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1. Introduction

Concerning the climate change, air pollution, and the shortage
of transportation energy in the near future, biofuels, such as bio-
ethanol and biodiesel, have been widely used as surrogates for tra-
ditional transportation fuels, because they are renewable and
environmentally friendly. With the recent development of biolog-
ical techniques, n-butanol, as a typical bio-alcohol, is considered
as a potential fuel because of its advantages over smaller alcohols:
higher energy density, higher mixing stability with fossil fuels, and
higher suitability for conventional engines. Several experimental
studies have been performed to investigate its combustion chem-
istry, including pyrolysis in flow reactors [1,2], oxidation in jet-stir-
red reactors [3–5], ignition delay time measurements in shock
tubes [5–8], premixed [1,9–12] and non-premixed flames [13–
15]. In the meantime, several kinetic models [1–3,5,6,9,10,13,16]
have been developed to reproduce the combustion phenomenon
of n-butanol and have been validated against experimental data,
focusing on initial fuel decomposition and oxidation process. Oxy-
genated air pollutants, such as aldehydes, ketones, and ketene, as
well as other major fuel decomposition intermediates, are usually
reproduced satisfactorily by these models. However, the processes
of benzene and PAH formation in the combustion of n-butanol and
the interactions between n-butanol and hydrocarbons require fur-
ther investigations.

Alcohols are considered environmentally friendly, because it is
believed that they produce less PAHs in their combustion process
than an equal amount of hydrocarbon with similar molecular
structure does. Experiments carried out by Wu et al. [17] in pre-
mixed ethylene flames observed the reduction of aromatic species
with the addition of ethanol. Similar tendencies were also found in
the n-heptane premixed flames doped with methanol [18] and eth-
anol [19]. However, emission characteristics of higher alcohol/gas-
oline blends in engine achieved opposite conclusions. The net
emissions of CO, CO2 and organic matter hydrocarbon equivalent
from the blends were very similar to those from neat gasoline
[20]. In the premixed flames fueled with n-butanol (U = 1.70)
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and n-butane (U = 1.71) in similar flame conditions [11,21], similar
mole fractions of cyclopentadiene and benzene were measured
experimentally, which illustrated that the yields of PAHs may be
equivalent in both flames. Meanwhile, a similar tendency of ben-
zene concentration was observed in the comparison investigation
of coflow methane flames doped with n-butanol and n-butane
[15]. Therefore, it is important to better investigate the aromatic
growth chemistry in the combustion of n-butanol, especially when
it interacts with hydrocarbon fuels.

Coflow diffusion flames, which can produce large amount of
PAHs, are suitable for the investigation of benzene formation and
aromatic growth. The use of synchrotron VUV photoionization
mass spectrometry (PIMS) has been proved to be very useful in
the study of the detailed chemistry in these flames [14,22,23].
Combined with a powerful computational tool, laminarSMOKE
[22,24], that is able to handle a detailed kinetic mechanism in mul-
tidimensional laminar flows, the aromatic growth chemistry can be
studied quantitatively and accurately in coflow diffusion flames.

In this work, methane coflow diffusion flames doped with n-
butanol were stabilized at atmospheric pressure. Methane is the
simplest hydrocarbon. Its combustion kinetics has been investi-
gated in many previous studies. Methane coflow diffusion flames
without any doping fuels was studied experimentally with the
same apparatus and simulated numerically with the same method
before [22]. Therefore, methane is a suitable primary fuel to reduce
the investigating complexity and focus on the n-butanol doping ef-
fect on PAH formation. Mole fractions of most stable flame species
and some free radicals along the central axis of the flames were
measured. Meanwhile, a kinetic mechanism, based on the previous
alcohol mechanism [1] and aromatic mechanism of USTC [25], was
developed to reproduce the experimental investigation, with the
purpose to characterize the chemical interactions between butanol
and methane. CFD calculations performed with laminarSMOKE
code were able to provide not only the mole fractions of flame spe-
cies over the whole flame field, but also the rate of production
analysis along the central axis of the coflow flame. Key steps for
the interaction between n-butanol and methane and the rate lim-
iting steps in the formation of PAHs are identified.
2. Experimental methods

The experiments were carried out at National Synchrotron Radi-
ation Laboratory in Hefei, China. The platform for the investigation
of coflow diffusion flame with the method of molecular beam mass
spectrometry (MBMS) combined with synchrotron vacuum ultra-
violate photoionization (SVUV-PI) was reported in detail in previ-
ous studies [14]. As shown in Fig. 1, atmospheric pressure coflow
non-premixed flames are stabilized on a burner with a 10 mm in-
ner-diameter steel fuel tube located in the center of a 102 mm in-
ner-diameter air tube. The fuel (CH4 and C4H9OH), diluted gas (N2),
calibration gas (Ar) and air flow rates are presented in Table 1 with
Fig. 1. A schematic sketch of the burner and the diag
their purities of 99.995% for CH4, 99.999% for N2, 99.999% for O2,
99.99% for Ar, and 99% for n-C4H9OH. Two different coflow flames
were investigated in this experiment varied by different doping ra-
tios of n-butanol in the fuel mixture (Flame 1: 3.90% C4H9OH and
25.46% CH4; Flame 2: 1.95% C4H9OH and 33.27% CH4), while the
carbon flux was kept constant. The velocities of fuel mixture and
air were 13.34 and 16.55 cm/s in both flames. The gas flow rates
were regulated with mass flow controllers, except for n-butanol.
n-Butanol was injected into a vaporizer with a chromatography
pump, since it is liquid in room temperature. In order to avoid
the liquefaction of n-butanol, the temperature of the vaporizer
was kept at 30 K higher than its boiling point, and the temperature
of the fuel mixture was also kept at 493 K during the experiment.

