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Comment by GBH International on Mine Belt Flammability Regulation
Background

I understand that the Technical Study Panel on the Utilization of Belt Air and the Composition
and Fire Retardant Properties of Belt Materials in Underground Coal Mining, created under
Section 11 of the Mine Improvement and New Emergency Response Act of 2006 (MINER
Act)(Public Law 109-236), and chartered under the provisions of the Federal Advisory
Committee Act (FACA) has issued a report, namely: The Final Report of the Technical Study
Panel on the Utilization of Belt Air and the Composition and Fire Retardant Properties of Belt
Materials in Underground Coal Mining, authored by J.M. Mutmansky, J.F. Brune, F. Calizaya,
TP. Mucho, J.C. Tien and JL. Weeks, published in  December 2007
(http://www.cdc.gov/niosh/minin g/mineract/pdfs/BeltAirFinalReport122007.pdf).

Among other issues, the Panel’s charge was to prepare and submit this report concerning the
composition and fire retardant properties of belt materials in underground coal mining to the
Secretary of Labor, the Secretary of Health and Human Services, the Committee on Health,
Education, Labor, and Pensions of the Senate, and the Committee on Education and the
Workforce of the House of Representatives. I also understand that the panel recommended to
use as a fire test for conveyor mine belts, the BELT test for regulatory purposes, replacing the
Bunsen burner test currently in 30 CFR §18.65, which was based on ASTM D 635 (or UL 94
HB). I also understand that the BELT test was developed by the US Bureau of Mines and is
conducted in a 1.7 m (5.5 ft) long by 0.2 m?) (1.5 ft®) ventilated tunnel. The belt material sample
size is 1.5 m (5 ft) long by 230 mm (9 in.) wide. The sample is ignited by applying a gas burner
to the front edge of the belt sample with the flames distributed equally on the top and bottom
surfaces of the sample. After five minutes, the burner is removed, and the belt sample allowed to
burn until the flames are out. A belt passes the BELT if; in three separate trials, there remains a
portion of the conveyor mine belt sample that is undamaged across its entire width. If, in any of
the three trials, fire damage extends to the end of the sample, the conveyor belt formulation fails
the test. Comparison testing showed excellent agreement for 19 of the belts between the pass/fail
results of the large-scale fire gallery test and of the BELT. Agreement has been reached that this
will be implemented.

It is also my understanding that, on June 19, 2008, the Mine Safety and Health Administration
(MSHA) published in the Federal Register a  Request for  Information



(http://www.msha.gov/REGS/FEDREG/RFI/E8-13633.pdf), with comments due by September
8, as to whether tests exist that can be used for assessing conveyor belt combustion toxicity and
smoke density. Comments need to be identified with “RIN 1219-AB60” and sent to MSHA. The
information collected will result in developing fire test requirements for conveyor mine belts.

Recommendations:

1.

It is now essential that new fire safety regulation be put in place for mine conveyor
belts that requires a suitable fire test, since clearly the Bunsen burner test currently in
30 CFR §18.65 is inadequate. Such a test must provide a higher level of thermal
insult (for example incident heat flux or flame source intensity) than the Bunsen
burner test. It is also important to use a single fire test that can be used to assess all
the problems associated with fires on conveyor belts in the confined spaces of a mine.

It is now well known that the key issue in a fire is heat release. Heat release rate is
the key factor in determining the fire hazard of upholstered furniture and is a much
more important factor in fire safety than is ignitability. The attached paper by V.
Babrauskas and R. Peacock, explains why heat release rate is the most important fire
safety issue. As explained by Babrauskas and Peacock, the effect of doubling the
heat release rate of one product in a standard compartment is that the survival time is
reduced by a factor of more than three times (from > 600 seconds to just 180
seconds). On the other hand, if the time required for ignition of the product is
doubled it has virtually no effect on survival time. It has been shown by a significant
amount of work that some products can release enough heat to get a compartment to
flashover. Flashover is “a stage in the development of a contained fire in which all
exposed surfaces reach ignition temperatures more or less simultaneously and fire
spreads rapidly throughout the space.” As explained by NFPA 555, Guide on
Methods for Evaluating Potential for Room Flashover, flashover occurs when the
surface temperatures of combustible contents rise, producing pyrolysis gases, and the
room heat flux becomes sufficient to heat all such gases to their ignition temperatures.
Therefore it is best to use a heat release test for assessing the flammability of mine
conveyor belt materials.

In terms of smoke release, the question has been posed: is it necessary to test for
smoke release if a material shows excellent fire performance in a heat release or
flame spread test, or is it enough to just develop low heat release products? Recent
work [Hirschler 2004, attached] shows that of five series of tests conducted in room-
corner tests (2 of them in Europe and 3 in the US), with a total of 84 materials tested,
systematically some 10% of the materials (in fact 10 of the 84) give low heat release
but very high smoke release. Therefore, it is important to also assess smoke release
of materials, especially in a relatively secluded environment such as a mine. In the
US, all codes require smoke release criteria for approval of interior finish materials,
even if they meet the heat release and flashover criteria from the NFPA 286 room-
corner test. The code requirements, total smoke release (TSR) of 1,000 m? in the
NFPA 286 room corner test, is roughly equivalent to the 450 smoke developed index



(SDI) criterion used for the Steiner tunnel test. Therefore it is essential to assess
smoke release from mine conveyor belts.

Smoke toxicity is of minimal consequence in fires, since the smoke toxicity of
virtually all normal combustible materials is very similar. The toxicity of smoke in a
fire is a function of four factors; the amount of materials burnt; the distribution of
combustion products within the smoke; the individual toxic potencies of each
combustion product found in the vapor phase; and the duration of exposure. Clearly,
the greater the amount of material burnt the greater the toxicity of the smoke. In fact
although roughly two-thirds of fire victims die from the effects of smoke inhalation, it
is extremely rare for the root cause of their deaths to be that the smoke comes from a
specific very toxic material. Fire fatalities are usually the result of inhaling too much
smoke of average toxicity. More than 83 percent of fire deaths in building fires in the
United States occur in fires that have become very large so that they extend beyond
the room of origin, and thus generate too much toxic smoke [Hirschler 2006,
attached]. This means that very few people actually die in fires that are small and that
fire deaths are rarely due to burning or heat effects, even in small fires. All
combustible materials release carbon monoxide (CO) when they burn. Once a fire
has reached flashover — the moment when every combustible in the fire area is
burning and the temperature exceeds 500°C — roughly 20 percent of the mass lost
from the combination of any material has been converted into carbon monoxide (CO).
This is almost irrespective of fuel composition or ventilation [Debanne et al., 1992,
Hirschler 1994, both attached]. Most fire fatalities occur only after flashover. Thus,
the smoke from fires that have reached flashover contains a baseline toxicity from
carbon monoxide. The smoke toxicity from fire effluents other than CO is of little
consequence, since there is enough smoke toxicity from carbon monoxide to cause
fatalities. Under conditions where flashover is not achieved, smoke toxicity is
calculated (with the N-gas model) by adding the contributions to overall smoke
toxicity from each individual toxicant found in the smoke (or in the vapor phase). In
a simplified approach, the overall smoke toxicity can be calculated under the general
assumption that all smokes are similar in toxicity. This means that the overall smoke
toxicity of most materials or products is very similar, and not that every component in
smoke has the same toxic potency. With this approach, it is sufficient to assess an
overall mass loss, and the criterion for the concentration time product (Ct) for
lethality can then be considered to be 900 g min/m’. This is consistent with various
calculations that have been made by summing up abundant data from multiple
sources. In general, the values of toxic potency of smoke have been found to range
between 15 and 30 g/m’, leading to Ct products of 450 to 900 g min/m’® (for a 30
minute exposure, which is typically used in smoke toxicity tests). With the lesser
toxicity (i.e. higher value) criterion in a normal size room that has a volume of about
36 m°, lethality results following an exposure to the smoke resulting from burning no
more than some 10 kg in just over 3 minutes (actually, a mass loss of exactly 10.8 kg
over the 3 minutes). Therefore testing specifically for smoke toxicity is unnecessary
and would deviate from a real effort to improve fire safety. See smoke tox101ty scale
figure below.
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If the mass loss approach is not used, the overall smoke toxicity can also be
calculated in more detail as a fractional effective dose (FED) using the formula
shown in Equation 1. In Equation 1, }; (from 1 to n), corresponds to the summation
of the effects of each one of n toxic gases, Y (from t; to t), corresponds to the
summation of the relative concentration-time effects of the toxicants at each
individual time increment (usually 1 min). C; is the average concentration (in ppm) of
the toxic gas "i" over the chosen time increment At and (C t); are the specific lethal
exposure dose (concentration-time product, in ppmemin). Fractional Effective Doses
(FEDs) can be determined for each toxic gas (from 1 to n) at each discrete increment
of time. The time at which their accumulated sum exceeds the lethal toxic dose
represents the time available until lethality sets in with the actual concentrations
measured. With this analysis, smoke toxicity depends both on the concentrations of
toxic gases and on the intrinsic toxic potency of each component of smoke. This
analysis is also based on the concept that the effects of both asphyxiant gases and
irritant gases are a function of their dose (i.e. concentration and duration of exposure)
and not simply of their concentration (as shown in studies of baboons and rats).



Abundant work has shown that the N-gas model should not be limited to asphyxiants
and that the effect of irritants is also dose-related and should be added to the FED
equation, including work by the FAA, by NIST and by SwRI [Hirschler 1990, 1991,
1994, 1995, 1999, 2000, 2006, Kaplan et al. 1989, Hirschler and Grand 1993, all
attached].

FED=3,Y,[Ci+At]/(Ct) {Equation 1}

Typical lethal toxic potencies (in volumetric units of parts per million, ppm, for
30 minute exposures) for the major toxicants are:

LCso CO: 4,000-5,100 Units: ppm
LCso HCN: 150-200 Units: ppm
LCso HCI: 3,700 Units: ppm
LCso HBr: 3,000 Units: ppm
LCso HF 2,500-2,900 Units: ppm
LCsy Acrolein: 90-200 Units: ppm
LCso O, (oxygen depletion): - 54,000 Units: ppm

This information can be used if desired, but it is not necessary for regulation.

An analysis of irritant gases shows that the scare about them has no foundation. The
issue of smoke toxicity of individual toxicants is some times incorrectly addressed by
separating asphyxiants from irritants. Asphyxiants are always properly addressed by
using the N-gas model, whereby the fractional effective dose (or FED) for toxicity by
asphyxiants is the summation of the exposure dose of the individual toxic gases,
based on their individual concentration at each time period, just as in Equation 1.
However, some people assume that irritant gases have no effect on FED for
asphyxiants, a statement which is patently incorrect and is not based on any published
scientific work. Thus, they assess the effects of irritants based on the bizarre concept
of “incapacitating concentration” for dealing with irritants. This concept eliminates
exposure time considerations, so that incapacitation occurs only after adding the
effects of exposure to a toxic concentration at every time period. This means that as
soon as a critical concentration of an irritant is reached, the victim is instantly
incapacitated. This approach is reminiscent of denigrated concepts in use many years
ago when people talked about “instant clampdown” resulting from PVC [poly(vinyl
chloride)] smoke and developed “correction” factors when dealing with the toxicity
of PVC smoke to make it look worse. The concept of “incapacitating concentration”
is particularly unrealistic for people who have worked in a chemical research
laboratory, where it is not uncommon for emissions of irritant gases (e.g. hydrogen
chloride) to occur. However, there is no evidence that incapacitated researchers are
found throughout chemical laboratories. It is worthwhile remembering also that
human exposures to various toxic gases (especially including irritants) have been



conducted in Europe, in the late 19™ century and early 20™ century [Hirschler 2006,
attached]. All of that work was summarized in a modern publication [Hinderer and
Hirschler 1990, attached]; it clearly showed how researchers were able to continue
being active and alert during exposure to high concentrations of irritants. Some of the
experimental results of that work on humans are worth repeating:

Lehmann 1886: A 30 year old man was exposed for 12 minutes to 600 ppm min
of HCI. He had available a gas mask which he could use to breathe if conditions
‘became intolerable. He found working in the room absolutely impossible after 12
min, part of which was spent outside. He had some irritation of the respiratory
system (nose, larynx), irregular respiration solely through his nose, chest pains
(needle-like sensation), shortness of breath, no eye irritation and no acid taste.

Matt 1889: Three experiments were conducted, designed to address safe work-
place concentrations of HCI and did not involve concentration which were
incapacitating or lethal. On 12/13/1888 three men were exposed to 100 ppm min
of HCI for 10 min. They experienced cold and acid sensation in nose, mouth and
throat, no effect on their eyes, a slight discomfort in their larynx, trachea and lung,
as well as some secretion and coughing. One man had slight head and chest
pains. All men recovered immediately on leaving the HCI atmosphere. On
12/18/1888 one man was exposed to 1,050 ppm min of HCI for 15 min. He
experienced little eye irritation, some irritation on breathing through the mouth,
somewhat artificial respiration, irritation in the nose, throat, larynx, trachea and
sternum, including “scratching” feelings and coughing. he had to exit the room
because of chest pains. He experienced slight headache on termination of the
experiment, which disappeared very rapidly. On 12/13/1888 one man was
exposed to 1,500 ppm min of HCI for 15 min. He experienced slight irritation in
his eyes, abundant tear secretion, a strong feeling of coldness and irritation in the
nose, mouth, throat, larynx and trachea. His respiration was enhanced and his
salivation increased. He experienced strong coughing and a sensation of heat in
the head, forcing him to exit the room. On reentry, he experienced abundant
coughing and catarrh. After the experiment he felt a slight headache and catarrh,
which disappeared soon. As a result, the author recommended the following
work-place limits for HCI:

10 ppm Work unhindered .
10-50 ppm Work possible but uncomfortable
50-100 ppm Work impossible

Lehmann et al. 1908: A man (one of the authors, Dr. J. Yamada) breathed from a
bottle containing progressively higher concentrations of HCI for periods of 20, 20
and 5 min respectively, and exhaled into another bottle. The inhaled doses were
4,021 ppm min, 4,107 ppm min and 5,170 ppm min. There were no ill effects
whatsoever on the subject.

In more recent times, it has been shown that irritants (such as HCI or acrolein) do
not cause incapacitation of baboons (primates very similar to humans) or of rats at



dose levels so high that the victim eventually dies of inhalation toxicity after the
exposure. This is a complex concept, but is critical: when animals have been
exposed to doses of irritants at levels where they died a few days after exposure,
they were still capable of performing the necessary avoidance responses to escape
the exposure, thus not being incapacitated. Interestingly, it has also been found
that incapacitation from asphyxiants occurs. at levels very similar to those leading
to lethality, and not at levels an order of magnitude lower.

* Thus, the type of statement frequently made regarding the inexistence of
data on human exposure (or primate exposure) to irritants is misleading. This
should not be used as excuse for presenting other concepts that have not been
validated by experiments. Moreover, the pungent odor of most irritant gases (and
their low odor detection level, often in the order of 1 ppm) means the warning
appears at levels much lower than those at which any effect occurs. This is
usually not being considered.

In consequence, irritant gases, such as hydrogen chloride, are of similar concern from the
point of view of smoke toxicity as other gases and require no special concern.

Acid gases, such as hydrogen chloride, there is another issue that makes them less of
a fire hazard problem: decay. Hydrogen chloride decays so that the airborne
concentration is much lower after a short travel distance than it was when it was
released. This has been discussed extensively and has been incorporated into fire
hazard models [Galloway and Hirschler 1991, 1992, attached]. What this means is
that there will be very little hydrogen chloride left to breathe at a short distance away
from the fire.

I understand that the BELT test has been around for many years and that there is a
significant amount of experience regarding its use with conveyor mine belt materials.
However, the test is a fairly simplistic test that probably cannot be modified in order
to be used to make smoke obscuration measurements.

A number of fire tests exist that can be used to assess smoke obscuration, including
the NBS smoke chamber (ASTM E 662), the ISO smoke chamber (ISO 5659-2,
ASTM E 1995) and small scale or large scale heat release tests [Hirschler 1990, 1991,
1993, all attached]. The ASTM E 662 and the ISO 5659-2/ASTM E 1995 tests are
closed chambers which do not have recirculating air. They are perfectly reasonable
as sources of data on materials but the data cannot be correlated with real-scale data,
for two reasons: (1) if a material does not burn much but releases a lot of smoke per
unit mass burnt the closed smoke chambers (either of them) will give the impression
that it releases a lot of smoke but it probably will not release much actual smoke in
real fires, and (2) the data from the closed chamber smoke chambers is not well
correlated with data from large scale/real scale fires [Hirschler 1990, 1991, all
attached]. Moreover, the smoke chambers cannot be modified to measure heat
release or flame spread in addition to smoke obscuration.



10. It is very important to measure smoke in a manner that can be used to assess realistic
fire hazard. There are several tests that can do that. In a small scale, the tests are the
cone calorimeter (ASTM E 1354), the Ohio State University calorimeter (OSU,
ASTM E 906) and the FM Fire Propagation Apparatus (FM FPA, ASTM E 2058).
All three of these tests are excellent for assessing ignitability and both heat release
and smoke release on the same sample. The data can also be used to extrapolate to
full scale heat and smoke release. In fact all of them are being used for regulatory
purposes at present. For example the cone calorimeter is being used to assess a
variety of materials in codes, including children’s playgrounds materials (at an
incident heat flux of 50 kW/m?), waste containers(at an incident heat flux of 50
kW/mz), cleanroom materials and train interior materials (at an incident heat flux of
50 kW/m?) and is the most widely used fire hazard fire test instrument in the world
today, and is available to many (if not most) manufacturers of plastic materials and
additives [Hirschler 2007, 2008, both attached]. The OSU calorimeter is being used
for virtually all interior materials in aircraft (at an incident heat flux of 35 kW/mz), by
the Federal Aviation Administration (FAA) and the FM FPA is being used for
cleanroom materials and cables (at 40% oxygen {compared to ca. 21% oxygen in air}
and an incident heat flux of 50 kW/m?). The use of high oxygen content is equivalent
to increasing the heat flux significantly. All three instruments are available
commercially from fire test instrument manufacturers.

11. All three instruments described above can be used at a variety of incident heat fluxes,
which makes it possible to assess the fire hazard associated with more than one fire
scenario. Thus, for example, it would be advisable to use the cone calorimeter at two
incident heat fluxes, ranging from 35 kW/m? to 70 kW/m?, which would cover a
broad enough range of heat insult that is significantly higher than the one in the
present regulatory test (recommended heat fluxes are 35 and 50 kW/m?). The OSU
should be used under the same conditions as the FAA uses it, at an incident heat flux
of 35 kW/m?, because aircraft built to that requirement have a proven fire safety
record. The FM FPA apparatus should be used under conditions that are not as severe
as the way the apparatus is used for cleanroom materials, since the materials for
conveyor belts are not exposed to the extreme conditions (e.g. cleanliness) as in a
cleanroom and the fire hazard is not as severe. The best recommendation is probably
the use of the cone calorimeter, at two incident heat fluxes, 35 and 50 kW/m?, with
measurement of parameters for ignitability, heat release and smoke release that have
been shown to be associated with low hazard.

/M U K s lle,

Dr Marcelo M. Hirschler
September 7, 2008
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Heat Release Rate: The Single Most Important
Variable in Fire Hazard*

Vytenis Babrauskas & Richard D. Peacock

Building and Fire Research Laboratory, National Institute of Standards and
Technology, Gaithersburg, Maryland 20899, USA

(Received 4 January 1991; revised version received 23 April 1991, accepted 25 April
1991)

ABSTRACT

Heat release rate measurements are sometimes seen by manufacturers
and product users as just another piece of data to gather. It is the
purpose of this paper to explain why heat release rate is, in fact, the
single most important variable in characterizing the ‘flammability’ of
products and their consequent fire hazard. Examples of typical fire
histories are given which illustrate that even though fire deaths are
primarily caused by toxic gases, the heat release rate is the best predictor
of fire hazard. Conversely, the relative toxicity of the combustion gases
plays a smaller role. The delays in ignition time, as measured by various
Bunsen burner type tests, also have only a minor effect on the
development of fire hazard.

INTRODUCTION

The 1988 edition of the compilation of fire tests' by the American
Society for Testing and Materials (ASTM) alone lists some 77 tests.
ASTM is only one of many US and international organizations
publishing fire test standards; thus, the actual number of fire tests in use
is at least in the hundreds.? It is customary to divide the actual fire test
standards into two broad categories: (1) reaction-to-fire, or flam-
mability, and (2) fire endurance, or fire resistance.

* This paper is a contribution of the National Institute of Standards and Technology
and is not subject to copyright.

The paper is based on a talk presented at the 1990 Fall meeting of the Fire Retardant
Chemical Association, Ponte Vedra Beach, Florida.
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Reaction-to-fire is how a material or product responds to heating or
to a fire. This includes ignitability, flame spread, heat release, and the
production of various—toxic, obscuring, corrosive, etc., products of
combustion. Reaction-to-fire largely concerns the emission of undesired
things, e.g. how much heat is emitted, how much smoke, or how fast
does the first emission start (ignitability). A reaction-to-fire test is
typically performed on combustibles.

Fire endurance, by contrast, asks the questions: how well does a
product prevent the spread of fire beyond the confines of the room?
And, how well does it continue to bear load during the fire? Such a test
is performed on barriers to fire and load-bearing elements, such as walls,
floors, ceilings, doors, windows and related items.

The scope of the present paper is restricted to reaction-to-fire tests
only.

Manufacturers of resins, fire retardants, and plastic products are
accustomed to describing reaction-to-fire performance according to two
tests: the UL 94 vertical Bunsen burner test® and the limiting oxygen
index (LOI) test.* The LOI test determines under how low an oxygen
fraction a test specimen can continue burning in a candle-like con-
figuration. It has never been correlated to any aspect of full-scale fires.
The UL 94 test was developed to determine the resistance to ignition of
small plastic parts, such as may be found inside electric switches. For
this purpose, it is an accurate simulation of a real fire source. A
problem arises when UL 94 data are used, as they often are, to imply
how large surfaces or objects made of a particular material might
perform. For such situations, when the product is larger than the very
small objects envisioned by UL 94, we wish to ask what the proper
approach is to evaluating the fire performance.

In this paper, we will provide a brief historical overview of
bench-scale reaction-to-fire tests and the relation to hazard in fires. We
will then turn to the meaning of heat release in a fire. We will show that
although bench-scale heat release rate tests were developed quite early,
they could not be put to widespread use without the parallel capability
for making heat release rate measurements in full-scale room fires, as a
basis for validating the bench-scale tests. We will then provide several
examples illustrating the development of fire hazard in full-scale room
fires and demonstrate that the heat release rate is, in fact, the most
essential variable controlling the rate at which untenable conditions
occur. Finally, we will illustrate, by example, the process of combining
bench-scale testing and computational techniques to predict successfully
the full-scale development of fire hazard.
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HISTORICAL BACKGROUND
Early reaction to fire tests

Early reaction-to—fire tests were not developed for general fire protec-
tion use. Instead, the development of tests was first done for very
narrow, specialized product categories. The earliest standard reaction-
to-fire test of which we have a record was for the performance of
fire-retarded wood. In 1902, the pioneering Columbia University
professor Ira H. Woolson started working with the US Navy to develop
a standard test for the burning behavior of fire retardant wood.® This
test (Fig. 1) was called the ‘timber test’ and was used for a number of
years. Later, additional specialized test methods were devised for that
purpose® in the 1920s.

The next reaction-to-fire test of which we have a record was from
1905. After a series of disastrous theater fires, the famed American
engineer John R. Freeman developed a ‘stovepipe’ test for flammable
fabrics.” In this test, strips of test cloth were hung inside a 2-ft-high
chimney, and lighted by excelsior kindling at the bottom. Since this was
not a readily portable test, he also commissioned the development of an

Couple of Le Chatelier pyrometer

A

1" wood blocks

Fire clay
Sheet iron

3 Tuyeres,
tangent opening

Ali dimensions
in inches

Fig. 1. The first-ever standard reaction-to-fire test method, the ‘timber test’.
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alcohol-lamp field test. This was known as the Whipple—Fay test, after
the names of the two persons hired by Freeman to develop the test.
Neither of these became a standard test. The first standard tests for the
flammability of textiles arose in England with the alcohol-cup test of the
British Standards Institution in 1936,% and in the USA with the first
version of the current NFPA 701 Bunsen-burner test, proposed by the
National Fire Protection Association in 1938.°

Flammable fabrics, however, pose a very specialized fire hazard.
These can cause injury if they are garments which are ignited on the
wearer. In addition, in public spaces, curtains and decorative fabrics
can spread fire at a very high speed. Such fires, however, typically burn
only a very short time and are not likely to be directly hazardous to
those not intimately involved with them. The more serious danger
comes from the fact that other combustible materials can be ignited by
such textiles. Thus, for materials such as textiles, which are thin and
have little combustible mass, the main fire hazard that must be
recognized and measured is rapid flame spread. For most other
combustibles, the situation, as we shall see, is different.

Thé need to measure the flammability of additional categories of
combustibles was seen during the late 1930s. This resulted in the first
Bunsen burner tests for plastics being developed in 1940.'° In the same
period, A. J. Steiner, of Underwriters Laboratories, also developed the
Steiner Tunnel Test.!" This was intended primarily for testing flame
spread along cellulosic products, and has since become the main
reaction-to-fire test used in US building codes. The method also
incorporated a smoke measurement and a ‘fuel contributed’ measure-
ment, which can be taken to be a crude form of heat release rate. In
recent years, this ‘fuel contributed’ measurement has been de-
emphasized, and the current ASTM procedure no longer requires that a
specific classification be derived from it.*

Quantifying hazard in fire

During the 1970s it came to be felt that knowledge about the toxicity of
materials was the ‘missing link’ in understanding fire hazard. Thus, a
number of tests were developed and proposed in this area, although
none have yet been accepted by US or UK standards organizations or
by ISO. Nonetheless, methods for measuring the toxic potency of
materials (e.g. the NBS Cup Furnace Method™) started being widely
used in the 1980s. Yet, the data from them could not be treated in a
useful engineering way, since a suitably comprehensive analysis metho-
dology was lacking.
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One of the earliest milestones in the search for methods to
quantitatively evaluate the fire hazard in buildings was a 2-day
workshop on ‘Practical Approaches for Smoke Toxicity Hazard
Assessment’,'* sponsored by the National Fire Protection Association in
February 1984. This workshop convened groups of leading toxicolog-
ists, fire protection engineers, fire scientists, firc modelers, and code
and fire service representatives to study the problem. Later in 1984, the
Toxicity Advisory Committee of NFPA proposed a simple four-step
procedure'® derived from the workshop’s efforts. As the project
progressed, papers were published which discussed the evolving philo-
sophy and structure of the hazard assessment methodology.''” These
papers, and the growing questions regarding combustion product
toxicity, stimulated some early hazard analyses using both hand-
calculated estimates and some of the available fire models.

In May of 1984, the Toxicity Advisory Committee of the National
Fire Protection Association published a procedure for providing ‘order
of magnitude estimates’ of the toxic hazards of smoke for specified
situations.'® In this report, Bukowski based the estimating procedure on
a series of algebraic equations, which could be solved on a hand
calculator. Individual equations were provided to estimate steady-state
values for such parameters as upper layer temperature, smoke density,
and toxicity; and graphical solutions were provided for room filling
time. This work was followed by the more extensive compilation of
such equations for use by the US Navy in assessing fire hazards on
ships.'” Subsequently, the Toxicity Advisory Committee was asked by
the National Electrical Code Committee for assistance in addressing a
toxicity hazard question regarding polytetrafluoroethylene (PTFE)
plenum cables. In providing that help, a hand-calculated analysis was
performed.? This paper concluded for a single, specified scenario, that
the size of room fire needed to cause the decomposition of the cable
insulation would itself cause a toxicity hazard in an adjacent space
before the cable would become involved.

Several systematized procedures for evaluating the fire hazard in
buildings by means of ‘hand-crank’ computations have been put
forth.?"?* Such computations are simple to perform and can be suitable
for estimating. However, the algebraic equations used are limited to
steady-state analyses, and cannot deal consistently with the transient
aspects of fire behavior. A more complete answer requires a computer
to solve the differential equations which describe these transient
phenomena. This is the role of computer fire models.

The computer models currently available vary considerably in scope,
complexity, and purpose. Simple ‘room filling’ models such as the
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Available Safe Egress Time (ASET) model® run quickly on almost any
computer, and provide good estimates of a limited number of para-
meters of interest for a fire in a single compartment. A special purpose
model can provide a single function, e.g. COMPF2* calculates post-
flashover room temperatures. And, very detailed models like the
HARVARD V code® predict the burning behavior of multiple items in
a room, along with the time-dependent conditions therein. In addition
to the single-room models mentioned above, there are a smaller
number of multi-room models which have been developed. These
include the BRI (or Tanaka) transport model*® which served as a basis
for the FAST model included as part of HAZARD I, and the
HARVARD VI code? a multi-room version of HARVARD V. All of
these models are of the zone (or control volume) type. They assume
that the buoyancy of the hot gases causes them to stratify into two
layers; a hot, smokey upper layer and a cooler lower layer. Experi-
ments have shown this to be a relatively good approximation. While
none of these models were written specifically for the purpose of hazard
analysis, any of them could be used within the hazard framework to
provide required predictions. Their applicability depends upon the
problem and the degree of detail needed in the result.

Over the past few years, models began to be used within a hazard
analysis framework to address questions of interest. In 1984, Nelson
published a ‘hazard analysis’ of a US Park Service facility which used a
combination of models (including ASET) and hand calculations.? The
calculations were used to determine the impact of various proposed fire
protection additions (smoke detectors sprinklers, lighting, and smoke
removal) on the number of occupants who could safely exit the building
during a specified fire incident.

In 1985, Bukowski conducted a parametric study of the hazard of
upholstered furniture using the FAST model.” Here, the model was
used to explore the impact of changes in the burning properties of
furniture items (burning rate, smoke production, heat of combustion,
and toxicity) on occupant hazard relative to the random variations of
the different houses in which the item might be placed. These latter
variables were room dimensions, wall materials, and the effect of closed
doors. The conclusion was that reducing the burning rate by a factor of
two produced a significantly greater increase in time to hazard than any
other variable examined. So much so that the benefit would be seen
regardless of any other parameter variation. Results such as this can
show a manufacturer where the greatest safety benefit can be achieved
for a given investment in redesign of his product.

