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ABSTRACT

Major species production rates from burning polyethylene, poly{methyl methacrylats), and ponderosa pine
were measured in a two layer compartment fire envirenment. Production rates were found to bs correlated by the
fuel Lo oxygen ratio, where the fusl supply rate is the fuel volatilization rate and the oxygen supply rate is the
entrainment rate of oxygen between the fuel surface and the hot/cold layer interface. The results are similer to
previous results with simple gaseous and evaporating liquids and support the observation that carbon monoxide
production under fuel rich conditions is greater for oxygensted hydrocarbons than hydrocarbons.

Carbon manoxide yields for wood four times as large as the present results have been reported in the
literature. These very large literature values were the result of sampling within the reaction zone. The present
results and reanalysis of literature results obviate the need to postulate three different thermal decomposition
mechansims for wood at different fuel to oxygen ratios as has been proposed in the literature.

An analysis of literature results indicates that under fusl rich conditions compartment residence times of
10-15 seconds are required for combustion te final products. Under fuel lean conditions far lower residence Limes
are required, probably due to the enhanced mixing under thess conditions.

INTRODUCTION

investigations over the past twenty years have demonstrated that restricted ventilation can increase the
production of carbon monoxide by an order of magnitude or morel 1-6]. This can have significant effacts on the
extent to which toxic products will cause other areas of the building to become untenable. A recent
investigation[ 7] showed that the production rate of major chemical species per unit mess of fuel in a two layer
environment can be expressed as a function of the fusl to oxygen ratio, where the fus! supply rate is the
generation rate of fuel volatiles and the oxygen supply rate is the oxygen entrained into the flame betwsen the fuel
surface and the hot/cold layer interface. Fuels used in the investigation were gaseous and liquid fuels, and the
correlations appeared insensitive Lo the thermo-fluidic details of the flame. The production of carbon monoxide
under fuel rich conditions was found to be & strong function of the the fue! chemical structure with the results
foltowing the general ranking: oxygenated hydrocarbons » hydrocarbons > aromatic hydrocarbons.

In this work the methods developed for determining the major chemical species production rates under
restricted ventilation conditions in & twe layer environment using gaseous and liquid fuels were used to study solid
fuels of direct interest in fires in buildings. Experiments were performed using polyethylene, poly(methy!
methacrylate), and ponderosa pine. Where available, the present results are compared with existing data.

EXPERIMENTAL APPARATUS snd PROCEDURES

The apparatus used in these experiments included the hood system in which the hot gas layer was formed,
the load cell system, and the gas sampling and analysis system. The hood system included the hood in which the
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hot gas layer was confined, the exhaust system, and instrumentation Lo control and measure the exhaust rate, The
one meter diametsr hood was constructed of shest metal and the ceiling was made up of 0.012m thick ceramic
fiberboard backed by 0.025m of ceramic fiberblanket. Fiberblanket(0.025m) was also used to insulate the outer
vertical surfaces of the hood. Gases were exhausted around the full periphery of the hood 0.3m above the base of
the 0.48m deep hood through a vertical plenum system. The exhaust was measured using a 0.044m diameter
orifice meter with flange taps in the 0.15m exhaust duct. Temperature at the orifice mater was measursd by
thermocouple and the pressure drop was measured using an electronic manometer.

Specimen mass was measured using a8 water cooled LVDT load cell separated from the specimen by several
layers of low density insulation. Mass loss rate was determined numerically and the average mass loss rate over
the steady burning period was used in the analysis. The load cel! and specimen were positioned on the centerline of
the hood and were mounted on a piston assembiy to allow vertical positioning relative to the hood.

Hood exhaust gases were sampled at the orifice meter to insure a well mixed sample. Measurements of
chemical composition at the hood exit indicated that no meaurable chemical reactions occurred in the exhaust
system. Particulates were trapped immediately upon sampling and the sample gas was transported o the gas
analyzers via 0.6cm 0.D. impolene tubing maintained at or above 70°C.

