MCS7 Chia Laguna, Cagliari, Sardinia, Italy, September 11-15, 2011

EXPERIMENTAL AND NUMERICAL STUDY OF F-
T/BIODIESEL/BIOETHANOL SURROGATE FUEL
OXIDATION IN JET-STIRRED REACTOR

May-Carle J.-B.2*, Pidol L.2, Nicolle A2, Anderlohr J.2 Togbé C°, and Dagaut P°
*jean-baptiste.may-carle @ifpen.fr
4FP Energies Nouvelles, 1 & 4 avenue de Bois-Préas00 Rueil-Malmaison, France
bCNRS—INSIS, 1C, Avenue de la Recherche Scientifigd®71 Orléans Cedex 2, France

Abstract

There is growing interest for using alternativeldusn compression ignition (CI) engines.
Among them, blends of Fischer-Tropsch (F-T), bisdieand ethanol seem to be a promising
fuel for diesel engine applications. An advancedtiad of current diesel engines requires a
detailed comprehension of the fuel chemistry inm&erof auto-ignition and pollutant
formation. Such understanding is generally obtaibgdexperimental studies performed on
fuel oxidation or by kinetic modeling. However, thar experimental data, nor convenient
combustion models were available for such an atera fuel. Therefore, the kinetics of
oxidation of F-T, F-T/biodiesel and F-T/biodiesedthanol surrogate fuel (n-decane, iso-
octane, methyl octanoate, and ethanol) were stuel@erimentally in a jet-stirred reactor
(JSR) at 10 atm and constant residence time obtes,the temperature range of 560-1160 K,
and for several equivalence ratios (0.5-2). Comedioh profiles of reactants, stable
intermediates and final products were obtainedropg sampling followed by online Fourier
transformed infrared spectroscopy (FTIR) and aféligas chromatography analyses. The
oxidation of these fuels was modeled using a d=tathemical kinetic reaction mechanism
consisting of 9919 reactions and 2202 species. pgrbposed kinetic reaction mechanism
yields a good representation of the kinetics otlation of the tested biofuel blends.

1. Introduction

The use of renewable fuel is a promising way toucedthe dependence on fossil fuels
petroleum and to minimize the green-house gasessemns. Today, mixtures of monoalkyl
esters of long carbon-chain fatty acid (a.k.a. i@sel) are mixed in variable quantities with
current diesel fuels [1,2]. These alkyl estersadorained from transesterification of renewable
lipid feedstock (mostly vegetable but eventuallynfranimal fat and waste) with methanol or
ethanol [3,4]. Reduced emissions of soot have lveparted, indicating biodiesel may be
useful for preserving our environment [5].

Ethanol is an attractive renewable fuel due taaitailability in large volume, especially
with the second generation process that will belabia in the near future [6]. It is mostly
used in spark ignition (SI) engines, whereas itsingliesel engines is difficult because of its
low cetane number [1,7]. Nevertheless, there isoavigg proportion of diesel car in Europe,
together with a shortage in diesel fuel productemmd an overproduction of gasoline.
Therefore, using ethanol in diesel engines woultdipful to balance the diesel fuel/gasoline
consumption. Furthermore, ethanol provides a stpwigntial to reduce particulate emissions
in compression-ignition (Cl) engines [8-10]. Howevthe solubility of ethanol in petrol-
derived diesel is rather limited [11]. In orderdolve this issue, biodiesel may be used as a
cosolvent for increasing ethanol solubility in diefuiels and preventing phase separation [12-
21]. Unfortunately, ethanol addition also decrea$escetane number of the blend [7,22].
This may lead to misfiring diesel engines under s@onditions. In order to avoid this issue,



fossil diesel fuel could be replaced by FischerpBah diesel fuel (F-T) having convenient
auto-ignition properties [23,24]. F-T fuel is a #yetic fuel manufactured via Fischer-Tropsch
conversion of syngas vyielding liquid straight-chaaraffins, and alternatively, after further
processing, branched paraffins and cyclic hydramanixtures. The raw material can either
be natural gas (the final liquid fuel being call@tl.), coal (CtL) or residual biomass (BtL).
The high cetane number of such fuels can make uph#o low auto-ignition properties of
ethanol. That is why, F-T/biodiesel/bioethanol mneis show a very high potential for diesel
engine applications. In the future, when BtL wik lavailable, BtL/biodiesel/bioethanol
blends would be very interesting as 100% biofuehtdk. However, nowadays, there is a great
lack of experimental and kinetic data for the costlmn of such blends. This paper is a first
step towards understanding the oxidation of F-diasel/bioethanol.

