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1 Introduction

The Volatile Organic Compounds (VOCs) are mostlymposed of carbon and hydrogen and have the
particularity to readily vaporize. For the Europdamion, a VOC is « any organic compound having ratiai
boiling point less than or equal to 523 K measuwatd standard atmospheric pressure of 101.3 kPaamdo
damage to visual or audible senses » [1]. The Va@ily gathers many thousands of compounds thatrfedl
the following families:

- Aliphatic acyclic hydrocarbons,

- Alicyclic hydrocarbons derivated from aliphatic isefe.g. terpenes),

- Aromatic or polyaromatic hydrocarbons (PAH) conitaignone or several benzene cycles,

- Oxygenated hydrocarbons (e.g. terpenoids).

According to their composition (family and carbotora number), VOCs are more or less volatile, s@ubl
oxidizable and therefore more or less degradabieisgions of low-volatility organic compounds may be
subdivided into two classes: semivolatile organiempounds (SVOCs) and intermediate volatility organi
compounds (IVOCs) [2]. We consider that an orgdigjaid is volatile when it has between 5 and 8 oarb
atoms (G to G) and low-volatile when it has between 9 and 1®caratoms (gto Cyg). Let us notice that most

of the alcanes containing between 1 and 4 carbomsa{G to G, are gaseous compounds. We can add that
methane is not often taken into account due todtaral presence in the air, we will then work @mimethane
volatile organic compounds (NMVOCSs).

VOCs are emitted by combustion or by evaporatioheyTl are divided into two categories, those from
anthropogenic origin (AVOCs), and those from bidgearigin (BVOCs). The main AVOCs are due to
petroleum-refining sector, even if VOCs are incldide the composition of most of daily used produptsnts,
inks, sticks, removers, cosmetics, dissolvers..OB¢ presented in this paper, are emitted by bioraasis
particularly by aromatic plants that give off aosty odour for this reason. BVOCs represent 90%lathaj
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NMVOCs on Earth [3]. However, trends are reverdedd bring it to a town scale or a country scaler F
instance, around 20% of the NMVOC emissions in Eedmve a biogenic origin [4].

The main BVOCs are isoprene (base of most biologiopounds structure) and monoterpenes (componénts o
resines and essential oils from the alicyclic hgdrbon family). In fact, we can divide terpene® idtfferent
groups according to their s€hain-number: monoterpenes 1§ mainly a-pinéne, B-pinene, delta-3-carene,
limonene and pinene, sesquiterpeneg)(@nd diterpenes ¢g). The other main BVOCs which are detected are
terpenoids from the oxygenated hydrocarbons faniilgtpenes and terpenoids are formed from the plant
metabolism thanks to the base molecule aforemesrdiosoprene (£s).

BVOCs present two main risks, a health risk andammability risk. In this paper, we will focus ohet
flammability risk at stake in several serious fofaes, responsible of killing numerous personsvabm mostly
were firefighters [5-7]. These fatalities are calibg a phenomenon called accelerating forest Tings kind of
fire behaviour remains unexplained but a thermodétarhypothesis has been proposed to explain 1HJB-

This thermochemical hypothesis rests on the faadtltwer flammable limit (LFL) of BVOC/air mixtures low
and can therefore probably be reached in a natumatonment. Indeed, for BVOCs we can find LFL e$d
than 1%-volumic-concentration in air [11]. Moreoyvercent works have shown that BVOCs emissionsrene
important at high temperature [12]. It is then flolss in the case of forest fires, that VOCs enditby plants
accumulate themselves with pyrolysis products ardhfa flammable mixture depending on the flame tfron
propagation and the terrain topography — canyongmaphy seems particularly favourable to this pinegon.

In order to prevent any accident, it is therefanpartant to control that the limit concentrationBOCs have
not been exceeded. This control seems possibleeirindustrial sector but is much more difficultamatural
environment. This difficulty is increased by thetfdhat a very few literature exists about the castion of
BVOCs. This paper intends to present more resultisis research field.