A more recent example of a hazard analysis application is the elegant
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work of Emmons on the MGM Grand Hotel fire of 1980. This work,
conducted during the litigation of this fire was only recently published.*
Using the HARVARD V model, Professor Emmons analyzed the
relative contributions of the booth seating, ceiling tiles and decorative
beams, and the HVAC system, all in the room of origin, on the
outcome of the fire. A report issued by the National Academy of
Sciences®! provides two hazard analysis case studies—one making use of
the HARVARD V model and the other using experimental data. The
cases deal with upholstered furniture and a combustible pipe within a
wall, respectively.

It is fairly obvious that one of the first questions a person might wish
to ask about the hazard of a building fire is ‘How big is the fire?” Thus,
it is exceedingly curious, in hindsight, that until fairly recently there was
no quantitative way of asking or answering this question. Nowadays, we
know that, in quantitative terms, this means, ‘Tell me the heat release
rate of the fire.” We also know that the heat release rate is measured in
kilowatts (kW), or some multiple, e.g. megawatts. We further realize
that this is not the same thing as asking what is the flame spread rate of
the fire. Thus, neither the E 84 flame spread test nor the Bunsen burner
ignitability tests will help us answer this question. It is clear that
knowledge of underlying variables related to burning rate is the key to
understanding and quantifying the hazard in unwanted fires. Measure-
ment of the heat release rate provides this understanding.

MEASUREMENT OF HEAT RELEASE
Small-scale tests

The fuel-contributed measurement done in E 84 does not qualify as a
measurement of heat release rate since it is not in the physically correct
units of kW. The first apparatus in which heat release rate was
measured quantitatively, in correct (albeit, British) units was the FM
Construction Materials Calorimeter. It was developed by Thompson
and Cousins at the Factory Mutual Research Laboratories in 1959.%
This was a medium-scale test, with a specimen size of 1-22 by 1-22 m.
The method was cumbersome to run and has only been used by the FM
system. It is still in use at FM today as part of an approval standard for
steel deck roofs.*

Progress in heat release rate was still not being made, once the FM
test was available, for two reasons: (1) the method was only intended
for testing roof decks; and (2) it was a medium-scale test, and there was
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no room-scale test yet available. If we assume the purpose of a
bench-scale test is to reproduce room-scale fire behavior, it becomes
clear that little progress in developing bench-scale test methods could
be made until heat release rate could be satisfactorily measured in room
fires. During the 1970s the small-scale HRR test which came into the
widest use was the Ohio State University apparatus (ASTM E 906).>
This was accompanied by a room fire model” which used the
bench-scale HRR data to predict large-scale product performance. The
OSU HRR apparatus was appealing for its simplicity even though
substantial systematic errors accompanied the measurement; thus, it
became rather well-known and used in the era prior to when the
profession shifted over to using oxygen consumption based methods.
The OSU room fire model, however, was based on physics approxima-
tions which were not well accepted and, thus, did not play a significant
role in hazard quantification.

During the 1970s Parker*® and Sensenig®” pioneered the use of
oxygen consumption calorimetry as a way of making HRR measure-
ments substantially freer of systematic error. The technique for doing it
has been described by Parker® and forms the basis for all subsequent
HRR measuring apparatuses, both bench-scale and room-scale. As an
example, the FMRC Flammability Apparatus® was developed using the
oxygen consumption technique, but it did not become a standardized
HRR test. In fact, during the late 1970s and early 1980s interest in
bench-scale HRR testing remained rather small. We now realize that
the proper fire hazard assessment role for a bench-scale test is to
predict the full-scale fire behavior.* However, correlations establishing
the successful prediction of the full-scale fire behavior could not be
established until adequate capability was available to measure the heat
release rate in the full scale.

Having established some of the major historical milestones in this
area, we shall examine the current situation in a later section.

Room-scale tests

The first attempt to develop some technique for measuring rate of heat
release in full scale was in 1978, by Warren Fitzgerald, at Monsanto
Chemical.* The Monsanto Calorimeter involved measurements of
temperatures at numerous thermocouple locations, from which a heat
release rate was computed. This method, because of its uncertain
computational premises and its limited measurement capacity, did not
obtain acceptance.

The first room-scale test for heat release rate to win widespread




Heat release rate 263

acceptance was the 1982 draft ASTM room fire test.” This method
forms the basis of all current-day room fire tests, which are only
different in minor details from the 1982 draft method. Peacock &
Babrauskas have reviewed the history of room fire tests in greater
detail;* again, we will return to the current situation later in this paper.

EXAMPLES OF THE IMPORTANCE OF HEAT RELEASE
RATE

To determine what is most important to consider in building fires, we
first Testrict ourselves to ‘typical’ building fires. This means we exclude
as special those fires which are associated with gas or dust explosions,
or where the victims are injured by direct burns from flammable
clothing or faulty appliances. Instead, we consider the typical fire where
occupant death or injury occurs from an ignition source not in
immediate contact with this person, the fire spreads, grows, and then
does or does not result in death or injury. Such fires can be broken
down into their constituent phenomena:“*

ignition;

flame spread;

heat release rate and, closely related, the mass loss rate;
release rates for smoke, toxic gases, and corrosive products.

The real-scale fire hazard can be assessed by tracking incapacitation or
mortality of building occupants during the course of the fire. Increased
hazard is identified with earlier incapacitation/mortality or with greater
total numbers of victims. We now wish to determine which of the above
fire phenomena, and, specifically, which variables, are most strongly
associated with increased fire hazard. To examine the relative impor-
tance of these phenomena, we will consider two examples.

Example I—A single upholstered chair burning in a room

The first example will be a simple case where we consider variations on
a scenario of a single upholstered chair burning in a room with a single
doorway opening. The procedures detailed for HAZARD 1 by Bukow-
ski e al.*® and Peacock & Bukowski* were used to calculate the hazard
for the scenarios. Fire performance data for the burning chair in the
base case were taken directly from the fire properties data base
included with HAZARD 1. To assess the relative importance of several
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factors, the following variations were studied:

base case, single burning chair in room;

double heat release rate of chair;

double toxicity of materials;

halve ignition delay of burning chair from 70 to 35s.

The general development of these fires is shown in Fig. 2, where the
predicted temperatures and CO, levels in the upper layer of the room
are given. Although other gas species could be chosen as indicators of
toxicity, the CO, concentration is representative of the type (and
shape) of curves for other gases. As expected, changing the heat release
rate has a much greater effect than the change in ignition time.
(Although we note that improved ignition performance can also, in
some cases, prevent a fire from occurring. The analysis of product
performance which includes both fires that occur and fires that are
prevented falls into the category of risk analysis, and is outside the
scope of the present paper.) The relative effect of changes in the
toxicity can be seen in Table 1, as calculated from the simulations
illustrated in Fig. 2.

Comparing the results for the four scenarios, it is apparent from the
predicted time to death that changing the heat release rate has by far
the greatest effect on the tenability of the space, reducing the time to
death from greater than 600 s (the total simulation time) to about the
same time as the time to incapacitation for all other scenarios.

In this simple example we have treated the burning product as if its
characteristics were completely uncorrelated, that is, that we could, for
example, change the ignition delay time without altering at all the heat
release rate characteristics. In practice, there is very likely to be some
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Fig. 2. Results of simulations with HAZARD 1: Example 1.
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TABLE 1
Results for Example 1.
Scenario Time to Time to death
incapacitation s)
6)
Base case 180 >600
Double heat release rate 160 180
Double material toxicity 180 >600
Halve ignition delay 140 >600

degree of correlation amongst various of the reaction-to-fire properties
of a product. Thus, it is also of interest, next, to look at the behavior of
some actual tested products.

Example II—Multiply furnished rooms

In the previous example, only the burning in a room of a single item is
considered. For a more realistic, albeit more complex example, we can
turn to the study done by NIST for the Fire Retardant Chemicals
Association (FRCA).* In the FRCA study, five different categories of
products were assembled and tested in full-scale room fires. In one
series, all five products were fire retardant, whereas in the other series
the same base polymers were used, but without fire retardant agents.
The products included upholstered chairs, business machine housings,
television housings, electric cable, and electronic circuit board lamin-
ates. These products were studied thoroughly in full-scale fires, in
bench-scale tests, and by computer modeling. For present purposes,
however, we wish to concentrate on one aspect, the identification of the
most important physical variable in these tests which is a predictor of
the fire hazard.

To do this, we can consider the results in Table 2.

In this test series, the two most important measures of fire hazard
were the time to reach untenable conditions (reflecting hazard to
nearby occupants), and the total toxicity, expressed as CO-equivalent
kilograms (reflecting hazard to far-removed occupants). The differences
between the performance of the FR and non-FR product series were
striking. (Within each series, the different tests conducted indicate
replicates or slight scenario variations.) One might conjecture that the
fire hazard performance could be predicted by the yields of CO
observed for these two series. Clearly, Table 2 shows that such is not
the case. Other variables, such as toxic potencies (LCs, values), derived
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TABLE 2
Results for Example 2.
Products Test Fire hazard condition Predictive variable
no.

Total toxicity, Time to co Peak heat

expressed as reach yield release rate
(CO-equiv. kg) untenable (kg/kg) kW)

conditions in
burn room
G)

non-FR N1 21 110 022 1590
non-FR NXO0 17 112 0-18 1540
non-FR NX1 16 116 0-14 1790
FR F1 2-6 ® 0-22 220
FR FX0 55 1939 0-23 370
FR FX1 6-1 2288 0-23 350
FR FXla 56 1140 0-23 450

from the individual products tested, although more difficult to evaluate,
show the same non-prediction. Likewise, time-to-ignition data for the
five products in the two series show ignition time differences ranging
from negligible to about two-fold. Thus, ignition behavior is also clearly
unable to predict the much superior fire hazard performance exhibited
by the FR products. By contrast, the peak heat release rates, shown in
the last column, delineate quite clearly the difference between the two
series. .

The two examples presented above are only several possible illustra-
tions of an infinite number of possible scenarios; a few may exhibit
different trends. Nonetheless, these above results are consistent with
numerous other studies, such as Ref. 29, and with the detailed
understanding of the physics of room fires.*

PREDICTION OF REAL-SCALE FIRE HAZARD FROM
BENCH-SCALE TESTS

Basically, the same variables—ignition, flame spread, heat release rate,
and release rates for other products of combustion—can be measured in
real-scale fires and in bench-scale fire tests. The ability to measure these
quantities in bench-scale tests has improved enormously since the first
efforts of 1959. It has become accepted practice that all heat release
rate testing—in bench scale, in room scale, and in intermediate scale
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Fig. 3. A schematic view of the cone calorimeter.

(furniture calorimeters)—is done in apparatuses which are based on the
oxygen consumption technique. The most widely accepted are the ones
standardized by the International Organization for Standardization
(ISO). ISO has adopted the Cone Calorimeter as its bench-scale
method (ISO DIS 5660) for measuring HRR.* The same method has
also been issued by ASTM as E 1354.% The Cone Calorimeter (Fig. 3)
has been designed to measure simultaneously, not just the heat release
rate, but also ignitability, smoke production, and the production of a
number of toxic gas species.” For room-scale testing, the ISO room
corner test (ISO DIS 9705) is used.”” For testing products at an
intermediate scale, open-air hood systems, again using the oxygen
consumption technique, are employed. ISO has not yet worked on
standardizing such ‘furniture calorimeter,” but the standard most
commonly specified is the one published by NORDTEST.” The above,
then, comprise the modern toolkit for measuring HRR; while scale and
appearance is different they are unified by using a common measure-
ment technique for making the fundamental HRR measurement.

Even though the very same phenomena are measured in real-scale
fires and in bench-scale tests, it does not mean that there is necessarily
a simple, direct relationship between the two. In very simple cases, this
can be true. For instance, if small-flame ignition is to be assessed, a
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bench-scale small-flame ignition test represents identically the situation
occurring in the real-scale fire.

As we have seen, however, ignition variations compose but a small
component of expected fire hazard. Our primary focus, instead, must
be in predicting the real-scale heat release rate. Since peak hazard is
associated with peak heat release rate, it is then the peak value that we
wish to predict. The first successful example of such prediction has been
for upholstered furniture. In an extensive NIST study on fires with
residential upholstered furniture, it was found that the peak real-scale
heat release rate can, indeed, be predicted from bench-scale Cone
Calorimeter measurements.* However the relationship is not

peak real-scale HRR versus peak bench-scale HRR
but, rather,
peak real-scale HRR versus 180 s average bench-scale HRR.

An average, rather than the peak HRR is needed from the bench scale
due to the physics of burning: at the time the peak HRR is being
registered in the room fire, not every portion of the burning item is
undergoing its peak burning—some portions are already decaying,
while others are barely getting involved. Statistical considerations then
lead to 180 s as a useful length of the averaging period.**

Another example where a more complicated relationship has to be
sought is for combustible wall linings. Wickstrom & Géransson® found
that, for predicting room fires caused by combustible wall linings, the
heat release rate in the real-scale fires was predicted not by bench-scale
heat release rate measurements alone, but by a combination of heat
release rate and ignition measurements, as determined in the Cone
Calorimeter. The ignition time, here, is not used to describe the
ignition event. Instead, it is known that radiant ignition and flame
spread are both governed by the same material properties (thermal
inertia and ignition temperature) of the specimen. Thus, in the
Wickstrom/Goransson method, use of the ignition time data allows the
entire prediction to be made from the use of Cone Calorimeter data,
without needing to introduce a second test for obtaining flame spread
parameters. More complex models are also available®>’ which do
require input from additional tests.

SUMMARY

Reaction-to-fire tests have been in use since the early 1900s. Those
most commonly used for plastics—UL 94 and the LOI test—do not
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predict the development of hazard in room fires. Fire deaths are most
commonly the result of toxic products of combustion. The actual hazard
produced depends on many factors, including the rapidity of ignition
and the toxic potency of the gases. Nonetheless, it is illustrated that the
most significant predictor of fire hazard is the heat release rate. Our
ability to predict this most important aspect of fires is relatively very
recent, since the first standard method for quantitatively measuring
heat release rate in room fires was not available until 1982. During the
1980s, bench-scale techniques for making measurements which can
predict the real-scale heat release rate were defined and put into place.
Thus, all the needed tools are now at hand to enable the correct,
quantitative computation of room fire hazard, based on correctly
designed bench-scale tests.
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and assemblies. In 1982 Annual Book of ASTM Standards, Part 18.
American Society for Testing and Materials, Philadelphia, 1982.

Peacock, R. D. & Babrauskas, V., Analysis of large-scale fire test data.
Fire Safety J., 17 (1991) 387-414.

. Babrauskas, V., Effective measurement techniques for heat, smoke, and

toxic fire gases. In Fire: Control the Heat . . Reduce the Hazard. QMC Fire
& Materials Centre, London, 1988, pp. 4.1-4.10.

Bukowski, R. W., Peacock, R. D., Jones, W. W. & Forney, C. L.,
HAZARD I Fire Hazard Assessment Method (NIST Handbook 146). Natl.
Inst. Stand. Tech., Gaithersburg, MD, (1989).

Peacock, R. D. & Bukowski, R. W., A prototype methodology for fire
hazard analysis. Fire Technology, 26 (1990) 15-40.
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Peacock, R. D., Paabo, M., Twilley, W., Yoklavich, M. F. & Clark, H.
M., Fire Hazard Comparison of Fire-Retarded and Non-Fire-Retarded
Products (NBS Special Publication SP 749). [US] Natl. Bur. Stand., 1988.
Drysdale, D., An Introduction to Fire Dynamics. Wiley, Chichester, UK,
1985.

Draft International Standard—Fire Tests—Reaction to Fire—Rate of Heat
Release from Building Products (ISO DIS 5660). International Organiza-
tion for Standardization, Geneva.

Standard Test Method for Heat and Visible Smoke Release Rates for
Materials and Products using an Oxygen Consumption Calorimeter
(ASTM E 1354). American Society for Testing and Materials, Philadel-
phia, 1990.
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CURRICULUM VITAE
PERSONAL
Date of Birth: May 8, 1947
Place of Birth: Buenos Aires, Argentina
EDUCATION
University: University of Buenos Aires 1966-70

Licentiate in Chemistry. Major: Physical Chemistry

Post-graduate: University of Buenos Aires 1971-75
Doctor in Chemistry. Major: Polymer Physical Chemistry

EMPLOYMENT HISTORY

September 1995 -
Fire Science Consultant
GBH International, Mill Valley, Cahfornla
March 1995 - September 1995
Fire Science Consultant
GBH International, Rocky River, Ohio
March 1991 - February 1995
Fire Science Consultant
Safety Engineering Laboratories, Inc., Rocky River, Ohio
December 1986 - February 1991
R & D Manager - Fire Sciences
BFGoodrich Co. - Geon Vinyl Division, Avon Lake, Ohio
June 1986 - December 1986
Sr. R & D Associate - Flammability.
BFGoodrich Co. - Geon Vinyl Division, Avon Lake, Ohio
August 1984 - June 1986
R & D Associate - Flammability
BFGoodrich Co. - Chemical Group, Avon Lake, Ohio
October 1977 - July 1984
Temporary Lecturer (Physical Chemistry)
Department of Chemistry - The City University, London, England
October 1975 - October 1977
Post Doctoral Research Fellow
School of Molecular Sciences - University of Sussex, Brighton, E. Sussex, England
June 1975 - October 1975
Researcher - Physical Chemistry of Carbons
R & D Department - ALUAR Aluminio Argentino, Buenos Aires, Argentina
March 1971 - June 1975
Post-graduate Research Assistant, Department of Physical Chemistry
School of Pharmacy and Biochemistry - University of Buenos Aires
Buenos Aires, Argentina
March 1970 - December 1971
Undergraduate Teaching Assistant, Department of Physical Chemistry
School of Exact and Natural Sciences - University of Buenos Aires
Buenos Aires, Argentina
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MEMBERSHIP PROFESSIONAL SOCIETIES

= Amer. Soc. for Testing and Materials (ASTM): Subcommittees: E-5 (Fire
Standards), C-16 (Thermal Insulation), D-9 (Electrical Materials), D-11 (Rubber),
D-13 (Textiles), D-20 (Plastics), E-34 (Occupational Health & Safety), F-7
(Aerospace), F-8 (Sports Equipment and Facilities), F-15 (Consumer Products), F-23
(Protective Clothing), F-25 (Shipbuilding) and F-33 (Correctional Facilities)
Canadian Standards Association (CSA)

Combustion Institute (Western States Section)

Institution of Electrical and Electronic Engineers (IEEE)

Int. Assoc. for Fire Safety Science

Int. Assoc. Of Plumbing and Mechanical Officials JAPMO)

Int. Heat Release Association

National Fire Protection Association (NFPA) (Various Sections)

Royal Society of Chemistry (M.R.S.C., C. Chem.)

International Code Council (ICC)

LANGUAGES

English, German, Spanish, French

SOME AWARDS

Interflam Trophy (UK): 1988

ASTM E-5 Certificate of Appreciation: 1989

Wire Association International: Best Electrical Paper 1989.

ASTM Society Frank W. Reinhardt Award for Fire Terminology: 1990.
ASTM E-5 Award of Recognition: 1995

ASTM E-5 Award of Recognition: 1998

Canadian Standards Association: Award of Merit: 1999

ASTM D-9 Award of Appreciation: 2001

ASTM E-5 Wayne Ellis Award from Society Chairman: June 2002
ASTM E-5 Award of Appreciation: 2005

ASTM E-5 Award of Special Recognition: 2006

ASTM D-20 Award of Appreciation: 2006

ASTM E-5 Award of Appreciation: 2007

ACTIVITIES

Marcelo Hirschler Provides Technical Expertise in Fire Safety Including:

Product Liability Expert Witness
Codes and Standards

Fire Safety Research and Testing Projects
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WORK ACCOMPLISHED
Consultancy
Product Liability: Expert Witness on Fire Safety Subjects

Fire safety of mattresses

Fire safety of upholstered furniture

Flammability of textiles, including apparel and protective clothing

Fire safety in transportation, including especially automobiles and trains
Fire properties and fire testing of plastics

Fire properties and fire testing of cables

Smoke toxicity

Smoke corrosivity

Fire hazard

Codes and standards

Fire Research (Public Activities)

Manager Program for Interlaboratory Precision of Intermediate Scale Calorimeter Test
Method (ASTM E1623) (1997-1998)

Technical Coordinator, Fire Protection Research Foundation (NFPA, FPRF) Research
Advisory Council on Transportation Vehicles (2002-06)

Member of NIBS Smotox Steering Committee (1987-91)

Member of NFPRF Risk Assessment Advisory Committee (1987-91)

Session chairman at many fire conferences, including: Fire and Materials (1992 - ), Materials
for Increased Fire Safety at Int. Conf. Fire Safety (Dr. C.J. Hilado) (1987-98), BCC Flame
Retardancy (1990-2005), Int. Assoc. Fire Safety Science, Combustion Institute, American
Chemical Society Fire & Polymers, Fire Retardant Chemicals Association.

Editorial

Associate Editor, Fire and Materials Journal (1991-)

Editor: Flame Retardancy News (2005)

Editor: Fire Safety & Technology Bulletin (2006 - )

Member Editorial Board Journal Fire Sciences, Fire Safety Journal, Fire & Flammability
Bulletin (1995 to 2003), Journal of Testing and Evaluation.

Codes and standards:
ASTM E05:

Chairman ASTM E-5.15: Subcommittee on Fire and Interior Furnishings and Contents
(1990-95)

Chairman ASTM E-5.31: Subcommittee on Fire Terminology and Editorial (2000-5)
Chairman ASTM E-5.21: Subcommittee on Smoke and Combustion Products (2004-)
Recording Secretary ASTM E05: Committee on Fire Standards (2000-5)
Member-at-large of executive subcommittee of ASTM EO05 (2006 - 07)

Membership Secretary ASTM E05 (2008-)
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Recording Secretary ASTM E-5.15:Subcommittee on Fire and Interior Furnishings and
Contents (1988-90 and 1996-)

Recording Secretary ASTM E-5.91: Subcommittee on Planning and Review of Fire
Standards (1990-1999 and 2000-)

Recording Secretary ASTM E-5.17: Subcommittee on Fire and Transportation (2003-)
Chairman ASTM E-5.22.02: Task Group on ASTM E 84 Steiner Tunnel Mounting Methods
(2002-). Developed practices ASTM E 2231 and ASTM E 2404.

Chairman ASTM E-5.13.1: Task Group on ASTM E603, Standard Guide for Room Fire
Experiments (1992-).

Chairman ASTM E-5.13.8: Task Group on New Practice for Large Scale Heat Release Tests
(1997-). Developed test method ASTM E 2257.

Chairman ASTM E-5.15.3: Task Group on Fire Hazard Assessment of Floor Coverings
(1987-92)

Chairman ASTM E-5.15.8: Task Group on Full Scale Fire Testing of Upholstered Furniture
(1989-). Developed test methods ASTM E1537, ASTM E1590 and ASTM E1822.
Chairman ASTM E-5.15.12: Task Group on Vandalized Mattresses for Correctional
Institutions (1991-93)

Chairman ASTM E-5.15.13: Task Group on Fire Hazard Assessment of Upholstered
Furniture (1994-). Developed ASTM E 2280, Standard guide on fire hazard assessment for
health care occupancies.

Chairman ASTM E-5.17.94: Task Group on Fire Hazard Assessment of Rail Transportation
Vehicles (1991- ). Developed ASTM E2061, new guide on fire hazard assessment of
passenger rail vehicles.

Chairman ASTM E-5.21.13: Task Group on Smoke Toxicity for Flashover Fires (1993-)
Chairman ASTM E-5.21.33: Task Group on ASTM E906 (Ohio State University Rate of
Heat Release Apparatus) (1994-2004). Developed new version of standard.

Chairman ASTM E-5.21.34: Task Group on Intermediate Scale Calorimeter (1997-2004).
Managed interlaboratory round robin for ASTM E 1623 and updated standard.

Chairman ASTM E-5.21.35: Task Group on Rate of Heat Release Apparatus by Thermopile
Method) (1995-). Developed new test method ASTM E 2102.

Chairman ASTM E-5.21.3: Task Group on ISO (5659-2) Smoke Chamber (1995-2004) and
NBS Smoke Chamber. Developed new test method ASTM E1995 & updated ASTME 662.
Chairman ASTM E5.31/91 Task Group on Uncertainty (2002-)

Chairman ASTM E-5.32.2: Task Group on 1990 Symposium on Fire Hazard and Fire Risk
Assessment (1988-1992). Editor of ASTM STP 1150 (Fire Hazard & Fire Risk Assessment)
Chairman ASTM E-5.35.2: Task Group on Examples of Fire Hazard Assessment Standards
(1989-91)

NFPA

Chairman NFPA Technical Committee on Hazard and Risk of Contents and Furnishings
(2001-)

Chairman NFPA Technical Committee on Glossary of Terms (2007 - )

Member NFPA Life Safety Technical Committee on Furnishings and Contents (1991-)
Member NFPA Technical Committee on Hazard and Risk of Contents and Furnishings
(1991-)

Member NFPA National Electrical Code CMP 15: National Electrical Code Panel on Places
of Assembly (1993-2001)

Member NFPA Technical Committee on Fire Tests: (1996-)

Member NFPA Technical Committee on Merchant Vessels: (1998-)

Member (Alternate, for Society of the Plastics Industry) of NFPA Technical Committee on
Fixed Guideway Transit Systems [Trains]: (2001)
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Member (for American Fire Safety Council/Plenum Cable Association) of NFPA Technical
Committee on Air Conditioning [NFPA 90A-B]: (2002-)

ASTM D09

Chairman ASTM D-9.94: Subcommittee on Terminology and Editorial (2008- )

Secretary ASTM D-9.94: Subcommittee on Terminology and Editorial for Electrical
Insulation Materials (1994-2008) :

Chairman ASTM D-9.21.3: Task Group on Smoke Obscuration on Burning of Electrical
Cables (1987-). Developed ASTM D5424.

Chairman ASTM D-9.21.7: Task Group on Rate of Heat Release from Electrical Cables
(1992-). Developed ASTM D5537 and ASTM D6113.

Chairman ASTM D-9.21.1: Task Group on Fire Hazard Assessment of Electrotechnical
Products (1995-). Developed Guide ASTM D5425.

Chairman ASTM D-9.97-1: Task Group on March1999 "90th Anniversary Symposium on
Electrical Insulating Materials: International Issues" (1997-1999). Editor of ASTM STP
1376 (1999).

Chairman ASTM D-9.97 Task Group on ASTM D9 Symposium on Electrical Materials and
Fire October 2004.

ASTM F33

Chairman ASTM F33.05 Task Group on Furnishings within Detention Occupancies (1997-
). Developed new test methods ASTM F 1534 and F 1550 and new guide ASTM F 1870.

ASTM D20, ASTM F15. ASTM F08 and other ASTM committees:

Task group chair and member various task groups.

CSA (Canadian Standards Association)

Chairman Task Group on Circuit Integrity for CSA C22.2 No. 0.3 (1997-2000)

Member Committee CSA C22.2 No. 0.3 Wiring Test Methods (1992 -)

Member Committee CSA C22.2 No. 239 Control & Instrumentation Cables (1995 -)
IEEE (Institution of Electrical and Electronic Engineers)

Member IEEE Technical Committee on Electrical Installations in Ships (IEEE 45) (1999-
Iz\/(l)gr;/q)ber IEEE Technical Committee on Shipboard Wire and Cable (IEEE 1580) (2000-07)

International Code Council

Member International Building Code Fire Safety Code Committee (2006-7 and 2008-9)
Proponent of code changes for IBC, IFC, IMC and IRC on various cycles
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Fire Safety Industrial Consultant (Public Information)

Consultant to the Vinyl Institute on fire and PVC (1991-96)

Consultant to the Fire Retardant Chemicals Association/American Fire Safety Council on
codes and standards (1997 -)

Consultant to the National Cotton Council on code issues (2003 -05)

Expert on various fire issues, for a variety of industrial clients

EMPLOYMENT RESPONSIBILITIES IN PREVIOUS WORK
BFGoodrich - Geon Vinyl Division (Fire Sciences Manager)

Head of BFGoodrich fire testing laboratory: routine small-scale tests.

Head of BFGoodrich fire research: smoke toxicity and fire hazard assessment; combustion
and thermal analysis of poly(vinyl chloride) and other polymers; generation, transport and
decay of hydrogen chloride; smoke corrosivity; analytical techniques for measuring
combustion products. Provided a presence at national and international fire conferences:
participation and presentation of scientific work. Carried out full scale fire demonstrations,
for research and public relations purposes. Support of line groups in the development of new
commercial compounds.

Technical consultant for BFGoodrich on litigation and other external affairs regarding fire
and combustion toxicity.

Standards activities representing BFGoodrich: e.g. ASTM, NFPA, Canadian Standards
Association.

Vinyl industry spokesperson.

Chairman Technical Fire Sciences Subcommittee, Coordinating Committee for Fire Safety,
Society of the Plastics Industry. Main spokesperson on fire activities for the plastics
industry. Liaison with Center for Fire Research (National Bureau of Standards), NFPA,
NIBS, etc.

Technical Monitor SPI Carbon Monoxide and Fire Fatalities Project, etc. (1987-91)
Chairman Combustibility Subcommittee, Vinyl Institute Technical Committee. Technical
monitor of projects at Center for Fire Research (NBS), Southwest Research Institute.
Chairman ASTM E-5.15: Subcommittee on Fire and Interior Furnishings and Contents
Secretary ASTM E-5.91: Subcommittee on Planning and Review of Fire Standards
Chairman ASTM E-5.15.3: Task Group on Fire Hazard Assessment of Floor Coverings
Chairman ASTM E-5.15.8: Task Group on Full Scale Fire Testing of Upholstered Furniture
Chairman ASTM E-5.31.3: Task Group on Smoke Toxicity Definitions

Chairman ASTM E-5.32.2: Task Group on 1990 Symposium on Fire Hazard and Fire Risk
Assessment

Chairman ASTM E-5.35.2: Task Group on Examples of Fire Hazard Assessment Standards
Chairman ASTM D-9.21.3: Task Group on Smoke Obscuration on Burning of Electrical
Cables

Member of NIBS Smotox Steering Committee (1987-91)

Member of NFPRF Risk Assessment Advisory Committee (1987-91)

Session chairman on Materials for Increased Fire Safety at Int. Conf. Fire Safety (Dr. C.J.
Hilado) (1987-91)

Session chairman at Combustion Institute Eastern Section meetings

Session Chairman at Fire Retardant Chem. Assoc. meetings
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Member of ASTM Task Groups E-5.21.70 and D-9.21-4 (smoke corrosivity test
development), ASTM E-5.21.02 and E-5.21.03 (smoke obscuration test development), and
E5-21.11 (quick toxic fire hazard assessment)

BFGoodrich - Chemical Group & Geon Vinyl Division

As subsequent job, at a lower level of responsibility.