Flame species along the central axis of the flames were sampled,
except in the region at the bottom of the flame, due to the shape
limit of the sampling probe. In order to perform near threshold
photoionization measurements and calculate the mole fractions
of isomers, mass spectra were taken at the photon energies of
16.64, 15.20, 14.50, 12.00, 11.00, 10.00, and 9.50 eV. The detailed
flame sampling and data reduction procedure were introduced in
previous work [14]. The uncertainty of the experimental measure-
ments with synchrotron vacuum ultraviolet photoionization mass
spectrometry (SVUV-PIMS) is related to the probe sampling pro-
cess and the photoionization cross sections adopted in the data
reduction process. According to previous experimental investiga-
tions [14,22], the uncertainty of the mole fractions is within 20%
for the flame species calculated with cold gas calibration, within
50% for the stable flame species with measured photoionization
cross sections, and about a factor of 2 for the free radicals and
the flame species with estimated photoionization cross sections.
3. Numerical methods and kinetic models

3.1. Numerical simulation methods

The laminar coflow flames were numerically simulated with the
laminarSMOKE code [22,24]. It is a framework for the numerical
simulation of multicomponent, compressible, thermally-perfect
mixtures of gases with chemical reactions. It is based on the oper-
ator-splitting technique to deal with detailed kinetic schemes, and
solves the conservation equations of total mass, momentum, indi-
vidual species mass fractions and mixture energy. Both Fickian and
thermal diffusion are taken into account [26]. An optically thin
radiation model is included in the simulation and the Planck mean
absorption coefficient is evaluated assuming that the only signifi-
cant radiating species are H2O, CO, CO2 and CH4 [27]. The transport
properties of the species are taken from the Chemkin transport
database [28] or estimated following the procedure described in
[29].

Because of the axial symmetry of the system, the numerical
calculations were performed on a stretched, two-dimensional,
ram of coflow flame analysis apparatus [14,22].



Table 1
Experimental conditions of coflow diffusion n-butanol doped methane flames (Unit:
SCCM).

Name Qair QAr QN2 QCH4 QC4H9OH

Flame 1 80,000 5.87 438 160 24.50
Flame 2 80,000 5.87 401 209 12.25

Note: Qi is the flow rate of species i.
rectangular domain, with length of 250 mm and width of 53 mm.
Considering the balance between the accuracy of numerical calcu-
lation and the cost of computational time, a mesh with 5604 cells
was found fine enough for the purpose of the present work, also on
the basis of previous studies [22]. The fuel stream was assumed at
493 K with a parabolic velocity profile, while the coflow air was
imposed at ambient temperature with a flat velocity profile. The
composition at the inlet boundary was fixed according to the data
in Table 1.

3.2. Kinetic model construction

A kinetic scheme was developed in this work based on the for-
mer USTC alcohol mechanism, which was described in detail in the
work of Cai et al. [1]. Comprehensive experimental data, including
pyrolysis in flow reactors, oxidation in jet-stirred reactors,
Table 2
Selected reactions in the present kinetic mechanism.a

Selected reactions A

1 nC4H9OH = C4H8 + H2O 4.11 � 1083

3.25 � 1077

1.39 � 1073

2.215 � 1068

2.142 � 1060

4.829 � 1044

1.24 � 1029

2 nC4H9OH = nC3H7 + CH2OH 8.43 � 10101

1.19 � 10100

3.91 � 1097

2.11 � 1094

4.26 � 1087

4.45 � 1071

4.28 � 1052

3 nC4H9OH = C2H5 + CH2CH2OH 2.44 � 10103

2.61 � 10102

2.84 � 10100

5.22 � 1097

4.61 � 1091

1.32 � 1076

2.10 � 1056

4 nC4H9OH = CH3 + CH2CH2CH2OH 1.00 � 10103

1.46 � 10102

2.30 � 10100

4.48 � 1097

4.54 � 1091

1.19 � 1076

1.67 � 1056

5 C3H3 + C3H3 = C6H6 (duplicate) 3.50 � 1065

2.40 � 1034

6 C3H3 + aC3H4 = C6H6 + H 2.00 � 1013

7 C3H3 + pC3H4 = C6H6 + H 5.00 � 1011

8 C3H3 + C3H3 = C6H5 + H 2.02 � 1033

1.70 � 1048

9 C6H5CH2 + C2H2 = C9H8 + H 3.16 � 104

10 C6H5CH2 + C3H3 = C10H8 + H + H 3.00 � 1011

11 CH3 + CH3 = C2H5 + H 4.99 � 1012

12 H + pC3H4 = C2H2 + CH3 3.89 � 1010

a Units are s�1, cm3, and cal/mol.
premixed flames, and ignition delay measurements in shock tubes
in a wide temperature and pressure range, were used to validate
the proposed mechanism. The purpose of the extension on the
USTC alcohol mechanism in this work is to better characterize
the benzene and PAH formation in the combustion of alcohols.
Therefore, important aromatic growth pathways were included in
this mechanism mainly according to the USTC aromatic mecha-
nism (presented by Li et al. [25] in their work on the combustion
of toluene). The thermodynamic properties of present model are
taken from different thermodynamic databases [30] or previous
models [6,10,16,31,32]. The present model consists of 216 species
and 1235 reactions. Important modifications of the model (See
Table 2) are presented in Section 3.3 and 3.4.
3.3. Decomposition mechanism of n-butanol

