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Abstract

The impact of fuel bound oxygen on the sooting behavior of butanol fuels was examined by following
the evolution of the particle size distribution function (PSDF) of nascent soot produced in atmospheric
pressure burner stabilized stagnation (BSS) flames of n-butanol and i-butanol. Similar experiments were
carried out for i-butane and n-butane flames to better understand the influence of fuel structure and the
presence of the alcohol group on detailed processes of soot nucleation and growth. In terms of fuel struc-
ture, the branched chain functionality has the most observable effect on soot formation. The onset of soot
nucleation is faster in the branched fuels in comparison to the straight-chain counterparts. Under the same
C/O ratio, however, the butanol flames were found to nucleate soot earlier and have higher soot volume
fraction than the butane flames. A combustion reaction model for i-butanol and n-butanol was used to
explore the precursor chemistry. Similar to the measured PSDF, benzene is computed to rise earlier in
flames of the branched fuels than the straight-chain fuels.
� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Soot formation is a kinetic process of combus-
tion [1] that is integral to the optimization of any
combustion device. Understanding the processes
of soot formation in butanols – a potential source
of fuels derived from biomass conversion [2–4],
and how these processes vary with fuel structures
will be critical to rational utilization of these biofu-
els. Also, the examination of oxygenated fuels may
reveal insights into mechanisms of soot nucleation
and growth for all fuels in general. Fundamental
combustion properties such as laminar flame
speeds and ignition delay times have been deter-
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mined and flow reactor measurements have been
carried out to describe the kinetic behavior of i-
butanol and n-butanol fuels over a wide range of
conditions [5–19]. Measurements of detailed flame
structures have been made in low-pressure, burner
stabilized flames of butanol isomers using photo-
ionization mass spectrometry [20–22]. Coflow dif-
fusion flames doped with butanols have been
studied [23,24]. Much of the experimental work
conducted thus far has been used to support the
recent extensive development of flame chemistry
for the butanol isomers (see, e.g., [5,10–
14,16,17,22,25,26]).

Global sooting behavior of butane isomers has
been studied in diffusion flames [27,28], but a cross
comparison of the behaviors of the fuel structures,
including the isomeric effect and the role of
alcohol group on the nucleation and growth of
ute. Published by Elsevier Inc. All rights reserved.
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nascent soot has not be made. Development of
soot chemistry requires more direct observations
of sooting behavior because the nucleation and
growth of soot is often dictated by competing
kinetic processes [1]. One such competition origi-
nates from the fuel structure itself. In recent stud-
ies of intermediate species formed in low-pressure
burner stabilized fuel-rich flames, Oßwald et al.
[21] found a drastic sensitivity for the production
of various intermediate species with respect to the
fuel structure. In particular, tert-butanol and i-
butanol flames yield significantly more aromatic
species than in n- or 2-butanol flames. This effect
is expected to propagate into soot nucleation
and growth in butanol flames.

In the present study, the role of fuel structure
and oxygenation on soot formation was investi-
gated in a set of laminar premixed flames of
n-butane, i-butane, n-butanol and i-butanol. The
emphasis of the study was placed on probing the
evolution of the detailed particle size distribution
function (PSDF). Cross comparisons were made
with respect to butanol isomeric branching struc-
ture and between butanols and their parent hydro-
carbon analogs. A systematic approach was taken
such that the effect of local flame temperature and
carbon to oxygen ratio are isolated from the fuel
structure effect.

The burner stabilized stagnation (BSS) flame
approach coupled with mobility sizing; described
in detail elsewhere [29,30] was employed to inves-
tigate the evolution of PSDFs in nascent soot
from particle nucleation to mass growth. The
method is inherently intrusive to flame but our
technique accounts for flame perturbation by the
probe explicitly by treating it, experimentally
and computationally, as the downstream bound-
ary of the flame. With the flow field defined, the
flame temperature and species concentrations
can be directly modeled using a quasi one dimen-
sional code without imposing a measured temper-
ature profile or correcting for artificial probe
perturbation [29]. A similar method without the
use of a flow stagnation surface has been used
by us earlier [31–34] and by other groups (see,
e.g., [35–38]).

