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Abstract Fireline intensity is one of the most relevant
quantities used in forest fire science. It helps to evaluate the
effects of fuel treatment on fire behavior, to establish limits
for prescribed burning. It is also used as a quantitative basis
to support fire suppression activities. However, its mea-
surement is particularly tricky for different reasons: diffi-
culty in measuring the weight of the fuel consumed in the
active fire front, difficulty to evaluate the rate of spread of
the fire front, and uncertainty on combustion efficiency. In
this study, an innovative and original approach to directly
measure the fireline intensity at laboratory scale is proposed.
Based on the oxygen consumption calorimetry principle,
this methodology is applied here in case of spreading fires,
for the first time. It allows for directly measuring the heat
released by the fire front. The results are then used to test the
famous Byram’s formulation that is generally applied to
determine the fireline intensity. Combustion efficiency and
effective heat of combustion results are provided. The
uncertainty and the use of a full scale calorimeter instead of a
bench scale calorimeter for this study are discussed.
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Introduction

The concept of fireline intensity was developed by Byram
[1] in the 1950s. Frontal fire intensity synonymous with
Byram'’s fireline intensity is the rate of heat release per unit
time per unit length of the fire front, regardless of its depth.
It is given by

Ig = Hwr (1)

where Iy (KW m_l) is the fireline intensity, H (kJ kg_l) is
the heat yield of the fuel, w (kg m™—2) is the weight of the
fuel consumed in the active flame front, and r (m s™') is
the rate of spread of the fire. Fireline intensity is a widely
used measure in forest fire science: It helps to evaluate the
effects of fuel treatment on fire behavior [2], to establish
limits for prescribed burning [3], and to assess fire impacts
on ecosystems [4]. It is also used as an indicator for the
classification of community in terms of risk [5] and as a
quantitative basis to support fire suppression activities
[6, 7]. However, in that case caution should be exercised,
as results obtained for a specific fuel type cannot be gen-
eralized to different fuels structures [8].

Although fireline intensity is widely used in fire science
as detailed here above, conversely, it has been poorly used
as a key parameter to test the new generation of physical
[9] and detailed models [10] of fire spread that have been
developed during the last 10 years. Such models were
tested most often against coarse observations like visible
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flame length and rate of spread, and comparison against
fireline intensity data was marginal. One can mention of
those detailed models which Morvan et al. [11] and Mell
et al. [12] have recently tested against intensity for grass
fires. The reason for the little use of fireline intensity by
modelers may to be found in the difficulty encountered to
measure this quantity accurately even at the laboratory
scale. As it is in general obtained from the estimates of
available fuel energy per unit area of ground and fire spread
rate [1], little is known about how well these computed
intensities represent the actual rates of energy release.
However, this quantity contains in itself the most part of
the physics involved in a spreading fire. One can consider
that fireline intensity, along with rate of spread and fire
front shape, is one of the most relevant information for the
test and validation of all types of models of fire spread
(from empirical to detailed models). However, care should
be taken for its assessment. Very few studies have inves-
tigated this quantity [13], and very few methods have been
developed to measure it. To our knowledge, Nelson and
Adkins [14] are the only ones who attempted developing an
alternative method to Byram’s formulation for measuring
fireline intensity. They used a wind tunnel as a calorimeter
to measure the sensible energy released during a fire. Those
data were then converted to an average rate of heat release.
The comparison between theirs and Byram’s intensities
showed some divergences that were not fully explained.

