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Abstract

Extreme weather often contributes to crown firebese the fire spreads from one tree crown to
the next as a series of piloted ignitions. An im@ot aspect in predicting crown fires is
understanding the ignition of fuel particles. Tigeition criterion considered in this work is the
critical mass flux criterion — that a sufficient aamt of pyrolysis gases must be generated for a
diffusion flame to be established above the surfa&e apparatus was built to measure the critical
mass flux for sustained flaming ignition of woodwaterials for varying environmental conditions
(heat flux and external oxidizer flow velocity). hi§ paper reports the variation of measured
critical mass fluxes for dead, dry poplar with ertdly applied radiant heat flux and oxidizer flow
velocity. The critical mass flux is seen to agneelitatively with those in the literature (arouhd

3 g/nfs) and to increase with increasing levels of hieat &nd flow velocity. Future work will
explore the changes in critical mass flux with fongisture content, species, and live fuels.
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1. I ntroduction

Wildfires are a costly and deadly problem. Extremeather often contributes to
crown fires, where the fire spreads from one tne®vo to the next as a series of piloted
ignitions. An important aspect in predicting crofures is understanding the ignition of
fuel particles. Many theories for ignition crit@rexist in the literature [1], such as ignition
temperature and flux-time product [2], but most anepirically derived and can only be
applied in the conditions in which they were meaduisee [3]). The “critical mass flux”
criterion, however, can potentially be derived fréuml properties, scale from the smallest
fuel particles to much larger slabs of fuel, andhe most physically correct [4]. This
approach was primarily developed with polymeric enals [4,5,6], but has not been
explored in the context of wildland fuels.

When a solid material is heated to a sufficientighhtemperature, thermal
degradation, or pyrolysis, occurs. In flaming casiion, it is these gaseous products of
pyrolysis that ignite and burn as a diffusion flaower the surface. As a material is heated,
these pyrolysis gases will escape from the surdackmix with the ambient air. If the fuel



and air mixture is within the flammability limita premixed flame will form near the
ignition source (pilot). In order for a sustairféame to exist, enough pyrolysis gases must
be generated such that the heat losses from the e flame don’t extinguish the flame.
Because the temperature and heat release rat€ledrg premixed flame increases with
fuel concentration, there is a critical productrate of pyrolysis gases per surface area of
fuel, or critical mass flux, in order to initiatesgtained flaming. Note that the critical mass
flux ignition criteria is equivalent to two othegriition criteria used in the literature — the
critical flame temperature [7,8] and critical heglease rate criteria [9,10].

Though the idea of there being a critical mass farxgnition was first proposed in
regard to wood by Bamford, Crank, and Malan [1dhas primarily been measured with
polymers. Perhaps the first carefully performegeziments to measure the critical mass
flux were performed by Rasbagh al [4]. For polymethylmethacrylate (PMMA) they
found that the critical mass flux slightly incredses the heat flux increased from 12 to 20
kW/m? but indicated that it may level out for higher hidaxes. In contrast, Ricét al [6]
saw the critical mass flux continues to increaseasdt to 25 kW/mfor both PMMA and a
polypropylene/glass fiber composite. Drysdale @hdmson [5] also found that the critical
mass flux generally increases up to 35 kWfor many non-charring polymers including
PMMA, fire-retarded PMMA, polypropylene, fire-rethad polypropylene, polystyrene, and
fire-retarded polystyrene. Staggs [12] sugges#d & non-charring polymer with inert
fillers, such as the composite tested by Rathal, do behave as a charring material like
wood. For a charring polymer (ethylene vinyl atetaopolymer — EVA), Staggs
developed an ignition model that predicts the meskincrease in critical mass flux with
heat flux up to 70 kW/f In one of the few works found that actually meas the critical
mass flux of a wood product, Delichatsios [13] sawincrease with heat flux between 25,
35, and 50 kW/rnfor both plywood and fire retarded plywood. Omiyo works were
found that examined the variation of the criticadg® flux for ignition with oxidizer flow
velocity. Both Rasbas#t al [4] and Richet al. [6] saw an increase in the critical mass flux
for ignition with oxidizer flow velocity for PMMA. The goal of the current research effort
is to determine whether the trends in the critioalss flux for ignition that were observed
for other materials hold for the solid fuels maiely to be found in a wildfire. As a first
step, the research presented here will exploreffieet of the radiant heat flux and oxidizer
flow velocity on dry poplar.

