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Chemical Kinetic Study of the Effect of a Biofuel Additive on Jet-A1 Combustiord
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The kinetics of oxidation of kerosene Jet A-1 and a kerosene/rapeseed oil methyl ester (RME) mixture
(80/20, mol/mol) (biokerosene) was studied experimentally in a jet-stirred reactor at 10 atm and constant
residence time, over the temperature range—7#0D0 K, and for variable equivalence ratios (0155).
Concentration profiles of the reactants, stable intermediates, and final products were obtained by probe sampling
followed by on-line and off-line gas chromatography analyses. The oxidation of these fuels in these conditions
was modeled using a detailed kinetic reaction mechanism consisting of 2027 reversible reactions and 263
species. The surrogate biokerosene model fuel used here consisted of a mixtareexfdecane,
n-propylcyclohexanen-propylbenzene, anakdecane, where the long-chain methyl ester fraction was simply
represented bg-hexadecane. The proposed kinetic reaction mechanism used in the modeling yielded a good
representation of the kinetics of oxidation of kerosene and biokerosene under jet-stirred reactor conditions
and of kerosene in a premixed flame. The data and the model showed the biokerosene (Jet A-1/RME mixture)
has a slightly higher reactivity than Jet A-1, whereas no major modification of the product distribution was
observed besides the formation of small unsaturated methyl esters produced from RME’s oxidation. The
model predicts no difference in the ignition delays of kerosene and biokerosene. Using the proposed kinetic
scheme, the formation of potential soot precursors was studied with particular attention.

Introduction % mostly monounsaturated esters). A previous kinetic study of
RME combustion showed a strong similitude between the

Environmental concerns about global warming and air oxidation ofn-hexadecane and that of RMEallowing the use

pollution are growing. Also, the gap between the growth rate of n-hexadecane as a chemical surrogate model fuel for
of oil production and demand is increasing. Therefore, sustain- deling RME Kineti £ oxidati

able and environmentally friendly fuels are needed for the future. modeling INElics ot oxiaation. ) .
Biofuels derived from vegetable oils may be considered Kerosene (Jet A, Jet A-1, JP-8, TRO) is a complex mixture
sustainable if sufficient quantities of plants can be grown. Of @lkanes (5665 vol %), mono- and polyaromatics (3@0
Furthermore, this can be viewed as a step toward a “carbonV0! %), and cycloalkanes or naphthenes (mono- and polycyclic,
neutral” fuel economy. Biofuels could be mixed in small 20—30 vol %). It represents the most important fuel for air
quantities (5-20%) with current kerosefe? as is already done transportation, Whereqs recent research indicated it unld be
with biodieset Biodiesel is a mixture of monoalkyl esters of ~Suitable for HCCI engine combustidfiThe average chemical
long-carbon-chain fatty acids obtained from renewable lipid formula for kerosene (Jet A, Jet A-1, TRO, JP-8) differs from
feedstock (vegetable, animal, waste). Alkyl esters from vegetable ©N€ source to anothér As beforei> 1" we adopted the formula

oils or animal fat are obtained by transesterification with mostly C1iHz2. Due to the complex composition of this fuel, it is
methanol. but also ethanol: necessary to use a surrogate model fuel for simulating its

oxidation. Under high-pressure jet-stirred reactor (JSR) condi-

CH-0-C(O)R| R}-C(0)O-CH3 tions, the detailed kinetic modeling of kerosene oxidation was
! initially performed usingn-decane as a model ful,since
n-decane and kerosene showed very similar oxidation rates under
JSR®17 and premixed flame conditiord8.1t was previously
) ) ) showri? thatn-decane is a reasonable model fuel for modeling

The alkyl esters made from different vegetable oils or animal yerosene oxidation if the formation of aromatics is not a major
fat have already been successfully tested in conventional dieselgg e since the oxidation afdecane yields much less aromatic
engines as well as in direct-injection engirfe¥. The reported  pygrocarbons than kerosene. Therefore, more complex model
reduced emissions of carbon oxides and polyaromatic hydro-f els are necessary to model the formation of aromatics from
carbons (PAHs) make biodiesel useful for preserving our {he oxidation of kerosen§-23 Surrogate model fuels consisting
envwonment“fs_ ) of n-decane and mixtures of-decane with simple aromatic

Rapeseed oil methyl esters (RMEs) derive from one of the pyqrocarbons and cycloalkanes were recently tested, showing
main crops growing in Europe. RME is a complex mixture of 504 kerosene oxidation modeling can be achieved using the
C14—Cy esters with a highly saturated carbon chain (ca. 94 wt three-component model fuel surrogate mixturenedecane,

— : : n-propylbenzene, and-propylcyclohexané3
T Part of the special issue “James A. Miller Festschrift”.
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Figure 1. Compared concentration profiles obtained from the oxidation T/K

of Jet A-1 (closed symbols) and biokerosene (Jet A-1/RME, 80/20,
mol/mol; open symbols) in a JSR (10 atm= 0.5 s, 0.1 mol % Jet
A-1, 12384 ppm carborp = 1).

