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ABSTRACT

Structure of vegetation significantly influences its flammability and resulting fire spread. Despite considerable
amount of laboratory studies, experimental works carried out with full plant specimens, representative of field
conditions, are still limited. Present study aims to collect meaningful experimental data on structure and
flammability of shrub of rockrose and evaluate the predictions of a fire model (WFDS) against this dataset.
Spatial distribution of fuel elements, sorted according to their characteristic thickness, was established from
destructive measurements. 28 fire tests were conducted with full plants under a calorimeter. Foliar moisture
content was in the range of 4-18% on dry basis. Radiant panels were used as source of ignition. Flammability
was investigated using ignitability, sustainability, combustibility and consumability. Comparison to previous
studies highlighted the necessity of standardization among test procedures. Principal component analysis re-
vealed four flammability regimes depending on proportion of thin fuel elements within the crown, position of
ignition and duration of preheating. Finally, combustion dynamics of a shrub was numerically investigated with
WEFDS. A bulk density model was developed from the characterization study and used as input data for the
numerical code. Predicted HRR was in good agreement with experiments, although simulation results need

improvement in initiation phase of burning.

1. Introduction

Large and severe wildfires have increased in occurrence, duration
and intensity the last decade [1]. In 2017, these fires burnt over 1.2 and
4.1 million ha of natural lands in Europe [2] and United States [3],
respectively, causing the worst wildfire season on record in many
counties across the world. They caused billions of euros in damages and
fire suppression costs and killed hundreds of people among fire fighters
and civilians. The last catastrophic events that occurred in Portugal in
2017, and in Greece and California in 2018 have sadly confirmed this
tendency. Continuous efforts are being made towards the under-
standing of the behavior of fires at several observation scales (labora-
tory experiments and field scale observations), the improvement of fire
spread models of all types (statistical, semi-empirical, physical or de-
tailed) and the development of decision support tools for fire man-
agement.

Vegetation plays a critical role in wildfire spread. Thus, flamm-
ability [4-6] of natural fuels is a fundamental aspect to identify po-
tential fire impacts and hazards. It is defined as a combination of four
inter-correlated components involving several material and related
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combustion properties. These components refer to the ability of vege-
tation to ignite (ignitability), to maintain combustion and produce en-
ergy during its thermal degradation (sustainability), to the rate of
combustion (combustibility) and to the proportion of biomass con-
sumed (consumability). The first two components of flammability are
basically temporal measurements and are easy to evaluate. Thus, ig-
nitability is often defined as the time to ignition [4,7-9]. Sustainability
is usually described as the flame duration [8-11]. The last two com-
ponents involve combustion metrics and are less straightforward to
measure, depending on the technique used. Metrics of various kind,
such as flame temperature [8,12], flame height [9,12,13], rate of fire
spread [7,8] or rate of heat release [9,11] were used as indicator for
combustibility. Finally, the consumability has been characterized by the
fuel consumption ratio, the residual mass fraction [7,9,12] or the mass
loss rate [9,11,12]. It should be noticed that the whole four components
are rarely used together to classify the flammability of natural fuels and
ignition properties are often only considered [14,15].

Flammability is difficult to evaluate since it is not a direct mea-
surable property but a broad concept encompassing several metrics.
Unlike for testing building materials, flammability of vegetation can be
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Table 1

Measurements of burning characteristics of whole plants in relation to some flammability components (TTI: Time to ignition; FD: Flame duration; HRR: Heat Release Rate; MLR: Mass Loss Rate; THR: Total Heat Released).
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subject to debate [16] and some authors developed alternative frame-
works [17-20]. No standardized procedure exists for evaluating the
four components of flammability for natural fuels [9] and different
metrics can be used to quantify a same component. For instance, flame
duration (in terms of visual flaming or duration above a threshold of
temperature, heat release rate or radiant heat flux), heat of combustion
or total heat released or surface area burnt can be used as indicators of
sustainability [9]. More questionable is the use of the same metric for
the evaluation of different flammability components. In particular, the
mass loss rate during combustion was used as descriptor for consum-
ability and combustibility [18,21], and surface area burnt for sustain-
ability and consumability [9,18]. Many studies have emphasized the
effects of fuel moisture content and fuel geometry on flammability
[12,14,22-33]. The flammability was also shown to be scale dependent
[9,17,18,22,31,34]. However, the conditions of the assessment tests are
frequently not representative of the ones encountered during wildfires
[35]. The flammability tests are usually performed on isolated fuel
particles (foliage, needles, litter, twigs, bark ...) [14,15,33,36-38] or
plant parts (leafy branch) [19,21,39,40] but no relation with the full-
plant flammability is provided. White and Zipperer [9] pointed out a
lack of good documentation of the behavior of individual plants in
natural fires. Indeed, burning characteristics of full-scale plant, char-
acteristic of the field conditions, has received little attention
[13,22,31,41-53].

Bench scale calorimeters (cone, fire propagation apparatus, mass
loss calorimeter) are usually used to estimate flammability of particular
fuel elements or part of plants in the laboratory [22,33,37,39,54-57].
Such calorimeters have been developed for the study of building ma-
terials on a plane surface area basis and some difficulties occur when
testing the porous fuel comprising plant parts. Furthermore, the sample
holder modifies the back face boundary condition and the air inflow.
This can significantly influence the burning behavior of the samples
[54-59]. Contrary to micro-scale differential scanning calorimetry
(DSC) or thermogravimetric analysis (TGA), where samples are reduced
into uniform fine powder solid fuel (losing the link to the structure of
the original material), bench scale calorimeters allow to assess the
flammability of parts of plant (needles, leaves, twigs) with a heating
rate representative of fire conditions in the open. However, the manual
arrangement of the samples of vegetation used for fire tests at bench
scale (litters, plant parts) alters the structure of these natural fuels.
Indeed, the reconstruction of the vegetation layer modifies both its
compactness and bulk density [60]. These changes influence ventilation
within the fuel layer and resulting fire behavior [61,62]. Consequently,
the relationship between bench scale results on plant parts and
flammability of the whole plant still needs to be addressed, making
even more difficult to extend these tests to field fire scenarios.

The plant geometry, structure and composition (leaves, twigs of
various diameters) were already identified as primary parameters de-
termining its flammability [16,35,63-66]. Experimental studies have
also shown the effects of the size and spacing of fuel elements during
fire tests [47,66-70]. The particles of various kind and size, that com-
pose the vegetation, participate in different ways in the combustion
mechanisms that occur during fire spread. Typically, only fuel elements
smaller than 6 mm in diameter contribute to the fire behavior [71]. The
thinner the particles, the sooner they are involved in the thermal de-
gradation processes [11,36,38]. Indeed, the leaves, needles or twigs
(thickness < 2mm) are very prone to heating via convective heating
and direct flame contact [72]. An increase in the proportion of overall
fuel mass that is thin fuel elements was shown to result in the increase
of both energy content [13] and proportion of fuel burnt [73].

