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Chemical Kinetic Modeling Study of the Effects of Oxygenated Hydrocarbons on Soot
Emissions from Diesel Engines
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A detailed chemical kinetic modeling approach is used to examine the phenomenon of suppression of sooting
in diesel engines by the addition of oxygenated hydrocarbon species to the fuel. This suppression, which has
been observed experimentally for a few years, is explained kinetically as a reduction in concentrations of

soot precursors present in the hot products of a fuel-rich diesel ignition zone when oxygenates are included.
The kinetic model is also used to show how different oxygenates, ester structures in particular, can have
different soot-suppression efficiencies due to differences in the molecular structure of the oxygenated species.

Introduction

@® Diesel
V] DBE (di-n-butyl ether)

Soot emissions from diesel engines continue to be a serious B0 | & o ctmons sven mono-n-ityt e |
environmental concern. While significant reductions have been 50® B _OoM (Getviene ghyen dmem eten |
achieved in recent years, legislated limits are being steadily g 4 (Miyamota et al., SAE 980506)
tightened and further improvements will require a much more o 40 .
fundamental understanding of soot production and evolution to g a0t 4
meet these regulations. Many experimental, theoretical, and ‘2 -
computer modeling studies have been devoted to these problems S 20t v
to refine our understanding of the reaction pathways producing R 1ob E
and consuming soot in engines and flames. Attention has been

given to the fact that different hydrocarbon fuels can produce e T e ""‘“"‘*‘30 0
significantly dlf_ferent guantities of so%)and_that modlflcatlc_ms _ Oxygen in Fuel (% mass)

of soot-producing fuels can lead to considerable reductions in Figure 1. Variations in experimentally measured soot emissions from
soot emission. In particular, the use of oxygenated fuels and _ ool engirfewith oxygenated species additions.

fuel additives has demonstrated the potential to reduce soot

emissions from diesel engines. on sooting laminar premixed and diffusion ethane-air and
In a recent experimental study, Miyamoto e dhund that ethylene-air flames, and while these flames and fuel are quite
soot emissions from diesel engines were reduced when oxygendistinct from diesel combustion, they provide valuable chemical
ated hydrocarbons were blended with the regular diesel fuel. insights into soot reduction chemistry. Renard et*alarried
The amount of soot reduction depended on the total amount of out experimental studies of premixed ethene/oxygen/argon
oxygen added to the diesel fuel, and each of the oxygenatediaminar flat flames at slightly sooting rich conditions and
species added to the fuel (dibutyl ether, ethylhexyl acetate, examined the effects of adding small amounts of the oxygenated
ethylene glycol monaer-butyl ether, and diethylene glycol  hydrocarbon dimethoxy methane (DMM). They found that the
dimethyl ether) had approximately the same effectiveness in addition of DMM reduced the levels of soot precursor species
reducing soot emissions when measured in terms of the amounin their premixed system, and they also cited a number of
of oxygen added to the fuel. With each additive, soot emissions unpublished reports in which DMM was found to reduce soot
declined steadily as the additive concentration increased, andemissions from diesel engines.
by the time the oxygen content of the fuel reachee-26% by The present work uses detailed chemical kinetic modeling
mass, virtually all soot emissions had disappeared, as sum-to address sooting reduction in diesel engines by oxygenated
marized in Figure 1. While these results were very encouraging additives and explain the behavior in fundamental terms. A basic
signs that soot emissions could be reduced by modifying the understanding from this kinetic modeling may suggest other
diesel fuel composition, the phenomenological results could not mechanisms for modifying sooting processes. The same analysis
be explained in fundamental terms. Subsequent experimentalcan make it possible to evaluate the soot-reducing potential of

engine studiés** have extended these results to other oxygen- other oxygenated species, including commercially important
ated species. In addition, Litzinger et'at3recently combined  pjodiesel fuels.

experimental and kinetic modeling analysis of the soot-reducing
effects of oxygenated species (i.e., ethanol and dimethyl ether)Modeling Approach

- — — — Our kinetic modeling study is constructed upon a conceptual
Part of the special issue *David M. Golden Festschrift". . model for diesel combustion developed by Dec and his
*To whom correspondence should be addressed. E-mail: . . .
westbrook1@IInl.gov. colleagues, who used an extensive set of laser-based diagnostic
* National University of Ireland, Galway, Ireland. technique®2! to describe the major chemical and physical
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steps that occur during diesel combustion. According to this g, |

picture, shown in Figure 2, shortly before the end of the

compression stroke of the piston, diesel fuel is injected in a .

number of liquid jets into hot, highly compressed air and residual

combustion products in the combustion chamber. Each fuel jet

vaporizes rapidly and entrains and mixes with hot air. The hot = p-CaHs

air steadily raises the temperature of the vaporized fuel while

simultaneously increasing the ratio of air to fuel. This mixture /

eventually ignites in the gas phase while still under quite fuel- 000 Cotb §

rich conditions, with a local equivalence rataf about 3 (i.e., 0.0E+00 50504 10E-03 15603

three times as much fuel as could be fully oxidized by the air Time [s]

m'Xe‘?' Iocglly ,W'th t.he fggl). The location of th's, fugl-rlch Figure 3. Computed temperature and major species mole fractions in

premixed ignition is identified as the dashed curve in Figure 2. the fuel-rich ignition ofn-heptane/air at an equivalence ratio of 3, 10
The products of this ignition cannot be oxidized completely, MPa pressure, and initial temperature of 767 K.

due to the absence of sufficient oxygen. Therefore, these

ction
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incompletely oxidized species such as CQO;, tnd small, engine'® so the compressed air already has a relatively high
intermediate hydrocarbon species including acetylene, ethenetemperature and pressure. We use temperature-dependent spe-
propene, and others then react to produce!$o§twhich is cific heats for the reactants and air, as well as the heats of

later consumed in a diffusion flame environm@nfarther vaporization of the liquid fuel components, to mix cold fuel
downstream of the ignition region. The same unsaturated and hot air until the mixture reaches a temperature of about
hydrocarbon species have been identified as major contributors770 K, where the kinetic model indicates that significant reaction
to soot production in both diesel engines and laboratory begins to occur. At this point, the kinetic simulations begin.
flames?1-32 The fuel/air equivalence ratio is usually close to 3.0 at this point,

