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NOMENCLATURE

a hz/kpc

b constant, Eq. (16)

c specific heat

C flame heat transfer modulus Eq. (7)
Gr Grashof number

h heat transfer coefficient

hC convective heat transfer coefficient
k thermal conductivity

q" heat transfer per unit area per unit time
Pr Prandtl number

t time

tm characteristic time, Eq. (16)

T Temperature

Vf flame spread speed

X horizontal coordinate

Sf flame heat transfer length

P density

) parameter, Eq. (1)

Subscripts

e external

f flame

i initial or ambient

ig ignition

o minimum

s surface

max maximum

min minimum
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EXECUTIVE SUMMARY

A test method concept is explored. The test is intended to provide data
which would allow the prediction of downward or lateral flame spread on a
vertical surface. A radiant heat source incorporated in the apparatus
provided pre-heating ahead of the advancing flame front. Results are
presented which show the prediction of flame spread velocity as a function of
irradiance or surface temperature.

In addition to flame spread, piloted ignition data were recorded under
irradiance levels of up to nominally 6 W/cm?. An empirical relationship was
found to approximately describe the time to ignite as a function of heat
flux. The flame spread results are shown to be complementary to piloted
ignition in that spread velocity at thermal equilibrium and time to ignite are
both asymptotic and unbounded at a critical irradiance (the minimum flux for
piloted ignition).

For a given material various conditions of heating were imposed during
the flame spread tests. For each material, those results were correlated
suggesting the generality of the derived parameters. Those parameters consist
of a phenomenological constant which incorporates flame heat transfer and the
thermal properties of the material, and minimum and maximum irradiances (or
surface temperatures) for the spread limits. An ignition parameter or
thermal-time response factor is also derived.

A primary aspect of this study was to explore the applicability of the
test results to describe the flame spread and ignition processes on a diverse
range of materials. These materials were selected to be representative of
applications in aircraft (aircraft interior paneling, carpeting, and seat
cushion foam) and buildings (wood particle board, polymethymethacrylate and
rigid low density foam). Although experiments outside the scope of the test
apparatus were not conducted, the analyses and results suggest that the data
would be generally applicable under similar environmental conditions and
material orientation.
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INTRODUCTION
PURPOSE.

The purpose of this study is to seek new flame spread test method concepts.
The test procedures should be suitable for a diverse range of materials
including those used in aircraft and building interiors. The data derived
from such tests should be capable of quantitatively estimating a material's

f lame spread characteristics for a specific mode of spread. The form of these

results should provide an improved basis for fire risk analyses.

OBJECTIVE.

Specifically this report will outline a procedure for deriving flame spread
parameters related to the phenomena of downward or lateral spread on a
vertical surface. These parameters consist of an effective ignition tempera-
ture, the minimum surface temperature to permit spread, and a flame heat
transfer modulus. When taken together in an appropriate formula, they provide
a basis for computing flame spread rates as a function of surface temperature
or imposed radiant heat flux. Six distinctly different materials, representa-
tive of aircraft and building interior applications, were examined in the

study.
'BACKGROUND .

Common interior furnishings can provide many avenues for fire growth. For
example, typical aircraft cabin furnishings consist of seats composed of
cushions covered by fabric, carpeted floors, and lightweight structural
paneling for its interior shell. Although one may attempt to limit the fuel
content of such furnishings, their continuity over large areas still presents
a risk of surface flame spread. Flame spread is an extremely complex process
which is affected by many physical, geometrical and chemical parameters.

These factors include surface orientation, direction of flame spread, specimen
size, initial fuel temperature, external radiant flux, surface roughness, flow
velocity of the environment, composition of material, composition of the

atmosphere, and more. The only way to effectively deal with these factors in



evaluating the performance of materials, is to integrate appropriate material
data with a mathematical model of the particular process. Currently such data
are not generally available, although many flammability test methods exist.
Indeed, a large number of flame spread test methods have evolved over the past
30 years. These tests were undoubtedly developed without allowance for the
numerous factors influencing flame spread rate. Yet, each test was probably
developed with a conceptual model in mind with regard to its intended applica-
tion. This conceptual process is a form of modeling, but it is likely only to
have been based on qualitative data. For these reasons, the test methods
developed usually yield results that are not consistent with each other nor do
they necessarily reflect behavior in actual fires. Examples of inconsisten-
cies among flammability test methods have been cited by Quintiere and Huggett
{1], Tustin [2] and Nicholas {3]. However, test method correlation with full-
scale fire experiments, although desirable, is not generally achievable [4].
To achieve proper correlation, the processes present in full-scale must be
well understood, appropriate data must be derived for the materials involved,
and mathematical models must be developed to provide a framework for analysis.
This report shall focus on the aspect of data derivation for one type of flame
spread process; namely, lateral or downward spread on vertical surfaces. This
process is only one link in the complex array of fire dynamic phenomena
possible in fire growth. Yet the successful derivation of meaningful data for

this process could provide the basis for improved correlations.

The approach taken in this study is founded on existing flame spread theories
for the case in which the spread velocity is opposite to the bulk flow
velocity of the ambient. 1In the case of the test apparatus used in the study
and in most fire applications, this opposed ambient flow is induced by the
spreading fire itself, and therefore, 1s not independent., The effect of an
imposed flow speed and other factors have been explored in numerocus studies
which taken together provide a fairly complete understanding of the opposed
flow flame spread problem. Some of those investigations will be cited to
illustrate the present scope and state of that research. They include: Magee
and McAlevy [5] who investigated the effects of initial solid temperature and
ambient oxygen concentration; deRis [6] who developed one of the first
complete mathematical treatments; Fernandez~Pello, Ray and Glassman [7] who

correlated the effects of oxygen and opposed flow velocity in terms of a



Damkohler number in a range leading to extinction; Frey and Tien [8] who
demonstrate a model which includes extinction; and Fernandez-Pello and Santoro
[9] who analyzed the forward heat transfer processes promoting flame spread.
Ihe results of these and other studies suggest that the rate of spread (Vf) is
related to the ignition temperature (Tig) (a critical surface temperature) and
the surface temperature (TS) just upstream of the solid region not yet
affected by the flame heat transfer. For a thermally thick solid, this rela-
tionship has the form

B _ 2
Ve = <1>/(TJLg TS) (n

where ¢ depends on the thermal properties of the solid, the ambient oxygen
concentration and velocity, and on the heat flux ahead of the advancing flame.
Although the forward heat flux may take various paths (solid or gas phase,
conduction or radiation), it only significantly affects the solid approxi-
mately 2 mm ahead of the pyrolysis ("flame”) front {9]. Morever, theoretical
results which include finite rate gas—phase kinetics show a minimum surface
temperature is required for propagation and Ve 1s lower than that predicted by
infinite kinetics [10]. Some of these characteristics have been utilized by
Quintiere [11] in developing a simpler flame spread theory as the basis for
interpreting test results on materials. That analysis will serve as a frame-
work for defining and deriving parameters from tests of downward and lateral

flame spread on materials.

The method of analysis used and the results achieved for six materials will be
related in the following discussion. A presentation of the theoretical flame
spread model will provide a framework for analysis of the data and identify
several parameters for measurements. The hypothesis is that those parameters
for a given material will not change under a range of conditions. Hence,
flame spread tests were conducted for various conditions. Also supporting
experiments were performed to measure the ignition times and surface tempera-
ture response under radiant heating. The simplified theory used in the
analysis of these data suggests that the flame spread and ignition properties
should be consistent. This will be examined for the six materials. The
conclusions drawn from those results bear on the feasibility of extracting a

practical test procedure for deriving material flame spread properties.
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DISCUSSION

THEORETICAL MODEL.