Aims

The aim of this study is to investigate fireline intensity at
the laboratory scale by means of oxygen consumption (OC)
calorimetry and to test Byram’s formulation. Effective heat
of combustion and combustion efficiency are also dis-
cussed. OC calorimetry which has been applied with great
success in the fire safety community is used here to
understand the dynamics of spreading fires across litters of
pine needles, straw, and broom. Litter is a clear fire hazard
by providing a continuous fuel matrix across the forest
floor that sustains fire spread for a great extent in shrub.A
large scale heat release rate (LSHR) calorimeter was used
to measure the heat release rate (HRR) of the fire front. The
measured HRR corresponds directly to the fireline intensity
for fire front of one meter width. The HRR of a fuel is one
of the most important parameters for understanding com-
bustion process and fire characteristics [15]. One can
question in this study the use of a full scale LSHR calo-
rimeter and not a bench scale calorimeter such as the cone
calorimeter [16] or the Fire Propagation Apparatus [17].
Bench scale test method has been widely used to quantify
combustion efficiency and effective heat of combustion for
different materials like wood [18]. However, little is known
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on wildland fuels. Recent studies conducted with bench
scale calorimeter started with the effort of using calori-
metric tools to understand better the burning of wildland
fuels [19, 20]. The test conditions allowed the internal
porous fuel bed characteristics to be examined. The results
indicated that the transport processes inside the fuel bed
have a significant impact on the combustion dynamics
within the porous bed. Two reasons lead us to the preferred
use of a full scale calorimeter instead of a bench scale one.
First, as both methods are based on the same measuring
principle, the same resulting parameters could be calcu-
lated only if a mathematical model that uses cone calo-
rimeter data as input and predicts the heat release in large
scale test exists. For some categories of objects, such
models have been developed. However, the available cat-
egories are few, and such a model has not been developed
for wildland fuels. Second, the porous aspect of wildland
fuel imposes a constraint that the bench scale cannot
always meet for certain fuels and fuel loads. Even for litter
which is the most compact wildland fuel, typical layer
found in forests are thicker than the 50-mm thickness of the
samples used in bench scale. Hence, using a sample rep-
resentative (not compacted) of the wildland fuel with a
reasonable mass leads to a thickness greater than 50 mm.
Bench scale calorimeter can thus be used only for litter
with low fuel load [20]. Another aspect concerns the holder
effect on the porous sample, which is avoided in the full
scale calorimeter. Furthermore, if one wants to extend this
study to shrubs for which the packing ratio is ten times
lower than for litters, then bench scales calorimeters are
unusable [21]. Thus, using a bench-scale HRR apparatus is
not always enough for comprehensive studies of fires. In
the case of this study, it is necessary to study the HRRs of
objects in their full scale [22].

Previous considerations

Some comments on Byram’s formulation are made as
follows:

In Byram’s formulation (Eq. 1), fireline intensity is
calculated directly by the product of the three variables H,
w and r. Some comments given here about this approach
can lead to an overestimation of fire intensity. First, it
should be mentioned that this method refers to a quasi-
steady linear fire front. However, the fire front often takes a
narrow shape at the head under wind and/or slope condi-
tion, and rate of spread is rarely constant. Then, it is
extremely difficult to determine precisely the fuel con-
sumption in the active flaming zone which is the zone at
the fire’s edge where solid flame is maintained (Fig. 1).
Hence, the fuel loadings used are based on total con-
sumption rather than flaming combustion only [13]. In
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Fig. 1 Sketch of a spreading fire front to illustrate the different zones
of heat release

other words, since fuel requires time to burn, the measured
heat released is not confined to the flaming leading edge of
the fire front but is extended back through the width of the
strip in which char combustion is also taking place.

In Eq. 1, the heat yield H is obtained from the net (or
low) heat of combustion value AH, ., adapted to the fuel
moisture content:

H= AI_Ic,net — Ly X Pm (2)

where Ly (24 kJ kg” [1, 23]) is the heat required to
separate the bound water from the fuel and to vaporize the
water in the fuel, and py, is the moisture content percentage
point based on dry fuel. The value of the net heat of
combustion is derived from the high (or gross) heat of
combustion value AH, s to take into account the latent
heat absorbed when the water of reaction is vaporized. It is
given by

AI'Ic,net = AI'Ic,gross — Ly x my,o (3)

where Ly = 2257 kJ kg~ ! is the latent heat of vaporization
of water and my,0 is the mass of water released during the
combustion of 1 kg of fuel. The AH, 4055 is usually deter-
mined from measurement by oxygen bomb calorimetry.

Measure of the HRR by oxygen consumption
calorimetry

Some considerations on the oxygen consumption
calorimetry principle

The OC calorimetry is the most common measurement
methods used for determining the HRR in kW. HRR which
describes the fire size of burning materials is a fundamental
parameter that is essential to estimate fire hazards and
design fire protection systems [24, 25]. Regarding its use in

forest fire science, it should be recalled that HRR and the
derived quantities like fireline intensity (kW m~ ') and
more precisely reaction intensity (kW m™2) are used to
model the heat source in some fire spread modeling
approaches [26]. The OC calorimetry principle is based on
the assumption that the amount of heat released per unit
mass of consumed oxygen is approximately constant for
most common burning materials containing C, H, and O
[27]. Thus, the HRR can be approximated by measuring the
oxygen deficit in the exhaust gas flow of burning materials.
The key parameters needed to determine HRR are the
exhaust mass flow rate and the oxygen depletion. These
values are typically determined from real time measure-
ments of velocity, temperature, and species concentration
in the exhaust duct flow of a calorimeter.