Unimolecular decomposition reactions of n-butanol are rather
sensitive to the formation of important flame intermediates in dif-
fusion flames. The rate constants of unimolecular decomposition
reactions of n-butanol (R1–R4) adopted in the present model were
checked with the recent reported experimental data [33] and the-
oretical calculations [1], as shown in Fig 2. The calculation carried
out by Cai et al. [1] agrees very well with the values obtained in the
shock tube study in the temperature and pressure range of 1126–
1231 K and 1.3–6.5 bar by Rosado-Rayes et al. [33]. It confirms that
n E Pressure (Torr) Reference

�20.67 102698 5 [1]
�18.76 100769 30 [1]
�17.43 98970 70 [1]
�15.98 96774 200 [1]
�13.60 92789 760 [1]
�9.00 84357 7600 [1]
�4.465 75432 76000 [1]

�25.53 122927 5 [1]
�24.71 124635 30 [1]
�23.86 124610 70 [1]
�22.79 123938 200 [1]
�20.71 121583 760 [1]
�15.91 114141 7600 [1]
�10.32 103881 76000 [1]

�26.02 125685 5 [1]
�25.42 128121 30 [1]
�24.69 128556 70 [1]
�23.76 128368 200 [1]
�21.84 126653 760 [1]
�17.12 119918 7600 [1]
�11.28 109480 76000 [1]

�26.05 125924 5 [1]
�25.48 128466 30 [1]
�24.80 129028 70 [1]
�23.87 128871 200 [1]
�21.96 127237 760 [1]
�17.23 120522 7600 [1]
�11.36 110115 76000 [1]

�15.90 27529 [45]
�7.40 5058 [45]
0.00 18000 [62–65]
0.00 12000 [62]
�6.00 15940 30 [45]
�9.97 36755 760 [39]
2.48 11061 [32]
0.00 0 [54]
0.10 10600 GRI
0.99 4114 [59]



Fig. 2. Reaction rate constants of R1–R4 at 1 atm in this model, referred to Fig. 3 in [1], (models of Black et al. [6], Sarathy et al. [16], Moss et al. [5], Hansen et al. [10],
Frassoldati et al. [9] and the experimental measurements by Rosado-Rayes et al. [33]).
the theoretical calculation by Cai et al. [1] is reasonable and accu-
rate in certain extension into the typical reaction temperature
range of the coflow flames. Therefore, their values are adopted in
this study.

nC4H9OH ¼ C4H8 þH2O ðR1Þ

nC4H9OH ¼ nC3H7 þ CH2OH ðR2Þ

nC4H9OH ¼ C2H5 þ CH2CH2OH ðR3Þ

nC4H9OH ¼ C3 þ CH2CH2CH2OH ðR4Þ

Another uncertainty in the n-butanol sub-mechanism is the H
abstraction reactions of n-butanol by H-atoms. Figure 3 presents
the selectivity of different H positions in the temperature range
of 800–1500 K in the present model and the models established
in the previous studies, including that of Black et al. [6], Moss
et al. [5], Veloo et al. [31], Sarathy et al. [16], Harper et al. [2],
Frassoldati et al. [9]. The diversity of the H abstraction selectivity
in different models shows the entirely different understandings of
Fig. 3. (a) Total rate of reaction H + C4H9OH ? Products in different mechanisms [2,5,6
radicals from H-abstraction reactions on n-butanol.
the n-butanol decomposition mechanism. In general, the values in
these models are close to each other, except those in the model of
Moss et al. [5]. However, since there is lack of experimental and
theoretical studies on the H abstraction reactions of n-butanol
by H-atoms and the isomerization reactions among different
C4H9O radicals, the rates of these reactions were modified in or-
der to improve the accuracy of the modeling predictions, focusing
on the importance of the different H positions (a, b, c, d, O).
Experimental data of the n-butanol pyrolysis experiments at
atmospheric pressure carried out by Harper et al. [2] and Cai
et al. [1] were used to validate the modifications (see Section 4.1),
respectively.

New experimental and theoretical studies on the H-atom
abstraction of n-butanol by OH radical were recently reported
by Pang et al. [34]. Their data showed good agreement with the
experimental values reported by Vasu et al. [35] and the calcula-
tion results performed by Zhou et al. [36] in G3 potential energy
surface. Detailed uncertainty analysis yielded an overall uncer-
tainty in the measured rate constant of 20–23% in their
,9,16,31]. (b) Positions of the abstracted H-atom and selectivity of primary C4H9O



Fig. 4. (a) The comparison of the total reaction rate constants of OH radial H abstraction of n-butanol in the present model, (models of Sarathy et al. [16], Harper et al. [2],
Black et al. [6], Dagaut et al. [3] and the experimental and theoretical of Vasu et al. [35], Pang et al. [34] and Zhou et al. [36]). (b) The H abstraction selectivity at different
positions in the present model (dot lines) is compared to the theoretical investigation of Zhou et al. [36] (dash lines).

