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Abstract

The first aim of this work is to provide an anatyl expression to calculate the rate of spread
of surface fires under no wind and no slope coondgi A previous simplified model was
improved for this particular case of fire propagati The test of this proposed model was
performed by using two complete sets of experimemsults with several fuel beds and
variable parameters such as moisture content &rdmirisity. The second aim of this article is
to highlight two conditions that allow stoppingieef the low leaf area and the high value of
the moisture content.

Introduction

Fires are the major source of forest destructionthe Mediterranean basin. Fire risk
evaluation is of paramount importance in regionshsas the Mediterranean, where a sharp
increase of fire events in forests has been obdeover these last years [1]. Fire spread
models and wildland fire calculation systems hagerbdesigned in many scientific studies in
the last six decades. Forest fire modelling dedth weveral different approaches [2, 3].
Following the classification set up by Perry [4jrege kinds of modelling can be defined in
accordance with the methods used in their constructhe simplest models are the empirical
ones, which do not involve physical mechanisms fgmi-physical models [6] are based
upon the conservation of energy, but they do nstirdjuish the heat transfer mode. Finally,
physical models differentiate the various kindsheft transfer in order to predict the fire
behaviour [7]. Among them, multiphase modelling,ietthtakes into account the detailed
physical phenomena involved in fire spread, reprisséhe most complete approach
developed so far [8, 9]. The problem of the detaation of the rate of spread of surface fires
under no wind and no slope conditiomsgas studied for a long time using the previous
approaches [10, 11]. Nevertheless, these approachest provide an expression of this rate
of spread R,) with the various characteristics of the fuel bstilata: surface mass of fuel,
moisture content, high calorific value, surface¢tume ratios etc...

It is the first aim of this work. For that purpose,simplified model was used [7] and
improved for this particular case of fire propagatunder no slope and no wind. To test the
proposed model, it was compared by using two comaets of experimental results: (i) the
first series was made by C. Rossa and R. Oliveitia four different combustible media and
variable parameters (moisture content, bulk densjtyl2, 13] (ii) the second series was
supplied by Catchpolet al. [14] and studies fire propagation on three différkuel beds.
These fuel types were chosen as reasonable ap@tois to the natural fuel bed. The



expression oR, is necessary for most of the semi-physical modélish provide the rate of
spread from fuel and environmental variables bygig constant factor. For example, the
model presented by Rothermel [6] has been widedg uk the Rothermel model, functions
of wind velocity and slope are added and then pligtd by the rate of spread for a no wind,
no slope fire Ry). It is the basic model for the Behave computesteay to predict fire
behavior [15].

The second aim of this article is to highlight teanditions that allow stopping a fire: the low
leaf area and the high value of the moisture cdnten

Model development

The simplified surface fire spread model

The simplified surface fire spread model was dgwedbuntil 2007. Any reader interested by
a complete description of this model developmeny neéer to a previous work [7]. It predicts
fire behaviour with a computational time fasterrtheeal time and it provides a good
approximation of the fire front perimeter [16].

This relationship of the fire spread raf®) @cross an equivalent homogeneous combustible
medium and under slope and wind conditions is abthiby using a thermal balance
assessment in the combustible zone downstreane tiiréhfront. This relationship is the sum
of two terms. The first ondg,, evaluates the radiant heat flux impinging onuhburned fuel
ahead of the fire front and is due to the flameslmasd the embers.

The second one determines the radiant heat fluxchwitiomes from the flame body.
yrepresents the tilt angle. This angle is calculatseidg the local slopex, the wind speed
which is normal on the fire frontJ) and the upward gas velocity,). If fire propagations
under no wind and no slope conditions are consid@re0 andU=0), the tilt angle value is
equal to zeroy0) then an analytical expression for the rate okagrwithout wind and
without slope is obtained:
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Rate of Spread without slope and without wind

Ry is the rate of spread without slope and withoutdmvaluated using the simplified model
aforementioned. However, several studies [17, 1IB1&) showed a discontinuity at the point
U=0 for the experimental curves representing the od spread as a function of the wind
speed. The explanation of this difference is thl®fang one: while the tilt angle valug)(is
superior to zero, the flame is tilted by the windvards the unburned zone of the fuel bed.
Downstream, there is a wind inducdd;)(by the fire front. But, the effect of this coaiin
produced by the fresh air stream going from theuaméd part to the flame is reduced. Indeed,
this induced wind doesn’t reach the embers andaver part of the flame. So, this cooling
phenomenon doesn’t have any influence on the foetfrate of spread. On the other hand,
when the wind is equal to zero, as the burned zwmsea pressure slightly lower than the
unburned part of the vegetation, the flame tilisaas the burned fuel bed (see Fig. 1). So,
the cooling effect on rate of spread is noticeables is why one can notice the value of the
rate of spread evolves froRy for y=0 to R,for y=0.