The gas sample stream was analyzed using continuous analyzers for oxygen (polaragraphic,Beckman
O0M-11), carbon monoxide and dioxide (nondispersive IR absorption, Infrared Industries 702), total
hydrocarbons(THC) (flame ionization detector{FID), Hy/He carrier gas, Shimazdu), and water (dew point
hygrometer, General Eastern 1200APS). Hydrogen was analyzed by gas chromatography. Flows to the oxygen,
carbon monoxide/dioxide, and hydrogen analyzers were passed through a -5°C cold trap and the resulting
measurements were corrected for the volume of water removed(no correction for trapped hydrocarbons was
mede). Flows to the water and total hydrocarbon analyzers were maintained at or above 70°C and no corrections
were required. The total hydrocarbon dats was interpreted as CHo. An H/C ratio of two was assumed in order to
rapresent genaral hydrocarbons.

The operation of the apparatus involved three basic parameters which were controlled by the experimenter:
the vertical position of the specimen, the specimen surface area, and the hood exhaust rate. Generally, the last
two were chosen and the vertical position of the specimen was set so that the layer/air interface was below the
exhaust lip and above the base of the hoed. The layer interface was maintained 10-1Scm above the base of the
hood. in this way all gases jeaving the iayer were contained in the exhaust flow and no additional ambient gases
werg contained in the exhaust flow.

Experiments were performed using 0.025m thick low density polysthylene(LDPE) in 0.2, 0.23, 0.255m
diameter pans. After ignition the polysthylene burned slowly until the whole specimen had meited. The burning
rate then increased to a steady rate. Poly(methyl methacrylate) (PMMA) was obtained as 0.025m thick slab stock
and was burned with Tuel surface areas of 0.023-0.061m<. Ponderosa pine was burned in cribs designed to be fuel
surface controlled in open burning. Each of the three to five layers was made up of three, 0.038m thick, 0.2m long
sticks. All fuels were ignited using a propane torch.

CORRELATION CONCEPTS

The mass production rate of a species | per unit mass of fusl volatilized is known as the mass yleld, ¥;. if
the chemical composition of the fuel volatiies is known, the yield can be normalized by the maximum possible mass
production rate of species i per unit mass of fuel volatiles.k;. This is known as the normalized yteld of species i,
fi. As the chemical composition of the fus! volatiles is not generally known for solid fuels, especially those that

TABLE 1 /0)
Fust Empirical Formula F/0) gypt koo ke koo
{mass unitcsrs (mass unigs%
PE CH2 0.29 3.43 3.14 1.28
PMMA CHgOy 052 192 220 072
Pine Cp o5ty 40 @ 0.83 113 140 072

(a) estimated from low (F/0) yfeld data
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figure 1. Mass yield of major species for polysthylene as a function of tha mass fuel to oxygen ratio.
Solid lines ars the prediction of Equation 1 using constants in Table 1.

char, the present results will be presented in terms of mass yields. The yield of oxygen refers to the consumption
rather than the production of oxygen.

In two layer compariment fire environments the chemical species yields will be a function of the mass fuel
to oxygen ratio, (F/0), where the fuel supply rate is the fuel volatilization rate and the oxygen supply rate is the
rate of oxygen entrainment between the fuel surface and the hot/cold layer interface. This can be normalized by
the stoichiometric fuel to oxyegn ratie, (F/0) stoich: If the chemical composition of the fuel volatiles is known.
This normatized fuel to air ratio is known as the equivalence ratio, @. The equivalence ratio is the reciprocal of
the stoichiometric fraction used by Tewarson(S5,9].

The simplest possible model for combustion of a C,H,0 containing fuel is given by

F+ 0y ~> products + excess oxygen for B¢t
F+ Oy -> products + excess fuel for @51

where the products are carbon dioxide and water. Taking excess fuel as total hydrocarbon, the following

