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EXECUTIVE SUMMARY 

This study has explored a strategy for predicting upward flame spread. It has 
been done in the context of a larger effort aimed at characterizing the 
performance of aircraft lining materials in fire and, therefore improving the 
fire safety of aircraft cabin furnishings. 

Six materials have been extensively studied and their flame spread properties 
are summarized from previous work and the present study. These properties 
bear on the material's ignitability and its flame spread, both downward and 
upward, on a vertical surface. 

The primary results of the present study show that the flame height for wall 
fires appears to depend only on the energy release rate of the fuel burning. 
Moreover, the total heat transfer rate from a wall flame to its adjacent non­
pyrolyzing surface region appears to depend only on position from the 
pyrolyzing region and its energy release rate. It can be shown that the 
magnitude of this flame heat flux and its extent over the non-pyrolyzing 
surface region controls the rate of upward flame spread. It was further shown 
that the burning time or alternatively, the amount of energy release in 
burning also bears on the rate and propensity of spread. 

X 



INTRODUCTION 

PURPOSE. 

The general purpose of this study is to develop a predictive methodology for 

surface flame spread in terms of measurable material parameters and 

engineering formulae. The intent is to examine the feasibility of supplanting 

relative material flammability rankings with a more scientific framework for 

use in the evaluation of fire hazards. This work supports the aircraft cabin 

safety fire program of the FAA Technical Center by providing support for its 

development of improved test procedures for aircraft interior finishes and 

furnishings. 

RACKGROUND. 

This report deals with a phase of the problem; namely, the heat transfer of 

wall flames and its relationship among different materials. Specifically 

vertical sections of materials of fixed size, nominally 28 x 2A em, were 

irradiated by infra-red heaters and burned. In a related study by Walton and 

TWilley (1984), energy and mass release rates were measured. Here, the flame 

height and total heat flux to a cooled wall above the sample were measured. 

Six materials, representative of aircraft and building interior applications 

were studied. Complementary data on their radiative ignition and opposed flow 

flame spread characteristics have been previously reported by Harkleroad, et 

al. (1983). Results of these previous studies will be summarized herein as 

they relate to the general purpose of this effort. 

The flammability of materials is usually assessed by means of its relative 

performance in a standard test. Various test methods dominate practice in 

different countries, but no common denominator or conversion factor exists to 

relate their results. Indeed, the rationales for their conception, or their 

intended application, probably differ from test to test. Consequently, 

success at correlating their results with actual fire behavior must be viewed 

with scrutiny. Some examples of the results of such exercises have been 
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reported (Quintiere, 1982; Parker, 1982; Quintiere, 1985). In those analyses 

some factors, such as energy release, material thermal properties, and 

ignition temperature, have been discussed in terms of their relationship to 

fire growth and possible correlation relationships. It should be apparent, 

however, that different fire scenarios will warrant different factors. Hence, 

only through analysis and the means of acquiring appropriate data will 

successful correlations be likely. 

One approach, which circumvents analysis, is physical scale modeling. For 

fire problems similitude modeling is incomplete. Nevertheless, "pressure" 

modeling does offer a viable alternative, and Alpert (1983) has recently 

demonstrated its characteristics for wall fires. In that study, materials 

were burned in various small-scale configurations at environmental pressure 

levels above a normal atmosphere. 

Of course, both scaling and analytic approaches to wall fires must match full­

scale performance in various settings. Full-scale "data-bases" include post­

crash fire growth within aircraft cabins by Sarkos et al. (1982), studies in 

support of a standard room fire test in the United States by Lee (1984), and 

similar work on a French corner test for wall-linings by Hognon (1983). 

Although some attempts at predicting fire growth on room surface linings have 

been put-forth by Smith (1981) and Steckler (1983), these are either incom­

plete or contain empirical aspects. In order to develop the basis for such 

room fire growth models further, a more systemmatic approach is being pursued. 

One aspect of fire growth on a wall surface is the flame spread component 

itself. Needless to say that the burning rate, its behavior over time and its 

response to the room environment, is not unimportant. For the flame spread 

component, the simplest analytical description is adopted to, at least, 

organize the attack on this problem. In that sense, spread is subdivided into 

concurrent flow spread (in the direction of the local gas flow) and opposed 

flow spread (opposite to the local gas flow). Also, both cases are treated as 

applicable to a thermally thick solid, which can be shown justifiable for most 

common materials of thicknesses greater than 1 mm. For opposed flow spread 

deRis (1969) obtains 
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v 
(kpc) V (Tf - T. )

2 
g g 1g 

(kpc)(T. - T )
2 

1g s 

(1) 

in which kpc are the solid's thermal properties, (kpc) are the corresponding 
g 

gas properties, Vg is the opposed flow speed, Tf the adiabatic flame 

temperature, Tig the ignition or pyrolysis temperature, and Ts the upstream 

solid surface temperature. The corresponding concurrent flow case, given by 

Sibulkin and Kim (1977), is 

v (2) 

where qf is the maximum heat flux at the pyrolysis front, and of is an 

effective flame heat transfer distance measured from the end of the pyrolysis 

region. If we consider qf to be uniform over a flame extension region of and 

zero beyond, then we should modify Eq. (2) by multiplying kpc by ~/4 • In 

previous studies by Harkleroad et al. (1983) and Quintiere et al. (1983) it 

was shown how kpc, Tig and the numerator of Eq. (1) could be estimated from an 

experimental technique. Recently, such values have been tabulated for a wide 

range of materials (Quintiere and Harkleroad, 1984). Consequently, knowledge 

of qf and of in Eq. (2) would then complete the required information for wall 

flame spread. 

