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Abstract

Results of computations based on a detailed chemical kinetic combustion mechanism and results of exp
are compared to understand the influence of ethanol vapor addition upon soot formation and OH radical
tration in opposed flow ethylene/air diffusion flames. For this work, ethanol vapor was added to either the
the oxidizer gases. Experiment and calculations are in qualitative agreement, and both show differing co
tions of soot, soot precursors, and OH depending on whether the ethanol is added to the fuel or oxidiz
An explanation for the observed differences for oxidizer or fuel side ethanol addition to opposed flow ethy
diffusion flames is proposed, based on an analysis of the chemical kinetic mechanism used in the compu
 2005 Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction

It is estimated that U.S. military aircraft emit abo
600,000 kg of particulate matter into the atmosph
each year. Most of this particulate matter is in t
form of soot particles with diameters less than 2.5
(PM2.5)[1]. In addition to shortening engine life an
limiting the time between engine servicing, there i
growing body of evidence that shows these small p
ticles cause both health and environmental proble
[2–4].

* Corresponding author. Fax: +1 410 306 1909.
E-mail address:mcnesby@arl.army.mil

(K.L. McNesby).
0010-2180/$ – see front matter 2005 Published by Elsevier In
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As part of a Strategic Environmental Research
Development Program (SERDP) effort investigat
superefficient (ppm level) fuel additives for soot r
duction in turbine engines[5], fundamental studies o
the effects of additives on soot formation and oxid
tion in different types of burners and combustors
underway at several laboratories using a wide rang
diagnostic methods. Part of the rationale of this p
gram is to use different types of burners and comb
tors (diffusion, premixed, well-stirred reactors, et
to approximate the different stages of fuel combust
that occur in a turbine engine. For the initial series
experiments for this program, ethylene was chose
the fuel because it has been used in past studies of
formation processes in a wide range of burners[6].
c. on behalf of The Combustion Institute.
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The part of the effort conducted at the Army Resea
Laboratory (ARL) uses an opposed flow burner to
vestigate ethylene/air combustion.

Soot reducing additives studied in the past larg
fall into two categories, metal-based additives a
oxygenated compounds[6]. Although often very ef-
fective at soot reduction, the investigation of me
additives was ruled out due to concerns about adv
health and environmental impact as well as incomp
ibility with gas turbines. Thus, the use of oxygena
compounds (that are drawing increasing attention
use in diesel engines) was selected[7]. It is worth-
while to note that oxygenated compounds are not s
as an ultimate solution to the particulate emiss
problem for gas turbine engines, because for not
able effect they must be added at high concentrat
(percentage levels) to the fuel[7], making them im-
practical. However, they do provide a good ben
mark for the standardization tests. After consider
the available data in the literature and compati
ity with tests using ethylene, ethanol was selected
the initial additive compound to be studied[8,9]. The
choice of ethanol and ethylene also allowed chem
mechanisms from the literature to be used in mod
ing of the results[10].

2. Background

The separation of the regions of highest parti
late and aromatic concentrations (sooting region)
the main combustion (flame radical production)
gion in opposed flow flames has been reported
Ref. [11]. We are aware of only one investigator u
ing simultaneous planar laser-induced fluoresce
(PLIF) and light-scattering measurements in so
ing opposed flow diffusion flames[12]. Simultane-
ous measurement has been reported in the litera
for coflowing diffusion flames[13]. For sooting op-
posed flow flames, peak soot concentration typic
occurs near the stagnation plane, in fuel-rich regi
at temperatures slightly lower than peak combus
temperatures[14]. For opposed flow diffusion flame
in which the stagnation plane is fuel rich (e.g., t
flame reported here), the flame occurs at the loca
where fuel and oxidizer are close to stoichiome
combustion proportions. This occurs on the oxidi
side of the stagnation plane (seeFig. 1a), and the stoi-
chiometric mixture is achieved by fuel gases diffus
upstream into the oxidizer flow. For the flames us
here (ethylene/air) the overall chemical reaction (
suming air to be 20% oxygen) is

C2H4 + 3O2 + 12N2 → 2CO2 + 2H2O + 12N2.
(R1)

Reaction 1(R1) shows that for fuel (C2H4) and
oxidizer (air) flow rates that are approximately equ
Fig. 1. A schematic of the opposed flow burner and flam

in an opposed flow burner (our conditions), assum
gases with similar momenta (our conditions), the
mixture at the stagnation plane will be fuel rich[14].
The stagnation plane is conceptually shown inFig. 1.
The stagnation plane is typically described as the
cation between the gas and the oxidizer ducts wh
the axial gas velocity goes to zero. For these ex
iments, the stagnation plane location was not m
sured, but was estimated by calculation.