Our kinetic modeling approach is to compute an idealized although not every mixture will have exactly the same equiva-
rich, premixed ignition, using detailed chemical kinetic reaction lence ratio, since the specific heats and heats of vaporization
mechanisms for the diesel fuel and any oxygenated additives.of n-heptane and each of the oxygenates we used are different.
This ignition calculation is carried out under conditions of We have assumed that the combustion chamber pressure is 10
pressure, temperature, and fuel/air ratios that are characteristidViPa at this point.
of a diesel engine at the top of the piston stroke. The Once the ignition calculations begin, the simulations are
composition of the ignition products are then identified, and performed in a constant pressure, spatially homogeneous
their relative sooting tendencies are evaluated. environment, effectively decoupling the ignition process from

To carry out these model calculations, we must make severalthe rest of the combustion chamber. In addition to the consider-
important simplifications to this problem. Since we do not have able simplification that these assumptions provide, these condi-
kinetic reaction mechanisms for all of the hundreds or even tions are quite reasonable since the ignition of these fuel/air
thousands of species present in conventional diesel fuel, we usamixtures is quite rapid €1 ms) in the diesel combustion
n-heptane as a convenient substitute or surrogate for diesel fuelchamber and there is little time for further exchange of heat or
using a kinetic reaction mechanism we develofied:-heptane chemical species between the igniting mixture and the remainder
has frequently been used as a diesel surrojaté. of the combustion chamber.

The ignition properties of diesel fuel are described by its  In each model calculation, there is an initial induction period
cetane rating in much the same way that the knocking behavior during which the temperature remains almost constant, chemical
of gasoline in spark-ignition engines is characterized by its radical species are produced, and the reactant concentrations
octane ratingn-heptane has a cetane rating of 56 that is typical decrease very slowly. After this short time delay, a very rapid
of ordinary diesel fuels, and its rich ignition products include ignition occurs during which the reactants are completely
many of the species found to lead to soot production. consumed, the temperature increases from about 770 K to about

In addition, we do not directly simulate the mixing of the 1600 K, and the products reach levels which remain nearly
injected fuel and hot air, instead using the results of mixing constant. This sequence is illustrated in Figure 3 for the case
experiments and other modeling studies as described by Nabeof neatn-heptane fuel, showing the major reactants and products,
and Sieber® as follows. The start of injection takes place about with the ignition occurring at about 0.75 ms. Note that, under
10° before Top Dead Center (TDC, the point at which the piston these very rich conditions, the CO product concentration is much
reaches the most compressed point in its cycle) in Dec’s larger than that of C®
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TABLE 1: Species Present in the Ignition Products OH
baseline case with oxygenate —OH ) o ~% /\O -
species mole fraction e CH1dCH:OH  CGHi¢/MB methanol ethanol . {1 ) dimethoxymethane
temperature 1600 K 1750 K 1665 K imethylether
CcO 0.140 0.133 0.152 o o
CO, 0.024 0.036 0.036 ™~ ~
H, 0.087 0.122 0.097 ce
H,0 0.100 0.119 0.106 o} S
CH, 0.052 0.028 0.038 o
CoHa 0.034 0.013 0.022 methylbutanoate biodiesel
C;H, 0.025 0.023 0.023
CoHe 0.002 0.0004 0.0011 )\/ o
PGH,4 0.0013 0.0005 0.0008 o o 0 ~
CsHe 0.002 0.0005 0.0011 -~ 0 OH - \{(
CsHs 0.0006 0.0001 0.0003
N, 0.532 0.524 0.522 °
tripropylene-gycol-monomethylether dimethylcarbonate

