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Abstract

NO, emissions in n-heptane/air partialy premixed flames (PPFs) in a counter-flow configuration have been
investigated. The flame is computed using a detailed mechanism that combines the Held's mechanism for
n-heptane and the Li and Williams' mechanism for NO,.. The combined mechanism contains 54 species and 327
reactions. Based on a detailed analysis, dominant mechanisms responsible for NOx formation and destruction in
PPFs are found to be thermal, prompt, and reburn mechanisms. The dominant reactions associated with these
mechanisms are also identified. The effects of strain rate (a) and equivalence ratio (¢) on NO, emissions are
characterized for conditions in which the flame contains two spatially separated reaction zones; a rich premixed
zone on the fuel side and a non-premixed zone on the air side. For most conditions, except for relatively high level
of partia premixing, the NO formation rate in the non-premixed zone is significantly higher than that in the rich
premixed zone. Within the rich premixed zone, the contribution of thermal NO to total NO, is higher than that
of prompt NO, while in the non-premixed zone, the prompt NO is the major contributor. The behavior is related
to the transport of acetylene from the rich premixed to the non-premixed zone, and higher concentrations of CH,
O, and OH radicals in the latter zone. A notable result in this context is that the existence of CH does not
automatically imply that prompt NO will form. The existence of O and OH is also necessary, in addition to CH,
to form prompt NO. The relative contributions of thermal and prompt mechanisms to total NO, are generally
insensitive to variations in a,, but show strong sensitivity to variationsin ¢. There is a NO, destruction region
sandwiched between the rich premixed and the non-premixed reaction zones. The NO, destruction occurs mainly
through the reburn mechanism. The NO, emission index (EINOX) is computed as a function of ¢ and a,. These
results are qualitatively in accord with previous numerical and experimental resultsfor methane-air PPFs. © 2003
The Combustion Ingtitute. All rights reserved.
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1. Introduction available for complete combustion. PPFs occur
widely in practical combustion systems either by

Partially premixed flames (PPFs) are established design or under conditions arising due to various

when less than stoichiometric quantity of oxidizer is
molecularly mixed with the fuel stream before enter-
ing the reaction zone where additional oxidizer is

Corresponding author. Tel.: +1-312-996-2235; fax:
+1-312-413-0447.
E-mail address; ska@uic.edu (S.K. Aggarwal).

phenomena, such as poor mixing, spray vaporization
[1], flame lift-off [2], and local extinction followed
by reignition in turbulent flames [3].

Due to their immense practical and fundamental
importance, PPFs have been studied extensively in
recent years [4—15]. Most of the studies have fo-
cused, however, on the structure rather than the emis-
sion characteristics of these flames. This is rather
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surprising considering that PPFs occur in many com-
bustion systems, and may have superior emission
characteristics compared to premixed and non-pre-
mixed flames. The favorable emission characteristics
are related to the presence of multiple reaction zones
that characterize PPFs. Because interactions between
the reaction zones can be modified by varying stoi-
chiometry and transport, it offers the possibility of
optimizing soot and NOx emissions in these flames.

In the present study, we investigate NOx emis-
sions in heptane-air PPFs. Previous investigations
dealing with NOx emissions in PPFs have mostly
considered methane-air flames. Gore and Zhan [7]
measured emission indices for NO,, CO and HC in
laminar, axisymmetric methane-air flames. An im-
portant result from this study was the existence of an
optimum level of partial premixing that yielded the
lowest NOx emission index, for afixed fuel flow rate
and overall equivalence ratio.* A similar result was
reported by Kim et al. [8] in their investigation of
laminar ethane-air PPFs. They surmised that the ex-
istence of aminimum NOx emissionindex at ¢ = 2.2
was due to a competition between prompt and ther-
mal mechanisms. At higher level of partia premixing
(¢ < 2.2), therich premixed zone accounted for most
of NO that was formed primarily due to the prompt
mechanism, while at lower level of mixing (¢ > 2.2),
most of NO was formed in the non-premixed reaction
zone, where thermal mechanism was the dominant
contributor.

Blevins and Gore [9] reported a numerical inves-
tigation of NO formation in alow strain rate counter-
flow methane-air PPF. The NO emission was found
to depend strongly on the flame structure, which was
determined by the level of partial premixing. For a
range of equivalence ratios that yielded a double
flame structure, they identified two NO formation
zones and one NO destruction zone. In addition, the
computed NO,, emission index indicated a maximum
value near ¢ ~ 2.2. This peak was not observed,
however, in the numerical study of Nishioka et al.
[10]. The difference is perhaps attributable to differ-
ent strain rates used in the two investigations.

Li and Williams [11] conducted a detailed exper-
imental and numerical investigation of methane-air
PPFs, and characterized the effects of partial premix-
ing and additives (H,O, CO,, N,, and Ar) on NO,
emissions. For the conditions investigated, the
prompt mechanism was observed to play a more
dominant role in NO, formation. The result was,
however, in variance with that reported by Kim et al.
[8] who observed that the dominant NOx mechanism
changes from prompt to thermal asthelevel of partial
premixing is reduced.

