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Abstract

The present work aims to develop a calculus algaritfor simulating the fire perimeter
evolution of a point ignition fire spreading upskopr under constant wind. A study of the
dynamic effects of favourable and contrary wingslope on surface fires spreading in fine fuels
was made. Based on experimental evidence it wasrstiwat in the general situation forest fires
exhibit a dynamic behaviour,e. the spread properties change with time even forstamt
boundary conditions, and in particular the fireeraf spread does not remain constant from one
point of the fire line to another. For this reastirg use of a single rate of spread is not sufficie
for a correct description of the fire perimeter lexion. The concepts of the fire line elements
extension and rotation were introduced as a congnerto describe their movement and shown
to be associated to the reduction of the fire tnevature. Using semi-empirical and empirical
formulations a mathematical model for predicting thie line evolution of a point ignition fire
under constant wind or slope was proposed.

In an experimental program using four test rigstaltof 155 laboratory experiments have
been conducted, analysing the following situatidite spread on horizontal ground with no
wind or slope (41 exp.,4m<19%), under the effect of favourable wind (56 exp-406m/s),
favourable slope (16 exp.-®0°), contrary wind (12 exp., -48 m/s), and contrary slope (30
exp., -55—-0°). Tests withPinus pinasterdead needles and dry straw fuel beds have been
conducted but in some cases alacalyptus globuluslash fuel beds were used. For all fuel
beds a fuel load of Okgy/n? has been used and in some cases also 0.8 akafri¥Gvere tested.

Parameters were determined for four empirical mégteitions, one for the dependence of
the rate of spread on fuel moisture content, fiee $preading with no wind or slope, other two
for the dependence of the rate of spread on wilatitg or slope angle, and one for determining
an equivalent wind velocity that produces the saate of spread value on a horizontal ground
than on a given slope angle. It was shown thatsiireading with contrary wind or slope attains
velocities slightly lower than spreading under nadwon level ground and that the rate of spread
successively decreases and increases as we intheaabsolute value of the wind velocity or
slope angle.

Analysing the fire line evolution by infrared imagi the fire line elements extension and
rotation were assessed and the parameters necegstrg extension and rotation prediction

model were determined. It was shown that, for wamdslope point ignition fires, there is a



tendency for the flank fire line to become paratitethe reference wind or slope direction and for
the back fire line to become perpendicular to thegction. The model was compared positively
with experimental laboratory results from two dediédl tests for a 30° slope, on pine needles and
straw fuel beds. The extension to the simulatiomeafl forest fires was analysed and further

work was proposed.

Keywords: forest fire behaviour modelling, surface firesydurable and contrary wind or slope
effects, dynamic fire behaviour, convective effedise line extension and rotation,

laboratory experiments.



Resumo

O objectivo deste trabalho € o desenvolvimentordealgoritmo de célculo para a simulagéo da
evolucdo do perimetro de um fogo, originado porfaoco pontual, em propagacao sob o efeito
do declive ou vento constante. Fez-se um estudoetl®s dindmicos do vento e declive
favoraveis e contrarios em fogos de superficie embustiveis finos. Mostrou-se, com base em
resultados experimentais, que em geral os incénitiiosstais exibem um comportamento
dindmico, i.e. as propriedades de propagacao alteram-se ao ldagtempo mesmo para
condi¢Bes de fronteira constantes, e em parti@uhaelocidade de propagacdo ndo se mantém
constante de um ponto da linha de fogo para oBtpeste motivo, o uso de uma velocidade de
propagacao Unica ndo é suficiente para descreuectamente a evolugcado do perimetro de fogo.
Introduziram-se os conceitos de extensdo e deawtdgs elementos da linha de fogo como
complemento para descrever 0 seu movimento, mogtrgue estdo associados a reducao da
curvatura da mesma. Usando formulagcbes semi-empigcempiricas propds-se um modelo
matematico para prever a evolugéo da linha de diegom foco pontual sob o efeito de vento ou
declive constantes.

Num programa experimental realizado usando quatisamde teste fez-se um total de 155
ensaios laboratoriais, analisando as seguinteacéiés: propagacdo em leito horizontal sem
vento e sem declive (41 ensaios; ® <19%), sob o efeito de vento favoravel (56 ensaies, 0
4.5m/s), declive favoravel (16 ensaios;-@0°), vento contrario (12 ensaios, -4.8 m/s), e
declive contréario (30 ensaios, -58°). Fizeram-se ensaios com leitos de agulhas sdeRinus
pinastere palha seca mas em alguns casos também forawsussiduos de corte &eicalyptus
globulus Para todos os leitos foi usada uma carga diegn® e em alguns casos também 0.8 e
1.0kg/nm?.

Determinaram-se parametros para quatro fungdesrieagyiuma para a velocidade de
propagacao como funcdo do teor de humidade dosusimebis, para propagacao sem vento e
sem declive, outras duas para a velocidade de gagfa como funcéo da velocidade do vento
ou angulo de inclinacdo, e uma para a determindgdona velocidade de vento equivalente que
produz a mesma velocidade de propagacéao em laizohtal que um dado declive. Mostrou-se
gue a propagacao do fogo contra o vento ou o @ediinge velocidades ligeiramente mais
baixas que sem vento e sem declive e que a vetteeida propagacao diminui e aumenta

sucessivamente a medida que aumenta o valor absiawelocidade do vento ou do declive.

\"



Analisando a evolucéo da linha de fogo atravésrdgens de infravermelhos, avaliaram-
se a extensdo e rotacdo dos elementos da linhagie & determinaram-se os parametros
necessarios ao modelo de previsdo da extensdoaagdo. Mostrou-se que, para fogos sob o
efeito do vento ou declive originados por um foootpal, existe uma tendéncia para a linha de
flanco se tornar paralela a direccdo do vento fiwéecia ou do declive e para a linha da cauda
se tornar perpendicular a essa direccdo. O modelmmparado positivamente com resultados
experimentais de dois ensaios realizados pargpegp@sito com um declive de 30°, com leitos
de agulhas de pinheiro e palha. Analisou-se a sitea simulacédo de incéndios reais e propos-
se trabalho futuro.

Palavras-chave: modelacdo do comportamento do fogo, fogo de $igperefeitos do vento ou
declive favoraveis e contrarios, comportamento din@ do fogo, efeitos convectivos,
extensao e rotacdo da linha de fogo, ensaios lavaia.

Vi
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Nomenclature

Symbol  Units  Description

a m Length of fire line element at time instdnt

a m Length of fire line element at time instahtt+dt
ao - Coefficient in Eqg. (2.1)

as - Coefficient in Eq. (2.17)

A - Coefficient in Eq. (2.7)
aiu - Coefficient in Eqg. (2.2)
ala - Coefficient in Eqg. (2.3)

bo - Coefficient in Eq. (2.1)

bs - Coefficient in Eq. (2.17)

(o - Coefficient in Eq. (2.7)

bg - Coefficient in Eq. (2.26)

b - Coefficient in Eq. (4.1)
b1,u - Coefficient in Eqg. (2.2)
b1a - Coefficient in Eqg. (2.3)

Co - Coefficient in Eq. (2.1)

d - Variation of a given parameter during time stiép
do - Coefficient in Eg. (2.1)

dt S Time step

f1 - Empirical function given by Eq. (2.2) and (2.3)
fa - Empirical function given by Eq. (2.17)

¥ % Fuel moisture content on a dry basis

my - Coefficient in Eq. (2.27)

mg - Coefficient in Eq. (2.26)

me - Coefficient in Eq. (4.1)

n - Number of points in the fire perimeter at time argt
p - Number of fire perimeter contours

S m Position of a point at time instant

S m Position of a point at time instantt+dt

t S Time elapsed since fire origin

to S Initial time instant

t S Next instant of time

u m/s  Local flow velocity parallel to the fuel bed

m/s  Approximate value of local flow velocity given byyE4.2)
Uo m/s  General flow velocity (due to general wind or eglént to slope)
Ui m/s  Local flow velocity induced by the fire



Ux m/s  Local flow velocityOX component

Uy m/s  Local flow velocityOY component

Ueq m/s  General flow velocity in a slope fire equivalentatavind induced fire
Xi m Local coordinate tangent to the fire line at péint

Xo m Basic coordinate perpendicularue

yi m Local coordinate perpendicular to the fire lingaint P;

Yo m Basic coordinate parallel t®

Pi - Generic point at the fire line at time instant

P - Generic point at the fire line at time instartt +dt

R m/s  Local rate of spread (ROS)

R m/s  Local rate of spread at a generic point

Ro m/s  Basic rate of spread (ROS under no wind or slofects)

Ro m/s  Local rate of spread at the most advanced poitttarback fire
R m/s  Local rate of spread at the most advanced poitttdrilank fire
Ry m/s  Local rate of spread at the most advanced poititdrnead fire
Rn m/s  Rate of spread component perpendicular to thdifieeelement

Rj m/s  Average rate of spread at the midpoint of a fine klement
R - Non dimensional rate of spread

S - Generic fire line element at time instant

Si - Generic fire line element at time instaistt+dt

a ° Slope angle of the fuel bed in relation to the ramtal
B ° Angle between the local rate of spread @t axis
Bini ° Angle of the fire line element at time instant
Pin ° Angle of the back fire line corresponding to a nwll
L ° Angle at time instarit =t +dt

p* ° Value off corresponding to the maximum of

Eav 1/s Rate of average relative extension

0 ° Angle between the local flow velocity adYo axis
o* ° Value ofé corresponding to the maximum of

0] %/s Rotational velocity of a generic fire line element
wh °/s Rotational velocity of a back fire line element

s °/s Rotational velocity of a flank fire line element

(Wmax °/s Maximum rotational velocity



1. Introduction

1.1. The forest fires problem

Forest fires: a Nature destructor or just a natupdlenomenon?

It is not consensual if forest fires are somethingdesirable that cause nothing but the
destruction of natural habitats and man-made stresf and something that we should avoid and
suppress at any cost, or if they are a natural gienon that makes part of a healthy natural
environment. Most people think of fire as somethmegative and it is true that, as Man shapes
nature in order to satisfy his needs fire ofteredtens his way of live. In this section, a brief
discussion will be made on the negative and pasiiffects of forest fires, giving a worldwide
perspective on the subject, in particular in Patug

Despite the negative connotation that most pedmee towards forest fire, this
phenomenon is part of the ecosystems and it camdsibto its’ shaping for millennia (Beak
al., 2005). In fact Man itself has been using fire floany purposes such as fuel management,
reducing pest populations, clearing sites, andihgnSince the earliest recorded use of fire by
hominids 1.5 million years ago (Brain and SilleB8&) and with mankind spreading all over the
planet, forest fires have been increasingly Marseduwhether intentionally or by negligence,
and this became the most common source of wildli@edGill, 1981). But forest fires do occur
naturally, for example caused by lightning (Pyn@)D). Many ecosystems, like for example the
Mediterranean one, are used to recover from fickraged fire for maintaining healthy conditions
(Cramer, 2001). Policies of fire management thgt tov simply eliminate fire from the
ecosystems have recently been questioned and eoedido deteriorate the forests health
(Kimmerer and Lake, 2001) and, together with clienalhanges (Viegas, 2007a), are considered
as one of the causes of the so called mega-fiezdires of huge proportions, that recently have
been occurring all over the world (USA, AustrafPartugal, Greece, etc.).

The forest fire problem worldwide

The problems commonly associated to forest firesreot an exclusive of a given country or
region but global problems that affect communit#ver the world. Every year we hear about
incidents caused by forest fires all over the woslath as the recent examples of the forest fires
in California (USA) in 2008, Greece in 2007, ands&alia in 2009 where near 200 people were



killed in several forest fires related accidentsit Be also verify that neither we get the same
amount of information from everywhere in the woibe&ing the most developed countries those
who supply bigger amounts of information regardihgse issues, nor the forest fires affect all
the countries and regions in the same manner. @ E207) a worldwide assessment on Fire
Management is made and not only the negative aspédbrest fires are discussed but also the
positive ones, recognising that fire is essentml maintain some ecosystem dynamics,
biodiversity and productivity. Despite the diveysdf situations we can find all over the world,
regarding the fires that cause a negative econamit ecological impact, there are common
denominators associated to the problem: incredsing use pressure, economic interests and
lack of an effective fire management policy eitbgriack of resources or as in many causes due
to an absence of focus in the correct approachagtoblem. Although in some regions of the
World naturally caused fires can have a significaoritribution to the total number of ignitions,
in the majority of situations the main causes ofe$b fires are human related, either by
negligence or with intent. In most situations, givbe great amount of unknown causes, it is
difficult to quantify accurately the human causedd by arson.

The places where Man interacts or depends upostfomr other landscapes prone to be
affected by forest fires are those where fire isniiely to be considered as a serious issue and
where a forest management policy is most requife@articular case is the Wildland Urban
Interface (WUI),i.e. the frontier between forest fuel areas and Mannstdectures. Ribeiro
(2008) introduces the concept of the Wildland Hurraarface (WHI). An example of WHI is a
camping park in the forest: although we don’t altyulsave a case of WUI, because a camping
park is not necessarily an urban structure, welstite the problem of protecting human lives if
a fire comes in that direction. In fact, the pri@s of defence against forest fires are the
Wildland Human Interfaces.

In order to address the problems commonly assatiatieh forest fires, institutions
dedicated to fire fighting and fire management wereated. Historically, countries like the
USA, Canada, and Australia, are known for havintivadire management policies, including
fire research. For example in Canada there argfeeention laws which are over 125 years old
and the organized suppression of wildfires begah9@5 (Becket al, 2005). In the USA the
U.S. Forest Servicereated in 1905, formalized the national apprdachildland protection. In

Victoria, Australia, in 1907 th&tate Forests Departmentas established beginning the formal



management of Victoria's forests, and great awasené the need for fire protection followed
the 1939 fires that caused the death of 71 pedipdedestruction of entire townships and the
razing of millions of hectares of forest and agtiatal land.

In South America, that is divided in 13 countrieger fifty percent of the surface area (in a
total of 17.450.47&m?) is covered by forests, but although forest firepresent a serious
problem due to the destruction of natural renewaielgources, and economic, social and
environmental impact, there have not been any #feechanges in national policies or in the
attitude of the local populations in response &séproblems (Julio, 2008).

Africa is the most fire-prone continent in the vebind in 2000 eight percent of the
continent burned, corresponding in global term64@&o of the world’s burned area and %@of
the number of fires (FAO, 2008}.is estimatedhatforestfiresin Africa areresponsible for 4%
of the biomass burned globally each year, with megmsequences in terms of deforestation and
CO: emissions. As these fires often spread over largas, as a result of high plant productivity,
relatively low rural population densities and rudgandscapes that are not fragmented by
settlements, agricultural lands or roads, a regiasaessment of fires in Sub Saharan Africa
concluded that the key to effective fire managemsrtb involve agriculture practitioners in
using fires in a controlled way.

The Asian continent covers a large area of thedvanld presents a great diversity in terms
of fuels, causes and impacts of forest fires. Ni»ebess, in the last decades the number and size
of wildfires have increased all over the contineousing considerable economical and
ecological damage (FAO, 2008). Although in someasisome fires are ignited by lightning, the
great majority is human caused, either deliberatelyy negligence. Considering the importance
of the Eurasia/Central Asia’s Boreal forest in thiectioning of the Earth’s climate it is urgent to
implement or improve Fire Management policies iosthregions.

In Europe, the Mediterranean region is the mosicé#id by forest fires. Nevertheless, the
impacts of fire in the Northern and Central Eurapemuntries should not be overlooked
because, in some situations, fires of moderateowr intensity and small extent and that
apparently do not have very negative effects, @iowssly disrupt the fragile balance of some
ecosystems. In the countries of the Mediterraneesinb forest fires cause enormous economic
and ecological damage as well as the loss of hdives The problem is in great part related to

the climate, characterized by prolonged dry andsbhotmers (Durdo and Real, 2006). Naturally



caused fires represent a fraction of the total remalb ignitions and again people are responsible
for most fires. Social issues are behind the prableuch as burning for promoting vegetation
growth for grazing purposes, making room for adtical purposes, attempting to change land-
use classification, private vengeance, or geneyatmployment in fire prevention and
suppression activities.

The forest fires problem in Portugal

Portugal, being a country of the Mediterraneanareghas major problems regarding forest fires
and follows the worldwide trend of increasing butreea and number of ignitions in the last
decades (Figure 1.1). Although there is a tenddocy moderate increase in terms of burned
area since 1980, with two peaks in 2003 and 20t raise in the number of ignitions in the
same period is overwhelming. Several reasons duaNeé contributed for this tendency, such as
demographic expansion, leading to more areas of,\&hH technological development, leading
to the existence of more activities prone to oaggnfires (ex. railroads, agricultural machinery).
Nevertheless, beyond the fact that forest firesesware mostly human, arson seems to have a
preponderant role. However, due to the lack of adegjinformation that results in around 30%
of ignitions with undetermined causes every yeaanf@sceno and Silva, 2007), it is very
difficult to quantify the real amount of purposalgt fires, in particular those which aim to obtain
any type of benefit.
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Figure 1.1 — Statistical data related with forest fires inrtBgal between 1970 and 2008 (sourb&RBP): (a)
Burned area. (b) Number of ignitions.



There are three measures that would be of paramyartance towards minimizing the
negative impacts caused by forest fires in Portugastly, it is essential that fire managers
understand that fire is part of the Mediterraneaosgstems and cannot and should not be
eliminated. People from rural areas should not tmhipited from burning nor obliged to go
through difficult or expensive bureaucratic pro@sst obtain a burning permit, since this will
only create disrespect with authorities as peoglleny to burn clandestinely, increasing the risk
of negative consequences that sometimes even [eathet loss of human lives. Instead,
conditions should be created for them to easilaiob& burning permit and to burn with safety,
involving for example volunteer firefighters. Sedbtn an effort should be made for increasing
people awareness regarding fire: people from ramghs who use fire must understand that basic
safety measures must be applied, preventing tisedbbkves and the occurrence of uncontrolled
forest fires that have many negative short termaicte but also long term ones, such as on
climate; people who live outside the rural areasukh not think of fire as something purely
negative that must be eliminated at all cost amd fine sometimes can be used as a managing
tool with many positive effects. Finally, mechangsmshould be created to systematically
investigate and determine fire causes. Those wigo paoved to be directly or indirectly
responsible for arson with the purpose of obtairamy type of benefit should be severally
punished. The population cannot have the feeliagdhe can commit this type of crime and end
unpunished and must understand that forest firee hary negative impacts, not only in the
forests and other ecosystems that are burned $mirathe amount of greenhouse gases that are
released to the atmosphere, that cause greatipollnd have a great impact on climate change.
Everyone must think in what kind of legacy we wemieave for our children and understand

that sustainability is the key for building a wontdwhich we are in equilibrium with Nature.

The importance of studying forest fire behaviour

It is clear that forest fires are associated withngn negative impacts that generally are
highlighted in relation to positive ones, espegiallecause wildfires can cause massive
destruction and unavoidably, as Man has to ded thi¢ problem of fire fighting and since fire
is a hazardous phenomenon, often people get injrédled, either when involved directly in
fire suppression activities or sometimes in cotitesvents (Viegas, 2004c; Viegas al,
2006a).



Research is of paramount importance to assesseawaitety of issues related with forest
fires such as fire effects in the ecosystems, kigzassociated with the Wildland-Urban
Interface, firefighter's safety, smoke dispersiontihe atmosphere, and forest fire behaviour,
among many others. A better knowledge of each efdhsubjects has great importance to
minimize wildfires negative impacts. In particuléorest fire behaviour studies can have a major
contribution for improving the effectiveness ofefimanagement both in suppression and
prevention activities, fire fighters safety, defion of prescribed burning conditions that would
minimize negative impacts in the ecosystems, elis Work aims to contribute to a better

understanding of fire behaviour and to improvedlodal knowledge on the phenomenon.

1.2. The study of forest fire behaviour

Scope of this section

A review will be made on the research on surfacedbfire behaviour, in particular fire
behaviour modelling. Crown fires, ground fires apbtting will not be considered. It is not
intended however to make a detailed approach teubgct but instead to have an overall look
at what has been done since the beginning of tleatigth century. Many reviews have been
made, like in Catchpole and de Mestre (1986), Wéb@91), Perry (1998), André and Viegas
(2001), André and Viegas (2002), Pastbil. (2003) and Sullivan (2009a, 2009b, 2009c), that

can be consulted by those who wish to have moognmdtion regarding this subject.

Types of forest fire behaviour models and calcataBystems

A fire behaviour model is usually a set of equatiamhose solution gives numerical values
corresponding to parameters that characterizesfiread properties, such as the rate of spread
(ROS), the flame geometry, and the amount of enesigyased during the combustion process. In
this work, fire spread models shall be classifiedplysical (or theoretical), semi-physical (or
semi-empirical) or empirical. This classificatianused by many authors although sometimes the
definition of each type of model might vary. Thefidéion of each modelling approach
considered here will be described below.

Physical or theoretical models are those basecheraiws that govern fluid mechanics,
combustion and heat transfer (Pastbmal, 2003). One major advantage of physical models is

that they are based on known relationships, whacilifates their scaling (Chandlet al,, 1983;



Weber, 1991). However, there are various reasomslehing their widespread use and
development: they are very complex, the input patars are very difficult to obtain,
simulations require great computation power anddaveriods of processing time when using
personal computers, and it is difficult to acculsatemodel all the phenomena involved in the
complex and dynamic process of combustion throogst fuels. Due to these limitations these
models are still far from being built into operatad fire management tools.

Semi-empirical models result of a combination ofygbal and empirical modelling
techniques (Perry, 1998) and use some form of paly$ramework upon which to base the
chosen statistical modelling. They do not provigghgsical process for the transfer of heat from
the combustion zone to the unburnt fuel and usa flain field or laboratory experimental fires
for determining the parameters necessary to cleseroblem.

Empirical models are in essence a statistical gegmm of wildland, field or laboratory test
fires and make no attempt to incorporate any playgicocess. As they are developed for a
particular set of conditions, their lack of a plvgdibasis means that their use outside of these
conditions must be made with caution (Catchpoledatestre, 1986).

