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ABSTRACT

A study has been made on the horizontal burning rates
of 87 thin materials, consisting of samples of nylon and vinyl
automobile seat fabrics, heavy cotton cloth, standard Whatman
laboratory filter paper, nylon automotive carpeting; and
specially cut thin strips of balsa, ash, oak; and redgum.
These horizontal burning rate tests were performed using a
modified version (large cabinet) Federal Motor Vehicle Safety
Standard 302 Horizontal Burning Rate Test. A mathematical
model, which relates the horizontal burning process to the
piloted ignition process, is proposed and tested; it is then
used as the basis for an empirical model to describe the burn-
ing phenomenon as a function of piloted ignition data. The
model is tested for validity against experimental data and
found to predict burning rates within a factor of two, given
the ignition curve and thermal and physical properties of a
material.

Although this spread in predicted values of the hori-
zontal burning rates seems large, it is approximately the same
as the spread in experimental values. Hence, the model can

predict burning rates almost as well as they can be measured.
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CHAPTER I
INTRODUCTION

The rate at which a fire spreads over a given material
has been of interest to the human race since fire was first
discovered. Until recent times, very little has been known
about the mechanisms of fire spread. It was not until the
1940's that scientists began to investigate experimentally
how fires spread and how rapidly they spread. Most of the
early work in the field of fire spread rates was done by the
U.S. Forest Service in an attempt to predict how rapidly a
fire would spread through a forest.

It was not until very recently that the general public
became aware of the dangers inherent in wearing apparel made
from flammable materials, mostly the new synthetic fibers.
Since that time, new federal regulations regarding the maxi-
mum allowable burning rate for materials used for clothing,
automobile interiors, furniture, draperies, carpeting, etc.,
have been passed or are being considered. Thus, it has become
advantageous, especially for synthetic fiber manufacturers,
to be able to estimate the burning rate of a given material
without first manufacturing large quantities.

1
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It is to this question that this dissertation addresses
itself. It was felt that a model describing the fire spread
phenomenon could be developed on the basis of piloted ignition
data. The idea of treating the flame spread rate over a mate-
rial as a series of ignitions is not new. It was first pro-
posed by Fons in 1946 (7). A model which describes the burn-

ing rate has been obtained for a variety of thin materials,

both synthetic and natural cloths and thin wooden strips,
based on the ignition curve for the material and its physical
and thermal properties.

It is felt the model developed herein is the first to
correlate quite successfully burning rates of materials which
have significant differences in their chemical composition.

A great number of tests for flammability of materials
have been proposed and adopted by various private and govern-
mental agencies. Trying to ascertain which one, or which
combination, of these tests should be used to obtain burning
rate data is quite difficult. The test chosen was that pro-
posed by the Department of Transportation (Federal Motor
Vehicle Safety Standard 302), which measures the horizontal
burning rate of a material. It is certainly not as severe a
test as some of those proposed, such as the vertical tests
where the flames move from the bottom of the sample to the top,
but it does indicate relative burning rates of materials. It
also has the advantage of spreading the data over a larger

range than the vertical tests.
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An important point to keep in mind, and which will
be demonstrated in the next section, is that no single test
nor any combination of tests can, nor should be expected to,
simulate to any degree of accuracy, the behavior of a mate-
rial in a real fire. Unless materials are tested in a large
scale test apparatus, approaching room size, their behavior
based on bench scale tests may not be related to their be-
havior in a large scale fire in any easily discernible way.

This dissertation then attempts to show that the
horizontal burning rate of a material, as obtained from a
modification (larger cabinet) of the Department of Transpor-
tation FMVSS 302 Horizontal Burning Rate Test (hereinafter
designated MFMVSS 302) is related to the material's ignition
characteristics in a fundamental way. However, care should
be exercised in extrapolating the equations developed herein

for materials with significantly different properties.



CHAPTER II
LITERATURE REVIEW

Fire research has grown from its infancy in the 1930's
and 1940's to a sophisticated science in the 1970's. And yet,
very little is really known about the detailed processes which
occur when a material is ignited and is consumed by fire. Ex-
tensive research into the phenomena of ignition and flame
propagation exists, and more data are becoming available each
year. Hilado (17) has conveniently divided the burning pro-
cess into five stages. It is instructive to examine these
stages separately.

The first stage consists of heating the material;
heat being supplied from an external source. This process
progressively raises the temperature of the material. The
external supply of heat might be direct flame exposure (radia-
tion and convection), heat transferred from hot gases (con-
duction and convection), or heat transferred from a hot solid
mass (conduction). The rate of temperature rise is a function
of the heat flux (the temperature differential between the
flame and the material), the specific heat of the material,
the thermal conductivity of the material, and the latent heat

of fusion and vaporization.
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Stage two begins when the material reaches its
decomposition temperature and begins to decompose. Most
substances yield a number of decomposition products as they
pyrolyze. These products include combustible gases (those
that burn in the presence of air), noncombustible gases
(water vapor and CO, being most common), liquids (usually
partially decomposed material), solids (carbonaceous char),
and entrained solid particles which appear as swmoke.

The third stage, as outlined by Hilado, is ignition.
In this stage, sufficient oxygen or oxidizing agent is present
and sufficiently well mixed with the combustible gases to
obtain ignition. Ignition is usually brought about by an
external flame source or spark, although most materials will
also exhibit a self-ignition temperature, which is the tem-~
perature at which reactions within the material become self-
sustaining to the point of igniting.

Stage four is the actual combustion of the material.
Combustion of a unit of mass liberates a given quantity of
heat. This heat of combustion then raises the temperature of
the gaseous products of combustion, thus increasing heat
transfer to the solid material by convection. Expansion of
the heated gases increases convective heat transfer, and the
heated entrained solid particles tend to increase heat trans-
fer by radiation. This stage represents full-scale or fully
developed burning. The most important characteristic at

this point is the heat of combustion of the material.
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Finally, stage five consists of flame propagation and
ultimate consumption of the material. In order to obtain
propagation, the heat generated by combustion of the material
minus the heat lost to the surroundings; must be sufficient
to bring an adjacent wnit mass to the combustion stage.

If all five of the above mentioned stages were amen-
able to a precise and tractable mathematical description, then
an accurate, comprehemsive model of the burning process could
be set forth. Unfortunately, none of these stages is well
enough understood to predict theoretically the material beha-
vior corresponding to the events which are known to occur in
each stage. In the heating stage, equations can be developed
to describe the process, but often these equations cannot be
solved. The decomposition stage is the one about which the
least is known. The zeactions and mechanisms appear to be
many and complex in nature and no truly successful approach
has been developed to delineate them. Much work has been done
in the area of ignition, which is perhaps one of the better
understood phenomena Jeading to the burning of substances.
Extensive data are available on ignition behavior of a wide
range of substances using radiative sources from 0.5 cal/cmz—
sec to 3.0 cal/cm2~sec although some data extend to 20 to 30
cal/cmz—sec. Some of these data can be found in references
21, 25, 31, 32, 33, 34, and 39.

The data have been correlated empirically; based on

theory, because it is beyond the realm of present technology
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to predict theoretically ignition behavior a priori. The com-
bustion stage has not been fully understood either, because

it is intimately related to the heating and decomposition
stages. The same applies to the propagation stage.

A central problem, which seems to reappear in trying
to analyze these stages, is the inability to define accurate
and significant boundary conditions. In many cases, no means
of measuring the desired variables exist. This problem leads
all of those involved in fire research into the predicament of
having to make simplifying assumptions or estimating those
variables which cannot be measured. Since the problems of
heat transfer and kinetics involved in the overall process are
of such a complex nature, it is quite possible that some, per-
haps many, important variables have not even been discovered!

Since one of the basic assumptions being made in this
thesis is that the burning rate of a material is related to
the material's ignition behavior, it is instructive to examine
the ignition process in some detail. A review of the burning
phenomena and the various tests used to obtain flammability

data will then follow.

Ignition of Cellulosic and Synthetic Materials

Brown ( 4) has concluded that a unique series of
events occurs as a combustible solid is gradually heated in
the presence of air. A very slow reaction takes place as the

material absorbs energy at low temperatures. The reaction
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between the material and the oxygen in the surrounding air
increases appreciably at higher temperatures. This normally
exothermic decomposition reaction produces heat which raises
the temperature of the absorbing material, thus increasing
the reaction rate. Energy losses to the surroundings by radia-
tion, conduction, and convection oppose the increase in reac-
tion rate. At some characteristic temperature, the rate of
reaction becomes rapid enough to overcome the heat losses,
and the temperature rises faster than it would due to external
heating alone. Thus, the reaction accelerates itself and
very rapid heating follows. If favorable conditions still
exist, this process continues until glowing or flaming
ignition occurs.

However, Brown's concept of the ignition process, as
observed in a "fire" situation (i.e., external heating), has
been proven incorrect by later work. It appears from the
discussion Brown gives, that he conceptualizes ignition as
occurring in the solid itself. He discusses the exothermic
combustion process which liberates heat which raises the
temperature of the solid. He does not mention the endothermic
process which must occur in ordér to cause decomposition of
the solid into volatile fragments which escape into the gas
phase (4). Brown missed the point that combustion occurs
in the gas phase, not in the solid phase. Therefore, there
are two processes occurring; an endothermic decomposition

reaction (the breakdown of the solid into fragments), and an
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exothermic gas phase oxidation reaction. The exothermic
process is this gas phase oxidation reaction, which usually
occurs at some finite distance from the solid surface. If
the heat contributed to the solid by this gas phase oxidation
reaction and the energy absorbed from external sources does
not equal or exceed the endothermic decomposition reactions
in the solid, the solid will self-extinguish.

As an organic solid decomposes upon heating, it under-
goes molecular rearrangement while simultaneously yielding
molecular fragments in gaseous form. These fragments mix
with the surrounding air. If this process is carried out at
a sufficiently high rate, flaming ignition occurs. There are
two extremes for thermal decomposition of solids. For very
low thermal heating rates, the specimen may char completely
without flaming. This charring without ignition occurs be-
cause the rate of evolution of combustible gases is so low
that after mixing with air their concentration is below the
flammable limits. For very high incident energy fluxes, the
specimen may undergo no discernible charring up to the time
of ignition. The specimen then decomposes rapidly, and almost
completely, to volatile substances, leaving only a trace of
solid residue, by a process termed "flash pyrolysis."

An ignition cabinet was designed, built and tested
at the University of Oklahoma by Koohyar (21). This cabinet
has been used to compile an extensive file of ignition data

on cellulosic and synthetic materials, both thick and thin
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samples. The test consists of exposing a specimen, about
100 square centimeters in area, to a monitored radiant flux
from either a benzene flame or quartz-tungsten lamps until
the specimen is ignited or completely pyrolyzed. A small
pilot flame above the sample ignites the combustible gases
vaporizing from the surface; hence the term "piloted ignition."
The elapsed time between exposure and ignition is recorded
as the ignition time. The benzene flame radiation data were
chosen for use in relating ignition data to the burning onro-
cess because the spectral properties of benzene flames are
more nearly akin to those of the flames of the burning sveci-
men. The range of incident irradiance was 0.5 cal/cmz—sec
to about 3 cal/cmz-sec. A more complete description of the
experimental apparatus and the types of data obtainable have
been given by Koohyar (21), Wesson (39), and Rangaprasad (25).

Wesson (39) has developed a correlational scheme for
piloted ignition which has been successfully used to corre-
late ignition data from woods. The same functional form used
for woods was applied to synthetic woven cloths, cotton cloths,
paper, and plastics with reasonable success. He assumed a
one-dimensional model for heat conduction through an inert,
opague, infinite slab exposed to a constant heat flux on one
face with no heat loss on the opposite face. He used the
resulting analytical solution to obtain the functional form
of the parameters for correlating the data. His derivation

is repeated here.
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The differential equation for one-dimensional heat
conduction through an inert, opaque, infinite slab is given

by:

2
K ) Ag _ OAT (II-1)
29X at

The initial condition for all values of x is AT = 0, with

boundary conditions:

= = ~ ) 9AT -
t>0 X =L Hi = k oD (I1-2)

_ 3AT _ _
t >0 x =0 —a?-—o (II 3)

assuming that all the incident irradiance is absorbed.
The solution to Equation II-1 with the stipulated

initial and boundary conditions is:

2H, /2 ) (2nt1)
AT = = X ierfc nL + ierfc 2ntl)L
S (kpcp)]':2 n=0 2(;<t)l:2 Z(Kt):
(I1-4)
where onL 2
= ]
. 2nL 1 2(x£)1/2 2nL 2nL
lerfc = —— e - erfc
2ct) 2 5 2 (ct) 12 2 (ct) /2
(II-5)
Equation II-4 may be written in functional form as:
VE = £{A 1/2 L -
H; vt £1 T, (kocp) , erf » Kt} (II-6)

where erf L/2Vkt is used for convenience in place of

ierfc L/2vV«kt.
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If the specific heat, cp, is assumed constant and
the thermal conductivity, k, is dependent on the density, o,

Equation II-6 becomes:

H,/E = £1AT_, p, erf —2—} (1I-7)
2/kt

Since Wesson assumed that the surfacg temperature rise at
ignition was relatively constant, Equation II-7 can be written

in functional form as:

a

Ht" = ALpP erf —X

2/t

1€ (I1-8)

if the functional form of the equation is assumed to follow
a power law distribution. The ignition time, ti; and the
sample thickness, L, are used in the power law expression.
Equation II-8 can be rearranged to yield an expression for

ignition time, where for emphasis, t is replaced by ts

b 1l ,c 1/a
t, = B(p srt (575) (II-9)
i { H, )

where F = Kt/L2 is the Fourier modulus.

Wesson then shows how Equation II-9 can be modified
to use the initially absorbed irradiance, H, . rather than the
incident irradiance, H,, which allowed him to collapse all
of his ignition data for wood onto a single graph. The ini~

tially absorbed irradiance, H is equal to the incident

al
irradiance, Hi’ times the integrated average absorbtance, a.
The § is a measure of the fraction of the incident irradiance

initially absorbed by the specimen.
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The resulting correlation obtained by applying the
above technique to wood samples is given by:

0.9 1l ,1.2

p (exf )
t. = 35 [ ' 2/F ] (II-10)
1 — 2.8

(0H,)™*"

The correlation obtained by applying this technique
to woven nylon and Vinyl seat fabrics, woven cotton cloth,

paper, and nylon carpeting for automobiles is given by (36):

0.2 1 ,0.5
£, = 21 [p erf 57
(o) “+”

i (I1-11)

where p is in gm/cm3, Hi is in cal/cmz—sec, and ti is in sec.
These correlations were subsequently used in the analysis of

burning rate data on these materials.

Flame Propagation

Once the ignition behavior of a material is understood,
it is instructive to examine its burning characteristics via
some sort of experimental flame propagation test. A major
problem arises at this point, however. In order for a flame
propagation test to be practical and economical, it must be
relatively small scale, i.e., a bench-type laboratory experi-
ment; but, to obtain data that might be useful in predicting
'real' fire spread rates over a material, it is necessary to
perform large-scale experiments. The question then arises:
Does there exist a small-scale test or combination of small-

scale tests which can be used as a basis for determining the
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flammability characteristics of thin materials? There are
a large number of burning rate tests in existence, each.
general type designed to test particular characteristics of
the material. Those presented here concern the determination
of burning rates of automobile interior materials.

Goldsmith (13) has tabulated the various flammability
tests that are applicable to automobile interior materials
and his tabulation is reproduced in Appendix B. An examina-
tion of Appendix B reveals that most of the tests are small-
scale tests with the most significant difference between the
bench-type tests being the sample orientation and the time
of exposure to the ignition source. Sample orientation is
a critical factor in determining burning rates.

If a specimen is burned vertically upward, the evolv-
ing gases and the flames preheat the material ahead of the
advancing flame front, hence increasing the burning rate. If
the specimen is burned vertically downward, the flame preheats
the sample by radiation only and the hot gases travel opposite
to the advancing flame front. The latter is perhaps the
least severe of all burning test types. A horizontal burning
test is more severe than vertical downward flame propagation,
but less severe than vertical upward burning. It has been
found by Goldsmith (13) and Sliepcevich, et al. (36) that a
vertical test method is impractical because the flame front
cannot be accurately defined, making the measurement of the

rate of travel of the front virtually impossible. A vertical
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method also tends to cluster the burning rate data in a narrow
range. For these reasons, a horizontal test method was chosen
by Goldsmith and by Sliepcevich. This test procedure is des-
cribed in the next chapter; it basically consists of an earlier
version (larger cabinet) of a horizontal burning test for auto-
mobile interior materials which was proposed by the Department
of Transportation. Subsequently, the cabinet was reduced in
size to correspond to SAE J369, “"Flammability of Automotive
Interior Trim," and the Automobile Manufacturers Association
Method S 121. The only difference between SAE J369 and the
current FMVSS 302 is the orientation of the face of the mate-
rial, that is, the side that would be normally exposed in use.
In FMVSS 302 this side would face up during the test and in
SAE J369, it would face down. These tests procedures are also
similar to Method FSS 453, "Flight Resistant Material."

Both the larger and smaller cabinet versions of the
FMVSS 302 test are less severe than Method 5906 Federal Speci-
fication CCC-T191b because the specimen is only exposed to the
igniting flame for 15 seconds in the former, whereas, in the
latter it is exposed continuously. As stated previously, a
horizontal test provides a greater spread in the data, thus
allowing for some qualitative estimates in the differences in
flammability of materials. Since much of the flammability data
used in this study were obtained under contract with the De-
partment of Transportation, the FMVSS 302 test, and in particu-
lar the modified (larger cabinet version) MFMVSS 302 test, was

adopted for present purposes.
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Horizontal Burning

A majority of the experimental and theoretical work
in the area of fire spread has dealt with the spreading of
a fire through a forest. Fons (1946) was the first to suggest
the important parameters that control the rate of spread of
fire through porous fuel arrays. He found that the rate of
spread within a given fuel bed remains constant if the fuel
size, bed configuration, and environment are homogeneous. He
postulated that a fire propagates through the fuel as a series
of ignitions.

Fons (9) has conducted extensive studies on flame
propagation through wood cribs. The technique developed in-
volved moving the crib into the flame so that the flame re-
mained stationary. Measurements were made on radiation fluxes
from the flame, gas velocities, temperatures, and combustion
products. A correlation for burning time for line fires was
developed as a function of dimensionless groups. His corre-

lation is given by:

0 o L k 0 h h
(Eg) o) = £ 7 Emd B 20 (20 (11-12)
do D o g b

where ) = ngo/4vf. In Equation II-12, 6_ = burning time,

r
L/D is the ratio of the flame height to the flame depth in
the crib, do is the initial fuel thickness, kg/hdo is the
reciprocal of the Nusselt number, Pr and pg are the fuel and

gas densities respectively, hb and Wy, are the height and width
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of the fuel bed, Vf and Vg are the volume of fuel and gas in
the crib, and o is the thermal diffusivity of the fuel.
Equation II-12 correlates the data of Fons very well. This
equation gives the scale effects of the fuel and fuel bed
variables on burning time, propagating rate, and burninag rate
for laboratory crib fires. Fons expressed the propagation
rate, R, by:

R = L:57 (13/2

- (I1-13)

where H is the heat of combustion, W is the weight of fuel
burned per unit area, and L is the flame height. Egquations
II-12 and II-13 can be used to make qualitative estimates of R'
for forest fires. However, in order to make quantitative esti-
mates, extensive data on the properties of the fuel, the con-
figuration of the bed and the transport coefficients must be

known as is readily evident from Equation II-12.
Frandsen (10) has developed a model for fire spread

through a fuel bed based on an energy flux conservation basis.

His model is based on the steady-state solution of the energy

equation:
SIX ol BIZ o}
et R P (11-14)

where I is the heat flux, Q = Ppel is the net heat absorbed
per unit volume, Pbe is the effective bulk density, and Q is
the net heat absorbed per unit mass. The boundary conditions

are:
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where Iig and aig are the values of I and Q at ignition. With
these boundary conditions and the assumption that the fuel
bed is wide enough to achieve a straight line fire front, i.e.,

BIy/By = 0, Frandsen solves Equation II-14 to obtain
0. = —Z -
R Qig Ixig + f (az ) dx _ (I1-15)

He then terms the right hand side of Equation II-15 the
propagating heat flux,
ol, '
I = IX. + [ (-a—jz—-)z dX (II""lG)
ig c
so that in simplified form the rate of propagation, R, is

given by:
-R = I_/0. (11-17)

where I1_, Ix , and 6ig are restricted to the same plane as
ig

(6I,/9z) , . The detailed steps used by Frandsen to derive
Equation ;1—15 are questionable from the standpoint of mathe-
matical rigor; nevertheless, Equation II-16 appears plausible
in view of the assumptions made. Frandsen does not present

any experimental validation of his model, and it appears to be

somewhat difficult to use.
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Frandsen, Rothermel and Philpot (30). have extended
the work done by Frandsen, and have empirically defined a
number of the quantities in Frandsen's work. They define

6ig’ the volumetric heat of preignition, as:

Qig =€ Py Qig (I1-18)

where ¢ is the effective heating number, the fraction of fuel
in the unit volume that is effectively involved in the igni-
tion process; °p is the bulk density; and Qig is the heat of

preignition. Frandsen has shown that € is given by:

e = e %335 (II-19)

where 0 is the particle surface-area-to-volume ratio. Frand-
sen has also developed an expression for the heat of preig-

niti . :
tion, ng, as

Qig = 139 + 620 M cal/gm (I1-20)

where M is the moisture content of the fuel.

The propagating intensity, Ip, is the effective flow
of energy that propagates the fire. It has its source in the
combustion zone through the reaction intensity, a term derived

from the mass loss rate of the fuel. The reaction intensity

is given by:

Ip = -hdw/dt (II-21)
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where h is the heat content of the fuel, w is the fuel load-
ing, mass/area, and t is time. Frandsen and Rothermel (12)
present a method for obtaining dw/dt. Rothermel shows that
the reaction intensity, Ins is related to the propagating flux,
Ip,through a packing ratio, R. This relationship is presented
graphically, since there exists a different curve for each
fuel type.

They then account for wind effects and slope effects
by:

Ip = (Ip)o (1 + ¢, t 0g) (I1-22)

where

(Ip)O =Re py Qig (I1-23)

and R is the spread rate, o is wind coefficient and g is

the slope coefficient. Thus the flame spread rate is given by:
R = Io(l + oo, F Q)S)/sprig (I1-24)

where I is given by Equation II-23, the no wind case.
Although this model takes into account the effects of
moisture, wind and changes in terrain in predicting the fire
spread rate, R, it requires an extensive knowledge of the
potential fuel. A rate, R, must be determined for no wind,
no slope conditions, presumably using small-scale model fires,
and extensive data must be obtained for reaction intensities
versus packing ratio for the full range of fuels for which
the model is to apply. These limitations seem to be acute in

the case of applying this model to thin homogeneous materials
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such as those considered here. However, the model seems to
be quite acceptable for forest fires.