Department of Chemistry - The City University

Supervision of post-graduate and undergraduate research students.

Research in combustion and air pollution: medium and high molecular weight hydrocarbons,
liquid fuels (gasoline, diesel efficiency and effects of additives), polymers (thermal
decomposition, flammability and flame retardance: efficiency and mechanism), cellulosic
materials (cellulose, cotton, cigarette paper: mechanisms and means of decreasing
emissions), emission processes of gaseous pollutants, etc.

Consultant to the "Unit for Oxidation and Combustion Technology": Ministry of Defense
and industrial contract research organization.

Consultant to the OECD (Organization for Economic Cooperation and Development; Paris,
France): industrial and automotive pollution issues.

School of Molecular Sciences - University of Sussex
Research in physical organic chemistry: syntheses and kinetics of radioactive decay by
protiodetritiation of polycyclic aromatic hydrocarbons.

R & D Department - ALUAR Aluminio Argentino

Planning for setting up a laboratory and literature search.

Department of Physical Chemistry - School of Pharmacy and Biochemistry -
University of Buenos Aires

Research into polymerization mechanisms, leading to Ph.D.
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PUBLICATIONS

Books:

1) "The Combustion of Organic Polymers", C.F. Cullis and M.M. Hirschler, Oxford University
Press, Oxford, 1981.

2) "Oxidation of Organic Compounds. Solvent Effects in Radical Reactions", N.M. Emanuel', G.E.
Zaikov and Z.K. Maizus, translators: A.K. Henn and 1.G. Evans, translation editor: M.M.
Hirschler, Pergamon Press, Oxford, 1984.

3) "Fire hazard and fire risk assessment", ASTM STP 1150, Amer. Soc. Testing and Materials,
Philadelphia, PA, Editor: M.M. Hirschler, (1992).

228) "Carbon monoxide and human lethality: Fire and non fire studies", Editor in Chief: M.M.
Hirschler, Associate Editors: S.M. Debanne, J.B. Larsen and G.L. Nelson, Elsevier, 1993.

274)  "Fire Calorimetry", Editors: M.M. Hirschler and R.E. Lyon, DOT/FAA/CT-95-46, NTIS, 1995.
345) "Electrical Insulating Materials - International Issues”, ASTM STP 1376, Amer. Soc. Testing and
Materials, West Conshohocken, PA, Editor: M.M. Hirschler (2000).

Other Scientific Publications and Presentations:

1974

"Free radical polymerization of methyl methacrylate in the presence of benzoquinone and triethy! aluminium®”, J. Grotewold and
M.M. Hirschler, Int. Symp. on Macromolecules, Rio de Janeiro, Brazil, July 26-31, 1974.

"Formation of a methyl methacrylate oligomer by combining triethyl aluminium and azobisisobutyronitrile", J. Grotewold and
M.M. Hirschler, Kinetics and Photochemistry Symposium, Rio Cuarto (Argentina), August 6-10, 1974,

1975

"Mechanism of polymerization of methyl methacrylate in the presence of triethy] aluminium together with a typical free radical
inhibitor or an initiator", Doctoral Dissertation, University of Buenos Aires.

"Report on carbons, carbonization, additives (oxidative and reductive) and polycyclic aromatic hydrocarbons”, M.M. Hirschler,
Internal Publication, ALUAR Aluminio Argentino, 1975.
1977

"Stoichiometric formation of methyl methacrylate oligomer by triethyl aluminium in the presence of azobisisobutyronitrile”, J.
Grotewold and M.M. Hirschler, J. Polymer Sci., A-1 (Polymer Chemistry), 15, 383-91 (1977).

"Triethyl aluminium as a concentration-dependent coinitiator and chain-transfer agent of free radical polymerization of methyl
methacrylate in the presence of benzoquinone", J. Grotewold and M.M. Hirschler, J. Polymer Sci., A-1 (Polymer Chemistry), 15,
393-404 (1977).

"Electrophilic aromatic substitution. Part 18. Protiodetritiation of anthracene, coronene and triphenylene in anhydrous
trifluoroacetic acid”", H.V. Ansell, M.M. Hirschler and R. Taylor, J. Chem. Soc., Perkin 11, 353-5 (1977).

1978
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"The formation and destruction of pentenes during the combustion of pentane”, C.F. Cullis and M.M. Hirschler, Proc. Royal Soc.
(London) A 364, 75-88 (1978).

"Isotopic tracer studies of the further reactions of pentenes in the combustion of pentane", C.F. Cullis and M.M. Hirschler, Proc.
Royal Soc. (London) A 364, 309-29 (1978).

1979
"Sulphur emissions into the atmosphere", C.F. Cullis and M.M. Hirschler, Int. Symp. on Sulphur Emissions and the Environment,
London (U .K.), May 8-10, Soc. Chem. Industry, pp. 1-23 (1979).

1980

" Atmospheric cycles of some common elements: II. Man's activities”, C.F. Cullis and M.M. Hirschler, Educ. Chem. 17, 40-3
(1980).

"Sulphur emissions, the environment and chemical industry”, M.M. Hirschler, Introductory Lecture, Int. Symp. on Sulphur
Emissions and the Environment, London (U.K.), May 8-10, 1979, Soc. Chem. Industry, pp. 445-55 (Discussion Volume) (1980).

"Atmospheric sulphur: natural and man-made sources”, C.F. Cullis and M.M. Hirschler, Atmos. Environ., 14, 1263-78 (1980).

"Ignition of Kynar oxygen valve material”, M.M. Hirschler, Report for Health and Safety Executive, U.K., Contract No.
1186-46.04, November 1980.

"The effect of atropisomerism upon electrophilic aromatic reactivity: detritiation of hexa- and tetra-o-phenylene”, M.M. Hirschler
and R. Taylor, J. Chem. Soc., Chem. Comm., 967-9 (1980).

1981
"Man's emission of carbon dioxide into the atmosphere”, M.M. Hirschler, Atmos. Environ., 13, 719-27 (1981).

=

"Smoking and air pollution", C.F. Cullis and M.M. Hirschler, Seventh Int. Clean Air Conf., Clean Air Soc. Australia and New
Zealand, Adelaide (Australia), August 21-27, pp. 115-29 (1981).

"Biogenic sulphur emissions", M.M. Hirschler, Atmos. Environ. 15, 1336 (1981).

"The oxidative thermal stability of plastic propellants”, A.W. Benbow and M.M. Hirschler, Report for Procurement Executive,
Propellants, Explosives and Rockets Motor Establishment, Ministry of Defence, U.K., Contract No. D/RM 1/11/240, February
1981.

"The combined action of aluminium oxides and halogen compounds as flame retardants", F.K. Antia, C.F. Cullis and M.M.
Hirschler, Europ. Polymer J., 17, 451-5, (1981).

"The inhibition of polymer combustion by metal oxides", F.K. Antia, C.F. Cullis and M.M. Hirschler, First Specialists’ Mtg
Combustion Institute, Bordeaux (France), July 20-25, pp. 602-7 (1981).

“Experimental techniques for the combustion of fuels of low volatility and high reactivity", C.F. Cullis, M.M. Hirschler and R.L.
Rogers, 18th. Symp. (Int.) on Combustion, pp. 1575-82, The Combustion Institute, Pittsburgh, 1981.

"The oxidation of decane in the gaseous and liquid phases", C.F. Cullis, M.M. Hirschler and R.L. Rogers, Proc. Royal Soc.
(London), A 375, 543-63 (1981).

"The Combustion of Organic Polymers", C.F. Cullis and M.M. Hirschler, Oxford University Press, Oxford, 1981.

1982
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"The cool-flame combustion of decane", C.F. Cullis, M.M. Hirschler and R.L. Rogers, Proc. Royal Soc. (London), A 382, 429-40
(1982).

"Recent developments in flame-retardant mechanisms", M.M. Hirschler, in "Developments in Polymer Stabilisation, Vol. 5", Ed.
G. Scott, pp. 107-52, Applied Science Publ., London, 1982.

"Binary mixtures of metal compounds as flame retardants for organic polymers", F.K. Antia, C.F. Cullis and M.M. Hirschler,
Europ. Polymer J., 18, 95-107 (1982).

"Comprehensive study of the effect of composition on the flame-retardant activity of antimony oxide and halogenated
hydrocarbons in thermoplastic polymers", F.K. Antia, P.J. Baldry and M.M. Hirschler, Europ. Polymer J., 18, 167-74 (1982).

"Effect of oxygen on the thermal decomposition of poly(vinylidene fluoride)”", M.M. Hirschler, Europ. Polymer J. 18, 463-7,
(1982).

"Relation between the thermal behaviour and flame-retardant effectiveness of metal oxides in halogen-containing thermoplastics”,
M.M. Hirschler, Sixth European Conf. on Flammability and Fire Retardants, Alena Enterprises of Canada, June 24-25, Nice
(France), 1982.

"Thermal stability and flammability of organic polymers", C.F. Cuilis and M.M. Hirschler, I.U.P.A.C. Macro '82, Polymer
Degradation and Stabilisation, July 12-16, Amherst (U.S.), p. 286, 1982.

1983

"The role of specific elements in flame-retardant mechanisms", M.M. Hirschler, Polymer Flammability: Mechanistic and Practical
Aspects, P.D.D.G. Conf,, Macro Group U.K.(Royal Soc. Chemistry), September 2-3, Cambridge (U.K.), 1983 (Industrial
Chemistry Bulletin, 2, 52 (1983)).

“The pyrolysis of cellulose under conditions of rapid heating", C.F. Cullis, M.M. Hirschler, R.P. Townsend and V. Visanuvimol,
Combust. Flame 49, 235-48 (1983).

"The combustion of cellulose under conditions of rapid heating", C.F. Cullis, M.M. Hirschler, R.P. Townsend and V.
Visanuvimol, Combust. Flame 49, 249-54 (1983).

"Flame retardance and smoke suppression by tin (IV) oxide phases and decabromobiphenyl”, J.D. Donaldson, J. Donbavand and
M.M. Hirschler, Europ. Polymer J. 19, 33-41 (1983).

"Thermal analysis and flammability of polymers: Effect of halogen-metal additive systems", M.M. Hirschler, Europ. Polymer J.
19, 121-9 (1983).

"The effect of combinations of aluminium (I11) oxides and decabromobiphenyl on the flammability of and smoke production from
acrylonitrile-butadiene-styrene terpolymer", M.M. Hirschler and O. Tsika, Europ. Polymer J., 19, 375-80 (1983).

"Mechanism of action of pyrogenic silica as a smoke suppressant for polystyrene”, R. Chalabi, C.F. Cullis and M.M. Hirschler,
Europ. Polymer J., 19, 461-8 (1983).

"The significance of thermoanalytical measurements in the assessment of polymer flammability”, C.F. Cullisand M.M. Hirschler, '
Polymer, 24, 834-40 (1983).

"The influence of metal chelates on the oxidative degradation of polypropylene”, C.F. Cullis and M.M. Hirschler, in Proc. Fifth
Ann. Int. Conf. Advances in the Stabilisation and Controlled Degradation of Polymers, Zurich (Switzerland), June 1-3, pp.
195-207 (1983).
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"The combined effect of sulphur and nitrogen compounds on alkane combustion”, C.F. Cullis, M.M. Hirschler and S.W. Wall,
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“Discussion on fire and halogen-free cables", M.M. Hirschler, in "Proc. Polymers in a Marine Environment, 2nd. Int. Conf.", Oct.
14-16, 1987, Ed. D. Goring, Inst. Marine Engineers, London, p. 118-119 (1989).

1988
"Generation of hydrogen chloride under forced conditions of minimal decay for modelling purposes”, F.M. Galloway, M.M.
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and W.G. Switzer, Soc. Toxicol. 1988, 27th. Ann. Mtg., Poster # 574, The Toxicologist 8 (1) 144 (1988).
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and D.T. Popovich, Report to U.S. Navy David Taylor Research Center, RFQ#2843/881GU9 (November 1988).
1989

"Flammability of vinyl/foam systems for upholstered furniture”, M.M. Hirschler and G.F. Smith, in Proc. 14th. Int. Conf. on Fire
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"The hazards of PVC. Response to "The Controversial Hazards of PVC", by J. Rayner", M.M. Hirschler, Fire Prevention, 220,
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*Carbon monoxide in fire and non-fire fatalities and its implications to smoke toxicity testing and fire hazard assessment", M.M.
Hirschler, Coordinating Committee on Fire Safety, Society of the Plastics Industry, Easton, MD, Aug. 16-18, 1989.
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1995

"How to prevent flashover fires due to furnishings or contents of aroom", M.M. Hirschler, in Proc. 20th. Int. Conf. on Fire Safety,
Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 9-13, pp. 39-52 (1995).

"Fire Hazard Assessment for Rail Transportation. Progress to develop an ASTM standard”, M.M. Hirschler, in Proc. 20th. Int.
Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 9-13, pp. 179-188 (1995).

"Analysis of heat release and other data from a series of plastic materials tested in the cone calorimeter”,M.M. Hirschler, in Proc.
20th. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 9-13, pp. 214-228 (1995).

"Fire and Polyviny! Chloride", M.M. Hirschler, Vinyl Institute Technical Information Bulletin, 1995.

"Combustion Products of Vinyl and Other Building Materials", M.M. Hirschler, Vinyl Institute Technical Information Bulletin,
1995,

"Tools Available to Predict Full Scale Fire Performance of Furniture", M.M. Hirschler, in "Fire and Polymers [I. Materials and
Tests for Hazard Prevention” (Ed. G.L. Nelson), ACS Symposium Series 599, Developed from ACS Symp. in 208th ACS Natl
mtg, Aug. 21-25, 1994, Washington, DC, Chapter 36, pp. 593-608, Amer. Chem. Soc. Washington, DC, 1995.

"Smoke Corrosivity: Technical Issues and Testing", M.M. Hirschler, in "Fire and Polymers II. Materials and Tests for Hazard
Prevention" (Ed. G.L. Nelson), ACS Symposium Series 599, Developed from ACS Symp. in 208th ACS Natl mtg, Aug. 21-25,
1994, Washington, DC, Chapter 34, pp. 553-578, Amer. Chem. Soc. Washington, DC, 1995.

"Smoke Toxicity. How Important is it for Fire Safety?", M.M. Hirschler, Business Communications Company Sixth Ann.
Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 23-25, 1995, Stamford, CT, Ed. M. Lewin,
p- 297-311, Norwalk, CT, 1995.

"Toxic Hazards from Computer Health Quiz Device", M.M. Hirschler and J.M. Hoffmann, proprietary report (April 1995).

"Thermal Decomposition of Polymers", C.L. Beyler and Marcelo M. Hirschler, Chapter 1-7 in SFPE Handbook of Fire Protection
Engineering (2nd Edn)", Editor-in-chief: P.J. DiNenno, pp. 1.99-1.119, NFPA, Quincy, MA, 1995.

"Use of Heat Release Rate Calorimetry in Standards", M.M. Hirschler, in "Fire Calorimetry”, Ed. M.M. Hirschler & R.E. Lyon,
Fire Calorimetry Symposium, 50th. Calorimetry Conf., July 23-28, 1995, Gaithersburg, MD, pp. 69-80.

"Fire Calorimetry", Editors: M.M. Hirschler and R.E. Lyon, DOT/FAA/CT-95-46, NTIS, 1995.

"Survey of American Test Methods Associated With Fire Performance of Materials or Products”, M.M. Hirschler, Fifth European
Conference on Fire Retardant Polymers, Salford, UK, Sept. 4-7, 1995.

"Comparison of ASTM Standards with International Standards for Buildings and Contents", S.J. Grayson and M.M. Hirschler,,
in "Fire Standards in the International Marketplace”, ASTM E-5 Symposium, December 5, 1994, Phoenix, AZ, ASTM STP 1163,
Amer. Soc. Testing and Materials, ASTM STP 1163, Philadelphia, PA, Ed. A.F. Grand, pp. 41-60 (1995).

"Tests on Plastic Materials for the Wire and Cable Industry Using the Cone Corrosimeter and the Cone Calorimeter", M.M.
Hirschler, in "The Electronic Information Age and Its Demands on Fire Safety", Fire Retardant Chemicals Association Fall Mtg,
Rancho Mirage, CA, Oct. 29- Nov. 1, 1995, pp. 103-124.

"Heat Release Testing of Stacking Chairs", M.M. Hirschler and J. Trevifio, Fire and Materials, 3rd. Int. Conf. and Exhibition,
Crystal City, VA, Nov. 15-16, 1995, pp. 145-154.

"Issues Associated with Measurement of Effective Heat of Combustion", M.M. Hirschler, Int. Heat Release Workshop, Nov. 17,
1995, Crystal City, VA,

"Control of solid and gaseous pollutants formed during diesel fuel combustion”, C.F. Cullis, MM. Hirschler and M.A M. Stroud,
in Trans. Inst. Chemical Engineers 73B, 278-84 (1995).

"Product Liability and Fire (Or: Who Cares How We Test for Flammability?)", M.M. Hirschler, in Fire Retardant Chemicals
Association Newsletter, 22(3), 2-3 (1995).
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1996

"Repeatability Study on Heat Release Testing of Stacking Chairs", M.M. Hirschler and J. Trevifio, in Proc. 21st. Int. Conf. on
Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 10-14, pp. 56-68 (1996).

"Comparison of Two Fabrics With Potential for Use as Protective Clothing", M.M. Hirschler, in Proc. 21st. Int. Conf. on Fire
Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 10-14, pp. 160-72 (1996).

"Comparative Analysis of Effectiveness of Fire Retardants Using Heat Release Calorimetry", M.M. Hirschler, Flame Retardants
'96, January 17-18, 1996, London, pp. 199-214, Interscience Communications, London, UK, 1996.

"A Comparative Study of the Fire Performance of Materials for Cable Applications. Part I. Tests on Materials and Insulated
Wires", M.A. Barnes, P.J. Briggs, M.M. Hirschler, A.F. Matheson, and T.J. O'Neill, Fire and Materials 20, 1-16 (1996).

"A Comparative Study of the Fire Performance of Halogenated and Non-Halogenated Materials for Cable Applications. PartIL.
Tests on Cables”, M.A. Barnes, P.J. Briggs, M.M. Hirschler, A .F. Matheson, and T.J. O'Neill, Fire and Materials 20, 17-37 (1996).

"Tests of the Protective Effect of Clothing in Apparel Fires", M.M. Hirschler, D.J. Hoffmann, J.M. Hoffmann, L. Kelley and M.
Kroll, J. Fire Sciences 14, 104-23 (1996).

"Fires and the Elderly. Fatalities During Residential Fires in the UK: 1982-84", M.M. Hirschler and D. Christian, Interflam'96,
Cambridge, UK, March 26-28, 1996, pp. 777-91.

"Fabric Flammability: Survey of Flame Spread of Modern Fabrics", M.M. Hirschler and T. Piansay, Business Communications
Company Seventh Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 20-22, 1996,
Stamford, CT, Ed. M. Lewin, pp. 263-274, Norwalk, CT, 1996.

"Correlation Between Various Fire Tests for Electrical Cables and Their Implications for Fire Hazard Assessment”, M.M.
Hirschler, Fire Risk & Hazard Assessment Symposium, National Fire Protection Research Foundation, June 27-28, 1996, San
Francisco, CA, pp 210-230.

"Pollutant Emissions from Explosives", M.M. Hirschler, Proprietary Report, February 1996.

"Advantage of Modern Testing Techniques: Case Study to Predict Smoke Obscuration in Steiner Tunnel Fire Test", M.M.
Hirschler, in "Tomorrow's Trends in Fire Retardant Regulations, Testing, Applications and Current Technologies”, Fire Retardant
Chemicals Association Fall Mtg, Naples, FL, Oct. 13-16, 1996, pp. 8§7-102.

"Fire Hazard Assessment of Personal Computers in a Home and in a Small Office", M.M. Hirschler, Proprietary Report (August
1996). .

"Survey of American Test Methods Associated With Fire Performance of Materials or Products”, M.M. Hirschler, Polymer
Degradation and Stability, 54, 333-343 (1996).

1997

"Analysis of Cone Calorimeter and Room-Scale Data on Fire Performance of Upholstered Furniture”, in Proc. 23rd. Int. Conf.
on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 13-17, pp. 59-78 (1997).

"Testing Techniques Associated with Heat Release: the Cone Calorimeter (and its Applications) and Room/Furniture Scale Tests",
in Proc. 23rd. Int. Conf. on Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 13-17, pp. 156-
169 (1997).

*Smoke Obscuration in the Steiner Tunnel Test. Can it be Predicted?”, in Proc. 23rd. Int. Conf. on Fire Safety, Product Safety
Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 13-17, pp. 170-82 (1997).

"Mathematical Models to Analyse the Effect of Physical Properties of Cigarettes on the Propensity of the Cigarette to Ignite
Cellulosic Fabrics", M.M. Hirschler, Fire and Materials, 21, 33-39 (1997).

"Heat Release Testing of Stacked Chairs. Analysis of Repeatability in a Single Laboratory", M.M. Hirschler and Javier O.
Trevifio, Fire and Materials 21, 85-93 (1997).
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"Analysis of Thermal Performance of Two Fabrics Intended for Use as Protective Clothing", M.M. Hirschler, Fire and Materials
21, 115-21 (1997).

"Comparison of the Propensity of Cigarettes to Ignite Upholstered Furniture Fabrics and Cotton Ducks (500 Fabric Study)", M.M.
Hirschler, Fire and Materials 21, 123-41 (1997).

"Use of Fire Hazard Assessment as a Code Compliance Tool", M.M. Hirschler, in "International Meeting on Advances in Fire
Safety", Fire Retardant Chemicals Association Spring Mtg, San Francisco, CA, Mar. 16-19, 1997, pp 157-170.

"A New Mattress Fire Test for Use In Detention Environments", M.M. Hirschler, Business Communications Company Eighth
Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, June 2-4, 1997, Stamford, CT, Ed. M. Lewin,
pp- 309-22, Norwalk, CT, 1997.

"Study on Causes of Residential Fire Fatalities Among the Elderly, in the United Kingdom (1982-84)", M.M. Hirschler and S.D.
Christian, Business Communications Company Eighth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric
Materials, June 2-4, 1997, Stamford, CT, Ed. M. Lewin, pp. 366-81, Norwalk, CT, 1997.

"Repeatability and Reproducibility of Fire Tests for Cigarette Ignition of Upholstered Furniture Composites”, M.M. Hirschler,
Fire and Materials 22, 25-37 (1998).

"Analysis of Full Scale Fire Tests of Wall Linings in Ranch House", in "Very Large-Scale Fires", ASTM STP 1336, pp. 20-40
(1998), Eds. N. Alvares, S.J. Grayson and N. Keltner, from ASTM Symposium at ASTM E05 on June 16, 1997, St. Louis, MO,
Amer. Soc. Testing & Materials, West Conshohocken, PA.

"Effect of a Single Furnishing Product on Fire Hazard in Actual Occupancies, Based on Heat Release Rate", M.M. Hirschler, Fire
Risk & Hazard Assessment Symposium, National Fire Protection Research Foundation, June 25-27, 1997, San Francisco, CA,
pp. 216-242.

"Upholstered Furniture Fire Testing: Comparison of Cone Calorimeter and Room Calorimeter Results from Fabric Project for
Predicting Fire Performance", M.M. Hirschler, 2nd. Int. Conf. on Fire Research & Engnrng, Soc. Fire Protection Engineers,
Gaithersburg, MD, Aug. 11-14 1997.

"Progress Report on U.S. Research on Test Methods and Materials”, M.M. Hirschler and T. Kashiwagi, UINR (1997).

"Preliminary Study of Non Halogen Flame Retardant, Low Smoke/Corrosivity Wire and Cable Insulation”, E.D. Weil and M.M.
Hirschler, Proprietary Report, August 1997.

"Update on Fire Test Methods Used for Materials or Products”, M.M. Hirschler, in Fire Retardant Chemicals Assoc. Fall Mtg,
Cleveland, OH, Oct. 1997.

"Fire Hazard Assessment: Roadblock or Opportunity?", M.M. Hirschler, in National Fire Protection Association Fall Mtg Speaker
Session # 2, Kansas City, MO, Nov. 18 1997, NFPA, Quincy, MA.

"Analysis of and Potential Correlations Between Fire Tests for Electrical Cables, and How to Use This Information for Fire
Hazard Assessment", M.M. Hirschler, Fire Technology, 33, 291-315, (1997).
1998

“Heat Release Test for Mattresses Intended for Use in Correctional Environments", M.M. Hirschler, in Proc. 24th. Int. Conf. on
Fire Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 12-16, pp. 74-88 (1998).

"How to Get Large Scale Fire Test Data Without Running Expensive Tests", M.M. Hirschler, in Proc. 24th. Int. Conf. on Fire
Safety, Product Safety Corp., San Francisco (CA, U.S.A.), Ed. C.J. Hilado, Jan. 12-16, pp. 266-287 (1998).

"How to Assess the Effect of an Individual Product on the Fire Hazard in a Real Occupancy, Based on Heat Release Rate”, M.M.
Hirschler, Flame Retardants '98, February 3-4, 1998, London, pp. 225-40, Interscience Communications, London, UK, 1998.

"Fire Performance of Poly(Vinyl Chloride) - Update and Recent Developments", M.M. Hirschler, Flame Retardants 98, February
3-4, 1998, London, pp. 103-23, Interscience Communications, London, UK, 1998.
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"New NFPA Code for Life Safety of Merchant Marine Vessels", M.M. Hirschler, Fire and Materials Conf., San Antonio, TX,
Feb. 23-24, 1998, Interscience Communications, London, UK, pp. 251-62.

"Intermediate Scale Heat Release Rate Calorimeter (ICAL): Preliminary Information on Interlaboratory Round Robin for
Precision", M.M. Hirschler, Int. Heat Release Assoc. Mtg, Feb. 25. 1998, San Antonio, TX.

"Fire Retardant Activity: Quantitative Comparison of Additives", M.M. Hirschler, in "Fire Safety and Technology", Fire Retardant
Chemicals Association Spring Mtg, Atlanta, GA, Mar. 22-25, 1998, pp. 195-217.

"Naval Fire Safety and the New NFPA Code for Life Safety of Merchant Vessels", M.M. Hirschler, ASTM F25 Symp. on Fire
Safety in Ships, Atlanta, GA, May 6, 1998.

"Smoke Detectors in Rental Residential Units. Case Studies of Actual Fires Without Detectors", M.M. Hirschler, Business
Communications Company Ninth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, June 1-3,
1998, Stamford, CT, Ed. M. Lewin, pp. 370-383, Norwalk, CT, 1998.

"Equipment from Fire Testing Technology", M.M. Hirschler and S. Upton, Business Communications Company Ninth Ann.
Conference on Recent Advances in Flame Retardancy of Polymeric Materials, June 1-3, 1998, Stamford, CT, Ed. M. Lewin, pp.
413-429, Norwalk, CT, 1998.

"Fire Hazard Assessment: Roadblock or Opportunity?”, M.M. Hirschler, Fire Technology, 34 (2), 177-187 (1998).

"Fire Hazard of Automotive Interiors”, M.M. Hirschler, Fire Risk & Hazard Assessment Symposium, National Fire Protection
Research Foundation, June 24-26, 1998, San Francisco, CA, pp. 164-195.

"Fire Test to Assess Flame Spread and Smoke Obscuration of Plenum Cables. Background and Issues", M.M. Hirschler, in "Fire
Safety and Technology”, Fire Retardant Chemicals Association Fall Mtg, Newport, R, Oct. 4-7, 1998.

"What I Have Learned While Writing Draft Fire Hazard Assessment Standards and Guides for ASTM E-5" M.M. Hirschler, in
" ASTM' Role in Performance-Based Fire Codes and Standards", ASTM STP 1377, pp. 28-43 (1999), Ed., J.R. Hall, from ASTM
E05 Symposium in Nashville, TN, Dec. 8, 1998, Amer. Soc. Testing & Materials, West Conshohocken, PA.

1999
"Heat and Smoke Measurements of Construction Materials Tested in a Room-Corner Configuration According to NFPA 265",
M.M. Hirschler and M.L. Janssens, 27th Int. Conf. Fire Safety, Jan. 11-15, 1999, Product Safety Corp., San Francisco (CA,
U.S.A)), Ed. C.J. Hilado, pp. 70-93 (1999), San Francisco, CA.

"Fire Test to Assess Flame Spread and Smoke Obscuration of Plenum Cables. Background and Issues", M.M. Hirschler, Fire
and Materials Conf., San Antonio, TX, Feb. 22-23, 1999, Interscience Communications, London, UK, pp. 37-57.

"Room Fire Testing - Recent Experiences and Implications”, G. Finley, M.L. Janssens & M.M. Hirschler, Fire and Materials
Conf., San Antonio, TX, Feb. 22-23, 1999, Interscience Communications, London, UK, pp. 83-94.

"Smoke Obscuration Measurements in the NFPA 265 Room-Corner Test", M.M. Hirschler & M.L. Janssens, Fire and Materials
Conf., San Antonio, TX, Feb. 22-23, 1999, Interscience Communications, London, UK, pp. 179-198.

"Interlaboratory Round Robin for Evaluation of Precision of the Intermediate Scale Calorimeter, ICAL, ASTM E1623: Results",
in International Heat Release Association Meeting, San Antonio, TX, February 24, 1999.

"Use of Heat Release Rate to Predict Whether Individual Furnishings Would Cause Self Propagating Fires", M.M. Hirschler, Fire
Safety I., 32, 273-296 (1999).

"Fire: Codes, Standards and Regulations", M.M. Hirschler, in BCC Course on Fire Issues, Stamford, CT, May 1999.
"Plenum Cable Fire Test Method: History and Implications”, M.M. Hirschler, Business Communications Company Tenth Ann.

Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May20-22 , 1999, Stamford, CT, Ed. M. Lewin,
pp. 325-349, Norwalk, CT, 1999.
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"Smoke Toxicity: Yields of Toxicants in Fires and Implications for Lethality and Incapacitation”, M.M. Hirschler, Business
Communications Company Tenth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 20-22,
1999, Stamford, CT, Ed. M. Lewin, pp. 407-417, Norwalk, CT, 1999.

"Fire Hazard Assessment in Post-Flashover Fires: Analysis of the Toxic Fraction of Fire Hazard” M.M. Hirschler, in Proc. Fire
Risk and Hazard Research Application Symposium, NFPRF, San Diego, CA, June 23-25, 1999, pp. 86-100.