The general problem being addressed is opposed flow flame spread in which a
thermally thick solid is heated by an arbitrary time and space dependent
external radiant heat flux (é;). This is shown schematically in figure 1. A

solution to this problem has been previously derived [11] and is displayed

below:
S S W il S (RSN
ig i h /e Ve 2 Ve
t 9" (x_,s)
+@.___ [ A
h/mr o Vt-s
a ° — s
-t / d; (xf,s) exp(a(t-s)) erfcva(t-s) ds (2)
0

The following assumptions were utilized:

(1) the flame provides a constant forward surface heat flux (d%)

over a small distance (Sf),

(2) a constant convective-radiative heat transfer coefficient (h)

is used,

(3) the solid is semi-infinite with conduction only normal to its

surface, and

(4) the position of the flame front (xf) must satisfy the condition
that the surface temperature (Tg) is equal to the ignition

).

temperature (Tig

Also the parameter, a, is given as

a = hz/kpc (3)



with kpc being the properties of the solid, and the flame spread velocity Ve

is given as
V = e— (4)

In this form, eq. (2) presents an integro—-differential equation to solve.
This will not be necessary if it is recognized that eq. (2) can be considered
as the sum of two temperature rises,

- T, = (T ) . (5)

Tig i ig " TS) + (TS - T

i

The term T;, ~ T, represents the rise due to flame heating (d;). This is the

g
first term in eq. (2) and can be simplified, since a(Sf/Vf is usually small

[11], so that

Tig ™ Tg = (2/Y/7) (&7/n) /a8 /v, . (6)
Because df is small, the flame heating occurs over a small depth; hence the
temperature of the solid, ahead of Gf, may be considered uniform over that
depth. This means that the surface temperature time history before the
arrival of the flame is not very important [12]. Therefore, the most appro-
priate means of predicting T due to external heating should be used, not
necessarily that corresponding to eq. (2). Also, since 8. is small, a predic-

f

tion for T (due to external radiation) at x = xf + Gf can be regarded at Xg

as an approximation. In anticipation of the analysis of the test apparatus

results, the thermally thick heating problem of eq. (2) is considered with ée

regarded as a function of x only. Thus, the surface temperature rise due to

external heating is given by

T - T, = (é;/h) F(t) (7a)

with

F(t) = 1 - exp(at) erfc Yat . (7b)



For the application of predicting flame spread, 9. should be regarded as the
external radiant flux at the position of the flame (xf) and t is the time over
which the constant flux d; has been imposed at Xg . Alternatively the phenom-
enon of ignition due to radiant heating could also be described by egs.
(7a,b). 1In particular, since flame spread might be viewed as a succession of
piloted ignitions, it will prove advantageous to conduct a corresponding

analysis of piloted ignition data based on

rig - T, = (qe/h) F(t) (8)
where t is the ignition time. Also, since F(t) + 1 as t + «, it follows from

eq. (8) that the minimum external flux required for ignition is

45 ig = h (Tig - Ti) (9
Thus, from an analysis of ignition data it will be possible to derive an

effective ignition temperature, and perhaps a better functional form for F(t).

Having decomposed the flame spread process into heating from the flame and
heating from the surroundings, the two effects can be now coupled to derive a
relationship for the spread rate, V¢. eq. (6) and eq. (7a) are substituted
into eq. (5) so that

Tig = Ti = l/Ch/V; + (§./n) F(t). (10)

where the parameter .C can be regarded as a flame heat transfer factor,
C = /m/(24; Yas)). (11)

For this mode of spread under natural convection conditions and in a normal
air environment, the parameters Tig’ C, and a (or kpc) should be constant for
a given material. These may be regarded as "flame spread properties,'' They
are not to be confused with tfundamental physical constants. They depend on
the process as well as the material; however, their relative invariance for
this flame spread process makes them useful. Moreover, these particular

parameters are restricted to the approximate flame spread analysis considered




here; they may not be compatible with a more sophisticated spread model.
Finally, success in arriving at a reasonably constant and consistent set of
flame spread properties for the materials tested will provide evidence to

support these-ideas. Several forms of eq. (10) will be useful in deriving

these properties from the test results. From eq. (10), solving for V;l/z
yields
viY2 - on ot - T - (47/h) F(E)). (12)
f ig i e
From eq. (7) an alternative form follows:
-1/2 _ _
Ve = Ch(Tig T.), (13)
and applying eq. (8) to eq. (12) yields
—1/2 _ » [ XTI
Ve T =c (&), -l R, (14)
At thermal equilibrium (long-time heating, F(t) =+ 1), eq. (14) can be
expressed as
"'1/2 — o _ s
f,max C(qo,ig qe) (15)

where Vg . is the maximum possible flame spread speed corresponding to an
bl

imposed external Flux é;.

These equations (8-15) constitute the basis for interpreting the test data on

ignition and flamespread, and serve as guidance in establishing test proce-

én
o,ig
) will be sought. Several procedures will be used with

dure. The parameters C, T1g (or ), and the limiting surface temperature

for propagation (Ts,min
the objective to identify the most expeditious manner to achieve these
results. Both external heat flux and its time of application will be varied
in the flame spread tests. From ignition data the quantity é;,ig can be found
along with the parameter "a” corresponding to eq. (7b). Moreover, the igni-
tion phenomenon will be examined to assess whether or not eq. (7b) is valid,

or whether an alternative F(t) is needed in eq. (7a). Indeed, it will be

shown that an empirical function does better:



b/t, t <t
F(t) = { n (16)

These experiments and thelr results will be described subsequently. Before
doing that, some comments on the evaluation of the heat transfer coefficient

(h) will be given.

HEAT TRANSFER COEFFICIENT.

A complete expression of the surface heat loss should include radiative as
well as convective heat loss. Fortunately, emissivities and absorptivities of
common combustible materials are nearly unity for the radiation characteristic
of fires or for the gas-fired heater used in the tests. Consequently the

total heat transfer coefficient can be expressed as

o(Ti - Ti)
by TR (a7
s i
where
ho=0.3 & (erent’3, or> 10° (18)
C X X

is the convective coefficient as given in Krieth [13]. Also, an attempt was
made to measure the convective coefficient for a plate mounted in the sample
holder of the test apparatus [l4]. Those results were compared to that
computed by eq. (18) and are displayed in figure 2. Also displayed in figure
2 are results for h using eq. (17) with the measured values for hc. Despite
the nonlinear effect of radiation, a useful approximate representation for h

is
-3 2
h = 0.01 (1 + 8.5 x 10 (TS - Ti)) in kW/m°K (19)
for the range of surface temperatures expected (TS < 600°C). Thus, in

evaluating h, an effect of surface temperature should be accounted for in the

linearized theory. In the subsequent analyses, eq. (19) was substituted into



eq. (9) in order to derive Tig from an experimental value for é; ig”® Further-
’

more, it was decided to use the corresponding value for h (i.e., h = h(Tig))

in eq. (13). 1In evaluating the minimum surface temperature for spread

(T

) from the incident radiative flux at extinction (d; ), the equation

s,min o f

i e =h (1, - T (20)
was used with h taken from eq. (19). 1In this way, nonlinear heat loss effects

were accounted for,

It can be observed that h is independent of scale since the x dependence
cancels in eq. (18), and no significant radiative property variation among
aon-metallic materials is likely. Hence the results to be derived from the
tests should be applicable to similar fire situations provided ambient condi-
tions (e.g., natural convection, oxygen concentration, etc.) are the same,
This suggests that the small-scale test results should apply to large-scale

fires.

EXPERIMENTAL PROCEDURE.

Six materials were selected for study. They vary in material type and
structure. Their selection was based on a desire to challenge the analysis
with a diverse array of materials. Three are typical of aircraft interior
materials and three are typical building materials. The six are described in
table 1, and will be referred to throughout the report as follows:

(1) particle board, (2) poly(methyl methacrylate) PMMA, (3) rigid foam,

(4) flexible foam, (5) carpeting, and (6) aircraft interior paneling. The
materials were maintained at 55 percent relative humidity before testing by

storing them in a conditioning room or in a desiccator.

The apparatus consists of a radiant heat source and a sample holder. It is
essentially the apparatus developed by Robertson [15] for study under IS0
(International Standards Organization) and IMCO (Intergovernmental Maritime
Consultative Organization) interests. A schematic is shown in figure 3. The
sample was either oriented so that the 162 mm dimension was vertical or the

800 mm dimension was vertical. The former arrangement recorded lateral spread



Table 1. Description of Materials

MaterigL

Particle board

Poly (methyl methacrylate)

[ PMMA]

Rigid foam

Flexible foam

Carpet

Aircraft panel

Qggsrigtion

Douglas Fir wood with
particle size range of
0.97-2,6 mm and urea-
formaldehyde binder

Rohm & Haas* - Type G
two 0.635 cm thick samples
bonded with methyl ethyl ketone

Polyurethane low density
rigid foam - oM 31%

Polyurethane low density
flexible foam 5 Custom
Products, Inc.

HD54CA low density

Wool-nylon looped fibers with
a rubberized backing

Alrcraft interior lining (#2),
a composite material consisting

of a phenolic-polyamide honeycomb

core with epoxy fiberite face
sheets and a Tedlar®* coating on
the exposed face.