Thus, an experimental apparatus was designed and constructed to measure the 

heat flux and flame height above a burning wall section. Provision was made 

to include external irradiation since most materials do not support sustained 

combustion on their own. Also provisions were made to substitute a horizontal 

porous gas burner for the burning vertical slab. This substitution would 

provide steady-state data in contrast to the unsteady burning of the 

materials. Hence the gas burner data will complement the material data. 

Indeed, it helped to guide the analysis and those gas burner results were 

more extensively discussed by Hasemi (1984). The only other available data on 
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heat transfer to the wall region above the pyrolysis zone were taken by Ahmad 

and Faeth (1979) for steady liquid-saturated wick fires. 

OBJECTIVE. 

The objectives of this study were to measure the heat flux and flame height 

from wall flames as a result of irradiated burning solid materials and a 

steady burning distributed line-source gaseous fuel (natural gas). By 

analysis these data were interpreted and generalized as possible. The bearing 

of these results on upward flame spread were also to be examined. 

DISCUSSION 

EXPERIMENTS. 

The experimental apparatus of Ahmad and Faeth (1979) was used as a guide in this 

work, but a radiant source was added. A schematic of the apparatus developed 

is shown in figure 1, and a photograph of it is shown in figure 2. The sample 

section was nominally 28 x 28 em and exposed to radiation from two larger gas­

fired porous ceramic heaters. The heaters operated at glowing temperatures 

which could be varied by changing the air and natural gas supply rates. 

They were located at each side so that the sample could be viewed normal to 

its surface. This location and their operating characterisitcs permitted an 

irradiance level at the sample surface of nominally 1 to 4 W/cm2 • A "Gardon'' 

foil-type heat flux transducer was used to measure the incident flux at the 

center of an inert sample board. Uniformity over the sample area was within 

ten percent, and the weighted-average irradiance was 94 percent of the center 

value. 

Above the sample was a flush-mounted contiguous water-cooled copper plate with 

provision for monitoring incident heat flux at the locations shown in 

figure 1. TWo types of sensors were used- a total heat flux Gardon-type 

sensor, and an ellipsoidal-type radiometer similar to that described by 
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Chedraille and Brand (1972). Because of calibration uncertainties in this 

application, the radiometer data will not be presented here. Also an analysis 

(appendix A) of the Gardon gage response to convective heat transfer, for a 

uniform convective heat transfer coefficient (h) over the foil disc, yielded a 

slight effect of h on the calibration for the sensor used. Moreover, the 

copper plate was maintained at a nominal temperature of 60°C along with the 

sensors to prevent condensates from depositing. Cooled side-plates were also 

included to form a channel and restrict side flow into the flames and preserve 

two-dimensionality of the boundary layer flow over the plate. 

The material to be measured was mounted in an iron-frame holder which could 

very quickly be inserted in position after the inert sample board was removed. 

A horizontal copper tube with a line of holes formed a diffusion burner at the 

base of the sample. This exposed the sample to an ignition-pilot flame of 

approximately 1 em height with a rapidly decreasing heat flux with distance 

from a maximum of roughly 2 W/cm2 at the lower edge of the sample. Thus, this 

pilot flame heated the lower edge of the sample in addition to the applied 

external radiant heat flux. Nevertheless the radiant flux was prevalent over 

most of the sample surface and was the dominant factor in controlling the 

burning rate. The ignition behavior was controlled by both the applied 

radiative heat flux and the pilot flame heat flux. 

The procedure for conducting the experiment was to set the irradiance level, 

wait until it stabilized, and then insert the sample. A video record was made 

along with automatic data recording and storage on a computer disc. Signals 

from the heat flux sensors and thermocouples were scanned and averaged over 

10- to IS-second intervals, and their averages stored at these time 

intervals. The experiment was continued until flaming combustion ceased. The 

flame height records were deduced by observation of the video recordings and a 

"flame tip" height was based on the distance to the uppermost position of the 

luminous flames. A height over which continuous flaming occurred was also 

recorded, but this was more difficult to observe with consistency and did not 

always occur above the sample's pyrolysis region. In other words, continous 

flaming did not always occur over the entire sample face as exposed to the 

uniform radiation. A typical result showing the measured incident total heat 
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flux at the six positions and the corresponding flame tip height as a function 

of time is shown in figures 3 and 4, respectively. The time in figure 3 is 

measured from t=O at the instant of sample insertion, but in figure 4, t=O 

corresponds to the instant of sample ignition. It should be noted that the 

unshielded radiant flux from the heaters was subtracted from the flux 

measurements so as to yield just the flame heat flux. This superposition view 

point was justified by the expectation that the flame is likely to be 

optically thin, and by measurements with a natural gas flame simulating the 

sample flame. The natural gas diffusion flame was initiated by a horizontal 

porous burner at the base of the heat transfer plate. 

THEORETICAL ASPECTS. 

