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PREFACE

In recent studies, it has been shown that the fire retardant industry is keeping a good growth
record. The growth of this market can be expected to grow by 15.5% per year through the next
ten years. In 1975, the market for flame retardant chemicals was in the range of 312 million
pounds to 360 million pounds. It is expected to reach 425 million to 525 million pounds by
1980. Phosphate plasticizer sales were about 90 million pounds in 1976. 40—60% urethanes
were flame retarded in 1976. The forecast is for 6—10% per year growth for the next five years.
In 1976, 6—8% polystyrene was fire retarded as compared to 4-5% ABS, 10—15% unsaturated
polyesters, 16—20% epoxy, less than 1% polyolefins, and 20% PVC. Another study revealed
that the consumption of fire retardant chemicals in plastics will be 787 million pounds in 1980
as compared to about 383 million pounds in 1975. The same report states that the control of
smoke and toxic gases from burning materials in an important area of interest in fire retardant
technology. A summary consumption of smoke suppressant chemicals during 1975—-1985 is
given as follows:—
Total Ibs. 189 million Ibs. in 1975
621 million Ibs. in 1980
1,070 billion Ibs. in 1985
i.e. an average annual growth during 1975—-85 of 18.9%.
With these hopeful and encouraging figures, surely new ways will be found of evolving plastics
and other materials with new and better fire retardant and less smoke properties. More research
and development work, for applications in several markets especially furniture, construction,
furnishings, bedding, carpets, textiles, transportation, etc., will not only increase the demand of
flame retardant products but will also keep the future of this fast growing industry as bright as
many industries dream of.

Vijay Mohan Bhatnagar
209 Dover Road Symposium Chairman
Cornwall, Ontario K6H 5V7, Canada
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FLAME SPREAD RATES OVER POLYURETHANE FOAMS
J. W. Barlow and R. A. Schraufnagel

Department of Chemical Engineering
The University of Texas at Austin
Austin, Texas 78712

PREFACE

Reported herein is a summary of our initial findings regarding the mechanisms controlling
the rate of flame spreading through rigid polyurethane foams. This work was sponsored by the
National Science Foundation through Grant No. GK42148. Further details of some aspects of
this work may be seen in Mr. R. A. Schraufnagel’s Ph.D. thesis to issue in late 1977.

Many people within the Department of Chemical Engineering of the University of Texas at
Austin were instrumental to the technical success of this project. Their support is gratefully
acknowledged as is that provided by the Plastics | nstitute of America in the form of a fellowship
to Mr. R. A. Schraufnagel.

ABSTRACT

A newly developed, tiltable, wind tunnel is described in which polymer foam samples can be
burned under well defined conditions. As the sample and tunnel are rotated from horizontal to
vertical positions, the rates of forward burning flame spread over non-retarded foams are observed
to increase approximately two orders of magnitude. The observed changes in flame spread rate
are well correlated with changes in the rate of radiant energy fed back from the flame to the
polymer surface, as calculated from measurements of the flame length, temperature, and angle
made with respect to the polymer surface. Steady state burning rates are observed for all test
conditions and the foam samples tested appear to burn as thermally thin materials.

INTRODUCTION

Over the years, numerous flammability tests have been developed to assess the potential fire
hazard of polymeric materials. Unfortunately, the flammability behavior of a material has been
often observed to be closely related to the type of test employed with the result that no single
test has been found which can be trusted to correlate or predict the material flammability
behavior in a large scale conflagration.

This work was undertaken for the purpose of investigating the effect of testing conditions on
the rate of flame spreading over polyurethane foams. The objectives of this activity were (1) to
observe the magnitude change in flame spread rates possible when testing conditions are changed



and (2) to identify the predominant mechanisms controlling the rate of flame spread and to
relate these mechanisms to testing conditions and material properties, and (3) to consider ways
by which small scale flame spread testing could be used to estimate larger scale flame spreading
under similar conditions.

This paper primarily describes experimental and theoretical activities involved toward accom-
plishing the first two objectives above. Flame spread rates over non-flame retarded polyurethane
foams were measured in a newly developed convection tunnel testing device. Flame spread rates
could be caused to vary over two decades depending on the test conditions used. The major
experimental parameters controlling the rate of flame spread were found to be test specimen
geometry and orientation with respect to the flame, convective gas velocity and direction with
respect to the flame and the thermophysical properties of the polymeric material. The
observed flame spread rates in the direction of forced convection were successfully correlated
with test conditions by considering their effect on the intensity of radiant heat transfer from
the flame to the polymer substrate.

A MODEL OF FLAME SPREAD BY RADIANT HEATING

The very similar theories put forth by deRis [2, 3] postulate that the processes controlling
flame spread occur in an ignition region, §, at the leading edge of the flame adjacent to the fuel
surface. In this region, the fuel is heated by flux, q, from the ambient temperature, T, to the
ignition, Tig, and the time required to do this is inversely proportional to the rate of advance of
the flame edge, V, commonly called the flame spread rate. Their solutions to the combined
solid and gas phase energy conservation equations lead to the following simplified equations:

Thin fuel bed case (7 < 1)

1)
Yo 09 1
Thick fuel bed case (r > 1)
q’6(1.272)
V= (2)

pCK (T;; — T, )?

where p, C, K, and t are the solid fuel density, specific heat, thermal conductivity, and thickness,
respectively, and 7 is a non-dimensional critical thickness parameter, computed by the expression

7 =1 (pCV/Ks)! 2 - (3)

which represents the extent to which subsurface thermal gradients are important to the heating
process of the fuel from T, to T,.