Thickness {(cm)

1.28

1.28

2.54

2.54

0.634

2.54

* Use of trade names implies no endorsement by the National Bureau of

Standards.

+ GM 31 is a material from the Material Bank of the Product Research Committee
currently maintained at the National Bureau of Standards ("Materials Bank

Compendium of Fire Property Data”, Product Research Committee,

February 1980).
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while the latter arrangement recorded downward spread. 1In the lateral orien-
tation the radiant panel imposed a distribution of radiant heat flux to the
face of the sample as shown in figure 4. The results there have been

normalized in terms of the incident flux at x = 50 mm.

A series of ignition and flame spread experiments were conducted with the
apparatus on the six designated materials. Ignition was measured using a
sample mounted in the region shown in figure 3. A pilot flame was used to
trigger the process. The flame spread tests were run either laterally or
downward; ignition always occurring at the high irradiation end and flame
spread proceeded along the material to extinction at some lower flux. 1In some
flame spread tests, fine wire (0.13 mm dia.) chromel-alumel thermocouples were
used to monitor the rise in surface temperature before the onset of flame
heating. Since the flame heat transfer zone is small (O to 2 mm), this
surface temperature could easily be correlated with the local flame spread

velocity.

IGNITION EXPERIMENTS. Ignition experiments were conducted in a vertical

orientation with sample face dimensions of 155 x 110 mm wide. The back and
sides were wrapped with aluminum-foil. This was mounted in the sample holder
such that the back side was bounded by 12.8 mm thick calcium silicate board
and the exposed face was 130 x 90 mm. The sample was mounted at the hot end
of the lateral spread apparatus. It is seen from figure 4 that the flux was
nearly constant over the face of the sample. The flux was varied at the face
over a range of 1.5 to 6.5 W/cmz. With the pilot flame on, the sample holder
was moved into place to initiate the radiant exposure. The time to ignite was
then recorded. A definition of ignition, most relevant to flame spread, was
taken to be the onset of sustained surface burning. Any departure from this
was noted. Ignition data were also taken during lateral flame spread tests,

and these data were added to the results for the smaller sample.

The onset of ignition depends on the location and temperature of the pilot
flame. Simms [16] found that the distance of the pilot flame from the surface
of a vertical specimen under laminar conditions affected the time to ignite.
Kashiwagi [17] found that the temperature of a heated wire pilot for an upward

facing horizontal sample had an effect. Different pilot flame configurations

-11~-



and locations were used in this study. They are described in table 2. Each
was located within 1 cm of the sample face plane. In general each seemed to
give equivalent results for most conditions. Typically when a peculiar igni-
tion behavior occurred, variations with the pilot flame were made to determine
whether the pilot configuration was responsible. If it was, a new pilot
arrangement was adopted, and the anomalous data discarded. In this fashion an
optimum pilot flame was developed and subsequently used. The objective was to
provide a hot region in the mixture of air and fuel gases with a minimal
disturbance. An additional criterion for the pilot was that it should not
provide any heat transfer to the surface of the specimen. It should only act
as a source of heat to the mixture of pyrolysis products and air. The optimum
pilot flame was found to consist of a premixed flame positioned above the
specimen to intercept the hot boundary layer plume generated by sample decom-—
position. For this sample configuration that boundary layer was expected to
be turbulent or in the transition region. That pilot configuration consisted
of an acetylene (C2H2)-air flame supplied through two 1.5 mm diameter openings
in a ceramic cylinder mounted as shown in figure 5. The pilot was adjacent to
a vertical flange mounted flush with the sample in order to maintain
continuity in the wall boundary layer. The pilot tube was positioned 5 mm
from the flange surface and 25 mm above the top edge of the sample. 1Its

conical blue flame extended about 140 mm horizontally (see figure 5.)

FLAME SPREAD EXPERIMENTS. The samples for flame spread had a 155 x 800 mm

face dimension.. Their back and edge surfaces were covered with aluminum-foil,
and they were backed by a 12.8 mm thick calcium silicate board. Their exposed
face in the sample holder was 130 x 775 mm. Two apparatuses were used so that
lateral and downward spread could be measured on a sample positioned in a
vertical plane. The initial heat flux with its corresponding distribution and
the application time of the pilot flame were two conditions varied in the
experiments. Flame position was visually recorded. From these data flame
velocity could be computed. An extensive series of experiments investigating
the effect of these conditions was conducted for the lateral flame spread
mode. This was done less extensively in downward spread; however, surface

temperatures were measured during those flame spread experiments.
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Number

Table 2.

Pilot Flame Configurations

Position reported with specimen positioned for horizontal spread

Flame

Conical acetylene -
air premixed flame

Conical acetylene ~
air premixed flame

Conical acetylene -
air premixed tlame

Conical natural gas
air premixed flame

Fan-shaped acetylene -
air premixed flame

Fan shaped acetylene -
air premixed flame

Finepoint acetylene -
air premixed flame

Burner Head

Two 1.5 mm dia.
holes in a 6.4 mm
ceramic tube

Two 1.5 mm dia.
holes in a 6.4 mm
ceramic tube

Two 1.5 mm dia.
holes in a 6.4 mm
ceramic tube

Two 1.5 mm dia.
holes in a 6.4 mm
ceramic tube
Rectangular
diffuser
Rectangular

diffuser

Small Converging
nozzle

-13~

O.DI

O.DI

O‘D.

O.D.

Orientation

Position

Horizontal

Horizontal

Vertical

Horizontal

Horizontal

Horizontal

Horizontal

Top edge of
sample, spaced

5 mm from sample
holder

25 mm above top
edge of sample,
5 mm from the
face of a flange
flush with the
sample holder

25 mm below
lower exposed
edge of sample

sample,
5 mm from
holder

Top of
spaced
sample

Top of sample,
spaced 5 mm from
sample holder

Centered at side
edge of sample

Centered at side
edge of sample
6.25 mm from
sample surface



IGNITION RESULTS AND ANALYSIS.

Data were compiled on the time to ignite under radiant heating for the six

materials. These results are tabulated in tables 3-8. Analysis consisted of
o,1g
occur, and in seeking a functional form for F(t) in eq. (8). Either the

identifying the flux ( ) below which sustained surface ignition would not

parameter "a" of eq. (7b) was found by a "best"” fit of the data for small

ignition times; or the parameters "b" and tm of eq. (16) were found. The
latter functional form is empirical and tends to fit the data better. The
data and F(t) fits are displayed for all six materials in figures 6-11. Some

observations and characteristics of each will be discussed.

PARTICLE BOARD., Several pilot flame configurations were used in the ignition

experiments. Both acetylene and natural gas were premixed with air and
supplied through small burner heads located in various positions near the
heated sample. The range of exposure radiant heat fluxes varied from
nominally 1.4 to 6.5 W/cmz. The results are tabulated in table 3 along with
the pilot flame configuration used. Variation in results among the different
pilot flames is similar to differences in results using the same pilot. Hence
with the scatter of these data, these pilot flames have no significant effect.
The pilot flame position above the sample appears to offer the best combina-
tion of no direct heat transfer to the sample and full exposure to the fuel
gases released by the sample. However, the ignition behavior for this pilot
position shows, first an ignition of the gases at the pilot, followed by
downward propagation through the boundary layer to sustained ignition over the
sample surface. This is probably due to flame stability effects in which the
local burning velocity of the pyrolysis gas—air mixture must be greater than
Lhe upward gas speed in the boundary layer before downward propagation can
occur, Since opposed flow flame spread is being considered, it is felt that
the definition of ignition most consistent with that flame spread phenomenon
is sustained ignition at the surface following flashback from the pilot.

Those times are recorded in table 3 along with some measurements of the
incipient ignition above the sample. There it is seen that the gas~phase
ignition times precede the surface ignition times by as much as 20% until the
flux is below 1.55 W/em?. At fluxes of 1.69 and 1.55 W/cm? the flame did not

propagate to the lower edge of the sample, and for fluxes below 1.55 W/cmz,
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Test

27
26
29
30
31
23
28
L-19
25
24

L-11

L-10
L-18

1-16

Table 3.