Before proceeding to analyze and report the results, it was felt necessary to 

establish a theoretical basis for analysis. The most relevant previous study 

was by Ahmad and Faeth (1979) who correlated their heat flux data using a 

turbulent-flame-sheet model based on convecti•c heating alone. Moreover their 

measured heat flux values above the pyrolysis zone for alcohol-saturated wall 

fires show a convective component of nearly 80 to 90 percent. Also the heat 

flux in the flame region was nearly constant, then sharply dropped off as 

aproximately x-713• In contrast, the work by Orloff et al. (1975) for flame 

spread on po1ymethy1-methacry1ate show a radiative component of 50 to 75 

percent. Thus, the composition of this heat flux is expected to be at least 

material and scale dependent. 

Another useful background result is that the flame height appears to be solely 

dependent on energy release rate for wall fires. This was proposed by 

Delichatsios (1984) and indeed was demonstrated recently by Hasemi (1984). 

As a first step, a simple model will be put forth to provide a framework for 

approaching an analysis of the data and for identifying points for further 

study. The model will only deal with the effects in the reacting zone, and 

the chemical effects will be treated only as a source of energy in the energy 

equation. Thus diffusion of species will not be explicitly included nor will 

pyrolysis effects of the solid. The fuel might be considered to originate at 

a line-source so that we attempt to simulate flame heating of the downstream 
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non-pyrolyzing region. In fact, the surface temperature of the solid will be 

treated as uniform and at the ambient temperature T , since the surface 
co 

temperature will be much less than the flame temperatures. A schematic of the 

posed problem is shown in figure 5. The two-dimensional governing equations 

follow: 

a(pu) + a(pv) = 0 
ax ay 

(3) 

p (u ~ + v au ) = g ( p - p) + .L (11 au ) 
ax ay co ay ay 

(4) 

all'' 
( 

ae ae ) a ( ae ) r • I I I pc u-+v- =-A- +--+q 
p ax ay ay ay ay 

(5) 

where e = T- T, q" is the radiative flux, and q111 is the energy release due 
co r 

to chemical reaction. The boundary conditions are: 

y = o, e = u v = 0 

y + co, e = u o 

These equations are integrated over 0 ~ y <co to yield, from Eq. (4): 

d 
co 

2 
co 

dx J pu dy r g (pco - p) dy - Tw 
0 0 

where T ll(:~)y=O' the wall shear stress. 
w 

Similarly, integration of Eq. (5) gives 

d 
cp dx J 

0 

co 

(pu0)dy • I I 
qw c 

' 

co 

- Q" 
r + I Q I I 'dy 

0 
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h • .. ( ae) h convective heat flux to the wall, and q; is the w ere q = ;\ d , t e w,c y _
0 

flame radiative he~t loss. It is further assumed that the flame is optically 

thin which implies that q" can be assumed equally split between the wall and r 
the environment. The mass and enthalpy aditions of the fuel have been 

neglected since we expect these source terms to be small compared with the 

total mass and energy transfers over the flame region, i.e. m1 is small 

compared to (pv) , the air entrained. Furthermore, the energy release rate y+oo 
will be based on the oxygen consumption rate, i.e., 

I Q I I ldy 
( pv) • y 

y+oo ox,oo 1\.H = 
e:r 

00 

0 

- (pv) y+oo 

y 1\.H 
OX,oo OX 

e: 
(9) 

where 1\.H is the heat of reaction per unit mass of oxygen consumed (approxi­
ox 

mately 13 kJ/g for most hydrocarbons), and e: is a mixing factor implying that 

some oxygen is not immediately reacted. 

In addition, the flame radiation will be assumed as a constant fraction x of 
r 

the energy release, 

a 
Xr f q I I I dy 

0 

(10) 

Tamanini (1979) demonstrated that this assumption is not as good as using a 

"soot-band" model, but his results suggest that it is not an unreasonable 

approximation. The wall component is then 

= q"/2 
r 

(11) 

for the optically thin case. A more suitable expression based on the 

radiation transfer equation is given in appendix B, but will not be pursued 

here. 

In order to eliminate the density dependence, the following transformation is 

made, 
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The integral equations then become 

d 
00 

Poo dx J udz + (pv) 0 
0 

y+oo 

d 
00 

2 
00 

r I 8 
poo dx u dz poog T dz - 1" w 

0 0 00 

d 
00 !1H d 

00 

J u8dz pooYox,oo 
ox 

(1 - X ) r udz - q~,c p c - = oo p dx e: r dx 
0 0 

where 11/p 11 /p , k/pc 
00 00 p k /p c , and cp are all assumed constant. 

00 00 p 

The equations can be integrated and solved by introducing the profiles, 

u = u
1

(x)F(n) 

0 81(x)G(n) 

where n = z/o(x) and o is the boundary layer thickness. Also u and 8 are 

taken to be zero for n > 1. 

