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Abstract—The PREMIX code in conjunction with Chemkin II and models resulting from the merging of
validated kinetic schemes describing the oxidation of the components of the n-butanol—benzene mixtures
were used to investigate the effect of n-butanol addition on the formation—depletion of cyclopehtadienyl rad-
ical (CsHjs), a soot precursor in the flames of mixtures of n-butanol—benzene formed under fuel-rich condi-
tions. The first part of this study deals with the validation of the proposed combined model on benzene and
n-butanol flames. The second part describes the dependence of the amount of cyclopentadienyl radical on
the percentage of benzene replacement by oxygenate additive. The third part deals with the causes of the vari-
ation of mole fractions of this species with n-butanol. The principal objective of this work was to obtain fun-
damental understanding of the mechanisms through which an oxygenate affects amounts of CsHs. It was
found that the cyclopentadienyl radical concentration was lower in the flame of the n-butanol—benzene fuel

mixture than in the pure benzene flame.
DOI: 10.1134/S0023158415010048

In response to the depletion of fossil fuels and to
the global environmental concerns, researchers
focused their interest on the development of cleaner
and sustainable energy sources [1—6]. It was found
that renewable biofuels, such as bioalcohols, are
promising candidates for use as transportation fuels
[7—13]. Ethanol is a first generation biofuel that is
used as a pure fuel or as a fuel blend for transport vehi-
cles, today, it accounts for over 90% of the total biofuel
production worldwide [14, 15]. Ethanol as a biofuel
has many advantages. Ethanol fuelled vehicles reduce
dependence on fossil fuels and produce lower levels of
exhaust emissions such as nitrogen oxides (NO,),
unburned hydrocarbons, soot and carbon monoxide
[16—19]. Nevertheless, using ethanol as a fuel suffers
from a number of drawbacks, including low energy
density, low viscosity, low lubricity, high vapour pres-
sure and high solubility in water which negatively
impact vehicle fuel economy and prevent ethanol trans-
portation via pipelines like pure gasoline [20—22]. For
these reasons, recent research focus was shifted to
higher alcohols [23—26].

Compared to ethanol, n-butanol is a new promis-
ing bio-fuel with higher energy content, higher viscos-
ity, higher flash point, lower vapor pressure and lower
solubility in water, making it preferable to ethanol for
blending with fossil fuels. In addition, n-butanol can
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be produced by advanced fermentation techniques
using various feed stocks [27]. For these reasons
n-butanol received an increased attention in the recent
combustion research. In terms of fundamental com-
bustion, neat butyl alcohols have been studied in
flames [28—37], jet stirred reactors [35, 38—42], flow
reactors [43—45] and shock-tubes [46—53]. The
results of these studies led to the development of com-
prehensive kinetic butanol combustion models [30,
31, 35,41, 44, 48, 49, 53—56]. On the other hand, sev-
eral recent investigations into the use of neat biobu-
tanol and biobutanol blended with classic fuels in
spark ignition engines [57—61], direct injection and
HCCI engines [62—69] showed that the C, alcohols
are very challenging alcohols competitor for the use as
a fuel in these engines [23].

Although the decomposition pathways of butanol
and its isomers were widely studied, insufficient atten-
tion was paid to the process of formation of soot pre-
cursors and polycyclic aromatic hydrocarbons (PAHS)
[70]. To the best of our knowledge, there was no study
on the effect of butyl alcohols on the formation of
cyclopentadienyl radical, which is considered as one
of the main soot precursors [71—73].

The aim of this paper is to present potential benefits
of using renewable fuel blends, in this case n-butanol,
in terms of cyclopentadienyl radical reduction. This
investigation is mainly focused on the modeling rela-
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tion between the CsHs amounts and fuel composition
as well as on the formation-consumption pathways of
this species. However, the objective of this modeling
study was the analysis of the reaction pathways
involved in the formation—depletion of cyclopentadi-
enyl radical rather than a theoretical reproduction of
the experimental data.