2. Experiment Design

An apparatus was built to measure the critical nfass for sustained flaming
ignition of woody materials for varying environmehtonditions such as heat flux and
airflow velocity. This apparatus, based on thecEdrignition and Flamespread Test [14],
consists of a small-scale wind tunnel, infraredtéeacoiled wire igniter, and a high
precision mass balance (see Figure 1). The tusretim tall, 25 cm wide, and 60 cm long.
A fan at the entrance produces a laminar forcdtbairthrough the tunnel with a velocity
ranging from 0.8 to 1.6 m/s (corresponding to Réysmumbers of 3-40*, well under the
transition to turbulent flow). The sample, measgr® cm by 9 cm with a depth of 1.2 cm,
is placed on top of the mass balance with the uppdace of the sample flush with the
bottom of the tunnel. The sample is heated froovahusing an infrared heater capable of
producing a uniform heat flux of 0 to 50 kWAmver the sample surface. As the sample is
heated, pyrolysis begins. The forced flow pushes pyrolysis gases into the coiled



Kanthal wire igniter that initiates ignition. T@move the igniter location as a potential
variable in the experiments, the 3.5 mm diameteiteg is fixed 1.2 cm downstream of the
sample, centered 4.25 mm off the bottom, a positidrich covers the entire fuel
concentration boundary layer. Additionally, thaitgr consisted of a fixed number of coils
and the supplied current was calibrated to keepighiger above 1000°C. The time to
ignition is recorded visually and confirmed with3amil (.003 inch/.076 mm) K-type
thermocouple located near the middle of the tofaserof the sample. The temperatures of
the top and bottom surfaces of the sample, alonly thie instantaneous mass reading are
logged at a rate of 5 Hz. To explore the effeatxikrnal heat flux on the critical mass flux
for ignition, tests were performed with a fixedflaw velocity of 1 m/s with irradiances
from 20 to 50 kW/m. The effect of oxidizer flow velocity was examihiy fixing the heat
flux at 30 kW/nf and varying the flow velocity from 0.8 to 1.3 m/All tests are repeated
three times to provide an estimate of the experiatesmriability.

The material used was dry (approximately 0% mogstuwaontent) poplar
(Liriodendron tulipiferg. Poplar was chosen because of its consistemt, dagk of knots,
and contains a higher proportion of cellulose tbdrer common woods [15]. The samples
were weighed and then conditioned in an oven aC8faft at least 48 hours. Upon
removing the samples from the oven, they were imately reweighed before being placed
in an air-tight container with silica gel packetsdool. The samples were left in these
containers for up to a few days before use. Roa test, the sample used was reweighed
to asses any changes in moisture content. Ongejetiae samples gained approximately
0.21% moisture content before use. Each sampledask®ned with powdered graphite to
increase its absorptivity. The sample holder wasirg lightweight aluminum box with a
1.27 cm thick Cotronix board on the inside. Thge=dof the samples were insulated with
Cotronix paper to minimize heat losses and edgectff In every test the sample was
mounted in the tunnel with the grain perpendicttathe airflow direction. The balance
used has a precision of 0.1 mg. To minimize ertiarghe balance readings due to
vibrations, the entire apparatus is mounted oraaitg weighing table with the balance on
an isolated marble block. A temporary wind screealso placed around the balance to
reduce the effect of any ambient air currents gmmwn in the picture). Care is also taken
to maintain a constant balance temperature to ptedits in the readings from elevated
temperature.
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Figure 1 — Experiment apparatus: small-scale wamahé! with high precision balance