Nguyen et a. [12] reported measurements of NO
concentration in co-flowing partially premixed meth-

ane-air flames using Raman and Rayleigh scattering,
and laser-induced fluorescence (LIF). Radial and ax-
ial profiles of NO concentration were obtained for
three equivalence ratios. It was observed that the
peak NO value decreased as the equivalence ratio
was increased.

Our literature review indicates that fundamental
aspects concerning the effects of stoichiometry and
transport on NOx emissions in PPFs are presently not
well understood. For instance, the relative contribu-
tions of thermal, prompt, and other mechanisms to
total NOx at different levels of partial premixing and
flow straining have not been characterized. While the
existence of an optimum equivalence ratio has been
reported by some researchers [7, 8], it has not been
confirmed by others [9-11]. Previous studies have
mainly focused on methane-air PPFs. Investigations
of higher hydrocarbon PPFs, in which the NOx emis-
sion is a more serious concern, have not been re-
ported.

The major objective of this study is to examine
the NOx behavior of heptane-air PPFs. In particular,
the investigation focuses on (1) characterizing the
dominant NOx production/destruction mechanisms
and associated pathways in various regions of a PPF,
and (2) examining the existence of an optimum level
of partial premixing for minimum NOx in PPFs. The
n-heptane fuel is considered, because it is deemed as
the most representative of the liquid hydrocarbon
fuels, and a good surrogate for practical fuels. More-
over, its oxidation chemistry has been extensively
investigated [15-19]. A counter-flow configuration is
employed, because it facilitates a detailed investiga-
tion of the relative importance of various reaction
zones in the NOx formation and destruction pro-
cesses. For example, because the spatial region be-
tween the two reaction zones is generally devoid of
O, and O species, it may represent a destruction zone
for NO. Therole of this region in the overall produc-
tion or destruction of NO has not been examined in
previous studies. Moreover, the effects of stoichiom-
etry and transport (strain rate) can be more easily
separated in this geometry.

Previous investigations of heptane-air PPFs [14,
15, 20] have mostly focused on the detailed structure
of partially premixed flames containing two reaction
zones. To the best of our knowledge, except for one
recent study [15], the NOx characteristics of these
flames have not been investigated previously.

2. Physical-numerical model

A partially premixed flame in a counter-flow con-
figuration is considered. The flame is established by
igniting a fuel-air mixture that is formed by two
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Fig. 1. NOx emission index versus ¢ for methane-air partial premixed flames, computed by combining the Li and Williams
NOx mechanism with the GRI-Mech 2.11. The predictions of Li and Williams are also shown.

opposing jets, one containing a rich n-heptane/air
mixture and the other containing air. In this config-
uration, a schematic of which can be found in Refs
[14, 20], the flame is observed to contain two spa-
tially separated reaction zones; arich premixed reac-
tion zone on the fuel side and a non-premixed reac-
tion zone on the air side.

Simulations are performed using the Oppdif [21]
and Chemkin packages [22]. Oppdif is a Fortran
program that computes the flow field in a counter-
flow configuration. The detailed description of Opp-
dif can be found in the Sandia manual. An optically
thin radiation model was incorporated into the orig-
inal Oppdif code to account for the radiation heat
loss. Details of this model can be found elsewhere

[6].

3. The chemical kinetics model

Both semi-detailed and detailed mechanisms have
been proposed for n-heptane chemistry [15-19]. The
present study employs the semi-detailed mechanism
developed by Held et al. [17]. The mechanism has
been extensively validated against flow reactor,
shock tube, stirred reactor, and laminar flame speed
experimental data [17, 18]. We have reported addi-
tiona validations[20] using the experimental datafor
laminar flame speeds, and the structure of a pre-
vaporized heptane non-premixed flame. Li and Wil-
liams [14] have also used a semi-detailed mechanism
that is essentially based on the Held’' s mechanism and
reported good agreement between the measured and
predicted heptane-air partially premixed flame struc-
tures.

Several detailed mechanisms are also available
for the NO, chemistry. These include the NO, mech-

anism used in GRI-Mech 3.0 [23], Li and Williams
mechanism [11], Warnatz mechanism [24], Leeds
mechanism [25], and mechanisms discussed by
Miller and Bowman [26]. Bajgj [27] performed a
comprehensive comparison of the first three mecha-
nisms for methane-air PPFs, and found the Li and
Williams' mechanism to reproduce experimental data
better than the other two mechanisms. In addition, Li
and Williams reported excellent agreement between
the measured and predicted NOx profiles using their
mechanism for methane-air PPFs.

The feasibility of combining the Li and Williams
NOx mechanism with other hydrocarbon fuel oxida
tion mechanisms was further tested by combining
this mechanism with the GRI-Mech 2.11, and using
the combined mechanism to predict the NOx emis-
sion index for methane-air PPFs. The emission index
is defined as [28]

L

MWyo, @ no,dX

- f MWC7H16w C7H16dx
0

Here MW represents the molecular weight, o the
reaction rate, L the separation distance between the
two nozzles, and x the axia coordinate. Figure 1
presents EINOx calculated using the combined
mechanism and plotted versus the equivaence ratio
(¢). The EINOx values reported by Li and Williams
are also shown. Except for some differences at high
¢ values, there is generally good agreement between
the two results. Based on these considerations, the
present study combines the Li and Williams' NO,
mechanism with the Held's n-heptane mechanism.
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The combined mechanism consists of 327 elementary
reactions that involve 54 species.