For opposed flow flames that exhibit similar sep
rations of sooting (particle laden) and flame (i.e.,
minous) regions (e.g., ethylene/air, propane/air, h
tane/air in the authors’ experience), the effect of
ditives upon flame structure, radical formation, a
extinction strain rate may be different depending
whether the additive is added to the fuel or o
dizer stream. As an example, when iron pentac
bonyl (Fe(CO)5) is added to the air stream of man
opposed flow hydrocarbon/air flame systems, it
among the most efficient flame inhibitors known. F
fuel stream addition, the effect, on a molar basis
much less pronounced[15].

The analysis of the experimental work describ
here attempts to understand the effect of fuel or
side addition of ethanol upon soot formation and O
radical concentrations in opposed flow ethylene
flames. The approach focuses on a compariso
experimental results with results of flame mod
ing calculations incorporating the well-characteriz
C2 combustion mechanism of Frenklach and
workers [10]. This mechanism was developed f
premixed flame systems, and we have used it h
without modification. It may be worth noting that th
activation energies for some reactions in the me
anism may exhibit a pressure dependence in et
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ene/air counterflow flames[16]. As noted above, th
experiments take advantage of the spatial separa
between regions of peak soot (particles) and OH c
centrations in the opposed flow ethylene/air flam
This spatial separation allows a single laser pu
tuned to resonance with an OH absorption, to be u
to simultaneously measure OH laser-induced fluo
cence (LIF) and light scattering (Mie+ Rayleigh) by
soot particles.

3. Experimental conditions

The opposed flow burner is constructed of 3
stainless steel, and is based on the design of Le
and Chelliah[17]. Fuel (ethylene) and oxidizer (ai
ducts are 15 mm in diameter, and are separated
10 mm. Flow rates for the experiments reported h
were 4.6 L/min ethylene and 6.2 L/min air. These
values were chosen because they gave the most s
flame. Ethanol vapor was added to fuel or oxidiz
gases using an injection pump (Isco). The etha
was injected as a liquid at room temperature into
fuel or oxidizer gas lines approximately 2 m upstre
from the gas entrance into the burner assembly
was assumed to vaporize completely. Ethanol a
tion was up to 0.08 mol fraction (8%) in the fuel
oxidizer gas stream. It should be noted that this le
(8%) of addition to the oxidizer stream makes the “o
idizer” a rich fuel/air mixture. The change in flam
behavior as the oxidizer gas stream is transitione
a fuel/air mixture is treated in detail in what follow
A shroud gas (nitrogen) surrounded both fuel and
idizer ducts within the burner assembly to minimi
entrainment of room air into the flame. The burn
was enclosed in a chamber that was capable of b
evacuated. However, for these experiments the ac
ports of the chamber were left open and so all exp
ments were run at atmospheric pressure. A schem
of the experimental apparatus is shown inFig. 2.

Fig. 2. A schematic of the experimental apparatus.
The experimental procedure was as follows. A
me source was placed between the burner ducts
gas flow was then commenced, with the opposed fl
flame igniting immediately. The nitrogen shroud g
flow (5 L/min total) was initiated and the flame w
allowed to stabilize for 5 min. For experiments u
ing fuel or oxidizer additive, a valve on the injectio
pump was opened and flow of ethanol into the
or ethylene streams was begun. After approxima
1 min of flow of ethanol, a sheet of pulsed laser ra
ation (typically 0.5 mJ/pulse, approx 20-ns duratio
formed using a double apertured, half-cylindric
lens) near a wavelength of 281 nm (Lambda Phy
Excimer/Scanmate system: Coumarin 153 dye; F
damental at 560 nm, 2× frequency to 281 nm; pum
A2�+ (v = 1) ← X2� (v = 0), detect ((0,0), (1,1
around 310 nm) was passed through the flame
gion. A gated, unfiltered, intensified CCD came
(Roper Scientific, 256×1024 pixels), equipped with
Nikor 1:4.5 UV lens, was used to measure laser s
ter during and immediately following the laser pul
(camera gate width= 80 ns). The images produced
100 laser pulses were averaged in the camera m
ory. From this average image, the maximum value
a given pixel location along the centerline betwe
the fuel and the oxygen ducts was selected in
sooting and combustion regions of the flame (
Fig. 3). A background value at that pixel locatio
measured prior to the flame initiation (also 100 av
aged images), was subtracted from this value. T
background-corrected pixel value became the d
point representing peak particle or OH concentrat
Following data collection, the injection pump val
was closed, the pump flow parameters were reset,
the process repeated. Planar laser-induced fluo
cence and light scatter measurements at the begin
and end of each run series were performed to ch
that the flame returned to normal after the etha

Fig. 3. (Upper) Simultaneous image of OH PLIF and lig
scattering by soot particles. (Lower) Same image, but w
the laser tuned off of resonance with the OH absorption.
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flow was stopped. Laser power was measured be
and after each experimental run and typically var
by less than 2%. Other than subtraction of ba
ground, no corrections were made for changes in la
power or variations in spatial intensity, and no oth
specific dark field pixel corrections were made,
though previous measurements of the CCD dark fi
(camera blocked) showed pixel to pixel output to va
by less than 2%.

