WALL FLAMES AND IMPLICATIONS FOR UPWARD
FLAME SPREAD

by

James Quintiere and Margaret Harkleroad
Center for Fire Research
National Bureau of Standards
Gaithersburg, MD 20899, USA
and
Yuji Hasemi
Building Research Institute
Tsukuba-gun, Ibaraki
Japan

Reprinted from the Combustion Science and Technology,Vol. 48, No. 3/4, 191-222,
1986.

NOTE: This paper is a contribution of the National Institute of Standards and
Technology and is not subject to copyright.



Combusrt, Sci. and Tech,, 1986, Vol. 48, pp. 19§-222 &8E Gordon and Breach Science Publishers, Ine
0010-2202/86,4804-0191525.00/0 Printed in Great Britzin

Wall Flames and Implications for Upward Fiame Spread

JAMES QUINTIERE and MARGARET HMARKLEROAD  Center for Fire Research,
National Bureau of Standards, Gaithersburg, MO 20899
YUJI HASEMI  Building Research Institute, Tsukuba-gun, lbarski Pref, Japsn

(Received May 5, 1985, in final form Seprember 15, J985)

Abstract—New concepts are addressed for predicting the flame spread on matertals from labe
oratory measurements. [t focuses on heat transfer which precipitates and precedes upward
flame spread on a vertical surface. Six materials have been featured in this study as well as in
past related studies. Their flame spread properties are presented. In this particular study hear
transfer and flame height results are presenited for wall samples burned at varying levels of external
irradiance. Also complementary results are presented for methane line burner wall fires, An
approximate theoretical analysis is included to serve as a guide to idemifying the imporiam
variables and their relationship for correlation purposes. Experimental results yield flame height
proportional to energy release rate to the 2/3 power, and wall heat fiux distributions are roughly
correlated in terms of distance divided by flame height. These correlations appear 1o at leas:
hold for the scale of these experiments: flame heights of 0.3 to 1.4 m,

INTRODUCTION

The flammability of materials is usually a e by means of ts relative performa
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 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 rerms of their celationship 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 appropniate data witl successful correlations be likely,

One approach, which circumvents analysis, 15 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 charac-
teristics for wall fires. In that study r*m;z’tui:r‘ime; were hurped in various small-icale
configurations at environmental pr bove a normal atmosphere,

Of course, both scaling and analy to wall fires must mateh ful
performance in various settings. ¢ iata-bases” include post-crash fire
growth within aircraft cabing by Sarkos er o/ {1982), studies in support of a standard
room fire test in the United States by Lee I%«M and similar work on a French
corner test for wall-linings by Hogrnon (1%3&); Although some attempts at predicting
fire growth on room surface linings have beer put forth by Smith (1981} and Steckler
(1983), these are either incomplete or contain empirical aspects. In order to develop
the basis for such room fire growih models further, a more systematic approach s
being pursued.
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One aspect of fire growth on & wall surface is the flame spread component itseil
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 simples:
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 justi
flable for most common materials of thicknesses greater than | mm. For opposco
flow spread deRis (1969) obtains

‘ (kpeyy Vol dy— Tig)*

(kpcXTig~ T1)?
in which kpc are the solid’s thermal properties, (kpc)y are the corresponding
properties, V; is the opposed flow speed, T the adiabatic flame temperatire, Ty the

ignition or pyrolysis temperature, and 7, the upstream solid surface temperature. The
corresponding concurrent flow case, given by Sibulkin and Kim (1977), is

where 47" is the maximum heat flux at the pvrolysis front, and By is an effective fi
heat transfer distance measured from the end of the pyrolysis region. If we cons
dr" to be uniform over a flame extension region 8y and zero beyond, then we sk
modify Eq. (2) by multiplying kpc by »/4. In previous studies by Harkleroad ¢ «
(1983) and Quintiere et al. (1983} it was shown how kpe, Ty and the numerator !
Eq. (1) could be estimated from an experimental technique. Recently, such wvalue:
have been tabulated for a wide range of materials (Quintiere and Harkleroad, 1984}
Consequently, knowledge of ¢;” and 8¢ in Eq. (2) would then complete the required
information for wall flame spread.