LSHR calorimeter

The HRR measurements based on OC calorimetry were
conducted using the newly installed 1 MW LSHR calo-
rimeter (3 m x 3 m hood) at the University of Corsica.
Although this calorimeter has a maximum capacity of
1 MW, it is typically used for fires less than 500 kW to
prevent flames from entering the duct. Figure 2 shows the
Open-burning HHR Calorimeter with a combustion bench
inside. This experimental arrangement is categorized in
the Furniture Calorimeters group [28]. It was supplied by
Fire Testing Technology Ltd®. The mass loss rate is
measured and the exhaust gases are analyzed for compo-
sition, temperature, optical obscuration, and flow speed
with a bi-directional probe. The HRR calculation
uses representative values of measured quantities at the
sampling position in the exhaust duct. In order to vali-
date the whole installation and reduce the measurement
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Fig. 2 Overview of the large scale heat release ( LSHR) calorimeter
with the combustion bench
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uncertainty, a calibration procedure with a propane burner
is required. A software allows the display of nearly real-
time HRRs with corrections for sampling/instrumental
delay and response times.

Basic equations

The measurement of exhaust flow velocity and gas volume
fractions were used to determine the HRR based on the
formulation derived by Parker [29]. When estimating the
HRR of a reaction from the chemical species concentra-
tion, the main hypothesis lays in the knowledge of the
evolution of the combustion gases during the reaction.
The combustion of a vegetation species was represented by
the stoechiometric reaction for the complete combustion of
a chemical compound C;H,0_, given by

C,H,0, + (x + AX; - %) (05 + 3.76N)
HxC02+§H20+3.76(x+%—§)N2 4)

The main simplifying assumptions are the following.
The amount of energy released by complete combustion
per unit mass of oxygen consumed is taken constant for a
given fuel for flaming and smoldering. However, these
values differ from one vegetation species to the others. The
generic value of Huggett’s average (E = 13.1 MJ kg~' of
O, [27]) in not used to improve the accuracy of the
measurement (see next section); all the gases are
considered to behave as ideal gases; the analyzed gas is
defined by its composition in O,, CO,, H,O, and N,. All
the other gases are lumped into N,. The gases are measured
on a dry basis. Water vapor is removed because the
analyzers cannot handle wet mixtures. Thus, the mole
fraction of gases in air is derived from the analyzers’
measurements and from air humidity. For instance, the
mole fraction of oxygen in air is given by

Xo, = (1 — Xu,0)Xp, (5)

(APt

where superscript “a” denotes the mole fraction in the
analyzers. The OC principle is expressed as

= E(no - no> Wo, (6)

where ¢ is the HRR, 74, and no, represent, respectively,
the molar flow rates of O, in incoming air and in the
exhaust duct, and W, is the molecular weight of oxygen.
The volume flow rate of incoming air, referred to standard
conditions is given by

pae)
V _ "o, Wair

X, po

(7)

where X3 is the molar fraction of O, in incoming air, and
W,ir is the molecular weight of dry air at 25 °C and 1 atm.
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The oxygen depletion factor is introduced for convenience.
It is given by

1y, — Ho
p=—" (8)
no,
Combining Eqs. 6-8, one obtains
. Ep W07 Zo) 5
q == X0, Ve 9)

air
Unfortunately, in an open system, not the incoming
air flow rate, but the flow rate in the exhaust duct VS is
measured. A relationship between Va and Vs is obtained

after some development [29]. Finally, the HRR is given by
the three following relations:

. EpOWOZ ( o ) a0 Y’ (rb
=—(1-X X5V, —_ 10
q Wair H,0 0, 75,298 (1 — ¢) + Oﬁ(,‘b ( )
. k. [AP
\% =224A— | — 11
$,298 kp T, ( )

x5 (1-x2o,) X5, (1 - X&)

Q’) =
X5, (1-X¢o, — X2, )

where X denotes the molar fraction, p, is the density of dry air
at 298 K and 1 atm, nggg is the standard flow rate in the
exhaust duct, and o = 1.105 is the expansion factor for
the fraction of the air that was depleted of its oxygen. The
superscript “°” is for the incoming air. A is the cross-
sectional area of the duct, k; is a constant determined via the
calibration with a propane burner, k, = 1.108 for a
bi-directional probe, AP is the pressure drop across the
bi-directional probe, and T is the gas temperature in the duct.