The region of the flame referred to here as the s
ing region (and other flame regions) may contain p
ticles and polyaromatic hydrocarbons (PAH). The
PAH are known to fluoresce when exposed to ultra
olet radiation[18]. For the experiments reported he
we are assuming that the bulk of the signal obser
in the sooting region is from scattered laser radiat
[19]. To evaluate the part of the observed image
the sooting region due to light scatter, we divided
theoretical treatment of the scattering process into
extinction part and a Mie theory part[20–22].

The intensity of scattered laser light (assum
unit incident intensity and zero absorption) by pa
cles in the flame may be approximated by Bougu
Law:

(2)I = exp(−3QempL/2ρd).

Here,I is the intensity of the scattered light,Qe is the
soot extinction coefficient,mp is the weight of soo
particles per unit volume,L is the pathlength, andρ
andd are the density and diameter of the average s
particle. This equation predicts that as soot part
size (d) decreases for a fixed soot mass per unit v
ume, scattering intensity increases.

According to Mie’s solution of Maxwell’s equa
tions in spherical coordinates for an electromagn
wave incident on a sphere[22], the angular distrib-
ution of intensity and degree of polarization of t
light scattered by a collection of particles are rela
to both the size and index of refraction of the p
ticles. The general solution describing scattering
monochromatic light by a single particle of any si
may be described by

(3)Iθ = λ2/(8R2π2)
[
i1(θ) + i2(θ)

]
.

Here,Iθ is the light intensity scattered at angleθ , λ is
the wavelength of the incident radiation,R is the dis-
tance from the particle to the point of observation, a
i1(θ) andi2(θ) are angular distribution intensity func
tions that are dependent on the intensities of the
plane polarized components of the scattered mo
chromatic incident light.

Application of Mie’s solutions for light scatter
ing by particles is usually simplified by conside
ing the limiting cases where the particle diamete
much smaller than the wavelength of light (Raylei
scattering,λ−4 intensity dependence), near the wa
length of light (Mie scattering), or much greater th
the wavelength of light (diffractive optics). For ligh
scattering by nascent soot particles in opposed
flames (soot particle sizes of tens to hundreds
nanometers), the scattering is typically categorize
having characteristics of Rayleigh and Mie scatteri
For observation at 90˚ to the incident beam, scat
ing in both Rayleigh and Mie regions is predicted
be perpendicularly polarized and nonzero.

So, for measurement of scattering intensity p
pendicular to the incident laser beam, by a cloud
spherical particles with fixed size distribution, in t
limit of (3QempL/2ρd) � 1, the scattering inten
sity should be approximately proportional tomp, and
hence to soot volume fraction.

Fig. 3shows images of simultaneous light scatt
ing and OH LIF taken perpendicular to the plane
the laser sheet. In this figure, the regions of maxim
particle concentration and OH formation are seen
be well separated. Also shown in the figure is an
age taken of the same flame with the laser tuned
of resonance with the OH absorption transition ((1
A2S ← X2P ).

Calculations used the OPPDIF flow code, based
the Chemkin database, marketed by Reaction Des
Inc. The chemical mechanism input to the OPPD
flow code used the Frenklach mechanism[10] for
ethane combustion, modified by one of us (T.A.L.)
include ethanol addition. The final chemical mec
nism incorporates 156 species and contains 659 r
tions. Input conditions for the calculations assum
initial gas temperatures at 300 K, 1 atm total pr
sure, duct separation of 1 cm, and initial fuel a
oxidizer gas stream velocities of 41 and 55 cm/s,
respectively. For the burner system used in the ex
iments, the fuel velocity was approximately 41 cm/s,
and the oxidizer velocity was approximately 55 cm/s.
Duct separation was 1 cm. Each calculation requ
approximately 100 min to reach convergence o
Pentium 4-based desktop computer. The results o
Chemkin calculations predict flow parameters (g
velocity, strain, etc.), temperature, and species
files as a function of distance from the fuel duct. T
Frenklach mechanism allows prediction of spec
profiles for aromatic rings up to A4 (C16H10).

Two approaches were used for the calculations
the first approach, the initial conditions input to t
program specified a 60-point space grid between
burner ducts, with grid spacings becoming sma
near the combustion region. As the calculation p
ceeds, the program regrids to finer increments. W
this initial grid was used, calculations often had d
ficulty converging, or took several hours to conver
The second approach used a 5-point, evenly sp
grid as the initial condition. The program was then
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lowed to regrid as the calculation proceeded. In ev
case for which convergence was achieved, altho
final results for the two approaches agreed, the
ond approach converged faster. Convergence cri
used for Newton iteration and for time stepping we
the program default values, with the exception of
cases of 5 to 8% ethanol added to the air stream
achieve convergence for these cases, it was nece
to relax the convergence criteria by a factor of 1
This reduction was achieved by relaxing the defa
values for the absolute (ATOL) and relative conv
gence criteria (RTOL) for Newton iteration from d
fault values of 10−9 and 10−4, respectively, to 10−7

and 10−2. The absolute (ATIM) and relative (RTIM
convergence criteria for time stepping were also
laxed from default values of 10−9 and 10−4, respec-
tively, to 10−7 and 10−2. The final grid for these
cases contained approximately 2/3 the number of
points as for the other calculations (from 97 to 6
The calculated results for all cases are included h
for completeness.