To obtain reliable radiation correction for the
measured temperature and to explore the funda-
mental kinetic causes for the fuel structure effects,
a high temperature n- and i-butanol combustion
model is used for numerical simulations. The
model combines n- and i-butanol chemistry of
Moss et al. [5] with existing C1–C4 combustion
chemistry in USC Mech II [39]. In this way, the
butane and butanol chemistry is made consistent
to each other for computation of the temperature
profiles of the flames studied. Additionally, analy-
sis of the concentration profiles computed for ben-
zene and other gas-phase species was made as
such an analysis provides insights into soot nucle-
ation and formation [40].
2. Experimental

The BSS flame approach [29,30] was employed
to probe nascent soot formation in butane and
butanol flames. The BSS flame configuration can
be simulated directly as a quasi one-dimensional
problem because the stagnation surface acts as
the sampling probe and flame boundary condition
simultaneously. One lightly sooting flame was sta-
bilized for each fuel considered at atmospheric
pressure with nearly equal maximum flame tem-
perature and flow conditions. Furthermore, the
total C/O ratio of the flames was held fixed. The
conditions of the flames are summarized in Table
1. The gas temperature profiles were measured
with a Y2O3/BeO coated type-S thermocouple
with radiation correction using a procedure dis-
cussed earlier [41]. The bead diameter was around
0.3 mm after coating.

The flat flame burner is 5 cm in diameter and is
uncooled because of potential condensation of the
fuel in the porous material. Without water cool-
ing, however, the pores tend to close in its center,
thus modifying the local unburned gas velocity.
For this reason, fresh porous material was always
used to keep the flame roughly one dimensional.
A sheath of nitrogen shields the flame to prevent
radial entrainment and diffusion of oxygen from
ambient air. Liquid n-butanol and i-butanol, both
acquired from Sigma–Aldrich (ACS Reagent
grade, 99% purity) were vaporized and injected
into the fuel line in a manner similar to a previous
study [30]. The mass flow rates of n-butane,
i-butane, oxygen, argon and nitrogen were mea-
sured by critical orifices and the flow of argon
driving the fuel nebulizer was calibrated by a bub-
ble meter. The butane isomers were C.P. grade,
purchased from Gilmore gas.

Particle size distributions were determined with
a TSI 3080 SMPS using a sample dilution tech-
nique developed earlier and improved over time
[31–34,41,42]. The sample gas entered the probe
through an orifice and was immediately diluted
with a cold nitrogen flow to prevent particle
losses. The dilution range and calibration has
been used before and care was taken to avoid dif-
fusion losses, condensation of higher-molecular
weight hydrocarbons, and probe-induced parti-
cle–particle coagulation during dilution [29]. Lim-
itations of the Cunningham slip correction cause
particles below 10 nm to be overestimated by
mobility measurements and thus a nanoparticle
transport theory was used for small particles to
obtain more accurate particles sizes [43–45].

The experimentally measured temperature pro-
files are radiation corrected by using transport and
flow properties that are calculated by a modified
version of OPPDIF [46]. The ratio of the burner-
to-probe separation to the burner diameter is much
less than unity so the quasi one-dimensional
assumption applies. The flame chemistry was



Table 1
Summary of flame conditions.

Mole fractionsa Equivalence ratio,
/

Velocityb,
v0 (cm/s)

Maximum temperature,
Tf,max (K)Fuel O2 C/O

n-C4H9OH 0.109 0.290 0.632 2.25 4.64 1790 ± 70
i-C4H9OH 0.109 0.290 0.632 2.25 4.64 1790 ± 70
n-C4H10 0.0958 0.304 0.630 2.05 3.58 1750 ± 70
i-C4H10 0.0958 0.304 0.630 2.05 3.58 1790 ± 70

a The balance gas is argon.
b STP cold gas velocity.
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calculated with USC Mech II [39] for the butane
isomers. A butanol combustion model will be
introduced below and used for simulation of the
butanol flames. By energy conservation, the modi-
fied OPPIF code allows for the calculation of the
temperature and species profile without the need
for a measured temperature profile as an input.
The radiation corrected temperature profiles are
compared to the calculated OPPDIF profile to test
the validity of the experimental and numerical pro-
cedures. The temperature closest to the burner sur-
face that can be measured is equal to one half of the
thermocouple bead diameter (0.15 mm). The inlet
temperature was extrapolated from the measured
temperature profile immediately adjacent to the
burner surface. The temperature variation is
roughly linear with respect to the distance, as one
would expect because in that region the dominant
heat transfer mechanism is heat conduction. The
probe temperature was measured with a type K
thermocouple embedded on the stagnation
surface.