"Factory Mutual Research Corporation Standard 4910 Fire Propagation Apparatus”, M.M. Hirschler, in Making Fabs Firesafe:
Toward Inherently Firesafe Fabs. An Industry Forum on FM 4910 Plastics", at Semicon West, San Francisco, July 15, 1999.

"Intermediate Scale Calorimetry (ICAL). Precision Information and Latest Developments”, M.M. Hirschler, in Fire Retardant
Polymers, 7th. European Conf., Univ. Greenwich, London, UK, Sept. 8-10, 1999.

"Fire Standards and Fire Testing, as Presented by Fire Testing Technology”, S.J. Grayson and M.M. Hirschler, in Fire Retardant
Chemicals Association Fall Mtg, Tucson, AZ, Oct. 25-27, 1999.

"An Intermediate Scale Calorimetry Test: ICAL (ASTM E 1623). Precision (Repeatability and Reproducibility) and
Applications”, M.M. Hirschler, in Fire Retardant Chemicals Association Fall Mtg, Tucson, AZ, Oct. 25-27, 1999, pp. 117-149.

"Fire Performance of Automotive Interior Materials”, M.M. Hirschler, ASTM E05 (Committee on Fire Standards) Research
Review, New Orleans, LA, Dec. 6, 1999.
2000

"New ASTM Standard Practice on How to Conduct Large Scale Heat Release Tests," M.M. Hirschler, Intern. Heat Release Assoc.
Mtg, London, UK, February 7, 2000.

"Recent Codes and Standards in the USA that Use Fire Hazard Assessment/Heat Release," M.M. Hirschler, Intern, Heat Release
Assoc. Mtg, London, UK, February 7, 2000.

"Electrical Insulating Materials - International Issues”, ASTM STP 1376, Amer. Soc. Testing and Materials, West Conshohocken,
PA, Editor: M.M. Hirschler (2000).

"Fire Testing of Electrical Materials", M.M. Hirschler, in ASTM Symposium on Electrical Insulation Materials: International
Issues, March 15, 1999, Seattle, WA, Symposium Chairman: M.M. Hirschler, also in ASTM E1376, Electrical Insulating
Materials - International Issues”, Editor M.M. Hirschler, ASTM, West Conshohocken, PA, pp. 168-205.

"Fire Hazard and Smoke Toxicity: Post-Flashover Fire Issues or Incapacitation via Irritancy?", M.M. Hirschler, Flame Retardants
2000, February 8-9, 2000, London, pp. 193-204, Interscience Communications, London, UK, 2000.

"International Fire Test for Electrical Cables", M.M. Hirschler, 29th Int. Conf. Fire Safety, Jan. 10-13, 2000, Product Safety Corp.,
San Francisco (CA, U.S.A.), Ed. C.J. Hilado, pp. 138-62 (2000), San Francisco, CA

"Fire Safety of Rail Passenger Vehicle Interior Materials: Recent Developments", M.M. Hirschler, in Spring Tech. Mtg of Fire
Retardant Chemicals Assoc., Washington, DC, March 13-15, 2000, pp. 195-218.

"Fire Testing of Electrical Cables in Transportation Environments: Trains, Ships and Aircraft", M.M. Hirschler, Business
Communications Company Eleventh Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May
22-24, 2000, Stamford, CT, Ed. M. Lewin, pp.281-297, Norwalk, CT, 2000.

"Chemical Aspects of Thermal Decomposition of Polymeric Materials”, M.M. Hirschler, in "Fire Retardancy of Polymeric
Materials", Eds. A.F. Grand and C.A. Wilkie, Marcel Dekker, New York, NY, 2000, pp. 27-79.

"Use of Heat Release Measurements and/or Fire Hazard Assessment in Codes and Standards in the USA", Fire Risk & Hazard
Assessment Symposium, National Fire Protection Research Foundation, June 28-30, 2000, Atlantic City, NJ, pp. 254-276.

"Fire Tests, Standards and Codes", Course on Fire and Polymers, Amer. Chem. Soc., Washington, DC, Aug. 19, 2000.
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"Fire Performance of Organic Polymers, Thermal Decomposition, and Chemical Composition", M.M. Hirschler, American
Chemical Society Preprints, August 2000 National Meeting, Symposium on Fire and Polymers, Symp. Chair: G.L. Nelson and
C. Wilkie, Washington, DC.

"Intermediate Scale Heat Release Calorimetry (ICAL) - Precision Information and Latest Developments", M.M. Hirschler,
Polymer International 49, 1199-1209, (2000).

"Recent Activities in Codes and Standards Relevant to the Fire Retardants Industry”, M.M. Hirschler, in Fall Tech. Mtg of Fire
Retardant Chemicals Assoc., Jacksonville, FL, October 15-18, 2000, pp. 83-99.

2001

"Mattress/Bedding Fires: Statistics and Fire Data Associated with Recent Experience”, M.M. Hirschler, Fire and Materials Conf.,
San Francisco, CA, Jan. 22-24, 2001, Interscience Communications, London, UK, pp. 129-140.

"Using the Cone Calorimeter as a Screening Tool for the NFPA 265 and NFPA 286 Room Test Procedures”,M.L. Janssens, S.E.
Dillon and M.M. Hirschler, Fire and Materials Conf., San Francisco, CA, Jan. 22-24, 2001, Interscience Communications,
London, UK, pp. 529-540.

"Fire Performance of Organic Polymers, Thermal Decomposition, and Chemical Composition”, M.M. Hirschler, American
Chemical Society , Fire and Polymers - Materials and Solutions for Hazard Prevention, ACS Symposium Series 797, Editors: G.L.
Nelson and C.A. Wilkie, Washington, DC, 2001, pp. 293-306.

"Cable Fire Tests", M.M. Hirschler, Federal Aviation Administration Fire Safety Section, Materials Group Meeting, Ottawa, Ont.,
Canada, February 13-14, 2001.

"Fire Safety of Electrical Cables in Rail Transportation”, Marcelo M. Hirschler, NFPA World Safety Congress, Anaheim, CA,
May 13-17, 2001.

"Determining the Fire Safety of a Material Via Fire Hazard Assessment”, M.M. Hirschler, Business Communications Company
Twelfth Ann. Conference on Recent Advances in Flame Retardancy of Polymeric Materials, May 21-23, 2001, Stamford, CT,
Ed. M. Lewin, pp. 332-354, Norwalk, CT, 2001.

"Fire Safety in Detention Environments", Marcelo M. Hirschler , Fire Risk & Hazard Assessment Symposium, Fire Protection
Research Foundation, June 20-22, 2001, Baltimore, MD, pp. 241-273, NFPA, Quincy, MA.

"Christmas Tree Lights and Fire Safety with PVC", Marcelo M. Hirschler, Underwriters Laboratories International Seminar on
Wire and Cable, August 2001, Hong Kong.

"Fire Hazard Associated With Mattresses in Detention Facilities", Coordinating Committee on Fire Safety, Society of the Plastics
Industry/American Plastics Council, Williamsburg, VA, August 20-21, 2001.

"Fire Safety Analysis of a Locomotive", Donald J. Hoffmann and Marcelo M. Hirschler, proprietary report, September 2001.
"Can the Cone Calorimeter be Used to Predict Full Scale Heat and Smoke Release Cable Tray Results from a Full Scale Test
Protocol?", Marcelo M. Hirschler, Proc. Interflam2001, Edinburgh, UK, September 17-19, 2001, pp. 137-148, Interscience
Communications, London, UK.

“Upholstered Furniture and Mattress Fire Safety Requirements in the USA”, Marcelo M. Hirschler, International Isocyanate
Institute Meeting, Edinburgh, UK, September 20, 2001.

"Statistics of Fires Involving Wire and Cable in Concealed Spaced and the Associated Fire Hazard and Fire Risk", Marcelo M.
Hirschler, in Proc. Fire Retardant Trends and Advances, Fall Fire Retardant Chemicals Association Technical Meeting, Oct. 14-
16, 2001, pp. 1-19, FRCA, Lancaster, PA.

"Fire Testing of Electric Cables for Public Transportation", Marcelo M. Hirschler, Proc. Third Triennial International Fire & Cabin
Safety Research Conference, Federal Aviation Administration, Atlantic City, NJ, Oct. 22-25, 2001, pp. .

2002
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"Thermal Decomposition of Polymers", C.L. Beyler and Marcelo M. Hirschler, Chapter in SFPE Handbook of Fire Protection
Engineering (3rd Edn)", Editor-in-chief: P.J. DiNenno, pp. 1/110-1/131, NFPA, Quincy, MA, 2002.

"How to Decide if a Material is Suitable for an Application Where Fire Safety is Required", M.M. Hirschler, Flame Retardants
2002, February 5-6, 2002, London, pp. 45-56, Interscience Communications, London, UK, 2002.

"Fire Performance of Plastics in Car Interiors", S.J. Grayson and M.M. Hirschler, Flame Retardants 2002, February 5-6, 2002,
London, pp.197-207, Interscience Communications, London, UK, 2002.

“Update on Codes and Standards Committee of the Fire Retardant Chemicals Association”, Marcelo M. Hirschler, at Spring Fire
Retardant Chemicals Association Technical Meeting, March 10-13, 2002, San Antonio, TX, FRCA, Lancaster, PA.

“Fire Safety Issues Relevant to Flocking Materials”, M.M. Hirschler, American Flocking Association Annual Meeting, May 10,
2002, Scottsdale, AZ.

“Predicting Large-Scale Fire Performance from Small-Scale Fire Test Data”, M.M. Hirschler and M.L. Janssens, NFPA World
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ABSTRACT

A number of smoke toxicity screening tests are being used, and some have been proposed for
regulatory purposes. These methods differ markedly in the combustion dévice, the combustion
conditions, the exposure conditions and even the test animal. However, virtually all use an LCs,
value, or some lethality determination, as the principal or sole measure of toxicity. In this study,
lethal potencies were determined by the NBS Cup Furnace, the Radiant Furnace and the UPITT
test methods for one nylon- and four PVC-based materials. These results were correlated with
analytical data to identify the major toxicants responsible for the lethalities. This study shows
that, while all of these methods have deficiencies, the UPITT method has more serious
limitations. The use of this method to determine LCs, values for screening materials may lead

to erroneous assessments of the toxic hazards of these materials to humans.

INTRODUCTION

During the past 20 years, considerable time, effort an funds have been expended in research on
fire and life safety. Significant achievements and advancements have been made, leading to a better
understanding of the hazards of fire and of procedures for its assessment. In order to understand the
contribution of of smoke toxicity to these hazards, a number of test methods were developed during the
1970's and 1980's, to measure the toxicity of smoke produced from burning materials'™. These methods
differ in a variety of respects, including the combustion device, the combustion conditions and even
the test animal. However, virtually all of the methods use a median lethal concentration value, or LCy,

(or another measure of lethality) as the principal or sole index of toxic potency.



The use of an LCs, value alone in these tests is not an adequate or meaningful measure of the
toxicity of smoke or of any atmosphere to man®®. Furthermore, the various test methods generate
different rankings for materials when LCs, values alone are used for comparison. Thus, ina study of
14 materials by two methods®, the material deemed most toxic by one method appeared to be the least
toxic by the other method.- In another study in which LDj, values were repeatedly determined for 26
chemicals'®, the values for one chemical varied by a factor of as much as three. Because of this
variability, the relative toxicity rankings of these chemicals obviously also varied markedly depending
on the value chosen. This demonstrates that a comparison of LCs, values determined by different test
methods is of little meaning without an understanding of the toxicants responsible for the lethalities and
other toxic effects. These toxicants may contribute to the toxicity of smoke atmospheres, even though
carbon monoxide (CO) has been shown to be the major cause of smoke inhalation fatalities in real fires,
as shown by various authors, e.g. 11 Furthermore, it is important to point out that small-scale toxicity

test methods are biased in favor of non-CO species'.

Nevertheless, some of these lethal potency test methods have been, or are being, proposed as
toxicity screening tests for regulatory purposes. Thus, the objective of this study was to make a
thorough comparison of three of the test methods used to determine the lethal potency of smoke
generated by combustion of materials. In order to carry out this comparison, LCs, values were
determined for five materials with the three test methods. In addition, the concentrations of those gases
suspected, a priori, to be the major toxicants were measured in the combustion atmospheres. The
mechanisms of the observed lethality were investigated by evaluating the correlation of LCs, values

with the analytical data.

METHODOLOGY

Test Methods

The three test methods that were evaluated in this study were: the National Bureau of Standards
(NBS, today the National Institute for Standards and Technology) Cup Furnace Test Method'?, the
Radiant Furnace Test Method*’ and the University of Pittsburgh (UPITT) Test Method®.

NBS Cup Furnace Test Method. The apparatus of the NBS Cup Furnace Test Method (Figure



with a volume of ca. 200 L. The furnace is operated ata fixed temperature, at 25°C below or above the
pre-determined autoignition temperature, to produce either non-flaming or flaming combustion,
respectively. In each experiment, six male rats are exposed, in the head-only mode, for 30 min to the
combustion atmosphere. A series of experiments with varying amounts of a material are conducted to
establish a concentration-response lethality relationship and to derive an LC,, value by standard
methods!™" for each of the two combustion modes. The LCy, value is an estimate of the quantity of
material that causes death of 50% of the animals during the 30 min exposure and a 14 day
post-exposure period. This mass of material is divided by the chamber volume and the LCy is

expressed in units of mg/L.

With some of the test materials (and with Douglas fir wood) additional experiments were
conducted in which male mice were used as the test animal, with the NBS cup furnace test method.
From these experiments, LCs, values were obtained to allow a comparison of the sensitivity of mice

and rats to the combustion atmospheres produced by these materials.

Radiant Furnace Test Method. The apparatus of the Radiant Furnace Test Method (Figure 2) uses
the same exposure chamber as the NBS Cup Furnace, but a radiant heater system is used to thermally
decompose the material, for a period of 10 min. The radiant heater system consists of four tubular
quartz tungsten-filament lamps mounted in parabolic reflectors. The system delivers a heat flux of 5
W/em? (+/- 20%) over a 7.5 x 15 cm sample area and, with the assistance of a hot wire, promotes
flaming combustion of a material. The protocols for the animal exposures and derivation of LC, values

are the same as those for the cup furnace method.

University of Pittsburgh (UPITT) Test Method. The apparatus of the UPITT method (Figure 3)
consists of a muffle furnace connected to a glass animal exposure chamber by means of a quartz tube.
Weighed samples of material are thermally decomposed in the furnace, the temperature of which is
increased at a constant rate of 20°C/min. The products are carried through the furnace by an air stream
and diluted and cooled with additional air before entering the exposure chamber. In each experiment
four male mice are exposed, in the head-only mode, to the combustion atmosphere for 30 min, starting
from the time of a 1.0% weight loss of the material. At least four experiments are conducted in order
to derive an LCy, value by the Weil method!’®. The LC,, is an estimate of the amount of material

required to cause death of 50% of the animals during the 30 min exposure and 10 min recovery period,



Materials

All five test materials are wire and cable coating compounds: four are poly(viny! chloride)
(PVC)-based (BFGoodrich proprietary materials) and one is nylon-based. Two of the four PVC
compounds (SI and SJ) are standard, commercially available compounds while the other two are
experimental compounds. The standard insulation (SI) is a 105°C rated compound used for the
insulation of building wire; it contains moderate amounts of flame retardants. The standard jacket (SJ)
is a 60°C rated compound used as a jacket material for building wire and does not contain added flame
retardants. Experimental B (EX B) is a modification of the SI compound, formulated in order to
achieve a reduced amount of HCI emission per unit mass burnt. Experimental C (EX C) is a more
advanced modification of SI, formulated for even less HCI emission. The nylon (NR) is a standard
nylon 6,6 compound, used in the manufacture of THHN and THWN wires for use in cables (Allied
8222).

Analyses

During the majority of the experiments, measurements were made continuously of CO, carbon
dioxide (CO,) and oxygen, with a closed loop sampling system. Concentrations of the carbon oxides
were determined with Beckman 865 non-dispersive infrared analyzers and oxygen was measured with
a Beckman OM-11 paramagnetic analyzer. Prior to each experiment, every analyzer was calibrated
with appropriate calibration gases. In selected experiments, the combustion atmospheres were also
analyzed for HCl or HCN. Analyses for HCl were accomplished either by means of a continuous silver
nitrate titration analyzer, based on a modified French standard'®"’, or by the use of an ion selective
electrode on atmospheric samples withdrawn periodically into a syringe containing a small amount of
deionized water'®. Dry soda-lime absorption tubes were used to collect samples of atmospheres

containing HCN, for later extraction and analysis by a pyridine-pyrazolone method'’.

The weight percent of HCI emitted by the PVC samples was measured by means of the coil test
method?®?'. This method heats a sample to destruction and collects the soluble effluents into deionized
water, for subsequent titration of chloride content by using an ion selective electrode. The percent of
available Cl emitted can then be calculated from the formulation of the PVC compound. The results

are shown in Table 1.



RESULTS

Emission of Hydrogen Chloride

The results in Table 1 show that, the ST PVC emits virtually its entire Cl content as HCI and that
the SJ PVC also emits a very large proportion of its Cl as HCI. On the other hand, the experimental
compounds emit a very low fraction of their Cl contents as HCI: the HCl is retained in the solid residue.
The fraction emitted by EX C is roughly half of that emitted by EX B. Since HC! is one of the two
main toxicants in PVC compounds, together with CO, it was of interest, therefore, to investigate

whether this decrease in HCI emission would lead also to a decrease in toxic potency.

Lethal Potencies of the Materials

The LC,, values, and the appropriate confidence limits, for the five materials, as determined by
all test methods, are shown in Table 2. Examination of the relative ranking of these materials, as they
would be evidenced purely by the LCs, values obtained with each method shows that the rankings are

different for the three methods.

A comparison of the lethal potencies of the two experimental PVC compounds with those of the
standard compounds shows that all three test methods yielded LCs, values for EX B that are
approximately 2-2.5 times greater than the value for either SI or SJ. Also, with all test methods (except
for the non-flaming mode of the NBS cup furnace test), the LCs, values for EX C are ca. 3-5 times
greater than the values for either of the two standard materials and approximately twice as large as the
values for EX B.

The LC,, values for the various materials, as determined by all test methods were compared
statistically'. Thus, while the differences in LCs, values between SI or SJ and EX B are statistically
significant (p<0.05) for the NBS cup furnace test (both in the flaming and non-flaming modes) and for
the radiant furnace test, the differences are not sufficient to demonstrate statistical significance in the
UPITT test method (p>0.05). Similarly, the differences in LCs, values between EX B and EX C are
statistically significant in the NBS cup furnace (flaming) and the radiant furnace but not the UPITT
method (nor the NBS cup furnace non-flaming). The differences in LC,, values between Sl and SJ are



With the nylon compound, a sample charge of up to 100 mg/L was insufficient to kill test animals
in the non-flaming mode of the NBS cup furnace test, and so no LC, was determined for this mode.
One reason for this result is that the nylon material bursts into flame easily at a temperature very close
to the autoignition temperature, making the non-flaming test invalid. In the flaming mode of the NBS
cup furnace and in the radiant furnace the LCs, of nylon differed significantly from the values of the
experimental PVC compounds but not of the standard compounds. Inthe UPITT test, the LCs, of nylon
differed statistically only from that of EX C.

In order to investigate one of the potential reasons for this lack of discrimination by the UPITT
test method, the LC,, values of three test materials and of Douglas fir, were determined using one of
the NBS cup furnace protocols, but replacing the rats by mice. The results, in Table 3, show that the
LC,, value with mice was consistently lower than the value obtained for rats, with the differences

ranging from a factor of ca. 2.5 to a factor of as much as almost 8.

CORRELATION OF ANALYTICAL AND TOXICOLOGICAL RESULTS

Analytical data for CO, HCI and HCN from selected experiments were used to evaluate which
toxicants were primarily responsible for the lethal effects of the combustion atmospheres. These
evaluations were made by comparing pure gas lethal concentration-exposure time values for lethality

(i.e. LC4t values) with analytical data.

Analytical data for the four PVC-based compounds, when combusted in the NBS cup furnace test
(non-flaming mode) are shown in Figure 4. The amounts of HCI emitted were consistent with what was
known about the compounds (e.g. Table 1), namely that the experimental compounds release
considerably less HC than the standard ones and that EX C releases much less HCl than EX B. In the
case of the standard compounds HCI was clearly the major toxicant (since its LCt ranges between
111,000 and 150,000 ppm min'"?>%*), representing a fractional effective dose of well over 0.5. There
may well be a contribution to lethality by some other combustion products. In particular, CO (with an
LC,,t range of ca. 138,000-192,000 ppm min'") has a fractional effective dose of well over 0.1. With
EX B and EX C, even the high sample charges required to cause lethalities did not generate sufficient
HCI to result in rat deaths. When large quantities of these materials were combusted, sufficient

concentrations of overall smoke (i.e. gases and particulates other than HCI) were produced to consider



cause lethality with an important contribution by irritants. In the case of the NR, very small amounts
of material were decomposed with this protocol, so that the concentration of smoke was very low.
Consequently charges ofup to 100 mg/L generated low concentrations of CO and undetectable amounts

of HCN and did not cause any lethalities.

The analytical data for the four PVC-based compounds, when burnt in the NBS cup furnace test
(flaming mode) are shown in Figure 5. The amounts of HCI emitted were again consistent with what
was known about the compounds (e.g. Table 1), namely that the experimental compounds release
considerably less HCI than the standard ones and that EX C releases much less HCl than EX B. In the
case of the standard compounds both HCl and CO were clearly major toxicants, with similar
contributions from each in terms of the fractional effective dose. The two experimental compounds
generated much less CO than equivalent sample charges of the experimental compounds, as well as
generating much less HCI. It is interesting, however, that with EX B and EX C, the major toxicant was
CO. this was confirmed by the high blood COHDb levels in the animals dying during exposure. the
considerably reduced emissions of CO and HCl by the experimental compounds were reflected, too,
in the statistically significantly lower toxic potency for EX B and EX C as compared to SI or SJ, and
a much greater LC,, for EX C than for EX B.

With the Radiant Furnace Method (Figure 6) also much less HC! and CO are generated by the
two experimental compounds when compared with equivalent weights of the standard compounds, and
by EX C in comparison with EX B. However, with all four PVC compounds much less HCI was
produéed than in the NBS cup furnace method (in either mode) and the HCI generated decayed much
more rapidly. The Figure shows how the descending slope of the HCl/time curve is much steeper than
in the cup furnace protocols. Both the consistently high concentrations of CO (and CO ct products)
measured and the COHb levels found in the animals suggest that the major toxicant in all these
atmospheres generated by the radiant combustion of flexible PVC compounds was CO, and not HCL.
Differences in the quantity of CO generated by the compounds were reflected in statistically significant
increases in LCy, values for EX B and EX C in comparison with STor SJand in a significantly greater
LC,, value for EX C than EX B.

The analytical data obtained for the four PVC compounds after being subj ected to the UPITT test
method (Figure 7) are markedly different than those obtained with any of the other three methods. In



ascending slopes of the concentration-time curves). This means that they were carried through the
exposure chamber over a short period of time, so that the test animals (mice) were exposed to high
concentrations of these gases for a fraction of the 30 min exposure period only. The descending slopes
are, of course, related in this test method simply to the flow-through character of this dynamic test and
not to decay. The analytical data show that exposure of animals to toxicologically significant
concentrations of CO ranged from 3 to 7 min (except in the case of SJ, where they were slightly

longer). Similarly, exposures to significant HCI concentrations were of even shorter duration.

As with the other methods, in the UPITT method again EX B and EX C generated much less HCI
than equivalent weights of ST or SJ, as did EX C when compared to EX B. However, the ratios of HCI
generated by the various materials are much smaller than would have been predicted from the results

in Table 1 or from the results with the other methods.

Based on the results of pure gas studies on mice exposed to CO and HCl, the major toxicants in
the combustion atmospheres produced by all 4 PVC compounds were determined to be CO and HCL.
In the case of EX C, the contribution of HCI to lethalities would appear to be minimal from the
analytical data; pure gas studies with HC1 have shown that mice are extremely sensitive to HCI, and
even low concentrations of this gas markedly increase the sensitivity of mice to CO*. The LC,, values
of the two experimental compounds were larger than those of the two standard compounds; however,
the differences in values between EX B and SI or SJ and between EX B and EX C were not sufficient

to demonstrate statistical significance (p>0.05).

The analytical data for the nylon compound with three of the test methods are shown in Figure
8. The moderate quantities of CO and HCN generated in the NBS Cup Furnace method (flaming mode)
were insufficient to have caused animal lethality on their own. The LCy, of HCN in rats, over a 30 min
exposure is ca. 160 ppm''. Thus, the HCN represents a fractional effective dose of 0.23, while the CO
represents a fractional effective dose of up to 0.3, approximately. Furthermore, the majority of the
lethalities were found post-exposure. This indicates that other toxicants, probably irritants, among
which it is likely that there are nitrogen oxides, NO,, were present in the combustion atmospheres and
were responsible for the lethality. In contrast, with the Radiant Furnace and with the UPITT test
methods, the nylon material generated sufficiently high concentrations of CO and HCN to account for

the observed lethalities. Virtually all deaths from the Radiant Furnace method occurred during



(flaming). With the UPITT method the peak concentrations of CO and HCN were extremely high (see

Figure 8), but the toxicologically significant exposure was probably only ca. 2 min long.

DISCUSSION

The results obtained in this study demonstrate that the three test methods differ markedly in the
thermal decomposition characteristics and in the nature and rate of evolution of decomposition
products. The results also show that all three methods have limitations in evaluating the toxic potency
of smoke. One limitation is the lack of correlation between sample weight combusted and the quantity
of gases evolved in the case of some materials. This limitation is particularly evident with the UPITT
test method and is illustrated by the analytical data obtained in experiments with EX B (Table 4) and
EX C (Table 5). In these examples the large deviations from linearity between the evolution of some
combustion products and the amount of sample charged contributed to wide variability in the LCy,
values of the materials. It may be indicative also of inhomogeneous burning of materials, as also
suggested by the recent finding that the UPITT method can give multiple LCs, values for the same
material®.

Another difference between the three test methods that may severely limit the relevance and
utility of the LCs, values obtained from them is the type of exposure system. The use of a static
exposure system in both the NBS Cup Furnace and in the Radiant Furnace test methods provided for
exposure of the test animals to the thermal decomposition products of a material over most, if not all,
of the 30 min exposure period. In contrast, with the UPITT test method, the use of a dynamic exposure
system, together with a programmed heating rate, resulted in exposure of test animals to high
concentrations of toxicants, particularly HCl and HCN, for brief periods of time. This type of exposure
is generally much more toxicologically severe than exposure to the same ct product of a gas over a
longer time. Furthermore, this type of exposure is of questionable relevance to most fire scenarios,
except possibly for locations near the fire itself at the time of flashover. In the latter situation, the
toxicity of combustion products is generally considered to be of minimal significance in comparison

to other hazards.

The analytical data showed a marked difference between the NBS Cup Furnace and the Radiant

Furnace methods, even though both of them use a static exposure system. This was particularly



The amount of HCI generated in the Radiant Furnace method was much lower than in the NBS Cup
Furnace method and, furthermore, the decay of HCl also appeared to be more rapid in the same test.
This may be explained by the more complete combustion in the Radiant Furnace method, which leads

to the generation of much more water vapor, which, in turn, reacts rapidly with HCL.

Of the several differences between test methods, however, the one that has the greatest impact
on the LC,, value is the test animal. Whereas the NBS Cup Furnace and the Radiant Furnace methods
use the rat as a test animal, the UPITT method uses the mouse, a species much more sensitive to the
lethal effects of HCI, and probably to those of all irritant gases?®?’. A comparison of lethal potencies
of four materials determined in mice and rats by the NBS Cup Furnace test method (Table 3) shows that
the sensitivity of the mouse to the combustion atmospheres produced by these materials was greater
than that of the rat by a factor which ranged from approximately 2.5 to as much as almost 8. Itis
important to stress that, under the conditions tested, all these four materials generate smoke which
contains a very large proportion of irritants, so that it is to be expected that the difference in sensitivity
found for mouse and rat is likely to be associated with the presence of irritants primarily. Furthermore,
it has been shown that mice and rats have similar sensitivity to CO. In terms of the sensitivity to HCI
itself, LCs, values for a 5 min exposure (and 7 day post-exposure) were reported by Darmer et al.”* to
be 13,745 ppm for the mouse and 40,989 ppm for the rat, indicating a three-fold greater sensitivity of
the mouse to this gas compared to the rat. A comparison of the lowest lethal concentrations (LLC) data
for the two species (Table 6) indicates an even greater difference in sensitivity between the mouse and

the rat: the mouse is almost eight times more sensitive.

The baboon is a non-human primate regarded as a good surrogate of man because its respiratory
response to irritants, its upper airways and its general physiology are all very similar to those of
humans, in particular young children®®. Available data, although limited, have shown that the baboon
can survive short exposures to very high concentrations of HCI?. Studies have shown that a 15 min
exposure to 10,000 ppm, a 10 min exposure to 15,000 ppm or even a 5 min exposure to 30,000 ppm
(all exposure doses of 150,000 ppm min) of HCI does not cause lethality of this animal®. Studies with
baboons and rats have also shown that concentrations which resulted in eventual deaths (18 and 76 days
after exposure) of two animals exposed for 5 min to HCl are similar to those which caused lethality in
rats exposed for 5 min®. Thus, the sensitivity of the baboon to the lethal effects of HCI is much more

comparable to that of the rat than to that of the mouse. The mouse is much more sensitive to the lethal



Because of this hypersensitivity of the mouse, LCs, values as determined by the UPITT method
may overestimate the relative toxic hazard to man of materials that generate HCl or other irritant gases
and underestimate those of materials, such as nylon or Douglas fir, which generate mainly asphyxiant
gases (CO or HCN) under UPITT test conditions. This seems to be the explanation for the lack of
differentiation between SI or SJ and EX B by the UPITT method, even though much less CO and HCI
are produced by EX B than by SI or SJ. This limitation is particularly serious in the lack of
differentiation between nylon and EX B, despite the generation by the former compound of a
combustion atmosphere in the UPITT test method which appears to be immediately and extremely

hazardous to man.

CONCLUSIONS

The results demonstrate that neither toxicity nor toxic hazard can be measured adequately by
simple determinations of lethal potency via small-scale toxic potency tests. Thetoxic hazard associated
with the combustion of a material is best determined by an assessment based on the degree and type
of toxic effects produced and by an identification of the toxicants responsible, in conjunction with the

determination of other relevant fire parameters.

