JOURNAL OF RESEARCH of the National Bureau of Standards—C. Engineering and Instrumentation
Vol. 67C, No. 3, July—September 1963

Surface Flame Propagation on Cellulosic Materials
Exposed to Thermal Radiation

D. Gross and J. J. Loftus

(April 11,

1963)

The results of a series of flame-spread tests are summarized and analyzed to delineate
the importance of the physical and thermal properties in surface flame propagation on simple

and composite slabs.
temperature rise for irradiated opaque

The data are in accordance with relationships for the transient surface
and chemically inert slabs and support a simple con-

cept for the spread of flame on the surfaces of cellulosic materials exposed to thermal radiation;
viz, that flame propagation consists of progressive ignition of the solid when a characteristic

temperature is reached.

1. Introduction

The result of a standardized flame-spread test [1]!
performed on a single material or on a composite
assembly is reported in terms of an arbitrary flame-
spread index. This index is defined as zero for
noncombustible asbestos-cement board and may
range in the hundreds or even thousands for materi-
als of very rapid flammability. It has been shown [2]
that the flame-spread index is composed of two multi-
plicative factors: (a) a flame-spread factor 10])1(&01\1—
ing the ignition sensitivity of the material, and (b) a
heat evolution factor representing the maximum rate
of heat generation. Although flame-spread index
values for a wide variety of typical building finish
materials have been pubhshed (3, 4, 5, 6], a sys-
tematic evaluation of the nnpmtant physical and
thermal properties which govern the surface propa-
oation of flames is incomplete. This paper sum-
marizes the results of tests performed to define the
significance of ignition sensitivity for cellulosic
materials and to analyze and delineate some impor-
tant parameters in flame propagation. The primary
objective of the analysis was to extend a simple sur-
face ignition concept to a flame propagation situation
by (01131(1011110 the propagation of flames as a series of
progressive surface ignitions of thermally irradiated
material. In actual hres the predominant mode of
heat transfer is by radlatlon, generally from adjacent
flaming surfaces. Although all tests were performed
using the radiant panel test method, the analysis and
interpretation are considered likely to be applicable
to surface propagation of flame on most irradiated
combustible materials.

2. Apparatus and Test Procedure

The apparatus used for the tests has been described
in detail [1, 3]. As shown in schematic form in
fieure 1, it consists of a radiant panel heat source,
a frame for support of the test specimen, and associ-
ated measuring equipment.

1 Figures in brackets indicate the literature references at the end of this paper.
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Schematic diagram of radiant panel apparatus for
Slame-spread measurement.

Fircure 1.

The radiant panel consists of a cast iron frame
enclosing a 12-in. wide by 18-in. high porous refrac-
tory material. The panel is mounted in a vertical
plane, and a premixed gas-air mixture supplied from
the rear is burned in intimate contact with the
refractory surface to provide a radiant heat source.
The energy output of the panel, which is maintained
by regulating the gas flow according to the indication
of a radiation pyrometer, is that which would be
obtained from a blackbody of the same dimensions
operating at a temperature of 670 °C (1,238 °F).
A stack placed under an exhaust hood and above the
test specimen receives the hot products of combus-
tion and smoke.

For test, the 6- by 18-in. specimen backed by a
sheet of asbestos millboard was placed in a metal
holder and mounted on a supporting frame, facing
the radiant panel and inclined 30 deg to it. A pilot
igniter fed by an air-acetylene mixture served both
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to initiate flaming at the upper edge of the test
specimen and to ignite combustible gases rising
from the specimen. Observations were then made
of the progress of the flame front, the occurrence of
flashes, etc., as well as the temperature rise of the
stack thermocouples. For some tests, an electrical
timer calibrated in minutes and decimal fractions
to hundredths was used for recording the time of
occurrence of events during the tests. However, for
tests involving very rapid flaming, a hand-operated
switch was used to actuate an event marker on a
high-speed recorder. The test duration was 15 min,
or until sustained flaming had traversed downward
the entire 18-in. length of specimen, whichever time
was less.