The chemistry for high-temperature oxidation
of the butanol isomers is extracted from Moss
et al. [5] and superimposed over USC Mech II
[39]. The two models were first combined by
Veloo et al. [47] to model the laminar flame speed
of n-butanol flames. The current work added
additional chemistry of i-butanol. This subset of
the model is, again, based on Ref. [5]. This
approach ensures consistency when the flame
chemistry of butanols is compared to their parent
non-oxygenated hydrocarbon fuels, although the
prediction accuracy of high-molecular weight spe-
cies for all fuels tested has not been directly veri-
fied under the conditions tested. The
combination of the two models was also moti-
vated by the consideration that USC Mech II
includes an adequate amount of fuel-rich chemis-
try leading to aromatics formation from small
molecular fragments. The resulting model, com-
prised of 959 reactions and 136 species, is used
here primarily for correction of radiative heat loss
and should not be viewed or used as an indepen-
dently proposed model for butanol combustion
beyond the current purpose. The reaction mecha-
nism, and thermochemical and transport dat-
abases are available in the Supplemental data.
3. Results and discussion

To ensure an accurate prediction of the heat
release rate in the BSS flames, the reaction model
was first subject to validation against the laminar
flame speed previously reported for n- and i-buta-
nol-air mixtures at an unburned mixture tempera-
ture of 343 K [7,8]. The comparison between the
measured and calculated n-butanol flame speed
is shown in Fig. 1. It is seen that the combined
model predicts the flame speed rather well.

Local temperature is the dominant parameter
which governs the soot chemistry. A comparison
between the measured/radiation corrected and
simulated temperature profiles is shown in Fig. 2
for the two butanol isomers at a series of bur-
ner-to-stagnation surface separation distances.
The degree to which the stagnation probe causes
heat loss is shown. In both fuels, the agreement
between radiation corrected measurements and
simulated temperatures is within thermocouple
positioning uncertainty (±0.03 cm) and the tem-
perature measurement uncertainty (±70 K around
the peak temperature region). As we discussed in
Ref. [41], literature emissivity values for Y/Be/O
coating are between 0.3 and 0.6 [48,49]. The radi-
ation-corrected temperature was estimated to be
the average of the two limiting cases which also
yielded the uncertainty bounds for the tempera-
ture shown in the figure.

The model solves the energy equation without
the measured temperature profiles as an input.
Thus, agreement between radiation corrected
measurements and the simulation addresses
uncertainty within the mechanism itself by yield-
ing information on local heat release and loss
rates [29]. Such information allows for the uncer-
tainty within the simulated local temperature to
be defined along with the resulting Arrhenius
reaction kinetics and species transport. Further-
more, the agreement in measured temperatures
and the model confirms that the flame conditions
are nearly identical across all the flames studied.

A similar plot for the measured and simulated
temperature profiles is shown in Fig. 3 for the
n- and i-butane flames. These temperature profiles
are very similar to those in the butanol flames.
The only exception is for the n-butane flame which
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gives a maximum flame temperature of 1750 K,
rather than 1790 K measured in other flames.
The cause for the difference is the heat release rate.
Under comparable conditions, n-butane flames
tend to have a slightly higher flame speed, leading
to a faster temperature rise in the preflame region.
The increase in the temperature gradient causes an
increased heat loss into the burner; and the maxi-
mum flame temperature is reduced accordingly.