Figure 1. Schematic view of the radiance and convection dautions under no wind
condition (U = 0 m/s).

Improvement of the model
In order to establish a relationship between Ro Bpda preheating thermal balance is
applied. This thermal balance takes into accouatrtdiant heat flux and the air cooling
effect which are respectively due to the flame ks the induced wind. So, downstream to
the flame, the heat transfer mechanisms in thetakggatum can be written as:

* Radiation coming from the base of the flame:

a(x) =es, BT4(1—;—‘5);1 for x<d (2a)

@a(x)=0 for x>0 (2b)

As mentioned in [20] the flame base emissivity dowildland fire is assumed to be equal to
&, = 1. The flame temperature is calculated usingibeel’s result and the optical fuel depth
can be calculated with the expression below:
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wheres and 3 are respectively the surface/volume and the pgckatio. 1 is a parameter
determined assuming the hypothesis that all theatiad emitted by the flame is absorbed in
the combustible medium:

[ @ (9dx=eBT* @)
Hence, after some calculations, the following felahip is obtained:
2
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» Air cooling effect, convection heat transfer medkan
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() =c UZ(T(x)-Ta) (6)

where



T(X) =T - (Tj —Ta)% for x<o (72)

T(x)=Ta for x>0 (7b)

* Amount of energy to dry out the vegetal:
@ = Ah%(ma) (8)
The thermal balance is written with the assumptoiescribed herein:
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Considering thatdx= R dt and by integrating onto the optical depfh the following
analytical expression can be determined for the odspread:
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whereS=/. se.

Now, using the relationship:
4Uj

Uog
This angley; is due to a difference of pressure between thedaland unburned zones of the
vegetation. It is assumed that it has a constaoiev ~ 15°). So, the induced wind; is
proportional to S. Eventually, the rate of spread be written:

R =R [k(%j} 12)

where

2
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So under no wind and no slope conditions, the esgime (12) takes the place of the
relationship developed in [7]. Furthermore, in arteevaluate the temperature T, a thermal
balance on the flame is applied. After some catmug, the following expression is found:
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Marginal burning

By considering the expression (12), one can dethateif the value oSis not as high as the
value of the constan® fire propagation can’'t occurR{ must be a positive number).
Furthermore, one can note that this rule is truateser the value of the moisture constant.



To test this assertion, it was compared with sorpeemental results performed under no
wind and no slope conditions:
 Wolff et al. results [21] This set of experimental data congeiaboratory-scale
experiments. The burning of thin fuels in the prese of an aiding wind was
examined in a wind tunnel. Nearly two-hundred tes&e conducted with several
wooden fuel elements and with 5 fuels loads: 00122, 0.32, 0.44 and 0.88 kdim
Wolff et al. show that, if the fuel load is less than 0.44 Kgy/the fire is unable to
spread. So, it is possible to assess that a “a¥itfoel load (o,) can be find between

0.32 and 0.44 kg/fn Now, using the relationshipe= o.sl p,. Hence, the constant
Sis calculated for these two limits:

13<Se<17 (15)

» Butler et al. results [20] These experiments were performed amdgeneous and
plane fuel beds made with shredded asp&p(lus tremuloidgs Propagation was
performed using several fuel deptl&s5cm< e <15 cmpand several packing ratios
(0.005<4<0.03). These results indicate that there is only oneecavithout
propagatione = 2.5 cmandg = 0.005 The fuel leaf areay is 1.5 and the last value
is 3. So, the value of the const&is necessary between these two limits:

15<S<3 (16)
Expression (12) of the rate of spread under no \aimdi no slope allows us to understand this
non-spread phenomenon, even though the moistuterdoof the fuel is low: this means that
the energy loss due to the induced wind is highan the energy radiated by the base of the
flame. This condition should not be confused wité inability for a fire to propagate due to a
too high moisture content of the combustible. Téxgnction criterion (moisture extinction) is
the subject of the next paragraph.