Furthermore, fire safety will best be improved by programs designed to develop fire hazard and
fire risk assessment techniques rather than by concentrating on lethal potency tests. Fire hazard and
fire risk assessment must incorporate a consideration of all essential fire parameters, including
ignitability, flame spread, heat release, smoke toxicity and transport, together with the probability of

fire occurrence and with the effects on people and the environment.
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Table 1. Emission of H

Cl and available chlorine by PVC compounds.

Sl SJ
Weight Percent HCI Emitted” 335 26.0
953 87.8

Percent of Available Cl Emitted

*Measured by Coil Test Method {20,21}.

Table 2. Lethal potencies.(LC,, values) of PVC compounds

determined by three test methods.*

NBS Cup Furnace
(Non Flaming) (mg/L)

NBS Cup Furnace
{Flaming) (mg/L)

Si 25.0 S 35.0
{20.0-32.4) (31.3-39.2)
SJ 31.6 SJ 29.6
(27.8-36.1) (22.7-37.4)
EXB 55.7 EXB 60.8
(44.5-66.0) (53.0-70.0)
EXC 59.9 EXC 159.0
(52.5-64.9) (127.0-199.0)
NR No Deaths® NR 490
> 100 mg/L (42.2-57.0)
Radiant Furnace UPITT
(mg/L) (@)
st 334 Sl 586
(28.5-56.1)° (3.9-8.2)
SJ 53.1 SJ 55
(49.6-55.9) ' (4.2-7.1)
EXB 86.2 EXB 10.0
(79.0-93.5) * (5.1-19.4)
EXC 149.0 EXC 216
(122.0-184.0) (11.1-42.0)
NR 36.7 NR 5.3
(21.6-45.4) (4.7-6.0)

ayatues are LC,, values and 95% confidence limits, calculated from initial sample weights. UPITT values
were determined using a standard 2.3 L exposure chamber. Units are in g for the UPITT test method and

in mgl for the others.
oNo deaths with sample charges up 10 100 mg/L, LC,, vaue not determined.

cCalculated from three experiments: 25 mg/L: 0/6; 30 mgiL: 1/6; and 35 mgiL: 4/6.



Table 3. Lethal potencies (LCs, values) of SJ, EX C, NR and Douglas fir
determined by the NBS cup furnace test method with rats and mice.

NBS-NF* NBS-NF* NBS-F® NBS-F? |

Rats Mice Rats Mice
SJ 316 42
(27.8-36.1) (2.5-6.7)
EXC 59.9 13.9
(52.5-64.9) (7.7-20.8)
49.0 20.2 ‘
(42.2-57.0) (14.3-30.4) 1
DF¢ 328 8.9 378 '
(29.3-36.7) (6.5-11.8) (33.2-44.6)

"Values are sample changes » mgil. units.
*HBS nonflarming mode,

BMBS flaming made,

“OF = Douglas fir,

Table 4. Analytical and lethality data in determination of

LCs, for EX B by UPITT method. )
Sample COoCt HCI Ct No. of
Mass {g} {ppm-min} (ppme-min) Deaths
6.94 18,592 12.800 214
8.33 18,811 2.880 1/4
10.00 22126 14,550 24
12.00 25,576 12,830 3/4

Ly 10.0 (5.1-19.4) g.

: ‘ 5. Analytical and lethality data in determination of

LCs, for EX C by UPITT method.

Sample coct HCOI Ct No. of
Mass (9) {ppm-min) {ppm-min} Deaths
12.00 19,354 420 0/4
15.73 22,897 330 0/4
16.83 NA® NA* 4/4
18.00 22,649 9,660 ' , 3/4
19.27 25,367 10,280 34

"NA: Mot analyzed,
LCy 21.8 {11.1-420) g.

Table 6. Lowest lethal concentrations (LLC) of HC!I in the mouse and the rat.
Mouse Rat

LLC (ppm) 3,200* 32,255%
{5-min exposure +

1-day post exposure)

{within 5-minute exposire)

From Darmer, e al. [16].
baplan, et al [12.
“Kaplan, et al. {17).



Figure 1.
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Figure Legends

Figure 1: Diagrams of the NBS Cup Furnace Test Method Apparatus.
Figure 2: - Diagram of the Radiant Furnace Test Method Apparatus.
Figure 3: Diagram of the UPITT Test Method Apparatus.
Figure 4: Generation of CO and HCI by PVC compounds in the NBS Cup Furnace Test
Method (Non-flaming mode).
SI: LCsy: 22.4 mg/L

Sample conc: 25 mg/L

CO Ct: 23,280 ppm min

HCI Ct: 81,780 ppm min
SJ: LCs,: 31.6 mg/L

Sample conc: 35 mg/L

CO Ct: 21,600 ppm min

HCI Ct: 70,800 ppm min
EX B: LCyy: 55.7 mg/L

Sample conc: 50 mg/L

CO Ct: 13,950 ppm min

HCI Ct: 34,890 ppm min
Ex C: LCy: 59.9 mg/L

Sample conc: 60 mg/L

CO Ct: 13,980 ppm min

HCI Ct: 7,050 ppm min

Figure 5: Generation of CO and HCI by PVC compounds in the NBS Cup Furnace Test
Method (Flaming mode).
SIL: LCsy: 35.0 mg/L
Sample conc: 25 mg/L
CO Ct: 75,540 ppm min
HCI Ct: 51,270 ppm min
SJ: LCyy: 29.6 mg/L
Sample conc: 35 mg/L
CO Ct: 86,550 ppm min
HCI Ct: 65,430 ppm min
EX B: LC,,: 60.8 mg/L
Sample conc: 70.0 mg/L
CO Ct: 102,090 ppm min
HCI Ct: 16,500 ppm min
Ex C: LCs,: 159.0 mg/L
Sample conc: 140 mg/L
CO Ct: 96,960 ppm min
HCI Ct: 660 ppm min



-Figure Legends (cont.)-

Figure 6: Generation of CO and HCI by PVC compounds in the Radiant Furnace Test
Method.
SI: LCs,: 33.4 mg/L
Sample conc: 30 mg/L
CO Ct: 109,650 ppm min
HCI Ct: 5,940 ppm min
SJ: LCs,: 53.1 mg/L
Sample conc: 55 mg/L
CO Ct: 128,220 ppm min
HCI Ct: 7,200 ppm min
EX B: LC,,: 86.2 mg/L
Sample conc: 100 mg/L
CO Ct: 137,300 ppm min
HCI Ct: 1,500 ppm min
Ex C: LCs,: 149.0 mg/L
Sample conc: 140 mg/L
CO Ct: 119,250 ppm min
HCI1 Ct: negligible

Figure 7: Generation of CO and HC1 by PVC compounds in the UPITT Test Method.

SI: LCs:5.6¢

Sample mass: 6.3 g

CO Ct: 22,000 ppm min

HCI Ct: 20,280 ppm min
SJ: LCq:55¢

Sample mass: 7.1 g

CO Ct: 31,000 ppm min

HCI Ct: 45,000 ppm min
EX B: LCy:100g

Sample mass: 10.0 g

CO Ct: 22,130 ppm min

HCI Ct: 14,550 ppm min
Ex C: LCy: 216 ¢

Sample mass: 18.0 g

CO Ct: 22,650 ppm min

HCI Ct: 9,660 ppm min

Figure 8: Generation of CO and HCN by Nylon in the NBS Cup Furnace (Flaming),
Radiant Furnace and UPITT Test Methods.
NBS (F): LC,,: 49.0 mg/L
Sample conc: 50 mg/L
CO Ct: 43,980 ppm min
HCN Ct: 1,080 ppm min
Radiant: LC,: 36.7 mg/L
Sample conc: 70 mg/L
CO Ct: 150,870 ppm min
HCN Ct: 2,529 ppm min
UPITT: LCy: 53¢
Sample mass: 8.0 g
CO Ct: 26,600 ppm min
HCI Ct: 5,853 ppm min
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ABSTRACT

One serious fire hazard can be smoke generation, which causes decrease in visibility and
increase in toxicity. Such parameters should be determined in ways that represent full scale fires;
this paper surveys existing measurement methods. Smoke obscuration is best measured, in small
scale tests, by using RHR instruments and compensating for total sample burning, since products
with good fire performance are usually not fully consumed in fires. Smoke toxicity should also be
determined in such a way that no unrealistic "rankings" are made based on minor differences in
small scale tests, since those tests cannot predict concentrations of CO, the major toxicant in fires.



INTRODUCTION

There are three main ways in which fire, whatever the products involved, can cause harm to
people, property or operations. These are, in decreasing order of their importance to fire hazard: (a)
effects of heat or flames spreading from the item first ignited to other products, potentially resulting
in thermal injury to people, destruction of property or loss of operation, (b) production of smoke
which obscures vision and can inhibit both the escape of trapped victims and the action of fire
fighters and (c) generation of toxic products (gases and particulates in smoke) which can be inhaled
by victims and injure them.

For clarification purposes, the definition of smoke given by the ASTM Fire Standards

Committee (in ASTM E176) is used in this paper. It states "smoke is the airborne solid and liquid
particulates and gases evolved when a material undergoes pyrolysis and combustion”.

SMOKE OBSCURATION

The test methods used to measure smoke obscuration accompanying a fire can be classified into
five categories:

(I) Static small scale smoke obscuration tests on materials

(II) Dynamic small scale smoke obscuration tests on materials

(I1I) Traditional full scale smoke obscuration tests on products
(IV) Full scale tests measuring heat release and smoke release

(V) Small scale tests measuring heat release and smoke release

This paper will briefly discuss these different types of methods in turn, while giving a few
examples of tests in each category. The description will involve mostly general features which are
common to most methods in a particular category.

In the first category are the single most widely used smoke test, i.e. the NBS smoke chamber,
and an earlier version: the Rohm and Haas chamber (Table I). These tests are similar in design; the
main difference is the light beam direction. It has been shown that results from these tests do not
usually represent the smoke emission to be expected in full scale fires. A large amount of
information has been published on NBS smoke chamber deficiencies [1-4]; they will not be
discussed in depth here, beyond presenting a table of recognised deficiencies (Table IT). These tests
have some, limited, usefulness as laboratory tools to observe effects of changing a base formulation.
Effects must still be confirmed by a reliable fire test.

There have been two proposals to remedy one of the main objections to the NBS smoke
chamber: the inadequate representation of melting and dripping materials: the use of a dual burner,
which can be set against a horizontal or vertical sample or the use of a conical burner.



Most of the tests in the second category measure smoke obscuration together with another
property, although this was rarely an original objective of the test designers (Table I1I). such a use
recognises, implicitly, the fact that smoke obscuration is not an isolated phenomenon, but is always
a result of the fire itself.

The radiant panel flame spread test apparatus can be used to measure smoke obscuration by
means of a filter in the exhaust stream. The Michigan chamber [e.g. 5] has been widely used as a
tool for investigating effects of flame retardants and smoke suppressants on specific polymer
systems. It consists of a box through which the smoke from the exhaust of a limiting oxygen index
test apparatus is drawn. Smoke obscuration is measured photometrically; in order to ensure some
burning uniformity, oxygen in the LOI tester is often set at LOI + 1. The Arapahoe smoke chamber
offers a standard procedure for gravimetric soot measurements of smoke but uses a poor fire model,
unrepresentative of real fires: the test is thus of limited use. The Dutch Vlamoverslag test exposes
building materials vertically in a chamber to radiant heat combined with a pilot flame until flashover
occurs; smoke obscuration is measured horizontally in a chimney above the chamber flue, together
with the energy required for flashover at 5 or 15 min. Conceptually similar tests exist in the Nordic
countries (Nordtest NT Fire 004) and Germany (Brandschacht test: DIN 4102 part 1).

Table I Static Small Scale Smoke Obscuration Tests on Materials

Examples: ~ ASTM D2843 - Rohm & Haas Test (XP-2 Chamber)
ASTM E662/NFPA 258/BS 6401 - NBS Smoke Density Chamber

Details of Tests
Sample is Heated to Destruction in Sealed Cabinet
Smoke Obscuration is Measured Photometrically
Static Test
Single Measurement

Specifics of the Individual Tests

Rohm & Haas Test: Horizontal Optical Density
NBS Chamber: Vertical Optical Density

Table Il Deficiencies in the NBS Smoke Chamber

Results do not correlate with full-scale fires.
Vertical orientation leads to melt and drip

Time dependency of results cannot be established
No means of weighing sample during test.
Maximum incident radiant flux is 25 kW/m’

Fire self-extinguishes if oxygen level becomes <14 %
Therefore, composites often give misleading results
Wall losses are significant

Soot gets deposited on optics

Light source is polychromatic

Rational units of m*kg are not available



Table 111 Dynamic Small Scale Smoke Obscuration Tests on Materials

Examples:  ASTM E162 - Radiant Panel Flame Spread Test
Arapahoe Chamber (ASTM D4100)
Dutch Vlamoverslag Test (NEN 3883)
Michigan Chamber
BFGoodrich Smoke-Char Test

Details of Tests
Sample is Heated to Destruction
Smoke Obscuration is Measured Together With Another Property
Dynamic Test
Single Measurement of Smoke Obscuration

Characteristics of the Individual Tests

Radiant Panel: Soot - Measured with Vertical Flame Spread
Arapahoe: Soot - Measured after Burning Horizontal Sample

Vlam Overslag: Horizontal Optical Density -

Michigan Chamber: Horizontal Optical Density - Measured with LOI
Smoke-Char: Horizontal Optical Density - Measured with Char

The BFGoodrich smoke-char tester [6] is based on an interesting concept: simultaneous
measurement of obscuration and of mass of residue. It was one of the first attempts at quantifying
(albeit very imperfectly) a very important fire safety issue: materials which burn more extensively
will, usuaily, give off more smoke simply by virtue of the larger amount of mass burnt. A very
small sample is placed on a holder sited above the flame of an LOI tester and burnt for 30 s in air.
A horizontal light beam and detector measure decrease in light transmission and the mass of residue
is determined gravimetrically. It too has a poor fire model and no provision for the effects of high
heat fluxes. However, there is still some interest in this approach, mainly because of its potential
for mechanistic studies. The carbon contained in organic materials will result in three type of
products: (a) gaseous compounds (mainly organic hydrocarbons and carbonyls and inorganic carbon
oxides), (b) solid residue (principally char, remaining in the condensed phase) and (c) soot
(suspension in air of solid particles, mainly carbonaceous, often with adsorbed polycyclic aromatic
hydrocarbons, which get transported into the gas phase and cause obscuration of light). Ifa carbon
mass balance is attempted, this method will give indications of the relative contributions of (b) and
(c), rather than addressing only (c) like most other smoke tests do. It does not distinguish,
unfortunately, between the carbonaceous (char) and the inorganic (ash) portion of the residue.
Results from the smoke char test have been used to identify additives which operate by an
intumescent mechanism [6] and to get information on whether smoke suppression was achieved by
simple dilution via inorganic fillers [7].

Many full scale tests have been proposed for products and the most important ones are
described in Table IV. They have little in common, other than that the original tests were usually
designed in response to a specific need and they have often outlived their utility. They were not
designed to measure heat release, but often for flame spread. Smoke obscuration was usually added
later, almost as an afterthought. These tests are important because the product is allowed to "do its



own thing" and, thus, a material (or product with good fire performance) is not necessarily burnt to
completion. Moreover, smoke obscuration is always measured continuously, together with some
other fire property. The results of these tests have however, as a rule, not been shown to correlate

with the results of tests in more realistic scenarios.

This class of tests includes the Steiner tunnel test (first standardised by ASTM in 1950) and its
several variations applicable to individual products (e.g. cable, UL 910 or sprinkler pipe, UL 1887),
which has been used to regulate the amount of flame spread (and, often, the smoke developed) by
materials for various applications with stringent fire performance requirements. Although its
deficiencies are well known it is a popular procedure, because of widespread regulatory applications:
sheet, cable, pipe, wall lining, sprinkler pipe, etc. It should be pointed out that it can yield
misleading results, because materials have been developed "to pass the test”, rather than for good
fire performance. The test has been shown to misrepresent the fire performance of wall linings and
floor coverings. One problem with wall linings is the test sample orientation (horizontal) which can
lead to a less severe exposure than a vertical orientation, for partial sample burning. Another
problem is that, since the sample is sited on the ceiling of the tunnel, some products tend to drip or
melt away from the flame source and thus not propagate the fire. Moreover, unfortunately test
results cannot be used as input for fire hazard assessment models.

The flooring radiant panel test was designed, in the early 1970's to solve the problem of carpets
spreading fire outside the room of fire origin. Consequently, virtually none of the commercial
carpets sold in the US in the late 1980's and 1990's is likely to cause such a problem. The maximum
incident flux to this test is, however, much too small (10 kW/m?) for it to adequately address the
flooring product contribution to fire hazard, if the fire reaches significant intensity.

The 3 m cube test is a large static smoke chamber, used mainly for measuring the smoke
developed from cables. Unfortunately its fire model isa very intense liquid hydrocarbon pool which
is sufficient, often, to consume completely the combustible portion of the cables, due to the
geometrical arrangement. Thus, the test suffers from most of the same defects that plague small
scale static smoke chamber tests.

The ultimate measure of fire performance of a material or product is, of course, the way in
which the end product reacts in a real fire. The best approximation to this fire performance will be
found with room size fire tests where products can be tested in end use configurations, or as close
as possible. The single most important fire property is the rate of heat release, since its peak value
will determine the peak intensity of a fire [8-9]. The fire science community has understood this
concept only relatively recently. Table V lists several such tests, which measure smoke obscuration
together with heat release.

An empirical "rule" discovered in the 1970's has helped to show the way ahead: the rate of heat
release of the majority of combustibles is proportional to the level of consumption of oxygen (the
proportionality constant is 13.1 + 0.3 kJ Oy/kg fuel) [10-11]. This was accompanied by an
improvement in oxygen measurement techniques, so that O, can be determined with paramagnetic
analysers at an accuracy of 0.001% O,. Thus, the almost insurmountable problem of ensuring

adiabaticity is now replaced by a much simpler problem: ensuring complete capture of the fire
effluents of the fire (or of a known representative fraction).



Table IV Full Scale Tests for Smoke Obscuration but Not Heat Release

Examples:  ASTM E84/NFPA 255/UL 723 - Steiner Tunnel Test
UL 910 - Cable Tunnel Test
London Underground - 3 m Cube Chamber
ASTM E648 Modified - Carpet Critical Radiant Flux

Details of Tests
Sample is Not Heated to Destruction
Smoke Obscuration is Measured Together With Flame Spread
Continuous Measurements

Characteristics of the Individual Tests

Steiner Tunnel:
Sheet/Cable/Pipe is Burned Horizontally
Smoke Obscuration is Measured Vertically
Results are Very Erratic
Dynamic Test

3 m Cube:
Cable is Burnt Horizontally
Smoke Obscuration is Measured Horizontally
Almost Full Length of Sample is Consumed
Static Test

Flooring Panel:
Carpet is Burnt Horizontally
Smoke Obscuration is Measured Horizontally
Other Fire Properties are also Measured
Dynamic Test



Table V Full Scale Tests Measuring Heat Release and Smoke Release

Examples ASTM E603 - Standard Room
UL 1581 (Modified) - Cable Tray Test

Details of Tests

Sample is Not Heated to Destruction

Smoke Obscuration is Measured Together With Other Properties
Heat Release is Measured

Continuous Measurements

Dynamic Test

Gas Release can be Measured Simultaneously

Characteristics of the Individual Tests

ASTM Room:
Sheet is Burned Vertically
Smoke Obscuration is Measured Horizontally

UL 1581:
Cable is Burnt Vertically
Smoke Obscuration is Measured Horizontally

In the late 1970's and 1980's several tests were developed in which products are burnt in a
simulated end-use environment and in which heat release is measured together with other properties,
including smoke obscuration. These are dynamic tests, involve continuous measurements and give
a realistic appraisal of the fire performance of the product. Among the tests worth mentioning are
a lined room (ASTM E603, Nordtest NT Fire 025), vertical cable tray tests (IEEE 383, UL 1581,
ICEA 529 or CSA FT-4, all of them modified to measure heat and smoke release), and furniture tests
(UL 1056, furniture calorimeter, Nordtest NT Fire 032).

There remains, however, a problem with such tests: their cost. It is desirable to find smaller
scale tests the results of which can serve as reasonable predictors of real fire performance and which
can be used as inputs into fire models for assessment of fire hazard or fire risk.

In view of these issues, smoke obscuration should be measured with small scale tests which
can fulfill four basic criteria, as follows: :

e8) Such tests must measure fire properties so that they can be used for purposes other
than simple rankings or pass/fail criteria.

(2)  Such tests should measure fire properties of considerable fire hazard interest,
principally, the rate of heat release.

3) Such tests must have been proven to give results that are representative of the
corresponding property in a full scale scenario.

4 Such tests must allow calculations to compensate for complete sample consumption,
characteristic of small scale tests.



Probably the only tests in existence to fulfill these requirements are based on heat release
(RHR) calorimetry. They are the cone calorimeter (cone) [12-13], the Ohio State University (OSU)
RHR calorimeter [14] and the Factory Mutual RHR calorimeter [15] (Table 6).

The first two have been used extensively by many investigators and are very well known.
There are eight main differences, viz.:

€)) The cone uses the oxygen consumption principle. It is not adiabatic but allows easy
observation of the burning process. The OSU was designed as adiabatic, and sample burning
visibility is minimal. The apparatus can be modified to allow heat release measurement by O,
consumption. Apparatus geometry cannot be changed easily, however.

(b)  The cone is normally used with horizontal samples, while the OSU is normally used
with vertical samples. Samples can be burnt in the cone vertically and horizontally in the OSU; the
latter leads to larger irreproducibility because of makeshift radiation reflection.

(c) The radiant source in the OSU is a set of four glow bars, sited directly across from
the horizontal sample. Soot particles and smoke must make their way through a "chimney" between
the burning sample and the heat source, causing afterburn. There is a truncated conical radiant
heater in the cone; this generates a uniform energy distribution; smoke is captured with minimal
losses or afterburn.

(d)  The OSU has a flame igniter and the cone a spark igniter. Thus, the OSU ignition
source is more powerful and more localised. The flux on the actual sample is larger in the OSU than
the cone, if both radiant heaters are calibrated to the same value. Therefore, samples may ignite in
the OSU but not in the cone. Fire models are more likely to require data without "hot spots”, but
the OSU is better at modelling impinging flames. This can easily be altered for either instrument.

(e) The cone has a load cell to measure mass continuously, but the OSU does not. This
is very important, to calculate fire properties on a per mass lost basis. Attempts have been made to
make an OSU apparatus with a load cell, which appear promising.

The cone uses a laser for measuring smoke obscuration while the OSU uses a white
light. Results from both measuring systems are virtually equivalent, if scanning times are small (<
3's [16-17]). The white light is more similar to what the human eye sees, but it needs more
maintenance (very infrequent cleaning is needed in the laser). Alternative obscuration sensors can
be installed in either apparatus.

(g) The sample size is somewhat different: ca. 10 x 10 cm? in the cone and ca. 15 x 15
cm? in the OSU. This will make no major difference to the results and is simply a consequence of
the geometry.

(h)  The incident air flow rate is much higher in the OSU than in the cone, because of the
geometric apparatus design.

In both apparatuses the incident air composition can be changed to simulate the vitiated
atmospheres prevalent in intense fires; the nitrogen content of the air can be increased relatively
easily. High incident air flow rates make it inconvenient (although not impossible, in the cone) to



increase the oxygen content of the atmosphere. The Factory Mutual RHR calorimeter can operate
at high oxygen levels. This is of interest with products destined for use in outer space. It has been
proposed also that higher atmospheric oxygen contents may simulate reradiation due to the burning
sample [18]. This is an interesting idea which remains to be confirmed, since, unfortunately, only
a single laboratory has, as yet, had extensive experience with this apparatus.

Smoke obscuration is normally reported in the OSU by calculating rate of smoke release and
integrating this parameter to obtain total smoke released. In the cone, the normal way of reporting
obscuration is the average extinction area, which measures obscuration per unit mass. Both ways
of reporting smoke obscuration can be interconverted.

In order to compensate for the complete consumption of the sample, it is possible to calculate
derived magnitudes of smoke obscuration, which can be determined directly in small scale RHR
apparatuses. Two have recently been used often: smoke parameter [2] and smoke factor [19].
Smoke parameter is the product of average extinction area and peak RHR, while smoke factor is the
product of total smoke released and peak RHR. Both are measured continuously and often reported
at 5 min.

An attempt has been made to compare NBS smoke chamber results with those of full scale
tests and RHR test smoke obscuration results: cone and OSU [19]. The results indicate a lack of
correlation between the NBS smoke chamber and any of the other three tests. Moreover, results also
showed that the cone smoke factor and smoke parameter correlated very well indeed with the OSU
smoke factor, for a total of 17 plastic materials covering a wide gamut of fire performance. Recent
work has shown that the cone calorimeter RHR can be used to predict the results of full scale fire
tests of cables in vertical trays [20]. A model was developed to predict full scale RHR from small
scale results. More interesting however, is the fact that the total amount of smoke obscuration
measured in the full scale tests correlated very well with the smoke factor measured in the cone
calorimeter, for the cables. In the same work [20], the materials used to make the cables were burnt
in the cone and in the OSU. Predictably, heat release results in both instruments correlated well with
one another. More unexpectedly, smoke factors for both instruments correlated wonderfully with
each other as did smoke factors in each instrument at two different incident fluxes. Other work has
also shown good correlations between small scale results in the cone calorimeter and full scale fire
test results, in the room-corner test, both in terms of heat and of smoke release.

All this suggests clearly that, at present, the best way of measuring smoke obscuration in a
meaningful way for full scale fires is the use of a small scale rate of heat release test, such as the
cone calorimeter (or the OSU calorimeter) and compensate for incomplete burning of fire retardant
materials by using the smoke factor concept.

SMOKE TOXICITY

Toxic potency of smoke is a quantitative expression relating smoke concentration and
exposure time to adverse effects, usually lethality, on a test animal. It has to be stressed that toxic

potency of smoke is heavily dependent on the conditions of smoke generation, which affect both
quality and quantity of smoke.

During the 1970's and early 1980's many smoke toxic potency test methods were developed;



the ones most widely used are in refs. 21-24. These tests differ in many respects, including: fire
model, being static or dynamic, use of animals or analytical tools, animal model for bioassay and
end point. Due to all these differences the tests lead to tremendous ranking variations for the smoke
of various materials. A case in point was illustrated in a study of the toxic potency of 14 materials
by two methods [25] (Table VII). It showed that the material ranked most toxic by one protocol was
ranked least toxic by the other protocol! Neither of those protocols is in common use now, but the
work illustrates some of the shortcomings inevitable with small scale toxic potency of smoke tests.

Toxicity of smoke is a function of composition, which depends both on what is burnt and on
how it is burnt. Thus, the composition of the smoke generated by any material in different tests
varies broadly, so will its toxic potency. In fact, the toxic potency of the smoke of most ordinary
materials (Whether natural or synthetic) is very similar (see Figure 1 [26]). The difference between
the smoke toxic potencies of almost all combustible materials is less than 1 order of magnitude.
Thus, relative toxicity rankings are heavily dependent on the exact composition of the smoke being
tested, i.e. on the test protocol, and are of little interest from the viewpoint of fire hazard assessment.

The main direct cause of death in fires has always been toxicity of combustion products, as
already discussed in the NFPA Quarterly in 1933 [27]. However, fire victims are often incapacitated
by heat effects before being killed by smoke inhalation. Smoke contains mainly 2 types of toxic
gases: asphyxiants and irritants, but the individual toxic gas associated with the largest fire hazard
is carbon monoxide (CO).

CO is acombustion product present in all fires, because it results from the combustion of any
organic material. Its physiological result is the formation of carboxyhemoglobin (COHb) in blood.
The exact COHDb lethal level depends heavily on the individual affected, but any value > 20% can
lead to death [28]. Even with the ultraconservative (and incorrect) estimate that 50% COHb is the
lethal threshold, CO alone accounts for 60% of fire deaths, while > 91% of fire victims have COHb
levels > 20%. Many factors can lead to lower CO tolerance, even with no other toxic gases: heart
disease, blood alcohol, burns and age. It is fascinating to note the great similarity found between
the blood COHDb level distributions in two studies, one involving the 1980 MGM Grand Hotel fire
and the other involving CO deaths from gas heaters [4]. This indicates that deaths in fires and deaths
from CO poisoning (in non-fires) correlate well. Statistical studies of data on >2,000 fatalities (CO
from fire and non-fire sources) [29] have shown that, once the controlling factors of age, disease and
blood alcohol are separated, COHb distribution in fire and non-fire deaths are similar.



Table VI Small scale tests Measuring Heat Release and Smoke Release
Rate of Heat Release Calorimeter Tests

Examples:  ASTM E906 - OSU RHR Calorimeter
ASTM P190 - NBS Cone Calorimeter
Factory Mutual Calorimeter

Details of Tests

Sample is Heated to Destruction

Heat Release is Measured

Smoke Obscuration is Measured Together With Other Properties
Dynamic Test

Continuous Measurements

Combined Smoke/Fire Hazard Properties can be Measured

Gas Release can be Measured Simultaneously

Characteristics of the Individual Tests

OSU Calorimeter:
Sample is Burnt Vertically
No Mass Loss is Measured
There are Heat Losses
Light Source is Polychromatic

Cone Calorimeter:
Sample is Burnt Horizontally
Mass Loss is Measured Continuously
There are No Heat Losses
Light Source is Monochromatic
Best Known Combustion Model
Measures All Fire Hazard Parameters



Table VII Comparative Mortality Data of Combustion Products of Polymers

STATIC CHAMBER DYNAMIC CHAMBER

LCs, Sample Sample LC,,
g g

Toxicity Ranking (Toxicity Increases Upwards)
9 Red Oak 1 Wool 0.4
10 Cotton 2 Polypropylene 0.9
21 ABS (FR) 3 Polypropylene (FR) 1.2
23 SAN 4 Polyurethane foam (FR) 1.3
25 Polypropylene (FR) 5 Poly(vinyl Chloride) 1.4
28 Polypropylene 6 Polyurethane foam 1.7
31 Polystyrene 7 SAN 2.0
33 ABS 8 ABS 22
37 Nylon 6,6 9 ABS (FR) 2.3
37 Nylon 6,6 (FR) 10 Nylon 6,6 2.7
47 Polyurethane foam (FR) 11 Cotton 2.7
50 Polyurethane foam 12 Nylon 6,6 (FR) 3.2
50 Poly(vinyl Chloride) 13 Red Oak 3.6
60 Wool 14 Polystyrene 6.0

Many gases other than CO are given off in fires, but CO is the overwhelming hazardous toxicant
in a fire. Peak concentrations [4] of various gases found by fire fighters equipped with gas sensors
were: 7,450 ppm CO, 100 ppm acrolein, 280 ppm HCl and 10 ppm HCN, while the corresponding
lethal doses are: 90,000-138,000 ppm min CO, 2,500-5,000 ppm min acrolein, 112,000 - 159,000
ppm min HCI and 4,800 ppm min HCN.

