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Abstract

Recent high intensity wildfires and our demonsttaieability to control extreme fire
behavior suggest a need for alternative approattrepreventing wildfire disasters.
Current fire spread models are not sufficientlydahen a basic understanding of fire
spread processes to provide more effective manageatiernatives. An experimental and
theoretical approach for improved understandingasessary particularly for shrub and
tree canopy fuels. Preliminary experiments of rhoiieheating resulted in coarse fuels
(12-mm cross-section) heating to ignition whileefifuels (1-mm cross-section) did not.
These results generally agree with other prioraieteresults and indicate that radiation
heating may not be sufficent for ignition. This dgguand our associated research will
continue with the goal of developing a physicall fjo@rticle ignition model as a basis for
appropriate fire spread modeling assumptions.
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1. Introduction

Although U.S. federal policy has recognized the angnt ecological role of fire (USDA
and USDI 2000), most fires continue to be activ@hppressed (NIFC 2009). Ecological
considerations in fire management have become ageiépted; however, alternatives to
reactive suppression are not simple. More thantbmé-of western U.S. undeveloped
forest and rangelands have fire regimes where fpeoariate ecological fire occurrence is
stand-replacement, that is, the fire involves bb\e-ground vegetation (Hardy et al. 1998;
Schmidt et al. 2002). However, another one-thirdvadéstern U.S. wildlands (Hardy et al.
1998; Schmidt et al. 2002) has forest cover typestably ponderosa pinePifus
ponderosa), where spatially extensive crown fires threaterstanability (Wright and
Bailey 1982, Allen et al. 2002). To be effectivee fmanagers will require the ability to
identify and implement ecologically appropriate mgement that facilitates limited active
crown fire in some areas while inhibiting crownefiin others and at the same time
operationally providing for life-safety and propegrotection. Such complex proactive fire
management will require fire spread prediction tépes over a wide range of conditions
— most notably high intensity, crown fire conditsoi his capability does not currently exist
and will require a more explicit understanding o€ fspread processes in general and
specifically involving active crown fires. Increagi our understanding of fire spread
processes will potentially reveal opportunitiest tt@n then be developed into applications
for improving wildland fire management effectiveses



The State of Wildland Fire Spread Modeling

Current operational fire spread models are engliyichbased and, thus, do not
describe fuel-heating processes that produce tmeadp Using laboratory and field
experiments and actual wildfires, researchers heslated observed fire behavior
(principally spread rate and intensity) to measutesl, weather and topography without
describing the specific physical processes (WebB8d 1Sullivan 2009a; Sullivan 2009b).
For example, the empirical Rothermel (1972) surfaeespread and Byram (1959) fireline
intensity-flame length models are the basis focuwations in many operational systems.
These include the National Fire Danger Rating SystPeeming et al. 1978; Cohen and
Deeming 1985), BehavePlus (Andregisl. 2005), FARSITE (Finney 1998) and FlamMap
(Finney et al. 2006). The Canadian Fire BehaviadRtion Model is also empirically
based on wildfires and experimental burns (Hirs@®6). Australia and others use the
empirically-based McArthur grassland and forest fineters (Noble et al. 1980). Project
Vesta (Gould et al. 2007), a recent Australian eicgdi fire behavior study potentially
refines the existing wildland fire meters. Althouf§le managers use these models to
predict fire spread and intensity, the models cabeaeliably extended beyond their basis
conditions and do not provide explicit physicalighgs into wildland fire processes.

Current physically-based models include represemts of physical processes such
as radiation and convection heat transfer (Web®&d 1Sullivan 2009a, Sullivan 2009b).
These models, however, do not account for speftietparticle heat exchange. The spread
models are built around bulk fuel bed assumptidhs; fuel beds are a continuum of
uniformly distributed average fuel characterisaesl heat transfer properties. Heat transfer
and ignition processes have been assumed for &urgtle scales without an experimental
determination. For example, radiation has been rggeassumed to be the principal
heating mechanism responsible for wildland fireegor Sen and Puri (2008) in their survey
of radiation in wildland fire modeling state théldoving:

“Radiation has been unsurprisingly identified as the controlling heat transfer
mechanism that fixes the rate of spread of wildland fires.”
However, no definitive experimental evidence ofthieansfer processes during wildland
fire spread supports this statement.