4. Results and discussion

4.1. Neat ethylene/air opposed flow flames

Fig. 4 shows a graph of calculated mole fracti
profiles versus distance from the fuel duct for O
C2H2, C3H3, A1 (benzene, C6H6), and A4 (pyrene
C16H10) for a neat ethylene/air opposed flow flam
Overlaid ontoFig. 4are values of pixel intensity alon
the centerline between the burner ducts, measure
ing the light scattering/PLIF technique, for the sa
flame. The calculation is in reasonable agreem
with observation. The calculation predicts the se
ration of regions of maximum soot concentration (

Fig. 4. Results of calculations showing temperature pro
and separation of soot forming and flame radical regions
an undoped ethylene/air opposed flow flame, with overla
measured centerline pixel intensities for similar flame. A
shown is estimated position of stagnation plane.
suming A1–A4 to be soot precursors in fuel-rich e
vironments[23–25]) and OH. The experimental da
in this figure have been background-corrected by s
tracting the pixel dark current. To compare the da
the spatial location of the peak from OH fluorescen
(relative to the fuel duct) measured in the flame w
matched to the spatial location of the peak from O
predicted by the calculation. The measured light s
ter from particles in the flame (and also possible br
band fluorescence from aromatics) is slightly clo
to the fuel duct than the location of peak A1 and
concentrations predicted by the calculation. Beca
the soot particles in the flame are likely larger th
A4, thermophoretic forces[26] may be driving the
larger particles toward cooler regions of the flam
Also shown inFig. 4(dashed line) is an estimation
the location of the stagnation plane, based on the
culations. We have given the stagnation plane a fi
width defined by the point where the axial gas vel
ity goes to zero (approximately 0.375 cm from t
fuel duct) and the point where the radial gas veloc
is at a maximum (approximately 0.428 cm from t
fuel duct). The initial fuel and oxidizer gas stream v
locities (for experiment and calculation) were 41 a
55 cm/s, respectively.

To understand how adding ethanol vapor to
fuel or oxidizer gases will affect the concentratio
of OH and particles, we begin by identifying th
main chemical reactions in our mechanism resp
sible for the conversion of ethylene to A1 (benze
in neat opposed flow flames. The approach we u
takes advantage of the postprocessor utility availa
in Chemkin that allows calculation of the rates of p
duction and destruction of each species in the me
anism by each reaction involving that species.Fig. 5
shows the rate of production of A1 versus distan

Fig. 5. The calculated rates of production of A1 versus
tance from the fuel duct for the top four contributing rea
tions in the mechanism (out of 15 reactions in the mec
nism involving A1). Calculation is for the neat ethylene/
opposed flow diffusion flame. Also shown is estimated po
tion of stagnation plane.
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from the fuel duct for the top four contributing re
actions in the mechanism (out of 15 reactions in
mechanism involving A1). To assign a percenta
contribution to A1 formation to each reaction, t
area under the curve (divided by the local gas
locity) for each reaction was integrated, and this a
per reaction compared to the area for the total rat
production for A1 (not shown inFig. 5). According
to this method, for A1 production in our neat ethy
ene/air opposed flow flame, the contribution of the
four reactions is

(R4)C3H3 + C3H3 → A1 73%,

(R5)n-C4H5 + C2H2 → A1 + H 12%,

(R6)l-C6H6 + H → A1 + H 8%,

(R7)n-C6H7 → A1 + H 6%.

It is worth noting that l-C6H6 andn-C6H7 are depen-
dent upon reactions ofn-C4H5 with acetylene. For
radical species that are formed in one part(s) of
flame, and consumed in other parts of the flame,
necessary to modify this approach by limiting the
gions of integration.

This approach was used in the neat oppo
flow ethylene/air flame to follow carbon as it pass
from ethylene to A1. When the conversion from o
species to another in the flame was near quan
tive (such as the initial decomposition step of C2H4
to C2H3), tracing the reaction was straightforwar
When the main path to A1 production was less th
quantitative for destruction of a certain species (s
as CH2 conversion to C3H3), it was necessary t
examine the contribution of all reactions to produ
tion and destruction rates for species participating
a given reaction. Using this method, the path to
from ethylene begins with the conversion of C2H4
to C2H3 (99%, via H and OH), followed by con
version of C2H3 to acetylene (C2H2) (90%). The
formation of this acetylene “bath” is important to th
chemistry of soot formation. However, as the init
ethylene/air mixture is fuel rich, approximately 44
of the acetylene formed in this step remains un
acted. The mechanism contains 77 reactions in wh
acetylene is a participant. Approximately 34% of t
acetylene is converted to methylene (CH2) and sin-
glet methylene (CH*2), approximately 4% of which is
converted to propargyl (C3H3), approximately 6% of
which is converted to A1. Although propargyl is th
main source of A1 formation, only a small fraction
propargyl reacts directly to form A1.