Pilot Flame
Configuration

e NDOND N e e e e e BN e (O ke e b e = B e e RN N BN = RO = = NN NN

Particle Board Ignition Tests

Flux

(W/cmz)

1.37
1.49
1.49
1.50
1.54
1.55
1.69
1.7

1.82
1.85
2.00
2.0

2.07
2.1

2.15
2.20
2.45
2.50
2.50
2.77
2.78
2.95
2.95
2.96
3.00
3.05
3.06
3.62
3.62
4.45
4.45
5.15
5.2

5.32
5.35
5.45
6.45
6.48
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Time

(s)

8 8 8 8

8

626
373
292
284
323
242
240
225
166
228
218
184
181
155
93
101
93
92
113
105
110
79
68
69
47
49
41
24
30
28
29
23
19

Time of Gas Phase
Ignition Above
the Sample

(s)

410
359
300
274
278

316
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ignition occurs at the pilot but does not flashback to the sample surface at
all. Hence, the critical flux for piloted ignition (d; ig) was taken as
’

1.55 W/cmz.

The sustained surface ignition times are plotted against incident radiative
heat flux in figure 6. The data follow the form of eq. (8) and eq. (9) in
which ﬁ;’ig/ﬁ; = F(t) where F = 0 at t = 0 and asymptotically approaches 1 as
t becomes large. An attempt to fit the data using two functional forms of
F(t) was made. The empirical form for F(t) given by eq. (16) is able to fit
the data much better than the exact solution for an inert thermally thick
solid described by eq. (7b). Attempts at fitting eq. (7a) to the ignition
data were always done favoring the shortest times since the assumption of an
infinitely thick solid would be valid. It appears that variability in thermal
properties due to temperature variation and decomposition, plus perhaps the
need to predict the rate of fuel gas release limit the applicability of a
simple inert model., Nevertheless, the value of "a" used to fit the short time
data, found to be 0.00455-1, is consistent with thermal property data for the
particle board. From a;,ig = 1.55 W/cm2 and eq. (9), Tig = 393°C and the
corresponding h = 0.042 kw/mZK. Since kpc = hz/a, the derived value for

kpc is 0.392 (kW/mzK)z, compared to a literature value [14] of 0.255
(kW/mzK)zs at T = 393°C. Of course, the effect of charring was not included
in estimating the literature value for kpc. In view of the fact that kpc can
vary by several orders of magnitude for common materials, these deviations may
not be so significant for particle board. Moreover, both results for F(t) may
be good enough in the correlation of flame spread data per eq. (14), since

only the transient response of the material needs to be predicted. That is,

the characteristic heating time for F(t) to go from 0 to 1 is significant.

PMMA. Table 4 displays the results of ignition times for PMMA under irradi-
ance levels of 1.55 to 6.4 W/cmz. On heating, tiny bubbles appear to form
within the PMMA near the surface. Also, before ignition significant bulging
and deformation of the sample occurred for fluxes below 4 W/cmz. In table 4
it can be seen that the use of a pilot flame at the edge of the sample
produced a variety of results. This can be attributed in part to the type and
displacement of the pilot from the sample face. However, the large gradient

in fuel concentrations at the edge of the boundary layer makes ignition times
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Table 4. PMMA Ignition Tests

Pilot Flame Flux Time
Test Configuration W/ cm? ) Notes
27 5 1.55 1050.
28 5 1.95 348.
16 5 2.1 312,
15 5 2.1 270.
14 5 2.35 194,
13 5 2.38 220.
L-1 2 2.75 97.
12 5 2.8 120.
11 5 2.8 161.
10 5 3.2 88.
9 5 3.2 107.
8 5 3.8 66.
7 5 3.8 68.
6 6 3.8 158. Pilot 5 mm from sample
5 7 3.8 57. Pilot 5 mm from sample
2 6 3.94 76, Pilot < 5 mm from sample
4 7 3.94 79. Pilot 5 mm from sample
3 7 3.94 99. Pilot 10 mm from sample
1 6 4.2 125. Pilot 10 mm from sample
24 5 4,2 52.
23 5 4.3 53.
26 5 4,78 45,
25 5 4.8 44,
22 5 5.25 36.
21 5 5.32 32,
17 5 5.8 23.
18 5 5.85 22.
19 5 6.4 21.
20 5 6.4 21.
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very dependent on pilot position. This is one reason for ultimately selecting

a pilot configuration above the sample.

All of the results are shown plotted in figure 7 along with curve fits for

F(t). The data suggest that the critical flux for ignition (qO jg) is less

’
than or equal to 1.5 W/cmz. Since this flux was the lowest operating level of

o,ig
value. The empirical form of F(t) given by eq. (16) yields a better fit than

the apparatus, it was taken as q « The curve fits were based on this

the exact inert solution, eq. (7b). Based on ﬁ; ig = 1.5 W/cmz, an effective
?

ignition temperature is calculated to be 388°C. Thus, the value of

kpe = 0.42 (kW/mZK)zs follows from a best fit value for a = 0.0040 s~

h = 0.041 kw/mzK. This can be compared to a value at 22°C estimated from the

1 and

literature of kpec = 0.61 (kW/mZK)Zs.

RIGID FOAM. 1Ignition experiments were conducted for the polyurethane rigid
foam material (GM-31) using only the pilot flame configuration as shown in
figure 5 (number 2 of table 2). The results are tabulated in table 5 and

- include results derived from the lateral flame spread experiments. Based on
rhese data, the critical flux for ignition (d;’. ) was estimated at 2.0 w/cmz.
The very short ignition times are subject to some error since it takes about
l s to insert the sample for exposure to the radiant source. It can be seen
from figure 8 that, except for the data taken during flame spread tests, the
empirical form of F(t) again does a better fit of the data. Based on

;,ig = 2.0 w/cmz, Tig is calculated as 453°C. From the "best fit" value for
= 0.75 s_l, kpc = 0.0032 (kW/mZK)Zs compared to literature value of 0.0014
(kW/m%K)?%s.

q
a

FLEXIBLE FOAM. The polyurethane flexible foam exhibits a complex response to

heating. This is manifested by its rapid surface regression and its melting.
The vertical test orientation also promotes dripping. Of the materials
tested, the behavior by this material is the most incongruous with the
theoretical hasis of the data analysis. Nevertheless, it was useful to
perform the standard analysis to see where problems might lie. The results
are tabulated in table 6. Above 4 W/cmz, nearly instant ignition occurred
above the sample at the pilot upon insertion of the sample. Subsequent flash-

back to the surface occurred within 20 s. Below 2.5 W/cmz, significant
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Table 5. Rigid Foam Ignition Tests*

Flux Time
Test W/cm2 S
5 1.41 o
6 1.73 ©
8 2.12 ©
9 2425 8
3 2.45 7
4 245 8
7 2.68 7
1 2.97 4
2 2.97 6
L-3 3.03 4
L~4 3.04 2
I-2 3.04 3
L-6 3.05 3
L-1 3.05 4
10 5.5 2
Table 6. Flexible Foam Ignition Tests
Flux Time
Test (W/cm?) (s)
15 1.51 no ignition
19 1.64 no ignition
18 1.79 81.
17 1.83 68.
13 2.04 58.
14 2.04 56.
12 2.13 49.
1t 2.2 30.
10 2.2 42,
9 2.4 35.
8 2.86 23.
6 3.62 18.
4 4.81 18.
3 4.85 14.
1 55 8.
2 5.53 14.

* All tests used pilot flame configuration 2.
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regression took place with sustained ignition preceded by periodic ignition on
the sample. A cavity is formed by the sample holder as the material vaporized
and formed a melted pool at the bottom. At 1.64 W/cmz, no ignition occurred;
however, the material was completely depleted due to heating by 120 s. As the
surface regressed the minimum flux at the rear face of the sample was

1.3 w/cmz. Although 1.6 W/cm2 was taken as the critical flux for ignition
(qo,ig

material precludes a precise determination of é; ig" It could be 1.3 W/em? or
*

even lower. The data are plotted in figure 9 using the flux values at the

), it is seen from these results that the rapid decomposition of this

initial face of the sample. The curve fits based on F(t) were derived using
a;,ig = 1.6 w/cmz. Again, the empirical form of F(t) enables a better fit.
CARPET. 1Ignition behavior of the wool/nylon pile carpet with an integral
rubberized backing reflects its composite construction. Indeed, on heating,
the fibers charred and volatilized, but subsequent ignition appeared to be
more attributable to the rubberized backing. Also, ignition manifested itself

2, ignition resulted in

in several ways. Above an irradiance of 5 W/cm
complete combustion over the sample surface. Between approximately 3.5 to
5 w/cm2, ignition occurred only over the upper half of the sample surface. At
lower heat fluxes, ignition would only occur at discrete regions or “"spots.”
Below 1.6 W/cm2 ignition did not occur. The data are displayed in table 7.