Notably, Albini assumed that radiation dominateelfheating during fire spread.
He reasoned that under most cases a developed Hangeblocks the ambient wind and
therefore flame does not extend into adjacent (Addini 1985). Without experiment he
then assumed the flame front to be a steady plaeeface with radiation as the principal
heating mechanism for fire spread. Albini continte@@ssume radiation to be the principal
mechanism for fire spread in his crown fire spreamtiel (Butler et al. 2004). Although he
recognized convective cooling of preheated fuetsnfrfire induced inflow, he never
guestioned the sufficiency of radiation heating ifprition and thus fire spread. Radiation
parameters were ‘tweaked’ to make model spread ratgch actual spread rates (Butler et
al. 2004).

The Need to Understand Fuel Particle Heating

Researchers have previously questioned the suftigief radiation in heating fuels
to ignition and thus, in fire spread (Byram et #0864, McCarter and Broido 1965,
Anderson 1969, Van Wagner 1977, de Mestre et &5,1Baines 1990, Beer 1990, Pitts
1991). In particular, Weber (1991) found that réidia models could not account for how
fuel particles preheated ahead of a flame zoneiddeling, the radiation calculations can
be post-case adjusted to make spread rates mdtal es. This changes the magnitude



of heating but does not reproduce an

appropriate fuel time-temperature sequencd
Weber (1991) showed measured fue
preheating temperatures having a differen
profile than those predicted by models. The
actual fuel temperature rise leading to ignitior]
occurred nearer to the fire and over a muc
shorter duration than model predictions base
on radiation as the principal heating
mechanism (Figure 1). This suggests mor
complicated fuel heat exchange for at leag
some conditions where flame radiation is no
sufficient for fire spread.

Several years ago a series of “deep
fuel” laboratory experiments suggested tha|
flame contact to adjacent fuel was necessa
for fire spread (Finney et al. 2010).
Furthermore, fire spread was facilitated in
deeper fuel beds because the longer leng
scale increased flame volume and laterg
flame extension (Yedinak et al. 2010). Thig
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Figure 1 Preheating fuel particle surface
temperature. Experimental data (solid line)
with radiation model (broken lines). [from de
Mestre et al. (1989) as cited by Weber (1991).]

was consistent with previous research thac

suggested deeper live shrub twig and foliage
fuel beds (high moisture contents) had a higher
potential for maintaining fire spread (Cohen and |
Bradshaw 1986). In all laboratory deep-fugl
experiments, visual inspections did not reveal

significant “smoky” pyrolyzate emissions fro

preheated fuels prior to flame contact and
ignition (Figure 2). This suggested that flame
contact was not solely a pilot igniter but rather
contributed convection heating necessary for
ignition and thus fire spread. The apparent lack

of significant pyrolysis in fuel adjacent to th
flaming region indicates insufficient radiatio

heating and thus fuel temperatures too low for

significant thermal decomposition. Thege |
observations are consistent with findings by |
Rothermel and Anderson (1966) that showgd
the temperature of an instrumented fuel particle
about 177 C (350 F) upon flame arrival (Figufe
3). This fuel surface temperature was 100 C foo|

low for significant pyrolysis rates an
flammable pyrolyzates (Fairbridge et al. 197

Tillman et al. 1981; Simmons 1995; Drysdale

1998).

