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1. The problem

The importance to society of characterizing flammability
of materials is attested to by the myriad examples of tests
established by different authorities world wide for this
purpose (see e.g. Troitzsch [1]). Tests range from small-
scale tests with materials exposed to Bunsen burner flames
to 15m high simulations of fire scenarios of building
construction materials. Some objectives of these tests
include observations of flashover, extent of fire propaga-
tion, melting behavior, heat release rates, ignition times, or
smoke generation rates. These results are then used to
select general end-use applications for materials despite the
results being comparative and specific to the test config-
uration and conditions. Although much more expensive,
large-scale simulation tests can at least be viewed as
providing results that approximately represent the end-use
application.

A telling point concerning the non-fundamental nature
of current flammability tests, whether at small or large
scales, is that the results of one test cannot typically be used
to reliably predict the results of another. Famously,
Emmons [2] in 1968 showed that test results for combust-
ibility of building materials from six countries were almost
uncorrelated with each other in regard to ranking of the
materials. Almost 40 years later, one could argue that a
similar demonstration could be made for standardized test
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methods for flammability. Despite very significant ad-
vances made in fire safety science in the intervening years,
there appears to be little impact on standardized testing. It
is recognized that old tests are difficult to replace due to
economic interests and due to their entrenchment within
regulatory systems. It is somewhat surprising, however,
that we still observe reliance on both old and new tests
which provide almost no predictive capability and which
provide no fundamental properties of flammability. Illus-
trative examples include the E-84 Tunnel Test [3] developed
in the USA and used worldwide and the single burning
item (SBI) [4] test recently developed and introduced for
regulation in the EU. It is unfortunate that such a test as
the SBI could be developed and implemented with its
shortcomings (Axelsson and VanHees [5]) at the same time
when performance-based codes are being promoted, which
demand reliable flammable properties. However, we believe
fire research and fire researchers should focus on the
longer-term goal of being able to make small-scale
measurements of properties that can be used in first
principle computer models to predict fire behavior and
product performance.

2. Intimations of progress through small-scale testing

One of the significant advances in fire safety science has
been the development of small-scale test methods which
have the potential of providing results from which material
properties can be extracted for use as inputs to physics-
based models. The widely used cone calorimeter (CC) [6]
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and the fire propagation apparatus [7] (FPA) provide, in
principle, reliable and cost effective means to measure heat
release and smoke generation rates and ignition times from
burning materials exposed to external heat fluxes relevant
to many fire situations. In the case of the FPA, the reaction
of materials to external fluxes may be conveniently
measured in controlled atmospheres allowing, for example,
pyrolysis rates to be measured in nitrogen. Such measure-
ments should in principle be used to determine flamm-
ability properties; however, in practice, the results are often
used by material manufacturers as small-scale fire tests,
ranking material performance by ignition time or heat
release rate. Such small-scale results can be highly
misleading when applied to large-scale fire scenarios.
Another practice is to correlate small-scale results such as
ignition times and heat release rates with results from
intermediate-scale tests such as the room corner test [8] (see
e.g. Grenier et al. [9]). This approach represents a
significant step forward as it attempts to tie the small-scale
measurements with larger-scale results; however being a
correlation, it is not possible to analyze the applicability of
the method to new types of materials not previously tested
or to use the method to assess the performance of a
material in a situation slightly different from the large-scale
test used in developing the correlation. In contrast, a first
principle model with material properties as inputs, if
properly validated [10], inherently expresses limitations
from the stated assumptions of the model, provides a sense
of the robustness of the method due its dependence on
physics, and allows variations in the fires scenario to be
incorporated and investigated. The combination of materi-
al properties as inputs to validated models of larger-scale
fire tests is what is needed to make progress in flammability
and is what is intended here by small-scale measurements
for next generation standards.

2.1. The way forward

The FORUM for International Cooperation on Fire
Research (now the International FORUM of Fire Re-
search Directors) has developed a position paper on
evaluation of products and services for global acceptance
as regards requirements related to fire hazards [11]. The
position paper notes the drawbacks to using ad hoc tests
and small-or intermediate-scale tests to correlate with
large-scale tests. These drawbacks, related to general fire
testing methods, are paralleled in the above discussion,
which is more specifically focused on flammability testing.
The FORUM foresaw two methods to improve the current
situation: the first was the use of property data coupled
with a first-principle model of an intermediate scale test
that can be correlated with a large-scale end-use test; the
second being property data combined with models of the
end-use application. While the second method was seen as
ideal, it was recognized that fire science and techniques for
determining properties had not advanced sufficiently that
this approach would be feasible for many years. The first

method had the advantage of selecting a test configuration
which was more amenable to modeling. Also, an appro-
priate intermediate-scale test would be sufficiently smaller
in scale to allow for more extensive testing, but would
include enough of the fire phenomena expected at the end-
use scale that it was likely to correlate well the large-scale
fire results. An important part of the second step would be
the establishment of the correlation between the inter-
mediate and large-scale tests. Even before the results of
small-scale tests could be used, the replacement of large-
scale tests with intermediate-scale test correlations would
greatly reduce test costs. Thus, a method based on
intermediate-scale tests is the one, which the FORUM
currently encourages researchers and standards developers
to adopt in generating new standards related to flamm-
ability. An example of progress towards this approach has
recently been presented by Nam et al. [12].