At low heat fluxes, near the critical value, a fair degree of scatter is
present. This probably reflects the non-homogenity of the spot-like igni-
tion. 1In exploring the effects of pilot location several data show the effect
of pilot flame heating of the sample directly on the sample holder. Also, two
data points were taken with another apparatus in which the sample was horizon-

tally oriented. These horizontal results are within the scatter of the over-

all data so that no conclusion can be made on the effects of orientation.
The results are plotted in figure 10 along with the curve fits. Even if a
fit, using eq. (7b) for F(t), is based on mid-time results it does not match

the data. The empirical function, eq. (16) yields a fair fit.

AIRCRAFT PANEL. The multi-layered composite construction of the aircraft

interior panel leads to unusual ignition behavior. On heating, the decorative

surface coating would swell, then split or burst depending on the irradiance
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Table 7. Carpet Ignition Tests

Pilot Flame Flux Time
Test Configuration W/cm 8
12 2 1.55 o
10 2 1.73 269
9 2 1.75 350
8 1* 1.75 169
11 2 1.76 437
1C + 2.0 180
13 2 2,03 : 240
14 2 2.05 152
15 1* 2.05 103
L-2 2 2.35 94
6 2 2.37 87
7 2 2.37 93
26 2 2.39 92
2C + 2.65 103
4 1%% 2.75 65
5 2 2.75 91
3 2 2.75 91
25 2 3.01 43
1 2 3.25 45
2 2 3.25 52
17 2 3.85 24
18 2 3.87 32
21 2 5.01 20
19 2 5.08 25
-3 2 5.1 37
20 2 5.15 23
22 2 5.15 19
23 2 6.13 23
24 2 6.15 20

* pilot flame touching sample holder.
** pjlot flame touching sample face.
+ Horizontal sample orientation.
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level. At heat fluxes below 5 w/cmz, the coating would burst and a flammable
gas cloud could be released which momentarily would ignite. The intensity of
this release increased as the flux was lowered, or the heating time was
longer. TFollowing this behavior, the fiberite face sheet over the honeycomb
core was exposed, and sustained ignition occurred over its surface subse-

2, the surface coating bursts at 27 s,

quently. For example, at 2.8 W/cm
ejecting a jet of flames. This flame extinguishes and the coating delaminates
and rolls off to the side exposing the fiberite face. At 54 s a combustible
mixture results and ignition occurs above the sample with flashback to the
sample surface at 79 s. The results for sustained surface ignition are tabu-
lated in table 8 along with ignition times in the gas-phase above the sample.
At 2.5 W/cm? sustained ignition did not occur, and 2.7 W/cm? was estimated as
the critical flux. The data are plotted in Figure 11 and the F(t) curve fits
are displayed. Significant scatter exists in the data; however, the range of

ignition times is less than 80 s. Hence the material requires a high heat

flux for ignition, but ignites quickly.

*
Table 8. Aircraft Panel Ignition Tests

Flux Time Gas Phase Ignition
Test W/cm2 s Above the Sample

10 2.1 L ®
20 2.5 0 85.
19 2.8 79. -
9 2.93 60. 38.

8 3.38 45, 43,
12 3.9 28. 27.
11 3.9 40. 39.
13 4,18 39, 16 .-28.
14 4.35 25. 24,
17 4.6 25. 14.
4 5.0 24 . -
-1 5.05 19. -
6 5.3 24, 11.

2 5.38 15. -

5 5.4 26. 23.

3 5.4 20. -
16 5.7 20. 13.
7 6.3 10. 8.

*
All tests used pilot flame configuration 2.
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SUMMARY OF IGNITION PARAMETERS. The parameters derived from these analyses

can be classed into two categories. First, there is the thermal condition
necessary to produce a flammable mixture necessary for piloted ignition.
Second, there is the thermal response of the material or the time necessary to
achieve ignition. The parameters which reflect the thermal requirement are

the minimum flux for ignition (q" ) or the derived effective ignition

temperature (Tig) based on eq. (giignd eq. (19). The temporal parameters can
be expressed by the parameters used in F(t); either a of eq. (7b) or b and ¢t
of eq. (16). Indeed, since l-exp(at) erfc Yat is approximately Yat for small
(at) values, it can be shown that all of these parameters are related, i.e.,
a ~ k? ~ l/tm. The smaller a or b are, the longer it will take to ignite.
These parameters are summarized in table 9 where the temporal parameters tend

to correspond. Also it should be noted that the thermal requirement for

ignition is independent of its characteristic time for ignition,

Table 9. Summary of Ignition Parameter

Parameters for F(t)

Minimum Flux Ignition
for Ignition Temperature Eq. (7b) Eq. (16)
é;,ig Tig a b tn

Material W/cm? o¢ s~ 1 s™1/2 s
PMMA < 1.5 < 388 0.0040 0.047 456
Particle Board 1.55 395 0.0045 0.0504 393
Carpet 1.55 395 0.015 0.063 243
Alrcraft Panel 2.7 536 0.05 0.131 57
Flexible Foam < 1.6 < 407 0.07 0.114 81
Rigid Foam 2.1 464 0.7 0.321 10
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FLAME SPREAD RESULTS AND ANALYSIS.

The flame spread data consist of flame front position as a function of time.

From the known external radiant distribution along the sample (figure 4), the

flux (qe) at the flame position can be found. Hence flame spread velocity as

a function of external flux was derived. That velocity was computed using a
numerical differential formula based on a three-point parabolic fit of the

position-time data.

Several methods were examined to determine the flame spread parameters. These

nethods are based on alternative forms of the flame spread equation given in

eqs. (12)-(15). From eq. (14) it follows that by plotting the data as V_l/2

versus d; F(t), the intercept on the abscissa is d; ig and the slope of a
»

straight line fit through the data is C. The time, t, is the total external
heating time up until the arrival of the flame front. At the point where the

o,f’
minimum external flux for flame spread. 1In aligning a straight line fit to

flame ceases to propagate, the corresponding abscissa value is q the

these data the center core of the data points should be favored. This is
advised because near extinction, this simple theory is not likely to hold and
departures from a linear result are expected. At the other end of the data
set, errors are likely since the spread velocity is very rapid and early
transient effects may not be well accounted for by the function F(t). As time

increases, F(t) approaches 1 and the analysis has more reliability.

Three methods of analysis based on eq. (l14) will be presented to derive the

parameters: C, é; ig? é; £ and Tig and Ts,min’
F] ]

from "long preheating” tests were examined. These "long preheating” times

respectively. First, data

were based on experience in the thermal response of materials developed during
ignition tests. Therefore, F(t) was assumed to be equal to | in this
analysis. The other two methods were based on using F(t) in the form of eq.
(7b) or eq. (16) with parameters for these formulae derived from the ignition
tests (table 9). Although eq. (7b) does not perform well in the ignition data
tits, it might be sufficiently accurate here, since for "long"” duration tests
F(t) will approach l. That is, for long enough times, it is the ability of
F(t) to express the thermal equilibrium time, not its functional form, that is

important.
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The flame spread behavior and the results of these analyses will be described
for each material. Following that, those results will be converted in eq.
(13) and compared to the measured results for flame spread velocity as a

function of surface temperature,

PARTICLE BOARD. The range of flame spread experiments conducted for Douglas

fir particle board are shown in table 10. In the lateral tests (L) the pilot
configuration above the sample (figure 5) was used; it was moved into that

position following a set “pre-heating"” or exposure time of the sample to the
radiant heater. Subsequently, ignition and flame spread occurred. 1In the
downward tests (D), a contacting pilot flame was applied to the sample after a
specified exposure time. The preheating times and initial flux levels were
selected based on the ignition results for particle board. The ignition data
suggest that 400 to 600 s may be sufficient heating times to reach thermal
equilibrium. Also, if the sample is heated too long, as in tests L-17 and
D-3, ignition may not occur due to excessive charring or ablation. Hence,
some judgement must be exercised in initiating flame spread after a sample has

been heating for a “"long” time. The ideal distribution of flux is to have the

maximum initial €flux be slightly above the critical flux for ignition.

The results of the data analysis are displayed in figures 12 to 16. The flame
front position as a function of time, figure 12, reflects the variations in
incident radiant flux as well as the pre—~heating times. The plot of velocity
versus external flux is included to show the wide range of possible results.