Table 1shows the stepwise conversion of eth
ene to A1 predicted by the calculation for this flam
system, lists the reactions important for A1 form
tion, and some of the important competing reactio
(where applicable) for steps leading to A1 producti
Fig. 6. Graph of experimental measurements and predict
based upon calculations for OH, soot, and soot precurs
for air side addition of ethanol.

Species in bold face in the reaction list on the rig
side ofTable 1are the species for which the rate
destruction listed applies. Also shown is the temp
ature at which maximum rates of destruction (RO
and rates of production (ROP) for several species
cur.

4.2. Oxidizer side addition of ethanol

In experiments and calculations, oxidizer side
dition of ethanol vapor reduces soot and soot pre
sors. A graph of experimental measurements of p
light scatter and OH fluorescence and predictions
species maximum mole fraction based on calcu
tions, for oxidizer side addition of ethanol, is shown
Fig. 6. The error in the measured scattered laser in
sity and OH fluorescence is estimated to be appr
mately 5%, based upon pixel to pixel noise in the
dividual images. Overall, the change with increas
ethanol addition of calculated peak mole fractions
the species C2H2, A1, and A4 is in reasonable agre
ment with peak experimental values (measured al
the centerline between burner ducts) of light scat
while the change with increasing ethanol addition
the calculated peak mole fraction of OH is in avera
agreement with peak measured values of OH fluo
cence, with calculation and experiment predictin
small decrease in peak OH concentration with etha
addition. The slight increase in light scattering wh
ethanol vapor addition increases above 5% may
due to the transition from a diffusion flame to a p
tially premixed diffusion flame, and the onset of
secondary flame as the oxidizer mixture approac
premixed stoichiometry.

These results (decrease in soot, negligible cha
in peak OH concentration) at first seem contradicto
Soot reduction by addition of an oxygenated spec
is generally interpreted to be caused by an incre



K.L. McNesby et al. / Combustion and Flame 142 (2005) 413–427 419

renthesis
Table 1
Reaction path of ethylene to A1 for neat ethylene/air opposed flow diffusion flames

Max. T (K) at peak Neat ethylene/air opposed flow flame

ROP ROD

Note. Important reactions contributing to each species concentration are shown to the right. Percentage value in pa
refers to the amount of species inbold consumed or produced by that reaction.
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in local OH radical[27] concentration, leading to in
creased soot oxidation:

CxHy (soot)+ OH → CO2 + H2O. (R8)

However, examination of the individual experime
tal images (Fig. 7) shows that as ethanol is add
to the oxidizer (air) stream, the width of the OH r
gion increases. We believe that the broadening of
OH region for this flame is the key to understand
the decrease in measured light scattering by partic
Figs. 8 and 9show calculated temperature and O
mole fraction as a function of distance from the fu
duct. These figures show that the calculation pred
broadening of the OH and high-temperature flame
gions with increasing oxidizer side ethanol additio
Fig. 10 shows the calculated rate of destruction
4% ethanol vapor added to the oxidizer side of
opposed flow flame, overlaid with the calculated te
perature profile for this flame and for the neat flam
The region of ethanol destruction is shown to coinc
in location with the onset of the broadened region
high temperature in the flame to which ethanol h
been added. We believe this broadened region of
temperature is indicative of a secondary flame z
as the oxidizer gas gradually changes to a fuel/air
mixture.

Qualitatively, addition of ethanol vapor to the a
stream causes the flame to change from a diffus
flame toward a partially premixed diffusion flam
The broadening of the OH region and of the te



420 K.L. McNesby et al. / Combustion and Flame 142 (2005) 413–427

ar-
d to

ea-
les

ion
ion

ion
igh
ere-
n-

ion
ir

F)
in

into
s
tion
ng
re-

re-
e

a-
.

di-
of
ci-
ned

pre-
his

is
ion
ith

ply.
m

ion

por
inly
H
re-

are
hen
on.
Fig. 7. Images of OH PLIF and light scattering by soot p
ticles as increasing amounts of ethanol vapor are adde
the air side. Note increasing width of OH region (upper f
ture) and decreasing intensity of light scatter from partic
(lower feature).

Fig. 8. Calculated temperature profiles for air side addit
of ethanol. Also shown is estimated position of stagnat
plane.

perature profile moves the flame region (i.e., reg
of appreciable flame radical concentration and h
temperature) closer to the stagnation plane, and th
fore closer to the region of maximum soot conce
tration, thereby increasing the rate of soot oxidat
(seeFigs. 8 and 9). Introduction of ethanol to the a
stream moves the flame from a soot formation (S
type toward a soot formation/oxidation (SFO) type,
which soot particles must travel a shorter distance
the oxidation region[14]. As more ethanol vapor i
added to the air stream, the flame begins to transi
to a multiple flame structure due to partial premixi
as has been studied with other fuel-rich-oxidizer p
mixed flames[28].