Considering the difficulties with establishing relationships between
heat release for the individual parts and the whole plant, the use of
calorimetry measurements at full-scale seems a suitable alternative [9].
Few studies [13,22,31,41-51,53] were conducted to measure the
burning characteristics for whole plants. The majority focused on some
specific components of the flammability. The measurements of the
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burning characteristics performed on full scale plants are synthetized in
Table 1 and are expressed in relation to flammability components.
Some of these studies used calorimetry to provide the measurement of
the Heat Release Rate (HRR) which is among the most important
parameters for understanding flammability, characterizing fire hazard
and ranking fuels [74]. This fundamental property can also be used to
estimate potential for ignition of adjacent fuel elements along with
emitted radiant heat flux. The main difference between fire tests carried
out at bench scale and full scale is that the natural structure of the
vegetation is kept intact in the latter. Furthermore, the flame spread
across the whole plant is taken into account [20,44]. The comparison of
results collected at different scales is a complex task [11]. Experiments
carried out on the same fuels at different scales showed contradictory
conclusions. While some authors measured a reasonable agreement
between both scales [75] others obtained either an increase of peak
HRR with increasing scale [22] or the opposite outcome [11,59].
Moreover, considering the wide range of sample conditioning (fuel
elements, parts of plants, full-scale plants), ignition method (radiant
source, flame) and fire test conditions (still air or wind to favor com-
bustion), the evaluation of the flammability components is highly de-
pendent of the experimental procedure. As a result, differences in fire
behavior can be related to the experimental setup rather than vegeta-
tion characteristics.

Fire experiments were reported to offer a limited insight into ve-
getation-fire dynamics interactions and physics-based fire spread
models were suggested to be the best way for understanding plant
flammability [35]. Numerical simulations, based on computational
fluid dynamics [30,76-83], have been extensively used to improve the
knowledge of fire spread across vegetation at various scales and could
have practical applications in fire and landscape managements. These
models need to be compared over a wide range of configurations for
sub-models improvement purposes. In particular, the Wildland-urban
interface Fire Dynamics Simulator (WFDS) was tested at field scale with
large experimental grassland fires [83]. However, this first modelling
approach considered only a boundary fuel model. Next, the spatial
distribution of different fuel elements (leaves, twigs) within a vegeta-
tion layer was implemented [80], but char combustion processes was
nevertheless not considered at this stage. Further improvements have
consisted in the modification of the thermal degradation sub-model in
order to include the char oxidation, the refinement of the gasification
law [79]. The predictions were in a satisfactory agreement with the
experimental data on fire spread across pine needle beds.

The present study focusses on the experimental and numerical in-
vestigations of the flammability of single shrubs of rockrose. The first
aim is to characterize the distribution of the fuel elements (leaves and
twigs of various diameters ranked by size classes) within the shrub.
From these experimental data, the distribution of each class of particles
is estimated. The resulting bulk density is then used as input for WFDS.
The second aim is to assess the shrub flammability based on the four
components (ignitability, sustainability, combustibility and consum-
ability). The fire tests were conducted with dried shrubs with un-
modified structure submitted to an external heat flux (radiation alone),
providing a flammability measurement much closer to that of in-
dividuals in the field than those obtained from parts of plants. An ori-
ginality of the work lies in the measurements of HRR (by oxygen con-
sumption calorimetry) and fuel consumption at particle level (from
destructive sampling of burned shrubs) as indicators of the shrub
combustibility and consumability, respectively. The predictions of
WEFDS are then evaluated against this dataset in order to test this model
and highlight future improvement directions.

2. Material and methods
2.1. Vegetation characterization

Accurate vegetation characterization is required to assess the
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flammability of complex fuel such as shrub. The present work focuses
on shrubs of rockrose (Cistus monspeliensis), an abundant vegetation of
the Mediterranean basin, typical of maquis, that is frequently involved
in wildland fires. This pyrophytic species is known for his level of in-
vasiveness in these areas, particularly in Corsica where the study is
conducted. Furthermore, the shrub of rockrose has a large seasonal
variability of moisture content of live fine fuel [32]. Consequently, it is
difficult to eliminate outside of the fire season using prescribed burn-
ings since they are conducted under very high foliar moisture content
conditions (> 200%) that result in marginal burning. Paradoxically
during summer, it generates high intensity fires, hard to suppress and
often responsible of firefighters fatalities in steep slope and wind con-
ditions [84,85]. Indeed, for small shrubs, moisture content can decrease
during this season down to values lower than 20% [86] and thus these
plants reach an even higher fire hazard when period of intense droughts
occurs. The shrub of rockrose is composed of fuel elements of different
size distributed non uniformly. From top to bottom the shrub is com-
posed of a crown containing leaves and small twigs, an intermediate
part mainly formed of twigs of several diameters and a base made of
largest fuel elements. As a first step toward a better understanding of
the fire spread mechanisms across shrublands, a characterization study
of the shrubs of rockrose was performed. Measurements of the shrub
structure (proportion and 3D spatial distribution of fuel particles of
different kind and size) were carried out on three shrubs harvested in
central region of Corsica, France (42°17°N, 9°10’E) during autumn. The
base of the rockroses composed of large fuel elements was not con-
sidered in this study. Such large diameter twigs (> 25 mm in diameter)
don't participate in the dynamics of fire spread although they could be
thermally degraded and burned after long exposure within the fire
front, depending on fire intensity. The plants were harvested in the
same vegetation plot and were chosen to be approximately the same
size and relatively uniform in shape. They were cut off a few cen-
timeters above the ground. The average ( = standard deviation) height
of the samples of rockrose was 1.23 = 0.12m. The average crown
depth and diameter (measured at mid-crown height) were
0.35 = 0.07m and 0.68 + 0.06 m, respectively. The overall shrub
mass (excluding the bottom of the base attached to the roots), on live
and dry basis, were 1.30 *= 0.28kg and 0.76 *+ 0.03 kg, respectively.
In order to determine qualitatively and quantitatively the different fuel
elements constituting this shrub species, a sampling was performed at
particle level according to the cube method [15,87,88], which allows
determining the structure of the plant. To this end, each shrub of
rockrose was placed within a 1.45m high, 0.9 m long and 0.9 m wide
metallic frame spatially divided into 252 small cubes with sides of
15 cm. The position of each cube was indexed following its 3D (x, y, z)
position. All the vegetation contained in these cubes was cut and oven
dried at 60 °C for 48 h. Finally, for each cube, the vegetation elements
were sorted according to the six size classes (leaves, dead twigs with
0-2mm diameter, live twigs with 0-2mm, 2-4 mm, 4-6 mm and
6-25mm diameters, respectively) and weighed. Thus, both live and
dead fuel particles were considered. Unfortunately, this process is de-
structive and the characterized samples could not be used for the
combustion study.

2.2. Flammability experiments

A series of 28 fire tests was conducted with unmodified shrubs of
rockrose. The plants were harvested within the same vegetation plot
that the ones used in the characterization study described above during
several seasons (spring, summer and autumn). Shrubs were cut at their
base and stored carefully in a room in order to preserve as well as
possible their original structure. Their dimensions and weight are
provided in Table 2. The average height of the shrub samples, hg,, Was
1.25 + 0.12m. The average crown height and diameter were
0.3 = 0.1m and 0.7 * 0.1 m, respectively. The overall mass of the
shrubs was 1.95 + 0.47 kg on wet basis. The initial foliar moisture
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Table 2

