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1 Introduction

Aromatic hydrocarbons are important componentsasbtine fuels due to their anti-knock properties
(related to their high Research Octane Number (RGNJ are consequently found in significant
proportion into this kind of fuels: up to 35% val. Europe (limited by legislation) and an averafie o
25% vol. was reported in the US [1]. It is therefamportant to characterize and to understand their
combustion properties in order to build and vakddetailed kinetic models that can help developing
internal combustion engine and/or formulating fubl®ugh the use of fuel surrogates [2].

The aim of this study is to provide auto-ignitiolaly time ¢g,) measurements of aromatic
compounds that are present into gasoline fuelsghatoluene (GHg) and ethyl-benzene (8,0). To
help refining modelsgy, of benzene (EHs) and styrene (§s) were also investigated. Benzene can be
found into gasoline (its amount is however limited legislation, up to 1% typically, due to its
volatility and carcinogenic properties) and is amportant combustion intermediate ofHg [3, 4] and
CgHio [5, 6]. Styrene is an important combustion intediate of GHyo [5, 6] and of cyclopentadiene
[7], the latest being itself an important combustiatermediate of mono-aromatic species [8].
Ethyl-benzene’s autoignition delay has been alrestdgtied in shock tube by Shen and Oehlschlaeger
[9] but at pressure behind reflected shock wavesdiP10 and 40 atm in air and at equivalence ratio
of 0.5 and 1 only. The present study (see Tabis therefore an extension of the data set availfainle
this compound. They, of toluene in shock tube was the subject of nuneestudies, covering a wide
range of conditions [10-13]. The present study demgnts this large database by slightly extending
the range of toluene concentration and pressuesiigated. Concerning the benzene, the only study
of tign in shock tube available in the literature is thedg of Burcat et al. [10]. The present work
proposes new data at lower benzene concentratobatdmgher pressure. To our knowledge, there are
no shock tube ignition delay measurements for tyrese available into literature.

2 Experimental Setup

Two different shock tubes were used during thishsthe first shock tube is composed of a pyrex
low pressure section of 9 m long (50 mm i.d.) vatimetallic high pressure section of 2 m long. The
second shock tube is a stainless steel shock fub&®m. The high pressure section (114 mm igl.) i
2 m long while the low pressure section is 5.15angl (52.5 mm i.d.). The pyrex tube and the
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stainless steel tube were used for the low pressodehigh pressure studies, respectively. The last
section of each tube is equipped with 4 pressamstiucers (equally spaced by 150 mm) mounted
flush with the inner surface of the tube, the s being 15 mm before the shock tube end wall. At
the same plane as the last pressure transduaesed $ilica window (9 mm optical diameter and 6 mm
thickness) is mounted across a UV-sensitive pholtgofiar equipped with a narrow-band filter
centered on 306 nm which is characteristic of OHksion. The shock wave velocity is deduced from
the pressure jump monitored by the pressure traesdu Temperature and pressure behind the
incident and reflected shock waves are deducedjubm classical procedure [14]. Each shock tube
and associated tubing is connected with 2 primaaguum pumps, which allow for the whole
experimental setups to be vacuumed below 1 Padefaery run. The high pressure gas used is He
(purity > 99.995%) distributed by AIR LIQUIDE. Hydcarbons used were > 99.5% purity except for
ethyl-benzene (> 99%). Pure hydrocarbons are liqtidmbient temperature so that they had to be
vaporized under vacuum conditions. The vapor presstithe liquid hydrocarbons was maintained
below the saturated vapor pressure. The hydrocaflmxygen / argon mixtures were prepared in a
mixing tank using the partial pressure method. #ajence ratio @) of 0.5, 1.0 and 1.5 were
investigated using very diluted mixtures in ordedetermineig, in conditions where the reactivity of
the mixture is not affected by thermal runaway. (ig remains controlled by the kinetics only). The
experimental conditions, obtained behind reflecteack waves, are summarized in table 1.