(12)

Uncertainty of HRR measurement from LSHR

The HRR is computed from many variables and each
variable has a corresponding uncertainty which reflects in
the mathematical function giving the HRR. The relative
expanded uncertainty on HRR is obtained from the
uncertainty propagation. Two types of uncertainties are
generally used [30]: Type A uncertainties pertain to ran-
dom variable and are estimated on the basis of statistics
analysis of repeat measurements (such as the standard
deviation about the mean). The others, designated as Type
B are based on scientific judgment or specifications.
However, for large scale apparatus, one can also mention
random effects on fire growth that can affect the repeat-
ability of the tests [31] and increase the uncertainty. The
LSHR used in this study was installed by Fire Testing
Technology Ltd® (FTT). The instrumentation package
supplied are those corresponding to the Room Corner Test
[32] for which Axelsson et al. [33] have analyzed the
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uncertainty considering individual sources of errors for rate
of heat release measurements. The combined expanded
uncertainty was provided with a coverage factor of 2,
giving a confidence level of 95%. Uncertainty of £10.6%
at 150 kW level was reported in that study. The uncer-
tainties of the oxygen concentration measurement, fol-
lowed by the heat of combustion factor E and the mass flow
rate measurement were identified as the major sources of
uncertainty. The following precautions were taken to
reduce the measurement uncertainties. Analyzers were
developed specifically for FTT Calorimeters, incorporating
an enhanced Servomex 4100 featuring a high stability
temperature controlled paramagnetic oxygen sensor with
flow control and by-pass for fast response. The accuracy of
the exhaust duct volume flow measurement was improved
by calibrating the bi-directional probes in a controlled flow.
The variation in HRRs due to the variation in E is given by

. 0q

where

(3q _ pOWOZ o a0 Y7 ¢
OE Wi (1_ H20>X02V5’298((1q5)+aq5 (14

When the fuel composition is known, a more accurate
value for E can be determined [34]. Following the
assumption of the stoechiometric reaction given in Eq. 4
(valid since the experiments were conducted under well-
ventilated conditions), the OC calorimetry energy constants
can be estimated from the fuels ultimate analysis and low
heat of combustion

A Hfuel quel

Efel = o 15
st o, Wo, (15)

where no, =x+y/4 —z/2 (see Eq. 4) and Wy is the
molecular weight of the fuel. The values of E for the
vegetation species considered in this study are given in
the next section.

Experimental methodology to measure the fireline
intensity by OC

Calibration of the LSHR

Because the calculation of HRR requires a large number of
individual measurements, it is essential to have an inde-
pendent confirmation of measurement accuracy. This cal-
ibration is accomplished by burning an accurately
measured flow of gas having a well-defined heat of com-
bustion. In order to reduce the uncertainty on the calibra-
tion, a burner with good repeatability was used. It was
provided by FTT® and constructed according to ISO 9705

1009
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100 1 — HRR of the propane burner
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Fig. 3 Calibration of the LSHR with propane gas at levels of
40-100-40 kW

[32] Annexes Al and A2 complete with gas train. A mass
flow controller with digital display controls the gas flow,
and the gas controls include an auto-ignition unit. The
burner can produce flows corresponding to a range of
HRRs from 10 kW to over 300 kW. Different increments
can be specified by the user (see Fig. 3). The burner and
flow system are configured to use propane gas. Owing to
the HRR expected for the vegetative fuel bed used in this
study, the calibration of the LSHR hood and ducting was
conducted by burning propane gas at levels of 40-100-
40 kW. Figure 3 is a graphical example of a fire test per-
formed with the calibration burner.

The results of the LSHR measure should closely agree
with the burner output. A comparison factor is determined
from the ratio of the oxygen calorimetry and burner HRRs.
It is used as a validation and quality control factor for the
calorimetry. When this factor is observed to fall outside
predetermined bounds, it is time to troubleshoot the sys-
tems, calorimetry, and calibration burner. The relative
agreement between the OC calorimetry and the burner
output was better than 0.97 for the entire range of the
HRRs considered. The authors paid particular attention to
the location of the burner under the hood. Indeed, owing to
the use of the LSHR for spreading fire (see next section),
the burner was positioned at three different locations under
the hood: center of the hood and at 0.5 m front and back
along the expected spread. For each location, three repe-
titions were done. The aim was to verify that the location of
the fire does not change the flow profile at the sam-
pling location within the duct. The following value for
the coefficient, viz., k, = 0.804 & 0.004 (Eq. 11) was
obtained, which induces an uncertainty on HRR of 0.5%.

