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Abstract

The aim of this paper is to determine the laminar burning speeds and Markstein lengths of p-
cymene. This fuel is emitted by a typical vegetal species of the Mediterranean region often
involved in forest fires. Experiments are performed in a spherical vessel for different
equivalence ratios ranging from 0.7 to 1.4 at 180 °C and atmospheric pressure. The effect of
temperature (85 to 180 °C) at the stoichiometry is also studied. Three models (one linear and
two nonlinear) are used in the extraction process. Depending on the equivalence ratio, the
more accurate models are adopted to determine the laminar burning speeds and Markstein
lengths of p-cymene. Results are compared favourably to experimental values of a similar fuel
(a-pinene) and to numerical data of n-decane computed using the in-house code A-SURF.

1. Introduction

The characterization of vegetation is of importance to accurately modelling fire propagation
because it constitutes the engine of combustion in forest fires. It is widely known that many
Volatile Organic Compounds (VOCs) are emitted by vegetal species at different temperatures
[1-3]. These VOCs are mostly terpene molecules and they have very low values of lower
flammability limits, namely less than 1% vol. in air [4]. Consequently, these compounds are
much more flammable than the usual pyrolysis products (CO, C4Hg, CHy...). Up to now, the
VOCs have never been considered in the combustion process of forest fires and they should
be taken into account in the combustion modelling of physical wildland fire models.

Under particular conditions of wind and topography, forest fires can behave in a
surprising way, characterized by substantial rate of spread and energy released. Such fires are
known as accelerating forest fires and a possible explanation of this phenomenon can be the
ignition of a VOCs cloud, emitted by fire heated vegetation and accumulated in flammable
conditions [5-7]. The study of VOCs combustion can be useful to investigate more deeply this
hypothesis.

Thymus vulgaris is a well-known aromatic species; it is a typical vegetal fuel of the
Mediterranean region often involved in forest fires [8]. In a recent work, we have performed
experiments in a flash pyrolysis apparatus between 70 and 180°C and found that p-cymene is
a major compound emitted by this plant [9]. Thirteen VOCs are emitted by Thymus vulgaris
needles and they can be classified into six chemical families according to their molecular
formula: monoterpenes (CioHjs, CioHi4), sesquiterpenes (CisH,4), monoterpene phenols
(C10H140), monoterpene ethers (CioH 30, CioHi60) and monoterpene alcohols (C;oH;50).
The percentage of p-cymene is comprised between 15 and 30% and the maximum is reached
at about 180°C. The laminar burning speeds and Markstein lengths of this VOC have never
been determined. It is therefore interesting to investigate the combustion features of this
molecule using different models for the extraction of these features from spherical flame
experiments.



In the literature, there are very few works studying the combustion of VOCs [10] and
none about the detailed kinetic mechanism of p-cymene. Moreover, there are no results on the
laminar burning speeds and Markstein lengths of this volatile organic compound. The
obtained results will therefore be compared to the experimental values of the major VOC
emitted by Rosmarinus officinalis, namely a-pinene [11] and to numerical ones of n-decane.
Simulations are performed with A-SURF code using the detailed kinetic mechanism of
Honnet et al. [12]. Adaptive Simulation of Unsteady Reactive Flow (A-SURF) is a 1D time-
accurate and space-adaptive numerical solver for initiation and propagation of outwardly
propagating spherical flames [13,14].

In the next section of this paper, the experimental facility is presented and a brief
description of the in-house code A-SUREF is given. The three different models used for the
extraction of combustion characteristics are then presented. Section four is devoted to the
results of unstretched flame speeds, Markstein lengths and laminar burning speeds of p-
cymene/air mixtures at different equivalence ratios. Experimental results are presented and
compared to numerical results of n-decane obtained with A-SURF computational code as well
as to experimental results of another VOC available in the literature.