To explore further the mechanism of particle
duction in these flames,Table 2shows the stepwis
Fig. 9. Calculated OH profiles for air side addition of eth
nol. Also shown is estimated position of stagnation plane

Fig. 10. Calculated temperature profile for air side ad
tion of ethanol, overlaid with overall rate of destruction
ethanol vapor (4% mole fraction fuel side). Note the coin
dence of ethanol vapor combustion with edge of broade
temperature profile.

reactions of ethanol added to the oxidizer stream
dicted by the calculation for this flame system. T
table shows the reaction of ethanol and air in thepre-
mixed region of the diffusion flame. This region
the region between the oxidizer duct and the diffus
flame zone, when there is ethanol vapor mixed in w
the oxidizer gas. As inTable 1, species in bold face in
the reaction list on the right side ofTable 2are the
species for which the rates of destruction listed ap
Also shown is the temperature at which maximu
rates of destruction (ROD) and rates of product
(ROP) for several species occur.Table 2shows that
in the lean premixed flame region, the ethanol va
is converted by a series of oxidation reactions (ma
involving H atom abstraction) to eventually yield O
and CO, prior to reaching the main combustion
gion of the diffusion flame (seeFig. 10). The OH and
CO produced by the premixed ethanol/air flame
formed at a temperature near 1500 K, and are t
convected into the diffusion flame combustion regi
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e air side

rentheses
Table 2
Reaction path of ethanol to products for ethylene/air opposed flow diffusion flames that have ethanol vapor added to th

Max. T (K) at peak Air side ethanol addition to ethylene/air opposed flow flame

ROP ROD

Note. Important reactions contributing to each species concentration are shown to the right. Percentage value in pa
refers to the amount of species inbold consumed or produced by that reaction.
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The convection of the hot gases from the premix
flame into the diffusion flame region results in a p
heating of the oxidizer side of the diffusion flam
raises peak flame temperature, and accounts fo
broadened OH and temperature profiles in calcula
and experiment (seeFigs. 7–10).

Table 3shows the calculated peak temperatur
calculated peak mole fractions, and integrated ca
lated mole fractions for several species identified
important for soot formation inTables 1 and 2, as
ethanol addition to the oxidizer gas is varied up to
mole fraction. The table shows calculated values
air side ethanol addition up to 4%. Calculations
yond 4% used relaxed convergence criteria, as n
earlier (only for air side addition). The integration
mole fraction was performed using Simpsons R
[29] and extended over the full space between o
dizer and flame ducts. It appears that the observed
calculated decrease in soot and soot precursor
centration is due mainly to a combination of increas
radical concentration and thermal effect caused by
preheating of the oxidizer gases occurring in the p
mixed part of the flame, raising calculated peak fla
temperature (33 K, or 1.6%). Peak calculated m
fractions for all species inTable 3 that are impor-
tant for soot formation decrease, while the integra
calculated mole fractions for the flame propagat
species H, O, and OH increase by 41, 52, and 14
respectively. The effect of increased flame tempe
ture on radical species concentrations is complica
by the accompanying broadening of the tempera
profile. However, we believe the increase in OH
tegrated mole fraction as ethanol addition increa
is indicative of a thermal effect on the net rate co
stant for OH formation. In addition to decreasing s
by increasing OH and increasing direct oxidation (
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. Fig. 11. Graph of experimental measurements and pre

tions based upon calculations for OH, soot, and soot pre
sors, for fuel side addition of ethanol.

(R8)), the thermal effect decreases A1–A4 format
by increasing integrated OH and H mole fraction,
creasing the amount of CH2 available for reaction to
propargyl. Formation of propargyl (C3H3) is depen-
dent upon the reaction:

CH2 + C2H2 → C3H3 + H. (R9)

The rate of production of propargyl by this reacti
decreases approximately 28% when the oxidizer c
tains 4% mole fraction ethanol.

4.3. Fuel side addition

In experiments and calculations, fuel side ad
tion of ethanol increases soot and soot precurs
while peak OH concentrations remain approximat
constant. A graph of experimental measurement
peak light scatter and OH fluorescence and pre
tions of species maximum mole fraction based on
culations, for fuel side addition of ethanol, is show
in Fig. 11. The calculated data have been norm
ized to the experimental data to allow compariso
of the trends shown by each. As inFig. 6, the er-
ror in the measured scattered laser intensity and
fluorescence is estimated to be approximately
based upon pixel to pixel noise in the individual im
ages. Overall, the trend of the change (increasi
with increasing fuel side ethanol addition, of calc
lated peak mole fractions for the species A1–A4 is
good agreement with peak experimental values (m
sured along the centerline between burner ducts
light scatter, while the change, with increasing fu
side ethanol addition, of the calculated peak m
fraction of OH is in reasonable agreement with pe
measured values of OH fluorescence. Calculation
experimental measurement show peak OH concen
tion to remain nearly constant with increasing etha
addition. For these flames, the calculation was a
to reach convergence for all mole fractions of etha
using an initial grid of 60 points. Individual exper
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Fig. 12. Calculated A1 (a), A2 (b), A3 (c), and A4 (d) mole
fraction profiles for increasing amounts of ethanol vapor
added to the fuel stream.