Moisture extinction

Expression (12) does not translate the existencae aitical value of the moisture content
(m). If the moisture contentr|) is lower than this critical value, fire is unaltte propagate.
The expression (12) was improved to figure out gignificant factor affecting fire spread
through surface fuels beds. Until now, the hypathes an emissivity equal to the unity
(ep=1) has bee, validated. However, this assertiamotsalways verified. If the length of the
inflamed vegetal L (see Fig. 1) is greater thandptcal depth &) this assertion is true. But,
if L< & this emissivity is necessary lower than the urlitgeed, leaf area reduced to burned-
unburned interface is smaller than the actual sarféhis can be translated into a law:

L
e=lg L<° (17)
1 L=2o

Now, using the relationship:= Ry7g. Hence, considering the casedl-the expression (17)
can be written, using=(7,/9) :

R720s (18)

If expressions (3) and (12) are inserted in (18) after some calculations, the following
expression is obtained:
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The expression above shows that the critical mastontent ifx,) depends on the nature of
the combustible mediunpy, C,) but also on the structure of the medium strat@mHence,
expression (12) must be rewritten to take into antdhe two previously defined regimes,
le.L<d,andL=9:

1
2
Ro = Ro| 1= T |2 r(m-me (20)
wherel/(m-m) is the unit step function. This function can beegi by the expression below:
1 m<mg
r(m- = 21
(m-me) {Q s M (21)

Thus, one can consider two conditions that leasktnguish fire propagation: (i) the low leaf
area §<Sg. One can notice that in this case the fire captead whatever the value of the
moisture content, (ii) the high value of the maistaontent (m>n). Nevertheless, expression
(21) shows thatS is an argument of the moisture contemt Moreover, this relationship
highlights the fact that ifS decreases, them. will decrease and fire spread more often
becomes impossible.

Experimental program to determine the ROS

Overall information

Most of the laboratory experiments results presknte this work are contained in the
experimental program, presented in Rossa [12], wcted in the Laboratory of Forest Fire
Research of the University of Coimbra, located wua, in a total of 155 experiments.
Although some experiments aimed at evaluating tie¢ [bad and moisture content influence
in fire spread on level ground in the absence ofdywmost of that experimental program was
made with the purpose of analysing fire spread wride influence of wind or slope.
However, for those experiments, a reference tesinfeasuring the rate of spread in the
absence of wind and slope was also made, in oodbave a reference rate of spread. The
experimental data analysed in this paper concémmsxperiments performed with no wind
and slope. The remaining tests were retrieved fddveira [13].

Fuel beds

The burning area was always arounch*large. Four fuel beds were used: dry str@mus
pinasterdead needlegucalyptus obliqudeaves andEucalyptus globuluslash, in order to
simulate respectively a flashy fuel and three slowening fuels. Great care was taken in the
preparation of the fuel beds in all tests in oftdeensure consistency in the whole program as
it is recognized that small variations in fuel b@@perties are of paramount importance in
assuring the reproducibility of a given laboraterperiment [22].

The fuel load used in the present tests was measurex dry basis. Although fuels loads of
0.8 and 1.&g/n? were tested, in most of the experiments &@/67 fuel load was used. The
same load is used, for example in the laboratopeements reported in [23]. This value is
similar to that of 0.%&g/m? reported in [24] as an average fuel load foundrisslands. Fuel
loads of 0.%g/n? also correspond to the average value in the Befobriments reported in
Byram [25] performed in mixtures of grass and pieedles.



Fuel moisture content was measured to determindudleweight necessary for each test
using one or more samples in a fuel moisture apalf&D MX-50 (0.1 % accuracy) that
retrieved its value in about ten minutes. Aftergineng the required fuel in a scad&D HW-
100KGL (20 g accuracy) it was spread homogenously ortdsterig, maintaining a regular
fuel bed height between experiments with the samkih order to maintain the bulk density
as constant as possible.

Procedures

All tests were prepared according to a previousifingd and written protocol adopted in our
Laboratory for this type of experiments [26]. Fledd, fuel homogeneity and fuel bed bulk
density were controlled and maintained more or ¢esstant during the experiments without
much difficulty, although in some experiments thékbdensity was not measured. On the
contrary as fuel moisture content was not condgthrvarying as a function of the ambient air
temperature and relative humidity, it had to be itowad carefully during the preparation and
before each experiment. Air temperature and redatiumidity were monitored as well
(except for some experiments, due to problems thighweather station).

