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Abstract

An experimental and numerical investigation of counterflow prevaporized partially premixed n-heptane flames
is reported. The major objective is to provide well-resolved experimental data regarding the detailed structure and
emission characteristics of these flames, including profiles of C;{—Cg, and aromatic species (benzene and toluene)
that play an important role in soot formation. n-Heptane is considered a surrogate for liquid hydrocarbon fuels
used in many propulsion and power generation systems. A counterflow geometry is employed, since it provides a
nearly one-dimensional flat flame that facilitates both detailed measurements and simulations using comprehen-
sive chemistry and transport models. The measurements are compared with predictions using a detailed n-heptane
oxidation mechanism that includes the chemistry of NO, and PAH formation. The reaction mechanism was syn-
ergistically improved using pathway analysis and measured benzene profiles and then used to characterize the
effects of partial premixing and strain rate on the flame structure and the production of NO, and soot precursors.
Measurements and predictions exhibit excellent agreement for temperature and major species profiles (No, O»,
n-C7H;4, CO,, CO, H»), and reasonably good agreement for intermediate (CHy, CoHy, CoHy, C3Hy ) and higher
hydrocarbon species (C4Hg, C4Hg, C4Hy4, C4Hp, CsHyg, CgH|2) and aromatic species (toluene and benzene).
Both the measurements and predictions also indicate the existence of two partially premixed regimes; a double
flame regime for ¢ < 5.0, characterized by spatially separated rich premixed and nonpremixed reaction zones, and
a merged flame regime for ¢ > 5.0. The NO, and soot precursor emissions exhibit strong dependence on partial
premixing and strain rate in the first regime and relatively weak dependence in the second regime. At higher levels
of partial premixing, NOy emission is increased due to increased residence time and higher peak temperature. In
contrast, the emissions of acetylene and PAH species are reduced by partial premixing because their peak locations
move away from the stagnation plane, resulting in lower residence time, and the increased amount of oxygen in
the system drives the reactions to the oxidation pathways. The effects of partial premixing and strain rate on the
production of PAH species become progressively stronger as the number of aromatic rings increases.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

A major portion of the world’s energy demands
is currently met by the combustion of liquid fuels.
Closely associated with the benefits derived from
combustion are the hazards it causes to human life
and environment. The products of combustion of most
commercially available fuels contain pollutants such
as particulate matter, unburned and partially unburned
hydrocarbons, carbon monoxide, and oxides of nitro-
gen and sulfur. These pollutants have many harmful
effects including specific health hazards, acid rain,
smog, global warming, and ozone depletion. The ac-
ceptability of a new grade of fuel or design of a new
combustion system at present depends as much on
its emission characteristics as on its combustion ef-
ficiency. Consequently, energy conservation and en-
vironmental concerns provide a strong motivation for
fundamental studies on the mechanism of soot and
NO, formation in flames.

Partially premixed flames contain a rich premixed
fuel-air mixture in a pocket or stream, and, for com-
plete combustion to occur, they require the transport
of oxidizer from an appropriately oxidizer-rich (or
fuel-lean) mixture that is present in another pocket or
stream. Partial oxidation reactions occur in fuel-rich
portions of the mixture and any remaining unburned
fuel and/or intermediate species are consumed in the
oxidizer-rich portions. Partially premixed flames are
important in numerous applications. They are rele-
vant to turbulent nonpremixed combustion, which can
contain regions where local extinction occurs, fol-
lowed by partial premixing and reignition. Partially
premixed combustion plays a fundamental role in the
stabilization of lifted nonpremixed flames in which
propagating premixed reaction zones anchor a non-
premixed reaction zone. In addition, in most liquid-
fueled combustion devices, such as internal combus-
tion engines, industrial furnaces, and power station
gas turbines, the fuel is introduced in the form of a
spray of fuel droplets of different sizes. The smaller
droplets evaporate at a much higher rate than the
larger ones. The resulting fuel vapor mixes with air,
forming locally fuel-rich zones. The larger droplets
then burn in this mixture in a partially premixed
mode. Partially premixed flames may also result in
lean direct injection diesel engines.

The liquid fuels that are used in internal com-
bustion engines and gas turbines are typically blends
of several components. Generally, fuels with desired
properties are prepared by mixing expensive volatile
components with cheaper heavier fuels. The detailed
simulation and analysis of flames burning these fu-
els in actual engines is a prohibitively complex task
at present. Consequently, fundamental theoretical and
experimental studies have concentrated on using a

single-component or bicomponent fuel, based on the
most abundant species in the actual fuel. In prac-
tical liquid fuels such as gasoline and diesel fuels,
n-C7Hjg is relatively abundant, and hence often used
as a surrogate for these fuels.

Since the soot- and NOy-forming mechanisms are
closely related to the chemical kinetics and structure
of flames, a detailed study of partially premixed n-
heptane flames (PPFs) is of direct relevance to op-
timizing the operating conditions of a diesel engine
for minimum production of soot, unburned hydro-
carbons, and NOy. Due to these diverse applications
and fundamental relevance, partially premixed flames
have been investigated extensively in recent years.
However, the bulk of these studies have focused on
methane—air flames [1-5], motivated perhaps by the
fact that detailed reaction mechanisms are available
to model the methane—air chemistry. With the excep-
tion of some recent investigations [6-9], the literature
regarding the burning of higher hydrocarbon fuels, es-
pecially liquid fuels, in partially premixed flames is
relatively sparse. Li and Williams [6] reported mea-
surements of several major and intermediate species
in n-heptane PPFs burning a droplet/air fuel mixture
in a counterflow configuration. Seiser et al. [10] re-
ported an experimental investigation of prevaporized
n-heptane counterflow nonpremixed flames. Xue and
Aggarwal [7] characterized the structure of n-heptane
counterflow PPFs through a numerical investigation
and subsequently investigated the effect of double
flame structure on NO, formation in these flames [8].
Berta et al. [38] recently reported an experimental
and numerical investigation of the structure and emis-
sion characteristics of prevaporized n-heptane non-
premixed flames in a counterflow configuration.