The flame-spread index, /,, was computed as the
product of the flame-spread factor, /', and the heat
evolution, (), thus:

1,=FQ 1)

where

The symbols ¢ t;; correspond to the times in
minutes from specimen exposure until arrival of the
flame front at a position 3 15 in., respectively,
along the length of the specimen and

()=0.1A6/8 (3)

where 0.1 is an arbitrary constant, A is the observed
maximum stack thermocouple temperature rise for
the specimen minus the maximum temperature rise
observed with a thick asbestos-cement board sub-
stituted for the specimen, and B is a calibration
constant representing the maximum stack thermo-
couple temperature rise per unit heat input rate
using a calibrating diffusion-type gas burner placed
near the top of an asbestos-cement board specimen
during normal operation of the radiant panel [1, 3].
To maintain the established numerical consistency
of eq (1), and for convenience, English units (Btu,
°F, min) were employed in eqs (1), (2), and (3).
Prior to test, all specimens and composite as-
semblies were conditioned by placing them in an
oven at 140 °F for a 24-hr period and then allowing
them to 1'ea(:h moisture equilibrium (constant weight)
at 73 °F and at one of three relative humidities
(179%, 509%, and 869%,). The low and high humidity
conditions were achieved by placing a tray containing
an appropriate saturated salt solution at the bottom
of each of two closed containers into which the speci-
mens were suspended. Kach container lid was fitted
with a fan to provide adeqguate air circulation and a
hygrometer element for measuring relative humidity.
A room maintained at 73 °F and 50 percent rh by a
conventional central air conditioning system was
used for achieving moisture equilibrium at this
intermediate relative humidity in all other specimens.

3. Analysis

A rigorous analysis of the radiation-induced
ignition process would require consideration of
chemical decomposition reactions, surface charring
and contraction, variation in thermal propeltles
with temper dtlue diffusion and mixing of combusti-
ble volatiles, and other complex conditions. For-
tunately, the ignition behavior of cellulosic ma-
terials appears to closely follow the most simple
theoretical postulate for tempemtule variation; i.e.,
the opaque, constant property, and chemically inert
solid [7]. Thus, no consideration is given to the
possible effects of absorptance and di:ltlmrnuumy,
chemical decomposition, supply of volatiles, etc.,
the primary objective being to extend the simple
postulate to a better understandln(r of the propaga-
tion of flames along surfaces.

The equation for the temperature rise, 6, of an
opaque inert slab of thickness /, density p, thermal
conductivity £ and heat capacity ¢, subjected to
constant irradiance / on one face and losing heat by
Newtonian cooling through a coefficient H from both
faces is complex [8].

However, the solution is of the form

vkt Il
—7- 5 ( ol T> (4)

where z 1s the distance in the slab measured from the
irradiated surface and ¢ is time. Simms [7] has
given approximations for the two cases of interest,

namely thin and thick materials.
3.1. Thin Materials

For thin materials (in which a linear temperature
gradient exists) and for very small values of the
Nusselt number FH//k, an approximation to the rise
in temperature of the irradiated surface, 6, is given
in reference [7] as

] Ht
BS 577 1—e »pe | (5)

Lil

The term Ht/pel is the ratio of the energy lost by
cooling to the heat content of the material, and is
termed a cooling modulus.

3.2. Thick Materials
For thick materials, the surface temperature rise is

the same as that for a semi-infinite solid and the
relation [7, 9] 1s

‘,D2

0= J (6)

v
o

t
b=H \/m

where
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and the complementary error function is

erfe (B)=1—erf (b)=— f Tetd (Th)

VT

In the radiant panel flame-spread test, the irradiance
varies along the surface of the specimen with the
distance from the top [3]. If ignition of a given
material may be represented by a characteristic
surface temperature [7], then, for thin materials,
this temperature is reached at the same posmon
along the length of the specimen (same I and ) at
e\actlv the same time, if the pe/ product is the same.
For thick materials a similar situation exists if the
kpc product is the same. In other words, the ignition
time (at each position) should be directly related to
either pcl kpc. The product kpe is commonly
referred to as the thermal inertia for surface heating.
Since the flame-spread factor F consists of a series
of reciprocal time periods, inverse relationships of
hyperbolic form are to be expected between F; and
pcl for thin materials and between F; and kpc for
thick materials.