Thus, an experimental apparatus was designed and constructed 1o measure the hep
flux and flame height above a burning wall section. Provision was made 1o include
external irradiation since most materials do not support sustained combustion ¢
their own. Also provisions were made to substitute a horizontal porous gas burn
for the burning vertical slab. This substitution would provide steady-state d
contrast to the unsteady burning of the materials. Hence the gas burner
complement the material data. Indeed, it helped to guide the analysis and th
burner results are more extensively discussed by Hasemu (1984). The only
available data on heat transfer to the wall region above the pyrolysis zone were whe
by Abmad and Faeth (1979} for steady liquid-saturated wick fires,

DISCUSSION

Experiments

The experimental set-up of Ahmad and Faeth {1979) was used as a guide 10 the wir!
but a radiant source was added. A schematic of the apparatus developed is
in Figure 1, and a photograph of it is shown in Figure 2. The sample section
nominally 28x 28 cm and exposed to radiation from two larger gas-fired porov
ceramic heaters. The heaters operated at glowing temperatures which could oo
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FIGURE 1 Schematic of apparatus.

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 characteristics 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 sampie board. Uniformity over
the sample area was within ten percent and the weighted-average irradiance was 0.94
of the center value.

Above the sample was a flush-mounted contiguous copper water-cooled plate with
provision for monitoring incident heat flux at the locations shown in Figure |. Two
types of sensors were used—a total heat flux Gardon-type sensor, and an ellipsoidal-
type radiometer similar to that described by Chedraille and Brand (1972). Because
of calibration uncertainties in this application, the radiometer data will not be pre-
sented here. Also an analysis (Appendix A) of the (jardon gage response to convec-
tive heat transfer, for a uniform convective heat transfer coefficient (A) over the foil
disc, yielded a slight effect of /4 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 cm
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FIGURFE 2 Photograph of apparaius.
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FIGURE 3 Wall heat flux for particleboard irradiated at 2.5 'W/em?,

height with a rapidly decreasing heat flux with distance from a maximum of roughly
2W/cm? 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, then insert the sample. A video record was made along with auto-
matic data recording and storage on a computer disc. Signals from the heat flux
sensors and thermocouples were scanned and averaged over {0 to 15 s 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. A typical result show-
ing the measured incident total heat flux at the six positions and the corresponding
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FIGURE 4 Flame height (to tips) for particleboard irradiated at 2.5 W/cm?,

flame tip height as a function of time is shown in Figures 3 (+==0 corresponds to start)
and 4 (+=0 corresponds to ignition), respectively. It should be noted that the un-
shielded 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 convective heating alone. Moreover, their measured heat flux values
above the pyrolysis zone for alcohol-saturated wall fires show a convective compo-
nent of nearly 80 to 90 percent. Also the heat flux in the flame region was nearly
constant, then sharply dropped off as x-7/3 approximately. In contrast, the work by
Orloff et al. (1975) for flame spread on polymethyl-methacrylate shows a radiative
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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). More recently
Delichatsios (1984a) developed a more detailed solution to the wall fire problem.
His integral solution addresses both the pyrolyzing region and the wall region above.
It contains an improved turbulence model which yields the proper convective heat
flux response, and treats the radiative component by an optically thin flame model
with specified flame temperature and absorption coefficient. (A description of the
optically thin homogeneous flame model is given in Appendix B.) His formulation
required a numerical solution whose result he fitted to functional correlations for
mass pyrolysis rate and flame height.

As an alternative to reliance on numerical solutions to this problem, an analytical
solution was obtained for a simplified, but representative, version of a wall fire. This
approach sacrifices some exact features of radiation and turbulence, but is compre-
hensive in addressing the essential phenomena. Moreover, it at least would provide
qualitative and consistent relationships for the significant variables. The primary

FIGURE 5 Combusting boundary layer probiem,

features of this model for a line fuel-source at the wall (Figure 5) are summarized
below:

1) The medium is considered a single fluid with combustion energy release set
proportional to air entrained into the boundary layer.

2) An optically thin flame is considered with the radiated heat transfer set propor-
tional to the local energy release rate.