433




T OI Ol T T T T .22_ T T T ¥ T T L
1 8'_ ~ o E — r (o) O
< ° & 2 S
= 14t O 4 2 o}
= = la- J
a ® a . ®
R 1 2@ 1w o ]
o i o L
s 1 8 o 0 t
0-2f - 02}k Lo o) 4
. + + t ¢ + + +— 3.8 - + + + + +
2 2 00 00 2 340 o O:
g ].8: o] @ ] % 3-0F o o]
S 14k o & g 2:6p o) J
a - ® 2:2r .
o r fe) J
o 10+ - = 18- E
o 1 E 14+ o 5
&' 06 1 “~1-0F % 5
O I o6fF o ]
0.2- I } 4 $ + +—t 1 02; - W ¢ © 4 4 n ]
78r OV -5 o 0o ] -14- o]
g o6 ° 20 1 2 o O
= Sar 1 = 0 i
a - s 10
g '42' - Gé,’ L
g) ‘30_‘ b ) 06 o 7
£ 18r 1 O i o)
[ & 02t © X
‘06_41;. [RRPIN PRI WIS L |-‘ = Ly ~ ,O] L .
06 18 30 42 54 66 78 06 18 30 42 54 66 78
FUEL / OXYGEN (g/g) FUEL /OXYGEN (g/g)

Figure 2. Mass yleld of major species for poly{methy! methacrylate) as a function of the mass fusl {o oxygen
ratio. Solid lines are the prediction of Equation 1 using constants in Table 1.

normalized yield expressions result

form = funn=fn =1, Trur=0 for gi<i 1
02" 'H20 ™ '02 THC
fc02=fH20=f0Q= /@ , fTHc" 1-1/8 for §>1

These relationships provide a good first estimate of the production rate of carbon dioxide, water , total hydrocarbons,
and consumption of oxygen. To within the approximation that the heat of reaction of oxygen is 4 constant, the oxygen
normalized yield is also the combustion efficisncy.
RESULTS AND DISCUSSION

Major species results for low density polyethylens, poly(msthyl methacrylate), and ponderosa pins are

shown in Figures 1-3, The yield relations of Equation 1 are also plotted using constants given in Table 1. The
constants for polyethylene and poly(methyi methacrylate) are those for pure polymer. The constants chosen for 1
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Figure 3. Mass yleld of major species for ponderosa pine as & function of the mass fuel to oxygen ratic. Solid lines
are the prediction of Equation 1 using constants in Table I,

pine volatiles were determined from the low fuel to oxygen ratio yields of carbon dioxide, water, and oxygen. The
empirical chemical formula chosen was that formula which reasenably represented all three yields simultangously,
but no formal fitting procedure was employed.

The resuits for all three solid fuels exhibit the same qualitiative features previously observed with
gaseous and liguid fuels. In particular the carbon dioxide, water, and oxygen generally follow the simple relations
of Equation 1 with carbon dioxide deviating to an extent consistent with the production of carbon monoxide and
soot. As previously observed for other fuels, the water yield remains at the low equivalence ratio yield quite near
the stoichfometric fuel to oxygen ratio. In general the total hydrocarbon yields at high fuel to oxygen ratios are
less than expected on the basis of Equation §. For oxygenated fuels this has previously been observed and is due to
the reduced response of flame fonization detectors to oxygenated hydrocabons[7]. Further, using CHoy 85 8 formula
for oxygenated hydrocarbons slso underestimeates the mass production rate. However, the total hydrocarbon
yletds at high fuel to oxygen raties for polyethylene are lower than expected on the basis of previous work. This
may result from condensation of high molecular weight oligomeric products of thermal decomposition of
polyethylens.
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TABLE 2. Summary of results

8¢0.7 1.2
Fuel Empirical Normalized Vol.Pct. Normalized Yields
Formula €O, Yield %09 ®CO co Hy

Propane CaHg 0.95 05 18 0.12 0.06
Propsne CzHg 0.88 20 i6 0.10 0.03
Hexanes CeHia 0.93 3.0 16 0.10 0.03
Toluens CoHg 0.78 8.0 0.7 0.05 0.01
Methanol CHzOH 0.96 0.1 48 0.27 0.10
Ethanol CoHs0H 097 0.1 36 0.18 0.075
Isopropanot CaH;08 0.96 20 24 0.12 0.05
Acetong CzHg0 0.94 0.7 4.4 0.21 0.045
PE CHy 091 20 1.7 0.09 0.035
PMMA C5HgOs 091 20 3.0 0.135 0.04
Pine Co.g5M2 40 0.93 20 32 0.155 0.03

Methane(a) CHy - - 16 0.10 e
(a) calculated fron the data of Cetegen,B.M., ZukoskiEE., Kubots,T., NBS-GCR-82-402.