Measurement of the fireline intensity

Three species of vegetation were considered in these test
fires: Pinus pinaster (PP) needles, Avena fatua (AF) straw
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(wild oats), and Genista salzmannii (GS) spines (an ende-
mic broom). Experimental fires were conducted under no
slope and without wind for line-ignition fires on a com-
bustion table located inside the calorimeter hood. The table
is an air-entrained concrete plate of 2 m long and 2 m
wide, placed on a load cell to measure the mass loss over
time during the fire test. The bed of fuel occupies only the
central part of the tray. Different fuel loads were consid-
ered. Different sizes of fuel bed were used (0.9 m x 1.1 m,
Imx 1.5m and 1 m x 2 m), and different moisture
contents on dry basis were considered (4—7%). The dif-
ferent fuels were scattered uniformly on the tray to obtain
homogeneous beds. To ensure fast and linear ignition, a
small amount of alcohol and a flame torch were used (see
Fig. 4).

The fuel species present different characteristics such as
surface-to-volume ratio, density, heat of combustion, and
chemical compounds. These properties are among the main
parameters that are used in detailed physical models to
describe the influence of fuel species on the combustion
dynamics [11]. A proper characterization of those fuels was
done instead of using classical literature values to improve
the precision and improve the analysis, and also because
the results presented in this study can be used to test fire
spread models. The range of fuel bed properties for each
vegetation species considered in this study are provided in
Table 1 where w, J, p, g, and f§ represent, respectively,
the fuel load, the depth of the fuel bed, the density of the
particles, the surface-to-volume ratio of the particles, and
the packing ratio of the fuel bed. The net heat of com-
bustion AH, ., values were derived from the gross heat of
combustion values AH g5, measured in an oxygen bomb
calorimeter following the standard AFNOR NF EN 14918
[35]. The surface-to-volume ratio and density were mea-
sured following the methodology proposed by Moro [36].
The moisture content was determined by drying the species
in an oven at 60 °C for 24 h. The fuel bed height was
measured in each test leading to the apparent volume of the

Fig. 4 Linear ignition for a 1 m x 1.5 m bed of Pinus pinaster
needles inside the LSHR hood
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fuel bed and to the porosity § = w/(pd). The bulk density
was 8.6 kg m > for AF, 25 kg m~> for GS, and 20 and
17 kg m ™~ each for PPs with loads of 0.6 and 1.2 kg m™2.
The ambient temperature and relative humidity ranged,
respectively, from 18 to 21 °C and from 35 to 49% for the
entire range of tests.

The HRR was measured during the spreading across the
fuel beds under the LSHR hood. The fire fronts remained
quasi linear during the entire spreads and exhibited a weak
curvature on the flanks when reaching the end of the
combustion bench. The fireline intensity obtained by OC
calorimetry denoted Ioc, correspond directly to the mea-
sured HRR for fire front with 1-m width. For the fuel bed of
smaller width, W, the fireline intensity is given by

loc = q/W (16)

Results and discussion
Uncertainty of HRR measurement for spreading fires

In order to verify that the location of the fire does not
change the flow profile at the sampling location within the
duct, some experiments were carried out in two directions:
from one edge of the bench toward the other edge at first,
and then in reverse. No significant modification in the
resulting HRR was observed. At least, three repetitions
were made to collect reliable data for each fuel and fuel
load. As an example, Fig. 5 displays the typical combus-
tion behavior for a set of test runs (three repetitions) con-
ducted across fuel beds of PP needles with a load of
0.6 kg m~2 (see Table 1 for fuel bed properties). Repeat-
able estimates for the HRRs can be seen. As HRR is cal-
culated using O, and CO,, the repeatability of the HRR is
also an indication of the repeatability of all the measured
gas concentrations. One can also mention that the random
effects on fire growth that can affect the repeatability of the
tests [31] do not influence the general tendency of the
HRR. In Fig. 5, for instance, it can be seen that although
test 1 shows differences in comparison with tests 2 and 3
between the first and second minute, the HRR curves are
overlapped during the rest of the spreading. The duration,
the ignition, and the extinction were almost the same for
the three replicates. The drastic increases and decreases in
HRR at the beginning and at the end of the experiments
follow the same tendency. In addition, although the HRR
was fluctuating randomly during the spread, conversely
those fluctuations are clearly around an average constant
value that corresponds to a quasi-steady state.