As regards HCl, it is relevant to point out that its airborne concentration only remains at a peak
value for a short period before decaying [4]. This decay of HCl is particularly fast in the presence
of sorptive surfaces such as most ordinary construction materials [30].

Many studies have been made of combinations of individual toxic gases. Most of them show
that have simply additive effects. This is the case for CO and HCN and for CO and HCl, although

the mechanisms of action are different. These results can be interpreted as each toxicant taking its-

toll and acting on a weakened system. The CO-carbon dioxide combination has been claimed to be
synergistic.

The fire scenarios where fire hazard is greatest are those with full room involvement, or
flashover. In such fires, there is excess of fuel to oxidant, and, generally, low ventilation. CO
concentration in those fires depends heavily on fire load (i.e. how much material is burning, per unit
volume) and on geometrical arrangements, including ventilation, while its dependence on materials
is of a lower order. This secondary effect of materials is illustrated in a recent study [3 1], in which
attempts were made to correlate CO concentrations measured in small scale and full scale fire tests.
The small scale equipment (cone calorimeter) predicted adequately all important full scale fire
properties except full scale CO concentrations. The latter concentrations were controlled by the
geometry of the full-scale fire, the ventilation/oxygen content and the mass loading, and were little



affected by the chemical composition of the burning materials. Small scale tests predict CO yields
(or carbon monoxide to carbon dioxide ratios) which are much lower than those found in intense
fires. Small scale toxicity tests can predict reasonably well yields of non CO, thus overpredicting
the relative toxicity of materials (or products) which are heavy emitters of such compounds.

This discussion suggests that measuring smoke toxic potency can, at best, only give a small
portion of the toxicity picture. Such data are of no use in isolation. Toxic potency screening tests
may point to materials (or products) with toxic potency outside the range of most products. These
are very rare and generally result from very small concentrations of gases not usually measured
directly. Thus, extreme toxic potencies can only be found with a bioassay (animal model), and
should then be dealt with by a full fire hazard assessment.

A quick screening method to choose materials for more intense scrutiny of toxic hazard is to
calculate [4] the ratio of their toxic potency and their mass loss rate parameter. Mass loss rate
parameter is the ratio of an average mass loss rate and time to ignition. If the mass loss rate
parameter differs by more than an order of magnitude from that of ordinary materials the material
in question should be investigated more thoroughly. The choice of a factor of 10 is typical of the
difference between toxicity categories, in classical toxicology.

A recent study has looked critically at the more common smoke toxic potency screening tests
[32]. It found serious problems with all, but mostly with the UPITT test [22]. Its animal model (the
mouse) is very poor, because the mouse is a poor predictor of human lethality [35].

If a toxic potency test shows no unusual toxicity, the data needed for fire hazard assessment can
be obtained by analytical experiments. One potential way of solving the underprediction of CO
yields by small scale tests would then be an independent estimation of CO yields from the
appropriate full scale scenario (where the fuel chemistry has little effect). The toxic potency could
then be calculated based on that CO yield and the small scale yields of other combustion products.

CONCLUSIONS

Adequate means exist to determine the smoke obscuration resulting from real fires. The best
way of doing that in small scale is by using RHR calorimeters and compensating for the fact that
products with good fire performance will not fully burnt up in a fire. That is done well with the
smoke factor, a combination of smoke obscuration and rate of heat release. Smoke toxicity in fires
is a consequence principally of the CO concentration, which is determined by geometric
arrangements, ventilation and fire load. Small scale tests cannot reproduce the high fuel/air ratio
and high heats of intense fires and, thus, underpredict the effect of CO and overpredict the effects
of other fire gases. In fact, the smoke from most materials has very similar toxic potency; so the role
of toxic potency tests is just to identify the, few, outliers. :
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Figure 1: Toxic Potency (LDs, in mg/kg) of various substances and of smoke
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Chapter 28

General Principles of Fire Hazard
and the Role of Smoke Toxicity

Marcelo M. Hirschler

BFGoodrich Technical Center, P.O. Box 122, Aven Lake, OH 44012

FPire hazard is a combination of several
properties, including ignitapility,
filammability, flame spread, amount of heat
released, rate of heat release, smoke
obscuration and smoke towicity.

A large number of procedures are now
available for measuring fire properties, but
many of them are of little interest since
they represent outdated technologies. Thus,
in order to obtain a realistic estimate of
fire hazard for a scenario it is essential to
measure relevant fire properties. Further-
more, the appropriate instruments have to be
psed, viz. those yielding results known to
correlate with full scale fire test resulls,

True fire hazard can be determined only
in a specific scenaric. Therefore, it is
necessary to determine which fire froperties
are - most relevant to the scenarie in
question. These fire properties will then
have to be measursd and conmbined in order to
obtain an overall index of fire hazard. 3as
a general rule, it is clear that the most
important individual property that governs
! levels of fire hazard is. the rate of heat
v release: the peak rate of heat release is
% proporticnal to the maximum intensity a fire
. will reach.

A large number of small~scale tests have
been designed to measure the toxic potency
of the smoke of materials. Thege tests
differ in many respects; the consegquence of
this is that the relative toxic potencies of
smoke resulting from these various Cests are
different. The tests .are not useful,
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therefore, to tank materials in terms of
their toxicity. The tests are useful,
however, in selecting those, wvery few,
materials with a much higher toxic potency
than the common materials in everyday use.

Fire safety can be fmproved by
decreasing fire hazard, but is unlikely to be
affected by small changes in toxic potency of
smoke, since the toxic potency of nost
materials is very similar.

1n order to understand the various concepts agsociated with
fire safety it is essential for all wmajor terms to be
defined adequately.

Fire hazard can be defined as the potential for harm
associated with fire: it addresses threats Yo paople,
property, or operations, resulting from a particular fire
gscenario. A fire scenarioc. involves those conditions
relevant to the initiation, development, or harn caused by
a fire. Fire risk is a combination of three elements: {a)
fire hazard, (b} probability of fire occurrence in the
scenario in guestion and (o} probability of the material
or product in guestion being present in the fire scenario.

is a quantitative expression
relating concentration and exposure time to a oertain
adverse effect, on exposure of a test animalj the effect
iz usually lethality. It is necessary to stress that the
toxic potency of smoke is also heavily dependent on the
conditiong under which the smoke has been genherated, since
the mode of generation will affect both the guality and the
guantity of smoke. Smoke is interpreted here as the sum
total of the gaseous, iiguid and solid airborne products
of combustion. Exposure dose is an integration of the
toxic insult, as calculated from the snoke concentration
ve. time cutve. If the insult results from an exposure to
a single toxicant, and its concentration is constant, the
exposure dose is simply the product of concentration and
time of exposure. Time to eaffect can be very differant
from time of exposure, since many toxicants act with a
delayed effect, so that the test animal {(or the victin) may
die long after the exposure.

Stages of a Fire and Fire Hazard
A major fire follows saveral stages:
1. Ignition {onset of fire)
2. Development of fire within original compartment

3. Involvement of other products
4. Full room involvement {or flashover)

£

ey
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8. Transport of fire to other compartments

6. Decay

The intensity of the fire will determine which stages
the firs will traverse on its way from ignition to decay,
The Kational Pire Protection Association (NFPA) stores
statistical data collected from the fire marshallg®
reports. 1t classifies [1] fires as:

{i) restricted to the object of origin
{ii) restricted to the area of origin
{1iiy restricted to the room of origin: and
{iv} extending beyond the room of origin.

Tt iz clear that fires of type (i) will not go through
stages 1-5, fires of type (ii) will skip stages 4 and 5,
and fires of type {(iii) will not reach stage 5, before
decaying. These considerations are important beaceause thay
will be an essential tool in deciding the properties to be
measured for estimating fire risk or fire hazard.

As far as fire hazard to humans is concerned, the main
aspects to be considered are:

* Heat effects
# Toxicity of smoke
* Lack of visibility

These phenomena all depend both on time and location.
Thus, it is important to consider the following two aspects
for all of them:

* Transport of smoke
* Decay of smoke components

The fire properties most relevant to each stage of &
fire are:

o
«

Bk
-
* & % % %

Ease of ignition of product first ignited
Ease of extinction of product first ignited
Rate of heat release of product first ignited
Amount of heat released by product first ignited
Flame spread characteristics of product first
ignited

Hass loss rate of product first ignited

Smoke factor of product first ignited

Rate of filre growth

Presence of fire suppression devices {e.9.
sprinklers)

Toxicity of smoke

Ease of jgnition of other products

Rate of heat release of other products

Amount of heat relsased by other products
Flame spread characteristics of other products
Mass loss rate of other products

* ¥ w

"]
i
o)

* ¥ % % F W
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* Smoke factor of other products
* Rate of fire growth
* presence of fire suppression devices
* Toxicity of smoke ’
* Pire performance of products in original
conpartnent
#* Fire endurance of structural conponents of
original compartpent
* Ease of ignition of products in other compartments
+ Same issues as in esarlier stages, for new
compartments
* Overall fuel and oxygen supply
* Geometric scenario considerations
* Transport and decay of smoke
* Pire protection measures:
- Compartmentalisation
- Sprinklers
- Smoke detectors
- Extinction capabilities
* Pffects of conditione on fire fighters
- ¥isibilivy
- Heat
- Toxicity of smoke

Gome of the fire properties mentioned have been
measured and well understood for a long time, but others
are relatively new oconcepts. The nmost important fire
properties and proposed measurement merhods will thus be
discussed in the following sections.

It has now become clear that the single property which most
clearly defines the magnitude of a fire 1s the maximunm rate
of heat release (Z, 3]. The peak rate of heat release is
an indication of the peak intensity of a fire., The rate
of heat release (RHR) can, thus, be used as a small scale
substitute for the burning rate of the full scale fire.
This property (RHR) governs not only the purning rate {(and
mass loss rate} of the product being consumed but also the
amounts of other items which will be burnt. The rate of
heat release will also thersfore govern the overall amount
of smoke and combustion products being generated in the
fire, since other products will be ignited only if enough
heat reaches them at sufficient speed. The rate of fire
growth can be represented by the rate of rise of the heat
release rate.

Much research has Dbeen done to identify the
relationship betwsen the properties of materials as
weasured in small scale tests and the performance of
products made from them under real fire conditions [4, 3.
The best approach is to estimate the rate of growth of a
real fire [or perhaps the time available before flashover)
based on measuring, in a small scala test, the peak rate
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of heat release for those materials used to manufacture the
burning product. The rate of burning of a real fire oap
be expressed in terms of the rate of mass Joss. Yiela
factors can be measured in small scale tests to give the
amounts of heat, stcke and toxic gases generated per unjt
mass burnt. They can then be coupled with the burning rate
of the real fire to estimate the potential build up of
heat, smoke and toxic gases in the real fire [6}. Rate or
heat release can be measured in instruments called rate of
heat release (or RHR) calorimeters ([7-10}. The data
measured from one of these instruments (the cone
calorimeter, developed at the National Institute for
standards and Technology, NIST) has been shown, repeatedly,
to correlate well with those found in full scale fires
{11~13]. The data from another BHR calorimeter {the Ohio
State University instrument} has been shown to correlate
with those from the cone calorimeter [14] and from full
scals aircraft tests [I51. It is already being used to
regulate aircraft interior materials [16]. A third RHR
calorimeter {the Pactory Mutual instrument) is being usged
to assign insurance risk to cables in non-combustible
environments [177.

rate of heat calorimeters can be used to measure a
numbar of the most important fire hazard parameters,
including the peak rate of heat release, the total heat
release, the time to ignitien and smoke factor {a smoke
nazard measure combining the total smoke released and the
peak RHR [14, I8~20}). The smoke factor will give an
indication of the total amount of smoke emitted in a full
scale fire.

In summary, thus, if RHR calorimeters are fitted with
the appropriate instrumentation they can be used to
MEBABUYAL

Rate of heat releass
Total heat released
Ease cf ignition
Mass loss rate

Smoke factor

ther Fire P erties Useful for Aspects of Fire Hazar

Some of the other properties of interest for fire hazard
assessment cannot be measured with RHR calorimeters. They
include flame spread, limiting oxygen index (LOI, or simply
exygen index, 0I: both names have peen used, but the
author's preferred nomenclature is the one used heras) and
fire endurance.

It is outside the realm of thisz paper to discuss the
instruments used for these tests in any detail., It is only
worth mentioning a few general principles.

1f a material does not ignite, it will not endanger
lives or contribute to fire hazard. Most organic materials
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do, however, ignite; the hazard will, thus, be greater the
lower the ignition temperature or the shorter the time to
ignition. Some of the most common ignitability tests,
other than RHR instroments, are:

* IS0 5657: Measures sample ignitability,

- with a conical combustion
module. HNormal sample orien-
tation: horizontal.

* IEC §95-2: This contains two ignitability
tests: one uses a glowing wire
and one a needle flame.

* ASTM D1929: Setchkin ignition apparatus.
Measures flash ignition and
spontaneous ignition
temperatures. HNormal sample
orientation: horizontal.

Once a material has lgnited, the hazard associated
with it will increase if its flammability is greater; one
of the most relisble gquantitative small scale flammability
tests is the limiting oxygen index test [ASTM D2863). This
test measures the lilimiting oxygen concentration in the
atmosphere necessary for sustained combustion. It is not
a good predictor of full scale fire performance, but can
give an indication of ease of burning or ease af
extinction. Tables of typical results have been published
{(e.q. refs. 21-23}.

The LOI test cannot be used to predict full-scale five
performancea. However, if a material has, as a rule of
thumb, an LOI value above 25-27 it will, generally, only
burn under extreme conditions (high applied heat). It has
been shown that the LOI does not, in fact, correlate well
with other fire tests, not even s small-scale flammability
test such as UL 94 [24]. It has, further, bean suggested
that thers wmay be some advantage in using a modification
that uses bottom ignition {2%]. It is important to keep
in perspective the utility of this test for ease of
extinction: it can {(a) give & first approximation to
suggest whether a material is wery flammable or not; (b}
show whether changes in a base formulation have improved
flammakility characteristics and (¢) be used as a quality
control tool.

The next property of interest iz flame spread, which
¢an be measured by a variety of standard test methods,
depending on the angle at which the flame impinges on the
material. The two most widely used tests are ASTH E162 and
ASTM E84. In ASTM E162 a radiant %anel ignites a 15 om by
4% om sample at an angle of 30° to the right of the
vertical. A variant of this test is the IMO {or Lateral
Ignition and Flame Spread Test, LIFT) apparatus. In ASTH
Ef4 {Steinsr tunnel test) a pair of gas burners ignite a
horizontal 7.5 n long sample from below., A variety of
other flame spread tests exist, but they are genarally
associated with specific applications or scenarios (e.d.
cable tests, floor covering tests, stc.).
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Fire endurance properties are always measured dirsct]
on finished products, and are specific for a particular
application.

Smoks Obscuration

Another important property of materials is their tendency
to decresse visibility. The wost common method for
measuring this property is the NBS smoke chamber in the
vertical configuration at 25 xWin® (ASTM E662). This
instrument has now been shown to be associated with a
variety of deficiencies, the most important of which is
its lack of correlation with the results of full scale
fires [26-28). A variety of other devices are also used
for measuring smoke obscuration, and details are beyond the
scope of this paper. Suffice it to mention that, in order
to obtain results meaningful for fire hazard assessment it
is necessary esither to avoid full sample consumption or o
compensate for it in some way, for those materials or @
products which do not burn up conpletely in a fire.
Furthermore, when samples are exposed vertically to flame
they may melt or drip and, thus, avold being consumed by
letting the material artificially escape the action of the
flame. The best methods for assessing smoke obscuration
are those that combine smoke and heat release measurements.

o
o

Toxic Potency of Smoke

puring the 1370's and early 1980's a large number of test
methods were developed to messure the toxic potency of the
smoke produced from burning materials. The ones most
widely used are in refs. 29-32. These tests differ in
several respects: the conditions under which the material
is burnt, the characteristics of the air flow {l.e. static
or dynamic), the type of method used to evaluate smoke
roxicity {(i.e. snalytical or biosssay), the animal model
used for bicassay tests, and the end point determined. As
a conseguence of all these differsnces the tests result in
a tremendous variation of ranking for the smoke of various
materials. A case in point was made in a study of the
toxic potency of 14 materials by two pethods [33]. It
showed {Table I} that the material ranked most toxic by one
of the protocols used was ranked least toxic by the other
protocol! Although neither of these protocols is in common
use in the late 1980's, it illustrates some of the
shortocomings assocliated with small scale toxie potency of
smoke tests.

Smoke is not a uniform substance and its composition
depends on the exact conditions under which jbv was
generated. therefore, the composition of the smoke
generated from the same material in different tests can
vary proadly and, censequently, so will its toxicity.
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The toxic potency of the smoke of Bost Common
materials (natural or synthetic) 1is wvery similar (see
Figure 1). In fact, the difference between the toxic
potency of alpost all combustible materials is less thap
one order of magnitude. Therefore, the relative rankings
of materials are heavily dependent on the exact composition
of the smoke being tested, i1.e. on the combustion provsdure
being usad. .

The fact that the main direct cause of death in fires
has always been the toxicity of combustion products was
already discussed in the National Fire Protection
Association (NFPA) Cuarterly inm 1933 {34). Smoke containg
mainly two types of toxic gases: asphyxiants and irritants,
but the individual toxic gas associated with the largest
fire hazard is carbon monoxide (CO).

‘o L ires

¢o is present in all fires, because it is a combustion
product of any organic material, and it causes the
formation of carboxyhemoglobin (COHD) in blood. Although
the exact lethal level of COHb is heavily dependent on the
individual affected, any value above 20% can lead to death
{35]. Even if a very conservative estimate is taken of the
jethal level of COHb {viz. 50%}, it alone accounts for 60%
of all fire deaths, while over 91% of fire victims have
levels absve 20% COHb [36]1. Other £actors can lead to a
lower tolerance towards CO, even in the absence pf other
toxic gases: typleally heart disease, blood alcoohol level,
burns and age [35]. However, it is interesting to note the
great similarity found between the blood COHb level
distributions in two studies, one involving the notorious
1980 MGM Grand Hotel fire [37) and the other one involving
deaths from CO evolution due to malfunctioning gas heaters
[38]. This indicates that deakhs in fires corralate well
with deaths from carbon monaxide poisoning. A -recent
statistical analysis of a data base of of over 2,000
ratalities inveolving carbon monoxide from fire and non-fire
sources [35] has shown that, once the controlling factors
uf age, disease and blood alconol level have been acoounted
for, <the COBb distribution from fire and non~-fire
fatalities are wery similar {39].

A variety of other gases are also given off by burning
materials: In two studies fire fighters went to address
actual buildings on fire, equipped with combustion product
monitors [40, 411. Both studies had the same conclusions:
rhe overwhelming hagardous toxicant in a fire is carbon
nonoxide.

These studies alsc pointed out that a potentially very
dangerous gas in fires is acrolein, because the ratio of
its concentration, as measured in the atmosphere of peal
fires, to its lethal sxposure dose (LED} is higher than for
many other common fire gases. The ratios of cohcentrations
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Figure 1. Categories of toxicity and lothal doses of various poisons and of the
smoke from polymeric materials according to the NBS Cup Fumace Smoke
Toxdeity Protocol.
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to LED found for two other common toxic combustion
products, hydrogen chloride (HCLl) and hydrogen oyanide
{HCN), were much lower. £

this discussion does not address the mechanism of
action of these toxicants, i.s. whether the toxicant is an
asphyxiant (as CO or HCN} or an jrritant (as acrolein op
HCol). Table IT shows the highest concentration found in
these studies for the 4 most common fire gases, together
with their lethal levels and their odor detection levels
{42-47]. The peak concentrations found were 7,450 ppm of
€0, 100 ppm of acrolein, 280 ppm of HC1 ard 10 ppm of HCR,
As regards HCYL, it is relevant to point out that its
airborne concentration remains at a peak value for a shore
period only before decaying {48}. The decay of HCl is
particularly fast in the presence of sorptive surfaces such
as most ordinary construction paterials (42, 50}1. The rate
of HC1 decay can he fast enough so that within 30 min its
airborne concentration may have fallen to virtually
nothing. The majority of other common fire gases (C0,0
carbon dioxide, hydrocarbonsg) are yirtually unreactive and
do not decay [51]. The gases that can decay either do so
at a much lower rate than HCl (e.g. HCN} ok  are much less
fraquently present in fires (e.g. hydrogen (fluoride,
herause less flusrinated polypers are in use).

A number of studies have been made of combinations of
jndividual toxic gases. Most . of these studies show that
the effects of these combinations of toxic gases are simply
additive. This has been found smpirically for CO and HCL
1521 and for €O and HCN [44], although the mechanisms of
action are different. These rasults can be interpreted as
each toxicant taking its toll and acting on a weakened
system. The CO-carbon dioxide combination has been claimed
to be synergistic [83].

It has already been stated that the principal roxicant in
a fire scenario is carbon monoxide, generated when all
carbonaceous materials burn. HMoreover, the carbon monoxide
concentration in full scale fire scenarios depends heavily
on fire load (i.e. how much material is burning, per unit
volume) and on -geometrical arrangements, including
ventilation, while the dependence on materials is of 2
lower arder.

This secondary effect of materials is illustrated by
the difficulties encountered, in a recent study {54}, whed
attempts were made Lo sorreliate ©0 concentrations measured
in small scale and full scale fire tests. The sape small
scale eguipment ({typically the cone calorimeter rate of
heat release test) could predict adeguately a number of
very important full - scale fire ©proparties, inoiuding
ignitability, rate of heat release, awount of heat release
and smoke obscuration. It could not, however, be used t°

L
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predict full-scale CO concentrations. The latter
concentrations wers controlled by the geometry of the
full-scale fire, the ventilation/oxygen content and the
mass loading, and were little affected by the chemical
composition of the burning materials.

Thus, smoke toxicity is often very closely assoclated
simply with the pass loss rate, since the toxicity in a
fire scenarioc will be primarily a function of the mass
ofsmoke per unit volume and per unit time being emitted
into the ambient atwmosphere.

This discussion indicates that toxic potency
measurements are a small portion of the overall toxicity
pictura. They may serve a useful purpose only in
identifying those materials (or products) with a toxic
potency outside that of the majority of other products.
Such materials (or products) may well have to be looked at
somewhat more closaly.

one method for guick scraening of the toxic hazard of
materials is to calculate the ratio of their toxic potency
and their mass loss rate parameter. The mass loss rate
parameter is the ratio of the average mass Jloss rate and
the time to ignition [55), and thus repressents the product
of mass loss rate and flame spread rate. If the mass loss
rate parameter differs by more than an order of magnitude
from that of crdinary materials the material in guestion
should be investigated more thoroughly {55, B&]. The
choice of a factor of 10 is typical of the difference, in
classical toxicelogy, between toxicity categories [57].

Fire Hazard Assessment

probably the best way of assessing fire hagzard is by
ealculations via mathematical fire growth and transport
models, such as HAZARD I [858), FAST (59}, HARVARD [60} or
08U [61]. These models predict timas ta reach untenable
situations. They are often combined with fire esscape
models and will, then, yield times to escape.

Tt is possible, however, to estimate effects on fire
hazard in a particular scenario by simpler means. In some
cases, an adequate choice of fire properties can be made.
Then, the combination of test results into 2 matrix form,
or into a single parameter, can indicate, even if only }
semi-quantitatively, the effect of warying a particular
material or fire protsction measurs on fire hazard.

Full scale tests ave particularly valuable to obtain
information on fire hazard. They can be used to validate
small scale tests, and to validate mathematical fire
models. 'The most important additional dimensicon full scale
tests add are effects, e.g. radiation from the fire itself,
which are difficult to simulate in a smaller scale. Full
scale tests are very expensive and time consuming. It is
essential, thus, to design them in such a way as to ({(a)
make them most relevant (b} minimize their number and {c}
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nelp replace them by appropriaste small scale tests and fire
nodels.

Fire risk assessment is made in order to determine the
overall value of decreasing fire hazard in a particular
scenario, The level of fire risk that is acceptable for
a situation is, normally, a societal, and not a technical,
decision. Therefors, fire hazard assessments are generally
more common than fire risk assessments. The NFPA Research
foundation has undertaken a Jproject to develop a
methodology for fire risk assessment. Tt has done this by
studying four cases in detail: upholstered furniture in
residential environments, wire and gable in concealed
spaces in hotels and metals, floor coverings in offices and
wall coverings in restaurants.

c 1y i1l

Fire safety in a particular scenario is improved by
decreasing the corresponding level of fire rigk or of fire
nazard. Technical studies will, more conmonly, address
fire hazard assessment. Fire hazard is the result of a
combination of several fire properties, including
ignitability, flammability, flame spread, amount of heat
released, rate of heat relaace, smoke obscuration and smoke
toxicity.

The most important fire property associated with fire
nazard is the rate of heat release: the peak rate of heat
release is an indication of the maximum intensity of a
fire.

Categories of toxicity are elassically distinguished
by differences in orders of magnitude. The toxig potency
af tha smoke of most common materials is very similar, and
thus, the toxicity of smoke is usually governed simply by
rhe amount of material burnt per unit time.

Toxic potency of smoke data can be used as one of the
inputs in fire hazard assessment. In particular, they can
be combined with average mass loss rates and times Lo
ignition to obtain a guick estimate of toxic fire hazard.

In ordaer to improve firve safety fox each scenario, the
most relevant fire properties for that scenario have to be
measured, with the appropriate instruments.
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ABSTRACT

In the first section of this paper smoke obscuration measurement tests are being
classified according to the type of equipment used (static or dynamic), the scale and
the other properties measured. The conclusion of this section is that the most
adequate means to measure smoke obscuration, so as to have results useful for fire
hazard assessment, is by determining a combination of heat release and smoke
release, €.g. with the cone or OSU calorimeter.

In view of this conclusion the other sections of this paper deal with
measurements done in the cone calorimeter, found to be one of the best tools.

The second section of this paper discusses a few examples of cases where the
cone calorimeter (and in particular the smoke factor) was used to predict adequately
the fire and smoke performance of products, e.g. cables and upholstered furniture and
its possible correlations with other fire tests.

The third section of this paper presents data and puts into perspective the heat
and smoke release from a total of 35 materials, all but one of them plastics (the
exception being a wood sample), with the cone calorimeter, at three incident heat
fluxes: 20, 40 and 70 kW/m2. The materials tested cover a wide range of materials
and are representative of commercial materials available in the 1990's and cover a
very wide range in fire performance. The peak heat release rates range from values
within the experimental error range of the equipment to values of almost 3000
KW/m2. Those materials with the best fire performance tend also to have low smoke
release.

The final, short, section of this paper discusses the importance of testing
products (or combinations of materials) rather than materials alone, in order to get
optimal predictions of real fire performance.



INTRODUCTION

Once ignition has occurred, there are three main ways in which fire, whatever
the products involved, can cause harm to people, property or operations. These are,
in decreasing order of their importance to fire hazard: (a) the effects of heat or flames
spreading from the item first ignited to other items, potentially resulting in thermal
injury to people, destruction of property or loss of operation, (b) the production of
smoke, which obscures vision and can inhibit both the escape of trapped victims and
the action of fire fighters and (c) the generation of toxic products (gases and
particulates in smoke), which can be inhaled by victims and injure them.

For clarification purposes, the definition of smoke given by the ASTM Fire
Standards Committee (in ASTM E176) is used in this paper. It states "smoke is the
airborne solid and liquid particulates and gases evolved when a material undergoes
pyrolysis and combustion”.

This paper comprises four sections:

1. Discussion and classification of smoke tests.

2. Discussion of a few product tests carried out using full scale tests and a

preferred small scale test (cone calorimeter) and of some test correlations

attempted (with emphasis on smoke measurements).

3. Testing of representative modern materials using the same small scale test.

4. Comparison of testing of products and of materials.

Section 1

SMOKE OBSCURATION

Test methods used to measure smoke obscuration accompanying a fire can be
classified into five categories:

q)) Static small scale smoke obscuration tests on materials

(I Dynamic small scale smoke obscuration tests on materials
(11 Traditional large scale smoke obscuration tests on products
av) Full scale tests measuring heat release and smoke release
V) Small scale tests measuring heat release and smoke release

This paper will present first a brief discussion of these different types of
methods in turn, while giving a few examples of tests in each category. The
description will involve mostly general features which are common to most methods
in a particular category.

Category (I) includes the single most widely used smoke test, i.e. the NBS
smoke chamber (ASTM E662), and an earlier version: the Rohm and Haas chamber
(Table 1). Both these tests are similar in design; the main difference between them
is the light beam direction. The results from these tests do not, normally, do an
adequate job of representing the smoke emission to be expected in full scale fires.
A large amount of information has been published on the deficiencies of the NBS
smoke chamber test (Table 2) [1-4]. Tests in this category do have some, limited,
utility as laboratory tools for quality control and to observe effects of changing a
base formulation. Favourable effects must still, however, be confirmed by a reliable
fire test.



The tests in category (II) can all measure smoke obscuration together with
another property, although this was rarely an original objective of the test designers
(Table 3). This is important, since such developments recognise, implicitly, the fact
ghat1 fs‘moke obscuration is not an isolated property, but is always a result of the fire
1tself.