3) Simple wall turbulence relationships are utilized (Liburdy and Faeth, 1978)
which only apply for high Reynolds numbers,
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4) An integral solution is obtained for the 2-D compressible boundary layer
equations based on simple polynomial functions.

The full details of this analysis are given in Appendix C. Based on its solution,
results for flame height and wall heat flux will be derived.

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

x . .y ey
[ Ver,of = pUlhy oo X == crm’, 4
Jo

where xy is the flame length, r is the stoichiometric oxygen to fuel mass ratio, #h is
the fuel supply rate and ¢ is a mixing factor which depends on the fluid dynamics
of the flame. From Eq. (3) together with Egs. {C-15), (C-19) and (C-25) and also by
realizing that

r’ = ‘H'\’Aﬁaw: {d]

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

{5
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Delichatsios (1984) finds, for turbulent watl flames,

xp == 4.65 ( i -w—) . (B
Cp Ten Pt \,«/ g

which is functionally similar to Eq. (5) by substitution of Eq. (C-27) for uo. Haserm
(1984) finds the coefficient for Eq. (6) is 6.1 for methane line-burner flames agamst
a wall when xy pertains to the height of the uppermost flame tips. Hasemi (1984)
obtains 2.9 as the coefficient for the height of the continuous flame region. In all
cases, these coefficients have been empirically selected. '

Wall heat flux An expression for wall heat transfer over the flaming zone car also be
derived. From Eqs. (C-7), (C-8y, (C-9), (C-19) and (C-23)

» 0.306p:c Yoz & oy Xy ug 8o x1i3

Gu.r" {Ta
&
and from Egs. (C-17), (C-18), (-19)
- Cr , , Cr e .
Qw'c = WZPr£7:; Prexs tl‘p Um em e —-2—;);3:5 P ('p ab90 b x> “. § “l
The total wall flux is
. rabCropty 0.306X, YorowAHor 80 ‘
qw = P Ug B E .\‘1“ L (;"’1 !
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It will be of interest to introduce dimensionless terms and xy seems to be an appro-
priate normalizing factor for x. Therefore,

Gu' = Blx/xp)b?, (9a)
where

sk e
o Yoro AHgpaCeup,

Equation (9) suggests that 8 depends weakly on £ and ¢.” increases with x/xs 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 ¢,.” as a function of x/x; was used in examining the data and showed
remarkable universality. Although it will be shown thar Eq. (9) does not follow the
data well, its value is in representing the wall heat flux in terms of measurable quanti-
ties; namely, £’ and X,. These dependencies need to be further resolved through
experimental correlations and more complete theoretical analyses incorporating
better models for radiation and wall turbulence. [t should be noted that the theoretical
results for ¢,..” by Ahmad and Faeth (1979) give a dependence of x%2 in the wall
pyrolysis region and give a slightly concave downward dependence in the combusting
region downstream. Moreover, analogous turbulent natural convection results might
suggest that the heat flux be constant and independent of x,

The numerical solution by Delichatsios (1984a) does yield a constant convective
wall heat flux and his full solution with flame radiation bears closer attention with our
data. Hence the heat flux result derived here is lacking in the correct x dependence.

abc“f(‘p 00 0.3()6Xr Y;mg'vxg A}'{‘,;g;g S[p )
+ } (%)

,B = pwo MO[ Spris3 .

Flame spread Although flame spread rate was not explicitly addressed in the ex-
periments, 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-out of the material
must also be addressed. Coordinates are shown in Figure 6 which depict the focation

Flame ‘}
heat {
transfer | {
region :f
"‘ﬂu
S T G x
i - f
Pyrolysis | J T
region l 14 |
S Xp
Burn-out § % Jb 1 |
region | @ |
¢ l 3 y ¢ .

