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ABSTRACT: Since n-hexadecane or cetane is a reference fuel for the estimation of cetane num-
bers in diesel engines, a detailed chemical model of its gas-phase oxidation and combustion
will help to enhance diesel performance and reduce the emission of pollutants at their outlet.
However, until recently the gas-phase reactions of n-hexadecane had not been experimentally
studied, prohibiting a validation of oxidation models which could be written.

This paper presents a modeling study of the oxidation of n-hexadecane based on ex-
periments performed in a jet-stirred reactor, at temperatures ranging from 1000 to 1250 K,
1-atm pressure, a constant mean residence time of 0.07 s, and high degree of nitrogen dilution
(0.03 mol% of fuel) for equivalence ratios equal to 0.5, 1, and 1.5. A detailed kinetic mechanism
was automatically generated by using the computer package (EXGAS) developed in Nancy. The
long linear chain of this alkane necessitates the use of a detailed secondary mechanism for
the consumption of the alkenes formed as a result of primary parent fuel decomposition. This
high-temperature mechanism includes 1787 reactions and 265 species, featuring satisfactory
agreement for both the consumption of reactants and the formation of products. © 2001 John
Wiley & Sons, Inc. Int ] Chem Kinet 33: 574-586, 2001

INTRODUCTION a stoichiometric cetane—air mixture at 13.6 bar. How-
ever, because of the lack of experimental data for
Cetane on-hexadecane is a reference fuel for the esti- n-hexadecane oxidation, they compared their simula-
mation of cetane numbers,which characterize the abil- tions with experimental results obtained feheptane.
ity of Diesel fuels to auto-ignite. The cetane number More generally there are very few studies of the com-
of n-hexadecane is equal, by definition, to 100. De- bustion or the oxidation of actual components of Diesel
spite the importance of this compound for diesel en- fuel heavier tham-decane [5].
gines, its gas-phase combustion and oxidation had not ~ The manual generation of detailed mechanisms for
been experimentally studied until recently [1]. How- compounds as heavy ashexadecane becomes diffi-
ever, the pyrolysis ofh-hexadecane and its steam- cult, whereas an automatic procedure is a convenient
cracking have been investigated [2,3]. Chevalier et al. and rigorous way to write such large mechanisms.
[4] proposed a mechanism to model the autoignition of It is worth noting that the mechanism proposed by
Chevalier et al. [4] was also developed by a compu-
_ — tational technique based on generic rules of oxidation
Correspondence toR. Fournet; e-mail: fournet@ensic.inpl- . .
nancy. . reactions. However, the mechanism represents only
© 2001 John Wiley & Sons, Inc. the formation of primary products in low temperature




conditions and it is just able to predict ignition delays
but no product profiles. In this work, we used the com-
puter package (EXGAS) to perform the automatic gen-
eration of a detailed kinetic model to reproduce experi-
mental results obtained in a jet-stirred reactor (JSR) [1].
This package and its application to model the oxidation
of several alkanes (e.gn;butane [6],n-heptane and
iso-octane [7]n-octane [8], andh-decane [8,9]) have
been described previously [10]. Because of the long
linear chain ofn-hexadecane, it was necessary to up-
date EXGAS in order to improve the secondary mech-
anism of alkenes which are primary products formed
in large amounts. Thus, primary alkenes consumption

reactions were detailed and a feedback between pri-
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features of EXGAS is provided for completeness.
Only the part concerning the secondary mechanism of
alkenes, which has been improved during this work,
is more thoroughly described. Examples of mecha-
nisms generated by EXGAS (i.e., for the oxidatiomof
butanen-heptane, iso-octane;octane, and-decane)
can be found on the web site:

http://www.ensic.inpl-nancy.fr/ENSIC/ DCPR
/cinetique/Chimieinfo/TEXTES/software.htm

Construction of the Mechanism

The system of generation (EXGAS) provides reaction

mary and secondary mechanisms was introduced for mechanisms made of three parts:

alkyl free radicals formed during the consumption of

alkenes. Finally, an analysis of the mechanism permit-
ted to point out the relative importance of the various

reaction pathways.

EXPERIMENTAL SETUP

The JSR setup used for studyinghexadecane oxida-
tion is similar to that described earlier [11,12]. The re-
actor consisted of a 40-mm diameter (30.5 sphere
made of fused silica (to prevent wall catalytic reac-
tions), equipped with four nozzles of 1-mm ID for the
admission of the gases, which achieve the stirring. A ni-
trogen flow of 100 I/h was used to dilute the fuel; all the
gases were preheated before injection in order to mini-
mize temperature gradients inside the JSR. High-purity

reactants were used in these experiments: oxygen was

99.995% pure and-hexadecane-99% pure [1]. The
samples (30 Torr, i.e. 4 kPa) were taken at steady

temperature and residence time via some probe sam-

pling. They were analyzed on-line by GC-MS (low-
vapor pressure species) and off-line after collection in
1-1 Pyrex bulbs (high-vapor pressure species and per-

manent gases). These experiments were performed at

steady state, constant mean residence time of 0.07 s
and high degree of dilution (0.03 mol% of fuel). A
carbon balance of5% was obtained in the present
experiments [1]. Inlet concentrations ofidEl34 are

the same for all equivalence ratios ¥310~* in mole
fraction) while the inlet concentrations of molecular
oxygen are equal t0.47 x 1072 at & = 0.5, 7.35 x
10%atd =1and49 x 10 %atd = 1.5.