Conventional fuels consist of complex mixtures lodusand of high molecular weight
hydrocarbons involving thousands of chemical reasti Therefore, surrogates are employed
to represent fuel with a limited number of compdsenallowing a molecular level
understanding of fuel oxidation processes. F-Taliagels are complex mixtures of n-alkane
and iso-alkane compounds fromy @ Gy In a previous study, a surrogate mixture of n-
decane and iso-octane was used satisfactorilypt@sent the oxidation of a F-T jet fuel [25].
Thus, in the present study, a blend of 68% n-dd82f® iso-octane (in mole) was chosen to
represent a F-T diesel fuel. This blend has a l4t® and cetane number close to those of F-
T diesel fuel. Rapeseed oil methyl esters (RME)stigaised as biodiesel in Europe, consist
mainly of Gg esters with highly saturated carbon chains. A dlehn-decane and methyl
octanoate was previously used as a surrogate ddidsiel oxidation [26]. Thus, in the present
study, a 50% methyl octanoate/50% n-decane (in )nmobeture is proposed to represent RME
oxidation. This blend has properties similar tosif biodiesel: a very close empirical
formula (with same C/O ratio of 9,5), a density885 kg.m® and a similar affinity to auto-
ignition.

In this paper, we present new experimental resiitsined in a jet stirred reactor (JSR) at
10 atm for the oxidation of n-decane, iso-octanethyl octanoate and ethanol mixtures over
a wide range of equivalence ratios (0.5 to 2) amiperatures (560-1160 K). The oxidation of
the chosen F-T/biodiesel/bioethanol surrogate wadeted using a detailed kinetic reaction
mechanism consisting of 2202 species and 9919ioeact

2. Experimental setup

The JSR used here is similar to that already desdrby Dagaut et al. [27]. It consists of a
small sphere of 4 cm diameter (39 ¥mmade of fused-silica (to minimize wall catalytic
reactions), equipped with 4 nozzles of 1 mm diamébe the admission of the gases
achieving the stirring. The liquid fuel mixtures i@eatomized and vaporized before injection
into the reactor. All the gases were preheated itormze temperature gradients inside the
JSR. Good thermal homogeneity along the vertice akthe reactor was observed for each
experiment by thermocouples (0.1 mm Pt-Pt/Rh 10€atkxd inside a thin-wall silica tube).
The experiments were performed at steady state, canstant mean residence time of 1 s,
with the reactants continually flowing into the ct&, whereas the temperature inside the JSR
was varied stepwise. A high degree of dilution waed, reducing temperature gradients and
heat release in the JSR. Under these conditionflam® occurred in the JSR. The reacting
mixtures were sampled by means of a fused-silisagiiessure sonic probe. The samples (4-6
kPa) were taken at steady temperature and residiemecThey were analyzed off-line by gas
chromatography-mass spectroscopy (GC-MS) afteectndtin and storage in 1 L Pyrex bulbs.
Online FTIR analyses (Nicolet Nexus; 0.5 tmesolution) of the reacting gases were also
performed by connecting the sampling probe to gperature control (140°C) gas cell (10m
path length) via a Teflon heated line (210°C). Témmlytical equipment allowed measuring



the concentrations of 4, CO, CQ, CH,O, CH,, GH, and GH,. Gas chromatographs
equipped with capillary columns (DB-5 ms, DB-6240tPAl,Os/KCI and carboplot-P7), a
thermal conductivity detector (TCD) and a flameization detector (FID) were used for
species measurements. Compounds identification mase via GC-MS analyses using a
guadrupole (V1200, Varian) operating in electrorpatt ionization mode (70 eV). A good
repeatability of the measurement and a reasonaiiy garbon balance (1G9 10%) were
obtained in this series of experiment.

In this paper, the oxidation of 3 blends was swida¢ 10 atm in a JSR, over the
temperature range of 560-1160 K and at a meanamsgdtime of 1 s. This temperature range
allowed to study the low temperature oxidation megji the negative temperature coefficient
(NTC) regime and the high temperature oxidationmeg The experiments were performed at
three equivalence ratiog € 0.5, 1, and 2)The initial reactant mole fractions are reported in
Tablel. The A mixture is a blend of n-decane awdotane representative of a F-T diesel
fuel. B mixture is used to simulate the oxidati@havior of a blend containing 40 % F-T and
60 % RME (in volume). C mixture represents F-T/RbBiBéthanol blend containing 10 %
ethanol (in volume). In this blend, the volume addiesel and ethanol is equal in order to
avoid solubility issues. B and C mixtures have be®rsen since they have close C/O ratios.