The resulis of the present solid fuel data and previous gas and liquid fuel data are summarized in Table 2.The
present data are consistent with the previous observation of higher normalized carbon monoxide yields for
oxygenated hydrocarbon fuels than hydrocarbon fuels. However, the carbon monoxide yield for ponderosa pine is
less than expected based on its high O/C ratio. This probably resuits from the high water content of the volatiles
which contributes to the O/C ratio, but does not contribute to carbon monoxide production. While some relation
exists between 0/C and H/C ratios and carbon monoxide yields, the chemical structure of the fuel volatiles must
be considered in order to explain the carbon monoxide yields observed.

COMPARISON WITH COMPARTMENT FIRE DATA

Of the fuels used in the present investigation, compartment fire data inciuding fusl mass loss rate and
species concentration measurements appear to exist only for wood. Tewarson[9] has recently reviewed and
analyzed the existing wood data. His analysis led him to the conclusion that at least three mechanisms of thermal
decomposition were required to explain the mass yield of carbon monoxide as a function of the equivalence ratio.
His analysis of the data led to calculated carbon monoxide yields of up to 0.6gms/gm of fuel volatilized, over four
times the maximum observed in this study. Yields of this magnitude were principally deduced from the small scale
compartment fire data of Gross and Robertson] 1], Tewarson{3], and Croce{6]. In these investigations the species
measurements were made inside the compartment with uncooled probes. '

The analysis of Tewarson[9] was based on severa! assumptions which may not have been satisfied. The
most significant in terms of the present discussion is the assumptien that the composition measurements made in
the compartment were representative of the products of combustion. In their paper Gross and Robertson[ 1]
indicated that errors in species concentration measurements resulted from the use of an uncooled probe. The
magnitude of the errors incurred is best illustrated by an example presented by Gross and Robertson
themselves] 10]. In the same sxperiment both & water cooled end an uncooled probe were used for sampling at
approximately the same location in the compartment. The uncosled probe measured 4.1% CO, 7.4% CO,, and
12.8% 0, while the cooled probe measured 1.2% CO, 1.58C0+, and 20.4% On(all measured on a dry basis).
Clearly, the sample was drawn from a region of chemical reaction and the reaction continued within the uncooled
probe.

If we assume that the sample drawn from the compartment is likely to be drawn from the reaction zone if
the flame volume is large, a plot of the mass carbon monoxide yield as 8 function of the ratio of the flame volume
to the enclosure volume may indicate in which experiments the chemical sampling was dene incorrectly for the
present purposes, While no measurements of flame volume were made, an estimate can be made by assuming the
heat release psr unit volume is the same as Orloff and deRis [ 11] found in the open, 1200kW/m*. Using the
measured mass loss rate and an estimated heat of combustion for wood volatiles of 15kJ/gl12], such a plot for
Gross and Roberison's small enclosure data is shown in Figure 4. All the data with mass carbon
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Figure 4. Mass carbon monoxide yields calculated by Tewarson[9] from the small scale enciosurs data of Gross
and Robertson{ 1] plotted as a function of the ratio of the estimated flame volume Lo the enclosurs volume.

monoxide yields greater than 0.25 result from experiments in which the flame volume estimate is greater than
16.5% of the enclosure volume. Figure 5 is a plot of the existing wood comnpartment fire data as analyzed by
Tewarson with the data with estimated flame volumes greater than 16.5% of the compartment volume indicated as
solid symbols. In analyzing the data Tewarson used a kg, for the original wood and applied it to the wood volatiles.
As a result stoichiometric conditions correspond to & steichiometric fraction of 0.7 rather than the expscted 1.0,
Figures 4 and S show that the very large carbon monoxide yields deduced resulted from incorrect gas sampling.