FIGURE #  Flame spread problem.
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of the burn-out front x», the pyrolysis front xp, and the flame tip position xp—all
measured from the leading edge of the solid. Expressions for xp and x, 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

dx Xp(t+ 1) = xp(i xy(0) = xp(t
v, =2 o (8 + 1) = xp(t) _ 1(1) p(), (102)
dr Iy i

where ty is the time for the pyrolysis front to move across the flame heat transfer
region, xs(t)—xp(t). Thus, xp(r+ 1) will coincide with x#(¢) when the initial surface
temperature T, has been raised to T3y by a constant flame heat flux to the wall 4,.".
From one-dimensional heat conduction theory, it follows that under these conditions
for a semi-infinite solid

tr = kpcl[(Tey— T3 gu" % {10b)

Hence Eq. (10) 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

depy  xplt+tp)—xplt)  xp(t)—xp(r)
b= — = = »

(tla)
dt 1) ty

where tp is the duration of burning at a given position x. Thus, by the definition of
t» the burn-out front x, coincides with x;(r) when r=t+2. If tp is independent of
x or slowly varying with x, then by definition, since burning commences at xp(¢) at
time ¢, it follows that xs(f +1») coincides with x=x4(¢) at time t-+1tp. Also if m rep-
resents the volatizable mass, then the burn-out time is defined by

i)
Ev m{xydt = m” {11t
40

In general, both t, and ¢t 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 pro-
cess 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 ¢=0 (ignition},
some finite region xp, of material will be undergoing pyrolysis. Let us assume that
the ignition source is removed at /=0 also. Furthermore, let us consider a linearized
version of Eq. (5) to permit ease in illustrating some solution characteristics, f.e.,

xp=ky E; xp for ¢t <1, and xj—xp = ky E"(xp—xp) for > 1y
It can be shown from Eq. (10a) that for o < ¢ < fp,
Xp = Xp, €xp[lks £~ 1)tfty] (123)
and for ¢>1t, using Eqs. (10a) and (10b) with

Xp = xp,oand oy o op AU f = 1y,
Xp - Xy == (.X“pi e ,‘E‘ﬂu) expf [kf é." - (’f//lb) - l ](:’ e ’L’;)/f‘f}, ( I :h}



TABLE |
Flame heat transfer characteristics (80 percent average peak)

. ge ' q2" 43" gs" gs” gs" ) E” xf

Material (Wicm?)  (Wjem?) (W/cm?) (W/em?) (W/ecm?) (W/cm?) (W/cm?) (s} (kW/m?) (cm)
Douglas Fir {.78 1.7} 0.72 0.29 0.15 0.08 0.06 432 140 66
particieboard 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 0.1t 209 165 61
3.5 1 0.94 0.35 0.16 0.10 0.08 404 195 90
Flexible foam 1.8 262 1.84 1.01 0.51 0.31 0.22 72 525 116
2.5 2.35 1.46 0.7¢ 0.30 0.19 0.13 37 576G 96
138 199 0.98 0.43 0.22 0.14 0.1 45 645 it
3.3% 23 i18 .50 0.28 (I E 0.i4 47 643 1iz
Carpet 2.3 1.98 1.20 0.70 (.34 .20 130 75 38
{nyloniwoot blends ig 2.63 1.69 .75 836 G.20 10 i60 105
ige 1.RG (1.5 9,27 6.4 Q.08 . 156 67
15 2.65 1.46 8.65 0.33 0.4y i0d 22¢ 39
2.4 G 0.08 46.65 0.03 HY 130 3%
3.0 0.20 0.08 0.03 0.04 137 150 43
3.0 022 4.10 0.05 0.04 143 150 42
FMMA i.5 .16 213 1.59 0.93 .46 .30 1664 400 i25
1.7 2.40 227 1.7 0.99 .51 0.32 1558 505 138
24 HI S 251 214 142 082 [iB3] 111 9 156
3.0 214 2.64 1.96 1.47 0.91 0.63 1112 705 167
Aircraft panel, 2.5 0.80 0.30 0.12 0.07 0.04 0.03 43 40 68
epoxy fiberite 3.0 1.12 0.29 .10 0.05 0.04 0.03 29 55 48
17 i.06 0.33 613 0.07 0.08 0.04 28 86 61

avaduds FWNYTd aQdvmdol

. extinguishes, re-ignites—rasulls from first burn period.
release rate from horizontal burn configuration.
“Rample fell from holder alter peak burn.
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FIGURE 7 Peak energy release rates {Walton and Twilley, 1984).