Ambiant conditions, plant sample characteristics and fire test properties.
Fire Test Air Temp. Air RH Shrub mass Crown base height Total height Crown diameter Leaves MC 0-2MC (%) Total Mass loss  THR (kJ)
n’ o (%) (kg) (m) (m) (m) (%) (kg)
1 22.9 27.3 2.16 1.04 1.40 0.60 6 10 0.46 6426
2 23.5 26.0 1.50 0.90 1.35 0.60 6 10 0.49 4944
3 27.0 23.8 1.03 0.80 1.10 0.75 6 11 0.15 2368
4 26.0 41.0 1.68 0.95 1.20 0.60 14 31 0.37 4677
5 27.8 37.0 1.97 0.97 1.26 0.85 16 32 0.53 6293
6 25.5 43.4 2.02 0.93 1.31 0.62 15 30 0.38 4517
7 23.0 28.0 1.86 0.99 1.35 0.70 9 40 0.50 5527
8 22.0 31.0 2.30 1.02 1.25 0.74 9 41 0.81 11382
9 22,5 33.3 1.97 0.80 1.40 0.96 9 40 0.43 5730
10 20.9 45.0 2.99 1.00 1.25 0.64 18 44 0.47 6331
11 23.4 39.1 2.50 0.87 1.31 0.65 12 32 0.56 7115
12 23.9 38.7 2.39 0.89 1.25 0.58 12 32 0.81 11302
13 23.0 41.0 1.96 0.95 1.35 0.72 4 16 0.66 8190
14 23.0 43.0 2.39 0.90 1.20 0.75 8 25 0.49 6790
15 23.5 39.5 1.93 1.00 1.30 0.72 8 25 0.74 10579
16 24.8 38.2 0.93 0.85 1.15 0.60 8 25 0.39 6041
17 31.8 37.2 1.75 111 1.30 0.79 7 12 0.29 3317
18 31.2 38.2 2.12 0.90 1.32 0.70 5 10 0.31 3000
19 31.2 38.1 0.89 0.83 1.11 0.55 5 10 0.16 1802
20 26.0 45.0 2.23 1.10 1.30 0.65 17 30 0.49 5677
21 31.0 36.0 2.55 1.10 1.35 0.70 18 21 0.28 4605
22 28.0 39.5 2.30 1.15 1.35 0.60 9 18 0.60 7630
23 27.3 43.0 1.97 1.05 1.30 0.55 11 20 0.39 4486
24 27.3 42.8 1.86 1.00 1.20 0.70 13 24 0.59 6706
25 27.3 42.5 2.04 1.00 1.30 0.65 9 14 0.64 8632
26 30.5 36.5 1.83 1.00 1.30 0.69 12 16 0.50 6090
27 29.7 38.7 1.88 0.90 1.20 0.65 6 12 0.71 8730
28 30.0 38.0 217 1.05 1.30 0.76 6 7 0.36 4536

content (MC) of the fresh sampled shrubs was greater than 100% of the
dry weight. Preliminary tests exhibited that, after ignition, the sus-
tained combustion of shrubs with MC greater than 25% failed and their
crown was not fully consumed. Furthermore, Terrei et al. [21] indicated
that fire spread simulation using WFDS, at the scale of a branch, was
possible if the fuel moisture content remained lower than 25%. The
present study, combining experimental and numerical investigations,
was thus restricted to shrubs with low MC representative of severe
drought conditions [25] leading to high fire risk. The plants were air-
dried during at least 48 h in a room with an ambient air temperature of
about 25 °C and a relative air humidity of about 50%. This conditioning
process resulted in a foliar MC in the range of 4-18%, suitable for the
combustion of the full shrub crown. About 10g sub-samples of
twigs < 2 mm in diameter with their leaves were taken from each shrub
sample to determine their MC at the time of burning. These sub-samples
were oven-dried at 60 °C for 48 h and weighted.

A large-scale calorimeter was used to assess the flammability of full-
scale shrubs of rockrose. Combustion took place under a 3m X 3m
hood with a 1m®s™! flow rate extraction system that handled the
combustion products. With this device, the HRR during the combustion
of vegetation samples can be measured from oxygen consumption. The
details of the technique are provided in the next section and a layout of
the experimental setup is provided in Fig. 1. The shrubs with a structure
kept almost intact compared to field conditions were mounted on a
cylindrical sample holder located on a 3 g precision load cell with full-
scale capacity of 15kg. The balance has a voltage output for external
recording of the biomass loss versus time during thermal degradation.
The measurements sampling rate was 1 Hz. A moving average method
over a 5 s-period, was used to smooth the mass recordings and estimate
the mass loss rate (MLR). Four 0.5m X 0.5 m radiant panels were used
to preheat and ignite the vegetation samples. In order to maximize the
radiation impinging on the shrub samples, two sets of two radiant pa-
nels were used in a corner configuration in order to concentrate the
emitted heat flux. The shrub samples were positioned 2 cm from the
radiant panels in order to avoid direct contact which could led to in-
stantaneous ignition of the leaves located in this region. The maximum

temperature of the radiant panels was 520 °C, leading to a radiant heat
flux of 20 kW m ™2 impinging the nearest leaves and twigs of the shrub.
Despite a lesser thermal exposure, the electrical heaters were preferred
over propane fed radiant panels, because of their fluctuating properties.
Indeed these burners induce a bias difficult to compensate during the
HRR measurement of burning shrubs. The radiant panels were left on
throughout the whole experiment to allow the shrub sample to be
preheated. No pilot flame or spark igniter were used and combustion
was initiated by auto ignition. Video recordings were applied to
monitor the fire growth across the shrub. Unfortunately, flame from
burning shrubs was frequently in contact with the extraction hood, and
no useful information could be obtained from the measurement of the
flame height. The metrics retained for the characterization of each
flammability component is provided in Table 1 and compared to pre-
vious literature studies. The time to ignition (TTI) and flame duration
(FD) were recorded for each fire test to measure ignitability and sus-
tainability, respectively. Consumability was evaluated from the fuel
consumption ratio (FCR) at both the particle level, 7,, and in total, 7,
defined respectively by the following equations:

My g
n=1-—=
My dry (@)
r
p=1_ Mo
Mapy 2)

where my 4, and my 4, represent respectively the initial and residual
masses of the k-class of particles on dry basis. mg, and myg, are the
initial and residual masses of the shrub, respectively, on dry basis. In
order to assess ny 4, as a fine indicator of consumability the vegetation
characterization method (described in the previous section) was per-
formed on burnt samples. The assessment of the variable characterizing
the last flammability component (combustibility) is described in the
next section.
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Fig. 1. Layout of the experimental setup.

2.3. Heat release rate measurements

The 1 MW Large Scale Heat Release apparatus (LSHR) used to assess
HRR was manufactured and calibrated by Fire Testing Technology
Limited (FTT). Probes for gas sampling and exhaust flow rate mea-
surement, along with laser smoke measurement, are contained in a
0.4 m inner diameter duct insert. The measurement of the HRR is cru-
cial for understanding the combustion processes and assessing the
flammability of materials, more particularly for the study of full-scale
plants with complex structure. The combustibility of the samples was
assessed using quantities derived from the HRR time history, namely
the growth rate and peak HRR. The growth rate was used because
during the early period of the fire tests the experimental data supported
that the fires grow according to a square law, like most flaming fires
[89,90]:

HRR = a t? 3

where a and t are the fire growth parameter (kW.s~2) and the time from
ignition (s), respectively.

As for many natural fuels, the combustion of shrub of rockrose can
be represented by a reaction of the complete combustion of lig-
nocellulosic materials. As the experiments were conducted under well-
ventilated conditions, a stoichiometric reaction can be assumed for the
combustion of shrub of rockrose:

CuoaHs 510576 + 4.11 (05 + 3.76 Ny) — 4.04 CO, + 2.90 H,O + 15.46 N,
()]

The HRR is estimated from oxygen consumption [91,92] assuming a
constant amount of energy released per unit mass of oxygen consumed,
E:

HRR = E (13, — 10,) Wo, (5)

where Wy, is the molecular weight of oxygen, /2§, and #,, are the molar
flow rates of O, in incoming air and in the exhaust duct, respectively. A
more accurate estimation than the standard value of the energy con-
stant (based on average of many fuels) was determined from the fuel
ultimate analysis and low heat of combustion resulting in a value of
E = 14.32MJ/kg of O, for natural fuels.