2. Experimental and numerical description

The laminar burning speed and Markstein length measurements were made using a stainless
steel spherical combustion chamber with an inside volume of 4.2 L. Four windows provided
optical access into the chamber. Before filling the chamber, vacuum was first created. The
amount of gases introduced into the chamber was controlled with a thermal mass flow meter.
Synthetic air (79.5% N, and 20.5% O,) was used for the experiments. High purity p-cymene
(= 98% pure from Sigma-Aldrich) was injected through a Coriolis mass flow meter. The
mixture was heated up to 180°C to allow liquids full vaporization and the chamber minimum
temperature was fixed for these experiments at 80°C to avoid VOCs condensation on the
walls inside the chamber. The temperatures chosen to study the effect of temperature on the
laminar burning speed and Markstein length were: 85, 100, 125, 150 and 180°C. The range of
equivalence ratio was chosen between 0.7 and 1.4 with a 0.1 step. In these conditions, the
amount of fuel injected was totally vaporized. A mixing fan, located inside the chamber,
mixes all the gases. Two tungsten electrodes, with a I mm gap, connected to a conventional
capacitive discharge ignition system, were used to produce spark ignition at the centre of the
chamber. For each condition, the measurements were repeated three times. The relative error
on equivalence ratio is about 2% and the uncertainty of unstretched premixed flame is inferior
to 5 cm/s.

The flame images were obtained by shadowgraphy. Parallel light was created with a lamp
with two plano-convex lenses (25 mm and 1,000 mm focal lengths). The shadowgraphic
images were recorded using a high speed video CMOS camera (Photron APX) operating at
10,000 frames per second with an exposure time of 20 ps. The temporal evolution of the
expanding spherical flame was then analyzed. Figure 1 presents a scheme of the experimental
setup and Figure 2 illustrates the flame front propagation. The luminous circle is an image of
the instantaneous flame front: burned gases are inside the circle and unburned ones outside.
The images with flame radii less than 7 mm were not analyzed to determine the laminar
burning speed and Markstein length, so as to avoid the effect of the initial spark energy
deposit [13,15,16]. In order to neglect pressure increase, flame radii larger than 25 mm were
not taken into account. In these conditions, the total volume of burned gases is less than 1.6%
of the chamber volume.
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Figure 1. Scheme of the experimental setup.

Numerically, the one-dimensional expanding premixed spherical flame is simulated using
the in-house code A-SURF [13,14]. A-SURF solves the conservation equations for a multi-
species reactive flow in one-dimensional spherical coordinate using the finite volume method.
The thermodynamic and transport properties as well as the chemical reaction rates are
evaluated by CHEMKIN packages [17] incorporated into A-SURF. A-SURF has been
successfully used in our previous studies on spherical flame initiation and propagation, and
the details on the governing equations, numerical schemes, and code validation can be found
in Refs. [13,14]. The computational domain is set to be 0 <r <50 cm and a multi-level,
dynamically adaptive mesh is used. The initial and boundary conditions are the same as those
in Ref. [14]. The propagating spherical flame is initiated by a small hot pocket (1~2 mm in
radius) of burned product surrounded by fresh mixture at a specified temperature and
atmospheric pressure. The size of the hot pocket is chosen so that the effects of ignition can
be minimized. In simulation, the flame front, R, , is defined as the position of maximum heat

release and the flame propagating speed is calculated from numerical differentiation, i.e.
_dR;
©odt

3. Different models used in the combustion features extraction
In the constant-pressure spherical flame method, the stretched premixed flame speed with

dR 28
respect to burned mixture, S, =d—tf , and the stretch rate, x =—2, are obtained from the

f

flame front history, R, =R; (t), recorded by high-speed shadowgraph photography. The

unstretched laminar flame speed, S;, and Markstein length, L, , with respect to burned

mixture can be extracted based on different models [18]. (The laminar burning speed with
respect to unburned mixture is S =o0S, , where o is the expansion factor.) Three
extrapolation models can be used in the data processing of the spherical flame method: one is
the Linear Model (LM, the stretched flame speed changes linearly with the stretch rate) and
the other two are Non-linear Models (NM I and NM I, the stretched flame speed changes
nonlinearly with the stretch rate) [18]. The expressions for these three models are

LM: S—?):l—iglc , (1)
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Figure 2. Flame front expansion of a stoichiometric p-cymene/air mixture at 180°C.