Neither of the above models appears to be applicable
to the problem of predicting horizontal burning rates of thin
materials. Fons, Frandsen, and Rothermel all considered
forest-type fuel beds which are several inches to a foot or
more in thickness. On the other hand, most automotive interior
materials are only a few millimeters thick. Therefore; the
thickness of the material is a major difference between the
work performed by the Forest Service and that presented in
this dissertation. Another major difference is the type of
fuel bed and the manner in which the fuel bed, or sample, is
situated in the test apparatus. Their tests were performed
on cribs or open arrays of forest fines (e.g., pine needles),
whereas the interest in the present case is with relatively
homogeneous woven fabrics and wooden slabs. Therefore, since
the correlations presented above are based on empirical rela-
tions for many of the variables involved, it is not readily
apparent how the results of Fons or thosé of Frandsen and
Rothermel could be extrapolated to encompass the present case.

Two extensive studies of the flammability character-
istics of vehicle interior materials have appeared recently.
The first was by Goldsmith (13) at Illinois Institute of
Technology. He experimentally determined the horizontal burn-

ing characteristics for a number of automotive interior
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materials including seat fabrics, seat cushion material, head-
liners, door panels, etc. However, he did not attempt to
correlate the data obtained from these tests. The second study
was performed at the University of Oklahoma Research Institute
by Sliepcevich, et al. (36). They obtained burning rate data
for automobile interior materials as well as piloted ignition
data for those materials used as seat fabrics.

Sliepcevich, et al., not only studied the horizontal
burning as prescribed by the MFMVSS 302 horizontal burning
rate test, but they also studied the effects of wind; moisture
content, fabric ofientation, and angle of inclination on the
burning rate of automotive seat fabrics. All of these vari-
ables can have a substantial effect on the burning rates
measured in the MFMVSS 302 apparatus. Moisture content had
little effect on synthetic fabrics, such as nylons and vinyls,
found in automobiles, but it had a pronounced effect on the
burning rate of cellulosic materials. It was found that the
horizontal burning rate of a vinyl fabric with a heavy cotton
backing exhibited a decrease from 4.3 inches/minute at zero
percent relative humidity to 2.8 inches/minute at 100 percent
relative humidity. Hence, a material's backing can exhibit
a controlling influence on the burning rate as determined by
the MFMVSS test method.

The orientation of the fibers in the fabric also
affects horizontal burning rate. The correlation to be pre-

sented later assumes a lengthwise normal burning direction,
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i.e., parallel to the decorative pattern or backing fabric.
However, some samples reported by Sliepcevich have burning
rates that differ considerably from the lengthwise normal
rates, if they are burned using a different orientation of the
fibers. 1In some cases, this difference arises simply because
of the "ease of burning" along the fibers as opposed to burn-
ing across the fibers. In other cases this variation could be
due to different fibers being present, such as a rayon for the
fill and nylon for the warp, thus achieving a composite woven
material which could quite easily exhibit two different burning
rates depending on direction.

As stated earlier, as a material is inclined toward
the vertical, its burning rate will increase‘rapidly; Sliep-
cevich shows that an approximate relationship exists between
the horizontal burning rate and an inclined burning rate using
the MFMVSS 302 apparatus, modified so that the clamp assembly

can be rotated. This approximate relation is given by:

Re = (9 sin 6 + 1) RO (Ix-25)

where Ry is the burning rate at angle 6 measured above the
horizontal plane; R, is the burning rate of the material in
the horizontal burning test.

Sliepcevich, et al., present a correlation of their
data for fabric burning rates obtained from the MFMVSS 302
test. This correlation is based on the suggestion Fons made

in 1946, that the propagation rate is a series of ignitions.
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The derivation given by Sliepcevich will be repeated here in
some detail.

The ignition measurements, mentioned previously, pro-
vide a functional relationship between the absorbed radiant
heat flux H_ (= EHi), and the ignition time, t;. Figure II-1
shows this relationship for a typical fabric sample; vinyl
sample V-7. An energy balance can be written for an ignition

sample as:

(Hati)Ay = ¢y (Tig - T) p(aAy) (II-26)

where H,A = absorbed energy flux, cal/cmz—sec

ti = jignition time, sec

Ay = area of the sample face exposed to the flux, cm2

cp = specific heat of the original sample, cal/gm-°C

Tig = average temperature of the sample at ignition, °C

T, = ambient temperature, °C

S = thickness of the sample, cm

p = initial bulk density, gm/cm3

Rearranging Equation II-26, a defining equation for an average

ignition temperature, Tig’ is obtained:

T, = L 4o ' (II-27)
ig ~ Jse o

Since §, p, cp and T, are assumed to be constant, it can be
seen that Tig depends on the product (Hati). Furthermore, as

shown in Figure II-2, (Hati) is a strong function of ti;
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therefore, the average ignition temperature, T,

« cannot be a
ig

unique characteristic or a property of a material since it
depends on the heating rate. It is emphasized that the value
obtained from Equation II-27 represents an integrated average
temperature for the sample and is not to be regarded as the
local, surface temperature. Thus, Tig' as defined here can be
gquite different from the customary ignition temperatures re-
ported in the literature; the latter refer to a somewhat arbi-
trary temperature of the exposed (but not in direct flame
contact) surface at the instant that ignition occurs.

As can be seen from Figure II-2, (Hati), and consequent-
ly (according to Equation II—27) Tig increases with increasing
ignition times. However, the magnitude of the increase shown
in this figure is misleading since the absorbed energy, H,
does not account for heat losses from the ignition sample
during preheating to the ignition point. Following the proce-
dure used by Wesson (39), the heat losses were roughly esti-
mated to be on the 6rder of 0.25 cal/cmz-sec (due to reradiation
and convection from the exposed face and radiation and convec-
tion from the rear face). Deducting these losses from H, , to
obtain a value for the retained enerxgy, Hp, values for (HRti)
were computed. By replacing H t, in Equation II-27 with Hpt,,
new values of Tig were computed. These results are shown in
the dashed lines of Figure II-2. These values are more real-
istic; in fact, a more accurate form of Equation II-27 requires

Hpt, in place of H t;. Unfortunately, data which would provide
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a more reliable estimate of heat losses as a function of ir-
radiation fluxes are not available. Nevertheless, the Tig's
based on Hp appear to be in reasonably close agreement with
the temperatures observed for maximum rates of weight loss in
thermal gravimetric analyses; the latter have been used to
predict ignition characteristics with some degree of success.

Wesson (39) demonstrated the applicability of tran-
cient, one-dimensional, heat conduction through an infinite,
solid slab of an inert, opaque material to the analysis of the
ignition process. Since the burning‘process is visualized as
a series of successive ignitions (9), it seems reasonable, as
a first approximation, to utilize a similar approach for the
burning or flame propagation process.

Before proceeding with the mathematical development,
it is important to emphasize that unlike the ignition test
which gives absolute values for ignitability, the burning rate
test generates numbers which are grossly dependent upon the
test apparatus and procedure (36). Therefore, it can be anti-
cipated that any burning rate model will contain at least a
calibration constant for the particular apparatus and procedure
since, in reality, a burning rate is defined by the apparatus
and procedure.

In the MFMVSS 302 horizontal burning test, it was
observed that the sample, Figure II-3a, ahead of the flame
front is preheated on both sides, Figure II-3b. The heat

fluxes in the vertical direction on the top surface, éy,vand
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on the bottom surface, éy" are not necessarily equal, as
pictured in Figure II-3c. For the sake of simplification,
without due regard for mathematical rigor or physical reality,
it will be assumed that the vertical fluxes can be replaced
by an "equivalent" horizontal flux, éx’ which results in a
temperature gradient in the horizontal direction as illustrated
by the dashed curve in Figure II-3d. Consequently, the hori-
zontal burning process can be reduced to a one-dimensional
model by the further assumption of invariance of the tempera-
ture across the y- and z-planes for a given value of x.

Consider an element (Ax)l of the sample which is
initially at a uniform temperature, TO, throughout as shown
in Figure II-4a. If the specimen is exposed to direct contact
with a flame on»its left face, it is assumed that the tempera-
ture at this surface jumps immediately to T, = Tp which is
the flame (optical pyrometer) temperature. A temperature
gradient is likewise established, and the length of the element,
(Ax)l, is selected such that its temperature at the opposite
face is essentially equal to the ambient temperature, T,- To
facilitate visualization, the temperature gradient is shown
as a dashed, straight line in Figure II-4b. Since the tempera-
ture gradient is linear, the temperature at the midpoint of
the element represents the "average" temperature in this ele-
ment, Tig' and the penetration distance is (Ax)l/2 = x*, as
shown in Figure II-4b. Note that the assumption of a linear

temperature gradient does not introduce any additional



N T
1d
4 N
FLAME Ej;:q o T

FRONT

31

*—%Ax)r—’ S
To 1

a. Initial Temperature Uniform Throughout at T,-

0
F“(AX)T‘ﬂ*“4AX)2—4

b. Temperature Distribution at Instant of Ignition
on Left Face.

- BURNED LENGTH

c. Temperature Distribution After Burning Has Pene-
trated 1/4 of the Distance.into Element.(Ax)l.

\FLAME L__qJ\ig
| ‘ \\ T

(FRONT ——»4{ x* N 0

d.Bugg%gerature Distribution at the Instant of Completed

Burning of First Element (Ax), and Simultaneous
Ignition of Left Face of Secoifid Element (Ax)z.

Figure II-4. 1Idealized Schematic of Quasi-Steady State
Propagation of Horizontal Burning.



32
restrictions in this analysis since the~assumption of a non-
linear gradient would simply shift the Tig away from the mid-
point of the element.

As the sample proceeds to burn, the flame front moves
to the right; consequently the temperature gradient advances.
For example, Figure II-4c shows the temperature gradient and
horizontal displacement of Tig at the time when the flame
front has advanced 1/4 of the way through (Ax)l. As a result
of this propagation, the adjacent element, (Ax)z, undergoes
preheating, and by the time the flame front has completely
traversed element (Ax)l, element (Ax)2 is fully preheated to
the ignition point as shown in Figure II-4d. As the flame
front advances through element (Ax)z, element (Ax)3 undergoes
preheating, etc. Thus, the burning process consists of suc-
cessive periods of preheating followed by ignition, element
by element. The criterion for ignition is given by Equation
II-27 which proposes that when the "average" temperature in
the element reaches Tig' the element will ignite. The rate at
which Tig advances through the element is therefore a measure
of the rate at which successive ignitions occur, which in turn

is equal to the burning rate, Ro' Thus,

R, = x*/t* (II-28)

where  x* = penetration distance

t* = t; = elapsed time to advance Tig a distance x*
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Note that if the temperature gradient were linear, R, would
be also equal to Ax/2t* since the time required to burn an
element which is 2x* (or Ax) in length is 2t*. As stated be-
fore, there is no loss in generality introduced by visualizing
a linear gradient.

An energy balance for one-dimensional transient heat

conduction through a semi-infinite, inert and opaque solid
is then formulated. It is assumed that the heat capacity,
cp, thermal conductivity, k, and density, p, are temperature

and position independent. The energy balance yields:

2
3°r _arT _
K =5t (II-29)

where k is the thermal diffusivity (k/pcp). The boundary

conditions are:

Initial condition: t=0,T= TO all x (ITI-30a)
Boundary conditions: t > 0, T = Tgr X = 0 (I1-30b)
t> 0, T=T , X = (IT~30c)

The solution of Equation II-29 with the initial and boundary

conditions II-30 is given by:

T -1, X
T———_—-,I—.- = 1 - exrf (II—31)
S o 2/kt
For the problem as formulated here, t = t*, x = x*, T = Tig’
Ts = TF’ so that:
Tlg - T x*
=1 - erf (II-32)
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The value for x* in terms of R, and t* from Equation II-28

is then substituted into II-32, yielding:

T.
ig 0

R _/E¥

Q

3

—_— =1 - erf —
Tp — T 2/

(I1-33)

Since it is clear from Equation II-27 that for each absorbed
flux, Ha' there is a corresponding ignition time, ti' and the
burning process is assumed to be a series of ignitions, then
there is a unique ignition time, t = t*; and a flux, H = Ha*
corresponding to the burning rate R, = x*/t*, Therefore,

Equation II-27 becomes:

H_*t*
T, - T =2 (I1-34)
ig o 5
p cC
P
Combining Equations II-33 and II-34:
Ha* t* ROVt*
— =1 - erf (II-35)
(TF Ts) Gpcp 2v/k

Equation II-35 gives a rslationship among the burning rate,
characteristic ignition time, and the heat flux required to
sustain propagation.

Calculations showed that t* was very small, on the
order of tenths of a second, and the O0.U.R.I. ignition test
cannot be used to obtain accurate data at very short times
(i.e., less than 2 seconds). Extrapolating the ignition data
to these limits is not reliable. Therefore, some other means
had to be devised for obtaining the relationship between Ha*

and t*. Had (Ha*t*) been a constant, this problem would not
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have arisen, because Tig could have then been calculated from
Equation II-27 directly. It was found that for short igni-
tion times and for thin materials the error function in Equa-
tion II-11 approaches a v;lue of one; Since p is raised to
the 0.2 power, its value is fairly constant for the fabrics

considered in this study; hence, it was deduced that:
Vti = constant/Ha (II-36)

As H » =, Y€ - 0. Thus a plot of /E versus l/Ha using the

actual ignition data was made for each of the materials con-

sidered. A typical example of these plots is given in Figure
II-5. These plots were forced to be straight lines passing
through the origin, so that a relationship between t* and H_*

was obtained as:
- = = * : -
slope = s* = Ha/Ei Hy vEF (r1~37)

When Equation II-37 is substituted into II-35 the result is:

% R /T¥
EWET o1 - ert (II-38)
957 w_c 2V/k
°oP
where w, = Spr, Tp = 982°C, and TO = 25°C. The value of 982°C
= Ty was used because it corresponds to Tp = 1800°F, approxi-

mately the temperature of 2 benzene flame as measured by an
optical pyrometer.

Trial and error calculations were made on Equation
II-38 to find values of t* using the experimental values of

Ro' It was found that:
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RO/T:_*' = C (II-39)

F

for each class of materials considered, i.e., a unique value
was found for nylon fabrics; another for vinyl fabrics, etc.

The CF’ the calibration factor, appears to be unique
for a particular material in a specific burning rate experi-
mental apparatus, such as the MFMVSS 302 test apparatus used
for this study. Thus, the characteristic ignition time for

the burning process is
F = -
vYEF = CF/R (II-39a)

If Equation II-39a is substituted on the left-hand side of
Equation II-38, and Equation II-39 is substituted on the right-

hand side of Equation II-38, after rearranging, the result is:

c

_ F s* ' _
Ro = CF W; (II-40)
957 ¢ (1 - erf ——
P 2VK
or
- * —
RO = C* [s /wO] (IT-41)

where C* is the bracketed term in Equation II-40.
Equation II-41 has the following specialized form for

the materials considered by Sliepcevich, et al.:

vinyls: R, (cm/sec) = (2.91 x 107°) s*/w_ (II-4la)
Nylons: R, (cm/sec) = (5.65 x 107%) s*/w_ (II-41b)
Nylon carpets: R, (cm/sec) = (3.35 x 10—4) s*/wo (II-41c)
Cottons: R, (cm/sec) = (1.84 x 1077) s*/u_ (II-41d)
Filter papers: R, (cm/sec) = (1.56 x 10-3) s*/wO (II-41le)
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A plot of calculated R versus experimental R is
presented by Sliepcevich. The correlation coefficient of the
resulting least squares fit was 0.955 and the standard error
of estimate was 0.033 cm/sec; and the equation of the line
is Ro (calc) = 0.991 x Ro(exp).

The correlation presented by Sliepcevich, et al.,
appears to be the first formulation which directly combines
the ignition data and burning rate data. It seems obvious
that these two phenomena should be related, which was first
suggested by Fons in 1946.

The model which is presented above has several ad-
vantages over those of Fons, Frandsen and Rothermel when
applied to homogeneous substances that are reasonably thin.
This model was developed specifically for thin homogeneous
materials. It incorporates the ignition behavior into the
mathematical formulation through the use of the slope, s*, of
the ignition curve at short times, t.. It is not dependent
on the flame-height, depth,-or width as is Fons' model. It
is not necessary to know values of the heat of combustion of
a specimen nor its heat of preignition as in the model of
Frandsen and Rothermel. A detailed knowledge of the kinetics
of decomposition, which so many working in this field have
tried to incorporate into their models, is unnecessary. These
are some Oof the distinct advantages offered by the Sliepcevich

model.
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However, there are certain assumptions made in arriv-
ing at Equation II-38 that should be examined. 1In Equation
II-26, the terms for the heat of vaporization and pyrolysis
have been omitted. This assumption is probably valid, since
the heating rates in a flame are high compared to the heats
of decomposition.

Another assumption which is open to question is the
use of a one-dimensional model in which heat is propagated
through the specimen only by conduction in the horizontal
plane. Referring to Figure II-3c which depicts the visual
observations on the horizontal burning process, it is clear
that heat is transferred from the flame to the surfaces of the
specimen by radiation and convection in the vertical plane.
The observation of the char zones clearly indicates that the
temperature in the vertical plane of the specimen is not uni-
form across the thickness, §. In fact, by employing baffles,
maintained about 1/8 inch ahead of the flame front, it was
possible to reduce the burning rate virtually to zero. There-
fore, from the standpoint of physical reality, a two-dimensional
model would be more appropriate, which will be presented in
Chapter 1IV.

Another criticism of the one~dimensional model is that
a different constant must be empirically determined for each

class of materials indicated by Equation II-41.



CHAPTER III
EXPERIMENTAL PROCEDURE

As noted previously, the burning rate test used in
this study was the FMVSS 302 horizontal burning rate test (6).
The only deviations from this procedure were that the cabinet
used to house the burning rate apparatus was much larger than
the FMVSS 302 test specifies (36), and all tests were run at
laboratory conditions of temperature and humidity since the
laboratory did not have facilities to maintain a 70°F tempera-
ture and a 50 percent relative humidity.

The apparatus consists of a large cabinet; 45 inches
wide, 20 inches deep, and 41 inches high; with a full front
window as shown in Figure III-1l. Combustion gases exhaust
through a 3-3/4 inch hole in the center of the cabinet roof,
and fresh air enters through a rectangular 3 inch opening
which extends across the bottom of the front. The sample
holder consists of two steel U-shaped clamps 4 inches wide
and 14 inches long. These clamps then fit into a frame which
elevates the clamps about 8 inches above the floor of the
cabinet, as shown in Figure III-2. The top steel clamp has
etched marks at one inch intervals. The ignition source is

40
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Figure III-1. Horizontal Burning Rate Apparatus.



Figure III-2A. Sample Holder and U-Shaped Clamp
Assembly.

Figure III-2B. Sample Holder with U-Shaped Clamp
Showing Indicating Marks.
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a Bunsen burner which is supplied with any fuel which has a
flame temperature equivalent to natural gas.

The samples to be tested were cut into strips 4 inches
wide and 14 inches long. The fabric samples were then condi-
tioned at 70°F and 50 percent relative humidity for at least
24 hours prior to testing. The wood samples were oven-dried
for a minimum of 48 hours. When it was desired to run a test,
the sample holder frame was placed in the center of the cabi-
net, the burner was lighted (Matheson "B" gas was used, being
55 + 1 percent hydrogen, 24 t 1 percent methane; 18 + 1 per-
cent carbon monoxide, and 3 + 1 percent ethane), and the flame
adjusted, from the 3/8 inch inside diameter burner tube, to a
1-1/2 inch height. A sample was removed from the conditioning
chamber and placed between the clamps in the frame holder,
care being taken that minimal sample sagging occurred. The
front door of the cabinet was lowered and locked. The flame
from the Bunsen burner was then applied to the exposed end of
the sample for 15 seconds. The burning length was 10 inches
and timing of the flame propagation started at the 2 inch mark
from the ignited end. This procedure nullified any effects
which the burner flame might have on propagating the flame.

Three things could happen and are so reported:

l. The flame propagates the entire length of the sample (most
common occurrence).
2. The flame propagates past the beginning timing mark; but

not the full 10 inches.
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3. The flame self-extinguishes before reaching the 2 inch
timing mark.

In Case 1, the burning rate is reported for the sample
in inches/minute. In Case 2, attempts to obtain a burning
rate were not satisfactory since the flame often became sta-
tionary and then extinguished. The timing ended when flame
extinguishment was obtained, a matter of 10 to 90 seconds
after propagation ceased. In Case 3, the behavior was defined
as self-extinguishing and no burning rate data were reported
for such samples.

The samples used were seat fabrics (nylons and vinyls)
from 1968, and later, model automobiles, cotton cloth, What-
man filter papers, nylon automobile carpeting, and wood
samples cut to nominal 1/8 inch thicknesses. Table A-1l in
Appendix A lists all samples used and gives a physical
description of each.

Ignition data were obtained using the O0.U.R.I. igni-
tion test for the nylon, vinyl, and cotton cloths; the filter
paper; and the nylon carpeting. Ignition data for the woods
were extracted from Wesson's work on wood ignition (39),
and these data were then corrected for thin materials. The
description of the ignition test procedure and the results can
be found elsewhere (21, 25, 39).

Several hundred burning rate tests were performed
on 26 nylons, 14 vinyls, and 6 cotton fabrics; 7 filter papers

and 7 nylon carpets and 6 each of 1/32, 1/16, and 3/32 inch



45
balsa wood, and 6 samples each of nominal 1/8 inch thick ash,
oak, and redgum. Each test consisted of making from 3 to 30
runs on each type of sample. A sample is defined as a mate;
rial with a unique color, weave (if applicable); density;
weight per unit area, thickness; and a unique ignitioﬁ curve.
Only average burning rates for each material are reported.

The reproducibility of data in the horizontal burning
rate test was found to be within '5 percent on the whole;
However, some samples had a much higher variability, as great
as 50 percent. The 5 percent variability can be attributed
to the test procedure, apparatus and experimentalist. The
larger variations appear to be due to surface finishes on the
materials, decorative patterns, and non-uniformities in the
sample. Table III-1 presents several examples of burning rate
data, and shows the standard deviation of these selected data
from their mean. The data in the table represent the com-
plete range of Variability encountered in this study.