where E” has been assumed constant over the hurn time #5. These resuits should be
viewed as qualitative, but they show the importance of £” and fy/ts in spread. Indeed,
a recent more rigorous analysis by Saito ¢r al. (1985) also shows the prominence of
these terms. Moreover, Eq. (12b) shows that the spread rate will only be acceleratory
provided ksE"—ts/ty>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 1o analyze because their degra-
dation behavior is not generally undersiood. For example, charring, melting, shrink-
ing 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
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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 buraing 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 x;) 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 heut flux sensor were determined for these times, ie.,

.
" H [.k s

i — gi" dt; 13y
CRCRIP NS

3) this procedure was also applied to the corresponding tlame height measure-
ments;

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.

The burning time (1p) was defined by locating the times bounding the peak heat
flux for the sensor at x; at which the flux was 10 percent of its maximur. These
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“80 percent peak-average’ values and the burn times are tabulated in Table I for the
heat transfer experiments. The energy release rates were interpolated from the peak
values plotted in Figure 7 as derived from Walton and Twilley (1984).

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 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 x; 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.
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FIGURE 92 Wall heat flux distribution—PMMA,.
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It is interesting, and essential for the development of numerical results, to deter-
mine ¢, 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. (5) and the coefficient
given by Hasemi for the flame tips in Eq. (6), ¢ is computed as 6.6 for Y,z «=0.233,
i.e., air. Tamanini (1977) computes a corresponding value of 9 for a turbulent axi-
symmetric flame plume, but such values {e.g., 5 to 20) are abundant in the literature.
Nevertheless, the parameter ¢ is a valuable fluid dynamic modeling parameter. If
the coefficient for the continuous flame height is used instead, ie., 2.9 in Eq. {(6),
then ¢ becomes 3.13. Thus, the theory suggests that about 3 times the stoichiometric
air is entrained over the continuous combustion region, and 6.6 times stoichiometric
air is entrained over the entire combusting zone to the flame tip.

Wall heat flux The wall total heat flux distributions are presented in Figures 9a
through 9f for each of the materials. The distance x is measured from the base of the
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FIGURE 9¢ Wall heat flux distribution—rigid foam.

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, §," ¢ x-? where p is about 2.4. This is consistent with the distributions
measured by Ahmad and Faeth (1979) outside of the flame zone, and can be approxi-
mately 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/cm? 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 xs in considering the flux distribution. Such an analysis was
performed by Hasemi (1984) for CHy 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
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FIGURE 9d Wall heat flux distribution-——fexible foam.

(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 rclease 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/x; with the result shown in Figure 11, This approach does significantly collapse
the data and the results are consistent with the correlation in Figure 10. The maxi-
mum values of recorded heat flux for each material range from about [ o shightly
less than 3 W/em?. 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 latter factor is suggested by the theoretical analysis as
expressed by Eq. (9) in that ¢, oc (E)/5. This was explored further by plotting
¢w"/(E")1/3 from Table | against x/x, for the materials. The result is shown in Figure
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12, and seems to offer no improvement over Figure 11 although the maximum value
of " /(E™)1/? is nearly identical for four of the materials. Moreover, the 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 radiative
fraction, is selected as 0.20 suggestive of natural gas and Y,;,0=0.233 (air), it can
be shown that 8 of Eq. (9b) is computed as

B = (9.81+17.7E )% e (kKW/m2), (14)

where 9.81 represents the convective contribution and 17.7 represents the radiative
contribution (with £ in kW/m) (Figure 13). Preliminary assessments of the radiative
component of the wall heat flux has suggested its contribution to be approximately
50 percent for natural gas. These theoretical results give 64 percent for X,=0.20.
Thus the radiative effects appear to be crudely computed, although the x-dependence
of the heat flux is not correctly represented in the flame zone.
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Flame Spread Characteristics