F|gure 2 Experlmental flre spreadlng
right to left through fine excelsior
'(shredded Populus spp.). Observations
revealed the ignition of adjoining fuels
without significant pre-ignition pyroyzate

The temperature response of fuglemissions (clear gaps) and only after flame
particles to externally applied thermal radiatigncontact.




was explored by Don Latham at the
Missoula Fire Sciences Laboratory. Hls
work revealed that radiation heat fluxg
capable of igniting wood slabs in 60D

seconds (Tran et al. 1992; Cohen 2004) =

did not ignite nor significantly char fing ssof / K
fuels (< 1 mm thick). This prompted our| |
own exploratory experiments at incidemnt
radiation heat fluxes (~37 kWAn 200
greater than those of Latham’s (~25 =*°[
KW/m?). For our exploratory| | = ..l
experiments we used wood excelsipr
(Populus spp.) and a small wood block
(Psuedotsuga menziesii) (Figure 4a). o
The exposed wood block pilot ignited ip
35 seconds (Figures 4b and 4c). The
time to ignition was consistent with the sof S ML THERMOCOUPLE
ignition model of Tran et al. (1992) oo
Paradoxically, the radiation exposuie T
that quickly ignited the wooden block TINE (MNUTES)

did not ignite nor significantly char the
fine excelsior fuels (Figures 4d and 4g).Figure 3 The fuel particle temperature (deg. F) ishown
These results are inconsistent with thel e roxmynotec beon e e Treluel
unqualified assumption that radiation (177 c) and well below significant pyrolysis

heat transfer dominates fuel partic}etemperatures(>275 C). [from Rothermel and

TEMPERATURE RISE OF FUEL
S aubE IN FRONT OF STILL AIR FIRE
s —

14

NEEDLE

> «— INSTRUMENTED

TEMPERATURE
8

@k

ignition and strongly suggests the negd"derson 1966l
for describing fuel particle heating

processes. Our observations of actual fires antbeatpry experiments in conjunction with
the literature has led us to ask questions abaitdarticle heating processes and initiate
research to describe and model the processes ¢etadignition.

2. Preliminary Experiment Describing Fuel ParticleHeat Exchange

Fuel particle heating studies were conducted asqfaan overall research effort directed
toward understanding how the living foliage of ¢hand tree canopies ignites and sustains
fire spread (McAllister et al. 2010; Finney et 2010). We are conducting this research to
establish a physical basis for reliably estimatihg potential for intense fire spread in
shrub and tree canopies (crown fires).

Methods

These methods are for a preliminary examinatiofuef particle preheating due to
thermal radiation exposure. Two different sizedl fparticles were made from a single
piece of relatively uniform grained “yellow poplawood (iriodendron tulipifera) and
precisely machined to square cross-sections of laminl2 mm and had a length of 120
mm (Figure 5a). Both fuel particle sizes were dbefbre exposure to less than one-percent
moisture content (dry mass basis). The fuel padielere exposed to a gas fired, ceramic
element radiant panel (.486 m wide x .375 m hidghgyre 5b). Using a .076 mm
thermocouple, the average ceramic surface temperixtm several locations was 1238 K.
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d) 40 secs e) 5 mins

Figure 4 a) The excelsior Ropulus spp.) on the left with less than a 1 mm cross-sectioand the
Douglas-fir (Pseudotsuga menzesii) wood block with dimensions 25 mm x 38 mm x 13 mrtheight,
width, depth) were equally exposed to radiant heathb) The wood block quickly started pyrolyzing (20
secs) and; c) Pilot ignition at 35 seconds; d and €he excelsior did not ignite nor significantly pyolyze
at 40 seconds or at 5 minutes.

a)
Figure 5 a) Experimental fuel particles having 1 mn{left) and 12 mm (right) square cross-sections ang
120 mm in length; b) Ceramic element, gas-fired raidnt panel having a radiating surface of .486 meter
wide and .375 meter high with an average surfacengerature of 1238 K.

The radiant panel temperatures were within the m¢neange of wildland flame
temperatures at the spreading fire front (ButlealeR004; Taylor et al. 2004). Assuming
burning vegetation and the radiant panel radiatgrag bodies, the panel spectral
characteristics are similar to actual flames and serve as a reasonable facsimile for
vegetation fire.