Table 1: Experimental conditions
Type | [Fuel] (mol.cm®) | [O,] (mol.cm®) | [Ar] (mol.cm®) Ts (K) Ps (MPa)
CeHs | 5x10° - 7x10" | 7x10°-5x10° | 8x10° - 1.4x10° | 1300-2000 0.1-2.1
CHs | 4x10°-8x10° | 7x10%-8x10" | 8x10°- 1.1x1C | 1400-2000| 0.145-0.035
CgHs 4x10° - 10’ 8x10% — 8x10" | 9x10°—1.2x1C° | 1300-2000| 0.1450.045
CsHyo | 3x10°-1.4x1C0° | 8x10% - 10’ 8x10° - 10° 1400-2000| 0.14+0.04

3 Experimental Results

This study focuses on thg, measurements for various aromatic compoundszifhie defined as the
time interval between the moment at which the gedume is heated up to the reflected temperature,
Ts, and the moment corresponding to 50% of the maxinmtensity of the OH emission signal at
306 nm. Auto-ignition delay times vary exponentialith the inverse of the temperature for a given
mixture composition and can be formulated withfgilowing Arrhenius relationship [15]:

t <Al o, darl e £ |
[X]: concentration of the species X in mol.énT: temperature in K; a, b, c: exponents relativéhe
given species; A: the pre-exponential factor andhgaactivation energy in J.
In a relatively narrow domain of pressure and tenajpee, these coefficients are generally constant
and allow to characterize the behaviotigfwhen the composition is varied.

Toluene / Oxygen / Argon Mixtures

The auto ignition delay times of toluene was stddieound the atmospheric pressure for 11 mixtures.
Figure 1 presents the results obtained for 9 cfdhmixtures where toluene (a), oxygen (b) and argon
(c) concentrations were kept constant, respectivlly can be seen on Fig.1(a)y, decreases
noticeably when oxygen is added to the mixture. &tiect of the toluene concentration depends on
the temperature domain (Fig.1(b)). For the lowestgeratures investigated, the increase in toluene
concentration does not affegj, while toluene inhibits its own oxidation on thiglhtemperature side.
Fig.1(c) shows that the activation energy is chamgionsiderably ad =1 compared to the other
condition investigated (Ea = 269, 236 and 281.&tkDl = 0.5, 1 and 1.5, respectively). The following
expression fotiy, was derived from these results using the classicdtiple regression method:
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The coefficient over the argon was set to O sihespressure was not varied sufficiently during our
experiments. The coefficient over the toluene cardithat an increase in the toluene concentration
induces an increase of, while the negative coefficient over the oxygenwsithe opposite.
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Figure 1: Evolution of the auto-ignition delay tisneersus 1/9 for toluene (GHg) at® = 0.5, 1.0 and 1.5 and at
fixed fuel (a), Q (b) and Ar (c) concentrations.

Ethyl-benzene / Oxygen / Argon Mixtures

The oxidation of ethyl-benzene was studied for lyigliluted mixtures in Ar and results are visibite i
Figure 2. It can be observed from this figure thatr,, decreases noticeably widht at 1650 K iy, =
460, 330 and 15hs for® = 1.5, 1.0 and 0.5, respectively. &t= 1 and above, the activation energy

seems to be constant around 270 kJ (Ea = 273 em#é2@t® = 1 and 1.5, respectively, and Ea =
245 kJ atd = 0.5).
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Figure 2: Evolution of the auto-ignition delay tisnerersus 1/ for ethyl-benzene (i) at different
equivalence ratio and at fixed Ar concentration.

Due to the limited number of experiments perforrimethis study and due to the fact that results from
Shen et al. [9] have been obtained in differentdd@ens (in “air” for Shen et al. [9] and in argdor
this study), it was not possible to derive an eggian for the auto-ignition delay time of ethyl-kene.

Benzene / Oxygen / Argon Mixtures
The auto-ignition delay times of Benzeng/® mixtures were measured behind reflected shaakes

for a wide range of benzene concentrations, termyresand pressures (table 1). Figure 3 preseats th
results that were obtained at the stoichiometryafdixed concentration of benzene behind reflected
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shock waves (1.05+0.2xIfhol.cni®) and between 0.15 + 0.03 MPa and 1.8 + 0.3 MPis. \isible
that the auto-ignition delay time decreases withititcrease in £ This decrease is noticeable between
0.1 and 1 MPa and it seems that a further increapeessure, from 1 to 1.8 MPa in this study, has a
small effect on the variation of.