(12) 

(13) 

(14) 

(15) 

(16a) 

(16b) 

Following Liburdy and Faeth (1978) for the high Reynolds number regime of a 

turbulent wall plume, 

.. 
(pv) = - p C u y+oo oo e m 

(17) 

(18) 
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St (p c u e ) 
co p rn rn (19) 

with the local maximum, urn= au1 and ern= be
1

; and where Ce the entrainment 

constant, Cf the friction coefficient, and St the Stanton number are all 

constant. Also by the Coburn analogy, 

St 

Under these assumptions, it can be shown that 

and 

U X 
0 

0 X 
0 

1/2 

can satisfy Eqns. (13-15). Upon substitution Eq. (13) yields: 

(20) 

(21) 

2 1 
o

0 
=- ac If Fdn; (22) 3 e 

0 

Eq. (14) yields: 

and Eq. (15) yields: 

2 2 
Cfa u

0 
Gdn - 2 

1 
ceo 2

3 J 
p 0 0 0 

Y t.H ( 1 ) o 1 c abCfPr - 213e ox,oo ox -xr o _3 J p o FGdy = --~------------ Fdn - ~--~~-----
€ 2 0 2 

Reasonable profiles, to satisfy the boundary conditions and the physical 

behavior suggested by analogous problems, were taken as 
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F(n) = n
117 

(1 - n) 

and G(n) 
2 

n (1 - n) 

(25) 

(26) 

for which at n = 0, u = e = 0 and at n = 1, u = e = ae = 0 as well as the 
an 

(1/7)th power holds for u near the wall. It follows that a= 7/8 817 = 0.650 

and b = 4/27 = 0.148. Consequently, the solutions for o
0

, u
0

, and e are 
0 

e 
0 

where ef -

1.06 c ' e 

1.99 

0.408 aC 
e 

ae c 
f e 

y 
AH 

OX 
(1 - x )/c ; and 

r P ox,oo e: 

u = 0.52 aC l 
0 e T

00
(0.675 aC 

e 
aC 

e 

Liburdy and Faeth (1978) give results that suggest Ce 

and Pr = 0.7. Thus a solution is found. 

(27) 

(28) 

1/2 

(29) 

0.096 for cf 0.015 

FLAME LENGTH. An expression for flame length can be derived by assuming that 

the reaction zone ends when the fuel is completely consumed. That is, the 

entrainment rate of oxygen primarily controls the flame length. This can be 

expressed as 

0 

xf 
J Y (-pv) dx ox,oo y+oo e:rm' (30) 

where xf is the flame length, r is the stoichiometric oxygen to fuel mass 

ratio, m is the fuel supply rate and e: is a mixing factor which depends on the 

fluid dynamics of the flame. From Eq. (30) together with Eqns. (17), (21) and 

(27) and also by realizing that 
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rm' E' I t:,H ox 

where E' is the energy release rate per unit width, it follows that 

( 1 . 5 e:E I )2 I 3 
X = • f Y t:,H aC u pco OX,co OX e 0 

Delichatsios (1984) finds, for turbulent wall flames, 

( 
E' ~213 4.65 

c T p /g p co co 

(31) 

(32) 

(33) 

which is functionally similar to Eq. (32) by substitution of Eq. (29) for u
0

• 

Hasemi (1984) finds the coefficient for Eq. (33) is 6.1 for methane line­

burner flames against a wall when xf pertains to the height of the upper most 

flame tips. He obtains 2.9 as the coefficient for the height of the 

continuous flame region. 

WALL HEAT FLUX. An expression for wall heat transfer over the flaming zone 

can also be derived. From Eq. (9), (10), (11), (21) and (25) 

0.306 Y t:,H u o x 112 
• pco ox,co oxXr o o 
q~,r = ----------~-e:---------------

and from Eq. (19), (20), (21) 

I p c u 9 
2Pr2 3 co p m m 

cf 112 = p C ab(3 U X 

2Pr213 co p o o 
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The total wall flux is 

----~p~o + r ox,oo ox o 
(

abCfc 0 0.306 X Y ~H o ) 112 
poouo 2Pr2/3 e x (35) 

It will be of interest to introduce dimensionless terms and xf seems to be an 

appropriate normalizing factor for x. Therefore, 

(36a) 

where 

(

abCfc 0 0.306 X y m 0 ) ( 1 5 E. I ~ 13 

6 = p o + r ox,oo ox o • e 
poouo 

2
p 2/3 e p Y ~H aC u 

r oo ox,oo ox e o 
(36b) 

Equation (36) suggests that B depends weakly on E' and q; increases with x/xf 

to the 1/2 power in the reacting zone. The motivation for expressing the heat 

flux in this form is to examine the extent of similarity in the flame zone. 

Indeed, this strategy of plotting q; as a function of x/xf was used in 

examining the data and showed remarkable universality. Although it will be 

shown that Eq. (36) does not follow the data well, its value is in 

representing the wall heat flux in terms of measurable quantities; namely, E' 
and x • These dependencies need to be further resolved through experimental r 
correlations and more complete theoretical analyses incorporating better 

models for radiation and wall turbulence. It should be noted that the 

theoretical results for q" by Ahmad and Faeth (1979) give a dependence of x0 • 2 
w 

in the wall pyrolysis region and slightly concave downward in the combusting 

region downstream. Moreover analogous turbulent natural convection results 

might suggest that the heat flux be constant and independent of x. 

FLAME SPREAD. Although flame spread rate was not explicitly addressed in the 

experiments, some estimates of flame spread rates could be made with the 

data. A starting point for this analysis would be Eq. (2); however, the burn-
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out of the material must also be addressed. Coordinates are shown in figure 6 

which depict the location of the burn-out front xb, the pyrolysis front xp, 

and the flame tip position xf -- all measured from the leading edge of the 

solid. Expressions for xp and xb can be derived from kinematic arguments by 

assuming that the front velocity is slowly varying in time. For example, the 

pyrolysis front velocity can be approximated as 

v 
p 

= dxp = xp(t + tf) - xp(t) = 
dt tf 

(37a) 

where tf is the time for the pyrolysis front to move across the flame heat 

transfer region, xf(t) - xp(t). Thus, xp(t + tf) will coincide with xf(t) 

when the initial surface temperature Ts has been raised to Tig by a constant 

flame heat flux to the wall q". From one-dimensional heat conduction theory, 
w 

it follows that under these conditions for a semi-infinite solid 

tf = kpc ((Ti - T )/q") 2 
• g s w (37b) 

Hence Eq. (37) is identical to the more rigorously derived expression given by 

Eq. (2). 