Strings were stretched over the fuel bed at a eobspacing in order to determine the rate of
spread, by registering the time instant at whiathestring was broken by the advancing fire.
The distance between strings varied between 1@%&ach according to the test rig in use, and
the number of strings depended upon the size ofubkebed. The number of strings was
always above four. In each test ignition was itetieby creating a nearly instantaneous line of
fire, parallel to the strings, using a wool strewpked in gasoline.

The rate of spread of the most advanced part ofitbdront was estimated from the known
times that it took the fire to burn each stringealue of the rate of spread for all tests was
computed by linear fit using least squares errdre Thean value of* was 0.996 with a
standard deviation of 0.004 and always greater thard.

Determination of the specific heat capacity

Heat capacity is an intrinsic property of a maledafined as the amount of heat required to
increase the temperature of a system or substgnt&h Heat capacity is usually expressed
in J/Kg/C. The specific heat capac®yp is besides the thermal conductivityand the density

p one of the major physical properties required whealysing material thermal behaviour.
There exists a large number of test methods tamete Cp. In our case all experiments were
performed on a pyris 1 DSC perkin elmer® basedhenpower compensated principle. The
method used “StepScan Cp” is an add-on to the Rgifisvare. It takes data collected by a
method containing at least one StepScan: a hea#ingp between two isotherm steps
calculates the specific heat. A StepScan facibtatdlection of accurate specific heat data by
measuring repeatedly the heat flow for a known amhadl the sample at a constant heating
rate. StepScan data acquired with 1-minute isothks;nthe criterion set at 0.02 mW, the scan
rate of 30°C/min from 60°C to 61°C, 100 repetitioAslow value temperature modulation
was chosen so as to not create interference camgerhanges of kinetically controlled
processes. Oxidative atmosphere, 0% / Q 20%) was selected in all experiments at
30 ml/min. Sample was die-cat the exact size of the crucible, its mass bemograd 2mg.
For apparatus calibration the following steps wgeeformed in order to obtain the specific
sapphire heat. The sapphire calibration standasdahldIST certificate. Diameter is 6.5 mm,;
height 0.9 mm and weight 28 mg. The sample pansl ugsre also provided by Perkin
Elmer® and have an outside diameter of 6.6 mm agigiwon average 18.9 mg.



Results

Comparison between literature experimental requi¥ and the proposed model

In order to determine the rate of spread for defiferfuels beds, several experimental fires
were conducted over a wide range of conditions wiral tunnel. Three fuels were selected:
needles of ponderosa pinPifus ponderoga and two size of poplar excelsioPdpulus
tranulog, regular (0.8 x 0.4 mm in cross-section) and se42.5 x 0.8 mm in cross-section).
These fuels type were chosen to approximate the farest litter and the fine shrub and
grassland.

Determination of the convection parameter c

Excelsior species were selected because they lm@vedvantage of having all the same
parameters except for the surface to volume ratjo (Expression (20) indicates a linear
relationship betweefiR, and1/S"2. So, curves of the form

(1Y
R =a b(sj (24)

are selected. The estimates doandb area = 4.46 10° m/s andb = 6.46 10" m/s. Whilec =

a/b, the value of the convection parameter c isutaled using these two previous values:
0.69.

Testing the model

The model is now tested on the three fuels prelyaedected: needles of ponderosa pine, and
two sizes of poplar excelsior. Value of convectmarameter ¢ was found above using only
the two Excelsior species € 0.69). The different fuel properties are givenGatchpole et

al. [15]: pv, 4h, m, G ands. The fraction radiatiory, is assumed to be equal to 0.3. The
temperature of the base of the flame is evaluasaagiuthe expression (14). Fig. 2 shows the
predictions from the studied model and the obsevadages.
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Figure 2. Comparison between predicted and experimentabfegpread for three fuels:
needles of ponderosa pine, and two size of poplzelsior[15].