As mentioned in the previous section, the values of the
OC calorimetry energy constants, E, were calculated
(Eq. 15) for each fuel to reduce the uncertainty on HRR
(Eq. 14). Calculation of E necessitates knowing the fuel
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Table 1 Range of fuel bed properties of the vegetation species

Species Symbol AH, /KT kg™ o/m™! plkg m™> pml% wikg m™> dlcm B x 1073
Avena fatua AF 17091 2394 287 4-7 0.6 7 30
Genista salzmannii GS 20645 3100 967 5 0.9 35 26
Pinus pinaster PP 20411 3057 511 3-5 0.6-1.2 3-7 39-33
60
—ar | 7] R o
50 - Test2 | | 2 Jr N - Difference of HRR
“ “‘ — Test3 60 -
40 I
E Yy | E 50 -
% 30 - % 40 1
20 | 30 |
20 -
10 \
" 10
0l ' ' ' ' ' ' ' ' ' \,\ o L —--"""""""""m'”""""‘""N-\._\_\____‘__ ‘
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250
Time/s Time/s
Fig. 5 HRRs for thre'e replicates of ﬁrt;-)is2 across fuel beds b - 13.48 Caloulated for GS
(1 m x 1.5 m) of PP with a load of 0.6 kg m 40 1 E = 131 Huggett's constant A{'
----- Difference of HRR VN |
ultimate analysis (see Eq. 4). Ultimate analysis (in mol) is J\\ [ ! J /AW' 2
given in Table 2, besides the values of E for the different S0 [k ‘ ,/\;‘\ “W‘, NN\‘,\'/\W,\' /\fh ‘\ﬁ' “‘W'U ‘/ Mn
vegetation species. E ' 'A‘ﬁ ‘n‘w 1 m / "ﬁ ‘“M
The variation from the standard E value (OE) is an 8:: 20| WAV‘ ’\‘
increase by 2.9% for GS, 6.7% for PP, and 9.8% for AF. * '\
According to Eq. 13, those variations will affect HRR w0l \
calculations. HRR for fire spreading across AF and GS fuel “\
beds obtained from both Huggett’s average and calculated e
values of E, as well as the variation in HRR calculated 0+ : = S s ‘ ‘
from Eqgs. 13 and 14 are displayed in Fig. 6a and b. Using 0 100 200 Time/ssoo 400 500

the specific E values for each fuel instead of the average
ones improves the precision on the HRR calculation. The
HRR is underestimated by the use of the average constant
for the three species. However, as denoted by these figures,
the uncertainty is different for the different fuels. Although
negligible for GS, it is important for AF. Using the same
energy constant for different fuel species can lead to wrong
tendencies since the HRR which was calculated using the
average constant is not underestimated in the same pro-
portion according to the species. Another source of

Table 2 Ultimate analysis (mol units) and energy constants esti-
mated of the vegetation species

Species Symbol x/mol y/mol z/mol « E/MJ kg™!

Avena fatua AF 3.66 574 277 1.16 14.39

Genista GS 426 672 232 1.12 1348
salzmannii

Pinus pinaster PP 415 6.65 251 1.13 1398

Fig. 6 HRR curves using Huggett’s constant and E calculated, and
AHRR for fire spread across fuel beds of a AF (0.9 m x 1 m) for a
load of 0.6 kg m~2, b GS (1 m x 1 m) for a load of 0.9 kg m~2

uncertainty for the measurement of HRR mentioned by
Babrauskas [28] is the expansion factor o. o is given by the
following relationship:

a=1+(f—1)Xp, (17)
with
f— 4x + 2y (18)

4x+y—2z

The interested reader is referred to [29] for details. An
average value « = 1.105 is usually used for unknown fuels.
The values of « calculated for each fuel are given in Table 2.
The effect of « on the calculation of the HRR was negligible
in the studied case for the three vegetation species.
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Fireline intensity for quasi-steady fires