Figure 2. Compared concentration profiles obtained from the oxidation
of Jet A-1 (closed symbols) and biokerosene (Jet A-1/RME, 80/20,
mol/mol; open symbols) in a JSR (10 atev= 0.5 s, 0.067 mol % Jet

at 10 atm, over a wide range of equivalence ratigs =t A-1, 7370 ppm carbony = 1.5).

0.5-1.5) and temperatures (742200 K). The oxidation of were preheated before injection to minimize temperature
kerosene and that of the RME/kerosene blends under JSRy 4 gients inside the reactor. A regulated heating wire of ca. 1.5
shock-tube, and premixed flame conditions is modeled. The \\y maintained the temperature of the reactor at the desired
formation of potential soot precursors is also studied. working temperature. The reactants were diluted by nitrogen
. (<50 ppm Q, <1000 ppm Ar,<5 ppm H) and mixed at the
Experimental Setup entrance of the injectors. High-purity oxygen (99.995% pure)
We used the JSR experimental setup described erii¢e023 was used in these experiments. Kerosene Jet A-1 and RME were
The JSR consisted of a small sphere of 4 cm diameter (39 cm sonically degassed before use. A Shimadzu LC10 AD VP pump
made of fused silica (to minimize wall catalytic reactions), with an on-line degasser (Shimadzu DGU-20 A3) was used to
equipped with four nozzles of 1 mm i.d. for the admission of deliver the fuel to an atomizetvaporizer assembly maintained
the gases which achieve stirring. A nitrogen flow of 100 L/h at 200°C. Good thermal homogeneity along the vertical axis
was used to dilute the fuel. As befole1720.233]l the gases  of the reactor was observed for each experiment by thermo-
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Figure 3. Methyl esters formed from the oxidation of biokerosene
(Jet A-1/RME, 80/20, mol/mol) in a JSR at 10 atm= 0.5 s: (a)¢ c
= = = O 2e-5 -
0.5, (b)p = 1.0, and (c)}p = 1.5). 2 u i,
uﬁj 1e-5 ¥ Toluene
couple (0.1 mm PtPt/Rh (10%) located inside a thin-wall silica 2
tube) measurements (gradients of ca. 1 K/cm). The reacting =
mixtures were probe sampled by means of a fused silica low- 2o L
pressure sonic probe. The samples (ca6 4Pa) were taken at y
steady temperature and residence time. They were analyzed on- 1o e e e 1200 300
line by GC/MS and off-line after collection and storage in 1 L TIK

Pyrex bulbs. High-vapor-pressure species and permanent gasefigure 4. Oxidation of Jet A-1 in a JSRy(= 0.75, 10 atmz = 0.5

were analyzed off-line, whereas low-vapor-pressure compoundss, 0.067% fuel, 1.474% Qtotal initial carbon concentration of 7370
were analyzed on-line. The experiments were performed atppm). The data (large symbols) are compared to the modeling (lines
steady state, at a constant mean residence time, the reactan@&nd small symbols).

continually flowing in the reactor, whereas the temperature of

the gases inside the JSR was varied stepwise. A high degree offood repeatability of the measurements and a good carbon bal-
dilution was used, reducing temperature gradients in the JSRance (100t 10%) were obtained in this series of experiments.
and heat release (no flame occurred in the JSR). The composition of RME was 0.1%:4 5.4% Gs, 92.0%

Gas chromatographs, equipped with capillary columns Ce 2:0% Go, and 0.5% &, with mostly one double bond on

(Poraplot-U, Molecular Sieve-5A, DB-5ms, DB-624, Plos@4/ thg acid chain. The equation for the oxidati_czn of RME can be
KClI, Carboplot-P7), a TCD (thermal conductivity detector), and written as follows: G7.oHs0, + 25.17Q = 17.92CQ +

an FID (flame ionization detector) were used for measuring 16.5H0.