Our literature indicates that there is a lack of de-
tailed experimental data pertaining to the structure
and emission characteristics of n-heptane PPFs. This
is rather surprising since n-heptane has been con-
sidered a good surrogate for liquid fuels used in
many practical combustion systems, and its oxidation
chemistry has been extensively investigated. More-
over, compared to other combustion systems, includ-
ing premixed and nonpremixed flames, a PPF pro-
vides a more stringent crucible for the validation of
reaction mechanisms [11]. This is due to the exis-
tence of multiple reaction zones and interactions be-
tween them involving both chemistry and transport
processes. These interactions also play a significant
role in determining the NOy and soot emissions from
these flames.

Motivated by the above considerations, we report
herein an experimental-computational investigation
of partially premixed n-heptane flames established
in a counterflow burner. The major objective is to
provide detailed measurements of temperature and



742 P. Berta et al. / Combustion and Flame 145 (2006) 740-764

species concentrations, especially those of C;—Cg hy-
drocarbons, for a wide range of partial premixing
(i.e., equivalence ratios) and strain rates. C;{—Cg hy-
drocarbons are key intermediates in the fuel decom-
position pathway and their characterization is crucial
for understanding the combustion of heavier fuels, es-
pecially in the context of partially premixed flames,
which are hybrid flames and whose structure is char-
acterized by both transport and chemical kinetics.
Species concentration profiles of intermediate hydro-
carbons can be subsequently used for the validation
of computational models and reaction mechanisms
involving simulations of liquid fuels in general, and
n-heptane in particular. Therefore, we report well-
resolved measurements of major species (n-C7Hjg,
03, Ny, CO3, and H,0), intermediate species (CO,
Hj, CHy, CoHy, CoHjy, and C3Hy), higher hydrocar-
bon species (C4Hg, C5H(, and CgH{2), and the ma-
jor soot precursor (benzene) over a large parametric
space characterized in terms of equivalence ratio (¢)
and strain rate (ag). The measurements also focus on
the resolution of unsaturated C3 and C4 species such
as propene, propyne, allene, butene, 1,3-butadiene,
1-buten-3-yne, 1,3-butadiyne, and aromatic species
(benzene and toluene). Some of these species have
never been previously measured for n-heptane coun-
terflow PPFs.

Another objective is to characterize the effect of
partial premixing on the formation of NOy and soot
precursors, such as acetylene, benzene, and other
PAH (polycyclic aromatic hydrocarbon) species, in -
heptane PPFs. Acetylene represents a key species in
the formation of polyaromatic structures through the

| water cooling line

hydrogen abstraction carbon addition (HACA) mech-
anism [12], while benzene represents the simplest
aromatic molecule. The numerical investigation has
been performed using a detailed mechanism that is ca-
pable of simulating the formation of NO, and PAHs
up to coronene.

2. The experimental setup

A schematic of the experimental setup used to es-
tablish prevaporized n-heptane counterflow flames is
presented in Fig. 1. A mixture of prevaporized n-
heptane and nitrogen fuel was introduced from the
bottom nozzle. A nitrogen curtain was established
through an annular duct surrounding the fuel jet in
order to isolate the flames from ambient disturbances.
This nitrogen and combustion products were vented
and cooled through another annular duct around the
oxidizer nozzle. The diameter of each nozzle was
27.38 mm, and the separation distance (L) between
them was varied from 10 to 20 mm. The veloci-
ties of the two streams define the global strain rate
asag = 2|Vol/L)1+(IVEl/IVo(pr/po)'/?) [13]
and were chosen to satisfy the momentum balance,
£0 V(% = pF VF2. Here p represents density, V gas ve-
locity, and the subscripts O and F refer to oxidizer and
fuel nozzles, respectively.

The oxidizer was air at room temperature, while
the fuel stream consisted of mixtures of air and pre-
vaporized n-heptane. The fuel nozzle was heated
and its temperature controlled to maintain the fuel-
containing stream at a 400 K temperature at the burner
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Fig. 1. Schematic diagram of the experimental apparatus.
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exit. In the bottom part of the burner preheated air
was mixed with the pure fuel stream to form a fuel-
air mixture of the desired equivalence ratio. The n-
heptane vapor was formed in a prevaporizer, which
was an electrically heated stainless steel chamber. The
desired mass flow rate of n-heptane into the prevapor-
izer was maintained by a liquid pump. Approximately
three-fourths of the chamber was filled with glass
beads to impede the flow, thereby increasing its res-
idence time and thus enhancing the heat transfer to
the liquid fuel. The temperature of the fuel vapor ex-
iting the chamber was monitored by a thermocouple.