In order to assess the HRR, the primary measurements are the
oxygen and carbon dioxide concentrations and the exhaust flow rate.
The LSHR is an open combustion system in which the incoming air is
assumed to be a mixture composed of oxygen (20.95%), carbon dioxide,
water vapour and nitrogen. During fire tests, the exhaust gases were

sampled within the duct insert at a flow rate of about 3.5 L min~'. Gas
measurements were performed using O,/CO, analysers 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 time. The
response time of the measurements of the oxygen and carbon dioxide
concentrations were 11 and 8s, respectively. Water vapour was re-
moved from the sample gas before analysis of gas concentrations. A
two-step drying process was achieved by passing the gas sample con-
secutively through a cold trap and drying column containing desiccant
agent (Drierite). The exhaust flow rate was estimated using bi-direc-
tional probe and thermocouple measurement. Accuracy was improved
by the use of a differential pressure transducer adapted to the range of
flow rates.

The calculations of the HRR and associated parameters were auto-
matically performed using gas concentrations (O, depletion and CO,
correction), exhaust flow rate and analysers response times, based on
the three following relations [91,92]:

HRR = Epy Wo,

air

—_ 0 Y #
(1 = Xi5,0)X5, Vﬂ%[a -$+a ¢] ©)

‘./S,ZQS = 224-14£\/£
»\ T )

_ X8, = Xco,) — Xo, 1 — X&o,)
x5, — Xco, — Xo,) )

where X and X; denotes the measured mole fraction of species i in the
incoming air and exhaust gases, respectively, p, is the density of dry air
at 298K and 1 atm., Wy, and W,;, are the molecular weight of 02 and
air, respectively, A is the cross sectional area of the duct, k. is a constant
determined via a propane burner calibration, k, = 1.108 for a bi-di-
rectional probe, AP is the pressure drop across the bi-directional probe
and T; is the gas temperature in the duct. V; . and ¢ are the standard
flow rate in the exhaust duct measured in the duct insert and the ex-
pansion factor for the fraction of the air that was depleted of its oxygen,
respectively.

2.4. Data analysis

In order to highlight the main trends observed through the flamm-
ability and shrub variables, relationships were sought using simple
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linear regression (least square fitting). The equation of the linear fits
and 95% confidence intervals are provided (determination coefficient
and p-value are also given). Analyses were performed using R software
(ver. 4.3.2, R Project for Statistical Computing).

Principal Component Analysis (PCA) was performed to investigate
the clusters from the various flammability components and related
variables, particularly among combustibility and consumability for
which different regimes were observed. The previously defined com-
ponent metrics were used as input parameters for the statistical analysis
of global flammability. Analyses were performed using Minitab soft-
ware (ver. 17.1.0, Minitab LLC).

2.5. Numerical study

The Wildland-urban interface Fire Dynamics Simulator (WFDS, ver.
6.0.0) is a physical model developed by the U.S. Forest Service. It is an
extension of the National Institute of Standards and Technology's
structural Fire Dynamics Simulator (FDS) to forest fuels. The model is
based on coupled equations governing heat and mass transfers between
solid and gas phases. Large-Eddy Simulation (LES) numerical method is
used to solve the conservation equations of momentum, mass and en-
ergy in the gas phase. Full details of the modeling approach are pro-
vided in [79,80]. For the present study, the gas phase model was left
untouched, the radiative fraction was estimated to be 27%, from the
methodology proposed in [93]. As far as the solid phase is concerned,
the thermal degradation models for the desiccation, pyrolysis and char
oxidation processes are based on Arrhenius laws [79,80]. In the con-
densed phase model, the bulk density p, , and specific heat C,; for each
particle class have contributions from dry fuel, moisture content, char
and ash. The solid phase equations for a k-class of particles, considered
as thermally thin, are given by:

oy

dt = _Rk,HzO - (1 _Xchar)Rk,pyr - (1 - Xaxh)Rk,char (9)

where y,,,. = 0.27 is the mass fraction of dry vegetation converted to
char and y,j, = 0.13 represents the fraction of char converted to ash.
The Arrhenius rate equations for drying, pyrolysis, and char oxidation
are

_Emo
Rigmo = Ppmo Amo T"2e Tk (10)
_ Epyr
Ricpyr = Pyk, ary Apyre Tk an)

Echar
Reotar = V:"h 2 Yo, 908 Tx (1 + B RE) )
where the values of the kinetic constants for drying, pyrolysis and char
oxidation are Ao = 600000K2. s, Apy = 39929K2. s and
Aghar = 193.5 K% s7!, respectively. The corresponding activation en-
ergies are Ep,0 = 6262 K, Epyr = 7389 K and Eg, = 8191 K, respec-
tively. The value of these parameters was optimized (varied at max-
imum of 10% compared to previous study on pine needle beds [79]) in
order to best fit the HHR curve for shrub of rockrose. Rey represents the
Reynolds number, Rey = Zg itk with i, = i, ok and B, are the surface
to volume ratio and compactness of the k-class of particles, respectively.

dT,
Phrk Cpkd_[k = _Ahvaka,HZO - AhpyrRk,pyr - OfcharAhcharRk,char + Qk
13)
with
Qk = _qc,onv,k -V qr’ad,k (14)

where T is the temperature of the k-class of particles. The first three
terms of the right-hand-side of eq. (13) represent endothermic drying,
endothermic pyrolysis and exothermic char oxidation, respectively. The

Fire Safety Journal 108 (2019) 102836

non-dimensional weighting parameters, ., is the fraction of the heat
generated by the char oxidation which is absorbed by the solid fuel
element and is empirically set to 0.5 [76]. The resulting fraction of the
heat transferred to the gas phase is thus (1 — a,-). The heats of reac-
tion for evaporation, pyrolysis and char oxidation are Ah,,, = 2259
kJkg™!, Ah,, =418kJkg™' and Ahg, = - 32740 kJkg~', re-
spectively. The terms in the right hand side of eq. (14) are the fuel
element bulk contributions of convective and radiative heat transfer,
respectively.

3. Results and discussion
3.1. Vegetation characterization

A detailed characterization of 3 shrubs of rockrose was firstly per-
formed in autumn paying a particular attention to the fuel elements
composing it. The particles were divided into the following classes:
leaves, 0-2 mm, 2-4 mm, 4-6 mm and 6-25 mm diameter twigs. Their
surface area-to-volume ratio (o) was 2081, 1733, 1000, 666 and
400 m ™, respectively. The density (p) of leaves and twigs was 478 and
961 kg m ™3, respectively. The following data are presented on dry basis
as a function of non-dimensional height z* = ﬁ, where z and hg,,
are the sampling height and shrub height, respectively. The mass dis-
tribution, g’k’dry (z*) and mass fraction, Yeary(@*), of @ k-class of particles,
were calculated as follows:

o My (@)

gk,d)y(z ) = ZZ* WI.k,dry(Z*) (15)
o My (@)

Ve (@) Vo Midry (2% 16)

where my 4., represents the mass of the k-class of particles on dry basis.