The ultimate aim of a fire spread model is fire d&bur prediction. AFire Behaviour
Prediction Systens obtained by using adequate methods for incatpay fire spread models
into fire growth simulators and its objective is émable an end user to carry out useful
estimations of fire perimeter evolution (Sulliv&2909c) that can be used aSapport Decision
Systemin fire management, both in suppression and ptemeroperations. The increasing
computation power of personal computers, that & l#st three decades became accessible to
practically everyone, made possible the implementatof mathematical fire behaviour
prediction models that could be used at a broatk doa forest fire managers. There are two
types of computer simulation models: i) those wwidrk as independent software; ii) those who
operate with aGeographic Information Syste(®&1S) as a platform. In the second case it is
possible to integrate the simulation output andlémelscape data and, using methods like bond
percolation or cellular automation simulation teicues (discrete propagation) or elliptical wave
propagation (continuous propagation), to estimate frowth. Examples of a computer
simulation model working as independent softwarentagrated with a GIS afgéehave(Burgan
and Rothermel, 1984; Andrews, 1986; Andrews ands€hi989) anérireStation(Lopeset al,



1998), respectively, both using the Rothermel (}9@pagation model. Many simulation

models integrated with GIS use Rothermel’s model.

Previous work on surface forest fire behaviour

The physical and chemical processes involved iastofire spread are very complex and the
understanding of the individual aspects of the phemon requires a great knowledge of
combustion, heat transfer, fluid mechanics, andnisiey. Also one must have in mind that, as
this is a reacting system, changes in the conditadran individual process will interfere with the
remaining, making forest fire behaviour modellingexy difficult task. The development of a
fire behaviour prediction model that could accusat®mpute the spread parameters, such as the
ROS and fireline intensity, at a field scale, ¢l $ar from the present state of the art on fire
behaviour modelling, despite the technological scidntific means that we have nowadays.

In an early work of Show (1919) the flammability ldfer is assessed as related with fuel
moisture content variation with climate seasonahnges along the year. The author also
analyzed the fire perimeter evolution, as a measfir®0OS of 33 small field experiments,
concluding that the fire perimeter increase vadsshe square of wind velocity. After almost
two decades Curry and Fons (1938) presented datadround 160 field experiments of surface
fires performed inPinus ponderosditter and proposed an empirical model equation fo
predicting the perimeter evolution as a functiotiwie, wind velocity, fuel moisture content and
slope. Few years later Fons (1946) developed thetfieoretical model for the ROS of a forest
fire by establishing an energy balance betweerfitbeand the fuel particles, considering heat
transfer by convection and radiation, and usedr&tboy experiments performed in a wind
tunnel using ponderosa pine needles and verticadlgqosa twigs for parameter determination
and for the model validation.

Several aspects of the combustion of forest fusdsdascribed in some detail in Byram
(1959) such as the chemistry of combustion, phase®mbustion, heat release, heat transfer,
fuel size and arrangement, retardants and inhgitdrcombustion, and fire intensity. Byram
concluded that the heat energy release by burrongst fuels does not vary widely between
different types of fuels, for a complete combustieaction and referred to the fire triangle (fuel,
oxygen and temperature) highlighting that the psepof all fire suppression efforts is to break

or weaken, directly or indirectly, one or more sidé the triangle. He proposed the well known



equation for determining the linear fire line ingéy as a function of the fuel heat of combustion,
weight of fuel consumed per unit area, and line@SR(I = H.w.R) and also an empirical
equation for estimating the flame length as a pdamerfunction of the fire line intensity.

Until the 60’s, research on forest fires was scand lacking of guidelines showing
researchers common approaches that would enahls @t particular aspects of fire behaviour
allowing an improvement of key knowledge towardshomn objectives. In this new period of
fire research, the first trend was the developn@nphysical modelling with Thomas (1960,
1963), Hottel (1961), Taylor (1961) and Thomas @)9making theoretical analysis of static
fires, the first using wood crib fires and the ldstee using gas burners. Work on the physical
modelling of spreading fires also arose with Fetsl. (1963), Thomas and Simms (1964),
Thomas and Law (1965), and Thomas (1967) usingficab for developing their models of fire
spread on level ground, with the last two accounfor wind effect. Hottelet al. (1965) and
Anderson (1969) also proposed physical modelsiferspread on level ground in the absence of
wind with the first using laboratory experimentsurel beds of newsprint, rectangular computer-
card punchings and computer card squares to eealbatmodel and the second using fuel beds
of pine needles. Albini (1967) developed a theoattmodel for fire spread on level ground in
brush fuels with elementary account of the wineé&fby adjusting the tilt flame angle.

In parallel with the approach of theoretical stgdiasing small scale laboratory
experiments for testing the models, a new line efearch using wider sets of laboratory
experiments at a larger scale and testing a braader of parameters started to emerge.
Eventually, the results obtained by those meansldvbecome the basis of semi-physical and
empirical modelling that, especially due to themglicity, had great acceptance within the
scientific community but also among operationalf@ssionals. Anderson (1964) performed 32
laboratory experiments of fire spread, on levelugiewith no wind in fuel beds of pine needles,
in a facility where the air temperature and relathnumidity could be conditioned, presenting a
summary of the test data and main results and singlythe influence of several fuel bed
properties on the ROS. Anderson (1968) analyseddtiation emission from a flame and the
flame width influence on the ROS, using laboratexperiments in fuel beds of pine needles.
Rothermel and Anderson (1966) also performed laboraexperiments in fuel beds of pine
needles, with controlled air temperature and netathumidity, on level ground under the

influence of wind and presented empirical relatiops for predicting the ROS. They concluded



that, in the absence of wind, radiation is the alemt way of heat transfer but with wind,
convection plays an important role heating the fakéad of the fire. Van Wagner (1968)
presented laboratory and field experiments on red plantation surface fuels, performing back
and head fires, and analysing wind or slope effdatdd experiments would also come to gain
popularity as an alternative for laboratory expemts or, as in many cases, as a complement.
McArthur (1966, 1967) presented a very wide setestlts from field experiments, in the first
work for grassland fires on level ground in thesgrece of wind, and in the second work for
eucalyptus forests fires, assessing several pagasneffects on fire spread such as fuel moisture
content, fuel load, wind velocity, and slope. Heoaproposed the well knowhRorest Fire
Danger Meter Woolliscroft (1968, 1969a, 1969b) also presensmine results of field
experiments on shrub fuels, mostly on level grodadhead and backing fires in a light wind.

In the decade of 70, physical modelling continuedli¢serve the attention of researchers,
with more attention being given to wind effects aathetimes slope. Pagni and Peterson (1973)
developed a theoretical model for fire spread aell@round accounting for wind effect and
compared the model against laboratory experimeata Rothermel and Anderson (1966). They
concluded that with no ambient flow the dominatprgheating mechanism is flame radiation
but for nonzero wind velocities, although radiatietill has a significant role, convection
dominates preheating. Cekirge (1978) used theefidifference method for developing a
theoretical model considering wind as influencirapwective transfers and flame geometry as
influencing radiative heat transfers. Telisin (197dn the other hand, proposed a theoretical
model based on flame radiation, within and aboeeftiel bed, assuming that radiation above the
fuel bed preheats only a surface layer of fuel. frifealel accounts indirectly for wind or slope
effects by considering the flame length and tiljlanThese last two authors both compared their
models results against field experiments data Véoolliscroft (1968, 1969a, 1969b).

During the 70’s, field experiments and especiatipgistent sets of laboratory experiments
assessing the effect of a wide type and range odnpeters continued to gain popularity.
Packham and Pompe (1971) measured effective ralisgmperatures of around 9@ making
one field experiment in which they burned one pileslash. Beyreigt al. (1971) also analysed
radiation, determining the emissivity of wood cfldeimes on level ground, and also estimated the
convective heat transfer coefficient. Frandsen {J@eveloped a semi-physical model for fire

spread on level ground in the absence of wind,wwatld become the basis of the Rothermel’s
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(1972) model. This semi-physical model is probatbly best known fire spread model and is
incorporated in many operational systems of fireaveur prediction, such &ehave(Andrews
et al, 2003) andrarsite (Finney, 1998). The model’'s parameters, includimase that account
for wind and slope effects, are determined usimgde set of laboratory experiments using fuel
beds of pine needles, excelsior, wood cribs, anddwsticks. Frandsen (1973a) performed
laboratory experiments in wood cribs on level gwith no wind and determined an empirical
relation for estimating the effective heating oélfa@head of a spreading fireg. the fractional
amount of the bulk density effectively brought ¢gmition. The same author (Frandsen, 1973b)
proposed the use of that effective heating numtresdlving an inconsistency in the Rothermel’s
(1972) model that obtains different results insgrta given fuel load as one category or inserting
the same fuel load split into two or more categoriéghomas (1970), based on field experiments
in shrub fuels mostly on level ground but under dfiect of wind, concluded that head fires
spread at a rate significantly faster that couldabeounted just by considering radiation heat
transfer. Thomas (1971) used field and laboratapegments in wood cribs on level ground for
analyzing the influence of wind on the ROS and gmésd semi-physical derived heat balances.
Van Wagner (1977) made a comparison between reBolts five other references for fire
spread on a slope including field fires and Rotledisn(1972) model results, and based on the
entire set of data proposed an empirical equatoegtimating the slope effect.

wind is widely recognized as one of the most infitiag parameters on fire spread and for
this reason many spread models account for favéeiraind effect. As most models are
developed for spread on level ground, many authsessime that slope enhances fire spread by
bringing the flame closer to the fuel bed, justlitkhe wind does, and estimate slope effect by
considering an equivalent wind to that slope. Hosveglope and wind effects are not usually
considered to be additive. Given the importanceiafl, it is common to find research that aims
to provide methods for determining wind velocitigsat can be inputted in fire behaviour
prediction models. In Baughman and Albini (1980),a similar work to that of Albini and
Baughman (1979), methods are presented for detergnihe mid-flame wind velocity over the
vegetation cover and under a forest canopy, andlbmi (1982) semi-physical modelling is
used for analysing the response of fires interaity ROS to non-steady winds.

As researchers continued working on physical modglive started to see more variety in

the approaches used to solve the problem and adsrs fon other parameters other than simply
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the ROS. Fujet al. (1980) tried to develop a physical non-statiomagdel formulated as a free
boundary problem, called a Stefan problem, for §peead on level ground in the absence of
wind but considering it can be included by changihg coefficient of heat transfer by
convection. The model was compared with data frammens and Shen (1971). Albini (1981)
proposed a physical model to estimate flame gegneetmparing it against data from Anderson
and Rothermel (1965) and Rothermel and Anderso66)19n Hwang and Yusheng (1984) the
theoretical modelling of Vogel and Williams (197@)r the flame propagation on horizontal
matchstick arrays, was extended for estimatingRIS along inclined arrays and laboratory
experiments of flame propagation along matchstickays on inclined base boards with
inclinations of 0°, -20° and 20°, -40° and 40° wesed for validating the model. Albini (1985)
proposed a physical model, based on radiation tnaasfer, for estimating the ROS and the
shape of the ignition interface between the flanmel @he fuel, defined by the ignition
temperature isotherm. Flame height and tilt angkrewdetermined using three laboratory
experiments on level ground and still air in exicelsand used as model inputs. In Albini (1986)
that model was improved by including fuel cooling batural convection. De Mestet al.
(1989) formulated a physical model based on radiatieat transfer, for fire spread on level
ground in the absence of wind and, testing it egjaanlaboratory experiment in a pine needles
fuel bed, concluded that if not including conveeticooling the ROS would be highly
overestimated. Weber (1989) developed a physicaleinbased on radiative heat transfer, for
fire spread on level ground in the absence of waphlying it to a planar fire front and to a
curved fire front caused by a point ignition, cartthg for the second situation that after an
initial acceleration the fire reaches a steadyedDS.

Nelson and Adkins (1988) used data from 59 laboyadad field wind-driven experiments
extracted from the literature and from other 6digtes, in diverse fuel beds such as grass, pine
logging slash, and excelsior, and using dimensianalysis derived a semi-physical model for
fire ROS as a function of fuel consumption, ambiemd velocity, and flame residence time,
concluding that the strong correlation between dsienless forms of the ROS and wind
velocities indicates that all essential variablesenincluded in the analysis. Van Wagner (1988)
in a study of fire spread downhill, a subject thathat time did not deserve much attention and
still does not, presented an empirical model funcfior relating the ROS with the slope angle

for back fires in the range -45 to 0°, based orlabdratory experiments in fuel beds of pine
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needles, concluding that the ROS decreased frota €0°, increasing again from -20° to -45°
where it attained a value equal to level groukldo usingexperimental fires, Nelson and Adkins
(1986) used video techniques to determine relatipssbetween flame characteristics and fire
behaviour from 22 laboratory experiments in a wimanel and 8 field experiments, concluding
that relationships between flame tilt angle, flaheeght, and wind velocity, observed in wind
tunnel experiments are not in agreement with tlesasf the structure of buoyant flames.

The ROS is without any doubt the parameter that fiv@sspread models aim to estimate.
However, predicting other variables, such as fielintensity, could be of great utility in fire
management activities, for example when tryinggseas the means to use when fighting a fire
or when evaluating the impacts of a prescribed tdfine. Rothermel and Deeming (1980)
proposed methods for quantifying the heat per ar@a and fireline intensity from observations
of flame height and ROS. Alexander (1982) alsorrete to the importance of the fireline
intensity as a means to assess fire effects andbjectively compare different fires and
Catchpoleet al. (1982) made a mathematical determination of theaBys (1959) fireline
intensity along an elliptical fire front perimeter.

There was a significant increase of papers on fdiresbehaviour in the decade of 90 that
corresponded not only to more volume of publicatiom already studied subjects, but also to
work coming from new approaches, coinciding witk #ippearance of new researchers or with
the growing of the scientific work from already kwo ones. Physical modelling, for example,
continued representing a similar number of papetsirb global terms loosing share to semi-
physical modelling. Baines (1990) discussed thesjglay processes that affect the ROS on a
surface fuel bed and defined a dimensionless nutebgquantify if the flame radiation alone is
capable of sustaining fire propagation. Careieal. (1991) developed a physical model for wind-
driven fire spread on level ground concluding tbahvection and diffusion are the dominant
mechanisms of preheating of unburned fuel andttl®aROS is proportional to the ratio between
wind velocity and the mass of burnt fuel, at lelastthe range of parameters analysed in the
laboratory experiments presented in Wealffal. (1991), in arrays of thin woody fuel elements.
The authors performed around 50 experiments, tesirwide variety of situations such as
different fuel beds, assessment of the additionasf combustible elements, variable load, and
variable fuel bed width including tapered fuel heldgons and Weber (1993), using laboratory

experiments, concluded thaucalyptus globulushdividual leaves can be a good predictor of the
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ROS under no-wind and no-slope conditions. In Alnd Reinhardt (1995), Albingt al.
(1995), and Albini and Reinhardt (1997), a physicaldel for the time delay to ignition and
weight loss of a moist woody cylinder immerged iatdire environment was formulated and
calibrated, using data from laboratory experimemd prescribed burns. Beer (1995), following
the work of Weber (1990), presenteg@ometrical theory for fire propagation trough gsraf
vertical fuel elements, accounting for the effeaftsvind, concluding that the model performed
well only at low wind velocities, below around Ons.

Regarding the use of new approaches in modelligpek et al. (1995) developed a
theoretical model for the simulation of the windwil in canyons that is afterwards used in a fire
spread simulation system that uses the Rothern®9%2) spread model, the double ellipse
model for estimating fire growth, and Dijkstra’s980) algorithm for simulating the fire
propagation from cell to cell. From numerical siatidns they concluded that the highest ROS
were observed in the more narrow canyons. The Lisgnwmsphere and fire growth simulation
systems, called atmosphere-fire coupling, wouldh gaime popularity in the following years.
Porterieet al. (1998) used physical modelling, based on the ngpraach of Grishin (1997),
including the plume vertical development for firead on a slope on a non-homogeneous fuel
bed constituted by several phases. They compaegdtdel against laboratory experiments in
fuel beds of pine needles with slope angles of 2@&nd 20°, concluding that the results give a
faithful reproduction of slope effects and alsal¢arealistic ROS.

As referred above, semi-physical modelling was aasible for many publications in the
90’s, with a significant contribution from Austrafi researchers. Catchpole and Catchpole
(1991) proposed a model for the moisture dampiraggss for incorporating in Rothermel’'s
(1972) model, testing it against field experimentsn Van Wilgenet al. (1985), concluding that
the results from the original model were improv€ekgas and Neto (1991) proposed the use of
the wall shear-stress as an alternative to th@ige mid-flame height, concluding that it can be
related with the wind velocity measurement at adistandard height, addressing the problem of
the uncertainty of the wind velocity to use in fagpread models derived from the change of the
flame geometry. Beer (1993) analysed the ROS degeadon the wind velocity using a model
function proposed by Rothermel (1972), but incogtiag a non dimensional wind velocity. The
author determined the fit parameters from field Efwbratory experiments. Chenetal. (1993)

used a multiple regression analysis of data fror fild experiments, in grass fuels on level
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ground under the effect of wind for relating firgrsad with fuel, weather, and fire shape. It was
concluded that fuel load did not have significarftuence on the ROS but, on the contrary, the
ignition line length was found to have great influe on fire behaviour. Cheney and Gould
(1995) proposed an empirical model function forneating the ROS as a function of the wind
velocity and the width of the head fire, based atadrom a series of field experiments on level
ground in open grasslands and eucalypt woodlank svigrassy understorey. Catchpeteal.
(1998a) developed a semi-physical model for windedr fire spread on level ground. They
performed 357 experiments, testing fuel beds afleegpoplar excelsior, coarse poplar excelsior,
pine needles, and pine sticks, and tested theiremad three other ones (Rothermel, 1972;
Nelson and Adkins, 1988; Carrietr al, 1991), concluding that theirs gives better edtions.

Laboratory experiments continued being used asaéduools, not only to serve as a base
for modelling, but also to assess fire behaviowtcBpoleet al. (1993) performed laboratory
experiments of fire spread on level ground in adsviannel on mixed fuel bed complexes of
wood excelsior and wood sticks and concluded thath&mel's (1972) model needed
modification for estimating fire behaviour in thdsel beds. Venturat al. (1998), following the
work of Ventura and Rego (1998) where a descriptbthe modelling of temperature-time
curves from laboratory and field experimental fivess made, assessed the vertical temperature
profile and ROS of fire spread under the joint effief wind (-3 to 3n/s) and slope (-15 to 15°),
using fuel beds of pine needles. Due to the tgsfumctioning constraints, back-wind upslope
and wind-driven downslope fire could not be simedatWeise and Biging (1997) also performed
laboratory experiments under the joint effects ofdy(-1 to 1Im/s) and slope (-17 to 17°) in fuel
beds of vertical paper birch sticks mixed with asp&celsior, for comparing the results of four
fire spread models: CFBPS (Forestry Canada Fireg@&atroup, 1992), McArthur's Mark V
(Nobleet al, 1980), Rothermel (1972), and Pagni and Peters®n3(), using three methods for
combining wind and slope (Albini, 1976; McAlpir al, 1991; Rothermel, 1972) yielding nine
variants of the four basic models.

Another subject that gained the attention of sossearchers was the development and
testing of fire spread prediction systems. Freethal. (1990) made a comparison of four
methods for computing simulations of forest firélstee of them grid models (Kourtz and
O’'Regan, 1971; Frandsen and Andrews, 1979; Gre@83)land the fourth (Andersaat al,
1982) an analytical method, based on the Huygemstiple. Ball and Guertin (1992) proposed
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a raster (discrete propagation) based GIS systerfirfogrowth using the Rothermel’'s (1972)
model, and Catchpolet al. (1992) proposed a method for determining the oo of the total
perimeter and area burned for a specific rangeycdiid’s fire line intensity.

Some papers do not address a specific subjectnisteaid aim to analyse and discuss
several issues related with forest fires. For eXamPheney (1990) discussed several aspects
related with the difficulty of describing and quidyihg forest fires, concluding that Byram’s fire
line intensity is useful to quantify and assessedine characteristics and effects but should not
be used to compare fires in fuel types that arectirally very different. Gill and Knight (1991)
presented some extreme values of fire propertigsrred by other authors and discussed issues
related with fire behaviour monitoring, concluditigit when assessing fire behaviour, the use of
instruments and methods that do not depend onlibereer’s subjectivity are preferable and that
they should be chosen based on several aspectsasuplrpose, cost, and location of the
measurement. Albini (1993) discussed some foress fielated aspects such as combustion, fire

spread and growth, heat generation and fire irntigrfsiel properties, and environmental factors.

Recent research and trends in forest fire behavinadelling

In the last decade, research on forest fire bebawontinued growing and, despite the attention
that empirical modelling continued having, in tlstlyears we have been seeing a considerable
increase of physical models that was responsiblééynversion of the tendency we had in the
90’s of physical modelling losing share to empiriepproaches and to other research. We
continued having models based on the heat trabsfeveen the flame and the unburned fuel,
mostly based on radiative heat transfers with cotime playing a secondary role or most of the
times being ignored. For example, Veizal. (2004a) proposed a theoretical model based on a
modular structure of sub-models for fire spreademel ground in the absence of wind, testing it
against one laboratory experiment in a fuel begliiné needles.

However, a new generation of physical models, ipoating the combustion reaction and
the fire plume, was increasingly being chosen asaghproach to simulate fire behaviour. Séro-
Guillaume and Margerit (2002) derived a three-disiemal forest fire combustion model based
upon global balance laws of mass, energy and mamgnlike in the models proposed by
Grishin (1997) and Lariniet al. (1998). In Margerit and Séro-Guillaume (2002) ¢hre

possibilities of reduction to two-dimension reantidiffusion models of the combustion model
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were presented and the simplest reduction poggibgi then used for obtaining numerical
simulations of fire spread. Simeosi al. (2001) proposed a theoretical model, following kvor
from Balbi et al. (1999) and Morandinet al. (2000), for fire spread under the joint effects of
wind and slope, testing the model against laboyat@periments from Venturet al. (1998) that
were described previously. Simeoai al. (2003) improved that model by considering the
buoyancy effect induced by combustion in the flagrmone. Morandinet al. (2002) proposed a
two-dimensional physical model for fire spread unithe combined effects of wind and slope,
assuming they are independent and additive anchabai experiments from Ventuet al.
(1998) were used for validating the model. Morandihal. (2005) merged the two previous
approaches of Morandirgt al. (2001) and Simeoret al. (2003), proposing a non stationary
model for fire spread under the joint effects oheviand slope, considering radiative and
convective preheating ahead of the fire front. Thehors performed laboratory tests of
horizontal spread in still air for determining exipgental parameters and used data from Ventura
et al. (1998) for validating the model.