Fig. 5. Plot for the rate of C3H3 recombination reaction. Solid and open symbols
denote low and atmosphere pressure experimental data for the total rate of all the
channels [40–43]. The solid and dash lines denote the theoretical results for the
total reaction and the phenyl + H channel, respectively, at 30 and 760 Torr [39]. The
dot lines denote the typical evaluations in some models [44,45].
experimental temperature range (900–1200 K). The values
adopted in the former USTC alcohol mechanism, which refer to
the estimations of Sarathy et al. [16], agree well with the calcula-
tion of Zhou et al. in CCSD(T) level [36], but they are 2 times
slower than the experimental data, as shown in Fig. 4. Therefore,
a modification on the total reaction rate of OH-radical abstraction
reactions has been performed in this work. Meanwhile, the selec-
tivity in different H-atom positions of n-butanol by OH radical
was also modified, in order to improve the predictions in the oxi-
dation of n-butanol in JSR reactor (see Section 4.2) and premixed
flames. The present study does not employ the rate constants cal-
culated by Zhou et al. [36], but increases the selectivity of b-chan-
nel based on the evaluation of Sarathy et al. [16], because both
the calculations of Zádor et al. [37] and Zhou et al. [36] were un-
able to accurately predict ignition delay times, as pointed out by
Sarathy et al. [16] in their comprehensive study on the combus-
tion of butanol isomers, and there was large discrepancy in the
selectivity of different channels between these two theoretical
studies.

3.4. Reactions for benzene and PAHs formation

The primary concern of the present study is better understand
the formation progress of benzene, as well as PAH species espe-
cially indene and naphthalene. Important reaction pathways of
the aromatic formation in the flame condition of the present study
are discussed in the following paragraphs.

The most responsible source of benzene in n-butanol doped
methane coflow flame was the recombination of propargyl radical
with itself or other C3 species, including allene and propyne (R5–
R8). The mechanism of this reaction system was investigated com-
putationally by Miller et al. [38,39] on the potential energy surface
of C6H6. Pressure dependent effect of these reactions was ac-
counted in their calculation. Therefore, their calculated rate con-
stant values were adopted in the present model. As a result, the
recombination of propaygyl radicals yielding phenyl radical is the
bottle-neck reaction of phenyl and benzene formation in this flame
condition. The value of 1.7 � 1048[cm3/mol/s]T�9.97e�154.4[kJ/mol]/RT

at atmosphere pressure evaluated form the calculation of Miller
et al. [39] was used. Figure 5 compares the rate constants obtained
from the experimental measurements [40–43], the theoretical cal-
culation [39] and the estimated values in previous models [44,45].
By fitting to a complex mechanism in different pressure range, Bur-
cat et al. [46] gave the best estimation of 2 � 1012[cm3/mol/s]
e�12.55[kJ/mol]/RT in the condition of 1080–1550 K and 2–10 atm,
while Rasmussen et al. [47] reported another value as
1.3 � 1012[cm2/mol s] at 1400 K and 20 Torr. The values calculated
by Miller et al. [39] at 30 Torr agreed well with the estimation of
Rasmussen, which confirmed the accuracy of their calculation.

C3H3 þ C3H3 ¼ C6H6 ðR5Þ

C3H3 þ aC3H4 ¼ C6H6 þH ðR6Þ

C3H3 þ pC3H4 ¼ C6H6 þH ðR7Þ

C3H3 þ C3H3 ¼ C6H6 þH ðR8Þ

The rate constant of reaction R9 adopted in the present model
was evaluated by Blanquart et al. [32], which agrees with the cal-
culation results recommended by Vereecken et al. [48,49] in the
temperature range of 200–2000 K. Matsugi et al. [50] also



estimated the rate constants of this reaction in their study on the
pyrolysis of toluene based on the calculation of Kislov et al. [51]
and Vereecken et al. [48,49] in the temperature range of 1000–
4000 K. However it is an order of magnitude slower than the value
used in the present model, and cannot reproduce the indene for-
mation in this flame condition.
C6H5CH2 þ C2H2 ¼ C9H8 þH ðR9Þ
C6H5CH2 þ C3H3 ¼ C10H8 þ 2H ðR10Þ

As suggested by McEnally et al. [52], benzyl radical can react
with propargyl to form naphthalene. Blanquart et al. [32] esti-
mated the rate constant of this reaction according to the reaction
of ally radical with propargyl radical in their work. However, it
seems the reaction is too active at low temperatures. Matsugi
et al. [53] investigated the recombination of benzyl and propargyl
radicals computationally, considering the pressure effect in the cal-
culation. The pressure dependent rate constant value was pre-
sented in Chebyshev polynomial form, which was fitted by the
authors at 10 Torr and 760 Torr for comparison. As shown in
Fig. 6, the rate constants of the ring formation step are compared
with the evaluation of Blanquart et al. [32]. A good agreement
was found in shape between the estimation of Blanquart et al.
[32] and the calculations of Matsugi et al. [53], but the estimated
rates are faster in magnitudes. The rate constant of R10 was mod-
ified based on the estimation of D’Anna and Kent et al. [54]. Their
estimation was well validated in their modeling investigation of
aromatic formation in non-premixed methane flames. Therefore,
it was adopted in the present model.