A unique relationship is not possible since the spread velocity is primarily a
function of surface temperature and that depends on the external flux and its
duration. However, the results converge, as in figure 13, as sufficient time
has transpired. In figure 14, these data are replotted in terms of V—l/2

and é;. The data from a given test shifts downward on the plot as the heating
time is increased before the flame arrival. Several tests (L-14, D-4, 5, 6)
constitute "long preheating” runs, and a close examination of the data set of
L-14 in figure 12c, yields an intercept, a;,ig = 1.65 W/cm2 and a slope value,
C= 2.3 (s/mm)l/2 (W/cmz). Figures 15 and 16 show the results of using F(t)
based on eq. (16) or eq. {(7b), respectively., Both of these functions corre-

late the data very well. A summary of the flame spread parameters derived
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Table 10. Particle Board Flame Spread Test Conditions

Flux to Sample
at 50 mm Position Pre-Heat Time Ignition Time

Test (W/cm?) (s) (s) Plot Symbol
-1 5.15 0. 41 (1)
1L-2 5.2 0. 24 (2)

L-16 5.32 0. 30 (f)
L-6 4.0 40, 57 (6)
~7 4,01 40. ~ 62 (7)
L-4 2.97 70. ~ 120 (4)
L~5 2.95 80. 116 (5)
-3 2.99 110. 114 (3

L-21 2.98 140. 141 (m)

L-20 2.96 150. 151 (k)

L-22 2.98 200. 220 (p)

L-23 2.9 250. 263 (r)
L~9 2.6 120. 137 (9)
L~8 2.57 120. 128 (8)

L-13 2.3 240. 246 (d)

L-12 2.19 180. 183 (e)

L-14 2.26 300. 300 (e)

L-10 2.07 0. 225 (a)

L-11 2.0 0. 240 (b)

L-18 2.1 0. 166 (g) *

L-19 1.7 0. 292 (h) *

-17 2.0 480. none -
D~4 3.0 600. - (t)
D~5 3.0 600. - (u)
D~6 3.0 600. - (v)
D7 3.0 100. - (w)
D~3 3.0 1000, none -

* Not pre-conditioned in constant humidity room (sample stored in Building
205 - relative humidity on test date ~ 44%).

NOTE: L Lateral flame spread test (pilot configuration from Figure 5 was
used) .
D = Downward flame spread test (contacting pilot was used).

Not recorded
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from these plots is shown ia table 11. The results are reasonably consistent
with variations between the various methods, probably equal to the uncertainty

in the parameters derived from a given method.

Table 11. Comparison of Flame Spread Parameters by Different
Methods for Particle Board

q” T, C q" T

o,lg 1g o,f s,min
Method w/cm2 o¢c (s/mm)l/z(cmz/w) W/cm2 ‘ °c
[gnition test 1.55 395, - - -
Long pre-heat 1.65 409. 2.3 0.45 202.
F(t) of Eq. (7b) 1.55 395. 1.8 0.35 175.
F(t) of Eq. (16) 1.75 422, 2.0 0.45 202.

Based on the correlations in figures 15 and 16 and on examining downward and
lateral tests under similar heating conditions, no systematic differences were
observed between downward and lateral spread. In both, a well-defined flame
front proceeded on the sample. However, in lateral spread the front could be

slightly inclined to the vertical, while in downward spread it was horizontal.

PMMA. For downward spread of poly(methyl methacrylate), the flame front was a
well defined horizontal line front with some distortion due to dripping which
occurred late in the tests., The flame front in lateral spread proceeded in
two or three steps with the lead step at the upper region of the sample. The
horizontal distance between the steps was less than 5 cm. This step effect
may have been due to the manner in which the sample is ignited from above;
hhowever, it did not have a significant effect on the flame spread measure-

ments.
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Table 12 lists the range of experiments conducted. The raw data are plotted
in figure |7 where 1t should be noted that the downward runs were terminated
when dripping became excessive. The velocity measurements plotted against
irradiance are shown in figure 18. If these data are examined more closely,
it is found that for similar tests (L-8, D-16, 17, 26) there is no difference
between downward and lateral results. In fact these same tests were desig-

nated as the "long preheating” tests, and neglecting the first few data points
-1/2
£

ments where a test was terminated, the flame spread to the end of the sample

at low V in figure 19 yields results for d; ig and C. Except in experi-
]

and the minimum flux &; for spread is equal to or less than the lowest flux
b

available in the apparatzs, i.e., 0.1 W/cmz. Good correlations are achieved
by operating on the data with either F(t) of eq. (16) or F(t) of eq. (7b) as
shown in figures 20 and 21, respectively. A summary of the derived parameters
is given in table 13. The long preheat results are more in agreement with

using F(t) of eq. (16).

RIGID FOAM. The polyurethane rigid foam material burns with a nearly straight
tflame front in both lateral and downward spread. Nominally, identical tests
were conducted in both modes as shown in table 14. The response of this
material is very fast so that a prescribed preheat is not essential. In
figure 22, the data of test L-7 with a preheat of 5 s suggest that a thermal
equilibration time is about 30 s. That is the time it takes for those data to
merge with the other lateral results. Incidentally, the downward and lateral
results do not coincide because of the differences in the flux distributions
although the initial flux is the same. Hence, except perhaps for test L-7,
all the data should yield identical results for velocity as a function of
irradiance. The scatter in figure 23 show the inaccuracy in velocity deter-
minations at high speed. Selecting test 1-7 as the long preheat case, the
flame spread parameters are determined from figure 24. The first two high
speed data points are discounted. The use of the F(t) correlating function
tends to remove some curvature effects but not the degree of scatter. Those
plots are given in figures 25 and 26. The derived parameters from each method

are compared in table 15.
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Table 12.

Flux to Sémple
at 50 mm Position

PMMA Flame Spread Test Conditions

Pre—Heat Time

Ignition Time

-29~

Test (W/cmz) (s) (s) Plot Symbol
L-1 2.75 0 97 ()
L-2 2.84 150 154 (2)
1-3 2.84 200 200 (3)
L-4 2.78 250 250 (4)
L-5 2.77 300 300 (5)
1L-6 2,82 400 400 (6)
L-7 2.71 500 500 (7)
L-8 2.71 600 600 (8)

D-16 3.0 600 -- (9)

D-17 3.0 600 - (a)

D-26 3.0 600 - (b)

D-29 3.0 100 - (c)

NOTE: I = Lateral flame spread test (pilot configuration from Figure S5 was

used).
D = Downward flame spread test (contacting pilot was used).
Table 13. Comparison of Flame Spread Parameters by
Different Methods for PMMA
qo,ig Tig ¢ o,f Ts,min

Method W/cm? o¢c (s/min)}/ 2(cm?/w) W/ cm? oc

Ignition test < 1.5 < 388. - -- -

Long pre-heat 1.57 399, 2.1 < 0.1 < 88.

F(t) of Eq. (7b) 1.25 352. 2.6 < 0.1 < 88.

F(t) of Eq. (16) 1.65 409, 1.9 < 0.1 < 88.



Table 14. Rigid Foam Flame Spread Test Conditions

Flux to Sample

at 50 mm Position Pre-Heat Time Ignition Time
Test (w/cmz) (s) (s) Plot Symbol
-3 3.03 0 4 (2)
L-2 3.04 0 3 (1)
L-4 3.04 0 2 (3)
L~6 3.05 0 3 (4)
L-7 3.05 5 5 (5)
D-31 3.0 0 - (6)
D~-32 3.0 0 - (7)
D-33 3.0 0 - (8)
D-34 3.0 0 - 9)
D-35 3.0 0 - (a)
D-36 3.0 0 - (b)
NOTE: L = Lateral flame spread test (pilot configuration from Figure 5 was
. used).
D = Downward flame spread test (contacting pilot was used).
Table 15. Comparison of Flame Spread Parameters by
Different Methods for Rigid Foam
qovig Tig ¢ qO,f Ts,min
Method W/cm2 o¢ (s/mm)l/z(cmz/W) W/cm2 oc
Ignition test 2.1 465, - - -
Long pre—heat 1.8 428. 0060 0055) 2250
F(t) of Eq. (7b) 1.85 434, 0.59 0.54 223.
F(t) of Eq. (16) 2.0 453, 0.55 0.55 225.
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FLEXIBLE FOAM. The flexible polyurethane foam burns in a complex manner. In

downward spread, significant melting and dripping occurred which appears to
promote a more rapid spread. As time increased, flaming drip-channels which
preceded the primary flame front, increased in length. The primary horizontal
flame front postion was recorded for as long as it was clear. In the lateral
spread mode, melting effects did not appear significant; yet, regression of
the sample may be an important factor. Behind the flame front, a concave
ablated region results due to regression. Approximately 2 cm behind the flame
front the sample is completely burned away. Hence, the flame spread phenome-
non is promoted by an "edge” flame and external irradiance on that edge as

well as by "surface"” heating.