Temperature profiles of various flames were mea-
sured using a Pt-Pt 13% Rh thermocouple with a
spherical bead diameter of 0.25 mm and wire diam-
eter of 0.127 mm. The measured values were cor-
rected for radiation heat losses from the bead, assum-
ing a constant emissivity of 0.2 and a Nusselt num-
ber of 2.0 [10]. Species concentration profiles were
measured using a Varian CP-3800 gas chromatograph
(GC). Samples were drawn from the flame with a
quartz microprobe that had a 0.34-mm tip diameter
and 0.25-mm tip orifice. Constant vacuum was ap-
plied at the end of the line through a vacuum pump.
The line carrying the sample to the GC was made
of fused silica and was heated to prevent conden-
sation. A portion of the sample was injected into a
Hayesep DB 100/120 packed column connected to a
thermal conductivity detector to measure light gases
(up to CoH4) and another into a Petrocol DH capillary
column that was placed inline with a flame ioniza-
tion detector to obtain hydrocarbon distributions up
to C7Hg. The temperature in the gas chromatograph
oven was gradually increased to minimize the analy-
sis time. The temperature and pressure in the sam-
pling loops were controlled to ensure that the same
volume of gas was sampled for each analysis. The
chromatogram peaks have been converted into mole
fractions with calibration constants that were obtained
separately for every species from known standards.
Water molar fractions were obtained through a mass
balance of carbon and hydrogen atoms. The errors
in measurement of the liquid fuel and air flow rates
are within 5%, leading to an uncertainty of about 5%
in equivalence ratio. The compositions of both the
fuel and air streams were also measured using GC.
C3 and C4 unsaturated species were measured offline
by an HP 6890 gas chromatograph connected to a
mass spectroscopy detector. The sample was collected
in a stainless steel vessel. The whole line and vessel
were heated to minimize condensation. Temperature
programming was employed to reduce the analysis
time. The temperature and pressure in the sampling
loop were controlled and measured to ensure that the
proper volume of gas was sampled for each analysis.
The chromatogram peaks were converted into mole

fractions with calibration constants that were obtained
separately for every species from known standards.
The uncertainties in GC measurements are between
5% and 10% depending on the species.

3. The physical-numerical model

Most of the studies on heptane flames reported in
the literature deal with nonpremixed flames. Experi-
mental results have been obtained in several config-
urations: liquid pool burners [14,15], droplet burn-
ing [16,17], and premixed flames [18]. n-Heptane
combustion chemistry has been investigated on many
different levels. One-step global and reduced mech-
anisms [19,20] have been empirically derived to fit
experimental data of burning velocities and flame
extinction. Held et al. [17] reported a semidetailed
mechanism and validated it using flow reactor, shock
tube, stirred reactor, and laminar flame speed experi-
mental data. The mechanism was subsequently used
for predicting ignition delays in shock tubes [21]
and for numerical investigations of partially premixed
flames [7,8]. Lindstedt and Maurice [22] developed
a detailed n-heptane mechanism, addressing in detail
the H abstraction reactions on the C7 molecule and
its decomposition into smaller fragments. The mecha-
nism was improved in subsequent work [23] to further
characterize the formation and oxidation of aromatic
molecules. Detailed n-heptane mechanisms have also
been reported by Chakir et al. [24], Curran et al. [25],
and Babushok and Tsang [26].

The kinetic mechanism (SOX) used to model 7n-
heptane flames in the present study was previously
developed by extending a detailed oxidation scheme
for several fuels [27,28]. Due to the hierarchical mod-
ularity of the mechanistic scheme, this model is based
on a detailed submechanism of C;—Cy4 species. As-
suming analogy rules for similar reactions, only a few
fundamental kinetic parameters are required for the
progressive extension of the scheme toward heavier
species. The resulting kinetic model of hydrocarbon
oxidation from methane up to n-octane consists of
about 170 species and 5000 reactions.

We have selected this mechanism for our simu-
lations since the subset of n-heptane oxidation reac-
tions included in it has been extensively tuned using
experimental measurements for pure pyrolysis condi-
tions, oxidation in jet-stirred and plug-flow reactors,
and shock-tube experiments [29]. Moreover, a rela-
tively detailed model for polycyclic aromatic hydro-
carbons (PAHs) that are soot precursors is contained
in the mechanism. The formation of the first aromatic
rings by C; and C4 chemistry and by resonantly sta-
bilized radicals such as propargyl and cyclopentadi-
enyl (C3H3 and CsHs) has been carefully investi-
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gated [28,30]. Further growth of PAH species up to
coronene (Co4Hjy) is also modeled through the well-
known HACA mechanism [31], which has been ex-
tensively validated for counterflow flames burning a
variety of fuels [32]. The main consumption reactions
of aromatics and PAHs are H abstraction reactions by
H and OH radicals. The high-temperature reactions
have been validated against substantial experimental
data [27,28,30].

Numerical simulations of counterflow flames were
performed using the OPPDIF code [33], which is ca-
pable of modeling combustion between two opposed
jets. The code was modified to handle the complex
reaction mechanism and to account for thermal radia-
tion through an optically thin model [34]. Most ther-
modynamic properties were obtained from Burcat and
McBride [35], and unavailable properties were esti-
mated using the group additivity and difference meth-
ods [36]. Transport properties were obtained from the
CHEMKIN database [37] wherever available, while
unavailable data were deduced through analogy with
known species.

To establish grid independence, numerical solu-
tions were obtained on increasingly finer grids, and
by changing GRAD and CURV parameters, until no
variation was observed between two grid systems.

4. Results and discussion

To perform a detailed experimental and numerical
investigation of the flame structure and emission char-
acteristics, prevaporized n-heptane PPFs were estab-
lished at different strain rates (ag) and equivalence ra-
tios (¢). Table 1 shows the parametric space in terms
of ag and ¢ for seven PPFs, designated as Flames
A-G, which are analyzed experimentally and numer-
ically in the present study. For all the cases, the fuel
stream was introduced from the bottom nozzle and the
oxidizer from the top nozzle. The oxidizer was pure
air, while the fuel stream was a mixture of n-heptane
and air with the desired value of ¢. Note that PPFs

Table 1

Operating conditions in terms of strain rate, equivalence ra-
tio, and nozzle separation distance for the cases investigated
numerically and experimentally

Flame  Strain rate Equivalence ~ Nozzle separation
(s™ 1 ) ratio (cm)
A 50 15.3 1
B 50 6.1 1
C 50 2.5 2
D 100 8.0 1
E 150 12.6 1
F 150 8.4 1
G 150 4.1 1

established at ag = 100 s~1 and different values of ¢
have been investigated in our previous work [9]. Con-
sequently, only one value of ¢ is considered at this
strain rate (Flame D).