4. Results

4.1. The general NO, formation path

The heptane-air partially premixed flames were
simulated for various conditions, and the ROPA
(Rate of Production Analysis) methodology [29] was
employed to identify dominant reactions that make
major contribution to the production rate of a given
species. Based on this analysis, the general NOx
mechanism in the two reaction zones are summarized
in the diagram above.

Generally, five mechanisms are involved in the
NOx production in hydrocarbon flames, namely, the
thermal, the prompt, the NO,, the N,O, and the
reburn mechanisms. The mgjor contribution to NO
come from the reaction of N with O, or OH, and the
reaction of N, with O, that is, the thermal mecha-
nism, and from the reactions associated with the
chain from N, to HCN and down to NO, that is, the
prompt mechanism. Thus the diagram includes both
the prompt NO and thermal NO pathways. In addi-
tion, the diagram indicates paths that consume NO
producing HCN and HNCO, which are also referred
to as the reburn mechanism of NO. The relative
contribution of each mechanism to total NOx under
different conditions is characterized in the following
sections.

4.2. The effect of strain rate on NO formation

Figure 2 presents the computed flame structure for
three PPFs established at different strain rates, a, =
50, 100, and 150 s~ %, but at a fixed ¢ = 2.0. The
profiles of temperature, and CH and NO mole frac-
tion are shown. Locations of the two reaction zones,
namely the rich premixed and the non-premixed
zones, can be identified from the temperature pro-
files. As a, is increased, the rich premixed zone
moves downstream, reducing the separation distance
between the two reaction zones. For a, = 150 s~ 4,
the two reaction zones are in the process of merging.
As discussed previoudly in our numerical study [20],
and observed experimentally by Li and Williams
[14], n-heptane is partially oxidized in the rich pre-
mixed zone to yield H,, CO, and C,H,, which are
transported to and represent the “fuels’ for the non-
premixed zone. Based on the ROPA [29] analysis, it
was observed that C,H,, is converted into CH,, and
HCCO, with the latter subsequently converted into
CH,. An examination of CH, formation reactions
indicated that CH, is amost entirely produced by
C,H, and HCCO. Other reactions involved in the
production of CH, contribute less than 5%. Because
CH mainly comes from CH,, it can be concluded that
C,H, is the mgjor source of CH. Consequently, the
transport of C,H, to the non-premixed zone is also
indicated by the second peak in CH mole fraction
profile in this zone.

The CH profiles exhibit two peaks with compa-
rable heights. The first peak is associated with the
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Fig. 2. Profiles of temperature, and CH and NO mole fractions for heptane-air partially premixed flames established at a, =

50, 100, 150 s™%, and ¢ = 2.0.

fuel oxidation chemistry that yields CO, H,, and
C_H, in the rich premixed zone, while the second
peak is associated with the transport of acetylene
from the rich premixed to the non-premixed zone.
Because CH is largely responsible for the prompt
NO, this species characterizes interactions between
the two reaction zones in the context of NO emis-
sions from PPFs.

Important observation from Fig. 2 isthat whilethe

CH profile exhibits two peaks, the NO profile con-
tains one dominant peak that is located in the non-
premixed zone. This implies that the presence of CH
does not lead to a significant production of NO in the
rich premixed zone, which can be attributed to the
paucity of O and OH radicals in this zone, as dis-
cussed later in this section. Thus, most of NO is
produced in the non-premixed zone. This is con-
firmed by the NO production rate profiles presented
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Fig. 3. Profiles of NO production rate for three PPFs discussed in the context of Fig. 2.

in Fig. 3. These profiles also indicate that NO pro-
duction rate in both the rich premixed and non-pre-
mixed zones increases as the strain rate is increased.
The production rate in the non-premixed zone is,
however, significantly higher than that in the rich
premixed zone. In addition, there is a NO consump-
tion zone that is sandwiched between the rich pre-
mixed and the non-premixed zones. The NO con-
sumption occurs mainly through the reburn mechanism.

The ROPA method [28] was performed using
KINALC [29] to examine the relative contribution of
each mechanism to total NOx. Based on this analysis
[29, 30], the important contributorsto total NOx were
found to be the thermal, prompt, and reburn mecha
nisms. The contributions of NO, mechanism and
N,O mechanism were found to be negligible. The
ROPA method was also employed to identify domi-
nant reactions (pathways) associated with the ther-
mal, prompt, and reburn mechanisms. The analysis
yielded the following dominant reactions for the ther-
mal mechanism:

O+N,<NO+N (R1)
N+ 0O,<>NO+ O (R2)
N + OH < NO + H (R3)

while the prompt NO mechanism involved the fol-
lowing main reactions:

HNO + M < H + NO + M (R4)
HNO + H < NO + H, (R5)
HNO + OH < NO + H,0 (R6)
NCO + O < NO + CO (R7)

NH + O <> NO + H (R8)

and the reburn mechanism involved the following
reactions:

NO + CH, <> HNCO + H (R9)
NO + CH <> HCN + O (R10)
NO + CHj <> HCN + H,0 (R11)

Figure 4a presents the profiles of NO production/
consumption rates for the thermal, prompt, and re-
burn mechanisms for a PPF established at a, = 100
s 1 and ¢ = 2.0. The profiles of some key species
and temperature for this case are presented in Fig. 4b.
Plots similar to those presented in Fig. 4 were ob-
tained for other strain rates, but are not shown. Im-
portant observations from Figs. 3 and 4 are:

1. For the conditions investigated, the amount of
NO formed in the non-premixed zone is sig-
nificantly higher than that in the rich premixed
zone; see Fig. 3. Asindicated in Fig. 4b, thisis
due to the paucity of OH and O radicals in the
|atter zone. Another consequence of the lack of
these radicalsisthat the reburn mechanism that
consumes NO becomes important, and this de-
creases the net NO formed in therich premixed
zone. This is evident in the profile of reburn
NO rate presented in Fig. 4a

2. In genera, the contribution of thermal NO
exceeds that of prompt NO in the rich pre-
mixed zone, while prompt mechanism is gen-
eraly the mgjor contributor of NO in the non-
premixed zone. Further insight into this
behavior is provided by the comparison of CH
profiles in Fig. 2 and HCN production rate
profilesin Fig. 4. The HCN production rate is
calculated using reactions R10 and R11, and
the prompt NO initiation step
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Fig. 4. (a) NO production/destruction rate for the thermal, prompt, and reburn mechanisms plotted versus distance from the fuel
nozzle for ¢ = 2.0, and a, = 100 s~ *. Locations of the two reaction zones are indicated by the temperature profile, and HCN
production rate profile is also shown. (b) Profiles of temperature and species mole fractions for conditions of Fig. 4a.

CH + N, <> HCN + N (R12)

Asnoted earlier, C,H,, provides CH radicalsin
both the reaction zones. Thisis also evident in
the C,H, and CH profiles presented in Fig. 4b.
As soon as CH radicals become available from
hydrocarbon reactions, they form HCN
through reaction R12, which is indicated by
the fact that the respective CH peaks coincide
with the HCN production rate peaks. How-
ever, the HCN consumption in Fig. 4a indi-
cates that the subsegquent conversion of HCN
to NO through the NCO path mainly occursin
the non-premixed reaction zone due to the
availability of O and OH radicals in that zone.
Conseguently, while the amount of HCN pro-
duced in the rich premixed zone is comparable
to that in the non-premixed zone, the prompt
NO is only significant in the non-premixed
zone due to the availability of O and OH
redicals in this zone.

3. The thermal NO profile has two peaks, corre-

sponding to the rich premixed and non-pre-
mixed reaction zones. Because O and OH are
the key radicals for thermal NO, and also rep-
resent an important part of hydrocarbon chem-
istry that characterizes partially premixed
flames, the behavior of thermal NO is, there-
fore, directly related to the flame structure with
respect to its response to strain rate.

4. The locations of the peak thermal and prompt
NO rates do not coincide. In the rich premixed
zone, the prompt NO peak precedes (i.e,
nearer to the fuel boundary) the thermal NO
peak. As a consequence, the NO production
rate profile in the premixed zone has a ‘M’
shape (Fig. 3). In the non-premixed zone, the
thermal NO peak precedes the prompt NO
peak. The location of each peak is determined
by the distribution of CH, OH, and O radicals.

5. As noted earlier, the consumption of NO oc-
curs through the reburn mechanism and in-
volves conversion of NO to HCN and HNCO
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Table 1
Relative contribution of thermal and prompt mechanisms at different strain rates, and a fixed ¢ = 2.0

a=50s"? a,=100s? a,=150s?
Contribution of thermal NO (%) 39.8 40 41
Contribution of prompt NO (%) 60.2 60 59

through reactions R9-R11. Among these three
reactions, the first two involving the consump-
tion of NO through CH and CH, are more
dominant. Because both CH and CH, are
available in the rich premixed zone as well as
in the region just upstream of the non-pre-
mixed zone, the NO consumption rate profile
has two peaks, asindicated in Fig. 4a. Thefirst
peak is responsible for reducing the net NO
formation rate in the rich premixed zone. The
region containing the second peak is located
just upstream of the non-premixed reaction
zone, and represents the major NO destruction
region.

In summary, both the thermal and prompt mech-
anisms are closely related to the availability of OH, O
and CH radicals. This has two important implica-
tions. First, the thermal NO becomes the major con-
tributor to total NOx in the rich premixed zone, while
the prompt NO becomes the dominant contributor in
the non-premixed zone. Second, the effect of strain
rate on NO formation can be inferred from its effect
on the distribution of these radicals, that is, on the
partially premixed flame structure. In a previous
study [20], we have shown that the structure of n-
heptane partially premixed flamesis relatively insen-
sitive to variations in the strain rate, except for very
low® and critical (merging and extinction) values of
strain rates. Consequently, the relative contributions
of thermal and prompt mechanisms to total NOx
should not show significant variation with the strain
rate. This observation is confirmed by the data pre-
sented in Table 1, which shows the relative contri-
butions of thermal and prompt NO, obtained by in-
tegrating the respective reaction rate profiles.