Like previously referred, semi-physical and empgirienodelling continued to be the
selected approach of many researchers. For exaMplsden-Smedlegt al. (2001) developed
an empirical model for the probability of fire exguishment as a function of wind velocity, dead
fuel moisture, and fuel load, using data from lig&lfexperiments on buttongrass moorland, and
concluding that fires will self-extinguish easily low productivity moorlands but in medium
productivity moorlands the self-extinguishment vk much more restrictive. Nelson (2002)
proposed a trigonometric method to combine the antbwind velocity with an upslope
component to derive an effective wind velocity anding the Rothermel's (1972) fire spread
model, tested it against laboratory experimenta ffaim Weise (1993) that are also presented in
Weise and Biging (1997). Sullivaet al. (2002) proposed a semi-physical method for
determining the radiant heat flux from burning Idg=hind the fire, concluding with basis on
field experiments that it provides reasonable esas of the minimum time for the radiant heat
flux to drop below the threshold values for paird dong-term survival. In Viegas (2002) the
evolution of a linear fire line on a slope was gsatl, using laboratory experiments under slope
effect on fuel beds of pine needles and field expemts on shrub fuels, showing that the fire
front tends to rotate and to become parallel todlope gradient direction. The same author

(Viegas, 2004a) also analysed fire spread unded wirslope effects, for assessing the existence
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of a steady state of fire propagation for constbatindary conditions. Using laboratory
experiments in fuel beds of pine needles of fireag, caused by linear and point ignitions under
favourable and contrary wind or slope effects, ahfire spread in a canyon test rig, concluded
that, in the general situation of wind or slopedirthe existence of a steady state is not proved.
In Viegas (2004b), using laboratory experimentduel beds of pine needles, a geometrical
analysis of fire spread under the joint effectswaid and slope similar to that presented in
Nelson (2002) was made. Streeds al. (2005) analysed fire behaviour in mesquite-acacia
shrublands in South Texas, based on three fielérexpnts, comparing the data against the
results from two fire behaviour prediction systerBghave(Andrewset al, 2003), CSIRO
(McArthur, 1966, 1973; Chenest al, 1993, Cheney and Gould, 1995), and three shrdidies
behaviour models: Vegat al.(1998), Fernandes (2001), and Catchmolal. (1998b). Following
the work of Viegas (2002), Oliverag al. (2006) analysed the existence of rotation of tre f
line elements of line perimeter originated by anpagnition under slope or wind effects, based
on 23 laboratory experiments in fuels beds of piaedles, in a wind tunnel (1-4 m/s) and in a
slope test rig (0-40°), concluding that in poimtitgn fires there is a tendency for the flanks to
become parallel to the maximum slope/wind directibliggins et al. (2008) proposed two
empirical equations for computing the fire lineensity and two semi-physical equations for
estimating the ROS of grassland fires, afterwargmitted into the Byram’s (1959) fire line
intensity equation. The parameters necessary tdotiremodels were determined by statistical
analysis of field experiments data from Trollop@9&) and the computed intensity results were
compared against field experiments data from Wilkaet al. (1998) and Sheat al. (1996).
Zhou et al. (2005) and Weiset al. (2005) developed a logistic regression model fedjzting
the probability of successful spread, based onr&boy experiments for determining the effects
of wind, slope, moisture, and fuel characteristicduel beds of four chaparral species. Their
final model correctly classified over 90% of mohan 100 fires. Suet al. (2006) performed
experimental burns of three types of live and deladparral fuels in a cylindrical container,
assessing parameters like the mass loss rate, fierght, and vertical temperature profile, and
proposing power laws for the flame height as ationof the heat release rate.

Many other studies contributed for the knowledgefaest fire behaviour and related
subjects, like Sullivan and Knight (2001) that pseed an equation for estimating the accuracy

of the wind affecting the fire front based on aistacal analysis of wind velocity measurements
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data, gathered during Project Vesta (1996-2001ngu20 grid displaced anemometers. Mendes-
Lopeset al. (2003), based on the laboratory experiments of WMergt al. (1998) previously
described, assessed the flame characteristicscalemperature profile, and ROS data from a
total of 192 laboratory experiments of fire spreadler the joint effects of wind and slope,
concluding that the ROS increases steeply with \aimdi slightly with slope and does not depend
on wind velocity or slope for backing fires. Varal. (2004b) proposed a method for estimating
the radiation extinction coefficient of solid posonatural fuel beds and, using samples of pine
needles, concluded that it produces better reshfis the standard formula. Butler (2006)
assessed the effect of solar radiation on the RS, based on 63 laboratory fire spread
experiments in the absence of wind on a horizdotll bed of aspen excelsior, simulating solar
radiation with halogen lamps and concluding that lmagnitude surface incident irradiation,
such as solar heating, can affect the ROS. Moramdlial. (2006) conducted a field experiment
under wind conditions in Mediterranean shrub vegmta assessing flame geometry, vertical
temperature profile, and emitted radiation aheatheffire front, concluding that fire behaviour
and flame structure are very different from thoséaboratory scale and that it is possible to
measure thermodynamic quantities in the field, pled the wind characteristics, flame front
temperature and emitted radiation are recordedesstully.

During fire propagation in a given fuel complextire general case we have to account for
the joint effects of slope and wind. But we cansider that the fuel properties and topography
are constant, at least for a given area of varialze. The same is not valid for the combustion
process properties and atmospheric conditionsatteatonstantly interacting and changing with
time. Byram (1959) referred that, because of teerm characteristics, the behavior of high-
intensity fires could be studied best from a medkagical point of view. For this reason, a
thorough knowledge of the combustion process asdinteraction with the atmosphere is
probably the key for accurately predicting fire &elour. The theoretical models that incorporate
the combustion reaction and the fire plume addiestspart of the problem, provided that all the
relevant phenomena are considered and correctbyided. Despite the disadvantages in terms
of complexity and high computational power demantist many times is insufficient for
providing real time simulations, those models dblrave the same restrictions as empirical ones
do when changing the parameters for which they heeen developed. Those changes can be

responsible for significant differences betweerdmtions and actual rates of spread. However,
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recent research in atmosphere-fire coupling, use of atmosphere simulation models for
simulating the air flow dynamics caused by fire daddback the results into the fire spread
model, shows that, when considering fire effectstlom wind flow dynamics, even simple
empirical models seem to provide good results. Tduggests that fire influence on the
atmosphere is probably one of the major causethéofire dynamic effects, being responsible
for considerable discrepancy between predicted @askrved fire behaviour, not only for
empirical models but also for physical and semigitgl ones. It is curious, likEarrier et al.
(1991) referred that, although convective heatsiens are frequently overlooked, many rapid
fire spread events are associated with enhancedtawhng. After the pioneer work of Lopes

al. (1995), that to the present author’'s knowledgehésfirst work in atmosphere-fire coupling,
many more arose. Linet al. (2005) made an incorporation of discrete porous tueds,
including canopy and understorey fuels, into a edi@tmosphere-fire behaviour model. The
modelling framework is composed by the atmospheraclel HIGRAD (Reisneet al, 2000)
and the theoretical wildfire behaviour model FIRETHLinn, 1997). The same model
HIGRAD/FIRETEC is used in Linet al. (2007) for studying the joint effects of inhomogens
topography and wind, testing five topographiest (fearain and four non-trivial topographies)
combined with ambient wind velocities of 6 and 15 nyielding ten simulations. In Med#t al.
(2007) a three-dimensional coupled atmospherettieeretical model for simulating fire spread
over surface fuels on flat terrain was developdak modelling approach is similar to that of
multiphase models, like in Porter al. (1998), but allows simulations in three dimensiand
due to computational constrains coarser grids aesl.uThe model was tested against 16 field
experiments on grassland fuels (Cheaesl, 1993) for evaluating the ROS results and ag&nst
additional experiments for evaluating the behaviolithe entire fire perimeter. In Swet al.
(2009) coupled wildfire-atmosphere large eddy satiahs of grassland fires, reported in
Cheney and Gould (1995), were used to examine ifferahces in the ROS and area burnt by
grass fires in two types of atmospheric boundayerngABL): buoyancy-dominated ABL or
convective boundary layer (CBL) and roll-dominat®BL (RBL). The University of Utah's
Large Eddy Simulation (UU-LES) model, proposed hyazf (2001), was used coupled with an
operational empirically-based fire behaviour mogdrerestry Canada Fire Danger Group, 1992),

presented in Hirsch (1996). It was concluded thiially identical fire lines evolved differently
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in the same ABL, with fire-induced convection apjeg to be the main contributor to the
variability in fire ROS and area burnt.

Current theoretical models accounting for flow dymes are still not able to simulate real
fire spread, due to the lack of incorporation dftlaé relevant phenomena and demand of huge
computational power. Coupled atmosphere-fire modalen using semi-physical or empirical
fire spread models, also require considerable ctatipnal power. Coen (2005) used coupled
atmosphere-fire modelling simulation of the Big Hike for assessing whether some factors that
make simulations more computationally demandinghsas atmosphere-fire coupling and fine
atmospheric model resolution, are needed for prioduaccurate predictions. The model uses an
atmospheric model (Clamt al, 2004) coupled with the Rothermel’s (1972) moadelWSA fuel
complexes or Noblet al. (1980) model for Australian fuel complexes, an8@RNUP type
algorithm (Albini and Reinhardt, 1995; Albimt al, 1995) for estimating the consumption of
fuel mass with time. It is concluded that, althodigh atmosphere-fire feedback must be included
for obtaining good estimations of fire growth, slations with relatively coarse atmospheric
resolution (grid spacing 100-500) can produce good results and can be performed six
times faster than real time on a single proceseatptiter, whereas the simulations with fine
atmospheric resolution would take more than eighé$ the real time. It is also concluded that
atmosphere-fire interactions are observed at lgagh Skm from the fire.

Another approach to the problem is to incorporatedviiow dynamics in semi-physical or
empirical models. Viegas and Pita (2004) analysesl $pread in canyons using laboratory
experiments in fuel beds of pine needles and d Beberiment in shrub fuels, concluding that
the fire ROS is not constant, and proposed an @aalynodel that assumes elliptical growth of
point ignition fires. Viegas (2005) proposed a sempirical model for fire spread in canyons,
based on laboratory experiments in fuel beds of peedles, and used it for the simulation of the
ROS evolution of the South Canyon and Thirtymileedj and in Viegas (2006) made a
parametric study of the model.

In the last 70 years a considerable amount of rekehas been done on forest fire
behaviour. However, a lot still has to be donerdeo to fully understand forest fire behaviour
since nowadays fire behaviour prediction models sailé unable of accurately estimate fire
spread, at least at the field scale. In the authopinion, a better description of the wind flow

dynamics as influenced by fire, and account for rimpective feedback effect, is the key for
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major improvements of fire behaviour predictionshether by including those effects in

theoretical fire spread analysis or by couplingagphere dynamics with fire spread models. In
that sense, atmosphere-fire coupling, using opathiatmospheric modelling techniques (Coen,
2005) together with simple fire spread models, séemresently have some advantages when
compared to theoretical models that attempt toestihe problem altogether and that currently

still have prohibitive computational demands fongiating field scale fires faster than real time.

1.3. Present work

This work aims to develop a calculus algorithm domputing the fire perimeter evolution of a

point ignition fire under the effect of wind or ple. For accomplishing this objective, a study of
favourable and contrary wind or slope effects orfage fires spreading in fine fuels is made.

Experimental parameters for some model equatiooggsed by other authors are determined,
and original semi-physical and empirical models deweloped, based on a comprehensive
laboratory experimental program. Extension of thedied phenomena to field scale is also
discussed.

Fire spread with favourable wind or slope is assésbased on large scale experiments in
order to minimize the scaling effect, performecthe facilities of theLaboratério de Estudos
sobre Incéndios Floresta{tEIF) located in Lous&, Central Portugal. The focuggito wind or
slope driven fires in forest fire behaviour reséairc general, and also in this work, is based on
the practical interest of modelling fire behaviauithose conditions, particularly in fire fighting
management. Reviewing previous work on fire behaviwe can find many studies on slope
head fires (Van Wagner, 1968) and many more on \keadfires (Albini, 1981; Viegas and
Neto, 1991; Viegas, 2004b). For this reason, th¢oritya of fire behaviour simulators like
Behave(Andrews et al, 2003) and theCanadian Forest Fire Behaviour Prediction System
(FCFDG, 1992) deal mainly with head or flank fires.

Understanding the importance of the fire ROS maugllin this study great attention is
given to the subject and parameters are deternforedmpirical model functions, previously
presented by other authors like Rothermel (197@),the dependence of the ROS on fuel
moisture content for fire spreading with no windstope and for the dependence of the ROS on

wind velocity or slope angle.
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However, backing firesj.e. fire spreading downslope or with contrary winde af
practical interest as well because they can reptdasge sections of the fire perimeter. To the
author’'s knowledge few studies were made with theogse of studying backfire propagation.
The well known Rothermel’s (1972) model, that ippmnates wind and slope effects, does not
consider backfires and in tiBehavefire simulator (Andrewt al, 2003) the ROS for backfires
is considered constant. Examples of backfire behamvanalysis are the work of Van Wagner
(1988), Weise and Biging (1997), and Mendes-Lopésal. (2003), all using laboratory
experiments. This work aims to contribute to adretinderstanding of this type of behaviour,
making an assessment of the ROS variation withrapntwind or slope and comparing the
results with spread under no wind on level ground.

Despite the focus given to the ROS in forest fiesearch, due to its importance in
operational application, it is shown, following therk of Viegas (2002), Oliverast al (2006),
and Viegast al. (2006b), that the concept of a single ROS vaduaot sufficient to describe the
movement of a fire line in the general case. Thegedrmental results presented here and also
field experiments like those reported by Cheatwl. (1993) show that, even in cases where the
fuel bed, the slope and the wind flow conditions aniform and constant, the ROS changes
from one point to the other of the fire line. Tidscalled dynamic behaviourge. the change in
the fire spread properties over time even for amtsboundary conditions (Viegas, 2004a). It
was considered the existence of heat fluxes albedfite line that produce variations of the
ROS. As a consequence of these fluxes, given dwive nature of the fuel bed, the combustion
reaction is modified and consequently the ROS chanigom one point to another. This
approach is analogous to that presented in Viep@85]) in which it was shown that the fire
induced convection could enhance the reaction cetitbu ahead of the fire line element,
producing a change of the ROS and a continuousleaatien of the fire front that resulted
ultimately in the so called fire eruption.

Resulting from the non-uniform ROS along the firee| the concepts of fire line extension
and rotation are introduced as a complement toriteesthe fire line movement and are shown to
be responsible for the reduction of the fire linevature. Wolffet al. (1991) referred to the
curvature of the fire front and also attributed gileenomena to heat transfer mechanisms. The
concept of fire line rotation was introduced by déset al. (1994) as an alternative formulation

to link the local and the global problems. Relevaanhsiderations can be derived from the
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analysis of the rotation movement of the fire lfoethe purpose of understanding the behaviour
of a forest fire, namely the tendency of a fire\Hao become a straight line and parallel to the
main wind velocity or to the slope gradient. In ¥aset al. (1998), the case of a linear fire front
in slope or wind driven fires was analysed, propgsa purely empirical model for the fire line
rotation movement, based on laboratory experimémtihe present study the effects of wind and
slope are considered to be equivalent and integgrele, in the sense that it is assumed that in
both cases, for a given fuel bed there is a reteremalue of the flow velocity that is univocally
related to the flame geometry and ROS. The intenadbetween natural (slope induced) or
forced (wind induced) convection and the fire frotite transverse convective flow in the
reaction zone and its effect on the ROS are andly8ealysing the fire line evolution by
infrared imaging the fire line elements rotatiord axtension are assessed and a model, based on
semi-empirical and empirical modelling, for predigtthe fire line evolution of a point ignition
fire under constant wind or slope is proposed. Thedel parameters are determined
experimentally and a comparison is made with expental laboratory results. The results are
discussed and further research is proposed.

This thesis is organized as it follows: in Chapteihe problem of forest fires worldwide
with focus on Portugal was discussed, a reviewremipus research was made, and the purpose
of this work was presented; in Chapter 2 the aprda the problem is described and the
mathematical model is developed considering thel liea, the flank fire, and the back fire,
respectively; in Chapter 3 the experimental progimdescribed, as well as the test rigs used, the
procedures for preparing the fuel beds and for gotilg the experiments, and how the data are
processed; in Chapter 4 the experimental resudtpsented, the parameters for the empirical
relationships proposed by other authors and forpitesent models are determined, and the
models are tested against laboratory experimetial; énh Chapter 5 conclusions are taken and

future work is proposed.
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2. Mathematical model

2.1. Problem analysis

In the present work, only surface fires spreadmgniform, homogeneous and of constant height
fuel beds with a flaming front will be analysed and marginal burning conditions will be
considered.

Let us consider the perimeter of a fire originabgda point ignition spreading upslope or
under constant wind. We can define the RRWSRr and Ry, associated to pointd, F andB,
corresponding to the most advanced parts of thd fieg flank fire and back fire, respectively
(Figure 2.1a). It is here considered that poiHtsand B have a translation with a@oYo
component only, but with opposite directions, amat pointF has a translation with a horizontal
component only. In the general case, a given pwinthe fire line will have a translation
composed by al@oYo and anOoXo component. In the current analysis we will refettie head
fire as the movement of poikt, to the flank fire where the fire line elementyé&a rotational
velocity wr as the fire perimeter betweéh exclusively, andr, inclusively, and to the back fire
where the fire line elements have a rotational sigjow, as the fire perimeter betweén

exclusively, and, inclusively.

(a) (b)

Figure 2.1 — (a) Schematic presentation of the perimeterfoaoriginated by a point ignition spreading wgyst
or under constant wind. (b) Translation, extensind rotation of a linear fire line element betwéare steps
andt’'=t+dt.
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Although for constant boundary conditions and hoemegpus fuel bed properties the fire
perimeter evolution would be symmetrical in relatio theOoYo axis, the inability of preparing
a perfectly homogeneous fuel bed and to assurgardrend uniform boundary conditions, even
for carefully prepared and made experiments withgha level of reproducibility, will result in
small differences between the right and left siofefgre perimeter.

If we divide the fire perimeter im fire line elements we have+ 1 points, each one
spreading in a perpendicular direction to a tangethe fire line in its vicinity with a given ROS
that might or might not be the same at all poifitee ROS in each point along the fire line will
define the fire perimeter with time, that for beiogrrectly described based on the evolution of
all the individual fire line elements their lengtiust be sufficiently small compared to the local
radius of curvature of the fire line, so that thie fine element can be approximated by a straight
line segment within a constant radius of curvating, large enough to be of the order of the
depth of the reaction zone in the fuel bed in otddse able to measure changes in its properties
with sufficient accuracy. It is also required tiia¢ fire line elements are far from points with a
sudden change of curvature or fuel bed propertigsiely the edges of the fuel bed.

We can consider three cases regarding the ovéabesof the fire line: straight, convex or

concave (Figure 2.2).

LU N g

(a) (b) (c)

Figure 2.2 — (a) Straight fire line. (b) Convex fire line) (Concave fire line.

The fire line evolution will depend on the initiite line shape and on the ROS of each
point, in particular on the differences between R®@S of the points that define a fire line
element. In all cases it will involve a translatiamd depending on the situation we can also have
a length variation (extension/contraction) andtatron (Table 2.1). In this analysis only straight
and convex fire lines will be considered, in whtble fire line elements in the most generic case
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of different ROS in their ends, from one time imstéo another, will suffer a translation, an

extension and a rotation (Figure 2.1b).

Table 2.1 Fire line evolution as a function of the init&lape and ROS in the ends of the fire line elesnent

L ROS in the ends of the fire line elements
Fire line shape
Equal Different
Straight TRA, -, - TRA,EXT,ROT
Convex TRA,EXT, - TRA,EXT,ROT
Concave TRA,CON, - TRA,CON,ROT

TRA-Translation; EXT-Extension; CONT-Contraction; ROT-Rotation.

The only case that involves a pure translatiomésdase of a straight line with a uniform
ROS field along the fire line. This is a very peutar case of fire spread, corresponding to
propagation on a uniform and homogeneous fuel bddmwo wind on level ground. As this is a
very rare situation in forest fires, in the genexate the fire line evolution involves a composed

movement of the fire line elements.

2.2. Head fire

Basic rate of spread

If we consider a forest fire started by a pointitign, spreading on a horizontal terrain with
homogeneous and constant fuel bed properties amagnbgéent wind, the fire will spread with an
approximately constant velocity with no preferehtdaection of propagation and the fire line
will form a circle that maintains its centre buttieases its radius over time. Theoretical analysis
by Weber (1989) and experimental evidence refemedegas (2002) show that after an initial
fire growth period the ROS settles at a practicaibynstant ROS, as the curvature effect is
minimized. The ROS of this fire line is found to p&ctically equal to the basic rate of spr&ad
that corresponds to the ROS of a linear fire fionthe same fuel bed in no slope and no wind
conditions and is considered to be a basic propErthe fuel bed. As in Rothermel (1972), it
will be considered that the basic ROS will dependtite fuel bed moisture content, assuming
that the remaining fuel bed properties are kepstaont:

R, =@, +b, ¥ +c,m, +d, (1)
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Wind or slope driven rate of spread

It is assumed that for a fuel bed the ROS of theeline element is a function of the local flow
velocity perpendicular to ityy, or slope angle. Following previous work of Rothermel (1972),
Oliveras et al. (2006) and Viegas (2005) it is considered thatethie a unique relationship

between them given by model functions of the type:

R = f(u,)=R.f1+a,up) (2.2)
R = f.(a)=R [l+a,a>) (2.3)

The empirical form proposed in the second part @f 2.2) and (2.3) follows Rothermel
(1972) and was also used in Cheeewl. (1993), Beer (1993), and Viegas (2005). It is assi
that pairs of parametersu(y; b1,y and @i, ; bi,) are dependent only on the fuel bed properties
and can be determined experimentally for a givérbeind or slope experiments, respectively.
Although the referred parameters are determineddoaa the ROS of the most advanced point
of the head fire, in principle, the equations sbda@main valid for determining the ROS of any
point in the flank fire, provided that the referenftow velocity, or its equivalent flow velocity
associated to slope effect as will explained ahiathe vicinity of that point is known, allowing
to determine the value of the flow component pedpaiar to a tangent to the fire line in the

vicinity of that point. The reference flow velocity given by:

u="u,+0 (2.4)

Whereuwo is the general wind velocity (or its equivaleravil velocity associated to slope
effect) that is assumed to be constant at all ppints the local flow velocity induced by the fire
that varies withx andy.