For preliminary analysis, digital images of several
PPFs were taken for different values of strain rate,
partial premixing, and nozzle separation distance. The
images of four representatives flames, i.e., Flames A,
C, G, and E, are presented in Fig. 2. The images of
Flames A, G, and E were taken at the same exposure
time, while that of Flame C was taken at double the
exposure time for it was less luminous. For Flame A,
which is characterized by low strain rate and low level
of partial premixing, an orange-red zone can be ob-
served below the familiar green-blue double flame
structure, with green from the C, chemiluminescence
in the premixed zone and blue from the CO oxidation
in the nonpremixed zone. Even though the equiva-
lence ratio is high the flame does not appear as sooty
as a nonpremixed flame, which is bright yellow. The
red zone disappears as the strain rate and/or level of
partial premixing are increased. Flame C shows the
greatest separation between the two reaction zones;
as the partial premixing approaches stoichiometric
conditions the premixed flame moves closer to the
fuel nozzle. This flame does not appear as flat as
the others flames because the nozzle separation dis-
tance had to be increased to obtain the desired strain
rate. The double flame structure can still be seen in
Flame G, which appears brighter, since more fuel is
consumed during the same exposure time due to the
higher strain rate. In Flame E, which is characterized
by a higher equivalence ratio, the double flame struc-
ture can barely be noticed, as the two reaction zones
are nearly merged.

A detailed comparison of measurements and sim-
ulations for the seven flames listed in Table 1 is pre-
sented in Figs. 3-9. Each figure shows the temper-
ature, axial velocity, and species mole fraction pro-
files. The predictions are shown by continuous lines,
while the experimental data are shown by symbols.
The three vertical lines in each figure indicate that (1)
the nonpremixed reaction zone location that is iden-
tified by the peak in temperature profile and marked
by the solid vertical line; (2) the stagnation plane that
is marked by the dashed vertical line; and (3) the
rich premixed zone location that is identified by the
peak in hydrogen profile and marked by the vertical
dotted line. The experimental profiles are highly re-
solved, since particular effort has been expended to
capture the regions characterized by high chemical
activity and steep gradients. Moreover, measurements
of several intermediate hydrocarbon species that are
important for the fuel decomposition pathway are re-
ported. Important observations from Figs. 3-9 are:
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Flame A

$=2.5
El(_‘.=50 S-I
L=2 cm

Flame C

=41
ag=150s"!
L=1cm

Flame G

$=12.6
ag=150s"
L=1 cm

Flame E

Fig. 2. Digital images of partially premixed n-heptane flames (Flames A, C, G, E).

(1) A general observation from the measured and

predicted profiles for the seven flames is that
PPFs are characterized by a double flame struc-
ture: a rich premixed zone is established down-
stream of the fuel nozzle and characterized by
pyrolysis and partial oxidation of n-heptane. The
products of partial oxidation, namely CO, Hj,
and intermediate hydrocarbon species, are trans-
ported and consumed in the nonpremixed reac-
tion zone located on the oxidizer side. The double
flame structure becomes visually more distinct
as ag decreases and/or the level of partial pre-
mixing increases (i.e., ¢ decreases). This also
increases the separation distance A between the
two reaction zones. The premixed reaction zone
is established on the fuel side of the stagnation
plane at the location (xp) where the local axial

@3

velocity (Vy) matches the burning velocity (Sp)
of the stretched flame. Since Sy increases as ¢ is
reduced, the premixed flame moves away from
the stagnation plane toward the fuel nozzle to
satisfy the condition Sy = V). The nonpremixed
flame is established on the oxidizer side at the lo-
cation (xp) where the intermediate fuel species
and oxidizer fluxes are transported in stoichio-
metric proportion. Therefore, the separation dis-
tance A between the two reaction zones increases
as the level of partial premixing is increased. In-
creasing the strain rate has the opposite effect,
since for larger flow velocities the location xp, is
pushed toward the stagnation plane.

For all the seven flames analyzed, there is gen-
erally good agreement, both qualitatively and
quantitatively, between measurements and pre-
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dictions. The predictions reproduce the measured
partially premixed flame structure for all the
strain rates and equivalence ratios investigated.
Both measurements and predictions indicate that
at low level of partial premixing (high ¢) and/or
high strain rate, the two reaction zones are nearly
merged, and that as the level of partial premixing
increases and/or ag decreases, the separation dis-
tance between the two reaction zones increases
and the double flame structure becomes more dis-
cernible.

There is good quantitative agreement between
measurements and predictions for major reac-
tant and product species (n-heptane, Oy, Np, and
CO») as well as for intermediate fuel species (Hp
and CO). A good agreement between the mea-
sured and predicted peak concentrations of these
species and between the locations of their peak
concentrations implies that both the transport and
chemistry are reasonably well reproduced in the
simulations. For instance, a good agreement be-
tween the measured and predicted locations of
the Hy and CO concentration peaks implies that
the location of the rich premixed zone is well pro-
duced by the simulations. Similarly, good agree-
ment between the measured and predicted loca-
tions of the CO; concentration peaks indicates
that the location of the nonpremixed zone is well
reproduced by the simulations. The measured
and predicted temperature profiles also exhibit
good agreement, although there is a mismatch
between the locations of the respective peaks.
A similar discrepancy has been observed by other
investigators, and may partly be attributed to the
catalytic effect of the thermocouple.