The effect of the equivalence ratio g is visible in Figure 4, where the concentratioroxygen was
varied around a fixed concentration of fuel. It t@nseen thaty, decreases notably with in this case.
Using results of this study, expressions were @erifor 1y, one for the low pressure domain
(127 experiments) and the second for the high pressne (50 experiments); and 6 different fuel
concentrations were used for each pressure range:

Tign(S) = 1840107[CH | ** O, ] EXF{@SJ when P = 0.14 0.4 MPa
Tin(s) = 12200 [CH,]*" o, ] ™ @xr{%m) when 0.4 P(MPa)< 2.07

These expressions show that the reactivity of theéune is increasedr, decreases) as,@ added to

the mixture. The effect of oxygen is similar foettwo pressure ranges investigated since the erpone
factor on Q is similar for the low and high pressure domaifise benzene is exhibiting an opposite
trend as a decrease of the mixture reactivity iseiwed when benzene concentration was increased.
This decrease of the reactivity is however moreartgnt as the pressure rises (the exponent factor
varies from 0.33 at low pressure to 0.73 at hig¢spure). It was also possible to derive an exmnessi
for 14, that considers all the conditions investigated aldhe mixture components. In such case,
however, the pressure dependence on the effelaedfenzene concentration is not visible:

)= 148007 o B0 = B ] - 2149

Note that the exponent factor on Ar is probably sa@mnificant as the variation in the diluent
concentration was not important in this study (fré2n8 to 99% mole).
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Figure 3: Evolution ofg, versus 1/% for the benzene Figure 4:Evolution of the auto-ignition delay times
at different pressures behind the reflected shamkes. versus 1/T for benzene at different equivalence ratio
Benzene concentration fixed at 1.05+0.2%10l.cni®.  and at fixed benzene concentration.

Styrene / Oxygen / Argon Mixtures

Auto-ignition delay times behind reflected shockves for styrene were measured for 9 different
mixtures. Figure 5 presents the results obtaineith wiese 9 mixtures and sorts the results by
comparingrig, at® = 0.5, 1.0 and 1.5 for fixedsHg (a), Ar (b) and @(c) concentrations, respectively.
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As reported for the other compounds investigatetthis study iy, decreases witth. The importance
of this decrease is however less important wherstyrene concentration is varied around a fixgd O
concentration (Fig. 5 (c)). The following corretatiwas established for styrene during this study:

T (8) = 427007[C,H,]* fo,| ™ E@xp(—23f4oj

Note that the coefficient over the Ar was set tsilce experiments were performed around the
atmospheric pressure only. Coefficients over tlyeese and the oxygen concentrations confirm the
observations made with benzene, toluene and etmgdne: the reactivity increases as oxygen is
added whereas an increase in the fuel concentriaiiiices a decrease of the reactivity.
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Figure 5: Evolution of the auto-ignition delay tismeersus 1/ for styrene (gHg) at® = 0.5, 1.0 and 1.5 and at
fixed fuel (a), Q (b) and Ar (c) concentrations.
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Comparison of the results for the different aromatcs investigated

Auto-ignition delay times of benzene, toluene, ety and ethyl-benzene a 2 141+38 kPa for
mixtures diluted in 99% Ar are compared in Figurat® =0.5 (a), 1.0 (b) and 1.5 (c). As can be seen
in Fig.6, the effect of oxygen is different fromeonompound to the other (reductiontgf more or
less important, different variation in Ea with teguivalence ratio). As a result, it is difficult tank
these aromatics between them. One can howeverenibtit the activation energy of the benzene is
consistently lower than for the other fuels. Excafpb =1.0, 1, for toluene are longer than for ethyl-
benzene but seem to converge towards a similae\albigh temperature.
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Figure 6: Evolution of the auto-ignition delay timmeersus 1/ for benzene, toluene, styrene and ethyl-benzene,
Ps = 141438 kPa, ab = 0.5 (a), 1.0 (b) and 1.5 (c) in 99% Ar mixtures.
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4 Conclusion

The study of the auto ignition delay time of aroimabmpounds of interest for gasoline fuels, namely
benzene, toluene, styrene and ethyl-benzene, hes gmrformed in shock tubes to help validating
detailed kinetic models. Most of the experimentsemearried out around the atmospheric pressure
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although experiments above 1 MPa were performethdozene. Arrhenius relationships betwegn
and the temperature and the mixture componentsotration were derived from experimental results
in most of the cases. For each fuel and condiitowas found that the reactivity of the mixture is
increased 1y, decreases) as the oxygen is added to the mixtirereas an increase of the
hydrocarbon concentration induces an increase tofignition delay time. Auto-ignition delay times
are relatively close between each hydrocarbons rugileen conditions. The amplitude in the
variations oftig, and in the activation energy can however be diffefrom one fuel to the other. As a
result, it is difficult to rank between them thedhgcarbons studied in the conditions investigated.
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