SELECTED COMPOUNDS

The reduction of the polycyclic aromatic hydrocar-
bons (PAHSs) and soot formation in flames is a primary
focus of current combustion researches because of the
potency of some of the PAH isomers in inducing
mutations and cancer [71, 74—76]. These heavy and
stable compounds, particularly benzo[a]pyrene, are
metabolized by human body to high electrophilic
chemical species (epoxies), which tend to disturb cel-
lular division through their addition on proteins and
DNA [77, 78].

PAH growth models generally agree that the for-
mation of PAHs starts from an aromatic species, a
benzene molecule or a phenyl radical [79]. It is gener-
ally believed that, under fuel-rich conditions, the
PAHs are formed by sequential activation of neighbor-
ing aromatic sites by hydrogen atom abstraction, fol-
lowed by multiple additions of the aryl radical to acet-
ylene molecules, and cyclization to the next higher
order ring (HACA mechanism) [80, 81]. However, this
model falls short in predicting many of the experimen-
tal observations [82] and it appeared that new reaction
mechanisms for PAH formation must be invoked.
Melius et al. proposed that in aliphatic hydrocarbon
flames, the larger aromatics originate from resonance-
stabilized cyclopentadienyl radicals (CsHs) and postu-
lated a radical-radical mechanism that describes the
naphthalene formation from two CsH; radicals [71].
Mullholland et al. studied the PAH formation and
growth and confirmed that higher aromatic com-
pounds could be formed via a radical-molecule mech-
anism in which cyclopentadienyl radical plays a cru-
cial role [83]. The importance of this latter pathway
and the cyclopentadienyl moities in the growth of the
PAH compounds was also reported by Violi et al. [84,
85]. All the proposed mechanisms assume that the for-
mation of the first aromatic ring was the rate-limiting
step in the formation of polyaromatic hydrocarbons
and soot. Accordingly, much attention was given to
this process [86, 87].

Due to the pertinent role of C(Hg and CsHjs in
forming aromatics and PAHSs, these species were
selected in the present work.

Finally, Detilleux and Vandooren suggested the
analysis of one-dimensional laminar premixed low-
pressure benzene flame structures as an attractive way
to investigate PAH formation pathways, in which the
first aromatic ring does not need to be formed. Thus,
avoiding the uncertainties associated with the forma-

tion of the first ring [ 77] and taking this suggestion into
account, the CcHg was chosen as a reactant model.

MODELING APPROACH

All the simulations have been performed using the
PREMIX code for modeling premixed laminar stabi-
lized flames [88]. The program input includes forward
reaction rates and thermodynamic polynomials for all
of the participating species in addition to temperature
profile, pressure, mass flow rate through the burner
and concentrations of the reactants.

The global gas phase chemical kinetic mechanism,
used to describe pyrolysis and oxidation of the ben-
zene-butanol mixtures, was built up based on the
recent kinetics literature for benzene, butanol, and a
baseline of small hydrocarbon species. The mecha-
nism of Richter and Howard (Rich), elaborated espe-
cially for the description of the benzene combustion
and oxidation [89], was taken as the base mechanism.
To model the n-butanol combustion, additional reac-
tions were added to the core mechanism from the
model of Sarathy et al. (Sar), proposed especially for
the description of the butyl alcohols combustion and
oxidation [56]. Hydrogen abstraction and monomo-
lecular decomposition, as well as reactions of the
resulting products that eventually produced species
present in the benzene mechanism were the selected
reactions from the alcohol kinetic scheme.

The model of Richter and Howard was assessed
against experimental data issued from studies con-
ducted in four one-dimensional laminar premixed
low-pressure ethylene, acetylene, and benzene flames
at equivalence ratios (®) of 0.75 and 1.9 (C,H,) [90,
91], 2.4 (C,H,) [92], and 1.8 (C¢Hg) [93, 94]. As indi-
cated by the authors, the mechanism successfully
reproduces the formation of the main combustion
products, and the formation and depletion of major
intermediates including radicals. Richter’s model
includes reactions subsets of species up to C,4H,, and
consists of 157 chemical species and 872 reactions.
This reaction mechanism is provided for low-pressure
and atmospheric pressure conditions and takes into
account the pressure dependence of chemically acti-
vated reactions.