The quality of the estimates from the proposed rhodes evaluated using a statistical
performance measures. From the statistical megsthhesnormalized mean square error
(NMSE), the fractional bias (FB) and the coeffitiehdetermination®?) which are the most
commonly used for model evaluation [27] were chosanthis present analysis. These
statistical measures are detailed in appendix.vBhees of NMSE, FB an& can be seen in
Table 1. First of all, it can be observed thatrttwlel has a fairly good correlation and a small
deviation. Secondly, it can be noted that this epgh underestimates the experimental
values. The variation of predicted values by thelet® must be attributed to the fact that the
experimental data were obtained in fires under @ewange of conditions. Though, despite
the complicated nature of this study, these appremproduce fairly good predictions for the
rate of spread. The agreement between the modelsthese experimental values lends
credibility to the model presented herein.

Comparison between experimental results [13, 18] 21] and the proposed model

A confrontation with some experimental results agidd in the Laboratory of Forest Fire
Research of the University of Coimbra is presentethis section. The model is tested on
four different fuel beds: dry strapinus pinasterdead needleducalyptus obliqgudeaves
and Eucalyptus globuluslash. Value of convection parameter ¢ was preloiound using
only the two Excelsior speciegs € 0.69) The different fuel properties are detailed in a
dedicated table in appendix. The four specific ledatombustible fuel are determined using
the methodology detailed hereifihe fraction radiation is still assumed to be edoa0.3.
Figs. 3 illustrate a comparison of experimentalultss obtained using one of the four
aforementioned fuel beds with the results of thel@hproposed here.
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Figure 3. Comparison between predicted and experimentabfegpread foPinus pinaster
dead needles fuel b¢20].

The statistical measures were computed for theeedéta set (see Table 1).



Table 1. Statistical analysis.

NMSE FB R
Catchpoleet al. [15] 0.16 0.04 0.86
Rossa and Oliveira [13, 14] 0.02 0.04 0.96

First of all, it can be noted, that the same olmt@yus can be found: the model has a small
deviation and this approach underestimates therempetal values. Secondly, it can be
observedhat the model has a better accuracy using thgseriexental results. It is certainly
due to the fact that the experimental data werelected in a laboratory under controlled
conditions. Though, despite the complicated natfrehis study, this approach produces
fairly good predictions for rate of spread in nod/iand no slope conditions.

Conclusion

The main goal of this study is to produce an amaytexpression to calculate the rate of
spread of surface fires under no wind and no stapelitions, which allows determining two
conditions that permit to extinguish a fire: thevleaf area and the high value of the moisture
content. The validation of this model has been datte several literature experimental
results, and also for a set of fires at laboraswgle conducted in the Laboratory of Forest
Fire Research of the University of Coimbra. Theesdd fuels were chosen to be reasonable
approximations to natural combustible media. In c@bes, it provides quite good results
despite the number of species selected, and the waidge of conditions studied. So, this
approach supplies an expression of the rate oadpf®) with the various characteristics of
the fuel beds strata. So, the semi-physical modblsh supply rate of spread from fuel and
environmental variables by using a constant fadan use this expression despite an
experimental value.
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Nomenclature
A model parameter, radiation contribution
B Stefan-Boltzmann constant (Wi{?)
> model parameters, convection contribution
specific heat of vegetative fuel (J/kg/K)
specific heat of ambient air (J/kg/K)
depth of fuel bed (m)
moisture content (weight of water/total weight)
critical moisture content (weight of water/totaliglet)

unit vector, normal to the fuel bed

rate of spread (m/s)

rate of spread due to the flame base radiatiors)(m/
rate of spread under no wind and no slope condit{ors)
model parameter (m/s)

surface area to volume ratio (1/m)

o
o
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S leaf area index
S critical leaf area index
T temperature flame base (K)
Ta ambient temperature (K)
T; temperature of ignition (K)
4h  heat of latent evaporation (J/kg)
AH  heat of combustion of fuel (J/kg)
U wind speed, normal to the fire front (m/s)
Ui induced wind (m/s)
Uo upward gas velocity (m/s)
X coordinate in space (m)
Greek
a local slope angle
B packing ratio
£ emissivity of the flame
€ emissivity of the inflamed stratum
p,  fuel load (kg/m)
Y flame tilt angle
o) optical fuel depth (m)
Xo law for fraction radiation
¢p amount of energy coming from the base of the fl§¥ian)
(S convection contribution (W/m)
e amount of energy to dry out the vegetal (W/m)
T flame residence time (s)
To model parameter (s/m)
r unit step function
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