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ABSTRACT OF THE DISSERTATION

An Investigation of Surface and Crown Fire DynamitShrub Fuels
by
Jesse Sandoval Lozano
Doctor of Philosophy, Graduate Program in Mechdricayineering
University of California, Riverside, August 2011
Dr. Shankar Mahalingam, Chairperson

The focus of this study was on spatially segregatettiple crown fuel matrices
that model the crowns of discrete shrubs. Theuanfte of the horizontal crown
separation distance between crown fuel matriceghertransition process from surface
fires to crown fires and on the rate of spread wfaze fires in chaparral fuels was
investigated experimentally and numerically. TRpeximents were carried out in a 1.20
m width x 1.20 m height x 7.4 m length, open-roohdvtunnel to ensure that flame-
generated buoyancy effects were not suppressed.sUifiace fire was initiated in a fuel
bed comprised of asperPdpulus tremuloides Michx) excelsior that was evenly
distributed over an area of 0.8 m width x 2.8 ngtarto a depth of 0.10 m. Crown fuel
matrices were composed of live chami8dehostoma fasciculatum) held in place by two
0.6 m length x 0.3 m height x 0.8 m width wire mesiskets, at a height of 0.35 m from
the surface of the fuel bed. Crown separatioradists (CSD) investigated range from
0.1 mto0.3m.

At a CSD of 0.1 m, as the fire front approached ignited the downwind crown

fuel matrix, the surface fire and upwind crown diraerged into a single fire. Following

viii



ignition of the downwind crown fuel, a single medgire, comprising the surface and
two crown fires, results. At larger crown sepamatdistances of 0.2 m and 0.3 m, the
surface and upwind crown fires were segregatedeappy as two distinct fire fronts,
with the ignition of the downstream crown fuel nmatoccurring earlier in time for the
lower CSD case. In addition, a Particle Image Viehetry system was utilized to

investigate the influence of CSD on the flow fiblekween adjacent crown fuel matrices.
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1 Introduction

1.1 Problem Statement

Fires burn large areas in California and aroundvibed annually. California
experiences numerous wildland fires that affectlives of thousands of citizens every
year. In 2000 the U.S. census bureau reported 38& million people resided in
California. The last census in 2010 showed Calitopopulation had grown to 37.3
million people. As a consequence of the increaseCalifornia’s population, new
communities continue to be constructed on the afidiurban interface. The proximity
of people and homes to the wildlands has resuitdtie continued efforts to understand
fire phenomena for the purpose of successfully safdly managing fires in these areas.
In 2011 the National Interagency Fire Center reggbthat in the first six months 34,095
fires had burned 4.6 million acres nationwide. TReyear average (2001-2011) for the
first six months was 37,095 fires with 1.9 milliaeres burned. In southern California
fires burn in area that consists of chaparral f{i€8. Much of new growth in chaparral
fuels grow in sparse configurations.

Chaparral is a complex of shrubby vegetation charaed by evergreen
sclerophyll shrubs such as chamigedénostoma fasciculatymhoaryleaf ceanothus
(Ceanothus crassifoligs and manzanitaAfctostaphylos glandulo$avhich dominates
many sites at low to middle elevations throughoalifGrnia, Arizona, and Mexico [11].
Chaparral usually burns with high intensity crovnes and is important because, for the

majority, it is located in the wildland-urban inieece [23]. Chamise is one of the most
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hazardous wildland fuels and is known to burn hwt fast with physical characteristics
that are conducive to a rapid rate of energy reld24]. Fires in chaparral fuels are
generally categorized as crown fires due to theagéel nature of the fuel.

Many different mathematical models have been d@esloto predict different
aspects of wildland fire behavior. These modedsdasigned to predict the evolution of a
fire as a function of fuel properties, mean windeexp and direction, and terrain
topography. The merits and assumptions of theouarimodels have been reviewed
previously and the interested reader is encourageaamine these reviews [19, 74, 70,
98]. Current operational fire models such as BEHA®], FARSITE [36] and BRNPLN
[44] are computer implementations of the Rothersmiead model [4, 81]. Another
implementation of the Rothermel model in southealif@nia called FIRECAST [22]
added chaparral fuel beds based on Rothermel afgbPhwork (1973). These models
make various parameter simplification and assumptithhat are inconsistent with field
observations [9, 68, 69]. Rothermel's model assumeform fuel, dominated by dead
material close to the ground, and constant enviertal conditions. Predicting fire
behavior is also highly dependent upon knowledg&uef characteristics [24]. Current
operational models do not include a two-way couplivetween the fire and the
atmosphere. Research or physical models of firmer, on the other hand, focus on
improved methodologies and are often limited inpgcand designed to better understand
specific physical processes. The earliest couptetbsphere-fire research model is due
to Grishin (1992). Since then, Claék al. (1996), Linnet al. (2002), and Mellet al.

(2007) have also developed such coupled modelsapptied them to relatively large



scales, with the smallest, unresolved length scadaging from 1 to 10 meters. To
validate existing physical models for fire behayibrs important to perform experiments
and collect data that can be compared to modeligii@as. Although data exist that
describe fire spread rate and some qualitativecésipé wildfire behavior, little data have
explicitly revealed the small time and spatial esah the convective processes that may
determine the rate of fire spread [20] and ovdialbehavior. A comprehensive survey
and discussion of various types of surface fireagmodels developed during the period
1990-2007 is presented in Sullivan (2009) [88,%1,

Fire spread within wildland fuels is maintained tgrmal energy release from
fuel combustion, flame and ember radiation heatsfex, convective heat transfer, and
through advection effects such as rolling embers spotting [91]. In order to estimate
the convective energy transfer, it is necessaghtracterize the buoyant plume, namely
its dimensions, temperature, and air velocity thation [28, 29].

Flow measurements in the vicinity of large firesrddbeen performed in field
settings using anemometers and other devices RI/4 95]. Various researchers have
measured instantaneous two-dimensional velocitiddien turbulent flows involving
combustion [53, 80, 106]. Reusstal (1990) used a Particle Image Velocimetry system
to obtain the instantaneous velocity field overdar@m by 32 mm area within a two-
stroke engine. They were able to resolve the wglaategral-length scales utilizing the
PIV data. Zhou and Garner (1995) used a PIV systemvestigate flame propagation
and unburned gas velocity fields within a cylindticombustion chamber to determine

the local flame speedLong et al. (2006) utilized a PIV system, with an imaging aoéa



138 mm by 108 mm, to examine how flame fronts axtemith simple toroidal vortex
structures in a controlled environment. The Pl\waéd them to investigate how the
toroidal vortices distorted the flame front, andahthe progression of the flame was
affected. Three vortex sizes each resulting frambaing pushed through different
orifice sizes 40, 30 and 20 mm, by a progressiagd front, were investigated. From
the analysis it was determined that there wereettthstinct modes of flame-vortex
interaction: 1) at an orifice size of 40 mm thenf@a propagates around the vortex
following the streamlines, pushing the vortex aheathe flame and slowly consuming
the mixture in the vortex, 2) at an orifice size3®f mm the flame initially propagates
around the vortex and then rapidly consumes thtexpand 3) at an orifice size 20 mm
the flame immediately and rapidly consumes the mnéxtn the vortex.

Using a Particle Image Velocimetry (PIV) methodg trelocity vector fields of
the three fire regions (continuous, intermittehgrimal plume) and their surroundings
were computed for non-wind aided fire spread aceofgel bed of uniformly distributed
aspen Populus tremuloides Michexcelsior [55]. Flames encountered in foregsfiare
generally classified as diffusion flames in whidhthree regions exist [58]. Results
showed that vortices were present in all three élaggions ranging from 4.4 cm to 5.8
cm in diameter. Because of the size of the vatimed their proximity to the surface
fuel, along with corroborating thermocouple datayas determined that the main heat
transfer mechanism for fire spread in a non-windedi propagating fire was radiation
preheating of the unburned fuel elements dirediaa of the fire front. Using the same

PIV system and a thermocouple system, fluid dynashigcture and temperature data



were gathered that were essential in the studyirud-aided fire spread across an array of
small diameter discrete fuel elements in a low dpead tunnel operating at a wind
speed of 0.6 m/s [54]. The fuel type used in stisdy was bamboo skewers with
diameter, length, and dry mass per unit length .6f @m, 5.0 cm, and 0.062 g/cm,
respectively. Two fuel loading cases were inveséd, high fuel loading of 3.12 kgfm
(total dry fuel mass per unit fuel bed area) and foel loading of 0.78 kg/fa Results
showed that vortices were only present in the Mugh loading case. It was determined
that experiments conducted at a higher fuel loadesylted in a lower rate of spread
(0.26 cm/s), higher intensity fire front, and dephent of strong vortices. For the high
fuel loading, the vortices captured using the PWlgtem indicated the presence of
convection that preheated the fuel elements furtdezad of the fire front. This
preheating was deduced from the thermocouple d#taas determined that the average
rate of spread was inversely proportional to theasg root of the burnt fuel mass load
(defined and used as per Carrierakt 1991), consistent with theoretical predictions i
the literature.

Much research had been undertaken in understafidingpread through surface
and crown fuels. Lindenmuth and Davis (1973) penfed fire behavior research at the
prescribe fire experiment area in the Prescottddati Forest. Chaparral brush in that
area covered approximately six-million acres wif/8 consisting of shrub live oak.
They observed that fuels grew in clumps and thesdhfuels were fairly homogeneous
within clumps. It was also observed that fuel ghsmwere surrounded by strips of

virtually bare ground. From their finding they @ésped a statistical model to predict



rate of spread in the Arizona oak chaparral fu€lstnandes (2001) performed fire spread
research in evergreen sclerophyll shrublands dadetinly broadleaf or heath species in
Portugal. Shrublands occupy approximately foutiaml acres (18% of the country).
Fuels investigated were from the northwestern, @énnhortheastern and southern
regions of Portugal. Through his results he deriseveral empirical models to predict
rate of fire spread in Portuguese shrub stands tesbd in prescribed burning conditions.
Bradstock and Gill (1993) performed fire spreadeagsh between fuel arrays at the
Yathong Nature Research in New South Wales AuatralThe fuel consisted of a
principal overstory of Eucalyptus (3-4 m in heighd)shrub layer of Acacia (1-3 m in
height) and a near surface layer of Triodia Irstga 0.8 m height). From their results
they determined that the near-surface layer hadaprmole in fire spread by flame
contact across the gaps between fuel elementsy alse found that eucalyptus may
contribute to fire spread through the productiorfied brands and the initiation of spot
fires downwind.

The International Crown Fire Modeling Experimenthe northwest territories of
Canada by Clark et al. (1999) investigated crowa fiehavior in an overstory of jack
pine and an understory of black spruce. Througir thvestigation they observed titling
vortices that played an important role in the catio® heat transfer phenomena. Van
Wagner (1977) developed a semi-empirical modetfown fire initiation. In this model
crown ignition occurs when the surface fire inteénper unit length of fire line (kW/m) is
equal to or greater than the critical fire lineemsity per unit length of fire line required

to initiate crowning (kW/m)ls = l,. Cruz et al. (2006) [27, 28] developed a CrowelFu



Ignition Model (CFIM) based on heat transfer theoifhe model generated temperature
of the crown fuel particles that are assumed tdegipon achieving ignition temperature.
The model predicts ignition of crown fuels but does determine the onset of crown fire
spread. Scott and Reinhardt (2001) developed crimgninitiation model that is a
torching index which is the wind speed at whichr@a fire is expected to ignite. The
crown fuel will ignite if the rate of spread of arface fire,R;, is greater than the critical
rate of spread for crown fire ignitioR.

Tachajapong et al. (2008) concluded that propagasiarface fires through
excelsior fuel beds led to ignition of crown fuehimces composed of live chamise when
the crown base height was located within eithercininuous (0.00 m to 0.15 m from
the surface fuel) or intermittent flame regionsL®m to 0.45 m from the surface fuel).
The crown base height is defined as the verticthdce between the surface fuel and the
lowest height at which the canopy fuel density exise0.011 kg/f[7, 86]. Experiments
were performed with the crown fuel base within theermittent flame region and for
crown fuel bulk densities of 0.75, 1.75, and 2.6, where crown fuel bulk density
refers to the oven dry mass of foliage and smaljswless than 3 mm in diameter) per
unit volume of canopy [5, 36, 48, 96]. Experimeasults were compared to those
attained through use of a Large Eddy SimulationS).Eodel. It was concluded that the
LES results and the experimental measurements widnan reasonable agreement. The
higher crown fuel bulk density enhances the prditgbof crown fire ignition. An

increase in crown fuel bulk density results in thereased ability by the crown fuel



matrix to retain thermal energy while at the sameetreducing the convective heat
losses to the surroundings. These results weoesaldent in the LES model results.
Another outcome of Tachajapong’s (2008) research thva observation that the
fire behavior under open conditions was quite d#fé from that observed under
conditions in which lateral entrainment was supgedsby the side walls of a wind
tunnel. His experiments attempted to model situmti corresponding to segregated
crown fuels, and more continuous distribution alven fuel. In all cases though, a single
crown fuel matrix was utilized. The focus of tkitsidy is on the transition from a surface
to a crown fire with the objective of gaining andepth understanding of the heat transfer
mechanisms by which this phenomenon occurs undawtitoens in which multiple crown
fuel elements that are spatially segregated argepte The goal is to understand crown
fire behavior under these circumstances, and totifgethe potential influence of the
crown fire on the surface fire behavior. The expental results will be compared to
those of an LES mathematical model. A non-intresrelocity measurement technique
will be deployed to directly measure the velocitieishin a fire environment with the
expectation of shedding light into conditions tltauld potentially cause spotting in
which firebrands are lofted from the fire, possildgding in regions containing unburned
fuel. It is expected that by performing laborat@ryd model experiments, it will be
possible to better understand the dynamics of bebavior from marginal burning to

intense fire spread conditions.



1.2 Objectives

The objective of this study is to gain a betteight and understanding into the
heat transfer mechanisms that contribute to thesifian from a surface fire to a crown
fire for various environmental and fuel conditionSomparing LES results against those

attained from the experiments can further validageLES model used in this study.

1.3 Scope

In this study, the emphasis is on investigatingu@eous environmental and fuel
characteristics that affect fire behavior by perforg experiments and utilizing
mathematical models. This study will be perfornrethe following steps:

1) Evaluate the effect of crown fuel separation orfa@ fire behavior and thus
on the convective and radiation heat transfer ferheating of the crown fuel
matrices and of the unburned surface fuel elements.

2) Evaluate the effect of crown fuel separation on tlesv speed between
adjacent crown fuel matrices of the hot gaseoudymts of combustion from
a propagating fire .

3) Compare experimental results to those attainedugirouse of the LES

mathematical model.



2  Background

2.1 Properties Influencing Fire Spread

Fire Classifications

Fire behavior is strongly dependent on the natdirhe fuel and environmental
conditions. Wildland fires are classified as grduires, surface fire or crown fires.
Ground fires occurring in the accumulated, decoragosrganic materials can have
spread rates on the scale of cm/hr [38]. Surfaes involve loose dead fuels on the
forest floor or grasses in open land. Surfacesfineloose dead forest fuels travel at rates
of 100-200 m/hr while wind-driven fires in grassdashrublands may travel at rates of
15-20 km/hr [77]. Crown fires spread though congtiom of fuel in elevated canopies
of trees and occur in extensive brush fields in téechnean regions of the world, in
dense coniferous forests in northern temperate baomdal regions, and in eucalyptus
forests in Australia. Large surface fires and ordikes are typically the most damaging
fires to life, property, and natural resources. e Thstribution of crown fuel can range
from a contiguous arrangement of elevated fuelsitoations in which crown fuel
elements may be segregated in space with contigeotface fuel underneath. Fire
behavior under these differing circumstances iswelt understood and forms the bases
of the research presented here.

Physical characteristics that affect fire dynamican be classified into
environment properties and fuel properties. Imgottrtenvironment parameters in fire

prediction are relative humidity, wind speed andection, ambient temperature, and
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topography. For surface and crown fires, the fueperties affecting fire behavior are
fuel type, fuel moisture content, fuel density,Ifleading, fuel surface-to-volume ratio,
fuel bulk density, and crown fuel base height. |[Far& environmental properties affect
fire characteristics such as intensity, ignitiandi residence time, and burning time. The
environment and fuel properties will be discusseeifly.
Wind Conditions

Wind is an important variable that influences fin@iation. The effects of wind
on surface fires and crown fires vary. If the wiadn the direction of fire propagation,
the flame tilt angle, measured from the verticatween the fire front and the surface
fuel can increase, impinging large quantities afiagon and convection heat to the
unburned surface fuels ahead of the fire front.e Tdsult is an increase in combustion
rate, higher flow velocities, increased flame h&sgland increased rate of spread and
higher burning intensity [97]. Merrill and Alexaed(1987) define the flame height as
the average maximum vertical distance between ltmef tip and surface fuel and the
flame tile angle as the angle of the center offitieefront from the horizontal direction. In
this study the flame tilt angle is measured fromRrtical direction. If the wind is in the
opposite direction of fire propagation the flamedingle, as measured in this study, will
become negative. As a result less radiation amyesdion heat will impinge onto the
unburned surface fuels ahead of the fire frontilepdo a decrease in combustion rate
and overall rate of spread. Wind both assists fmrdpers crown fuel ignition. Wind
aids crown fire initiation by increasing the raté spread of the surface fire which

increases flame lengths, thereby resulting in i®ee heat release from the surface fire.
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At high wind speed crown fuel ignition is hinderbdcause the increase in the rate of
spread also decreases the residence time, whtble t&me the surface fire transfers heat
by radiation and convection to the crown fuel. Tésidence time is decreased because
the surface fire traverses the crown fuel arealagler rate. This causes a reduction in
the quantity of radiation and convection heat fluansferred between the advancing
surface fire and stationary crown fuel. The preseof the wind may result in a cooling
effect, where the gaseous products of combustidncaswn fuel particles are cooled by
the wind before the hot gases reach the crown[B8129]. Wind aids fire propagation
by producing rolling embers which can ignite lafges at various distances from the
source fire. Koo et al. (2010) studied the roldimbrands in fire propagation and the
important parameters involved in spot fire develeptrand they performed a review on
firebrand behavior. It was observed that conifsdies, pollen cones, cone scales, bracts
and wood fragments were transported by wind andesyently deposited up to 20 km
from a forest fire [72]. Firebrand impact is irdluced by weather conditions, especially
wind and humidity. Wind transports the firebraraasl humidity is a key parameter in
determining whether ignition by firebrand will oed49]. It was observed [18, 97, 105,
107] that under wind-aided conditions, convectiveergy transfer plays a more
prominent role in ignition of unburned fuel in coadt to no wind conditions where
radiation dominates. Morvan et al. (2002) perfatraenumerical study to determine the
effect of wind on wildfire propagation through M#stranean shrubs and grasses for

various wind speeds ranging from 1 m/s to 10 m/Shey show the existence of two
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propagation modes, corresponding to situations datad by radiation heat transfer,
plume dominated fires, and by convection heat teanaind driven fires.
Relative Humidity and Ambient Temperature

Relative humidity influences fire behavior by lilng the rate at which the fuel is
desiccated. Relative humidity is considered asdityeng power of the ambient air and
thus influences the rate at which moisture is readofrom the fuel [33]. Many studies
have been performed that show the influence otiveldaumidity on fire spread [26, 30,
33, 76, 84]. Although these studies show a caroglabetween fire spread and relative
humidity, it has been observed that there is notes@onstant prevailing, but instead
there is a mixture of danger variables, which comalib produce conditions for a major
fire to occur.
Topography

Topography can have great or no effect on fireaghrelnclined terrain will have
a similar affect on a propagating surface fire asdwspeed, but without cooling effect
experienced during wind driven fires. If a surfdice is propagating up a hill the flame
will be in closer proximity to the unburned fueldaas a result a larger quantity of
radiative heat will impinge on the unburned fudigead of the fire front. The unburned
fuels will reach ignition temperature sooner and gropagation rate will be faster in
comparison to a fire spreading on horizontal tecrdf a surface fire is propagating down
a hill the flame will be tilted backward, oppositee unburned fuels. The view factor will
decrease and therefore the radiative heat trapsfetw the unburned fuels will be

minimal when compared to the radiative heat transfeto the unburned fuels within the
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reaction zone. The view factor of a flame with= 30 is 5 time greater than the
corresponding value for the same flame inclinedkivacd with6 = 150 [97].
Live and Dead Fuels

An important consideration is whether fuels aree lfwels or dead fuels. In
generally, fuels that burn in a forest fires areegarized into two classes, living fuels and
dead fuels. Living fuels, consisting of leavesigay and stems of growing plants do not
burn readily by themselves. These live fuels negthe presence of dead fuels to assist
the ignition process [59]. Live fuels absorb ams$atb moisture actively, which means
they acquire moisture as needed from the envirohmefrom the soil. They regulate
their moisture and are less responsive to changeanibient temperature, relative
humidity, and wind. Generally the moisture conteiliving fuels is significantly high to
sustain combustion, even during the drought seasdammability of live fuels is thus
strongly related to the availability of dead steiitser, and desiccated herbs and forbs
[41, 92].

Fires that start in dry dead fuels spread rapidifter one or two decades,
chaparral brush will sustain fast-spreading and higensity fires, depending upon the
ratio of live-to-dead fuel [83]. Dead fuels absaihd expel moisture passively. Dead
fuel moisture levels respond quickly to ambientissrvment conditions and are critical in
determining fire potential. For example, 1-houelfu(particles less than 0.6 cm in
diameter) reach equilibrium with ambient relativarhidity within an hour, while 1000-
hour fuels (7.6 to 20.3 cm diameter) require 1000r& to reach equilibrium with the

ambient relative humidity [85]. Dead chamise regfgoto changes in moisture dictated

14



by daily fluctuations in humidity, precipitationna temperature. Knowledge of the
amount of fine and medium-sized dead fuel in faréstritical for the understanding and
prediction of fire behavior [17].
Fuel Moisture

Fuel moisture content has a major impact on thetiagm development and spread

of fires [43]. Moisture conteril, is the ratio of the mass of water to the dry ntddsel,

M =T 2.1)
md

wherem, is the mass of water amd; is the mass of the dry fuel. Fuel moisture is an
important parameter that influences fire ignitian surface and crown fires, and is
dependent on age, fuel type, and environmentalitons. High fuel moisture content
increases the amount of energy required to incresdeemperature [28]. In a surface
fire, as the fire propagates, the fuel downwindhef fire front is preheated by radiation
and under certain conditions, convection. As thiewned fuel is heated, its temperature
increases so that the moisture within the fuel tedbd evaporate. Once the fuel is
desiccated, its temperature continues to increasieignition occurs. If an insufficient
guantity of moisture has evaporated by the timefiteefront reaches the unburned fuel,
the fuel will not ignite upon fire front arrivalThe fire will then extinguish. For crown
fuels, the moisture vaporization process is simibat the thermal energy that raises the
temperature of the crown fuel so that moisture viaption occurs and the fuel can
reaches ignition temperature, originates from thdase fire propagating beneath the

crown fuel. Fuel moisture content of live fuelsgeverned by the the season and the
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guantity of groundwater available. Plant moisttwatent is the lowest at the onset of fall
and highest in spring and early summer in sout@aiifornia. The lack of fuel moisture
is attributed to the fuels losing moisture througtite four months of summer and to the
lack of rain during the summer season. During lt#te fall and winter months, the
moisture content of live Chamise remains relativapstant, typically between 80% and
110% of the dry weight. Between March and May, mgowth has very high moisture
content, sometimes over 200% of the dry weight .[24)ead fuel moisture content
depends on environmental conditions such as hunahtd temperature, and is much
lower than in live fuels. When a fuel has less1tB&% moisture, it is considered a dead
fuel [22]. As with live fuels, dead fuels are alde driest in late fall and the lack of
moisture is attributed to low humidity and high fematures throughout the summer.
Fuel loading

Fuel loading is defined as the dry mass of fuel yat area of fuel bed. The
average fuel loading for chamise is [24] 2.2 Kg/rffuel loading is known to influences
the rate of fire spread [18]. The more fuel théteafront must pre-heat the slower it will

propagate.
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Intensity

Fire intensity is proportional to the amount oflfaensumed per unit area and the
rate of fire spread [17],
| =HMmR (2.2)
whereH is the heat yield of fuel (kJ/kgiyy, is the amount of fuel burned per unit area
(kg/m?), andR is the rate of fire spread (m/s). Intensity isnaasure of heat energy
released during a fire per fire line length (W/mn increase of fire intensity is followed
by an increase in flame height, radiative heatarg] conductive heating. The result is
that fuel ahead of the propagating flame frontreshpated as the flame front approaches.
Increased fire intensity is due to the increaseduwrh of fuel being burned or the
increased rate of spread. A larger quantity of fekeases a larger amount of pyrolysis
gases that are then ignited when they are hot énand are oxidized. The combustion
of larger quantities of pyrolysis gases resultslarger flames. More radiation and
convection heat energy impinge onto unburned serfaels as a result of the larger
flames. There are various methods of measuringngiy such as pyrometers,
calorimeters, and thermocouple data. In savanha®nthern Australia, fire intensities
may range from 500 to 10,000 kilowatts per meté&W/tk), and rarely exceed 20,000
kW/m. In southern Australian eucalyptus forestbeme fuel has accumulated to near
maximum levels, in excess of 30 tons per hectdna)(tfire intensities can be as high as

50,000-100,000 kW/m [104].
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Surface Area-to-Volume Ratio

Heat transfer to the interior of fuel elements @scoy conduction through the
surface. Larger surface area to volume ratiosnedult in fuels being heated at a greater
rate because there is a larger surface for thetbeffdw through in comparison to the
volume. In dead fuels, surface area-to-volumeraffiects moisture content. Moisture in
dead fuels is absorbed and desorbed through ths fueface, thus if the surface to
volume ratio is large, greater amounts of moistwik be absorbed or desorbed. In
chaparral fuels, the average surface to volumeo rédr chamise, ceanothus, and
manzanita are 66 cm58 cm', and 41 crit respectively [99].
Bulk Density

Fuel bulk density is important in both surface analvn fires. Bulk density is the
mass of fuel per unit volume of fuel configuratiay/m®) and can very dependent on the
arrangement of the fuel in question. In surfacéd amwn fuels, it affects the ignition
success and the rate of fire spread. Bulk dessitieconifer forests range from 0.09
kg/m® to 0.96 kg/m [6, 27, 48] and in chaparral shrub they range fto@® kg/ni to 2.10
kg/m® [24]. If the bulk density is high, then a surfaibe will propagate slowly in
comparison to a low bulk density case. The lovate rof fire spread in a high bulk
density case is due to the increased amount ofthaglthe fire front must preheat and
ignite before it can continue to propagate. Inioid, a higher bulk density restricts the
flow of oxygen to the fire and minimizes coolingfesfts. In crown fires, if the bulk
density is high, larger quantities of thermal eyengll be stored within the crown fuel

matrix, thereby increasing temperature of the créwal and promoting ignition. When
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the bulk density is significantly low, then the lyatseous products of combustion will be
allowed to flow through the crown fuel matrix withioincreasing the temperature of the
crown fuel sufficiently to reach ignition temperegu High crown fuel bulk densities
restrict fuel pyrolysis gases from escaping and temperature air from entering the
crown fuel matrix, thereby allowing the gases tacteignition temperature. Low crown
fuel bulk densities allow pyrolyzed gases to esaap®lower temperature air to enter the
crown fuel matrix, preventing ignition. For crowuels, the probability of transition
from surface to crown fires increases as the balsdy of the crown increases.
Crown Fuel Base Height

Crown fuel base height is defined as the lowegtteabove the ground at which
there is sufficient canopy fuel to propagate fiegtically through the canopy, figure 2.2
[96]. The crown fuel height, along with other @, has a considerable effect on the
probability of a surface fire transitioning to awamn fire [15]. During a surface fire, the
crown fuel height determines the section within fine regime where the crown will be
located. The crown fuel will be located in ondled three fire regimes, continuous flame
region, intermittent flame region, or plume regiofhe continuous flame region is where
the flame extends vertically covering the entirgeslvation area in the vertical direction.
Vertical distance of the continuous flame regiomisasured from the top of the surface
fuel to the lowest flame height observed. Intetemt flame region is where the flame is
present in the observation area, but is not coatiaun the vertical direction. Vertical
distance to the lower and the upper boundaries@fritermittent flame region is from

the top of the surface fuel to the lowest and hsglodserved flame height, respectively.
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Hot gaseous products of combustion from the surfiaeeepresent the plume region. In
this region, no flame is visible. The lower boundaf the plume region is measured
from the top of the surface fuel to the highesiigaheight observed. The fire regime
where the crown fuel is located will affect the ambof thermal energy that will transfer

to the crown fuel. Tachajapong (2008) a performreavn base height investigation.
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2.2 Particle Image Velocimetry

Particle Image Velocimetry (PI1V) is a non-intrusieehnique that allows for the
measurement of instantaneous 2-D velocity fieldhaut significantly disturbing the flow
field [3, 45, 101, 2, 50, 40]. The PIV technigueanures the velocity in a fluid by
correlating images of the particle-seeded flow (1dleally, the tracer particles should
match the density of the medium as closely as plessiThe particle size must be chosen
to allow for optimal flow tracking and enhancedhligscattering [61]. Response time is
an indicator of whether a particle type is suitdbleP1V applications. Assuming Stokes
flow for particle drag, the response time (timeuiegd for particle to reach 63% of the
flow velocity) of particles can be estimated usiadirst-order inertial response to a

constant flow acceleration [79].

depp

r
P 184 (2.1)
In Equation 2.1d, is the diameter of the particlep is the density of the particle, and

is the dynamic viscosity of the fluid.