3.3. Composite Materials

A solution for the surface temperature rise of a
composite slab, in which the surface of the upper
finite skin is irradiated in a spatial nonuniform man-
ner (with or without surface heat loss), is unknown to
the authors. However, examination may be made of
the governing parameters in the following equation
derived in 1'efe1'(\nc [10] for the temperature rise, 6,
on the surface of a composite material consisting of a
finite skin of thickness [, (thermal properties &, p, ¢,
where the thermal diffusivity a,=Fk,/cip;) over a sub-
strate extending to infinity (thermal properties ky, po,
6, ) as the surface is heated without losses by con-
stant irradiance /:

C2at[ 1 8 1> ol »
b= ‘[\,ﬂf }d(‘—7 ierfe - ,]’ (8)

n=1 Vag
where
\ /\‘QP'.’('QﬁLV\r/lmlpllll
Vlespacs—~keipricy

(22 j). (o

kipics

From this equation, the time, ¢, for a given surface
temperature rise to be accomplished is a complicated

k1p1(?;' Griffith

Horton [10] illustrate that for a given skin material
and for each time of heating, a critical thickness
exists such that for greater thickness the (omposue
assembly behaves essentmll\ as a wall of infinite
thickness of the skin material. For such cases, the
substrate may be ignored so that the equation for the
surface temperature reduces to that for a homogene-
ous thick wall, namely,

function of kipier, /ey and and

I

oI | ¢

0\ — —)
o \ kipicy

(10)

2 As corrected.

and the critical thickness is given very closely by

(11)

It is important to note from eqs (8), (10), and (11)
that the surface temperature rise depends upon the
thermal inertia kpe while the critical thickness de-
pends upon the thermal diffusivity, a==Fk/pc.

l{:\ﬂ'aﬂ'.

4. Results and Discussion

While the analytical expressions for simple slabs
listed in section 3 are strictly applicable only to uni-
formly irradiated slabs, the form in which the thermal
and physical parameters appear is useful in inter-
preting the present data. These data were obtained
using an experimental setup in which there is a non-
uniform spatial irradiation, and interest has been
confined to the travel of flames from the region of
higher to the region of lower irradiance. While the
expressions do not take into account heat flow in the
direction of flame travel, this will occur in the actual
test, particularly for highly conductive veneers and
substrates, and for s: andwich constructions. In addi-
tion, variations in the surface heat transfer coeflicient
are to be expected for the experimental arrangement
used.

4.1. Thin Materials

To examine the effect of board thickness on flame
propagation, veneers of balsa wood and hardboard
were obtained or prepared in various thicknesses.
These ranged from 0.071 to 1.26 c¢m for the balsa
veneers and from 0.081 to 0.635 em for the hardboard
veneers. These materials were chosen because of
their readily measurable rates of flame propagation,
uniformity in structure (especially the hardboard)
and availability. The hardboard veneers were cut
from a single large sheet and planed to constant
thickness. The density was uniform to + 10 percent
for all veneer thicknesses. However, the balsa wood
sheets, obtained from a commercial source, varied in
density by a factor of more than 2. In contrast to
the standard flame spread test procedure, for this test
series the veneers were supported at the edges only,
leaving an emloscd air space of 1.27 em between the
back of the veneer and a backing sheet of 1.27-cm-
thick asbestos millboard.

The ranges of measured thickness and densities,
and average values of F; and /, are given in table 1
for specimens conditioned to equilibrium in relative
humidities of 17, 50, and 86 percent. The average
coefficient of variation for the £, values listed was
4 percent for the hardboard specimens and 16 percent
for the balsa specimens. Generally, four replicate
tests were performed.

The effect that the relative humidity of the con-
ditioning atmosphere has on surface flammability of
materials has been given [2] for thick specimens of
spruce, fiberboard, and hardboard. Since moisture
vapor is readily dissipated from thin unsupported
veneers, the relative change in F; (and /) was not
as large for the thin as for the thick hardboard
specimens.
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TaBLE 1.