stable species. Compound identifications were made throughNIoclelin

GC/MS analyses of the samples. A quadrupole mass spectrom- 9

eter operating in electron impact ionization mode (Varian 1200 The kinetic modeling was performed using the Chemkin
GC/MS instrument) was used. As befdpel”20.22CH,0O and computer packag¥ 27 Premixed flames were simulated using
CO, were measured by the FID after hydrogenation on a Ni/H the Premix computer codéThe ignition delays were simulated

catalyst connected to the exit of the Poraplot-U GC column. A by means of the Senkin code,using the constant-volume
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Figure 5. Oxidation of Jet A-1 in a JSRy(= 1, 10 atm,r = 0.5 s, Figure 6. Oxidation of Jet A-1in a JSR(= 1.5, 10 atmg = 0.5 s,

0.067% fuel, 1.1055% £ total initial carbon concentration of 7370  0.067% fuel, 0.737% Qtotal initial carbon concentration of 7370 ppm).
ppm). The data (large symbols) are compared to the modeling (lines The data (large symbols) are compared to the modeling (lines and small
and small symbols). symbols).

approximation. For the JSR computations, we used the PSRthermochemical data, is available from the authors (dagaut@
computer cod® that computes species concentrations from the cnrs-orleans.fr). The rate constants for reverse reactions are
balance between the net rate of production of each species bycomputed from the corresponding forward rate constants and
chemical reactions and the difference between the input andthe appropriate equilibrium constant&; = KionwardKreverse
output flow rates of the species. These rates are computed fromcalculated from thermochemist#y. 29

the kinetic reaction mechanism and the rate constants of the

elementary reactions calculated at the experimental temperaturegagyits and Discussion

using the modified Arrhenius equatidn= AT exp(—E/RT).

The reaction mechanism used here has a strong hierarchical The kinetics of oxidation of RME/kerosene mixtures was
structure. It is based on the comprehensive kerosene and RMEstudied at 10 atm in a JSR, over the temperature range 740
oxidation mechanism&2® developed earlier. The reaction 1200 K, and at a mean residence time of 0.5 s. The experiments
mechanism used here consisted of 263 species and 2027%vere performed at three equivalence ratips= 0.5, 1, and
reversible reactions. This mechanism, including references and1.5. The initial fuel mole fraction was in the range
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Figure 7. Oxidation of a Jet A-1/RME mixture (80/20, mol/mol) ina  Figure 8. Oxidation of a Jet A-1/RME mixture (80/20, mol/mol) in a
JSR @ = 0.5, 10 atmz = 0.5 s, 806< T/K < 1200, 0.089% fuel, JSR p =1, 10 atmr = 0.5 s, 740< T/K < 1200, 0.1% fuel, 1.823%
3.246% Q, total initial carbon concentration of 11022 ppm). The data O,, total initial carbon concentration of 12384 ppm). The data (large
(large symbols) are compared to the modeling (lines and small symbols).symbols) are compared to the modeling (lines and small symbols).

0.0595-0.1. In these conditions, the fuel reacted rapidly, from the oxidation of the long saturated alkyl chain present in
yielding hydrocarbon intermediates (mostly 1-olefins and RME and largen-alkanes present in kerosene. However, one
methane) and oxygenates (mainly formaldehyde and CO). Mole should note the reactivity of the RME/kerosene blend is
fractions were measured for oxygen, hydrogen, carbon mon- noticeably higher than that of kerosene alone. Nevertheless, the
oxide, carbon dioxide, formaldehyde, methane, ethane, ethenepxidation of the RME/kerosene blend and kerosene produced
acetylene, propene, 1-butene, 1-pentene, 1-hexene, 1-heptenegery similar concentrations of hydrocarbon intermediates. The
higher alkanes (€-Ci0), methyl esters, and simple aromatics. most noticeable difference between the products of oxidation
A good repeatability of the results was observed. The accuracyof the two fuels is the formation of light unsaturated methyl
of the mole fractions was typicalbr10% and better than 15%, esters deriving from the oxidation of RME. A comparison
whereas the uncertainty on the experimental temperature wasbetween the biokerosene blend and kerosene oxidation data is
+5 K. The comparison of these experimental results with those presented in Figures 1 and 2. The main specific products of
obtained previously for the oxidation of keroséhim similar RME oxidation, consisting of unsaturated methyl esters, are
conditions indicated a strong similitude. This similitude results plotted in Figure 3.
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Figure 10. Reaction paths for biokerosene oxidation drawn from the
modeling using the selected four-component model fuel.