In PIV the flow of interest is seeded with seedipbas of a chosen material. For
fire application the seed particles chosen are igdgealuminum oxide (AlOsz). These
particles are chosen for their high refractive mdad high melting point. Once the flow
field is seeded, a double-pulsed Nd:YAG laser gaesra laser sheet with a wavelength
of 532 nm at a specified frequenayt, thus illuminating the seed particles. Laser @uls

frequency is determined by flow velocity estimationA high-speed flow field merits a
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larger laser pulse frequency, smaller time betweser pulses, and a low-speed flow
requires a larger time between laser pulses. €helting laser sheet is expanded to a
desired thickness utilizing sheet forming opticshsas spherical and cylindrical lenses.
The spherical and cylindrical lenses ensure thatwhist of the laser sheet is located at
the center of the region of interest. The cyliodrilens will determine the height of the
light sheet at the point of interest and the slaétens will determine the distance from
the lens where the waist thickness will be minimbaaser waist location is important to
minimize errors that arise from illuminated paelthat are in front or behind the plane
of interest. As the laser pulses, light is incidem the seed particles within the flow field
that is then scattered and captured by a CCD (ebeogpled device) camera [50]
functioning at a specified frequency. If the ol is to record the evolution of fluid
dynamic structures, a higher capture frequencgasmmended, but if all that is required
is the velocity field, then lower capture frequescare sufficient.

The instantaneous velocity field of the flow is rihealculated by comparing a
sequence of captured images. Individual imagesi@remposed into small interrogation
windows. Interrogation window from subsequent ism@re cross-correlated with each
other [101, 78] resulting in a signal peak from eththe particles displacement in the x-
direction, dx, and y-direction,dy, is determined [46, 47, 60]. Dividing by the time
between laser pulse4t, the horizontal and vertical components of velo€it, andVy)
are computed, thus the local velocity of the flogld is resolved. The cross-correlation

process is repeated for the entire image resultinige velocity vector field of the flow.
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2.3 Large Eddy Simulation

The Large Eddy Simulation (LES) model is based aetailed description of the
complex heat transfer processes and simple conoinustechanism contributing to the
ignition of solid fuel and fire spread that was eeped by Zhou et al. (2007). The LES
code used is described in detail by Tachajapon@8R0 Only the major equations are
described here.

Spatial filtering is utilized to separate the gdsage turbulent flow fields into
resolved large-scale and unresolved small-scaldribations. The large-scales are
resolved in a time-dependent simulation using a cfefiltered equations that are
computed directly. Suitable closure models aredusemodel the small-scales. The
filtering operation uses a length scale,to distinguish between large-scales and small-
scales. Eddies that are larger tiaaare distinguished as large eddies and eddiesemall
thanA are considered small eddies. The key processdsdspread occurring between
the gas and solid phases are the transfer of mmassgntum, and energy. It is assumed
that the large eddies transport mass, momentumggrend species mass fractions while
the effect of small eddies on turbulent transperimodeled through suitable sub-grid
scale closure models.

The combustion of solid fuel is calculated by soivimass and energy equations,
which include the effects of drying, pyrolysis, actthr combustion and the exchanges of
mass, momentum, and energy with the surrounding §éany fuel and environmental
variables such as fuel geometry, fuel moisturel fugk density, ambient temperature,

wind speed and relative humidity can be studiedubh use of the LES code. In the
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LES these quantities can be independently spedifigghin a better understang of the
role of the various variables on both the surface d$pread process and transition 1
crown fire. A uniform grid system is used to spghe computational domain. The fu
bed is placed in the center of the computationahala in the horizatal direction.
Introducing a volumetric heat source over the erftiel bed depth and along the fuel |
width simulates ignition of the fuel be:
Transport Equations
Gas Phase

The set of transport equations for the resolvdd fas per Tachajapon2008) are

as follows. The filtered gas phase continuity eiquais

%, Y% 35 (2.2)

ot ox 59

where p is the filtered gas mixture densitx; is the tensor notation for the positi

vector, U; is the Favrdiltered velocity component alorx, and S__, is the filtered mas

production rate that arises from the decompositbisolid fuel to the gaseous phas

The filtered gas phase momentum equati

opE, BT 04 . __w p 0%, _ o
-t - . CoU - ——+—+ pg, - F
ot ox, axj{ 7l )} PE: —F (2.3)

where p is the filtered pressureg; is the acceleration vectoF. . is the filteredi-th

component of the drag force arising from the gas solid phase interaction, aiz;

represents the filtered viscous ss. The filtered gas phase energy equat
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where h is the gas mixture enthalp'g. is the filtered heat flux vectorq,,, is the
convection heat transfer rate per unit volume betwhe solid and gas phasq,,, is the
radiation heat transfer rate per unit volume. Tinal term on the right hand si
represents part of the heat transfer rate rele&e®a the heterogeneous combust

between oxygen and char. Ins termm,

s,char

is the consumption rate of char mass

unit volume andL"" is the specific enthalpy associated with char castibn.

The filtered gas phase species transport equat

opf, opuY, 0 (—~ _ =y O, o 7
+ =— uY -uY, +—+S_ .+ (2.5)
o oax, ax U7 (T -7 oy, | rer T Ox

where g, is the filtered species diffusion flux vect(S is the filtered productio

s—g,K
rate of gas specieX resulting from solid fuel decomposition accompaniby
vaporization, pyrolysis, and oxidation of char, ¢, is the filtered production rate

specieK through chemical reactions occurring in the gassphaln each of equatio
(2.3), (2.4), and (2)5the first term on the right hand side repressntsyrid scale termr
that require modeling. Details this modeling are presented briefly Zhou et al.,
(2007)and in more detail iTachajapong (2008).
Solid Phase

The solid fuel is modeled as consisting of two glsadoliage and branche
These two phases have different densities but ssen@ed to ha' the same moistur

content. It is assumed that the fuel initially ludes water, pyrolyzates, char, &
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noncombustible ash. Lefn, denote the mass of the solid, and the associatestspts

the contributions to the total mass due to the maigrolyzates, and char. Taking into
account water vaporization, pyrolysis, and char lmestion within the preheating and

burning processes, the resulting mass balanceiegdat the solid phase is

Ems = _rns,HZO - ms pyr rns,char (26)

Assuming that the solid fuel particles are thergndilin, the energy balance equation for
the solid phase is

oc, .M.,

ps''ls's

at qconv qrad,s qmass ( )

wherec, is the filtered specific heat of the solid phagg,is the filtered solid phase
temperature.q,,q ., J.n, aNd Q.. are the filtered energy transfer rates per uriitime.

The variation in solid phase temperature gives tsej,, , and g, as a result of

radiation and convection transfer rates betweenstii@l and the gas phase. Also
influencing the solid phase temperature is the less/absorption rateq, .., which is a
result of the water vaporization, pyrolysis, ancrchxidation. The filtered convection
heat transfer rate between the gas and solid gl@asesquation 2.7 is modeled as

G = AR(T - T, (2.8)
where the heat transfer coefficidmtis deduced from the Nusselt number (Nu) of the
solid phase as

h.d
A

Nu=—- = 0.683Re™** (2.9)
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where A is the conductive heat transfer coefficient of gas phase, and the Reynolds
number (Re) is based ahand the filtered gas phase velocity and kinemascosity.
The filtered rate of heat release arising from waftgporization, pyrolysis, and char
combustion in equation 2.7 is modeled as

Tmass = —My 0L =1, ) P + X g g L (2.10)

S, pyr c' " ’s,char

where L"° L™ and L°® represent the enthalpies for the process of vagiion,
pyrolysis, and char combustion. The variaKleis a sharing coefficient detailing the
distribution of the heat from char combustion bewéhe solid and gas phases.

The governing equations are discretized in a thdewensional Cartesian
coordinate system. Explicit quadratic upstreanosdoorder accurate scheme in space
and time is utilized to numerically integrate thevgrning equations (QUICKEST) [51,
31], while the SIMPLER method [71] is used to tréag velocity and pressure coupling
[75]. A three dimensional Discrete Ordinates (Dthod [65] calculates the radiation
through the solid fuel and radiation heat tranbfiween solid and gas phases.

Utilizing the computational LES model, it is podsilbo investigate and identify

the factors that determine a successful transitmmn a surface fire to a crown fire.
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3  Experimental Setup Descriptions

3.1 Experiment Location

Experiments are performed at the fire laboratorgaled at the United States
Department of Agriculture Forest Service (USDAFS&gility in Riverside, California.
The laboratory is a 13 x 13 m metal building with & walls and a vented peaked roof,
which is 7.6 m above the concrete floor. Air igaaluced at ground level to force smoke
up through the roof ventilation system. To provideiform surface fire spread a
homogenous bed of aspdpopulus tremuloideMichx) excelsior was used. Excelsior is
shredded wood and was used to produce a flameth&figh3-0.5 m. Excelsior is dead
wood and its moisture content will equilibrate wiimbient temperature and relative
humidity given sufficient time and steady condisoas most forest surface fuels [67].
Chamise Adenostoma fasciculatyma common species in chaparral, was used as the
crown fuel for all investigations. It was colledtt'om the North Mountain Experimental

Area.

3.2  Wind Tunnel Setup

For this study, a wind tunnel with a cross sectibd.20 m widex 1.20 m height
and is 7.4 m in total length, Figure 3.1, was carcsed [93, 94]. Located upstream of
the test section is a 48” axial fan, driven by lap] three-phase, 240V, electric motor. A
micro inverter controls wind speed with an outpegfiency ranging from 0 to 50.0 Hz

and a resolution of 0.1 Hz. Turbulence effectanfrthe push fan are minimized by
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directing air flow through a flow conditioning semt that creates an initially uniform

flow within the test region of the wind tunnel. &How conditioning section consists of
a honeycomb followed by a series of three screfeigsire 3.1. For all experiments, the
fuel bed is located within the test section, whi€l3.40 m in length. The top of the test
section remained opened, allowing the fire frontptopagate without any constraints

[105].

flow conditioner section

test section

Figure 3.1: Schematic of wind tunnel showing pusheh, flow conditioner section and the test section.

Before experimentation it was necessary to chataetethe flow field to
determine the wind speed at specified locationbiwithe test section of the wind tunnel.
To perform this flow characterization the test mettwas divided into four vertical
planes measuring 0.51 m in width by 1.02 m in hiekgth measurements starting at 0.10
m and concluding at 1.12 m from the fuel bed s@fadhe four planes were located
within the test section of the wind tunnel. Thestfiplane was positioned at 0.05 m from
the last flow conditioner screen. The seconddihand fourth measurement planes were

located at 1.0 m, 1.5 m and 2.0 m from the last ftmnditioning screen. Vertical and
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horizontal distance between each measurement p@eint2.8 cm and 25.5 cm,
respectively, Figure 3.2. Each measured planeistedsof 3 columns with 9 points per
column. Velocity measurements were performed uairmgnstant temperature hot-wire
anemometer (Omega, Inc., model FMA-604-V) and eaehsurement was recorded for
approximately 5 minutes. The frequencies analyzete 20 Hz and 50 Hz, which are
the lowest and highest frequencies the push-faapsable of producing. Measurements
are performed for all four vertical planes. Thesrage of the twenty-seven velocity
measurements was calculated and reported as thagavibow velocity at the specified
plane. Velocity measurements were repeated sedtayal later using a different setup to
adjust the horizontal and vertical position of that-wire anemometer to demonstrate
repeatability of the measurements. A total of twondred and sixteen velocity

measurements were performed.
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surface fuel bed

Figure 3.2: Flow characterization vertical plane sbwing locations above fuel bed where velocity
measurements are performed.
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Figure 3.3 shows the average velocity at each plan¢éhe initial and repeated
measurements within the test section of the winthell for the lowest and highest
frequencies possible. Data shows excellent repiiitaof the velocity measurements
with the largest differences of 5% and 4% appeaainipading edge of the fuel bed for
both frequencies. The minimum difference appettiseacrown fuel section (1.0 m from
the leading edge of the fuel bed) at 20 Hz withfieince value of 1%. The recorded
data shows that at 20 Hz the difference betweem fipeed at the test section entrance
(plane 1) and the flow speed at the crown fuel madtrcation (plane 4) is 7%. This
difference value is the same for the repeat te20aHz. At 50 Hz, the difference
between flow speed at plane 1 and plane 4 is 6%h#initial measurement and 5% for

the repeat measurement.
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Wind Speed vs. Distance from Flow Conditioning Mesh
Wind Tunnel Flow Characterization
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Figure 3.3: Wind speed profile along the surface fl bed length representing an average value across
a vertical plane of 0.51 m wide by 1.02 m high stéing at 0.10 m from fuel bed surface.

Figure 3.4 shows velocity with height plotted a¢ ttrown fuel matrix location
(1.0 m from the fuel bed leading edge) for theiahiand repeat measurements. At both
frequencies the variation between measurementsgitem height is not greater than
6.5%. Within the intermittent flame region (0.15tm 0.45 m) the variation in wind
speed with height is approximately 5% at 20 Hz &¥dat 50 Hz. Wind speed begins to
decrease above 0.8 m. The greatest variation evagifabove 0.9 m with a variation of
46% at 50 Hz. At 20 Hz flow speed variation wasslthan 34%. Flow speed diminishes

with increasing height because the top of the vimohel is open and the air is allowed to
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flow out through the top as opposed to the areatheguel bed where the air is forced to

flow forward maintaining a more stable flow speed.

Height vs. Windspeed
Wind Tunnel Flow Characterization
Location: Under Crown Fuel Section
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Figure 3.4: Wind speed profile with height above th surface fuel bed at 1.0 m from the leading edge
of the fuel bed (location of the crown fuel).

Previous analysis has identified nearly 30 dimams&s groups related to fire and
explosions [102] with Reynolds number and Froudenlber as the most important
guantities. Since the focus of the present stsdiyuid flow within and surrounding a
propagating fire, the Froude number is perhapsrtbst appropriate group to use [103].
The appropriate Froude number is definedFass U%gH whereU is a characteristic
inertial velocity typically measured as wind spesdmid flame height, an#l is the

characteristic flame height. Froude number scalmgintains balance between
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convective and gravitational effects during expemtation. Buoyancy or plume
dominated fires are characterized by small Froudebers E, < 1) whereas wind driven
fires occur for larger Froude numbeFs & 1) [59]. Using wind speed data attained from
the California State University San Bernardinouattweather station, Froude numbers
were estimated to range from 0 to 4.8 for a mich#8avind speed of 15 m/s and typical
flame heights of 5 m to 10 m. In southern Califarprescribed burns are performed
during marginal burning conditions [99] where wisdeeds at mid flame height are
significantly lower than 15 m/s. Mid flame windegmls measured at an elevation of 6.1
m (measured during prescription burning) with apligol wind reduction factor of 0.6
[82], are less than 3.3 m/s. The wind reductiadiaaccounts for the influence of stand
and canopy structures on wind. Froude numbersruhdse conditions are in the range
of 0 to 1.1 according to an estimated flame heightL.0 m. Accordingly, during
experimentation under no wind conditions, the Feondmbers were in the range of 0 to

1.3 for a mid flame wind speed of 2.3 m/s and aatdtaristic flame height of 40 cm.

3.3 Fuel Bed Setup

In large-scale wildland fires the fire front is repented as a curve that separates
burned and unburned fuel regions. At a small re@b a wildfire or in a controlled
laboratory-scale fire, the fire front can be apjpmated as having a nearly linear shape,
and fire spread through the fuel bed is assumée foerpendicular to the fire front [107].

The experimental setup at the USDAFS burn facitghus modeled as a fuel bed in
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which the fire front has a linear shape and fireead is perpendicular to the fire front.
This fuel bed is set inside a wind tunnel.

A mass of 0.90 kg of aspen excelsior was evenlyibliged over the fuel bed to a
depth of 0.10 m resulting in a fuel loading of B3g/nf and a bulk density of 3.13
kg/m®. The packing ratio (bulk density/fuel particlendity) of the fuel beds was 0.008.
Two crown fuel baskets consisting of two wire mesibes were positioned at the far
downstream side of the test section. The wire nbashets were set at a height of 35 cm
from the surface of the fuel bed and were kept tzondor all experiments in this study.
The surface fuel bed was situated atop a 0.4 3 xn\Qprecision balance (Sartorius model
CPA34001S) with a range of 34 kg and readabilitY df g to record surface fuel mass
loss rate,mn. To ignite the surface fuel in a line ignitionpproximately 59 cc of
isopropyl alcohol was placed in a metal channdl Wes positioned parallel to the width
of the fuel bed (0.80 m) underneath the surfacedpproximately 0.5 m upstream from
the leading edge of the fuel bed.

To determine the crown separation distances thatidvbe investigated a field
study was performed on a 10 m x 10 m plot at thetNblountain Experimental Area.
The plot contained twenty-seven chamise bushes didimeter of individual chamise
bushes and the separation distance between adjabantise bushes was measured.
Average diameter and separation distance were lagduto be 0.8 m and 0.6 m
respectively. Due to the size constraint of thedaiunnel it was deemed satisfactory to
use a crown length of 0.6 m instead of 0.8 m. &r.separation distance could not be

achieved in the wind tunnel thus a maximum separatistance of 0.3 m was used.
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3.4 Moisture Measurements

The fuel moisture content of chamise and excelgsias measured using an
Arizona Instruments Computrac 10@@oisture analyzer. Accuracy of the moisture
analyzer was determined using the Arizona Instrumepplication data sheet for the
Computrac 1000 moisture analyzer. The data shwehtins percent moisture of sixty-
four materials that was determined using the mmstumalyzer and oven drying method.
From this data the average difference between thisture measurements from the two
methods was approximately 1% with the moistureyaealgiving a moisture reading 1%

higher than that attained through the over dryirgghad.

3.5 Fire Front Behavior Data

A Canon-FS200 and Canon-FS300 digital camera daptat 30 Hz was used to
record each experiment. Fire front behavior amavar fuel ignition times are then
determined from the captured images. The instaotarate of spread is defined as the
distance traversed by a fire in a direction nortoatself per unit time. The fuel bed and
crown fuel setup allows for temperature measuresnesing a set of 30 gauge (0.25 mm
diameter) type K (Chromel-alumel) thermocoupleshvatresponse time of 0.3 seconds.
These thermocouples can be placed anywhere orutfecs of the fuel bed and crown
fuel matrix. For this study, ten thermocouplesevelaced 2.5 cm above the surface fuel
along the fuel bed starting at 40 cm from the legdédge of the fuel bed, Figure 3.5.
The distance between each subsequent thermocogsle2vcm. Two thermocouples

were placed in each crown fuel matrix with one ith@couple from each matrix placed
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within a section of branch to record branch temipeeaas the fire front approached and
ignited the corresponding crown fuel matrix.

Heat release rate is an important factor contniigutd the severity of a fire [10,
87]. To measure heat flux from the fire front thawent crown fuel matrices, a heat flux
sensor (Hukseflux model RCO1) was position 0.3 mvrtkiream from crown-two.
Sensor RCO1 has dimensions of 65 mm x 65 mm x 13 response time of 1.5 s,
maximum allowable heat flux of 400 kW/m2, and ipa&ale of measuring radiation and
convection heat flux. To measure heat flux from fine front to unburned surface fuels,
heat flux sensor (Hukseflux model SBGO01) was s#dait the downstream edge of the
surface fuel. The position of both sensors is showFigure 3.5. In Chapter 6 (Results
and Discussion) section 6.1 (Rate of Spread), $e8B&01 is used in the heat flux
analysis for surface fuel only and single crownfpmations while sensor RCO1 is used

in the heat flux analyses for multiple crown fueh@igurations.
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Figure 3.5: Schematic of surface fuel bed and crowsetup at a crown separation distance (CSD) of
10 cm showing location of fuel bed thermocouplesafbeled TC1 thru TC10). Thermocouples are
placed 2.5 cm above the surface fuel. RCO1 heatifl sensor is position 0.3 m downstream of crown-
two. Note: crown fuel matrices 1 and 2 are referré to as C1 and C2. The width perpendicular to the
sketch is 0.8 m for the surface and crown fuel maites.

3.6 Particle Image Velocimetry System Arrangement

A Particle Image Velocimetry (PI1V) system was utedapture the instantaneous
velocity field within and surrounding a propagatittgme through an excelsior fuel bed
and transitioning to a crown fire. The PIV techmegneasures the velocity in a fluid by
correlating images of the particle-seeded flow [Bpproximately 200 g of aluminum
oxide (ALO3) per experiment was utilized as the seeding pestic The particle size
ranged from 1 to um and particle density is 3970 kg/mThese particles were chosen
because they are readily available at low cost,raost importantly, are able to withstand
the high temperatures within a fire2345 K) [61]. Particle response times range from 4
ws to 0.04 ms for particle sizes ofuin and 3um respectively. The aluminum oxide has

a refractive indexin, of 1.76. Response time is in the range of thalleist time between
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laser pulses, and thus is reasonable. Since #elme@asurements were performed within
the fire, and the fire also emits light, the choparticles have to reflect a greater quantity
of light than is emitted from the fire to allow fparticle tracking.

An aerosol generator based on the design by GlagdsKannedy (1977) and
adapted by Sun (2006a) was utilized to seed thes¢esion. Air at 345 kPa was injected
into the aerosol generator, which created a cldupadicles that was expelled through
the top of the aerosol generator. The air flove matis controlled by a series of valves.
Expelled particles were fed through two seedingifil13 cm in length and 1.7 cm in
diameter) that are composed of 25, 2 mm diameteizdntal perforations (perforations
are along the same line), ejecting the seed pastitbrizontally outward. One seed pipe
was placed vertically approximately 1.0 m downstrdeom the trailing edge of the fuel
bed, and the second seed pipe was also placee ataiing edge of the fuel bed but
positioned horizontally parallel to the length betfuel bed. As the fire front burned
through the crown fuel section, air containing spadicles was entrained into the fire
column.

As the fire front approached the test section st particles were illuminated in
a plane at the center of the experimental fuel fdllel to the direction of fire spread.
A double-pulsed Nd:YAG (neodymium-doped yttrium ralaium garnet, Nd:¥Als0;2)
laser (Big Sky Laser Technologies, Inc, model CARRR40cated 2 m from the area of
interest generated a vertical laser sheet with\aelgagth of 532 nm (with energy of 388
mJ/pulse) that illuminated the seed particles. [Hser beam was expanded into a 567

mm high and 0.212 mm thick sheet that illuminateel $eed particles in a vertical plane
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within the area of interest parallel to the lengththe fuel bed. To properly position the
waist of the laser sheet, sheet-forming opticscthincludes a spherical lens (2000 mm
focal length) and a cylindrical lens (15 mm focahdth), were used. A LASERPULSE
Synchronizer (TSI Inc.) was utilized to trigger thser pulse and the camera with correct
sequences and timing through a 2.66 GHz dual psocesorkstation (Intel XedH).
The laser sheet was synchronized with a high ré@ealu(1600 x 1192 pixel)
POWERVIEW 2M CCD camera (TSI Inc., model 630157)ma 50 mm Nikkor lens
and PK-12 ring and an exposure time of 480 The camera aperture was set to 8 with a
10 Hz capture rate. The camera was placed 0.74ram fthe area of interest
perpendicular to the vertical laser sheet and setapture 160 PIV image sets per
experiment. The time difference between succeseiages was optimized for the best
PIV quality to At = 50 us. ThisAt was chosen through experimentation to minimize
processing errors obtained when the seed partiftes) frame to frame, exit the
interrogation regions during PIV data processirfgarticle images were captured in a
20.0 cm (horizontal) x 14.0 cm (vertical) domaiA black background was placed
perpendicular to the CCD camera, on the opposite sf the experimental fuel bed, to
prevent any light scattering that can introducekijemund noise in the raw images. To
reduce the luminosity of the fire and the amounhaise captured by the camera, a 532
nm laser line filter was attached to the camera.lefhis ensured that only green light
(532 nm) was recorded. The velocity fields werdamied using the INSIGHT 3G

(version 7.2.0) analysis software.
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Figure 3.6: Schematic showing area to be imaged ugj the PIV system.

The region between the two crown fuels was invagtig) using the described PIV
setup. Figure 3.6 shows a dashed square indicditengrea that was analyzed. The area
between the crown fuels was analyzed to determamation in flow speed that affects

convective preheating of the crown fuel elements.
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4  Large Eddy Simulation Setup

4.1 LES Model Parameters

Large Eddy Simulation code was used to investigiaée effect of crown fuel
separation on the dynamics of multiple crown firgiation. All variables except crown
fuel separation and wind speed remained constant.LES these quantities were
independently specified to acquire a greater inisagh the role of the effect of these
variables on both the surface fire spread procedgransition to a crown fire.

In the LES model, a surface fuel and multiple crdugls were modeled with two
block plates along the fuel bed sides and the seagwithin the boundaries of a wind
tunnel. All the boundaries except the bottom wepen boundaries in which all the
primary flow variables at the boundaries had zeradignt conditions. To calculate
radiation and convection heat transfer, mass lats of surface and crown fuels, and
moisture loss rate of surface and crown fuelsctimputational domain was decomposed
into a system of uniform grids. Along the fire pagation direction, th&-domain was
2.1 m in length and was composed of 107 horizamébrm grids. Thez-domain was
0.8 m in width and was constructed of 50 horizontaform grids. The/-domain was
1.1 m in height and was comprised of 57 verticafanm vertical grids. In all, the
computational domain was composed of a system @f,930 cells, Figure 4.1.
Tachajapong et al. (2008) performed a grid indepeoe test and concluded that the grid

resolution utilized in this study was sufficientitwestigating the ignition process.
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The setup for the LES was smaller than the experimiself to save on
computation time. The fuel bed was 1.9 m in lerggtl was situated at the center of the
computational domain starting at 0.1 m from thé defd ending at 2.0 m from the left of
the computational domain. Fuel depth was 0.1 mitiis¢gafrom the bottom of the
computational domain. The width of the fuel bedsWad m. The surface fuel was aspen
(Populus tremuloidgsexcelsior with bulk density, moisture contentyglysis content,
char content, surface area-to-volume ratio, antigagicle density of 3.125 kg/n7%,

84.3%, 15.4%, 4500 T and 400 kg/rhrespectively.
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Figure 4.1: lllustration of LES computational setup

The crown fuel section consisted of two crown feieiments shown as C1 (crown
1) and C2 (crown 2) in Figure 4.1. During expemtagdion the position of crown 2 was
fixed while the position of crown 1 varied to stuilhe effect of crown fuel separation on

the dynamics of multiple crown fire initiation. @&fcrown fuel dimensions were 0.3 m x
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0.3 m x 0.4 ml{ xH xW). Crown 2 spanned from 1.5 to 1.8 in #heoordinate, 0.35 to
0.65 in they-coordinate, and 0.2 to 0.6 in tkeoordinate while the position of crown 1
will depended on the specific case being investidat Both crown fuel elements
consisted of live chamiseAdenostoma fasciculatymvith foliage diameter of 0.5 mm
and branch diameter of 3.5 mm with foliage compgsb3% of the chamise and 47% is
branch material. The foliage has bulk density @&83kg/nt, 36% moisture content,
67.9% pyrolysis content, 28.6% char content, serfa®a-to-volume ratio of 8000 m
and particle density of 500 kg’m The branch has bulk density of 3.53 kij/i®6%
moisture content, 79% pyrolysis content, 15.4% at@mtent, surface area-to-volume
ratio of 1800 rif, and particle density of 600 kgim All the fuels, surface and crown
(foliage and branch), were set at an initial terapee of 308 K.