Table 1.Oxidation of surrogate fuel mixtures in a JSR@aim and 1s: experimental

conditions
Mixtures | Reference fuel composition Initial mole fractions (ppm)
(volume 0/0) C10h22 |C8h18 C9h1302 C2h50h
A F-T 1020 470 / /
B F-T40/RMEG60 573 127 300 /
C F-T80O/RME10/EtOH10 491 207 41 261

More than 30 species were identified and measugedc6-MS and FID. Thus,
experimental concentration profiles were obtained H,, O,, H,O, CO, CQ, methanal
(CH0), ethanal (CBHCO), propanal (gHsHCO), acrolein (GHsHCO), butanal
(CsH/HCO), pentanal (¢4,HCO), hexanal (6H1;HCO), acetone (C¥COCH;), methanol
(CHsOH), methane (CkJ, ethane (gHe), ethene (gH,), acetylene (€H,), propene (€Hg),
butene (GHg), 1,3-butadiene (1,34Es), 1-pentene (1-610), 1-hexene (1-6H1), 1-heptene
(1-C/H14), benzene (EHe), oxirane (GH40), methyl 2-propenoate, n-decanedf;,), iso-
octane (IGH;g), methyl octanoate @El150,) and ethanol (84s0H). A good repeatability of
the result was observed. The accuracy of the nmatgions was typically-10%, whereas the
uncertainty on the experimental temperature w@is. Other minor species detected at part
per million (ppm) levels were neither quantified mged in the modeling.

3. Kinetic modeling

The kinetic modeling was performed using the Chempgiackage [28,29]. The JSR

computations were performed using the PSR code \|@0¢h allows to compute species

concentrations from the balance between the net ohtproduction of each species by
chemical reactions and the difference betweenrthatiand output species flow rates. These
rates are computed from the Kkinetic reaction meshamand the rate constant of the

elementary reactions calculated at the experimeéetaberature, using the modified Arrhenius
equation:

k=AT" exp(;—fj (2)



The detailed chemical kinetic mechanism used heteased on previous studies of the
oxidation of n-decane [31], iso-octane [32], metbgtanoate [33] and ethanol [34]. The
kinetic oxidation of each hydrocarbon has been ldbges separately and merged to simulate
the oxidation of F-T/biodiesel/ethanol blends. Tpmposed kinetic reaction mechanism
consisting of 9919 reversible reactions involvirg)2 species is available from the authors.

4. Results and discussion
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Figure 1. Oxidation of mixture A in a JSRpf1, G,=21774 ppm, P=10 atm). Experimental
data (large symbols) are compared to computati@sallts (lines and small symbols).

The obtained new set of experimental data was tesedlidate the detailed chemical
kinetic reaction mechanism mentioned above forottidation of n-decane/iso-octane/methyl
octanoate/ethanol blends. Comparisons between iemygraal and computational results are
presented in Figures 1-5. Figures 1-3 show the atixid of the different blends at
stoechiometry ¢= 1), while Figures 4 and 5 present results obtaifeedvariation of the
equivalence ratiog= 0.5 and 2) during the oxidation of mixture C. Amde seen from these
Figures, the proposed model represents fairly we# oxidation kinetics of the tested



mixtures. The mole fractions of most of the stahtermediates were also well predicted by
the model.

4.1 Impact of biodiesel

The present data set was used to study the imp#ee anitial experimental conditions on the
formation of intermediate products. Figures 1 arsgh@w the species profiles obtained for the
oxidation of fuel surrogates A and B. Unsaturedhyle¢sters, such as methyl prop-2-enoate,
were formed by oxidation of methyl octanoate. Hogrethe amount of methyl octanoate is
very low in most of the blends (cf. table 1), ahdg methyl esters are produced in such low
amounts that these species could not always betddteNe observed as well that increasing
the amount of biodiesel in the blend enhances etigyemissions. For example, gt 1, the
maximum normalized mole fraction of ethylene (il@0*[maximum experimental mole
fraction/initial total carbon mole fraction]) was9@ for the A mixture and 8.15 for the B

mixture.
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Figure 2. Oxidation of mixture B in a JSSR¥1, 0,=14220 ppm, P=10 atm). Experimental
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data (large symbols) are compared to computati@sallts (lines and small symbols).