THE GENERATION OF THE MODEL

The main features of EXGAS has been detailed pre-
viously [6-10]; hence only a summary of the main

« A Cp—GCs reaction base, including all the reac-
tions involving radicals or molecules containing
less than three carbon atomsgo{C, reaction
base [13]) and the reactions of-&C, unsaturated
hydrocarbons [14], such as propyne, allene, or bu-
tadienes, including reactions leading to the forma-
tion of benzene. The kinetic data used in these re-
action bases were taken from the literature. Values
recommended by Baulch et al. [15] and Tsang
et al. [16] are mainly used in the,€C, reaction
base; the pressure-dependent rate constants follow
the formalism proposed by Troe [17].

A comprehensive primary mechanism, where the
only molecular reactants considered are the ini-
tial organic compounds and oxygen. The primary
mechanism includes only elementary steps. The
generation of this mechanism is performed us-
ing an algorithm warranting its comprehensive-
ness [10]. Above 1000 K, primary mechanisms
can be strongly reduced, since the rate of the ad-
ditions of alkyl radicals to an oxygen molecule
becomes negligible compared to that of decompo-
sitions and oxidations [18]. The types of reactions
that are considered are presented in Table I, along

' with the corresponding rate constants used.

A secondary mechanism describes the consump-
tion of the products formed in the primary mecha-
nism that do not reactin the reaction basg{G).

In the case of the long linear molecule of
n-hexadecane, the primary mechanism leads to the for-
mation of 1-alkenes by decomposition of alkyl free
radicals. Even if 1-alkenes are very important prod-
ucts and have to be considered in more details than
in our previous work [6-9], the significant number
of 1-alkenes generated prevents the writing of a sec-
ondary mechanism as comprehensive as the primary
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Table I Quantitative Structure—Reactive Relationships Used for the Estimation of the Rate Constant® Used in the
Primary Mechanism for the Oxidation of n-Hexadecane

Primary H Secondary H
(i.e. R-CHj3) (i.e. RI—CH2—Ry)
Types of H Abstracted
(per H-atom) locA b E log A b E Reference
Initiation with Oy 12.62 0 205 13.00 0 201 [19]
to form alkyl radicals and
-OOH
Oxidation 11.37 0 20.9 11.90 0 20.9 Estimated
i.e. the reaction of alkyl from
radicals with Q to form the [20,21]
conjugated alkene an®OH
H atom abstraction by
-0 13.23 0 32.8 13.11 0 21.7 [19]
-H 6.98 2 32.2 6.65 2 20.9 [19]
-OH 5.95 2 1.88 6.11 2 -3.20 [22]
-CHs3 -1 4 34.3 11.0 0 39.8 [19]
-OOH 11.30 0 711 11.30 0 64.8 [19]
-CHO 4.53 25 77.3 6.73 19 711 [23]
-CH,0OH 1.52 2.95 58.5 1.48 2.95 50.2 [23]
-OCHs 10.73 0 30.5 10.68 0 18.8 [23]
-O0CH; 12.30 0 83.6 12.18 0 73.2 [19]
-CoHs 11.00 0 56.4 11.00 0 46.0 Estimated
-iCzH7 —-2.85 4.2 36.4 —2.85 4.2 334 Estimated
‘Rprimary 11.00 0 56.4 11.00 0 46.8 [24]
-Rsecondary 11.00 0 60.6 11.00 0 51.0 [24]
Other reactions
Beta-scission teCHz+ molecul® 13.30 0 130.0 Estimated
of a free radicals teR + moleculd 13.30 0 120.0 from [19,23,25]
by breaking of a €-C bond
Isomerizations Calculated by using the software [26,27]
involving the internal transfer of KINGAS according to the method
an hydrogen atom proposed by S.W. Benson [26]
Unimolecular initiations Calculated by using the software [26,27]
by breaking of a €-C bond KINGAS using the modifiedm

collision theory

2Rate constants are assumed to follow the modified ArrheniuklawAT® exp(—E/RT), with the units cri, mol, s, kJ.
®Values given for logA, b, andE.

one. Nevertheless, it is necessary to write for the Unimolecular Initiations. Because of their relatively
consumption of 1-alkenes less global reactions than low activation energy (approximately 290 kJ/mol),
those usually written and to create for secondary free only unimolecular initiations leading to the formation
radicals for which that is possible, a feedback with the of allyl radical (C3Hs) have been considered. The ki-
primary mechanism. By this coupling effect between netic parameters used have been estimated using the
the two parts of the mechanism, it is possible to better software KINGAS [26].

describe the combustion of primary 1-alkenes.