To ignite the fuel, an ignition zone was createdhat front of the fuel bed with
dimensions of 0.1 x 0.1 x 0.4 m (Figure 4.1). Tdretion zone spanned from 0.1 to 0.2
m in thex-direction, 0.0 to 0.1 in thg-direction, and 0.2 to 0.6 in thedirection. The
heat source was maintained until 70% of the fuahm ignition zone was burnt. Two
block plates were included in the model to prevadtation heat loss from the side of the
fuel bed, thus ensuring that the fire front mameai a linear shape as opposed to a curved
shape. These block plates were situated alontetigeh of the fuel bed and were 1.9 m
in length and 0.1 m in height with negligible thmgss. The block plates spanned from
0.1 to 2.0 m in the-coordinate, 0.0 to 0.1 m in the y-coordinated, wede positioned at

0.2 and 0.6 m in theplane.
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The environment properties were 308 K and 101.3P%a kor the ambient
temperature and atmospheric pressure, respectivdluring experimentation, only
distance between crown fuels and wind speed wasdvavhile efforts were made to
maintain all other conditions constant. Crown sapan distances investigated ranged
from 0.1 m to 0.3 m, wind speeds ranged from 0.9 tm/1.9 m/s, and crown fuel bulk
density was kept constant at 5.5 ki/n$olid fuel temperature and air temperature withi
the crown fuel matrix was measured. By investigathe ignition of multiple crowns it

will be possible to better understand the transipoocess.
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5 Previous Studies

Prior to the experimental and numerical resultsciiare the focus of this study,
various sets of experiments were performed to oeber what the important variables
were that necessitated an investigation and todagthe experimental setup that would
subsequently be utilized to perform the experimenésented in this study. All previous
studies were performed in multiple crown fuel eamiments situated within a wind
tunnel.

The first set of experiments, performed in the B&IRO09, multiple crown fire
initiation in shrubs was investigated via laborgtaxperiments to determine the
influence of separation distance between adjaceowvrc fuel matrices on the fire
transition process from surface fuels to crown guaind between crown matrices at a
constant wind speed of 1.1 m/sThe experiments were performed in the same facilit
and wind tunnel described in Chapter 3. Dimensioinghe wind tunnel in the Fall of
2009 were 1.20 m width x 1.20 m height x 6.4 m tenwhich was 1.0 m shorter than
the current wind tunnel length of 7.4 m. A mas®d5 kg of shredded aspdpopulus
tremuloides Michxexcelsior was evenly distributed over the 0.8 withvx 1.8 m length
of the surface fuel bed to a depth of 0.10 m. dineent length of the surface fuel bed is
3.6 m. A crown stand consisting of two wire medhtfprms was set at the far
downstream side of the fuel bed. The platformsevegra fixed height of 30 cm from the
surface fuel. Chamise, with an average moisturgect of 36%, was used as the crown
fuel for all investigations and is collected fromush grown outside the burn laboratory,
described in Chapter 3. Three crown separatidantes were investigated, 0.1 m, 0.2 m
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and 0.3 m. A constant crown fuel bulk density & %g m* was used for all the
experiments. That same bulk density is used ferettperiments presented in this study.
A series of 30 gauge type K thermocouples was ts@apture temperature data at the
surface fuel and crown fuel locations. Four thezouples were placed on the surface of
the fuel, at 0.3 m distance between adjacent thewopes, to assist in determining
surface fire local rate of spre&®l Two thermocouples were situated within each arow
fuel matrix with one thermocouple from each maplaced within a sample of branch,
thus the thermocouples recorded branch temperande air temperature within the
crown as a fire front propagated across the fuel be

Data showed that the average rate of spread whsemte by the variation in
crown separation distances. The average ratereéddgor the three cases were 3.6 cm/s,
2.9 cm/s, and 3.0 cm/s for crown separation digtaoic 0.1 m, 0.2 m and 0.3 m
respectively. Analysis of the recorded imagesaf@rown separation distance of 0.1 m
showed that as the fire front approached and ignit®wn two, the surface fire and
crown one fire were one merged fire. When crowa tgnited, the result was a larger
merged fire that included the surface fire and eromme and crown two fires. The
investigation of crown separation distances ofrf.and 0.3 m showed that as crown two
ignited, the surface fire and crown one fires were separate fires. From the recorded
images it was deduced that the larger crown omadlaeights, in the case of a crown
separation distance of 0.2 m in comparison to avereeparation distance of 0.3 m,
produced a large quantity of thermal heating tlesulted in the ignition of crown two

sooner in case two and in case three.
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These preliminary experiments showed that indeedmiseparation distance was
a variable that merited a dedicated investigatitinvas also possible to determine what
aspects of the experiment could be improved. Wheestigation the crown separation
distance of 0.3 m, it was observed that ignitiorcr@iwn 1 mainly occurred at the bottom
of crown 1 at the downstream edge. This was aemprence of the relatively short
length of the surface fuel bed, which did not allfmw an adequate amount time for the
surface fire front to transfer sufficient heat egyeto crown 1 as to result in ignition at the
upstream edge of the crown. The length of theaserfuel bed was increased by 1.8 m to
a total length of 3.6 m to ensure proper ignitibcrwn 1. To accommodate the length
of the new fuel bed, the wind tunnel test sectiemgth was increase by 1.0 m, which
resulted in an overall wind tunnel length of 7.4 rit. was also determined that four
thermocouples were insufficient to achieve a praggresentation of the surface fire
front rate of spread. To improve rate of spreachsueements a new thermocouple
system was designed to attain a greater numbercaf fate of sprea® measurements.
The improved system consisted of ten thermocoupiéis each thermocouple placed
0.15 m apart from each other. The fuel bed ite@é also redesigned to allow for the
measurement of surface fuel mass loss rate. Thefumel bed was constructed of an
aluminum frame to reduce weight and included a stipgirip at each end of the fuel bed
to allow the edges to be supported atop four 18.@dpacity load cells (model LC302-
25), one per corner. The crown stand consistintp@ftwo wire mesh platforms did not
allow for the mass loss rate measurements of tigidual crown fuels. The crown fuel

system was redesigned to consist of two cantiléeams, each holding a wire mesh
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basket. An 11.0 kg capacity load cell (model LG2B2 was placed beneath each
cantilever beam to measure the mass loss ratearthwn fuels as the fire consumed the
fuel. The improved overall system was used to aonhd similar set of experiment in the
Summer of 2010.

The Summer 2010 set of experiments were performethe same facility as
described in Chapter 3. The focus of these exmsisnwas on spatially segregated
multiple crown fuel elements, as was the caseerF&ll 2009 experiments, which model
the crowns of discrete shrubs. The influence ofifdlomtal) separation distance between
crown fuel matrices on the transition process freurface fires to crown fires in
chaparral fuels was investigated experimentallyesehexperiments were performed at a
constant wind speed of 1.1 m/s. A mass of 0.9 kgsloedded aspenPOpulus
tremuloides Michk excelsior was evenly distributed over an areard.#idth x 3.6 m
length to a depth of 0.10 m and ignited using isppl alcohol spread along the leading
edge of the fuel bed producing a surface fire vilidime heights 0.3 to 0.5 m. Two
cantilever beams, each holding a wire mesh basglege set at the far downstream side of
the fuel bed. The baskets were at a fixed heifjf#d0ocm from the surface fuel. Live
chamise branches and foliage, collected near Rdeer€A, comprised the crown fuel
matrices. To ensure that crown ignition occurred &ll experiments performed, a
constant crown fuel bulk density of 5.5 kg“hwas used and moisture content of the live
chamise ranged from 28% to 37%. A series of 3@gd0.25 mm) type K (chromel-
alumel) thermocouples measured air temperatureeatop of the surface bed and within

the crown fuel matrices. Figure 5.1 shows tenntomouples were placed on the surface
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of the fuel bed at 0.15 m apart. Two thermocouplese situated within each crown fuel
matrix to measure branch temperature and air teatyrer adjacent to the branch. A
Canon-FS200 digital video camera was used to reeaath experiment. The resulting

images were used to observe and document fire bhav

Figure 5.1: Fuel bed thermocouple setup used to d&mine surface fire rate of spreadR. A total of
10 thermocouples (15 cm apart).

A new addition to these set of experiments wasRasdicle Image Velocimetry
(PIV) system which was used to measure the floud fieithin and ahead of the

propagating fire front in the region between thefame fuel and the crown fuel matrix,

Figure 5.2.
+— 0.60m — FCSD=0.10m
leading edge
of fuel bed 0.30 m| Crown1 Crown 2
-+ —
PIV ROI 0.30 m
0.10 m 16 cm (W) x 12 cm (H)

Figure 5.2: Schematic of surface fuel bed with crowfuel system and appropriate dimensions. Also
shown is the PIV region of interest (ROI).
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The PIV theory is described in detail in Chafer The setup was similar as
described in Chapter 3. A compressed air line wiffressure of 517 kPa and flow rate
of 24.5 I/minute was connected to an aerosol gémecantaining the seed particles. For
these experiments, AD; particles (1-2um in diameter) with particle response times
ranging between 4 to 2s were chosen. These particles were selectechéir high
refractive index#£1.76) and high melting point2345 K) [61]. The seed particles within
the aerosol generator were mixed by the incomin@gail ejected out through the top of
the aerosol generator which was connected to apaahline that was attached to a long
length of steel tube (2.5 cm OD) placed along #terline within the surface fuel. The
seed particles were then injected horizontally itte fire through perforations located
along the length of the tube. Once the flow fielals seeded a double-pulsed Nd: YAG
laser, Figure 5.3a, (Big Sky Laser Technologies, tmodel CFR400), located 2.0 m from
the region of interest, generated a vertical Iaéeret with a wavelength of 532 nm and
energy of 388 mJ/pulse, thus illuminating the spadicles. A spherical lens (2000 mm
focal length) and cylindrical lens (15 mm focal dém) ensured that the thinnest section
of the laser sheet (waist) was situated at theeceoft the region of interest. Particle
images were captured by a high resolution (160®801pixel) POWERVIEW PLUS
2MP CCD camera, Figure 5.3b, (TSI Inc., model 6300bith a 50 mm /2.8 Nikkor
lens and a laser pulse delay and PIV camera expdsme of 600us and 800us
respectively. A 532 nm filter was attached to ttanera lens to reduce the flame

luminosity. The distance between the laser shegtcamera was 75.0 cm. The particle
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images were captured in a 12.0 cm (vertical) x Té&nQ(horizontal) omain at 2 Hz. Th
frame straddling technique was applied to meadueevelocity field (TSI Inc). Tw
sequential particles images with a time differeoc800us were used to find the veloci
field in each interrogation region of 128 x 128 gix usilg INSIGHT'™ 3.5 software

package (TSI Inc).

(b)

Figure 5.3 (a) Image showing location of Nd: YAG laser whictproduces the vertical laser sheet the
spans the length of the wind tunnel; (b) Imagehowing position of CCD camera used to capture P\
images to resolve the flow field within and surrouding a propagating fire front.

From the analysis performed on the data gatheredas$ determined th:
horizontal separation distance between crown nes affected the average surface
rate of spread. The overall average rate of sgR for the cases investigated were 2
cm/s, 1.06 cm/s, and 2.06 cifor crown separation distances of 0.1 m, 0.2 m@®B8dn
respectively. Analysis of the recordimages for a crown separation distance of 0.

showed that as the fire front approached and idratewn 2, after igniting crown 1, tt
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surface fire and crown 1 fire front were one merfiedwith flame lengths exceeding 1.1
m. This resulted in a greater quantity of radet@nergy impinging on crown 2 than for
the crown separation distances of 0.2 m and 0.&mmth both showed that at the instant
crown 2 ignited, the surface fire and crown 1 fivere two separate fires with flame
lengths not exceeding 0.6 m. From these same snadkame tilt analysis showed that
as the fire front propagated towards crown 1 thexagye flame tilt angle ranged from°26

to 28. Once the fire front arrived at the location odwn 1 the average flame tilt angle
decreased between®land 18.

Using the Particle Image Velocimetry system allowreal flow field at the surface
of the surface fuel, between crown 1 and crowroyd resolved. Through the analysis
of the PIV images for the time when the fire fravds at the upstream boundary of the
region of interest, it was calculated that the agerhorizontal component of velocity
(velocity of ambient air entrained into the fir@ifit) was 0.28 m/s. When the fire front
was within the boundaries of the region of interegth the fire enveloping the entire
domain, the average vertical component of veloaias 1.18 m/s (velocity of the hot
gaseous products of combustion).

The experiment of Summer 2010 resulted in furthgrrovements to the overall
system. The fuel bed system consisting of the &g.6apacity load cells (model LC302-
25) that were placed at the four corners of théaserfuel bed to measure mass loss rate
did not function well. Measurements attained tiglowse of this system were deemed
not useful as it was difficult to distinguish betmedata points due to actual mass loss

and data points due to vibration of the surfacélfed as a result of the incoming 1.1 m/s
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wind. The fuel bed was redesigned to be situatep @ 0.4 m x 0.3 m precision balance
(Sartorius model CPA34001S) with a range of 34 kg eeadability of 0.1 g to record
surface fuel mass loss rate. Further additiorthéameasurement system were made by
adding the capability to measure heat flux. To suea heat flux from the fire front to
adjacent crown fuel matrices, a heat flux sensak@dflux model RCO01) is position 0.3
m downstream from crown 2. Sensor RCO1 has dimeasof 65 mm x 65 mm x 13
mm, response time of 1.5 s, maximum allowable Heatof 400 kW/nf, and is capable

of measuring radiation and convection heat flux. Mfeasure heat flux from the fire front
to unburned surface fuels, when possible, heat$knsor (Hukseflux model SBGO1) is
situated at the downstream edge of the surface fiéle position of both sensors is
shown in Figure 3.5. Through analysis of the P#tadt was determined that it would be
more useful to resolve the flow field directly bewn the crown fuel matrices instead of
resolving the flow field at the surface of the foed, as has been done in previous studies

[54, 55, 56].
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6  Results — Rate of Spread Analysis

The rate of spreadR, is investigated for various fuel configurationsdan
environmental conditions. Fuel configurations withcreasing complexity of
arrangement are investigated. They are (a) suffiaeleonly configuration, (b) single
crown at location crown 1 with surface fuel, (chgle crown at location crown 2 with
surface fuel, and (d) surface fuel and both crownfigurations with varying distance
between crowns. The horizontal distance betweewrts investigated is 0.1 m, 0.2 m
and 0.3 m. This distance will henceforth be reféro as the crown separation distance,
CSD, crown 1 is located upstream from crown 2. €ach fuel configuration the wind
speed is varied between the following wind condiio0.0 m/s (no wind), 1.1 m/s (low
wind), and 1.9 m/s (high wind). Temperature dateecorded at 10 Hz, as the fire front
propagated along the length of the surface fuel Hgsing a reference temperature, 500
K, and determining the time required by each oftdrethermocouples (TC) to reach the
reference temperature allows for the calculation tlé rate of spread at each
thermocouple location. The experiments for ead® @e repeated at least 3 times, and
the averag® reported is calculated from all the data in a gizase.

Temperature readings from devices such as thermptepwan be significantly
affected by radiations errors that occur as a tesithe thermocouple bead temperature
not be in equilibrium with its surroundings. Asetlthermocouple beads increase in
temperature, greater than the surrounding envirotnemperature, the temperature
difference causes the thermocouple beads to lassiméhe form of radiation loss, thus
the bead temperature decreases and the apparembtoeiple junction temperature is
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different from the true gas temperature [16, 25,13]. To compensate of the decrease
in temperature a radiation correction is appliedaliothe thermocouple data which is
collected. The radiation correction is based oflaBtyne et al. (1976) work where it
was determined that in a fluctuating temperatwekel fihe difference in mean temperature

between the surrounding gds,and the thermocouple junction is given by

ceT?

h+4csT? 6.1)

wheree is the wire emissivity and is the Stefan-Boltzmann constant. The convection
heat transfer coefficiert is determined using Whitaker's (1972) correlationexternal

flow over a sphere.
Nu=2+(04Re™ + 0.6RE* JPr (6.2)

The Nusselt number, Reynolds number and Prandtbeurre found via equations 6.3,

6.4 and 6.5.
Nu = hb, (6.3)
kg
u,D
Re= Pe~e"b (6.4)
Hq
c
Pr = piﬂg (6.5)

g
whereDy, is the thermocouple bead diametdy,is the local gas velocity in the vicinity of
the thermocouple beag@q, ug, Gy andky are the density, viscosity, heat capacity at
constant pressure and thermal conductivity of gapectively. The Reynolds number

and Prandtl number are used to determine Nusseitder via equation 6.2. Having
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determined Nusselts number, equation 6.3 is usedetermine the convection heat

transfer coefficienh that is used to determine the radiation corredtiom equation 6.1.

6.1 Surface Fuel only and Single Crown Configurations

Baseline Case: Surface Fuel Only Configuration

Table 6.1 shows the average rate of spread forfacgufuel only configuration
(configuration a) for the three wind cases of 0.3,mM.1 m/s and 1.9 m/s. The first
column refers to the location of the TC’s in redatito the leading edge of the fuel bed,
thus, TC2, where the fir® value is calculated, is located 60 cm from thelileg edge of
the fuel bed and each consecutive TC thereaft2d ism apart. From the data shown in
Table 6.1, it is possible to observe how wind affexurface fire rate of spread at each
thermocouple.R is 1.0 cm/s when the fire front reaches TC2 atr@/€ wind condition.
As the wind speed is increased to 1.1 rR/B)creases to 2.6 cm/s, and at a wind speed of
1.9 m/s,R is 13.7 cm/s. This same trend is observed at dastmocouple location,
where the minimuniR occurs during a no wind (0.0 m/s) condition, amel taximunmR

is during the high wind speed case of 1.9 m/s.
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Surface fuel only

Thermocouple R in cm/s for wind R in cm/s for wind R in cm/s for wind
Location (cm) speed = 0.0 m/s speed =1.1 m/s speed = 1.9 m/s
60 10 2.6 13.7
80 1.0 2.2 212
100 0.9 3.8 11.2
120 1.1 2.7 2.9
140 0.9 2.3 3:3
160 0.9 2.8 9:1
180 1.0 2.4 357
200 1.0 4.2 5.8
220 1.0 2.1 6.3

Table 6.1: Average rate of spread at each thermocple location for a surface fuel only configuration

for the three wind cases (0.0 m/s, 1.1 m/s, 1.9 /s

Figure 6.2 is a plot of the data presented in Téllewith standard deviation error
bars. It is evident that in the absence of wihé, average rate of spread remains fairly
constant as the fire front propagates along thelbie@ with a minimunR of 0.9 cm/s and
a maximumR of 1.1 cm/s, with a standard deviation of 0.1 cm/Ehis trend is also
observed for a wind speed case of 1.1 m/s wherenthenumR is 2.1 cm/s and the
maximumR is 4.2 cm/s with a standard deviation of 0.7 cn¥ghen the wind speed is
increased to 1.9 m/s, the rate of spread becomsteady with standard deviation,
minimum and maximuni values of 4.0 cm/s, 2.2 cm/s and 13.7 cm/s resedet The

term unsteady as used here refers to the largakflattuation inR over the course of

the evolution of the fire along the length of tikelfbed.

The increase irR can be attributed to how the wind affects the viestors
between the surface fire front and the unburnedaserfuel during the three wind
conditions. As the wind increases from 0.0 m/sli#® m/s the flame tilt angle will
increase affecting the view factors. The flamieatiigle is related to fire acceleration and

is affected by fire size and stage of growth and lba caused by wind, slope, or the
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interaction with other fires [37]. In this studyet flame tilt angle is measured from the
vertical and is extracted from the recorded vidatad During a wind condition of 0.0
m/s the average flame tilt angle as the fire figmopagates along the fuel bed iS. -1At
wind conditions of 1.1 m/s and 1.9 m/s the averfigme tilt angle is 23 and 45,
respectively.

Since at a 0.0 m/s wind condition the flame is agpnately vertical (90 from
the surface fuel), the view factors can be caledatsing Hamilton and Morgan’s 1952
view factor equation, equation 6.6, for two finrectangles, having one common edge,
and at an angle of 9@o each other.

1 1 1 1
F,o=—/Ltan = |+ Ntan?| = |-y/IN? + L )tan? — 6.6
S R B £ e R -

N2+ L2

1,10+ fe Nz){(L2(1+ L2+ NZ)}WZ{(Nz(lJF NZ. LZ)JHZ

4] 1+2+N2 [+ +N?)] [+ N2 N2+ L2
The view factors during the low and high wind cdimiis can be calculated using
Hamilton and Morgan’s 1952 view factor equationuagpn 6.7, for two rectangles

having a common edge and forming an arbitrary angleg utilizing the table of

numerical values calculated by Feingold (1966).
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(6.7)
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In equation 6.6 and 6. N = a/b andL = c/b, Figure 6.1, whera is the flame
height,c is the length of the fuel bed or section of sugfagel being investigated, abhds
the width of the flame, which in this study is #eme as the width of the fuel bed. When
® is equal to 99 equation 6.7 reduces to the simplified equatidgh @or angles other
than 90, equation 6.7 is used. Feingold (1966) tabulatddulated view factors between
rectangles having a common edge and forming areasfg®0, 45, 60, 9C°, 120, 135
and 150. In this study, the view factors during the wiaided cases were calculated

directly using equation 6.7. Figure 6.1 is useddtermineN andL.

Y

A2
Al =
b

P

/c

Figure 6.1: lllustration for view factors between rectangles having a common edge and forming an
arbitrary angle.

High view factors will result in larger quantitie$ radiation flux impinging onto
unburned surface fuel, leading to hiBhmeasurements, which are observed at a wind

condition of 1.1 m/s and 1.9 m/s.
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Figure 6.2: Average rate of spread at each thermoople location plot for a surface fuel only
configuration for the three wind speed cases of: J&0.0 m/s; (b) 1.1 m/s; (c) 1.9 m/s; with standard
deviation error bars.
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Figure 6.2 continued ...

Surface Fuel Only
(V=19m/s)

24.0 -
22.0 ]
20.0

AV=19m/s

,_.
6
=

16.0
o] A
,:— 12.0 A
10.0 1§
8.0
6.0 ] A

2.0 1 A
0.0 : T T T T T r r v 7
40 60 80 100 120 140 160 180 200 220 240

Distance Along Fuel Bed (cm)

(©)

ead (cm/s)

Rate of Sp

An analysis is performed to further investigate th&tability of R between the
three wind conditions. The time evolution of sudaflame depth as the fire front
propagates along the length of the surface fuelibexktracted from the recorded video
data. Figure 6.3 contains the plots for surfaaen@ depth over the experiment time for
all the experiments performed for a given wind dbod for configuration a (surface fuel
only). During a 0.0 m/s wind condition the flamepth ranges between 45.3 cm and 2.8
cm with an average flame depth of 18.5 cm. Figu8a shows that flame depth over the
experiment history does not vary significantly. eTsurface flame front has sufficient
time and space to reach a steady combusting ptiasd is quasi-steady as the fire front

propagates along the fuel bed.
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Time Evolution of Flame Depth
(surface fire only; wind = 0.0 m/s)
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Figure 6.3: Time evolution of surface flame depthdr fuel configuration a during a wind condition of:

(a) 0.0 m/s; (b) 1.1 m/s; (c) 1.9 m/s.
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Figure 6.3 continued ...
Time Evolution of Flame Depth
(surface fire only; wind = 1.9 m/s)
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Flame depth variation increases to a maximum amdnmim of 89.6 cm and 3.4
cm, respectively, when the wind speed is increasetll m/s, Figure 6.3b. The large
variation in flame depth results in a fairly undéaR. The largest flame depth variation is
observed during a wind condition of 1.9 m/s whéaene depth ranges between 128.2 cm
and 9.4 cm, Figure 6.3c. At a wind speed of 1.8 tiné surface fire front does not have
sufficient time and space to achieve a steady cstiriguphase. As a resutis unstable
as the fire front progresses along the fuel bedcofparison of average flame depth
during the three wind conditions shows that aveftagee depth is larger at a wind speed
of 1.9 m/s by a factor of 1.8 and 4.2 in comparisowind speeds of 1.1 m/s and 0.0 m/s,

respectively.
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Figure 6.4 shows the tabulated view factor valued eorresponding plot for
configuration a at a wind speed of 0.0 m/s. The fliont propagates from left to right in
the plot and as such the view factors are plottetthié same fashion. The left side of the
x-axis represents the leading edge of the fuel (a¢cpproximately x=3.5 m) and the
right side of the x-axis represents the downstredge of the fuel bed (at x=0.0 m). All
view factor values at a wind condition of 0.0 m/srev calculated by determining an
average flame length over the time of the experim@md using that average flame
length and equation 6.6 to compute the view facsrthe fire front propagated along the
fuel bed. Observation of Figure 6.4 shows thathasfire front propagates towards the
downstream edge of the fuel bed, the view factodsibit an exponential behavior
increasing considerably as the fire front approadhe downstream edge of the fuel bed.
The minimum view factor of 0.033 was calculate®#& m for the downstream edge of
the fuel bed and the maximum view factor of 0.39%swalculated at 0.1 m from the

downstream edge of the fuel bed.
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Figure 6.4: Tabulated view factor values and corrggonding plot for a surface fuel only configuration
at a wind condition of 0.0 m/s. Left side of plot epresents leading edge of fuel bed while right sid#
plot represents the downstream edge of the fuel bed

Surface Fuel and Crown 1 Configuration

Table 6.2 shows average rates of spr&fbr a surface fuel with crown 1
configuration, referred to as configuration b. Bamto configuration aR is a minimum
for the no wind condition while the maximuroccurs at the high wind speed case of 1.9
m/s for configuration b. Figure 6.5a is a plotlé data in Table 6.2. It shows that for a
no wind condition, as the fire front propagatesglthe fuel bedR remains quasi-steady
with a standard deviation of 0.2 cm/s. When thedagpeed is increased to 1.1 m/s and
to 1.9 m/s, the rate of spread becomes increasisgady with standard deviations of 1.1

cm/s and 12.0 cm/s, respectively.
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Crown 1 only

Thermocouple R in em/s for wind R in em/s for wind R in em/s for wind
Location (cm) speed = 0.0 m/s speed = 1.1 m/s speed = 1.9 m/s

60 1.2 3.3 10.5

80 1.1 1.6 2.6

100 1.5 4.1 11.5

120 1.3 1.4 4.2

140 1.1 2.0 33

160 1.8 4.1 40.7

180 1.7 3:3 4.5

200 1.5 21 10.8

220 1.1 1.8 4.1

Table 6.2: Average rate of spread at each thermocele location for a surface fuel and crown 1
configuration for the three wind cases (0.0 m/s, 1.m/s, 1.9 m/s).