Despite the laboratory experiments here presentrd made with great care, following a
written protocol (Rossa, 2009), controlling and mtaining constant with reasonable accuracy
the fuel load, fuel homogeneity and fuel bed butkglty, there were parameters, such as fuel
moisture content that, although monitored, could bhe maintained constant. In order to
minimize the influence of some parameters that ohba controlled and suffer slight variations
from one experiment to another and to allow a betenparability between experiments, it shall
be defined a non-dimensional RGOS, given by the ratio between the absolute ROS ted
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basic ROS tested in a fuel bed with the same dveraperties that the one from the experiment

made under wind or slope effects:

- _ R (2.5)

Ro

SinceR represents the influence of wind or slope astia k& the fire ROS on a horizontal
terrain without ambient wind, for a given fuel, ccmuld expect small differences in the fuel bed
properties from one experiment to another, undersaime wind or slope, not to originate major
differences in its value. Assuming that we can wheiee the value oR' using the model
functions given by Eq. (2.2) and (2.3) for the cadewind driven or slope driven fires,
respectively, if we determine experimentally th&ueaof Ry for a given fuel bed we can compute
the position of a given point after a time intergglknowing its initial positiors, using Eq. (2.6).

s=s+R.R,.dt (2.6)

Slope and wind equivalence

Despite some differences in the wind or slope &fen fire spread it will be considered here
that there is equivalence between them in the siasefor a given slope angle we can define
an equivalent wind velocityeq that produces the same ROS value on a horizordahd.
Following Rothermel (1983), from Eq. (2.2) and j2x& can easily obtain Eq. (2.7) that
describes an equivalence curve based on paranagtarslb, that are obtained by combining a

pair of parameters( u; b1,u) with a pair of &1;b1,).

Loy
b, =t
Uyg = (ai—j a® =a a™ 2.7)
a
2.3. Flank fire

Fire perimeter evolution

The model for the flank fire described in this s@ttis based on the work of Viegas and Rossa
(2009). For the sake of simplicity it is assumedt tine terrain that is supporting the fuel bed is
essentially flat with negligible curvature. Any clge in terrain slope or curvature in the vicinity
of the fire line element is considered to be sightly small so that we can treat the fire lineaas

two dimensional line and describe it in a Cartegikame, as shown in Figure 2.3a. In the present
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study it is assumed that the fire contour is regmesd by a convex line with its local centre of
curvature always on the side of the already busreggbtation. Fire lines with concave sections
require a different treatment that is beyond thapscof this study. In Figure 2.3a, it is defined a
reference fram&oOoYo that is fixed to the ground; iBoYo axis is parallel to the general wind

velocity up direction (or to the terrain slope gradient). hex a second reference frabdgOY:
associated with poin®: (P=O) that has it90Y axis parallel to the local ROS vect&l. The
angle betwee®X; andOoXo axis is equal t@1, as it is indicated in Figure 2.3a.

In order to predict the movement of the fire line weed to evaluate its propagation
properties at different points along the fire lif@king two generic point®: andP: of the fire
line and assuming that the ROS of the fire at getht is given respectively bij:Q1 and fiz after
time stepdt the location of these two points will be, respeaily, P1’ and P2’ ( Figure 2.3a).

Figure 23 — (a) Schematic presentation of the evolutionlarfik fire perimeter at time stepsandt’'=t+dt. (b)

Schematic view of the local flow velocityand ROS vectoR and of the respective anglésandp for the
flank fire line.

We can write the following equations:
P, =R +R.dt (2.8)
P,=P, +R,.dt (2.9)
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If points P1 andP2 are sufficiently close and dt is small we can approximate the curved

segmentsP P, and B'P," by straight lines in order to analyse the elemgmaovement of the

fire line. In this case the fire line elemeAP, is parallel to the locaDX axis.

Analysis of fire line extension

It will be defined the rate of relative extensidradire line element as:

_a-a_1
a.dt a

fla (2.10)
dt

In this equationa and @ are the initial and final length of the fire linelement,
respectively, during time stefi. The relative extension has the dimensions oéquency [3].
If we assume that it is reasonable for a given wieldcity or slope angle to consider an average

rate of relative extensiany, the length of a fire line element after time stiémill be given by:

a=a+¢g, .a.dt (2.11)

Analysis of fire line rotation

Let us consider a generic poiatof a flank fire line that is spreading in a boundkayer type
flow uniform in relation tox andy coordinates but with a velocity profile along t&& axis
perpendicular to the plan€OY defined in Figure 2.3. It is assumed that there rieference wind
velocity up that can be used to characterize the interactetwéen the wind flow and the fire
front as it is shown in Figure 2.3b. One altermasituation is that of a fire on a constant slape
in which it has been previously considered to eaistequivalent wind velocityeq defined in
EqQ. (2.7), that produces the same ROS value omizombal ground.

In the present work we are looking essentiallyhe flow parallel to the fuel bed. It is true
that the presence of the reaction zone will indaceonvective flow with a component
perpendicular to the ground but it shall be neglédhe role of this component, as we are
essentially looking at the variations induced by kbcal flow along the fire line. This approach
was also used in Viegas (2005) to derive the foeekeration in a fire eruption and was adequate
to put in evidence the role of the convective fpparallel to the ground, in spite of the very
strong vertical convection that is certainly obsehn such type of fires. In the case of a slope

driven fire this convective flow will have two compentsuy that is perpendicular to the fire line
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element, andx that is parallel to the fire line and will transpbeat from the reaction zone to the
unburned fuel; in the case of a wind driven firerthwill be a general flow parallel to the ground
and therefore to the fuel bed, with the same trargpoperties.

The transverse flow componeunt has a very important role in modifying the burning
conditions in the fire line element that is adjacenthe one considered. In a manner similar to
that considered in the fire induced acceleratibis, transverse flow component will enhance the
combustion reaction at the adjacent fire line el@mas a result, the ROS of the fire front shall
not be constant and uniform along its length anatation of the fire line is produced.

This process can be observed in fire lines at wdiffe scales and in a wide range of
conditions. The well documented field experimergsfgrmed by Chenegt al. (1993) present
good examples of fire lines that spread with atirmtamovement that tends to align the fire line
with the wind direction. The overall shape of tlm fperimeter in those experiments is quite
similar to the present ones (Figures 3.2a, 3.8aafd 3.6) in spite of the differences in the order
of magnitude of the scale.

We have already characterized the flow in the vigiof the fire front by the reference
flow velocity shown in Eq. (2.4). Having in minddtire 2.3b it is considered that the local flow
velocity u makes an anglé with OY axis. The components of the flow velocity in tledl

reference frame are given by:
u, =|d|.sin@ (2.12)

u, =|dj.cosd (2.13)

The flow angled must be close t8 but in the general cag®t . A previous formulation
of this model in Viegas (2005) was based on tharaption thatd=/4 but this is not applicable in
the general case. The correct evaluatio® ofvould require a detailed dynamic analysis of the
flow field in the vicinity of the fire line elemenAs this was not accomplished in the present
study an approximation will be made of the paransaetequired to close the model.

It is derived an approximate form of computing fhenk fire line elements rotational

velocity wr to be used below, assuming that the fire line el@ntan be approximated by a

segment of a straight line as shown in Figure Artthis caseli’1 and Iiz are parallel vectors. If

the time intervadt is small the rotation angt#¥ can be approximated by its tangent:
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_dB _tg(dp) _ dR (2.14)

dt dt dx
vy}
dx’
i dp
{ Ry.dt Ry.dt
i dx
§ (a)
O X

Figure 24 — (a) Infinitesimal rotation of a linear flank didine element. (b) Schematic view of the locairflo
velocityu and ROS vectoR and of the respective angl@sndg for the back fire line.

In Eq. (2.14)d5 is the angle of rotation of the fire line elemédnting time stemlt (Figure
2.4a). The rotational velocitys is a true angular velocity that has the unitsratifs] or [°/s].
From Eq. (2.14) we can obtain:

g =R 4y (2.15)
du, dx
From Eq. (2.2) we can derive the first factor oa tight hand side of Eq. (2.15):

dR
— b1 (2.16)
R,.a ,b U
duy amey

Regarding the derivative af, with respect to« appearing in Eq. (2.15) it is reasonable to
assume that the increase of the ROS along thérfees associated with the transverse heat flux
that is transported along the fire line by the lagacomponent of the flow velocity. In line with

the assumption that was made for Eq. (2.2) it df@ajproposed a model:

d
=)=

(2.17)

Combining Eq. (2.16) and (2.17) with (2.15) it isspible to obtain the following analytical

model to determine the fire line rotation velocity:
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@ =Rya,, b, .au,* u> (2.18)

Using Eqg. (2.12) and (2.13) we obtain:
@ =Ry, b, a,u" (cosd) ™ (sing)® (2.19)

This equation can also be written as:

w =Rya b, aul ™™ (tang)™ (2.20)

Knowing the angles of a fire line element, that will vary in the ran@—90°, in a time
instantt and the predicted rotational velocityduring time intervatlt we can easily compute the

fire line element angle at time instahtt+dt:

B'= B+ eldt (2.21)

Parameters gaand b

From (2.19) and assuming that the flow velocitig constant it is possible to determine the value

of @* that maximizes the rotational velocCitymax

dap _ (b VP e P (2.22)
" =0 - tand (bl,u—lJ b, = (tans' | (b, -1)

If the value of@* can be determined experimentally, from Eg. (2.22)can estimate the
value ofbz. Combining Eq. (2.22) with (2.20) we easily obt#ue following expression for the

maximum rotational velocit@max

_ ) Dy (3 I T T B e (2.23)
max = Ro-@y 0 ,-a5.U .( )2 = = Ut )
o = R Bl ) s &R Y T

If, from experiments, we determine the valueutfay, for a given value oby, from Eq.

(2.23) we can determire in order to close the problem.

2.4. Back fire

Fire perimeter evolution

The model for the flank fire described in this gatts based on the work of Rossa and Viegas

(2009). For the back fire perimeter evolution st@8igure 2.1a) the same simplifying hypothesis
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as for the flank fire are considered. It is alsasidered that the fire contour is represented by a
convex line with its local centre of curvature b side of the already burned vegetation. Again
it will be considered a reference frame fixed te troundXoOoYo (Figure 2.3) and a local
reference fram&OY(Figure 2.4Db).

The resulting local flow velocity defined in Eq. (2.4), as in the flank fire, wibrtinue to
have a transverse flow componasf, that modifies the burning conditions along thee fir
perimeter, resulting in a variable ROS along the line elements length, and produces a rotation
of the fire line. However, the parallel componemtthe OY axis uy, Will now have a negative
contribution to the ROS vectd® which explains the fact that the flame is tiltedthe opposite
direction of the fire spread. The combined effddhe back fire line extension and rotation tends
to create a linear fire line perpendicular to thadvor maximum slope direction (Figures 3.2b,
3.3b, 3.7 and 3.8). Considering that the local fl@locity u makes an angléwith OY axis, the
local wind velocity components», and uy, will be given by:

U, =|0/-siné (2.24)

u,, = -dl.cosd (2.25)

Again it will be considered that in the generalec%  although in the present study we
do not have enough data for a correct evaluatiofl. &ince the model that shall be proposed
below for estimating the fire line extension anthtion is purely empirical, at this point we do
not need to determine the valueélike in the model proposed for the flank fifes the fire line
elements anglg is measured in relation to the reference &% (Figure 2.3), having in mind

the geometry of the back fire line perimefewill now vary in the range 96180°.

Analysis of fire line extension

For the back fire, the concept of rate of relagxéension defined in Eq. (2.10) will also be used
and from the experimental data analysis again & egmsidered that it is reasonable to estimate
an average rate of relative extensignfor a given wind velocity or slope angle. The ldgngf a

fire line element after time stejt can be computed using Eq. (2.11).
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Analysis of fire line rotation

Experimental data showed that the back fire liremgnts angle does not seem to follow the
same evolution with time when compared with thaKléire line elements. The flank fire line
elements rotational velocity, approximately desaditby Eq. (2.20), depends on the fire line
element angle and has a value greater or equarto(Eigure 4.13). On the contrary, the back
fire line elements rotational velocity, despitecathowing dependence on the fire line element
angle, alternates between positive and negativeesafFigures 4.23 to 4.26). This behaviour
should probably be explained by the same reasoas dhAuse the ROS of backfires to
successively increase and decrease with contrapg €lr wind and that will be explained later in
section 4.1.4.

It will be shown also in section 4.1.4 that the lbdice line elements rotational velocity
alternates between positive and negative valuegingdhat in mind, there will be an angle for
which we have a null rotational velocity. The dateowed that, for each fire line element, the
angle corresponding to a null rotational velogity has a good linear dependence on the initial

fire line element anglgini, i.e. the element angle at the initial time instant

B =M, [, + by (2.26)

The parameters of the linear dependence shown.i2E2z6) are a function of the fuel bed
properties and of the test conditions (slope ordwests). Experimental data suggests that it is
reasonable to consider a set of fitting paramdterthe entire range of tested slopes and another
set for the entire range of wind velocities.

If we consider a linear dependence with a slopbetween the rotational velocity, and

the back fire line elements angleve can obtain Eq. (2.27):

@, =m 0B~ fy) (2.27)

Using Eq. (2.27) we can easily determine a back lfite element rotational velocityy

and from Eq. (2.21) compute the fire line elemergla at time instartt=t+dt.
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3. Experimental methodology

3.1. Experimental program

Overall information

The experimental program that supports the repuisented in this work was conducted in the
Laboratory of Forest Fire Research of the Universit Coimbra, located in Lousa, and was
divided into eight series of experiments using ftast rigs that will be described below, in a
total of 155 experiments. The main parameters @ftiperiments are given in Tables 3.2 to 3.5.
Each test has an alpha-numerical reference indgahe type of experiment, the test rig in
which it was made and the order of performancearsgéed by dashes. In Table 3.1 we have, for
each series of experiments, the tests main featlikeshe parameters assessed and the type of
monitoring that was made. When referring to a sedkexperiments (Table 3.6) and not an
individual test, the alpha-numerical reference doesinclude the order of performance and is

preceded by a two letter code indicating the feel, lwefined in the beginning of section 3.3.

Types of experiments

Eight different alpha-numerical codes were defiaedording to the type of treatment to be made
in each series of experiments (Table 3The order of performance of the tests is addediito t
reference afterwards.

In the BS-MC1 experiments, the filgasic rate of spread.e. the ROS on horizontal
ground with no wind, as a function of the fuel laatl moisture content was studied.

In the FP-TC2 series, tHerward propagationin particular the ROS, of wind-driven fires
was analysed and in the FP-DE4 experiments the saamedone for slope-driven fires. In the
FR-TC2 tests, the ROS of wind-driven fires was gsedl and thdlank fire line rotationwas
also assessed. In the FR-DE4 tests the same wadatasiope-driven fires.

In the BP-DE1 experiments, theackwards propagatignin particular the ROS, of slope
fires was analysed. In the BR-TC2 series, the ROBimmd backfires was studied and thack
fire line rotation was also assessed and in the BR-DE4 tests the sasialone for slope

backfires.
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3.2. Testrigs

Test rigs used
The dedicated experiments of fire propagation aellground with no wind were made in the

Combustibility Table MC1. For the fire propagatiander the effect of slope the Combustion
Table DE1 and the Canyon Table DE4 test rigs weexlland for the propagation under the
effect of wind the Combustion Tunnel TC2 was usHtese last two test rigs are probably the

largest experimental structures of its nature ¢t in fire research laboratories.

Test rigs description
The Combustibility Table MC1 (Figure 3.1a) has anbarea of 1xt? with a fixed horizontal
fuel bed and is used only for basic ROS experiments

The Combustion Table DE1 (Figure 3.1b) has a brea af 1.4x1.51(xW) m? and can be

tited manually and positioned with geometrical l@sgvarying in the range 8% < 65° with 5°

intervals.

Figure 3.1 — (a) Experiment on the Combustibility Table MC&f.: BS-MC1-41, fuel bed: pine needles, fuel
load: 0.6kg/m?. (b) Experiment on the Combustion Table DE1, rBR-DE1-09, slope: -40°, fuel bed: straw,
fuel load: 0.&g/n?.

The Canyon Table DE4 (Figure 3.2) has two symnedtfiaces of 4x@én? each. These
faces are driven hydraulically and can be positioas a single slope or as a canyon with
geometrical angles varying in the range 0° to 40%his study, only the slope configuration was

used, forming a fuel bed on one face of the tabex@n? for the FP-DE4 experiments, 3r#
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for the FR-DE4 experiments (Figure 3.2a) and 2.6®Jor the BR-DE4 experiments (Figure

3.2b). The slope angtecould be varied continuously between 0° and 4@% wiprecision better

WL LR 1

than 0.5°.

4

Figure 3.2 — Experiments on the Canyon Table DE4, fuel batk peedles, fuel load: Okg/n?: (a) Ref.: FR-
DE4-06, slope: 30°. (b) Ref.: BR-DE4-01, slope:*:30

(a) |- ST VY (b)
Figure 3.3 — Experiments in the Combustion Tunnel TC2, fuweld: 0.6kg/n?: (a) Ref.. FR-TC2-07, wind
velocity: 2m/s, fuel bed: pine needles. (b) Ref.: BR-TC2-Oihdwelocity: -2m/s, fuel bed: straw.

The Combustion Tunnel TC2 (Figure 3.3) has two leaias of variable rotational velocity
and the reference wind velocity above the fuel t&al be varied continuously between 0 and 5
m/s. The wind velocity calibration was made ®.away from the air flow outlet, around half the

typical fuel bed length used in most of the expenis, at 0.6n high (estimation of a typical
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mid-flame height, based on a visual assessment fm@wious experiments), with ahlLNOR
9870 Air Velocity Meter(5 % flow velocity accuracy). The test section of timanel has a
horizontal metallic structure to support the fuetiptwo vertical walls, and is open on the top.
The test section area is 9»8 but the area of the fuel bed used was 6.5mt.Br the FP-TC2
experiments, 5x#? for the FR-TC2 experiments (Figure 3.3a) and 2.8RZor the BR-TC2

experiments (Figure 3.3Db).

3.3. Fuel beds and procedures

Fuel beds

In the FP-TC2 and BS-MC1 experiments three typefneffuel particles were used: dry straw
(ST), Pinus pinastedead needles (PN) and eucalyptus slash (ES)der ¢o simulate a flashy
fuel and two slower burning fuels, respectivelythe remaining series of experiments only the
straw and pine needles fuel beds were used. Gaeatwas taken in the preparation of the fuel
beds in all tests in order to assure consistentlygerwhole program as it is recognized that small
variations in fuel bed properties are of paramoonmortance in assuring the reproducibility of a

given laboratory experiment (Schuette, 1965).

Fuel loads

The fuel load used in the present tests was mahsure dry basis. In the FP-TC2 experiments
fuel loads of 0.6 and OKgy/n? were used and in the BS-MC1 experiments fuel ladds6, 0.8
and 1.kg/n? were tested, allowing the fuel load effect assesgnmin the remaining series of
experiments only the 0.Bg/n? fuel load was tested, like for example in the rabory
experiments reported in Van Wagner (1968). Thisivad similar to that of 0%g/n¥ reported in
Luke and McArthur (1978) as an average fuel loathébin grasslands. Fuel loads of Rgpn?
also correspond to the average value in the fieddeements reported in Byram (1959)
performed in mixtures of grass and pine needles.

Fuel moisture content was measured to determindéuteneight necessary for each test
using one or more samples in a fuel moisture aralp&D MX-50 (0.1 % accuracy) that
retrieved its value in about ten minutes. After gheng the required fuel in a sca#&&D HW-
100KGL (20g accuracy) it was spread homogenously on theriggstaintaining a regular fuel

bed height between experiments with the same fuetder to maintain constant bulk density.
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Procedures

All tests were prepared according to a previousfined and written protocol adopted in our
Laboratory for this type of experiments (Rossa,906uel load, fuel homogeneity and fuel bed
bulk density were controlled and maintained corstiuring the experiments without much
difficulty, although in the FP-TC2 experiments thdk density was not measured (Tables 3.2 to
3.5). On the contrary as fuel moisture content matsconditioned, varying as a function of the
ambient air temperature and relative humidity, adhto be monitored carefully during the
preparation and before each experiment. As theviasl kept at indoor ambient conditions the
fuel moisture content could change from one dagnother and even during the same day from
one test to another. In order to overcome thisiadify the fuel moisture contenty was
monitored as well as the air temperature and wedtumidity (except for some experiments in
the FP-TC2 series of experiments due to problentts tive weather station). Also, the basic rate
of spreadRy was measured for each test in a separate experaselescribed below.

Strings were stretched over the fuel bed at a eohspacing in order to determine the
ROS by registering the time instant at which eadhgwas broken by the advancing fire. The
distance between strings varied between 10 ammmb@ccording to the test rig in use and the
number of strings depended upon the size of tHebkeek In general, in the series of experiments
for which the expected ROS was higher, larger hegls with a higher number of strings were
used. Except for the BR-TC2 experiments, where d¢imige strings were used due to test rig
design constraints, the number of strings was avedppve six. However, in those experiments it
was chosen to determine the ROS by image proceassiitg the infrared images to determine
the position of the most advanced part of the fimea given time instant given that, in some
experiments, the flame was much tilted backwards$ did not burn the strings when passing
below them.

In order to avoid any bias with some of the conpalameters, tests were made randomly.
Also, given that for achieving a careful prepanatmf the fuel bed in order to maximize the
reproducibility of the tests, between the fuel viiengy and the beginning of the experiment we
could have a lag of over one hour, the fuel moestiantent was measured just before starting the
experiment.