The LM is well known and popularly used by most of the research groups. The NM I was
first proposed by Markstein [19] and it indicates that the stretched flame speed changes
linearly with the curvature. This model was only discussed by Taylor [20], Karpov et al. [21]
and Chen [18] and was not used by any other researchers. The NM II was first used by Kelley
and Law [22] and then studied by Halter et al. [23] and Chen [18]. The NM II was also
employed by Tang el al. [24] in their studies on the laminar flame speed of
hydrogen/hydrocarbon blends. It is noted that NM I and NM II are nonlinear only in terms of
stretch. In fact, linear extrapolations are conducted based on these two models (based on the
plot of Sp versus 2/Rs for NM I and that of InSy, versus 2/R:Sp for the NM II) [18].

It was shown in Ref. [18] that the LM, NM I, and NM II are all accurate to the first-order
in terms of the inverse of flame radius and thus can be utilized to extract the unstretched
laminar burning speed and Markstein length. The accuracy of these models depends on the
Lewis number [18]. For mixtures with Lewis number appreciably different from unity, both
the laminar burning speed and Markstein length are greatly over-predicted from extractions
based on the LM. Therefore, in this study, we shall extract the laminar burning speed and
Markstein length based on these three models and comparison among results from these
models will be made and discussed.

4. Results and discussion
4.1 Comparison between linear and nonlinear models
As indicated in the previous section, the three models are used to extract the laminar burning

speeds S) and Markstein lengths L, . The values of S] are calculated from the relation
linking them to the unstretched premixed flame speeds S; by means of the expansion factor
o, S, =0-S; . As mentioned in the introduction, there are few works in the literature dealing

with VOCs combustion [10] and none about a detailed chemical-kinetic mechanism for p-
cymene combustion. Consequently, the expansion factor is calculated using the adiabatic



flame calculation via the combustion reaction of p-cymene with air. Figures 3 and 4 illustrate
the evolution of these combustion characteristics as functions of equivalence ratio at 180°C. It
is clear reading Figure 3 that the laminar burning speeds evolve as a bell-shape curve as
functions of the equivalence ratio. Figure 4 shows that Markstein length is decreasing when
equivalence ratio increases, with a decreasing steeper for equivalence ratios higher than 1.2. A
similar tendency has been observed by Courty et al. [11] for a-pinene/air mixtures.

We can also notice that the obtained values of the laminar burning speeds and Markstein
lengths decrease in the order of LM, NM I and NM II. This is consistent with the theory
presented by Chen [18]. The gap between the results of the different models decreases when
the equivalence ratio increases, and the values become almost the same at ¢ = 1.3 and ¢ = 1.4.
This is due to the facts that the Lewis number (or Markstein length, as shown in Figure 4)
decreases with the equivalence ratio for p-cymene/air mixtures and that the difference
between results from different models decreases with the Lewis number [18]. The relative gap
between the laminar burning speeds obtained with the linear model and the nonlinear models
can reach a maximum value of 9% at an equivalence ratio of 0.7. It is obvious from Figure 4
that the discrepancy between the results of the two nonlinear models is lower than the one
between linear and nonlinear models for equivalence ratios ranging between 0.7 and 1.2.
Indeed, the maximum relative gaps between LM and NM I and between LM and NM II are
respectively 75% and 118%, whereas the relative gap between NM I and NM II do not exceed
20%. Figure 4 also shows that the Markstein lengths become negative for equivalence ratios
higher than 1.3, illustrating the transition between stable and unstable flames.

It has been demonstrated in a previous work [18] that the NM I is more accurate than LM
and NM II for mixtures with positive Markstein lengths (large Lewis number) while NM II is
the most accurate for mixtures with negative Markstein lengths (small Lewis number). This is
illustrated on Figures 5 and 6 for the two equivalence ratios 0.8 and 1.0. Indeed, they present
a comparison between the measured stretched flame speeds and those obtained via the three
proposed models.
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Figure 3. Laminar burning speed as a function of equivalence ratio of p-cymene/air
mixtures at 180°C for three models.

Even if NM II values are close to experimental stretched flame speed for small flame radii
(e. 0.5<R; <0.7cm) at ¢ = 0.8, NM I is the most accurate for the flame radii range used

for extraction (i.e. 0.7 <R; <£2.4 cm), for all equivalence ratios except 1.4. Let us notice that

the relative gap between the three models is more important for the extracted Markstein
lengths than for the extracted unstretched premixed flame speeds. At the stoichiometry, the



relative gap between NM I and NM 11 is around 1% for S; and 11% for L, (respectively 2%

and 19% for ¢ = 0.8), whereas it is respectively 2% and 30% (respectively 4% and 48% for ¢
=0.8) between LM and NM 1.
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Figure 4. Markstein length as a function of equivalence ratio of p-cymene/air mixtures at
180°C for three models.
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Figure 5. Effects of different models on the extracted flame speed and Markstein length
of p-cymene/air mixtures at 180°C at ¢ = 0.8.