4.2 Impact of ethanol

Figure 3 shows the species profiles obtained fer dRidation of mixture C agp=1. One
interesting feature of the oxidation of this bleisdthat ethanol is oxidized under the low-
temperature regime (550-750 K) whereas, under aincbnditions, no oxidation of ethanol
would occur if it was the only fuel injected, inragment with recent flow-reactor studies
[35]. Indeed, the oxidation of the most reactivelfd.e. n-decane and methyl octanoate)
produces radicals which can initiate the oxidabbthe ethanol.
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Figure 3. Oxidation of mixture C in a JSB%1, 0,=11498 ppm, P=10 atm). Experimental
data (large symbols) are compared to computati@sallts (lines and small symbols).

The data also indicates that the introduction baebl in the blend results in higher
maximum mole fraction of acetaldehyde. As can B d$som Figures 1, 2 and 3,@t 1, the
maximum normalized mole fraction of acetaldehydes Wwd5 for the mixture A, 1,14 for the
mixture B and 1.47 for the mixture C. Actually, ghiesult confirms engine data showing
increased emissions of acetaldehyde with ethamskdi fuel mixtures and raise some
concerns regarding the impact on air quality ofeatensive use of ethanol in Cl engines

[20,21,36-38].



4.3 Impact of equivalence ratio
In this study, the equivalence ratio was variednfr@.5 to 2. By comparing Figures 4-6, we

observed that a higher initial concentration of gty in the reacting mixture leads to an
increase of the fuel conversion. We noticed thatreksing the initial oxygen concentration
resulted in higher maximum concentrations of intedrates. In the mixture C, the ethylene
maximum normalized mole fraction varied from 5.72pa 0.5 (Figure 5) to 11.6 ap= 2

(Figure 6). These variations resulted from the céida of the radical pool with a decreasing

oxygen initial concentration.
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Figure 4. Oxidation of mixture C in a JSBR0.5, Q=22995 ppm, P=10 atm). Experimental
data (large symbols) are compared to computati@sallts (lines and small symbols).

The model predicts fairly well the experimentallgserved overall reactivity of the
different blends. However, it tends to underesterthe overall rate of oxidation below 750K
for the mixtures containing a large amount of etthamhis behavior could result from a too
strong inhibiting effect of ethanol on fuel oxidati that could be due to missing cross
reactions for n-decane and ethanol. The mole @mastiof most of the stable intermediates
were also well predicted by the model. Neverthelgshould be noticed that the model over
predicts the maximum mole fractions of methane.tTdwuld indicate that the kinetics of



methyl radicals should be revised, and particul#lnly ratio between recombination to form
ethane and oxidation route. It is also noticed tiet model tends to under predict the

formation of acetaldehyde.
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Figure 5. Oxidation of mixture C in a JSRp£2, O,=5749 ppm, P=10 atm). Experimental
data (large symbols) are compared to the computiesults (lines and small symbols).

4.4 Comparison of obtained results
Figure 6 shows the oxidation of n-decane for 3 ured at 3 equivalence ratio. N-decane is

the most reactive component of the different fuehds. It thus governs the global reactivity
and is a key species in all tested fuel blends

As can be seen from Figure 6, the introductioniofliesel in the blend has no strong
impact on fuel reactivity, despite the high amoohtbiodiesel (60% vol.) in mixture B.
Indeed, reactivity of n-decane for mixtures A andsRyjuite similar as methyl octanoate and
n-decane have similar reactivity.

On the other hand, increasing the amount of ethianthle blend has a strong impact
on global reactivity of the fuel. Compared to mpetuA, the oxidation of mixture C is
inhibited under all conditions between 600 and B5@t ¢=0.5, the n-decane profiles of
mixture C are shifted towards higher concentratiomsr the complete temperature range



between 600 and 850 K. A slight increase of the Nifgplitude between 650 and 750 K is
observed as well. When compared to mixture A, tkidation of mixture C is considerably
inhibited up to 800 K. Under stoichiometric conaliits (p= 1) a slight increase of the NTC-
amplitude is observed. However, at temperaturesealdd0 K, the oxidation of mixture C is
less inhibited. Under rich conditiong£ 2) the presence of ethanol results in a strong
increase of the NTC amplitude between 650 and 75@kegre at 650 K and 800 K the
reactivity of mixtures A and C is almost the saffiee strong impact of ethanol in the NTC-
temperature range under rich conditions will beestigated in the following by a reaction
path analysis.
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4.5 Reaction paths analysis