Fig. 13. Calculated temperature and OH profiles for n
flames and for flames with 8% ethanol vapor added to
fuel stream. Intermediate values of ethanol addition y
temperatures and OH profiles between those for the extr
values. Note that the calculation predicts negligible cha
in OH and temperature for fuel side addition of ethanol.

Fig. 14. Calculated acetylene (C2H2) and propargyl (C3H3)
profiles for increasing amounts of ethanol vapor adde
the fuel stream. Note that the calculation predicts neglig
change in acetylene and very small decrease in propargy
fuel side addition of ethanol.

mental images do not show apparent differences
are not reproduced here.

Calculations predict that addition of 8 mol
ethanol to the fuel stream increases the integra
mole fraction of aromatic species A1 (C6H6), A2
(C10H8), A3 (C14H10), and A4 (C16H10) by ap-
proximately 3, 19, 23, and 22%, respectively (s
Figs. 12a–12d). The peak increase in light scatter o
served experimentally was approximately 19%. Te
perature and OH concentration are predicted by ca
lation to remain approximately constant (seeFig. 13).
Acetylene is predicted to remain approximately co
stant while propargyl concentration is predicted to
crease approximately 9% when 8% ethanol is ad
to the fuel stream (Fig. 14). In what follows, the pro-
duction of soot precursors is divided into a discuss
of A1 formation followed by a discussion of A2–A
formation.
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Table 4
Reaction path of ethanol to products for ethylene/air opposed flow diffusion flames that have ethanol vapor added to the

Max. T (K) at peak Fuel side ethanol addition to ethylene/air opposed flow flame

ROP ROD

Note. Important reactions contributing to each species concentration are shown to the right. Percentage value in pa
refers to the amount of species inbold consumed or produced by that reaction.
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4.3.1. A1 formation
Because the calculated change in propargyl m

fraction with ethanol addition was in the opposite
rection of the change in A1 mole fraction for fuel si
ethanol addition, a calculation of rate of formati
of A1 by reaction was performed. The reactions c
tributing to A1 formation, and the change in A1 ra
of formation per reaction, relative to the neat flam
when 8% ethanol was added to the fuel stream, ar
follows:

Reaction Calculated change in rate of A
formation—8% EtOH addition
to fuel (relative to neat flame)

C3H3 + C3H3 → A1 −8% (R4)
n-C4H5 + C2H2 → A1 + H 23% (R5)
l-C6H6 + H → A1 + H 27% (R6)
n-C6H7 → A1 + H 34% (R7)
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The calculation predicts that all of the increase
A1 produced by fuel side ethanol addition is caus
by reactions other than propargyl recombination. T
reactions of phenyl (A1·) influencing A1 formation,

A1· + H (+M) → A1 (+M), (R10)

A1 + OH → A1· + H2O, (R11)

are included in the mechanism but are not conside
important here for A1 formation because the cha
in rate of each was less than 1% with fuel side etha
addition.

To understand why propargyl is decreased,
why (R5)–(R7) are enhanced, it is necessary to tr
the path of oxygen and carbon added, via etha
to the fuel gas. A listing of the reactions respon
ble for the increase in soot formation for fuel si
ethanol addition, predicted by the calculations, m
be found inTable 4. The initial decomposition reac
tions for ethanol when added on the fuel side of
flame differ from those for air side ethanol additi
(seeTable 2). For fuel side addition, in the absence
oxygen, ethanol decomposition occurs via a pyroly
mechanism at approximately 1500 K:

(R12)
C2H5OH (+M) → C2H4 + H2O (+M) 58%,

(R13)
C2H5OH (+M) → CH3 + CH2OH (+M) 30%,

(R14)
C2H5OH (+M) → C2H5 + OH (+M) 8%.

The ethylene, water, ethyl radical, and OH radi
formed from the initial decomposition have little a
ditional effect on the chemistry as they are very sli
perturbations on the concentrations of these spe
relative to the neat flame (seeFigs. 13 and 14) or
are similar to fuel or initial fuel decomposition pro
ucts. The bulk of the reactive oxygen (as CH2OH) is
stepwise-converted to HCO, which then reacts w
propargyl to yield CO and C3H4, which is then nea
quantitatively reconverted to propargyl. The incre
in other soot precursors[6] predicted by the calcula
tion may be ascribed to introduction of methyl ra
cal (R13) into a relatively low-temperature hydroca
bon/acetylene bath[14].