The model of Sarathy et al., developed for the com-
bustion and oxidation of the four butanol isomers,
included comprehensive low and high temperature
pathways with reaction rate constants derived using
rate rules. The experimental validation targets for this
model included low pressure premixed flat flames [32,
34], atmospheric pressure premixed laminar flame
velocities [36, 50], elevated pressure rapid compres-
sion machine [95] and shock tube ignition delay [49,
53], as well as jet-stirred reactor species profiles [41,
42]. As indicated by the authors, the agreement with
these various data sets, spanning a wide range of tem-
peratures and pressures, was reasonably good. This
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mechanism was composed of 418 species evolved in
2336 reactions.

The thermochemical dataset and the transport
dataset used for modeling the global mechanism were
originally taken from the base chemical kinetic models
and that within the combined mechanism, all reac-
tions and values of the rate coefficients were kept
unchanged as compared to those in the base mecha-
nisms. The combined mechanism is composed of 521
species evolved in 3020 reactions.

To explore the fundamental kinetic causes for the
fuel composition effects, a systematic approach was
taken such that the effect of temperature is isolated
from the fuel composition effect. The temperature
profiles of all of the flames were kept nearly constant
by adjusting the total cold gas velocity. This task was
accomplished by means of the PREMIX code with
solving the energy equation.

Vandooren et al. reported the experimental study of
the behavior of the neat benzene flame (Table) [96,
97]. The blended fuels were formed by incrementally
adding 4 wt % of n-butanol to the neat benzene flame
and by keeping the inert mole fraction (argon) and the
equivalence ratio constants.

RESULTS AND DISCUSSION
Model Validation

To verify that the added reactions, in the combined
model, did not change in any substantial way the base
mechanisms, the results of benzene and n-butanol
combustion were compared with data evolved from the
augmented and the base mechanisms.

Benzene combustion. In order to assess the predic-
tion power of the global mechanism elaborated for
(100% benzene + 0% n-butanol) flame conditions,
experimental data from Vandooren et al. [96, 97] and
from Bittner and Howard [94] were compared with
corresponding model predictions. In the first case [96,

Parameters of n-butanol-benzene flames

971, the flame structure of a sooting one-dimensional
premixed benzene—oxygen—argon flame burning at
45 mbar with a fuel equivalence ratio (@) of 2.0 was
measured using gas chromatography. Fifteen chemi-
cal species were detected, including permanent gases
of combustion (O,, CO,, H,0, CO, and H,) and ten
hydrocarbons (from C, to Cy). Errors on experimental
profiles of 10 and 20% should be considered for chem-
ical species that are directly calibrated and for unstable
compounds, respectively. The temperature profile was
measured by using Pt/Pt—10% Rh thermocouple,
0.1 mm in diameter, coated with a thin layer of Y,0;—
BeO ceramics. Radiation losses were corrected by
electrical compensation. In the second case [94], the
structure of a near-sooting flat low-pressure laminar
benzene-oxygen-argon flame was studied using a
molecular beam mass spectrometer system. The flame
was investigated at a pressure of 2.67 kPa, a cold gas
velocity of 0.5 m/s and a temperature of 298 K. The
weight percentages of reactants were 13.5 (CgHy),
56.5 (0,) and 30.0 (Ar) and the fuel equivalence ratio
was 1.8. Temperatures were measured using butt-
welded thermocouples made from 0.076 mm diameter
Pt/Pt—13% Rh wires. A BeO—Y,0; coating was used
to minimize catalytic effects and an electrical heating
technique was used to compensate for radiation losses.
Measurement uncertainty in the flame unperturbed by
probe effects is estimated to be +50 K.