The radiant panel flame spread test apparatus (ASTM E162) can be used to
measure smoke obscuration by using a filter in the exhaust stream. The Michigan
chamber [e.g. 5] has been widely used as a tool for investigating effects of flame
retardants and smoke suppressants on specific polymer systems. It consists of a box
through which the smoke from the exhaust of a limiting oxygen index test apparatus
is drawn. Smoke obscuration is measured photometrically; in order to ensure some
burning uniformity, oxygen in the LOI tester is often set at LOI + 1. The Arapahoe
smoke chamber (ASTM D4100) offers a standard procedure for gravimetric soot
measurements of smoke but uses a poor fire model, unrepresentative of real fires: the
test is thus of limited use. Conceptually similar tests exist in the Netherlands (Vlam
Overslag), the Nordic countries (Nordtest NT Fire 004) and Germany (Brandschacht
test: DIN 4102 part 1)

The BFGoodrich smoke-char tester [6] is based on an interesting concept:
simultaneous measurement of smoke obscuration and mass of residue. It was an
early attempt at quantifying (albeit very poorly) a very important fire safety issue:
materials which burn more extensively will, usually, give off more smoke just
because of the larger amount of mass burnt. A very small sample is put on a holder
above the flame of an LOI tester and burnt for 30 s in air. A horizontal light beam
and detector measure light transmission and gravimetric measurements are made of
the mass of residue. It too has a poor fire model and no provision for the effects of
high heat fluxes. However, there is still some interest in this approach, mainly
because of its potential for mechanistic studies. The carbon from organic materials
results in three type of products: (a) gaseous compounds, (b) solid residue and (c)
soot. This method gives indications of the relative contributions of (b) and (c) to the
carbon mass balance, rather than addressing only (c) like most smoke tests do. It
does not distinguish, however, between the carbonaceous (char) and inorganic (ash)
portions of the residue. Results from the smoke char test have been used to identify
additives which operate by an intumescent mechanism [6] and to get information on
whether smoke suppression was achieved by simple dilution via inorganic fillers [7].

Many large scale fire/smoke tests (category (1I1)) have been proposed for
products; some of the most important ones are in Table 4. They have little in
common, other than that they were originally designed in response to a specific need
and have often outlived their utility. They were not designed to measure heat
release, but were often meant for flame spread and smoke obscuration was usually
added later. These tests are important because the product is allowed to "do its own
thing". This means that a material (or product) with good fire performance is not
necessarily burnt to completion. Moreover, smoke obscuration is always measured
continuously, together with some other fire property, and often in a flow-through
system. The results of these tests have however, as a rule, not been shown to
correlate with the results of tests in more realistic scenarios.

This class of tests includes the Steiner tunnel test (first standardised by ASTM
in 1950) and its several variations applicable to individual products (e.g. cable, UL
910 or sprinkler pipe, UL 1887), which are used to regulate the amount of flame
spread (and, often, smoke developed) by materials for applications with stringent fire
performance requirements. The deficiencies of this test are well known. However,
it is a popular procedure, used for: sheet, cable, pipe, wall lining, sprinkler pipe, etc.
The test can yield misleading results, because materials are sometimes developed "to



pass the test" rather than for good fire performance. The principal examples where
the test can misrepresent fire performance are wall linings [8] and floor coverings.
One problem with wall linings is that the test sample orientation is horizontal, and
this tends to be a less severe exposure than a vertical orientation, especially for
partial sample burning. Another problem is sample location: some products can drip
or melt away from the flame source (since the sample is located higher than the
flame) and thus not propagate the fire. A final problem is the fact that thin materials
sometimes do not spread flame in the test simply because the fuel has been
consumed. Furthermore, unfortunately, test results cannot be used in fire hazard
assessment models.

The flooring radiant panel test was designed, in the early 1970's to solve a
problem with carpets, when they spread fire outside the room of fire origin. Asa
consequence, virtually no commercial carpets sold in the US today is likely to cause
such a problem. The maximum incident flux to this test is, however, much too small
(10 kW/m,) for it to adequately address the flooring product contribution to fire
hazard, if the fire reaches a significant intensity.

The 3 m cube smoke test consists of a large static chamber, used principally
for measuring the smoke developed from electrical cables. Its fire model is a very
large liquid hydrocarbon pool which is often sufficient to burn the entire combustible
portion of the cables tested, due to the fact that the length of cable tested is
comparable to the size of the burner. Thus, the test suffers from most of the same
defects as smaller scale static smoke chamber tests.

The ultimate measure of fire performance of a material or product is, of course,
how the end product reacts in a real fire. The best approximation to such fire
performance can be measured when products are tested in room size fire tests and in
end use configurations, or as close to them as possible. The single most important
fire property is the rate of heat release, since its peak value will determine the peak
intensity of a fire [9-10]. The fire science community has understood this concept
only relatively recently. The exponential growth in the interest in heat release rate
happened when it became possible to measure this magnitude directly and
adequately.

An empirical discovery, made in the 1970's, that the rate of heat release of the
vast majority of combustibles is proportional to the oxygen consumption level (the
proportionality constant is 13.1+ 0.3 kJ O,/kg fuel) [11-12] was a crucial milestone.
Moreover, oxygen measurement techniques, now allow O, concentration to be
determined with paramagnetic analysers at an accuracy 0f 0.001 vol% O,. Thus, the
almost insurmountable problem of ensuring adiabaticity is now replaced by a much
simpler problem: ensuring total capture of the fire effluents (or at least of a known
representative fraction).

Table 5 lists several such full scale tests, i.e. Category (IV) tests, which
measure smoke obscuration together with heat release.

In recent years several tests were developed in which products are burnt ina
simulated end-use environment and in which heat release is measured together with
other properties, including smoke obscuration. These tests are dynamic tests and
involve continuous measurements. They give realistic appraisals of the fire
performance of a product. Among the tests worth mentioning are a lined room
(ASTM E603, Nordtest NT Fire 025), vertical cable tray tests (IEEE 383, UL 1581,
ICEA 529 or CSA FT-4, all of them modified to measure heat and smoke release),
furniture tests (UL 1056, furniture calorimeter, Nordtest NT Fire 032) and mattress
tests (UL 1092).



However, the cost of conducting such tests is one of the remaining problems
to them being used for all cases. It is desirable to find smaller scale tests, but only
if their results can (a) serve as reasonable predictors of real fire performance and (b)
be used as inputs into models for assessment of fire hazard or fire risk.

Thus, smoke obscuration in a dynamic mode is best measured by means of
small scale tests (Category (V)), if these can fulfill four basic criteria, as follows.

ey Measure fire properties in such a way that they can be used for
purposes other than simple rankings or pass/fail criteria.

2) Measure smoke obscuration together with those fire properties of
considerable fire hazard interest, principally, the rate of heat release.

3) Have been proven to give results that are representative of the
corresponding property in a full scale scenario.

4) Allow for calculations to compensate for complete sample

consumption, characteristic of small scale tests.

Probably the only tests in existence to fulfill these requirements are based on
heat release (RHR) calorimetry. They are the cone calorimeter (cone, ASTME1354)
[13-14], the Ohio State University (OSU, ASTM E906) RHR calorimeter [15] and
the Factory Mutual RHR calorimeter [16] (Table 6).

The first two tests (viz. ASTM E1354 and ASTM E906) have been used
extensively by many investigators and are well known. However, these very useful
tools are relatively modern and thus not as well understood as they should be.
Therefore, their differences will be discussed in detail. The tests will be referred to
by their common abbreviations "cone" and "QSU". There are eight main differences,
viz.:

(a) The cone uses the oxygen consumption principle. It is not adiabatic
but allows easy observation of the burning process. The OSU was designed
as adiabatic, and sample burning visibility is minimal. The apparatus can be
modified to allow heat release measurement by O, consumption. Apparatus
geometry cannot be changed easily, however.

(b) The cone is normally used with horizontal samples, while the OSU
is normally used with vertical samples. Samples can be burnt in the cone
vertically and horizontally in the OSU; the latter leads to larger
irreproducibility because of the makeshift radiation reflector and the former
leads to serious ignitability problems.

(c) The radiant source in the OSU is a set of four glow bars, sited directly
across from the horizontal sample. Soot particles and smoke must make their
way through a "chimney" between the burning sample and the heat source,
causing afterburn. There is a truncated conical radiant heater in the cone; this
generates a uniform energy distribution; smoke is captured with minimal
losses and there is little afterburn caused by the radiant heater, once the smoke
has evolved.

(d) The OSU has a flame igniter and the cone a spark igniter. Thus, the
OSU ignition source is more powerful and more localised. The flux on the
actual sample is larger in the OSU than the cone, if both radiant heaters are
calibrated to the same value. Therefore, samples may ignite in the OSU but
not in the cone. Fire models are more likely to require data without "hot
spots", but the OSU is better at modelling impinging flames. This can easily
be altered for either instrument.



(e) The cone has a load cell to measure mass continuously, but the OSU
does not. This is very important, to calculate fire properties on a per mass lost
basis. Attempts have been made to make an OSU apparatus with a load cell,
which appear promising.

® The cone uses a laser to measure smoke obscuration while the Oosu
uses a white light. Results from both measuring systems are virtually
equivalent, for small scanning times (< 3 s [17-18]). The white light is more
similar to what the human eye sees, but it needs more maintenance.
Alternative obscuration sensors can be installed in either apparatus.

(g) The sample size is somewhat different: ca. 0.10 m x 0.10 m in the
cone and ca. 0.15 mx 0.15 m in the OSU. This will make no major difference
to the results and is simply a consequence of the geometry.

(h) The incident air flow rate is much higher in the OSU than in the cone,
because of the geometric apparatus design.

In both calorimeters the incident air composition can be changed by increasing
the nitrogen content, to simulate the vitiated atmospheres prevalent in intense fires.
This is experimentally much easier to accomplish in the OSU than in the cone. High
incident air flow rates means that it is inconvenient (although, in the cone, not
impossible) to increase the oxygen content of the atmosphere. The Factory Mutual
RHR calorimeter can easily operate at high oxygen levels. This is of interest when
testing products destined for use in outer space. It has been proposed also that higher
atmospheric oxygen contents may simulate reradiation from the burning sample [19].
This is an interesting idea which needs confirmation, since, unfortunately, only a
single laboratory has, as yet, had extensive experience with this calorimeter.

Smoke obscuration in the OSU is normally reported by calculating smoke
release rate and integrating it to obtain total smoke released. In the cone, smoke
obscuration is normally reported by average extinction area, i.e. obscuration per unit
mass. Both ways of reporting smoke obscuration can be interconverted.

The complete consumption of the sample can be compensated for, in these
calorimeters, by calculating derived magnitudes of smoke obscuration, which can be
determined directly in small scale RHR apparatuses. Two such empirical parameters
have recently been used often: smoke parameter [2] and smoke factor [20]. Smoke
parameter is the product of the average extinction area and the peak RHR, while
smoke factor is the product of the total smoke released and the peak RHR. Both are
measured continuously and reported most often at 5 min. Section 2 will discuss
these magnitudes in more detail and show examples of how they have been found
useful in some specific cases.

In conclusion, section 1 showed that, although a variety of tests exist to
determine smoke obscuration, the most adequate ones are those that can measure
smoke obscuration in the small scale, together with heat release, in a way that can
predict real full scale smoke obscuration.



Section 2

CORRELATIONS AND PRODUCT TESTING

Full scale fire tests, which, as has been stated, are most desirable in order to
obtain the fullest information on a particular fire, can, realistically, only be carried
out to a limited extent. Moreover, they are most relevant when carried out with a full
complement of products present. Itis, thus, somewhat more difficult to separate the
effect of a single material or product on the fire performance of the system.
However, a number of recent sets of tests have shown that there is good
predictability from heat release rate equipment test results to full scale test results
[14, 21-24]. This is particularly true for wall coverings [25-27], upholstered
furniture [22-23, 28-31] and electrical cables [32-35].

The smoke obscuration magnitude most often reported from the cone
calorimeter is the average specific extinction area, which is calculated from the
extinction coefficient and the mass loss rate. The smoke parameter, originally
defined by Babrauskas [2] is calculated by multiplying this value by the peak RHR.
Unfortunately, this parameter carries the experimental errors involved with mass
measurements.

It is, also, possible to measure smoke obscuration in RHR calorimeters in the
same way it is done in full scale tests, by determinations of optical density (or

extinction coefficient) and without involving mass. This is the concept that is used
for the smoke factor.

The rate of smoke release is calculated in different ways for the two small scale
calorimeters, for historical reasons.

OSU  RSR =(V * OD)/Light Path Length
Cone: RSR =(V * OD * In10)/ (Sample area * Light Path Length)

where V is the volumetric flow rate (in m?/s, corrected for the relative
locations of the flow measurement device and the light measurement
device and for the elevated temperature in the duct), OD is the optical
density, the Light Path Length is 0.1095 m (cone) or 0.134 m (OSU)
and the sample area is 0.0100 m’ in the cone and 0.0213 m? in the
OSU. The units are 1/s in the cone and m?/s in the OSU.

The total smoke released is calculated as the time integral of the rate of smoke
release after 15 min, which is non-dimensional in the OSU and has units of m? in the
cone. The smoke factor is the product of the total smoke released and the peak RHR.

In full scale tests the rate of smoke release is measured just like in the OSU,
as explained before.

An attempt has recently been made to compare NBS smoke chamber (ASTM
E662) results with those of full scale room corner burn tests and RHR (cone and
OSU) test smoke obscuration results [20]. Results from the NBS smoke chamber did
not correlate with those of any of the other tests (Tables 7 and 8). Onthe other hand,
cone smoke factor and cone smoke parameter correlated very well indeed both
among themselves and with the OSU smoke factor, for a total of 17 plastic materials
covering a wide gamut of fire performance. Table with correlation results are shown
in Table 8.



In another series of experiments, a number of vinyl wire and cable compounds,
all of them with fair to good fire performance, were tested in the cone and OSU, and
it was found that the results correlated very well with each other [32]. In particular,
there was almost perfect linear correlation not only between the smoke factors in
both instruments but also between the smoke factors in each instrument at two
different fluxes, viz. 20 and 40 kW/m?. Table 9 shows the corelations found between
smoke factors with these two instruments.

Recent work has also shown that testing of cables in the cone calorimeter RHR
can be used to predict the results of full scale fire tests of cables in vertical trays [32].
An empirical model was developed to predict these full scale RHR from small scale
results. More interesting however, is the fact that the total amount of smoke
obscuration measured in the full scale tests correlated very well with the smoke
factor measured in the cone calorimeter, for the cables. Some results can be seen in
Table 10.

The full scale tests carried out for that work were run in an established cable
tray facility at Underwriters' Laboratory, using a traditional white light system for
measuring smoke obscuration. Subsequent full scale tray tests were run at another
facility, the BFGoodrich fire testing laboratory. In this case, a novel laser system for
measuring smoke obscuration, manufactured commercially (Fire Testing Technology
Ltd.) was used, because it has been found that the use of laser systems instead of
white light has virtually no effect on the results, but helps in reducing maintenance
time. In the case of white light systems the optics become soiled with smoke
particles and require frequent cleaning. Laser systems, because of the positive
pressure applied, require much less frequent manual cleaning. Both systems
correlated well with each other and with the cone calorimeter tests on cables [35].

In conclusion from this section, smoke obscuration results from the cone
calorimeter and from the OSU calorimeter correlate well with each other and with
the results of full scale tests, for various products.

Section 3

TESTING OF MATERIALS IN THE CONE CALORIMETER

In practice, materials are virtually never used in the form of a pure polymer,
but always contain additives. In this work a total of 35 materials were tested, all of
them under the same conditions, viz. 20, 40 and 70 kW/m?, in a horizontal
orientation in the cone calorimeter.

Most of the materials used were commercial samples and, thus, their
composition is not disclosed by the manufacturer. Some of the samples, mainly
among the vinyls, are experimental materials and are not commercially available.
Virtually all the samples contain some additives, and many will, probably contain
flame retardants. The materials illustrate a broad spectrum of the materials available
in the late 1980's and early 1990's. Three materials were chosen because they have
been used extensively for other testing programs and their fire performance can be
used, thus, as an indicator for that of the other materials: Douglas fir wood, PMMA
(1 in thick, plus cardboard) and "standard flexible PVC" (FL PVC PVC).

The standard flexible PVC has been used for several other applications,
including smoke corrosivity testing [36,37], smoke toxicity testing [38] and the cone
calorimeter ASTM round robin [39].



Table 11 contains a description of the non vinyl materials, while Table 12
describes the vinyl materials. All samples are at 6 mm thickness, except as indicated.
The numbers foilowing the description of each material in these Tables are those
used throughout the remainder of the paper for Tables and Figures. They originate
in the decreasing order of peak heat release rate at the lowest incident flux used, viz.
20 kW/m? (see Figure 1).

Results Presented

X The results presented will include 6 properties for each material. These will
e:

TTI: Time to ignition, at each flux, in s. If no ignition was
observed, after 1 h of exposure, time to ignition was
recorded as 10,000 s.

Pk RHR: Peak value of the heat release rate vs. time curve, in kW/m?,
of the sample.

Ht Comb: Effective heat of combustion, in MJ/kg. The value reported
is the average for the entire test.

SmkFct: Smoke factor, measured at 5 min into the test, in MW/m?.

TTI/RHR: Ratio of the time to ignition to the peak heat release rate (in

s m¥kW). This parameter has been shown to give an
indication of propensity to flashover, because it relates to
the time to flashover [25, 27, 40, 41].

Min Flux: Minimum flux required to cause ignition within 600 s (in
kW/m?).

Since it is clear, from the discussion in the preceding sections, that increased
smoke release in real fires is associated with poorer fire performance, the results
presented here cover the most important parameters necessary for determining both
the fire performance and the smoke release from materials. Further details on the
same materials can be found elsewhere [42].

Tables 13-15 contain the data to be presented, at each incident flux. The
materials are listed in order of ascending peak heat release rate at an incident flux of
20 kW/m?. These Tables, and Figures 1-3, show that rankings based on peak heat
release rates can change depending on incident flux. Table 16 lists the predicted
limiting flux necessary for ignition after an exposure of 10 min.

Tables 13-15 also contain the average and median values of every magnitude,
to give an indication of overall fire performance of the type of materials available in
the world of the 1990's. This is useful since the selection of materials is a
representative sample. Average and mean values can be compared to the values for
Douglas fir, showing that values for new materials are, on average, not too different
from values for wood.

Figures 4-13 contain the rate of heat release vs time curves for ten materials
at all three incident fluxes: PTFE, VTE 3, CPVC, PVC CIM, PPO/PS, ABS FR,
DFIR, PU. PMMA and PP, as examples of the general fire performance.

The materials chosen cover a very wide range of fire performance:

Peak RHR: values cover three orders of magnitude.

Heat Comb: values cover one order of magnitude.



TTI: values cover over 2 orders of magnitude.
TTI/RHR: values cover over 4 orders of magnitude.
SmkFct: values cover 3-4 orders of magnitude.

Lim Flux: values range from < 15 to 86 kW/m®

The amount of smoke released in a full scale fire depends on both the smoke
production tendency of the product and the amount of material burnt. Thus, the
smoke factor provides, usually, a good guideline to improvements made in fire
behaviour. The smoke factor is more useful as a predictive tool as the fire
performance of a product improves than the total smoke released or the average
extinction area, which address purely the specific smoke production tendency of the
material. The reason for this is that, as a product becomes less flammable it will
burn less readily in a full scale scenario. Thus, while in a small scale test the entire
sample being tested is completely burnt up, in full scale fires some products often do
not burn up totally. Another factor which may be important in smoke generation in
fires is ventilation, but this is not addressed by the present work.

An overall view of other fire properties can be found in Figures 14-17, which
show, respectively, the logarithm of the smoke factor and of the flashover parameter
at an incident flux of 40 kW/m?, the average heat of combustion (over all three
incident fluxes) and the flux required for a time to ignition of 100 s. Clearly,
although fire performance is not identical for all materials independent of property,
the better performers are the same throughout.

It is interesting that some fire performance predictions that could have been
made based on the chemical composition make sense. For example, the inclusion of
heteroatoms, particularly halogens, does, indeed, improves fire performance, as
could be expected from the general effect of halogens [43]. This can be seen by the
fact that PTFE, rigid PVC and CPVC, with high contents of fluorine and chlorine
respectively in their formulations, are among the top performers. However, another
one of the top performers is a compound based on polycarbonate, a polymer
containing only C, H and O in its base formulation.

Polymers containing no heteroatoms (other than oxygen) and abundant
hydrogen in the base formulation tend to be the poorest performers, as made clear by
the results of the PE, PP, PET PBT and PS tests.

Moreover, composition can make a significant difference. When fire retarded
and non fire retarded versions of the same base polymer were tested, the fire
performance improved in the presence of fire retardants. This is seen in several
series: ABS and ABS FR or ABS FV, PS and PS FR, PE and XLPE, PMMA and
Kydex, or PVC WC, PVC WC SM and PVC WC FR. However, other changes can
be made, on a base polymer, which affect fire performance. This is exemplified by
comparing the two polycarbonates, the polyphenylene oxide polystyrene
formulations or the foamed polyurethane and the thermoplastic polyurethane.

Vinyl compounds need to be distinguished between flexibles (plasticised) and
rigids, with the latter having much better fire performance, generally. The poorest
fire performance for vinyls is found on a material (FL PVC) heavily loaded with
plasticisers and containing no other flame retardant additives. On the other extreme,
some viny! thermoplastic elastomers are among the best fire performers in the entire
database. Rigid vinyls also vary in fire performance, but the differences are smaller,
since the fraction of additives tends to be much lower.



Another interesting aspect is a comparison of CPVC and rigid PVC. As
already discussed, it would be expected that the addition of chlorine to a structure
would improve fire performance [43], e.g. as measured by heat release. This is
indeed the case for rigid PVC and CPVC.

 An apparently less predictable result, is the fact that the resulting smoke
obscuration values also tend to be lower. This can be explained on the basis of the
mechanism of smoke formation from vinyl compounds [44]. Vinyl compounds
break down by chain stripping and yield HCI and a carbonaceous char. The
dehydrochlorination of PVC yields a polacetylene (-CH=CH-) while that of
polyvinylidene chloride (repeating unit -CHCI-CHCI-) yields a purely carbonaceous
char, (-C=C-), with an almost graphitic structure. Since CPVC is partially
chlorinated PVC, it yields chars that somewhere in between. The chars generated
by chain stripping will continue breaking down by chain scission, provided there are
sufficient hydrogen atoms present. Thus, the fragments will tend to cyclise into
aromatic structures and these, in turn, generate significant amounts of soot per unit
mass when burnt. As the hydrogen atom concentration is decreased, the probability
of forming aromatic structures, and thus soot, becomes lower.

Classification of Fire Performance

In view of the wide range of results obtained it is useful to attempt to make up
some five overall categories of material fire performance. These categories have
been chosen in order to get an overall view of material performance. In three of the
cases logarithmic scales were chosen, because they allow a better visualisation of
results, particularly in the Figures.

A classification based on heat release rate could give five categories of
material performance:

Pk RHR < 60 (kW/m?)
60 < Pk RHR < 100 (kW/m?)
100 < Pk RHR <200 (kW/m?)
200 < Pk RHR < 300 (kW/m?)
300 < Pk RHR (kW/m?)

In terms of ignitability another set of five categories can be set out:

2.5 <Log (TT]) (s)
1.5<Log (TTT) <2.5 (s)
1.0 <Log(TTI) < 1.5 (s)
0.5<Log (TT)< 1.0 (s)
Log (TTI) < 0.5 (s)

Thirdly, in terms of propensity to flashover, the following set of five categories
can be set out:

1.0 <Log (TT/RHR) (s m*’/kW)

0.0 <Log (TTI/RHR) < 1.0 (s m*kW)

.10 < Log (TTVRHR) < 0.0 (s m/kW)
2.0 < Log (TTU/RHR) <-1.0 (s m/kW)
Log (TTI/RHR) <-2.0 (s m/kW)

Finally, in terms of smoke factor, relevant categories appear to be:



1.5 > Log (SmkFct)

2.0 > Log (SmkFct) > 1.5

2.5 > Log (SmkFct)> 2.0

3.0 > Log (SmkFct) > 2.5
Log (SmkFct) > 3.0

Figures 18-21 show the materials falling into each category for all the four
properties. The better performing materials in terms of heat release rate, heat of
combustion and smoke release are mostly the same. In fact, five materials are in the
top category in each of the four classifications: 1, 2, 3, 4 and 7. Curiously, no
material appears in the lowest category in all four classifications. This suggests,
once again, that smoke obscuration, in full scale fires, is heavily dependent on fire
performance and that those materials that have the best fire performance will also

tend to generate less smoke.

(MW/m?)
(MW/m?)
(MW/m?)
(MW/m?)
(MW/m?)



Section 4

PRODUCT FIRE PERFORMANCE

A caveat needs to be presented before ending the discussion on fire
performance. The fire performance of materials is of little consequence outside of
the entire system within which the material is made into a product. It has been
shown extensively that the fire performance of products results from the interaction
between the materials contained in the product. These interactions can result in: (I)
one material dominates the product fire performance, (II) product geometry
overwhelms material composition, (III) fire performance of the system is better than
that of each component material or (IV) fire performance of the system is worse than
that of any component material.

Two sets of products have been analysed more extensively than others:
upholstered furniture and electrical cables. In both cases it appears that, all else
being equal, the outer layer of combustibles is more important than the inner layer.
A typical example of this is given by the fire performance of fabric foam
combinations, as they would appear in an item of upholstered furniture. The fire
performance of the fabric (first line of attack of the fire) is more important than that
of the foam. The combination of very poor foams with very good fabrics can yield
excellent systems. These conclusions depend on maintaining the initial integrity of
the fabric (i.e. not exposing the foam directly to the fire), which is one of the reasons
why the fire performance of the interior materials cannot be neglected. On the other
hand, the combination of an excellent foam with a very poor fabric will lead to a
poor system [36].

In the case of electrical cables, if the fire performance of the jacket (layer
surrounding individually coated conductors) is adequate, the fire performance of the
insulation (the layer that coats the conductors directly) is of secondary importance.
However, if the insulation material has very poor fire performance, it will dominate,
depending on cable construction.

CONCLUSIONS

Smoke obscuration in fires has been measured, and continues to be determined,
by using techniques which are totally inadequate. It is now clear that the
measurements of smoke obscuration made in small scale tests need to be carefully
monitored to ensure that they are relevant to the full scale scenario of interest.

This paper shows that, at present, the best way of measuring smoke
obscuration in a way that is meaningful for full scale fires is by using a small scale
rate of heat release test, such as the cone calorimeter (or the OSU calorimeter) and
compensating for incomplete burning of fire retardant materials by using the smoke
factor concept. Such results have been correlated with those of several full scale
tests.

The results of cone calorimeter testing on 35 materials show that the materials
with the best fire performance and the materials with the lowest smoke factors tend
to be the same ones. This suggests, once again, that smoke obscuration is a
consequence of fire development, since a bigger fire "pumps" heat into more
materials and thus more smoke into the atmosphere.

Another important consequence to be drawn from this work is that fire



performance of materials is important but that any final choice should only be made
after testing products, or at least systems simulating the final product by containing
all the materials involved, in the appropriate combinations. Product fire performance
predictions should only come from material fire test results if it has previously been
shown that the products perform in a way that can be predicted from a combination

of the fire performance of the materials in the tests used.
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Table 1
Static Small Scale
Smoke Obscuration Tests on Materials

Examples
ASTM D2843 - Rohm & Haas Test (XP-2 Chamber)
ASTM E662/NFPA 258/BS 6401 - NBS Smoke Density
Chamber

Details of Tests

Sample is Heated to Destruction in Sealed Cabinet
Smoke Obscuration is Measured Photometrically
Static Test

Single Measurement

Specifics of the Individual Tests

Rohm & Haas Test: Horizontal Optical Density
NBS Chamber: Vertical Optical Density

Table 2
Deficiencies in the NBS smoke chamber

Results do not correlate with full-scale fires.
Vertical orientation leads to melt and drip

Time dependency of results cannot be established
No means of weighing sample during test.
Maximum incident radiant flux is 25 kW/m®

Fire self-extinguishes if oxygen level goes <14 %
Thus, composites often give misleading results
Wall losses are significant

Soot gets deposited on optics

Light source is polychromatic

Rational units of m?/kg are not available



Table 3
Dynamic Smal] Scale
Smoke Obscuration Tests on Materials

Examples
ASTM E162 - Radiant Panel Flame Spread Test
Arapahoe Chamber (ASTM D4100)
Dutch Vlamoverslag Test (NEN 3883)
Michigan Chamber
BFGoodrich Smoke-Char Test
Nordic Nordtest NT Fire 004
German Brandschacht test (DIN 4102 part 1)

Details of Tests
Sample is Heated to Destruction
Smoke Obscuration is Measured Together With Another Property
Dynamic Test

Single Measurement of Smoke Obscuration

Characteristics of the Individual Tests

Radiant Panel: Soot - Measured with Vertical Flame Spread

Arapahoe: Soot - Measured after Burning Horizontal Sample

Vlam Overslag: Horizontal Optical Density -

Michigan Chamber: Horizontal Optical Density - Measured with LOI
Smoke-Char: Horizontal Optical Density - Measured with Char
Nordtest: Horizontal Optical Density - Measured with Flame Spread
Brandschacht: Horizontal Optical Density - Measured with Flame Spread



Table 4
large Scale Tests

for Smoke Obscuration but Not Heat Release

Examples

Details of Tests

ASTM E84/NFPA 255/UL 723 - Steiner Tunnel Test
UL 910 - Cable Tunnel Test

London Underground - 3 m Cube Chamber
ASTM E648 Modified - Carpet Critical Radiant Flux

Sample is Not Heated to Destruction
Smoke Obscuration is Measured Together With Flame Spread
Continuous Measurements

Characteristics of the Individual Tests

Steiner Tunnel:

Sheet/Cable/Pipe is Burned Horizontally
Smoke Obscuration is Measured Vertically
Results are Very Erratic

Dynamic Test

3 m Cube:

Cable is Burnt Horizontally

Smoke Obscuration is Measured Horizontally
Almost Full Length of Sample is Consumed
Static Test

Flooring Panel:

Carpet is Burnt Horizontally

Smoke Obscuration is Measured Horizontally
Other Fire Properties are also Measured
Dynamic Test



Table 5
Full Scale Tests
Measuring Heat Release and Smoke Release

Examples ASTM E603 - Standard Room
UL 1581 (Modified) - Cable Tray Test

Details of Tests

Sample is Not Heated to Destruction

Smoke Obscuration is Measured Together With Other Properties
Heat Release is Measured

Continuous Measurements

Dynamic Test

Gas Release can be Measured Simultaneously

Characteristics of the Individual Tests

ASTM Room:
Sheet is Burned Vertically
Smoke Obscuration is Measured Horizontally

UL 1581/CSA FT-4:
Cable is Burnt Vertically
Smoke Obscuration is Measured Horizontally



Table 6
Small scale tests
Measuring Heat Release and Smoke Release
Rate of Heat Release Calorimeter Tests

Examples: ASTM E906 - OSU RHR Calorimeter
ASTM E1354 - NIST Cone Calorimeter
Factory Mutual Calorimeter

Details of Tests

Sample is Heated to Destruction

Heat Release is Measured

Smoke Obscuration is Measured Together With Other Properties
Dynamic Test

Continuous Measurements

Combined Smoke/Fire Hazard Properties can be Measured

Gas Release can be Measured Simultaneously

Characteristics of the Individual Tests

OSU Calorimeter:
Sample is Burnt Vertically
No Mass Loss is Measured
There are Heat Losses
Light Source is Polychromatic

Cone Calorimeter:
Sample is Burnt Horizontally
Mass Loss is Measured Continuously
There are No Heat Losses
Light Source is Monochromatic
Best Known Combustion Model
Measures All Fire Hazard Parameters



Table 7.