The temperature and mole fractions of all of the species with
values greater than 0.001 are summarized in Table 1. For the ?
baseline calculation, the only major species not shown in Figure CH, o g\ Jk
3 are b and HO, with product mole fractions of 0.087 and NN W e o/\/\cH3
0.100; K plays a minor role in soot production and growth, :
and water plays virtually no role. The;Gpecies with the highest °
mole fraction is 1,3-butadiene, which is shown in Table 1. dibutylmaleate
The key to this analysis is the identification of those species Figure 4. Chemical structures of oxygenated species used in model
in the rich ignition products which enhance soot production and calculations.
those which compete with soot production. We rely largely on . L .
the soot modeling work of Frenklach et 223which is based chemical species, mcludlr_lg the low-temperature, alkyl peroxy
in turn on many careful and thorough experimental soot §upmechan|sms that provu;le g{irly heat release and advance the
evolution studies, including particularly refs-230. The overall ~ timing of the eventual hot ignition.
picture of soot kinetics that emerges from these studies is that Most of the oxygenates used in this study had detailed kinetic
small aromatic and p0|ycyc|ic aromatic hydrocarbons (PAH) reaction mechanisms already available which were used without
such as benzene, toluene, naphthalene, pyrene, and styrene aférther modification, including mechanisms for methaffol,
produced from small unsaturated hydrocarbons such as acetyl-ethanoli? dimethyl ether’>~%® dimethyl carbonaté/ and methy!
ene, ethene, propene, a||er'|el propyne, and Cyc|opentadiene, algutanoaté‘.s HOWGVGr, new kinetic mechanisms were also
well as resonantly stabilized hydrocarbon radical species suchdeveloped for dimethoxy methane (DMM) and two other
as propargyl, allyl, methyl allyl, and cyclopentadiefySub- considerably more complex oxygenated species, tripropylene
sequent reactions increase the size of the PAH species, leadinglycol methyl ether (TPGME), and dibutyl maleate (DBM). Both
eventually to visible soot, with acetylene being the most PGME and DBM were recommendeas oxygenated hydro-
significant growth specie®:25 Another key to understanding ~ carbons with substantial O atom loading (four oxygen atoms
sooting chemistry is that the carbon atoms bonded to oxygenPer molecule) which have satisfactory fuel properties such as
atoms in oxygenated species including CO and, @0 not diesel fuel solubility and are relatively economical to produce.
become incorporated into soot. The structures of all of the oxygenates used in this study are
There are two related methods to evaluate the relative sootingsummarized in Figure 4.
tendencies of rich ignition products under diesel conditions. The ~Methyl butanoate was selected for analysis as a convenient
first method couples the PAH production mechanism of Appel, substitute for the very large methyl ester molecules that are
Bockhorn, and Frenklaéhtogether with our own mechanisms  typical of so-called biodiesel fuels. This similarity is shown in
for the fuel mixture ignition to predict levels of PAH species. Figure 4, showing that both molecules have the same oxygenated
This coupled mechanism approach has previously been em-section, but biodiesel molecules have a much larger hydrocarbon
ployed successfully to predict soot productfdnt* The second ~ segment, often with as many as-188 C atoms. As described
approach has been simply to sum all of the concentrations of below, the computed results for the methyl ester structure were
known soot precursors (i.e., acetylene, benzene, ethene, toluenegufficiently interesting and potentially important that we chose
propene, and other unsaturated stable and resonantly stabilizedo also consider the kinetics of dimethyl carbonate, also shown
hydrocarbons) that remain following the rich ignition evé#t2! in Figure 4, which, along with DBM, also has an oxygenated
Neither of these approaches can provide accurate values of totabtructure similar to that of the biodiesel fuels.
soot produced, and a great deal more experimental and kinetic Detailed chemical kinetic reaction mechanisms were devel-
modeling analyses will be necessary to provide this capability, oped for DMM, DBM, and TPGME. As in our previous
but these techniques provide realistic estimate®lative soot mechanism developmentt§thermodynamic parameters were
production, which is suitable for the present study of soot estimated using quantum chemistry methods and group
reduction kinetics. In this work, we report results calculated additivity.**-51 For some species, the enthalpy of formation was
using this second approach. computed using CBS-Q methods with geometries optimized at
Kinetic Reaction Mechanisms.As noted aboven-heptane the B3LYP/6-31G9(d,p) level following Bozzefl?, and other
is used as the surrogate for diesel fuel. The reaction mechanisndetails of the techniques are described by Glaude €tlalthe
for n-heptané® has been used widely in kinetic modeling studies, case of DMM, a low-temperature submechanism was developed
due in part to it being conveniently available on the @H. and added to a previously existing high-temperature mechanism
includes more than 2400 elementary reactions with nearly 600 from Daly et al*® Low-temperature submechanisms were not
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included for the large oxygenated species TPGME or DBM,; 0.2 4 ~ T 1800
no low-temperature oxidation experiments have been reported temperature
U . . . O, + 1600
for the oxidation of these species on which to base a reaction
submechanism, and the results computed in the present study €O | 4400 2
for both DME and DMM, which included low-temperature 8 % >
kinetic reaction paths, were found to be insensitive to the low- § HO 71200 3
temperature kinetics. This is primarily a result of the fact that - 0-11 temperature 1 &
. : o 1000
our computations routinely began at temperatures close to 800 g CH;0H / £
K, above the range of most alkylperoxy radical isomerization ¥ 4800 2
reaction pathways, so low-temperature reactions should not be nheptane €0
S . 1 600
expected to be significant. As a result, we do not believe such K//
reactions to contribute to our results in the cases of DBM or 0.0 : 400
TPGME. All of these kinetic mechanisms are available on our
web page® listings in Chemkin format for all the calculations 0.05 1
reported here, and additional details for the mechanisms of
TPGME and DBM, with literature sources for all the species- %947
specific reaction rates for these new fuels are provided as é
Supporting Information. 3 0.03 1 CoH,
[
. 2 002 4
Computational Results 2
The baseline calculation for this study is the ignition of 0.01 1 C.H
. X ; . CsHg P-C3Ms
n-heptane and air, at an equivalence ratio of about 3.0, a fixed / ﬁ
pressure of 10 MPa, and an initial temperature of 767 K, as 000 ‘ ‘
described above and shown in Figure 3. Because this mixture =~ ©0E*00 50804 1.0E-03 1.58-03
is so fuel-rich, the product temperature of 1600 K is considerably Time [s]
below the adiabatic flame temperature 2200 K) of the Figure 5. Computed major species mole fractions in the fuel-rich
corresponding stoichiometrie-heptane/air mixture. It is im- ignition of n-heptane/methanol/air at 10 MPa pressure and an initial
portant to note that all of the initial fuel and,Q@re entirely ~ temperature of 767 K.
consumed. The major soot precursors, ethene, acetylene, pro- 50 4 ) ) ) )

pyne, and propene for this baseline mixture are shown in Figure
3. No other soot precursor species are present in the rich ignition
products at any significant level; the soot precursor species with
the next highest concentrations are allene and 1,3-butadiene at
levels nearly an order of magnitude less than propyne and
propene in this baseline case witkheptane as the fuel. Of
course, other intermediate species, especially radical species
present in these residuals, will contribute to soot production
following the rich ignition, but their concentrations are much ]
too low to contribute to the totals shown in Figure 3. Such O 7 &
. . - . 0 01 02 03 04 05
radicals facilitate kinetically the subsequent formation of soot, Fraction of oxygen in fuel by mass
bl_Jt the basic soot building blocks are the precursors shown in Figure 6. Computed reductions in soot precursor concentrations with
Figure 3. The total amount of carbon present in these unsaturatethe addition of selected oxygenated species: MB, methyl butanoate;
soot precursor products comprises approximately 44% of the DMM, dimethoxy methane; TPGME, tripropylene glycol methyl ether.
total carbon in the initial fuel. These products then produce small
aromatic species, including benzene, toluene, naphthalene, andnd the overall reduction in this carbon soot precursor pool is
styrene, and eventually soot, as described by Appel &t al. from 44% in the baseline case to about 28% in the mixed fuel
We repeated this baseline calculation, gradually replacing case. The fraction of oxygen in the two-component fuel is 15%.
n-heptane fuel with amounts of the oxygenated hydrocarbon Further replacement efheptane by methanol further reduces
species shown in Figure 4. For each of these oxygenated speciedhe soot precursors in these products, until the soot precursor
asn-heptane is replaced by the oxygenate, the fraction of carbonlevels become very small when oxygen reaches about 30% of
remaining in the form of soot precursors in the rich ignition the total mass of the mixed fuel afheptane and methanol, as
products decreases, being replaced by increased levels of CGhown in Figure 6. At this point, the fuel consists of 17%
and CQ. Product concentrations for a fuel mixture with a nearly n-heptane and 83% methanol on a molar basis or
equimolar mixture ofn-heptane and methanol (Omheptane N o
+ 0.6 methanol) are shown in Figure 5, and the product mole Fuel composition at soot eliminatien 1C;H;¢ + 5CH,OH
fractions of the major species are summarized in Table 1. The
ignition time is slightly longer than the baseline, but the overall Note that, in this fuel mixture, 42% (i.e., 5/12) of the initial
chemical features of the two ignitions are quite similar. carbon atoms are already bonded to oxygen in the oxygenate
However, the CQICO ratio increases in the products, and the (i.e., methanol) molecules. Under these conditions, it is clearly
total carbon in the unsaturated species in the products is muchinappropriate to refer to the methanol as an “additive”, since it
lower. The temperature in the oxygenated case is 1750 K, higheris the major component in the fuel and more than 60% of the
than the 1600 K in the baseline case, because the increasedotal fuel mass. Further insight is provided by noting that, since
oxygen content has brought the mixture closer to stoichiometric. all of these mixtures also include nearly the same amount of
Ethene is much lower while acetylene is only slightly reduced, entrained air, the overall equivalence ratio, including the oxygen