In order to investigate the impact of ethanol oa MIrC-amplitude under rich conditions, a
Kinetic reaction path analysis was performed far txidation of mixtures A and C at a
pressure of 10 atng= 2 and at a temperature of 740 K, where the inhipieffect of ethanol
on n-decane oxidation is maximum (see Figure 6hler2 presents net rate of production
(ROP in mol.crit.s) and normalized rate of production (NROP) fame key species, at 740
K, for blends A and C. Normalized rates of prodmcthave been determined by dividing the
rate of production of each species to the rate asfsamption of n-decane (respectively
1.05x10" mol.cm?®.s for mixture A and 2.42x1mol.cni®.s for mixture C).

Table 2 shows that the formation of alkyl radicé®y and the addition of oxygen
molecules to give peroxy radicals (ROO) are quit@lar for blends A and C. However, the
presence of ethanol strongly promotes the decortiposdf hydroperoxyalkyl radicals
(QOOH) into ketones or cyclic ether. When etharsopresent, 41.9% of OH radicals are
produced by QOOH decomposition, while for mixtureoAly 16.1% of OH radicals are
produced by the same reaction path.



Table 2. Flow analysis for rich oxidation of A and C mixésrin PSR at a pressure of 10 atm
and a temperature of 740 K

Mixture A Mixture C

Species Reactions ROP NROP ROP NROP
(mol.cm®s) | (%) | (mol.cm®s)| (%)

R RH+OH=R+HO 9.64x10° 91.8 | 2.21x10¢° | 91.3
ROO | R+Q=ROO 8.10x10 77.2 1.77x10° | 73.2
CH3 CH,CO+M=CH;+CO+M 3.50x10 33.3 | 3.08x10° | 12.7
HCO | CH,O+OH=HCO+HO 3.91x10 37.2 | 1.38x10° 5.7
C,H3+0,=CH,O+HCO 1.17x10 11.1 | 5.88x10"° | 2.4

OH QOOH=0OH+products 1.69x10 | 16.1 | 1.01x10° | 41.9
H,0,+M=0OH+OH+M 6.91x10° 65.8 9.71x10° | 40.1

HO, HCO+0,=CO+HG;, 6.91x10° 65.8 | 2.82x10° | 11.7
C,H40,H=C,H,+HO; 2.51x10° 23.9 2.67x10° 11.0
H+0,+M=HO,+M 2.30x10° 21.9 | 2.38x10° 9.8
CH3;CHOH+0,=CH;HCO+HG; 0 0 4.27x10° | 17.7
R+O,=alkene+HQ 0 0 3.43x10° | 14.2

QOOH decomposition is a chain propagating reactitap and competes with the
addition of oxygen to QOOH, which finally leadsana chain branching decomposition of
hydroperoxyalkylperoxy radicals (OOQOOH). Consedlyerin the mixture C, the chain
branching decomposition of OOQOOH radicals is eefad and leads to a slower
production of radicals. This explains the obserirgdbiting impact of ethanol on n-decane
under the examined conditions. The resulting irs@daconcentrations of OH radicals within
mixture A leads to an increased production of o@haintermediates such as methyl radicals
(CHs) and HCO. It is important to notice that the highencentration of H@is not due to
the oxidation of alkyl radicals, but to favored @aiion of HCO to CO.

5. Conclusion

The oxidation of n-decane/iso-octane/methyl octtelethanol blends was studied
experimentally in a jet stirred reactor at 10 atmd @onstant residence time of 1 s, over the
temperature range 560-1160 K, and for equivaleraos in the range 0.5-2. The
concentration profiles of reactants, stable intefistes and final products were measured by
sonic probe sampling followed by on-line FTIR asayand off-line GC analyses.

The kinetics of oxidation of these blends were niediérom low to high temperature,
using a detailed chemical kinetic reaction mechantensisting of 2202 species and 9919
reversible reactions. The kinetic modeling gave auerall good representation of the
experimental results. The reaction mechanism wae aked to identify the governing
reaction paths involved in the oxidation of a choserrogate F-T/biodiesel/bioethanol blend.
Further validation of this kinetic scheme over eliint experimental devices would be helpful
to reach a better understanding of the combusfieaah a biofuel.

A strong inhibiting effect of ethanol on the NTC idation regime under rich
conditions have been observed experimentally, anelstigated by a reaction path analysis. It
would be interesting to vary the amount of ethanahe blend in order to fully understand
the impact of ethanol on fuel reactivity.
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