The reactions considered in the secondary mecha-Additions. Table Il presents the secondary reactions
nism for alkene consumption are unimolecular initi- proposed for 1-alkenes and the related rate constants
ations, additions to the double bond, H-abstractions, used for additions to the double bond. The addition
retro-ene reactions, and combinations of allylic of -H atom and-CHj; radicals leads to the formation
free radicals. of alkylic radicals which react in the detailed primary
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Table I Secondary Mechanism of Alkenes: Detailed Reaction® and Rate Constants? for the Additions of Radicals to
the Double Bond

Type of Addition logA b E

Addition of an-H atom
(A) ‘H+ CHy=CH—CpH2n+1 <> CH3—CH-—CpHony1 12.86 0 2.6
(B) -H+CHy=CH—CnH2n41 <> CHy—CHy- —CpHant1 12.86 0 5.8
Addition of -CH3
(C) -CH3 +CH;=CH—CH2p+1 < CH3—CHy—CH-—CpHon41 11.0 0 14.7
(D) -CHs +CHy;=CH—CpH2n41 < -CH, —CH(CHz) —ChHon+1 11.0 0 16.0

-CHp — CH(CHg) —CnHont+1 — C3He +-ChHonta 13.3 0 57.4
Addition of-OH
(E) -OH+ CHy=CH—C\H2nt1 <> HCHO + -CHy—CHont1 12.10 0 —21
(F) -OH+ CH,=CH—CpH2n+1 <> ChHont1—CHO+ -CH3 12.10 0 -21
Addition of.-O--atoms
(G) O+ CHp=CH—CpH2pn+1 <> -H + -CH2CO—CpHon 1 7.53 1.83 1.1
-CHCO—CpHant+1 — CH2CO + -ChHony1 13.3 0 57.4
Addition of HG-
(H) HO; -+ CHy=CH—CHzn11 < cyclo(GH30)—ChHont1 + -OH 12.0 0 28.8

aThe reactions of all the free alkyl radicals forme@{H.,.1) are included in the primary detailed mechanism.

bThe rate constants for the additions.bf; -CHs, -O-, and-OH are derived from those proposed by Tsang [28] for propene. In the case
of the addition of H@., the values of Baldwin et al. [29] are used. Rate constants are assumed to follow the modified Arrhenius law,
k = AT exp(~E/RT), with the units cy mol, s, kJ.

mechanism (reactions A—C in Table Il). A particu-

lar point concerns the addition e€Hs leading to a

branched alkyl free radical. As this last radical does not

exist in the primary mechanismfascission is written

in order to give propene and a linear alkyl radical which

reacts in the detailed primary mechanism (reaction D

in Table 11). 3.
The additions ofO- atoms, HQ., and-OH radi-

cals (reactions E-H in Table Il) lead to the formation

of alkyl free radicals which decomposed according to

steps already written in the primary mechanism, or of

stable species (aldehydes and cyclic ethers) which react

in the secondary mechanism according to rules previ-

ously defined [6].

2. The abstraction of avinylic H-atom. This leads to
the formation of acetylene or allene and an alkyl
freeradical (reactions Band Cin Table Ill). These
H-abstractions being more difficult than the pre-
vious ones, only those involvindd, -OH, and
-CHs; free radicals have been taken into account.
The abstraction of an alkylic H-atom. It is worth
noting that these reactions were never taken into
accountin our previous studies because the linear
chain of alkenes formed were sufficiently small,
and so the alkylic H-abstraction were negligible
with respect to the allylic metatheses. In the case
of long linear alkenes, these H-abstractions play
a significant role and explain the formation of
specific products observed experimentally, such
as diolefins (e.g. §Hg). The reactions included
in the kinetic scheme are derived from an analysis
of the detailed reactions of linear 1-alkenes and
are summarized in Table IV.

The abstraction of an alkylic H-atom leads
to an alkenyl radical. In the temperature range

H-Abstractions. Tables Il and IV present the sec-
ondary reactions proposed for 1l-alkenes reactions
and their rate constants for the abstraction of allylic
(Table IlI), vinylic (Table III), and alkylic (Table 1V)
hydrogen atoms.

1. The abstraction of an allylic H-atom. This leads
to the formation of a resonance-stabilized radi-
cal. This radical can react by terminations with
radicals such asH, -CHz, and HQ- or by
B-scissions to give 1,3-butadiene and an alkyl
free radical reacting according to the detailed pri-
mary rules of oxidation (reaction A in Table III).

1000-1200 K, this alkenyl radical reacts accord-
ing to two main pathways: isomerization and
B-scission (Table 1V).