The mass distribution (Fig. 2a) shows how particles of a k-class are
distributed within the shrub. The thin particles (leaves and live
twigs < 2mm in diameter) are mainly located for z" in the range of
0.77-1.00. It should be noted that they represent 35.0 + 0.4% of the
total mass of the shrub of rockrose. The Fig. 2b displays the pre-
dominance of a class of particles over the others for a given height. As
an example, large fuel elements (twigs > 4 mm in diameter) are pre-
dominant for z~ in the range of 0.00-0.46. The analysis of these results
allows the delimitation of three zones: the crown composed of thin
particles (z" greater than 0.77); the base composed of large particles (z"
lower than 0.46); in between the intermediate zone composed of live
and dead twigs (mainly twigs in the range of 2-6 mm diameter).

The mass proportion of the different size classes of particles, Ij 4,
was also estimated:

My dry

Gigy = =2
T Y Mean a7

Measurements show a similar distribution of particles for the 3
samples. The shrub were composed of 22.1 + 0.8% of leaves,
26.0 + 2.1% of twigs <2 mm in diameter, 18.3 + 0.9% of twigs with
diameter in the range of 2-4 mm, 17.0 = 1.6% of twigs with diameter
in the range of 4-6 mm and 17.0 * 4.0% of twigs > 6 mm in diameter.
This pre-fire analysis based on size class suggests that about 48.1% of
the fuel elements are prone to burn easily (particle thickness lower than
2mm), 18% could burn (2mm < diameter < 4 mm) and 34% might
not burn (> 4 mm in diameter).

Based on these experimental measurements, the distribution of the
bulk density within the shrub was established for each particle size class
(Table 3). Bulk density refers to the dry mass of fuel elements (leaves
and different diameter twigs) per unit volume. These data will be used
as input parameters for the numerical study. In the next section the
influence of these characteristics on the overall plant flammability is
investigated.
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Fig. 2. Characterization of 3 shrubs of rockrose (a) mass distribution of the different particle size classes as function of non-dimensional height z” and (b) mass
fraction versus height for the different particle size classes.

3.2. Four components of flammability

The whole burning process of a shrub of rockrose, from ignition to

Table 3

flameout, is displayed in Fig. 3. The several phases during which the

four flammability components were measured through previously de-

fined metrics, are also provided. When being exposed to external

Average fuel element properties for each class of particle used in WFDS (MC: moiture content; o: surface area-to-volume ratio, o: density; p,: bulk density).

Leaves 0-2mm dead twigs 0-2mm live twigs 2-4mm live twigs 4-6 mm live twigs 6-25mm live twigs
MC (%) 7 2 23 27 35 45
o (m™h) 2081 1733 1733 1000 666 400
o (kg.m™?) 478 961 961 961 961 961
0,(0.88 <z*< 1.00) (kg.m™?) 3.99 0 1.63 0.04 0 0
0, (0.77 <z*< 0.88) (kg.m™?) 2.73 0.13 2.45 0.99 0.08 0
0(0.65 < z* < 0.77) (kg.m ™) 1.32 0.31 2.79 2.34 1.07 0
0p(0.46 < z* < 0.65) (kg.m™3) 0.52 1.04 1.09 2.46 2.95 0.37
pp(0.34 < z* < 0.46) (kg.m ™) 0.48 1.04 0.49 2.13 3.83 3.54
pp(0.23 < z2* < 0.34) (kg.m ) 0.30 0.38 1.18 1.41 2.48 12.27
0,(0.00 < z* < 0.23) (kg.m“s) 0 0 0 N/A N/A N/A
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Combustibility: Fire growth parameter, HRR, MLR
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Y
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Fig. 3. Measurements of the 4 components of flammability during the different combustion process phases: (a) test start, (b) ignition, (c) flaming, (d) flameout and

char oxidation, (e) extinction.

radiant heat flux, vegetation temperature increases, desiccation and
thermal degradation occur. Combustible gases are released and mixed
with ambient air. A small flame, generated by the ignition of this gas
mixture by hot glowing particles, quickly engulfed the fuel elements
located nearby. Leaves were observed to be the class of particles that
first ignites due to their high surface-to-volume ratio. Ignition was al-
ways located at the edge of the crown (location where external heat flux
is maximum and leaves are the most abundant) but due to the corner
configuration of the radiant panels, double ignition could occurred in
some rare cases. The fire spread always forward across the crown
(leaves and small diameter twigs) and sometimes downward across the
intermediate zone (burning greater diameter twigs) depending on the
fire heat released. A short (23 * 10s) quasi-steady burning period was
observed followed by a rapid decay of HRR burnt out. The shrub
combustion was incomplete, with char residues and unburnt material
located at both the base and intermediate zone of the shrub. Despite the
care taken to select plants to be harvested, small discrepancies at par-
ticle level (twigs with leaves protruding out of the crown, discontinuity
within the crown, trapezoidal instead of spherical crown shape ...)
yielded to different fire behaviors that will be examined through the
flammability components in the following sections.

3.2.1. Ignitability

Ignitability was studied for an external radiant heat flux of
20 kW m ™2 as would happen when a flame front, driven by buoyancy
effects, approaches vegetation [94]. The difference of importance be-
tween the present work and previous studies conducted on full shrubs is
that, in the latter, ignition was piloted and performed using a flame at
the base of the plant [10,18,30-43] instead of auto-ignition. The air
drying process at room temperature, resulted in shrub foliar MC in the
range of 4-18% on dry basis depending on the initial MC of the samples
and drying time. The MC of the particles of other size classes was higher
than the one of the leaves. For instance, the corresponding MC for the
smaller twigs (diameter < 2mm) was in the range of 10-45%. The
larger the fuel element diameter, the higher the MC. Even after drying,
the shrubs with foliar MC greater than 20% did not burn entirely once
ignited and these fire tests were not considered for the flammability
study. Even under these low foliar MC conditions, ignitability was

difficult to assess using external radiant heat flux only as ignitor. Other
works also observed flame extinguishment before much of the plant
burned and thus used a pilot flame as ignition source [21] often com-
bined with wind [52,53] in order to observe sustained combustion of
the vegetation samples. The TTI dependence on the MC of the leaves is
plotted on Fig. 4 for shrubs harvested in autumn and summer. Despite
their scattering (R? = 0.585), the data exhibit an increase of the TTI
with increasing MC. The reasons of this scattering can be found in the
impossibility to have by nature strictly identical test specimen when
working with unmodified plants. The slight changes existing between
the structure (position of the leaves within the crown) of the different
shrub samples was observed to influence ignitability. The increase of
MC decreases the shrub ignitability by requiring more energy for pre-
heating of the fuel and for water evaporation, in accordance with

2
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Fig. 4. Influence of foliar MC on ignitability.
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literature [24,43,95,96]. Previous flammability tests [14] conducted on
various Mediterranean natural fuels, using ignition apparatus, also
found a linear relationship between ignitability and moisture content.
Nevertheless, the bulk density of the vegetation samples considered in
these small-scale fire tests tends to be overestimated compared to the
one of full plants. In another work [23], the authors conducted ex-
perimental study submitting live leaves of various species with MC in
the range of 35-200% to very high heat fluxes from a flame
(80-140 kW/m?). They concluded that both TTI and ignition tem-
perature showed no dependence on foliar MC. Nevertheless, fire tests
carried out at high external radiant heat flux (=50 kw/m?) or very
high mixed convective-radiative heat flux (pilot flame) [11,21,52,53]
may tend to mask the possible differences between samples at different
foliar MC levels because too rapid ignition occurs [9,37]. Ignitability
was already observed to be highly dependent on the type of ignition
source and scale [11,96]. Babrauskas [97] also discussed the effects of
the variety of external heat sources on ignition of vegetation. Un-
fortunately, the test procedure and particularly the ignition method for
plants parts and furthermore for full scale shrubs is not standardized
yet. As a result, a wide range of radiation levels (15-50 kW/m?) can be
found in the literature. Furthermore, many studies provide the tem-
perature of the radiant heater instead of heat flux and the comparison is
not easy. Martin et al. [5] first suggested that ignitability should be
described in terms of time to ignition per rate of energy per unit area in
order to take into account the heat flux impinging on the vegetation
sample.