We separately exposed the two different sized fagticles (Figure 5a) to an
incident radiation flux of 41 kW/fmin quiescent air. The incident radiation flux was
measured prior to fuel particle exposures using edthern? Schmidt-Boelter, water



cooled total heat flux sensor (Medtherm 1997). Vsumed the sensor measured the
incident radiation as it was positioned 0.10 metesm the radiating surface and beyond
the panel flame convection. Fuel particles werecgdaat the sensor position during
exposure. The initial radiation exposure was viyumstantaneous by using a radiation
shield during fuel particle placement and then kjyicemoving it. Each particle was
instrumented with a thermocouple (Type K, .076 mianter wire) imbedded at the
surface center such that the highest radiation xgoproduced a cross-grain thermal
gradient into the fuel. After heating produced albable pyrolyzates, a small, premixed gas
pilot flame was introduced immediately above the sorface of the fuel particle, forward
of the front surface.

Results

The results of the fuel particle radiation heategeriment were consistent with
prior results; the fine particles did not ignite significantly pyrolyze during a radiation
exposure that resulted in coarser particles igmitWWe observed the 12-mm fuel particle
significantly emitting pyrolyzates shortly afteretimitial exposure (Figure 6a) with piloted
ignition shortly thereafter (Figure 6b). By comzanm, the 1-mm particle had not produced
observable pyrolyzates or significant particle cimar after 2 minutes when the exposure
was terminated (Figure 6c¢). The fuel particle stefeemperatures (exposed face) as shown

a) b) c)
Figure 6 a) The 12 mm fuel particle pyrolyzing afer 15 seconds of exposure to a 41 kW#rncident
radiation heat flux. b) The same 12 mm fuel particle pilot ignited afte26 seconds.c) The 1 mm fuel
particle after 2 minutes at the 41kWi/nf radiation exposure without ignition or significant pyrolysis.

in Figure 7 are consistent with and help explamm tisual observations. Although the 12-
mm and 1-mm particle surface temperatures initialigreased similarly, they diverged

after less than 2 seconds of exposure at a sutéaggerature of about 130 C. The 12-mm
fuel particle surface temperature continued to nhmmoally increase. The observable

pyrolysis shown after 15 seconds of exposure irufgigga corresponds to a measured
surface temperature of 314 C (Figure 7). Pilotgdition occurred at a measured

temperature of 425 C as indicated by the abruppésature jump 26 seconds after the
initial exposure (Figure 7). The 1-mm particle tergiures largely varied between 160 C
and 200 C after the initial temperature increadgufle 7). Importantly, this temperature

range neither produces significant pyrolysis ratesflammable pyrolyzates (Fairbridge et

al. 1978; Tillman et al. 1981; Simmons 1995; Drysd98).
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Figure 7 The 1 mm and 12 mm particles were separdgeexposed to an incident radiation
heat flux of 41 kW/nt. Fuel particle surface temperatures were measuredvith an

imbedded thermocouple in the radiated surface. TheZLmm particle pilot ignited at the
time asindicated by the arrow — 26 seconds after the initial exposul.
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Discussion

The fuel particle surface temperatures and regulignition of only the coarse
particle (12mm) are consistent with prior fire sameand fuel particle experiments. Our
recent experiments reduced and controlled the faatfluencing particle heat exchange as
well as measured the resulting temperature of #ugantly heated surface. From these
experiments, a pattern of fuel particle transiemthexchange emerges that is consistent
with heat transfer theory; fuel temperature isrcfion of the net radiation and convection
heat transfer at particle surfaces and the thediffakivity within the particle interior. Two
different sized fuel particles will therefore heatt different rates because their surface
(boundary) conditions produce different levels ofivection cooling. For example, our 12-
mm particle (SA/V = 333 M) produces a thicker boundary layer than the 1-namiqte
(SA/V=4000 m"). The greater boundary layer development (Incrapeid DeWitt 2002) of
the 12-mm particle was sufficient to result inigaition only. This contrasts with the trend
expected based on SA/V where higher combustiors rate known to occur for smaller
particles. It is true that higher SA/V results iom@ rapid thermal response of the particle
interior (per unit mass) to a change in surfacepemature, but SA/\per se does not
determine boundary conditions. Thus, SA/V doesdedérmine the convective cooling by
forced or natural convection of particles receiviadiant fluxes.