The methyl radicals formed in cooler regions
the flame (1400–1700 K) via ethylene pyrolysis re
with propargyl (C3H3) to form C4H6:

C3H3 + CH3 (+M) → C4H6 (+M). (R15)

This reaction shows a calculated increase in the
of production of C4H6 of 17% for the flame with
8 mol% fraction ethanol compared to the neat e
ylene/air flame. Mole fraction profiles (seeFig. 14)
of propargyl show a slight decrease in concentra
over this temperature range (1400–1700 K). Appro
mately 85% of the C4H6 reacts with H to form C4H5,
Fig. 15. Rates of production of A1 by the three most i
portant reactions contributing to A1 production. Note
enhancement of rates of reactions that do not involve pro
gyl.

which then reacts in the acetylene bath to form
and aromatic precursors.

C4H6 + H → C4H5 + H2, (R16)

C4H5 + C2H2 → A1 + H, (R17)

C4H5 + C2H2 → n-C6H7. (R18)

Overall, the calculation predicts that the addition
ethanol to the fuel stream has a negative effect
integrated C3H3 concentration while enhancing alte
nate pathways, via C4H6 production, to formation o
initial aromatic ring species (seeFig. 15). This result
was not anticipated prior to the experimental stud
However, it should be noted that other researchers[9]
have measured soot increases during combustio
ethanol/hydrocarbon mixtures, relative to neat eth
ene combustion. Increases in soot precursor pro
tion have also been reported for methane additio
heptane/air flames[30].

4.3.2. A2–A4 formation
For fuel side ethanol addition, the calculation p

dicts an increase in integrated mole fraction of b
zene of 3% when 8% ethanol is added, relative to
neat flame. For the same comparison, the predi
increase in A2 (naphthalene), A3 (phenanthrene),
A4 (pyrene) is 19, 23, and 22%, respectively (s
Figs. 12a–12d). However, the absolute change in mo
fraction of A1 with 8% fuel side ethanol addition
greater than 10 times the absolute change in A2
dition. The change in mole fraction in going fro
the neat flame to the flame with 8% ethanol add
to the fuel side for A1, A2, A3, and A4 is 5× 10−7,
4.2 × 10−8, 1.6 × 10−9, and 4.8 × 10−10, respec-
tively. In contrast to the reaction path to A1 formati
discussed above, the formation of A2–A4 follows t
H-abstraction–C2H2-addition mechanism[31]. For
A1 conversion to A2, an example of one of the pa



426 K.L. McNesby et al. / Combustion and Flame 142 (2005) 413–427

or-
es
and
ior
ide
eri-
er-
mi-
nto
us-

ain
is

ted
er-

file.
the
a-
ion
nte-
and
oot
ith
that
as
al

of
ial
ac-
m.

of
to
n

of
on
ugh
ser-

in
tion
ol

in-
ism
l-
tion

era-
nge

y
and
ank
ch
ns.
a-

s-

as
s,

H.
. J.

ci-

n
nel

ne
he
ent

ci.

t
in,

ess,

)

ways may be summarized as follows:

5. Conclusion

This study provides an example of how soot f
mation in opposed flow ethylene/air diffusion flam
is dependent upon temperature, flame radical,
bath gas compositions. Differing chemical behav
in opposed flow flames depending on fuel or air s
addition of ethanol vapor has been observed exp
mentally and modeled, and shown to occur via diff
ent pathways within the context of a detailed che
cal mechanism. In particular, ethanol introduced i
the air side of the flame creates a premixed comb
tion (secondary flame zone) region prior to the m
diffusion flame region. Hot gas products from th
premixed flame region, including OH, are convec
into the diffusion flame zone, increasing peak temp
ature and broadening the OH concentration pro
The broadened OH concentration profile moves
oxidizing region of the flame closer to the stagn
tion plane and to the high soot concentration reg
of the flame. The increased temperature and i
grated OH mole fraction cause an increase in soot
soot-precursor oxidation, leading to lower overall s
concentrations in ethylene/air diffusion flames w
ethanol added to the air stream. It should be noted
the effect of radiation from soot in the experiment w
not accounted for in the “particle-free” computation
model.

When ethanol is introduced into the fuel stream
the ethanol/air opposed flow diffusion flame, init
decomposition of ethanol occurs via pyrolysis re
tions because of the lack of oxygen in the fuel strea
Methyl radical produced during the initial steps
decomposition of ethanol reacts with propargyl
produce C4H6, which leads to increased productio
of A1.

In summary, we believe that the addition
ethanol to the air side of the ethylene/air diffusi
flame decreases soot concentration mainly thro
a thermal mechanism. This is supported by ob
vation of the flame and the calculated increase
temperature (33 K) and increase in OH concentra
(142%) relative to the neat flame. Addition of ethan
to the fuel side of the ethylene/air diffusion flame
creases soot mainly through a chemical mechan
involving introduction of methyl radical into an ethy
ene/acetylene bath. This is supported by observa
of the flame and the calculated constant temp
ture and OH concentrations over the studied ra
of ethanol addition.
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