Property data were obtained for each sample. The
weight per unit area (WO) was obtained by weighing a 25 sq cm
piece of dried material on an electro balance. The thickness
(s) was obtained by placing the sample between two round steel
discs having a thickness of 0.051 cm each. The total thick-
ness of discs and material was then measured using a dial
micrometer and the material thickness obtained by subtracting
the sum of the discs' thickness from the total. This seeming-

ly elaborate procedure was necessary in order that repeatability
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TABLE III-1

EXAMPLES OF THE VARIABILITY OF BURNING RATE DATA

Burning Rate, in/min No. of Standard Deviation

Material

Max Min Aver Samples in/min % of Mean

1 sheet #1 9.26 7.94 8.53 30 0.40 4.6

Whatman Filter

Paper (F-1)

2 sheets #1 6.32 4,32 5.20 30 0.51 9.0

Whatman Filter

Paper (F-1)

Vinyl Fabric 2.08 1.90 1.99 3 0.12 6.2
(V-4)

Vinyl Fabric 4.33 2.40 3.67 30 1.29 35.0
(V-13)

Vinyl Fabric 6.67 5.36 6.05 30 0.46 7.6
(V=15)

Cotton Fabric 3.52 2.54 3.02 30 0.28 9.4
(CT-1)

Nylon Fabric 1l.61 1.37 1.52 3 0.19 12.3
(N-1)

Nylon Fabric 2.26 1.70 1.93 3 0.41 21.3
(N-3)

Nylon Fabric 1.18 1.08 1.12 3 0.07 6.5
(N-10)

Nylon Fabric 2.76 2.33 2.55 30 0.11 4.3
(N-25)

Nylon Fabric 9.33 1.36 3.43 30 1.70 50.0

(N-27)
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in measurements could be obtained. Many of the fabrics were
heavily patterned with ridges and indentations. The above
procedure gave an average thickness although it is certain
that for these types of fabrics the thicknesses are biased
toward the high side. The density (p) is a bulk density ob-
tained by dividing the weight per unit area by the thicknes¢s
(p = wO/G). Heat capacity was assumed constant for each ty:e

of material; values were obtained from Hilado's Flammability

Handbook for Plastics and Lange's Handbook of Chemistry. The

thermal conductivities of the fabrics, carpeting, and filter
papers were obtained by plotting a straight line through the
thermal conductivity point for air and a point at a given

density as found in Lange's Handbook of Chemistry. These

straight line approximations are shown in Figure III-3. For
woods and filter papers, the equation for thermal conductivity

suggested by McLean (22) was used:

4 5 cal

p -
(W) + 5.68 x 10 m

k = 4.78 x 10

It should be noted that flame appeared both above and
below the sample as it was burning. The open structure of
the clamp supporting frame allowed free access of air to both
sides of the sample during a test. As mentioned in Chapter II,
the sample positioning can have a significant effect on the

observed burning rate.
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Figure III-3. Thermal Conductivity's Dependence

on Density for Nylon, Nvlon Carpeting,
vinyl, and Cotton Fabrics. ‘ '



CHAPTER IV
RESULTS AND DISCUSSION

As indicated in Chapter II, the horizontal burning
rate data obtained from the MFMVSS 302 test for nylon and vinyl
seat fabrics, nylon automotive carpeting; woven cotton cloth,
and filter paper, can be correlated with the ignition data
for these materials. This correlation is based on the use
of a one-dimensional heat conduction model for a semi-infinite
inert and opaque slab with constant thermal and physical prop-

erties, as was given by:

s*VEF R, VEF
T e — 1 - erf ( ) (II1-38)
YoCp 2/

where s* is the slope defined by Equation II-37, t* is the
characteristic ignition time, Wy is the material weight per
unit area, cp is the heat capacity, Ro,is the horizontal burn-
ing rate, and k is the thermal diffusivity.

It was.felt that this model could be improved and
extended to cover a wider range of materials, e.g., woods.
One of the objectives of this work was to seek a method for
predicting Ro/‘t‘w for other materials without having to perform
extensive burning rate tests. Thus, if R _vE¥ could be related

49
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to some easily measured property, or properties, of the mate-~
rials, it might also be possible to obtain a single correlation
or model for all the materials used, rather than one equation
for each class of materials (see Equations II-41).

In order to extend the work done by Sliepcevich, et al.
to cover a wider range of materials, thin (nominal 1/8 inch
thick) samples of ash, oak, and redgum and 1/32; 1/16 and 3/32
inch samples of balsa were subjected to the modified (MFMVSS)
FMVSS 302 horizontal burning rate test. The data obtained
from burning these thin wooden samples is presented in Table

A-1, Appendix A.

Calculation of s* for Woods

Before the technique developed by Sliepcevich, et al.,
i.e., Equation 1II-38, could be applied, it was necessary to
calculate the slope s* as defined by Equation II-37. Conse-
quently, ignition data, H, versus ti' was required for each
material and particularly at short ignition times on the order
of a few seconds. Wesson (39) has obtained extensive data on
the ignition of woods. His correlation for ignition time, tis
as a function of initially absorbed flux, Ha’ and density, p,
was presented in Chapter II:

8
2v t4
— 2 8
(o Hi)

1/2

0.9
P

(erf )

t' = 35
i

(I1-10)

. . . . 3 . . 2
where t, is in sec, p is in gm/cm”, H; is in cal/cm“-sec, §,

the sample thickness, is in cm, and k is in cmz/sec. The
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error function term corrects for the effect of thickness on
the ignition time.

His data were obtained for each of the woods studied;
using both tungsten quartz lamps and benzene flames as irra-
diation sources. In the present work, the ignition data ex-
tracted from Wesson's study utilizes only the data for the
benzene flame because the spectral distribution of radiant
energy from benzene flames more nearly reproduces the spectral
distribution of the flame of a burning specimen (36). His
data were obtained using specimen thicknesses ranging from
0.318 cm to 2.54 cm. The data for woods extracted from Wesson's
work corresponded to the thicknesses of balsa (6 = 1.97 cm),
ash (§ = 2.54 cm), redgum (§ = 2.54 cm), and oak (§ = 2.54 cm).
Since the wood samples used in the burning ratevtests were
approximately 0.32 cm, or less, in thickness, a correction had
to be applied to Wesson's data in order for it to be used in
predicting the slope, s*, for these thin samples.

The data of Wesson, for each material, was plotted as
ti versus Ha/[pl/3(erf 1/2/F)3/4]. The error function term,
which corrects for differences in thickness, was then obtained
for each sample of wood used in this study. From plots of t;

1/3(erf 1/2/F)3/4], assuming an ignition time be-

versus Ha/[p
tween one and 60 seconds, such that ti’ pr and erf 1/2YF were

known, new values of Ha corresponding to the thin samples were
obtained. The calculations resulting from this procedure along

with the original data of Wesson and the plots referred to
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above are presented in Table A-4 and A-5 and Figures A-1l
through A-8 of Appendix A.

Once the H, data had been corrected for thickness
effects, the slope, s*, according to Equation II-37, for each
of the wood samples considered in this study was calculated;
these values are presented in Table A-2 of Appendix A. These
slopes were then incorporated into Equation II-38, and values
of /t* were calculated by trial and error (Table A-3, Appendix
A). It was found that RO/E; was also a constant for each
type of wood used as had been previously found for each class

of materials (synthetic and natural fibers) by Sliepcevich.

Extension of Sliepcevich Model

The desired extension of the one-dimensional model was
to obtain a method of predicting values of Ro/E; from physical
properties. Therefore, attempts were made to correlate the
RO/E; values with the density, p, of the material, and with
the weight/area of the material, W A computerized least
squares fit was made on the data, obtaining RO/E; as a function
of pa and separately as a function of wob. A t-distribution
test, which is explained in Appendix C, was performed simul-
taneously with the least squares fits. It indicated that Ro/E*
correlated well with density, p, but very poorly with weight/
area, w_ . The correlation of R VE¥ with density is, for all

the wood samples:

2 (p)-0.099

RO/E‘* = 8.93 x 10 (Iv-1)
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and for the fabrics (nylon and vinyl seat covers, cotton

cloths, Whatman filter papers and nylon carpets):

2 0.419

R VE® = 8.49 x 10 “(p) (IV=-2)

where the units of RO are cm/sec, t* are sec, and p are

gm/cm3.

By substituting Equation IV-1l, or the average value

for RO/E* for all the woods, i.e., (Ro/t*) = 0.103, into

aver
Equation II-38, and solving for /t¥, the following equation

is obtained:

957 W, C

[1 - erf 2:103
s* 2VK

] (IVv-3)

and by substituting Equation IV~-2 into Equation II-38, the

resulting equation is:

_ 957 wocp 8.49 x 10—2(p)0.42
/waabrics - [1 - erf 1
s* 2/x (IV-4)

. . . . 2 . .
where t* is in sec, W, is in gm/cm”, cp is in cal/gm-°C, and

s* is in cal/cmz—secl/z. A single value of thermal diffusiv-

ity was used by Sliepcevich, et al. (36), k = 1.06 x 10“3

cm2/sec; thus Equation IV-4 can be simplified to:

957 w_c

= e O P -
/E?fabrics - [1 erf (1.31 p

0.42)] (IV-5)
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Since Equations IV-3 and IV-5 depend only on thermal and
physical properties and the slope based on ignition data, they
could be used to predict values of Vt¥*¥ for a material. These
/t* values could then be substituted into Equations IV~1 and
Iv-2, and R values could be obtained. This technique of cal-
culating RO was performed on three nylon samples and six balsa
samples which were not included in the previous calculations
of RO/E?. The results are shown in Table IV-1. It can be
seen that the technique developed above predicts the burning
rate for the woods considered very well and predicts the burn-
ing rates for the nylons within a factor of two.

The generalization of Ro‘/"t';F as a function of density,
and the subsequent predicted results for R, as shown in Table
IV-1, account for most of the deficiencies in the development
of Sliepcevich, et al., outlined in Chapter II. However,
since the method of obtaining the values of RO/E*, which were
used to obtain Equations IV~1l and IV-2, were based on a one-
dimensional heat conduction model, and since a two-dimensional
model would be more realistic, a different approach to the
problem was sought. The new approach still has as its basis

that the burning rate and the ignition process are related.

The Two-~Dimensional Model

As stated previously, a two-dimensional model of the
burning process appears to be more realistic than the one-

dimensional model. On the other hand, a three-dimensional



TABLE IV-1
COMPARISON OF EXPERIMENTAI. AND CALCULATED BURNING RATES

o Slope R calc
s* w R, exper by Eq IV-1 Vt*
Sample 3 o o _
g/cm cal/cmz-secl/2 gm/cm2 cm/sec agﬁ/gzcz secl/2
1/32" Balsa: o, = 0.34; k = 1.765 x 1073
Bl/32-1 0.127 1.445 0.0129 0.6415 0.520 0.211
Bl1/32-2 0.127 1.430 0.6128 0.580 0.515 0.213
B1/32-3 0.134 1.47 0.0135 0.672 0.532 0.203
Bl1/32-4 0.1173 1.40 0.0117 0.632 0.625 0.177
B1/32-5 0.0994 1.33 0.0100 0.799 0.765 0.147
B1/32-6 0.1164 1.40 0.0117 0.730 0.636 0.174
Nylon: cj = 0.40; k = 1.06 x 1073
N-2 0.487 3.95 0.0321 0.0656 0.117 0.538
B-3 0.410 4,85 0.0353 0.0816 0.103 0.568
N-6 0.407 4.15 0.0373 0.0453 0.083 0.705

SS
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model would be even more preferable except for the mathemat-
ical complexities. If the flame front advances in a straight
line, then a two-dimensional formulation should represent the
phenomenon quite well. The burning process was mathematically
formulated assuming an inert, opaque solid at steady-state,
with a moving boundary, and heat conduction through the
thickness of the sample, but not along its length (Refer to
Figure IV-1l).

The mathematical formulation, considering the above
assumptions, becomes:

2

9T _ 3“T _

where Ry is the burning rate, T is the temperature, and g
is the thermal diffusivity. The boundary conditions for

Equation IV-6 are assumed to be

57 =0 y =0 any x (Iv-7a)
i B
T = Tig y=6/2 x=0 (IV=-7b)
T =T, any y X = © (IV=7c)
where 'I'ig is the ignition temperature, T, is the ambient tem-

perature, and ¢ is the thickness. Equation IV-6 can be written

in dimensionless form by making the following substitutions:

n=—{— (IV-8)
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Figure IV-1.

Schematic of Flame Propagation Model
for Equation IV-6.



and:

Ty
o = —_—-—TJE (IV-9)

QJ% + 2n %% =0 (IV-10)
dn

aﬁ 5 = ( n = 0 (IV-lla)
n=
6 =0 no= o (IV-11b)

Equation IV-10 with the boundary conditions given by

Equations IV-1ll has a solution of:

8 = 1 - erf q (IV-12)

or, in terms of the original variables:

T - T,
g2 = 1 - erf —L— (Iv-13)
o ig 2K RO

This equation gives the temperature distribution within the
solid as a function of position and burning rate.

Since the heat being transferred into the solid at
y = * §/2 is of interest if Equation IV-13 is to be related

to the ignition process, it is desirable to calculate:
9T 4

3y | y=6/2 = Ha - h(T—TO) - 0eT

k (IV-14)
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where H is the heat flux being absorbed by the solid at its
surface, h is the convective heat transfer coefficient, € is
the emissivity of the solid, ¢ is the Stefan-Boltzmann con-
stant, and T is the temperature of the solid. The Hy above
is assumed equal to the absorbed heat flux from the ignition
test.
Since the values for h and € were not known, Equation

IV-14 was rewritten using a retained energy concept as:

H, = H_ - h(T-To) - UeT4

g = Hy (IV-15)

where H_, is the retained energy in the sample. Therefore,

R
Equation IV-14 becomes

oT = -
k 3§‘y=6/2 = HR (IvV-16)

Equation IV -16 may be written as:

- H

56 _ R _
§§'y=6/2 - ATigE (Tv-17)

Taking the desired derivatives of Equation IV-12, i.e., 396/9dy,

yields:
2
30 996 9n -2 -n” an
3y Ty - y
but from Equation IV-8
%ﬂ = 1 ~i}2. (IV-19)

(4kx/R)
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Therefore, upon substituting Equation IV-19 into Equation
IV-18, the result is

2 _ "
28 _ -2 -y Ro/4Kkx | 1

98 ] (IV-20)
g (4KX/RO)1/2

Applying the boundary condition of Equation IV-17 to Equation

IV-20, the result is

H o 2
R _ 2 1 -8§"Ry/ (16kx)
= £ ]l e (1v-21)
KT o Jm (4cx/r ) 172

Equation IV-21 can be solved for the retained flux, Hp, at the
surface y = §/2, as

kpc R <2
H. = aAT. [—P 0]1/2 il Ro/l6kx

R ig TX (Iv-22)

where ATig is the temperature rise at the surface at the
instant of ignition in °C, § is the thickness of the sample,
cm, k is the thermal conductivity, cal/cm-sec-°C, p is the
density, gm/cm3, cp is the heat capacity, cal/gm-°C, RO is the
horizontal burning rate, cm/sec, k is the thermal diffusivity,
cmz/sec, and x and y are spatial coordinates, cm.

The retained flux at the surface, as a function of
length along the sample, has been calculated according to
Equation IV-22 for representative materials included in this
study. Nine representative graphs of the retained flux, Hps
versus the length coordinate, x, are presented in Figure IV-2
through IV-10. The tabulated values of the properties of

these nine samples are presented in Table IV-2. Table IV-3
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TABLE IV-2

VALUES USED TO CALCULATE Hp FOR FTIGURES
IV-2 THROUGH IV-10

3
8 c K x 107 AT, *
P P g

Sample 5
cm/sec gm/cc cm cal/gm°C cm“/sec °C

Balsa 1/32-11 0.202 0.211 0.236 0.34 2.20 385

Balsa 1/16-4 0.428 0.0994 0.162 . 0.34 3.08 385
Gum-1 0.189 0.390 0.152 0.34 1.83 385
Oak-2 0.0629 0.711 0.270 0.34 1.64 365
Nylon-7 0.0457 0.356 0.113 0.40 1.53 395
Vinyl-5 0.181 0.780 0.119 0.40 0.667 320
Cotton-1 0.155 0.540 0.066 0.34 0.953 361

Filter paper-2 0.273 0.470 0.038 0.34 1.06 399
Nylon carpet-1 0.0224 0.174 0.394 0.40 1.94 395

*Taken from References 5, 25,



TABLE IV-3

SUMMARY OF PROPERTIES OF SAMPLES

Range of
Material Thickness

Average Thermal

Diffusivity, « neat Capacity  Density Range

Ignition Tempf

§, cm Tig' °C cmz/sec cp, cal/gm-°C P, gm/cm3
Nylons  0.06=0.12 420 14.4 x 1074 0.40 0.36-0.61
Vinyls  0.05-0.14 345 6.65 x 10”2 0.40 0.67-1.05
Cottons  0.036-0.066 386 9.43 x 10°% 0.34 0.53-0.564
Filter  0.010-0.04 424 10.6 x 1074 0.34 0.46-0.735
papers
Nylon 0.32-0.47 420 18.25 x 10°4 0.40 0.174-0.230 =
carpet
Balsa 0.147-0.24 410 24.3 x 10°° 0.34 0.099-0.21
Redgum  0.15-0.21 410 18.5 x 10~ % 0.34 0.37-0.39
Ash 0.24-0.34 390 16.95 x 1074 0.34 0.57-0.60
Oak 0.24-0.28 390 16.5 x 10° 0.34 0.65-0.72

*References 5, 25.
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presents a summary of the properties of all the materials used
in calculating Equation IV-22.

In order to compute the retained energy, H_, in Equa-

R
tion IV - 22, it is necessary to know ATig’ the temperature
rise to ignition, from an independent source. The values for
the Tig for the materials g?udied here were obtained based
on thermogravimetric analysis by Brown (5) and Rangaprasad
(25) by arbitrarily assuming that the ignition temperature,
Tig’ would be equal to the temperature at which the rate of
weight loss reached a maximum given a 20°C/min heating rate.
The values for the Tig were assumed to be the same within a giv-
en class of materials (e.g., all balsa materials were assigned
the same Tig value, 410°C). The values for the ATig (= Tig -
25.0°C) are listed in Table IV-2.

From Figures IV-2 through IV-10, it can be seen that
the retained heat flux, Hpr increases rapidly to a maximum
value and then drops off exponentially as the distance, x,
from the flame increases. At first glance, one might think
that Hp should have its maximum at x = 0. However, this pre-
mise is incorrect. If Equation IV-15 is closely examined,
the behavior of Equation IV-22 as shown by Figures IV-2 through
IV-10, becomes evident. In Equation IV -15, Ha’ the absorbed
flux, increases as the distance of the surface from the flame
decreases; however, T, the temperature of the solid, also in-

creases as distance to the flame decreases. Hence, the energy

loss terms, h(T - TO) and ET4, increase rapidly as the flame
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is approached. The net result is that H the retained energy,

R’
tends to zero as x * 0. The peaks in Figures IV-2 through

IV-10 occur as a result of a rapid decrease in the solid tem-
perature, T, as x increases. The absorbed flux, Ha' decreases
as X increases, but not nearly as rapidly as T decreases. In
fact, from Egquation IV-13, it can be seen that at x = 62Ro/0.8K,
corresponding to n = 0.05, the temperature, T, will be within

5 percent of the value of TO. If & = 10_l cm, R = 10_l cm/sec

o
=3 cm?/sec, then x will be given by x = 1.0 cm. At

and k = 10
T = Ty the loss terms will be approximately zero; but with
such a small change in x, i.e., Ax = 1.0 cm, Ha will decrease

negligibly and the resulting value of H, will increase rapidly.

R
Thus a peak will occur, after which the value of Hp will then
decrease as x increases because Ha decreases.

The position of the peak depends on the physical and
thermal properties. The very rapid peaking obtained with
nylon-7, cotton-1l, and filter paper-2 samples appears to be
attributable to the combination of low thermal diffusivity, x,
small thickness, §, and a relatively high ignition temperature
which leads to a high ATig'

Equation IV-22 does not solve the problem of being un-
able to define a unique energy (either Hatig or HRtig); for,
although Hp can now be calculated independently of tig' it has
become a function of position x, about which nothing is known

in relation to the burning process. Hence, there has been a

trade off of variables, x for tig' and another approach is needed.
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As can be seen from Equation IV-22, it is necessary
to know the burning rate, Ro’ in order to calculate the re-
tained energy, HR’ as a function of position. At the outset,
it was stated that the purpose of this work was to understand
the burning process better and to attempt to model that pro-
cess. The assumptions made and the boundary conditions used
in obtaining Equation IV-22 appear to be valid, but the equa-
tion does not allow prediction of burning rates from easily
obtainable data. However, Equation IV-22 does suggest certain
variables which are important to the burning process. These
variables are density, p; heat capacity, cp; thermal diffusiv-
ity, «; thickness, §; temperature rise to ignition, ATig; and
retained energy, HR’ which is related to the absorbed flux,
Hy» from the ignition test. A dimensional analysis using the
Buckingham Pi method was performed on the variables using the
slope, s*, instead of Ha' This method was used because data
for the slope, s*, were available and the exact value of Ha
required to propagate the flame was not known. Two dimension-

less groups resulted from this analysis; see Appendix D. They

are:
.ROG
*
M, = ———nw (Iv-24)

These groups were then combined into an equation as follows:
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R_G *
o = K [_.._.._.§...._.......]a (IvV-25)
K YKpc_ AT,
P 19

where K is dimensionless constant. Equation IV-25 was then

rewritten as:

R = K(s*)? (c)~a/2 (pcp)_a (ATig)'a « 571 (1v-26)
which can be reduced to:
Ry = k(M) (0172 e )7 a7 6T (v-27)

Equation IV-27 suggests that R, may be written in functional

form as:

R = £[(s9)® ()P (pc ) (5)¢

e

g

However, the ignition temperature, as obtained from thermal
gravimetric analysis (5, 25) of the samples showed that ATig
was approximately a constant for the materials under consider-

ation. Therefore, Equation IV-28 was reduced to:

R = £[(s*)2 (¢)P

o (oe )€ (81 (IV-29)

and a product form of the equation was assumed such that:

R, = Cs*aKb(pcp)cc‘Sd (IV-30)

where C is a constant. Equation IV~30 was then rewritten in

logarithmic form as:

in RO =1lInC+alns* + b lnk + ¢ 1n (pcp) +d 1n §
(Iv~31)
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Equation IV-31 was used to perform a multi-regression analysis
on the data for the 87 samples. The data used to perform the
analysis are tabulated in Table A-2, Appendix A. A statis-
tical analysis of the data was incorporated into the regres-
sion analysis computer program which checked the data for bad
data points and which performed a t-test on each variable
versus the burning rate, Ro' If the t value was less than 2,
the variable under consideration was assumed negligible in
correlating the data and was subsequently deleted from the
analysis. The statistical tests used and the justification
for them are presented in Appendix C.