In a parallel manner, an expression for the burn-out front velocity can be 

derived. By a difference approximation 

(38a) 

where tb is the duration of burning at a given position x. If tb is 

varying with x, then by definition, since burning 

t, it follows that xb(t + tb) coincides with 

independent of x or slowly 

commences at xp(t) at time 

x = xp(t) at time t + tb. Also if m represents the volatizable mass, then the 

burn-out time is defined by 
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t 
J b m"(x)dt 
0 

.. 
m • (38b) 

In general both tf and tb can depend on x, but will be considered as constants 

in the subsequent illustrative analysis. Appropriate initial conditions are 

also necessary and can be considered as follows. In any real problem of 

upward spread, an ignition process will precede flame spread. The ignition 

source may be a radiative source, a flame source, and transient or constant in 

application. In any case, at time t=O (ignition), some finite region xp of 
0 

material will be undergoing pyrolysis. Let us assume that the ignition source 

is removed at t=O also. Furthermore let us consider a linearized version of 

Eq. (32) to permit ease in illustrating some solution characteristics, i.e. 

It can be shown from Eq. (37a) that for o < t < tb' 

X 
p 

x e 
Po 

(kfE" - 1) t/tf 

and for t ) tb using Eqns. (37a and 38a) with 

X x and xb X at t tb, p PI Po 

(x - x )e 
[kfl!:"- (t/tb) - l)(t - tb)/tf 

X - xb p PI Po 

(39a) 

(39b) 

where E" has been assumed constant over the burn time tb· These results 

should be viewed as qualitative, but they show the importance of ~" and tf/tb 

in spread. Indeed a recent more rigorous analysis by Saito et al. (1984) also 
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show the prominence of these terms. Moreover Eq. (39b) shows that the spread 

rate will only be acceleratory provided kf~ .. - tf/tb > 1. Thus a criterion 

for self-propagation or the conditions necessary for such is revealed. 

RESULTS AND ANALYSIS. 

The transient aspect of burning materials is difficult to analyze because 

their degradation behavior is not generally understood. For example, 

charring, melting, shrinking and significant regressing were all observed 

among the samples tested. Transient effects in the gas-phase are very fast, 

so that a quasi-steady analysis is justifiable for gas-phase phenomena. 

Consequently, the data will be analyzed over the peak burning conditions of 

the sample and the corresponding flame heights and heat fluxes will be 

reported. The transient behavior of the solid will be characterized by a 

burning time which will also be reported. 

Peak burning conditions were somewhat arbitrarily defined as follows: 

(1) the maximum value recorded by the first heat flux sensor (at x1) 

was located, and the times at which 80 .percent of this maximum 

first occurred on either side of the peak were located; 

(2) average values for each heat flux sensor were determined for these 

times, i.e., 

(40) 

(3) this procedure was also applied to the corresponding flame height 

measurements; 

(4) a similar procedure was applied to the energy release rate data of 

Walton and TWilley (1984) for the same materials, but evaluated at 

somewhat higher external radiative heating conditions. 
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The burning time (tb) was defined by locating the times bounding the peak heat 

flux for the sensor at x1 at which the flux was 10 percent of its maximum. 

These "80% peak-average" values and the burn times are tabulated in table 1 

for the heat transfer experiments. The energy release rates were interpolated 

from the peak values plotted in figure 7 as derived from Ref. [1]. 

FLAME HEIGHT. Figure 8 displays the height of the visible flame tips with the 

energy release rate per wall fire width, E' E" x • Although the data trend 
p 

follows the correlations of Hasemi (1984) and Delichatsios (1984), there is 

considerable scatter. For the most part, the scatter is believed due to the 

inconsistency in deriving flame height and energy release from two independent 

devices. It does not necessarily mean that these devices are incompatible, 

except where a horizontal burn configuration was used in the calorimeter for 

the flexible foam material. The scatter does suggest that greater care in 

data accuracy and interpretation is needed when xf is nearly equal to xp in 

magnitude, when the burning time is short, and when the composite nature of 

the sample produces multiple effects during combustion. All of these factors 

probably contributed to the carpet, aircraft panel and rigid foam samples. 

Also a visible observation of transient flaming is probably not ideal for a 

flame height measurement although consistency among several observers was 

noted. 

It is interesting, and essential for the development of numerical results, to 

determine e, the ratio of oxygen present to stoichiometric oxygen needed for 

complete combustion. This is a mixing factor that represents the inability 

for the entrained oxygen to react instantly with the fuel available. From 

Eq. (32) and the coefficient given by Hasemi for the flame tips in Eq. (33), 

g is computed as 6.6 for Y = 0.233, i.e., air. Tamanini (1977) computes a 
ox,oo 

corresponding value of 9 for a turbulent axisymmetric flame plume, but such 

values (e.~., 5 to 20) are abundant in the literature. Nevertheless, the 

parameter g is a valuable fluid dynamic modeling parameter. If the 

coefficient for the continuous flame height is used instead, i.e., 2.9 in Eq. 