The n-heptane and O, profiles on the fuel side in-
dicate that the reaction mechanism underpredicts
the consumption rates of these species in the rich
premixed zone; it can be seen for flame E and to
a lesser extent also for Flames A, B, F, and G.
This is further corroborated by the H,, CO, and
intermediate hydrocarbon species (CoHy, CoHp,
C4Hsg, and CsHj) profiles. This discrepancy be-
comes less pronounced, however, as the level of
partial premixing is increased, i.e., as ¢ is de-
creased.

There is also fairly good quantitative agreement
between measurements and predictions for light
hydrocarbon species (CHy, CoHy, CoHy). How-
ever, the quantitative agreement deteriorates,
although there is good qualitative agreement,
for higher hydrocarbon species (C4Hg, CsHjq),
which are present at relatively low concentra-
tions. It should be noted that the predictions are
not shown for CgH1» olefins, since this species is
not present in the reaction mechanism. However,

the measured profiles of this species are shown
for all the seven flames.

(6) The comparison of the measured and predicted
H,O profiles exhibits large discrepancies. This
is due to the fact that H»O concentration is not
measured directly from GC; it is obtained by ap-
plying a balance of carbon and hydrogen atoms
using the GC measurements of the other species.
This procedure implies equal diffusivity for all
the species, an assumption that is not well satis-
fied, especially on the fuel side due to the pres-
ence of large (C7H¢) and small (H) molecules
that have very different diffusion coefficients.

(7) In the present study, particular attention was
given to the measurement and prediction of ben-
zene profiles, since this species has the simplest
structure, with a single aromatic ring, and rep-
resents perhaps the most important intermediate
in the growth process to PAHs and soot. In spite
of their relatively low concentrations, the pre-
dicted and measured benzene profiles exhibit
fairly good agreement for all the seven flames
shown in Figs. 3-9. Both measurements and pre-
dictions indicate that the benzene concentration
decreases as the level of partial premixing and/or
strain rate is increased. It is worth mentioning
that the predictions are based on the reaction
mechanism that was synergistically improved
using pathway analysis and measured benzene
profiles in our previous investigation [38].

In order to better characterize the pyrolysis zone,
further analysis was performed for Flames A, E, and
G and the results are presented in Figs. 10-12. The
objective was to obtain quantitative data on the dis-
tribution of unsaturated C3—Cy4 intermediates for dif-
ferent levels of partial premixing (equivalence ratio)
and strain rates. The C3—Cy intermediates profiles
presented here are extremely valuable for the develop-
ment and testing of n-heptane reaction mechanisms,
since these species constitute the main decomposi-
tion products of the C7H5 radical. In addition, they
directly affect the formation of the propargyl radical
[26], which, through benzene and PAHs, leads to soot
formation.

The measurements were taken using the offline
technique, as described earlier, on the fuel side of
the flame, where n-heptane undergoes rapid con-
sumption. For most of the species reported in Figs.
10-12, there is good agreement between predictions
and measurements, especially considering that the de-
tailed chemistry model has not been tuned for this set
of data, implying that the reaction mechanism ade-
quately represents the n-heptane oxidation chemistry
for different operating conditions. Propene, which,
according to several studies [22,26,39,40], is a prin-
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cipal product of the decomposition of the heptyl rad-
ical, is reasonably well predicted. Similarly, there is
reasonably good agreement for allene and propyne,
although both of these species are generally under-
predicted. There is good qualitative agreement for all
the C4 intermediates for the three flames shown in
Figs. 10-12. For all three cases, predictions and mea-
surements show that the respective peaks in the mole
fraction profiles of C4Hg, C4Hg, C4Hy, and C4H; are
located at increasingly greater distance from the fuel
nozzle, indicating the direction of progressive dehy-
drogenation. Similarly to benzene, discussed earlier
in the context of Figs. 3-9, the toluene concentrations
are also underpredicted (cf. Figs. 10d, 11d, and 12d)
by the model, although there is good qualitative
agreement between measurements and predictions.

5. Effects of equivalence ratio and strain rate on
PPF structure and emissions

The numerical model through detailed measure-
ments having been validated, the simulations are now

performed for a detailed parametrical study of n-
heptane partially premixed flames in order to charac-
terize the effects of partial premixing and strain rate
on the flame structure and the formation of NO, and
PAHs. As indicated in Table 2, ¢ is varied from 2.5 to
15, while ag is varied from 50 to 150 s—1.

Fig. 13 presents temperature and axial velocity
profiles for Flames S1-S9, which are characterized
by ag = 100s~! and ¢ = 00, 15, 10, 5,4.5,4, 3.5, 3,
and 2.5, respectively. As ¢ is increased, the rich pre-
mixed zone becomes increasingly weaker (indicated
by the amount of dilatation in the velocity profile)
and moves away from the fuel nozzle, while the non-
premixed zone gets stronger and moves toward the
oxidizer nozzle or away from the stagnation plane.
In addition, due to reduced dilation in the premixed
zone, the stagnation plane moves upstream or closer
to the premixed zone as ¢ is increased. Note that the
location of the rich premixed zone is determined by
the balance between its propagation speed and the lo-
cal flow velocity. As ¢ is increased, the propagation
speed decreases, and the rich premixed zone moves
to a location of lower flow velocity. In addition, with
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the increase in ¢, the separation distance between the
two reaction zones decreases, and the PPF structure
changes from a double flame, which is discernible
for ¢ < 5.0, to a nearly merged flame. This transi-
tion can be observed from both the temperature and
axial velocity profiles. The temperature profiles indi-
cate that the structure of the rich premixed zone is
strongly influenced by changes in ¢, while that of the
nonpremixed zone is only weakly affected. The peak
flame temperature decreases from 2057 to 1952 K,
and its location moves to the right, as ¢ is increased
from 2.5 to co. Note that the adiabatic flame temper-
ature for n-heptane/air mixture is 2274 K [41]. Since
the stagnation plane moves to the left with increas-
ing ¢, the distance between the nonpremixed zone
and the stagnation plane increases. Consequently the
residence time in the nonpremixed zone decreases,
and thereby, decreasing the peak temperature in this
zone.