Only by considering the particle boundary layed associated convection cooling
can the the non-ignition of the 1-mm particle belaied in contrast to the ignition of the
12-mm particle and even much larger wall sectidmar{ et al. 1992; Cohen 2004). Our use
of an appropriate laminar free convection heatstiencoefficient correlation (Incopera and
DeWitt, Equation 9.27) revealed the effect of atbéavertical surface lengti) on free
convection heat exchange. In terms of fuel parscte, this is the vertical length of a fuel
particle side exposed to radiation heating. Thaiadctire context is simplified to an



experimental analogy of a flame source radiantlghpating adjacent fuels. The

experimental boundary condition is one of a cortstacident radiation heat flux at the

vertical face of a wood fuel particle. As the rditia is absorbed, the fuel particle surface
temperature increases and thereby induces a bufsgantonvection boundary layer of

ambient air at the surface resulting in coolingr @nalysis used a measured, mid-length
(L/2) 1-mm fuel particle surface temperature of 47087/(TC) to calculate a free convection

heat transfer coefficient. We chose this specifimperature because the 1-mm particle
fluctuated at or below this near maximum surfaceperature while the 12-mm particle

continued heating to ignition (Figure 7). We shdw telationship between particle size and
the free convection heat transfer coefficient igure 8.

Our analysis of the free convection
heat transfer coefficient revealed Convection Coefficient and Fuel Particle Size
significant potential heat exchange T
differences as a function of surface length
in general and specifically for the 1-mm
and 12-mm fuel particles used in our
experiment. Inspection of our free
convection analysis (Figure 8) agrees witl
the experimental results. The 1-mm
particle has a significantly higher (more
than 3-times) free convection coefficient
than the 12-mm patrticle. This is consistent
with the 12-mm particle igniting but not | _
the 1-mm particle. In addition, the Eé,ge?friiieﬁt belggqe;reheigh(I:;ns\:aenCsf:g\r/]e thoe{|jc1>tartti::{jlltre]Sz‘:e?r
resulting free convection coefficients| at less than 1 mm and insensitive to size at 12 mm
(Figure 8) are consistent with the and larger. For the calculations, incident radiation
empirical ignition model (Tran et al. 1992; | 228, 000 G e e atire
Cohen 2004) predicting the 12-mm| 1,.=197 C (470K).
particle ignition. The 12-mm and larger
particles (longer surface lengths) are on
the low sensitivity portion of the function and #huthe convection coefficients are not
significantly different for a wide range of verticeurfaces from a 12-mm particle to a
wood-wall panel. Notably, the experimental 1-mmtighg is at the coarse end of fine fuels
(Scott and Burgan 2005) and particularly some westeS. coniferous and shrub foliage
known for active crown fire (Rothermel and Anderd@®66; Philpot and Rothermel 1973).
Based on Figure 8, we would expect fuel particlasrfthan 1-mm (with non-elongated
cross-sections) to have greater convection coalurgng a flame radiation exposure.

We examined post crown fire burn patterns to clueeisistency with our laboratory
findings. The necessity of flame contact (convectieating) for ignition would indicate
that radiation and convection preheating sufficiéart ignition would occur over a few
meters distance. This is the possible scale ofdaflame extensions from the flaming front
across gaps to adjacent fuels. If this is the ¢hsa evidence from actual crown fires
should be found revealing intense burning as indeceby complete canopy fine fuel
consumption adjacent to unconsumed, largely unetidoliage. An examination of post-
burn evidence would reveal a crown fire with anugibrtransition from complete foliage
consumption juxtaposed to unconsumed canopy (Fi@ireAlthough surface fire and
associated canopy foliage mortality might be eviden extended gradient of foliage
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consumption and charring laterally through the ggneould be absent. We readily found
such post-burn patterns in burned areas of actowsrcfire (Figure 9).