(33), then g becomes 3.13. Thus, about 3 times the stoichiometric air is 

entrained over the continuous combusting region, and 6.6 times stoichiometric 

air is entrained over the entire combusting zone to the flame tip. 
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TABLE 1. FLAME HEAT TRANSFER CHARACTERISTICS - 80% AVERAGE PEAK 

<t; <ii <i2 cij cit; ct; <i6 tb E" Kf 

Material (W/cm2) (W/cm2) (W/cm2) (W/cm2) (W/cm2) (W/cm2) (W/cm2) (s) (kW/m2) (em) 

Douglas Fir Particle 1. 71 1.71 0.72 0.29 0.15 0.08 0.06 432. 140. 66. 
Board 1 .7 1.72 0.73 0.30 0.15 0.09 0.07 209. 140. 73. 

2.5 1.88 0.76 0.30 0.17 0.12 0.11 209. 165. 61. 
3.5 1.79 0.94 0.35 0.16 0.10 0.08 404. 195. 90. 

Flexible Foam 1.8 2.62 1.84 1.01 0.51 0.31 0.22 72. 525. 116. 
2.5 2.35 1.46 0.70 0.30 0.19 0.13 57. 570. 96. 

I 3.52 1.99 0.98 0.43 0.22 0.14 0.11 45. 645. 110. 
...... 3.5 2 2.3 1.18 0.50 0.28 0.18 0.14 47. 645. 112. CXl 
I 

Carpet 2.5 1.98 1.20 0.70 0.34 0.20 0.13 130. 75. 88. 
(nylon/wool blend) 3.0 2.63 1.69 0.75 0.36 0.20 0.14 101. 160. 105. 

3.03 1.89 0.84 0.27 0.14 0.08 0.08 - 180. 67. 
3.6 2.65 1.46 0.65 0.33 0.19 0.15 104. 220. 39. 

Foam, Rigid 1.9 0.51 0.08 0.04 0.02 0.01 0.01 28. 110. 39. 
2.4 1.05 0.20 0.08 0.05 0.03 0.02 110. 130. 39. 
3.0 1 .12 0.20 0.08 0.05 0.04 0.03 137. 150. 43. 
3 .o 1 1.15 0.22 0.10 0.05 0.04 0.03 14 3. 150. 42. 

PMMA 1.5 2.16 2.13 1.59 0.93 0.46 0.30 1664. 400. 125. 
1.7 2.40 2.27 1.71 0.99 0.51 0.32 1558. 505. 138. 
2.4 1.96 2.51 2.14 1.42 0.82 0.51 1331. 590. 156. 
3 .o 2.14 2.64 1.96 1.47 0.91 0.63 1ll2. 705. 167. 

Aircraft Panel, 2.5 0.80 0.30 0.12 0.07 0.04 0.03 43. 40. 68. 
epoxy fiberite 3 .o 1.12 0.29 0.10 0.05 0.04 0.03 29. 55. 48. 

3.7 1.06 0.33 0.13 0.07 o.os 0.04 28. 80. 61. 

1specimen burns, extinguishes, reignites - results from first burn period 
2Energy release rate from horizontal burn configuration 
3sample fell from holder after peak burn 



WALL HEAT FLUX. ·The wall total heat flux distributions are presented in 

figures 9A through F for each of the materials. The distance x is measured 

from the base of the sample as indicated in figure 1. The effect of the 

external irradiance level is not marked, probably because the change in energy 

release rate inferred from figure 7 is not large enough. Also transient and 

particular material characteristics must have some bearing here. For the most 

part the materials display a decreasing flux with distance, q" « x-p where p w 
is about 2.4. This is consistent with the distributions measured by Ahmad and 

Faeth (1979) outside of the flame zone, and can be approximately described by 

the model offered by Liburdy and Faeth (1978). In the case of PMMA, the flux 

displays a maximum or nearly constant value of 2 to 3 W/cm2 in the flame 

zone. This is indicative of the combustion zone results found by Ahmad and 

Faeth (1979). Indeed, the level of heat flux in this combusting region is 

similar despite the different fuels. 

As a result of this observation it was thought appropriate to scale the 

distance x with the flame length xf in considering the flux distribution. 

Such an analysis was performed by Hasemi (1984) for CH4 line burner fires 

against a wall with E' ranging from about 10 to 100 kW/m. Also he reprocessed 

the data of Ahmad and Faeth (1979) into this form; and those results, along 

with a sample of Hasemi's data in the apparatus of figures 1 and 2, are shown 

in figure 10. No definitive understanding of the effects of fuel type, fuel 

configuration and energy release have been extracted from these results at 

this time. The universality of the correlation with the displayed scatter is 

intriguing and bears further study. 