209

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 offer at least a frame-
work 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 & vertical surface can be expressed from Quin-
tiere and Harkleroad (1984) as foillows:

i

e T € T < Tigs

(kpc W Toy ~ Ts

(15
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where @ represents a flame heat transfer parameter,
kpc is the effective thermal inertia of the solid,
Ty is the effective ignition (piloted) temperature,
T is the upstream surface temperature, and
To.min is the minimum surface temperature necessary for flame spread.
Pyrolysis rate might be approximated as

where cis,ne‘t” is the net surface heat flux which is related to ¢,.”. but not exactly identi-
cal, due to blowing effects and surface re-radiation; L is the effective heat of gasifi-
cation. Finally, the energy release rate ts given as

E* = m® AH, (17

with AH the heat of reaction,
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Values for these parameters are summarized in Table II. Also some attempt at
comparison is made there with similar data by Tewarson (1980). An effective com-
parison is made there with similar data by Tewarson (1980). An effective stoichio-
metric oxygen to fuel ratio and Tewarson’s surface temperature at steady burning
Ts,» are also given. The values for the rigid foam material (GM-21) show the most
disparity between the work of Walton and Twilley (1984) and Quintiere and Harkle-
road (1984) with those by Tewarson (1980). Also, ignition results, not shown, refiect
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-
1970s 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.

Although no direct measurements of upward flame spread were made, Eq. (12)
suggests some flame spread characteristics. A spread time ¢y can be computed based
on the maximum wall heat flux recorded for each run. This can be compared to the
burn time ¢ and its ratio t7/tp suggests a propensity to spread. If this ratio is small

TABLE IIX
Propensity for flame spread

ge" tr = (kp){Tig ~ Tw)i§"w,mux)®  trity

Material (W/cm?) (s) (=)
Particleboard i7 484 1l
Douglas Fir (1.27 cm) 1.7 478 2.3
a8 400 1.9
b4 441 1.1
Flexible foam (2.54 ¢cm) 63 0.9
78 1.4
109 1.4
82 1.7
Carpet A . 264 2.0
{nylon/wool blend) 1.4 150 1.5
1.0 294G 59
1.6 147 1.4
Rigid foam, GM-31 {97 7.03
(2.54 cm) 46 0.4
41 0.3
19 0
PMMA, Type G (. 277 0.2
1,7 224 0.1
o 205 0.2
3.0 183 0.2
Aircraft panel i K74 2
(epoxy fiberite) ;uq 448 15

focs JRNEY

3T 494
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then continued spread is likely, and conversely. These results are shown in Table IiI.
A more complete understanding of the transient effects together with a more complete
solution to Egs. (10) and (11) is necessary. Temporarily at least some appreciation
of the phenomenon can be discerned from #;/tp.

CONCLUSIONS

Heat transfer from wall flames has been addressed both theoretically and experimen-
tally. Although too simplified to accurately describe the processes, the theoretical
model does give the observed flame height characteristics, and does suggest the form
and variables important to flame heat transfer.

A direct measure of energy release rate is a necessary addition to the heat transfer
apparatus. This can probably be best done with the current design by the addition
of a load cell to measure mass loss together with a separate measure of AH.

Also a direct measure of the radiative component of the wall heat flux must be
achieved. Several approaches need to be tried here to arrive at a consistent and
direct technique. Finally an improved engineering analysis must be developed to
address the radiative component,

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, albeit scatter exists
in our material data. Second, wall heat flux seems to have an approximately universal
distribution when plotted with distance normalized by flame length (x/x;); however,
energy release rate and radiation effects could mitigate this universality. These
results hold at least for the turbulent flames of this study; namely, 0.3 to 1.4 m in
height. For larger wall flames, flame radiation will dominate the heat flux and this
correlation should begin to break down
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secand mass loss rate measurements for

NOMENCLATURE

a parameter, Eq. (18)

b parameter, Eq. (19)

¢, ¢p specific heat

Ce entrainment coeffictent

Cy  friction coefficient

E energy release by chermical reaction

g gravitational acceleration

k thermal conductivity tused in flame spread analysis)
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effective heat of gasification, Eq. (40)
mass of fuel gasified

Prandtl number

heat transferred

effective stoichiometric oxygen/fuel mass ratio
Stanton number

time

temperature

gas phase velocity components
spread velocity

coordinates

mass fraction

normalized y coordinate, Eq. (9)

<

N NEN"TOYD oI~
<

Greek Symbols

B heat transfer parameter, Eq. (36)