Figures 7 and 8 display some examples of the curves of
fireline intensity for fires spreading across PP for two loads
(0.6 and 1.2 kg m2). The corresponding mass loss over
time is superimposed on the HRR curves. Since the fire
front was of 1-m width, the value of fireline intensity
(kW m™") is equal to HRR. For all the experiments, a first
peak of HRR at approximately 40 kW was observed. It
corresponds to the heat released by the burning of alcohol
during the ignition. Then, depending on the fuel load, it
could be observed that a quasi-steady state was achieved
more or less quickly. The highest the fuel load, the latest
the steady state was reached. However, the steady state
lasted enough to allow us calculating relevant averaged
quantities for rate of spread, mass loss rate, and HRR.
During these time intervals (see Figs. 7, 8), it was further
observed that constant rates of spread, constant rates of
mass loss, and roughly constant HRRs were obtained.
Owing to the turbulence in the flame, it can be seen
(Figs. 7, 8) that the HRR is not as smooth as the mass loss,
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Fig. 7 Fireline intensity and mass loss over time for fire spread
across a fuel bed of PP (1 m x 1.5 m) for a load of 0.6 kg m™>
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Fig. 8 Fireline intensity and mass loss over time for fire spread
across a fuel bed of PP (1 m x 2 m) for a load of 1.2 kg m~2
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for all the experiments. For the two tests provided in this

study, the mean rates of spread were 0.37 and 0.4 cm s,

the mean rates of mass loss were —2.16 and —4.45 g s~
and the mean fireline intensities were 36 and 84 kW,
respectively, for PPs with loads of 0.6 kg m™? and
1.2 kg m—2 The figures for AF and GS fuel beds are
similar, thus they are not provided for the sake of brevity.
The main results for AG and GS are the mean rates of
spread were 0.87 and 0.24 cm s_l, the mean rates of mass
loss were —3.81 and —1.64 g s~', and the mean fireline
intensities were 58.5 and 28.6 kW, respectively. Consid-
ering the fuel bed properties (see Table 1 and “Experi-
mental methodology to measure the fireline intensity by
OC” section), the fuel bulk density is the main parameter
that differs from one fuel bed to the other. One can assume
that the burning rate of the fuel bed, hence the fireline
intensity are mainly related to the bulk density. The lowest
the bulk density, the highest are the rate of spread, the rate
of mass loss, and the fireline intensity.

Test of Byram’s formulation to measure the fireline
intensity

The results presented in the previous section guarantee that
sound steady-state regimes in energy release that correspond
effectively to constant rate of mass loss and constant rate of
spread are obtained. The authors are thus able to test Byram’s
formulation to assess fireline intensity for quasi-steady
spreading fires. The Byram’s intensities measured in this
study’s experiments ranged from 17 to 100 kW m™". Before
confronting these results to OC measurements, it is important
to recall the context of Byram’s measurements of fireline
intensity [1] to show that the comparison is relevant.
Byram’s study [1] was conducted for small test fires. The
observations were mostly for fires backing into the wind (34
tests) rather than burning with the wind (5 tests), because the
test fires were part of a prescribed burning study. The light
fuels were fairly uniform mixtures of grass and pine needles.
The fuel load ranged from 0.49 to 0.730 kg m ™2 The rate of
spread ranged from 0.9 to 1.8 cm s~ for backing fires, and
their intensities ranged from about 65 to 201 kW m™".

Figure 9 shows OC calorimetry intensities versus
Byram’s intensities for the whole set of experiments con-
ducted in our study. It can be seen that Byram’s formula-
tion Ig, overestimates /oc, the fireline intensity measured
by OC calorimetry. The ratio between both formulations
given by the linear regression is Ioc/Ig = 0.84. If one
considers this ratio by fuel beds, then it is noted that the
mean values range from 0.77 to 0.87 (see Table 3). By-
ram’s intensities values are also plotted on Figs. 7 and 8 for
PP fuel beds to compare with these results.

Two reasons may explain the difference between By-
ram’s formulation and OC calorimetry results. The first one
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Fig. 9 OC calorimetry Fireline intensity versus Byram’s intensity for
all the test fires

Table 3 Ratio of OC calorimetry intensity to Byram’s intensity

Species AF/0.6 kg m~> GS/0.9 kg m™2 PP/0.6 kg m™?> PP/1.2 kg m~?

Ioc/Is  0.79 0.77 0.82 0.87

is due to the methodology adopted to apply Byram’s for-
mulation. As mentioned previously, the fire fronts
remained quasi linear during the whole range of spreads
but exhibited a weak curvature on the flanks. This shape
leads to a slight overestimation of the burned load when the
fire reaches the end of the combustion bench. The second
one is due to combustion efficiency that is overestimated in
Byram’s formulation. Indeed, Eq. 1 considered the heat
yield H (see Eq. 2), while the combustion is incomplete. In
order to support this conclusion, an analysis on the com-
bustion efficiency for the whole set of fire tests will be
considered in the next subsection .