The tests conducted are described in table 16. The flame position results are
shown in figure 27 where tests L-2 and L-4 constitute the long preheating
tests. The velocity results in figure 28 tend to show the more rapid and
uneven spread for downward burning as compared to lateral spread. A straight
line it to the “long preheat” data of tests L~2 and L-5 in figure 29 yield
&;,ig = 1.4 W/cm2 and C = 0.89 (s/mm)l/2 (W/cm?). Figures 30 and 31 are used
to derive these same parameters. There the more obvious data points affected
by downward dripping were ignored. A summary of these parameters are tabu-

lated in table 17. There is a fair degree of consistency among the results,

despite the complex burning behavior of this material.

CARPET. 1In flame spread tests for the wool/nylon carpet, a distinct flame
front was not observed. Indeed, the spread phenomenon followed the discrete
ignition behavior observed to occur at irradiance levels of below 3.5 W/cmz.
This was observed in both downward and lateral tests. The most significant
spread was noted for a lateral spread test (L-3) in which the initial
irradiance was 5.1 W/cmz. Even in that test the progression of the flame
front was erratic, advancing by 10 to 50 mm steps and sometimes receding
before advancing again. 1In general this progression could be described by a
series of discrete ignitions advancing with decreasing speed. A summary of
most of the tests conducted is shown in table 18, and the advance in flame
spread is plotted with time in figure 32. An interesting result follows if
the external irradiance corresponding to the flame position is plotted against

time measured from the commencement of the test. These data are plotted in
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Table 16. Flexible Foam Flame Spread Test Conditions

Flux to Sample

at 50 mm Position Pre-Heat Time Ignition Time
Test (w/cmz) (s) (s) Plot Symbol
L-1 2.2 0 - (1)
L-2 2.15 100 - (2)
L-4 2.15 50 - (3)
L-5 2.19 100 - (4)
L-6 2.2 0 - (5)
D-37 3.0 0 - (6)
D-38 3.0 0 - (7
D-40 3.0 0 - (8)
D-41 3.0 0 - (9)
D42 3.0 0 - (a)
D-46 3.0 0 - (b)
NOTE: L = Lateral flame spread test (pilot configuration from Figure 5 was
used).
D = Downward flame spread test (contacting pilot was used).
Table 17. Comparison of Flame Spread Parameters by
Different Methods for Flexible Foam
9%,1g Tig c 9, f Tg min
Method W/cm2 Oc (s/mm)l/z(cmz/W) W/cm2 oc
Ignition test < 1.6 < 402, - -= -
Long pre-heat 1.4 374, 0.89 0.22 135.
F(t) of Eq. (7b) 1.15 337. 1.1 0.22 135,
F(t) of Eq. (16) 1.25 352. 1.06 0.22 135,
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figure 33 along with the ignition data, taken under uniform irradiance condi-
tions, from table 18. Except for times greater than 200 s, all of the "flame
spread” data generally coincide with the ignition results. This suggests that
the spread of flame, at least for heat fluxes greater than é;,ig = 1.55 W/cmz,
is essentially an ignition phenomenon. The time for the flame to advance to
the new position at a lower external irradiance is equal to the time for
piloted ignition at that irradiance level. The flame at the preceding loca-
tion appears to act as the pilot flame. In test L-3 the spread advanced
beyond 1.55 W/cm? so that flame spread in the sense of this analysis is
possible, but does not always occur. The last three data points (t > 250 s)
were analyzed for test L-3, taking them to represent long preheat data in
order to determine C and d;’f.

report results using the F(t) correlations, but they were consistent with the

It was felt that these data were too scant to

values shown in table 19.

Table 18. Carpet Flame Spread Test Conditions

Flux to Sample

at 50 mm Position Pre-Heat Time Ignition Time

Test (W/cm?) (8) (s) Plot Symbol

-3 5.1 0 37 (1)
D-19 3.0 120 212 (2)
D-24 5.0 0 110 (3)
D-25 5.0 0 11-192 (4)
D-27 5.0 0 45-207 (5)
D-28 5.0 0 31 (6)
NOTE: L = Lateral flame spread test (pilot configuration from Figure 5 was used).

D = Downward flame spread test (contacting pilot was used).
Table 19. Flame Spread Parameters for Carpet Material
o,1g Tig ¢ %, f Ts,min

Method W/ cm? O¢c (s/mm)l/z(cmz/w) W/ cm? Oc
Ignition test 1.55 395. - -= -

Long pre"'heat l l8 432. 1-7 0.82 2800
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AIRCRAFT PANEL. The aircraft interior panel behaved similarly to that

observed in the ignition tests. However, no substantial flame spread was
observed on the material beyond the critical flux determined from the ignition
data. Some of the tests conducted are shown in table 20. Typically,
following ignition of the fiberite face sheets, a stationary flame front would
follow and flames would persist for approximately 15 s. The tests on this
material did not yield sufficient data for analysis and by all indications
flame spread does not occur in the normal sense. By this, it is meant that
there is not sufficient forward flame heat transfer so that eq. (12) can not

be satisfied for q; < 2.7 W/cmz.
Table 20. Aircraft Panel Flame Spread Test Conditions

Flux to Sample

at 50 mm Position Pre-Heat Time Ignition Time
Test (W/cm?) (s) (s)
L-1 5.05 0 19
D43 3.07 0 36
D-44 3.31 0 30
D~45 3.19 0 30

NOTE: L = Lateral flame spread test (pilot configuration from Figure 5 was
used).
D = Downward flame spread test (contacting pilot was used).

FLAME SPREAD AS A FUNCTION OF TEMPERATURE. Having derived these results, it

is now possible to express flame spread velocity as a function of surface
temperature. The form of this result is given by eq. (13) in which the heat
transfer coefficient (h) is evaluated at the ignition temperature (Tig)’ Thus
the surface heat loss coefficient was assumed constant. The minimum tempera-

ture for flame spread (T ) is, however, computed using a h value based on

s,min
that temperature. In this manner these nonlinear heat loss effects were
linearized. These calculations were performed for each material using the

"long preheat” results since they were reasonably consistent with the other

~34-



methods. A summary of those calculations is shown in table 21. The para-
meter ¢ of eq. (1) was also computed. This parameter displays the potential
for the flame to transfer heat and increase the surface temperature. The
i{gnition temperature gives the requirements for temperature rise. Vg
increases with ¢ but decreases with an increase of Tig‘ The minimum tempera-

ture (T ) expresses the ease with which flame spread can be initiated.

s,min
The accuracy of these results will now be examined.

In several of the downward flame spread tests, surface temperatures were
measured so that velocity measurements could be correlated with them. The
predicted results using the parameters of table 21 are compared to those
measured values in figure 35, For the four materials in which temperature
measurements were recorded, the predicted curves are in fair agreement with
the data.

Table 21. Flame Spread Parameters Based on Temperature Vg = ¢/(Tig - TS)2

T min Tig ch ¢ = (ch)™?
Material (°C) Sggl_ 10"2(z-3/m)1/21(-1 (104 mm/s~K2)
Particle Board 202. 409. 0.99 1.02
PMMA < 88. 399. 0.92 1.17
Rigid Foam 225. 428. 0.27 13.7
Flexible Foam 135. 374. 0.33 9.2
Carpet 280. 432, 0.71 2.0
Aircraft Panel 536. 536. ® 0.

The form of the results in figure 34 offers an overall view of the flame
spread and ignition characteristics of a material. This can be illustrated by
considering fire development in a compartment involving a vertical wall of a
material of interest. For that material to become involved it must be exposed
to heating conditions sufficient to have its surface attain Tig' This might

be initiated by an igniting flame. Adjacent wall material must achieve a
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surface temperature of T in order for lateral (or downward) spread to

s,min
begin. If sufficient energy is released in the compartment, the wall surface

temperatures will increase. As they increase beyond T and approach Tig’

s,min
very rapid spread would occur; and provided sufficient wall material was
present, it would be responsible for flashover of the compartment. Of course,
other significant measurement, such as the energy release rate of the

material, must be considered in assessing this fire growth process.

RESULTS ON SURFACE TEMPERATURE.