The present attempt to identify inappropriate data is an after the fact analysis based on incomplete
information and may not be sufficiently severs. Even where the chemical composition was not measured in the
reaction zone, it may not be a representative sample of the exhaust gases due to unmixedness. It is also of note
that the carbon monoxide yields from the compartment data are approximately 20% overestimated due to the iack

CO(g/g WOOD)
W A O

STOICHIOMETRIC FRACTION

Figure 5. Mass carbon monoxide yields calculated by Tewarson{9] from data in References 1,3 and 6. Filled
symbols indicate data which were sampled from the reaction zone based on the criterion that the estimated flame
volume was greater than 16.5% of the enclosure volume. The solid line is the present results with the water
correction removed and the dashed line is the oxidative pyrolysis data of Tewarson{S).
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of a correction for water removed from the sampled gases before analysis. Finally, the exheust rate from the
compartment was not measured in any of the original studies but was inferred by Tewarson by requiring that the
carbon dioxide and oxygen yields as a function of equivalence ratic in the compatment fire studies match that
determined in Tewarson's flammability apparatus and some duct fire tests at the Bureau of Mines. While this is a
plausible assumption, it clearly introduces uncertainty into the correlation of Figure 5.

In the light of the the present data and the limitations of the compariment fire correiations of Tewarson, it
is clear that Tewarson's postulate of changes in the thermal decomposition of wood as a function of the fuel to
oxygen ratio is not required to explain the mass carbon monoxide yield as a function of the fuel to oxygen ratio.
The carbon monoxide yield s a function of the fuel to oxygen ratio is qualitiatively similar to that observed for
simple svaporating liquids and gaseous fusis.

While the measurements from within the reaction zone made in the work of Gross and Robertson[1],
Tewarson[3}, and Croce{6] were made with uncooled probes, it is nonetheless interesting to examine the
relationship between the carbon monoxide yield and the residence time of the gases in the compartment. Takeda
and Akital 13} have proposed that reductions in heat release within @ compartment due to unmixedness of fue! and
oxygen may be described by a combustion efficiency, u, given by

p=t-expl-tpge/tini)

where "ras is a residence time, and tmix is a required mixing time for combustion. Motivated by this stirred
reactor type expression, it is proposed that the effect of limited residence time in the compartment on carbon
monoxide yield can be expressed as

YCO“‘I‘GS) - Yco("") = [YCO(O)“VC‘)(“’)] SXP(‘tresltmix) (2)

where Yco(m) is the carbon monoxide yield uneffected by limited residence time, ., is the residence time given
by the volume of the enclosure divided by the volume exhasut rate, and t... is a yet to be defined mixing time. As
all of Gross and Roebertson's datal 1] in their small compartment are in the fuel rich regime where a constant
Yco(w) is anticipated on the basis of all fuels examined to date, these data present a particularly simple system
with which o test Equation 2. The pine results of the present investigation indicate that Yco(“)=0.t4. If we
remove the water correction from the present results to be consistent with Gross and Roberston's data, Yrple)

is increased to 0.17. Figure 6 shows a plot of ln(Yco(tras)-O.W) as a function of the residence time for Gross and

Ln(Y¢q - 017)

i 1

0 2 4 6 8 10 12 4 1 8
RESIDENCE TIME (SEC)

—5 i k] i H i

Figure 6. Evaluation of Equation 2 as a model of the affect of residence time on mass carbon monoxide yields using
the small scale data of 6ross and Robertson] 1], The slope of the plotted line is consistent with Lmix""s seconds.
Robertson's small enclosure data with residence times less than 18 seconds. Data with larger residence times
were exciuded as the choics of YCO(») dominates the behavior of the piot for large residence times. The slope of
this plot is consistent with t; =4.5 seconds.
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While the definition of the residence time used here is different than that used by Takeda and Akita, Figure 6 is
direct chemical evidence of the effect of residence time on chemical species yields. The determined mixing time of
4.5 seconds should be considered as indicative of the order of magnitude of the required mixing time, rather than a
quantitative determination, given the assumptions required for its determination and the quality of the original
data.