It is also important to mention that Nishioka et al.
[31] examined the role of key elementary reactionsin
the relative contributions of three dominant NO
mechanisms. The focus of our work is, however,
different than that of the cited study. While Nishioka
et a. focused on the effect of the flame type (pre-
mixed, diffusion, or double flame) on NO formation
processes, our work aims to characterize the effects
of partial premixing (¢) and strain rate on NOx
formation in partially premixed flames.

4.3 The effect of equivalence ratio on NO
formation

Figure 5 presents the profiles of temperature, and
CH and NO mole fractions for PPFs established at
¢ = 15,20, and 2.5, and a, = 100 s *. The corre-
sponding NO formation rate profiles are shown in
Fig. 6. As ¢ isincreased, the NO formation rate in the
rich premixed zone decreases, while that in the non-
premixed zone increases. This is attributed to two
factors. First, the radical activity is reduced in the
premixed zone but enhanced in the non-premixed
zone asthe level of partial premixing is decreased, or
¢ is increased. The change in radical activity was
confirmed by plotting O and OH mole fraction pro-
files. Second, the transport of acetylene from the
premixed to the non-premixed zone is enhanced,
which increases the availability of CH species in the
non-premixed zone, and, thus, enhances the prompt
NO formation in this zone.

Figure 7 presents the NO reaction rate profiles for
the thermal, prompt, and reburn mechanisms for
three different equivalence ratios. The locations of
the two reaction zones (with the premixed zone on
the left) are indicated with vertical bars in Fig. 7a
With the increase in ¢, the NO formation/destruction
rates for al three mechanisms decrease in the rich
premixed zone, while they increase in the non-pre-
mixed zone. This is consistent with the variation of
total NO formation rate with ¢, and can be attributed
to the increased concentration of CH, O and OH
radicals in the non-premixed zone. In addition, as ¢
is increased, the contribution from prompt mecha-
nism increases, while that from therma mechanism
decreases. Thisis again due to the enhanced transport
of acetylene to the non-premixed zone with the in-
creasein ¢, which increases the concentration of CH
radicals in the non-premixed zone. Table 2 summa-
rizes the respective contributions of thermal and
prompt mechanisms for different ¢.

4.4. Global effects of strain rate and equivalence
ratio

To examine the global effects of a, and ¢ on NO
contributions from the three mechanisms in the rich
premixed and non-premixed zones, we present in
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Figs. 8 and 9 the total production rates of NO ob-
tained by integrating the NO production rate along
the axial direction (X). Figures 8a and b present the
total production rate in the rich premixed and non-
premixed zones, respectively, for the thermal,
prompt, reburn (absolute value), and the net NO
plotted versus the strain rate. As & is increased, the
NO production rates for al three mechanisms in-
crease. However, the rate of reburn NO increases
faster than those of the other two and consequently
the net NO production rate in the rich premixed zone

decreases as a; isincreased. For low strain rates (a, =

50 s™%), the rich premixed zone produces NO,

whereas for high strain rates (a, = 100 s™%), it con-
sumes NO. In the non-premixed zone, the NO pro-
duction rate for al three mechanisms as well as the
net NO production rate increase as a, isincreased, see
Fig. 8b As noted earlier, thermal NO exceeds prompt
NO in the rich premixed zone, while prompt NO
exceeds thermal NO in the non-premixed zone. Over-
all, thetotal NO production in the non-premixed zone
far exceedsthat in therich premixed zone. Thisisdue
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Fig. 6. NO production rate profiles for three PPFs discussed in the context of Fig. 5.

to the higher temperature and higher concentration of
O and OH radicals in the non-premixed zone.
Figure 9 presents the integrated production rates
of NO for the three mechanisms as functions of ¢. As
¢ isincreased, the NO production/consumption rates
in the rich premixed zone decrease, while those in the
non-premixed zone increase. This is consistent with
the discussion presented earlier in the context of Figs.
5-7. More importantly, as ¢ isincreased, the net NO
production rate decreases dightly even though the
NO production/consumption rates for all three mech-
anismsincrease. Thisisdueto the fact that the reburn
NO production rate increases faster compared with
those of thermal and prompt as ¢ is increased.

4.5. The NOx emission index

The effects of ¢ and a,on NOx are summarized in
Fig. 10, which presents the NOx emission index
(EINOX), defined in Eq. 1, plotted versus ¢ for dif-
ferent strain rates. Two distinct regimes can be iden-
tified. In the first regime, represented by ¢ < 2.2,
EINOx exhibits strong sensitivity to variations in ¢
and a,, while in the second regime (¢ > 2.2), where
the two reaction zones are in the process of merging,
EINOXx is relatively less sensitive to both ¢ and a,.
Moreover, in the first regime, the effect of partial
premixing on emission index is qualitatively different
at low and high strain rates. For a, = 50 s~ %, which
is representative of low-strain-rate flames, as ¢ is
increased (i.e., the degree of partial premixing is
decreased), EINOXx first increases and then decreases,
showing a maximum near ¢ = 2.2. This behavior is
qualitatively similar to that reported by Blevins and
Gore [9] and Li and Williams [11] for methane-air
PPFs at low strain rates. In contrast, for moderate-

and high-strain-rate flames, the plot of EINOx versus
¢ exhibits alocal minimum near ¢ = 1.8.