In all theRy measurements the ignition was initiated by crggéimear instantaneous line

of fire, parallel to the strings, using a wool strisoaked in a mixture of kerosene and petrol. In
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the BP-DE1 experiments the second half of the laoea was used for determining the basic rate
of spreadRy, after tilting the table back to 0°, whereas ia teBmaining experiments a separate
fuel bed, with the same overall properties as taenrane but with a smaller area of around 1x1
m?, was prepared for each test for this purpose.tkerDE4 test rig experiment®, was
determined using the left side of the table andierTC2 experiments the initial section of the
table was used for this purpose, except for th& ER-experiments where th® was measured
using the MC1 test rig.

Regarding the main experiments, although the saroeeps was used and also line
ignitions were made, their positioning varied wilie objectives of each series. In the FP-TC2,
FP-DE4 and BP-DE1 experiments, where the head okfibea ROS analysis was the main
objective, it was parallel to the strings. On thineo hand, in the FR-TC2 and FR-DE4
experiments it was intended to analyze the occueeri the flank fire line rotation and so an
ignition was put making an angle £ 10° with the wind or slope gradient direction. Hyan
the BR-TC2 and BR-DE4 experiments both the backi@S and fire line rotation was to be
assessed and so the ignition was placed along m 0r& parallel to the wind or slope gradient
direction at the centre of the fuel bed width.

Table 3.1- Tests characteristics, parameters assesseg@ndftmonitoring for each series of experiments.

Tests characteristics Parameter assessment Image monitoring

Area Ign.* | Fav./Cont.? Fuel loads Forw.® | Flank | Back.® | Back.® | Video | Video IR

Series ) Fuel beds Ro .
(Lxw) [m? | BI° | Wind/Slope [kg/m? ROS Rot.* ROS Rot.* Top Side Top
BS-MC1 1.0x1.0 0 - PN/ST/ES | 0.6/0.8/1.0 | v/ — — — — — — —
FP-TC2 6.5x1.4 0 Fav. Wind PN/ST/ES 0.6/0.8 v v — — — — — —
FP-DE4 6.0x3.0 0 Fav. Slope PN/ST 0.6 v v — — — — — v
FR-TC2 5.0x2.0 10 Fav. Wind PN/ST 0.6 v v v — — v 4 4
FR-DE4 4.0x3.0 10 Fav. Slope PN/ST 0.6 v v v — — v v v
BP-DE1 1.4x1.5 0 Cont. Slope PN/ST 0.6 v — — v — — — —
BR-TC2 2.5%x2.0 90 Cont. Wind PN/ST 0.6 v — — v v v v v
BR-DE4 2.5%3.0 90 Cont. Slope PN/ST 0.6 v — — v v v v v

Yignition line angle (0° - Perpendicular to wind/slope direction); 2Favourable/Contrary; 3Forward; “Rotation; SBackwards.

Test monitoring

In the experiments where the fire line rotation amtension occurrence was assessed, FR-TC2,
FR-DE4, BR-TC2 and BR-DE4, images of the fire lexamlution were recorded. Three cameras
were used for this purpose: two video cameras ane imfrared camerdlir Systems
ThermaCAM SC64®ith a spectral range between 7.5-1816
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The infrared camera and one of the video cameras wged for recording images from the
top of the tables (Figure 3.4a), in order to amalijee fire line shape evolution, and the other
video camera was used for recording images fronsithe of the tables (Figure 3.4b) in order to
measure flame length and flame angle. The anabjdisese parameters is not considered in the
present study.

In Figures 3.5 to 3.8, typical images taken by itifeared camera are shown. In the FP-
DE4 experiments, infrared images from the top ef tdble were also recorded using an older
model of infrared camera, although they were natya®ed in this work.

IJ"I.

Figure 34 — Image recording of the DE4 test rig: (a) Infchiand video images recording from the top of the
table. (b) Video images recording from the sid¢heftable.

3.4. Data processing

ROS computation

Two types of data were analyzed in the present ibekROS data and the fire line evolution.
The first refers to the ROS estimate of the mostaded part of the fire front that was usually
made from the known times that the fire took torbeach string. In the BR-TC2 experiments,
the infrared images were used instead of the stringletermine the backfire evolution due to
the fact that, especially for the higher wind vélpcexperiments, the flame was so tilted
backwards that it tended to pass below the stnviggout burning them immediately. In Figure
3.9, the plotting of the distance travelled by fa® a function of time for tests BS-MC1-31 and
FR-DE4-03 is shown.
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Figure 35 — Sequence of infrared frames for an experimerntherCanyon Table DE4, ref.: FR-DE4-06, slope:
300, fuel bed: pine needles, fuel load: Kiy6r?. The time since ignition is indicated in each feam

g7 - 50s “*‘”Li&:s-_.éma:-» 60s 80s e S L
Figure 3.6 — Sequence of infrared frames for an experimetthiénCombustion Tunnel TC2, Ref.: FR-TC2-07,
wind: 2m/s, fuel bed: pine needles, fuel load: Kiyfir?. The time since ignition is indicated in each feam

Figure 3.7 — Sequence of infrared frames for an experimertherCanyon Table DE4, ref.: BR-DE4-03, slope:
-300°, fuel bed: straw, fuel load: &g/m?. The time since ignition is indicated in each feam
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The value of the ROS for all tests was computedif®ar fit using least squares error. For
the basic ROS experiments the mean valug fafr was 0.996 with a standard deviation of 0.004
and always greater than 0.974. For the wind oresliqven experiments with higher ROS the
correlation was obviously lower because the propagavas not so steady and so the plotting of
the distance as a function of time was more saattgfielding a minimum value of of 0.742
for the FP-TC2-94 experiment that corresponds ficegpropagation in a straw fuel bed, with a
wind velocity of 3m/s. However, the average valuerdfor those experiments was 0.934, with a
standard deviation of 0.065 which indicates an alVegood correlation. The wind or slope
backfires, like thdRy experiments, have a slow and steady propagatidnaanexpected, yielded
a high meam? equal to 0.994 with a standard deviation of 0.806 always greater than 0.973.

Figure 3.8 — Sequence of infrared frames for an experimethénCombustion Tunnel TC2, ref.: BR-TC2-07,
wind: -2m/s, fuel bed: straw, fuel load: &kg/m?. The time since ignition is indicated in each feam

(a) ES

(b) ST 40° o

0 20 40 60 80 100 120 0 10 20 30
t[s] t[s]
Figure 39 — Linear fit of the distance travelled by fire @a$unction of time (a) Test rig: Combustibility Tlab
MC1, ref.: BS-MC1-31, fuel bed: eucalyptus slastelfload: 1.kg/n?, fuel moisture: 4.66, computed basic
ROS = 0.572m/s,r? = 0.997. (b) Test rig: Canyon Table DE4, ref.: BR4-03, slope: 40°, fuel bed: straw;
fuel load: 0.&g/n?, fuel moisture: 12.8, computed ROS = 9.94 cmf$= 0.971.
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Table 3.2— Parameters of the forward propagation experimERt TC2 in the combustion tunnel.

Test parameters Fuel bed data Air conditions ROS data
Ret | | i | P | | R | Cgim | BOL | o6 | temi | e | R
FP-TC2-97 1.0 0.6 13.0 - 17.0 56 0.706 1.50 2.13
FP-TC2-100 1.5 0.6 11.7 -- 17.5 49 0.698 3.10 4.45
FP-TC2-95 2.0 0.6 18.8 -- 13.0 74 0.655 3.51 5.36
FP-TC2-98 2.5 Z 0.6 154 -- 15.5 62 0.531 5.00 9.42
FP-TC2-101 3.0 @ 0.6 124 -- 15.0 55 0.607 7.01 11.55
FP-TC2-94 3.5 0.6 12.9 - 15.5 74 0.686 8.34 12.15
FP-TC2-96 4.0 0.6 155 -- 16.0 66 0.677 11.11 16.42
FP-TC2-99 4.5 0.6 13.2 -- 13.0 59 0.660 17.64 26.74
FP-TC2-85 1.0 0.6 135 - 20.5 70 0.265 0.93 3.52
FP-TC2-89 15 0.6 15.6 - 12.0 75 0.272 1.64 6.02
FP-TC2-111 2.0 8 0.6 155 - 21.0 71 0.302 2.34 7.75
FP-TC2-87 0 2.5 % 0.6 135 - 21.0 62 0.312 2.56 8.20
FP-TC2-110 3.0 S 0.6 134 - 23.0 62 0.292 3.44 11.81
FP-TC2-90 3.5 £ 0.6 15.2 - 16.0 62 0.272 3.56 13.09
FP-TC2-86 4.0 0.6 14.0 - 19.5 66 0.272 3.93 14.47
FP-TC2-88 4.5 0.6 13.8 - 21.0 63 0.282 4.68 16.61
FP-TC2-50 1.0 0.6 7.4 - - - 0.316 1.29 4.10
FP-TC2-48 15 < 0.6 7.2 - - - 0.276 1.60 5.79
FP-TC2-46 2.0 R 0.6 9.4 - - - 0.345 2.70 7.82
FP-TC2-51 25 2 0.6 7.4 -- -- -- 0.344 4.65 13.54
FP-TC2-49 3.0 :& 0.6 7.0 -- -- -- 0.314 4.51 14.35
FP-TC2-44 3.5 § 0.6 6.9 - - - 0.290 5.53 19.05
FP-TC2-47 4.0 o 0.6 8.8 - - - 0.323 7.84 24.30
FP-TC2-45 4.5 0.6 6.9 -- - -- 0.290 7.45 25.67
FP-TC2-40 1.0 0.8 10.4 -- - -- 0.643 1.87 291
FP-TC2-38 15 0.8 8.7 -- 27.5 46 0.771 2.67 3.47
FP-TC2-42 2.0 0.8 10.4 -- - -- 0.792 4.07 5.14
FP-TC2-43 2.5 Z 0.8 7.7 -- - -- 0.971 6.56 6.75
FP-TC2-37 3.0 @ 0.8 8.6 -- 23.5 68 0.771 6.23 8.09
FP-TC2-41 35 0.8 104 - - - 0.679 7.55 11.12
FP-TC2-103 4.0 0.8 13.7 - 11.0 77 0.626 10.61 16.95
FP-TC2-36 45 0.8 7.7 - 28.5 47 0.966 18.67 19.32
FP-TC2-79 1.0 0.8 144 - 16.5 80 0.278 0.99 3.56
FP-TC2-68 15 0.8 13.6 - - - 0.298 1.48 4.94
FP-TC2-73 2.0 8 0.8 11.2 - - - 0.345 2.56 7.42
FP-TC2-70 0 2.5 % 0.8 12.6 - - - 0.300 2.86 9.52
FP-TC2-80 3.0 S 0.8 13.6 - 17.5 75 0.293 3.33 11.34
FP-TC2-74 3.5 é 0.8 12.4 -- -- -- 0.317 3.91 12.34
FP-TC2-82 4.0 0.8 13.0 - 21.5 55 0.318 4.26 13.38
FP-TC2-81 4.5 0.8 12.7 - 20.5 63 0.347 5.81 16.75
FP-TC2-59 1.0 0.8 6.9 - - - 0.406 1.43 3.53
FP-TC2-62 15 < 0.8 7.4 - - - 0.315 1.89 5.99
FP-TC2-52 2.0 R 0.8 8.7 - 29.0 34 0.363 2.82 7.76
FP-TC2-61 2.5 ] 0.8 6.3 - - - 0.411 3.58 8.71
FP-TC2-60 3.0 :& 0.8 6.1 -- 30.0 20 0.518 5.96 11.51
FP-TC2-83 3.5 § 0.8 13.8 - 17.5 82 0.204 3.97 19.50
FP-TC2-65 4.0 o 0.8 5.2 - - - 0.535 13.00 24.29
FP-TC2-84 4.5 0.8 13.1 -- 19.0 71 0.290 7.19 24.76
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Table 3.3 — Parameters of the forward propagation experismERtDE4, FR-TC2, and FR-DE4, in the slope test
rig and in the combustion tunnel.

Test parameters Fuel bed data Air conditions ROS data
Ret | | e | P | nom | o | Tomd | b | Bo | e | me | R0
FP-DE4-01 | 10 0.6 9.8 7.5 24.0 47 0.615 1.63 2.64
FP-DE4-04 | 20 = 0.6 12.7 7.5 21.5 52 0.530 1.88 3.55
FP-DE4-03 | 30 @ 0.6 10.0 7.1 27.0 43 0.737 6.26 8.49
FP-DE4-02 | 40 0 0.6 10.0 7.5 26.5 44 0.723 12.82 | 17.73
FP-DE4-07 | 10 " 0.6 9.2 9.2 29.0 28 0.263 0.80 3.04
FP-DE4-05 | 20 @ 2 0.6 114 8.6 23.0 57 0.215 1.01 4.69
FP-DE4-08 | 30 59 0.6 11.2 9.2 29.0 34 0.298 2.52 8.44
FP-DE4-06 | 40 - 0.6 10.1 8.6 26.5 45 0.262 6.71 25.62
FR-TC2-06 1.0 0.6 13.8 7.0 15.6 56 0.816 1.87 2.29
FR-TC2-03 2.0 3 0.6 144 6.3 12.1 72 0.700 5.60 8.00
FR-TC2-05 3.0 @ 0.6 13.7 6.7 15.7 51 0.707 13.99 | 19.78
FR-TC2-04 4.0 0.6 13.2 6.7 15.1 64 0.766 2552 | 3331
FR-TC2-09 0 1.0 " 0.6 16.7 11.1 21.1 56 0.228 1.02 4.48
FR-TC2-07 2.0 @ % 0.6 15.2 10.0 17.7 51 0.220 3.59 16.34
FR-TC2-10 3.0 =8 § 0.6 16.4 11.4 20.2 58 0.232 9.94 42.79
FR-TC2-08 4.0 0.6 14.8 10.7 18.9 48 0.221 14.00 | 63.47
FR-DE4-02 | 10 0.6 12.7 8.0 19.6 55 0.798 1.49 1.87
FR-DE4-05 | 20 E 0.6 10.8 8.0 21.7 51 0.880 3.13 3.56
FR-DE4-01 | 30 @ 0.6 115 8.6 18.5 62 0.902 4.87 5.39
FR-DE4-04 | 40 0 0.6 11.2 8.0 21.7 52 1.040 2488 | 23.93
FR-DE4-08 | 10 " 0.6 12.7 13.3 19.8 32 0.173 0.36 2.07
FR-DE4-09 | 20 @ 2 0.6 14.1 12.8 18.7 32 0.168 0.66 3.92
FR-DE4-06 | 30 59 0.6 13.3 12.6 17.7 36 0.178 2.53 14.16
FR-DE4-07 | 40 - 0.6 115 12.2 20.4 33 0.186 11.72 | 62.92

Fire line rotation and extension assessment

The second process refers to the infrared imaggsasan order to obtain the fire line evolution
contours. The first step in the image processing tva selection of the frames. The images were
recorded with a time interval ofs] using a laptop connected to the infrared canizepending

on the experimental conditions and the overall tlomeof each test, an adequate time intedtal
was chosen, in order to have a reasonable nhumieairoés to process and to have an adequate
description of the evolution of the fire perimeter.

In the FR-DE4 and FR-TC2 experiments, as the ROBd/greatly with the tilt angle or
wind velocity, the time step used depended on tpasameters varying from 2 to 23or straw
fuel beds and from 2 to &)for pine needles beds. In some cases, non unifarmintervals
were used to describe the fire. On the other hartte BR-DE4 and BR-TC2 experiments the
fire spread the ROS did not vary much with thedaiigle and the time stedsused for a given
fuel bed were constant for all tests and equal Qoad 60s for straw and pine needles

respectively.
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Table 3.4 — Parameters of the backwards propagation expetinie the slope test rigs and in the combustion
tunnel.

Test parameters Fuel bed data Air conditions ROS data
a u m Bulk den. Temp. R R .

Ret |y | e | P | pama | po | Remd | POl | 06| em | eme | RO
BR-DE4-01 | -10 0.6 8.7 10.7 27.8 39 0.984 0.812 0.826
BR-DE4-04 | -20 B 0.6 10.4 8.0 255 46 0.802 0.691 0.862
BR-DE4-03 | -30 7 0.6 11.2 8.0 26.6 40 0.941 0.754 0.802
BR-DE4-05 | -40 0 0.6 8.5 8.6 30.5 34 1.163 0.938 0.807
BR-DE4-09 | -10 " 0.6 12.3 12.0 28.6 44 0.202 0.187 0.925
BR-DE4-07 | -20 Q < 0.6 124 12.2 26.0 49 0.236 0.183 0.776
BR-DE4-06 | -30 a3 0.6 11.0 12.6 28.7 34 0.293 0.256 0.876
BR-DE4-08° | -40 = 0.6 11.7 12.2 30.6 39 0.235 NV NV
BR-TC2-14 -0.5 0.6 8.9 9.0 32.0 36 0.855 0.939 1.099
BR-TC2-01 -1.0 0.6 8.1 10.9 31.8 40 1.097 0.794 0.724
BR-TC2-04 -2.0 2 0.6 9.5 10.0 32.2 39 0.783 0.765 0.977
BR-TC2-03 -3.0 7 0.6 10.6 9.2 29.3 44 0.675 0.675 0.999
BR-TC2-02 -4.0 0.6 7.7 9.2 32.3 40 0.776 0.545 0.702
BR-TC2-11? 0 -4.5 0.6 11.1 7.1 254 57 0.889 DS DS
BR-TC2-13 -0.5 0.6 9.9 14.3 30.4 40 0.235 0.185 0.786
BR-TC2-06 -1.0 é 0.6 13.7 12.0 24.9 54 0.233 0.204 0.875
BR-TC2-05 -2.0 o 0.6 11.9 13.0 31.0 40 0.217 0.193 0.889
BR-TC2-07* -3.0 g 0.6 10.7 10.9 32.1 39 0.256 0.200 0.780
BR-TC2-08" -4.0 £ 0.6 10.6 11.8 33.3 36 0.234 0.183 0.785
BR-TC2-10? -4.5 0.6 135 11.8 33.0 37 0.254 DS DS
BP-DE1-08 -5 0.6 11.2 9.4 16.3 54 0.904 0.832 0.921
BP-DE1-05 | -10 0.6 11.2 10.0 20.7 38 1.050 0.737 0.702
BP-DE1-12 | -15 0.6 9.6 9.1 22.2 33 1.027 0.786 0.765
BP-DE1-10 | -20 0.6 10.9 9.5 22.1 39 0.926 0.688 0.743
BP-DE1-01 | -25 > 0.6 12.8 9.7 18.3 43 1.087 0.716 0.659
BP-DE1-11 | -30 z 0.6 9.9 9.4 22.2 34 0.959 0.703 0.733
BP-DE1-03 | -35 @ 0.6 10.0 9.0 21.3 38 1.130 0.825 0.730
BP-DE1-09 | -40 0.6 11.2 10.9 19.2 47 0.922 0.721 0.781
BP-DE1-07 -45 0.6 13.8 9.8 14.1 59 0.947 0.616 0.650
BP-DE1-04 | -50 0.6 12.2 9.4 21.2 37 1.012 0.816 0.807
BP-DE1-06 | -55 0 0.6 11.2 8.7 12.6 64 0.909 0.674 0.742
BP-DE1-19 -5 0.6 14.6 12.5 18.3 71 0.251 0.193 0.768
BP-DE1-22 -10 0.6 14.3 12.5 17.3 50 0.214 0.183 0.855
BP-DE1-17 | -15 0.6 14.0 125 185 67 0.261 0.170 0.652
BP-DE1-20 | -20 2 0.6 15.9 12.2 16.1 66 0.179 0.148 0.825
BP-DE1-23 | -25 3 0.6 14.6 13.0 16.4 46 0.190 0.176 0.924
BP-DE1-15 | -30 2 0.6 144 13.0 18.1 66 0.210 0.206 0.983
BP-DE1-21 | -35 e 0.6 15.0 11.8 17.1 55 0.228 0.189 0.829
BP-DE1-16 | -40 s 0.6 144 13.3 19.6 64 0.204 0.181 0.887
BP-DE1-14 -45 0.6 13.7 12.5 15.9 70 0.224 0.196 0.876
BP-DE1-25° | -50 0.6 144 13.0 16.6 44 0.202 NV NV
BP-DE1-18° | -55 0.6 14.6 12.0 18.4 71 0.189 NV NV

1Fire put out after parallel ignition to the wind. Perpendicular ignition was made afterwards.
2Fire did not spread because it was put out with wind.
3Non-validated ROS experiment due to spotting inside the fuel bed.

For each experiment, after selecting the framesrtalyse, using CAD software, the
contours of the fire line for each frame were draamd corrected to represent orthogonal
projections of the fire contours to a plane patalte the camera lens, using the software
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developed by Goncgalves (2000). In the FR-DE4 andTER experiments, as the selected
temperature amplitude in the infrared camera wdkerrange -4€C to 120°C, the image of the
head fire zone in some frames was affected by teégepce of the fire plume hot gases. In order
to address this situation, the video images weeel @as a complement to determine the position
of the fire line. In the BR-DE4 and BR-TC2 experitwethe selected temperature amplitude was
in the range BC to 500C and there was no problem.

Table 3.5— Parameters of the basic ROS experiments.