A similar analysis is performed on the surface foelss loss ratep at each
thermocouple location, Figure 6.5b, and a comparan be made to tHe plot, Figure
6.5a. As the fire front propagates along the hexlm is quasi-steady with a minimum
of 2.7 g/s and a maximum of 5.6 g/s with a standi@ndation of 1.0 g/s. At a wind speed
of 1.1 m/s the minimum and maximum valuesiofire 5.1 g/s and 9.4 g/s, respectively,
with a standard deviation of 1.4 g/s, which isl gflasi-steady. The surface fuel mass
loss rate along the fuel bed becomes unsteady miithmum and maximum values of
10.3 g/s and 20.4 g/s, respectively, and a standevdhtion of 3.4 g/s when the wind

speed is increased to 1.9 m/s.
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Crown 1 only
(all wind cases)
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Figure 6.5: Surface fuel and crown 1 configuratiorplots for the three wind speed cases of 0.0 m/s11.
m/s and 1.9 m/s of: (a) Average rate of spreaR at each thermocouple locationR plots containing
standard deviation error bars located in Appendix B (b) Average surface fuel mass loss rate at each
thermocouple location.
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At a wind speed of 1.1 m/s, Figure 6.5a and b stiaw as the fire front reaches
the upstream edge of crown 1, which is 109 cm fthenleading edge of the fuel bed,
both R andm increase from TC3 to TC4. Through the crown Iaegarea in Figure 6.5
plots shown between the dashed lin@sincreases from 1.4 cm/s to 4.1 cm/s aind
increases from 6.8 g/s to 8.3 g/s. A similar tredbserved for the no wind condition
for bothR andm. Figure 6.6 can be used to explain the increaBeaindm.

Data from Figure 6.6 represent the total heat {lkW/m?) from the fire front
impinging on the surface fuel at the downstreaneeafghe fuel bed (data from heat flux
sensor SBGO01). This plot shows the curves fothalexperiments (experiments 76, 77
and 80) for a surface fuel and crown 1 configurai a wind speed of 1.1 m/s plotted
together. Heat flux data for experiments 76 andh&ae been time shifted so that all the
curves begin at the instant of crown 1 ignitiorekperiment 77.

Figure 6.6 shows that as crown 1 ignites, the togat flux impinging onto the
surface fuel at the downstream edge of the suffasencreases to an average maximum
heat flux of 2.79 kW/rh This increase in heat flux preheats the unbufoetahead of
the propagating fire front resulting in an increa$&® andm from TC5 to TC7 as shown
in Figure 6.5a and b, and previously mentionedjndua no wind and 1.1 m/s wind
condition within the crown 1 boundaries. As theven 1 fire begins to extinguish, the
total heat flux begins to decrease to an averagémmim plateau value of 0.70 kW#m
The decrease in total heat flux results in a deeréa bothR andm, from TC7 to TC10,
for both of the low wind conditions (0.0 m/s and in/s). During the no wind condition,

R decreases from 1.7 cm/s to 1.1 cm/s sindecrease from 5.6 g/s to 3.7 g/s. At a wind
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speed of 1.1 m/R} decreases from 3.3 cm/s to 1.8 cm/s andecrease from 9.4 g/s to

5.1 gls.

Crown 1 only @ 30 cm CSD

(V= 1.1 ms, all three experiments)
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Figure 6.6: Plot of total heat flux impinging ontothe surface fuel at the downstream edge of the fuel
bed for a surface fuel and crown 1 configuration aia wind speed of 1.1 m/s. Note: curves for x76
(experiment 76) and x80 have been time shift to adtart at the instant crown 1 ignites in x77.

After crown 1 extinguishes, the total heat flux ueels to a condition similar to
what would have been present if no crown 1 fuelrixdtad ignited and instead only a
surface fire front under a 1.1 m/s wind speed egisFigure 6.7. The total heat flux
impinging on the fuel at the downstream edge offtled bed will increase as the fire
front approaches with an average maximum total fieatof 2.0 kw/nf. When the fire
front reaches the edge of the fuel bed and begi®mnpletely exhaust the surface fuel

supply, the total heat flux will then decrease lutite fire is extinguished. At a wind
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speed of 1.1 m/s and a surface fuel only configomathe maximum total heat flux that

impinges on the fuel at the downstream edge ofutkbed is 2.9 kW/f Figure 6.7.
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Figure 6.7: Plot of total heat flux impinging ontothe surface fuel at the downstream edge of the fuel
bed for a surface fuel only configuration at a windspeed of 1.1 m/s. Note: curves for x35 (experinmen
35), x36, and x37 have been time shift.

Figure 6.8 shows that as wind speed is increased%an/s from 1.1 m/s, the
average maximum total heat flux after crown 1 igmitncreases to 7.05 kWfrfrom the
2.79 kW/nf in the 1.1 m/s wind speed case. Similarly atredvepeed of 1.9 m/s, as the
crown 1 fire exhausts the crown fuel supply, thrltbeat flux begins to decrease to an
average minimum plateau value, as was evidentanlth m/s wind speed case for the
same fuel configuration. At this plateau the ager minimum total heat flux is 2.11

kW/m?. After crown 1 extinguishes the surface fire froontinues to propagate along
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the fuel bed as it would have done otherwise ifgheas no crown 1 ignition, but instead
a surface fuel only configuration with a 1.9 m/sidii As the surface fire front continues
propagating, after crown 1 fire extinction, the i@ge maximum total heat flux impinged

onto the unburned surface fuel ahead of the fostfis 4.01 KW/

Crown 1 only @, 30 cm CSD

(V=19m5s)
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Figure 6.8: Plot of total heat flux impinging ontothe surface fuel at the downstream edge of the fuel
bed for a surface fuel and crown 1 configuration a&a wind speed of 1.9 m/s. Note: curves for x74
(experiment 74), x75, and x79 have been time shift.

Under the same wind condition, but with a surfagel fonly configuration, the
average maximum total heat flux impinging on thebunmed surface fuel at the
downstream edge of the surface fuel bed is 7.85M&\Figure 6.9. The same analysis is

performed for the three wind cases for a surfaeédnd crown 2 configuration.
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Surface fuel only
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Figure 6.9: Plot of total heat flux impinging ontothe surface fuel at the downstream edge of the fuel
bed for a surface fuel only configuration at a windspeed of 1.9 m/s. Note: curves for x66 (experinmen
66), x71, and x72 have been time shift.

As with the previous two fuel configurations, canfrations a and b, the
minimum and maximunR occurs at the no wind and 1.9 m/s conditions respey.
The standard deviation & for the three wind cases is determined from thea daTable
6.3. At wind speeds of 0.0 m/s, 1.1 m/s and 18 theR standard deviation is 0.1 cm/s,
1.0 cm/s and 4.1 cm/s, respectively. The standawiation ofrm is 0.3 g/s , 1.1g/s , and

1.3 g/s for wind speeds of 0.0 m/s, 1.1 m/s andvil®Orespectively.
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Crown 2 only

Thermocouple R in cm/s for wind R in cm/s for wind R in em/s for wind
Location (cm) speed = 0.0 m/s speed =1.1 m/s speed = 1.9 m/s

60 0.9 23 8.8

80 1.0 1.8 2.7

100 1.1 32 14.3

120 1.3 2.2 2.4

140 1.0 1.9 3.8

160 1.2 2.2 9.4

180 1.1 2.0 29

200 1.1 2.7 9.0

220 1.0 2.3 3.8

Table 6.3: Average rate of spread at each thermocele location for a surface fuel and crown 2
configuration for the three wind cases (0.0 m/s, 1.m/s, 1.9 m/s).

Figure 6.10a and b show plots Rfand m, respectively, at each thermocouple
location for the three wind cases for a surfacel faed crown 2 configuration,
configuration c. The upstream edge of crown 2 59 cm from the leading edge of the
surface fuel bed. BotR andm curves show that during a no wind condition, rate
spread and surface fuel mass loss are fairly stablering the no wind condition, the
95% confidence interval for the overall rate ofegat is 1.08 cm/s + 0.08 cm/s, and the
correspondingn 95% confidence interval is 3.11 g/s + 0.24 g/ss tAe wind speed is
increased to 1.1 m/s bokhandm, again, remain stable with 95% confidence intes il
2.51 cm/s = 0.31 cm/s and 5.96 g/s + 0.38 g/s mts@ey. The stability can also be
observed in Figure 6.11 where the total heat fluxtifie repeated experiments is plotted
over the experiment time. The curves of Figurel6show that as the fire front
approaches crown 2, the total heat flux impinging the unburned fuel at the

downstream edge of the fuel bed is stable.
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Crown 2 only
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Figure 6.10: Surface fuel and crown 2 configuratiorplots for the three wind speed cases of 0.0 m/s,
1.1 m/s and 1.9 m/s of: (a) Average rate of spread each thermocouple locationR plots containing
standard deviation error bars located in Appendix B (b) Average surface fuel mass loss rate at each
thermocouple location.
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As crown 2 ignites the total heat flux productimntinues to be stable resulting
in smooth total heat flux curves for all repeatgdeximents with surface fuel and crown
2 configuration that are exposed to a 1.1 m/s wifilde average maximum total heat flux
impinged unto the unburned surface fuel at the ddneam edge of the fuel bed during

crown 2 combustion is 10.5 kW#m
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Figure 6.11: Plot of total heat flux impinging ontothe surface fuel at the downstream edge of the fue
bed for a surface fuel and crown 2 configuration ata wind speed of 1.1 m/s. Note: curves for x69
(experiment 69) and x70 have been time shift.

Since the location of crown 2 is at the downstrealge of the surface fuel bed, as
the surface fire front extinguishes so does thevora fire, thus the curves of Figure 6.11

do not show a second total heat flux peak as wasdhke in configuration b.
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Figure 6.12: Plot of total heat flux impinging ontothe surface fuel at the downstream edge of the fue
bed for a surface fuel and crown 2 configuration aia wind speed of 1.9 m/s. Note: curves for x62
(experiment 62), x63 and x64 have been time shift.

Figure 6.10a and b show that when wind speed reased to 1.9 m/s bokand
m along the fuel bed become very unstable. Thelmlgly is also observed in the total
heat flux data for all repeated experiments in ttase, Figure 6.12. During this wind
condition the 95% confidence interval fRRrandm is 6.35 cm/s + 0.69 cm/s and 11.14 g/s

+ 1.06 g/s, respectively.
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6.2 Multiple Crown Fuel Configurations

The next analysis performed is conducted in thigsp First, the wind speed is
kept constant while the distance between crown riugrices is varied between 10 cm,
20 cm and 30 cm. This procedure is performed fimta of three wind speeds, 0.0 m/s,
1.1 m/s and 1.9 m/s. Fire front rate of spread @og/n matrix ignition is investigated
through use of the thermocouples to calculate cdtspread, and a heat flux sensor
capable of recording total heat flux and convectieat flux. Heat flux sensor RCO1 is
placed vertically facing the upstream side of thedamunnel at a location where an
imaginary third crown fuel matrix at the downstreaitie of the wind tunnel would exist,
which is approximately 289 cm from the leading edf¢he fuel bed or 30 cm from the
downstream face of crown 2. RCO1 sensor will @lketal heat flux and convection
heat flux to investigate heat transfer phenomena woould-be third crown fuel matrix
located at the downstream side of the fuel conéiion, henceforth referred to as crown
3.

Crown Separation Distance of 10 cm with No Wind

V =0.0 m/s, Crown 1 and Crown 2 at 10 cm CSD
TC # | Location (cm) R (cm/s) i (g/s)
2 60 0.9 3.2
3 80 0.9 2.9
4 100 .1 3.2
5 120 1.0 3.3
6 140 1.0 33
7 160 1.1 3.4
8 180 1.4 42
9 200 1.7 4.8
10 220 1.3 4.7

Table 6.4: Average rate of spread and average suida fuel mass loss rate data at each thermocouple
location for a crown separation distance of 10 cmuting a no wind condition.
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Table 6.4 shows the average rate of spiRa@d average surface fuel mass loss
rate m at each thermocouple location along the fuel b&thermocouple 2, TC2, is
located at 60 cm from the leading edge of the lheel and each consecutive TC is 20 cm
apart. Recorded data stops at TC10, which is édca0 cm from the leading edge of
the fuel bed. Data from Table 6.4 is plotted anove in Figure 6.13. First the analysis
at a CSD of 10 cm and a no wind condition is pened. Data foR is shown in Figure
6.13 as square markers whte is shown as diamonds, and the edges of crown 1 are
indicated as dotted lines and the lead edge of mraws indicated by a dashed line.
Figure 6.14 shows images taken during experimertapduring the combustion process
from ignition of crown 1 to ignition of crown 2. sAthe fire front approaches the leading
edge of crown 1R begins to decrease from 1.1 cm/s, at TC4, to h@,cat TC6. The
decrease iR is due to the heat from the fire front being reedited to preheat crown 1
fuel matrix and the change in view factor due te éxistence of crown 1 (e.i. crown 1
obstructing the heat flux from impinging onto thaburned surface fuel), as a result less
heat is available to preheat the unburned surfaekahead of the fire front. As the fire
front approaches crown 1, approximately 2.1 m ftbemdownstream edge of the surface
fuel, the view factor growth rate diminishes, growgiat a slower rate when compared to
the view factor growth rate in the region beforeven 1, Figure 6.15. Figure 6.16 shows
the total heat flux plot and the corresponding terafure at the crown fuel matrices plot
for experiments 23 (Figure 6.16a and b) and 24uffei®.16c and d) respectively. Figure

6.16¢ and d are shown to demonstrate experimeaatability.
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As crown 1 ignites in experiment 23 the air tempee preheating crown 1
reaching a maximum of 1,180 K. The warm air préhdghe chamise branch to
approximately 380 K before igniting and proceediagnter the flaming phase reaching
a maximum temperature of 1,126 K, Figure 6.16be pteheating of the chamise branch
to approximately 380 K before combustion, Figure66, is observed in all plots for this
fuel configuration for a no wind condition. Dugirthe combustion of crown 1, the
combined heat flux from the surface and crown & fronts assist in preheating the
unburned surface fuel. The combustion of crowraudses an influx of oxygen to the fire
front accelerating the combustion process, whicleviglent by the increase in flame
lengths, Figure 6.14b, and an increase in heatdluput, Figure 6.16a. During crown 1
combustion, maximum flame length observed surpagsgdn and maximum total heat
flux and convection flux were 1.98 kW#nand 0.18 kW/rhrespectively. As a result of
the increase in heat fluR increases from 1.0 cm/s, TC6 at 1.4 m, to 1.7 ci@®9 at
200 cm. The same trend is observedrioirom TC6 to TC9 where increases from 3.3
g/s to 4.8 g/s, respectively. The increase in ddemgths results in a significant increase
in view factor growth rate from the instant crownghites (1.3 m from the downstream
edge of the fuel bed) until the fire front reaclles downstream edge of the fuel bed,
Figure 6.15. At the upstream edge of crown 1vber factor is 0.069. The view factor
increases exponentially reaching a maximum valu@.®75 as the fire front propagates
towards the downstream edge of the surface fuel bed

As the fire front approaches crown 2, the heat fhupbstructed from impinging

on the unburned surface fuel ahead of the firetfemid heat is reallocated to preheat and
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ignite crown 2, Figure 6.14c. During crown 2 pratireg and ignitionR decreases from
1.7 cm/s to 1.3 cm/s and decreases from 4.8 g/s to 4.7 g/s. The hot gaspamducts
of combustion reach a maximum temperature of 18%& crown 2 is consumed. The
hot combustion gases preheat the chamise branchdrown 2 to approximately 380 K
before it ignites and reaches a maximum temperaitife114 K as crown 2 burns. A
maximum total and convection heat flux of 7.16 k\W/amd 0.67 kW/rh respectively,

are impinged onto crown 3 at the downstream eddleeofuel bed.

V=0m/s
20 (Crown 1| and Crown 2 (@ 10 cm CSD) 500
. M Rate of spread : : I -

1.8 1 *®Mass loss rate : : + * ] g’
' . - 4.60 =
P : : i ' =
o 1 . ] I (]
E 1.6 4 Cllead edge . . L ©®
5 1129 cm - 189 cm) - o | F 420
= e | : m: | [ e
g 147 ; s . 2
g : D L 3.80 B
2 : : I m |7 @
o 127 : - : =
S : s | ' 2
v u - . | - 3.40 &
= 1.0 i, : - =
= s m ¢ : s j &
[ | . = I' I [ o
i : [] B 3.00 —
0.8 1 ® . t | c2lead edge} i)
. : : [ <

0.6 A r————— 2,60

40 60 80 100 120 140 160 180 200 220 240
Distance Along Fuel Bed (cm)

Figure 6.13: Average rate of spread and surface &l mass loss rate at each thermocouple location
plot for a crown separation distance of 10 cm durig a no wind condition. Left axis represents values
for rate of spread and right axis represents value$or surface fuel mass loss rateR plot containing
standard deviation error bars located in Appendix B
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Figure 6.14 Images from experiment 23 at (a) t = 282 s at timof crown 1 ignition; (b) t = 330 ¢
during crown 1 combustion; (c) t = 340 s at time ofrown 2 ignition.
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For the four experiments performed at a crown sepmar distance of 10 cm
during a no wind condition, the average maximunaltbieat flux and convection heat
flux is 8.88 kW/nf and 0.89 kW/rh respectively. The confidence values for the
maximum total heat flux and convection flux is #3.kwW/nf and + 0.18 kW/rf
respectively. The confidence interval for the @deR andm is 1.16 cm/s £ 0.18 cm/s

and 3.66 g/s £ 0.98 g/s, respectively.
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Figure 6.15: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 10 cm at a wind conditio of 0.0 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.
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Figure 6.16: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 10 cm for a no wind condition of: (a)dtal heat flux and convection heat flux produced
during experiment 23; (b) branch and air temperature history during experiment 23; (c) total heat
flux and convection heat flux produced during expement 24; (b) branch and air temperature
history during experiment 24;
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Crown Separation Distance of 20 cm with No Wind
Table 6.5 shows average rate of spread and aveuafgee fuel mass loss rate for

the experimental case of a crown separation diseaat20 cm and no wind condition.

V =0.0 m/s, Crown 1 and Crown 2 at 20 cm CSD
TC # | Location (cm) R (cm/s) m (g/s)
2 60 1.1 2.3
3 80 1.0 2.6
4 100 1.0 3.0
5 120 1.0 3.1
6 140 1.0 3.0
7 160 1.4 4.0
3 180 1.4 5.2
9 200 1.6 4.7
10 220 1.1 3.8

Table 6.5: Average rate of spread and average surda fuel mass loss rate data at each thermocouple
location for a crown separation distance of 20 cmuting a no wind condition.

R andm are plotted at each thermocouple location to dater how the crown
separation distance of 20 cm affected the oveaddl of spread, Figure 6.17. As the fire
front propagates along the initial section of theface fuel bed, before the crown 1
section,R remains steady with values ranging between 1.5 amd 1.0 cm/s.

During the time before the fire front reaches cralym increases from 2.3 g/s to
3.1 g/s. When the fire front reaches crown 1, F@gb.18a, heat from the fire front is
reallocated to preheat the crown 1 fuel matrix,levkiie crown fuel matrix also impedes
heat flux from impinging on the unburned surfacel furhe overall effect is th& andm
remain steady between TC5 and TC6, only varying loyagnitude of 0.1 as crown 1 is
desiccated and reaches ignition temperature. Astiacase for a CSD of 10 cm, as the

fire front approaches crown 1, 2.0 m from the dawe@n edge of the surface fuel, the
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view factor growth rate attenuates, increasing siower rate in comparison to the view
factor growth rate in the region before crown ufe 6.19. The combustion of crown 1
causes an influx of oxygen to the fire front inmieg the combustion rate, thus
increasing flame length and heat flux productiéiigure 6.20 shows that crown 1 begins
vigorous combustion at approximately 250 s. Tloavertemperature history plot, Figure
6.20b, shows that as crown 1 is being consumeadithiemperature reaches a maximum
of 1,083 K. The gaseous products of combustiohgatthe chamise branch in crown 1
to approximately 380 K, before the branch elemegtste and combust reaching a

maximum temperature of 1,020 K.
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Figure 6.17: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 20 cm durig a no wind condition. Left axis represents values
for rate of spread and right axis represents value$or surface fuel mass loss rateR plot containing
standard deviation error bars located in Appendix B
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As crown 1 air and branch temperature reach theak values, Figure 6.18b, the
total heat flux and convection flux also reach aimam of 1.39 kW/m and 0.14 kW/rh
respectively, Figure 6.20a. While crown 1 is beaugmsumed, the increased heat flux
produced by the fire front, with flame lengths eedi®g 1.8 m in length, impinges onto
and preheats the unburned surface fuel, resulirzgn iincrease iR andm. From TC6 to
TC9, R increases from 1.0 cm/s to 1.6 cm/s respectivetyma increase from 3.0 g/s to
5.2 g/s from TC6 to TC8 respectively. The incregs#iame lengths again results in a
considerable increase in view factor growth ratenfthe moment crown 1 ignites (1.4 m
from the downstream edge of the fuel bed) until fire front reaches the downstream
edge of the fuel bed, Figure 6.19.

As the fire front approaches and reaches crowR &)dm begin to decrease as a
result of the decreasing amount of heat flux impiggonto the surface fuel due to the
presence of crown 2.R decreases from 1.6 cm/s (TC9) to 1.0 cm/s (TC1@) &
decreases from 5.2 g/s (TC8) to 3.8 g/s (TC10)e HAdit products of combustion from the
fire front, 983 K, preheat the chamise branch toraximately 380 K, at which point the
branch elements have been desiccated sufficiemtlgach ignition temperature and enter
the flaming phase, Figure 6.18c.

Figure 6.20 shows that crown 2 begins to vigorowsignbust at approximately
318 s, shown by the sharp increase in branch teanper and total heat flux to a
maximum value of 1,270 K and 7.46 kWfmespectively. Convection heat flux reaches
a peak value of 0.78 kW/m For the case of a crown separation distanc@ a2 and a

0.0 m/s wind condition, the confidence interval floe overall average rate of spread and
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average surface fuel mi loss rate is 1.81 cm/s @09 cm/s and 3.51 g+ 0.43 g/s,
respectively. The confidence interval for the mmaxin total heat flux is 8.23 kW72 +

0.95 kW/nf and 0.83 kW/r? + 0.1 kW/nf for the maximum convection heat flu

Crown 2

Figure 6.18 Images from experiment 21 at (a) t = 236 s at timof crown 1 ignition; (b) t = 285 ¢
during crown 1 combustion; (c) t = 296 s at time ofrown 2 ignition.
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Crown 1and 2 @ 20 cm CSD
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Figure 6.19: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 20 cm at a wind conditio of 0.0 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.
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Crown 1 and 2 @ 20cm CSD
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Figure 6.20: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 20 cm for a no wind condition of: (a)dtal heat flux and convection heat flux produced
during experiment 21; (b) branch and air temperature history during experiment 21.
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Crown Separation Distance of 30 cm with No Wind

The next analyzes is performed by increasing tlséadce between crown fuel
matrices to 30 cm while keeping the wind speed teonisat 0.0 m/s. Table 6.6 contains
data for the average rate of spreRdand average surface fuel mass loss rategt each
thermocouple location along the fuel bed. Figul&howsR andm plotted together to

visualize howR andm change as the fire front propagates along theserfuel bed.

V =0.0 m/s, Crown 1 and Crown 2 at 30 cm CSD
TC # | Location (cm) R (cm/s) m (g/s)

2 60 1.1 2.7
3 80 1.0 27

100 1.1 2.8
5 120 1.0 2.7
6 140 1.0 3.5
7 160 1.7 4.5
8 180 1.8 5.0
9 200 1.8 5.9
10 220 1.0 4.3

Table 6.6: Average rate of spread and average surda fuel mass loss rate data at each thermocouple
location for a crown separation distance of 30 cmuting a no wind condition.

All the experiments performed have similar trendsd aresults, thus one
experiment was chosen to represent the analystlisrdiscussion, experiment 17. The
rate of spread is plotted on the left axis while slurface fuel mass loss rate is plotted on
the right axis. As the fire front propagates alding surface fueR andm remain steady
from TC2 to TC4, section before crown 1 matrix,yowhrying by a magnitude of 0.1. As
the fire front arrives at the location of crownFigure 6.22a, heat from the fire front is
reallocated to preheat crown 1 fuel elemen&decreases from TC4 to TC5 from 1.1

cm/s to 1.0 cm/s andh decreases from 2.8 g/s to 2.7 g/s as a resuhieofdduction of
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heat flux impingement onto the unburned surfacé fues the fire front nears crown 1,
2.2 m from the downstream edge of the surface thelyview factor growth rate abates,
increasing at a slower rate in relation to the viaator growth rate in the region before

crown 1, Figure 6.23.
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Figure 6.21: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 30 cm durig a no wind condition. Left axis represents values
for rate of spread and right axis represents value$or surface fuel mass loss rateR plot containing
standard deviation error bars located in Appendix B

The gaseous products of combustion, with a maxinemmperature of 1,107 K,
from the fire front desiccate the chamise fuel matraising the temperature of the
chamise branch elements to approximately 380 K.orUigniting, the chamise branch

elements increase to a maximum temperature of 93Fi¢lure 6.24b. The vigorous
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combustion of crown 1, Figure 6.22b, results inramease oR andm between TC5 and
TC7 (TCs beneath crown 1 section)R and m increase to 1.7 cm/s and 4.5 g/s
respectively. At the peak of crown 1 combustion,278 s, the maximum total heat flux
and convection flux is 1.50 kW/mand 0.14 kW/rh respectively, Figure 6.24. The
increased flame lengths after crown 1 ignition lssin a substantial increase in view
factor growth rate from the time crown 1 ignitess(in from the downstream edge of the
fuel bed) until the fire front reaches the downaitneedge of the fuel bed.

The fire front then continues to propagate towamsvn 2 along the surface fuel
and crown fuel.R andm continue to increase in the section between tloectwwn fuels
to 1.8 cm/s and 5.9 g/s respectively. The increasR andm is due to the larger
unobstructed open area between the two crown fatices. This allows radiation to
impinge on the unburned surface fuel ahead of itleefriont for a longer period of time
than was possible at CSD cases of 10 cm and 20 cm.

The crown 2 fuel matrix obstructs radiation fluxorfr impinging onto the
unburned surface fuel ahead of the fire front wiienfire front reaches crown 2, Figure
6.22c, resulting in a decreaseRrrom 1.8 cm/s (TC9) to 1.0 cm/s (TC10) and a dasee
in m from 5.9 g/s (TC9) to 4.3 g/s (TC10), respectivelihe hot gaseous products of
combustion, with maximum temperature of 1215 Kntpeoceed to preheat the chamise
branch elements to approximately 380 K. After Bntethe flaming phase, branch

temperature increases to a maximum of 1105K.
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Figure 6.22 Images from experiment 17 at (a) t = 230 s at timof crown 1 ignition; (b) t = 265 ¢
during crown 1 combustion; (c) t = 297 s ¢time of crown 2 ignition.
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Crown 1and 2 @ 30 cm CSD
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Figure 6.23: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 30 cm at a wind conditio of 0.0 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

Maximum total and convection heat flux impingemento crown 3 at the peak
of crown 2 combustion is 9.77 kW#nand 0.93 kW/mM respectively. The confidence
interval for maximum total and maximum convectiogahflux is 8.47 kW/rh+ 1.23
kW/m? and 0.80 kW/rhi+ 0.12 kW/nf, respectively. Confidence intervals for the ollera
R and the overalih are 1.27 cm/s £ 0.10 cm/s and 3.79 g/s + 0.40rggpectively.

To determine how the presence of crown two affaett flux impingement onto
crown 3 at the downstream side of the fuel confijan, an analysis is performed where
crown two is removed and the results from this gsialare compared to those with an

existing crown two fuel matrix configuration.
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Figure 6.24: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 30 cm for a no wind condition of: (a)dtal heat flux and convection heat flux produced
during experiment 17; (b) branch and air temperature history during experiment 17.
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Figure 6.25: Total heat flux and convection heat fix curves for a surface fuel and crown 1 only
configuration at a crown separation distance of 3@m for a no wind condition during experiment 12.