As aromatic plants and accelerating forest fires\ery present in Mediterranean regions, BVOC ennissare
principally considered from this type of vegetatiorhe aim of this paper is to provide additionasulées
concerning the combustion behaviour of different@36 focusing on two compounds predominantly emitted
by the Mediterranean vegetation: |-fenchonglffzsO) and 3-hexen-1-ol ¢l,,0). These are the main BVOCs
respectively emitted byavandula stcechaand Cistus albidus— two plant species widespread all over the
Mediterranean region. In this work will be present@o important characteristics: their laminar bogispeeds
and their Markstein lengths so that we are ablentow more about their flame stability and propawatiThese
results may be useful to the domain of fire riskd prevention as well as to combustion modelling.

2 Experimental section

Two types of experiments were performed, the bre to study the emissions of VOCs by heated pkmisthe
second one to study the combustion characteristitse emitted VOC emissions. We have taken sanuilése
leaves of these two typical Mediterranean shrubsandula stoechand Cistusalbidus In order to measure the
VOC emission of these plant leaves, we make usefteéfsh pyrolysis apparatus (CDS Pyroprobe 5150¢hwh
has already proved itself to characterize the théegradation of various materials [13-15]. Abali mg of
Lavandula stoechaleaves and about 7 mg Gistus albidudeaves are inserted inside a quartz tube and deate
up to the chosen temperature. Then the resistivedyed coil of the apparatus heat the samplesagésewith a
heating rate of 5 K.m$ from room temperature to the selected temperatiee.maintain the samples at this
temperature during 30 s. The emitted VOCs are panad to the GC/MS apparatus via a heated tratisger
using helium as carrier gas. GC/MS analyses afenpeed with a Thermo DSQ II-Trace Ultra GC fit auith a
DB5 capillary column (30 m long, 0.25 mm i.d., filthickness 0.25 um). The column temperature was
programmed from 333 to 473 K at a rate of 5 K:inand held for 5 minutes at 473 K. Mass spectra were
recorded in the electron impact mode with ionizatemergy of 70 eV. On the left part of Fig. 1, hesvatic
overview of the described experimental setup isithted.

The laminar flame velocity measurements are mafg @sstainless steel spherical combustion chan@ethe
right part of Fig. 1, we present a schematic owwof the experimental protocol. Before filling tbhamber,
vacuum is first created. The amount of gases intred into the chamber is controlled with a thermasks flow
meter. Synthetic air (79.5% N2 and 20.5% O2) isdufs the experiments. High purity I-fenchone and 3
hexenl-ol ¥ 98%) are consecutively injected through a Corialiass flow meter. The I-fenchone/air and 3-
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hexen-1-ol/air mixtures are heated up to a pretezaperature of 453 K and the range of equivaleatie is
chosen between 0.7 and 1.4 with a 0.1 step. Arreldan, located inside the chamber, mixes alldhses. Two
tungsten electrodes are used to produce sparkiognét the center of the chamber. For each congitio
measurements are repeated three times. The flaragenare obtained by shadowgraphy. The temporal
evolution of the expanding spherical flame is thealyzed. During the initial stage of flame expansthe total
chamber pressure is constant, so flame radii laitggr 25 mm are not taken into account, correspgnth a
total volume of burnt gases less than 1.6% of Haarber volume.
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Fig. 1. lllustrations of the emission and combustion ekpental setups. Left: Schematic overview of the
emission setup. Right: Scheme of the spherical cstidn chamber.

3 Results and discussion

Fig. 2 presents the distribution of the differefD® families emitted by the two plant species. Facheone,
results have been taken for the temperature ofnth&mal emissions. Maximal emissions fbavandula
steechaswas found at 453 K identifying six families of V@CTerpenoids derivated from monoterpene
hydrocarbons (¢) are the most emitted as we can observe in porptie left chart pie and the major VOC is I-
fenchone (GH160) with 35% of the total emissions. The second migmily identified is the one of alcohol (in
light blue) with cineol (GH1s0) representing 20% of the emissions. The othewomiamily is the alicyclic
hydrocarbons family with monoterpenesgid;s and GoHi4 (in red and navy blue) but the third major VOC
emitted at this temperature is a terpenoid: camy@aii¢0). Similar compounds were identified in essential
oils of Lavandula stcechasy Hassiotis and Dina [16] who gave I-fenchoneh@smain compound followed by
camphor and cineol. L-fenchone was also identifigd/okou et al. [17] as the major compound of e8akails