The equations resulting from the regression analysis

of the data, are, for all wood samples considered together:
R, = (2.69 x 107°) (pc ) 7007 (sx) T i (5)70-30

x ()" 1+33 (IV-32a)

for the nylon, vinyl, and cotton cloths, the filter papers

and nylon carpeting:

1.0 0.096 -0.825

R = (3.32 x 10’9)(pcp)' (s*) (8)

(e

x (k) "1-96 (IV-32b)

It was found that the wood data and the fabric, carpet
and paper data gave good correlations with only the slope, s*.
The exponents obtained for s* were about 2.5 for both the
above sets of data. Therefore, it would seem possible to

correlate burning rate data with ignition data alone. When



77
all the data (i.e., woods, fabrics, carpeting and paper) were
collapsed into one correlation, the t~test described in Appen-
dix C was applied to the correlating variables (pcp, §, s*,
and ) and the value of t was found to be less than 2 for all
the correlating variables except s*. Hence, the general cor-

relation considering all 87 samples became:

R = 2.12 (s*)2-44

o (IV-32c)

The units in Equations IV~32 are cm/sec for Ro, gm/cm3 for o,

1/2 for s*, cm for §, and cmz/sec

cal/gm-°C for cp, cal/cmz—sec
for k. Equations IV-32 are plotted in Figures IV-11 through
IV-13, as experimental Ro versus calculated Ro' The dashed
lines on each figure are the 95 percent confidence limits.,

The correlation coefficient is also shown on each of these
figures.

The above results would seem to substantiate the
original assumption that was made at the outset; that the burn-
ing process could be related to the igﬁition process. Equa-
tions IV-32a and b do precisely this. It is instructive to
examine Equations IV-32. -Comparing Equations IV-32a and IV-
32b, it can be seen that the power on the slope based on igni-
tion data appears in Equation IV-32a as negative and in Equa—k
tion IV-32b as positive, while all other variables maintain
the same sign on the exponent in the two equations. This

result is a consequence of the regression analysis technique

used. No functional form other than that given by Equation
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‘Figure IV-11. Comparison of Experimental Burning Rates

with Burning Rates Calculated by Equation
Iv-32(a) for Woads.
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CORRELATION COEFFICIENT = ".984 /
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Figure IV-12.

Comparison of Experimental Burning Rates
with Burning Rates Caloculated by :Equation
IV-32(b) for the Fabrics, Carpeting and
Filter Papers.
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Figure IV-13.

Comparison of Experimental Burning Rates
with Burning Rates Calculated by Equation
IV-32(c) for All Samples Considered Together.
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IV-28 was assumed, so that the exponents that were calculated
were not restricted in any way.

From Equation IV-32c, it is seen that for a general-
ized correlation including all -the materials used in this
study, that only the slope, s*, or Ha ti which derives from
the ignitiop measurements, is an important correlating param-
eter. The basic premise of this work, then, has been demon-
strated. The horizontal burning rate data for diverse thin
materials obtained from burning samples in the MFMVSS 302
Horizontal Burning Rate test can be correlated using the igni-~
tion behavior of the material. These correlations can also
be used to predict burning rates of new materials if ignition
data are available.

As a final point, it is to be emphasized that the
ignition data used throughout this study were obtained from
one-sided ignitions. In reality, two-sided ignition (simul-~
taneous irradiation from both sides) would probably be more
applicable for burning rate correlations. Finally, it would

be desirable to have retained energy, H as a function of

RI
ignition time since the retained energy is more pertinent than

the absorbed energy, Ha‘

Other Correlation Attempts

Although previous attempts to correlate the horizontal
burning rate against the material weight per unit area for

each class of materials were quite unsatisfactory (36), it
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might be instructive to demonstrate the adequacy of this corre-
lation, here. Both the data obtained previously (36) and the
data obtained in this study will be employed in the following

relationship:
(IV-33)

The same regression technique that was used in obtain-
ing Equations IV-32 was also employed in the calculation of
the constant C and the power, a, on LS for Equation IV-33.

All the wood samples were used to obtain a correlation, Equa-
tion IV-34a; all fabrics (nylon, vinyl, cotton), nylon carpet
and filter paper were used to obtain a second correlation,
Equation IV-34b; and then all 87 samples were used to obtain

a third correlation, Equation IV-34c. These equations are:

For woods:

R = (1.84 x 10°2) w ~0-80 (IV-34a)
(@] (0]

For fabrics, etc.:
R = (7.81 x 1073) w ~0-80 (IV-34b)
[o] (o]

For all samples considered together:
R, = (1.63 x 1072 w0_0'70 (IV-34c)

The units in Equations IV-34 are cm/sec for Ro and_gm/cm2 for
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Equations IV-34 are plotted in Figures IV-14 through
IV-16 as experimental RO versus calculated Ro. The dashed
lines on each figure are the 95 percent confidence limits.
The correlation coefficients are shown on the figures.

Comparison of Figures IV-1ll through IV-13 with Figures
IV-14 through IV-16 reveals that indeed the correlational tech-
nique employing the ignition data does correlate the data much
better than simply using the material weight. Although, for
woods, either correlation yields approximately equivalent re-
sults, Equation IV-32b predicts R, much better than Equation
IV-34b for the fabrics, carpets, and paper, and Equation IV-
32c has a very marked improvement over Equation IV-34c in
predicting burning rates over a very wide range of materials.

Equations IV-32a and IV-32b have been used to predict
Ro from the values of s*¥*, pcp, Kk, and § for the six balsa
samples and three nylon fabric samples listed in Table IV-1.
The predicted values of Ro are listed in Column 6 and the
experimental values in Column 7 of Table IV~4. It can be seen
that agreement between the calculated value and the predicted
value is quite close for woods and within a factor of two for
the nylons. If one examines Figure IV-12, it can be seen
that the confidence limits indicate that the burning rate can
be predicted within a factor of two of the true value. Hence,
the predicted values in Table IV-3 are well within these

limits.
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Figure IV-14. Comparison of Experimental Burning Rates
with Burning Rates Calculated by Equatlon
IV-34(a) for the Woods.
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Comparison of Experimental Burning Rates
with Burning Rates Calculated by Equation
Iv-34(b) for the Fabrics, Carpets and
Filter Papers.
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Comparison of Experimental Burning Rates
with Burning Rates Calculated by Equation
IV-34(c) for all the Samples Considered
Together.



TABLE IV-4

COMPARISON OF EXPERIMENTAL AND CALCULATED BURNING RATES FOR SELECTED MATERIALS

pc Slope k x 103 8 R, calc R, exper
Sample g/c§3 cal/cm —secl/ cm2/sec cm cm/sec cm/sec
by Egs.IvV-32(a.b)
1/32" Balsa
Bl1/32-1 0.0432 1.445 2.72 0.1016 0.647 0.642
Bl1/32-2 0.0432 1.430 2.72 0.1008 0.656 0.580
B1/32-3 0.0456 1.470 2.65 0.1006 0.628 0.672
Bl/32-4 0.0398 1.400 2.83 0.1001 0.684 - 0.632
B1/32-5 0.0337 1.330 3.08 0.1006 0.741 0.799
Bl/32~-6 0.0396 1.400 2.68 0.1006 0.684 0.730
Nylon
N-2 0.195 3.95 1.44 0.066 0.088 0.068
N-3 0.164 4.85 1.48 0.086 0.081 0.082
N-6 0.163 4.15 1.48 0.0915 0.076 0.0453

L8
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It would appear, therefore, that Equations IV-32a and
IV-32b can be used to predict the horizontal burning rate for
a thin material which is subjected to the MFMVSS 302 horizon-
tal burning rate test from data on ignition, density, heat
capacity, thermal diffusivity and thickness of the material.
Care should be exercised in extrapolating these results beyond
the range of values of physical and thermal properties used

here.



CHAPTER V
SUMMARY

In recapitulation, the following points should be
restated:

1. It has been successfully demonstrated that the horizontal
burning rate of a thin material is related to the igni-
tion characteristics of the material in a fundamental way.

2. It has been shown that Equations IV-32a - IV-32c can be
used to predict the horizontal burning rate of a material
within a factor of two for materials with physical and
thermal properties within the range of values of those
used in the development of the equations.

3. This study has demonstrated that the following variables
(there may be others) affect the burning process: the
product Ha/fw or s*, which is derived from ignition data,
the thermal diffusivity, the density, the heat capacity,
the thickness, and the ignition temperature.

4. Caution should be exercised in applying Equations IV-32
to new situations. They were developed based on burning
rate data obtained by use of the MFMVSS 302 horizontal
burning rate test, and are not necessarily applicable to

89
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other test procedures. However, the development leading
up to Equations IV-32 should be applicable to results
from other test methods; what is required is the deter-
mination of the appropriate calibration constant.
For some classes of materials, such as nylons and vinyls,
the variation in the measured burning rates was no better
than a factor of 2; in these cases, Equation IV-32 appears
to be as reliable for predictions as the measured values.
The correlation of the burning rate in terms of ignition
data could probably be improved by using retained enefgy,

H and two-sided ignition measurements, over the present

R'

technique of employing absorbed energy, Ha' based on one-

sided ignitions.



(oTIE o TE w B ¢

0}

erf

erfc

NOMENCLATURE

area

constant

constant

constant

calibration constant from
Equation II-39

heat capacity

flame depth

constant

initial fuel thickness

constant

exponential

error function

complimentary error function

Froude number (Kt/LZ)

mathematical function

incident irradiance

heat of combustion

absorbed energy flux (aHi)

retained energy

91

2
cm

dimensionless
dimensionless
dimensionless
czm/secl/2
cal/gm-°C

cm
dimensionless
cm
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
cal/cmz-sec

cal/gm

cal/cmz-sec

' cal/cmz—sec
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h heat content of fuel cal/gm

h surface heat transfer coefficient cal/cmz—sec—°C
h height of fuel bed cm

f heat flux vector cal/cmz—sec
x'Iy’Ié spatial scalar heat fluxes cal/cmz-sec

Iig heat flux at ignition cal/cmz—sec

Ip propagating heat flux cal/cmz—sec

ierfc integral of the complimentary

error function dimensionless
k thermal conductivity of solid cal/cm-sec-°C
kg thermal conductivity of gas cal/cm-sec-°C
L flame height cm
M moisture content of wood dimensionless
0 net heat absorbed per unit mass cal/gm
Qig heat of preignition cal/gm
0 volumetric heat flux per unit

area cal—cm3/cm2
Tig volumetric heat flux/area at

ignition cal—cm3/cm2
R flame propagation rate cm/sec
Ro horizontal burnipg rate cm/sec
s* slope of the /éx'versus l/Ha line

(ti < 10 sec) cal/cmz-secl/2
T temperature
TF flame temperature (assumed =

982°C) oc
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Tig arbitrary ignition temperature of
solid as derived from thermal
gravimetric analysis

Tlg integrated average temperature of
the sample at ignition

T, ambient temperature (assumed = 25

Tg surface temperature

t time

tis ig ignition time

Vf,Vg volume of fuel and gas
respectively

W weight of fuel burned

w fuel loading

Wy width of fuel bed

W, weight per unit area of solid

X,V,2 spatial distance

Greek Letters

o thermal conductivity

o integrated average absorptance
factor

S thickness of solid samples

£ effective heating number

K thermal diffusivity of solid

o) density of solid

PgrPg density of fuel and gas,

respectively

°C

°C
Oc) OC
°C

sec

sec

gn/ cm?

gm/cm2

cn

cal/cm-sec-°C

dimensionless
cm
dimensionless
cmz/sec

gm/cm3

gm/cm3
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density of water at 20°C
bulk density
particle surface to volume ratio

standard deviation

dimensionless variable
dimensionless temperature
burning time

wind coefficient

slope coefficient

gm/cm3

gm/cm3

em™t

dimensions of number
for which calculated

dimensionless

dimensionless

sec

dimensionless

dimensionless
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TABLE A-1

DATA

Weight Experimental Burning Average
Material Sample Density Thickness Area Rate (R) Burning Rate
No. g/cm3 cm g/cm? inches/minute cm/sec
I. Nylon Fabrics

Sea blue N-1 0.447 0.079 0.0353 1.37 1.61 1.58 0.0644

Dark blue N-2 0.530 0.066 0.0350 1.51 1.58 1.58 --

Beige N-3 0.448 0.086 0.0387 2.26 1.84 1.70 -
Black N-4 0.407 0.099 0.0404 2.41 2.48 2.62 0.1060
Gray on black N-5 0.375 0.102 0.0383 1.14 1.04 1.06 0.0457

Blue on blue N-6 0.447 0.0915 0.0409 1.07 1.06 1.07 --
Blue/green N-7 0.357 0.113 0.0404 1.10 1.13 1.01 0.0457
Smooth maroon N-8 0.607 0.061 0.0370 1.32 0.73 1.04 0.0436
Smooth 1t. blue N-9 0.531 0.074 0.0393 1.36 1.33 1.58 0.0601
Smooth black N-10 0.540 0.064 0.0346 1.08 1.11 1.18 0.0474
Smooth beige N-11 0.573 0.071 0.0407 1.17 1.04 1.01 0.0453
Smooth pat. beige N-12 0.551 0.061 0.0356 1.21 1.12 1.22 0.0500
Blue w/ metal N-13 0.391 0.119 0.0465 1.93 2,18 2,11 0.0876
Beige w/ metal N-14 0.408 0.114 0.0465 1.94 1.86 1.95 0.0813

II. Vinyl Fabrics

Black w/ dents V-1 0.700 0.142 0.0994 2.27 2.07 2.05 0.0902
Red w/ dents V-2 0.668 0.130 0.0868 3.68 3.42 3.39 0.1482
Beige w/ dents v-3 0.680 0.142 0.0966 2.81 2.54 2.38 0.1092
Beige w/ perf. V-4 0.828 0.122 0.1011 2.08 2.00 1.90 0.0843
Black w/ perf. V-5 0.782 0.119 0.0929 4.19 4.53 4.10 0.1808
Red (cockle) V-6 0.880 0.076 0.0668 2,71 3.81 3.78 0.1452
Black V=17 0.884 0.089 0.0787 3.14 3.16 — 0.1334
Beige V-8 0.871 0.058 0.0505 4,14 4.00 4.77 0.1820
Med. blue V-9 0.836 0.084 0.0702 2.50 3.33 - 0.1230

10T



TABLE A-l--Continued

Weight Experimental Burning Average
Material Sample Density Thickness Area Rate (Rp) Burning Rate
No. g/cm3 cm g/cm2 inches/minute cm/sec
Dark blue V=10 0.887 0.086 0.0763 2.71 - - 0.1143
Metallic blue v-11 0.797 0.074 0.0590 4,20 4.55 - 0.1854
Light blue v-12 0.807 0.058 0.0468 4,03 - - 0.1706
Red (cockle) v-13 0.903 0.071 0.0641 See Table 0.1550
Gray v-15 1.05 0.051 0.0536 See Table 0.256
IIT. Cotton Cloth
Thread count:
48 x 28 CT-1 0.535 0.066 0.0353 See Table 0.155
48 x 40 CcT-3 0.561 0.046 0.0258 4.54 5.13 4,56 0.204
48 x 44 CT-4 0.558 0.043 0.0241 5.55 5.13 5.00 0.223
48 x 50 CT-5 0.529 0.041 0.0217 6.14 5.81 6.10 0.262
48 x 56 CT-6 0.564 0.036 0.0203 5.65 6.29 5.81 5.59 0.249
48 x 60 CT-7 0.536 0.036 0.0193 5.70 5.92 5.84 0.264
IVv. Filter Paper
Whatman #1 Fp-1 0.460 0.020 0.0092 See Table 0.361
Whatman #3 FP-2 0.463 0.038 0.01763 6.52 6.45 6.32 6.52 6.45 0.273
Whatman #4 FP-3 0.460 0.020 0.0092 6.85 7.25 6.66 6.75 7.35 0.294
Whatman #6 Fp-4 0.576 0.0178 0.0102 8.82 8.10 7.69 8.95 8.11 0.358
Whatman #40 FP-5 0.470 0.020 0.0095 9.09 7.70 8.93 7.70 7.94 0.350
Whatman #54 FP-6 0.496 0.0178 0.0088 10.7110.53 10.71 10.00 10.53 0.444
Whatman $#115 FP-7 0.735 0.0102 0.0075 11.76 11.54 11.32 1.54 11.32 0.487
V. Nylon Carpeting
Blue carpet Cc-1 0.174 0.394 0.0685 0.54 0.40 0.63 0.0224
Brown carpet c-3 0.211 0.343 0.0726 0.34 0.45 - 0.017
Black carpet c-4 0.230 0.442 0.1017 0.55 0.34 - 0.019
Dark ginger carpet C-6 0.188 0.338 0.0638 0.73 0.48 0.49 0.020

20T



TABLE A-1--Continued

Weight Experimental Burning Average

Material Sample Density Thickness Area Rate (Rp) Burning Rate

No. g/cm3 cm g/cm?2 inches/minute cm/sec

Black carpet c-7 0.208 0.318 0.0661 - 0.42 - 0.018
Dark turquoise cpt C-8 0.268 0.394 0.1055 - 0.52 0.52 0.022
Med. nugget carpet C-9 0.182 0.467 0.0617 0.57 0.55 0.48 0.029

VI. Woods
A. Balsa

3/32" B3/32-1 0.197 0.239 0.0471 5.587 0.2365
B3/32-2 0.174 0.238 0.0415 5.917 0.2505

B3/32-3 0.139 0.2385 0.0332 7.143 0.3024

B3/32-4 0.132 0.2384 0.0314 7.194 0.3046

B3/32-5 0.126 0.239 0.0300 7.752 0.3282

B3/32-6 0.1193 0.239 0.0285 7.752 0.3282

B3/32-7 0.1319 0.240 0.0319 8.000 0.3390

B3/32~-8 0.130 0.239 0.0310 6.803 0.288

B3/32-9 0.1856 0.236 0.0438 5.814 0.246

B3/32-10 0.2045 0.237 0.0485 4.608 0.195

B3/32-11 0.2111 0.236 0.0498 4,762 0.202

B3/32-12 0.1882 0.2365 0.0445 5.128 0.217
1/16" B1/16-1 0.170 0.1621 0.0275 7.143 0.3024
Bl/16-2 0.145 0.162 0.0235 7.752 © 0.3282
B1/16-3 0.100 0.1626 0.0163 12.500 0.5292
B1/16-4 0.0994 0.162 0.0161 10.101 0.4276
B1/16-5 0.1055 0.1615 0.0170 11.236 0.4757
B1/16-6 0.104 0.162 0.01685 10.989 0.4652

Bl/16-7 0.1686 0.147 0.0248 7.752 0.328

B1/16-8 0.1503 0.149 0.0224 7.937 0.336

B1/16-9 0.1823 0.147 0.0268 7.143 0.302

Bl/16-10 0.1821 0.147 0.0267 7.463 0.316

B1/16-11 0.1783 0.149 0.0266 7.194 0.305

B1/16-12 0.1852 0.1475 0.0273 7.519 0.318
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TABLE A-1--Continued

Weight Experimental Burning Average

Material Sample Density Thickness Area Rate (Ry) Burning Rate

No. g/cm3 cm g/cm2 inches/minute cm/sec

B. Redgum G-1 0.390 0.152 0.0592 4.464 0.1890
G~2 0.381 0.1902 0.0726 5.025 0.2128

G-3 0.383 0.176 0.0674 6.173 0.2613

G-4 0.374 0.188 0.0704 3.972 0.1660
G-5 0.378 0.2065 0.0780 3.937 0.1667
G-6 0.371 0.1695 0.0629 4,425 0.1873
C. Ash A-1 0.591 0 344 0.2033 1.361 0.0576
A-2 0.597 0.245 0.1462 1.424 0.0603
A-3 0.581 0.2495 0.1450 2.193 0.0928
A-4 0.590 0.281 0.1657 1.414 0.0599

A-5 0.577 0.296 0.1708 1.721 0.0729

A-6 0.570 0.244 0.1392 1.645 0.0696

D. Oak 0-1 0.648 0.269 0.1744 1.326 0.0562
0-2 0.711 0.270 0.1919 1.486 0.0629

0-3 0.720 0.2455 0.1767 1.350 0.0571
0-4 0.655 0.281 0.1841 2.358 0.0998

0~-5 0.700 0.2445 0.1706 2.336 0.0989

0-6 0.677 0.2405 0.1628 2.257 0.0956

E. Balsa

1/32" B1/32-1  0.127 0.1016 0.0129 15.152 0.6415
Bl1/32-2 0.127 0.1008 0.0128 13.699 0.580

B1/32-3 0.134 0.1006 0.0135 15.873 0.672
Bl/32-4 0.1173 0.1001 0.01174 14.925 0.6319
B1/32-5  0.0994 0.1006 0.0100 18.868 0.7988

B1/32-6 0.1164 0.1006 0.0117 17.241 0.730

POT



TABLE A-l--Continued

Weight Experimental Burning Average
Material Sample Density Thickness Area Rate (Ry) Burning Rate
No. g/cm3 cm g/cm?2 inches/minute cm/sec

#1 Whatman F-1 0.460 0.020 0.0092 8.20 8.62 8.47 9.26 0.361
Filter paper 8.47 8.62 8.93 8.93

8.77 8.47 8.40 9.01

8.33 9.26 8.48 8.40

8.33 8.33 9.26 8.06

8.06 7.94 8.00 8.00

8.07 8.48 9.09 8.62
Two sheets F-1 0.460 0.020 0.0092 5.27 5.22 5,31 6.32 0.220
#1 Whatman 5.89 5.77 5.13 4.96
Filter paper 5.13 4.62 4.58 5.18

4,69 5.13 5.31 5.18

4.48 4.80 4.77 5.56

4.69 4.77 5.05 5.18

4.32 5.66 6.25 5.09

5.83 5.61
Vinyl fabric V-13 0.903 0.071 0.0641 3.75 4.19 3.82 4.33 0.1550

3.98 4,10 3.27 3.64

3.89 3.68 3.66 3.64

3.91 2.40 3.73 3.94

3.92 3.83 3.23 3.58

3.63 3.23 4.08 3.97

3.73 2,72 3.33 3.56

3.74 3.69
Vinyl fabric Vv-15 1.05 0.051 0.0536 5.36 5.71 5.77 6.19 0.256

5.66 6.00 6.00 6.59

6.19 5.41 6.67 6.59

6.00 6.25 6.00 6.59

6.06 5.56 7.06 5.41

SOT



TARLE A-1--Continued

Weight Experimental Burning Average
Material Sample Density Thickness Area Rate (R,) Burning Rate
No. g/cm3 cm g/cm2 inches/minute cm/sec
Cotton fabric CT-1 0.535 0.066 0.0353 2,68 2.57 2,86 2.68 0.155
parallel to 3.09 2.92 2.89 2.52
warp 2.54 3.07 3.15 3.05

2.84 3.52 3.07 3.01

2.82 3.18 2.69 3.39

3.23 3.20 3.45 3.27

2.68 3.28 2,81 3.35

3.51 2.92 2.88 3.07

3.01 3.52
Nylon fabric N=-=25 0.494 0.0686 0.0339 2.66 2.18 2.76 2.56 0.108

2.64 2,53 2.58 2.51

2.39 2.57 2.67 2.57

2,49 2.33 2.54 2.64

2.49 2,51 2.58 2.56

2.49 2.56 2.60 2.55

2.65 2,60 2.51 2.72

2.49 2,53
Nylon fabric N=27 0.528 0.0508 0.0268 3.39 3.20 4.44 8.00 0.145

9.33 2.80 4.00 2.97

5.45 3.33 1.58 2.78

3.17 3.24 3.01 4.15

2.02 1.52 1.36 3.65

1.89 3.29 4.64 3.02

3.00 2.97 2.31 2.56

1.62 3.76 1.93 2.65

4,09 6.67 2.23 :
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TABLE A-2
PHYSICAL AND THERMAL PROPERTY DATA USED TO CALCULATE EQUATIONS IV-32

Material Thick- Weight Density Heat Thermal Thermal Slope Burning
ness Area o Capacity Conduc. Diffus3 s Rate
Sample 8 Yo cy kx10 kx10 R9
No. cm g/cm?2 -g/cm3 cal/g-°C cal cm2/sec cal cm/sec
cm-s-9°C cm2-secl/ 4

I. Nylon Fabrics
N-1 0.079 0.0353 0.447 0.40 2.575 1.46 4.45 0.0644
N-4 0.099  0.0404 0.407 0.40 2.42 1.49 4.45 0.1060
N-5 0.102 0.0383 0.375 0.40 2.30 1.51 4.45 0.0457
N-7 0.113  ¢.0404 0.357 0.40 2.18 1.53 3.33 0.0457
N-8 0.061 0.0370 0.607 0.40 3.31 1.38 4.27 0.0436
N-9 0.074 0.0393 0.531 0.40 2.98 1.41 4.05 0.0601
N-10 0.064 0.0346 0.540 0.40 3.03 1.40 3.90 0.0474 =
N-11 0.071 0.0407 0.573 0.40 3.22 1.39 4.70 0.0453 J
N-12 0.061 0.0356 0.551 0.40 3.08 1.40 3.90 0.0500
N-13 0.119  0.0465 0.391 0.40 2.35 1.51 4.05 0.0876
N-14 0.114 0.0465 0.408 0.40 2.43 1.48 5.00 0.0813

II. Vinyl Fabrics 902
v-1 0.142 0.0994  0.700 0.40 1.92 0.696 2.83 0. es

.875 0.700 3.75 .
V-2 0.130 0.0868 0.668 0.40 1 2.33 0.1092
V-3 0.142 0.0966 0.680 0.40 1.89 0.695 3.37 0.0843
V-4 0.122 0.1011  0.828 0.40 2.17 0.662 > 83 0. 1808
V-5 0.119  0.0929 0.782 0.40 2.08 0.667 137 0.1452
V-6 0.076 0.0668 0.880 0.40 2.29 0.651 3 78 0.1334
V-7 0.089 0.0787 0.884 0.40 2.29 0.651 3 a7 0.1820
V-8 0.058 0.0505 0.871 0.40 2.235 0.654 215 0.1230
V-9 0.084 0.0702  0.836 0.40 2.235 0607 3 47 0.1143
V-10 ¢.086 0.0763 0.887 0.40 2.29 0.651 . 0.1854
2.11 0.700 3.75 .
v-11 0.074 0.0590 0.797 0.40 .
2.125 0.664 3.33 0.1706

v-12 0.058 0.0468 0.807 0.40 . A 3.90 0.1550
v-13  0.071 0.0641  0.903 0.40 2.325 P 3 30 0. 2560
v-15 0.051 0.0536 1.05 0.40 2.67 . .