The PSDFs for sooting flames were measured
for the butane and butanol isomers. The evolution
of the PSDF from nucleation of soot to its growth
for the two butanol isomers is summarized in
Fig. 4. The evolution of the PSDFs is similar to
previous measurements of ethylene and dodecane
under comparable flame conditions [29,30]. At the
early stage of soot formation, newly nucleated
particles burst into the lower end of the measur-
able size window at 2.4 nm. These particles grow
in size, producing a shoulder in the PSDF, which
grows into a log-normal distribution at larger bur-
ner-to-stagnation surface separations. Meanwhile,
nucleation persists well into the large separation
distances with the PSDF characterized by a strong
tail throughout the particle size growth period.

Overall, the competition between nucleation
and growth appears to be similar across the two
butanol flames, with the differences being only
quantitative and subtle. As Fig. 4 shows, the onset
of nucleation is slightly delayed in the n-butanol
flame compared to the i-butanol flame, but during
the mass and size growth stages, and PSDFs
become less distinguishable. At the largest separa-
tion distances probed (Hp = 1.2 and 1.4 cm), the
lognormal part of the distribution nearly overlaps
each other, whereas the PSDF tails exhibit repro-
ducible and subtle differences between the two
flames.

Detailed behaviors of nascent soot formation in
all four flames probed are by all means similar.
Figure 5 provides a comparison of the PSDFs at
three separation distances. The three positions rep-
resent three separate stages of sooting processes.
The distributions at Hp = 0.8 cm is indicative of
particle nucleation; those at 1.0 cm show the onset
of primary particle formation; and the PSDFs at
1.4 cm illustrate the lognormal nature of the pri-
mary particle size distribution with median diame-
ters around 30 nm. Overall, the differences among
the four flames probed are only in the quantitative
aspects of the PSDF and its evolution.

The global sooting behavior for each flame can
be determined in terms of the total soot volume
fraction by integrating the PSDF over all particle
sizes measured (>2.5 nm). Obviously, particles
smaller than the lower detection limit of the parti-
cle size do not contribute to volume fraction sub-
stantially. The soot volume fraction as a function
of burner to probe separation, Hp, is shown in
Fig. 6. At the same C/O ratio, the butanol fuels
have higher volume fraction than the alkane fuels
throughout the flame. In addition, Fig. 4 shows
that the branched alcohol and branched alkane
have greater volume fractions relative to their
straight chain counterparts. These observations
are consistent with previous measurements for
sooting tendency of the butanol fuels in doped
co-flow diffusion flames [23,24]. In those studies,
it was determined that the degree of branching
within the fuel structure and the fuel carbon num-
ber controls the sooting behavior rather than the
fuel bound oxygen.

i-Butanol and i-butane also show faster onset
of nucleation than their straight chain counter-
parts. The difference in the nucleation rate is
exhibited in the onset of volume fraction rise.
Beyond the nucleation stage, the mass growth
rates also differ. The difference may be assessed
by an arbitrary shift of the volume fraction pro-
files spatially to match the nucleation part of the
curve for i-butanol, as shown in the inset of
Fig. 6. Clearly, the fuel giving rise to faster parti-
cle nucleation also yields faster size and mass
growth rates. The final difference in the volume
fraction is close to an order of magnitude between
the sootiest i-butanol flame and the least sooty n-
butane flame. As shown in Table 1, the cold gas
velocity of the two butane flames is smaller than
that of the butanol flames. At the same separation
distance, the particle residence time in the butane
flames is longer than that in the butanol flames.
Hence, the observed differences in the nucleation
and mass growth rates cannot be attributed to
the difference in the reaction time.

The higher volume of soot measured for the
alcohol flames can be attributed, to a large extent,
to the higher equivalence ratio than those of the
butane flames. Under the same C/O ratio, how-
ever, our results indicate that alcohols do not
always yield less soot to their alkane counterparts.
Additional tests not shown here indicate that the
butane flames are as sooty as the butanol flames
if the equivalence ratio is made equal. In any case,
any effect of the fuel bound oxygen on soot forma-
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tion is overshadowed by the effect of the branched
chain within the fuel structure.

For the fuels studied the most conclusive
observation of sooting behavior results from the
straight versus branched chain within the fuel
structure. Soot precursors calculated from the
flame chemistry were examined to better under-
stand the quantitative difference in soot formation
among the four flames. The model presented does
not extend to a fundamental description of soot
nucleation and growth. However, the sensitivity
of soot precursor formation to the fuel structure
can be evaluated.

