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Abstract

Data collected in the International Crown Fire modge Experiment during 1999 are
evaluated to characterize the magnitude and durafi@onvective energy heating in full
scale crown fires. To accomplish this objectiveadat total and radiant incident heat flux,
air temperature, and horizontal and vertical gaeciees were evaluated. Total and
radiant energy fluxes were measured. Temperaiuees measured using bare Type K
0.13 mm wire diameter thermocouples. Gas velocitiese measured using pitot-static
type sensors designed specifically for velocity sueaments in fires. The experiments
occurred in 14 m tall jack pine stands. Flamesewi3-25 m tall, fire spread rates were
between 0.5 and 1.0 mts The magnitudes of the temperatures presented are
representative of those found in naturally occgrnmildland fires. The measured peak
gas temperatures varied from 1000 to 2000 K, arsl wgdocities of 10 to 20 mis
Convective heating rates reached 150 k¥&ior short durations (5 to 10 seconds) with
sustained flux rates of 40 to 80 kW?rfor durations of (~20 to 40 s). The data suggest
that r?axilmum convective heat transfer coefficigatthe sensor face range from 30 to 50
W-m~-K™,
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1. Introduction

Many questions exist regarding how energy is reléand transported from wildland fires to the
surroundings. In the past it has been stated @ah&tast for crown fires, radiant energy transport
dominates the energy exchange process (Albini 198@pre recently, laboratory and field
studies have indicated that convection may begsdiritical to the energy transport as radiation
(Anderson, et al. 2010; Finney, et al. 2010; Framkmet al. 2010). A set of experiments
conducted in a controlled laboratory environmerggast that the heating can be divided into
roughly two regimes: The first is characterizedhaating that occurs far from the flame (i.e.
greater than one flame length) and is dominatedaayant energy transport. As the flame
approaches within one flame length and closer arngkcegime develops where radiant energy
transport increases exponentially, but convectinergy transport plays a duel role. At first
convection generally acts in a cooling mode, caactéeng the radiant driven heating, however
just prior to arrival of the flame front convectiveeating reverse and contributes substantial
energy to the heating process (Anderson, et alDR20Extrapolation of these results to naturally
burning fires can be difficult. Anecdotal obserwat suggest that some cases exist were



radiation indeed dominates the energy transportgas) for example a fire spreading through
grass in the absence of wind would seem to be mibyeradiant heating ahead of the flaming
front, or a large crown fire with minimal wind wallklso be characterized by radiant heating.
However, in the case of the crown fire it is difficto separate the radiant heating from the
advective influence of lofting and ignition from foing embers. The opposite side of the
spectrum would be a fire burning through grassha firesence of a very strong ambient wind.
The wind causes the flames to reach far head dsuh@ng front igniting stems far in advance of
the fire. Intuitively it seems that in this casneective energy transport would be significant
and potentially dominate the energy transport @edspread.

In this study data collected from the InternatioGabwn Fire modeling Experiment during 1999
(Stocks, et al2004) are evaluated to characterize the magni&unmde duration of convective
energy heating in full scale crown fires. 13.6 atl towers were placed approximately 10 m
inside the downwind edge of the burn unit with sgadocated 3.3, 6, 9, 12.1, and 13.6 m above
the ground surface (Butler, et al. 2004). The erpents occurred in 14 m tall jack pine stands.
Flames were 18 to 25 m tall, fire spread rates \beteveen 0.5 and 1.0 m-gTaylor, et al.
2004).

2. M ethods

Characterization of energy transport in a wildldind environment can be difficult due to high
temperatures, remote locations, wide variatiomwirenments, and variability in fire behavior at
relatively small temporal and spatial scales. @h&a presented here were gathered in a set of
experiments that required the design of a uniqueo$esensors (Butler, et al. 2004). To
summarize total and radiant energy fluxes were oredsusing dual window schmidt-boelter
thermopile sensors. Flame emissive power was me@dsusing a custom designed sensor
(Butler 1993). Temperatures were measured usinmg Bgpe K 0.13 mm wire diameter
thermocouples. Gas velocities were measured ysiogstatic type sensors (McCaffrey and
Heskestad 1976) designed specifically for velomgasurements in fires. The radiant energy is
separated from the total energy by placing an idansensor adjacent to the first and covering it
with a sapphire window to prevent convective hegatirBoth sensors are mounted in 2.5 cm
diameter brass bodies which is then secured icm.8iameter aluminum bodies that act as heat
sinks. The entire package is insulated with ohg/densor surfaces exposed to the environment.
The temperature measurements can include significasertainty (i.e. hundreds of degrees) but
in the environment of a full scale crown fire whdtames are optically thick and contain
significant soot then the uncertainty due to radéatooling or heating is reduced, especially for
small diameter new (shiny) sensors. The errotfermeasurements reported here is estimated at
+40 K. The flame emissive power measurements werde using a narrow angle radiometer
with an associated measurement uncertainty of +3¥%e total flux measurements are assumed
to have a similar uncertainty. The radiant flurs®'s; however, are subject to a set of relatively
severe assumptions. They are calibrated usinggh kemperature source that may not
approximate that produced by a wildland flame. mWanufacturer suggests that error is reduced
as the effective radiant temperature of the sommoeases. An error of £20% is assigned to the
radiant heat flux measurements, albeit based ornewbat arbitrary assumptions. For the
purposes of this discussion a rough measure afdheective energy incident on the face of the