benzenei-propylcyclohexanethexadecane. The inclusion of
n-hexadecane in the composition of the present model fuel was
motivated by our previous modeling of RME oxidation per-
formed in similar condition’s where n-hexadecane was used
as a model fuel. The model fuel used for modeling the oxidation
of the kerosene/RME blend (80/20, mol/mol) wedecane (53.5
mol %), n-propylbenzene (17.2 mol %i-propylcyclohexane
(9.5 mol %), andn-hexadecane (19.8 mol %). Comparisons
between experimental and computational results are presented
in Figures 79. As can be seen from these figures, the proposed
model represents reasonably well the kinetics of oxidation of
the biokerosene (Jet A-1/RME blend).

A kinetic analysis of the reaction paths during the oxidation
at 10 atm of the stoichiometric biokerosene mixture (Figure 10)
indicates that the overall oxidation of the fuel is driven by
n-decane. According to the model, at 900 K, in the conditions
of Figure 8, hydroxyl radicals are the main species involved in
the oxidation of the fuel mixture. The oxidations of
hexadecane anatdecane are responsible for the production of
these radicals via a complex reaction scheme that can be
summarized as follows:

N-CigHzy = X-CigH33 (X = 1-8)
N-CyoH,, = 3-CigHyy, 4-CioH,y, and 5-GoHyy
n-C,H,, = x-CgH,; (x = 1—-4)

This new set of experimental data was used to validate a These alkyl radicals isomerize and decompose. Their decom-

detailed chemical kinetic reaction mechanism for the oxidation
of kerosene/RME blends. First, the oxidation of Jet A-1 was
modeled (Figures46). As can be seen from these figures, the

position yields ethylene vig-scission and smaller alkyl radicals
such as 1-butyl radical that in turn decompose. The further
reactions yield OH radicals:

agreement between the data and the modeling is similar to that

obtained previously>23In these computations, the jet fuel was
represented by a mixture oFdecanen-propylbenzene, and
n-propylcyclohexane (69, 20, and 11 mol %). Since the RME
global formula is G7.9H330; and that of kerosene is1¢H5»,

the resulting global formula for the biokerosene mixture (80
mol % Jet A-1, 20 mol % RME) is G 33H24.200.4. The model
fuel used here for modeling the kinetics of oxidation of the Jet
A-1/RME blend consisted of a mixture ofdecanei-propyl-

1-CHy +M = C,Hg + CH, + M
C,Hs + 0,— C,H, + HO,
2HO, = H,0, + O,
H,0, + M — OH + OH + M
CH, + HO, = OH + CH,0
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oo, F Jet A1/air ignition @ 20 atm

0 CO
un} <o H,

0.2

Mole fraction
Ignition delay/us

0.6 0.7 0.8 0.9 1 1.1
1000K/T

Figure 12. Computed ignition delays of kerosenef/air and biokerosene/
air mixtures at 20 atm compared to kerosenef/air ignition delays in shock
tubes. The data were taken from the review paper.

TABLE 1: Computed Maximum Mole Fractions ( Xmax)
during the Oxidation of Biokerosene and Jet A-1 in Air in
Plug-Flow Conditions (@ = 1, 40 atm, Initial Temperature
800 K)

Mole fraction

biokerosene Jet A-1
species  Xmax s TUK  Xmax s TUYK A%

CoHy 9.29E-3 0.253 1437 8.44E3 0.272 1428 10
CsHs 1.74E-3 0.253 1372 1.67E3 0.272 1370 4.2
CoH> 1.66E-3 0.253 1824 1.63E3 0.272 1809 1.8
0.0012 CeHs 5.58E-4 0.253 1084 6.62E4 0.271 1032 —15.7
I —> % © Allene pCsH4 3.50E-4 0.253 1647 3.32E4 0.272 1662 5.4
* Benzene 13-GHs 6.07E-4 0.253 1368 6.24E4 0.272 1115 -—-2.7
CioHs 1.15E-6 0.253 2466 1.71E6 0.272 2476 —32.7

aResidence time where the maximum mole fraction is com-
puted.? Temperature where the maximum mole fraction is com-
puted.