Species profiles and reaction rates were ana-
lyzed numerically for the BSS flames. In particular,
the formation of benzene was analyzed to gain
insight into the impact of the fuel bound oxygen
and branched chains on soot formation. The spe-
cies mole fraction profile calculated for benzene
at several Hp is shown in Fig. 7 for the fuels studied.
At the nucleation stage (Hp = 0.80 cm), the ben-
zene concentration is predicted to be significantly
higher in the branched chain fuels than in the
straight chain fuels. The benzene concentration
of the branched isomers is predicted to be 40%
greater than the normal isomers in the post-flame
region of the nucleation stage. These result are con-
sistent with the earlier onset of soot nucleation
observed in flames burning branched chain fuels.
The relative concentration of benzene at the nucle-
ation stage is also in agreement with observations
of premixed burner stabilized flames [21] and
doped co-flow diffusion flames where the peak ben-
zene concentration ranked as i-butane > i-buta-
nol > n-butane � n-butanol [23,24].

Formation of the first aromatic ring depends on
the formation of acetylene and propargyl radical.
The species profile calculated for acetylene and
propargyl at several Hp is shown in Fig. 8. The
higher propargyl concentration in the i-butanol
flame is attributable to a larger propene concentra-
tion. At Hp = 0.8 cm, the peak propene concentra-
tion is about 3 times larger than the concentration
in the n-butanol flames. Propene formed serves to
increase the concentration of the propargyl radi-
cals which can then recombine to form benzene.
In contrast, acetylaldehyde and ethyl radical are
the most significant intermediate products formed
during the initial reactions of n-butanol. The
above view is consistent with the experimental
observations made in low-pressure burner stabi-
lized flames by Oßwald et al. [21]. Comparing the
n- and i-butanol flames they probed by molecular
beam synchrotron photoionization mass spec-
trometry, the peak concentrations of propene, pro-
pyne, propargyl and consequently, benzene in the
i-butanol flame are decidedly higher that those
measured for the n-butanol flame. Hence, both
the previous and current analyses suggests that
the observed difference in the sooting behaviors
is attributable to the competition of forming C2

versus C3 intermediates during initial attack on
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the fuel, and that i-butanol promotes the produc-
tion of C3 species and benzene via propene.

Unlike the nucleation stage, the observed soot-
ing behavior at the mass growth stage is not directly
explained by the predicted species profiles of soot
precursors. The dependence on fuel structure for
both the observed sooting behavior and the pre-
dicted benzene concentration becomes less clear
at the mass growth stage. The branched fuels have
greater benzene formation in the nucleation stage.
However, Fig. 7 shows that n-butane flames have
more significant benzene formation at the mass
growth stage (Hp = 1.2 cm). This exchange in posi-
tion indicates that propargyl recombination
becomes competitive in the straight chain fuels
towards the later stage of the flame, where the flame
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chemistry is more sensitive to the thermodynamic
condition rather than the initial fuel structure.
4. Conclusion

The evolution of the PSDF of nascent soot was
examined in n-butanol, i-butanol, n-butane and i-
butane flames to understand the impact of fuel
bound oxygen and the fuel structure on the
detailed sooting behavior of butanol fuels. The
flames were probed under the same C/O ratio
and nearly identical temperature. Under the same
C/O ratio, butanol flames in fact nucleate soot
earlier and gave greater soot volume fractions
than the butane flames. In terms of fuel structure,
the branched chain functionality has the most
observable effect on soot formation. The onset
of soot nucleation is faster in the branched fuels
in comparison to the straight-chain counterparts.
The faster nucleation rate also propagates into
the mass growth stage. A combustion reaction
model for i-butanol and n-butanol was applied
to analyze the BSS configuration to elucidate the
role of soot precursors on the observed sooting
behavior. It is shown that for the fuel studied,
the fuel structure effect is largely exhibited in the
relative importance of C2 versus C3 intermediate
species formed during the initial stage of fuel
breakdown.
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