Models predictions (combined and Richter model)
and experimental data for benzene, oxygen, acetylene,
and cyclopentadiene in the benzene flame investigated
by Vandooren et al. [97] are compared in Fig. 1a. It can
be seen that both combined and Richter model overes-
timate benzene mole fraction, whereas predictions of
oxygen concentrations agree well with the experimen-
tal points up to a distance of about 0.6 cm from the
burner surface. At the same time, the predicted oxygen
consumption for the points lying farther from the
burner is slightly slower than for those in the experi-

Composition, mole fractions
Equivalence G, 1073
Flame . o 1
ratio (®) gcm s
C¢Hg NC,H,OH 0, Ar

Neat flame [97] 2 3.102 0.1200 0 0.44 0.44
Flame with 4% n-butanol 2 3.192 0.0981 0.0234 0.4384 0.44
Flame with 8% n-butanol 2 3.435 0.0775 0.0480 0.4345 0.44
Flame with 12% n-butanol 2 3.526 0.0560 0.0736 0.4305 0.44
Flame with 16% n-butanol 2 3.638 0.0334 0.1003 0.4263 0.44
Flame with 20% n-butanol 2 3.961 0.0099 0.1283 0.4218 0.44

KINETICS AND CATALYSIS Ml. 56 No. 1 2015



34 BOUSSID, REZGUI

mental profiles. On the other hand, the two considered
models underestimate acetylene mole fractions,
whereas the cyclopentadiene concentrations are well
predicted.

In the case of the nearly sooting benzene flame [94]
(Fig. 1b), the computed benzene, acetylene, propargyl
and cyclopentadienyl radicals mole fractions agree
well with the experimental values, whereas concentra-
tions of oxygen are overestimated especially those
positioned on the distance above 0.9 cm from the sur-
face burner.

In the two studied cases, both models (the com-
bined and Richter) behave similarly, thus, it could be
concluded that only minor differences were observed
between the combined model and the model of Richter.

n-Butanol combustion. In order to verify that the
added reactions, in the combined model, did not
change in any substantial way the base mechanism
(mechanism of Sarathy), results of n-butanol combus-
tion were compared with the data consistent with the
augmented mechanism and the mechanism of Sar-
athy. The used experimental sets were those of Oss-
wald et al. [32] and Hansen et al. [34]. In the first case
[32], the flame structure of a one-dimensional pre-
mixed n-butanol—oxygen—argon flame burning at
40 mbar with a fuel equivalence ratio (®) of 1.7 was
measured by two different molecular beam mass spec-
trometers, using the combined capabilities of a high
energy-resolution photoionization (PI) system
located at the National Synchrotron Radiation Labo-
ratory (NSRL) in Hefei (China) together with a high
mass-resolution electron ionization (EI) instrument
located in Bielefeld (Germany). As indicated by Sar-
athy et al. [56], this powerful combination of molecu-
lar beam sampling techniques allows to conduct the
identification and quantification of stable and radical
species based on either their elemental composition
(EI) or their ionization threshold (PI). The latter
approach serves to determine the respective isomeric
composition in many cases. In total, 57 chemical
compounds, including radical and isomeric species,
were unambiguously assigned and detected quantita-
tively in the #-butanol flame.

In the second case [34], the combustion chemistry
of n-butanol was studied in flat, premixed, laminar
low-pressure flame (42.8% O,, 50.0% Ar, ®=1.0, P=
15 Torr and v = 96.1 cm/s). The flame was stabilized
at a low pressure on a water-cooled 6 cm diameter
stainless steel McKenna burner and the temperature
profile was measured with laser-induced fluorescence
(LIF). The accuracy of the temperature measure-
ments was estimated to be £150 K in the postflame and
reaction zones and is somewhat larger in the preheat
zone, where the OH concentration is much smaller
and its concentration gradient is much sharper.