Ethanol
Methanol

Percent of fuel carbon
converted to soot precursors

DMM
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atoms in the methanol, has been reduced from 3.0 to about 2.2TPGME, the resulting fuel has only about 32% oxygen by
by the addition of this much methanol. weight. Similarly, methyl butanoate (MB) has an overall
The influence of the mixture equivalence ratio at the time of composition of GHeO, or about 33% oxygen by weight, so
rich ignition on sooting is complex. In the present analysis, the complete dilution ofn-heptane by 100% MB will produce a
equivalence ratio at the time of ignition is varied primarily by fuel with 33% oxygen, which as seen in Figure 6 does not reduce
inclusion of different amounts of oxygenated species. In contrast, the soot precursor levels to zero. DBM, which we will discuss
Siebers and Higgif$ systematically varied the amount of below, is only 28% oxygen by weight, while dimethyl carbonate
entrained air and therefore the equivalence ratio at the time of (DMC), another fuel discussed below, has about 53% oxygen,
diesel ignition by varying the injection pressure of diesel fuel SO the oxygen fractions available by dilution can vary signifi-
into a constant volume combustion bomb and the correspondingcantly.
variation in flame lift-off length. Siebers and Higgins found the The reaction mechanisms for some of the oxygenates are
amount of soot production to be quite sensitive to the amount somewhat uncertain since they have not been tested or validated
of entrained air. They also observed that soot production becamedue to the lack of available experimental data under controlled
negligible when enough air was entrained to produce a local conditions. It is also important to remember that these computed
equivalence ratio of approximately 2 at the time of ignition. A results are extremely remote from an in-cylinder simulation,
comparison of this result with the present kinetic modeling and therefore, the connection between them and expected engine
results shows that providing additional oxygen for the ignition, soot production is very approximate. In some cases, only the
either through extra entrained air or through its presence within trends should be credible. The highest confidence possible is
the fuel molecules, reduces the amount of carbon in those that the slopes of all these curves are negative, so they all predict
species available for producing soot. that the addition of oxygenates will in fact reduce soot
We repeated the same series of rich ignition calculations using Production. Relative rates of soot reduction by different oxygen-
other oxygenated species including ethanol, dimethyl ether, ates have the next level of confidence, and specific amounts of
dimethoxy methane, and methyl butanoate. These model0Oxygenates required to suppress sooting completely are the most
calculations produced results very similar to those for methanol, speculative. The purpose of this computational study is to
and the resulting decreases in soot precursor concentrations i#nderstand the kinetic reaction pathways and interpret those
the ignition products are summarized in Figure 6. It is important trends in which we are most confident, including the relative
to note that all of these nearly straight lines are quite similar to rates of soot suppression by different classes of additives.
the results from the experimental diesel engine studies sum- The ultimate use of oxygenated compounds in diesel fuel may
marized in Figure 1. be limited to the addition of small fractions to reduce soot
The first-order conclusion from Figure 6 is that all of the production slightly to satisfy emissions regulations or in
Oxygenates included reduced the levels of soot precursor Specie§00rdinati0n with combined soot and other emissions reduction
at approximately the same rate. Some of the rather small Strategies. In such cases, the only relevant part of Figure 6 would
differences in the curves shown in Figure 6 for the different be the region describing small oxygen fractions, perhaps of only
additives can be attributed to uncertainties in the kinetic rates 1—5% oxygen.
in the mechanisms, but other minor trends can be traced to The major soot precursors remaining in the ignition products
differences in reaction pathways that occur for each oxygenate.of all of these mixtures are acetylene, ethene, propene, and other
By a rather small margin, methanol is the most effective additive C3 compounds including propargyl radicalszt), as shown
in reducing soot precursor levels, and it should be noted that, in Figures 3 and 5. Nearly all of the oxygen appears as CO and
since methanol reacts primarily to produce formaldehyde, H,O, with quite small amounts of COWater is produced via
methanol itself produces no hydrocarbon intermediates thatH atom abstraction reactions from the fuel by OH, and water
promote soot precursor or soot production. Every carbon atom production leads to most of the heat release leading to ignition.
added to the mixture in the methanol molecule is already bondedAs the mass fraction of oxygen in the fuel mixture increases, a
to an O atom, and this bond is maintained all the way ta CO larger fraction of the total amount of carbon in the fuel is
formation. In contrast, although ethanol combustion produces converted to CO and Cand a smaller amount of carbon is
considerable amounts of the oxygenated intermediate speciepresent as soot precursors. When the PAH formation kinetic
acetaldehyde, it also produces some ethene and some methyinodel of Appel et a3 is incorporated into our model calcula-
radicals, both of which contribute to soot precursor production. tions, concentrations of PAHs in the products are correspond-
Similarly, DMM primarily produces formaldehyde and methyl ingly reduced steadily as the oxygen content of the fuel
radicals (shown in more detail below), and this methyl radical increases, reaching near-zero levels when the oxygen content
can lead to ethene and acetylene via the metmgthyl in the fuel reaches approximately 30%. This value for the
recombination reaction pathway. As discussed further below, oxygen content when the soot precursor level falls to zero is
TPGME also produces some soot precursor intermediates andapproximately the same as that shown in Figure 1 for the
some C-O bonded carbon during its consumption. In this measured soot emissions from experimental diesel engines.
manner, the detailed consumption pathways of the additive can  The same precursors and PAH species were produced in all
contribute to soot precursor formation while simultaneously of the modeling calculations carried out, although the amounts
removing C atoms from the soot precursor pool, except in the of these species decreased as oxygenate levels increased. This
case of methanol. These effects are different from those thatoccurs because we used the same fuel for all of our calculations,
limit the effectiveness of MB, which will be addressed below. and the intermediate Speciesy particu|ar|y ethene and its most
Several other features and limitations of Figure 6 should be significant subsequent product acetylene, that we associate with
noted. As already noted for the addition of methanol to the soot production in Figures 3 and 5 are particularly strongly
n-heptane fuel, a lot of additive is often needed to reach oxygen associated as those produced myeptane. For a different
fractions as large as 20% or 30%. In some cases, these curvesurrogate diesel fuel with different structure, other soot precur-
never reach a sufficiently high oxygen content to reach the sors could be produced; for example, with multiply branched
x-axis. For example, if all of ther-heptane is replaced by hydrocarbons such as isooctane, we would expect little ethene
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CHs four O atoms in TPGME remain bonded to carbon atoms, and