3. Results and Discussion

Figures 2a and 2b show the temperature and massireezents for a representative
test. This particular test was performed with atHkix of 30 kwW/nf and flow velocity of
1 m/s. As shown in Figure 2a, once the infrareatdreis turned on, the temperature of the
sample begins to increase. The sharp spike ingsahype at about 55 seconds indicates
ignition. Notice, however, that the temperaturtalis” at about 400°C. This means that
the first increase in temperature was due to ftaslgnition. Flashing ignition was seen
visually at this approximate time as well. Sustdingnition occurred about a half second
later when the temperature continued its rise wwuald000°C, in agreement with visual
observations. Figure 2a also shows the changeass with time. As the sample is heated,
it loses mass due to pyrolysis. At the momentgoition, however, the rate of mass loss
dramatically increases. Looking closely at the srlass curve at the moment of ignition,
also noticeable are fluctuations in the readingssiily due to a pressure wave from the
ignition event. In evaluating the mass flux, thesmtic data points were excluded. Due to
this and other noise in the data, a locally weidhgeatterplot smoothing, or LOESS, was
applied to the data. The LOESS is taken over aefutf 30 data points. The mass flux is
then slope of the LOESS fit to the mass loss cudiveled by the burned sample surface
area and is shown in Figure 2b. Note that the rfl@sss shown as a positive quantity for
clarity. The value of the critical mass flux fgnition was then determined as the value of
the mass flux at the moment of ignition. The motr@nignition was evaluated using both
the visual ignition times and the thermocouple ddtathe example presented in Figure 2,
the time at ignition was assumed to be 55.4 sele avitorresponding critical mass flux of
1.442 g/srh
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Figure 2 — Typical temperature, mass loss (a),maass flux (b) measurements (30 kV¥/m

1 m/s)

Though this procedure seems straightforward, sdffieutties arose, particularly in
determining the exact moment of ignition in thehst heat flux (50 kW/f tests. In the
cases of high heat flux, the rate of change oftémeperature and mass flux data is very
quick (see Figure 3). Thus there are fewer datiasamall errors in ignition time correspond
to large changes in mass flux values, leading éatgr scatter in the results (see Table 1).



The critical mass flux results also showed mordtacas the flow velocity was increased.

Though the flow remained laminar, there was motieens the mass data.
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Figure 3 — Temperature and mass flux for test &80m? and 1 m/s

For the lowest heat flux tested (20 kW}jiranother consideration must be made. |t
is possible that at this low heat flux smolderimmiiion is occurring prior to flaming
ignition. In their ignition experiments, Bilbaet al [16] also found smoldering to be
significant for heat fluxes lower than 30 kWim In fact, Fangraet al [3] saw solid
ignition before flaming ignition for heat fluxes wp 50 kW/nf. In this experiment design,
the igniter is providing a slightly higher radiam¢at flux to the nearest portions of the
sample which could start a local smoldering reactiBecause the thermocouple is located
near the middle of the sample, the temperaturedugeto the smoldering won’'t necessarily
be seen on the thermocouple trace. No smolderagyseen visually or with a high speed
camera, so the mass flux was taken as the critieais flux for ignition even though this
may not truly represent the critical mass flux for tairsedflaming ignition for the lowest
heat flux.



Table 1 — Critical mass flux and ignition time rigswvith heat flux and flow velocity.

Heat flux |Flow velocity Average ignition|Average critical mag st. dev. (%

(KW/n) (m's) time (sec) flux (g/s-nf) of mean)
20 1 75.3 1.28B8 5.69
30 0.8 30.38 1.455 3.01
30 1 30.( 1.52f 4,94
30 1.2 34.7 2.216 7.71
30 1.3 34.3 2.87p 11.00
40 1 16.7 1.73B 2.95
50 1 9.7 2.198 12.10