« Alkenyl radical isomerization gives a
resonance-stabilized free radical (allylic
radical). The fastestisomerizations are those
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Table Il Secondary Mechanism of Alkenes: Detailed Reactions® and Rate Constants’ for Abstractions of Allylic and
Vinylic H Atoms

Type of Abstraction ‘R log A b E

Abstraction of an allylic Hatom -H 4.45 25 0.6
-CHs -0.2 3.5 7.1
(A) R+ CH;=CH-CpH2n11 — RH+ C4Hg + -Cn_2Hzn—2)+1 -CoHs —0.15 35 8.7
-OH 6.17 2 3.0
-O- 10.5 0.7 15.3
HO»- 3.5 2.6 27.8

Abstraction of an vinylic Hatom
-H 5.61 25 40.9
(B) R+ CqHzn — RH+aCgHa+-Cin-3)Hz(n-3)+1 -OH 6.04 2 6.1
-CH3 —88x 1073 35 48.9
-H 5.91 2.5 51.3
(C) 'R+ CqaHzn — RH + CoHz + -Cn-2)H2(n-2)+1 -OH 6.34 2 11.6
-CH3 0.13 35 53.9

2The reactions of all the alkyle free radicals forme@,Hz,,1) are included in the primary detailed mechanism.

involving a cyclic transition state containing Table 1V). In the following example, the
five or six atoms. At 1100 K, the isomer- alkenyl free radicalC;H;3 can isomerize
ization of an alkenyl radical to give an al- and gives an allylic radical, which decom-
lylic radical is about 5-10 times faster than poses in 1,3-butadiene anepropyl radical
B-scission. Consequently, if the alkenyl PO
free radical obtained by H-abstraction can )

isomerize via a cyclic transition state con- @
taining five or six atoms, the formation of The reaction written in the secondary mech-
an allylic radical is written. This allylic rad- anism is then

ical is decomposed bg-scission in 1,3-

butadiene and an alkyl radical which reacts C7Hua+ R — RH+1,3-CGHe

in the primary mechanism (reaction A in +n-- C3Hy (2)

Table IV Secondary Mechanism of Alkenes: Detailed Reactions® and Rate Constants? for Abstractions of alkylic
H Atoms

Abstraction of an Alkylic H Atom Examples (&H2o)

(A) R+ ChHzn — RH+ 1,3-C4Hg + -CiHzi 41 ‘R + CioH20— RH + 1,3-GHp + 1--CgH13
(4 secondary H atoms involved)

(D) R+ ChHzn— RH + CpHam+ 1,3-C4He + -CiHai 41 . 4+ C1oH20— RH + C4Hg + 1,3-G4Hg + -CoHs
-+ C1oH20— RH + C3Hg + 1,3-C4Hp + 1--C3H7
-+ CioH20— RH + CoHs + 1,3-G4Hg + 1--C4Hg

(3 primary H atoms involved)

(B) R+ CnHon— RH4 CyHom_2+ -CiHziy1 R- 4+ C1gH20— RH + CsHg + 1--CsH1q
R- + C1oH20— RH + CgH1g + -C4Hg
R + C10H20— RH + CgH16 + -CH3
-CgHs R- + C1oH20— RH + 1-CgHy6 + -CoH3
(€) R+ ChHan — RH + CmHom+ { -C3H2 R- + C10H20— RH + 1-C;H14 + -C3Hs
R
R
R

n > 10
(E) R+ ChHon— RH+ CmHom+ 1,3-GiHs + CoHa + -CiHai+1

a.CiH,; 1 reactsin the primary mechanism; B, reacts in the secondary mechanism as 1-alkeplx6 , reacts in the secondary mechanism.
bThe rate constants for alkylic metatheses derived from those presented in Table I.
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« If an isomerization of the alkenyl radical is T e N e R
not possible, g3-scission of a €C bond \
occurs giving an alkyl radical and a diolefin B R
(reaction 3) or an 1-alkene and a smaller L
alkenyl radical (reaction 4). For instance, A

the alkenyl radical 3-GH,; canreact as fol- \

lows: P+ Gy +2CH, P+ Gy
7
/ (CHy + AN (3) ( )
PV a Ve Ve Ve
' N NN ()] This reaction corresponds to reaction E in Table IV.

Retro-ene ReactionsAnother new type of reaction
considered is retro-ene reaction [30,31]. A retro-ene
reaction is a 1,5-hydrogen shift reaction followed by
dissociation. The detailed mechanism of these reac-
tions has been discussed and structures of the transition
state have been explored [31]. For example in the case

The reaction of H-abstraction written in the
secondary mechanism for reaction (3) is
then

Ci11H22 + ‘R —> RH + CygHig + -CH3

©) of 1-heptene, the transition state can be represented as
. . . . follows:
This reaction (reaction B in Table IIl)
formed 1-alkene, which in turns reacts in :
the secondary mechanism according to the PN §
rules previously described. D > — e

For the reaction 4, the 1-alkenyl radical
formed must still undergo specific reactions.
In fact, several cases can be viewed:

8
In the case of linear 1-alkenes, the products formed are
propene and lower 1-alkenes:

If the unsaturated radical formed in reac-
tion 4 is small (C3Hs and-C,H3), it can-
not undergo isomerization @-scission
of a C—C bond (reaction C in Table IV).