Test Fuel bed data Air conditions ROS

Ret. | e | ggmey | b | bomd | 0O) | Bo | e
FP-TC2-25 0.6 75 - 27.5 37 0.897
FP-TC2-28 0.6 6.9 - 34.0 26 0.793
FP-TC2-102 0.6 18.2 - 9.5 82 0.455
BS-MC1-39 0.6 8.3 7.1 - - 0.967
BS-MC1-45 0.6 8.2 75 - - 1.337
BS-MC1-51 0.6 7.3 75 - - 1.328
FP-TC2-36 Z 0.8 77 - 285 47 0.966
FP-TC2-39 5 0.8 8.7 - 275 46 0.796
BS-MC1-05 0.8 6.3 8.9 - - 1.227
BS-MC1-09 0.8 6.1 8.9 - - 1.242
BS-MC1-13 0.8 5.8 7.6 - - 1.419
BS-MC1-23 1.0 7.2 7.7 - - 1.234
BS-MC1-29 1.0 7.0 8.3 - - 1.232
BS-MC1-35 1.0 6.7 9.1 - - 1.313
FP-TC2-85 0.6 135 - 20.5 70 0.265
FP-TC2-108 0.6 16.9 - 8.5 70 0.218
FP-TC2-109 0.6 16.3 - 15.0 67 0.225
BS-MC1-41 0.6 8.4 75 - - 0.371
BS-MC1-47 0.6 7.8 75 - - 0.429
BS-MC1-53 2 0.6 7.3 75 - - 0.391
FP-TC2-69 = 0.8 12.8 - 21.5 78 0.258
FP-TC2-71 @ 0.8 12.2 - - - 0.316
FP-TC2-72 o 0.8 12.7 - - - 0.286
BS-MC1-03 = 0.8 6.6 7.0 - - 0.519
BS-MC1-11 0.8 5.9 7.6 - - 0.593
BS-MC1-17 0.8 5.3 7.0 - - 0.610
BS-MC1-21 1.0 7.4 8.7 - - 0.553
BS-MC1-27 1.0 7.3 8.3 - - 0.539
BS-MC1-33 1.0 5.8 8.7 - - 0.559
FP-TC2-32 0.6 6.6 - 31.0 32 0.367
BS-MC1-37 0.6 76 8.0 - - 0.318
BS-MC1-43 0.6 6.3 8.6 - - 0.367
BS-MC1-49 < 0.6 5.7 75 - - 0.402
FP-TC2-63 R 0.8 6.6 - - - 0.436
FP-TC2-64 Q 0.8 6.0 - 29.0 23 0.663
BS-MC1-01 g 0.8 5.3 7.6 - - 0.597
BS-MC1-07 g 0.8 47 8.4 - - 0.589
BS-MC1-15 3 0.8 44 7.6 = = 0.581
BS-MC1-19 1.0 5.8 8.3 - - 0.524
BS-MC1-25 1.0 55 8.3 - - 0.596
BS-MC1-31 1.0 4.6 9.1 - - 0.573
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Table 3.6— Average parameters and standard deviation éofattward and backwards series of experiments.

Ref. mi ST Dev. | Bulk de3n. ST De;/. Temp. | ST Dev. RH ST Dev. Ro ST Dev.
(%] (%] (kg/m~] [kg/m ] [°Cl [°C] (%] (%] [em/s] [cm/s]
ST-FP-TC2 141 2.34 - -- 15.3 1.65 62 9.0 0.652 0.0581
ST-FP-TC2-0.8 9.7 2.01 - -- 22.6 8.05 60 155 0.777 0.1331
ST-FR-TC2 13.8 0.27 6.68 0.274 14.6 1.70 61 9.2 0.747 0.0547
PN-FP-TC2 14.3 0.95 - -- 19.3 3.55 66 5.0 0.283 0.0167
PN-FP-TC2-0.8 | 12.9 0.98 -- -- 19.0 2.38 68 114 0.312 0.0244
PN-FR-TC2 15.8 0.62 10.81 0.616 19.5 1.49 53 4.6 0.225 0.0059
ES-FP-TC2 7.6 0.95 - -- -- - - -- 0.312 0.0252
ES-FP-TC2-0.8 8.4 3.25 - -- 23.9 6.54 52 29.5 0.380 0.1124
ST-FP-DE4 10.6 1.39 7.39 0.221 24.8 2.53 47 4.0 0.651 0.0975
ST-FR-DE4 11.6 0.82 8.14 0.286 20.4 1.59 55 5.0 0.905 0.1006
PN-FP-DE4 10.5 1.02 8.90 0.381 26.9 2.84 41 12.8 0.260 0.0342
PN-FR-DE4 12.9 1.11 12.74 0.451 19.2 1.20 33 1.9 0.176 0.0077
ST-BP-DE1 11.3 1.27 9.5 0.59 19.1 3.40 44 10.5 0.988 0.077
ST-BR-DE4 9.7 1.29 8.8 1.29 27.6 2.15 40 4.9 0.972 0.149
PN-BP-DE1 14.5 0.57 12.6 0.48 17.5 1.18 61 10.2 0.214 0.026
PN-BR-DE4 11.9 0.63 12.3 0.26 28.5 1.89 42 6.5 0.241 0.038
ST-BR-TC2 9.3 1.34 9.2 1.25 30.5 2.74 43 7.5 0.846 0.143
PN-BR-TC2 11.7 1.60 12.3 1.19 30.8 3.09 41 6.6 0.238 0.015

For each test, an image similar to those showrigarés 3.10 and 3.11, that correspond
to tests made in the Canyon Table DE4 with favderav contrary slope respectively, was
obtained. Although the fire line evolution was maregular in the experiments with favourable
or contrary wind, as it can be seen in Figuresa®é 3.8, the fire line contour evolutions are
similar to those shown in Figures 3.10 and 3.11.

In these figures, we hayecontours corresponding @1 time steps of the analysis. In
the initial line, att = to, we chosen points that defina-1 fire line segments referred &swith i
varying from 1 ton-1. The initial segments were chosen at the centtbeofgnition fire line in
order to minimize edge effects. The length of thigal fire line elements was chosen to be
around 5% of the ignition line length that in the FR-DE4dafrR-TC2 experiments was
approximated by the fuel bed width, correspondm@Scm for the Canyon Table and d@ for
the Combustion Tunnel. In the BR-DE4 and BR-TC2egikpents that corresponded tom for
both test rigs. A larger distance would minimize thescription of the fire perimeter, on the
contrary a smaller distance would result in a paefinition of the fire line element orientation
and size, given the non regular shape of the famneter in many situations of fire spread as
was described in Viegas (2007b). As a rule, thireelihe segments were chosen in FR-DE4 and
FR-TC2 tests although in some cases more pointe w@nsidered. In tests BR-DE4 and BR-

TC2, given the existence of a symmetry axis initiftal fire perimetersegments from the right
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and left sides were considered and referre8RsS. respectively. The centreline segment was
referred assc.. For BR-DEA4 tests, a centreline element and fegments from each side were
usually considered. Given the fuel bed of the BRRTEsts was narrower, the fire line elements
reached the fuel bed limits more rapidly and, fos reason, besides the centreline element five
segments from each side were usually considereddigr to increase the amount of data.

The tangent direction to the fire line contour atle pointP; is determined by geometric
construction; from this a perpendicular line is winato define the ROS direction and to
determine the poin®’; corresponding to the position of poitat timet’ = t+dt. This process
was repeated for each time step as shown in Figut€sand 3.11. The coordinatesy of each
point were determined using the CAD software andewben used to determine the various
parameters analysed in this study.

For each segme (Figure 3.12) it was determined successively:

- The lengtheyi+1) anda’ig+1) at timet and at time+dt respectively.

- The fire line extensioa.

- The rate of spread andR+1 at pointsP; andPi+1 at the ends of the fire line segment.

- The average rate of spread at the midpoint ofitdine segment.

- The average angle of inclinatiofi+1) and f’ii+1) at timet and at timet+dt
respectively.

- The rotational velocity.

For the FR-DE4 and FR-TC2 tests were also detednine

- The normal componei, andR;+1)n of the ROS respectively at poirfes andPj+1)

perpendicular to the straight fire line elemaipty).

- The characteristic flow velocity, perpendicular to the fire line element.
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Figure 3.10 — Fire line contours and point evolution with tifiee an experiment on the Canyon Table DE4, ref.:
FR-DE4-06, slope: 30°, fuel bed: pine needles, lhad: 0.&g/m?. Burn area dimensions in [m].
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Figure 311 — Fire line contours and point evolution alongdifor an experiment on the Canyon Table DE4
ref.: BR-DE4-03, fuel bed: straw, slope: -30°, flegld: 0.6kg/n?. Burn area dimensions in [m].

Figure 3.12 — Schematic description of the elements used termne the components of the model from
experimental fire perimeters.
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4. Results and discussion
4.1. Analysis of fire line spread

4.1.1. Basic rate of spread

Fuel load and fuel moisture effects

The experimental results for the basic RB§&,as a function of fuel moisture content for straw,
pine needles and eucalyptus slash are plottedgurés 4.1 and 4.2a. For the three types of fuel
the data suggests that, for the range of testddhfaisture, the obtained ROS is independent of
the fuel load, since for a given moisture contdre R results do not exhibit significant
differences between them nor a trend for highesmaller values depending on the fuel load.
Having in mind this consideration, for each fuék entire set of data for all fuel loads (Tables
3.2 to 3.5) was considered for obtaining a besbffithe polynomial law given by Eq. (2.1),
yielding the parameters presented in Table Ak corresponding curves are plotted in Figures
4.1 and 4.2.
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Figure 4.1 — Basic ROS as a function of fuel moisture fromgi test burns, fuel loads: 0.6, 0.8 andkb/,
fitting parameters for Eq. (2.1) presented in Table (a) Pine needles tests. (b) Straw tests.

As we can see, straw has higher scattering in tefrROS when compared with both pine
needles and eucalyptus slash. This is explainethéwifficulty of providing fuel with very
similar properties over a long period of time whisfil have consequences in terms of the
burning properties of the individual fuel particksd also on the bulk density of the fuel beds. In

Table 4.1 we can also find some statistical daganding the fitting curves. For computing the
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standard deviation it was assumed that for a givehmoisture the ROS values would follow a

normal distribution around the mean value that e@ssidered to be the obtained value by the
prediction curves. The error was estimated so tmisidering the number of experiments, a
ROS value would be predicted within a 95% levetaiffidence.
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Figure 4.2 — Basic ROS as a function of fuel moisture fromgi test burns, fuel loads: 0.6, 0.8 andkb/,
fitting parameters for Eq. (2.1) presented in Table (a) Eucalyptus slash tests. (b) Fitting carf@ pine
needles, straw and eucalyptus slash fuel beds.

Table 4.1— Parameters for Eq. (2.1) fBs as a function of the fuel moisture content forreael bed.

Parameters
Fuel bed ST Dev. 2Error
Nexp ao bo Co do r [cm/s] [cmi/s]
Pine needles 64 -5.29E-04 0.0225 0.322 1.808 0.792 0.074 0.019
Straw 63 -8.92E-04 0.0358 0.500 3.173 0.493 0.155 0.039
Eucalyptus slash 28 -1.53E-03 0.0479 0.504 2.071 0.699 0.095 0.036

The ST Dev. was computed considering the predicted value as the mean and accounting for Nexp.
2The error was estimated for a prediction within a 95 % level of confidence (2xST Dev.XNex 2.

Solving the equations for a null valueRfwe can estimate a fuel moisture of extinction of
around 22.26, 21.4%, and 16.246 for pine needles, straw, and eucalyptus slagbectisely
(Figure 4.2b). Using data from Anderson (1964)donderosa pine needles for obtaining a best
fit of the polynomial law given by Eq. (2.1) we abt around 186. Marsden-Smedlegt al.
(2001) present data for buttongrass moorlands atidig that for low wind velocities we begin to
observe non-sustaining fires above dead fuel m@sttiapproximately 2. For fire spread in
eucalypt fuelsunder calm wind conditions McArthur (1967) preserdfues of around 1% for
the fuel moisture corresponding to a null rate pfead. One must have in mind that a

comparison between data from these authors ane fhm@sented here must be done carefully,
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because there could be differences due to thecpkatifuel species being sampled and method
used for the fuel moisture analysis. Also, furte&periments should be made for higher fuel
moisture contents in order to verify the validity the estimated fuel moistures of extinction.
Nevertheless, there is a general reasonable agneé®eisveen the present results and those from
other sources. For conditions of marginal burnihg tlata can be rather scattered and the
modelling of the threshold value that defines # fire will sustain or not as a function of the
fuel moisture content is better described by prdivalfunctions instead of deterministic ones
(Marsden-Smedlegt al, 2001; Zhotet al, 2005).

4.1.2. Head fire

Eruptive fire behaviour

When analysing the plotting of the distance tracelby fire as a function of time it was verified
that for the slope experiments up to 20° the stdfgke linex(t), that gives the ROS between two
points, remains fairly constant during fire spréad with high inclinations of 30 or 40°, like
shown in Figure 3.9b, it is usual to observe ahsligcrease in the ROS with time (Viegas,
2004). This is a consequence of the fire dynamitatieur,i.e. the changing of fire spread
properties over time even for constant boundaryditimms, caused by a convective heat flow
along the fire line. An extreme consequence ofdyeamic fire behaviour is the eruptive fire
behaviour (Viegas, 2005 and 2006), a sudden inergasghe fire velocity caused by the wind
flow feedback effect, that occurs in long very inetl hills and especially in canyons (Viegas
and Pita, 2004). It can also occur under high steedds but due to the wind velocity natural
variability it is not so likely to happen. On thther hand, also for high inclinations, as the aiti
line ignition spreads upslope, the head fire getgawer diminishing the heat received by
radiation from the fuel ahead of the most advangad of the fire line. Cheney and Gould
(1995) referred to the importance of the fire limglth on the ROS. The narrowing of the head
fire after the line ignition opposes to the firmdency to accelerate and, since for slope-driven
fires caused by line ignitions the increase in @S usually takes place in longer fuels beds
than those used here (up tond after the head fire reaches a more or less aonhstiangular
shape, it was considered that the ROS remainedardrduring each experiment.

In the combustion tunnel experiments, for a givetatron frequency of the fans, the flow

velocity tends to decrease as the fire moves away the fans, as it was verified during the
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tunnel calibration referred previously, not allogithe fire to increase the velocity like in the
high tilted slope tests.

Fuel load

In Figure 4.3 we can see the results for the ROBeMmost advanced part of the head Ryand

in Figure 4.4 we have the results for the non-disiemal ROSRy, obtained for the wind driven
or slope driven head fires. As for each experinieatROS on level ground in the absence of
wind Ry was determined, the ROS corresponding to a nulldwielocity or null slope was
considered to be the average of Rador that series of tests.
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Figure 4.3 — ROS results from single test burns, except foulawind velocity or null slope where the average

of the Ry for that series of tests was considered: (a) Amation of slope, fuel beds: straw apithe needles,

fuel load: 0.&g/m?. (b) As a function of wind velocity, fuel bedsrat, pine needles and eucalyptus slash,
fuel loads: 0.6 and Okg)/n?.

As the non-dimensional RO&y, represents a ratio between the fire absolute RA&er
the influence of wind or slope and the ROS on azbatal terrain without ambient wind, for the
same fuel bed, one could expect small differencéise fuel bed properties from one experiment
to another under the same wind or slope not taraig major differences in its value. This is
particularly important given the impossibility torttrol certain parameters, namely fuel moisture
content.

It is easy to observe in Figures 4.3 and 4.4 thasliope angles greater than 20° and wind
velocities greater than 1b/s significant differences exist between someeseni experiments,
even for the same fuels and very similar fuel bedregement. When trying to identify their

cause, according to the results for the wind drifness shown in Figures 4.3b and 4.4b, the fuel
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load does not seem to have a significant influemcéhe ROS. As can be seen in the results, for
the absolute and non-dimensional ROS, for theesiles of FP-TC2 experiments that correspond
to testing the wind velocity effect on three diéfat fuels and for two fuel loads, for each fuel
there are no significant differences in the resiadighe tested fuel loads. Thus, for each fued, th
entire set of data for the two tested fuel loads wansidered for obtaining a best fit of the

polynomial law given by Eg. (2.2), yielding the pareters presented in Table 4.2.
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Figure 4.4 — Non-dimensional ROS results from single teshbufa) As a function of slope, fuel beds: straw an
pine needles, fuel load: Ok@/n?, fitting parameters for Eq. (2.3) presented inl&ah3. (b) As a function of
wind velocity, fuel beds: strawpine needles and eucalyptus slash, fuel loads:a@db 0.8kg/n?, fitting
parameters for Eq. (2.2) presented in Table 4.2.

The statistical data regarding the standard dewiadnd the error was estimated having in
mind the same considerations as for the basic R(M&rienents. It should be noted that, at least
for the series where only four tests were madeamgalealing with a relatively small sample and
the standard deviation would have been estimatedk rocurately ifnexp- 1 was considered
instead of the total number of experiments. HoweYer the sake of performing the same

analysis for all the experimentsxwas considered instead.

Table 4.2— Parameters for Eq. (2.2) for the wind driveedifor data series.

Data series Nexp ar, b1y r2 ST Dev. [cm/s] 2Error [cm/s]
PN-FP-TC2 0.6&0.8 16 2.701 1.178 0.983 0.603 0.301

PN-FR-TC2 4 3.544 2.135 0.995 3.794 3.794
ST-FP-TC2 0.6&0.8 16 1.398 1.724 0.955 2.040 1.020

ST-FR-TC2 4 1.326 2.353 0.998 1.303 1.303
ES-FP-TC2 0.6&0.8 16 2.630 1.487 0.968 1.573 0.787

1The ST Dev. was computed considering the predicted value as the mean and accounting for Nexp.
2The error was estimated for a prediction within a 95 % level of confidence (2xST Dev.XNex 2.
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The fuel load effect on the ROS is not consenswuighe literature. The present results
agree with those from Cheney al. (1993) but for example Luke and McArthur (1978dan
Cheney (1981) report that the ROS increases néadgrly with the fuel load. On the other
hand, Thomas (1971) reports that it varies invgraath loading, the same dependence drawn
theoretically by Fleetest al. (1984). Based on the present work, for wind opslaided and also
level ground propagation, at least for fine fuetl®anaintaining a constant bulk density and
having tested three different fuel beds, the RO&dwmt seem to depend on the fuel load.

Regarding the slope driven fires, the best fit g polynomial law given by Eq. (2.3)
obtained using least square error yielded curvas ftir values ofx above 30° had significant
differences between the predicted values and those obtained by experiments. Farrdason
a visual fit was obtained instead, yielding theapaeters presented in Table 4.3. Given the
similarities between wind and slope effects on fgpread, in principle, the fuel load

independence of the ROS should be observed alope driven head fires.

Table 4.3— Parameters for Eq. (2.3) for the slope drivessfior each data series.

Data series Nexp ara b1 ST Dev. [cm/s] 2Error [cm/s]
PN-FP-DE4 4 4.50E-06 4.210 1.541 1.541
PN-FR-DE4 4 6.00E-06 4.370 2.217 2.217
ST-FP-DE4 4 6.00E-05 3.400 1.065 1.065
ST-FR-DE4 4 4.00E-06 4.220 1.452 1.452

1The ST Dev. was computed considering the predicted value as the mean and accounting for Nexp.
2The error was estimated for a prediction within a 95% level of confidence (2xST Dev.XNexp*?).

Fuel bed width

Analysing theR, results, one might be tempted to conclude thaethvas some effect of the fuel
bed width on the ROS, given the series of experm8i-FR-TC2 and PN-FR- TC2, with wider
fuel beds, exhibit higher values of ROS when comgavith others made with the same fuel but
having lower averagex values and higher averags. However, making the same analysis in
the DE4 test rig results, where all the experiméiats the same fuel bed width, again the ST-FP-
DE4 and PN-FR-DE4 series have higher ROS when cadpaith the other experiments made
with the same fuel and where the averagevas lower in both cases and the averBgavas
lower for the pine needles. Therefore, the fact tha ST-FR and PN-FR series of experiments
consistently exhibit higheR, values in both test rigs appears not to be relaidd an eventual

effect of the fuel bed width, but rather with otfi@ctors affecting the combustibility.
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Fuel moisture and fuel bed combustibility

When comparing thB, values of the two FP-TC2 series of experimenthéwind tunnel, for a
given fuel (Figure 4.3b), we can see that the RO&sdot seem to be very affected by the
differences in the average fuel moisture contehis Pprobably can be explained by the small
variation in theRy velocity for values ofry around 10-15% (Figures 4.1 and 4.2) that could
indicate a similarity in the combustibility propied for that range.

However, the FR-TC2 and FR-DE4 results for botravgtrand pine needles do not
corroborate this assumption. Nevertheless, thetfattR, values are higher for both fuels and
for experiments made in different test rigs, whemmpared with the other corresponding
experiments, seems to exclude differences in tbegdtoperties and an eventual factor related
with the test rig as a cause for the differencéhim results. This is a strong indicator that the
cause for the observed differences is externdladuel bed.

Although each experiment in the series was perfdrimea random order to avoid any bias
in the results, each series of experiments was madally within 4-5 days to minimize the
variations in the ambient conditions. In Table &€ can see that in general, for a series of
experiments, the standard deviation for each cthatrgparameter is usually low. This is very
important to assure consistency between the restilés given series and we can see that the
higherRx values in the FR-TC2 and FR-DE4 experiments weseved, regardless of the test
rig or fuel used, reinforcing the idea that it mbkely had something to do with parameters
external to the fuel bed, that will be discusseld\we

One parameter that could have had been resporfsibluch results is the ambient air
stability inside the laboratory. It is clear thatef spread is influenced by fire-atmosphere
interactions (Coen, 2005; Linet al, 2007; Suret al, 2009) and the laboratory facilities height
is around 8n, which should be sufficient to observe significdififerences in the air temperature
vertical profile, although at this point the autldmes not have data to support this hypothesis.
Another parameter that could have had a signifia#hience is the mean radiative temperature
of the surrounding surfaces that, in principle, tave considerable variations for a given air
temperature and that influences the fire and feed tadiative losses. Butler (2006) analysed the
effect of solar radiation on the ROS of fires sdieg on level ground in the absence of wind,
concluding that low magnitude surface incidentdiadion, such as solar heating, can affect the

ROS of a fire burning through a bed of fine deadayofuels. It is of great importance to
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identify the causes of the observed differencdgénbehaviour, so we can knoavpriori the set
of conditions for which a pair of values @fi(b1), associated with the functions defined in Eq.
(2.2) and (2.3), for a given fuel bed combustipilg valid. Future work is intended to be done in

order to address this problem.

Slope equivalent wind

As referred in Chapter 2, it shall be considereat thr a given slope angtewe can define an
equivalent wind velocityueq that produces the same ROS value on a horizontaind. This
equivalence was established only between seriesnaff driven and slope driven fires tests made
in the same period, so that the fuel beds comblisstisimilarity was maximized by having
similar ambient parameters.

As can be seen in Figure 4.5, for both fuel beuks,eiquivalence curves obtained are very
similar, despite the differences between the FP ERddata series results (Figure 4.4). This
suggests that, as long as the wind driven and slioipen fires are spreading under the same
overall conditions, the equivalence between theoukhyield similar equivalence curves. For
each fuel bed the entire set of data was then awadbior obtaining a best fit of the power law
shown in Eq. (2.7) yielding the parameters presemdable 4.4.