To further examine the dependence of EINOx on
¢ and a, we plot in Fig. 11 the integrated NOx
production and fuel consumption rates, normalized
by their respective values at ¢ = 1.5, as functions of
¢ for strain rates of 50 and 100 s™*. As ¢ is in-
creased, the fuel consumption rate first decreases
(¢ < 2.2) and then increases slowly. The variation of
fuel consumption rate is determined by the total fuel
flow rate that increases with ¢, and by the amount of
unburned fuel escaping the flame that depends on the
location of the premixed reaction zone with respect to
the fuel nozzle. For ¢ < 2.2, as ¢ is increased, the
premixed reaction zone becomes weaker and moves
farther away from the nozzle, and, consequently, the
amount of fuel escaping the flame increases. This
decreases the fuel consumption rate even though the
fuel-flow rate increases with ¢. For ¢ > 2.2, how-
ever, the premixed reaction zone is in the process of
merging with the non-premixed zone, and the fuel
consumption rate increases,* abeit slowly, because
the fuel flow rate increases with ¢. The effect of
increasing the strain rate is to increase the fuel con-
sumption rate, primarily due to the higher fuel flow
rate. It should be noted, however, that the ratio of fuel
consumption rate to fuel flow rate (not shown) de-
creases as a, is increased.

Asindicated in Fig. 11, the NOx production rate
asafunction of ¢ exhibits opposite behavior for low-
and high-strain-rate flames. For low-strain-rate
flames (a, = 50 s™%), as ¢ is increased, the NOx
production rate increases to a maximum value and
then decreases slowly, while for a;, = 100 s %, it
decreases to a minimum and then increases. To ex-
amine this behavior, we present in Fig. 12 the profiles
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Table 2
Relative contribution of thermal and prompt mechanisms at different ¢, and a fixed a, = 100 s™*

¢ =15 b =20 ¢ =30
Contribution of Therma NO (%) 50 40 35
Contribution of Prompt NO (%) 50 60 65

of temperature and of thermal and prompt NO for-
mation rates for partially premixed flames established
at ¢ = 1.5 and 2.0, and a strain rate of 50 s~ . The
corresponding results for a, = 100 s—* are presented
in Fig. 7. Because the net production rate of NO, is
less than 2% of NOx, the following discussion fo-
cuses on NO to characterize the EINOx behavior.

4.6. NOx emission index for low-strain-rate flames
For a, = 50 s * and ¢ = 1.5, the propagation

speed of the premixed reaction zone is sufficiently
high due to the high level of partial premixing. Con-

sequently, asindicated in Fig. 12, the premixed zone
is located close to the fuel boundary, resulting in a
non-negligible heat loss to the boundary. As ¢ is
increased from 1.5 to 2.0, it decreases the propaga-
tion speed of the premixed zone, and makes this zone
move away from the fuel boundary or closer to the
non-premixed zone. This reduces the heat loss to the
fuel boundary, which is indicated by an increase in
the premixed zone temperature (T,), corresponding
to the location where the NO formation rate has the
highest value, from 1780°K to 1820°K. This, how-
ever, has a negligible effect on the total NO forma-
tion rate. A more important effect of the movement of
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Fig. 8. Theintegrated production rates of thermal, prompt, reburn and the net NO plotted versus a, in (&) the rich premixed and

(b) non-premixed reaction zones.
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the premixed zone is due to the enhanced interactions
between the two reaction zones, caused by the re-
duced separation distance between them. These in-
teractions are depicted more clearly in Fig. 13, which
presents the profiles of temperature and H, OH, CO,
and C,H, speciesfor ¢ = 1.5 and 2.0. For ¢ = 1.5,
the premixed reaction zone is relatively strong and
located far from the non-premixed zone. Conse-
quently, the major interaction between the two zones
corresponds to the transport of CO and H, form the
premixed zone to the non-premixed zone. More im-
portantly, there is no transport of C,H, from the
premixed zone to non-premixed zone, and, conse-
quently, the prompt NO formation rate in the latter
zoneis negligibly small, see Fig. 12. The thermal NO
formation rate in this zone is also small due to the
reduced radical activity. Consequently, the total NO

formation rate for this case is small, as indicated in
Fig. 11. As ¢ isincreased from 1.5 and 2.0, interac-
tions between the two reaction zones are noticeably
enhanced due to the reduced separation distance be-
tween them and the transport of C,H, to the non-
premixed zone becomes significant, see Fig. 13b.
This causes a significant increase in the prompt NO
formation rate in the non-premixed zone, as indicated
in Fig. 12. The thermal NO formation rate in this
zone is also enhanced due to higher radical activity.
Consequently, as ¢ isincreased, the total NO forma-
tion rate increases (cf. Figure 11), which leads to higher
EINOx because the fuel consumption rate decreases.
Thistrend does not continue, however, as ¢ isincreased
further, because the two reaction zones are close to
merging. For ¢ > 2.2, the total NO formation rate
becomes nearly constant with ¢, and because the fue
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Fig. 12. Profiles of temperature and those of thermal and prompt NO formation rates for partially premixed flames established

at ¢ = 1.5 and 2.0, and strain rate of 50 s~ 2.
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consumption rate now increases with ¢, the NOx emis-
sion index decreases with ¢, as indicated in Fig. 10.