of Lavandula staechas

Maximal emissions foCistus albiduswere found at 443 K. As one can see in the rigitt pf Fig. 2, we
identified four different families of VOCs : €H,4 (sesquiterpenes), 16,0 and GsH,¢O (sesquiterpenoids)
and GH;,0 (alcohol). The main emitted compound is 3-hexeni;lit represents around 70% of the total
emissions. Similar results were found by Pefiuetaisldusia [18] for the emissions @fistus albidusat ambient
temperature. The main sesquiterpene identifiediisucnene and we have also obtained significant atsoaf
zingiberene and aromendrene. These compounds Wseredetected by Ormefio et al. [19] in their study o
terpene emissions released by plants in resporskidtic factors at ambient temperature. We can alserve
thatLavandula stoechaamits more chemical families th&istus albidus
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Fig. 2. Distribution of the chemical formulas of VOCs emit by each plant species at the maximal temperatur
of emissions. Right.avandula stcechaat 453 K. Left.Cistus albidusa 443 K.

After studying the emissions of VOCs by two typidaéditerranean species and identifying the majoittech
compounds, it becomes interesting to investigagecttimbustion characteristics of these two majorpmants.
Fig. 3 and 4 illustrate respectively the laminarrig speeds and the Markstein lengths of I-fenefain
mixtures and 3-hexen-1-ol/air mixtures as functiohequivalence ratio at 453 K.
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Fig. 3. Laminar burning speeds of I-fenchone and 3-hexetigir mixtures at 453 K and 1 atm as functions of
equivalence ratio compared with thosewgfinene and JP-10.

Fig.3 presents laminar burning speeds of the twalistl compounds compared with results of similar
compounds found in the literature:pinene (a VOC mainly emitted by plant species) dRel0 (GoHie an
isomer ofa-pinene). We observe that laminar burning speeddefchone fita-pinene results for equivalence
ratios ranging from 0.7 to 1.2. For higher equinake ratios, |-fenchone values become higher thamene
ones, approaching JP-10 numerical (PREMIX) valGemcerning 3-hexen-1-ol behaviour, it is similaid#®-10
numerical values for lean mixtures (equivalenc@®sad.7 and 0.8) and rich mixtures (equivalenc®sat.2 and
1.3). For equivalence ratios around the stoichioyn@tetween 0.9 and 1.1), 3-hexen-1-ol values anet than
JP-10 numerical values and slightly higher tlapinene ones. We notice that laminar burning speédke
studied compound are on the same order of magnaadsmilar molecules found in the literature. Both of
the studied species, the maximal laminar burningedpis reached for an equivalence ratio of 1.1.€an
mixtures, laminar burning speeds are containeddmiwi0 and 50 cm/s.
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As to Markstein lengths, very few works in the rigteure give them for heavy molecules (®CNevertheless,
we can note the contribution of Courty et al. [I? fr p-cymene and-pinene/air mixtures. These results along
with the ones of the present study are present&dgind. Markstein lengths of I-fenchone and 3-tegeol are

in agreement witlp-cymene andi-pinene values; values are decreasing with theears& of equivalence ratios.
We can see that the transition between stable asthhie flames (i.e. the transitions between pasitind
negative Markstein lengths) appears between edrieal ratios 1.3 and 1.4 for I-fenchomepinene andp-
cymene fuels. Contrarily, Markstein lengths of 3«w-1-ol stay positive in the studied range of eglgince
ratios, showing the stability of the flames, evenrfch mixtures.
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Fig. 4. Markstein lengths as functions of equivalenceosator I-fenchone and 3-hexen-1-ol/air mixtured %3
K compared with those gFcymene and-pinene.

4 Conclusion

In this study we obtained additional results on ssioins of BVOCs by typical Mediterranean shrubsthwi
adapted experimental setup and methodology we atgttacombustion characteristics of I-fenchone and 3
hexen-1-ol which appear to be the main VOCs respdgtemitted byLavandula stoechasnd Cistus albidus
Results were compared with experimental and numledoes of similar compounds available in literatur
Obtained results will permit a better understandififprest fires, taking into account the VOCs casiion in
forest fires propagation physical models. They doaillso be useful for a validation of the thermocivain
hypothesis to explain accelerating forest fires.
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