Effective heat of combustion and combustion efficiency

The effective heat of combustion H.y is representative for
real fire conditions where there is unlimited availability of
air. A global effective heat of combustion was determined
for each test, i, by dividing the total heat released by the
total mass lost during the quasi-steady stage, as determined
from the load cell (accuracy of 1 g). For instance, for AF

/ g dt/(min — my;) (19)
Tin

AFi
Heff -

where subscript “in” and superscript “fi” are for initial and
final time of steady stage, respectively. Then, for each
species and each load, a mean effective heat of combustion
was calculated by averaging the global effective heat of
combustion obtained for the set of tests. The mean
effective heats of combusiton are provided in Table 4 for
the whole species and loads.

Table 4 Effective heat of combustion and combustion efficiency

Species AF/ GS/ PP/ PP/
06kgm™? 09kgm > 06kgm? 12kgm?
Hur/kIkg™' 14579 17133 18197 17364
% 0.9 0.88 0.94 0.9
. 1 AR
AF __ )L
Heff - 7 Z Heff (20)
i=1

The combustion efficiency y which represents the ratio
between the effective heat of combustion and the net heat
of combustion, y = Hesr/AH, nee Was calculated for each
fuel bed. A modified but more appropriate formulation for
%, was used for taking into account the fuel moisture
content of the fuels studied:

% = Hett/H (21)

Table 4 displays the mean values of y obtained for the
test fires conducted across the different fuel beds.

The above results corroborate the conclusions of the
previous section. Byram’s formulation overestimate the
heat release as it considers a complete combustion. A
modified Byram’s formulation for fireline intensity con-
sidering combustion efficiency could be given by

IBM = XHW}" (22)

Effective heat of combustion was also measured by
Babrauskas [21] for flaming combustion of Douglas-fir
(Christmas trees, 2.0 m tall). This last study concerned
mainly the influence of moisture content on effective heat
of combustion. His results at low moisture content are
consistent with those of this study. He had obtained
He = 16.52 MJ kg7l for dry foliar moisture while the net
heat of combustion was AH, e, = 18.3 MJ kgfl. Hence,
2 = 0.9 in his case. In the studied case, however, a slight
difference between the values of y for the different fuel
beds was observed. The average value when considering all
the fuel beds is 0.9. The values of combustion efficiency
obtained in this study are in agreement with those provided
by other investigators for free burn test [37]. The results of
this study demonstrate that actual combustion processes
vary considerably from out-of-context laboratory esti-
mates, for example, heat of combustion determinations
using oxygen bomb calorimetry rather than oxygen deple-
tion calorimetry during free burning. In fact, the bomb
calorimeter measures the complete heat of combustion,
AH, o055, Where the fuel is completely combusted under
high pressure in pure oxygen. In a free burn test, the fuel is
burned with unlimited access to air, but some of the
volatiles do not burn completely, leaving, for example, CO,
soot, and unburnt hydrocarbons, containing further
potential energy. Therefore, H.g is lower than H.

@ Springer



1014

P.-A. Santoni et al.

Conclusions

The main contributions of this study can be summarized as
follows:

— A methodology was proposed to measure fireline
intensity for fire spreading across litters of vegetation
species with a full scale heat release calorimeter. The
use of OC calorimetry was improved by a complete
characterization of the fuels and a calculation of the
appropriate OC energy constants for each fuel species.
Using those values instead of the Huggett’s average
constant improves the HRR calculation uncertainty.

— At this scale, it was shown that Byram’s formulation
overestimates the fireline intensity from approximately
13-23% depending on the species. A more appropriate
formulation for fireline intensity calculation should
thus consider combustion efficiency.

— Actual combustion processes vary considerably from
out-of-context laboratory estimates, for example, heat
of combustion determinations using oxygen bomb
calorimetry rather than oxygen depletion calorimetry
during free burning.

Although this study was conducted at laboratory scale,
the results are relevant for the purpose of testing fire spread
models that will be used at field scale. Indeed, fire spread
models are often developed in two stages. A first stage
requires a comparison between sound thermodynamic data
measured in experiments carried out at laboratory scale to
validate the structure of the model. Then, a second stage is
necessary to fit a model’s parameters at field scale by
comparison of a model’s prediction with coarse fire
behavior descriptors, like rate of spread. The authors pro-
vide here for the first time some measures of the heat release
by spreading fires. Those results will be useful for modelers
who aim at testing combustion mechanisms or source term
used in their detailed models [10-12] of fire spread.
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