TABLE A-2
PHYSICAL AND THERMAL PROPERTY DATA USED TO CALCULATE EQUATIONS IV-32

Material Thick- Weight Density Heat Thermal Thermal Slope Burning
ness Area 0 Capacity  Conduc. Diffus3 S Rate
Sample 8 Vi, 3 = kx104 Kkx10 R7
No. cm g/cm2 - g/cm cal/g-°C cal cm2/sec cal cm/sec
cm-s-°C cm2-secl/ ¢
I. Nylon Fabrics
N-1 0.079 0.0353 0.447 0.40 2.575 1.46, 4.45 0.0644
N-4 0.099 0.0404 0.407 0.40 2.42 1.49 4.45 0.1060
N-5 0.102 0.0383 0.375 0.40 2.30 1.51 4.45 0.0457
N-7 0.113 0.0404 0.357 0.40 2.18 1.53 3.33 0.0457
N-8 0.061 0.0370 0.607 0.40 3.31 1.38 4.27 0.0436
N-9 0.074 0.0393 0.531 0.40 2.98 1.41 4.05 0.0601
N-10 0.064  (.0346 0.540 0.40 3.03 1.40 3.90 0.0474
N-11 0.071  0.0407 0.573 0.40 3.22 1.39 4.70 0.0453 G
N-12 0.061  0.0356 0.551 0.40 3.08 1.40 3.90 0.0500
N-13 0.119  0.0465 0.391 0.40 2.35 1.51 4.05 0.0876
N-14 0.114 0.0465 0.408 0.40 2.43 1.48 5.00 0.0813
II. Vinyl Fabrics ' 0. 0902
V-1 0.142 0.0994 0.700 0.40 1.92 0.696 2.83 .
1.875 0.700 3.75 0.1482
V-2 0.130 0.0868 0.668 0.40 . .
1.89 0.695 2.33 0.1092
V-3 0.142 0.0966 0.680 0.40 . .
2.17 0.662 3.37 0.0843
V-4 0.122 0.1011 0.828 0.40 . .
2.08 0.667 2.83 0.1808
V-5 0.119 0.0929 0.782 0.40 . 0 Ta50
2.29 0.651 4,37 .1
V-6 0.076 0.0668 0.880 0.40 . 334
2.29 0.651 3.75 0.1
V=17 0.089 0.0787 0.884 0.40 . 5
2.235 0.654 3.47 0.1820
V-8 0.058 0.0505 0.871 0.40 . . 0 1530
2.235 0.654 4.15 .
2.29 0.651 3.47 0.1143
vV-10 " 0.086 0.0763 0.887 0.40 . .
2.11 0.700 3.75 0.1854
vV-11 0.074 0.0590 0.797 0.40 . .
2.125 0.664 3.33 0.1706
v-12 0.058 0.0468 0.807 0.40 . 0 I550
2.325 0.646 3.90 .1
v-13 0.071  0.0641 0.903 0.40 y 0.636 3.30 0.2560
V-15 0.051 0.0536 1.05 0.40 2.67 . .



TARLE A-2--Continued

Material Thick- Weight Density Heat Thermal Thermal Slope Burning
ness Area 0 Capacity Conduc. Diffus, s Rate
S;gple ° Mo 2 3 cp %§594 Kx10 cal %o
. — 2
cm g/cm g/cm cal/g-°C == ©m‘/sec cmZ—secl/Z cm/sec
III. Cotton Fabrics
CcT-1 0.066 0.0353 0.535 0.34 1.75 0.953 3.37 0.155
CT-3 0.046 0.0258 0.561 0.34 1.79 0.940 2.83 0.204
CcT-4 0.043 0.0241 0.558 0.34 1.79 0.940 2.90 0.223
CT-5 0.041 0.0217 0.529 0.34 1.76 0.941 3.08 0.262
CT-6 0.036 0.0203 0.564 0.34 1.79 0.940 2.72 0.249
CT-7 0.036 '0.0193 0.536 0.34 1.79 0.940 2.50 0.264
Iv. Filter Papers
FpP-1 0.020 0.0092 0.460 0.34 1.586 1.06 1.97 0.361
FP-2  (.038 0.01763 0.463 0.34 1.694 1.06 2.86 0.273
Fp-3 0.020 0.0092 0.460 0.34 1.586 1.06 2.13 0.294
FP-4 0.0178 0.0102 0.576 0.34 2.054 1.06 2.22 0.358
FP-5 0.020 0.0095 0.470 0.34 1.694 1.06 2.47 0.350
FP-6 0.0178 0.0088 0.496 0.34 1.766 1.06 2.07 0.444
Fp-7 0.0102 0.0075 0.735 0.34 2.667 1.06 2.22 0.487
V. Nylon Carpets
c-1 0.394 0.0685 0.174 0.40 1.35 1.94 5.71 0.0224
C-3 0.343 0.0726 0.211 0.40 1.525 1.81 3.33 0.017
Cc-4 0.442 0.1017 0.230 0.40 1.60 1.75 5.71 0.019
C-6 0.338 0.0638 0.188 0.40 1.425 1.90 6.25 0.020
c-7 0<-318 0.0661 0.208 0.40 1.525 1.83 5.00 0.018
C-8 0.394 0.1055 0.268 0.40 1.80 1.68 3.42 0.022
Cc-9 0.467 0.0617 0.132 0.40 1.40 1.90 6.00 0.029
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TABLE A-2--Continued

Material Thick- Weight Density Heat Thermal Thermal Slope Burning
ness Area D Capacity Conduc. Dif fu§ . s Rate
Sample Yo c kx10* K}élo Ro
No. cm g/cm2 g/cm3 cal/g-°C m—n—fz—:_t—o—c— cm”/sec cmz_::‘:l/z cm/sec
VI. Woods
A. Balsa, 3/32"
B3/32-1 0.239 0.0471  0.197 0.34 1.51 2.25 2.61 0-238
B3/32-2 0.238 0.0415 0.174 0.34 1.40 2.37 2.50 y
B3/32-3 0.2385 0.0332 0.139 0.34 1.23 2.60 2.32 g'ggg
B3/32-4 0.2384 0.0314 0.132 0.34 1.20 2.67 2.29 .
B3/32-5 0.239 0.0300 0.126 0.34 1.17 2.73 2.25 0.328
B3/32-6 0.239 0.0285 0.1193 0.34 1.14 2.81 2.21 2328
B3/32-7 0.240 0.0319 0.1319 0.34 1.20 2.68 2.28 0. 288
B3/32-8 0.239 0.0310 0.130 0.34 1.19 2.69 2.28 .
B3/32-9 0.236 0.0438 0.1856 0.34 1.46 2.31 2.55 g'fgg
B3/32-10 0.237 0.0485 0.2045 0.34 1.55 2.23 2.63 0 202
B3/32-11 0.236 0.0498 0.2111 0.34 1.58 2.20 2.66 0 217
B3/32-12 0.2365 0.0445 0.1882 0.34 1.47 2.30 2.55 .
‘Balsa, 1/16"
1.94 0.302
B1/16~1 0.1621 0.0275 0.170 8'22 {'32 5'22 2.02 0.328
Bl/16-2 0.162 0.0235  0.145 0. 34 1.05 3.09 1.79 0.529
B1/16-3 0.1626 0.0163 0.100 0 34 1.04 3.08 1.79 0.428
Bl1/16-4 0.162 0.0161  0.0994 2% 1.07 2.98 1.82 0.476
Bl/16-5 0.1615 0.0170  0.1055 0. 34 1.07 3.03 1.82 0.465
Bl/16-6 0.162 0.01685 0.104 034 1.37 2.39 2.02 0.328
B1/16-7 0.147 0.0248  0.1686 0.34 1.29 2.52 1.96 0.336
Bl/16-8 0.149 0.0224  0.1503 0.34 1.44 2.32 2.08 0.302
Bl/16-9 0.147 0.0268  0.1823 0.34 1.44 2.33 2.08 0.316
B1/16-10 0.147 0.0267  0.1821 0 34 1.42 2.31 2.08 0.305
Bl/16-11 0.149  0.0266  0.1783 0. 34 1.45 2.30 2.08 0.318
B1/16-12 0.1475 0.0273  0.1852 . : :
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TABLE A-2--Continued

Material Thick- Weight Density Heat Thermal Thermal Slope Burning
ness Area Capacity Condqu Diffu;z s Rate
Sample S Y p c kx10 Kx10 Ro
No. cm /Zm2 /cm3 cal/p-°C _cal __ cm2/s cal
g9 g g cm-s-°C ec cm2—secl/2 cm/sec
B. Redgum
G-1 0.152 0.0592 0.390 0.34 2.43 1.83 2.63 0.189
G-2 0.1902 0.0726 0.381 0.34 2.39 1.84 2.90 0.213
G-3 0.176 0.0674 0.383 0.34 2.40 1.84 2.81 0.261
G-4 0.188 0.0704 0.374 0.34 2.36 1.86 2.87 0.166
G-5 0.2065 0.0780 0.378 0.34 2.73 1.84 2.98 0.167
G-6 0.1695 0.0629 0.371 0.34 2,34 1.86 2.74 0.187
C. Ash
A-1 0.344 0.2033 0.591 0.34 3.39 1.69 4.10 0.0576
A-2 0.245 0.1462 0.597 0.34 3.4z 1.68 3.87 0.0603
A-3 0.2495 0.1450 0.581 0.34 3.35 1.70 3.85 0.0928
A-4 0.281 0.1657 0.590 0.34 3.39 1.69 3.96 0.0599
A-5 0.296 0.1708 0.577 0.34 3.33 1.70 3.96 0.0729
A-6 0.244 0.1392 0.570 0.34 3.29 1.70 3.81 0.0696
D. Oak
o-1 0.269 0.1744 0.648 0.34 3.67 1.67 3.54 0.0562
0-2 0.270 0.1919 0.711 0.34 3.97 1.64 3.66 0.0629
0-3 0.2455 0.1767 0.720 0.34 4.01 1.64 3.60 0.0571
0-4 0.281 0.1841 0.655 0.34 3.70 1.66 3.58 0.0998
0-5 0.2445 0.1706 0.700 0.34 3.91 1.64 3.56 0.0989
0-6 0.2405 0.1628 0.677 0.34 3.80 1.65 3.50 0.0956

OTT



TABLE A-3

BURNING RATE CALCULATIONS, SLIEPCEVICH MODEL (36)

Material

t*

*
LA , slop<23 (s)l/2 Ro Haz Ro JEF R, '/Egve
Sample No. g/cm cal/cm”-sec cm/sec sec cal/cm“-sec
Nylon Average =
N-1 0.0353 4.45 0.0644 0.63 5.54 0.0511 0.0527
N-4 0.0404 4.45 0.1060 0.36 7.42 0.C636
N-5 0.0383 4.45 0.0457 1.01 4.14 0.0460
N-7 0.0404 3.33 0.0457 1.35 2.87 0.0531
N-8 0.0370 4.27 0.0436 1.20 3.84 0.0477
N-9 0.0393 4.05 0.0601 0.81 4.44 0.0541
N-10 0.0346 3.90 0.0474 1.00 3.99 0.0475
N~11 0.0407 4.70 0.0453 1.07 4.54 0.0468
N-12 0.0356 3.90 0.0500 0.91 4,19 0.0477
N-13 0.0465 4.05 0.0876 0.54 5.46 0.0640
N-14 0.0465 5.00 0.0813 0.52 6.91 0.0589
Vinyl Average =
v-1 0.0994 2.83 0.0902 0.86 3.10 0.0837 0.0824
V-2 0.0868 3.75 0.1482 0.32 7.07 0.0839
V-3 0.0966 2.33 0.1092 0.69 2.83 0.0907
V-4 0.1011 3.37 0.0843 0.88 3.55 0.0791
V-5 0.0929 2.83 0.1808 0.27 5.50 0.0940
V-6 0.0668 4.37 0.1452 0.28 8.31 0.0775
V-7 0.0787 3.75 0.1334 0.37 6.60 0.0808
V-8 0.0505 3.47 0.1820 0.18 8.47 0.0783
V-9 0.0702 4.15 0.1230 0.39 6.64 0.0768
v-10 0.0763 3.47 0.1143 0.48 5.25 0.0792
v-11 0.0590 3.75 0.1854 0.19 9.13 0.0812
v-12 0.0468 3.33 0.1706 0.22 7.18 0.0792
v-13 0.0641 3.90 0.1550 0.27 7.53 0.0803
V-15 0.0536 3.30 0.256 0.11 10.14 0.0896
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TABLE A-3--Continued

Material Wy , Slop; (s)l , Ro t* Ha; R /E¥® R JEF
Sample No. g/cm cal/cm“-sec / cm/sec sec cal/cm“-sec o o ave
Cottons Average =

CcT-1 0.0353 3.37 0.155 0.24 6.87 0.0686 0.0720
cT-3 0.0258 2.83 0.204 0.12 8.19 0.0724
CT-4 0.0241 2.90 0.223 0.10 8.78 0.0724
CT-5 0.0217 3.08 0.262 0.08 11.16 0.0724
CT~-6 0.0203 2.72 0.249 0.08 9.77 0.0711
CcT-7 0.0193 2.50 0.264 0.09 8.20 0.0745
Filter Paper Average =
FP-1 0.0092 1.97 0.361 0.0375 10.12 0.0699 0.0689
FP-2 0.01763 2.86 0.273 0.0665 11.09 0.0704
FP-3 0.0092 2.13 0.294 0.0480 9.73 0.0644
FP-4 0.0102 2.22 0.358 0.0395 11.17 0.0702
FP~5 0.0095 2.47 0.350 0.0355 13.10 0.0658
FP-7 0.0075 2.22 0.487 0.0205 15.58 0.0697
Carpet Average =
c-1 0.0685 5.71 0.0224 3.15 -3.22 0.0398 0.0438
Cc-3 0.0726 3.33 0.017 7.20 1.24 0.0456
c-4 0.1017 5.71 0.019 5.33 2.47 0.0439
C-6 0.0638 6.25 0.020 3.05 3.58 0.0350
c-7 0.0661 5.00 0.018 4,38 2.39 0.0376
Cc-8 0.1055 3.42 0.022 6.65 1.33 0.0568
c-9 0.0617 6.00 0.029 2.71 3.64 0.0478

CTIT



TABLE A-3--Continued

i * *
Material v, ) Slopg (s)l/2 Ro t Hy , R JEF R JEF—
Sample No. g/cm cal/cm”-sec cm/sec sec cal/cm”-sec °© © ave
Wood - Balsa Average =
B3/32-1 0.0471 2.61 0.2365 0.213 4.82 0.109 0.108
B3/32-2 0.0415 2.50 0.2505 0.188 4.92 0.1085
B3/32-3 0.0332 2.32 0.3024 0.130 5.49 0.1091
B3/32-4 0.0314 2.29 0.3046 0.1265 5.48 0.1084
B3/32=-5 0.0300 2.25 0.3282 0.111 5.76 0.1094
B3/32-6 0.0285 2.21 0.3282 0.110 5.67 0.1087
B3/32-7 0.0319 2.28 0.3390 0.107 5.96 0.1109
B3/32-8 0.0310 2.28 0.288 0.1385 5.21 0.1072
B3/32-9 0.0438 2.55 0.246 0.195 4.91 0.1086
B3/32-10 0.0485 2.63 0.195 0.291 4.15 0.1052
B3/32-11 0.0498 2.66 0.202 0.277 4.31 0.1063
B3/32-12 0.0445 2.55 0.217 0.240 4.45 0.1063 4 verage =
Bl/16-1 0.0275 1.94 0.302 0.129 4.68 0.1086 0.1085
B1/16-2 0.0235 2.02 0.328 0.106 5.23 0.1067
B1l/16-3 0.0163 1.79 0.529 0.0446 7.10 0.1118
Bl/16-4 0.0161 1.79 0.428 0.0626 6.00 0.1069
B1/16-5 0.0170 1.82 0.476 0.0535 6.62 0.1100
Bl/16-6 0.01685 1.82 0.465 0.0554 6.46 0.1095
Bl1/16-7 0.0248 2.02 0.328 0.108 5.17 0.108
B1/16-8 0.0224 1.96 0.336 0.101 5.19 0.1068
B1/16-9 0.0268 2.08 0.302 0.126 4.90 0.1073
Bl1/16-10 0.0267 2.08 0.316 0.117 5.08 0.1082
B1/16-11 0.0266 2.08 0.305 0.124 4.94 0.1074

B1/16-12 0.0273 2.08 0.318 0.117 5.12 0.1088
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TABLE A~3--Continued

Material v, Slope (s) - Ro t* Ha; R /EF RO/ET-—
Sample No. g/cm2 cal/cmz—secl/2 cm/sec sec cal/cm”-sec °© ave
Wood - Ash Average =

A-1 0.2033 4.10 0.0576 2.39 2.65 0.0891 0.0884
A-2 0.1462 3.87 0.0603 1.96 2.76 0.0844
A-3 0.1450 3.85 0.0928 1.005 3.84 0.0930
A~4 0.1657 3.96 0.0599 2,08 2.75 0.0864
A-5 0.1708 3.96 0.0729 1.56 3.17 0.0909
A-~6 0.1392 3.81 0.0696 1.55 3.06 0.0867
Wood - Gum Average =
G-1 0.0592 2.63 0.189 0.258 5.18 0ﬂ0960 0.0980
G-2 0.0726 2.90 0.213 0.222 6.15 0.1003
G-3 0.0674 2.81 0.261 0.1565 7.10 0.1033
G-4 0.0704 2.87 0.166 0.330 5.00 0.0954
G-5 0.0780 2.98 0.167 0.336 5.15 0.0966
G-6 0.0629 2.74 0.187 0.264 5.33 0.0963
Wood - Oak - Average =
- . 3.54 0.0562 2.64 2.18 0.0913 0.0976
8-% 3,%3%3 3.66 0.0629 2.28 2.42 0.0950
0-3 0.1767 3.60 0.0571 2.58 2.24 0.0917
0-4 0.1841 3.58 0.0998 1.09 3.44 0.1040
0-5 0.1706 3.56 0.0989 1.07 3.44 0.1025
0-6 0.1628 3.50 0.0956 1.12 3.31 0.1011
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TABLE A-4

IGNITION DATA FROM WESSON'S RESEARCH (39)

3 _ - _ = _ -
5 0 Hi iq |<x102 5 5 Hia = _Ifiu = Ha HR HR

cm g/cc cm/s H, Hy pl/3 p1/3 -Cor.
Ash

2.54 0.686 0.36 465.0 1.473 0.765 0.825 0.275 0.297 0.330 0.357 0.122

1/3 0.60 120.0 0.458 0.495 0.550 0.594  0.334

p~/ 7= 1.06 23.0 0.811 0.875 0.975 1.051  0.730

0.883 1.12 19.5 0.856 0.924 1.028 1.110 0.782

1.52 11.0 1.162 1.253 1.397 1.505 1.118

1.99 8.7 1.522 1.641 1.830 1.971 1.511

2.72 3.25 2.080 2.245 2.497 2.700 2.118

2.90 2.40 2.216 2.392 2.660 2.810 2.266

2.30 5.5 1.760 1.898 2.114 2.280 1.770

2.05 6.6 1.568 1.692 1.880 2.030 1.562

1.45 18.5 1.108 1.196 1.330 1.435 1.061

1.00 54.0 0.765 0.825 0.918 0.991 0.679

0.82 98.0 0.627 0.676 0.752 0.812 0.524
Oak

2.54 0.709 0.76 67.0 1.555 0.773 0.810 0.587 0.615 0.657 0.688 0.460

1/3 1.01 29.0 0.780 0.817 0.873 0.915 0.670

p~/ "= 1.50 14.0 1.159 1.213 1.297 1.360 1.078

0.893 2.06 4.4 1.592 1.668 1.785 1.868 1.538

2.56 2.0 1.977 2.073 2.210 2.320 1.946

2.60 2.5 2.007 2.104 2.250 Z.360 1.977

2.85 2.2 2.200 2.305 2.465 2.575 2.180

2.20 3.50 1.700 1.781 1.905 1.997 1.651

2.00 6.0 1.546 1.620 1.730 1.515 1.490

1.42 26.0 1.097 1.150 1.228 1.289 1.013

0.51 512.0 0.394 0.413 0.441 0.462 0.246

1.15 418.0 0.888 0.931 0.995 1.042 0.787
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TABLE A-4--Continued