The mechanism for larger PAHs in the present model mainly re-
fers to the recent model of Matsugi et al. [50] and Slavinskaya et al.
[55,56], in which PAHs grow mainly based on HACA reactions [57]
and the additional reaction of propargyl and allyl radicals [52,54].
The recombination reactions among large radicals, such as
cyclopentadienyl, indenyl, naphthyl, etc., are also included in pres-
ent model, which were proposed important pathways in the for-
mation of large PAH in the work of Slavinskaya et al. [55,56]. The
oxidation reactions of large PAH species mainly refer to the previ-
ous works of Blanquart et al. [32] and Slavinskaya et al. [55]. The
thermodynamic properties for the different PAH molecules were
taken from the compilation of Blanquart et al. [32].
Fig. 6. Plot for the rate constants of C3H3 + C6H5CH2 = C10H8 + 2H (R10) reaction
[32,44,53,54,66]. The solid and dash lines denote the values at atmosphere and low
pressure.
4. Model validation through ideal reactor experiments

Coflow flame is a very complex combustion system, which is
controlled by hydrodynamic, thermodynamic and chemical kinet-
ics. It does not appear a proper way to validate a detailed kinetic
mechanism directly with the coflow flame data and find out the
chemical interaction on the formation of PAHs. Therefore, the pro-
posed kinetic mechanism was validated first in ideal reactors in or-
der to make sure that the fuel consumption process can be
reproduced accurately. Only based on that, the chemical kinetics
of PAH growth in the coflow flames could be discussed reasonably.
4.1. Butanol pyrolysis in flow reactors

The flow reactor is an important tool for studying the primary
steps of the fuel decomposition reactions. Experimental data of
the n-butanol pyrolysis experiments in flow reactor were reported
by Harper et al. [2] (in the condition of 100% n-butanol) and Cai
et al. [1] (in the condition of 3% n-butanol and 97% argon), respec-
tively, measured with very different equipments. Their data were
tested against many previous n-butanol models [2,9,13]. The pres-
ent model was also validated against the n-butanol pyrolysis
mechanism at 1 atm. The simulation was performed using the plug
flow reactor code in the OpenSMOKE framework [58].

As shown in Fig. 7, the experimental data was measured by gas
chromatography (GC) obtained from the work of Harper et al. [2].
The model in this study captures satisfactorily not only the fuel
conversion but also the residence time, which reveals that the total
n-butanol decomposition rate is well defined, including the unimo-
lecular reactions and the H abstraction reactions by H-atom. Mass
concentrations of the major decomposition species are plotted in
the function of fuel conversion, mainly focusing on the selectivity
of the fuel consumption channels. Primary intermediates yielded
from the first-step decomposition of n-butanol are well reproduced
in quantity and trend, including butene, propene, ethylene, acetal-
dehyde, water and methane.

The pyrolysis experiments of n-butanol performed from 5 Torr
to atmospheric pressure were investigated in the work of Cai
et al. [1], with the help of SVUV-PIMS technique. The data ob-
tained at atmospheric pressure and 30 Torr was also reproduced
by the present model. Figure 8 presents the comparison of the
fuel conversion and intermediates productions at 1 atm, while
the 30 Torr modeling data is provided in the Supplemental Mate-
rial. As well as the prediction of the data of Harper et al., the fuel
conversion and the mole fractions of main products are also in
good agreement with the experimental measurements. Two iso-
mers for C2H4O were distinguished as acetaldehyde and ethanol
in Cai et al.’s work, and they were predicted very well by the
present model. 1,3-Butadiene is perfectly predicted in this condi-
tion, comparing to the over prediction of 3 times in the experi-
mental condition of Harper et al. (Fig. 7). In conclusion, the
rates of the unimolecular decomposition reactions of n-butanol
and H abstraction reactions by H-atom are well validated by
the good agreement between the computational and experimen-
tal results in both the pyrolysis experiments.
4.2. Butanol oxidation in jet-stirred reactors

Dagaut and coworkers [3] presented experimental results for
the oxidation of n-butanol in a jet-stirred reactor and a complete
modeling analysis of the chemical mechanism. The experiments
were conducted at atmosphere pressure in the temperature range
of 800–1200 K and the residence time of approximately 0.07 s, in
the condition from fuel lean to fuel rich (U = 0.5, 1.0, 2.0) condi-
tions and high nitrogen dilution. These experimental data is very



useful in the validation of the detailed oxidation kinetics of the
present model. The simulations were performed using the per-
fectly stirred reactor code in the OpenSMOKE framework [58] in
steady-state conditions.

Detailed comparison on the profiles of several intermediates
together with H2, H2O, CO, and CO2 are presented in
Figs. 9–11. The present model successfully reproduced the exper-
imental data, especially the maximum mole fractions of most
species and their trends with the fuel conversion in all the
experimental conditions. However, the modeling prediction of
the fuel consumption is always slower than the experimental
measurement by about 15%. The Rate of Production (ROP) anal-
ysis shows that n-butanol is mainly consumed by the H abstrac-
tion of OH radical and some of the unimolecular reactions.
According to Figs. 2 and 4, the total rate constant of the OH rad-
ical and n-butanol recombination reactions adopted in the
present model fits very well the experimental measurements of
Fig. 7. Pyrolysis of n-butanol in the Ghent flow reactor [2]. Open symbols denote the ex
model.
Vasu et al. [35] and Pang et al. [34], while the rate constants
of unimolecular reactions agree well with the recent experimen-
tal data reported by Rosado-Reyes et al. [33]. Therefore, the
model predictions are considered in a good accuracy, since the
reported uncertainty of the measurement in the jet-stirred reac-
tor oxidation experiments is a factor of 2. The ignition delay
time validation was also performed in this work (See Supple-
mental Material Fig. S2), which is important for the application
of the kinetic scheme in IC engines.
5. Results and discussion

Two coflow diffusion flames (Flame 1 and Flame 2) were charac-
terized both experimentally and numerically in this study. While
the total gas flow rate and carbon flux were kept constant, the dop-
ing ratio of n-butanol was mainly varied to observe the impact on
perimental data [2]; solid symbols plus lines denote the predictions of the present



Fig. 8. Pyrolysis of n-butanol in the flow reactor at 1 atm [1]. Open symbols denote the experimental data from [1]; Solid symbols plus lines denote the predictions of the
present model.