It is also important to note that a similar behavior
is observed when the strain rate is increased from a
relatively low value (a, = 50 s~ %) for partialy pre-
mixed flames established at relatively low equiva
lence ratios. Figure 14 presents the flame structures
for ¢ = 1.5 and a, = 50 and 100 s~ . As the strain
rate is increased, the separation distance between the
two reaction zones decreases, increasing the interac-
tion between them. In particular, the transport of
acetylene from the premixed zone to non-premixed
zone becomes significant, and, consequently, the rate
of NO formation in the non-premixed zone increases
significantly, as indicated in Fig. 8b. As a result,
EINOXx increases as the strain rate is increased, see
Fig. 10. This result, however, isin contradiction with
that of Nishioka et a. [10] for methane-air partialy
premixed flames. The discrepancy is somewhat sur-
prising because results of the two studies are in
agreement concerning the effect of ¢ on EINOx for

low-strain-rate flames. The discrepancy may be due
to different parameters and boundary conditions used
in the two studies. Another potential source of dis-
crepancy is due to the chemistry models used. The
Held and Dryer model employed in the present study
has been shown to over-predict the C,H, concentra-
tion [11, 32], which is the major source of C,H,.
Because the transport of acetylene to the non-pre-
mixed zone is shown to represent an important pro-
cess in determining the relative contributions of the
thermal, prompt, and reburn mechanisms, it could
modify the quantitative results. However, the quali-
tative results regarding the effects of a, and ¢ on
NOx emissions are expected to be the same using
more comprehensive chemistry models [16, 33]

4.7. NOx emission index for moderate- and high-
strain-rate flames

As indicated in Fig. 10, the NOx emission index
exhibits a different behavior for moderate- and high-
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strain-rate flames compared to that for low-strain-rate
flames (a, = 50 s~ %). For the latter case (a, = 70
s 1), as ¢ is increased, EINOXx first decreases to a
local minimum value near ¢ = 1.8, then increases to
aloca maximum value, and then decreases slowly as
the equivalence ratio approaches the non-premixed
flame limit. This result is in qualitative agreement
with the measurements of Gore and Zhan [7] for
methane-air, axisymmetric PPFs, and with the pre-
dictions of Bertaet a. [15] using a more comprehen-
sive n-heptane mechanism. This behavior can be ex-
plained by the results presented in Figs. 9 and 11. The
effect of increasing ¢ is to weaken the premixed
reaction zone, which decreases the NO formation rate
in this zone, asindicated in Fig. 9a. Concurrently, the
NO formation rate in the non-premixed reaction zone
is aso reduced due to the sharp increase in the NO
consumption rate through the reburn mechanism, see
Fig. 9b. Consequently, as ¢ is increased from 1.5 to
1.8, thetotal NO formation rate decreases sharply. As
indicated in Fig. 11, for a, = 100 s *, both the fuel
consumption rate and NOx production rate decrease

with ¢, but the latter decreases faster for 1.5 < ¢ <
1.8, and consequently, the NOx emission index de-
creases with ¢. For ¢ > 1.8, the reduction in fuel
consumption rate becomes more dominant than that
in NO production rate, and, consequently, EINOx
increases with ¢, as indicated in Fig. 10. After
EINOXx reaches alocal maximum value near ¢ = 2.2,
it then decreases dowly as ¢ approaches the non-
premixed flame. This can be attributed to the fact that
the fuel consumption rate is now increasing with ¢
(cf. Fig. 11), while the NOx production rate is nearly
independent of ¢ in the non-premixed limit.

Another important observation from Fig. 10 is
that the equivalence ratio corresponding to the min-
imum EINOKX point decreases with the strain rate for
strain rates of 70, 100, and 150 s~ *. This is attribut-
able to the fact that the critical equivalence ratio for
the merging of the two reaction zones decreases with
strain rate. The effect of strain rate on the critical
equivalence ratio for merging has been discussed in
our previous study [20].
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5. Conclusions

The NO, emission characteristics of heptane-air
partially premixed flames have been investigated.
The flame has been computed using a detailed mech-
anism combining the Held's n-heptane mechanism
and the Li and Williams' NO, mechanism. Both of
these mechanisms have been validated in a reason-
ably comprehensive manner. The ROPA method has
been employed to identify the dominant pathways
and associated mechanisms for NOx formation and
destruction in PPFs. The dominant mechanisms are
found to be the thermal, prompt, and reburn mecha-
nisms. Important reactions associated with these
mechanisms are also identified.