3.2.2. Combustibility

Combustibility was defined in terms of both fire growth and peak
HRR. A subset of the data, excluding samples of shrub of rockrose
harvested in summer, was considered for the study of combustibility,
sustainability and consumability due to large difference in crown
structure compared to other seasons. Indeed, the persistence of flowers
and seeds on the early summer shrubs altered significantly their com-
bustion dynamics and resulting global flammability. Once ignited,
burning seeds falling on the ground were observed to make a major
contribution to the mass loss but a very limited contribution to the heat
release. Furthermore, these incandescent fuel elements are prone to
generate secondary ignition points within the crown, influencing the
overall combustion of the shrub. On the other hand, up to the ignition
of the leaves, the behavior of the shrubs containing seeds was not in-
fluenced by their presence. For this reason, the data on the TTI of the
summer shrubs were kept when ignitability was studied. In whole plant
fire tests, the rates of fire growth and heat released are related to the
rate of spread of the fire across the sample and this metrics could also
be used to study combustibility [5]. The data analysis distinguished
three main types of combustibility according to the growth rate and
peak HRR. Curves of HRR versus time corresponding to low
(a = 0.10kWs~2), medium (¢ = 0.22kWs~2) and high combustibility
(@ = 0.52kW s~ ?) are plotted in Fig. 5. The corresponding fires images,
taken 30 s after ignition, are provided in Fig. 6. It should be noticed that
the values of the fire growth parameter a obtained for the plant com-
posed of fine particles do not match the standard range (NFPA, 92B
[98]) of t-squared fires typical of fuels encountered in fire safety for
buildings (paper, cardboard, foam ...) due to the high porosity and low
mass of the shrub crown, resulting in much lower flame duration. In the
present study, for a values lower than 0.2 kW s~ 2, the fire growth rate
was considered as slow (whereas it corresponds to ultrafast fire growth
for building materials). The fire spread across the crown was slow and
flames were observed to travel from a branch supporting leaves to
another one, resulting in low average peak HRR of 100 = 5kW. Con-
sequently, the resulting combustibility was defined as low. Medium fire
growth rate and moderate combustibility were observed for a values in
the range of 0.2-0.4 kW s~ 2. The fire spread horizontally from the ig-
nition zone towards the opposite edge of the crown with average peak
HRR of 188 + 27 kW. Finally, for a values higher than 0.4 kW s~ 2, the
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fire spread horizontally at a fast rate throughout the entire thin classes
of particles located within the crown and then spread vertically
downwards through the thicker classes thanks to a higher heat feedback
towards the base of the shrub. Combustibility was high and the fire
consumed larger diameter particles with high heat release rate (average
peak HRR of 257 = 63 kW). It should be pointed out that the linear
relationship between peak HRR and peak MLR exhibits a regression
value of the heat of combustion of 13.9MJ kg~ ! (R® = 0.911).

The fire growth parameter was found to strongly depend on the
quantity of foliar biomass above the ignition location. The greater the
amount of fuel, the greater the fire growth parameter. When ignition
occurs in the region located between the bottom and the middle of the
crown, the convective heating of the fuel elements by flame impinge-
ment along the full crown height cause a fast fire growth rate that
maximize the heat transfer mechanisms. In the following, ignition that
occurred in this region will be called as “favorable” whereas ignition
located above it will be called as “unfavorable”.

In the present study, the combustibility was assessed using two
characteristics of the HRR, namely its growth rate and peak value.
Previous studies [8,9,11-13,18,19,21,40,46,99] used flame height or
maximum air temperature above the sample (which depends on the
placement of the thermocouples) that are not relevant descriptors. In-
deed, combustibility was defined as how well or rapidly a fuel burns
[4]. If HRR cannot be evaluated, the metrics used should be rather
based on a rate such as the rate of fire spread across the sample, the rate
of temperature increase of the fuel material or better the MLR. Indeed,
the MLR can also be used as metrics for combustibility (and not con-
sumability [9,11,21]), since it is related to HRR by a constant (effective
heat of combustion). As already pointed out [9], the standardization
among test procedures to assess the flammability components is ne-
cessary.

3.2.3. Sustainability

After growth, the fire reached a short quasi-steady burning stage.
The data exhibit that flame duration is related to combustibility and
decreases with increasing fire growth parameter and peak HRR (Fig. 7).
Data also shows scattering for the reasons previously given for the ig-
nitability study. Flame duration (FD) in the range of 80-120s were
observed for low peak HRR (=150 kW), while shorter FD (around 40 s)
were obtained for high peak HRR (=210kW). Sustainability was also
found to depend on the amount of fuel elements present above the ig-
nition location. Indeed, under favorable ignition conditions, the flame
quickly engulfed most of the shrub crown resulting in a short FD and
high combustibility (high fire growth parameter and peak HRR). Con-
versely, unfavorable ignitions resulted in slow horizontal propagation.
In this case, heat transfers to the unburnt particles are mainly domi-
nated by radiation since the flame did not impinge these fuel elements.
The fire could stop because of fuel discontinuity which was too large to
result in significant convective heat transfer. Such regime of fire spread
exhibited slow rate of spread, long FD and low peak HRR. Authors
generally agree on the definition of sustainability that is easy to esti-
mate from direct visual observations or from measurements of various
quantities (temperature above threshold). Nevertheless, the wide
variety of scales and experimental procedures render the comparison
difficult. Indeed, FD is highly dependent on the mass of the fuel, pre-
sence of wind but also on ignition characteristics and heat release to
sustain combustion of the plant.

3.2.4. Consumability

In order to provide an detailed representation of the particle size
classes involved in the combustion process, the fuel consumption at
particle level was estimated from the residual mass fraction. It is de-
fined as:

ml:,dry (Z*)

ey () = Mty @) as)
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Fig. 5. Examples of HRR after TTI versus time corresponding to low (a = 0.10 kW s ~2) medium (a = 0.22 kW s~ 2) and high combustibility (a = 0.52 kW s~?) for fire

tests 4, 14 and 15, respectively.

where my 4, represents the mass of remaining fuel of the k-class of
particles on dry basis. Pre-fire (3 samples) and post-fire (test 15)
comparison of the distribution along the non-dimensional height (z*) of
mass fractions is provided in Fig. 8 for the different classes of particles.
Since these characterization measurements consist of destructive sam-
pling, the shrubs to be burnt could unfortunately not be characterized
using this method. The use of LIDAR-based technique should be a sui-
table alternative for the estimation of fuel element distribution within
the vegetation [100]. In this particular fire test (Peak HRR of 264 kW),
the total fuel consumption ratio was 42%. For most of the fire tests, the
crown (z* > 0.77) was fully consumed and the intermediate zone was
partially consumed (0.6 > z* > 0.77). Compared to initial mass
fractions, the lower values measured in the burnt shrub, indicates that
all the foliage and part of the particles lower than 6 mm in diameter
were burnt while the 6-25 mm size class did not undergo thermal de-
gradation.