Predicted and experimental data are compared in
Figs. 2a and 2b. Results for the fuel rich conditions
(Osswald flame: Fig. 2a) indicate that predicted acet-
ylene mole fractions (C,H,) are half of experimental

values. However due to the experimental uncertain-
ties, predictions within a factor of 2—3 of the experi-
mental data are considered good [56]. Besides, the
obtained results indicate that both models predict that
ethenol is formed in higher yields than acetaldehyde,
while the experimental data show the reverse trend. As
reported by Sarathy et al. [56], the predicted ethenol
formation occurred through H-atom abstraction from
the alpha-carbon followed by beta-scission to form
C,H; and ethenol, whereas the main acetaldehyde
(Acetal) formation is the ethenol H catalysed enol-
keto isomerization reaction. Thus, a rise in the rate of
these reactions would improve the models predictions
of acetaldehyde. In addition, the two models accu-
rately predict the mole fraction of formaldehyde and
ketene (Form). This perfect matching can be ascribed
to the fact that formaldehyde can be formed directly
from #n-butanol following abstraction from the
hydroxyl moiety and subsequent beta-scission of the
C,H,O radical. This fuel-direct pathway rationalizes
the higher predicted and measured concentrations
[56].

Results for the stoichiometric conditions (Hansen
flame: Fig. 2b) indicate that the reactivity of
n-C,HyOH and O, are well predicted by the two models,
whereas the predicted reactivities of C,H, and CH,O are
higher than the measured values. On the other hand, a
good agreement is found between calculations and
measurements in the case of C;H;, whereas a fair dis-
agreement is found between the values suggested by
the models and the measured values for CH;0.

The calculations show that the two studied models
(the combined one and the one of Sarathy) behave
similarly in all conditions and that only minor differ-
ences are observed between the combined model and
the model of Sarathy. Thus, it can be stated that the
added reactions, in the combined model, introduce no
appreciable change the base mechanism (mechanism
of Sarathy).

CsHs Mole Fractions

This section describes the yield behavior of cyclo-
pentadienyl radical as a function of the fraction of
n-butanol in the fuel mixture.

The dependence of cyclopentadienyl radical mole
fractions (CsHs) on the fraction of n-butanol in the
mixture fuel is depicted in Fig. 3a. It can be seen that
the same trends were observed for any level of the ben-
zene replacement by oxygenate additive. In all cases,
the CsH; concentration increases with distance above
the burner, reaches a maximum at about 0.9 cm from
the burner surface, and decreases thereafter. Besides,
C;sH; levels showed a dramatic change in peak height
with doping, they decreased monotonically and lin-
early with increasing the percentage of the n-butanol
in the mixture. Cyclopentadienyl radical amounts
were the highest in the 0% n-butanol flame (3.62 x
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Fig. 1. Experimental (symbols) and modelled (symbols + lines) mole fraction profiles for the major species in benzene flames
(Vandooren flame) (a) and (Bittner and Howard flame) (b) as a function of distance from the burner.

10-3moles) and the lowest in the 20% n-butanol flame
(2.18 x 10~*moles), which means a 93% decrease.

These findings might lead to wrong conclusions on
the real efficiency of n-butanol in decreasing CsHj
amounts, because we cannot assess this effect except
when eliminating the effect of the benzene reduction
induced by the n-butanol replacement. The data
depicted in Fig. 3b show clearly that, whatever the
n-butanol amount in the fuel mixture, a decrease in

KINETICS AND CATALYSIS Vol. 56

No. 1 2015

CsH; was higher than that observed for C4Hg. Besides,
the slope of the difference (CsHs—Cg4Hg) was not con-
stant and displayed an increasing trend until the yield
of n-butanol reaches a 16% level. These observations
rule out the theory that a decrease in CsHs was due to
the combination of the beneficial effect of decreas-
ing yields of n-butanol and C4H¢ and that 16%
n-butanol exhibited the most noticeable effect on
the loss of CsHs.
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Fig. 2. Experimental (symbols) and modelled (symbols + lines) mole fraction profiles for the major species in n-butanol flames
(Osswald flame) (a) and (Hansen flame) (b) as a function of distance from the burner.

Noteworthy, that, whatever the alcohol content
(%) in the fuel mixture, the effectiveness of #-butanol
in reducing CsHs amounts is high compared to that of
ethanol at the same concentration level (see Fig. 4).
The difference in effectiveness increases linearly with
increasing the alcohol percentage in the fuel mixture
implying that n-butanol was more efficient in reducing
CsHj; at high loadings.