Surface flammability test results for balsa and hardboard veneers

| .
| Flame spread factor, Fi Flame spread index, 7,
Material Thickness Density
[ range range | ‘
| 17%rh 1 509 rh 869, rh 17%rh 509 rh 869, rh
[ | | |
| |
cm glems | ‘
Balsa_____ S . —-| 0.071-0. 081 0. 206-0. 279 67.7 | 55.9 54.4 410 317 325
.147- 155 . 120~ . 150 63.3 | 70.8 - 417 404 |----
| .300- .305 .157- . 221 | 41.1 35.7 442 392 |-
1.25 -1.26 | .083- .147 | 62. 6 ‘ 45.3 457 2845 [T e
Hardboard__ ... __ Yy ‘ 0. 081-0. 086 ‘ 0. 975-1. 04 17.5 18.5 15.4 314 302 255
| .150- 0155 | 1.00 -1.04 10.9 10. 2 . 254 232
| .297- .318 0. 986-1. 08 6. 64 5.97 -~ 207 75N -
. 584- . 635 . 865-1. 00 5. 47 4.80 3.64 160 154 84
\ ‘
*All F; and I, values represent averages for 4 individual test specimens.
& T T T T T T 100 T = T T T
* BALSA
© CONDITIONED AT 50 % rh
= n 80— o CONDITIONED AT (7 %rh -
HARDBOARD
HARDBOARD 0 CONDITIONED AT 50%rh
16— o CONDITIONED AT 50 %rh = 60}— W CONDITIONED AT 17 %rh ]
© CONDITIONED AT I7 %rh °
fs
14— — 40| —
1.5
[Heor =
o 7T ek
2= — 20} =
F. 10 - o | I | ] e R
S 0.01 002 0.04 006 008 0. 0.2 04 06 08 |
w sec
A
oL | ped e
Frcure 3. Flame-spread factor versus pcl for thin balsa and
e = hardboard veneers.
ar- N O 16
.016, T T T T - T
Hlb . BALSA
0014~ © CONDITIONED AT 50 %rh —
® CONDITIONED AT 17 %rh
0 | | { 1 1 | 4 ON CEMENT BOARD
O Ol 02 03 04 05 06 07 0012 N
R,cm

Ficure 2. Effect of veneer thickness on flame-spread factor

for hardboard.

An inverse relationship between the flame-spread
factor and the thickness of veneer was found to hold
for the hardboard specimens, as shown in figure 2.
A thickness of approximately 0.4 em may be taken
as the approximate dividing region between thin and
thick hardboard specimens, inasmuch as further
increases in thickness appear to produce very little
change in F.

Account was taken of the large density variations
of the thin (0.08 to 0.30 e¢m) balsa specimens in the
plot of F versus pcl of figure 3. Individual values
(rather than averages of four) were plotted for two
conditioning humidities. Also included are the
average values for thin (0.08 to 0.32 em) hardboard
specimens. Using a generalized CGS system of
units ® the data may be approximated by a relation
of hyperbolic form:

1.5

pcl

F.=5+ (12)

3l:cm, p: g/lem?, ¢ :w sec/g °C, k:w/em °C.

0.010

0008

f5 (kpc)

0.006

0.004

0,002 .
0 \ I | | | I
(0 0z 04 06 08 10 1.2 14
X,cm
au 4 Effect of veneer thickness on modified flame-spread

factor for balsa.

Because of the inverse relationship between /' and
thermal inertia for thick materials, a second method
for examining the combined effects of thickness and
density is illustrated in figure 4. Here, the modified
flame-spread factor, Iy (kpc), for balsa (with no

substrate) is seen to decrease with increasing thick-
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ness and to approach a limiting value at a thickness
of about 0.6 cm. The thermal conductivity values
were taken at the measured density from room
temperature values of cross-grain thermal conduc-
tivity of dry balsa [11, 12]. The effect of using an
asbestos-cement board substrate with varying thick-
ness of balsa veneer is also illustrated in figure 4 and
will be discussed later.

4.2. Thick Materials

A survey of previous flame-spread data for thick
cellulosic materials revealed a good correlation be-
tween flame-spread factor and thermal inertia (fig.
5). The data shown include the 1.2-em-thick balsa
woods conditioned at 17 and 50 percent rh, the 0.6-
cm-thick hardboard, and a wide variety of other
cellulose-base materials all conditioned at 50 percent
rh. The specific heat and thermal conductivity
values were taken from handbook sources and refer
to dry material at room temperature. For materials
which ranged from balsa (p=0.08 g/cm?®) to hard-
board (p=1.08 g/em?®), and including paper, cotton,
fiberboard, plywood and nine varieties of natural
wood, the data were closely represented by the
relation
0.003.

fepe

F,=5+ (13)

The fact that cellulosic materials do vary in their
surface temperatures for ignition may explain part
of the departure of the empirical relationships ob-
tained experimentally (figs. 3 and 5) from that of a
true hyperbola. On the basis of measured times for
pilot ignition of woods exposed to uniform low-level
irradiance [13], 1t was found that the calculated
surface temperatures for ignition of cellulosic ma-
terials varied from 300 °C for hardboard to 390 °C
for balsa, approximately, and the calculated surface
temperatures were definitely related to thermal
properties. Furthermore, the actual gaseous igni-
tion process, not considered in this analysis, must
likewise be a function of material properties.