sensor is defined to be the difference betweendtat and radiative energy sensors. Clearly, it
is acknowledged that significant uncertainty exdis to the difference in the spectral properties
of the calibration source and a naturally burniing felative to the transmission properties of the
sapphire windows used on the radiation sensorstleBet al. (2010) provides a in-depth
discussion of these sensors and implies that suessumption may include significant error.

3. Data Analysis and Discussion

Figures 1 presents representative measurementtabfind radiant thermal energy flux incident
on sensors located within the forest stand. The ihaicate that as the flame approaches (prior
to time 573 s) the dominant mode of energy transfdsy thermal radiation. At the time of
ignition at the sensor location (~572 s) radiargrgg accounts for approximately 90 % of the
total energy transfer. However, during ignitiomm@ 572-575 s) convective energy heating
(difference between total and radiant) increasesndtically accounting for nearly 50% of the
total energy load. As the flame passes, the ptmpochanges to approximately 50 percent
radiant and 50 percent convective energy.
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Figure 1—Representative time trace of measuredémtitotal and radiant energy flux collected
6.0 m above the ground.

Figure 2 presents the calculated convective entiuyy(the difference between the total and
radiant energy) for all of the sensors on the towgnition is defined to occur at the time that a
heating trace shows a rapid and significant risg. @72 s for 9.0 m location). However it is



unclear if the rise at 570 s for the 6.0 m locai®@ heating pulse or actual ignition. Likely it
indicates the passage of a high temperature gae [fue. flame). Some convective cooling is
indicated in the period 5 to 10 s prior to ignitiofihe inset graph provides a “close-up” of the
heating immediately prior to and during the ignitevent. The data suggest that ignition occurs
first in the mid story locations (i.e. 6 and 9 mb&0 and 572 s respectively) and then the upper
portion of the canopy (~576 s) followed last byiigm at in the lower (<3.3 m) portion of the
stand (~580 s). This seems to agree with the welens made by others in laboratory
experiments (Finney, et al. 2010), and suggests|ab@ratory scale experiments may indeed
provide insight into the physical mechanisms goweynwildland fire spread at the scales
characteristic of crown fires. The maximum magiéwf the convective energy transfer to be
approximately 195 kW-ff but only for a relatively short duration (<5 s)oaturred in at the 3.3

m sensor, suggesting that maximum heating occutiseirower portion of the stand. This has
potential implications into how ignition occurstimese types of fires.
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Figure 2—Convective energy flux calculated as thiterdnce between the measured total and
radiant energy fluxes for all sensor locations owér 3 in Burn Unit 9. Inset plot is close-up of
heating history prior to and during ignition. Hgawars indicate assumed ignition times.
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Figure 3—Measured air temperatures collected duhiagrown fire experiments.

Measured air temperatures are shown in figure Bfottunately, sensors at 3.3 and 6.0 m failed
prior to the ignition event and the sensor at 1l lfailed during ignition. Temperatures
immediately prior to ignition indicate some shaoheective heating pulses, but they seem to be
characterized by relatively low temperatures uitid 4 s prior to ignition. Data reported earlier
from all of the burn units suggests that maximunteinperatures occur in the lower portion of
the forest stand and are about 1400K (Butler, €2@04) which seems to correspond with the
data shown here. The temperature data supporarilier supposition that ignition occurred at
572 s at the 9.0 m height. It is not clear if fingt temperature pulse shown at 573 s for the 12.1
and 13.6 locations is ignition or indicates “flatvething” with ignition occurring at 576 s. The
fact that subsequent rise is steeper and reacghsrhinaximums indicates that indeed the first
pulse is a flame bathing but ignition. The tempemrise rates vary from 333 to 980 Kasith

the greatest occurring in the upper portion ofdaeopy.