Figure 9 a) A crown fire spread from right to left at nearly a right angle to the road. The gap of 16
15 meters not only ceased canopy fire spread butspection revealed no significant charring/pyrolysis
of the left side canopy (Rodeo-Chediski Fire, Jun003, Arizona, USA); b) The consumed canopy
foliage (black) and the uncharred/unpyrolyzed but eedle-killed canopy foliage (brown border) are
separated by less than a canopy width (Alder Creekire, August 2000, Montana, USA).

Our experiments and analyses suggest convectioa psincipal heat transfer
mechanism particularly in low density shrub and tcanopy foliage. The different degree
of convection cooling demonstrated by our experitm@vas principally due to increasing
boundary layer thickness with flow length (Incoparad DeWitt 2002; Kays et al. 2005).
This will occur for free and forced convection. Bhthe convection heat exchange whether
cooling or heating will be primarily governed byethHuel configuration (surface flow
length) rather than its SA/V. Future research iscessary for explicitly and
comprehensively determining fuel particle heat excje for fuel particle geometries and
clusters.

3. Conclusions

We cannot assume the nature of fuel particle heehhamge during wildland fire spread
without a comprehensive experimental and theordbasis. Our preliminary experimental
results concurred with previous experimental dermahens of coarse fuel particles
igniting while finer fuels did not. Our results veealso consistent with studies resulting in
fine fuels reaching ignition level temperaturesyoatter flames reached preheating fuels.
Our analysis of the free convection heat transtaffecient as a function of fuel particle
Size suggests convection cooling as the princigaisigal mechanism explaining the
experimental results. This additionally suggestl &hape, the particle side lengths (e.qg.
needles vs leaves), to be as important to fuelgbatieating as the SA/V. Our preliminary
results reveal the need to represent heat transfehanisms in physical fire models based
on explicit fuel particle experiments and a fundataktheory of fire spread.



4. Literature Cited

Albini, F.A. 1985. A model for fire spread in wikhd fuels by radiation. Combustion
Science and Technology 42: 229-258.

Allen, C.D.; Savage, M.; Falk, D.A.; Suckling, K.[Swetnam, T.W.; Schulke, T.; Stacey,
P.B.; Morgan, P.; Hoffman, M.; Klingel, J.T. 200Ecological restoration of
southwestern ponderosa pine ecosystems: a broadpeotive. Ecological
Applications 12(5): 1418-1433.

Anderson, H.E. 1969. Heat transfer and fire spref@DA For. Serv., Res. Paper INT-RP-
69.

Andrews, P.L.; Bevins, C.D.; Seli, R.C. 2005. Beatfals fire modeling system, version 3:
Users guide. USDA For. Serv. Gen. Tech. Rep. RMR®&06WWW Revised.

Baines, P.G. 1990. Physical mechanisms for theggaion of surface firedlathematical
Computer Modelling 13(12), 83-94.

Beer, T. 1990. The interaction of wind and fiBeundary-Layer Meteorology 54, 287-308.

Butler, B.W.; Cohen, J.; Latham, R.D.; Schuettd).RSopko, P.; Shannon, K.S.; Jimenez,
D.; Bradshaw, L.S. 2004. Measurements of radiantisgae power and
temperatures in crown fires. Canadian Journal oé$tdResearch 34(8): 1577-1587.

Butler, B.W.; Finney, M.A.; Andrews P.L.; Albini,.A. 2004. A radiation-driven model for
crown fire spread. Canadian Journal of Forest Reke&(8): 1588-1599.

Byram, G.M. 1959. Combustion of forest fuels. Cim®avis K.P. Forest fire: control and
use. McGraw-Hill. New York.