4.3. Composite Materials

Another series of tests was performed to examine
the effect of the type of substrate on the flame-
spread factor of composite assemblies. The test
specimens consisted of thin veneers (0.08 em thick)
of both balsa and hardboard cemented to a variety
of relatively thick noncombustible substrates ranging
from felted calcium silicate, a very good insulator,
to conductive aluminum alloy. A thin coating of
fire-retardant adhesive was used and sufficient
pressure was applied during the drying process
to ensure good thermal contact. IExcept for the
thickest composite assemblies, all assemblies were
backed up with the standard 1.27-em-thick asbestos
millboard backing. As shown in table 2 and in
figure 6, the thermal inertia of the substrate has a
very strong effect on the flame-spread factor of
composite assemblies with thin surface veneers.

100 T

90—

70

60—

50—

a0f-

30—

20—

2 4x1073
w2sec

T

Fraure 5. Effect of thermal inertia on flame-spread factor for

thick cellulosic materials.
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004 |- -
=
Q 003 —
=
I.Lm
002 _
[oXe]] ~
o | | L I I ! T -
104 103 102 0! 100 (K |o') 102 103 104 105
&
P AU
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Fiaure 6.  Effect of thermal inertia ratio on modified flame-
spread factor for a composite assembly with thin surface
veneer.

Although this was noted in previous studies [4, 6],
neither the range of substrate properties nor the
importance of the thermal inertia parameter had
been fully explored. Furthermore, analysis of pre-
vious data on the basis of thermal inertia is com-
plicated by the combustible nature of most of the
substrates used in the earlier studies and their
contribution (of heat) to flame propagation.

For example, it may be noted that a replot of
previous flame-spread index data (fig. 3 of reference
4) on the basis of the F, ratio rather than the I,
ratio results in an equally good (or better) correla-
tion (see fig. 7). In addition, the F; ratio approaches
unity very closely for a finish thickness of 0.4 cm.
That the ratio is higher than unity for composite
materials with thin veneers even when the heat con-
tribution of the substrate is not a factor, is obvious
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TaBLE 2.  Effect of substrate on

surface flammability of composite assemblies with balsa and hardboard veneers

Thermal Specific Thermal Balsa* ‘ Hardboard*
Substrate Thickness Density conductivity heat inertia
7 P k c kpc
F, Is ’ Fs I,
cm glem3 wlem °C w sec/g °C w2 sec/°C? em#
None (air)_.___ - 1.27 0.0012 0. 000260 1.01 3.16X10-7 55.9 317 18.5 302
Calcium silicate - 0. 635 .40 . 000649 0. 837 2.17 X104 28.2 142 10.9 172
Gypsum hoard_ = . 698 .82 . 00107 . 837 7.35X10~4 33.2 34 8.79 154
Asbestos millbo = 1.27 .86 . 00121 1.05 1.09X10-3 25.1 47 8 08 75
Asbestos cement - 0.474 1.88 . 00745 0.837 1.17X10-2 15.3 17 6.39 57
Granite____ - 2. 54 1.68 . 0218 . 795 2. 91 X10~ 17. 4 25 3. 88 20
Stainless ste - 0. 670 8.00 . 260 . 502 1.04 7.18 13 2.74 10
Stainless steel _. - . 061 7.94 . 260 . 502 1.03 20.1 85 10.1 166
Alluminum allo = 2.54 2.70 2.03 .921 5.05 4.22 3 1.00 0.2
Alluminum alloy = 0. 635 2.69 2.03 .921 5.03 12.0 19 4.98 40
Aluminum alloy__ - - . 051 2.69 2.03 . 921 5.03 23.4 85 12.3 190
*Veneer 0.08 em thick.
7 T T ‘ ] I T ] from the equation
[—0.08 0.6—1
k C)2 k P ko PaCo
(kee):={ 5 6—0.08) 17T 5.6—0.08

Fg WITH FIBERBOARD SUBSTRATE

FS WITH GYPSUM BOARD SUBSTRATE

(o] [ell} 02
VENEER THICKNESS, cm

Ficure 7. Effect of veneer thickness on flame-spread factor

ratio for two substrates.