The effect of strain rate on the PPF structure is
presented in Fig. 14, which shows the temperature
and axial velocity profiles for Flames S14, S15, S9,
S16, and S17, characterized by ¢ = 2.5 and ag = 50,

75, 100, 125, and 150 s_l, respectively. Note that
with the increase in ag, the velocities of both the
fuel and oxidizer streams increase accordingly, as in-
dicated by the velocity profiles. Consequently, as ag
increases, both the rich premixed zone and the non-
premixed zone move toward the stagnation plane or
closer to each other, increasing the interactions be-
tween them. However, the location of the stagnation
plane remains essentially unchanged. In addition, as
the strain rate is increased, the rich premixed flame
is stretched more, and, consequently, its propagation
speed increases since the Lewis number for rich n-
heptane mixtures is less than unity [42]. The increase
in flame propagation speed with the increase in ag
is indicated by the increase in the minimum flow ve-
locity upstream of the rich premixed flame. The peak
flame temperature, which occurs in the nonpremixed
zone, decreases from 2048 to 1996 K as ag is in-
creased from 50 to 150 s_l, since the residence time
is reduced.

In order to examine the effects of partial premix-
ing on emissions, we present in Fig. 15 the profiles
of ethylene and acetylene (Fig. 15a) and benzene and
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Table 2
Operating conditions in terms of strain rate and equivalence ratio for the cases investigated numerically
Strainrate s71)  ¢p=o00 $=150 ¢=100 ¢=50 $=45 =40 ¢$=35 ¢$=30 ¢=25
50 * * * ¥ S10 ¥ S14
75 * * * S11 * S15
100 S1 S2 S3 S4 S5 S6 S7 S8 S9
125 " ¥ ¥ ¥ S12 ¥ ¥ S16
150 * * * * S13 * * S17

* These cases have been investigated numerically, but the flame structure is not discussed in detail.

coronene (Cy4Hj,) (Fig. 15b), which are considered
as the major soot precursors, for Flames S1-S9. The
vertical lines in the figures mark the locations of stag-
nation planes and peak temperatures for Flames S1
and S9. As discussed earlier in the context of Fig. 13,
with the decrease in ¢, the stagnation plane moves
away from the fuel nozzle, while the peak tempera-
ture location shifts toward the fuel nozzle. As ¢ de-
creases from the nonpremixed to partial premixing
conditions, the peak concentrations of these species
decrease and their peak locations shift upstream or
toward the fuel nozzle. The decrease in their con-

centrations with the decrease in ¢ can be attributed
to the fact that both the fuel concentration and the
residence time for the formation of these species de-
crease, even though the temperature in the rich pre-
mixed zone increases. The residence times decreases
since the rich premixed zone moves further upstream
while the stagnation plane moves away from the fuel
nozzle (cf. Fig. 13), as ¢ is decreased.

It is also noteworthy that as ¢ is reduced from 15
to 2.5, the concentrations of ethylene and acetylene
are approximately halved, while that of benzene is re-
duced by a factor of about 10, and that of coronene
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Fig. 14. Predicted profiles of temperature and axial velocity for Flames S14, S15, S9, S16, and S17, corresponding to ag = 50,

75, 100, 125, and 150 s_l, respectively, and ¢ = 2.5.

by three orders of magnitude. Thus, partial premix-
ing has a significantly greater effect on the formation
of benzene and coronene compared to that of ethyl-
ene and acetylene. This can be attributed to two fac-
tors. First, the formation of larger or more complex
molecules, such as benzene and coronene, is signifi-
cantly more sensitive to the residence time than that
of smaller species, such as ethylene and acetylene.
Since the residence time decreases with increased par-
tial premixing, it decreases the benzene and coronene
concentrations much more significantly. Second, as
the level of partial premixing is increased, it increases
the oxidation rates of lighter species due to higher
oxygen concentration in the rich premixed zone.

The effect of strain rate on mole fraction profiles
of ethylene, acetylene, benzene, and coronene is pre-
sented in Fig. 16. As ag is increased, the peak mole

fraction of these species decreases, indicating the ef-
fect of reduced residence time, and their peak loca-
tions shift away from the fuel nozzle, which is related
to the movement of the rich premixed zone with the
strain rate. In addition, the sensitivity to the residence
time is significantly more pronounced for benzene
and coronene than that for ethylene and acetylene,
while between the two aromatic species, coronene ex-
hibits greater sensitivity to the residence time than
benzene.

We have also characterized the effect of partial
premixing and strain rate on NOy emissions from 7n-
heptane flames. Since the NO, concentrations were
not measured in the present study, and such mea-
surements are also not available in the literature, the
NOy module of our reaction mechanism was vali-
dated using experimental data of Li and Williams [2]
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for methane counterflow partially premixed flames.
The comparison, which is presented in Fig. 17 in
terms of the measured and predicted NO profiles at
three different equivalence ratios, indicates generally
a good agreement, except for small misalignment be-
tween the locations of the peak NO mole fractions. It
is also important to note that the measured and pre-
dicted profiles indicate the production of NO in both
the rich premixed and nonpremixed reaction zones,
although most of it is produced in the latter zone. Ad-
ditional validation of the NO, submechanism can be
found in the literature [43].