1-CiHzn <> CsHg + Cin_z)H2n-3) )

A pre-exponential factor of & 10'? s~ and an activa-
tion energy of 236 kJ/mol has been used based on the
results presented in Ref. 30. As shown in the follow-
ing part of this paper, the retro-ene reactions are very
important to explain the formation of:€s.

If the alkenyl radical can isomerize, we
considered isomerization yielding an al-
lylic radical, followed by ap-scission

producing 1,3-butadiene and an alkyl
radical (reaction D of Table 1V). In the
previous example (reaction 4), 1d;3
isomerizes and the reaction written in the
secondary mechanism is

CiiHoo +-R — RH +1,3-C4Hg
+1-CyHg + 1-CsH7 ©6)

For larger alkenes (& 10), 1l-alkenyl
free radical produced by reaction 4
cannotisomerize because of the too large
cyclic transition state. In this case, it can
only react by successi@-scissions un-

til the new alkenyl free radical produced
can isomerize. For instance, the alkenyl
free radical 1-C;,H»3 reacts according
to the following scheme:

The diolefins formed in the secondary mechanism
can react in the same ways as 1-alkenes. We consid-
ered unimolecular initiations, additions of free radicals,
H-abstractions, and retro-ene reactions. The species
formed are smaller 1-alkenes and diolefins, which react
again in the secondary mechanism.

Thermochemical data for molecules and radicals are
automatically calculated and stored as 14 polynomial
coefficients, according to the CHEMKIN Il formalism
[32]. These data were calculated using the software
THERGAS [33], based on the group and bond additiv-
ity methods proposed by Benson [27].

COMPARISON BETWEEN COMPUTED
AND EXPERIMENTAL RESULTS

Simulations have been performed using the software
PSR of CHEMKIN Il [32]. In order to keep this
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paper reasonably short, the kinetic mechanism used
is not presented, but it is available on request. The
primary mechanism involves 87 species and includes
346 reactions and the secondary mechanism involves
91 species and includes 815 reactions. Overall, the re-
action scheme includes 1787 reactions involving 265
species.

Figures 1-7 present a comparison of the computed
profiles and the experimental results [1]. The agree-
ment obtained for the conversions ofhexadecane
(Fig. 1a) and oxygen (Fig. 1b) is satisfactory. Com-
putations capture the conversion athexadecane
without significant consumption of oxygen below
1100 K. However, above 1050 K, the experiments show
a stronger dependence of fuel conversion with increas-

ing temperature than the calculations. A sharp decrease s¢ -

in oxygen is observed at a higher temperature and for
equivalence ratios equal to 0.5 or 1. Simulations also
show that the temperature at which the concentration
of oxygen drops, increases with the equivalence ratio.
However, a difference of 20 K is observed between
experimental data and modeling results for an equiv-
alence ratio of 1. It is worth noting that we have used

the same reaction bases and the same set of kinetic

parameters (see Tables I-1V) in the primary and sec-
ondary mechanisms generated by EXGAS as in our
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Figure 2 Oxidation ofn-hexadecane in a jet-stirred reactor
at 1 atm and a residence time of 70 ms dr= 0.5. Evo-
lution of the concentrations of products with temperature.
The points refer to experimental observations and the curves
come from simulations.

previous studies [6-9]. However, some kinetic param-
eters of the -G, reaction base have been updated and
are presented in Table V.
Itis worth noting that the rate constant of the reaction
-CHz + HO;- — CH30 - + - OH (20)
is relatively sensitive and the uncertainty factor given
by Baulch et al. [15] is about 10.

The formation of alkenes such as 1-pentene,
1-heptene, 1-octene, and 1-nonene (Figs. 2c, 3a, 4c,
5a, 6¢, and 7a) are adequately reproduced. Hence, the
primary production and the secondary consumption of
these products are mostly correct. However, we observe
a lack of conversion of these intermediate products be-
tween 1050 and 1150 K. This problem is more signifi-
cant at low equivalence ratios. The formation of other
importantalkenes such as propene (Figs. 2b, 4b, and 6b)
and 1-butene (Figs. 2c, 4c, and 6c¢) is satisfactory and

at 1 atm and a residence time of 70 ms. Evolution of the thus validatesthe differentways of productionand con-
conversions of alkane (a) and oxygen (b) with temperature. SUmption of these species. On the other hand, a problem
The points refer to experimental observations and the curves arises for the formation of ethylene which is always un-

come from simulations. derestimated by a factor up to 2 at high temperature.
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Table V Up-dated Reactions of the Cy—C, Reaction Base

Reactions loA b E References
-CH3z + HOy- <+ CH30- + -OH 13.17 0 0.0 [34]
CoHg + -H < -CoH3 + Ha 7.7 1.93 54.0 [35]
CoHg + -CH3 < -CoH3 + CHy 11.8 0 16.0 [36]
02 + -CoH3z <> CoHp + HO,- 6.1 1.61 -1.7 [37]
Oz + -CoH3 <> HCHO + HCO- 16.6 —1.39 4.2 [37]

2Rate constants are assumed to follow the modified ArrheniuklawAT® exp(—E/RT), with the units crd, mol, s, kJ.