Figure 6.25 shows a representation of the total aodvection heat flux
impinging on a third crown fuel matrix, as previbudescribed. The average maximum
total heat flux impinging onto crown 3 fuel matriduring combustion of crown one,
where crown one is located at a distance of 30rom fvhere crown two would normally
be situated, is 4.69 kW/m In comparison, when crown two is present and GSBO
cm, the average maximum total heat flux is 1.28 kiV/ The presence of crown two
obstructs radiation and convection from impingingtoo crown 3 fuel matrix, thus
average maximum total heat flux impingement is ceduby a factor of 3.6. Lower

amounts of heat flux impingement results in a stokamongst crown fuel matrices.
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Crown Separation Distance of 10 cm with a 1.1 m/s \Wd

The next analysis is performed to investigate hbe tombination of crown
separation distance and wind affects the overalt transfer process to unburned surface
fuel and unburned crown fuel. The crown separatiigtances studied are 10 cm, 20 cm
and 30 cm at a constant wind speed of 1.1 m/s.rmdwouples located 2.5 cm above the
surface fuel are utilized to calculate surface firent rate of spread, while two
thermocouples per crown are used to investigatercroiel ignition as a result of heat
transfer from a propagating surface fire and frarming adjacent crown fuel matrices.

Table 6.7 contains the data for average rate adasprand average surface fuel
mass loss rate for the case of a CSD of 10 cm acohatant wind speed of 1.1 m/s.
Unlike R at a no wind speed conditioR at 1.1 m/s is less stable with a standard
deviation of 1.41 cm/s between TC’s, which is gee#lhan the standard deviation for the
same fuel configuration at a no wind speed conditip a factor of 5.2. Observations of
R andm curves in Figure 6.26a, suggest that under camdgitof CSD 10 cm and 1.1 m/s
wind speedR andm respond differently when compared to one anothestaggered
effect. Between TC2 and TG3decreases from 3.1 cm/s to 1.8 cm/s whiléncreases
from 6.0 g/s to 6.4 g/s. From TC3 to TQRlncreases to 3.1 cm/s white decreases to
5.6 g/s. Continued examination of Figure 6.26awshothe staggered patternR is
reacting to the changing fuel configuration soa@nm. Figure 6.26b showR andm
with m shifted backwards by one thermocouple locatiobétter represent the staggered

pattern betweeR andm from TC2 to TC7.
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V=1.1 m/s, Crown 1 and Crown 2 at 10 cm CSD
TC # | Location (cm) R (cm/s) m (g/s)
2 60 3.1 6.0
3 80 1.8 6.4
4 100 3.1 5.6
5 120 2.0 6.3
6 140 18 5.9
7 160 6.2 5.2
8 180 21 6.3
9 200 2.9 7.7
10 220 1.7 5.6

Table 6.7: Average rate of spread and average surda fuel mass loss rate data at each thermocouple
location for a crown separation distance of 10 cmuting a 1.1 m/s wind condition.

As the fire front propagates along the fuel bed @pproaches crown 1, from TC4
to TC5R decreases, Figure 6.27a (experiment 60 which septse fire behavior for the
current case under discussion). Heat flux is oealied to preheat the crown 1 chamise
fuel and heat flux impinging onto the unburned acefis hampered by the presence of
crown 1 fuel matrix.

As the fire front approaches crown 1 the view faatareases from 0.097 (2.64 m
from the downstream edge of the fuel bed) to 02652 m from the downstream edge of
the fuel bed). Crown 1 then begins to obstructatazh impingement onto the unburned
surface fuel resulting in a lower view factor o183 at 1.42 m from the downstream edge
of the fuel bed, Figure 6.28. The hot gaseous ymtsdof combustion, ~ 905K, preheat
the chamise branch element to approximately 3800fce branch elements have been
sufficiently desiccated, ignition occurs achievegnaximum temperature of 857 K. As
was established in the previous study at a no wmdition, once crown 1 igniteR

begins to increase, in this case from 1.8 cm/s [T€6.2 cm/s (TC7).
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Figure 6.26: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 10 cm durig a 1.1 m/s wind condition. Left axis represents
values for rate of spread and right axis representsalues for surface fuel mass loss rate: (a) raw t&
(b) average surface fuel mass loss rate shifted barards; R plot containing standard deviation error
bars located in Appendix B;
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During the peak combustion of crown 1, Figure 6,20e fire front impinges a
maximum total heat flux and convection flux of 2.3&%/m® and 0.34 kWi
respectively, onto crown 3 location at the lead®age of the surface fuel bed, shown as
the first peak in Figure 6.29a. From the time amolvignites, and the flame lengths
increase, to when the fire front reaches the dawast edge of the fuel bed, the view
factors increase exponentially reaching a maximafuesof 0.596, Figure 6.28.

As the fire front continues propagating and arriaésrown 2, Figure 6.27®
decreases from 6.2 cm/s (TC7) to 2.1 cm/s (TC&)e decrease iR is a result of the
diminished amount of heat flux impinging on the umied surface fuel due to the
presence of crown 2, and the reallocation of heatréheat crown 2 fuel matrix. The hot
gaseous products of combustion, which reach a maxritemperature of 1031 K, Figure
6.29b, preheat the crown 2 branch element to appairly 380 K. Upon reaching the
appropriate temperature, the branch elements ignieachieve a maximum temperature
of 1079 K. During combustion, the surface firentrand the crown fire front both
impinge radiation and convection heat flux onto theburned surface fuel, thus
increasingR to 2.9 cm/s (TC9). A maximum total heat flux d3.28 kW/nf and a
maximum convection flux of 1.73 kW/nis shown to impinge onto crown 3 fuel matrix.
As the surface and crown fire fronts exhaust thewvaor and surface fuel supply, the

flames begin to extinguish amidecreases to 1.7 cm/s (TC10).
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Crown 2

Figure 6.27 Images from experiment 60 at (a) t = 120 s at tinof crown 1 ignition; (b) t = 155 ¢
during crown 1 combustion; (c) t = 162 s at time ofrown 2 ignition.

103



UL AL v D Crown 1 and 2 @ 10 cm CSD
= 1.1 m/§ ~ ~ -

5 (flame front to surface fuel beneath crown 2; V = 1.1 m/s)

Distance from fuel bed F

downstream edge (m) 12 I I | I 0.8
2.64 0.097 | ¢F ! ;! crown2
2.58 0.097 i 12 : cowy 1, resion [ 0.7
2.35 0.104 I i wepien | :<___>
2.26 0.102 | M I
2.14 0.107 1 1 Iy L 0.6
1.99 0.127 1 1 1y i
1.90 0.154 ! region before crown 1 I : | -
1.80 0.162 I ! ;! ® fos £
1.67 0.173 K< > ! =
1.64 0.188 : : i : A 4 =
152 0.267 1 L 0.4
142 0.123 : : 1 : » E
132 0.130 | | 1 s
1.22 0.148 1 1 R 4 F 0.3
112 0.158 1 * | 4§
1.02 0.170 I | ." |
0.92 0.184 I @ I ® : I - 0.2
0.82 0.219 | e I ’.0 !
0.72 0241 ! & L 2 'S 4 il
0.62 0.267 0I0 * ! ! F 0.1
0.52 0.200 i : I :
0.42 0.386 i i 1,
5 YR : T : : : 0.0
0.22 o511 _| 3,0 25 2.0 15 1.0 0.5 0.0
0.12 0.596

Distance from Fuel Bed Downstream Edge (m)

Figure 6.28: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 10 cm at a wind conditia of 1.1 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

A total of five experiments were conducted for aD38 10 cm at a constant wind
speed of 1.1 m/s. The confidence interval for mmaxn total and convection flux is
11.49 kW/nf + 1.67 kW/nf and 1.72 kW/rh + 0.16 kW/nf with standard deviations of
1.9 kW/nf and 0.18 kW/rf respectively. For overaR along the surface fuel bed, the

confidence interval is 2.7 cm/s + 0.3 cm/s withtandard deviation of 0.38 cm/s. The

confidence interval fom is 6.13 g/s £ 0.53 g/s with a standard deviatib®.54 g/s.
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Figure 6.29: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 10 cm for a 1.1 m/s wind condition of(a) total heat flux and convection heat flux
produced during experiment 60; (b) branch and air emperature history during experiment 60.
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Crown Separation Distance of 20 cm with a 1.1 m/s \Wd

Table 6.8 contains data f& andm at each thermocouple location along the
surface fuel bed and Figure 6.30 contains the sufeethe plotted data form Table 6.8.
Visual inspection of the curves in Figure 6.30 shihat in contrast to the no wind
condition, for the same fuel configuratidR,along the fuel bed is not very stable with a
standard deviation of 0.86 cm/s compared to thedsta deviation of 0.10 cm/Rat 1.1

m/s is greater by a factor of 8.6.

V=1.1 m/s, Crown 1 and Crown 2 at 20 cm CSD
TC # | Location (cm) R (cm/s) m (g/s)
2 60 3.1 8.1
3 80 19 7.5
4 100 3.0 7.8
5 120 1.9 8.5
6 140 2.1 8.9
7 160 6.2 8.9
8 180 2.4 10.2
9 200 2.9 8.6
10 220 14 6.2

Table 6.8: Average rate of spread and average surda fuel mass loss rate data at each thermocouple
location for a crown separation distance of 20 cmuting a 1.1 m/s wind condition.

Figure 6.31 consists of still images captured wipgforming experiment 52,
which for this discussion will represent the firehlavior for a CSD of 20 cm
experiencing a constant 1.1 m/s wind. As the fiomt approaches crown 1, Figure
6.31a, heat from the fire front is reallocated tehgat the crown 1 fuel matrix, and heat
flux impingement upon the unburned surface fueladhef the fire front begins to
diminish due to the presence of the crown 1 matitix.the region before crown 1 the
view factor increases from 0.0.132 (2.11 m fromdb&nstream edge of the fuel bed) to
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0.222 (1.4 m from the downstream edge of the fed)b Crown 1 then begins to obstruct
radiation impingement onto the unburned surfacé resulting in a lower view factor of
0.138 at 1.3 m from the downstream edge of theldadl Figure 6.32. With less heat to
preheat the unburned surface fuekeduces from 3.0 cm/s (TC4) to 1.9 cm/s (TC5). As
R decreases, the increaseninfrom thermocouple to thermocouple begins to desrea

From TC3 to TC5m increases by 1.0 g/s, and from TC5 to T@&7only increases by 0.4

gls.
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Figure 6.30: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 20 cm durig a 1.1 m/s wind condition. Left axis represents
values for rate of spread and right axis representvalues for surface fuel mass loss rateR plot
containing standard deviation error bars located inAppendix B.
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Figure 6.31: Imagedrom experiment 52 at (a) t = 84 s at time of crown ignition; (b) t = 115 s during
crown 1 combustion; (c) t = 120 s at time of crow@ ignition.
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Figure 6.32: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 20 cm at a wind conditia of 1.1 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

The hot gaseous products of combustion reach aimemitemperature of 1209 K
and commence to preheat the chamise branch elemengpproximately 308 K.
Chamise fuel elements will desiccate until a sigfit quantity of water is evaporated, at
which point the crown fuel element will continue tocrease in temperature until
reaching ignition temperature and entering the iftgphase. At the peak of crown 1
combustion, Figure 6.31b, the merged surface foatfand crown fire front impinge a
maximum total heat flux and convection flux of 2.88V/m* and 0.36 kWi
respectively, onto crown 3, Figure 6.33. As cralMpurns,R andm increase to 2.4 cm/s

(TC8) and 10.2 g/s (TCB8) respectively.
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The combusting of crown 1 results in increased édengths exceeding 2.0 m.
From the moment crown 1 ignites to when the fimnfrreaches the downstream edge of
the fuel bed, the view factors increase expondntiaaching a maximum value of 0.644.
R continues to increase, from TC5 to TC8, while fine fronts approach crown 2 as a
result of the 20 cm open area between crown 1 emdnc2, which allows radiation and
convection heat flux to impinge onto and preheatuhburned surface fuel. Again, the
hot gaseous products of combustion preheat and ifrete the chamise crown fuel
matrix. The maximum total and convection heat fiempinging onto crown 3 during the
peak of crown 2 combustion is 15.95 kW/end 2.13 kW/rfy respectively, Figure 6.33.
R andm decrease during the last portion of the fuel sectiue to the diminishing
surface and crown fuel supply.

Six experiments for a CSD of 20 cm at a constamtri/s wind speed were
performed. The confidence interval for maximumatdlux heat is 15.48 kW/f+ 1.93
kW/m? and for the maximum convection heat flux the cderfice interval is 2.0 KW/
0.15 kW/nf. Standard deviations for maximum total and cotivadlux are 2.42 kW/rh
and 0.18 kW/rf, respectively. The confidence interval Rrandm is 2.8 cm/s + 0.69
cm/s and 6.13 g/s + 0.53 g/s, respectively, wiimgard deviations of 0.86 cm/s and 0.54

g/s, respectively.
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Figure 6.33: Plot for a surface fuel and crown 1 athtwo configuration at a crown separation distance
of 20 cm for a 1.1 m/s wind condition of total heaflux and convection heat flux produced during
experiment 52.

Crown Separation Distance of 30 cm with a 1.1 m/s \ad

The following analysis is performed at a CSD ofc3@ at a constant wind speed
of 1.1 m/s. Table 6.9 contains data for the average of spread®, and average surface
fuel mass loss rate, at each thermocouple location along the surfaeelfed. R andm
data is plotted in Figure 6.34. As the fire frapiproaches and arrives at crowrRland
m are 4.0 cm/s (TC4) and 8.0 g/s (TC4), respectivels heat flux is reallocated to
preheat the chamise crown fuel matrix and as Heatifnpingement onto the unburned
surface fuel diminishesR and m decrease to 2.5 cm/s (TC5) and 7.8 g/s (TC5),

respectively.
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V =1.1 m/s, Crown 1 and Crown 2 at 30 cm CSD
TC# | Location (cm) R (cm/s) m (g/s)

2 60 2.8 6.9
3 80 2.0 7.9

100 4.0 8.0
5 120 2.5 7.8
6 140 3.1 9.2
7 160 3.9 11.9
8 180 2.0 8.2
9 200 2.4 11.8
10 220 2.2 9.9

Table 6.9: Average rate of spread and average surda fuel mass loss rate data at each thermocouple
location for a crown separation distance of 30 cmuting a 1.1 m/s wind condition.

Observation of Figure 6.36 shows that in the rediefore crown 1 the view
factor increases from 0.084 (2.56 m from the doveash edge of the fuel bed) to 0.196
(1.48 m from the downstream edge of the fuel beRpadiation impingement onto the
unburned surface fuel is then obstructed by crowasllting in a lower view factor of
0.073 at 1.53 m from the downstream edge of thiebiee.

Experiment 38 was chosen to represent fire behalidng experimentation at a
CSD of 30 cm at a constant wind speed of 1.1 rhiist gaseous products of combustion
impinge on the crown 1 fuel matrix, with a maximuemperature of 1050 K, Figure
6.37b, preheating the unburned chamise branch alsnte approximately 380 K. The
branch elements undergo a desiccation processwhad a sufficient quantity of water
has evaporated, the branch elements will continuadrease in temperature, eventually
leading to ignition when the appropriate tempemtoas been achieved, Figure 6.35a.
From the period when crown 1 ignites, and the fldengths increase exceeding 2.0 m, to
when the fire front reaches the downstream edgleeofuel bed, the view factors increase

exponentially reaching a maximum value of 0.644.
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Figure 6.34: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 30 cm durig a 1.1 m/s wind condition. Left axis represents
values for rate of spread and right axis representvalues for surface fuel mass loss rateR plot
containing standard deviation error bars located inAppendix B.

R andm increase to 3.9 cm/s (TC7) and 11.9 g/s (TC7peetsvely, during the
combustion of crown 1. At the peak of crown 1 coistion, Figure 6.35b, 2.52 kWfm
and 0.26 kW/rh of maximum total and convection heat flux, resivety, impinge onto
crown 3 located 150 cm downstream from the certerawvn 1, Figure 6.37a. The fire
front begins to diminish as the crown 1 and surféice front progresses in the
downstream direction and the crown 1 fuel supplgxisausted R andm decrease to 2.0

(TC8) cm/s and 8.2 g/s (TC8), respectively.
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(©)
Figure 6.35 Images from experiment 38 at (a) t = 99 s at timef crown 1 ignition; (b) t = 115 s during
crown 1 combustbn; (c) t = 136 s at time of crown 2 ignitior
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Figure 6.36: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 30 cm at a wind conditia of 1.1 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

The 30 cm open space between crown 1 and crowho®sakhe fire front to
impinge heat flux onto the unburned surface fu€his allows the unburned fuel to be
preheated an® andm increases to 2.4 cm/s (TC9) and 11.8 g/s (TC®peetively.
When the fire front arrives at crown 2 heat is leeadted to preheating crown 2 fuel
elements and the view factor between the fire feort the unburned surface fuel beneath
crown 2 reduces. The result is a decreasR & 2.2 cm/s (TC10) aneéh to 9.9 g/s
(TC10). The 1288 K gaseous products of combuspogheat the chamise branch

elements to 380 K, and when sufficient water haapevated, the branch elements
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continue to increase in temperature and ignite wigertion temperature is achieved,
Figure 6.35c.

A maximum total and convection heat flux of 17.68//k* and 2.11 kW/rh
respectively, impinge onto crown 3 60 cm downstrdaom the center of crown 2,
Figure 6.37a, during peak crown 2 combustion. Hiat diminishes as surface and
crown 2 fuel is exhausted. The confidence intefeathe overalR andm along the fuel
bed is 2.7 cm/s £ 0.16 cm/s and 9.1 g/s = 0.79rgfpectively. The maximum total heat
flux has a confidence interval of 18.10 kW/m0.46 kW/nf with a standard deviation of
0.4 kW/nf, and for the maximum convection heat flux, thefisence interval is 1.97
kW/m? + 0.14 kW/nf with a standard deviation of 0.13 kW/m

An analysis is performed using fuel configuratiosdmsisting of the surface fuel
and crown 1 to investigate how heat flux impingetr@amo crown 3 matrix, located 150
cm downstream from the center of crown 1, is a#fdcby the presence of crown 2.
Figure 6.38 shows a representation of heat fluxclwhimpinges onto crown 3
downstream of crown 1. Analysis show that the agermaximum total heat flux and
convection flux impinging onto crown 3 is 5.66 kW/and 0.85 kW/ respectively. In
comparison, when crown two is present and CSD isf80the average maximum total
heat flux is 2.73 kW/hand maximum convection flux is 0.29 kWimThe presence of
crown two hinders radiation and convection impingetm thus average maximum total
and convection heat flux impingement onto crows Beduced by a factor of 2.1 and 3.0,
respectively. Low heat flux impingement resultsanlower R between crown fuel

matrices.
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Figure 6.37: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 30 cm for a 1.1 m/s wind condition of(a) total heat flux and convection heat flux
produced during experiment 38; (b) branch and air emperature history during experiment 38.
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Figure 6.38: Total heat flux and convection heat fix curves for a surface fuel and crown 1 only
configuration at a crown separation distance of 30cm for a 1.1 m/s wind condition during
experiment 77.

Crown Separation Distance of 10 cm with a 1.9 m/s \iWd

The three crown separation distances of 10 cmn2@rd 30 cm are investigated
at a constant wind speed of 1.9 m/s. Thermocouiplas located 2.5 cm above the
surface fuel are used to determine surface firstfrrate of spread, while two
thermocouples per crown are used to investigatercrioel ignition as a result of heat
transfer from a propagating surface fire and framning adjacent crown fuel matrices.
A heat flux sensor (model RCO01) is used to deteenhigat flux impingement onto crown
3 located 30 cm from the downstream face of crowntds expected that as the wind

speed is increase to 1.9 m/s from the previous wask of 1.1 m/s, the overall rate of
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spread along the fuel bed will increase as a regudh augmentation in fuel combustion
rate due to the large influx of oxygen to the fr@nt. This will produce a larger amount
of heat flux that will assist in the preheatinggass of unburned surface and crown fuels.
Table 6.10 contains data for the average rate masphR, and average surface
fuel mass loss raten, at each thermocouple location along the surfaet bed, and
Figure 6.39 shows the curves®findm plotted together. The instability & along the
surface fuel is apparent by performing a visuapatsion of the plottedR values. The
range ofR is at a minimum 2.4 cm/s and 8.3 cm/s at the mawinwith a standard
deviation of 2.13 cm/s. At the same fuel configiora but with wind speeds of 0.0 m/s
and 1.1 m/s, the standard deviations are 0.27 amusl.41 cm/s, respectively. As the

wind speed increases the instabilityRobecomes obvious.

V=1.9 m/s, Crown 1 and Crown 2 at 10 cm CSD
TC# | Location (cm) R (cm/s) m (g/s)
2 60 8.3 11.7
3 80 3.3 11.5
4 100 6.5 9.1
5 120 3.6 14.7
6 140 6.0 11.0
7 160 7.7 13.5
8 180 3.3 16.2
9 200 5.7 17.3
10 220 2.4 14.5

Table 6.10: Average rate of spread and average saide fuel mass loss rate data at each thermocouple
location for a crown separation distance of 10 cmuting a 1.9 m/s wind condition.
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From TC3 to TCAR decreases as the surface fire front approache&mcto The
combination of heat flux reallocation to prehea tinburned crown 1 chamise fuel and
the presence of crown 1, causeandm to decrease at the leading edge of crowrR1.
decreases from 6.5 cm/s (TC4) to 3.6 cm/s (TC5yamtcreases from 14.7 g/s (TC5) to
11.0 g/s (TC6). As the fire front approaches cralwthe view factor increases from
0.175 (2.51 m from the downstream edge of the bhesl) to 0.222 (1.35 m from the
downstream edge of the fuel bed). Crown 1 themssta obstruct radiation impingement
onto the unburned surface fuel resulting in a lowiew factor of 0.158 at 1.15 m from

the downstream edge of the fuel bed, Figure 6.40.
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Figure 6.39: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 10 cm durig a 1.9 m/s wind condition. Left axis represents
values for rate of spread and right axis representvalues for surface fuel mass loss rateR plot
containing standard deviation error bars located inAppendix B.
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The 913 K hot gaseous products of combustion flewwugh crown 1 fuel matrix
preheating the chamise branch element to 380 Kcande the water within the chamise
fuel to vaporize. Once a sufficient amount of waseexpelled, the branch temperature
increases to ignition temperature and enters #maiflg phase, Figure 6.41a. As crown 1
combustsR increases to 7.7 cm/s (TC7) andincrease to 16.2 g/s (TC8). Since crown
1 and crown 2 are within close proximity of eachest as the fire front propagates and
progress towards crown 2, the surface and crowreXrbnt never separate, and instead
remain as a large merged fire front growing inmsigy as crown 2 is approached. From
the moment crown 1 ignites, and the flame lengticseiase exceeding 2.4 m, to when the
fire front reaches the downstream edge of the hesd, the view factors increase
exponentially reaching a maximum value of 0.586.

The combustion of crown 1 results in approximafely kw/nf of total heat flux
impinging onto crown 3 before crown 2 ignites, Fey6.41b. The hot gaseous products
of combustion, at 1125 K, along with the radiatiand convection flux, preheat the
crown 2 chamise fuel elements and cause them titejghigure 6.41c. During the
preheating of crown 2R briefly decreases to 3.3 cm/s (TC8), but thenease to 5.7
cm/s (TC9) as crown 2 ignites. At the peak of ara®vcombustion, 23.61 kW/Arof
maximum total heat flux and 3.98 kW/nof maximum convection flux impinge onto

crown 3 with flame heights exceeding 2.4 m, Figuda.
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Figure 6.40: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 10 cm at a wind conditia of 1.9 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

For the case of a crown separation distance ofmi@tca constant wind speed of
1.9 m/s, a total of four experiments were performd&dhe overall rate of spread for the
four experiments is 4.71 cm/s with a confidenceugabf £ 0.28 cm/s and a standard
deviation of 0.28 cm/s. For the surface fuel miass rate, mass loss data was only
available for two experiments due to technicalidifities. From those two experiments
the average surface fuel mass loss rate is 1322Wit}i a standard deviation of 0.26 g/s
and a confidence value of 0.36 g/s. The confidenisval for the maximum total heat
flux and maximum convection flux is 26.16 kWA/m 3.01 kwW/nf and 3.98 kw/rh +

0.07 kW/nf, respectively.
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Figure 6.41 Images from experiment 29 at (a) t = 81 s at timef crown 1 ignition; (b) t = 85 s during
crown 1 combustbn; (c) t = 92 s at time of crown 2 ignitior
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Figure 6.42: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 10 cm for a 1.9 m/s wind condition of(a) total heat flux and convection heat flux
produced during experiment 29; (b) branch and air emperature history during experiment 29.

124



Crown Separation Distance of 20 cm with a 1.9 m/s IWd

The next investigation is performed by adjusting thown separation distance to
20 cm and keeping the wind constant at 1.9 m/$lel@a.11 contains data for the average
rate of spread and average surface fuel mass &tesat each thermocouple location
calculated from all the experiments performed. uFég6.43 showsR and m plotted
together to visually observe spread rate and mass behavior as the fire front

progresses along the fuel bed.

V =1.9 m/s, Crown 1 and Crown 2 at 20 cm CSD
TC# | Location (cm) R (cm/s) m (g/s)
2 60 8.3 16.4
3 80 2.5 10.1
4 100 6.0 12.4
5 120 5.1 16.6
6 140 5.4 19.0
7 160 12.9 18.0
8 180 3.7 15.8
9 200 4.8 15.6
10 220 3.0 11.3

Table 6.11: Average rate of spread and average saide fuel mass loss rate data at each thermocouple
location for a crown separation distance of 20 cmuting a 1.9 m/s wind condition.

Similarly to the case of a CSD of 10 cm at 1.1 nmviad speed,R at each
thermocouple, at a 20 cm CSD, varies widely frof @n/s at the minimum and 12.9
cm/s at the maximum. From TC4 to T®xdecreases from 6.0 cm/s to 5.1 cm/s as the
fire front approaches and arrives at crown 1, Fegidda. The reduction R is due to
the reallocation of heat to preheat crown 1 charfusé matrix and decreased heat flux
impingement onto the unburned surface fuel dudeopresence of crown 1. As the fire

front approaches crown 1 the view factor increaBesn 0.137 (2.5 m from the
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downstream edge of the fuel bed) to 0.246 (1.48am fthe downstream edge of the fuel
bed). Crown 1 then begins to obstruct radiatiopimgement onto the unburned surface
fuel resulting in a lower view factor of 0.138 a8 m from the downstream edge of the
fuel bed, Figure 6.45. Experiment 30 will be usedepresent the fire behavior for a

CSD 20 cm at a wind speed of 1.9 m/s.
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Figure 6.43: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 20 cm durig a 1.9 m/s wind condition. Left axis represents
values for rate of spread and right axis representsalues for surface fuel mass loss rateR plot
containing standard deviation error bars located inAppendix B.

The 1075 K hot gaseous products of combustion fllor@ugh crown 1 matrix
preheating the chamise fuel elements. The bratements of the chamise crown 1

matrix are preheated to 380 K, Figure 6.44b. Whefficient water is vaporized, the
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chamise branch elements proceed to increase iretatope until ignition temperature is
achieved, at which point the branch elements wileethe flaming phase. From the time
crown 1 ignites, and the flame lengths increaseeeding 2.4 m, to when the fire front
reaches the downstream edge of the fuel bed, #w factors increase exponentially
reaching a maximum value of 0.664R increases to 12.9 cm/s (TC7) as crown 1
combusts and as the surface and crown 1 fire fnoretgge and proceed to spread in the
downstream directionm continues to increase from 10.1 g/s (TC3) to IPD(TCH),
Figure 6.43, as the fire front spread along théaserfuel and then ignites crown 1. The
increase inm is a result of the 1.9 m/s wind causing the firent depth to increase
rapidly.

