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Abstract

Results are presented from a combined experimental and modeling study undertaken to understand the pathways
by which the addition of ethanol to fuel-rich ethylene flames causes reductions in PAH and soot. The experimental
work was conducted in a flat-flame burner at equivalence ratios of 2.34 and 2.64. Ethanol was added to the ethyl-
ene at two levels corresponding to 5 and 10% oxygen by weight in the fuel. Soot was measured by laser-induced
incandescence calibrated with light extinction, and aromatic species were measured using laser-induced fluores-
cence. Modeling was based on a 1-D premixed flame model and kinetic mechanisms available in the literature.
The modeling work captures the trends in aromatic species with changes in equivalence ratio and oxygen concen-
tration in the fuel. However, the soot predictions do not match the increases observed at the higher equivalence
ratio. Analysis of the modeling results for the lower equivalence ratio shows that the addition of ethanol to the
ethylene reduces the aromatic species mainly by reducing the amount of carbon that is available to form precursor
species.
© 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The work presented here was conducted as part
of a larger effort of a consortium of DoD laborato-
ries, universities, and industry seeking ways to re-
duce particulate emissions from military gas turbine
engines [1]. It has been estimated that U.S. military
aircraft emit about 600,000 kg of particulate matter
into the atmosphere each year [2]. All of this par-
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ticulate matter (PM) is in the form of particles with
diameters less than 2.5 µm. A growing body of evi-
dence indicates that these small particles cause both
health and environmental problems. To reduce the
amount of particulate matter emitted from gas turbine
engines, two approaches are possible: modification or
redesign of the combustion system and modification
of the fuel either by reformulation or additives. For
existing engines, hardware retrofits are normally pro-
hibitively expensive. Reformulation of the fuel is pos-
sible but certification of a new fuel could take years.
Therefore fuel additives appear to be the preferred ap-
proach.
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The objectives of the overall research program are
to develop fundamental understanding of the complex
interactions of additives with the processes that lead
to PM emissions from military gas turbine engines
and to use that fundamental understanding to select
and investigate the most promising additives for re-
ducing PM emissions. The overall research program
involves testing in premixed and diffusion flames,
a well-stirred reactor, a shock tube, an atmospheric
spray burner, and a high-pressure turbulent combus-
tion reactor. Understanding the effects of additives
across this array of devices will permit a more com-
plete understanding of the effects of additives in gas
turbine combustors. The results presented here focus
only on the premixed flame results.

Most additives investigated for reduction of PM
emissions are metal-based [3]. However, metal addi-
tives may produce potentially harmful exhaust emis-
sions and may adversely affect the engine itself, so
organic compounds were selected for the initial phase
of the study. An oxygen-containing additive was se-
lected because of the large amount of research that has
been performed to understand the potential of oxygen
in the fuel to reduce emissions from diesel engines,
see, e.g., Refs. [4–6]. Ethylene was selected as the
fuel due to its use in many previous studies of soot
formation in a variety of combustion devices. An-
other consideration in the selection of the fuel and
oxygenated compound was the availability of chemi-
cal kinetic mechanisms for modeling the ethylene and
ethanol.

No work was located in the literature that specif-
ically investigated the effects of ethanol addition
on soot from premixed ethylene–air flames. How-
ever, several studies of the effects of ethanol on
PAH or soot formation in flames and shock tubes
are available. The most closely related study is that
of Inal and Senkan, who investigated the effect
of three oxygenated additives, methanol, ethanol,
and MTBE, on the formation of PAH and soot in
laminar, premixed, atmospheric fuel-rich n-heptane
(n-C7H16)/Ar/O2 flames [7]. The equivalence ra-
tio in their study was 2.10 and the oxygen weight
percent in the fuel was kept at 2.7% for each n-
heptane/oxygenate mixture. In flames containing oxy-
genated additives, they observed consistent reduction
of low-molecular-weight hydrocarbons such as acety-
lene (C2H2), propyne (C3H4), diacetylene (C4H2),
and vinylacetylene (C4H4). The addition of oxy-
genated additives also reduced aromatic species, in-
cluding benzene (C6H6), phenylacetylene (C8H6),
and larger aromatics such as naphthalene (C10H8)
and pyrene (C16H10). Based on the results observed,
they concluded that the reductions in PAH mole frac-
tion in the oxygenated fuels were related to the con-
centrations of small unsaturated hydrocarbons and

these small hydrocarbon species must be the major
precursors for the formation of PAH in flames.

Other investigators have studied the effects of
ethanol addition on soot formation in shock tubes.
Frenklach and Yuan investigated the effects of me-
thanol and ethanol addition on soot formation from
benzene during pyrolysis in shock tubes [8]. They
studied temperatures from 1580 to 2395 K and al-
cohol/benzene molar ratios of 1 and 3.2, correspond-
ing to oxygen weight percents of 14.5 and 28.3 for
methanol. Their results demonstrated that while both
alcohols reduced soot, ethanol was more effective.
In interpreting their results, they concluded that the
reduction of soot was due to the production of OH
radicals that can oxidize soot precursors and soot par-
ticles, and the removal of hydrogen atoms. They em-
phasized that removal of H atoms plays an important
role in the reduction of soot since H atoms reactivate
relatively stable aromatic molecules to radicals and
thus propagate the ring growth process. For ethanol
the source of OH was the reaction sequence

C2H5OH → C2H4 + H2O, (1)

H2O + H → OH + H2, (2)

that converts a reactive hydrogen atom to molecular
hydrogen, leading to a slowdown in the formation
of soot. For methanol, the OH radicals form directly
from the decomposition of methanol.

On the other hand, Alexiou and Williams stud-
ied soot formation of binary mixture of toluene–
methanol, toluene–ethanol, and toluene–oxygen in a
shock tube and found more pronounced effects for
methanol addition than for ethanol in reducing soot
yield [9]. Alexiou and Williams claimed that because
ethanol produces ethylene, which is a major source
for acetylene formation in toluene pyrolysis, produc-
tion of ethylene during ethanol decomposition offsets
oxidation by OH radicals, leading to more soot for-
mation than methanol. Their conclusion differs from
that of Frenklach and Yuan, indicating that the effect
of oxygenation may vary, depending on experimental
conditions, flame types or parent fuel.

Finally, Ni et al. studied the effect of methanol,
ethanol, 1-propanol, and 2-propanol addition to an
ethylene, co-flow diffusion flame [10]. Only methanol
caused substantial reductions in soot. Ethanol caused
a small decrease, whereas the two propyl alcohols
increased soot. Ni et al. noted that the pyrolysis of
methanol would yield OH radicals that can oxidize
soot precursors, whereas the pyrolysis of ethanol will
yield primarily ethylene and water. Based on a com-
parison of the methanol results to results for methane
addition to the ethylene flame, the authors noted that
their results “strongly suggest that a chemical inter-
action is the dominant effect in soot suppression by
methanol.”
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