As a consequence of the burner analysis the data of figure 9 were plotted in 

terms of x/xf with the result shown in figure 11. This approach does signifi­

cantly collapse the data and the results are consistent with the correlation 

in figure 10. The maximum values of recorded heat flux for each material 

range from about 1 to slightly less than 3 W/cm2 • Thus a universal maximum 

value does not seem apparent as the data correlation might imply. Either more 

data need to be derived within the flame region for the materials yielding low 

maximum fluxes, or the flux distribution depends on energy release rate. The 
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latter factor is suggested by the theoretical analysis as expressed by Eq. (36) 

in that q" a: CE') 113 • This was explored further by plotting q"/(E") 113 from w w 
table 1 against x/xf for the materials. The result is shown in figure 12, and 

seems to offer no improvement over figure 11 although the maximum value 

of q"/(E") 113 is nearly identical for four of the materials. Moreover the 
w 

scatter here is likely due to the same inconsistencies in the flame height 

correlation of figure 8 in which the extrapolated energy release data may be 

at fault. 

Finally, the theoretical solution for heat flux will be examined. If X , the 
r 

radiative fraction, is selected as 0.20 and Y 
ox,ex~ 

shown that B of Eq. (36b) is computed as 

= 0.233 (air), it can be 

(41) 

where 9.81 represents the convective contribution and 17.7 represents the 

radiative contribution (with E' in kW/m). Two values of € may be considered: 

€ = 3.13, suggesting the combustion zone is defined by the continuous-flame 

region which corresponds to x/xf = 0.48; or € = 6.6, suggesting that the 

combustion extends to the flame tip, x/xf 1. Over an appropriate range 

of E', computed results from Eq. (36) are given in figure 13. Although the 

results for € = 3.13 are comparable to the data of figures 10 and 11, the x 

and E' dependences are not entirely consistent. Undoubtedly this is due to 

the simplicity of the theory, its lack of fully addressing the radiative 

computation more thoroughly and its lack of more specific flame radiative 

properties for these materials. Preliminary assessments of the radiative 

component of the wall heat flux has suggested its contribution to be SO 

percent or greater. The theoretical result gives 64% for x = 0.20. Thus the 
r 

radiative effects must be better understood. 

FLAME SPREAD CHARACTERISTICS. 

A first step has been taken to characterize heat transfer from wall flames so 

that upward flame spread might be predicted. It is obvious that additional 

study needs to be given to complete this objective, but the current results 
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offer at least a framework for analysis. Ultimately a prediction of the 

transient burning rate or energy release rate is also needed, and models have 

not been developed for this aspect. Nor has it been shown how results from 

laboratory calorimetry data can be utilized in such analyses. Some additional 

data can be presented for the materials considered herein which address some 

aspects of related flame spread phenomena. For example, downward or lateral 

spread in air on a vertical surface can be expressed from Quintiere and 

Harkleroad (1984) as follows : 

v T < T < T s,min s ig 

where ~ represents a flame heat transfer parameter, 

kpc is the effective thermal inertia of the solid, 

Tig is the effective ignition (piloted) temperature, 

Ts is the upstream surface temperature, 

( 42) 

and Ts min is the minimum surface temperature necessary for flame spread. , 

Pyrolysis rate might be approximated as 

m·· q~,net 
L 

where cj'' t is the net surface heat flux; which is related to q", but not s,ne w 

(43) 

exactly identical, due to blowing effects and surface reradiation; L is the 

effective heat of gasification. Finally, the energy release rate is given as 

with 6H the heat of reaction. 

Values for these parameters are summarized in table 2. Also some attempt at 

comparison is made there with similar data by Tewarson (1980). An effective 

stoichiometric oxygen to fuel ratio and Tewarson's surface temperature at 

steady burning Ts b are also given. The values for the rigid foam material , 
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(GM-21) show the most disparity between the work at this laboratory [1,14] and 

those by Tewarson (1980). Also ignition results, not shown, reflect similar 

disagreement. This is a fire retardant foam that has been stored in a 

material bank (Nadeau, 1980) for several years. Tewarson used the material in 

the mid-1970's and our use has been in the last several years. Thus some 

material change might have occurred, since so many of the compared parameters 

are different. Of course this is speculation, but could prove an issue for 

interlaboratory comparisons on material performance. 

TABLE 2. MATERIAL FLAME SPREAD PROPERTIES 

Tig kpc • Ta,•in !t.H L r hH L Tfi.h 

Ref: +1 1 1 2 2 2 1 l 

("C) (kW/m2K) 2s (kW) 2/m3 ("C) (ltJ/g) (kJ I g) (go2/gfuel) (kJ/g) (k.J/g) 

Pa rtlcle Board 412 0.93 4.27 275 11.6 4.5 0.89 12.4 .. 1.7 .. 

Aircraft Panel 505 0.24 0 505 17.6 3.7 1.34 

Flexible Foam 390 0.32 11.7 120 18.8 1.44 16 .* I .9b * 

Carpet 412 0.68 11.1 265 16.8 2.5 1.28 

Rigid Foam 435 0.03 4.09 215 21.0 7.8 1.6 13. 1.1 
(GH31) 

PHMA 378 1.02 14.4 _go 25.6 1.8 1.95 22-25 1.6 

• **different fleKlble foam, GH-21 
different wood, oak 

+1. Quintiere and Harkleroad (1984) 
2. Walton and Twilley (1984) 
3. Tewarson ( 1980) 

Although no direct measurements of upward flame spread were made, Eq. (39) 

suggests some flame spread characteristics. A spread time tf can be computed 

based on the maximum wall heat flux recorded for each run. This can be 

compared to the burn time tb and its ratio tf/tb suggests a propensity to 

spread. If this ratio is small then continued spread is likely, and 

conversely. These results are shown in table 3. 
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TABLE 3. PROPENSITY FOR FLAME SPREAD 