5 0 H, tig leO3 5 = H,o Hia H Hp _ Hp =
cm g/cc cm/s = H, = H p173 pl 3 Ha Cor.
Gum -- benzene flames
2.54 0.624 0.80 78.0 1.398 0.766 0.825 0.613 0.660 0.716 0.771 0.507
1/3 1.01 28.0 0.774 0.833 0.904 0.972 0.687
p = 1.50 6.5 1.150 1.238 1.343 1.445 1.103
0.856 2.22 2.6 1.700 1.831 1.985 2.140 1.701
2.68 1.6 2.055 2.210 2.400 2.580 2.084
0.76 122.0 0.582 0.626 0.680 0.731 0.471
0.98 48.0 0.751 0.808 0.877 0.944 0.661
1.43 18.0 1.095 1.180 1.280 1.378 1.044
2.03 8.0 1.555 1.674 1.818 1.955 1.544
2.30 4.8 1.762 1.895 2.060 2.215 1.767
Balsa -- 1000 w lamps

1.97 0.0901 3.25 2.0 1.765 0.408 0.551 1.325 1.791 2,930 3.960 1.663
1/3 3.20 2.0 1.305 1.765 2.890  3.905 1.637
) = 2.75 3.4 1.122 1.516 2.485 3.350 1.386

0.452 2.35 4.6 0.960 1.295 2.123 2.865

1.80 8.3 0.735 0.993 1.625 2.195

1.38 15.0 0.564 0.761 1.246 1.684

2.03 4.0 0.829 1.119 1.834 2.470

1.48 9.4 0.605 0.816 1.339 1.805

1.00 20.8 0.408 0.551 0.904 1.220
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TABLE A-4--Continued

0 pl/3 Hy i a o H ﬁ; Hy  correct _HR B Hp
g 173 H -c. 173
p a p
Balsa -- benzene flames
0.074 0.420 2.22 1.3 0.753 0.810 1.67 1.798 3.98 0.130 1.668 3.97
0.089 0.447 1.70 1.8 1.28 1.38 2.86 0.138 1.142 2.55
0.086 0.442 1.02 11.2 0-.768 0.826 1.74 0.146 0.680 1.54
0.070 0.412 0.83 26.0 0.625 0.672 1.52 0.153 0.519 1.26
0.103 0.469 0.88 20.0 0.663 0.713 1.41 0.151 0.562 1.20
0.112 0.482 1.05 9.1 0.791 0.850 1.64 0.145 0.705 l1.46
0.103 0.469 1.29 6.0 0.971 1.045 2.07 0.140 0.905 1.93
0.099 0.463 1.56 2.5 1.175 1.264 2.54 0.135 1.129 2.44
0.106 0.474 1.58 2.5 1.190 1.280 2.51 0.134 1.146 2.42
0.100 0.464 2.12 1.0 1.596 1.717 3.45 0.130 1.587 3.42
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Figure A-1l. The Variation of the Ignition Time with the
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Density and Thickness Effects for Balsa (39).
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CORRECTIONS ON WESSON'S IGNITION DATA TO ACCOUNT FOR THICKNESS DIFFERENCES

TABLE A-5

Material $ ax10 P 2/at 8 erf erf 3/4 t. H

2/3t 273t 19 a

B3/32-1 0.2388 1.765 0.197 0.084 2.85 1.0 1.0 1 2.00
4 1/3 0.1188 2.01 1.0 1.0 2 1.63

slope = 2.61 p/ 7= 0.1880 1.271 0.9275 0.945 5 1.18

0.582 0.2056 1.161 0.8991 0.9236 6 1.09
0.2378 1.005 0.8447 0.881 8 0.949
0.2656 0.901 0.7969 0.8437 10 0.854

B3/32-2 0.2380 0.174 2.835 1.0 1.0 1  1.93
1/3 2.005 1 1 2 1.56

= 1.265 0.9275 0.945 5 1.13

0.558 1.159 0.8991 0.9236 6 1.04
1.001 0.8447 0.881 8 0.909
0.897 0.7969 0.8437 10 0.819

B3/32-3 0.2385 0.139 2.84 1 1 1 1.79
1/3 2.010 1 1 2  1.45

slope = 2.32 p~/ "= 1.27 0.9275 0.945 5 1.05

0.518 1.161 0.8991 0.9236 6 0.966

1.005 0.8447 0.881 8 0.844
0.900 0.7969 0.8437 10 0.760

B3/32-4 0.2384 1.765 0.132 2.84 1 1 1 1.76
1/3 2.01 1 1 2 1.43

slope = 2.21 p/ 7= 1.27 0.9275 0.945 5 1.03

0.510 1.161 0.8991 0.9236 6 0.951
1.005 0.8447 0.881 8 0.831
0.900 0.7969 0.8437 10 0.749

9CT



TABLE A-5--Continued

Material $ ax10 0 2v/aot erf erf 3/4 t. H

2V/ot 2/ot 19 a
B3/32~5 0.2388 0.132 2.85 1 1 1 1.73
1/3 2.01 1 1 2 1.41
slope = 2.25 o} = 1.271 0.9275 0.945 5 1.02

0.502 1.161 0.8991 0.9236 6 0.937

1.005 0.8447 0.881 8 0.818

0.901 0.796¢° 0.8437 10 0.737

B3/32~6 0.2385 0.1192 2.84 1 1 1 1.70
1/3 2.01 1 1 2 1.38

slope = 2.21 0 = 1.27 0.9275 0.945 5 0.995

0.492 l1.161 0.8991 0.92306 6 0.918

1.005 0.8447 0.881 8 0.802

0.900 0.7969 0.8437 10 0.722

Bl/16-1 0.1621 1.765 0.170 0.084 1.93 0.9937 0.9953 1 1.73
1/3 0.1188 1.363 0.9462 0.9594 2 1.35

o = 0.1880 0.862 0.7772 0.828 5 0.893

slope = 1.94 0.504 0.2056 0.788 0.7348 0.792 6 0.806

0.2378 0.682 0.6652 0.736 8 0.686

0.2656 0.610 0.6117 0.692 10 0.607

Bl/16-2 0.1620 0.145 1.93 0.9937 0.9953 1l 1.81
1/3 1.363 0.9462 0.9594 2 1.41

slope = 2.02 ot/ o= 0.862 0.7772  0.828 5 0.932

0.526 0.788 0.7348 0.792 6 0.842

0.682 0.6652 0.736 8 0.716

0.610 0.6117 0.692 10 0.633
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TABLE A-5--Continued

Material ax10°> o 2/ot § erf erf 3/4 +t, H
2V/KE 2/t * a

Bl1/16-3 0.100 1.935 0.9938 0.99534 1 1.59
1/3 1.370 0.9473 0.9592 2 1.25

1.79 p = 0.865 0.7787 0.829 5 0.823

0.464 0.791 0.7367 0.796 6 0.746

0.684 0.6666 0,738 8 0.633

0.613 0.6139 0.694 10 0.560
Bl/16-4 1.765 0.0994 0.084 1.93 0.9937 0.9953 1 1.59
1/3 0.1188 1.363 0.9462 0.9594 2 1.25

1.79 p = 0.1880 0.862 0.7772 0.828 5 0.822

0.464 0.2056 0.788 0.7348 0.792 6 0.742

0.2378 0.682 0.6652 0.736 8 0.632

0.2656 0.610 0.6117 0.692 10 0.559
B1/16-5 0.1055 1.923 0.9934 0.9950 1 1.62
1/3 1.360 0.9456 0.9590 2 1.27

1.82 = 0.860 0.7761 0.827 5 0.837

0.473 0.786 0.7336 0.792 6 0.757

0.680 0.6638 0,735 8 0.643

0.608 0.6101 0.690 10 0.568
Bl/16-6 0.104 1.93 0.9937 0.9953 1 1.61
1/3 1.363 0.9462 0.9594 2 1.26

1.82 0 = 0.862 0.7772 0.828 5 0.833

0.470 0.788 0.7348 0.792 6 0.752

0.682 0.6652 0.736 8 0.640

0.610 0.6117 0.692 10 0.566
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TABLE A-5--Continued

Material 8 ax103 o 2vot s erf : erf 3/4 t,. H

2/at 2/at 19 a

A-1 0.344 1.473 0.591 0.0768 4.48 1.0 1.0 1 3.19
1/3 0.1086 3.17 1.0 1.0 2 2.23

p = 0.1716 2.01 1.0 1.0 5 1.49

0.8395 0.2428 1.415 0.9545 0.9656 10 1.05

0.3435 1.00 0.8427 0.8795 20 0.709

0.4204 0.82 0.7538 0.8090 30 0.764

0.4856 0.71 0.6847 0.7530 40 0.449

0.5944 0.58 0.5879 0.6695 60 0.332

A-2 0.245 1.473 0.597 0.0768 3.19 1.0 1.0 1 3.20
1/3 0.1086 2.26 1.0 1.0 2 2.24

p = 0.1716 1.43 0.9569 0.9675 5 1.44

0.8423 0.2428 1.01 0.8468 0.8830 10 0.967

0.3435 0.71 0.6847 0.7530 20 0.609

0.4204 0.58 0.5879 0.6715 30 0.636

0.4856 0.50 0.5205 0.6130 40 0.367

0.5944 0.41 0.4380 0.5381 60 0.267

A-3 0.2495 1.473 0.581 0.0768 3.25 1.0 1.0 1 3.170
1/3 0.1086 2.30 1.0 1.0 2 2.22

0 = 0.1716 1.455 0.9604 0.9702 5 1.43

0.835 0.2428 1.027 0.8576 0.891 10 0.967

0.3435 0.73 0.6981 0.764 20 0.612

0.4204 0.59 0.5959 0.678 30 0.637

0.4856 0.51 0.5292 0.620 40 0.368

0.5944 0.42 0.4475 0.5470 60 0.269
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TABLE A-5--Continued

Material S axl0 o 2/0t erf erf 3/4 t. H
2/aE 2/at 19 a
A-4 0.281 1.473 0.590 0.0768 3.66 1.0 1.0 1l 3.185
1/3 0.1086 2.59 1.0 1.0 2 2.490
p = 0.1716 1.64 0.9796 0.9834 5 1.46
0.839 0.2428 1.155 0.8976 0.9220 10 1.010
0.3435 0.82 0.7538 0.8090 20 0.652
0.4204 0.67 0.6566 0.7296 30 0.689
0.4856 0.58 0.5879 0.6715 40 0.400
0.5944 0.47 0.4937 0.5890 60 0.292
A-5 0.296 1.473 0.577 0.0768 3.85 1.0 1.0 1 3.165
1/3 0.1086 2.73 1.0 1.0 2 - 2.22
o = 0.1716 1.725 0.9853 0.9895 5 1.46
0.833 0.2428 1.22 0.9155 0.9360 10 1.01
0.3435 0.86 0.7761 0.8268 20 0.661
0.4204 0.70 0.6778 0.7465 30 0.700
0.4856 0.61 0.6117 0.6917 40 0.409
0.5944 0.50 0.5205 0.6125 60 0.301
A-6 0.244 1.473 0.570 0.0768 3.19 1.0 1.0 1l 3.153
1/3 0.1086 2.26 1.0 1.0 2 2.21
o) = 0.1716 1.43 0.9569 0.9675 5 1.42
0.8296 0.2428 1.01 0.8468 0.8830 10 0.952
0.3435 0.71 0.6847 0.7530 20 0.600
0.4204 0.58 0.5879 0.6715 30 0.627
0.4856 0.50 0.5205 0.6130 40 0.361
0.5944 0.41 0.4380 0.5381 50 0.263
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TABLE A-5--Continued

Material S ax103 o 2/at J erf =S erf 3/4 t, H
2/at 2/ot 19 a
G-1 0.1517 1.398 0.390 0.0748 2.03 1.0 1.0 1 1
1/3 0.1057 1.435 0.9576 0.968 2 1.84
= 0.1672 0.907 0.8004 0.846 5 1.08
0.731 0.2364 0.642 0.6210 0.700 10 0.655
0.3348 0.45 0.4755 0.5725 20  0.398
0.4096 0.37 0.3992 0.5020 30 0.294
0.4730 0.32 0.3491 0.4540 40 0.232
G-2 0.1904 1.398 0.381 0.0748 2.55 1.0 1.0 1 1
1/2 0.1057 1.801 0.9891 0.9917 2 1.87
p~/ %= 0.1672 1.139 0.8927 0.9183 5 1.16
0.7250 0.2364 0.805 0.7450 0.802 10 0.744
0.3348 0.570 0.5798 0.665 20 0.458
0.4096 0.465 0.4892 0.585 30 0.339
0.4730 0.40 0.4284 0.530 40 0.269
G-3 0.1757 1.398 0.383 0.0748 2.35 1.0 1.0 1 2.775
1/2 0.1057 1.662 0.9812  0.9859 2 1.86
p~/ ‘= 0.1672 1.051 0.8628 0.890 5 1.13
0.7265 0.2364 0.743 0.7066 0.771 10 0.717
0.3348 0.525 0.5421 0.632 20 0.436
0.4096 0.43 0.4569 0.556 30 0.323
0.4730 0.37 0.3992 0.5020 40 0.255
G-4 0.1880 1.398 0.374 0.0748 2.51 1.0 1.0 1 2,752
1/2 0.1057 1.779 0.9881 0.991 2 1.86
p~/ 4= 0.1672 1.124 0.8880 0.9194 5 1.15
0.7205 0.2364 0.795 0.7391 0.797 10 0.735
0.3348 0.56 0.5716 0.6574 20 0.450
0.4096 0.46 0.4847 0.581 30 0.335
0.4730 0.40 0.4284 0.530 40 0.267
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TABLE A-5--Continued

Material 8 ax10° o 2/ot § erf —9 erf 3/4 t. H

2/a€ 2/t 19 a

G-5 0.2065 1.398 0.378 0.0748 2.76 1.0 1.0 1 2.762
1/3 0.1057 1.954 0.9942 0.99565 2 1.87
= 0.1672 1.235 0.9192 0.9388 5 1.18

0.723 0.2364 0.874 0.7834 0.833 10 0.771

0.3348 0.62 0.6194 0.698 20 0.479

0.4096 0.504 0.5250 0.6165 30 0.357

0.4730 0.440 0.4662 0.564 40 0.285

G-6 0.1695 1.398 0.371 0.0748 2.27 1.0 1.0 1 2.747
1/3 0.1057 1.604 0.9767 0.9825 2 1.84
= 0.1672 1.014 0.8484 0.884 5 1.11

0.719 0.2364 0.717 0.6894 0.756 10 0.696

0.3348 0.51 0.5292 0.620 20 0.423

0.4096 0.41 0.4380 0.5385 30 0.310

0.4730 0.36 0.3893 0.4925 40 0.248

o0-1 0.2690 1.555 0.648 0.0789 3.42 1.0 1.0 1 2.718

1/3 0.1116 2.41 1.0 1.0 2 2.164

= 0.1764 1.528 0.9692 0.9768 55 1.581

0.8655 0.2494 1.081 0.8737 0.9036 10 1.173

0.3528 0.76 0.7175 0.7795 20 0.810

0.4320 0.62 0.6194 0.6980 30 0.634

0.4988 0.54 0.5549 0.6430 40 0.531

0-2 0.270 1.555 0.711 0.0789 3.42 1.0 1.0 1 2.803

1/3 0.1116 2.41 1.0 1.0 2 2,232

0 = 0.1764 1.528 0.9692 0.9768 5 1.631

0.8928 0.2494 1.081 0.8737 0.9036 10 1.210

0.3528 0.76 0.7175 0.7795 20 0.835

0.4320 0.625 0.6242 0.7020 30 0.658

0.4988 0.54 0.5549 0.6430 40 0.548
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TABLE A-5--Continued

Material S ax103 P 2/ot J erf 8 erf 3/4 t. H
2/at 2/aE * a

0-3 0.2455 1.555 0.720 0.0789 3.11 1.0 100 1 2.815

1/3 0.1116 2.20 1.0 1.0 2 2.241

o = 0.1764 1.392 0.9510 0.963 5 1.614

0.8965 0.2494 0.984 0.8360 0.8743 10 1.176

0.3528 0.696 0.6750 0.7447 20 0.801

0.4320 0.57 0.5798 0.6643 30 0.625

0.4988 0.49 0.5117 0.6045 40 0.518

0-4 0.2810 1.555 0.655 0.0789 3.56 1.0 1.0 1 2.727

1/3 0.1116 2.52 1.0 1.0 2 2.172

o) = 0.1764 1.593 0.9759 0.974 5 1.582

0.8686 0.2494 1.127 0.8889 0.9155 10 1.193

0.3528 0.80 0.7421 0.8159 20 0.850

0.4320 0.65 0.6420 0.7175 30 0.652

0.4988 0.56 0.5716 0.6570 40 0.545

0-5 0.2445 1.555 0.700 0.0789 3.10 1.0 1.0 1 2.788

1/3 0.1116 2.19 1.0 1.0 2 2.220

p = 0.1764 1.386 0.9500 0.9623 5 1.598

0.888 0.2494 0.980 0.8342 0.873 10 1.163

0.3528 0.693 0.6729 0.743 20 0.792

0.4320 0.566 0.5765 0.6620 30 0.617

0.4988 0.49 0.5117 0.6050 40 0.513

0-6 0.2405 1.555 0.677 0.0789 3.05 1.0 1.0 1 2.758

1/3 0.1116 2.16 1.0 1.0 2 2.200

ol = 0.1764 1.363 0.9461 0.9593 5 1.576

0.8783 0.2494 0.964 0.8272 0.8636 10 1.138

0.3528 0.68 0.6638 0.7353 20 0.775

0.4320 0.557 0.5691 0.6550 30 0.604

0.4988 0.482 0.5045 0.5990 40 0.475
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TABLE A~5--Continued

Material 8 ax103 0 2/aE J erf erf 3/4 H
2/0t 2/0E a
B1/16-7 0.1468 1.765 0.1686 0.084 1.748 0.9865 0.9899 1 1.889
/3 0.1188  1.236 0.9195 0.9390 2 1.454
slope = 2.02 = 0.1880 0.781 0.7306 0.7902 5  0.935
0.553 0.2056 0.714 0.6872 0.7548 6 0.843
0.2378 0.617 0.6172 0.6963 8 0.712
0.2656 0.553 0.5658 0.6524 10 0.628
B1/16-8 0.1490 1.765 0.1503 0.084 1.774 0.9879  0.9909 1 1.819
/3 0.1188  1.254 0.9239  0.9424 2 1.404
slope = 1.96 = 0.1880 0.793 0.7379  0.7962 5 0.906
0.532 0.2056 0.725 0.6948  0.7610 6 0.818
0.2378  0.627 0.6247  0.7027 8 0.692
0.2656 0.561 0.5734 0.6589 10 0.610
B1/16-9 0.1470 1.765 0.1823 0.084 1.750 0.9867 0.9900 1 1.937
/3 0.1188  1.237 0.9198 0.9392 2 1.491
slope = 2.08 = 0.1880 0.782 0.7312 0.7907 5 0.959
0.567 0.2056 0.715 0.6881 0.7555 6 0.865
0.2378 0. 8 0.6179  0.6969 8 0.731
0.2656 0.553 0.5658 0.6524 10 0.644
B1/16-10  0.1468 1.765 0.1821 0.084 1.748 0.9865 0.9899 1 1.936
0.1188  1.236 0.9195 0.9390 2 1.491
slope = 2.08 173, 0.1880 .781 0.7306 0.7902 5 0.959
0.567 0.2056 0.714 0.6872 0.7548 6 0.864
0.2378  0.617 0.6171 0. 963 8 0.730
0.2656 0.553 0.5688 0.6524 10 0.644
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TABLE A-5--Continued

Material $ ax10> 2v/aot $ erf g erf 3/4 H
2/at 2v/at a

Bl/16~-11 0.1490 1.765 1.774 0.9879 0.9909 1 1.925

1.254 0.9239 0.9424 2 1.486

slope = 2.08 0.793 0.7379 0.7962 5 0.959

0.725 0.6948 0.7610 6 0.865

0.627 0.6247 0.7027 8 0.732

0.561 0.5734 0.6589 10 0.645

B1/16-12 0.1475 1.765 1.756 0.9870 0.9902 1 1.947

1.242 0.9210 0.9401 2 1.500

slope = 2.08 0.785 0.7330 0.7922 5 0.966

0.717 0.6894 0.7566 6 0.871

0.620 0.6194 0.6982 8 0.736

0.555 0.5674 0.6538 10 0.648

B3/32-7 0.2395 1.765 0.084 2.85 1.0 1.0 1 1.756

0.1188 2.02 1.0 1.0 2 1.425

slope = 2.28 0.1880 1.274 0.9284 0.9458 5 1.030

0.2056 1.165 0.9005 0.9244 6 0.950

0.2378 1.007 0.8455 0.8817 8 0.830

0.2656 0.902 0.7979 0.8442 10 0.748

B3/32-8 0.2390 1.765 2.85 1.0 1.0 1 1.749

2.01 1.0 1.0 2 1.420

slope = 2.28 1.271 0.9277 0.9453 5 1.026

l.162 0.8996 0.9237 6 0.946

1.005 0.8447 0.8811 8 0.826

0.900 0.7969 0.8434 10 0.744
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TABLE A-5--Continued