Pathway Analysis

In this section, the main reaction pathways of the
neat benzene fuel as well as of the flame doped with
20% n-butanol was tracked by performing a reaction
flux analysis. In this respect, rates of consumption and
production were computed for the selected species
(CsHj;) that is suspected as a soot precursor. In addi-
tion, an analysis was conducted to identify any differ-
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Fig. 3. Effect of n-butanol on the mole fraction of cyclopentadienyl radical (a) and on the decreasing amounts of CgHg and CsHj (b).

ences observed between the blended fuels and the neat
benzene flame. This analysis was performed using the
appropriate subroutines in the Chemkin package
(CKQYP, CKCONT) that systematically computes
the rate of production—consumption of each spe-
cies [88].

In this section, only the main reactions, which have
an important role in chemicals belonging to the stud-
ied system, will be taken into account. The numbers in
parentheses correspond to the numbers of reaction in
the combined n-butanol-benzene mechanism.

C;H; formation-depletion routes. Flux analysis
showed that, regardless of the benzene replacement
percentage by oxygenate additive, the monomolecular
decomposition of the phenoxy radical (670) as well as
hydrogen abstraction from the cyclopentadiene
(CsHyg), with H and CH; (reactions 592 and 601,
respectively) were the most important routes in the
formation of the cyclopentadienyl radical (CsHj):

CsH, + H = CH; + H,, (592)
C5H6 + CH3 = C5H5 + CH4, (601)
C,H.0 = C,H; + CO. (670)

The monomolecular decomposition was the pre-
dominant channel with a 80.9% contribution in the
case of the neat benzene flame and with a 63.9% con-
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tribution in the case of the flame doped with 20% of
n-butanol. Whereas the hydrogen abstraction with
CH; was the minor channel contributing with 0.9 and
8.3% in the case of the flames containing 0 and 20%
n-butanol, respectively. Besides, it was found that

CsHj; reduction, %
100
90 [
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60
50 -
40
30
20

10
Nz

Ethanol
=3 n-Butanol
g Difference

Imm

|

8 12 16 20
Alcohol amount, %

- M

Fig. 4. Comparison between the ability of the two alcohols,
ethanol and n-butanol, in reducing CsHs amounts.
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reaction rates 670 and 592 decreased continuously
with a rise in the #-butanol amount, whereas the rate
of the reaction 601 increased to reach a maximum at
8% yield of butanol and then decreased (Fig. 5).

On the other hand, the cyclopentadienyl radical
depletion analysis demonstrated that reactions of
CsH; with H, O, OH and C;H, (reactions 575, 564,
583, 580, 565 and Rev 609, respectively), as well as the
C;H; decomposition leading to C;H; and C,H, (reac-
tion 576) and the Cs;H; bimolecular combination
leading to C,yHg (reaction 773) were the most
important:

CsHs;+ H=CsH,+ H,, (564)
CsHs + OH = C;H, + H,0, (565)
CsH; + H = C;Hq, (575)

CsH; = C;H; + C,H,, (576)

CsH; + O = CH,CHCHCH + CO, (580)

C5H5 + O = C5H4O + H, (583)
C.H, + CyH; = C{H, + C,H,, (Rev 609)
2 C,H, = C,H + 2 H. (773)

The modeling results revealed that, whatever the
n-butanol percentage in the fuel mixture, the reaction
575 was the major route, contributing with 36.1 and
43.2%, and the reaction 609 was a minor route with a
contribution of 0.9 and 9.9% in the case of flames with
0 and 20% n-butanol, respectively. Besides, all the
rates of the CsHs consumption reaction exhibited a
decreasing trend with a rise in the n-butanol percent-
age in the fuel (Fig. 5). These results led to the conclu-
sion that n-butanol addition induced a decrease in the
rates of the reactions of cyclopentadienyl radical for-
mation as well as in the rates of its consumption.