Fig. 18 presents the computed NOy (i.e., the sum
of NO and NO») profiles for different values of ¢
(Fig. 18a) and ag (Fig. 18b). The peak temperature
locations for Flames S1 and S9 (highest and lowest ¢)
and for Flames S10 and S13 (lowest and highest ag)
are also shown for reference. The peak NO, value in-
creases as the level of partial premixing is increased or
¢ is decreased. This can be attributed to the fact that

as ¢ is decreased, both the peak flame temperature
and the residence time increase, as discussed earlier in
the context of Fig. 13. Fig. 18a also indicates that the
NO, peak follows the flame temperature peak, indi-
cating that most of NOy is formed in the nonpremixed
zone. Moreover, since the peak acetylene concentra-
tion decreases with the decrease in ¢ (cf. Fig. 14),
while the peak temperature increases, the implication
is that the contribution of thermal NO increases rela-
tive to that of prompt NO. Fig. 18b presents the NOy
mole fraction profiles for different stain rates. As the
strain rate is increased, the peak NOy mole fraction
decreases, which is mainly due to the reduced res-
idence time. Moreover, the peak flame temperature
decreases with the increase in ag, which reduces the
thermal NO, and thereby the total NOy.

The global effects of partial premixing and strain
rate on the formation of soot precursors are presented
in Fig. 19, which shows the integrated production
rates for PAHs up to coronene [44] plotted as a func-
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tion of ¢ for different strain rates. These species were
selected as soot precursors, as their molecular struc-
ture is characterized by an increasing number of aro-
matic rings. The production rate of acetylene is also
shown, since this species has been shown to be a ma-
jor soot precursor [32]. All the results are presented
on a semilog plot. A general observation is that as the
level of partial premixing is increased or the strain rate
is increased, the production rates of all these soot pre-
cursors decrease, and this can be attributed to the de-
crease in fuel concentration and the increasing greater
oxidation of hydrocarbon species, including smaller
aromatic rings, as ¢ is decreased, and to the reduced
residence time at higher strain rates.

There are also important differences in the varia-
tion of the production rates of these species with ¢
and ag. First of all, the results indicate two regimes
of partial premixing with regards to the sensitivity of
the production rates of these species to ¢, namely a
merged flame regime (¢ > 5.0) and a double flame

regime (¢ < 5.0). The production rates exhibit much
stronger sensitivity to ¢ in the double flame regime
than in the merged flame regime. For instance, the
production rates of pyrene and coronene decrease by
a factor of about 10 in the merged flame regime, and
by factors of about 20 and 100, respectively, in the
double flame regime. This should not be surprising,
since the double flame regime is characterized by two
spatially separated reaction zones, and a decrease in
¢ amounts to higher temperature and concentrations
of Oy and O species, all of which promote the oxida-
tion of acetylene and lower PAH species. Second, the
sensitivity of the production rate to both ¢ and ag in-
creases progressively, especially in the double flame
regime, as the number of aromatic rings increases.
For instance, as ¢ is decreased from 5.0 to 2.5, the
production rates of benzene, pyrene, and coronene de-
crease by factors of 10, 20, and 100, respectively. The
progressively higher sensitivity of PAHs, as the num-
ber of aromatic rings is increased, can be attributed
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to the reduction in the concentrations of acetylene
and lower PAH species (such as benzene) and the in-
creased oxidation of these species at higher level of
partial premixing. The increased sensitivity of higher
PAH species to strain rate implies a progressively
stronger effect of residence time on the production
rate of these species as the number of aromatic rings
increases. This can be expected, since benzene can
be placed at the beginning of the growth process that
through PAHs leads to the formation of soot particles;
the steps of its formation are fast enough not to be
significantly affected by reduced residence time due
to higher strain rate. The higher PAHs, on the other
hand, are in the middle of this growth process, and

therefore expected to exhibit a stronger dependence
on the residence time. Thus an important observation
from these results that the formation of soot particles,
which are composed of graphitic layers consisting of
aromatic rings as base units, is prevented by an in-
crease in partial premixing and strain rate.

The global effects of partial premixing and strain
rate on NOy emissions are summarized in Fig. 20.
Fig. 20a presents the integrated NO, production and
fuel consumption rates, while Fig. 20b presents the
NOy emission index [44] plotted versus ¢ at differ-
ent strain rates. As ag and/or ¢ is increased, the NOy
production rate decreases monotonically, while the
fuel consumption rate generally increases, although
it exhibits some nonmonotonic behavior with ¢ in the
double flame regime (¢ < 5.0). It is also noteworthy
that as ¢ is increased from 2.5 to 15, the fuel injection
rate increases by a factor of 4, while the production
rate increases only by a factor of 2. Similarly, as ag is
increased from 50 to 150 s, the fuel injection rate
increases by a factor of 3, while the production rate
increases only by a factor of 2. Clearly, the counter-
flow configuration becomes increasingly less efficient
with regards to complete combustion at high ag and
¢ values.

As indicated in Fig. 20b, the NO, emission index
decreases monotonically as ¢ and/or ag is increased.
An important observation here is that similarly to
the results concerning the effect of ¢ on production
rates of soot precursors, the emission index exhibits
a strong sensitivity to ¢ in the double flame regime
and a relatively weak sensitivity in the merged flame
regime.