Consumability was also evaluated from the total quantity of fuel
consumed by the fire tests. The effect of foliar moisture content on fuel

consumption ratio (FCR) is displayed in Fig. 9. The FCR holds a de-
creasing trend with increasing MC of the leaves in agreement with
previous studies [30,43,47]. These results suggest that MC alters the
thermal degradation processes as a fire retardant. The average mass lost
for all experiments was 0.52 = 0.2kg which is equivalent to a fuel
consumption ratio of 25 + 8%. Observations during experiments and
characterization at the particle level show that the mass was quasi ex-
clusively consumed in the crown which is mainly composed of fine fuel
elements (leaves and 0-2 mm diameter twigs) that represent 35% of the
total dry mass of the shrub. Based on the characterization study and the
FCR values obtained, the consumability can be categorized into the
three basic types. A FCR below 18% indicates that the leaves were not
fully consumed. The fire did not spread across the whole crown re-
sulting in a low consumability. A medium consumability proceeds from
a FCR in the range of 18-33%, where all the leaves and part of the
0-2mm class particles in the crown were consumed. Finally, FCR
greater than 33% indicates a full consumption of the crown and a part
of the classes of particles in the range of 0-4 mm located within the

Fig. 6. Fire growth observed 30s after ignition for different values of a: (a) low combustibility: a = 0.10 kWs™2 (fire test 4); (b) medium combustibility:
a = 0.22kW s~ 2 (fire test 14) and (c) high combustibility: a = 0.52kW s~ 2 (fire test 15).
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Fig. 7. Relationship between sustainability and combustibility (a) Flame
duration FD (s) versus fire growth parameter a (kW.s~2) and (b) Flame duration
FD (s) versus peak HRR (kW).

intermediate zone of the shrub of rockrose. The fuel elements larger
than 4 mm were partly consumed only when the peak of HRR was high
enough (250 * 10kW). It should be noted that fire tests were carried
out on conditioned shrub and the initial dry mass could not be mea-
sured but only estimated from the wet mass, MC and distribution of
each particles size class. Thus, the uncertainty related to the estimation
of the dry mass directly affects the calculation of the consumed mass
fraction.

3.3. Characterization of different flammability regimes

The same variables as the one used for metrics for the components
(FD, peak HRR, peak MLR, fire growth parameter and FCR) were used
as input parameters of PCA, except for ignitability where ignition lo-
cation variable was introduced. Indeed, the use of TTI as a variable for
the analysis did not allow to distinguish group tests with similar
flammability. When using ignition location instead of TTI, two fire tests

11
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from the same cluster exhibited more similar flammability regimes than
two tests from different clusters. The concept of flammability is thus
revisited in the present approach. A variable of great importance, linked
to the random ignition location, is introduced. Indeed, working with
natural shrub samples, that show discrepancies, introduce supplemen-
tary difficulties compared to studies carried out at the lower scales,
with more similar samples (isolated fuel elements or leafy branch). If
strictly identical shrub samples were considered and ignition always
occurred in the same area (which is not possible with unmodified ve-
getation), the TTI would have been an important factor in differ-
entiating the flammability regimes from PCA. In the present study, the
ignition location occurred in different areas according to the crown
structure and significantly influenced the resulting flammability. When
ignition occurs in the region located between the bottom and the
middle of the crown, the convective heating of the fuel elements by
flame impingement along the full crown height drastically increases the
heat transfer mechanisms and causes a fast fire growth rate. PCA re-
veals that three principal components (PC) explain a total of 87% of the
variance (Fig. 10a). PC 1 explains 54% of the variation in the data. The
fire growth parameter, peak HRR, peak MLR characterize PC1 which is
therefore representative of both combustibility and sustainability. Ig-
nition location and FCR characterize PC 2 (19% of the variance) and
PC3 (14% of the variance, not shown in Fig. 10a), respectively. Sus-
tainability and combustibility are negatively correlated (opposed). In-
deed, the shrub samples exhibiting high combustibility during fire tests
typically sustained flame for a shorter duration. The projection of the
combustion experiments on the factorial map in the plane (PC 1, PC 2)
revealed four clusters of fire tests (Fig. 10b). Color and black markers
refer to single experiment and barycenter of the corresponding
flammability group, respectively. Four types of flammability were
identified for this plant species:

e The first group (circles) corresponds to fire tests with low flamm-
ability, low combustibility (a values lower than 0.2kWs~2 and a
low peak HRR of 83.9 + 20 kW), high sustainability (very long FD
of 100 = 14s5) and low consumability (weak FCR of 18.9 = 3.0%).
Combustion solely involves leaves and 0-2 mm diameter twigs.

e The second group (squares) is the group of medium flammability

with medium combustibility (a values in the range of

0.2-0.4kW s~ 2, medium peak HRR of 188 + 27kW), high sus-
tainability (long FD of 77 * 10s) and moderate consumability

(FCR of 23 + 5%). Combustion involves leaves and particles size

class up to 4 mm in diameter.

The third group (diamonds) is characterized by high combustibility

(a values greater than 0.4 kW s~ 2, high peak HRR of 228 + 15kW),

low sustainability (short FD of 44 = 9s) and moderate consum-

ability (moderate FCR (25 = 6%)). This high flammability with low
sustainability group involves the same classes of particles as the
medium flammability.

e The last group (triangles) exhibits high combustibility (a values
greater than 0.4kWs~2, very high peak HRR of 384 + 99 kW),
high sustainability (long FD of 70 = 14s) and high consumability
(high FCR of 32 + 4%). This high flammability with high sustain-
ability (or hot flammability under the evolutionary concept define
by Pausas [17]) includes consumption of particles with diameter
greater than 4 mm.

Four regimes of flammability were defined for shrubs of rockrose
within the same range of size and shape. Despite a similar shape of the
shrub samples, small changes in their structure can significantly affect
how they are heated by both convection and radiation and subse-
quently their flammability as pointed out by [9,47,66-70,101]. The
differences between the different flammability regimes are mainly ex-
plained by the ignition position, the proportion of the thin fuel elements
within the crown and the radiant exposure time. Unfavorable ignition
causes low or medium flammability, while favorable ignition results in
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Q4 3.4. Simulation results
The characterization of the shrub detailed in the previous section
2 4 . (distribution of bulk density of all fuel particle classes and their related
MC) provided necessary data for the model inputs. We first used a
rectangular grid to model the shrub based on this characterization.
S . v e e R However, the cube-based mesh did not match perfectly a shrub's en-
velope and the crown bulk density was underestimated at the edges. A
S more suitable model for the geometry, composed of six superposed
x 3 . . R 0.15m high frustums with varying radius along the height, were used
v . R * X instead of cubes. Each frustum encompasses 6 fuel layers corresponding
o . * . ° R to the 6 particle size classes. The dry bulk density p,; of each particle
s . size classes at the mean height of a frustum, z, was determined from the
© mass measurements (Table 3) by:
S - . _ Mian(2)
Puc® == ) 19
=3 where V (z) represents the volume of the frustum and my 4, (2) is the
T T T T . mass on dry basis of the k-class of particles in the frustum. The grid
0 5 10 15 20 resolution needed to perform the simulations was estimated from two

Foliar MC (%)

Fig. 9. Fuel consumption ratio versus foliar moisture content.

high flammability. The structure of the vegetation explains the dis-
crepancies between low and medium flammability where estimated
foliar bulk density were 2.35 * 0.64kgm ™~ °and 4.65 = 0.72kgm ™3,
respectively. A low bulk density tends to decrease the potential heat
release and related fire spread across the shrub crown. In the case of
high flammability, the difference between low and high sustainability
regimes is mainly caused by radiant exposure time. For the high
flammability with high sustainability regime, long exposure time
(> 4005s) allowed relatively more preheating and desiccation of the
plant. The MC of the overall particle size classes was thus considerably
reduced when ignition occurs, resulting in high consumability. Indeed,
the thermal degradation also occurred for twigs greater than 4 mm in
diameter. For shorter exposure time (high flammability with low sus-
tainability), these large diameter twigs did not receive enough heat to
achieve desiccation and reach ignition.