6 x 6
------- PN-FP_DEA/PN-FP-TC20 680 8 (a) ‘." ------- ST-FP-DE4/ST-FP-TC20.680.8 ( b)
r— —-— PN-FR-DE4/PN-FR-TC2 ! iy —— ST-FRDE4/ST-FRTC2
% 5 combined - D combined
E E
o4 T4
= 3
3r 37
2r 2
1 1
0 0 ‘
0 10 20 30 0 10 20 30

40 40

al] al’]

Figure 45 — Slope equivalent wind, fitting parameters for Ej7) presented in Table 4.4: (a) Piredles tests.
(b) Straw tests.

Table 4.4— Parameters for Eq. (2.7) for slope equivalemidor each fuel bed.

Fuel bed Aq Da r’
Pine needles 1.57E-04 2.811 0.914
Straw 3.63E-03 1.883 0.997
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4.1.3. Flank fire

Fire line extension rate

The results for the flank fire described in thistgmn are based on the work of Viegas and Rossa
(2009). In Figures 4.6 and 4.7, the fire line elatagelative extensioa as a function of time,

for the experiments FR-DE4 and FR-TC2, is showrthdgh the data is scattered we can
observe a tendency for higher extension rateshiofite line elements inclination anglésn the
range 0-45°. In a few situations, especially fow Itlt angles or wind velocities and in the
beginning of the experiments, when the anglevas small, it sometimes became negative.

However that corresponds to an unstable situatioitl@ose points were not considered.
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Figure 4.6 — Flank fire line elements relative extensioas a function of the fire line element inclinatiamgle
for the slope tests, fuel load: &g'n?: (a) Pine needles fuel beds. (b) Straw fuel beds.
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Figure 4.7 — Flank fire line elements relative extensioas a function of the fire line element inclinatiamgle$
for the wind tests, fuel load: kg/n?: (a) Pine needles fuel beds. (b) Straw fuel beds.
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Analysing the relative extension data obtainedjrmduthe testing of the model, it was
concluded that it is reasonable to consider ana@eeyvalue of this parameter for a given fuel and
slope angle or wind velocity. It was therefore comegl the relative extension average valtes
for each case. The resultsaaf obtained for pine needles and straw, as a funaienor uo are
shown in Figures 4.8 and 4.9, respectively.

We can observe that the fire line elements relaiktensioreay variation witha or up can
be well described by a linear fit given in Eq. (4.The parameters obtained from the fit for pine

needles and straw fuel beds for the wind or sleptstare shown in Table 4.5.
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Figure 4.8 — Results from single test burns for the flanle fine elements average relative extensgigms a

function of the test rig tilt angle for the slope tests, fuel load: &@'n?: (a) Pine needles fuel beds. (b) Straw
fuel beds.
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Figure 4.9 — Results from single test burns for the flanle fine elements average relative extensigras a
function of the reference wind flow velocity for the wind tests, fuel load: Ok§/m?: (a) Pine needles fuel
beds. (b) Straw fuel beds.
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Table 45 — Parameters for Eq. (4.1) for the flank fire lelements relative extension rate for each fuel bed

Slope tests Wind tests
Fuel bed p p
Mme be r Me be r
Pine needles 1.56x10" -1.03x10° 0.724 7.17x10° -5.23x10°° 0.959
Straw 1.94x10* 5.29x10°® 0.880 3.30x10* -4.13x107 0.888

Evaluation of aand b

Using the equivalence between wind and slope, asridbed above, we can determine the
perpendicular flow velocityy as a function of the inclination angefor each fire line element
and the results are shown in Figure 4.10. As tladyais of the slope tests was easier to perform,
in the following it shall be presented the resolt¢ained for the four slope tests and for only one
wind test, corresponding to the maximum wind velo¢Gm/s) for each fuel.
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Figure 4.10 — Distribution of the perpendicular flow velocity as a function of the flank fire line element
inclination angles, fuel load: 0.&g/n?: (a) Pine needles tests. (b) Straw tests.

As it can be seen in this figure the characterifiter velocity uy for each value oty
(corresponding to a slope angle or to a referenoe welocity) is fairly constant, although its
value decreases f@r>50°. The average value af and its standard deviation were computed for
each case and are given in Table 4.6.

In order to use the present model we need to ctiectact that the flow velocity remains
constant in a given test as this condition wasrassun the derivation of Eq. (2.22). As the flow
angledwas not measured it will be computed an approx@matueu’ defined by:

Uy (4.2)
cosp

u'=
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The values olr’ for all tests are shown in Figure 4.11. As carobserved in these plots,
for a<30° the value ofi’ is practically constant as it was assumed in #grevdtion of (2.22). On
the other hand, fos =40° orupo =4 m/s the value oti’ increases witlf, especially in the tests
with pine needles. The average valueubfind its standard deviation were computed for each
case and are given in Table 4.6.

In order to estimate the values of the two pararee@teandbs associated with functiofa
defined in Eq. (2.17), for each test with a relalyvconstant value af, pairs of values gf* and
o max determined experimentally were used. It must beddhat the values gf* are just
surrogate values of* therefore this estimate is only a first order appmation of those two
parameters. The results obtained are shown in #able
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Figure 4.11 — Distribution of the approximate local flow veitycu’ as a function of the flank fire line element
inclination angles, fuel load: 0.&g/m?: (a) Pine needles tests. (b) Straw tests.

Fire line rotational velocity

The results obtained for the rotational velocityadsinction of the inclination angfeof fire line
elements in the set of tests that were analyzedhayen in Figures 4.12 and 4.13. In each figure,
the curves otor given by the Eq. (2.20) were plotted, using theapeeters that were determined
in Table 4.6 and the values wthat are indicated in each case. In these figtineslower values

of u were generally used to describe the data poimegoonding to the higher values fHfn
accordance with was observed in Figure 4.11.

Despite of the scattering of the data, that isart justified by the fact that we are usjfig

as a surrogate @, in general terms the shapes of the curves giyethd present model are in
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accordance with the distribution of the data pogimaftowing the use of the present model to

estimate a first approximation of the rotationdbegy of the fire line elements as a function of

their orientation anglg and of the other parameters involved in the model.
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Figure 4.12— Distribution of the rotational velocity: of a flank fire line element as a function of firve line
inclination anglep for pine needles fuel beds for four slope angtstand for one wind test, fuel load: 0.6
kg/m?: (a) 10° (b) 20° (c) 30° (d) 40° (eds. The curves correspond to the present modehéovalues of the
local flow u that are indicated in the legend.
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Figure 4.13—- Distribution of the rotational velocity: of a flank fire line element as a function of five line
inclination angles for straw fuel beds for four slope angle tests faimsne wind test, fuel load: Okg/n?: (a)
10° (b) 20° (c) 30° (d) 40° (e)s. The curves correspond to the present modé¢hévalues of the local flow
u that are indicated in the legend.
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Table 4.6— Parameters of the flow properties and modelmaters for Eq. (2.20) for each fuel bed.

Pine needles
Reference u, uy [m/s] u' [m/s] B Wimax b as
Aver. St. Dev. Aver. St. Dev. [l [°/s] ]
10 0.39 0.14 0.40 0.15 20 0.26 0.15 57.2
ap] 20 0.57 0.21 0.66 0.18 20 0.87 0.15 120.8
30 1.43 1.02 1.97 0.93 20 6.86 0.15 275.9
40 1.84 1.39 3.02 1.80 30 16.50 0.37 357.8
Uo [m/s] 4 4.30 1.48 6.06 2.79 33 6.60 0.48 30.6
Straw
Reference u, by [m/s] wmis] B Whmax bs as
Aver. St. Dev. Aver. St. Dev. [l [°/s] ]
10 0.82 0.18 0.86 0.18 25 1.6 0.29 711
aF] 20 1.15 0.24 1.28 0.25 27 3.3 0.35 75.5
30 1.34 0.83 2.93 3.18 25 3.3 0.29 58.1
40 2.08 1.20 3.64 2.56 30 17.0 0.45 128.2
Uo [M/s] 4 3.27 0.78 4.10 0.95 25 12.0 0.29 57

4.1.4. Back fire

Rate of spread
The results for the back fire described in thigisecare based on the work of Rossa and Viegas

(2009). In Figure 4.14 we have the ROS resultstherwind or slope backfires and in Figure
4.15 we have the non-dimensional ROS for the satpergnents. It is easy to see that for the

tested slope angles and wind velocities, for eaehbied, thdR, values are in the same range.
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Figure 4.14 —ROS results from single test burns, except foulawind velocity or null slope where the average
of the Ry for that series of tests was considered, fuel bgide needles and straw, fuel load: 0.6 Kg/@) As a
function of slope. (b) As a function of wind veltci
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The first group of contrary slope experiments parfed in the test rig DE4, which aimed
to analyse the ROS and also the fire line shapiides a total of eight tests, four using straw
and four using pine needles fuel beds, in a ramgtopes varying from -469¢ <-10° with 10°
intervals. Regarding the non-dimensional ROS regqidigure 4.15), for both fuels, it appeared
that Ry’ had a value slightly lower than 1, but more assleeonstant over the range of tested
slopes. However, in order to study back fire praieg for a wider range of slopes (up to -60°)
a new group of experiments was planned. It wasdeecto use an angle intervad = 5° and
given the high number of experiments to perforntoal of 22 experiments, 11 for each fuel) a
smaller test rig was used (test rig DE1) and orSResults were assessed.

Although the test rig DE1 allowed for angles ov@0°%it was verified that fos <-45° for
pine needles and < -55° for straw, spotting started to occur due ttinigp embers. For this
reason the results obtained for angles out of ¢ferned range are not presented. Van Wagner
(1988) also reported slides of burning materialifgr45° for experiments with pine needles fuel
beds.
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Figure 4.15 — Non-dimensional ROS results from single teshbufuel beds: pine needles and straw, fuel load:
0.6 kg/nt: (a) As a function of slope. The dotted line cepends to a translation of the data for pine needle
with a displacement of 15°. (b) As a function ohd/ivelocity.

Looking at the results in Figure 4.15, one is teedpto conclude that for backfires
spreading in both fuels the value R is constant but a more careful analysis shows tina
backfire velocity has an oscillatory evolution otlee range of analysed slopes. It is interesting
to notice that the oscillation pattern is similar both fuels. This can be easily observed ifhm t
graphic shown in Figure 4.15a, we translate thentporelative to the backfire propagation
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velocity in pine needles by 10° to the lef, the velocity that actually corresponds to -5° wioul
correspond to -15° and there forth. Doing this w&e see that the ROS values are very similar
but also that their minimum and maximum values oeuth exactly the same interval for both
fuels.

In order to estimate the relative error of the measents, the cases for which there was
more than one test with the same slope and fuek aealysed, although tests were performed
either in DE1 or DE4. The fact that experimentsem@ade in different test rigs, and table DE1
is significantly smaller than DE4, should not beaase of differences in spread characteristics
because, for laboratory back fires, scale effesat as relevant as for head fires. On one hand,
for contrary wind or slope fires, flames are snmralfen for head fires. On the other hand, due to
the curvature of the fire perimeter, heat tenddiverge from the most advanced part of the fire
to the sides, as opposed to head fires where @eds to be transported along both sides of the
fire line converging to the head fire and makinge fline width an important parameter to
consider. The maximum difference on the valueR®ffor straw and for pine needles was
respectively 186 and 126. The amplitude of the oscillation &' values for different slope
angles in the range -48% < -25° for straw (ST-DE1) and for pine needles (PMAB) was,
respectively, 186 and 51%. This means that the amplitude of oscillation $traw is of the
same order of the maximum estimated relative diewiah the estimation oRy', but for pine
needles the oscillation is over four times thatedénce. Considering that the results are obtained
from single test burns, that each experiment indda series was performed in a random order
to avoid any bias and that the oscillation patterrsimilar for both fuels we have a good
indication that it should not be a consequencanflom variance in the measurements.

Although in the case of wind backfires (Figure d)Llthe oscillatory behaviour d®, is
not so clear, it appears to follow a similar patteé®ince higher wind velocities cannot be used,
because fire spread is not sustained, to betteeratashd the ROS evolution over the possible
range of wind velocities, further tests must befqrened for wind velocities in between those
already used.

Van Wagner (1988) reported results of laboratonyegxnents on contrary slopes in fuel
beds ofPinus resinosaneedles and both Mendes-Lopes (2003) and ViegaB4&) present
results on contrary wind or slope, also from labmma experiments but in fuel beds Bfnus

pinasterneedles. In the first two cases, despite both asitheesent ROS for contrary slope or
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wind inferior to those obtained on level groundirothe absence of wind, respectively, which
agrees well with the present data in qualitativents it is difficult to make an adequate
comparison between results, since we do not hasesado &y value for each experiment. In
the last case, the results for the slope backfv@s reasonable agreement with those here
presented, although the agreement is not so gaatidovind backfires. One explanation for the
discrepancy in the wind backfires could be ®Retests, since the author concluded that for
determiningRy’ values it is of paramount importance to perfoime Ry and R, tests with an
interval of no more than few minutes. Having a cd&sable interval between those tests could
imply to be comparing fuel beds with different cambbility properties, not only because of the
fuel bed moisture content but also because oftif@ent parameters.

A possible explanation for the oscillation of tie fROS is the balance of heat transfer by
radiation and convection at the fire line. It isvomonly accepted that, for fire spread on level
ground, flame radiation plays a secondary roleh® tadiation inside the fuel bed. In fact,
Frandsen and Schuette (1978) reported that theofdmerning of excelsior was the same for fire
burning downward in a basket or spreading horidtyntlarough a fuel bed. Of course that, in the
case of wind or slope back fires either ambientdaon induced wind flow will have a negative
contribution, explaining the slight decrease of RB8wever if we consider that radiation inside
the fuel bed, for contrary wind or slope, is simi¥ehen compared with a level ground spread
and that the decrease in the ROS is due exclusieelhe diminishing of convective heat
transfer, we should expect a constant decreaseed®®OS with decreasing wind or slope. As that
does not happen it is probable that radiation tiverfuel bed has a role and may be responsible
for the observed phenomenon.

Radiation over the fuel bed is greatly dependentflame geometry, namely on its
inclination angle and length, that are influencgdhe local flow properties: as we tilt the table
the air entrainment increases causing the enhamtemhg¢he combustion reaction and of the
buoyancy forces which cause the flame to becomeemertical, but the increase of the air
velocity also forces the flame to tilt backwardseTbalance between these two effects seems to
produce an oscillatory evolution of the ROS witler@@sing slope or flow velocity.

Pictures of the flame geometry for back fires wdifferent slope angles are shown in
Figure 4.16 to support the assumption that flandiateon has some influence in the ROS
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oscillations. Based in those pictures, the autlmrsiclers that flame geometry seems to have

some influence in radiative heat transfer to thieunned fuel bed.

VRI=0.78

Figure 416 — Flame geometry and non-dimensional ROS as &ifumof slope for tests in the range<Q% <40°.
The variation of the flame geometry for differeltipge angles can be observed, fuel bed: straw)dael 0.6g/n?.

Comparing the flame for horizontal spread and W@%an see that the later, although not
very different in length, is more tilted backward$ie reduction in the view factor between the
flame and the fuel bed causes a decrease in thérlesfer by radiation and therefore a decrease
in the ROS, which corresponds to a local minimumthe graphic (Figure 4.15a). When
comparing the flame for -20° with the one for -0@° can see that the first has a slightly smaller
tilt backwards but a significantly higher flame dgin, which allows for an increase of the
transferred radiation and explaining the increasthé ROS. For -25° when compared with -20°,
we can see both an increase in the flame tilt baoltsvand a decrease in the flame length which
causes a new decrease in the ROS and justifieeeriotal minimum in the graphic. Then for
-35° and -40°, when compared with -25°, respegtiveé can see first an increase in the flame
length and a very similar tilt, and afterwards ardase in the backwards tilt, which explains the
successive increase in the ROS. It must be saidthieabehaviour that is illustrated in these

pictures was consistent in each test and for eagfiguration the properties that were described
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above were practically the same for the duratiotheftest. Nevertheless, a correct assessment of
the flame geometry requires a detailed evaluatiofr® spread, using several time frames, for
the situations here presented. For that reasorthinary here proposed is just a preliminary
approach that needs further research, intendegt@® fwork.

Fire line extension rate

In Figures 4.17 to 4.20, displaying results frora gxperiments BR-DE4 and BR-TC2, we have
the back fire line elements relative extensipdefined in Eq. (2.10), as a function of the fire

element inclination anglg for the slope and wind tests and for pine neediesstéraw fuel beds.
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Figure 4.17 — Back fire line elements relative extensioas a function of the fire line element inclinatiamgles
for the slope tests, fuel bed: pine needles, faadl] 0.6 kg/rft (a) 10° (b) 20° (c) 30° (d) 40°.

We can observe a tendency for higher rates of siterfor inclinations angles around
135°. However, as the data is very scattered, staoacluded that it is reasonable for each slope

or wind test to compute an average relative extersi for a given fuel and slope angle or wind
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velocity, instead of trying to define a functioratiwould consider an increase from 90 to 135°
and then a decrease from 135° to 180°.

The relative extension distribution as a functidrthe fire line element inclination angle
for the wind tests is much more scattered tharthferslope tests. This is explained by the highly
irregular shape of wind back fires perimeter, eggcfor high contrary winds, due to the flame
turbulence. From the fire line shape analysis i wasy to conclude that in global terms the fire
line evolution follows the same pattern as for ttentrary slope fires. However, the fire
perimeter has rapid changes in short periods of aimd for these tests it was not always easy to
find a section of the fire line that maintainedegular evolution with time. For this reason, in

some tests a smaller amount of segments was adalyse
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Figure 4.18 — Back fire line elements relative extensioas a function of the fire line element inclinatiamgles
for the slope tests, fuel bed: straw, fuel loaé:Ky/n¥: (a) 10° (b) 20° (c) 30° (d) 40°.
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The results for the average relative extensigrof the fire line elements as a function of

the slope angle or the wind velocity are shown in Figure 4.21 &nglre 4.22, respectively.
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Figure 4.19 — Back fire line elements relative extensioas a function of the fire line element inclinatiamgles
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Figure 420 — Back fire line elements relative extensioas a function of the fire line element inclinatiamgles
for the wind tests, fuel bed: straw, fuel load: Rggn?: (a) 0.5m/s (b) Im/s (c) 2n/s (d) an/s (e) 4n/s.

The variation of the ofay value with the slope angle or wind velocity follewhe same

pattern for all cases, except for the wind backfirepine needles fuel beds where the -0.5 and -3

m/s tests appear as outliers. This is easy to statel because back fire spread in pine needles
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fuel beds is very slow and for that reason moregutar when compared with straw, adding to
the fact that, as previously referred in the wiedts the fire line evolution is already very
irregular. In the remaining situations the relates¢ension decreases upote -30°, for the slope

tests, andip=-3m/s, for the wind tests, increasing afterwards.
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Figure 4.21— Results from single test burns for the back fiine elements average relative extensignas a
function of the test rig tilt angle for the slope tests, fuel load: &@'n?: (a) Pine needles fuel beds. (b) Straw
fuel beds.
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Figure 4.22 - Results from single test burns for the back fiine elements average relative extensignas a
function of the wind velocity for the wind tests, fuel load: Okg/n?: (a) Pine needles fuel beds. (b) Straw
fuel beds.

Fire line rotational velocity

In Figures 4.23 to 4.26 we have the rotational sigfowr of a back fire line element as a
function of the fire line inclination anglg for the slope and wind tests as a function of the

segment angle in a given time instant, for pinedfeeand straw fuel beds. Despite the scatter,
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the data suggests that varies linearly withg, assuming positive and negative values. This

behaviour is attributed to the same phenomena,iqusly referred, that causes the&’

oscillation with contrary wind velocity or slopegla, given that the local flow along a back fire

line element changes with the element orientatimgleaand influences the ROS of each point of

the element.
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Figure 4.23— Distribution of the rotational velociiys of a back fire line element as a function of the fine
inclination anglep for the slope tests, fuel: pine needles, fuel ida@kg/n?: (a) 10° (b) 20° (c) 30° (d) 40°.
The line corresponds to the linear fit for the tiat@al velocity of the segme&r.

Segments from the left and right sides of thelfire perimeter were considered but, as the

results did not exhibit any difference betweentthe sides, an analysis was made for the entire

set of data. Straight lines, following Eq. (2.2%kre adjusted to each set of points corresponding

to a given segment, like the example shown foresligsts for segmei®rin Figures 4.23 and

4.24. Horizontal or near horizontal fire line elertse occasionally attain angles over 180°,
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resuming afterwards to angles below that value. él@r, those elements have lower rotational
velocities, as can be seen from the results figaed tend to remain horizontal.

It was found that the slopsy, of the various trendlines was more or less consfar each
fuel, for all segments analysed in the range détkslopes, and for the segments analysed in the
range of tested wind velocities. This means thatsagments rotation in backwards spreading
fires seems to depend essentially on the fuel begepties. For that reason, for the slope
experiments, the value ofy for each fuel was considered to be the averagéhefobtained
values for each segment for each tested slopesdime procedure was done for the wind results
and the corresponding parameters are presentegbie %.7.

Each segment has an inclination angle that correfspto a null rotational velocii: that
has a reasonable correlation with the segment atdglee beginning of each experim@nt, as it
is shown in Figures 4.27 and 4.28.
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Figure 4.24— Distribution of the rotational velociiys of a back fire line element as a function of the fine
inclination angles for the slope tests, fuel: straw, fuel load: Kgén’: (a) 10° (b) 20° (c) 30° (d) 40°. The line
corresponds to the linear fit for the rotationdbeity of the segmerr.
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Figure 4.25— Distribution of the rotational velocityy of a back fire line element as a function of the fine
inclination angles for the wind tests, fuel: pine needles, fuel loadkg/n?: (a) 0.5m/s (b) Im/s (c) 2m/s (d)
3m/s (e) 4m/s.