Fig. 9. Oxidation of n-butanol in the jet-stirred reactor [3] at atmosphere pressure and equivalent ratio U = 2.0. Open symbols denote the experimental data [3]; solid
symbols plus lines denote the predictions of the present model.
the flame structures, the flame conditions are presented in Table 1.
Figure 12 shows the measurements and the predictions of the ma-
jor combustion species (C4H9OH, CH4, H2, H2O, CO, CO2), dilution
gas (N2), and calibration gas (Ar) in the flames by the present mod-
el. The simulation results show good agreement with the experi-
mental measurements for most species except CO, because of the
limit of MS method. As known, the N2 and CO peaks appear in very
close positions in the mass spectrometry. In this experiment, the
N2 signal is so strong that it broadens to the peak position of CO,
and consequently, impacts strongly on the evaluation of the CO
mole fraction.

With an equivalent carbon flux in the inlet fuel gas, the mole
fractions of the major combustion products in both flames seem
consistent. A deviation of 1.9% in n-butanol doping ratio has no sig-
nificant effect on the production of major products, but sufficiently
large to influence the production of flame intermediates, especially



Fig. 10. Oxidation of n-butanol in the jet-stirred reactor [3] at atmosphere pressure and equivalent ratio U = 1.0. Open symbols denote the experimental data [3]; solid
symbols plus lines denote the predictions of the present model.

Fig. 11. Oxidation of n-butanol in the jet-stirred reactor [3] at atmosphere pressure and equivalent ratio U = 0.5. Open symbols denote the experimental data [3]; solid
symbols plus lines denote the predictions of the present model.
the benzene precursors and the aromatic species. As shown in
Figs. 13 and 14, the mole fractions of the major benzene precur-
sors, such as C3 and C4 hydrocarbons, increase significantly with
the increasing doping ratio of n-butanol in the inlet fuel gas.

5.1. Fuel decomposition

Figure 13 compares the experimental and numerical mole frac-
tion profiles of C4 hydrocarbons. The present model does an
excellent job in the predictions. Butene isomers, including 1-bu-
tene and 2-butene, are over predicted by 20% in the maximum
within the experimental measurement uncertainty. 1,3-Butadiene,
that is one of the further decomposition products of butene, is well
predicted too. It subsequently dehydrogenates to vinylacetylene,
which is also well predicted with the change of butanol doping
ratio.

Generally, the predictions of C4 species agree satisfactorily with
the experimental measurements, while a slight over prediction can



Fig. 12. Centerline mole fraction profile comparison between experimental measurements (symbols) and numerical simulations (lines) of major flame species in Flame 1
(upper) and Flame 2 (bottom). The mole fractions of argon are given on the right axis.

Fig. 13. Mole fraction comparison between experimental data (symbols) and
numerical predictions (lines) of C4 hydrocarbon species, including 1-butene (1-
C4H8), 2-butene (2-C4H8), isomers of C4H6 (C4H6), and vinylacetylene (C4H4).

Fig. 14. Mole fraction comparison between experimental data (symbols) and
numerical predictions (lines) of C2–C3 hydrocarbon species, including ethylene
(C2H4), acetylene (C2H2), propene (C3H6), propargyl radical (C3H3), propyne (pC3H4),
and allene (aC3H4).
be found in C2 and C3 hydrocarbons, especially ethylene and acet-
ylene. The model tends to produce too much C2 and C3 species, ex-
cept propene. The modeling results of propyne, allene, and
ethylene are within 2 times of the experimental data. The predic-
tions of propargyl radical are slightly worse, around 3.5 times, that
maybe caused by radical annihilation in the sampling probe. C3H3

is mainly formed from propyne and allene, and is the main precur-
sor of aromatic species. A deviation about 3 times in the mole frac-
tion of acetylene can be also found between the measurement and
the simulation, which in turn leads to the over prediction of propy-
ne. Besides these, the impact of the n-butanol doping ratio on the
quantities of intermediates is well captured by the model.

Figure 15 presents the detailed decomposition pathways of n-
butanol in Flame 1. The ROP analysis of Flame 1 shows that unimo-
lecular decomposition consumes 54.5% of n-butanol, comparing to
45.0% consumed by H-abstraction reactions. Cai et al. [1] pointed
out the importance of unimolecular decomposition reactions in
their study of n-butanol pyrolysis. These reactions also play a dom-
inant role in the n-butanol consumption in the coflow flames,
which is also summarized in McEnally et al.’s [15] pioneer
experimental comparison research on the butanol isomers doped
methane coflow flames. 1-Butene is a major stable intermediate
product mainly formed directly through the reaction C4H9OH =
1�C4H8 + H2O (R1), which contributes 16.6% in fuel consumption.
2-Butene, 1,3-butadiene, and vinylacetylene are the isomerization
or further decomposition products of 1-butene.