It is of interest to nots that all the fuel rich carbon monoxide yields determined from the data of References
1,3, and 6 are correlated by a plot of carbon monoxide yisld as a function of the residence time. However, under
fuel lean conditions the carbon monoxide yields show no correlation with residence time. Further, for fuel rich
conditions the requirement that the flame volume be less than 16.5% of the enclosure volume is essentially
equivalent to requiring the residence time to be greatsr than 7.5 seconds. For fuel lean conditions, requiring a
residence time greater than 7.5 seconds excludes data which is not rejected by the volume ratio requirement of
16.5%. This indicates that the effect of residence time on product yields and combustion efficiency is different
under fuel lean and fusl rich conditions. This result is not in accordance with the model of Takeda and Akita, but
must be regarded as somewhat speculative given the quality of the dats in References 1.3, and 6 for present
purposes. it is significant to note that Takeda and Akita presented no chemical evidence for their model. Rather,
they depsnded upon the results of calculations of the volatilization rate using a model incorporating their
combustion efficiency expression to validate their model.

The force responsible for mixing in the hot layer is characterized by the momentum of the plume flow as is
enters the hot layer, if all the momentum of the plume flow is dissipated within the compartment. The intensity of
mixing processes in the layer under geometrically similar conditions is expected to be proportional Lo the ratio of
the momentum flux Lo the mass flux as the flame enters the layer(the ratio of the force dissipated to the mass of
gases involved). This ratio is simply the mass averaged flame ?as velocity. According to the data and analysis of
Cox and Chitty{ 14), the mass averaged vecicity increases as Z /2 in the continuous flaming region of open flames
and becomes constant in the intermittent region. Under fuel rich conditions the layer interface is always in the
continuously flaming region of the flame. As thes required mixing time is expected to vary inversely with the
mixing intensity, this indicates that the required mixing time will be greatest under fuel rich conditions. Both the
required mixing time and the fraction of fuel not burned in the plume will decrease as the fuel to oxygen ratio
decreases.

The 21/2 dependence of the mass averaged velocily also indicates that the required mixing time may
decrease with increasing compartment scale under fuel rich conditions. However, fuel source size effects were
not included in the analysis[ 14] and such effects may have equally strong scale effects. Scale sffects cannot be
examined using existing data as there are virtually no fuel rich, low residence time data available st large scale.
This strong bias of low residence times for small compartments results from the use of very large cribs in small
compartments to increase the steady burning period. The small scale data of Crocel6) suffers least from this
tendency duse to the use of Froude modeling concepts in experiment scaling.

For the purposes of toxic products production and transport, restricted compartment residence tims resuits
are not of direct relevance, as reaction will continue oulside the compartment in regions which will be untenable on
thermal basis alone. That is to say a flame will extend from the the compartment vent under these conditions.
The efficiency of the external flame in destroying toxic products then becomes a relevant consideration. If the air
used for this combustion is unvitiated, it may be reasonabls to expect the combustion to be essentially as efficient
as burning in the open. However, this remains to be shown.

CONCLUSIONS

Major species production rates measured for polysthylene, poly(methy! methacrylate), and ponderosa pine
as a function of the fuel to oxygen ratio are qualitiatively similar to that previously measured for simple gaseous
and evaporating liquid fuels. The normalized carbon monoxide yield results support the observation that
oxyganated hydrocarbons produce carbon monoxide more efficiently than hydrocarbons under fuel rich conditions.

It is not nacessary to postulate multiple thermal decomposition mechanisms to explain the carbon monoxide
yield of wood as suggested by Tewarson{9]. The carbon monoxide yield is qualitatively similar to simple gaseous
and avaporating liquid fuels. Previous measurements indicating carbon monoxide yields as much as four times
greater than the present data were the result of sampling within the reaction zons. Such measurements can not be
used directly in the prediction of the production and spread of toxic products within a building.
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Analysis of existing wood crib compartment fire data indicates that compartment residence times of 10~15
seconds are requirad for reaction to final products under fusl rich conditions. Under fus! lean conditions far
shorter residence times appear to be required, indicating more intense mixing under thess conditions.
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