The anglefint depends essentially on the fuel bed propertiesadtied plottinggsin: against
Pini for a given fuel we can determine the parametar€&q. (2.26) by linear regression, for the

range of tested slopes or wind velocities. Theetation coefficientr> was always above 0.77
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and the determined parameters are presented ie #ahl Computing the value gf: and using
Eq. (2.27) and Eq. (2.21), we can estimate a iive $egment rotational velocity and the angle

after a given time interval.
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Figure 427 — Results from single test burns for the back fine elements angle corresponding to a null
rotational velocitysin: as a function of the fire line initial inclinaticanglegini for the slope tests, fuel load: 0.6
kg/n?, fitting parameters for Eq. (2.26) presented ibl&€at.7: (a) Pine needles fuel beds. (b) Strawlfeels.
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Figure 428 — Results from single test burns for the back fine elements angle corresponding to a null
rotational velocitysin: as a function of the fire line initial inclinaticanglefini for the wind tests, fuel load: 0.6
kg/n?, fitting parameters for Eq. (2.26) presented ibl€at.7: (a) Pine needles fuel beds. (b) Strawlfeels.

Table 4.7— Parameters for Eq. (2.26), and (2.27), for thekbire line elements rotation for each fuel bed.

Slope back fires Wind back fires
Fuel bed 2 2
mg bp r my mg bp r my
Pine needles 7.72x10* 27.91 0.821 -2.4x107? 7.07x107? 44.47 0.773 -3.30x10?
Straw 7.77x10* 35.38 0.792 -6.40x10? 9.33x10* 11.8 0.885 -6.2x10?
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4.2. Simulation model
4.2.1. Validation tests and data processing

Experiments
For the purpose of validating the fire line evabatiprediction models developed previously, two

large-scale experiments were made. As alreadyreefethe general behaviour of the slope tests
and the wind tests is the same. However, as inwihd tests the fire line is more irregular,
making the fire perimeter analysis more difficitlitvas chosen to use slope tests for the models
validation. The experiments simulate a point igmtfire under the effect of slope (Figures 4.29
and 4.30) because, although for the purpose of mdeeelopment the fire line evolution
analysis was divided in forward propagation anckibaeds propagation, the objective was to be
able to predict the entire fire perimeter evolutiorder the effect of slope or wind.

In nature, the most inclined slopes are usuallythiea range 30-40° and it is in these
situations that many forest fires related accidewctur. For this reason, it was decided to make
the experiments with a 30° slope angle for twoedéht fuel beds. The methodology used is
similar to the one described in Chapter 3 but thennfeatures of the experiments will be
described below. The experiments were named FL-Hdwed by a dash and the number
indicating the order of performance. This alpha-atioal reference follows the same pattern
used in the remaining experimental program. Thes tesin features are shown in Table 4.8. In
Tables 4.9 and 4.10 we have the tests main paresraatd ROS data, respectively.

Test rig and fuel beds
The test rig used was the Canyon Table DE4 (Fig8r2s4.29 and 4.30), previously described

in section 3.2, forming a fuel bed of 5w8 on one face of the table.
As in the experiments made for the models developnary straw andPinus pinaster
dead needles fuel beds with a fuel load of kyr? were used. The fuel bed preparation

followed the same steps described in section 3.3.

Procedures
Again, fuel homogeneity and fuel bed bulk densiwgrevcontrolled and fuel moisture content

was monitored, before the fuel bed preparation lzefdre each experiment, with simultaneous
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register of the air temperature and relative hutyidihe basic rate of spredgh was also
measured for each test in a separate experiment.

Thirteen strings were stretched over the fuel lmedrder to determine the head fire ROS
and six were used in order to determine the baeKROS, placed with a distance of @h
between them. Also, in these experiments, thraagstrparallel to the slope direction were
placed in the right half of the fuel bed with a cipg of 40cm. However, for reasons that will be
explained below, the lateral ROS was computed ufiegnfrared images for determining the
position of the fire line for a given time instatike in the BR-TC2 experiments.

Like in all the other DE4 test rig experiments, Ryavas determined using the left side of
the table on a separate fuel bed with the samethy®pperties as the main one and the fire was
initiated by a line ignition, parallel to the stgm In the main experiments, the ignition was made
using a piece of cotton placed at the centre ofubkebed width at a distance of 1.685rom the
bottom of the test rig (Figures 4.29 and 4.30).

Table 4.8— Tests characteristics, parameters assessegimndftmonitoring for the FL-DE4 experiments.

Tests characteristics
_ Area ) Fav./Cont. 2 Fuel Fuel load
Series 5 Ign. bed 5
(LxW) [m?] Slope eds [kg/m 3]
FL-DE4 5.0x3.0 Point Fav.&Cont. Slope | PN/ST 0.6
Parameter assessment Image monitoring
Forw.® Flank Back.® Back.® | Video | Video IR
R
° ROS Rot.* ROS Rot.* Top | side | Top
v v v v v v v v

1Type of ignition; 2Favourable/Contrary; 3Forward; “Rotation; *Backwards.

Test monitoring

In these experiments, as the fire perimeter evarutvas to be assessed, like in the experiments
where images of the fire line evolution were reeakdthree cameras were used: one video
camera for recording images from the top of thdetgbigure 3.4a), one video camera for
recording images from the side of the table (Figdidb) and one infrared camera for recording
images from the top of the table (Figure 3.4a).0Asictures like those shown in Figures 4.29
and 4.30 were taken with constant time intervalFigures 4.31 and 4.32, sequences of images

taken by the infrared camera are shown.
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: 5_405 . 600s . _.
Figure 429 — Sequence of pictures for the experiment FL-DE4A the Canyon Table DE4, fuel bed: pine
needles, fuel load: Okgy/n¥, slope: 30°. The time since ignition is indicaie@ach picture.
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Figure 430 — Sequence of pictures for the experiment FL-DE4A the Canyon Table DE4, fuel bed: straw,
fuel load: 0.&g/n¥, slope: 30°. The time since ignition is indicateeach picture.
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Figure 4.31 — Sequence of infrared frames for the experim&éabDE4-02 on the Canyon Table DE4, fuel bed:
pine needles, fuel load: kg/n?, slope: 30°. The time since ignition is indicateeach frame.
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Figure 4.32 — Sequence of infrared frames for the experiméADE4-01 on the Canyon Table DE4, fuel bed:
straw, fuel load: 0.Bg/m?, slope: 30°. The time since ignition is indicate@ach frame.
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Data processing

ROS data and the fire line evolution were analyredhese experiments. The ROS was
measured in three directions: head fire spreadkfiracspread and lateral fire spread. The first
two were estimated using the known times that itleetdok to burn each string. The lateral ROS
was estimated by using the infrared images to ater the position of the fire line at given time
instants. It was chosen to do so because in thmlimstants of the experiment the lateral
elements of the fire line, due to their proximisyffer a back draft effect caused by the opposite
lateral fire line elements. For this reason, thegoted ROS based on the three strings placed for
this purpose yielded a value lower than that atter lateral fire line is out of that back draft
effect. For each experiment, the selected eigkt Ifite contours, from each side of the fire
perimeter, for estimating the lateral ROS wereeast 0.25 cm away from the ignition point. The
computed ROS was considered to be the averagetfrerfeft and right results. Regarding the
head fire and back fire ROS this effect was neblegigiven that those fire line elements spread

apart very fast.
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Figure 4.33 — Distance travelled by the head fire and ROS |@4dh10) as a function of time, slope: 30°, fuel
load: 0.6kg/n?: (a) Ref.: FL-DE4-02, fuel bed: pine needles, fonglisture: 10.86, d=1.267x1Ft?>+0.4335,
r2=0.997. (b)Ref.: FL-DE4-01, fuel bed: straw, fuel moisture:2A%, d=2.975x1¢t2+1.138§, r?=0.997.

Plotting the distance travelled by fire as a fumctof time and fitting a curve to each set of
data, for each direction we can estimate the fi@SRFor the backwards and lateral spread, a
linear fit, like shown in Figure 3.9a, yields cdation values? always greater than 0.995 which
indicates the ROS is well estimated by a constahtev On the other hand, for the head fire

propagation a linear fit would yield poor corretativalues when compared with & 2legree
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polynomial fit, shown in Figure 4.33. For the fisdise we have? values always above 0.963
and in the second case always above 0.997. Thadykhows that the head fire ROS cannot be
accurately estimated by a constant value. Thiseamily be explained if we consider that in a
slope driven fire caused by a point ignition werdd have the head fire narrowing, observed in
the line ignition fires like previously referredhat diminishes the heat received by radiation from
the fuel ahead of the most advanced part of tleelifie. Without this opposing effect to the fire
spread the fire acceleration is easily observeel éor shorter fuels beds.
Deriving the 29 degree polynomials of the distance travelled by &is a function of time

we obtain the % degree polynomials that give the ROS as a funaifdime (Table 4.10).

Table 4.9— Main parameters of the FL-DE4 experiments ondaryon Table DE4 test rig.

Test parameters Fuel bed data Air conditions
a W ms Bulk den. Temp. RH
Ref [’ Type [kg/m? | [%] | [kg/m?] ’c] [%]
FL-DE4-01 30 Straw 0.6 13.2 7.2 25.7 53
FL-DE4-02 30 Pine needles 0.6 10.5 9.7 29.5 41

Table 4.10— ROS data of the FL-DE4 experiments on the Cafyaiie DE4 test rig.

ROS data
Ref. Ro Rn Rp Ry . . .
[cm/s] [cm/s] [cm/s] [cm/s] R R R
FL-DE4-01 0.9838 5.950%x10?t+1.138 0.7096 0.7533 6.048%x102t+1.156 0.7213 0.7656
FL-DE4-02 0.2796 2.534x10°%t+0.4335 0.2226 0.2072 9.063%x103t+1.550 0.7963 0.7412

Like already described in Chapter 3, the fire lesolution contours are obtained by
infrared image analysis. Again, an adequate tinterval dt was chosen in order to have a
reasonable number of frames to process and to draaelequate description of the evolution of
the fire perimeter. The time interval between framas chosen to be 60or the pine needles
experiment and 26 for the straw experiment. In these tests, tha gaicessing is finished with
the drawing and correction to represent orthog@najections of the fire contours to a plane

parallel to the camera lens of the fire line comsdor each frame (Figures 4.38 and 4.39).

4.2.2. Model results and analysis

Fire line partition
The simulation of the fire line evolution was mdaecombining the models developed for the

flank rotation and backwards rotation. As referredthe initial instants of the experiments, the
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lateral fire line elements suffer a back draft effeaused by the opposite fire line and for that

reason it was chosen to initiate the simulationmhey were at least 1Inb apart.

0
0 1 2 3

Figure 4.34 — Example of fire line partition for applicatiori the fire line evolution prediction model for an
experiment on the Canyon Table DE4, ref.: FL-DE44{02I| bed: pine needles, slope: 30°, fuel loa@k@/m?.
Burn area dimensions in [m].
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The first step in the model application is, for fire line perimeter corresponding to the
considered initial time instant, choosingyoints that define-1 fire line segments, as shown in
Figure 4.34. Around fifteen points were consideire@ach quadrant which corresponds to an
initial length of 8cm for the backwards fire line elements andc@0for the forward fire line
elements. The points above and below the horizdinelare placed like shown in Figures 3.10
and 3.11, respectively. In the right and left sjdee first point,Psr or PsL, is placed over the
horizontal line and the position of the remainimg® is determined by defining @ segments.

It is considered that those points will spread &réo the OX axis at a ROB; (Table 4.10).
Below that line, first the central segmet is placed and from their right and left enBlisz and
P1L, respectively, the position of the remaining psiist determined by definingddn segments.
Between the last point and the point in the horiabline, Pir or Pr., a segment with variable
length is defined. It is considered that poiR{s andP1L will have a vertical translation, parallel
to the OY axis at a RO, (Table 4.10).

Flank rotation

In Figure 4.35, it is shown the scheme of the flastlation model calculus process as well as the
equations used and the tables where the input gheasnare given. As we do not have, at this
point, enough data for developing a model for prtaly the lateral RO®;, that determined by
the experiments (Table 4.10) will be consideredrasmput.

The first step consists of the calculus of the egjent wind to a 30° slope. Afterwards, we
determine the translation of the points over thezootal symmetry axi®:r and Pt (Figures
4.34 and 3.10) on the right and left sides of tleetival symmetry axis, respectively. That
translation is considered to have only a horizootahponent. Finally, for all segments in each
time stepdt, we compute the final length, rotational veloatyd final angle.

When the fire line segments become vertical we reaweansition from flank rotation to
backwards rotation. As we do not have enough aatallly understand how does this transition
process, it was considered that when the segmgaisetl an anglg=90° the rotational velocity
was null from there forth. Knowing the position Bfir and P'tL at time instant’ = t+dt, the
fireline perimeter is then determined by computsugcessively the coordinates of the end of

each segment, using the previously determined argldength.
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Input parameters
a,;b, (Table 4.9)
Ry; R (Table 4.10)
m,;b, (Table 4.5)
&y ;by, (Table 4.2)

v

Slope equivalent wind

Ugq =8,.a™ Eq. (2.7)

!

P and Py translation
s=s+R .R,.dt Eq. (2.6)

y

Average relative extension

Eq =M Ly +b, Eq. (4.1)

v

Segment length after dt

A 4

a=a+é&, . a.dt Eq. (2.11)
For all segments in Segment rotational velocity
each time step dt @ =Ry, by, ague (cosB) ™. (sing)®> g 2.19)

Segment angle after _dt
B'=F+w [t Eq.(2.21)

Figure 4.35 — Scheme of the flank rotation model calculus pssc

Backwards rotation

The scheme of the backwards rotation model calquiosess shown in Figure 4.36 is similar to
the one presented for the flank rotation, differiagsentially in the rotational velocity
computation. Although data was presented on thé&vmcds ROSR, in Chapter 4, we do not
have, at this point, a model for predicting it. Boat reason, that determined by the experiments
(Table 4.10) will be also considered as an input.

The first step consists of the calculus of theigalttranslation of point®:r and P1. that
define the central segme8&i.. For all segments in each time stitpthe final length, rotational

velocity and final angle are then computed. Thetposof P'1r andP’ 1. at time instant’ =t+dt
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is determined after computing the modulus of tiarizontal translation considered to be the
same and equal to half the length variatio®f

Then, for the right side of the vertical line, knog the coordinates d®'ir, the fireline
perimeter is determined by computing successivstydoordinates of the end of each segment
using the previously determined angle and lengtie 3ame process is applied on the left side,

this time starting with the coordinatesRifi..

Input parameters

Ro; Ry (Table 4.10)

& (Figure 4.21)

av
m,; mg; b, (Table 4.7)

v

Pir and Py vertical translation
s=s+R;.R,.dt Eq. (2.6)

v

Seagment length after dt

A 4

a=ateg, .a.dt Eq. (2.11)

v

Angle of null rotational velocity
Bt =Mg-Lini +bg Eq. (2.26)

For all segments in ¢
each time step dt

Segment rotational velocity
ay =m (8- B ) Eq. (2.27)

v

Segment angle after _dt
B'=p+aw, bt Eq.(2.21)

Figure 4.36 — Scheme of the backwards rotation model calgotasess.

Results and analysis
In Figures 4.38 and 4.39, we have the comparistwdsn the experimental and model results

for pine needles and straw fuel beds, respectivEhe full coloured lines represent the

experimental results and the dashed black linegsept the model results.

Considering the pine needles fuel bed experimeatcan see that the predicted backwards
fire line evolution is very similar to the real grespecially for the left side. However, in thentig
side of the backwards fire line, despite the fsistulated perimeter has a considerable deviation

from the real one, in the remaining time stepsdineulated and real fire lines become closer.
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Regarding the flank fire evolution, although ontbetdes the simulations corresponding to the
360 and 42@ time instants, especially for the right side, m@sonably similar to the real fire
line the same does not happen in the remaining sitmgs where the fire line rotation is under
predicted. The results for the straw fuel bed expemt are not as good as for the pine needles,
especially when comparing the back fire evolutiblowever the flank rotation results are

reasonable, in particular for the left side.

Field fires

Although, in this work, no comparison is made betwé¢he model results and real cases, it is
considered that it is valid at a field scale basedhe fact that the test rigs used were very large
The model should also be valid for other fuel bguisyided that the necessary input parameters,

presented in Figures 4.35 and 4.36, are determawadsidering that the fire perimeter evolution

is very similar between the two tested fuel bedsspite the obvious differences in terms of
absolute ROS.

Figure .7 — (a) Field experiment under slope and wind esfelcbusa, Central Portual (02—0—2004). (b) Forest
fire spreading upslope in Oleiros, Central Porti{§at07-2003).

The similarity between the fire line perimeter exan in the experiments, when
compared with that in the forest fire and the fieliperiment shown in Figure 4.37, both
spreading in low shrubs, indicates that the hypshef the model validity in real cases and for
other fuel beds is reasonable. The input paraméfegsires 4.35 and 4.36) determined for the
pine needles and straw fuel beds would probabllg yieasonable results for pine needles litter

and herbaceous fuels, respectively. However foerofaels, like shrubs, those parameters,
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considered to be dependent on the fuel bed, shbeldletermined by field or laboratory
experiments. Practical application of the modelréal cases and other fuel beds is being

considered as future work.

5

0 1 2 3

Figure 4.38 — ExperimentaVs model results for the experiment FL-DB2-on the Canyon Table DE4, fuel k
pine needles, fuel load: &k§/n?, slope: 30°. Burn area dimensions in [m]. Simalastarts at time instant 360
with the fire line perimeter as an input.
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---- Modei

Figure 4.3¢ — ExperimentaVs model results for the experiment FL-DB4-on the Canyon Table DE4, fuel k

straw, fuel load: 0.8g/n?, slope: 30°. Burn area dimensions in [m]. Simolastarts at time instant 120with

the fire line perimeter as an input.
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5. Conclusion

Surface forest fires behaviour on dead fine fueds analysed based on a total of 155 laboratory
experiments. Tests of fire spread on level groumthée absence of wind @m <19%), under
the effects of favourable and contrary wind (<< 4.5m/s), and favourable and contrary slope
(-55 < a < 40° were made, using four experimental rigs. Fagds ofPinus pinasterdead
needles, dry straw and in some cases BRismlyptus globuluslash fuel beds were tested with a
fuel load of 0.&kg/n?, as this is a typical value found in nature forefifuel beds, and in some
cases also 0.8 and k@'n?.

Parameters were determined, based on the labomtperiments, for an empirical model
for the dependence of the ROS on the fuel moistargent for fire spreading with no wind or
slope for the three tested fuel beds. The fuel wad found not to have a significant influence
on the basic ROR,, at least for the tested range of fuel moistuilaad.

Based on the results from the wind-driven or sldpeen experimental fires, parameters
for two empirical models, one for the dependencehef ROS on wind and another for the
dependence on slope, were determined. Based on #meeguation for computing an equivalent
wind velocity ueq that produces the same ROS value on a horizonbaind as a given slope
anglea was derived. These tests, performed in two laegé figs for minimizing the scaling
effect, suggest that the ROS does not have a rglelependence on the fuel load. It was also
concluded that small differences in the fuel mastcontent in the order of-12% also do not
seem to have a relevant influence on the ROS. Wihgiven set of test fires, coherence was
found between each experiment and differences leetveets are attributed to parameters
external to the fuel beds.

The ROS of fires spreading with contrary wind @ps was also studied, a subject that has
not deserved much attention in previous reseatretiag shown that, when compared with spread
on level ground in still air, wind or slope backe have slightly lower ROS values and that the
spread velocity successively decreases and in@esseve increase the absolute value of the
wind velocity or slope angle. This behaviour igibtited to variations in the flame geometry that
can produce changes in the amount of heat trabhgfdlame radiation over the fuel bed and
convective heat transfer, inside and over the fed, caused by the balance between the
buoyancy forces and the air flow parallel to thst teg. For wind velocities high enough, fire

spread is not sustained and for slopes over a gingte spotting started to occur due to falling
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embers, originating spot fires ahead of the origfite line that would spread upwards and
change the mechanism of spread.

Also, as a complement to the usual ROS to desthibdire line movement, the concepts
of fire line extension and rotation were introdu@adtools to analytically describe the movement
of a forward or backwards propagation fire linew#s considered that for a fire under the effect
of slope or wind, when the ROS vector of a fireelielement is not aligned with the slope
gradient or wind direction, there is a convectilefalong the fire line inducing differences on
the combustion reaction intensity, causing a viamabf the ROS. Different ROS along a fire
line element length will imply a rotation. It walaswvn that with time the fire line elements
increase their length and the curvature of thelifiveis reduced.

Rotation and extension of the fire line elementgete on the fuel bed. It was found that
flank fire line elements rotate with variable pot rotational velocity with time, tending to
become parallel to the direction of the ambienivflar slope, and increase their length with an
average relative extension that varies linearlyhwiind velocity or slope angle. On the other
hand, back fire line elements rotate with variatiéational velocity that alternates between
positive and negative values with time and incredssr length with an average relative
extension that does not vary significantly with @inelocity or slope angle. Due to the joint
effect of extension and rotation, the back fireelelements tend to become perpendicular to the
direction of the ambient flow or slope.

Using semi-physical and empirical formulations, adel for the fire line perimeter
evolution of a point ignition fire under constanina or slope, considering the fire line elements
extension and rotation, was proposed. Empiricalaipaters required by the model were
determined experimentally. The model was compariéd experimental results of fire spreading
on a slope for pine needles and straw fuel bedsreltvas a reasonable agreement between the
predicted and measured fire line evolution.

In terms of future research, two phases of workba&iag planned. The first is to be made
at laboratory scale with the objectives of modellihe parameters that currently are considered
as inputs, such as the head fire and the laterab,R&nd during the experiments assess
parameters that are thought to be responsible Isyesyatic differences between sets of
experiments, apparently under very similar condgioThis phase should include tests of point

ignition fires on a large slope test rig (8m¥%) that would enable the modelling of the fire
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perimeter lateral ROS and the determination ofp@s@meters for modelling the head fire ROS
using the model proposed by Viegas (2005). In thexggeriments, the temperature of the
surrounding surfaces and of the vertical air fiatdthe beginning and during the experiments
should be assessed, using thermocouples and moredsther stations. The second phase
consists of field fires with the objective of extiemg the model to the prediction of real fires.
Experiments should assess the fire spread of at jpgition on a slope with the minimum
influence of wind and on level ground under theluehce of wind. The tests should be
monitored using video and infrared cameras for watalg the fire perimeter evolution and
measurements of the head, back, and lateral firesld be taken. Based on the wind or slope
head and contrary fires data, and following the esgmocedures of the laboratory experiments

analysis, the model’s parameters would be detenine
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