The results of the critical mass flux for ignitioreasurements are shown in Table 1.
Figure 4 illustrates the variation with externaahBux and Figure 5 the variation with flow
velocity. All results represent the average okéhtests.
variation of the data is greater with both the hegtremes of heat flux and flow velocity
tested here due to the reasons discussed aboeeriidr bars in Figures 4 and 5 represent
one standard deviation.
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Figure 4 — Critical mass flux for ignition as a @tion of external heat flux.



w
(6)]
]

o3
=
2 +
225
c
S %
5 2-
S
X
315 - ¢+
o ®
s 1-
<
©
5 05 -
0 T T T T T T T 1
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Flow Velocity (m/s)
Figure 5 — Critical mass flux for ignition as a ftilon of oxidizer flow velocity.

The critical mass flux for ignition ranges from aibd to 3 g/s-rh Values reported
in the literature range from about 0.5 to 5.5 gfsfon a range of materials [4-13]. Thus,
the values measured here are within the rangeosktmeasured by others. As indicated in
Figure 4 and Table 1, the critical mass flux fariigpn increases as the heat flux increases.
This agrees with the trends found by Riehal. for PMMA and a polypropylene/glass
composite [6], Staggs for a charring polymer (EMA2], and Delichatsios for plywood
[13]. Richet al suggest that this increase is due to the fattakhahe heat flux increases,
the temperature gradient inside that material besomuch steeper with only the thin
region near the surface at a high enough temperatupyrolyze. Because oxygen can
penetrate this region, more oxidative pyrolysid wdcur. Due to being partially oxidized,
the products of oxidative pyrolysis have a loweath&f combustion. Thus, more pyrolysis
products are required to generate a hot enoughefeamd the critical mass flux for ignition
increases. Boonmee and Quintiere in [17,18] exadhihe onset of glowing autoignition
for wood. In their experiments and model, smolugrautoignition was seen before
flaming autoignition for heat fluxes up to 40 kW/m Interestingly, for smoldering
autoignition from 10 to 40 kW/f the critical mass loss for glowing autoignitiolsa
followed the trends for flaming piloted ignitionticed here and elsewhere.

As indicated in Figure 5 and Table 1, the criticglss flux for ignition increases as
the oxidizer flow velocity increases. This agreath the trends found by Ricét al for
PMMA and a polypropylene/glass composite [6] andldgahet al [4] for PMMA. As the
flow rate increases, more mass of oxidizer pasgestbhe surface of the material. In order
to reach the same mixture equivalence ratio abloeestirface, the mass of fuel must also
increase, resulting in an increased critical mass for ignition. Little change is seen for
flow velocities less that about 1 m/s because booyanduces a constant flow velocity on
the same order as the forced flow velocity.



4, Summary and Future Work

The critical mass flux for ignition is quite possilthe most physically correct
ignition criterion. For this reason, a series xjpe&iments will be performed to measure the
critical mass flux for fuels more likely found inwaildfire. The work presented here is
envisioned as the first step toward understandogtion of complex wildland fuel
structures with the ultimate goal of better underding and predicting how wildfires
spread. As a first step, the critical mass flusswaeasured for dry poplar under a varying
external radiant heat flux and oxidizer flow vetgci The values measured here were
within the range of those reported in the literatior a wide variety of materials. The
critical mass flux was seen to increase with hieet &nd flow velocity, trends also seen in
the literature for several polymers.

In performing these experiments, several issue® weacountered and discussed.
Before moving forward with the work, these issuesspnted here need to be addressed.
One possible solution to the uncertainty in thelltssat high heat flux values is to take data
at a higher sampling rate. This, however, will attlitional noise to the data and may
require more sophisticated data processing tecbriqén infrared camera will be used to
examine the ignition of all tests, but in particulbe low heat flux tests to perhaps see if
smoldering is in fact preceding flaming ignitioAlso, more thermocouples could be added
to the surface to help clarify the smoldering verBaming question. Once these questions
are resolved, the next phase in this set of exmarisnwill explore the effect of thickness,
grain direction, fuel moisture content, speciesl lare fuels.
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