In the section before crown 1, the fire front irases in intensity because oxygen
flow to the fire front is unhindered, feeding theeffront from all direction. Heat from
the surface fire front quickly preheats and ignitsewn 1 because radiation and
convection heat flux is allowed to impinge ontowrnol without any obstructions. As
crown 1 enters the flaming phase, the combinedatiadi from the merged crown 1 and
surface fire fronts impinge large quantities of thidax onto the unburned surface fuel
beneath crown 1. The combination of intense mefigedronts and quickly combusting
fuels, initially causes an increaseRmandm, but as the fire front continues to propagate
through crown 1 and surface fuBlandm decrease as a result of the remaining crown 1
and crown 2 fuel that hinders oxygen flow. Theutes a reduction in the rate at which

oxygen is entrained into merged fire fronts, thaducing the rate at which the flame
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depth gravs. The outcome is a decreaseR from 12.9 cm/s (TC7) to 3.7 cm/s (TC

and a reduction afr from 19.0 g/s (TC6) to 15.8 g/s (TCi

Figure 6.44 Images from experiment 30 ai(a) t = 56 s at time of crown 1 ignition; (b) t = 6 s during
crown 1 combustion; (c) t = 75 s at time of crown Rynition.
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Figure 6.45: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 20 cm at a wind conditia of 1.9 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

At the peak of crown 1 combustion, 6.66 kV¥/af total heat flux impinge onto
crown 3 located 140 cm downstream from the centesrown 1. The radiation and
convection flux from the burning crown 1 impinget@rcrown 2 and onto the unburned
surface fuel ahead of the fire front. As the firent approaches and arrives at crown 2,
heat flux is reallocated to preheating the crown& matrix, and heat flux impingement
onto the unburned surface is reduced due to treepee of crown 2.

The hot gaseous products of combustion, 1066 Kmn ftbe merged fire front
preheat the chamise fuel elements of crown 2. braach elements reach a temperature

of approximately 380 K and enter the pre-igniti@mbustion phase. Water from within
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the branch elements begin to vaporize and wherbthech elements are sufficiently
desiccated, the temperature of the branch incre@msegnition temperature releasing
pyrolysis gases and commencing the flaming phaggiré 6.44c. R increases to 4.8
cm/s (TC9) as crown 2 undergoes the flaming phake surface and crown 2 fuel
supply is exhausted as the fire front reaches thhendtream edge of the surface fuel bed.
R andm decrease to 3.0 cm/s (TC10) and 11.3 g/s (TCKpeaively. At the peak of
crown 2 combustion, 26.80 kWfnof total heat flux and 3.92 kW/mof convection flux
impinge onto crown 3, Figure 6.46a.

Four experiments were performed for the case o8B Gf 20 cm and a constant
1.9 m/s wind speedR between each thermocouple position has a startiasidtion of
3.19 cm/s. The confidence interval for the oveRaklong the fuel bed is 4.57 cm/s *
1.01 cm/s while form the confidence interval is 15.0 g/s = 1.62 g/she Btandard
deviation ofmm is 1.65 g/s. Maximum total heat flux and convactilux have confidence
intervals of 25.42 kW/fmz+ 2.38 kW/nf and 3.35 kW/rh + 0.32 kW/nf with standard

deviations of 2.43 kW/fand 0.33 kW/rf respectively.
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Figure 6.46: Plots for a surface fuel and crown 1ra two configuration at a crown separation
distance of 20 cm for a 1.9 m/s wind condition of(a) total heat flux and convection heat flux
produced during experiment 30; (b) branch and air emperature history during experiment 30.
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Crown Separation Distance of 30 cm with a 1.9 m/s IWd

The next investigation is performed by increasing trown separation distance
to 30 cm and keeping the wind constant at 1.9 nTable 5.12 is constructed of the
average rate of spread and average surface fual loesrate data at each thermocouple
location along the surface fuel bed®? and m are plotted in Figure 6.47 to visually
investigate how the fire front behaves as it pr@peg along the surface fuel bed. Figure
6.47 shows the instability &, which has a standard deviation of 1.71 cm/sa SISD of
30 cm the standard deviation is larger than at wipekeds of 1.1 m/s and 0.0 m/s, for the

same fuel configuration, by a factor of 2.3 and 4eSpectively.

V =1.9 m/s, Crown 1 and Crown 2 at 30 cm CSD
TC# | Location (cm) R (cm/s) m (g/s)

2 60 5.1 7.8
3 80 2.4 11.9

100 7.0 13.6
5 120 3.6 15.0
6 140 5.8 13.9
7 160 6.3 15.4
8 180 4.0 10.8
9 200 3.8 11.9
10 220 2.0 7.6

Table 6.12: Average rate of spread and average saide fuel mass loss rate data at each thermocouple
location for a crown separation distance of 30 cmuting a 1.9 m/s wind condition.

From TC4 to TC 5R decrease from 7.0 cm/s to 3.6 cm/s as a resutteat
reallocation to preheat crown 1 fuel elements andthe hindering of heat flux
impingement onto the unburned surface fuel duehto gresence of crown 1, which
results in a reduction of the view factor betweka éntire fire front and the unburned

surface fuel beneath crown 1. As the fire fronprapches crown 1 the view factor
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changes from 0.175 (2.47 m from the downstream edi¢fee fuel bed) to 0.173 (1.38 m
from the downstream edge of the fuel bed). Crowtheln starts to obstruct radiation
impingement onto the unburned surface fuel regulitna lower view factor of 0.104 at

1.35 m from the downstream edge of the fuel begi e 6.48.
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Figure 6.47: Average rate of spread and surface flienass loss rate at each thermocouple location
plot for a crown separation distance of 30 cm durig a 1.9 m/s wind condition. Left axis represents
values for rate of spread and right axis representsalues for surface fuel mass loss rateR plot
containing standard deviation error bars located inAppendix B.

The high 1.9 m/s wind speed causes the flame depghow rapidly resulting in
m increasing from TC2 to TC5 from 7.8 g/s to 15.8 mist beyond the leading edge of
crown 1. The 1065 K hot gaseous products of cotiduglow through the crown 1

matrix preheating the chamise fuel elements. Cbkarbranch elements are preheated to

133



approximately 380 K, entering the pre-ignition camstion phase, where water is
expelled as vapor and pyrolysis gases are emitidtke pyrolysis gases then mix with
incoming oxygen and crown 1 achieves the flamingsgh Figure 6.49aR increases
from TC5 to TC7 from 3.6 cm/s to 6.3 cm/s as crdwia fully engulfed by the fire front.
At the peak of crown 1 combustion, Figure 6.4957&W/nf of total heat flux and 0.89
kW/m? of convection heat flux impinge onto crown 3 |@mhtl50 cm downstream from
the center of crown 1. From the instant crown rites, and the flame lengths increase
exceeding 2.4 m, to when the fire front reachegdthenstream edge of the fuel bed, the

view factors increase exponentially reaching a maxn value of 0.586.
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Figure 6.48: Tabulated view factor values and corrgponding plot for a crown 1 and crown 2
configuration for a CSD of 30 cm at a wind conditia of 1.9 m/s. Left side of plot represents leading
edge of fuel bed while right side of plot represestthe downstream edge of the fuel bed.

134



R decreases from TC7 to TC9 from 6.3 cm/s to 3.8a@m/the fire front arrives at
the location of crown 2. The reallocation of heapreheat crown 2 fuel elements causes
a reduction inR. Radiation and convection flux from the mergedaze and crown 1
fire front impinge onto the crown 2 fuel matrix peating the chamise branch element to
approximately 380 K. The branch elements underguoeaignition phase where water
vaporizes and pyrolysis gases are produced. Pyysobases then mix with incoming
oxygen and ignite entering the flaming phase, FEg6rd9c. During the maximum
combustion of crown 2, 15.52 kWfnand 3.13 kW/r of total heat flux and convection
heat flux impinge onto crown 3, Figure 6.5B.andm decrease to 2.0 cm/s (TC10) and
7.6 g/s (TC10) as the surface and crown fuel i@asted.

Three experiments were performed at 1.9 m/s wirgdpvith a 30 cm CSD fuel
configuration. The confidence interval for the mleER andm along the surface fuel bed
is 4.4 cm/s + 0.62 cm/s and 12.0 g/s £ 2.58 gApeetively. Maximum total heat flux
and maximum convection heat flux have confidenderimls of 17.72 kW/fm+ 2.16

kW/m? and 3.31 kW/rh+ 0.37 kW/nf, respectively.
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Figure 6.49 Images from experiment 30 at (a) t = 56 s at timef crown 1 ignition; (b) t = 65 s during
crown 1 combustion; (¢) t = 75 s at time of crown RBynition.
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Figure 6.50: Plot for a surface fuel and crown 1 ath 2 configuration at a crown separation distance of
30 cm for a 1.9 m/s wind condition of total heat fix and convection heat flux produced during
experiment 49.

An analysis is performed to study how heat flux imgement onto crown 3 is
affected by the presence of crown 2 using fuel igométion b consisting of the surface
fuel and crown 1. The analysis will demonstratevharown 2 obstructs heat flux
impingement onto an adjacent crown fuel matrix.taltieat flux and convection heat
flux impinged onto crown 3 is plotted in Figure 6.X&hich is data for experiment 73 that
closely represents the average heat flux measutemelm the case of a two crown
configuration with a CSD of 30 cm experiencing & in/s wind speed, the average
maximum total heat flux and average maximum coneediux recorded at crown 3 is

3.63 kw/nf and 0.68 kW/M respectively. With crown 2 removed and crown 1
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maintained at a CSD of 30 cm and at a wind speed®in/s, average maximum total

heat flux and average maximum convection flux meswat crown 3 is greater by a

factor of 3.5 and 3.4, respectively.
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Figure 6.51: Total heat flux and convection heat fix curves for a surface fuel and crown 1 only
configuration at a crown separation distance of 30cm for a 1.9 m/s wind condition during

experiment 73.

From this analysis it is determined that the preseof crown 2 significantly

hinders heat flux impingement from crown 1 ontowana3 150 cm downstream from the

center of crown 1. It can be inferred from thisiclasion, that any crown considerably

obstructs heat flux impingement onto adjacent crduel matrices and surface fuels,

which results in decreasiiRjandm values.
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Discussion

Experiments were performed to investigate the erfbe of crown separation
distance on the behavior of a propagating surfaeéffre front. The distance between
crowns studied is 10 cm, 20 cm and 30 cm. The wimekd was varied for all sets of
experiments to add another dimension and study kmev combination of crown
separation distance and wind affect fire front @aggtion behavior. Wind speeds
investigated are 0.0 m/s, 1.1 m/s and 1.9 m/s. t Hea data was collect at a sensor
located 30 cm downstream from the downstream faceown 2, and located to simulate
a third crown fuel matrix referred to as crown 3.

In all the cases investigated for all the wind sbeariations, it is shown th&
decreases as the fire front arrives within closeipnity of crown 1. The reduction &
can be attributed to the reallocation of heat ®hpat crown 1 and the hindering of heat
flux impingement onto the unburned surface fuel thuéhe positioning of crown 1 that
reduces the view factor between the entire firatfiend the unburned surface fuel ahead
of the fire front. R increases as crown 1 ignites and propagates dalengntire crown
fuel matrix. Heat flux impingement onto the unbeginsurface fuel beneath crown 1,
from the surface fuel fire front and crown 1 firerit, account for the increase As
the merged fire front approaches crown R2,decreases, and this decrease is again
attributed to the reallocation and hindering ofthihax to preheat crown 1 and preheat
the unburned surface fuel ahead of the fire frdntall cases, except for a CSD of 30 cm
and 1.9 m/s wind speeR,increase within the open space between crown Iceowin 2.

The increase iR is due to the open space where no crown fuel®asated and thus heat
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flux impingement onto the unburned surface fuelribindered allowing the surface fuels
to be preheatedR andm decrease as the merged surface fire front and cgofive front
proceed towards the downstream edge of the windeluest section. The decreasdrin
andm is attributed to the fire fronts exhausting thefate and crown fuel supply.

The largeR instability in the 1.9 m/s wind speed conditiom &l the CSD cases
investigated can be attributed to the large winekslpcausing the flame depth to increase
at a larger rate than at 1.1 m/s and 0.0 m/s wpeed conditions. The length of the fuel
bed is not sufficiently long to allow the flame depo stabilize. This phenomena merits
further investigation using a significantly londeel bed.

Silvani and Morandini (2009) performed field expeeints in the Mediterranean
region in southern France in an area that ranged #5 nf to 1220 M. The fire spread
experiments were conducted across fuel beds comngisf pine needles or cut tree
branches and leaves and were also conducted thitimiigdp wild broom shrubs. Wind
speeds during experimentation ranged from 0.5 ;m&3 m/s. Heat flux measurements
were conducted ahead of the fire front as it spreawss the fuel beds and shrubs
approaching the heat flux measurement device.hdrekperiments conducted at a wind
speed of 0.5 m/s in a 25°mlot, peak radiant and total heat flux were meedtio be 25
kW/m? and 40 kW/m, respectively. At a wind speed of 2.2 m/s in an60plot, peak
radiant and total heat flux were measured to b&®%m? and 76 kW/rf, respectively.

In the experiments discussed in this chapter, padiant and total heat flux is measured
to be 26 kW/rfi and 30 kW/rf, respectively, for a CSD of 10 cm at a wind spe&d.9

m/s. A limitation of these small-scale experimeiriscomparison to field experiments, is
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that the maximum value of the irradiance of thenkafront is naturally lower than in the

real-scale fires [87].
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7  Results - Particle Image Velocimetry Analysis

A Particle Image Velocimetry (PIV) system is used ihvestigate the fluid
dynamic environment that exists in the region betwa two crown fuel configuration as
shown in figure 3.6 (Chapter 3: Experimental Setspction 3.6: Particle Image
Velocimetry System Arrangement). The crown fugdasation distances (CSD) studied
are 10 cm, 20 cm and 30 cm. The three CSD casemastigated at three different
wind conditions of 0.0 m/s, 1.1 m/s and 1.9 m/er éach analysis the wind speed is kept
constant and the CSD is reconfigured to the thi@B Cases. There are two objectives to
the PIV analysis. The first objective is to detarenif the separation between crown fuel
matrices affects the flow speed of the hot gaspooducts of combustion as the fire front
propagates along the CSD region. The second algestto observe what, if any, fluid
dynamic structures arise due to the various CSHigunations. As is the case with most
studies involving PIV, the seeding of the flow flednd capturing of PIV images is non-
trivial. During experimentation at a 0.0 m/s wicmhdition only the data at a CSD 10 cm
was captured while data for CSD 20 cm and 30 cmlastdue to technical difficulties.
At 1.1 m/s and 1.9 m/s, all CSD case data was sstidéy recorded.

Crown Separation Distance of 10 cm with a 0.0 m/s \iWd

The first analysis is performed at a CSD of 10 citih\a 0.0 m/s wind condition.
Air is entrained into the fire column as the firerit approaches the region of interest
(ROI). During the entrainment period the averagezontal entrainment velocity,,,; is

0.3 m/s. In Figure 7.1, the dashed red lines sgmethe 10 cm open area within the ROI
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between the crown fuel matrices. The area showiigare 7.1 from 0 mm to 100 mm is

the region containing crown 1 fuel.
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Figure 7.1: Velocity vector field plot for a surfae fuel and crown 1 and 2 configuration at a crown
separation distance of 10 cm for a 0.0 m/s wind cdition during experiment 90 showing ambient air
entrainment at t = 9.1 s; Note: time shown here iime during PIV capturing not time during the

actual experiment.

The interaction between the high velocities of t& gaseous products of

combustion, the slower velocities of the entrailagd and the presence of the crown 1

fuel elements result in the formation of vorticesoughout the ROI and not just at the

flame-air interface.

In this study, the diametéraovortex is calculated as per Lozano

(2008) and Lozano et al. (2010) where the radiua @brtex structure is defined as the

average of the distances from the location of twall peak vorticity magnitude to the
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point where its magnitude is 20% of the peak vallibe local peak vorticity magnitude
is computed using a second-order center differgna the appropriate velocity
components. The distances are measured at inctemmeA5 degrees starting from 0 to
315 degrees. Twice the average of these distascealculated and recorded as the
diameter of the vortex. Using the measured digsnthe local vorticity is calculated
usingw; = V;, /7, wherew; is the local vorticityy; is the radius anif; is the tangential
velocity at the specified location determined mirlg the PIV velocity data. The average
vorticity is then calculated using = (1/n) Z?zl(Vti/rl-) where @ is the average
vorticity, and is henceforth referred to as thetiedy.

Figure 7.2a contains the velocity vector plot shayihe formation of a 3.6 cm
diameter vortex with a vorticity of 14.9'xlockwise at t = 0.7 s and Figure 7.2b contains
the corresponding vorticity contour plot used tdcekate the vortex diameter and
vorticity. The size and location of the vortex gasts that it may assist in preheating the
crown 2 fuel elements. A velocity vector plot slhogvthe formation of a 2.1 cm
diameter vortex with a vorticity of 19.8’sclockwise at t = 3.1 s and its corresponding
vorticity contour plot are shown in Figure 7.3a dmdespectively. The size and location
of the vortex indicates that it may not be assistine preheating the fuel elements of
crown 2. Three vortices are observed to be gesrduring the entrainment of the
ambient air for the three experiments performed 40 cm CSD with a 0.0 m/s wind
condition. Two of the vortices generated are showRigure 7.2 and Figure 7.3, and the

third vortex generated has a diameter of 3.2 crh wivorticity of 20.9 ¥ clockwise.
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Figure 7.2: (a) Velocity vector plot at t = 0.7 st®wing the formation of a 3.6 cm diameter vortex
within the open area of a 10 cm CSD and a 0.0 m/simd condition; (b) corresponding vorticity
contour plot used to calculate vorticity of 14.98 clockwise; experiment 90; Note: time shown here is
time during PIV capturing not time during the actual experiment.
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Figure 7.3: (a) Velocity vector plot at t = 3.1 st®wing the formation of a 2.1 cm diameter vortex
within the open area of a 10 cm CSD and a 0.0 m/simd condition; (b) corresponding vorticity
contour plot used to calculate vorticity of 19.8 3 clockwise; experiment 90; Note: time shown here is
time during PIV capturing not time during the actual experiment.
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Only one vortex is observed to occur as the fiomtfipropagated along the 20 cm
length of the ROI with an average vertical velodity of 1.3 m/s. The shear created
between the rising hot gaseous products of contustind the entrained ambient air
resulted in the formation of a 2.1 cm diameter eomvith a vorticity of 65 5 clockwise,
Figure 7.4. The size of the vorticity relative ttee size of the CSD indicates that the
vortex does not assist in the preheating of thevord fuel matrix.

Crown Separation Distance of 10 cm with a 1.1 m/s \Wd

The next analysis is performed at a 10 cm CSD with1l m/s wind condition.
During the entrainment of ambient air to the figuenn, U,,,; is 0.3 m/s. As the fire
front propagates along the RQI, is 1.5 m/s. The shear created between the inienac
of the rising hot gaseous products of combustiod #re entrained air result in the
formation of seven vortices in the four experimethist are conducted. These vortices
range in diameter from 1.7 cm with a vorticity d.6 s, Figure 7.5, to 2.5 cm with a
vorticity of 46.1 §*. Vorticity magnitudes range from 34.3 svith a diameter of 2.1 cm
to 130.6 ' with a vortex diameter of 2.1 cm/s.

During entrainment of ambient air to the fire coluthree vortices are observed.
The diameter of these vortices is 1.7 cm, 1.7 cthaB cm with vorticity of 60.57% 95
stand 46.18, respectively. It is observed that four vortiees generated when the fire
front is propagating along the ROI. The diamefethese vortices is 1.8 cm, 1.9 cm, 2.1
cm and 2.1 cm with vorticity of 88.7"s 76 s, 34.3 §* (Figure 7.6) and 130.6s

respectively.
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Figure 7.4: (a) Velocity vector plot at t = 10.8 showing the formation of a 2.1 cm diameter vortex
within the open area of a 10 cm CSD and a 0.0 m/sind condition; (b) corresponding vorticity
contour plot used to calculate vorticity of 65 3 clockwise; experiment 91; Note: time shown here is
time during PIV capturing not time during the actual experiment.
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Figure 7.5: (a) Velocity vector plot at t = 3.9 showing the formation of a 1.7 cm diameter vortex
within the open area of a 10 cm CSD and a 1.1 m/simd condition; (b) corresponding vorticity
contour plot used to calculate vorticity of 60.5% clockwise; experiment 57; Note: time shown here is
time during PIV capturing not time during the actual experiment.
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Figure 7.6: (a) Velocity vector plot at t = 12.3 showing the formation of a 2.1 cm diameter vortex
within the open area of a 10 cm CSD and a 1.1 m/sind condition; (b) corresponding vorticity
contour plot used to calculate vorticity of 34.3. 8 clockwise; experiment 57; Note: time shown here is
time during PIV capturing not time during the actual experiment.
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Crown Separation Distance of 20 cm with a 1.1 m/s \Wd

The next analysis is performed by maintaining thedwspeed constant at 1.1 m/s
and changing the CSD to 20 cm. A total of fourexkpents are performed. Since the
seeding of the flow field and capturing of the rs=sagy images is non-trivial, only two of
the experiments have sufficient seed particlesatisfactorily perform an analysis of the
flow field. The fire front propagates from left taht. As the fire front approaches the
upstream boundary of the ROI, Figure 7.7a, amlkaéent entrained into the fire column
at an average entrainment horizontal velofigy, of 0.3 m/s. When the fire front enters
and propagates along the ROI towards crown 2, Eigufb, the measured mean vertical
velocity U, of the hot gaseous products of combustion is ¥ mAnalysis of the two
experiments performed at a CSD of 20 cm with art/¢ wind condition yielded no

formation of vortices unlike the case of a CSD 0fcin under the same wind conditions.
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Figure 7.7: Velocity vector field plots of: (a) amlent air entrainment as the fire front approaches he
ROI from the left at t = 0.2 s for experiment 50 (b fire front propagating along the ROl att=4.9 s
for experiment 53; Note: times shown here are timesduring PIV capturing not times during the
actual experiment.
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Crown Separation Distance of 30 cm with a 1.1 m/s \iWd

At total of four experiments were performed at aDC& 30 cm with a 1.1 m/s
wind condition. Ambient air is entrained into tApproaching fire column at an average
entrainment velocity,,,. of 0.4 m/s as the fire front approaches the upstrboundary
of the ROI, Figure 7.8a. The measured mean véniecity l_ly of the hot gaseous
products of combustion is 2.1 m/s as the fire fqomgress along the ROI, Figure 7.8b.
Analysis of the experiments performed for the 3MG%Ase and 1.1 m/s wind condition
does not show the formation of any vortices as emserved at a 20 cm CSD at the same
wind condition.

The overall average df,,,; and U, between all the experiments performed at a
wind condition of 1.1 m/s is greater than the olleaserage ofU,,, andU, at a wind
condition of 0.0 m/s by a factor of 1.2 and 1.3pectively. Vortices were observed to

only occur at a CSD of 10 cm, similarly to the i wind condition investigation.
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Figure 7.8: Velocity vector field plots of: (a) amlent air entrainment as the fire front approaches he

ROI from the left at t = 4.7 s for experiment 38 (b fire front propagating along the ROl att = 15.3s
for experiment 39; Note: times shown here are timesdluring PIV capturing not times during the

actual experiment.
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Crown Separation Distance of 10 cm with a 1.9 m/s IWd

The wind speed is increased to 1.9 m/s and thes tY@D configurations are
investigated starting with a CSD of 10 cm. Foupexkments are performed and only
vertical velocity data is attained at this CSD dgufation. Analysis of the PIV data
shows that the average vertical velod_iy as the fire front progresses along the ROI,
Figure 7.9, between the four experiments perforise2l2 m/s with the formation of a
single vortex. Figure 7.10 contains the velociégtor plot and vorticity contour plot at
time of 1.1 s. Analysis of the PIV data shows ftienation of a vortex with a 1.5 cm
diameter and a vorticity of 238.I'sclockwise. The vortex is a result of the shear
experienced at the interface between the fastgrisot gaseous products of combustion
and the slow entrained ambient air. The size andtion of the vortex suggests that it

does not assist in the preheating of crown 2 flezhents.
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Figure 7.9: Velocity vector plot at t = 1.61 s athe fire front propagates along the ROI for a 10 cm
CSD configuration with a 1.9 m/s wind condition.
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Crown Separation Distance of 20 cm with a 1.9 m/s IWd

The next analysis is performed by increasing th® @&20 cm and maintaining
wind speed constant at 1.9 m/s. Similarly to thee CSD at a wind condition of 1.1
m/s, analysis of the PIV data showed no formatiowvootices as the fire front approaches
the upstream boundary of the ROI or as the firatfpyopagates along the ROI. Average
U, of ambient air is measured to be 0.5 m/s with aimam value of 1.1 m/s as the
fire front approached the upstream boundary ofRf®, Figure 7.11a. The averafle
of the hot gaseous products of combustion is medsair 1.9 m/s with a maximum of 5.0
m/s as the fire front progresses through the R@ré 7.11b.  Analysis show that at
the time Figure 7.11b was captured, the averageeflalt angle from the vertical was

approximately 18 degrees.
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Figure 7.11: Velocity vector field plots of: (a) arbient air entrainment as the fire front approaches
the ROI from the left at t = 4.0 s for experiment § (b) fire front propagating along the ROl att = 70
s for experiment 85; Note: times shown here are ties during PIV capturing not times during the
actual experiment.
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Crown Separation Distance of 30 cm with a 1.9 m/s \iWd

The final PIV analysis is performed at a 30 cm Q8ih a 1.9 m/s wind speed.
Averagel,,,; as the fire front advances towards the upstredmdaiithe ROl is measured
to be 0.6 m/s with a maximum of 2.0 m/s, FigureZﬁ.lAverage[_]y is measured at 2.0
m/s with a maximum velocity of approximately 5.0smak the fire front propagates along
the ROI, Figure 7.12b. Analysis of the three ekpent performed does not show the
formation of any vortices as the fire front advast®wvards the upstream side of the ROI

or as the fire front progresses along the ROI.
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Discussion

A total of 21 PIV experiment were performed witle thbjective to investigate if
the flow speed of the hot gaseous products of catitiuis affected by the separation
distance between adjacent crown fuel matrices argfudy any fluid dynamic structures
that may arise due to the separation distance leatweown fuel matrices. Through
analysis it is shown that the formation of vortidestween crown fuel matrices only
occurs at the lower CSD of 10 cm and not at CSD80cm and 30 cm. Further, it is
suggested that due to their sizes and locatioeste$ulting vortices do not contribute to
the preheating of the unburned crown 2 fuel elesief@omparison of the averafg,;
between all the experiment performed for the tHE&D configurations at a given wind
condition show that at a wind condition of 1.9 rtile averagd/,,, is greater than at a
wind condition of 1.1 m/s and 0.0 m/s by a factdr 109 and 2.2, respectively.
Performing the same analysis for the average @niocityU, , shows that the average
vertical velocity at a wind condition of 1.9 m/sgeeater than at a wind condition of 1.1
m/s and 0.0 m/s by a factor of 1.3 and 1.6, resggt A similar analysis is conducted
for the vorticity values at a 10 cm CSD for theetmwind conditions investigated. It is
shown that vorticity is greater during a wind cdrai of 1.9 m/s than at 1.1 m/s and 0.0
m/s by a factor of 3.1 and 7.9 respectively. Therarchy is expected because at a high
wind condition of 1.9 m/s the flame tilt angle Isetgreatest which results in an increased
combustion rate, thus a more intense fire. Theenmdense fire entrains ambient air at a

greater rate resulting in larger horizontal velesithan at lower wind conditions.
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8 Results — Large Eddy Simulation

A Large Eddy Simulation (LES) model, described mapter 2 and chapter 4, is
used to study the fluid dynamic environment betwiem adjacent crown fuels and to
investigate the overall fire behavior as a firenfrpropagates along a surface fuel. Three
different crown fuel configurations are studiedtab distinct wind conditions. The
separation distance between crown fuels is varigtevwnaintaining wind speed constant.
Crown separation distances (CSD) studied are 10 2fmgm and 30 cm at a wind
condition of 0.0 m/s and 0.8 m/s. The objectivéhid study is to determine the affect of
CSD on the 1) surface fire rate of spread, 2) floivthe hot gaseous products of

combustion between adjacent crown fuel matrices.