This problem will be discussed in the following part of The shape of the oxygenated compounds (i.e., CO,
this paper. The formation of 1,3-butadiene (Figs. 2b, CO,, and formaldehyde) are correctly reproduced by
4b, and 6b) is well predicted, showing that the sec- the simulations (Figs. 2a, 4a, and 6a), even if the yield
ondary reactions proposed for its formation are reason- of final products (i.e., CO and CQis overestimated
able. The formation of other unsaturated species suchfor equivalence ratios of 1 and 1.5 at high temperatures
as GHg, acrolein, GH4 (allene and propyne),4El,, or (T > 1100 K).

benzene (Figs. 3(b,c), 5(b,c), and 7(b,c)) are rather well

reproduced. The reactions of formation and consump- ANALYSIS OF THE MECHANISM

FIOH of these last t.hree species are essentially mcludedOF n-HEXADECANE OXIDATION
in the G—Cs reaction base.

In order to better understand the results obtained and
to point out the main reaction pathways, a sensitivity
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lution of the concentrations of products with temperature. the concentrations of products with temperature. The points
The points refer to experimental observations and the curves refer to experimental observations and the curves come from
come from simulations. simulations.
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at1 atmand aresidence time of 70 msdo= 1. Evolution of Figure 6 Oxidation ofn-hexadecane in a jet-stirred reactor
the concentrations of products with temperature. The points at 1 atm and a residence time of 70 ms d= 1.5. Evo-

refer to experimental observations and the curves come from lution of the concentrations of products with temperature.
simulations. The points refer to experimental observations and the curves
come from simulations.

analysis of the mechanism nfhexadecane oxidation Alkenes

was performed at 1100 K in the conditions of Fig. 4 Primary 1-Alkenes (G- 3). Two flow rate analyses

(Fig. 8). have been carried out for temperatures of 1050 K
(Fig. 9) and 1200 K, an equivalence ratio of 1, and
a conversion of gHs4 of 85% for each case.

The primary alkenes formed are all 1-alkenes and
The flow rate analysis shows that the consumption are mainly produced bg-scissions of primary alkyl
of n-hexadecane is essentially due to the reactions of free radicals. The flux of formation by these reactions
H-abstraction by the free radicalbl and -OH. The can reach 90% of their total production, as shown in
metathesis by methyl radical is only important at low Fig. 9. A second way of formation of these species
temperature (11% at 1050 K). An interesting point is isthrough retro-ene reactions. As previously described,
related to the role of unimolecular initiations which be-  these reactions yield propene and 1-alkenes. However,
come significant at high temperature (35% at 1200 K the flux of production is relatively small compared
against 14% at 1050 K). In fact, the sensitivity analysis to the flux of B-scissions. On the other hand, retro-
(Fig. 8) shows that the major reactions governing the ene reactions are also important consumption reaction
conversion of reactant are included in the-C, reac- for 1-alkenes.
tion base. The branching step betweenatbms and Other important reactions of consumption are uni-
oxygen molecules to giveD- atoms and OHradicals molecular initiations (Ul) leading to the formation of
is especially important. As the concentrations of the the allyl radical (C3Hs) and alkyl radicals reacting in
rather unreactiveCHs, HO,-, and-a-.GHs radicals are the primary mechanism. The importance of this chan-
relatively high, the reactionsinvolving these species are nel increases with temperature and decreases with the
also important for the overall rate of reaction. number of carbon atoms in the molecule, e.g., U.l.

n-Hexadecane
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20x10° H-abstraction reactions must be differentiated accord-
) ing to the type of H-atom (allylic or alkylic) which can
. BT be abstracted. For large alkenes such a#l&;, the
§ allylic H-abstractions, represent about 14% of the total
P ‘0“0."."_"_"_"_--_--_--_-5 ....... consumption against 35% for alkylic H-abstractions,
= s A"‘*l'm'::;.: ...... while for CsH;, alkylic H-abstractions represent only
’ . R 8% of its consumption against 17% for allylic metathe-
0 - ses. So, even if the activation energies of alkylic H-
100x10° { z @ abstraction are greater than those involved in the al-

lylic metatheses, the high number of alkylic H-atoms
in large alkenes do not allow to neglect them.

The last type of reaction playing a role in the con-
sumption of alkenes is addition. The flux of consump-
tion of alkenes by these reactions is relatively small,
especially at high temperature. Thus, at 1050 K, the
reactions of addition consume approximately 9% of

® C12H24 (addition of-H and-OH) against 5% at 1200 K
(addition of-H and-O.).