in terms of the findings of ficure 6, namely, that for
a composite material with a thin veneer, the value
of F;1s higher with a substrate of lower kpe. Since
kpe (2ypsum board substrate) >kpe (fiberboard sub-
strate) for composite materials with thin veneers,

I, with fiberboard substrate
Fowith gypsum board substrate

Several additional tests were performed to illus-
trate the effect of (a) the thickness of veneer and
(b) the thickness of substrate on the flame-spread
factor of composite assemblies. The first effect is
clearly shown in figure 4 for various thicknesses of
balsa veneers applied to an asbestos-cement board
substrate. The substrate is most effective in reduc-
ing the (/) (kpe) product for the thin veneers, but
its influence becomes insignificant when the veneer
thickness exceeds the critical thickness (0.6 em).

Account may also be taken of the veneer thick-
ness in the plot of figure 6 if the substrate is con-
sidered to consist of the portion of the balsa veneer
exceeding 0.08 ecm (but less than 0.6 em) in combina-
tion with a thick asbestos-cement substrate. An

“effective” thermal inertia, (kpc)., was calculated
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(14)
where 0.08</<0.6 cm.

The effective thermal inertia reduces to that of the
substrate, kopocs, when the veneer thickness is 0.08
cm. It becomes equal to that of the veneer, kipici,
for a veneer thickness of 0.6 cm. Using the effec-
tive thermal inertia of the substrate, these data,
shown &s closed circles, were plotted leHU with the
bulk of the data for 0.08-cm-thick balsa and hard-
board veneers in figure 6.

Using eq (8), typical curves were calculated and
are shown in figure 8 for “specific temperature rise”
0,/1 on the surface of a cmnposite material in terms
ol the thickness /; of the veneer and the thermal
inertia ratio o=~Fkopocs/kipic; of substrate to veneer.
It may be seen that, for veneers less than the critical
thickness (~vmat), the specific temperature rise will

0.5 1.0

/p cm

()

20

Ficure 8. Specific surface temperature rise for a composite
material in terms of the veneer thickness (L) and the thermal
inertia ratio (o).

Time: 100 sec, k1 =.001, a1 =.001.



be greater than or less than the semi-infinite value
(i.e.. o=1) according as the thermal inertia ratio is
less than or greater than 1. It is clear that no finite
amount of insulating or conductive substrate will
permit attainment of the same surface temperature
rise at the same time as the semi-infinite material.
However, it is possible by employing the relation-
ship of eq (11) to estimate the equivalent thickness
of substrate which, when combined with a thin (i.e.,
less than critical) veneer, will yield the equivalent
critical veneer thickness. If the critical thickness of
balsa is taken to be 0.6 em, then, for the same time
and a balsa veneer thickness of 0.08 em, the equiv-
alent thickness of substrate may be estimated by

;:\/gg (z;—zl):\/oﬂ (0.6—0.08).
aq (03]

Equivalent substrate thicknesses based upon a
critical thickness of 0.6 c¢cm for balsa and 0.4 cm for
hardboard are listed in table 3. It may be noted
that the thickness of the asbestos-cement substrate
and the thickest stainless steel and aluminum alloy
substrates used were each less than the equivalent
thickness. Consequently, the limiting values of £
for such assemblies were not fully reached. As
expected, a wide range in the flame-spread factor
was observed [or composite assemblies of 0.08 em
balsa and hardboard veneers on varying thicknesses
of aluminum alloy and stainless steel substrates (see
table 2). In fact, for the hardboard veneer on 2.54-
cm-thick aluminum alloy, the flame-spread factor
was reduced to 1.0, corresponding to the complete
absence of surface flaming. It should be mentioned
that the application of a thin combustible veneer
on a relatively thin, highly conductive substrate
with an insulating backing board forms a unique
sandwich construction. In the orientation of the
flame-spread test, this type of construction is ideally
suited to longitudinal rather than normal heat flow
in the substrate, and this may have increased the
rate of flame travel (and therefore F) for the thin
metallic substrates.