3. Elements of the next generation small-scale
measurements

Due to the complex nature of fire, the development of a
methodology for extracting flammability properties in-
cludes development of a model and selection of an
appropriate intermediate-scale test. Because properties of
commercial materials are likely to be effective rather than
true properties, the appropriateness of the technique for
extracting properties can ultimately only be judged by
comparisons of the model with the results of the selected
intermediate test. However, one technique to extract
properties without dealing with all the complexities of the
full model is to determine properties through a simulation
of the results of the small-scale tests. A pyrolysis model
such as employed by Yan and Holmstedt [13] could be used
to simulate the mass loss, heat release rate, and smoke
generation at varying external heat fluxes. Yan and
Holmstedt [13] suggest that equivalent properties could
be obtained through an optimization program using a
pyrolysis model to analyze small-scale results. Depending
on the complexity of the pyrolysis model, properties would
include, for example, heat of combustion, heat of gasifica-
tion, pyrolysis temperature, thermal conductivity, density,
and specific heat of the virgin material and where
appropriate char. Current understanding is probably not
sufficient to include melting materials. Modeling of
moisture migration within the material may also be
important in many cases. Also because of its importance
to the thermal response of the material, the back boundary
condition created by the sample holder needs to be
modeled. Optimally, small-scale testing should occur under
thermally thick conditions; however, many situations will
be thermally finite, requiring modeling of the sample
holder.

After extracting material properties, other challenging
problems arise in the modeling of the intermediate-scale
test, which may mask the validity of the properties.
These complexities include models associated with: wall
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boundary layer flows, buoyancy-driven turbulent convec-
tion, turbulent combustion with soot formation and
oxidation, and radiation. Of course, no model to date has
been shown to adequately calculate all of these phenom-
ena. However, as a first step flame radiation measured in
the intermediate-scale tests, can be used with existing
computational fluid dynamics models to model the
intermediate-scale problem. If the material properties are
correct, global results such as flame height, heat release
rate, smoke generation rates, and fire propagation behavior
should be reasonably modeled. This assumes that the scale
of selected intermediate-scale test is such that radiation is
the dominant heat transfer mechanism and that the
reaction of the materials has been properly modeled
through the small-scale measurements. With experience
from the intermediate-scale tests, flame heat flux profiles
could be developed which could be scaled potentially using
the smoke point [14] or smoke yield [12] of the materials
measured at small scale. Thus, models could be usefully
applied with small-scale inputs before the fundamental
problems of modeling turbulent combustion are resolved.

Clearly, such a program as outlined above is not ready to
be used for certification, but the development of these
methods can complement the use of intermediate-scale tests
which have been shown to correlate with large-scale tests.
Eventually, the small-scale tests can evolve into screening
tests, which can greatly aid manufacturer costs and begin
the process of developing standards, which are rational and
suitable for the reliable selection safe materials.

4. Forum position

The FORUM position for making small-scale flamm-
ability measurements is as follows:

o Current flammability tests are ad hoc in nature and
entrenched within regulatory systems primarily because
of economic and commercial interests. Because these
tests are not fundamentally based, the data obtained
from them cannot be used reliably for predicting either
other flammability test results or end-use performance
of materials and products.

e Fundamentally based small-scale test methods are
available for making material property measurements
that can be used as input to validated, first principle,
end-use computer models. Though more complex than
most current ad hoc tests, they are well-demonstrated,
well-documented and repeatable.

e Fire researchers need to pursue and develop such
methods further in order to increase the reliability of

predictions of end-use performance of products and
materials, improve the accuracy of design fire scenario
calculations and ultimately lead to a more measurably
safe built environment.

® Progress toward the ultimate use of end-use computer
models can be promoted and assessed through the
application of small-scale property measurements to
first-principle models of intermediate-scale tests such as
the parallel panel test.

The FORUM takes this position to encourage the
development of a reliable method of making small-scale
measurements that can be useful in leading to next-
generation flammability standards based on the use of
accurate end-use computer models.
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