the resulting continual need to review its nature. Both types of codes 
face the common need for ways in which safety can be ensured in the face 
of continual innovation in type, form, and character of manufacturing 
processes, products, and materials used for building finish. 

The author seems well advised to call for a rational engineering approach 
to the fire safety problem. It is unlikely that we can afford complete 
safety or, as suggested by one of the panel members, that we would enjoy 
it if provided. 

The title "A Place for Voluntary Standards" speaks clearly for the 
theme proposed. It is one of confidence in the voluntary standards devel
opment procedures used in this country today. However, it left unanswered 
several important questions. Is this confidence warranted in the case of 
fire standards? What incentive exists to ensure the development and main
tenance of adequate fire safety standards? Recently, the government, 
through the Federal Trade Commission and the Consumer Product Safety 
Commission, has provided a strong stimulus. Does not the very fact that 
these agencies were formed raise questions concerning the adequacy of the 
voluntary standardization process? The author concludes with assurance 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 20:12:58 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SUMMARY 329 

that, if the voluntary standards are adequate and their use satisfactory, 
there will continue to be a place for such standards. But how do we assure 
these results; on what basis do we assess the merit and appropriate use of 
fire standards? Too often in the past fire safety has only been tested at 
the expense of the public long after initial building occupancy or product 
purchase. It seems quite clear that the ASTM policy on fire standards, 
calling as it does for adequate explanatory material on appropriate use 
and possible misuse of a standard, is a constructive step in forcing a tech-
niccil evaluation of the merit of such standards. 

The Consumer Product Safety Commission is one of the newer federal 
watch dogs for protection of the public from unreasonable accidents. 
Thus, the paper "National Mandatory Fire Safety Standards" by Thomas 
and Willis discusses areas where the government has considered it neces
sary to establish minimum levels of fire safety. It is expected that the pro
cedures which have been established for processing standards will ensure 
that technical advice and information available from industry and the 
public can be considered. While emphasis is placed on unreasonable risks 
and practical corrective measures, it is not clear that the public is informed 
on the cost society must pay for increased safety. Further, there is a ques
tion as to whether these costs are even known. This is a difficult problem 
but surely one that must be faced since it is generallly agreed that socio
economic factors may influence fire casualty experience. Too often those 
most likely to benefit from the remedy seem least able to afford the costs. 

The paper "International Standardization" by Witteveen and Twilt 
stresses the importance of a better degree of uniformity of fire testing as a 
means for reducing barriers to trade. National borders should not, but 
often do, influence international trade. 

The problem is that fire safety matters are not now subject to exact 
solution; a comprehensive fire science has not yet appeared. Thus, many 
fire safety decisions or measurement methods are influenced by subjective 
and practical decisions. The past history of testing for fire safety, at least 
in the United States, has resulted in approval of constructions through 
many costly tests. Naturally, there is reluctance to discard this past ex
perience for the uncertainty resulting from introducing new test methods. 
This reluctance is emphasized when there is no certainty that the new 
methods can be shown to yield more technically valid measurements. 
Thus, change has been slow in revision of fire test methods. 

It is not surprising, therefore, that differences exist on an international 
basis in the requirements expected of building and other elements. It ap
pears that the logical result of this situation is the importance of providing 
more basic and logical methods of predicting fire safety. 

One of the ways society has responded to fire safety problems has been 
an attempt to apply scientific methods to define fire safety. The paper by 
Fristrom presenting a consideration of problems associated with the 
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''Sampling and Analysis of Fire Atmospheres" is evidence of technical 
concern. Here is an outline of the formidable task of characterizing the 
gas atmosphere during a fire. Would the measurements resulting from 
such a complex measurement facility be of value? How would the results 
be applied? 

Perhaps a research study of this type would be useful in characterizing 
the speice, time, and species charactoistics of typical fire atmospheres suid 
thus proAiding a basis for modeling transient conditions and the influence 
of ambient variables on them. Certainly, a more detailed space and time 
map of fire gas components is desirable as a basis for encouraging useful 
reactions which people should exhibit when fire occurs. Perhaps, though, 
there are othCT ways to approach this problem through application of 
thermal-fluid modeling. However, it seems most important that the type 
of problem faced by tlus paper be recognized and addressed. Too often 
we hestf a cry of toxic hazard when only one localized gas analysis has 
been made. 

The paper by Petajan et al looks to the toxic hazard of fire gases. This 
is an area where there has been greatly increased activity recently. It is a 
field of great technical complexity. Essentially, all unwanted fires result 
in toxic combustion products, and the response of humans to them is 
both varied and complex. We can avoid the problem posed by these 
products only by preventing fires. This is most difficult, especially in a 
society which will not or cannot afford the luxury of controls on all build
ing furnishing and occupancy items. Thus, this paper suggests the need 
to F«x>gnize that some components of most fire gases present a toxic 
hazard. It emjdiasizes the importance of identifying materials which, when 
burned, release gases which present an unusual or limiting toxic hazard. 
Tliis seems a most rational position to assume in consideration of this 
problem. It should permit identification of materials which are likely to 
present unususd toxic hazards when exposed to fire and thus obviously 
draerve to be limited in general distribution for public use. 

Thwe has, in the past, been a tendency to assume that the identification 
of the chemical composition of fire gases will provide information useful 
in estimates of toxic hazard. While, in some cases, this may provide a 
provisional approach to the problem, it should only be considered as an 
imperfect stopgap measure. Analytical chemists need to know what they 
are looking for unless the work is to assume the nature of a research 
project. This, together with the fact that fire gases may comprise mixtures 
of many toxic compounds, makes hazard predictions based solely on 
analytical ch^nical data very questionable. 