Byram, G.M.; Clements, H.B.; Elliott, E.R.; Georg&M. 1964. An experimental study of
model fires. Tech. Rep. No. 3. USDA Forest Servi€mutheastern Forest
Experiment Station. Macon Georgia.

Cohen, J. D. 2004. Relating flame radiation to hoigeition using modeling and
experimental crown fires. Can. J. For. Res. 34616326.

Cohen, J.D.; Deeming, J.E. 1985. The nationaldaager rating system: basic equations.
Gen. Tech. Rep. PSW-82. USDA Forest Service. Beyk&lA.

Cohen, J.; Bradshaw, B. 1986. Fire behavior modeha decision tool. In ‘Prescribed
Burning in the Midwest: state of art,’ 3-6 March88 (Stephens Point, WI, USA)

pp. 1-5.

Cohen, J.D.; Finney, M.A., Yedinak K.M.. 2006. Awi spreading crown fire
characteristics: implications for modeling. Prottie 5" International Conference
on Forest Fire Research, November, 2006, Coimimadyéal.



Deeming, J.E.; Burgan, R.E.; Cohen, J.D. 1977. fdenal fire danger rating system—
1978. USDA For. Serv. Gen. Tech. Rep. INT-39.

De Mestre, N.; Rothermel, R.C.; Wilson, R.; Albirk, 1985. Radiation screened fire
propagation. University of New South Wales, Facutiy Military Studies,
Department of Mathematics Report No. 2/85.

Drysdale, D. 1998. An introduction to fire dynamidshn Wiley and Sons: New York

Fairbridge, C.; Ross, R.A.; Sood, S.P. 1978. A tktnand surface study of the thermal
decomposition of cellulose powder in inert and @iy atmospheres. J. Applied
Polymer Science 22: 497-510.

Finney, M.A. 1998. FARSITE: Fire Area Simulator—nebdievelopment and evaluation.
USDA For. Serv. Res. Pap. RMRS-RP-4.

Finney, M.A.; Britain, S.; Seli, R.C. 2006. FlamMayer. 3.0 (beta). Online at
www.firelab.org

Finney, M.A.; Cohen, J.D.; Yedinak, K.M.; GrenfellC. 2010. An examination of fire
spread thresholds in discontinuous fuelbeds. JnwVildl. Fire 19: 163-170.

Finney, M.; Jimenez, D.; Cohen, J.; Wold, C.; Gednf.C.; Forthofer, J. 2010. Structure
of diffusion flames from a vertical burner. Proé.tioe 8" International Conference
on Forest Fire Research, November, 2010, Coimimayéal.

Gould, J.S.; McCaw, W.L.; Cheney, N.P.; Ellis, PRnight, I.K.; Sullivan, A.L. 2007.

Project Vesta. Ensis-CSIRO. Online at
www.bushfirecr c.com/events/download/Jim-Gould-L achie-M cCaw--Phil -
Cheney.pdf

Hardy, C.C.; Menakis, J.P.; Long, D.G.; Brown, JBunnell, D.L. 1998. Mapping historic
fire regimes for the western United States: integga remote sensing and
biophysical data. pp. 288-300. Proc. of tH& Biennial Forest Service Remote
Sensing applications conference. April, 1998, Nassay, TX, USA.

Hirsch, K.G. 1996. Canadian forest fire behavicediction (FBP) system: user’'s guide.
Canadian Forest Service, Special Report 7. NortRerastry Centre. Edmonton.

Incopera, F.P.; DeWitt, D.P. 2002. Fundamentalbezt and mass transfer, Fifth edition.
John Wiley and Sons. New York.

Kays, W.M.; Crawford, M.E.; Weigand, B. 2005. Cootree heat and mass transfer,
Fourth edition. McGraw-Hill Inc. New York.



McAllister, S.; Finney, M.; Cohen, J. 2010. Criticaass flux for flaming ignition of dead,
dry wood as a function of external radiant heak fand oxidizer flow velocity.
Proc. of the B International Conference on Forest Fire Rese&tokember, 2010,
Coimbra, Portugal.