Propene.Propene is a significant product of the reac-
tion of oxidation ofn-hexadecane and its formation dif-
fers from that of the other alkenes. Indeed, it is mainly
formed by retro-ene reactions according to the follow-
ing iterative process:

Mole fraction

T T T T T
1050 1100 1150 1200 1250 ©

Temperature (K) CiHon — Ch_3Hzn—3) + CsHs (11)
Figure 7 Oxidation ofn-hexadecane in a jet-stirred reactor

at 1 atm and a residence time of 70 ms @ 1.5. Evo-
lution of the concentrations of products with temperature.
The points refer to experimental observations and the curves
come from simulations.

This result can be explained by the fact that all linear
primary alkenes are 1-alkene and can react by retro-ene
reactions to give propene and another linear 1-alkene
which can react, in its turn, in the same way (iterative
process). Therefore, about 50% of propene is formed
represent 8% of the total consumption of,8,, at by this type of reaction at 1050 K; the other way of
1050 K against 40% for £Hi0 at 1200 K. The vari-  formation occurs by-scissions of primary alkyl free
ation with the number of carbon atom is due to a radicals.
competition with H-abstraction reactions for which Propene is mainly consumed by two ways: additions
the number increases with the size of alkene. In fact gnd H-abstractions. At 1050 K, additions b -O-, and
-OH free radicals represent about 50% of the global
" consumption of GHe:

i 1 | 1 Il

F =a-CyHe#eHe=>a-CyH,+H,

| Oy Hy ++DOHe=>CH,CHCHO ++EL+OH = ‘H + C3Hg — CoH4 + -CH3 (17%) (12)
- «OOH+OH<=sHL 040, e 0. +C3Hg — -H+ -CH3 + CH,CO (12%)
- '(H}H+"[.'H3{=}'[‘H_.U+'[)H — (13)

- «00H++He=>2-0H -OH + C3Hg — HCHO+ -C,H5 (A7%) (14)

I +00H+sH<=>H,+0,

Oy +oHe==+0H++0

- +CH; e HCHO <=2 CHO4CH,

The H-abstraction reactions byH and -OH free
radicals, leading to the formation of allyl radical
i (-C3Hs), represent about 43% of the global flux of
_ consumption.

Types of reactions for which ja = 0.1

- 2oCHy(+Ma=>C Hy(+M)

T T T T I
-0.8 -6 0.4 -0.2 0.0 0.2 . . .
Sensitivity coefficients () Ethylene. The formation of ethylene is mainly due to

Figure 8 Sensitivity analysis for the mole fraction of B-scissions of primary and secondary alkyl free radi-

n-hexadecane at 1100 K, in the conditions of Fig. 4. cals (85%). These reactions involved-C and C-H
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a)
Retro-ene B-Scissions
10 90
Formation
....................... C12H24.......................
Consumption

Unimolecular
initiations

(eC;H;+ oCoH )

Additions Retro-ene Alkylic Allylic
(CsHs+ CoHyg) metatheses metatheses

b)
Retro-ene B-Scissions
16 84
Formation
....................... CSH10 sesesusmasensanasanana
Consumption

v

Additions Retro-ene Alkylic Allylic
(C3H6+C2H4) metatheses metatheses

Unimolecular
initiations
(oC;H+ oC,H )

Figure 9 Rate analysis performed at 1050 K, an equivalence ratio of 1, and a conversidrerédecane of 85% forigHo4

(a) and GH1g (b). The numbers represent the percentage of the normalized flux of formation or consumption of the 1-alkene.

bonds and an important reaction is

-CoHs + (M) — CoHg + -H + (M) (15)
This reaction represents more than 30% of the total
production of GH4. All the important reactions of con-
sumption of ethylene are contained in thg-C, reac-
tion base:

‘H+CHy — -CoHs +Hs (12%) (16)
-0- +CyH4 — -CH3 + -CHO (22%) (17)
-0- 4+ CyH4 — CH,CHO + -H (13%) (18)
-OH + CyHy — -CyH3 + H,0 (24%) (19)
-OH + C3;H; — -CH3; + HCHO (19%) (20)

A problem remains for the concentration ofH,
which is underestimated by the model. In fact, two
problems can be pointed out:

- A lack of conversion of the reactant or large pri-
mary alkenes can lead to a deficit in the production
of ethylene. This problem arises in a temperature
ranging from 1050 K to 1150 K and can be ex-
plained by a lack of reactivity in the primary and
secondary mechanisms.