A detailed investigation has been conducted to
characterize NOx emissions under conditions for
which the flame consists of two spatially separated
reaction zones. For most conditions, the rate of NO
formation in the non-premixed zone is significantly
higher than that in the rich premixed zone. This can
be attributed to two factors. The first is the transport
of acetylene from the rich premixed to the non-
premixed reaction zone, which provides CH radicals,
and, thus enhances prompt NO formation in the latter
zone. The second isthe higher concentration of O and
OH radicals in the non-premixed zone compared to
that in the rich premixed zone, which enhances both
the thermal and prompt NO formation in the non-
premixed zone. For relatively high level of partia
premixing (¢ = 1.5), however, the rate of NO for-
mation in the rich premixed zone exceeds that in the
non-premixed zone.

There is a significant NOx destruction region
sandwiched between the rich and non-premixed re-
action zones. The destruction occurs mainly through
the reburn mechanism, and is caused by the transport
of acetylene to the non-premixed zone; the acetylene
form CH and CH,, radicals that consume NO to form
HCN and HNCO in the region upstream of this zone.
From the consideration of reducing NOx in combus-
tion systems that rely on partialy premixed combus-
tion, results suggest that the paucity of oxidizer in the
region between the two reaction zones be promoted,
as it enhances the NO destruction reactions in the
region.

In the rich premixed zone, the contribution of
thermal NO is generaly higher than that of prompt
NO, while in the non-premixed zone, the prompt NO
is the magjor contributor. This behavior is again re-
lated to the transport of acetylene to the non-pre-
mixed zone, and higher concentrations of CH, O, and
OH radicalsin this zone. Therelative contributions of
thermal and prompt mechanisms to the total NOx is
generaly insensitive to variations in a, but has
strong sensitivity to variations in ¢.

The NOx emission index (EINOx) has been com-
puted as a function of ¢ and a,. Two distinct regimes
areidentified. In thefirst regime, represented by ¢ <
2.2 and characterized by the presence of two spatially
separated reaction zones, EINOx exhibits strong sen-
sitivity to variationsin ¢ or a,. In the second regime,
¢ > 2.2, EINOx isrelatively insensitive to variations
in ¢ and a.. Here the two reaction zones are close to
merging, and EINOx decreases dowly as ¢ ap-
proaches the non-premixed flame limit.

In the first regime, the plot of EINOx versus ¢
exhibits opposite behavior for low- and high-stain-
rate flames. For low-stain-rate flames, EINOX in-
creases and then decreases with ¢, showing a maxi-
mum value near ¢ = 2.2. This behavior is
qualitatively similar to that reported by Blevins and
Gore and Li and Williams for methane-air PPFs at
low strain rates. In contrast, for moderate- and high-
strain-rate flames, the plot of EINOx versus ¢ exhib-
its a local minimum near ¢ = 1.8. This result is in
qualitative agreement with the measurements of Gore
and Zhan for methane-air, axisymmetric PPFs, and
with the predictions of Berta et al. based on a more
comprehensive n-heptane mechanism. Our simula
tions also indicate that the reburn NO mechanism
plays an important role for these conditions. How-
ever, it isimportant to note that a significant amount
of fuel bypasses the flame in a counter-flow config-
uration, and, therefore, conclusions regarding EINOx
may be somewhat configuration-specific. Conse-
quently, a direct comparison of our predictions with
the measurement of EINOXx reported by Gore and
Zhan may not be meaningful due to different config-
urations used in the two studies.

Finally, two points are worth mentioning. First,
our study clearly indicates that prompt NO requires
the existence of not only CH but aso O and OH
redicals. There seems to be a prevailing notion in the
literature that the existence of CH automatically im-
plies that prompt NO will form. This notion should
be corrected based on our results. Second, for mod-
erate- and high-strain-rate partially premixed flames,
there is an optimum value of eguivalence ratio for
which the NOx emission index is minimized. Al-
though, the existence of an optimum ¢ has also been
reported by previous investigations dealing with
methane-air partially premixed flames, additional ex-
perimental and numerical studies are needed to fur-
ther quantify this aspect. Future numerical studies
should also focus on the effect of chemistry models
on the relative contributions of the various NOXx
mechanisms, as well as on the NOx emission index.
In particular, the sensitivity of the predicted C,H,
and C,H, concentrations to the chemistry model
should be quantified, because the transport of acety-
lene to the non-premixed zone is found to have a



740 H. Xue, SK. Aggarwal / Combustion and Flame 132 (2003) 723-741

major effect on the predicted NOx emissions in n-
heptane partially premixed flames. More comprehen-
sive models of Curran et al. and Lindstedt and Mau-
rice should be used for this analysis. Also the effects
of multidimensionality on NOx characteristics of
heptane-air partially premixed flames should be dis-
cussed. Nishioka et al. [34] have examined this issue
for methane-air co-flow partially premixed flames.

Notes

1. It isimportant to distinguish between the over-
all equivalence ratio and the fuel-rich mixture
equivalence ratio for partially premixed flames.
The equivaenceratio in the present study refers
to the latter, and is denoted as ¢.

2. CH radicals are also consumed in the hydrocar-
bon chemistry that leads to the formation of
CO.

3. Note a very low strain rates, there is non-
negligible heat loss to the burner due to the
close proximity of the rich premixed reaction
zone to the fuel nozzle.

4. Notefor ¢ = 2.5 the ratio of fuel consumption
rate to fuel flow rate (not shown) still decreases
with increasing ¢.
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