(15)

Tasre 3. FHguwalent substrate thickness for thin (0.08 c¢m)
veneers of balsa and hardboard
|
[ ‘ Equivalent substrate thickness
Actual Thermal o o
Substrate thickness | diffusivity | |
| l2 s Balsa veneer Hardboard
| a;=0.0022¢ veneer
a1 =0.000892
| ) |, -
| 5 =0.52vVaslen | 1'=0.32 v aslen
cm cm?/sec - cm [ cm
Calcium silicate______ 0. 635 0.00194 0. 489 0. 476
Gypsum board_______ | . 698 . 00155 437 | . 428
Asbestos millboard_ _ 1.27 . 00135 | 408 | . 398
Asbestos cement_____ 0.474 . 00473 . 760 . 745
Granite______________ 2.54 . 0122 1.23 1.20
Stainless steel_______ 0.061-0. 670 J0646 | 282 2,76
Aluminum alloy_____ 10.0 | 9.78

. 051-2. 54 | . 816 ‘ ‘

It is interesting to note that asbestos millboard
(«=0.00135) which is used as the backing material
in the standard flame-spread test has a critical
thickness of 1.95 cm at a time of 900 sec correspond-
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Fraure 9.  Effect of thermal inertia on flame-spread index for

thick cellulosic materials.

ing to the maximum duration of test exposure.
Although the backing used is only 1.27 em thick,
it does provide a common heat sink for all materials
and may be considered semi-infinite for the important
early portion of every test.

While surface propagation of flame in the flame-
spread test is related predominantly to the ignition
sensitivity of the material (here expressed as the
flame-spread factor I, fire spread in actual situa-
tions also depends upon the rate of heat release by
the burning surfaces. The magnitude of the rate of
heat release depends mainly upon the thickness in-
volved in the flaming and the material density.
Study of the ¢ values for the hardboard veneers
shows a steady increase for thicknesses from 0.08
cm to 0.32 em with little further increase for the
0.64-cm thickness. The combination of a decreas-
ing  flame-spread factor and an increasing heat
evolution factor with thickness tends to yield a
flame-spread index for which the variation with thick-
ness is moderate. The effect of thickness upon 7
is shown in table 1. Examination of the influence
of substrate properties for composite assemblies was
made with the same thickness of balsa and hard-
board veneers, and therefore the 7, values in table 2
follow very closely the trend of /. Because of the
effect of density upon ¢ and since the thickness
involved in flaming varies for different materials, a
plot of 7, versus kpe for all the thick cellulosic
materials tested (see fig. 9) shows considerably
more scatter than that shown for /'y in ficure 5.
The data may be represented approximately by the
relation
0.02

kpc

1,=100+ (16)

5. Summary

Surface flame propagation measurements using
the radiant panel test method have shown that the
ignition sensitivity (flame-spread factor F;) for thin
balsa and hardboard veneers was an inverse func-
tion of both thickness and density. The data were
analyzed in terms of the approximate relationship



suggested by Simms for the transient surface tem-
perature rise for an irradiated thin slab, for which
the time required for a characteristic temperature to
be achieved is proportional to the pcl product.

Similarly, for thick materials, the data assembled
on a variety of cellulosic materials showed that the
ignition sensitivity was an inverse function of kpe,
the “thermal inertia for surface heating.” The
data were closely represented by the relation
Fum g4 2003
the dividing region between thin and thick materials
is approximately 0.6 em for balsa and 0.4 em for
hardboard.

The good correlations achieved for both thin and
thick materials support a simple concept for the
spread of flame on the surfaces of cellulosic mate-
rials exposed to thermal radiation, namely that
flame propagation consists of progressive ignition
of the solid when a characteristic temperature is
reached.

For a composite assembly consisting of a thin
veneer over a semi-infinite substrate, the flame-
spread factor was shown to be a function of the ratio
of the thermal inertia of substrate to veneer. This
is in accordance with the functional relationship for
the transient surface temperature rise for composite
assemblies. For veneers less than a critical thick-

ness (~+/mant), the specific temperature rise at any
given time will be greater or less than the semi-
infinite value accouhny' as the thermal inertia ratio
is less than or greater than 1. The substrate has
the most effect upon the surface temperature with
the thinnest veneer and with the greatest change in
kpc value from that of the veneer. For thin veneers
over highly conductive substrates such as metals,
estimates have been made which indicate that the
equivalent critical substrate thickness may be
several times that tested. This provides an ex-
planation for the observed wide variation in flame-
spread factor with metal substrate thickness.

It is estimated from the data that
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Since fire spread depends on the rate of heat re-
lease as well as the ignition sensitivity, the combined
effect was also evaluated, and for thick cellulosic
materials the data were represented by the relation,

2
—100+(;0
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