Smoke Generation in a Room Corner Burn Test

Material Thick.
cm
No.sample -
Polycarbonate 0.24
FR ABS 0.23
Oak Panel 0.58
FR Acrylic 0.24
Generic PVC 0.23
Low Smoke PVC 0.12
CPVC 0.12

and in the NBS Smoke Chamber

Max. Smoke Soot NBS Smoke (F)
OD/m g D,
1.6 106 -
>15.1 >2900 247
>15.1 >1460 900
9.6 750 106
7.7 398 435
8.3 384 780
1.5 93 94
1.5 75 53

A 6.3 kg wood crib was used in all room corner burn experiments; total panel
area: 6.6 m2. The PVC materials used in these experiments were all rigid, i.e.

unplasticised.

Table 8

Statistical Analysis of Linear Correlations’
Between Various Measures of Smoke QObscuration

Intercept Corr. Coeff.

%

OSU Smoke Factor vs. Cone Smoke Parameter

18.2 76
20.8 88
16.6 78

OSU Smoke Factor vs. Cone Smoke Factor

31.0 74
32.0 77
22.0 79

Cone Smoke Factor vs. Cone Smoke Parameter

Flux Slope
kW/m?

20 0.129
40 0.059
70 0.028
20 0.023
40 0.009
70 0.004
20 5.1
40 6.1
70 7.0

-371.2 85
-763.1 88
-1225.1 92
NBS Smoke Chamber (F) Specific Dy, vs Cone Smoke Parameter
(25 kW/m?) (20 kW/m?)
1113 1

0.114

Model used: y = Slope * x + Intercept



Table 9
Correlations Involving Smoke Factors for Cone and OSU

Correlation between Cone and OSU

Flux 20 kW/m? Flux 40 kW/m?

Corr. Coeff. 86 % Corr. Coeff. 97 %
Intercept 20.12 Constant 16.20
Slope 0.606 X Coefficient(s) 0.689

Correlation between incident fluxes

Cone: 20-40 kW/m? OSU: 20-40 kW/m?
Corr. Coeff. 84 % Corr. Coeff. 84 %
Intercept 174.50 Intercept 94.61
Slope 2.405 Slope 2.588
Table 10
Correlation Between the Cone Calorimeter and a Cable Tray Test
Property Flux Corr. coeff. Adj Corr Coeff Slope Intercept
R™"2 % AdjR™"2 %
UL 1581
Peak RSR 20 70 62 0.62 ~-1.3
Peak RSR 40 75 68 043 -2.7
SmkFct 20 93 92 9.00 383.0
SmkFct 40 86 83 244 614
CSA FT-+4
Peak RSR 20 68 57 198 -9.2
Peak RSR 40 19 - 0.38 0.5
SmkFct 20 93 91 11.778 1406.3
SmkFct 40 71 62 2.47 1805.2
ICEA T-29
Peak RSR 20 85 82 0.91 0.9
Peak RSR 40 57 50 0.40 0.2
SmkFct 20 66 60 5.13 1346.6
SmkFct 40 72 67 1.34 1110.3
SmkFct 70 65 60 0.61 1136.0



ABS:
ABS FR:
ABSFV:

ACET:
DFIR:
EPDM:

KYDEX:

PCARB:
PCARB B:
NYLON:
PBT:

PE:
PET:
PMMA:

PP:
PPO/PS:

PPO GLAS:

PS:
PS FR:
PTFE:

PU:
THM PU:

XLPE:

Table 11
Description of Non Viny| Materials Used

Cycolac CTB acrylonitrile butadiene styrene terpolymer (Borg Warner) (#
29)

Cycolac KJT acrylonitrile butadiene styrene terpolymer fire retarded with
bromine compounds (Borg Warner) (# 20)

Polymeric system containing acrylonitrile butadiene styrene and some
poly(vinyl chloride) as additive

Polyacetal: polyformaldehyde (Delrin, Commercial Plastics) (# 24)

Douglas fir wood board (# 22)

Copolymer of ethylene propylene diene rubber (EPDM) and styrene
acrylonitrile (SAN) (Rovel 701) (# 31)

Kydex: fire retarded acrylic panelling, blue, (samples were 4 sheets at 1.5
mm thickness each, Kleerdex) (# 15)

Polycarbonate sheeting (Lexan 141-111, General Electric) #5)
Commercial polycarbonate sheeting (Commercial Plastics) (# 16)

Nylon 6,6 compound (Zytel 103 HSL, Du Pont) (# 28)

Polybutylene terephthalate sheet (Celanex 2000-2 polyester, Hoechst
Celanese) (# 32)

Polyethylene (Marlex HXM 50100) (# 34)

Polyethylene terephthalate soft drink bottle compound (# 33)

Poly(methyl methacrylate) (25 mm thick, lined with cardboard, standard
RHR sample) (# 26)

Polypropylene (Dypro 8938) (# 35)

Blend of polyphenylene oxide and polystyrene (Noryl N190, General
Electric) (# 18)

Blend of polyphenylene oxide and polystyrene containing 30% fiberglass
(Noryl GFN-3-70, General Electric) (# 17)

Polystyrene, Huntsman 333 (Huntsman) (# 30)

Fire retarded polystyrene, Huntsman 351 (Huntsman) (# 23)
Polytetrafluoroethylene sheet (samples were two sheets at 3 mm thickness
each, Du Pont) (# 1)

Polyurethane flexible foam, non fire retarded (Jo-Ann Fabrics) (# 25)
Thermoplastic polyurethane containing fire retardants (estane, BFGoodrich)
#27)

Black non-halogen flame retardant, irradiation crosslinkable, polyethylene
copolymer cable jacket compound (DEQD-1388, Union Carbide) #11)



A. Rigid Vinyls:
PVC EXT:
PVCLS:
PVCCIM:

CPVC:

B. Flexible PVC's
FL PVC:

PVC WC:
PVC WC SM:
PVC WC FR:

Table 12
Description of Vinyl Materials Used

Poly(vinyl chloride) rigid weatherable extrusion compound with minimal
additives (BFGoodrich) (# 13)

Poly(vinyl chloride) rigid experimental sheet extrusion compound with smoke
suppressant additives (BFGoodrich) (# 10)

Poly(vinyl chloride) general purpose rigid custom injection moulding compound
with impact modifier additives (BFGoodrich) (# 8)

Chiorinated poly(vinyl chloride) sheet compound (BFGoodrich) #7

Standard flexible poly(vinyl chloride) compound (non-commercial; similar to
a wire and cable compound) used for various sets of testing (including Cone
Calorimeter RHR ASTM round robin; it contains PVC resin 100 phr; diisodecyl
phthalate 65 phr; tribasic lead sulphate 5 phr; calcium carbonate 40 phr; stearic
acid 0.25 phr (# 21)

Flexible wire and cable poly(vinyl chloride) compound (non fire retarded)
(BFGoodrich) (# 14)

Flexible wire and cable poly(vinyl chloride) compound (containing minimal
amounts of fire retardants) (BFGoodrich) (# 12)

Flexible wire and cable poly(vinyl chloride) compound (containing fire
retardants) (BFGoodrich) (# 9)

C. Advanced Flexible Vinyls:

VTE 1:
VTE 2:
VTE 3:
VTE 4:

Flexible vinyl thermoplastic elastomer alloy wire and cable jacket experimental
compound, example of the first of several families of VTE alloys (# 6)
Flexible vinyl thermoplastic elastomer alloy wire and cable jacket experimental
compound, example of the second of several families of VTE alloys (# 3)
Flexible vinyl thermoplastic elastomer alloy wire and cable jacket experimental
compound, example of the third of several families of VTE alloys (# 2)

Semi flexible viny! thermoplastic elastomer alloy wire and cable jacket
experimental compound, example of a family of VTE alloys containing CPVC
#4)



Table 13. Heat release rate results at a flux of 20 kW/m>.

# Material Pk RHR kRl SmkFct TTVRHR Ht Comb

1. PTFE 3 10.000 0.4 6780 36

2 VIES 4 10,000 4 2850 5

3 ViEZ2 9 10,000 0.6 1301 09

4. VIE 4 14 10,000 1.1 1027 3.0

5. PCARB 16 10,000 0.1 5173 4.5

6. VIE 1 19 10,000 43 591 2.2

7. CPVC 25 10.000 1.3 392 2.4

8 PVC CIM 40 5159 13.7 1343 1.4

9. PVC WC FR 72 236 27.7 3.49 7.0
10. PYC LS 75 5171 93 72.4 2.0
11, XLPE 88 760 1.5 8.08 22.4
12. PVC WC SM g0 176 77.6 186 85
13. PVC EXT 102 3591 243 314 7.3
14, PYC WC 116 17 100.4 1.00 10.5
15. KYDEX 117 200 65.0 1.70 5.4
16. PCARB B 144 6400 2.7 474 13.1
17. PPO GLAS 154 465 1.8 3.03 59.0
18. PPOIPS 219 479 25.9 245 525
19. ABS FV 224 5198 223 €6.3 17.0
20. ABS FR 224 212 456.2 0.83 12.5
21, FLPVC 233 102 4818 0.44 19.3
22. DFIR 237 254 30.4 1.10 13.1
23. PSFR 277 244 290.1 0.90 15.0
24. ACET 290 258 13.0 0.80 13.0
25 PU 290 12 33.1 0.04 18.4
26, PMMA 409 176 51.6 0.43 235
27. THM PU 424 302 216.3 0.72 235
28. NYLON 517 1923 2.7 3.85 233
29. ABS 614 236 783.3 0.38 56.7
30. PS5 723 417 446 0.58 40.7
31. EPDMISAN 737 486 28.6 0.66 375
32. PBT 850 609 1.4 0.75 16.1
33 PET 881 718 2.8 0.82 16.2
34. PE 913 403 29.9 0.44 41.1
35 PP 1170 218 536.0 0.19 72.0
Average 295 2986 96.9 5753 19.0
Median 219 479 24.3 2.0 13.1




Table 14. Heat release rate results at a flux of 40 kW/m2.

# Material Pk RHR T SmkFct TTURHR Ht Comb

1. PTFE 13 10,000 0.3 839 a5

2. VTE 3 43 1212 135 36.4 53

3. VIE 2 64 1253 249 21.4 8.5

4, VTE 4 87 10,000 35.9 115 45

5. PCARB 429 182 733.2 0.43 223

6. VTE 1 77 1271 76.1 16.7 5.7

7. CPVC 84 621 38 7.44 5.4

8. PVC CIM 175 73 298.2 0.42 5.1

9. PYC WC FR 92 47 104.6 0.50 9.5
10 PVC LS 111 187 78.6 1.65 17.0

. 11. XLPE 192 105 24.0 0.55 24,2
- 12, PVC WC SM 142 36 473.0 0.25 115
13. PVC EXT 183 85 459.6 0.46 13.3
14. PVC WC 167 27 503.5 0.16 15.5
15. KYDEX 176 38 535.0 0.22 1.0
16. PCARB B 420 144 616.0 0.34 24.4
17. PPO GLAS 276 45 8538 0.16 27.0
18. PPOIPS 265 87 1143.3 0.33 23.3
19, ABS FV 291 61 1499.2 0.21 17.4
20. ABS FR 402 86 3740.9 0.16 12.4
21. FL PVC 237 21 914.5 0.09 15.7
22 DFIR 221 34 429 0.15 7.6
23. PS FR 334 a0 34617 0.27 14.6

t 24, ACET 360 74 17.5 0.20 12.7
L 25 PU 710 1 134.4 0.0014 453
26. PMMA 665 36 429.0 0.05 23.3
27. THM PU 221 60 3676 0.28 17.4
28. NYLON 1313 65 887.9 0.05 31.0
29. ABS 944 69 4457 4 0.07 308
30. PS 1101 97 6791.5 0.09 38.0
31, EPDM/SAN 956 68 5785.4 0.07 28.8
32. PBT 1313 113 4711.2 0.09 211

. 33, PET 534 116 1207.9 0.22 116
34. PE 1408 159 1822.0 0.06 466
35 PP 1509 86 3416.5 0.08 421
1 Average 443 761 1304.7 29.8 19.0
. Median 265 85 503.5 0.22 17.0

| -
%
t



Table 15. Heat release rate results at a flux of 70 kW/m?>.

# Material Pk RHR TTi SmkFct TTYRHR Ht Comb

1. PTFE 161 252 4.4 1.56 46
2. NTES3 70 17 42.4 0.24 7.7
3 VTE 2 100 424 80.3 6.01 &8
& YTE 4 66 1583 257 24.3 7.é
5. PCARB 342 75 728.4 02z 21.4
6. VWTE 1 120 80 239.1 0.49 71

7. CPVC 93 372 7.9 4.06 6.1
8. PVC CIM 191 45 701.8 0.24 12.7
9. PVC WC FR 134 12 283.9 0.09 104
10, PWC LS 126 43 148.6 0.34 12.0
11, XLPE 268 35 133.8 0.13 247
12. PVC WC SM 186 14 8728 0.07 10.7
13 PYC EXT 190 48 1143.8 0.25 10.8
14, PYVC WC 232 11 968.7 0.05 15.2
15. KYDEX - 242 12 13689 0.05 94
16. PCARB B 535 45 1124.1 0.08 207
17. PPD GLAS 386 35 1830.5 0.09 23.8
18 PPOPS 301 39 1519.0 0.13 229
15 ABS FV 409 39 2561.8 0.10 185
20 AB3 FR 419 39 3438.2 0.08 103
21, FL PYC 252 15 1277.0 .08 142
22. DFIR 186 12 59.7 0.08 135
23. PSFR 445 51 4490.1 011 119
24. ACET 566 24 103.3 0.04 146
25. PU 1221 1 239.9 0.0008 375
26 PMMA 888 11 10121 0.01 259
27. THM PU 318 38 746.1 0.12. 17.9
28 NYLON 2019 31 4003.4 0.02 29.3
28, ABS 131 48 5035.5 D04 28.0
30 PS 1555 50 9152.8 0.03 28.8
31, EPDMISAN 1215 38 10,376 0.03 29.2
32 PBT 1884 59 9656.5 0.09 256
33. PET 616 42 23559 0.07 152
34. PE 2735 47 39758 0.02 426
35. PP 2421 41 5509.4 0.02 431
Average 840 106 21481 1.1 18.3
Median 318 38 16121 0.08 15.2




Table 16. Predicted limiting flux (in kW/m?) for times to ignition of 10 min.

Lim Flux

Materials 600

1, PTFE 83

2. WTE 3 45

3 VIE 2 80

4. VTE 4 86

5. PCARB 34

6. VIE1 47

7. CPVC 42

8. PVC CiM 30

9. PVC WC FR %15

10. PYVC LS 33
11. XLPE 22
12. PVC WC 8M =15
13, PVC EXT 30
14, PVC WC =15
15, KYDEX <15
16. PCARB B 32
17. PPO PS FGLAS 18
18 PPO PS 17
19. ABS FV 30
20, ABS FR =15
21. FL BVC =15
22. DFIR <15
23, PSFR =15
24. ACET =15
25 PU =15
26, PMMA =15
27. THMPLAS PU =15
28, NYLOM 27
29, ABS =15
30. PS =15
31. EPDM SAN 18
32. PBT 20
33. PET 22
34, PE =15

35 PP =15
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jgure 2. Peak rate of heat release from materials, in the cone calorimeter, at an in-
dent flux of 40 kW/mgz.
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igure 3. Peak rate of heat release from materials, in the cone calorimeter, at an in-
cident flux of 70 kW/mge,
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igure 4. Rate of heat release vs. time curve for PTFE in the cone calorimeter at in
dent fluxes of 20, 40 and 70 kW/m2.
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Figure 5. Rate of heat release vs. time curve for VTE-3 in the cone calorimeter at
cident fluxes of 20, 40 and 70 kW/m2.
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Figure 6. Rate of heat release vs. time curve for CPVC in the cone calorimeter at in-
cident fluxes of 20, 40 and 70 kW/mz,
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Figure 7. Rate of heat release vs. time curve for PVC-CIM in the cone calorimeter
at incident fluxes of 20, 40 and 70 kW/mz,
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qure 8. Rate of heat release vs. time curve for PPCY/PS in the cone calonmeter at
ident fluxes of 20, 40 and 70 kW/m?2
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ure 9. Rate of heat release vs. time curve for ABS-FR in the ocone calorimeter at
ident fluxes of 20, 40 and 70 kW/m?2.
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Figure 10. Rate of heat release vs. time curve for DFIR in the cone calorimeter at
incident fluxes of 20, 40 and 70 kW/m?.
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Figure 11. Rate of heat release vs. time curve for PU in the cone calorimeter at inci-
dent fluxes of 20, 40 and 70 kW/mz.
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igure 12. Rate of heat release vs. time curve for PMMA in the cone calonimeter at
ident fluxes of 20, 40 and 70 kW/m?2.
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qure 13. Rate of heat release vs. time curve for PP in the cone calorimeter at inci-
t fluxes of 20, 40 and 70 kW/m2.
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igure 14. Smoke release from materials: smoke factor measured in the cone calo-
meter at an incident flux of 40 kW/mz,
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igure 15. Flashover parameter from materials: ratio of time to ignition to peak rate
of heat release measured in the cone calorimeter at an incident flux of 40 kW/mz.
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Figure 16. Average heat of combustion of materials, measured in the cone calorim-
eter at incident fluxes of 20, 40 and 70 kW/m2,
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Figure 17. Predicted incident flux for obtaining a time to ignition of 100 s in the
cone calorimeter.
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re 18. Categories of peak heat release rate for materials, from weighted aver
in the cone calorimeter.
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19. Categories of flashover propensity for materials, from weighted aver-
the cone calorimeter.
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Figure 20. Categories of ignitability for materials, from weighted averages in the
cone calorimeter.
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Figure 21. Categories of smoke release for materials, from weighted averages in
the cone calorimeter.
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FIRE AND MATERIALS, YOL. 17, 7990 {1985

Comparison of the Smoke Toxicity of Four Vinyl Wire
and Cable Compounds Using Different Test Methods

Marcelo M. Hirschler
Sufety Prgiveening Labaritories, Tat, 38 Ok Roud, Rocky River, OH 44115 USA

and Arthur ¥, Grand®
Seuthwest Besearch Tnstitute, Depattmen of Fite Tughnology, 220 Colebra Road: San Antonis TX TE2R-0518 USA

Four vinyl wire and cable marerials were tested nsing five smoke toxic potency test methods: the NBS cup furnace test
(in its Baming and non-Haming modes), the NIST radiant test, the NIBS I, test (also psing the radiant apparatos)
and the UPITE test, One of the materials is » standurd polyiviay! ehleride) (PYC) flexible wire und cable material,
uséd commercially for wice insulation, The three other materials tested represent u new family of vinyl thermoplastic
elastonver alloys, which wre sdvanced mmterials with good fire performunce, particularly in texms of heat release and
stivoke obscuration. It was found that the smokes from all four muterials ave simlar in terms of theirtoxic porenvies,
and that they are all within the *common’ range of toxic potency found, In particular, the toxic potencies of the smoke
fromm the new vinyl thermoplastic elastomer alloys are not significantly different from those of other traditional vinyl
wire and cable compounds. The results of the tests-were also interpreted in terms of the foxicities and concentrations of
the individual pases emitted. The fractionsl effective dose of the toxicunts analysed was sufficient to account for the
voxicity of the smoke for the NBS cup furnace and the NIST radivnt test. Tt was not-uble to svoount for the toxicity
found in the UPETT test. The adequacy of the test protocols themselves was slso investigated, It was found that the
UPITT and the NIBSIT,, method are inadequate for measarement of smoke texicity. It wasalso found that the NIST

radiant test protocol is the one mest likely te fead to the smaliest amoant of future testing:

INTRODUCTION

A nmnber of smoke toxicity test methods have been used
over-the years 1o ipvestigate the toxic potency of the
smoks from materials.! ~* Afew vears ago acommparative
investigation was made.” of four test methods: the UPITT
west, the NBS Cup furnace test (laming and non-flaming
modeiband the radiant apparatus, in the protocol sugges-
ted by Dr Stephen Packham.* The five materials investip-
ated were all wire and cable compounds: four polvivinyt
chioride) (PYC) materials and a nylon compound. The
PVC materials were a conventional jacket compound, 4
conventional insulation compound, and two jacket com-
pounds with progressively higher levels of acid-retention
catalysts. Tt was fonnd that the smokes from the matenals
were all of ‘comunon’ toxic potency. It was also Tound
that, although there are some serious deliciencics assoo
ated with using any such tests for making fire-safety
decisions, the UPTTT test was purtivularly fawed. Since
then, further information o the inappropriatencss ol.the
LIPITT test method, particularly for prediciions or usein
fire hazard analyses, has been forthcoming.®” However,
unfortunately, the text is being used for regulatory pur-
poses both in the state of New York and in the city of New
York (although the latter is under revisionl

The fire performance and the smoke toxicity of PVC
materials have been the focus of numerous investigations
and allegations. Some of the basic facts have been estab-
lished vears ago and published in tpxibooks.'” More
details on the overad] fire pecformance and smoke toxicty
of PYC and #ts compounds have been published in &
recent review elsewhere.t?

*Present address. gl Point Laboratories, San Antomio, TX, USA.

305050 AL GT- 1281100
B V93 by Jobn Wiley & Sons, Lid,

Recently, & new family of vinyl materials has been
developed-+viny! thermoplastic clastomer alloys. These
materiats have excellent fire performunce, in termsof both
heat: ‘release and - smoke reledise™ M In order to
investigate whether the smokes from these materials were
in the ‘cominon’ range, just as those of the more (radi-
tional materials bad besn found to be, they were also
subletted 1o several toxic potency tests. Three of the tests
chosen and one of the muterials chosen were a repeat of
the earlier work, for control. The tests repeated were the
MBS cup furnace flaming and non-faming) and the
UPITT test, and the material retaiped was the standard
insulation, The additional tests chosen were the latest
variantsof theradiant equipment the NIST SwRI toxie-
ity testt$1% gnd the NIBS [T, test.) 7% The three
additional materials tested were all different vinyl ther-
mplastic elastomer alloys.

EXPERIMENTAL

Test methods

The testancthods that were evaluated in this study aress
follows: the National Bureau of Standards (NBS, today
the National. Institute for Standards and Technology)
Cup Furnace Test:Method {including both flaming and
non-flaming  modes)! the University of Pitisburgh
(UPITT) Test Method® and the NIST/SwRI™® gnd
MNIBS ITs,'7 variants of the Radiant Furnace Test
Method. None of these test methods have become
consensus standards.

Reveived & Cletober 1992
Accepted 25 damary W03
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NBS Cup Furnsce Test Method The apparatus of the NBS
Cup Furnace Test Method consists of a cup furnace
interfaced to the floor of a polyimethyl methacrylate}
exposure chamber, with a volume of approximately 2001
{inside diruensions 1.22 x (.37 x 0.45 m). The furnace is
operated at a fixed temperature, at 25°C below or above
the pre-determined auto-ignition temperature, to pro-
duce cither non-flaming or flaming combustion, respect-
ively. In each experiment, six male rats are exposed, in the
head-only mode, for 30 min to the combustion atno-
sphire. A series of experiments with varying amounts
of a materisl are conducted to establish &
conecentration-response lethality reiaticnshig and to de-
rive an LC,, value by standard methods®t32 for each of
the two combustion modes, The LC g, value is an estimale
of the guantity of material that should cause death of
50% of the animals during the 30-min exposure and a 14-
day post-exposurs period. This mass of material is divi-
ded by the chamber volume and the LC,, is expressed in
units of mgl™?,

University of Pittsburgh (UPTYT) Test Method The appar-
atus of the UPITT method consists of 2 muffle furnace
connected 1o 3 glass animal exposure chamber by means
of & quartz tube. Weighed samples of material are ther-
mally decomposed in the furnace, the temperatore of
which is increased at a constant rate of 20°C min ™!, The
products are carried through the furnace by an air stream
{at 111 min™ %) and diluted and cooled with additional air
fto 201 min~?* total flow) before entering the exposure
chamber. Gas analyses are made in the exposure cham-
ber, In each experiment four male mice are exposed, in the
head-only mode, to the combustion atmosphere for
30 min, starting from the time of a 1.0% weight loss of the
materizl. The animals are maintained for & [0-min post-
exposure period, At least four experiments are conducted
in order to derive an LC,, value by the Weil method.??
The £, is an estimate of the amount of material
required to cause death of 50% of the animals during the
30-min exposure and 10-min recovery period, expressed
ing

Radiznt Furnace Test Method The apparatus of the Radiant
Furnace Test Method uses the same exposure chamber as
the NBS Cup Furnace, but a radiant heater system is used
to decompose the material thermally. The radiant heater
system consists of four tubular quartz tungsten-ftlament
famps mounted in parabolic reflectors and directed intoa
guariz combustion cell. The combustion cell is & horizon-
tal guartz tube with a 130 mm inside dismeter and
324 mm long. It is sealed at one end and hag a large
standard taper outer joint at the other end. A sealed inner
joint serves as a removable plug for the open end. The top
of the cell has a rectangular opening paralle! to the axis of
the cylinder with s ‘collar® which allows it to fif securely
inte a staindess steel chimney. The chimney is 30
* 300 mm in inside dimensions and 300 mm high, and is
divided into three channels by stainless steel dividers. The
effect of these channels is to create stable convective
smoke flows back and forth between the combustion and
exposure chambers. The system was used at 2 heat flux of
50 kW m "2 {4 20%) 1o expose a coated wire sample. The
use of a spark igniter promoted the faming combustion
of the material. The animals (rats) were exposed for

30 min and were continued o be observed for 14 days’
post-exposure. )

In the NIST/SwRI protocel®®1® the sample, a coated
wire, was exposed for 10 min before the smoke shutter
betwesn the combustion and exposure chambers was
closed. In order to obtsin the LC,, the length of wire
exposed was changed, but the thickness of the wire
coating was maintained the same throughoul. The LG
obtained was measured in terms of length of wire, using
the same statistical protocel as for the N8BS Cup Furnace
Test Method 2132 :

In the NIBS IT,, protocol the coated wire was ex-
posed for a short irradiation time, searching for the
minimum irradiation time which would lead to the
Jethality of 50% of the test animals in 30 min+ 14 days,
The amount of coated wire exposed was a guantity
sufficient to Al the 76 mm x 127 mm {3 in » 5 in) sample
holder. The communication between the two chambers
was closed at the end of the irradiation time. The sumple
loading was not changed.

Materials

All four test materizls used were vinyl wire and cable
coating compounds and they are BFGoodrich propri-
stary materials. One of them, Geon® B384, FR natural
022, 8 a standard insulation (80}, a standard, com-
mercially available 105°C rated compound used for the
insulation of building wire; it contains moderate amounts
of flame retardants. The other three are vinyl thermo-
plastic clastomer alloys {(VTEs), two of which are com-
mercial products: Flexel® 1000, Flexel® 1010 (VIE 740
and VTE 741, designed as jacketing materials. They all
contain PVC, 2s well as a number of other ingredients,
and they have excellent fire performance.'?™'* Flexel®
1000 and Flexel® 1010 have been designated VTE | and
YTE 2, respectively, in an earlier study of fire per-
formance.** VTE 741 is an exampie of another family of
¥TEs, but is not a commercial compound,

RESULTS AND DISCUSSION

Table 1 presents the overall toxic potency rasults for all
materialy the LC,, for the semple mass loaded, with its
corresponding confidence fimits, the L, for smoke {ie.
for mass lost) and the LC1,, for the simple mass loaded
fi.e. the product of the LC., and exposure time). In the
case of the radiant apparatus, the samples exposed were
coated wires; therefore the LC,, values in terms of length
were also converted 1o LCy, values on the basis of mass,
knowing the length per unit mass of plastic. In the case of
the NIBS 1Ty, the resulis were expressed in terms of
LC g for smoke only, because sample LC s, values are not
vahid for this method fie same indtial loading for all
experiments on the same product) Figure 1 shows gra-
phically the results, of the LG, values, based on mass
charged, for all the materials in the static tests, Mass loss
Ly, might alzo have been shown, but mass charged data
are more yseful, because materials are sold with additives.

For the UPITT method, 2 combustion time was estim-
ated from the curves of mass loss and CO evolution as
functions of temperature {converted to time). The com-
bustion time began at the point of 1% mass loss and
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Table 1. General toxic potency for all materials
Bt

NBS F

LGy mgit 282
GConf Limits g1} 238310
Smoke Ly mgl 26.7
Sample L0y, mg mint? 847

MBS NF

Llsy mgl™? 26.9
Cant Limits mgt™? 223-33.2
Smuoke L, mgi? 238
Sample LCt, rog mvind Y 808

NiST Radiant

L0 o 1728
Conf Linits o a

Ly mglt 23.2
Cont Limits mg ! #

Smuoke LO,, mgi™ 26.7
Samphe L%, vy rein i 875

NIBS Ty,

W n “d

L, (oss) mgl? 366
UFTT

LEy g 30
Conf Limits [+} 1.8:.49
[0 8 gt 15
Smake L&, gt 70

Sample LOL, mg mint

Flanst 1000 Flewel 1080 WTE T43
28.2 343 321
238-339 30.8-383 #
262 280 261
847 1030 364
.8 kiR 347
18.3-28.8 35.3-41.3 298-388
203 07 280
858 1143 1042
103.2 2205 189.5
88,0-137.2 & 162.8-223.8
182 45.9 358
15.7-242 2 30,7832
16.4 34.2 285
546 1378 1073
<2 «d @
28.0 29.4 258
125 0O
101-154 78130
28.3 18.2

220 147

500

*Not determined;
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Eigure 1. Toxic potencies of all materisls Using the four statre tegt methods.

ended when the €O evolution felf 10 zero. The total
villume was calculated as the product of the (constant} sir
flow {20Fmin "'} and the combustion time. The LCs,
values in concentration units {mg 1™ '} were calcalated
from the ratio of thie LU, in mass units {g) and the total
volume,

The results indicate that the toxic potency of the smoke
f