« The other problem is closely linked in a too fast
consumption of @H,, at high temperature, and it
is well connected with the too high concentration
of final oxygenated products observed (CO, L0
(Figs. 2a, 4b, and 6a). At 1100 K, the flow rate
analysis shows clearly that CO is formed espe-
cially from formaldehyde via the radical HCO

HCO.- +M —- CO+H- +M
O; + HCO. — CO+ HO, -

(41%) (21)
(33%) (22)

HCO- is formed by H-abstraction of HCHO (about
50% of its global consumption) but also directly
from reactions involving gH, or -CyHs3:

CHg 4+ -O- — -CH3 + HCO-. (14%)
(23)

0, + -CoHz — HCHO+ HCO-  (21%)
(24)

This last reaction is very important because it
forms two species directly related to the forma-
tion of CO. Moreover, a significant part of the
formaldehyde formed is due to a reaction directly



involving CoHy:

-OH + C,H4 — -CH3 + HCHO (20%) (25)
Thus, it seems that the high rate ofHf; con-
sumption observed in the simulations, and leading

to atoo high formation of final products (CO, GO
CHg, .. .), is due to a too high reactivity of small
species involved in the =C, base. This result is
corroborated by the sensitivity analysis; the reac-
tions with the highest sensitivity coefficients for
the consumption of ethylene are those involving
-OH radicals, the metathesis giving vinyl radicals
(Eg. (19)) and the addition leading to formalde-
hyde and methyl radicals (Eqg. (25)). In order to
improve the level of gH,4, we have increased, by
a factor 2, the rate of unimolecular initiations of

n-hexadecane. This factor is reasonable because

of the uncertainties in Benson’s methods used in
the software KINGAS. In addition, rate constants
of terminations between H atom and important
free radicals such as allyk{zHs) have been taken
to be equalto ® x 10**cm?®/(mol's), according to
Ref. 28. These modifications have led to a better
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allows simulating properly the benzene formation in
the temperature range studied, i.e. 1000-1200 K.

Acrolein. CH,CHCHO is formed mainly by the reac-
tion between allyl radical and HQ

-C3Hs + HOz- — CH,CHCHO+ -OH+ -H  (76%)

(27)

This reaction is rather sensitive (see Fig. 8) because this
step acts as a branching step in the mechanism by con-
verting two unreactive free radicals into two reactive
ones.

The other way of production is the reaction between
1,3-butadiene andH radicals:

13-C4Hg + -OH — CH,CHCHO+ -CH3 (20%)

(28)

CONCLUSION

A kinetic detailed mechanism was built by auto-
matic generation in order to simulate the oxidation of

agreement between experimental and simulated n-hexadecane in a JSR operating at 1 atm and for

C,H,4 concentrations.

Toxic pollutants

Model presented reproduces the reactivity mf
hexadecane as well as the formation of pollutants like
CO, CQ or formaldehyde. In addition, the model is
able to reproduce correctly the formation of some toxic
species observed experimentally.

1,3-GHg. About 50% of the 1,3-butadiene formed
is produced by allylic H-abstraction from 1-alkenes
against 14% for alkylic metatheses. Another way
of production of 1,3-GHg is the B-scission of the
resonance-stabilized free radic&l,H;. This radical

0.5 < ® < 1.5. Theimportance of large alkenes as ma-
jor primary products required significant refinements
of their consumption mechanisms in comparison with
our previous studies on alkane oxidation. Generic re-
actions were added, such as unimolecular initiations,
abstractions of alkylic hydrogen atoms, and retro-ene
reactions. To our knowledge, it is the first time that
retro-ene reactions are considered in a detailed com-
bustion mechanism. A feedback was carried out be-
tween the primary and secondary mechanisms, in or-
der to consume the alkyl free radicals formed during
the reaction of alkenes. Simulations performed with
the software CHEMKIN 1l reproduced, with a rea-
sonable agreement, experimental profiles for major
species (CO, CQ CHg, ...) as well as minor products

comes from H-abstraction from 1-butene and produces (C3Hs, 1,3-GHg, acrolein, benzene, .). However, a

20% of the amount of 1,34Elg at 1050 K. On the other
hand, the consumption of 1,3;8¢ is mainly due to re-
actions of additions (55%) and metatheses (28%).

Benzene.In our conditions, the formation of benzene
is essentially due to the reaction between allyl and

too important reactivity of small species involved in the
Co—C; reaction base was observed. A large part of this
too high reactivity results in a too important consump-
tion of ethylene and in concentrations of CO and,CO
higher than those observed experimentally.

The analysis of the mechanism showed that cetane

propargyl radicals according to the reaction proposed reacts mostly by H-abstractions followed by decom-

by Marinov et al. [38]

-C3Hs5 + -C3H3 — CgHg + -H + -H (26)

position of alkyl free radicals into 1l-alkenes. The
importance of the different reaction channels for the
consumption of alkenes was studied. Retro-ene reac-
tions represent an important way that permits one to

It is worth noting that this reaction has been proposed reproduce correctly the formation of propene whereas

for flame conditions, i.e. for high temperature, but also

alkylic H-abstractions are very important consumption
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paths for larger alkenes. This analysis also pointed

FOURNET ET AL.

out the importance of unimolecular initiations at high
temperature (1200 K).

An important point in the modeling of diesel fuel is

the low-temperature chemistry and autoignition phe-

nomenon. Further experimental work should focus on
these conditions in order to validate low-temperature

models.
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