8.1 Surface Fire Front Rate of Spread

All Crown Fuel Configurations at a 0.0 m/s Wind Cordition

Initial baseline cases for the three CSD’s areistu@t a wind condition of 0.0
m/s. The flame depth, flame tilt and rate of sgrBaare determined from the resulting
plots. Radiation energy transfer rate per uniuwa @,.,;) is calculated between 1.7 m
and 1.8 m as shown in all the figures. At a CSOL.@ftm averag® is 1.24 cm/s in the
region before the fire front arrives at the leadeage of crown 1. Averadgeincreases to
1.43 cm/s after crown 1 ignition, Figure 8.1a, dhd fire front continues to propagate
along the fuel bed. The increase in avefdge due to the increased amouniggf, that

impinges onto the unburned surface fuel aheadeofith front. Radiation impingement

increases from 23.1 kW/hto 287.3 kW/m3 over a period of 12.5.
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Figure 8.1: LES resllts at a midplane of air temperature and velocityfield for a CSD of 10 cm at: (a)
C1 ignition; t = 104.0 s. InstantaneouR is 1.8 cm/s and radiation energy transfer rate pewnit

volume between 1.7 m and 1.8 m is 4.18 kW?; (b) C2 ignition; t = 114.0s. InstantaneousR is 1.4
cm/s and radiation energy transfer rate per unit véume between 1.7 m and 1.8 m is 73.6 kW?.

163



Before crown 2 ignites the maximugj,, calculated is 73.63 kW/in After
crown 2 ignites, Figure 8.1b, and before the firent reaches the radiation energy
measurement region, the maximugt{,,is 287.3 kW/m. The combined radiation
energy from the two burning crown fuels assiststhie desiccation process of the
unburned surface fuels that ultimately leads tinarease irR. The next baseline case is
performed at a CSD of 20 cm.

In the initial portion of the fuel bed before crovin averageR is 1.16 cm/s.
AverageR then increases to 1.24 cm/s after crown 1 igratebas the fire front continues
to propagate beneath the crown fuels, Figure 8.2dter crown 1 begins vigorous
combustiong!!, increases from 4.2 kW/io 213.0 kW/m over a period of 8.8 s. The
result is a 7%R increase to 1.24 cm/s. Crown 2 ignites as the ffioat enters the
radiation energy measurement region, Figure 8.Rbs ¢4,,; measurements from the
burning crown fuels is not possible or would notrepresentative of actual radiation
energy impinging onto the unburned surface fuel.

The final baseline case investigated is at a CSBOafm. Similar to a CSD of 20
cm, averag® is 1.16 cm/s in the portion of the fuel bed befibre fire front reaches the
leading edge of crown 1. Within this region thecoddted maximung., is 0.23 kKW/n.
As the fire front continues to propagate along find bed beneath crown 1, averdge
increases slightly to 1.20 cm/s during the timeobefcrown 1 ignition, Figure 8.3a. In

the region beneath crown 1 before crown 1 igniteg, calculated maximung,,,

increases to 0.4 kW/in
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(b)
Figure 8.2 LES results at a midplane of air temperature andvelocity field for a CSD of 20 cm at: (a
C1 ignition; t = 106.1 s. InstantaneouR is 1.4 cmé and radiation energy transfer rate per unit

volume between 1.7 m and 1.8 m is 0.43 kW?; (b) C2 ignition; t = 128.7 s. InstantaneouR is 1.4
cm/s and radiation energy transfer rate per unit véume between 1.7 m and 1.8 m is 510.5 kW?.
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Figure 8.3 LES results at a midplane of air temperature andvelocity field for a CSD of 30 cm at: (a
C1 ignition; t = 96.5 s. InstantaneousR is 1.2 cm/s and radiation energy transfer rate peunit
volume between 1.7 m and 1.8 m is 0.76 kW?, (b) C2 ignition; t = 115.2 s. InstantaneouR is 1.2
cm/s and radiation energy transfer rate per unit viume between 1.7 m and 1.8 m is 34.18 kW?3,
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In this case the increase in radiation energy is tluthe decreasing distance
between the fire front and the radiation energy suesment region resulting in an
increase in view factor. From the instant crowngdites to when crown 2 ignites,

n

averageR increases to 1.4 cm/s, Figure 8.3b. During timsetq,,, increases to a
maximum of 34.18 kW/rh During vigorous crown 1 combustiog,., increases from
2.25 kWi/nt to 34.18 kW/m during a period of 6.2 s. From the time crowrygites to
when the fire front arrives at thg.,; measurement region, averagdncreases to 1.7
cm/s reaching a maximugi., of 353.9 kW/m.
All Crown Fuel Configurations at a 0.8 m/s Wind Cordition

The next analysis is performed at a wind conditb0.8 m/s for the three CSD’s
of 10 cm, 20 cm and 30 cm. The first study is of 10cm. AveragRis 1.37 cm/s
in the region before crown 1. During this time tteculated maximung,.,; is 0.94
kw/m®. AverageR increases to 1.46 cm/s during the period when fitee front
propagates beneath crown 1 to the instant crovgmiles, Figure 8.4a. In this period, the
maximum g, ; is calculated to be 1.88 kW¥m After crown 1 ignites the fire front
continues to propagate along the surface fuel eadlgtigniting crown 2, Figure 8.4b.
During this period the averade decreases to 0.73 cm/s agqi{, is calculated to be a
maximum of 31.98 kW/th The decrease R s due to the reallocation of heat to preheat
the unburned crown 2 fuel and the decrease in fldimengle (from the vertical). In the
region before crown 1, the average flame tilt anglé®, and after crown 1 the average

flame tilt angle is 47 The reduction in flame tilt angle results ineccbased view factor

between the fire front and the unburned surfack fue
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Figure 8.4 LES results at a midplane of air temjerature and velocity field for a CSD of 10 cm at: &)
C1 ignition; t = 74.5 s. Instantaneou<R is 1.0 cm/s and radiation energy transfer rate peunit
volume between 1.7 m and 1.8 m is 1.05 kW?, (b) C2 ignition; t = 89.5 s. InstantaneouR is 0.6
cm/sand radiation energy transfer rate per unit volumebetween 1.7 m and 1.8 m is 20.74 kW3,

168



As the fire front continues to propagate along sieface fuel after crown 2
ignition, g2, is calculated to increase from 20.74 kWhm 373.40 kWw/min a period of
8.8 s, resulting in an averaBancrease to 3.46 cm/s.

The CSD is changed to 20 cm while maintaining thedwcondition at 0.8 m/s
and the same analysis is performed. From t =10=al5.2 s (time before the fire front
arrives at crown 1) averade is 1.36 cm/s and the calculated maximgffj,; is 0.96
kwW/m®. During the period when the fire front propagabesmeath crown 1 to when
crown 1 ignites, Figure 8.5a, averagencreases slightly to 1.51 cm/s with a maximum
calculatedg”! , of 1.8 kW/n¥. In the period from when crown 1 ignites to wioeown 2
ignites, Figure 8.5b, averagedecrease to 1.05 cm/s with a maximum calculgf8d of
104.8 kW/mi. The decrease in averaBeis attributed to the reallocation of energy to
preheat the unburned crown 2 fuel and the deciiediame tilt angle from an average of
58 in the region before crown 1 to 3th the region after crown 1. The decrease in
flame tilt angle leads to a decreased view facegiwben the fire front and the unburned
surface fuel. After crown 2 ignites and before tfie front reaches they,,,
measurement areq,., increases from 75.17 kWio 393.7 kwW/m in a period of 7.5 s
leading to an increase of averdge 3.2 cm/s.

The final analysis is performed at a CSD of 30 chhis analysis yields different
results from those attained at the previous CSD’s50ocm and 20 cm. Crown 1 always

ignites before crown 2 in all the CSD’s at a wirhdition of 0.0 m/s and at the CSD’s of

10 cm and 20 cm at a wind condition of 0.8 m/s.
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Figure 8.5 LES results at a midplane of air temperature andvelocity field for a CSD of 20 cm at: (a
C1 ignition; t = 66.1 s. Instantaneou<R is 0.4 cm/s and radiation energy transfer rate peunit
volume between 1.7 m and 1.8 is 0.38 kw/nt; (b) C2 ignition; t = 86.1 s. InstantaneouR is 1.0
cm/s and radiation energy transfer rate per unit véume between 1.7 m and 1.8 m is 75.17 kW?.
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At a CSD of 30 cm at a wind condition of 0.8 m/sp®@n 2 ignites prior to crown
1, even though crown 2 is on the downstream sidea@fn 1. In the region before the
fire front arrives at crown 1, averages 0.98 cm/s and the calculated maximet}); is
1.09 kW/m3. The fire front then continues to prggi@ along the surface fuel bed
transferring heat to crown 1 but not causing igmiti Fire front propagation progresses
eventually igniting crown 2 att = 96.4 s, Figuré&®8 Between the time the fire front
arrives at crown 1 and the time crown 2 ignitegrageR andgq,.,,; increases to 1.33
cm/s and 5.5 kW/m3, respectively. As the fire fradvances, crown 1 ignites 5.4 s later,
Figure 8.6b. Between the time of crown 2 combustiod crown 1 combustion, average
R decreases to 1.21 cm/s afjf}; increases to 13.70 kW/m In this case the increase of
qraq 1S attributed to the proximity of the fire frord thegq,.,;, measurement area. In the
CSD’s of 10 cm and 20 cm at a wind condition of @8, q,.,; increases by a minimum
of 30.1 kW/n? between crown ignitions, but at a CSD of 30 g}}); increased by 8.2
kw/m®. The combination of the lower amount of radiat&Emergy impinging onto the
unburned surface fuel and the decrease in avetagee ftilt angle in the region after
crown 1, from 51in the region before the fire front reaches crawio 37 in the region
after crown 1, results in the overall decreas®ofAs crown 1 ignitesq,.,; increases

from 13.7 kW/m3 to 570.4 kW/m3 in a period of 7.5AverageR increase to 2.01 cm/s

as a result of the increaseqfj, ;.
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Figure 8.6 LES results at a midplane of air temperature andvelocity field for a CSD of 30 cm at: (a
C2 ignition; t = 96.4 s. Instantaneou<R is 1.4 cm/s and radiation energy trarfer rate per unit
volume between 1.7 m and 1.8 m is 5.5 kW?; (b) C1 ignition; t = 101.8 s. InstantaneouR is 1.2
cm/s and radiation energy transfer rate per unit véume between 1.7 m and 1.8 m is 13.7 kW?>.
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Discussion

Three fuel configurations are investigated at twstigct wind conditions. In all
the cases investigated, except for one, crown Regrefore crown 2. In the 0.0 m/s
wind speed cases the flame tilt angle does not @leajor role in preheating unburned
surface fuel. Fire propagation under no wind cbods is primarily driven by radiation
heat transfer at the boundary of the combustior zod unburned surface fuel within the
surface fuel bed. The largest flame tilt angld @f occurs at a CSD of 30 cm. At times
the flame tilt angle is negative occurring at a C&20 cm with a flame tilt angle of
negative 11 It is shown that CSD affects the amount of hbat is transferred to the
unburned fuels and the duration of the heat transfecess. At a CSD of 10 cm the
averageR after both crowns have ignited is higher than &SD of 20 and 30 cm by a
factor of 2 and 1.5, respectively. The oveRilat a CSD of 10 cm is greater than at a
CSD of 20 cm and 30 cm by a factor of 1.1.

At a 0.8 m/s wind condition flame tilt angle plagslarger role in preheating
unburned fuels. The average flame tilt angle ertrgion prior to crown 1 is 4958 and
51° for CSD’s of 10 cm, 20 cm and 30 cm, respectivdlythe region after crown 1, the
average flame tilt angle decreases t& 84, and 37 for CSD’s of 10 cm, 20 cm and 30
cm, respectively. The decrease in flame tilt amgiore the ignition of crown 2 causes
to decrease as the view factor between the propggéte front and the unburned
surface fuel also diminishes. After both crownsitig, a larger quantity of heat impinges

onto the unburned surface fuel resulting in andase irR. A smaller CSD will result in
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a largerR. At a CSD of 10 cm, averadis larger than at CSD of 20 cm and 30 cm by a
factor of 1.1 and 1.7, respectively.

At a CSD of 30 cm, the combination of separaticstadice between crown fuels
and the 0.8 m/s wind speed result in the ignitibrcrown 2 prior to crown 1. This
development is due to the proximity of crown 1 lte initial flame source and the large
flame tilt angle in the region prior to crown 1 thrasults in a small residence time in
which the surface fire front transfers heat to analv At CSD’s of 10 cm and 20 cm,
during the 0.8 m/s wind condition, the residenceetis 60.4 s and 51.1 s, respectively.
Residence time at a CSD of 30 cm is 38.7 s whicnisnsufficient amount of time to

transfer enough heat to crown 1 to cause igniteforie crown 2.

8.2 Flow Field between Crown Fuels

All Crown Fuel Configurations at a 0.0 m/s Wind Cordition
An analysis is performed to determine how CSD a$fertical flow velocity

between adjacent crown fuels. The analysis isoped for three CSD’s of 10 cm, 20
cm and 30 cm at two distinct wind conditions of éhs and 0.8 m/s. The flow field is
investigated as the fire front propagates benesdtvrc 1 (region 1), through the area
between crowns (region 2), and beneath crown 2qime8). The first study is performed
for a CSD of 10 cm and a 0.0 m/s wind conditionguFe 8.7a demonstrates that as the
fire front progresses through region 1, the hotegas products of combustion do not

easily flow through crown 1 and are instead diwere flow around it. The average
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vertical velocityl_]y is calculated to be 1.3 m/s with a maximug),,, of 1.9 m/s as the
hot gases flow around crown 1 and into the opea between the crown fuels.

Figure 8.7b shows the fire front propagating thfouggion 2. The average
vertical velocityU,, of the hot gaseous products of combustion is ¢atled to be 2.7 m/s
with a Uy 4, Of 3.4 m/s. As the fire front continues to propagand advances through
region 3, Figure 8.7clj, and U, n,, are calculated to be 2.3 m/s and 2.8 m/s. The
calculated vertical velocities through the areaveen the crown fuels is greater when the
fire front is propagating through region 3 tharotlgh region 1, because as the fire front
progresses through region 3, crown 1 or both crévand crown 2 will be combusting
resulting in an influx of ambient air through regi@ to fuel the combustion process
occurring within crown 1 and/or crown 2.

The next analysis is performed at a CSD of 20 cnilewmaintaining wind
constant at 0.0 m/s. The fire front reaches thditegy edge of the first crown att = 69.8 s
and requires 40.1 s to traverse the span of refjidtigure 8.8a. During this timé,, is
0.7 m/s with aJ,, q, Of 1.2 m/s. The fire front then continues to athathrough region
2 with U,, of 2.3 m/s and a calculatéf, ,,,, of 2.7 m/s, Figure 8.8b. Att=119.9 s the
fire front arrives at the leading edge of regionThe fire front propagates through region
3 in 25 s, Figure 8.8c. In the time that the firent progresses through region 3,

calculatedy,, andU,,, are 2.1 m/s and 2.5 m/s, respectively.
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Figure 8.7: LES results at a midplane of air temperature andvelocity field for a CSD of 10 cm and ¢
0.0 m/s wind comlition as the fire front propagates: (a) beneath C1(b) through area between C1 anc
C2; (c) beneath C2.
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Figure 8.8 LES results at a midplane of air temperature andvelocity field for a CSD of 20 cm and ¢
0.0 m/s wind condition as the fire front propagates(a) beneath C1; (b) through area between C1 ar
C2; (c) beneath C2.

177



The final analysis performed at a wind condition @D m/s is for a fuel
configuration consisting of a CSD of 30 cm. The firont reaches the leading edge of
crown 1 sooner than at CSD’s of 10 cm, t = 72.d@nsl 20 cm, t = 69.8 s, as a result of
the proximity of crown 1 to the initial ignition aoce. The fire front reaches region 1 at a
time of 68.9 s.

The fire front requires 43.8 s to traverse the splaregion 1. During the time in
which the fire front propagates through region ijufe 8.9a,U,, is calculated to be 0.6
m/s whileU,, 1, is 1.0 m/s. The fire front then advances throregion 2 with al_]y of
1.6 m/s and &/, ,,,4, Of 2.3 m/s, Figure 8.9b. As the fire front proptes the initial 10
cm through region 2, crown 1 ignites at t = 96.53uring crown 1 combustion, the fire
front continues to advance through region 2 and irggion 3. As the fire front
progresses through region 3, Figure 8.9c, crowmgritds at t = 115.2 s and, and
Uy max @re calculated to be 2.1 m/s and 2.9 m/s, resatyti
All Crown Fuel Configurations at a 0.8 m/s Wind Cormlition

The next set of investigations is performed at mowdondition of 0.8 m/s and the
CSD'’s studied are 10 cm, 20 cm, and 30 cm. A CSD0am is initially analyzed. The
flames make contact with crown 1 att = 50.4 se hbt gaseous products of combustion
do not easily flow through the crowns fuels, budtéad are diverted to flow around the
crown fuels, as was observed at a wind conditio®.0fm/s. As the fire front propagates
through region 1, Figure 8.10@ andU,, .4, Of the hot gaseous products of combustion
flowing through the area between the crown fuelsaisulated to be 1.1 m/s and 2.1 m/s,
respectively.
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A time of 60.4 s is required for the fire fronttraverse the span of region 1. The
hot gaseous products of combustion then directigraregion 2 wheré_ly is calculated to
be 1.9 m/s and,, .4, is computed to be 2.5 m/s, Figure 8.10b. At t2=75s, the fire
plume enters region 3. During the time the firenpé is progressing through region 3,
Figure 8.10cl, andU,, ,, are calculated to be 2.1 m/s and 2.6 m/s, resdygti The

plume requires 51.8 s to propagate through region 3
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Figure 8.9 LES results at a midplane of air temperature andvelocity field for a CSD of 30 cm and ¢
0.0 m/s wind condition as the fire front propagates(a) beneathC1; (b) through area between C1 ant
C2; (c) beneath C2.
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Figure 8.1Q LES results at a midplane of air temperature andvelocity field for a CSD of 10 cm and ¢
0.8 m/s wind condition asthe fire plume propagates: (a) beneath C1; (b) throgh area between C:
and C2; (c) beneath C2.
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The CSD is increased to 20 cm and the same anadysisplemented. The fire
plume makes initial contact with crown 1 at t =25. As the fire plume propagates
through region 1(Figure 8.11a), which requires %15, andU, ., are calculated to be
1.5 m/s and 2.5 m/s, respectively. The fire pluimen proceeds to advance through
region 2 (Figure 8.11b) and into region 3, whemeulyh region 2J, is computed to be
2.5 m/s andJy, 4, is calculated to be 3.0 m/s. Through region 8ufé 8.11cl, and
Unmax @re computed to be 1.7 m/s and 2.0 m/s, respéctive

The final analysis is performed for a CSD of 30 cAt.t = 35.9 s, the fire plume
make initial contact with crown 1. The fire plurtteen proceeds to propagate through
region 1 (Figure 8.12a) which requires 38.7 s. otigh region 1[J,, is calculated to be
1.1 m/s andJ, ,,4, is computed to be 1.8 m/s. The fire plume thevaades towards
region 3 through the 30 cm area between the crawisf Through region 2 (Figure
8.12b),U, and Uy, 4, are calculated to be 1.8 m/s and 3.1 m/s, resmdgti The fire
plume requires 58.2 s to propagate through regiofl,3and U, ,,,,,, are computed to be

1.1 m/s and 2.8 m/s, respectively, through regi¢RiGure 8.12c).
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and C2; (c) beneath C2.
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Figure 8.12 LES results at a midplane of air temperature andvelocity field for a CSD of 30 cm ad a
0.8 m/s wind condition as the fire plume propagateqa) beneath C1; (b) through area between C
and C2; (c) beneath C2.
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Discussion

An analysis is performed to investigate how CSfeas$ the flow of hot gaseous
products of combustion between adjacent crown fuflee analysis is performed for
CSD’s of 10 cm, 20, cm, and 30 cm at wind condgiaf 0.0 m/s and 0.8 m/s. By
observing the calculated maximum vertical velositieis possible to determine what
affect, if any, CSD has on the flow field. Thesfimnalysis was performed for a wind
condition of 0.0 m/s.

The maximum vertical velocity,, 4, through region 1 at a CSD of 10 cm, 20
cm, and 30 cm is 1.9 m/s, 1.2 m/s and 1.0 m/sects@ly. This order from greatest to
least is also observed when calculated the averagial velocityU, within region 1.
The same trend is also recognized when calculdfipgnd U, ,, through region 2
wherelU,, is 2.7 m/s, 2.3, m/s and 1.6 m/s whilg,,, is 3.4 m/s, 2.7 m/s and 2.3 m/s for
CSD’s of 10 cm, 20 cm and 30 cm, respectively. iffecent trend is observed as the fire
plume propagates through region 3.

It is observed that the hot gaseous products ofbostion do not easily flow
through the crowns fuels. Instead, the flow isedi#d to flow primarily beneath the
crown fuels, rising at the outer boundaries. Ak tdimensions that make up the area
between the adjacent crown fuels are identical gixter the distance between crowns
(CSD). A small CSD results in a space betweenctben fuels that has a small cross
sectional area. For CSD’s of 10 cm, 20 cm andBQlee cross-sectional area through
which the hot gaseous products of combustion muost fhrough is 0.08 /) 0.16 nf,

and 0.24 m respectively. A simple conservation of mass &qoar, = ri1; where
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m x VA demonstrates that to conserve mass as the croissasd area decreases the
flow velocity must increase. Thus, at a CSD ofch® with A = 0.08 m, Uy max Should
be the greatest, followed by a CSD of 20 cm therc®0 This trend differs as the fire
plume traverses region 3 wheig .., is greatest at a CSD of 30 cm (2.9 m/s), followed
by a CSD of 10 cm (2.8 m/s) then 20 cm (2.5 m/Bhe difference can be attributed to
the surface fire behavior through region 3 as cr@wmndergoes vigorous combustion.
As crown 2 combusts the fire plume propagates thifito region 3 for a CSD of 20 cm,
while the fire plume advances 0.12 m into regidor3a CSD of 10 cm, and for a CSD of
30 cm the fire plume has progresses 0.1 m intaoregi For a CSD of 20 cm, the fire
plume transfers heat to crown 2 for the remainintgB30m after crown 2 commences
vigorous combustion. At a CSD of 10 cm, heat ens$ferred to crown 2 for the
remaining 0.18 m, while for a CSD of 30 cm, heatransferred to crown 2 for the
remaining 0.2 m after crown 2 enter vigorous contibans The additional quantity and
duration of heat transfer to crown 2 from the steféire causes crown 2 to burn more
intensely for a longer period of time, thus entirggnair at a greater velocity to fuel the
combustion process occurring within the crown fuels

For a wind condition of 0.8 m/s the results difféiem those attained at a wind
condition of 0.0 m/s. As the fire plume propagatesugh region 1, 4, is 2.5 m/s,
2.1 m/s, and 1.8 m/s for CSD’s of 20 cm, 10 cm, 3@am, respectively. Hot gaseous
products of combustion that are unable to passugtrerown 1 are diverted around the
crown fuel and flow across the bottom of the craewvards the outer boundaries exiting

region 1. At a CSD of 20 cm, the buoyancy of tl¢ dl|aseous products of combustion
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that exit region 1 has sufficient space, 20 cnghiange the direction of the flow and flow
vertically upward. For a CSD of 10 cm the flow ttlpasses the outer boundaries of
crown 1 and rises into the open area between thencfuels exits region 1 with a
maximum horizontal velocity, 4, Of 2.31 m/s. As a result of the relatively high
Uy max, the hot gaseous products of combustion thatregion 1 strike the lower portion
of the upstream face of crown 2. Flow speed deeeapon striking crown 2 and is then
diverted to flow vertically upward. The resultingaximum vertical velocity,, 4y is
2.1 m/s. Similarly to a CSD of 20 cm, at a CSDB86fthe buoyancy of the hot gaseous
products of combustion that exit region 1 has sigfit space to change the direction of
the flow and flow vertically upward. Since theVls at CSD’s of 20 cm and 30 cm do
not strike crown 2, as is the case at a CSD ofiQthe flow is not impeded. Applying
the simple conservation of mass equation, it shéalldw that the flow through region 2
for a CSD of 10 cm should be the greatest followgdlow through region 2 for a CSD
of 20 cm then 30 cm. But since the flow is impededa CSD of 10 cmlJ), yqy IS
greatest at a CSD of 20 cm then at 10 cm and &h&0 cm. The same hierarchy is
observed fol,,.

As the fire plume advances through region 2, cr@wontinues to impede the
flow speed of the rising hot gaseous products afilmastion. Uy, 4, is 3.1 m/s, 3.0 m/s
and 2.5 m/s for CSD’s of 30 cm, 20 cm, and 10 ¢@8D of 10 cm, having the longest
duration where the flow speed of the hot gaseowslymts of combustion is directly
impeded by crown 2, has the lowékt ., of 2.5 m/s. From the instant the fire plume
enters region 2 to when it exits region 2, the floivthe hot gaseous products of
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combustion is making direct contact with crown Bug causing the flow to change
direction vertically and reducing flow speed. Rbe first 4 s that the fire plume
advances through region 2, for a CSD of 20 cm,flibw is unhampered, but for the
remaining 12.5 s required by the fire plume to jaiggde through the remaining portion of
region 2, the hot gaseous products of combustierd@aectly impeded by crown 2 which
results in aJy, pqx 0f 3.0 m/s. At a CSD of 30 cm, the flow of the lgatseous products
of combustion is unhindered for the first 12.6 setas the fire plume progresses through
region 2. For the remaining 3.7 s before the fiheme exits region 2, the rising hot
gaseous products of combustion are making direatacb with crown 2. The result is a
Uy max Of 3.1 m/s. The fire plume then enters region 3.

For the CSD’s of 10 cm and 20 cm, as the fire plateances through region 3,
eventually both crown 1 and crown 2 are burninghe Burning of both crown 1 and
crown 2 simultaneously causes an influx of ambiaint that fuels the combustion
processes occurring within the surface and crowasfi In the case of a CSD of 10 cm,
because the cross-sectional area through whiclhdhgaseous products of combustion
and ambient air must flow through is smaller thand CSD of 20 cmi/,,,,, iS greatest
for a CSD of 10 cm (2.6 m/s) followed by a CSD 6f@n (2.0 m/s). As the fire plume
propagates through region 3, for a CSD of 30 cny orown 2 is combustion. Crown 1
did not ignite before crown 2 due to the high wepked that caused the residence time
between the surface fire front and crown 1 to redsignificantly. The burning of only

crown 2 results in the entrainment of less ambaénthan at CSD’s of 10 cm and 20 cm,

thus less intense crown fires and a loWgy,,, of 1.7 m/s.
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9 Conclusions and Future Work

The influence of horizontal separation distancewben adjacent crown fuel
matrices (CSD) on the transition process from serfires to crown fires and on surface
fire rate of spread in chaparral fuels is invesadaexperimentally and numerically. All
experiments are conducted within the confines wfired tunnel. Various measurement
instruments such as a thermocouple system, digé¢ajht scale, heat flux sensors, and a
Particle Image Velocimetry system are used to amalgurface fire rate of spread,
transition process from surface fire to crown fiseyface fuel mass loss rate, radiation
and convection flux impingement onto the surface emown fuels, and to investigate the
flow field between adjacent crown fuels separatgdatspecified CSD. A Large Eddy
Simulation (LES) model is used to further investigthe affect of horizontal separation
distance between crown fuel matrices on the ovéirallbehavior in a multiple crown

fuel environment.