Finmidal support for research on the fire problem has now developed 
to the stage that we can meet the need for use of animal experiments in 
assessing information relevant to toxic hazard. This is the approach as-
stmied by Petajan and his co-workers. Here we see the use of a fire system 
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test method in an approach to the measurement of the potential for harm 
defined by Roux. It has obvious advantages over synthesizing this property 
from the many fire characteristic measurements which would result from 
the use of fire characteristic property or analytical measurements. 

However, such measurements must be carefully managed if the hazard 
from fire gases is to be derived directly from the biological measurements. 
The exposure factor mentioned by Roux, encompassing as it does the 
modification of fire gas concentration by dilution and the probability of 
human exposure to the products, must be recognized in derivation of 
any estimate of fire gas hazard. Obviously, there is a lot of work to be 
done in this field beyond the many excellent studies now in progress. 

The paper by Benjamin, "Prospects for a Compartment Fire Test," 
exhibits one solution to the problem discussed earlier by Roux, the prob
lem of assessing the overall potential for harm. The procedure proposed 
is one that has been under development by a task group of ASTM Com
mittee E-39. It differs from the procedure proposed by Roux since it 
proposes use of a physical model for prediction of potential for harm 
rather than the integration of individual fire characteristic test results. 
This involves a fire system test, a model of the real fire in which the vari
ous ingredients of the fire situation" are incorporated, fimphasis is placed 
on selection of a relevant scenario, or assumed fire-development chain, 
together with appropriate selection of criteria of performance. 

It seems that this is the type of test which has been called for by the 
Federal Trade Commission and the Board of ASTM. This is a test in 
which the various physical and chemical components of a fire are assem
bled and allowed to interact to yield a result similar to that likely to be 
experienced when a real fire occurs. It comes close to being a full-scale 
fire test. There is, however, a danger of oversimplifying the problem. 
This seems to have been at least partially considered since a range of 
scenarios are allowed for as models of different types of fires. It seems 
likely that the fire safety community will be using tests of this type for 
many years. As these proceedings make clear, there is plenty of work to 
be done. 

A. F. Robertson 
Senior scientist. Center for Fire Research, 

National Bureau of Standards, Washing
ton, D.C., editor. 
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Soot 
Physiological effects, and fire 

fatalities, 46 
Southern Building Code Congress 

International, 211 
Space heaters 

Gas fired, 236 
Safety standards, 238 
Standards development, 236 

Spalding number 
Equation, 103 

Spontaneous ignition (see Ignition) 
Sprinkler systems 

Building codes requirements, 213 
Standardization 

Constraints, quantification prob
lems, 261 

Definition, 255 
Fire safety goals, 254 
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International, 253 
Approaches, 256 
Conditions, 256 
Constraints, 262 
Information exchange prob

lems, 261 
Prestressed concrete, 260 
Steel structures, 260 

Materials, international organiza
tions, 260 

National systems 
Comparisons, 259 
Status, 258 

Role of voluntary standards, 224 
Standards {see also Mandatory stan

dards; Voluntary standards) 
Aluminum wiring development, 

235 
Clothing flammability develop

ment, 246 
Definitions, 255 
Fabric flammability 

Clothing, 247 
Commercial, 241 
Promulgation authority, 241 

Fire safety, matchbooks, 234 
Fire Tests of Building Construc

tion development, 7 
FlammabiUty 

Children's sleepwear, 243 
* Floor coverings, 242 

Mattresses, 244 
Upholstered furniture, 245 

Television receivers development, 
236 

Standards making 
Role of Federal Government, 227 
System changes, 226 

State Fire Incident Reporting Assis
tance Program 

National Fire Incident Reporting 
System, 24 

Steel structures 
Standardization, international 260 

Structural elements 
Fire endurance building code re

quirements, 213 
Surface heating 

Spontaneous ignition, 95 
Model, 96 

Television receivers 
Fires statistics, 236 
Safety standard development, 236 

Test criteria 
Compartment fire tests fire 

growth, 303 
Testing equipment 

Fabric flammability module, 248 
Thermal radiation 

Effect on burning rates, 105 
Flame emissivity 

Calculation, 106 
Compartment fires, 116 

Thermesthesiometer 
Contact temperature measurement, 

236 
Thermo-Man 

Test manikin clothing fires, 56 
Thermoplastics 

Combustion limiting oxygen index, 
94 

Ignition limiting oxygen index, 94 
Toxic products 

Buildup, full-scale burn, 276 
Toxicants 

Limiting concept, 285 
Toxicity 

Exceptional assessment, 286 
Materials assessment, 285 

Toxicology 
Combustion products, home fur

nishings, 240 
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u 
Undergarments {see also Clothing) 

Clothing fires, role in bum injuries, 
6B 

Underwriters' Laboratories 
Standards, space heaters, 238 
Standards development television 

receivers, 236 
Uniform Building Code, 210, 211, 

212 
Exit requirements, 214 

Uniform Fire Code, 210 
United States 

Fire fatalities per capita, 29 
Upholstered furniture 

Flammability standards, 245 
U.S. Department of the Navy 

Plastics fire hazards research sup
port, 239 

Ventilation 
Compartment fires air flow rate, 

147 
Quantification compartment fires, 

113 
Smoke control requirements, 192 

Window areas compartment fires, 
123 

Venting 
Code requirements, 214 

Veterans Administration 
Plastics fire hazards research sup

port, 239 
Voluntary standards (see also Stan

dards) 
Conflicts with legislation, 226 
Definition, 223 
Future needs, 227 
Insurance aspects, 225 
Legal aspects, 225 
Preparation, 223 
Responsibility, 225 
Usage, 224 

W 

Wall Unings 
Compartment fires, effect on flash-

over, 306,307 
Role in flashover, 137 

Wearing apparel (see Clothing) 
Wood 

Ignition, conditions affecting, 93 
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