With reference to Figure 1, from Pagni [4], there are several possible energy flux terms which
could help to preheat the polymer fuel. Of these terms, solid phase internal convection, q.,, is
not likely to be important due to the closed nature of the foam cells, solid state thermal con-
ductivity is so low that dk ¢ is probably unimportant, and radiation transfer by an “ember burn-
ing” process common in cellulose combustion does not occur in polyurethanes [6]. The surface
convection flux, g, is unimportant for flames propagating into the wind and may be relatively
unimportant for forward propagation if the relative velocity of the flame and the wind is about -
zero. The turbulent convection term, d.., caused by convective preheat flux from hot gases in
the flame plume to the unburned fuel is effectively independent of the propagation rate, to a
first approximation [6].
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Figure 1. A model of the flame spread process.

Radiant flux from the flame, Q.¢, is likely to be the term which changes dramatically when
the flame angle, 9, is varied either by changing the angular position of the sample, o, or the
wind speed, U. The flux term is, also, likely to be higher than that observed in cellulose fires
because of the higher emissivity resulting from higher concentrations of soot in polymer flames
[7, 8]. For these reasons, only radiant energy feedback from the flame is considered to be
important to this discussion.

By considering the flame to be 3 planar, opaque, radiating body, the net rate of radiant energy
transfer from the flame surface, 1", to the polymer surface, 2", can be written as

012=A1F12€1UT14=A2F21€1UT14=éf(LW)F12 (4)

where A, is the planar area of the flame equal to the product of flame length, L, and width, W.
A, is the area of the polymer surface equal to the product of polymer length, Y, and width, W.
€,0T 4 is the flux Q, radiating from the grey body flame with uniform temperature T, much
greater than the polymer surface temperature T,. F,, is the geometric view factor between the
two intersecting planes as determined by Sparrow [9].



Figure 2 shows the typical view factor relationship computed specifically for the case of
flames with dimensionless lengths X = L/W inclined at various flame angles 6 toward a polymer
surface of dimensionless length Y = y/W = 3.0. Here it can be seen that the fraction of flame
radiant energy received by the polymer surface is a strong function of the angle 6, decreasing
from 1.0at9 =0° to O at & = 180°. The fraction received is also a function of the ratio of flame
length to polymer length, approaching an asymptotic upper limit as X/Y approaches zero.

The distribution of radiant energy received by the polymer surface is not constant over that
surface. Rather the radiation intensity is highest near the point of intersection of the two planes
and decreases toward zero as the ratio of the distance from the point of intersection along the
polymer surface to the flame length becomes very large. The flame propagation models, sum-
marized in Equations (1-3), require knowledge of the preheat length, §, and the average inten-
sity of absorbed radiation, q, in this length. One way to define the zone, §, is to determine the
distribution of radiation on the polymer surface as a function of distance from the intersection
of the two planes. The distribution can be easily found by differentiating the view factor
expression, F;,(W, Y, L, 6), with respect to distance y. That is, the flux received by area el-
ement, WAy, located a distance y from the intersection is just

G Qe (LW) [Fio(y + Ay) — Fiy(y)]
WAy

and

A.(Y) =limG=0, L 212
oy

Ay =0

where Q. ise, 0T, 4, the flux emitted from the flame.

Figure 3 shows a typical plot of reduced flux distribution obtained by numerically differen-
tiating the view factor, arbitrarily computed for a flame length of 8 inches. Here it is seen that
when 6 is small, Q.(y) is essentially constant for y less than L but drops sharply when y exceeds
L. Insofar as these distributions are reasonably square, it seems reasonable to assign a square
distribution such that <Q,> is constant for y less than 6 and zero for y greater than 6. A total
radiation balance of the polymer surface then yields

<Q;> W =W 7 G (y)dy = O, LW F,, * (6)

where § is the major fraction of radiation falling on the preheat zone and F,,* = F,, (W, oo, L, 6)
is the asymptotic value of the view factor for an ““infinite’’ length polymer surface, a number
between zero and one. One can likewise write

<O,k 8W =Wy Q,(y)dy =W Q; LF,, (W, 35, L,0)

so that the zone length 8 is that value of y such that
Fia (W,8,L,0)=8F,,*=F,,(8) (7)

The entire problem of specifying the flux on the preheat zone and the preheat length thus
reduces to establishing 3, the fraction of the asymptotic view factor. With reference to Figure 3,
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Figure 3. The radiant flux distribution along the polymer surface for
various flame angles and a flame length of 8.0 inches.

B=1.0and § = L at low flame angles. At large angles, the distributions are less square and the
choice of § is somewhat obscure.

Table 1 shows values of § computed for 8 = 0.90 and various flame lengths and angles. As
will be shown later, 8 = .90 is a reasonable value insofar as the resulting zone lengths are well
correlated with observed values. [t suffices to note here that the preheat length is a strong func-
tion of both flame length and intersection angle. Once § is specified, the flux absorbed by the
polymer surface with absorptivity, a,, in the preheat region, q, is found from Equation (6) to be
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