? 

q~ t = (kpc)f(T - T 1/q" 1- tfltb f ~~ ig =~ w,maxJ 

Material (W/cm2) (s) (-) 

Particle Board 1 .7 484. 1.1 
Douglas Fir (1.27 em) 1.7 478. 2.3 

2.5 400. 1.9 
3.4 441. 1 .1 

Flexible Foam (2.54 em) 1.8 63. 0.9 
2.5 78. 1.4 
3 .5 109. 2.4 
3.5 82. 1. 7 

Carpet 2 .s 264. 2.0 
(nylon/wool blend) 3.0 150. 1.5 

3 .o 290. 2.9 
3.6 147. 1.4 

Rigid Foam, GM-31 1.9 197. 7.03 
(2 .54 em) 2.4 46. 0.4 

3.0 41. 0.3 
3.0 39. 0.3 

PMMA, Type G 1.5 277. 0.2 
1.7 224. 0.1 
2.4 205. 0.2 
3.0 185. 0.2 

Aircraft Panel 2.5 874. 20. 
(epoxy fiberite) 3.0 446. 15. 

3.7 498. 18. 

If tf/tb is greater than 1 the burning may cease before the pyrolysis front 

has a chance to traverse the distance xf-xp, and hence propagation may 

cease. A more complete understanding of the transient effects together with a 

more complete solution to Eqns. (37) and (38) is necessary. Temporarily at 

least some appreciation of the phenomenon can be discerned from tf/tb. 
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CONCLUSIONS 

TWo key results emerge from this study. First, flame height for wall flames 

is primarily proportional to the energy release rate to the 2/3-power. 

Second, wall heat flux seems to have an approximately universal distribution 

when plotted with distance normalized by flame length (x/xf). These results 

have profound potential in simplying predictive methods of flame spread. 

Therefore, further work should be conducted to more fully establish the limits 

and general application of these results. 
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APPENDIX A 

CONVECTIVE HEATING EFFECTS ON A THIN FOIL HEAT FLUX SENSOR 

The sensor was a circular foil heat flux gage of the type described by Gardon 
(1953). It consists of a thin constantan foil of radius R and thickness S, 
and was purchased commercially. The exposed surface is blackened and had an 
emissivity of approximately 0.98 in this case. The body and therefore the 
edge of the foil was maintained at a cool temperature (Tw) by water flow. 

To estimate the effect of convective heat transfer the following assumptions 
and analysis were made. 

1. No heat losses from the back face of the foil. 

2. No reradiation from the front face of the foil. 

3. Uniform irradiance q", gas temperature T , and convective heat 
transfer coefficienteh are assumed. m 

The governing equation for the foil heat transfer is 

d !!! 2 (A-1) dr r dr - m q = 0 

r = R,<fl = T - T - q"/h 
w co e 

r = 0!!! = 
'dr 0 

where <fJ = T - T - q"/h 
co e 

m = /h/kS 

k = thermal conductivity of the foil. 

The response of a thermocouple measuring the foil center to edge temperature 
difference is related to the heat flux by 

T(O) - T = (q" + h (T - T )) 
w e m w 

1 - 1/I (mR) 
0 

h 

where I
0 

is a Bessel function. 

T(O) - T 
w 

For small mR, I ~ 1 + (1/2 mR)
2 or 

0 

(A-2) 

(A-3) 

Equation A-3 is equivalent to the pure radiation results in which h : 0, and 
also under conditions of mR small, convection is directly additive. Moreover 

A-1 



the calibration constant of the sensor is not dependent on its calibration 
technique or its application with respect to convective or radiative heating 
provided mR is small, or h does not vary significantly for the conditions of 
calibration and application. 

The values of mR for the sensors used, with h = 7 W/m2K determined in calibra­
tion with a radiant source and hot water (47°C), can be computed as follows: 

R = 0.217 em = 2.17 x 10-3 m, 
S = 0.0025 c~ = 2.5 x 10-5 m, 
k = 21.6 W/m K, 

and mR = 0.25. This is small enough for Eq. A-3 to hold with good accuracy. 
Moreover, under the natural convection conditions of this experiment, it is 
not expected that h will vary markedly. 
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APPENDIX B 

RADIATIVE ANALYSIS FOR A HOMOGENEOUS WALL FLAME 

For a non-uniform temperature wall flame represented as a constant thickness 
slab, infinite in extent with the wall and ambient temperatures equal to T

0
, 

it can be shown (Sparrow and Cess, 1978) that the radiative flux is given as 
T . T 

q;(y) = 2 {B1E3(T) - B2E3(T
0

- T) + f oT
4E2(T-t) dt- f 0

oT
4E2(t-T)dt} (B-1) 

0 T 

and E3 are exponential integral functions. The position y is where E2 
measured 
equal to 

fr~m the wall, B1 and B2 are the bounding surface radiosities both 
oT

0
, and 

y 
T J Kdy (B-2) 

0 

0 
To = J Kdy (B-3) 

0 

with K the absorption coefficient of the flame and o is its thickness. 

The wall flux (y=O) for T
0 

<< 1, i.e., optically thin, can be written as 

(B-4) 
0 

since E3 ~ 1/2 - T and E2 ~ 1. In this case the last term is small and may 
also be dropped. An identical expression results for the flux at the free 
boundary interface, which implies that the flame radiation splits equally in 
both directions. 
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