12

characteristic length scales associated with two physical phenomena
involved in the combustion. The first one corresponds to the extinction
lengthdg, which represents the absorption of radiation by vegetation. &
is given by:

4

B Ok

The grid size used within the shrub, dx, must be of the order of one
fifth of & [80,102]. The grid resolution d, in the gas phase region
(flame and buoyant plume) is related to the diameter of the fire, z.,
which represents the second characteristic length scale. McGrattan
et al. [58] proposed the following relationship to determine z.:

1)
! (20)

[

2 = d
.=
PoCpTeo /8

where ¢, o, ¢y, T, and g are the HRR, the density, specific heat and
temperature of the ambient air and the gravitational acceleration, re-
spectively. The authors suggested a ratio z./d, in the range of 4-16. The
extinction length was calculated from the numerical shrub character-
istics. A value of 0.144 m was obtained for 6z which leads to a grid size

21
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Fig. 11. Comparison of the predicted (200 kW/m?> isocontour) and observed (test 15) fire spread over time.

lower than 0.029 m. Concerning the mesh size for the flow, z. was
calculated from the peaks of HRR obtained for the four flammability
regimes. The minimum value of z. = 0.356 m was obtained for the low
flammability fire tests with a measured average peak HRR of 100 kW.
The value of z. suggested d, in the range of 0.022-0.089 m. Based on
these results, the mesh size was chosen as the minimum of d, and dx;
(0.02m) in both domains for the shrub and surrounding gas. The whole
computational domain includes the extraction hood and the radiant
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panels in order to fully match the experimental conditions. A pre-
liminary simulation was carried out in order to check the agreement
between predicted and measured radiant heat flux density from the
radiant panels heated at 520 °C. WFDS succeeded to predict auto igni-
tion of the shrub, but the simulated flame did not release enough heat
to sustain the combustion and fire spread across the shrub. Thereby, a
piloted ignition was added, consisting of fuel elements kept at a tem-
perature of 1000 °C for a given time. The ignitor was set on when the
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Fig. 12. Comparison of the predictions and measurements (a) HRR and (b)
MLR. The experimental data are obtained from the mean (and standard de-
viation) of 5 fire tests corresponding to the high flammability with low sus-
tainability regime.

predicted pyrolysis mass loss due to preheating had reached the ex-
perimental one. Its duration (15 s) was then fitted for the fire to sustain
spread. As a first step to investigate the numerical burning of a shrub,
the simulations performed with WFDS were conducted for the high
flammability with low sustainability regime which experimental results
exhibited the best reproducibility. The ignitor was set in the lower part
of the crown and its volume (10 X 20 X 20 cm®) corresponds to the size
of the flame observed during the experiments at ignition. This location
corresponds to a favourable ignition as mentioned in the experimental
section.

Based on the experiments, average moisture contents were used for
the different size classes of particles (Table 3). The comparison of the
predicted and measured fire spread at different times is provided in
Fig. 11. A 200 kW m ~ 2 iso-contour of volumetric heat release rate was
retained for the visual representation of the flame that nearly corre-
sponds to a 500 °C iso-surface. The corresponding predicted and mea-
sured HRR and MLR over time are plotted in Fig. 12. The predicted HRR
is the sum of the heat released by gas phase reactions within the flame
and solid phase due to the char oxidation. The main discrepancy in the
curves compared to measurements can be found in the presence of a
plateau just after ignition. The reasons for this difference can be at-
tributed to the Arrhenius law used for the formulation of the thermal
degradation. The predicted peak HRR (215 kW) compares favourably to
the measured one (226 *+ 24 kW). The predicted (and measured) mass
consumed and peak MLR were 0.36kg (0.58 + 0.17kg) and
0.012kgs™! (and 0.015 = 0.003kgs™ 1), respectively. The prediction
of the flame duration (42 s) is also in agreement with the one measured
during the experiments (44 = 9s). The faster predicted decay phase
may be caused by an overestimation of the particles cooling with fresh
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air after the flameout. The resulting mass consumption is under-
estimated due to a rapid extinction of the char after the flameout. As far
as FCR is concerned, the predicted value (31%) is close to measure-
ments (32 *+ 8%). Despite differences during fire growth and decay
phases, the model predictions are in good agreement with experimental
data. The vertical distribution of the bulk density of the thin fuel ele-
ments of the shrub of rockrose (o, < 6 kg/m?) is comparable to the one
of another shrub species (chamise) considered in previous studies
[30,78] combining fire experiments and numerical simulation based on
large eddy simulation. The thermal degradation of the fuel elements
predicted in the present approach is consistent with these previous
works. For a shrub of chamise, predicted (and measured) mass con-
sumed and peak MLR were 0.49 kg (0.48 + 0.11kg) and 0.044kgs™*
(0.030 = 0.01kgs™"), respectively. Due to the different ignition pro-
cedure (pilot flame at the base of the shrub) the resulting MLR and total
mass consumed were greater for the chamise fire tests. Terrei et al. [21]
also found a good agreement between WFDS predictions and mea-
surements of both mass losses and temperatures at the scale of a branch.
The present results confirm that WFDS can provide an accurate as-
sessment flammability for a full scale plant.

4. Conclusion

In the present study, experimental data was collected on the struc-
ture and flammability of individual shrubs of rockrose. The use of
oxygen consumption calorimetry on full-scale plants was a substantial
step forward to quantify flammability and improve the knowledge on
the combustion of these natural fuels.

Shrubs of rockrose were characterized to obtain accurate measures
of the proportion and distribution of mass for different size classes of
particles from base to crown. The latter embodies thin fuel elements
that were observed to play a critical role during combustion and re-
present the main part of the consumed biomass. The flammability of the
shrubs was analyzed using some of the usual measurements. The time to
ignition, used as metric for ignitability, decreases with the foliar MC.
The HRR (growth rate and Peak value) and the flame duration, in-
dicators combustibility and sustainability, respectively, were influenced
by the location of the ignition within the crown. The lower the position,
the higher the peak HRR and the shorter the flame duration. The FCR,
metrics for consumability, increases with decreasing foliar MC. The
comparison to previous experimental studies highlighted the necessity
of standardization among test procedures to assess the flammability
components of plants, more particularly at full scale. Finally, a statis-
tical analysis exhibited four types of flammability depending on the
ignition zone, HRR and consumed mass of thin fuel elements.

The shrub characterization and fire experiments carried out were
used as a comparison basis for the predictions of WFDS. This study
highlighted the capacity of WFDS to predict the main fire character-
istics (peak HRR, flame duration and consumption rate). However, si-
mulations results showed a plateau in the HRR after the ignition that
alters the predicted fire growth. The extinction of the char smoldering
phase was too fast, probably due to an overestimation of the convective
cooling. An investigation on the causes of these discrepancies through
more thorough investigation of the degradation laws needs to be ad-
dressed.

Experimental results will need to be scaled-up to field conditions
and include the interaction of multiple shrubs. The large scale heat
release apparatus also offers the possibility to expand the study beyond
a single plant and explore the interactions among several shrubs on the
fire behavior and flammability. Future works need also to take into
account litter fuels at the base of the shrub that were observed to
contribute significantly to shrub flammability [49].
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