A detailed inspection of the pathway analysis
showed that the cyclopentadienyl radical formation
followed the sequence depicted in Scheme.

Main routes in the transformation of benzene to cyclopentadienyl radical mixture

CeHe

CeHs

=

y
SRS Feny
CsHg

.= A
Y

CsHs

Sheme.

The Scheme implies that regardless of the Accordingly, the yield of C;H; can be related to

n-butanol amount, C4Hg and CcH; were the principal
source of the cyclopentadienyl radical. It is obvious
that amounts of benzene formed were automatically
reduced on adding n-butanol. It can be thus inferred
that yields of CsH; were related to the concentrations
of the phenyl radical in the mixture. On the other
hand, analysis of the phenyl radical formation flux
showed that hydrogen abstraction from benzene was
the dominant pathway:
C6H6 + H = C6H5 + H2,
C6H6 + OH = C()HS + H20

(646)
(649)

[CeHgl - {(IOH]/[H,0]) + ([H]/[H,])}, noted as R1.
Figure 5 portrays the variation of this ratio with
n-butanol content. It can be seen that the ratio
decreases with increasing amounts of n-C,HyOH in
the fuel mixture. It decreases from 9.3 x 10~* in the
case of the neat benzene flame to 5.2 x 1072, in the case
of the flame with 20% n-butanol, indicating a 17.8 fold
reduction. This decrease led to a decrease in the CcHs
mole fraction and consequently to a lowering in the CsHj
concentration.
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Fig. 5. Effect of n-butanol on cyclopentadienyl radical formation (a) and consumption reactions (b)—(d).

Figure 6 compares the cyclopentadienyl radical
amounts observed for ethanol-benzene and
n-butanol—benzene flames. It can be seen that what-
ever the benzene replacement percentage by the oxy-
genate additive, the CsHs mole fraction in the case of
n-butanol was lower than in the case of ethanol. The
difference was more pronounced at higher alcohol lev-
els. Besides, the pathway analysis results revealed that,
in the two cases (ethanol and n-butanol), the same
reactions were evolved in the cyclopentadienyl radical
formation-depletion routes implying that the phenyl
radical amounts governed the CsH; concentrations in
both cases. However, as indicated above, the C¢Hj;
amount was directly related to the value of [C¢H] -
{(IOH]/[H,0]) + ([H]/[H,])}. From the results of

KINETICS AND CATALYSIS Ml. 56 No. 1 2015

Fig. 6, it is obvious that the higher is the alcohol con-
centration in the fuel mixture, the lower is the value of
R1 and the lower is the CsH; mole fraction. A decrease
in R1 induced by the alcohol doping was more pro-
nounced in the case of n-butanol as compared to eth-
anol implying that the butyl alcohol was more efficient
than ethanol in reducing CsH5 amounts especially at
higher concentrations.

Thus, this modeling study gives evidence that:

1—mole fraction of the studied soot precursor
(CsH;) showed a dramatic change in peak height with
doping. It decreased monotonically and linearly with
increasing percentage of the #n-butanol in the mixture.
This decrease was the highest for the 20% n-butanol
flame;
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Fig. 6. Effect of the alcohol amount (ethanol and
n-butanol) on maximum content CsH; (max CsHs) and R1.

2—the decrease in the concentration of cyclopen-
tadienyl radical was due to the combined effect of
n-butanol addition and benzene replacement by the
oxygenated additive;

3—regardless the n-butanol amount in the fuel
mixture, the cyclopentadienyl radical (CsHs) forma-
tion was governed by the monomolecular decomposi-
tion of the phenoxy radical as well as the hydrogen
abstraction from the cyclopentadiene (CsHg), with H
and CHj;, whereas reactions of CsHs with H, O, OH
and C;H¢ as well as the CsH decomposition leading to
C;H; and C,H, and the CsH5 bimolecular combina-
tion leading to C,,Hg were the most important reac-
tions in the cyclopentadienyl radical depletion.
Besides, both formation and consumption rates of the
cyclopentadienyl radical exhibited a decreasing trend
with increasing concentration of #n-butanol.
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