o He o o He these carbon atoms are therefore eliminated from the pool of
me” Nen” No N Ner” Son possible soot precursor species. When the same analysis is
H, | repeated for the other 10 radicals that can be produced from H

CH, CH, atom abstraction from TPGME, a very similar group of products

CHsy is created, in which one or two propylene molecules are

o . HC/CHZ + Ly produced and either three or four O atoms remain bonded to C
— Hc? | o atoms. None of these reaction paths produces two O atoms
(formaldehyde) CH, (acetaldehyde) bonded to a single C atom,. SO the overall result is an efficignt

(propylene) usage of the O atoms initially present in the TPGME in

S, preventing those C atoms from contributing to the pool of
. HZC/O + He? +  .oH ayail_abl_e soot precursor species. The important feature is the

(|:H3 distribution of O atoms in the TPGME molecule, so that each

(formaldehyde) O atom leads to a CO molecule in the ignition products.

(propylene) .
) L . For all of the oxygenates above, almost every O atom in the
Figure 7. Schematic diagram of the overall products of consumption .
of TPGME. oxygenate removes one C atom from the pool of species that
can produce soot. In each case, the O atom is initially bound to
but large fractions of isobutene and aromatic fuels are likely to @ C atom and this bond is not subsequently broken. These
produce another group of unsaturated small species as sootxygenated species displace C atoms in the diesel fuel with C
precursors. In each case, we would expect post-ignition levels atoms that are bonded to O atoms. This displacement exchanges
of all soot precursors to decrease similarly as oxygenates areC atoms thatan produce soot with C atoms that, since they
added to the fuel. are bonded to O atomsannotcontribute to soot production.
Careful examination of the kinetic pathways associated with Each of these oxygenated species is equally effective, per O
the ignition of these oxygenates showed that nearly all of the atom in the additive, because each O atom removes one C atom
oxygen atoms initially present in the oxygenates react directly from the soot-producing pool of species. The specific structure
to produce CO; the strong CO bond remains intact during the of the oxygenate has little impact on this process, provided that
ignition, so the C atom in this bond never becomes available the structure retains the ability of each O atom to remove one
for soot production. When methanol is the oxygenate, it is C atom from the soot-producing pool of species.
consumetf primarily via a very linear reaction path All of the oxygenates shown in Figure 6 reduce the levels of
CH.OH — CH,0OH — CH,0 — HCO— CO soot precursors and at sufficiently high concentrations will
eliminate soot emissions. From the results in Figure 6, most of
these oxygenates are quite similar in their ability to reduce soot
emissions. However, the curve for methyl butanoate (MB)
suggests that its inhibiting power is slightly less than the other

In dimethoxy methane and dimethyl ether, each oxygen atom
is initially bonded to two C atoms. During its combustion, one

C—0 bond is broken and the O atom remains bonded to another o o . -
C atom. Specifically, in the case of DME, the dominant reaction oxygenates in its ability to reduce soot precursor formation. This

pathway is H atom abstraction to produce methyl and formal- result could be due to errors in the development of the kinetic
dehyde mechanism, for which very little experimental data are available

for mechanism validation. MB had been chosen for attention
CH,OCH; — CH,0CH; — CH,0 + CH,4 because of its similarity to biodiesel fuels, so it is important to
determine if this trend is significant and reflects real kinetic
which leaves the O atom bonded to one C atom. As in methanol features, and if so, what kinetic factors are responsible for the
oxidation, formaldehyde reacts directly via HCO to produce CO. computed behavior.