Some further considerations on surface temperature results will be presented.
These bear on the prescribed time used in preheating before the initiation of
spread, and on the accuracy of the F(t)-functions used to predict the surface

temperature rise in the flame spread correlations.

Temperature data were recorded every 0.4 seconds using 0.005 inch chromel-
alumel thermocouple threaded through two holes spaced one inch apart on the
horizontal and then secured at the back of the sample. The bead was centered
on the sample and half of it pressed into the surface. For PMMA, the bead was
heated prior to being pressed into the sample. The vertical location was
selected such that thermocouples spanned the area of flame spread measurement.
The thermocouples were located at 50 mm increments which were points of known
external heat flux. Figures 35 to 39 display the measured surface temperature
rise as a function of irradiance for each material except the carpet. Because
of the melting and shrinking away of the pile fibers, it was not very
practical to measure the surface temperature of the carpet. In some cases,
these measurements were taken without flame spread affecting the results; in
other cases, an abrupt termination of a curve implies flame spread or ignition
of the material near the thermocouple. Also the difficulty of this measure-
ment surely affects the accuracy of the results. Nevertheless, some conclu-

sions can be drawn from the measurements.

The measurements on the particle board in figure 35 suggest that surface
charring may be reducing the conductivity of the wood at temperatures above

250°C. A pilot flame was not present for these measurements, yet the maximum

2

surface temperature reached at 1.68 W/cm“ is similar to the Ti, values

g

-36-



estimated for the critical flux, d; 1g " 1.6 W/cmz. At a lower flux

(0.97 W/cmz), the rate of temperatu;e rise slows significantly after 400 s,
but equilibrium does not appear to be achieved at 1000 s. The temperature
rise for PMMA also appears to take a considerable time to reach equilibrium,
although the remaining results suggest the equilibration time for the flexible

and rigid foams and the aircraft panel are less than one to two minutes.

From eq. (7a) the surface temperature should be predicted by using either of
the F(t) functions. Since the parameters used for the F(t) functions were
derived from the ignition data, such a comparison would suggest the accuracy
of their use and in correlating the flame spread data. It was decided that a
way to weigh this comparison was to derive a corresponding F(t) function from
the surface temperature measurements. This can be regarded as a dimensionless
temperature given by

F(t) = M

e
where h was evaluated at the ignition temperature to be consistent with the
analysis in the previous section. More temperature data were included in this
analysis than shown previously, and consequently a range of results are
presented in figures 40 to 44. This band of results can be attributed to
nonlinear effects in part. The F(t) functions corresponding to eq. (16) and
eq. (7b) are also plotted. Eq. (16) tends to agree with the data better than
eq. (7b) and this is consistent with the ignition correlations as well. The
results for the foam materials are poor and this is not easily explainable in
terms of the simple theory. Consequently those F(t) functions are not
expected to be capable of accurately predicting surface temperature rise

before ignition.

It is interesting to observe from these results that the density of the
material is a good indicator of the thermal response time of the material.
This could have some advantages in setting preheating times so that a material
will be nearly in thermal equilibrium during a flame spread test. 1In table
22, the bulk density of the materials tested are compared to several para-
meters characteristic of the time to reach equilibrium. Also, there is

consistent agreement among the three "equilibrium” times shown. Moreover, the
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Table 22. Characteristic Thermal Equilibration Times

Times
1/a th t at F = 0.8

Bulk Corresponds Corresponds From Temperature

Density to F = 0.57 to F =1 Measurements *
Material (kg/m3) (s) (s) (s)
Rigid Foam GM-31 35 1.4 10 13
Flexible Foam 36 14.3 81 12
Aircraft Panel 126 20. 57 50
Carpet 365 66 .7 243 -
Particle Board 655 222 393 400
PMMA 1080 250 456 450

* Estimated average values

times to achieve F = 0.8 for the measured results are less than the ignition
time, t_, used in the “"long preheat”™ flame spread analyses. Hence, those
analyses should correspond to nearly equilibrium conditions. The F(t) ~ Yt
derived from ignition data may not be sufficiently accurate to estimate
surface temperature, but the equilibrium time (tm) from ignition data appears
to be a good indicator to insure spread data under thermal equilibrium. The
conversion of those data to surface temperature primarily relies on the

surface heat loss coefficient (h) for non-conduction.
CONCLUSIONS

It has been demonstrated that physically meaningful parameters can be derived
from test data to characterize flame spread on materials. Furthermore, it has
been shown this could be done, with reasonable success, for complex materials
as well as homogenous materials. However, for complex materials, the burning
behavior can present effects that are not taken into account by the theoreti-

cal basis for the data analysis. 1In this case, more effort may be required to
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derive the flame spread parameters, and these parameters would more represent
correlating factors rather than true material properties. The flexible poly-
urethane foam represents a complex material in which the melting and
regressing effects are not represented by the simple theory. Yet the flame
spread parameters derived serve to correlate the data, and yield results
consistent with ignition data. The aircraft panel material did not appear to
sustain flame spread at all, so that results from the ignition tests were

needed in analyzing the flame spread data.

Reasonable consistency has been demonstrated for the derived data. This has
been shown by demonstrating the complementary aspects of flame spread and
ignition at the critical flux ﬁ; ig* Tables 11, 13, 15, 17, and 19 show

that ﬁ; ,» the upper limit for spread and the lower limit for ignition, are

generali;gconsistent for each material. Also by accounting for transient
heating effects, most of the flame spread results can be correlated so that
the parameter C is invariant for a given specimen. Finally, measured results
for flame spread rate as a function of surface temperature tend to be in good
agreement with predicted results based on the parameters determined for each

material.

The specific results for each material are shown in tables 9 and 21 for igni-
tion and flame spread, respectively. Although the ignition temperatures cited
are modeling parameters and not necessarily true surface temperatures, their
values do reflect the energy necessary for ignition. This reflects the point
of sﬁfficient decomposition to provide a flammable mixture; it does not
reflect the time to reach that limit. That is represented roughly by the
rhermal properties of the material, e.g. a, b and E,. Hence, the aircraft
paneling has the highest ignition temperature. At an irradiance level of

2.5 W/cm2 it would not sustain ignition, yet the other materials tested all

would. But at 3 W/cm2 the ignition times were approximately as follows:
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Particle board 100 s

PMMA 50 s
Rigid foam 3 s
Flexible foam 20 s
Carpeting 50 s
Aircraft paneling 50 s

In considering flame spread under external heating conditions which lead to

surface temperatures less than the ignition temperature, the parameter ¢ least
reflects spread rate. The aircraft does not appear to exhibit spread (it will
only ignite). The foam materials both exhibit spread rates of roughly five to

ten times that of the wood, PMMA and carpeting samples tested.

Although quantitative and consistent results have been derived, various tech-
niques have been used. A single test procedure has not been specified to
routinely measure these flame spread parameters for materials. The approach
of conducting a flame spread test with arbitrary preheating and then applying
F(t) by eq. (16) to correct for transient effects is attractive. Although
this appears to work well, at least for simple materials, it is empirical and
may not be general enough. 1t would appear that an attempt to conduct a "long
preheat” test is best. This could be done in several ways. A preheating time
could be estimated from table 22 by determining a bulk density of the
material. Several flame spread tests could then be run at this preheating
time and longer times. The sufficiency of the preheating time could be
decided by the manner in which the data fall on plotting V;l 2 versus ﬁ;.

Data which coalesce to the left, on such a plot, would indicate sufficient
heat times. Alternatively, an optical pyrometer could be used to measure the
surface temperature response to radiant heating in the flame spread apparatus.
An equilibration time could then be determined. Subsequently, a flame spread
test could be run with the appropriate preheating time. Although this latter
technique was not attempted in this study, it is something that will be tried

in the future.
Finally, it should be noted that downward and lateral spread rates were

essentially identical except where substantial melting and dripping occurred.

But even for those materials that melted, it took some time for dripping

-40-



effects to have a profound influence on the downward flame spread rate. Also
it was interesting to find that a /E'relationship was adequate for correlating
the ignition behavior for most of these materials. This may prove to be a

useful empirical result,

The form of results presented provide a means of predicting aspects of igni-
tion and flame spread. They do not in themselves provide indications of
general flammability. Where these phenomena are relevant, a knowledge of the
level and duration of the thermal exposure must be determined. This can be
derived from realistic fire tests or from mathematical models of fire growth.
Indeed, the form of the results presented here should be amenable to current

mathematical models of fire growth.
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