Beside 1-butene, the map of Fig. 15 also illustrates that propene
and ethylene are important intermediates. The main precursors of
ethylene are the C2H5, nC3H7, and C2H4OH radicals, which are
dominantly yielded from the recombination of methyl radical
(CH3 + CH3 = C2H5 + H (R11)) and the unimolecular reactions of
R2 and R3. aC4H9OH radical, formed from the H abstraction



Fig. 15. Major reaction pathways in Flame 1. The thickness of the arrow is proportional to the carbon flux of the pathway, and the number beside denotes the conversion rate
of each reaction.
reaction of n-butanol, decomposes to C2H5 radical in the following
b-scission, which plays an additional role in the formation of
ethylene. Ethylene mainly forms acetylene via vinyl and vinylidene
radical channels. The pathway consumes about 90% of ethylene in
Flame 1. Propene, which forms allyl radical and allene, is mainly
formed via H-abstraction of n-butanol through the b-scission of
cC4H8OH radical. Subsequently, allene and propyne can quickly
isomerize to each other and produce propargyl radical, which
significantly contributes to the benzene formation. However, it is
a minor pathway in the formation of propyne. Because of the high
mole fraction of methyl radical provided by methane, the
dominant pathway in coflow methane flames is the reaction
pC3H4 + H = C2H2 + CH3 (R12). The importance of this reaction
was concluded by Cuoci et al. in their study on CH4/C2H4 coflow
flames [24]. This reaction relates the combustion of methane and
n-butanol in the cooperation of benzene formation, as shown in
Fig. 16. Since propyne mainly forms propargyl radical in its further
reactions in this flame condition, the doping of n-butanol increases
the concentration of ethylene in the flames, and consequently
enhances the benzene formation rate via the following reactions
sequence: C2H4 ? C2H3 ? C2H2 ? pC3H4 ? C3H3 ? C6H6.
Fig. 16. Major reaction pathways of methane in Flame 1. The thickness of the arrow
is proportional to the carbon flux of the pathway, and the number beside denotes
the conversion rate of each reaction. Dot arrows highlight the interactions between
n-butanol and methane in combustion; and gray arrows highlight the oxidation
pathways.
5.2. Aromatic hydrocarbon formation

The variations of the aromatic formation in the flames with
different n-butanol doping ratios were captured by the present
model. As shown in Fig. 17, the mole fractions of aromatic species
increase while the doping ratio increases. A slight over prediction
of monocyclic aromatic hydrocarbons (MAHs) in the flames can
be found in model predictions. Benzene is over predicted by a
factor of 2, while for other species, including toluene, styrene,
and phenylacetylene, the deviations between the experiments
and simulations are within 50%. In general, the predictions
obtained from the present model agree satisfactorily with the
experimental measurements.

Indene and naphthalene are also well reproduced by the
present model, as shown in Fig. 18. However, large deviations exist
between the simulation results and the experimental data of larger
aromatic species. C12H8 (acenaphthylene) and C14H10 (phenan-
threne, anthracene and 1-ethenylacenaphthylene) were over pre-
dicted by around 3 times. A novel observation of C10H6 in this
study (as shown in Fig. 18), which may be diethynylbenzene,
makes the former pathway reasonable. Experimental data reveal
the possible existence of the acetylenylphenyl radical, although
Fig. 17. Mole fraction comparison between experimental data (symbols) and
numerical predictions (lines) of MAHs, including benzene (C6H6), toluene (C7H8),
styrene (C8H8), and phenylacetylene (C8H6).



Fig. 18. Mole fractions comparison between experimental data (symbols) and
numerical predictions (lines) of PAHs, including C9H8 (indene), C10H8 (naphtha-
lene), C10H6 (diethynylbenzene), C12H8 (acenaphthylene), C14H10 (phenanthrene,
Anthracene and 1-ethenylacenaphthylene), and C16H10 (pyrene and fluoranthene).
the low accuracy of the photoionization efficiency (PIE) measure-
ment in these conditions makes this result unsure. The kinetic
mechanism under predicts the mole fractions of C16H10 species
(pyrene and fluoranthene) and does not capture their consumption
correctly, which indicates that the model needs to be further devel-
oped in their formation and consumption routes toward heavier
PAHs and soot. Generally, considering the complexity of the flame
and the issue of the entrainment rate, the level of the agreement is
satisfactory.

Figure 19 shows the major pathways of PAH formation in Flame
1. Benzene and phenyl radical are the key PAH growth points in the
flame. Toluene, phenylacetylene and styrene are yielded from phe-
nyl radical via the addition of methyl, acetylene and ethylene,
while phenyl radical is mainly formed via the recombination reac-
tion of propargyl radical (R9). Therefore, the over prediction of
Fig. 19. Reaction pathways leading to the formation of PAHs in Flame 1. The
thickness of the arrow is proportional to the carbon flux of the pathway, and the
number beside denotes the conversion rate of each reaction.
propargyl radical and propyne leads to the over prediction of MAHs
directly. A sensitivity analysis of the benzene formation was con-
ducted in a counter flow diffusion flame [22] with the same flame
condition of Flame 1. As shown in Fig. 20, R1, R2, R12, and R8 are
the most sensitive reactions in the formation of benzene, while
R12 and R8 are also the most sensitive ones for phenyl radical.
Combining with the reaction pathway analysis in Figs. 15 and 19,
it is evident that R12 and R8 are the rate-control reactions in the
formation of MAH species. Other benzene formation pathways
such as C4 + C2 reactions and C3H3 + aC3H5 reaction that also pro-
posed in the present model provide minor contributions in this
flame condition. R12 is the major propyne formation pathway in
the flames, which produces the main benzene precursor, propargyl
radical. The rate of R12 used in the present model is evaluated from
the calculation of Miller et al. [59] on a aC3H5 potential energy sur-
face in 2008. R8, the recombination of propargyl radical, is the
dominant pathway in forming phenyl radical, subsequently con-
trols the rate of benzene formation. The rate constants calculated
by Miller et al. [38,39] are adopted in the present model accounting
for the pressure dependence effect of R8. Therefore, in this flame
condition, a satisfied agreement between the experimental mea-
surements and the predictions can be observed in MAH
intermediates.