Figures 4 presents measured vertical and horizamtelow velocities 9 m above the ground
within the forest stand. The data indicate the mitage of the gas velocities that could be
expected under relatively intense burning cond#iofis indicated in figures 1-3 the ignition
occurs at approximately 572 s. Prior to ignitiba vertical flow environment is characterized by
intermittent upward pulses with a strong downwautse at ignition and very strong (~10 ff)s

upward pulse during ignition. The horizontal flasvcharacterized by It is interesting to note
that the horizontal flow reverses and is directeéd the oncoming flame approximately 1 minute
before the flame arrives. As the flame passes ling feverses and is relatively strong in



direction of the flame travel and upward. It iseintled that this data provide some indication of
the magnitude of air flow velocities that woulddireving the convective energy transfer.
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Figure 4- Horizontal and vertical gas velocitiesasiwed 9 m above the ground surface. Positive

values indicate flow in the direct of the flame reaent or upward flow for the horizontal and

vertical sensors respectively. Temperature isighdi to indicate ignition.

The local convective heat flux can be expresseg=h§Ts-Tf) where h is the local convective
coefficient. Ts is the surface temperature andsTthe fluid temperature. Assuming that the
surface temperature of the sensor remains relgtloal (near ambient) and constant at least up
to ignition, we can estimate the heat transfer faweht (h) from our data by dividing the
calculated convective heat flux (represented bipyglhe absolute temperature of the fluid (see
figure 5). Figure 5 suggests convective heat fercoefficient can reach 120W-=sK™ during

the peak heating period at ignition. Referring poblished equations for flat plates and
impinging jets and using values for air temperatofel200 K, air velocity of 10 m% and
characteristic lengths of 0.5 m we obtain heatsfiemcoefficients of between 15 and 100 W-m
K™ (Incropera and Dewitt, 2002), suggesting that éhesasurements are in the range of
published data. An average heat transfer coeffidia the heating period up to ignition would
be approximately 50 W-K™.
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Figure 5—Calculated convective heat transfer coieffit obtained by dividing convective flux
by measured air temperature.

While this analysis is fraught with many gross agstions for the sensors and associated heat
transfer analysis, it suggests that convective gné&mansport may be as important as radiant
energy transport to the overall ignition and fingremad process in crown fires. The data
gualitatively match observations from the work dhers performed in relatively small scale
laboratory experiments (Anderson, et 2010; Babrauskas 2001; Finney, et 2010). The
analysis described above is simple and based oy assumptions; however it seems that some
conclusions can be drawn from these data. Itasofinion of the author that the magnitudes of
the temperatures presented are representativeosé tftound in naturally occurring wildland
fires. The measured radiant and total heat fllatesalso representative of those occurring in
wildland fires. These data suggest that a wildl&rel convective heating environment can be
characterized by gas temperatures between 100@@0@ K, with associated maximum gas
velocities of 10 to 20 m?s Convective heating fluxes at the sensor facereach 120 kW-f

for short durations (5 to 10 s) and 40 to 80 kV{¥-aver longer time periods (i.e. 20 to 40 s).
Maximum calculated convective heat transfer coigffits based on these measurements reach
120 W-ni*-K™,



4. Conclusions

A simple analysis has been performed examiningréfetive contribution of convective and
radiant heating to the fire ignition process in-gdale crown fires. The findings suggest that
convective cooling can be significant prior to igm and that convective heating at the
immediately prior to and at the time of ignitioneistreme. Fossil fuel combustion suggests that
convective energy transport is a significant fadtotransferring energy from the flames to their
surroundings (Butler, et al. 1992). It is logithat similar implications apply to wildland fire.
These data support that assumption. Additiondléy data indicate ignition is characterized by
extremely fast rises in temperature (~ 333 to 98§'Kand that temperature and heat flux data
compare relatively well as indicators of ignitiomo conclude, it is generally acknowledge that
wood combustion is highly complex, the developn&rény models of fire ignition and spread
must depend on generalizations of the complex gnefiemical and fluid dynamic processes
(Babrauskas, 2001). This simple analysis suggdsts given the rapid temperature rises
indicated by the measurements reported here, itdMoel difficult to identify a specific ignition
temperature (i.e. the traditional ignition modelXhis implies that perhaps a more relevant
approach to modeling fire ignition and spread wdugdto characterize ignition as a function of
fuel descriptors (i.e. particle size, moisture eot shape, chemical properties, etc) and heating
rate or cumulative heat load.
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