Similarly, DMM reacts primarily by H atom abstraction Methyl Ester Structures. There is considerable interest in
the use of so-called biodiesel fuels, fuels derived from vegetable
CH;O(CH,)OCH; —~ CH,O(CH,)OCH; — oils which have combustion properties similar to conventional

CH,O + CH,OCH;, diesel fuels. Such fuels are attractive since they represent a type
of renewable fuel, and the fact that they include oxygen atoms
followed by gives them the potential to also reduce soot emissions when
used in diesel fuels. Biodiesel fuels are usually produced from
CH,OCH; —~ CH,0 + CH, vegetable oils by esterification, which results in a characteristic
structure with two O atoms located at the end of a long
hydrocarbon chain. For most vegetable oils of intefeshe
hydrocarbon chain contains 16 to 20 carbon atoms which can

since the molecule is much larger and there are many possibleinduole several unsaturated segments, With a characteristic
H atoms that can be abstracted to initiate its oxidation. One of methy] ester group at on.e er_1d ShOWI’-] In Figure 4.

the eleven possible H atom abstraction steps can be used as an We selected MB for kinetic modeling study to reduce the
illustration as shown in Figure 7. In this case, one of the H computatlon_al complexﬂy of actual biodiesel fuels, making it
atoms from the Ckigroup at the end of the molecule has been pQSS|bIe to investigate the features Qf the methyl ester group
abstracted, leaving a large radical species that, under the preserftithout the computational complexity of the much larger
ignition conditions, decomposes rapidly via a serie§-stission hydrocarbon group.

paths. The ultimate set of products is shown as two formalde- As shown in Figure 4, the methyl ester group has two O atoms
hyde molecules, two propylene molecules, one molecule of which are both bonded to a single C atom. The doul#eOC
acetaldehyde, and an OH radical. In this example, three of thebond is very difficult to break, and the important question is

with each O atom remaining bonded to one C atom, leading to
CO formation.
The same analysis for TPGME is somewhat more complex,
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whether the other O atom remains bonded to the same C atom. 027 emperatre T 1800
The MB molecule 0, L 1600
CH;—CH,—CH,—(CO)—0—CH, c F 1400
£ o
which replaces the longie-Cig hydrocarbon chain typical of § 01 1200 *E
most biodiesel fuels with a shon-propyl radical is not ) n-heptane T+ 1000 &
consumed by thermal decomposition to any appreciable degree. = temperature 1 s00 E
Instead, it is consumed primarily by abstraction of H atoms by
OH and H radicals, and the weakestB bonds are at the CH methyl butanoate T 600
groups in the hydrocarbon segment. When H abstraction
produces 00 400
0.05 -
CH;—CH—CH,—(CO)—0—CH,
0.04 -
thenp-scission leads to propene and the methoxy formyl radical g
S 0.03 - C.H
C3H6 + (CO)_O_CH3 E CzH, 2tz
2 0021
As discussed below, the methoxy formyl radical then decom- =
poses primarily to C®+ CHs. When the H atom abstraction 0.01 1
from MB produces
0.00 , ; ‘
C|_|3_CHZ_CH_(CO)_O_CH3 0.0E+00 5.0E-04 1.0E-03 1.5E-03
Time [s]
this radical decomposes to produce Figure 8. Computed major species mole fractions in the fuel-rich
ignition of equimolam-heptane/methyl butanoate/air at 10 MPa pressure
CH,;—CH,—CH=(CO) + CH,0 and an initial temperature of 767 K.

leaving the O atoms bonded to different C atoms. but its effectiveness is still considerably less than what is

This analysis can be extended to describe larger methyl esterPbserved when methanol is the additive.
that are characteristic of realistic biodiesel fuels. If such  In the details of the kinetic results, it is evident that the MB
molecules were completely saturated, with langetkyl chains molecule is large enough to permit considerable amounts of
replacing then-propyl group in MB, then H atom abstraction low-temperature, alkylperoxy radical reaction processes at low
in the n-alkyl group, followed byf-scission of the resulting temperatures. While temperatures are still below 1000 K,
radical, would be expected to produce £@nd CHO in alkylperoxy radicals of the £ Cs, C4, and G species as well
approximately equal amounts, exactly following the analysis as HQ all react with the alkyl and alkylperoxy radicals produced
above for MB. Considerable amounts of cross-linking and by H atom abstraction from MB, and these radical reaction
unsaturated portions are observed in the hydrocarbon portionpathways produce considerable amounts of CO, explaining the
of most bioderived methyl estetdso the kinetic analysis is ~ calculation of higher CO levels in the-heptane/MB fueled
more complicated, and each biodiesel fuel is slightly different, ignition, than in the case with methanol addition. In contrast,
but overall one would expect approximately the same mixture the much smaller methanol molecule involves little or no
of CO and CQto be produced from most biodiesel components. alkylperoxy radical reaction activity. However, the methyl ester

We found that during combustion of the MB, approximately structure of MB also leads to early production of £drectly
half of the reaction pathways resulted in both O atoms remaining from MB, following H atom abstractions and decomposition
bonded to the single C atom. As a result, G@as produced of the resulting radicals as described above. As a result, these
directly and the two O atoms together removed only one C atom OXygen atoms are not available to assist in oxidizing the
from the pool of reactive hydrocarbons that could produce soot. Unsaturated hydrocarbon fragments, especially the acetylene and
Computed results for the major species mole fractions are shownethene, that produce soot following the ignition. While the
in Figure 8, which should be compared with the baseline case overall reaction pathways for MB are quite complex at tem-
in Figure 3 and the nearly equimolar mixturereheptane and ~ peratures below 1000 K, the very simple mechanism outlined
methanol shown in Figure 5. The exact mole fraction values above becomes the dominant route for temperatures above 1000
are included in Table 1. For comparison, the initial fuel mixture K and both regimes produce GQirectly via the methoxy
in the two oxygenated cases with methanol and MB both contain formyl decomposition reaction.
15% oxygen by mass. In theheptane/MB ignition, nearly all To examine this effect in greater detail, two additional
of the soot precursor and other products of the rich, premixed oxygenated species were selected for further consideration,
ignition reached final levels intermediate between the baseline including dimethyl carbonate (DMC) and a larger species,
and methanol additive cases and even the final temperature ofdibutyl maleate (DBM), which had been selected by the same
1665 K lies between the 1600 K of Figure 3 and the 1750 K of committee that had recommended TPGME for further study.
Figure 5. The final level of acetylene appears to be almost These structures are shown in Figure 4; both DBM and DMC
exactly the same in all three cases, but the reduction in etheneare characterized by variations of the same ester structure as in
when MB is included is significantly less than when methanol MB. DMC was selected for two reasons; first, its high weight
is the oxygenated additive. It is clear that MB addition to the fraction of oxygen offers the possibility that it could have a
fuel enhances oxidation of the fuel and reduces the total level strong soot inhibition effect on diesel combustion, and second,
of soot precursors relative to the baseline without the oxygenate,it provides a relatively clear way to examine the role of the
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dibutyl maleate (DBM),

Q C1aH204
8 A~ TN * =1.4-maleate carbon

= =2 3-maleate carbon
L ¥ o\/\/ 4 =1-butyl carbon

o]

r Figure 10. Schematic diagram of DBM, showing sites where C atoms
were labeled witH“C for accelerator mass spectroscopy.