Benzyl radical, which is formed via the recombination of phenyl
and methyl radicals, plays an important role in the formation of
naphthalene and indene, subsequently, leads the aromatics grow-
ing to larger PAHs and soot. The recombination reaction of benzyl
and propargyl radical (R10) contributes for 31.2% to the naphtha-
lene formation in Flame 1. Another efficient naphthalene formation
channel is the recombination reaction of cyclopentadienyl radical,
which yields a contribution of 30.1% as similar channel as R10. The
recombination reactions among phenylacetylene, acetylenylphe-
nyl radical, acetylene, and vinyl radical are minor naphthalene
formation routes. The detailed information for the naphthalene
formation from benzyl radical can be found in [25], in which the
recombination reaction of benzyl and propargyl radical (R10) was
found to be the key reaction. A sensitivity analysis from the coun-
ter-flow flame was also performed in conditions similar to Flame 1.
Among the listed reactions in Fig. 21, the rate-controlling reaction
is obviously R10, which is not only the dominant naphthalene
formation channel, but also the most sensitive reaction in this
process. Besides, the reaction that contributes to the formation of
propargyl radical as well as of benzyl radical reveals a positive
sensitivity in naphthalene formation (pC3H4 + H = C3H3 + H2 and
C6H5CH2 + H = C6H5 + CH3). The unimolecular decomposition
reaction of n-butanol yielding 1-butnene (R1) has a positive
sensitivity too, because most of 1-butene will decompose to prop-
argyl radical in this sequence: C4H8 ? aC3H5 ? aC3H4 ? C3H3. The
results of sensitivity analysis presented in Figs. 20 and 21 further
support the conclusions from the aromatic formation path
analysis.

Indene is mainly formed from two pathways in this condition:
the recombination reaction of benzyl radical and acetylene con-
tributes the major production, while the reaction of benzene and
propargyl radical is an additional channel. Compared to the former
pathways, radical recombination reaction between phenyl and
propargyl radical provide a minor route in indene formation.
Naphthalenyl radical combines with H atom to form naphthalene,
competing with the pathway of methyl radical addition reaction to
form naphthylmethyl radical. The ring shrinking reaction of the
yielded naphthylmethyl radical, which forms indenyl radical, is
an additional formation pathway for indene. The rate constant of
reaction R9 adopted in the present model is evaluated by Blanquart
et al. [32], giving a good agreement between modeling predictions
and experimental measurements. The value proposed by Matsugi
et al. [50] is much slower than the value used in the present model,



Fig. 20. Sensitivity analysis for benzene and phenyl radical formation in a counter flow diffusion flame (conditions of inlet reactant similar to those of Flame 1).

Fig. 21. Sensitivity analysis for naphthalene formation in a counter flow diffusion
flame (conditions of inlet reactant similar to those of Flame 1).
which cannot reproduce the indene formation in this flame
condition.

Novel PAH formation routes were added to the model, referred
to the recent two- and three-ring aromatics formation mechanism
developed in the pyrolysis study of toluene [50] and the pathways
proposed by Shukla et al. [60,61] in the acetylene pyrolysis inves-
tigation. Large PAH species, including phenanthrene, anthracene,
pyrene, and fluoranthene, were not well predicted by the present
model. It may be caused both by the accuracy of the experimental
measurement in low mole fraction and by the lack of the theoret-
ical calculation information in PAH formation. ROP analysis based
on the present model illustrates that large PAH species are mainly
grown based on indenyl and naphthalenyl radicals. Further theo-
retical investigation on the growth of large PAH species is de-
manded to reproduce their formation accurately in wide range of
combustion condition.
6. Conclusions

In this work, two coflow methane flames doped with n-butanol
were studied both experimentally and numerically. Synchrotron
VUV photoionization mass spectrometry technique was used to
identify the flames species and measure them quantitatively. A no-
vel n-butanol kinetic mechanism extended from the previous USTC
alcohol mechanism was developed, giving a better characterize on 
the benzene and PAH formation in the combustion of alcohols. 
Numerical simulations with detailed kinetics and transfer 
properties were performed to better investigate and interpret the 
experimental measurements. With particular attention on the for-
mation of benzene and PAHs, the interaction between n-butanol 
and methane in the fuel decomposition and aromatic formation 
process was analyzed in detail. The impact of the doping of n-buta-
nol is found to be pronounced for benzene formation by increasing 
the mole fractions of C2 species, which subsequently lead to the in-
crease of propyne and propargyl radical. Benzyl radical, formed 
from the recombination of phenyl and methyl radical, is the main 
precursor of naphthalene. Meanwhile, the pathway that forms 
naphthalene from phenylacetylene plays an additional role. Indene 
is formed in a limited amount, compared to that of naphthalene, 
mainly through the reaction between benzene and propargyl rad-
ical. Larger aromatics, such as C12H8, C14H10 and C16H10 isomers, 
were measured and modeled in this study, but the scheme needs 
to be further developed in the chemistry of large aromatics growth. 
More detailed PAH chemistry and the incorporation of additional 
pathways towards aromatic formations seem promising for 
improving model predictions.
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