Material § ax103 0 2VaE erf —5 erf 3/4 t. H
2/at 2V/3E 19 a

B3/32-9  0.2360  1.765  0.1856 2.81 1.0 1.0 1 1.970

1/3 1.987  0.9951 0.9963 2 1.593

slope = 2.55 oL/ 3= 1.255  0.9241 0.9425 5 1.152

0.571 1.148  0.8955 0.9206 6 1.062

0.992  0.8393 0.8769 8  0.926

0.889  0.7912 0.8389 10 0.833

B3/32-10 0.2370  1.765  0.2045 0.084 2.82 1.0 1.0 1 2.032

1/2 0.1188  1.995  0.9952 0.9964 2 1.643

slope = 2.63 oY/%-  0.1880  1.261  0.9254 0.9435 5 1.189

0.589  0.2056  1.153  0.8970 0.9217 6 1.097

0.2378  0.997  0.8414 0.8785 8  0.957

0.2656  0.892  0.7928 0.8402 10 0.861

B3/32-11 0.2360  1.765  0.2111 2.81 1.0 1.0 1 2.056

1/3 1.987  0.9951 0.9963 2 1.663

slope = 2.66 ot/ 3= 1.255  0.9241 0.9425 5 1.202

0.596 1.148  0.8955 0.9206 6 1.108

0.992  0.8373 0.8769 8 0.967

0.889  0.7912 0.8389 10 0.870

B3/32-12 0.2365  1.765  0.1882 2.82 1.0 1.0 1 1.977

1/3 1.991  0.9951 0.9963 2 1.598

slope = 2.55 ol/3= 1.258  0.9247 0.9430 5 1.156

0.573 1.150  0.8961 0.9210 6 1.066

0.995  0.8406 0.8779 8 0.931

0.890 .0.7918 0.8394 10 0.837
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Identification | Sponsoring Date Intended Number of [Selection | Size of |Exposed Area Pretest Treat- Size of Test | Ventilation
and Title Organization Application |Specimens of Specimen |of Specimen went and Enclosure or Afr
Specimen Conditioning Supply
Method 5900 Cen. Servs. | 15 May, | Flame proof~ [|2;(1 ea. Length 7x10-1n, 6 x 9-in. Circulating air | An enclosure | Room atmos- |k
Fed. Spec. Admin, 1951 ed & £ ge- |from warp |parallel at 140 to 145°F | to protect phere, x
T-191b, "Flame sistant fab~ (& filling |to wa for 4 + § hr, from draft. ¢
Resistance of rics & some |direc- or fille
Cloth; Horizon- untreated fab{tioms). ing direc-
tal” rice withve- tions,
ry open wesva
Mathod 5902 Gen, Servs, |15 May, | Ylame proof- |10;(5 e, |Length z’@uz-m. 2 x 12-in, (70 + 2°F, 65 + [Sheat-metal | Approx, k-in,!
Fed, Spec. CCC- | A . 1951 ed & firere- |from warp |parallel 12%XRH for & Brs.|cabinet 12 dia. holes |«
T-191b, "Flame sistant fab- |& filling {to wa ain, to lé~in, top and bot~ | (
Resisgance of rics other direc= or fill- wide, 12 to tom,
Cloth; Verti- then pile tions). ing direc- l4-in, deep
cal", fabrics, tions. 30-in, high.
Mathod 5904 Gen, Servs. |15 May, | Flane proof- 3 None Any size 2 x 5-in, None specified, [No enclosure. | Room atmos- |°
Fed, Spec. CCC=- | Admin, 1951 ed and fire with ex- phere, t
T-191b, "Flama resistant posed «
Resistance of fabrics other edge, {
Cloth; Verti- than pile
cal, Held". fabrics,
Method 5903T Gen, Serve. |15 Jan, | Flame proof- |10;(5 ea, [Length 23L112-1n. 2 x 12-im, 70 + 2°F, 65 + |Sheet-metal | Approx, X-in,||
Fed, Spec, CCC- | Admin, 1959 ed and fire- |from warp |parallel 2L W for T cabinet, 12 die. holes ay
T-191b, "Flame resistant & filling |[to vntg 16 hra, ain, to l4-in, top and bot- |,
Resistance of fabrics other |direc= or fill- wide, 1f to tom,
Cloth; Modif- than pils tions). ing direc- 14-4n, daee;
fabrics. tions. 30-in, higg.
Msthod 5906 Gen. Serva., {15 May, | Cloth that 5, provid- |[Length 4xx12%~in, | 2 x =in, |Circulating air |Metal cabinet | ¥-in, clear-
Fed. Spec, CCCw- | Admin, 1951 ' |has not been [ed giffer- p-rguel L 124 at 140 to 145°F |8~in, wide, ﬁnce all
T-191b, "Burm=~ . flame proof- |ence be- to the for 4 + k he, 15-in, lomg, | around top;
ing Rate of ed, includ- [tween re- [more - la-in, hi g equidistant
Cloth"Hori- ing pile and |sults for [harzardous kept at 1 olp all- n, holes
zontal", napped cloth, lany 2 is direction, by heaters, along each
zs'znf:g;n side at bot-
tom,
average of
those tesc-
ed; other-
wise 10.
Method 5908 Gen, Serva. |15 May, | Cloth that z Length 2x6-in. 1% x 6-in, Circulating air [Metal hood Cabinet per-
FPed. Spec. CCC-| A . 1951 has not been parallel at 140 to 145°F |or cabinet mits free
T-191b, "Burne flame proof- to more for 4 + k hr, (unapecif- ventilation,
ing Rate of ed, hazardous - led size).
Cloth; 4%¢ direction,
Angle,"
Method 5910 Gen, Servas, 15 May, | Cloth that 6;(3 ea. Length 1x6~4n. 1 x 6~in, Circulating air |No enclosure.| Room atmos-
Fed. Spec. CCC- | A . 1951 has not been |from warp |parallel at 140 to fz.w' phere,
T-191b, "Burn- flame proof- (and £ille |to wa for 4 + k hr,
ing Rate of ed and does |ing direc- lor fill-
Cloth; 30° not contsin |tions). ing direc-
Angle”, fibars or One only tions.
finishes if mater-
which melt 1al does
and cling, not support|
combustion.
Method 2021 Gen, Servs, S Oct, | Rigid plas- 10 At ran- All expos- 23 + 1,1°C (73.5 |Completely Exhaust fan
Fed, Test Admin, 1961 tics in the dom (per ed except + 2F) 50 + 4% Ri|enclosed 18 used only
Method Std, form of Gen. Reg) | o 5x5-in.;] area under Tor 48 hrsy if laboratory after test.
No. 406 sheets or actual | clamp. less than M-in. |hood.
YFlammability molded bars thickness thick; 96 hrs, if
of Plastics over 0,050 * thicker, (Per Gen.
Over 0,050 in. thick. Req.)
Inch in
Thickness".
Method 2022 Gen, Servs, |5 Oct, | Plastics in |5 minimum |At ran- 1x18~in,[ 1 x 12-in,; [23 + 1,1° . - top;
Ped. Test Adnin, 1961 the form of don (per (12-tn, = |+ 2';-155 $ éi’m’; i‘:‘:ih“.?i“‘ ?.E;:.n;ighp'
Method Std. sheets or Gen, Req.) length 1is ex-| Tor hrs, (per |fire-resist- | opening
No, 406 filns 0,050- posed below |Gen. Req,) 2 he. |ant enclo- around bot-
"Flammability in, or less clamp), at 23 + 3°C after|sure 12-in. | tom.
of Plastics in thickness, fusee Ts wids; l2-in,
8- Under 1n attached, g:;g, 30-4n.
Thickness". .
Mathod 2023 Gen, Serva. |35 Oct Plastics 5 r At ran- . . 3
Feicfasr ARG (D01 |G (Gt Rer) [fon Gpar | sioci| peseriorted |Z-LEATRE (EoERNERSS | oumd ties
“:' sed, tgm‘gﬁ“ Gen, Req.) less then for 48 hirs, 1f |size to con- | near base and
'Flame Ra- Eho,. th{t 4=1in, less than 1§-in. jtain appara- e;:th:gntnf::.-
sistance”, are salf- {'Eiihiczg,hf;;, :‘i:&'\o::d :lng at ::ln.
gt::%uhhgéznf Cen. Req.). draft, suction,
& 2022,"

COMPARISON OF FLAMMAB



- Sire of Test |} Ventilation Spacimen Orientation Ignicion Location Time of Mathod of Requiresenta Criteria or It
Bnclosure or Alr E:Idut o Source o Exposure Timing ar Lavals o
Supply Specimen Ignition Validation Acceptability 1
ource
ir |An enclosure | Room atmos~ | Matel’frame | Horfzontal [0.3 ml, ethyl {3 in. Till alcohol None None None Greateat
*F | to protect phere. 7 alcohol iu below fual has bumed he
from draft, corner legs. apacified cup; | center burned, of char.
spark ignited. | of apeci-
wan,
. |Sheat-metal [ Approx. 4~in.) Mstal frame |Vertical Bunsen or Top of 12 3ec. Stop-watch Noune Hone Flaming ¢
re.} cabinet 12 dia. holes & clasps long Tirrfll bur- bumer or other Char leng
to l4~in, top and bot- | edgen, ner wich %~ J4~3n, gwicc (to sampla, &
wide, 12 to tom, in, bhi; balow end /s sec.).
l4ein, deep flame. of speci-
30~in, high, wmen,
{Candis
No enclosure. | Room atmos- | Two U-ghaped | Vertical Paraffin vertical 12 sec. Stop-watch None None Aver £
phere. mtihnd in tes gnndln of with top ar other Char q
of 1/16=in. /4-1in, dia, £ wick evice (to
Sheat meral. 0O-1n, be- /5 sec. ),
low edge
of speci-
Sheat-metal Approx. X-in,[ Metal frame Vertical Bunsen or Top of 12 sec. Stop-watch None None Flaming ti
cabinst, 12 dia, holes at] clamps lomg Tiredll burn- mer or ¢thar Char lengt
to l4-in, top and bot- | sdges. er_with 1yeip, | %-in, device (to emple, &n
wida, 18 to | tom, high flems, us<below 1fg sec,).
14-in, das ing a spacified end of
30-in, high, gas. wpeci-
oen,
.
Metal cabinet | k=in. clesr- | Two matched Horizontal Bynsen or Top of Continuously | Stop-watch Timing begins None Time for fl
8-in. wide, ance all rectangular Tirrill bur- urner or other after -in. 10-in. gage
15-4n. long, around top; | frazes, 15k ner with Ly~ lﬁn. evice (to Length of of 5 highes
l4-1n, htg " equidiatant! by 4-in, oat- in. high balow edd s sec.). specimen has
kept st 140°F ~in, holes | eide demen~ £flame. of apeci~ burned,
by heaters. along each siona. wen.
side at bot-
tom,
Metal hood Cabinet per=~| Matsl frame, Acr 45° rHatem:d gas je§ Gas jet One second Timer actuated Yone None Avarags tin
or cabinat mits fr.g Ixbhein, , with from 36-gage orzle is by falling u:ig of £
(unapecif- wentilation. | wites st hypodermic /16~10. waight when thread burm
iad size). scross width, nudlo& butane]| from face thread burns tine for £L
fuel; 3/g-1n, | of speci- through, 1zed distm
£lacse, men,
No enclosure. | Room atmos- | Matal frame, | At 30° to Safaty-book At expos~ 5 sec, Stop-watch None None Tise from ap
phere. 8xik-in., witl horizontal | match «d adge or other of flma snd
wires strung | except low- of bent- {wica (ta burned, (Ave
across width, | est k-in, down (verd /5 sec.) {n each dive
which is cical pord
vertical, tion of
gnd free spacimen,X
from frame,
Completely Exhaust fan | Laboratory Length hori- | Bunsen burn- | Tip of 30 sec. if, Stop-watch Timing begina “Non=burning" 4f no | Langth burns
enclosed i3 used only | ring~stand zontal; width er with blue flame burning does ) when m?ng ignition on 2 attezpts mark and tim
laboratory after test, | and clamp. at 45° to flame l-in. contacts | not continue, reaches 1-in, "Burning" if bumning
hood, hori=. Plece | high, and of another mark {on low- reaches h~in. from
of gauze, apeciman, | sec, exposure er edge) & end. “Self-ext: igh-
gzt Ze, to flase is stops on reach~ ing" if burning does
g-in. below provided im~ ing 4-in, mark. not reach 4-in. mark,
spacimen. mediately
after burn-
ing ceasas,
heet-metal | Open at top; { Spring type | Vartical 1x1x0. 010 Fuse Ti11 fuel Stop=watch Timing begins Rons Time to butm |
r other 2-in, high paper clamp. plece of spe- | attached | has burned or timer, with 1@1?{.0“ completaly or
irg-resist~ | opening cified fuse to lower jout. of fuse, ! \mtzl flame i1
nt enclo- around bot- materisl end of guished, =nd 2
ure 12-in, | tom. ignited by specizen od or charrsd.
ide; 12+in, safaty match; | with overd
sep; 30~in. or single lap of
tgh. drop of ben- ~in.; or
zene ignited anzene
by aafety applied
match or -in,
spark. above  lowA
ar edge
& allowed
to run
vlosure of | Veut holes Sutpgtt "Suite Vertical Specified re- | Axes of | Coil “on" Stop-Match None Hone Time to {gnite
gficient around sides ] able for sistance coil | horiz, until 30 sec. Distance of fla
e to con- | nesr base and) holding speci heats apaci-~ apa after igni- from top of cof
In appara- | exhaust fan §men vertical, men to gener- |{ plugs tion or 600 {ng tise after |
3, and at top opera~ ate gases; k~in. BseC, max, sut-off,
shout ting at win, spark plugs above top | Plugs spark
ife, suction, wsed for of coil continuously
ignition. & elec~ but are moved
trodes asway after
=1in. ignition.
specimen.
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Idemtification {Sponsoring Date Intended [Mumber of [Selection Size of sed Area |Pretest Treat- 8ize of Test |Ventilation
Application |Specimens of Specimen of Specimen mant and Enclosure or Alr
and Title ‘or;nintlm PP Specinen Conditioning Supply
. o :Apk, | Carpets and 2 Not specis |6x6-in, 6 x 6-1in, To equilibrium | Chember 12-in,| Chamber is
=§5 Yed.Spec. Ac:h?.w. {&gp ) m:lp. intend- £fled, at 33'1, 30%RH wide, 12-in, | opsn st top
peo-&-95, ed for use dng, 9-in,
"Carpeto and as floor high.
nﬁ 100! coverings.
Eylon, Aerxlu:
MKodacry.
| 1) b at. Buresu |26 Dec., |Wide varial 4 nini- |Arrangesent {6x18-in, Apprgx. 3k Predried 24 hre, | No enclosure. | Apparatus is
n&?r’-’f . gt std's, 1962 of umctu:! o that ium’ x ’;7?2-1::. at 140°F then to bcgm exhsust
Enterincked. al and finish the highest {not given equilibrivm at hood with
8t'd, "Flame materials. flame spread} explicl 7 *F, 50+ induced draft,
Spread Proper- (Intended as
ties of Mater- alternate to
ials". .
B84).
Mathod F38 Yed, Avia- 9 Nov. |Flsme-resis- 3 Yor fabrics,|Approx. & |2 x 13vin, Nons specified, | None speci- Draft-free
3 tion Agency | 1961 tant mater- length is x14-1n, fied. conditions,
Rasistant ials for air- parallsl to
Material™, frams appli- oore hazard-|
cations, ous direce
d tion,
Sexvics Ra-
lagse Yo.
Mathod 191-53 [ Dept. of 30 Jan, | Cloth S5;:(10 if Prelimina 2x6-1n, x 6-in, Dried at 103°C Cabinet 14%- | Twelve k-in,
Commsrcia cop-.m 1953 tntiﬁ. flane teats to i % (221°F) for 30 in. wide, t die, holes
tandand spresd deteraine min and cooled in. deeg, 1 equidistant
""Pleammadility t for direction in dessicator . . at pear of
of Clothing firat 5 ts | of fasteat Launds: & to{ & ven~
Textiles", less then |burning. dry cleaning tilating
~8087 Or for flame- atrip at
3’ 8 a‘t‘;r:m " £front bottom,
don't bumm sh; brush-
) ing for raised
fiber,
Mathod ASTM 1960; structural 3 electeddat |12x12-in, |12 x 12-in. |[To osl:llib!hn No enclosure |Room atmos-
{u‘ {nsulsating 4 at 7042°F phers,
ting {;g& 2‘“’ S0k )
on vege-
Seructural table
m:dhtlng f£ibers.
from Vege-
table
Fibers"
Method ASTM XSTH 1955 |Treated 10;(5 ex. |{Length 2x12k-1n, (2 x 12;(k- 70 + 2°F, 65 + |Sheet-matal lOpen at top;
un.; D626~ téxtile from warp |parallel in, length 2% Y, for 16 shield 12-in, |opening at
55T, “Fire fabrics and £ill- |to wa is coversd |hre. uide; 12-in, }bottom l-in.
Retardant used in- ing direc- |or £ill- by clamp). deep; 30-in. |k and
Propertias aide tions), ing direc- higg. 5«in, loug,
of Treated struc- i
Textite tures, specimans
Fabrics"”. taken from
::dlgut 3
ely spac-
ed sections
of zlnq.yd.
|semple
(min,).
Hethod ASTM ASTH 1963 Rigid plas- |10 minimum; [Not speci- [0,5x5-inm, |All exposed |[None; tested Completely Exhaust fan
D.l’.ﬁ; D635~ tics in the er, £ied, actusl except area |[''as received", enclosed is used only
form of tasting 1s thickness. junder clamp. 1sborstory after test,
bilicy of sheets or discont hood.
Plas- wolded bars |tinued
tics Over over 0,050- |when 3
0,127 cm in, thick. |burning
(000504-51) lwcm
in Thick- are found,
ness”,
thod ASTM 1965 Rigid plas- (3 of esch |Thickness 0, 50x434, 0.5 x 4yin., |None; tested Completely Exhaust fan
Dui.ﬁ: D737~ tics thick- |thickness |as uniform |[x'§-in. ""as received", enclosed "off" during
S, "Fleama- er than (ainimm). [as possible |thick; or 1laporatory test, or at
biltey of 0,050-1n, and smooth |actusl hood. very' low
Plastics that are £4 hick aspeed,
1£ "self- if over
extinguish- 0,050~1n,
ingtby
Meth, D685,
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r }ventilat imen Orientation Ignition Location Tima of Mathod of Requirements Criteria or 1tens Nessured
or Mrm ,mm of Source of Exposure Timing for ‘Levels of and/or
Supply Specimen lssnii_tcm Validation Acceptability Regorted

ource

in,} Chamber 1s imen 1ies | Horizontal Methenaaine |Burning Burning None None Longest diamster of Longest dismetsr of

« {open at tap "31”: of tizmed burn- [tablet is #uhht charred araa must not aresa to pearvet O,l-is,

mber. ing tablet, [placed in [burns to excead 2-in,
jcenter of jcomple~
lpccim tion.
ttod
r?h wmatch,

a. | Apparatus 1s (feveral Length at 12x18-1n, lot burm- |15 min, ; Timer cali- None Flane spread index is Time of arrival of flame
below exhaust |sounting 30° from vertical jar flame or until {brated to calculated by equation |front at successive 3-im,
hood with tachniques vertical, panel with contacts er [flama has 0,01 min, based on rate of pro- marks, (Also pro-
induced draft,{sre pres- burning radisnt within keinjprogressed gress of flame fromt vi for meas. tewp,