Percent of fuel carbon
converted to oot precursors

methanol collected, and in the surface deposits that were produced. Their
T analysis showed that the bonds between the 1-butyl groups and
0 F,‘;—g,m of%fygen i,‘,"?ue, by 2;;'55 05 the adjacent O atoms were broken approximately 90% of the
. S . .. time and that the C atoms bonded to the two O atoms in DBM
Flgure 9 Computed reductions in SQOt precu_rs_or concentrations with . db ded th h th ich i . iod Iti .
the addition of an oxygenated species containing ester structure. M '€Mained bonded through the rich ignition period, resulting in
is methyl butanoate, DMC is dimethyl carbonate, and DBM is dibutyl the direct production of C©
maleate, all shown structurally in Figure 4. Szybist and Boehmahhave carried out compression-ignition
studies in a CFR test engine, using as fuels letteptane and
ester group in determining the kinetic fate of oxygen atoms in methyl decanoate, a monomethyl ester with a saturated, straight-
these oxygenated species. DBM was included because it was &hain alkyl radical with 10 carbon atoms. Their experiments
more realistic practical diesel fuel component which had the measured heat release rates, gas temperatures, and exhaust gas
same ester structure as MB and DMC but had a hlgher (@] atomcomposition using FTIR Spectroscopy over a range of compres-
content than the other oxygenates with the same structure.  sjon ratios leading to actual ignition. One important observation
In Figure 9, the relative effectiveness of these new oxygenated of their Study was the production of Gat very ear]y Stages
species on soot precursor reduction is summarized, together withof combustion associated with fuel decomposition, before any
the previous results for the cases with methanol and methyl significant heat release had occurred. Early production of CO
butanoate as the oxygenates. These results show that all three\/as observed on|y when the fuel was methy| decanoate, and
oxygenates that have the characteristic ester group are lesso corresponding COproduction was observed when the fuel
effective at reducing soot precursor levels than the oxygenatesyasn-heptane. Their conclusion was that the &i@s a direct

Withogt the ester structure, on the basis of effec_t per unit oxygen product of the methyl ester group in their methyl decanoate,
atom in the fuel. The DBM is even less effective than methyl consistent with the present kinetic mode”ng ana|ysis_

butanoate or dimethyl carbonate. In each of these cases, kinetic \jyeller et al® directly compared the soot reduction effective-
modeling shows that the particular locations and bond structurespess of DBM and TPGME in a diesel engine and in a constant
involving the O atoms lead to a considerable fraction of direct \glume combustion bomb. They found, in both experimental
CO; formation from the oxygenate. This means that not every configurations, that TPGME was significantly more effective
O atom in these compounds is able to eliminate a carbon atomhan DBM in reducing soot levels, which were measured using
from the soot precursor pool, resulting in a higher fraction of spatially integrated natural luminosity and line-of-sight laser
the remaining carbon atoms available to produce soot. extinction techniques. Experimental engine studies by Zannis
Combustion of these oxygenates (i.e., those containing the gt 510 also found that different oxygenated species structures
ester group) produces considerable amounts of the alkoxy formylproduced different soot reduction efficiencies. The results of
radical, (CO}-O—R, where R is an alkyl radical. In the case | of these experimental engine studies are consistent with the
of DMC as the oxygenated species, in which R is the methyl present description of how O atoms in the oxygenated species
radical, approximately 78% .of the methoxy formyl radical gre used to suppress soot production.
decomposes to produce Gvith only 22% producing CO- The most obvious test of the present mechanism is that it
CH:O. In the case of DBM as the oxygenated species, nearly pregicts accurately the rate of soot suppression as the oxygen
90% of the analogous-butoxy formyl radical produces GO |eye] in the fuel increases and the oxygen levels required to
Glaude et al’/ McCunn et al5°and Good and Francistthave  gjiminate soot entirely. This is shown by comparing the
examined the methoxy formyl decomposition reaction, using eyperimental results in Figure 1 and the modeling predictions
CBS-Q and CCSD(T) methods at the B3LYP level, and all three ,om Figure 6. Although this is an integrated result, it also is a
studies agreed that the energy barrier to thg €O, product  idely observed phenomenon and the fact that the same

channel is about 14.7 kcal/mol, while the barrier to thesOH  penavior is observed for so many oxygenated fuel components
+ CO products is more than 22 kcal/mol, explaining why the 51 that the model reproduces those observations as well makes
CO, channel would be expected to dominate. this a convincing test of the model.

We calculated the chemical equilibrium compositions for the
mixtures summarized in Figures 3 and 5, wittheptane and

Reduction of soot production by oxygenated species is a ann-heptane/methanol mixture as the fuels. We found that the
recent development, and relatively few experimental tests havemajor equilibrium components in each case consisted of CO,
appeared to date that can be used for confirmation of the H, and CH, in addition to the N present in the air. The other
mechanism presented here. On the basis of preliminary modelspecies in Figures 3 and 5, including® CG,, C,H,, and GH4
predictions by the present authors, Buchholz et®alsed all are present in the equilibrium mixtures at levels of less than
radiocarbon labeling of different C atoms in DBM to show 1% mole fraction, indicating that the products computed
experimentally that a significant fraction of the O atoms in DBM kinetically are far from equilibrium. The product compositions
were converted directly into GOThey selectively labeled the  in Figures 3 and 5 therefore represent an arrested kinetic process
three distinct carbon atoms shown in Figure 10 in successivethat had been proceeding to oxidation products. This permits
experiments and used accelerator mass spectrometry (AMS) taus to summarize the evolution of the reactants through the
detect“C in the CQ exhaust gases, in the soot that was ignition period.