9.1 Conclusions

The initial experiment baseline fuel configuratimmesists of only a surface fuel at
three distinct wind conditions. Wind conditiony@stigated are 0.0 m/s, 1.1 m/s and 1.9
m/s. It is shown that at wind conditions of 0.0smahd 1.1 m/s surface fire front rate of
spread R) is quasi-steady as the fire front propagatesgatbe surface fuel bed. Ata 1.9
m/s wind conditiorR is unsteady. An analysis of fire front flame defst performed and
it is shown that at a wind condition of 1.9 m/s tine front never achieves a steady flame

depth as it propagates the full length of the surfimel bed. The length of the fuel bed is
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not sufficiently long to allow the flame depth t@alsilize. This phenomena merits further
investigation using a significantly longer fuel bed

In all the remaining experiment fuel configuratidos all the wind conditions, it
is shown thaR decreases as the fire front approaches crownhis decrease iR is a
result of the reallocation of energy to preheat finel elements of crown 1 and the
interference of heat flux impingement onto the unled surface fuel by crown 1. The
hindering of heat flux impingement causes a viewtda reduction between the
propagating fire front and the unburned surface &iread of the fire frontR increases
after crown 1 ignites which merges with the surfaed fire front and propagates along
the entire crown fuel matrix. The increaseRins a direct result of the addition of heat
flux from the crown 1 fire that impinges on the unted surface fuels in addition to the
heat flux already impinging onto the unburned steféuels from the surface fuel fire
front. R decrease as the merged fire front approaches cwiihe decrease iR is
caused by the reallocation of energy to preheatfube elements of crown 2 and the
interference of heat flux impingement onto the unied surface fuel by crown 2. In all
cases studied, except for a CSD of 30 cm and 1s9wimd conditionR increase through
the empty space between crown 1 and crown 2. Heatimpingement onto the
unburned surface fuel is unhindered through thetgrspace between crowns 1 and 2
allowing the surface fuels to be preheated regyltinan increase iR. As the merged
surface fire front and crown 2 fire front proceeavards the downstream edge of the
wind tunnel test sectiol® andm decrease. The decreaseRiandm is attributed to the

fire fronts exhausting the surface and crown fuipsy.
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Utilizing a Particle Image Velocimetry system tHew field between adjacent
crown fuel matrices is studied. The objectiveogietermine how the flow of the rising
hot gaseous products of combustion from a propagatiirface fire is influenced by the
CSD between crown fuel matrices, and to study d&mg dynamic structures that may
arise due to this CSD. Analysis of the PIV datmdestrates that the average horizontal
entrainment velocityl,,,, is greatest at a wind condition of 1.9 m/s thanaatind
condition of 1.1 m/s and 0.0 m/s by a factor of arfil 2.2, respectively. This same
hierarchy applies to the average vertical velobifywhere at a wind condition of 1.9 m/s
U, is shown to be greater than at a wind conditiod.éfm/s and 0.0 m/s by a factor of
1.3 and 1.6, respectively. The propagating surfaeefront tilts to a greater extent
during a wind condition of 1.9 m/s than at the lowénd conditions of 1.1 and 0.0 m/s.
The large flame tilt angle increases the view fabietween the propagating surface fire
front and the unburned surface fuels resultingighér rates of spread, thus more intense
fires which leads to ambient air entrainment witaager horizontal velocities and larger
vertical velocities. Analysis of the fluid dynanstructures arising as a result of the CSD
between crown fuel matrices indicates that the ldgwveent of vortices only occurred at a
crown separation distance of 10 cm. It is sholat vorticity is greatest during a wind
condition of 1.9 m/s than at 1.1 m/s and 0.0 m/svligctor of 3.1 and 7.9, respectively.
Location and sizes of the resulting vortices dertratess that these vortices do not
contribute to the preheating of the unburned fuel.

Using a Large Eddy Simulation (LES) model, surfdice rate of spreadR),

flame depth, and flame tilt angle from the vertiaa¢ calculated and compared to those
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attained from experimentation. The two lowest wgahditions from the experiments
(0.0 m/s and 1.1 m/s) are compared to the two lowésd conditions from the LES
models (0.0 m/s and 0.8 m/s). At a 0.0 m/s windddmon, the lowest difference
betweenR's is calculated to be 5% for a CSD of 30 cm vRlbeing greater in the LES
model results at 1.24 cm/s. The largest differdmetveenR’s is calculated to be 18%
for a CSD of 10 cm withR being greater in the LES model results at 1.3%cnklame
depths and flame tilt angles between the LES maatedsthe experiments vary by a much
larger difference than was seen Ik with the largest differences occurring when
contrasting flame tilt angles. The flame tilt aaghre calculated during the period before
the fire front reaches the upstream edge of crowRdrcent difference is calculated to be
the greatest at a CSD of 20 cm at a difference 83% with the largest flame tilt
computed in the LES model results at The lowest difference is calculated to be 154%
for a CSD of 10 cm with the greatest flame tilt enbeing calculated from the LES
model results at 5°3 When contrasting flame depths between the exyatal and
numerical results, the greatest difference of 102%omputed at a CSD of 20 cm with
the greatest flame depth occurring in the LES madsllts at 10.3 cm. The lowest
difference is calculated for a CSD of 10 cm at 80t flame depth being the greatest in
the LES model at 9.9 cm. Although flame tilt angled flame depth vary by larger
percent differences, the resulting lower perceffedinces calculated fdR demonstrate
that at a 0.0 m/s wind condition the results frdme experiments and from the LES

models are comparable.
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The next contrast between the experimental and tds8Its is performed at a
wind condition of 1.1 m/s for the experiments and& m/s for the LES model. The
contrast is performed at these two different windditions to demonstrate that although
wind speed is greater in the experiments than enLfBS models by a factor of 1.4, the
flame tilt angles calculated are greatest in th& ltBodel when it is expected that flame
tilt angle be the greatest under the wind cond#i@nesent in the experiments. The
lowest difference betwedR's is computed to be 26% for a CSD of 10 cm wWRtheing
greater in the experimental results at 2.15 cm/Ehe largest difference iRR's is
calculated to be 58% for a CSD of 30 cm wRlbeing greater in the experimental results
at 2.5 cm/s. When contrasting results for flanfteatgle, those which calculated from
the LES model results are the greatest. The gtepéesent difference is calculated at a
CSD of 20 cm with a difference of 99% where th@éat flame tilt computed is in the
LES model results at 57.8 The lowest difference is calculated to be 83%af@SD of
10 cm with the greatest flame tilt angle being gkted from the LES model results at
48.8. The large flame tilt angles calculated in theSLEodel in comparison to those
attained from the experimental results suggestuirad speeds in the LES model should
be greater than in the experiments, which is notiate. Greater wind speeds lead to
large flame tilt angles which then lead to largew factors between the fire front and
the unburned surface fuel. This results in greléat transfer to the unburned fuels and
increased combustion rate as a consequence, wigoHdads in great®& results. But as
was previously presenteR,is greatest in the experiments, but in the expemis flame

tilt angle is the lowest even though wind speegréater in the experiments. The lowest
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difference between flame depth is calculated td3@% for a CSD of 10 cm with flame

depth being greater in the LES model results at 261. The largest difference between
flame depths is calculated as 141% for a CSD afr@@vith flame depth being greater in
the LES model results at 28.7 cm. The cause feselgreat difference merits further
investigation to gain a greater understanding @& pmocesses occurring under wind

conditions.

9.2 Future Work

In this investigation numerous experiments areqoaréd where the horizontal
distance between adjacent crown fuel matricesnedand studied at three distinct wind
conditions. All the experiments discussed are ootetl during a southern California
winter season. To gain a better and in-depth wtaleding of fire behavior it is
important to further investigate effects due to anbconditions (e.g. relative humidity,
ambient temperature, etc.), crown fuel propertiegy.(fuel moisture content) and
variations in terrain conditions (e.g. slopes) be surface fires to crown fires transition
process and on surface fire rate of spread.

The Large Eddy Simulation model is utilized suctdfsto study fire behavior
during no wind conditions in a multiple crown fuehvironment, but when used to
investigate fire behavior during wind conditionbgetresults generated by the model
diverged from those attained by laboratory expenitaion. To gain further insight as to

the cause of the discrepancies between numericherperimental results during wind
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conditions, it is necessary to compare and contnastlel and experimental results

beginning with very basic configurations to incliegb/ complex configurations.
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Appendix A — Summary of Experimental Data

Experiment No. Date Configuration | Wind (m/s) | RH % | Ta (°C) | R (cm/s)
1 Jan-11-2011 | surface fuel only 0.0 na na 1.0
2 Jan-11-2011 | surface fuel only 0.0 na na 1.0
3 Jan-11-2011 | surface fuel only 0.0 na na 1.0
B Jan-11-2011 | surface fuel only 0.0 na na 0.9
5 Jan-11-2011 na na na na na
6 Jan-13-2011 crown 2 0.0 na na 12
7 Jan-13-2011 crown 2 0.0 22 2 10
8 Jan-13-2011 crown 2 0.0 2 2 11
9 Jan-13-2011 crown 2 0.0 30 23 11
10 Jan-14-2011 | CINC2{@30cm 0.0 25 2 135
11 Jan-14-2011 | CINC2@30cm 0.0 25 2 14

2 Jan-14-2011 crown 1 0.0 25 27 1=y
13 Jan-20-2011 crown 1 0.0 15 21 14
14 Jan-20-2011 | CINC2@30cm 0.0 15 P 12
15 Jan-20-2011 CINC2@30cm 0.0 20 2 12
16 Jan-20-2011 CINC2@30cm 0.0 25 18 12
17 Jan-20-2011 CINC2@30cm 0.0 25 18 12
18 Jan-24-2011 | CINC2(@20cm 0.0 26 2 12
19 Jan-24-2011 CINC2{@20cm 0.0 2 2 11
20 Jan-25-2011 CINC2@20cm 0.0 28 25 13
21 Jan-25-2011 CINC2@20cm 0.0 28 25 12
22 Jan-27-2011 | CINC2@10cm 0.0 16 2 14
23 Jan-27-2011 CINC2@10cm 0.0 16 2 12
24 Jan-27-2011 CINC2@10cm 0.0 16 2 11
25 Jan-31-2011 | CINC2{@10cm 0.0 16 2 1.0
26 Feb-1-2011 | CINC2@10cm 19 41 2 4.5
27 Feb-1-2011 CINC2{@10cm 1.9 41 2 4.3
28 Feb-1-2011 CINC2@10cm 19 41 2 51
29 Feb-1-2011 | CINC2@1l0cm 1.9 23 17 4.5
30 Feb-2-2011 | CINC2@20cm 19 8 18 3.9
31 Feb-2-2011 CINC2{@20cm 19 7 15 5.9
32 Feb-2-2011 CINC2@20cm 19 10 13 438
33 Feb-2-2011 CINC2@20cm 1.9 10 13 3.7
34 Feb-8-2011 | surface fuel only 1.1 na na 26
35 Feb-8-2011 | surface fuel only 1.1 na na 3.1
36 Feb-8-2011 | surface fuel only 11 na na 27
37 Feb-8-2011 | surface fuel only 11 na na 2.8

Table A.1: Summary of all experiment parameters andenvironment conditions; included
are the overall rate of spreadr values calculated for each experiment; na indicatethat the
specific data in question was not obtained; experiants 81 through 92 were conducted to
capture only particle image velocimetry data but ae included in the table for completeness.
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Table A.1 continued...

Experiment No. Date Configuration | Wind (m/s) | RH % | Ta (°C) | R (cm/s)
38 Feb-9-2011 CINC2@30cm 1.1 na na 29
39 Feb-9-2011 CINC2@30cm 1l na na 26
40 Feb-10-2011 | CINC2(@30cm 1.1 na na 3.0
41 Feb-10-2011 | CINC2@30cm 113 na na 29

2 Feb-10-2011 | CINC2{@30cm 1 na na 26
13 Feb-10-2011 na na na na na
44 Feb-10-2011 na na na na na
45 Feb-15-2011 | CINC2(@30cm 1.9 na na na
45 Feb-15-2011 | CINC2{@30cm 1.9 na na na

7 Feb-15-2011 | CINC2(@30cm 1.9 na na 4.9
48 Feb-17-2011 | CINC2(@30cm 1.9 na na 38
49 Feb-17-2011 | CINC2@30cm 1.9 na na 4.6
50 Jan-17-2011 | CINC2@20cm 1.4 na na 24
51 Jan-18-2011 | CINC2@20cm 13 na na 23
52 Jan-18-2011 | CINC2{@20cm i | na na 2
53 Jan-18-2011 | CINC2@20cm 1 na na 2
54 Jan-18-2011 | CINC2@20cm 1.1 na na 23
55 Jan-18-2011 | CINC2(@20cm 1.1 70 14 2
56 Jan-22-2011 | CINC2@ 10cm 1.1 40 16 2
57 Jan-22-2011 | CINC2{@10cm 1.1 51 13 2
58 Jan-23-2011 | CINC2@10cm 1.1 na na 33
59 Jan-23-2011 | CINC2(@ 10cm 1l 53 14 29
60 Jan-23-2011 | CINC2/@ 10cm 1.4 57 13 23
61 Jan-24-2011 crown 2 19 na na 6.4

2 Jan-24-2011 crown 2 19 na na 6.8
63 Jan-24-2011 crown 2 19 na na 6.9
64 Jan-25-2011 crown 2 19 59 14 53
65 Feb-25-2011 | surface fuel only 19 66 2 57
66 Feb-25-2011 | surface fuel only 1.9 71 11 51

7 Mar-1-2011 crown 2 1.1 34 19 29
68 Mar-1-2011 crown 2 1.1 39 17 25
69 Mar-1-2011 crown 2 171 39 17 25
70 Mar-1-2011 crown 2 1.4 40 14 2.2
73 Mar-1-2011 | surface fuel only 19 45 14 8.1
72 Mar-1-2011 | surface fuel only 19 45 14 7.0
73 Mar-10-2011 crown 1 19 22 27 13.9
74 Mar-10-2011 crown 1 19 2 27 116
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Table A.1 continued.

Experiment No. Date Configuration | Wind (m/s) | RH % | Ta (°C) | R (cm/s)
75 Mar-10-2011 crown 1 15 2 27 7.5
76 Mar-10-2011 crown 1 11 25 27 27
77 Mar-11-2011 crown 1 1.3 52 23 26
78 Mar-11-2011 crown 1 1.3 52 23 28
79 Mar-11-2011 crown 1 1.9 2 23 i
80 Mar-11-2011 crown 1 1.1 52 20 24
81 Mar-22-2011 | CINC2@20cm 19 na na na
82 Mar-22-2011 | CINC2{@20cm 19 na na na
83 Mar-23-2011 | CINC2@20cm 19 na na na
84 Mar-23-2011 | CINC2(@20cm 19 na na na
85 Mar-23-2011 | CINC2@20cm 19 na na na
86 Mar-23-2011 | CINC2@20cm 1¢ na na na

7 Mar-23-2011 | CINC2@20cm 19 na na na
88 Mar-24-2011 | CINC2@ 10cm 19 na na na
89 Mar-24-2011 | CINC2@10cm 19 na na na
S0 Mar-24-2011 | CINC2@ 10cm 0.0 na na na
91 Mar-24-2011 | CINC2@ 10cm 0.0 na na na

2 Mar-24-2011 | CINC2@ 10cm 0.0 na na na
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Heat Flux (HF) units = kW/m®
Wind Crown 1 Combustion | Crown 2 Combustion
Experiment No. Date Configuration
m/s) | HFpviont | B com | HFmaria | HF sy om

1 Jan-11-2011 | surface fuel only 0.0 3.11 0.30

2 Jan-11-2011 | surface fuel only 0.0 232 0.23

3 Jan-11-2011 | surface fuel only 0.0 433 0.55

4 Jan-11-2011 | surface fuel only 0.0 227 027

5 Jan-11-2011 na na na na na na
6 Jan-13-2011 crown 2 0.0 11.58 125
7 Jan-13-2011 crown 2 0.0 10.36 1.04
8 Jan-13-2011 crown 2 0.0 13.67 136
9 Jan-13-2011 crown 2 0.0 17.37 1.65
10 Jan-14-2011 | CINC2@30cm 0.0 na na na na
11 Jan-14-2011 | CINC2@30cm 0.0 na na na na
12 Jan-14-2011 crown 1 0.0 467 0.48

13 Jan-20-2011 crown 1 0.0 471 0.43

14 Jan-20-2011 | CINC2@30cm 0.0 0.91 0.07 832 0.82
15 Jan-20-2011 | CINC2@30cm 0.0 1.08 0.12 %21 0.85
16 Jan-20-2011 | CINC2@30cm 0.0 1.60 0.14 6.57 0.62
17 Jan-20-2011 | CINC2@30cm 0.0 1.50 0.14 977 093
18 Jan-24-2011 | CINC2@20cm 0.0 112 011 529 0.54
19 Jan-24-2011 | CINC2@20cm 0.0 131 011 6123 0.63
20 Jan-25-2011 | CINC2@20cm 0.0 LA 0.19 13.93 135
21 Jan-25-2011 | CINC2@20cm 0.0 139 0.14 7.46 0.78
22 Jan-27-2011 | CINC2@10cm 0.0 1.68 0.16 863 0.83
23 Jan-27-2011 | CINC2@10cm 0.0 198 0.18 7.16 0.67
24 Jan-27-2011 | CINC2@10cm 0.0 1.62 0.09 1137 1.10
25 Jan-31-2011 | CINC2@10cm 0.0 1.58 0.14 835 096
26 Feb-1-2011 | CINC2@10cm 19 na na 2977 4.00
27 Feb-1-2011 | CINC2@10cm EE. na na 2765 4.07
28 Feb-1-2011 | CINC2@10cm 19 na na 23.62 393
29 Feb-1-2011 | CINC2@10cm 19 na na 23.61 392
30 Feb-2-2011 | CINC2@20cm 19 6.66 na 26.80 3.50
31 Feb-2-2011 | CINC2@20cm 15 6.30 na 24.14 3.66
32 Feb-2-2011 | CINC2@20cm 19 4758 na 2270 289
33 Feb-2-2011 | CINC2@20cm 19 5.65 na 28.02 335
34 Feb-8-2011 | surface fuel only 11 4.98 1.90

35 Feb-8-2011 | surface fuel only 11 543 324

36 Feb-8-2011 | surface fuel only 11 5:59 105

37 Feb-8-2011 | surface fuel only 2 | 479 1.62

Table A.2: Summary of all experiment heat flux measrements; na indicates that the

specific data in question was not obtained; for sdiace fuel only configuration experiments

the data in the table represents the maximum totahnd convection heat flux measured as
the fire front propagated along the surface fuel bé with no crown fuels present; in the

experiments 81 through 92 were conducted to capturenly particle image velocimetry data

but are included in the table for completeness.
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Table A.2 continued...

Heat Flux (HF) units = kW/m?

Wind Crown 1 Combustion | Crown 2 Combustion
Experiment No. Date Configuration
mis) | HF oot | BFmarcone | BFmactota | BF pngcome

38 Feb-9-2011 | CINC2@30cm : £ | 2,60 027 18.50 186
39 Feb-9-2011 | CINC2@30cm i} 2.58 0.27 13.56 213
40 Feb-10-2011 | CINC2@30cm 14 na na na na
41 Feb-10-2011 | CINC2@30em 13 3.06 0.33 18.10 194
42 Feb-10-2011 | CINC2@30cm 11 252 0.26 17.69 2. 11
43 Feb-10-2011 | CINC2@30cm £ i | na na na na
44 Feb-10-2011 | CINC2@30cm 11 na na na na
45 Feb-15-2011 | CINC2@30cm 19 na na na na
46 Feb-15-2011 | CINC2@30cm 1.9 na na na na
47 Feb-15-2011 | CINC2@30cm 19 320 0.69 18.82 3.10
48 Feb-17-2011 | CINC2@30cm 19 312 0.48 18.83 3.69
49 Feb-17-2011 | CINC2@30cm 19 4.57 0.89 15.52 313
50 Jan-17-2011 | CINC2@20cm 14 249 0.30 12.93 1.74
51 Jan-18-2011 | CINC2@20cm 11 323 0.43 1742 2.14
52 Jan-18-2011 | CINC2@20cm 1.3 2.83 0.36 15.95 2.13
53 Jan-18-2011 | CINC2@20cm £ i | 3.07 038 17.60 213
54 Jan-18-2011 | CINC2@20cm 11 297 0.33 16.95 2.06
55 Jan-18-2011 | CINC2@20cm 1.1 267 0.34 12.02 1.78
56 Jan-22-2011 | CINC2@10cm 14 2.55 0.33 1143 196
57 Jan-22-2011 | CINC2@10cm 31 275 034 991 156
58 Jan-23-2011 | CINC2@ 10cm : £ | 289 037 11.14 154
59 Jan-23-2011 | CINC2@10cm i } 3.10 038 14.71 182
60 Jan-23-2011 | CINC2@10cm 14 254 0.34 10.28 1.73
61 Jan-24-2011 crown 2 1.9 19.87 514
62 Jan-24-2011 crown 2 19 19.14 423
63 Jan-24-2011 crown 2 19 14.56 3.76
64 Jan-25-2011 crown 2 19 20.03 4.97
65 Feb-25-2011 | surface fuel only 1.9 7.46 290

66 Feb-25-2011 | surface fuel only 1.9 932 3.79

67 Mar-1-2011 crown 2 341 16.28 263
68 Mar-1-2011 crown 2 1.1 16.11 2.76
69 Mar-1-2011 crown 2 il } 11.74 199
70 Mar-1-2011 crown 2 14 11.35 230
71 Mar-1-2011 | surface fuel only 1.9 11.84 391

72 Mar-1-2011 | surface fuel only 1.9 8.83 3.21

73 Mar-10-2011 crown 1 19 1253 238
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Table A.2 continued...

Heat Flux (HF) units = kW/m?
Wind Crown 1 Combustion | Crown 2 Combustion
Experim ent No. Date Configuration
(m/s) | HFpoviom | HFmacom | HFmmon | HF mxon
74 Mar-10-2011 crown 1 1.9 1277 238
75 Mar-10-2011 crown 1 18 12.50 223
76 Mar-10-2011 crown 1 11 6.60 097
77 Mar-11-2011 crown 1 11 548 0.82
78 Mar-11-2011 crown 1 1 5.88 091
79 Mar-11-2011 crown 1 19 8.86 2.09
80 Mar-11-2011 crown 1 11 4.69 0.69
81 Mar-22-2011 | CINC2@20cm 19 na na na na
82 Mar-22-2011 | CINC2@20cm 15 na na na na
83 Mar-23-2011 | CINC2@20cm 19 na na na na
84 Mar-23-2011 | CINC2@20cm 19 na na na na
85 Mar-23-2011 | CINC2@20cm 1.9 na na na na
86 Mar-23-2011 | CINC2@20cm 19 na na na na
87 Mar-23-2011 | CINC2@20cm 19 na na na na
88 Mar-24-2011 | CINC2@10cm £ na na na na
89 Mar-24-2011 | CINC2@10cm 19 na na na na
90 Mar-24-2011 | CINC2@10cm 0.0 na na na na
91 Mar-24-2011 | CINC2@10cm 0.0 na na na na
92 Mar-24-2011 | CINC2@10cm 0.0 na na na na

210




Entrainment when fire frontis | Vertical velocity when fire front
Configuration Expt. No. outside left ROI boundary is within ROIboundaries
I‘-euLmjn (m_,fs} .[-’-em_mean I:III)'S} ‘.)-,m.a:: (m_,fs} "3-_312311 (IIU'S}
a0 2.0 03 na na
VO0_CIN2@llcm a1 na na 6.0 1.3
a2 na na 50 13
AVERAGE 2.0 03 6.0 1.3
56 2.0 02 6.0 13
: 37 2.0 -03 6.0 1.5
V11 CIN2@llcm =
38 na na na na
&0 -1.4 02 6.0 1.6
AVERAGE -1.8 -0.3 6.0 1.5
50 2.0 -02 s ik
V11 CIN2@20cm —
33 2.0 -03 6.0 13
AVERAGE 2.0 -03 6.0 1.3
38 2.0 -03 na na
; ) 0 na na 6.0 2:1
V1.1 _CIN2@3lcm
- 43 2.0 -0.6 6.0 19
44 2.0 -04 6.0 2.3
AVERAGE 2.0 -0.4 6.0 21
88 na na 6.0 AR
&9 na na 6.0 1.7
V19 CIN2@llcm =
82 na na 6.0 25
&3 na na 6.0 2.2
AVERAGE na na 6.0 2.2
V1.9 CIN2@20cm & -1.1 03 30 19
AVERAGE -1.1 -0.5 5.0 1.9
46 2.0 -08 6.0 2.2
V1.9 CIN2@3lcm 47 2.0 -04 6.0 1.7
48 na na 6.0 2.1
AVERAGE 2.0 -0.6 6.0 2.0

Table A.3: Summary of all experimental data capture using the particle image velocimetry
system for the multiple crown fuel configurations ér the CSDs of 10 cm, 20 cm and 30 cm
for the three wind condition of 0.0 m/s, 1.1 m/s ah1.9 m/s; na indicates that the specific
data in question was not obtained; table contains elocity data captured during the
entrainment stage when the fire front is to the lgfof the ROl boundary and vertical velocity
data during the period when the fire front is propagating within the ROI boundaries.
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Crown 1 and Crown 2 Fuel Configuration at a CSD of 10 cm
Wind (m/s) | Experiment No. | Image No. | Vortex Diameter (cm) | Vorticity (1/s)
0 31 2.1 19.8
0.0 91 108 2.1 65.0
0 96 32 20.9
90 7 3.6 149
57 39 1.7 60.5
60 53 1.7 95.0
60 93 1.8 88.7
1.1 56 119 1.9 76.0
57 123 23 343
60 102 2.1 130.6
57 16 2.5 46.1
1.9 | 88 | 11 | 1.5 | 238.1

Table A.4: Summary of all the vorticity data obtained using the particle image velocimetry
system; vortices were only observed in the multiplerown fuel configuration at a CSD of 10
cm; the table shows the experiment and the correspding image in which a vortex was
observed and the vortex diameters and vorticity vailes calculated.
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Appendix B — Rate of Spread Plots with Standard DeviatiooEBars
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Figure B.1: Rate of spread plots with standard dewition error bars for a surface fuel and

crown 1 configuration for the three wind speed caseof: (a) 0.0 m/s; (b) 1.1 m/s; and (c) 1.9
m/s.
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Figure B.1 continued...

Crown 1 only
(V=19m/s)

T 1
AV=19m/s I I Clonlyregion
1 (109cm-169¢cm) |

20.0
18.0
16.0
14.0
12.0
10.0

8.0 1

6.0 1

Rate of Spread (cm/s)

4.0 1

2.0 3 ‘} + {k

0.0 v v - . z v v - v
40 60 80 100 120 140 160 180 200 220 240

Distance Along Fuel Bed (cm)

(©)

214



Crown 2 only
(V=0.0m/s)
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Figure B.2: Rate of spread plots with standard dewition error bars for a surface fuel and

crown 2 configuration for the three wind speed caseof: (a) 0.0 m/s; (b) 1.1 m/s; and (c) 1.9
m/s.
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Figure B.2 continued...
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Crown 1 and 2 @ 10cm CSD
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Figure B.3: Rate of spread plots with standard dewtion error bars for a crown 1 and 2

configuration for a wind speed case of 0.0 m/s at@SD of: (a) 10 cm; (b) 20 cm; and (c) 30
cm.
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Figure B.3 continued...
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Crown 1 and 2 @ 10cm CSD
(V=1.1m/s)
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Figure B.4: Rate of spread plots with standard dewtion error bars for a crown 1 and 2

configuration for a wind speed case of 1.1 m/s at@SD of: (a) 10 cm; (b) 20 cm; and (c) 30
cm.
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Figure B.4 continued.
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Crown 1 and 2 @ 10cm CSD
(V=1.9m/s)
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Figure B.5: Rate of spread plots with standard dewtion error bars for a crown 1 and 2

configuration for a wind speed case of 1.9 m/s at@SD of: (a) 10 cm; (b) 20 cm; and (c) 30
cm.
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Figure B.5 continued...
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