When it comes to the preheat temperature effect on the combustion characteristics,
Figures 7 and 8 illustrate respectively the laminar burning speeds and Markstein lengths
obtained using the three models at ¢ = 1.0 as functions of temperature. We can observe the
same tendency as the one obtained at 180°C: laminar burning speeds and Markstein lengths
values decrease in the order of LM, NM I and NM II. As indicated above, this result is in
agreement with the one given in Ref. [18]. The laminar burning speed evolves as a linear
function of temperature for the three used models. The relative gap is more important between
linear and nonlinear models than between NM I and NM II. Moreover, it decreases with the
increase of temperature and can reach maximum values of 5% and 2% respectively between
LM and nonlinear models and between NM I and NM II at 80°C.
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Figure 6. Effects of different models on the extracted flame speed and Markstein length of p-
cymene/air mixtures at 180°C at ¢ = 1.0.
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Figure 7. Laminar burning speeds as a function of preheat temperature of p-cymene/air
mixtures at the stoichiometry for three models.

Concerning Markstein lengths evolution as a function of temperature, we can notice that
they are always positive and decrease linearly with the increase of temperature for the
different models. The decreasing is steeper for the linear model than for the two nonlinear
models. The relative gap between these models also decreases with the increase of
temperature and is higher between linear and nonlinear models than between NM I and NM II.
In order to get accurate laminar burning speed and Markstein length from spherical flame
experiments, NM I will be used in the next section for p-cymene/air mixtures with
equivalence ratios lower than 1.3 and NM II for p-cymene/air mixtures with ¢ = 1.4.

4.2 Laminar burning speeds and Markstein lengths

This section presents the laminar burning speeds and Markstein lengths of p-cymene/air
mixtures obtained using nonlinear models described in section 3. It is noted that in the
literature there are neither available experimental data nor a kinetic mechanism for p-cymene.
Therefore, we have chosen to compare the present experimental data with measured data of
a-pinene (another major VOC emitted by several vegetal species which belongs to the
monoterpenoids family, like p-cymene) and with computed values of n-decane (which is a
molecule with has the same number of carbon atoms as p-cymene). Figures 9 and 10 illustrate
the evolutions of laminar burning speeds and Markstein lengths of p-cymene/air mixtures at



180°C compared to the experimental values of o-pinene/air mixtures [11] and to the
numerical ones of n-decane/air mixtures calculated using the in-house code A-SURF and the
detailed chemical-kinetic mechanism of Honnet et al. [12]. Indeed, it has been shown by
Singh et al. [25] that the measured laminar burning speeds of n-decane are accurately
predicted by this mechanism over most of the range of experiments.

It is clear reading Figure 9 that the laminar burning speeds of p-cymene are in very good
agreement with experimental values of a-pinene for equivalence ratios 0.7 and 0.8 as well as
with the numerical ones of n-decane obtained with A-SURF from the stoichiometry to rich
mixtures. Let us notice that the three fuels have closed values at the stoichiometry. For
equivalence ratios lower than 1, n-decane laminar burning speeds underestimate p-cymene
values. Measured values of a-pinene underestimate the ones of p-cymene for equivalence
ratios ranging from 1 to 1.4.
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Figure 8. Markstein lengths as a function of preheat temperature of p-cymene/air mixtures at
the stoichiometry for three models.