Mole fraction

TABLE 2: Computed Maximum Mole Fractions ( Xmax)
during the Oxidation of Biokerosene and Jet A-1 in Air in
Plug-Flow Conditions (@ = 1.5, 40 atm, Initial Temperature
800 K)

z/mm biokerosene Jet A-1

Figure 11. Oxidation of kerosene under premixed flame condi- SPecies  Xmax s TYK X /s TUK A%

tions (1 atm, 0.010739794 (g/é))‘s, initial mole fractions 0.0319 of CoH4 1.06E-2 0.285 1373 9.72E3 0.303 1428 9.1
kerosene and 0.28643 of oxygen). The data of ref 9 (symbols) are ¢y, 2.11E-3 0.285 1377 2.03E3 0.303 1322 3.9
compared to the modeling (lines). The initial mole fractions used c,H, 3.53E-3 0.285 1901 3.16E3 0.303 1868 11.4
in the modeling weren-decane, 0.02463685)-propylbenzene, CeHs 7.06E-4 0.285 1323 8.30E4 0.303 1316 —14.9
0.004993912n-propylcyclohexane, 0.003662271;,0.28643, and b pCsH, 3.91F-4 0.285 1487 3.69E4 0.303 1483 5.9

0.680276967. 1,3-CHs 7.05E-4 0.285 1333 7.29E4 0.303 1324 —3.3
CiHs  4.95E-6 0.285 1813 7.06E6 0.303 19206 —29.8
) , 18 .
The kerosene premixed flame of Dowee al-® studied at aResidence time where the maximum mole fraction is com-

atmOSpheI’IC pressure was a|SO S|mu|ated |n the pl’esent Stud)buted.b Temperature where the maximum mole fraction is com-
to further verify the validity of the proposed kinetic model. We  puted.
used the experimental temperature profile reported by the
authord8in our computations. As can be seen from Figure 11, N,, 0.7799772. As can be seen from Figure 12, according to
the model represents fairly well the experimental concentration the present kinetic model, the ignition delays of biokerosene
profiles of this atmospheric pressure flame. Actually, the are undistinguishable from those of Jet A-1. This is an interesting
computed mole fraction profiles are in very close agreement result that should be verified experimentally.
with those previously computed using an earlier version of the  Using the present kinetic model, we investigated the effect
kinetic schemé? of changing the fuel composition on the formation of potential
The ignition delays have been simulated before for kerosene/ PAH or soot precursors (Tables 1 and 2). These tables indicate
air mixtures!>2® demonstrating the accuracy of the kinetic consistency in the simulation for stoichiometric and fuel-rich
model. Here, we present a comparison of the predicted kerosenetonditions. The model correctly predicts that, in the case of
air and biokerosene/air ignition delays for stoichiometric biokerosene combustion, since the initial fraction of aromatics
mixtures. For kerosene, the composition of the model fuel was is less than in Jet A-121%), less aromatic hydrocarbons are
(mole fraction)n-CyoH22, 0.009538353, gHsCsH7, 0.00276474, produced. The computed maximum mole fraction of benzene
CgH11C3H7, 0.001520607, € 0.207361, and N 0.7788153. is reduced by ca. 15% and that of naphthalengHg) by ca.
For biokerosene, unfortunately, no ignition data are presently 30%. Also, the fraction of 1,3-butadiene is reduced in the
available. In the modeling, the biokerosene composition used biokerosene combustion case. This result must also be attributed
was (mole fractionj-C1oH22, 0.0067779, gHsC3H7, 0.0021829, to the reduction in the initial mole fraction of aromaties21%)
CeH11C3H7, 0.0012006n-C1gH34, 0.0025004, @ 0.207361, and and cycloalkanes<{21%), which is balanced by the production
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of butadiene through the oxidation mhexadecane. The model saturated long-chain hydrocarbon to represent RME, rather than
predicts the oxidation of the biokerosene yields more ethylene, an unsaturated chemical, yielding more 1-olefins than the
acetylene, propene, and propyne than Jet A-1. This is actuallyunsaturated methyl esters.
the result of the mechanism presented above through which the
long alkane chain afi-hexadecane yields small 1-olefins (mostly Supporting Information Available: Table of thermody-
ethylene and propene) [scission. The further reactions of namic data. This material is available free of charge via the
ethylene yield acetylene via the intermediate formation of the Internet at http://pubs.acs.org.
vinyl radical. The oxidation of propene is an important source
of propyne through the intermediate formation of the allyl References and Notes
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