6. Conclusions

An experimental and numerical investigation has
been conducted to analyze the structure and emis-
sion characteristics of partially premixed n-heptane
flames. Well-resolved experimental data including
profiles of major species (n-C7Hjg, Oz, N, COy,
and H»O), intermediate species (CO, Hp, CHy, CoHy,
CyHj, C3Hy), higher hydrocarbon species (C4Hg,
C4Hg, C4Hy4, C4Hy, C5Hpg, CeHpp), and aromatic
species (toluene and benzene) have been presented
for n-heptane partially premixed flames over a large
parametric space characterized in terms of equiva-
lence ratio (¢) and strain rate (ag). The measurements
have been compared with simulations performed us-
ing an improved reaction mechanism that includes
detailed chemistry models for n-heptane oxidation
and NO, and PAH species (up to coronene) forma-
tion. A detailed numerical investigation has also been
conducted to characterize the effects of ¢ and ag on
the flame structure and emissions of NO, and soot



P. Berta et al. / Combustion and Flame 145 (2006) 740-764 761

1.2E-4

1.0E-4

NO, Molar Fraction

(a)

0.2 0.4

0.6 0.8

Distance from fuel nozzle (cm)

ena-!
ag=50s

ag=150s""

NO; Molar Fraction
[0
o
m
(9]
1

4.0E-5

2.0E-5 A

(b)

0.0E+0 T
0.1 0.3

0.5 0.7 0.8

Distance from fuel nozzle (cm)

Fig. 18. (a) Profiles of NO, molar fraction for Flames S1-S9, corresponding to ag = 100 s~ ! and ¢ =00, 15, 10, 5, 4.5, 4,
3.5, 3, and 2.5, respectively. Locations of the peak temperature for Flame S1 (dotted line on the right) and S9 (dotted line on the
left) are also shown for reference. (b) Profiles of NOy molar fraction for Flames S10, S11, S6, S12, and S13, corresponding to

¢ =4.0 and ag =50, 75, 100, 125, and 150 s_l, respectively.

precursors, such as acetylene, benzene, and higher
PAH species.

There is generally a good agreement between mea-
surements and predictions. The predictions reproduce
the measured partially premixed flame structure for
all the strain rates and equivalence ratios investi-
gated. Both measurements and predictions indicate
that at low level of partial premixing (high ¢) and/or
high strain rate, the two reaction zones are nearly
merged, and that as the level of partial premixing in-
creases and/or ag decreases, the separation distance
between the two reaction zones increases and the dou-
ble flame structure becomes more discernible. Conse-
quently, based on the measurements and simulations,
two partially premixed regimes are identified, namely
amerged flame regime for ¢ > 5.0 and a double flame
regime for ¢ < 5.0.

There is good quantitative agreement between
measurements and predictions for temperature, ma-

jor reactant/product species (n-heptane, O;, Nj, and
CO»), and intermediate fuel species (H, and CO).
There is also fairly good agreement for intermedi-
ate hydrocarbon species (CHy4, CoHy, CoHjp, C4Hg,
CsHjg, CgHj2), as well as for toluene and benzene,
although the quantitative agreement deteriorates for
heavier hydrocarbon species due to their relatively
low concentrations.

In order to further resolve the n-heptane pyrol-
ysis chemistry, measurements of unsaturated C3—Cy
intermediates for different levels of partial premix-
ing (¢) and strain rate (ag) have been reported. The
species include propene, propyne, allene, butene, 1,3-
butadiene (C4Hg), 1-buten-3-yne (C4Hy), and 1,3-
butadiyne (C4Hj3). These species are quite important
for the development and testing of n-heptane reaction
mechanisms, since they constitute the main decompo-
sition products of the C7H15 radical. In addition, they
directly affect the formation of the propargyl radical,
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which, through benzene and PAHs, leads to soot for-
mation.

The emission characteristics of soot precursors
and NO, exhibit strong dependence on both ¢ and
ag in the double flame regime and a relatively weak
dependence in the merged flame regime. As ¢ is in-

creased, the rich premixed zone becomes weaker and
moves away from the fuel nozzle, decreasing the sep-
aration between the two reaction zones, while the
stagnation plane moves upstream or closer to the pre-
mixed zone. However, the nonpremixed zone is only
weakly affected by changes in ¢. With the increase



P. Berta et al. / Combustion and Flame 145 (2006) 740-764 763

a
( )-- 0.0025

?)

T 0.002

+ 0.0015
- -a- - n-heptane

i + 0.001

T 0.0005

0.0012

—_ 2 1 ac
E

S A.,‘”fr___
-‘21 5 A & T

ol Wit

-g. ApatopnTT

c a —.r.“---

o o

s 17

=3

E

»

0.5

8 %
©

E 0 T T T T

NO, Production (mg/s/cm

0.001 A
0.0008 A

0.0006 A

0.0004 - i

NOx Emission Index

0.0002 -

(b)

Fig. 20. Integrated fuel consumption rate and NO, production rate (Fig. 17a) and NOy emission index (Fig. 17b) plotted versus

¢ for different strain rates.

in ag, the two reaction zones move toward the stag-
nation plane or closer to each other, increasing the
interactions between them, while the location of the
stagnation plane remains essentially unchanged. Im-
portant implication of changing ¢ and ag with re-
gards to emission characteristics is that the residence
time increases, while the peak temperature decreases
slightly, as ¢ is increased and/or ag is decreased.
Partial premixing strongly affects the production
of NO, and soot precursor species. At higher levels of
partial premixing, NO, emission is increased due to
the increased residence time and higher peak tempera-
ture. In contrast, the emissions of acetylene, benzene,
and higher PAHs are reduced by partial premixing
because their peak locations moves away from the
stagnation plane, resulting in lower residence time,
and the increased amount of oxygen in the system
drives the reactions to the oxidation pathways. The
effects of ¢ and ag on the production rates of PAH
species become progressively stronger, as the number
of aromatic rings increases. An important implication
here is that both partial premixing and residence time

strongly affect soot emissions from r-heptane flames,
since soot particles are composed of graphitic layers
consisting of aromatic rings as base units.
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