McCarter, R.J.; Broido, A. 1965. Radiative and ctive energy from wood crib fires.
Pyrodynamics 2, 65-85.

Medtherm Corporation. 1997. Heat flux transducBrgletin 118. Huntsville, Alabama.

National Interagency Fire Center. Quadrennial FiReview 2009. Online at
http://imww.nifc.gov/QF R/QFR2009F inal .pdf

Nobel, I.LR.; Bary, G.A.V.; Gill, A.M. 1980. McArthts fire-danger meters expressed as
equations. Australian J. of Ecology 5: 203-210.

Pitts, W.M. 1991. Wind effects on fireBrogress in Energy and Combustion Science 17,
83-134.

Rothermel, R. C. 1972. A mathematical model fodmreng fire spread in wildland fuels.
USDA For. Serv. Res. Pap. INT-115.

Rothermel, R.C.; Anderson, H.E. 1966. Fire sprehdracteristics determined in the
laboratory. USDA For. Serv. Res. Pap. INT-30.

Rothermel, R.C.; Philpot, C.W. (1973) Predictingages in chaparral flammability.
Journal of Forestry1, 164-169.

Schmidt, K.M.; Menakis, J.P.; Hardy, C.C.; HannJWBunnell, D.L. 2002. Development
of coarse-scale spatial data for wildland fire &rel management. USDA For. Serv.
Gen. Tech. Rep. RMRS-GTR-87.

Scott, J.H.; Burgan, R.E. 2005. Standard fire beirduel models: a comprehensive set for
use with Rothermel’s surface fire spread model. BStr. Serv. Gen. Tech. Rep.
RMRS-153.

Sen, S.; Puri, 1.K. 2008. Thermal radiation modglim flames and fires. Ch. 8 In Transport
phenomena in fires. (eds.) Faghri, M.; Sunden, BT Wress-Cambridge Printing.
Southampton, UK.

Simmons, R.F. 1995. Fire chemistry, Ch. 7 In Cortibndundamentals of fire. (ed.) Cox,
G. Academic Press. New York.

Sullivan, A.L. 2009a. Wildland surface fire spreaddeling, 1990-2007. 1: Physical and
guasi-physical models. International Journal ofdidihd Fire 18(4): 349-368.

Sullivan, A.L. 2009b. Wildland surface fire spreaddeling, 1990-2007. 2: Empirical and
guasi-empirical models. International Journal ofdiMind Fire 18(4): 369-386.



Taylor, S.W.; Wotton, B.M.; Alexander, M.E.; Dalryite, G.N. 2004. Variation in wind
and crown fire behaviour in a northern jack pinelack spruce forest. Can. J. For.
Res. 34: 1561-1576.

Tillman, D.A.; Amadeo, J.R.; Kitto, W.D. 1981. Woadmbustion. Academic Press. New
York.

Tran, H.C.; Cohen, J.D.; Chase, R.A. 1992. Modeliggition of structures in
wildland/urban interface fires. In: Proceedingstbé 1st international fire and
materials conference; 1992 September 24-25; AdimgtVA. Inter Science
Communications Limited: 253-262.

USDA; USDI. 2000. Managing the Impact of Wildfiresn Communities and the
Environment: A Report to the President in Respotwsehe Wildfires of 2000
(September 8, 2000). Online at
http: //www.for estsandrangel ands.gov/r eports/documents/2001/8-20-en. pdf

Van Wagner, C.E. 1977. Conditions for the start spiéad of crown fire. Can. J. For. Res.
7:23-34.

Weber, R.O. 1991. Modelling fire spread through | fleeds. Progress in Energy
Combustion Science 17: 67-82.

Wright, H.A.; Bailey, A.W. 1982. Fire ecology. Jokviley and Sons. New York.

Yedinak, K.; Cohen, J.D.; Forthofer, J.; Finney, 2010. An examination of flame shape
related to convection heat transfer in deep-fudsbintl. J. Wildl. Fire 19:171-178.