o

Discussion
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Stoichiometric oxidation ofi-heptané® occurs primarily by soot. Increasing @by air entrainment and the addition of
means of H atom abstraction, followed by decomposition of oxygenates activate reaction pathways that advance the kinetic
the resulting heptyl radicals; the principal next product is ethene system toward final products and reduce the concentrations of
as the longr-alkane chain is chopped inteld,4 blocks. Ethene those intermediates which lead to soot production. The details

is consumed by radicals to produce vinyl radicalgHg} which of the two reaction pathways are different, but the result is the
then decompose to produce acetylene. Subsequent oxidation osame.
acetylene leads to CO and @Qethane, a major component Both techniques, displacement of purely hydrocarbon fuel

in the equilibrium calculations, is produced kinetically by H  with oxygenates and dilution of the very rich fuel/air mixture
atom abstraction from the fuel by GHadicals and very little  with further air, could be characterized as simply changing the
of this occurs in these transient simulations. In the diesel-rich combustion equivalence ratio closer to stoichiometric, which
ignition calculations, it is clear that the computed reactions were would reduce sooting in a very intuitional way. However, the
proceeding normally toward combustion products when the present analysis is intended to demonstrate that not all of the
limitations of the very fuel-rich environment quenched or additional oxygen (and the associated change in equivalence
interrupted the process. Because the rich conditions provide lessatio) is effective in reducing the production of soot when the
heat release than stoichiometric conditions, the system cannotdynamic nature of soot production is examined in kinetic detail.
produce enough radicals to complete the oxidation process. the present analysis also suggests that different fuels will
Those radicals that are produced convert as much ethene agach have their own characteristic types of intermediate products
possible to acetylene, but it is clear from Figure 3 that this it their own sooting properties. The present analysis has used
conversion is far from complete. OH radicals convert CO 10 . heptane as the surrogate for diesel fuel, and the resulting soot
CQ, and produce LD from H atom abstraction reactions with  recyrsors are predominantly ethene and its product acetylene.
the fuel, producing far more GGand HO than is present at  Branched alkanes will produce unsaturated intermediates that
equilibrium conditions at these temperatures. contain more branched species than in the present simulations,
Kinetic production of superequilibrium GQevels is avery  such as isobutene, in addition to acetylene and ethene. Cyclic
important feature of this rich ignition and the production of soot alkanes and alkenes, and aromatic fuels, will each produce soot
in the diesel. At these rich conditions, the equilibrium composi- precursor species that are characteristic intermediate products
tion contains none of the species normally associated with of their oxygen-deprived or fuel-rich ignition. This provides the
aromatic formation reaction pathways and soot production, system “memory” of its original composition so the sooting
particularly very low levels of ethene and acetylene. At tendencies and perhaps the morphology of the soot produced
equilibrium, all of the available O atoms are present in the form by different original fuels will vary as the distribution of the
of CO. However, during the kinetically controlled ignition, the ignition products varies.
OH radicals that might have facilitated the equilibrium have A particularly important subject for future study is the role
instead oxidized CO to C{and produced kD. The remaining  of aromatic hydrocarbons in the fuel on the fuel-rich diesel
C and H have no way to avoid remaining in the form of soot jgnition and the production of soot precursors. The soot
precursors, because the kinetic system has achieved a composinggeling work of FrenklacR223 as well as a large body of
tion that is locally stable although far from true equilibrium.  experimental work, has established that production of aromatic
When O atoms in the oxygenated additive produce>CO and polycyclic aromatic species is a major step toward soot
immediately, because of the unfortunate placement of O atomsproduction and the production of specific precursors to aromatic
within those molecules, the imbalance toward L@ the  gpecies formation has been a central element in the present study.
products is even more pronounced and the kinetic system as shown in Figures 3 and 5, our kinetic model predicts that
remains far from the equilibrium that otherwise would have | of the original fuel is consumed during the rich ignition, but
limited sooting. a similar simulation of fuel-rich ignition of aromatic fuels under
When the oxygenate, methanol in this example, is added, diesel conditions has not yet been addressed. Since the specific
some additional radicals are produced because the overallhydrocarbon fragments in the ignition products are influenced
mixture, including the oxygenate, is slightly less rich (or closer by the structure of the fuel, the composition of the soot
to stoichiometric). The enhanced radical population converts precursors in the case of aromatic fuels may be quite different
more ethene to acetylene and more CO to,dfth of which from the present species, and this will be addressed in future
are reflected in the comparisons between Figures 3 and 5. Inwork.
addition, there is less ethene to convert to acetylene, since a Finally, it should be noted that the present analysis applies
great deal of the-heptane has been displaced by methanol. As only to the case of premixed ignition. The same conclusions
more oxygenate is added and the overall mixture becomes lessjo not apply to nonpremixed systems such as diffusion flames,
fuel-rich, the steadily increasing radical pool is able to convert \which are kinetically more complex than the present systems.
more intermediate species, particularly those which contribute Fqr example, McEnally et &%62examined co-flowing methane
to soot production, to nonsooting products. Eventually, as the giffusionflames to which a variety of butyl alcohols and alkyl
overall equivalence ratio reaches 2.0, there are enough radicakthers were added to the fuel, and in these cases, the oxygenated
species to consume the ethene as well as the subsequeriqditive increasedthe production of soot. In direct contrast,
intermediate acetylene. the flame study of Renard et Hi.examined richpremixed
This analysis suggests how soot suppression is accomplishedaminar flames in which the addition of DMM to an ethene/
for the cases in which extra air is entraifédEntrainment oxidizer mixturereducedhe level of soot precursors. McNesby
provides additional molecular oxygen, which reacts rapidly with et all? recently discussed soot formation in an opposed flow
radical species such as vinyl and produces H@ OH radicals ethene/air flame, adding ethanol to the air stream and alterna-
which then abstract H atoms from the fuel or react further with tively to the fuel stream, observing quite different responses of
unsaturated species. Thus, oxidation of the fuel and particularlythe sooting flame in these two cases. When they added the
the soot precursor intermediates can proceed further with theoxygenate to the fuel stream, soot production increased, and
addition of more oxygen and leave fewer species that producewhen the same oxygenate was added to the air stream, soot
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