We can see in Figure 10 that the Markstein lengths of p-cymene/air mixtures are higher
than the experimental data of a-pinene and the numerical ones of n-decane for all equivalence
ratios. This might be caused by the different chemistry related to these fuels. N-decane is
easier to be decomposed into small intermediates and thus it has a relatively smaller effective
Lewis number and smaller Markstein length. P-cymene might be more difficult to decompose
and hence it has a relatively larger effective Lewis number and larger Markstein length. It is
seen that the Markstein lengths of these fuels decrease with the increasing of equivalence
ratios, which is consistent with the behavior of heavy hydrocarbon/air flame, in contrast for
example to hydrogen/air and methane/air flames. We can also notice that the three
hydrocarbons studied here have closed values of Markstein length near the stoichiometry.
Indeed, the relative gap between p-cymene and the two other fuels do not exceed 20% for
equivalence ratios of 0.9, 1.0 and 1.1 and can reach 200% for other equivalence ratios. We
can also observe from this Figure that the transition between stable and unstable flames
occurs around ¢ = 1.3 for all these three fuels. This is illustrated by the apparition of cellular
instabilities in the temporal evolution of a p-cymene/air flame at 180 °C and an equivalence
ratio of 1.4, as shown in Figure 11.
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Figure 9. Laminar burning speed as a function of equivalence ratio at 180°C: results of p-
cymene/air mixtures (present work), a-pinene/air mixtures (Courty et al. [11]), n-decane/air

mixtures (computed with A-SURF).
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Figure 10. Markstein length as a function of equivalence ratio at 180°C: results of p-
cymene/air mixtures (present work), a-pinene/air mixtures (Courty et al. [11]), n-decane/air
mixtures (computed with A-SURF).

After studying the effect of equivalence ratio at 180 °C on the laminar burning speeds and
Markstein lengths, it becomes interesting to examine the effect of the preheat temperature at
the stoichiometry on these combustion characteristics. Figures 12 and 13 exhibit the
evolutions of the laminar burning speed and Markstein length of p-cymene/air mixtures as
functions of unburned gas temperature at @ = 1.0 as well as the experimental data of a-
pinene/air mixtures and the numerical values of n-decane/air mixtures.

We can see in Figure 12 that the laminar speeds of the three fuels increase when the
temperature is increasing. The same tendency has already been observed by Kumar and Sung
[26] for n-decane/air mixtures between 87 and 197 °C and by Tang et al. [27] for propane/air
mixtures between 27 and 167 °C. The laminar burning speeds of p-cymene are higher than the
ones of the other fuels for all the studied temperatures and very close to them at 125 °C. The
relative deviation between p-cymene and n-decane as well as between p-cymene and a-pinene



has a non-monotonic behaviour. It does not exceed 7% between p-cymene and a-pinene at
85 °C and 4% between p-cymene and n-decane at 150 °C.

Figure 11. Temporal evolution of a p-cymene/air flame at 180°C and an equivalence ratio of
1.4.

Concerning Markstein lengths evolution as a function of temperature, Figure 13 shows
that they are positive for the three fuels at all temperatures and the values of p-cymene are
always higher than the ones of a-pinene and n-decane. As mentioned above, Markstein
lengths of p-cymene decrease linearly as a function of temperature and we can notice the
same behaviour for n-decane. Markstein lengths decreasing with the increase of temperature
has also been observed by Tang et al. [27] for propane/air mixtures at the stoichiometry
between 27 and 167 °C. This is likely to be caused by the decreasing of flame thicknesses
with the increase of the initial temperature. Markstein lengths of a-pinene are very close to n-
decane values. The relative gap between these two fuels and p-cymene decreases with the
increase of temperature and varies from 23 to 14%.

5. Conclusion

In the combustion literature, there are few data on the laminar burning speeds and Markstein
lengths of volatile organic compounds emitted by vegetal species and none for p-cymene. The
main purpose of this paper is to give its combustion characteristics using the spherical
expanding flames methodology and three different models. Among them, we have shown that
two nonlinear models are more appropriate to extract the laminar burning speeds and
Markstein lengths of p-cymene. The laminar burning speeds and Markstein lengths of p-
cymene/air mixtures at different equivalence ratios and preheat temperatures are obtained.
Furthermore, the extracted values of combustion features are confronted to the literature
experimental data of a-pinene and to the calculated values of n-decane using the A-SURF
code and we have shown that p-cymene behaviour is similar to the one of these two fuels. The
present study can be useful to consider the combustion of VOCs in the physical forest fires
models and to better understand the accelerating forest fires phenomenon.



70

+
A
o
s +
60 I~ a
|
s | 3
P 5o 5
i ] + p-cymene
L K (m ] a-pinene
-a A n-decane
40
1 1 1 1 1
80 100 120 140 160 180

T, (°C)
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