8 characteristic length

AH  heat of reaction per mass of fuel
AH,, heat of reaction per mass of oxygen
mixing factor

dimensionless variable, (z/5)
thermal conductivity (in heat transfer analysis)
density

shear stress

radiative fraction of £

T—-Tw

flame heating parameter, Eq. (39)

.ecng<-|"u><dm

Subscripts

burnout
convective
external
flame

gas
ignition
maximum
oxygen
pyrolysis
radiative
surface
wall
ambient

thwhggg-w'\,mnv

Superscripts

(')  per unit time
() per unit length
()" per unit area
()" per unit volume
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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 approxi-
mately 0.98 in this case. The body and therefore the edge of the foil was maintained
at a cool temperature (7)) 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 re-radiation from the front face of the foil.

3) Uniform irradiance ¢.”, gas temperature 7., and convective heat transfer
coefficient 4 are assumed.

The governing equation for the foil heat transfer is

d g dé o ) ‘
—(r ) g 0, (A-1)
dr \ dr
pomz R“ w;f) b Tw “““ lrux ““‘”‘"»?t‘!"fhn
dy
o 0, _u..,jf’.- s {5}
dr

where ¢ = T—Tx—4q."[h
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

) N b= R(mR) o
F)—Tw = (g +Tw—1 «4<)E(‘-vv”‘~‘ e ) (A-23
3 3
where Iy is a Bessel function. For small mR, fo~1 +(1/2mR)* or
ot RE N - R? )
T(O)— Tw = [qg" + h( T:u:‘,) - J"y;)} """ R ’L(‘u” + /l( Ta;‘ - T mjf ‘!"""“ <A“'{’)

akS

Equation {A-3) is equivalent to the pure radiation results in which A=0, and also
under conditions of mR small, convection is directly additive. Moreover, the cali-
bration constant of the sensor is not dependent on its calibration technique or its
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application with respect to convective or radiative heating provided mR is small, or 4
does not vary significantly for the conditions of calibration and application.

The values of mR for the sensors used, with A=7 W/m? K determined in cali-
bration with a radiant source and hot water (47°C), can be computed as follows:

R=0217Tcm = 2.17x10-3m,
S = 0.0025cm = 2.5x 105 m,
k= 21.6 Wm2K,

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 # will vary markedly.

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

Gr'(y) = 2\ B1 E3(7) — B2 Eg(ro— =) + J al™ Es(r 1)t — J ®aT4 Ex(t~ T)dt‘ {B-1)

0 0 )

where £z and Ej are exponential integral functions. The position y is measudre from
the wall, By and B are the bounding surface radiosities both equal to 87, and

Ay

oo J Kdﬂy, (B~23
&
né

= | (B-3)
¢

with « the absorption ccefficient of the flame and & 1s its thickness.
The wall flux ()»=0) for ro <€ 1, i.e., optically thin, can be written as

-
Grow” = 2 f " oTadt + 279 o Tob. (B-4)
{

4]

since Ez~1/2—r and Ez~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.



UPWARD FLAME SPREAD 219

Appendix C

A SIMPLE ANALYTIC SOLUTION TG AN IDEALIZED
LINE-FUEL-SOURCE WALL FIRE

As a first approximation a simple model is put forth to provide a framework for
approaching an analysis of the data and for wdentifying 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 dif-
fusion 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 simu-
late flame heating of the downstream 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 temperature will be much less than the flame temperatures. A
schematic of the posed problem is shown in Figure 3. The two-dimensional governing
equations follow:

{(C-1)
éu oy ‘ & 0 dw N
p(u~—~ + ) = g~ Py e (,u ;—”)‘. (-2}
ax [y oy \ dy
cé & : " »
p(p(u — S L T q N (‘\"3)
cx &y

where 8=T- T, ¢." is the radiative flux, and ¢” is the energy release due to chemical
reaction, with the boundary conditicns:

_}‘ =3 0?‘ 9 EE TR L ]:’.‘

{C-4)
oo, O g s ()
These equations are integrated over < v« w0 to yield, from Eq. (C-2):
d X S0
— putdy = # e~ p)dy = T4y, (-5
dx Jo W0
where 1, =pu(du/dy), -0, the wall sheuar stress.
Similarly, integration of Eq. (C-3) gives
d e} o
cp—— f (putydv = g "+ [ g dy, (C-6)
dx o Jo

where §u.” = Md8/dv) -0, the cenvective heat flux to the wall, and ¢,” is the flame
radiative heat loss. It is further assumed that the flame s optically thin, which implies
that ¢,” can be assumed equally split between the walf and the envtrb’pment. The mass
and enthalpy additions of the fuel have been neglected since we expect these source
terms to be small compared with the tetal mass and energy transfers over the flame
region, fe.. ' is small compared 1o (pely o, the air entritined.  Furthermore, the
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energy release rate will be based on the oxygen consumption rate, i.e.,

v . Y Yy AH
f: §dy = — G )‘““;r 2 AH = —(pu), .mmm-————-—“'i el (€-7)

where AH,; is the heat of reaction per unit mass of oxygen consumed (approximately
13 kJ/g for most hydrocarbons), and ¢ 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 the
energy release,

i
gr" = X, j g" dy. (C-8)
&

Tamanini (1979) demonstrated that this 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
Guw,r” = ge"[2 (C-9)

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,

2= [ Glooy. (C-10)
The integral equations then become

d o]
poo e J udz +(pv)y o = 0, (C-11)

dx 0

% ide = [ pg—d (C-12)
oo~ 2z = o (47 = T gy, A
P dx Jo * .[0 Poong ’

i

d AHox d A .
P Cp—— J‘n u@dz = Pw Ytpz“m""” """""" -~ (1 "“‘"Xr) — i udz—qw,c (C‘l})
dx Jo € dx Jo

where u/p = powo/pw, k/pcp=kux/pxcy, and ¢p are ah assumed constant.
The equations can be integrated and solved by introducing the profiles,

]

wu(x) Fn), (C-14a}

1

i

= 6,(x) G(n), (C-14
where n=2z/8(x) and 8§ is the boundary layer thickness. Also  and @ are taken tc
be zero for > 1.

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

turbulent wall plume,
(PU)W'"”O = flon Cqm Y, :C‘I 5)‘

Cr{pec im?/2), (C-16)

Tw
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qu»“c, =R S‘(Pacfpum Om), (C‘”l7}
with the local maximum, wp=au; and 6, =h6;; and where C, (the entrainment

constant), Cr (the friction coefficient), and St (the Stanton number) are all constant.
Also, by the Coburn analogy,

51 = Pr-238(,/2. (C-18)
Hy = uax"ﬂ,
(C-19)
81 = ﬁ{h
and
§ = 5@ X
can satisfy Eqgs. (C-11) to (C-13). Upon substitution Eq. (C-11) yields:
2 !
o = SaCef j Fdy; (C-20)
[
Eq. (C-12) yields:
1 So By 1 Cral tin?
uo? o2 f Fray = 520 ﬁ G dn— 222 (C-21)
0 Te Jo 2 ‘
and Eq. (C-13) yields:
3 ! Yoz, AHpu(1 =X 38y 3 rp abCy Pr2:3 6,
¢p 60 80- f FGay = Yoz A1 =%% 3 ' Favy - ‘33__%15_____._9” (C-22)
0 € 0

Reasonable profiles, to satisfy the boundary conditions and the physical behavior
suggested by analogous problems, were taken as

F(n) = {1 ~7) {23
and
Gyl = n(l ‘““"TI)E» (241

holds for u near the wall. It follows that a=7/887=0.650 and b=4/27=0.148.
Consequently, the solutions for 8o, 1o, and &y are
By = 1060, {C-25)

1.99a8, C,
o B

' : (C-26)
0.408aC, + abCs/Pri3 ‘

where

. Ton )
by = Yopoo ——(1 = X)icp:
&
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and
P 18
o = 0.52aCe| —— L :
T(0.675aC, + a® Cy2)(0.408aC, + adCy Preia

Liburdy and Faeth (1978) give results that suggest C,=0.096 for (;=0.015 and
Pr=0.7. Thus a solution is found.