leribed de- froa top output of bf contact- |[full lengch and a factor related & smoke density.)
penéding on dovnward black Hog top of specimen to rate of heat libera-
|specinen on lower at 1238+ center of |if it occurs tion,
mknnn, surface, 'r-nho
i M pllor batns ) ubﬁ
€ burne
hl-imtc. o: with 2- speci~
L in, flame. n-n u top.
Draft-frea Netal frame Horizemtal, Bunsen or #lot speci- 15 sac. ﬁ'o: specified |Timing bo Aversgs burn rate of Time and distance sfter
conditions. that clap- facing down. Tirrill ifiad. after 3 specimens sustvnot flams front pesses l!—h.
1 long edges burner. mth axceed 4 1in, /ain, aage mark (wg, for
od cos end specimens).
of -mhm. uton whn
burn: front
is at t
1-1in, from
N Twelve k-in, matched | At 48° Metered gas Flame is Pne second., [Timer actuated one clun 1 - Flems spread |[Time for flame to traverse
2- dia, hoies =in, mstal jet from 26- applied by falling 3k sec or wore |5-in, length; avg. value
[4-) equidistant f[plstes with gage h rto surfiace waight when (for nl.nd £iber mors |for smsples that burm.
at rear of clamps along mic nesdle: pear the thread burns than 7 sec or if sur-
Wg & ven- s1dea. buteng fusl r end, through, face flash not
ilating with S§-1h, ignite or fuse base).
strip at £lane, rour to 7 sec
front bottom, gog {sed
tbc: vith bu. ignited
or fus L Las 3
s then
[] ess then 4 sec;
fo .ud fiber with
base tlbrlc ignited
or fused.
‘¢ |Room atmos-  }Youx yerti- |At 45°; speci- |1 ml sbsoi [Center of [Until alcohol[Kot spscirfed Noow fone Major & minor mxes of
phere, 3Z ~in, wen rests on lute ctbﬁ base of is burned out H “‘:‘“
steel | posts. alcohol cup 18 Fleme and calculated es that
pom “with specified [l-in, be- [glow are ex- true ellipss; avg. for
pointed ends cup. low a tinguished 811 specimens.
om Ixll-in, int on 1 . after
esatersjons ower sur- [fuel 1s ex-
4-1n, face of |hausted,
, the spacimen
r 1l-in, =in,
|from low=
jor e
land m t d-
way from
sdda edges.
! lopen at cap, A "suitable" |Vertical Bunsen or  [Top of 12 sec, ot specified not to exceed |Flaming time; ohar length
In, |opening & {not Tirrill ‘bugnlr - pe Nons 2 sec, after removad as caused by tear usisg
n. }bottom l-i.n. of ”» burner using !in, below of burner for sy spacified hooks md
2. iﬂ: specified). specified_. [end of specimen; =g 2eagth  [weighta.
S=in. leng. gas and gas |specimen, of char for 10 speci-
pressura, mens not to axcesd
&.m,, & -n. not to
sed 4}=1n
Exhauat fan Lab Length hori- Bunsext burd- [Tip of 30 sec. If Stop-watch "Non-burning" 1£ no th burped from l-in.
is used only -ltmd zontal; width ar with blue flams con- |burning does P whon Eqb'ing itbn én 2 attempts :{ and time,
after test, vith adjust- | at 453° to flgme 1-in, [tacts end [not continue reaches 1-in. "Byrming” 1€ buring
la clamps. | horizontal. high. of apaci- [another 30 mark (on low- reaches 4-in, from
Plece of 20- man. aec, expo- or edge) & and, "Self-sxtinguishe
- mesh gauze, luu to stppe on reach- ug" if Warning
horix, - ing 4-1n, not resch 4~in. mark,
below ml«d mark,
tpccuuu diately
jafter bum-
ing ceases,
Exhaust fan Clamp ou arm | Length hori- Silicon car-(End of 3 mintlsec, |Gzopewa th to 0,0k«
"off" during | that rotatas | zomtal; wideh ide rod of [specimen |from Tomtact [or 2;.:""- :"t-lngo.np:::: Nooe Langth burne ‘Sh. u.h.]
test, or at sbout hori- vertical, 6-in. dis. |is pressed |of spec elock, mens that burn point where no or
very low sontal sxis, at 950+10°C .i. st vlth heated o . _um are visidle; bumme
speed, (17462+18°F), [middle of |rod umtil ing time 1f lass than
- hot S1B it is remov- 3 ain,
rod with ed and flane
force of 1ig extinguishq
lapprox. ed by inert
1 oz, Axas [gaa jets
of rod &
specimen
are pare
ipendicular, —
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Idemtification | Sponsoring Date Intended umbsr of |Selection Size of posed Ares [Pretest Treat- Size of Test {Ventilation {
and Title Organization jApplication pecimens of Specimen of Specimen ment and Buclosure or Air
Specimen Conditioning Supply
Method ASTM ASTM 1961 lothing 5: (10 1f Preliminary | 2x6-in. 1k x 6-in, (Dried at 105°C Cabinet l4%- |Twelve Xk-in,
Jesig: D1230- textiles. Elame testa to (221°F) for 30  |in, wide; dia, hofes ‘
61; "Flammebi- lrnuad determine min, and cooled Oz-m. deep; |equidistant |p
11ty of Cloth- t for direction in déssicator. 14-in, high, [at rear of el
ing Textiles™, first 5 of fastest Laundering, & top, and vam |g¢
1a less burning. dry clean: tilating
than 3% for flame-ratard- atrip at front
laec, or ing finish; bottom.
1 soma bnuhi.ng for
[don't raised f£iber,
lburn) .
Mo ASTH ASTH 1938; &’hxiblu 10;(5 ea. (Free of 3x9~in, 6~1n. 23+2°C (73.4% An enclsoure [Holes at to ™
Deaig: D1A33- rea lastics in [from ma- olda or (é‘-‘:n. f‘“‘ 3,5°F) 5045XRH | to protect and bottom & [U=
58(1 od m of ehine and- |wrinkles. length is for 40 hra, from drafts., |of cabinet, Pl
"y licy fils or thin [transverse ail on 45° to
of Flaxible sheeting, direckions) inclined 2
Tudn Plaatic section). t*
Sheeting”. o
Mathod ASTM ASTM 1967 lastic 13 that burn{Cut from 2x6-1n, 2 x 6-in, 2342°C(73.46+ Recommended Open at top; |%
Dasig: D1692- sheetin; ipast S-in, |section of actual 3.5°F) 504 cabinet 24- approx, l-in,
671, "F. and cellu- B‘ﬁ: mark; |of uniform |thickness until successive |in., wide; high opening U
bult{:of lar plas~ btherwigse |density. 1f less 24-hr, weighings |12-in. deep; [around bottos, |&
Plast tics that up to 10. than k- are within 1%, 30-in. high; fw:
Shpeting and not in, ;othew= {or any large "
Cellular shrink, wise cut enclosure), L
Plastics". jeurl, or to k-in. P!
salt away, with skin
terial removed.
t flame,
—a—
Mathod ASTM AST™M 1961 Wide variety |Single Truly repre- 20-dn, wide| 1 -1in, To equilibrium Horizontal Induced drafe |8
hu*: E 84- of building |Specimen, | sensative 25 ftr, long{ wide, 25 £t.| at: 70+5°F, 35 duct with of 0,075-in, (@
61, "Surface naterials. specimen, long. to 40% RH, inside dimen- |water down- c
sions of stream of
Characteristics 175ktk~1n, test section;
Bui wide, 12+ air luyglg at
. in, high, 1083°F 5=
5 f£t, long. [40% RH,
Mathod ASTM ASTH 1967 Materials not| &4 xini- Armngenent| 6x18-in, Apprgx. 5 Predried 24 hrs, | No enclosure. | Apparatus is |5
Desig: E162- specified. Inf mum, that ybdlds x l;gz-hf at 140°F, then bggov exhaust |
67,"Sufface tended for the highest (not given | to e uilibrium hood with ]
Flamability R&D, emd k flane explicity). | at 73+5°F, {nduced draft, §d
of Materials got for build spread, . ol
Using & ing code rat-
Radient Heat . t
Energy Source”. :
Method ASTH AST™M 1965 Materials Single None 13.75 in. Exposed To equilibrium Horiz, furnace Natural draft Ji
Desig: K286~ that can be |@#pecimen. wide, 8 ft,| length at 75+5°P, 35 with stack through air {
65T, ™ mounted in long. is 94,5-4n, | to 40% RH. located below | inlets space
¥1lasmability 1h-in. by (but not ed along
of Building 8 fr, frame connected to) | lower wall of
Materials exhaust hood, | furnsce.
Uning an 8-ft, for R& D
:2 not for
code rat-
ings,
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tilation n Orientation Ignition Location |Time of Mesthod of uirements Criteria or Meas
r Alr .:mu of Source of Exposura Tihing Red for Levels of n:.“n‘xdlax- ured
upply Specimen Igt:::::n Validation Acceptability Reported
ive k-in, woatched | At 45°. Metered gas {(Flams is One gecond Timar actuated None Clags 1 - Nisne spread |Time for flame to t:
. holes oin, mesal Jet from 26-|applied by falling Time of 3k sec orpmore S-in, length. raverse
idistant  [plgtes with gage hypoderyto aux- weight when (more than 7 sec for
rear of clasps along mic needle; |face near thread burns raised fiber)
'y &nd vew [gidad, butane fuel,[the iower through, Class 2 - Four to 7
ating end, sec (Incl,) for raised
1p at front fiber with base ignited
tom, or fused,
- Less then 3%
sec; (less than 4 sec
for raised £iber with
base ignited or fused).
es at top [Two matched At 45° to Gas jet Tip of Continuously | Electric timer Nome "Self-extinguishing" if | Tims for flmme to traverse
bottom {U-shaped horizontal from 22~ needle actuated b first string burns but |6-in. gage length.
cabinet. |plates held except low- 3530 hypo= }-1::. nicroswitches second does not; "Hon~
together by est l-im, ermic rom that are burning" if specimen
2 spring- which is needle; jmiddle tripped by extinguishes before
t{p-.':npu: vertical, butane fuel |of ver- rntng 1st string burns.
8 . with k-in, [tical througl (Burning rate is avg.
horiz, plece strings 6-in, of only those speci-
flame. of spe- apart, mens that burm).
cimen
fcue tip
of
needle
facing
up).
n at top; =in, Horizontal Bunsen or Burner wing] 60 sec. Timer accur- Test stops "gelf-extinguishing”" if | Time from first application
roX. l-in, {gcresn (of with end Tirrill top k-in, ate to +1 sec. |when 3 speci- none of 10 specimens wntil fieme reaches 5-in.
h opening ein, wire |abutting b\}mu with bogov ' mens burn to burn to gage mark, gage mark, or tims to
und bottom, |[& &=in, mesh) |bent-up 14;3-,11 -in, |screen with 5-in, gage extinguishaent & dist. to
hwith end bent | portion wing gp; outer edge mark, extreme evidence of flame
wp 90° to of screen, prqgmn of flame front,
leave horiz, fuel; ly- tangent to
piecs 3x8-in, in, flame. |outer edge
of screen,
Specimen rests|Horizomtal Two gas Burners 12-110 min; or Not specified. |Equi; t is Pleme spread classifi- |Time for flmma to apresd
"ﬁfﬁgsﬁ;f' orc e of bumgrs in, up= complete Pe c:u rated caiica is calculated 19k fc, Af less then 10
ter down-  |chamber walls, with out- |atream from|combustion using asbestos | in prescribed manner, |min.; or mex.distsace
cesmm of put deter- ["fire end" |of speci- cement board based on comparison that flene rsaches. (Also
st section; mine of speci- |men if it and red oak with standards of rovides for meass tesp.
£ _suppl at calibration [men, 7E occurs £looring. redeoak and asbestos sooke denaity,)
sy 2 ;5. tests in, - |soonar, ceamt
L RH. (nssgox. ics Burners
5000 Btu/ |lower sur- |"on"
nind face & 4- |contin-
in. on uously.
anch side
of longi-
tudéna
centerline,
ratus is  |Seversl mount-|Length at 12x18-in,  [Pilot burn-~|15 min.; or |Timer cali-  [Time begins Flame spread index Time of arrival of flame
R:v exhaust Jing techniques 3O'B£m vertical ar flame wntil f£lame | brated to when npgcm&n is calculated by front at successivae l‘g
od with are prescribed|vertical, panel with [contacts, [|has pro- 0,01 min, holder 1is equition based on marks at 3;‘”' g“'" .
duced draft, {depending on m radiant out- [or within |gressed laced on rate of progress (Also prov g:' '1"‘"
specimen thickifrom top ut of k=in, of ull rame, of flame front teap. & smokm density.)
638, opacity, |dowvnward lack body |top center }length and a factor re-
{tendancy to on lower at 1238+ of speci- [of speci~ lated to rate of
{delminate, surface. *F; also  fen., Rad- |men i heat liberation.
flc. -in, 1.D, [temt paye  loccurs s
pilot burn- lel 1s 47, |soomer.
er with 2 in, from
to 3-in, specimen
£lame, let clos-
lest point
(topgf
£flame to travel
itucal draft |4 freme of  |Lengeh at Gas burners Hgaiting  |Continuously | Not specified, |Time begins Flane spread index Tine for
iwough air  {sugle iron 6° & with output barner &t |for teat when_bazners is calculated in 3&‘“2%{‘:‘,1‘5:'::::"!:;
\1ets spac- Jlé~in, wide |horiz,; determined jome end riod of are lighted, mﬂﬂib“’ mannar .nd.onk)‘ otherwise mex
| along 8 fr, long.  |width at by calibra- [ea speci~ [19+ 1 min, ' ed on compari- b+ ’chat £lame resches
wer wall of 30° to tion tests jeen. Pire- {(depending son with st o 19 adn. (Aleo provides
irnace. horiz, (approx. box of on cali- of red oak and e & smoks
-3280 Btu/ |uain burn- |bration asbestos millboard. 5“ T“s wap. & smo
nin.}}se-  |ers runs test. ensity.
u‘;t: 1f.ull n
tin; engt!
b?mar.g ibeneath
s pacimen
[cthambar,
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Identification | Sponsoring Date Intended Humber of | Selection 8ize of Bxposed Areal Pretest Trest- Sire of Test | Vent{lation L
aad Title Orgmization Application [Specinens of Specimen 8pecimen ment and Envlosure or Adr 83'
Specimen Conditioning Supply
3963 British 1958 Yabrics of 6 Prel: 2x6=in. x 5%-in.| Dtted at 105+ Cabinet 4k~ | Twdlve k-in, | Two @
Mathod B Standards all construc- tests to W 4 2°C gor 30 win, m. wide, ¥ dia, hofes | plates
British ﬁtnd- Institution tions thet datermine and cooled in 8k-in. dug equidistant geip ¢
ard Mathods may be cut direction dessicator or 14=1n, higl near top of | men a!
of Test for to form flat of fastest aircight con~ rear wall, sidas
e ¥ i sheats. ming. tainer, Tested mduxl‘-in. top.
1lity of Fabe at 59 to 86°F slit at fromt
. and 20 to 80R bottom.
RH. Brushing
for raised
£iber.
hod DIM Garman Oct. Effect o! 3 Taken uni~ | 200x170 Entire spect: hrs. at No enclosurs, atmos- | Specls
53382, Test- Standard 1957 Flame on formly . men is pe 20+2°C, 65+ hon (duafe- | sS&atc
of Plaatic side ot plu- from width 7.87x exposed. . Tested grn e over i
Yoils and tic sheet end of mater~ .69=1a.) at room temp. cugve
{ficial attificial . of ':l:
Laathar. Effect leathez used with ¢
of F1mme Test onas t dimeny
on Ove 8ide, of some kind. horisze
Swivel
Mathod of
Teating.
Netionsl 1968 Flase resis- [10;(5 ea, | Each lot of| 2¥x10-in 2 x 10-in, | Circulating air | Enclosure 12«| Open at top; | Matal
701, "Fire ¥ire Pro- tant materialy warp | S cut from at 140 to IAS°F | in, wide; 12-] vent holes clemp
Teats, Flame tection for interior |& £11ling | at least 4 for 1 to 1y hre;| in. deep; 30-| slong bottom { edges.
{atant Asen, fumis| s | direc- separate other procedures| in, hl.ag. of st least
Textiles, protective tions). 1awes to are prescribed, 2 sides
Films", clothing, icate totsl 6 sq.
outdoor uniforeity. in. min,
Mathod NFPA Rational 1968 Textile and 5 Length 2x6-1n, Uy x 6-in, Dried at 221°r Cabinet 14k~ | Twelva k-in, -
702, "Wearing Fire - other pro- parallel for 30 min, and | {n. wide; dia, holes Ii;-h
A 1 tection dycts for to more cooled in des~ gz-in. dee 3 | equidistant | plates
4 bility". | Assn, clothing hazardous sicator, Laudd- E_ at rear o
use. direction. arins and dry top & ventila
cleaning for ting atrip at
£lanme retarding front bottom,
finish; bmlhln
for raised
£4ber,
M?. Society of Not Materials 3 Prelimin hxlA=-1n, 2 x 13-in, 70+2°F, 65+5% RH | Draft-free Blower "off' [Two ma
Automdtive dated, |used in tests to 1t sctual for 24-hr. min.; | cabinet. during test, |s
bty of ) . automotive datermine thickness combing for
Autosotive Inc, interiors, direction 1f less [sapped or tut:cd thick,
Interior of Sestdst |than i-in, material,
" ing. otherwise
frein, bu
o t
Toclade
prinary
surface,
lord, mm. Ford 30 Oct, |Textile Mot given [Not given 6x6-1in, All exposed |Not given in Hood to elim~ |[Hood to elimindRing-s
" Motor 1962 trim " |in test in test axcept area |test description.| inate strong |ate strong air and oz
Pord ¥laoma- . materials. descrip- [description, under clamp, air currents |currents and |labora
btu&, Tast tion, and carry off |carry off clemp,
for Trim fumes, fumes.
Materisls”,
As. Motors, Anerican 19 July, bustible [One or more|To cover 4xh-1n, 4 x 4=1in, 16 hrs. minimum | Laboratory Draft-free Specim
Mathod 4, Motors 1966, P a8 . {all varis- at 70°F, 65% RH, | hood or conditions, z d
"Ienition Corp, “:;::h- tious in o:h.{ 1::1.(1’- x 6-
and Burning tery materd ttern vent »
of Upholstery q fos ﬁun ares. ureths
Materials,” nd foany
agmcum. mdn, 't
ness.
hm, Motots, Anerican 15 Mar. |8saler or 1toéb None 1x12xk-in. | 1x12xk-in. Semin, flash Open bench, Room atmos~ Cast o
)ﬁthod !01, Motors 1962 1ike meter~ high. high, H.u bafore phere. panel
"Plame Corp, 1al which on resulte ane is x0,038
Ratardant be obtained, tgvlhd:
Property". '.:!i.ma 743
to
or heat in
production
Auto.Mfrs, Automobile |4 Dec. |Exposed 3 Length 4xth-in. | 2 x 13-in, uilibrium Ko enclosure |Draft-free Matal
Ann. s Metbod  |Manufactur- 1967 interior parallel min, with -:. 0 + 5°F spacified, conditions, [that c
Fire ars Assn, tria mater- to mors free end 65 * s'nm. 2
ht t Inc. (m- 1als for k-in, from and on
Materials for use direction, end of of spe
teriors == Dodut 3-3). pas frae.
Passenger Circs, cars, multi-
Multipurpose purpose
Pdssenger passanger
Vehicles, vehicles,
T and trucks, and
Buses. [TH
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. iman Orisatation Ignition {Location Time of Method of Requiresents Criteria or Ttems Messu
idon 'mm of Source of Exposure Tining for Lavals of and/or red
' . Specimen Ignition Validation Acceptability Reported
oyrce
- tal U~ | At 45°; Metared |Burner tube |[Flame is Time to 0.1 Kone "Flane resistance Tima for flame t
.:“' mx that | raised fibers as jet ‘ dicu-|applied soc, End time rating" given as 5+in, 1:uth: -vgzmm!:'r.
:ant | grip speci- fac up; rom 26- r to fab-|[to dura- indicated by 2,5xavg. burn time specimens that bugm,
> of |sma llong othars to . ¢ surface|tion of burning of in seconda; "Flame
11, sides and at g";“ highest - 6~in, test, thread 5~in, resistance less
Jdn, | tep. ming rate. mic nesdle |from it, k- froa point of than 100" if none
£ (0,010 1.D,) [in. above {gnition, of & specilsens
but el; [bot edge burn.
%-in. flnn.gn center=
. |Speciman 1s | Vertical, with|{ 165 min.(6.5 (B B tra~ | Not specified. Hone None Time that gpecimen bu!
z:gg- nmtchnd slight curva- in.) burner |moves from |verses final or glows; orw:! it d;:
over llt{htly- ture about tube rotates [vertical 30* of swing Also length of burm wark,
carved plece | vertical axis.| from verti- |to horiz, |in 10 sec.
of plywood, cal to horix rix, land returns
with short Usea coal burmer tip |at seme rate
dissnsion gas with 40 20 . |with no
horizontal, min, 51.51- 0.79-in.) |dalay.
in,) fleae rom speci~
verti- (men,
cal,
top: | Metsl holder | Vertical. Bunsen or Top of 12 sec. Hot specified. None Flaming not to excead Ylsaing time & d
l“OP- pe 1 Tireill roer M 2 sec. after removal char lﬁu;th 12 mht::eo;
ottom N burper with lin, below of burner; vertical by tear made in prescribed
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APPENDIX C
STATISTICAL TECHNIQUES

Several statistical techniques have been employed in
the calculation of the regression line representing Egquations
IV-32. These include analysis of the burning rate data for
bad data points, a t-distribution test to determine important
variables, and calculation of the standard error of estimate
and the multiple regression correlation coefficient (2, 3).

The following calculational scheme was incorporated
into the multi-regression program to check for bad data. This
technique calculates an unbiased centerline through the data
and then checks to see if any point is more than 3 standard
deviations away from the line. If it is, the point is deleted.
The technigque consists of the following steps:

1. Add all the individual observations and divide by the
number of observations ([in]/N).

2. Add and subtract to the average calculated in (1), 3 times

the standard deviation (¢ = YI[I(x;-%)21/IN-11).
3. Delete all values of X which fall outside the range cal-
culated in (2).
4. Calculate a new average with the data remaining after
applying (3).
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5. Repeat Steps (1), (2), and (3).
6. Replace any data that was previously deleted but now falls
between the presently calculated X + 30.
7. Calculate a new average.
8. Repeat Steps (2) through (7) until no more data are
deleted or put back in.
9. The final X is the center line.
The coefficient of correlation was calculated as
follows:
l. The average value of Ro (burning rate) was calculated by
ﬁo = (ZRbi)/(N-l) (c-1)
2. The sum of the squares of the deviation of Roi from R,
was calculated by:
s =1 (R - §6)2 (c-2)
i
3. The sum of the squares of the deviation of the calculated
value from the experimental was calculated by:
2 = LIR, - Klpcy) (s )° (6)° ()% (c-3)
where the i's represent the ith value of the variable.
4. Then the multiple correlation coefficient (R) is:

R = /T =(279) (C-4)

The standard error of estimate was calculated
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S = Brror of x on Ro

(1-R?) (n-1) (IRo;) 2
= (C-5)
n-m-=1

where R = multiple correlation coefficient
n = number of data points
m = number of variables being used (4)
Roi = ith value of Ry

The last statistical technique which was incorporated
into the computer program used in the multi-regression analy-
sis was a t-test. This proved very useful, in that it allowed
variables to be discarded as being negligible in correlating
the data. This test was performed as follows:

1. The multiple correlation using all variables was calcu-
lated according to Equations C-1 through C-4.
2. Each variable was then correlated against the burning

rate, Ro’ using a least squares fit as:
1n Ro = bX 1n X (C-6)

the value of bx being

Z(x,-%)(Ro: = R))
b = Xy O o (c=7)

T (xi - §)2

the ith value of the variable x

where x.
i

%1
il

the average value of x
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Py
1

the average burning rate
th

s )
i

the i value of Ro

3. The standard deviation, Sp 7 of the regression coeffi-
X
cients calculated in Step (2) was then calculated by:

(sRg, %)
o, " A T 22 (c-8)
X L X.
1
or:
(1-R?) (n-1) (FRo;) 2
S, = — (C-9)
X Ix:" (n-m~=-1)

1

4, A value for t was then calculated for each of the sets

of bx and sbx by:

t, = bX/be (C-10)

where the subscript x refers to the variables pcp, s¥ &,
and K.
5. To be of significance, a variable must have t > 2.
6. The t values were examined for condition (5). If there
were more than two variables with t < 2, the variable with
the lowest t value was deleted, and Steps (1) through (5)
repeated. This was continued until all variables left in
the multiple regression analysis program had a t > 2.
This technique of examining the t values of each vari-
able proved to be a very powerful tool in analyzing the data.
It was the use of this tecﬁnique which resulted in Equation

IV-32c¢ having only the slope based on ignition data, s*, as a

correlating variable.



APPENDIX D

APPLICATION OF THE BUCKINGHAM PI METHOD OF DIMENSIONAL
ANALYSIS USED IN THE DERIVATION OF EQUATIONS
IV-23 AND IV-24

The Buckingham Pi method was applied to the variables
which were found to be important in describing the burning
process in order to derive the dimensionless equation, Equa-
tion IV-25. As previously stated, these variables were found
to be the density, p; heat capacity, Cp’ thermal diffusivity,
k; thickness, §; temperature rise to ignition, ATig; the
product Ha*/Ezw = s*, the slope; and the burning rate, R, .

The above variables have dimensions of:

Rt length/time = L/t

p : mass/volume = M/L3

cp: energy/mass-temperature = E/M-T
ATig: temperature =T

K : area/time = L2/t

s*: energy/are'a—vl:imel/2 = E/L2-t1/2

§ : length =1L

The maximum number of independent groups, n, that can
be obtained from application of this method is equal to the
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number of independent variables, m, minus the number of pri-
mary dimensions, r (in this case, n =7 - 5 = 2). Hence, a
maximum of two dimensionless groups, Hl and HZ' can be found
for the present case. Since there are seven variables and
five dimensions, in order to apply the Buckingham Pi method,
two of the variables must be held constant. The variables
chosen to be fixed were the burning rate, Ro' and the slope,

s*, The analysis is then performed as follows:

b d

)€ R (D-1)

o= (0% ()7 () ) (ar; )® Ry

or in dimensional form:

o= ovnh? @P Emenc awf/od e e (0-2)
from which IM=0=a-c¢c (D-3a)
IL=0=-3a+b+ 2d +1 (D-3b)
IT = 0 = -c + e ’ (D-3c)
E=0=c (D-3d)
tt=0=-d -1 (D~3e)

Simultaneous solution of Equations D-3 yields values of the
constants of a=c¢c=e =0, b=1, and d = -1.

Therefore Equation D-1 becomes

Hl = R06/K (D-4)

The second group is obtained by

b d )e

C
(c)™ (k) g

I, = (p)a (§) o (ATi s* (D-5)
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or in dimensional form:

m, = oytH® @P @m-n® ae? @ at-el/?
(D-6)
from which M=0=a-=-c (D-7a)
L=0==-3a+Db+ 24 - 2 (D-7b)
T=0=-c+ e (D-7c)
E=0=c¢c+ 1 (D-74)
t=0=-d - 1/2 (D~7e)

Simultaneous solution of Equations D-7 yields values of the
constants of a = ¢ =e =~1, b =0 and d = -1/2. Therefore

Equation D-5 becomes

2 = S — (D-8)
AT,
KpCp ig



