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Abstract

The formation of NOX in counterflow n-heptane/air triple flames was investigated by numerical simulation. Detailed chemistry and complex
thermal and transport properties were employed. The results indicate that a triple flame produces more NO and NO2 than the corresponding
premixed flames due to not only the appearance of the diffusion flame but also the interaction between different flame branches. The relative
contributions of different routes to NO formation in the premixed flame branches change with the variation of the equivalence ratio, but the
thermal mechanism always dominates in the diffusion flame branch. The interaction between flame branches is enhanced with the decrease of the
distance between them. Both heat and radical exchange between flame branches contribute to the interaction. A new feature that does not exist in
methane/air triple flame was observed in n-heptane/air triple flames, i.e. when the rich mixture equivalence ratio is higher, there are two peaks of
CH concentration on the rich side of the diffusion flame branch, which leads to that some NO is formed beside the diffusion flame branch by the
prompt route.
Crown Copyright © 2006 Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Triple flames are of great importance for both industrial ap-
plications and fundamental combustion research. They play a
significant role in flame attachment, lift-off, ignition and re-
ignition processes of non-premixed systems. Many theoretical
and experimental studies have been devoted to the structure
and propagation of triple flames from various viewpoints [1–8].
However, fewer studies on NOX formation in triple flames have
been reported.

On the other hand, the formation of NOX in combustion
processes is of considerable practical interest because of the
need to control pollutant formation. There have been many
studies on the mechanism of NOX formation. Miller and Bow-
man [9] presented an excellent review of NOX formation mech-
anism. Based on the chemistry presented in this review pa-
per, the formation of NOX in methane/air double flames and

* Corresponding author. Tel.: +1 (613) 991 0869; fax: +1 (613) 957 7869.
E-mail address: hongsheng.guo@nrc-cnrc.gc.ca (H. Guo).
1290-0729/$ – see front matter Crown Copyright © 2006 Published by Elsevier Ma
doi:10.1016/j.ijthermalsci.2006.11.002
two-dimensional laminar jet diffusion flames were respectively
investigated by Nishioka et al. [10] and Ju and Niioka [11].
The effect of radiation heat loss on NOX formation in coun-
terflow flames was studied by several groups [12–16]. Atreya
et al. [17] investigated the effect of change in flame structure
on the formation of NOX. An investigation on NO formation
in an axisymmetric laminar diffusion flame was presented by
Smooke et al. [18]. Naik and Laurendeau [19,20] studied NO
formation in counterflow partially-premixed and non-premixed
flames under sooting oxy-fuel and high pressure conditions.
Sohn et al. [21] reported a study on the effects of pressure and
air-dilution on NO formation in laminar counterflow diffusion
flames of methane in high temperature air combustion. Xue and
Aggarwal [22] and Bertra et al. [23] studied NO formation in n-
heptane/air partially premixed flames. Naha and Aggarwal [24]
investigated fuel effect on NOX emissions in double flames. It
has been quite clear from these studies that NOX formation in
a flame is closely related to the flame structure.

A triple flame consists of a diffusion flame embedded be-
tween a fuel lean and a fuel rich premixed flame. The structure
of a triple flame is different from those of either the correspond-
sson SAS. All rights reserved.
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ing premixed flames, or traditional diffusion flames. Further-
more, because of the coexistence of the three flame branches,
there are interactions among them that may affect the forma-
tion of NOX in a triple flame. Our previous study [25] on NOX

formation in methane/air triple flames showed that NOX forma-
tion in triple flames differs from in either premixed or diffusion
flames.

n-heptane is a relatively heavy hydrocarbon fuel that is gen-
erally used to simulate diesel combustion. Study of NOX for-
mation in n-heptane triple flames is of help in understanding
the mechanism of NOX formation in diesel combustion. The
purpose of the present paper is to numerically investigate NOX

formation in n-heptane/air triple flames. The discussion first fo-
cus on the results for two typical triple flames that exhibit the
most significant features of triple flames. Then the effect of the
variation in the equivalence ratio of the lean or rich mixture is
examined. Finally the formation of NO2 and N2O is briefly dis-
cussed.

2. Numerical model

The flame configuration studied is an axisymmetric coun-
terflow laminar flame. The governing equations can be found
elsewhere [26]. The calculations were carried out with a code
revised from that of Kee et al. [27]. Upwind and center differ-
ence schemes were used for the convective and diffusion terms,
respectively, in all the governing equations. Adaptive refine-
ment of meshes was done to obtain grid independent result. The
pressure and the fresh mixture temperature were, respectively,
1 atm and 300 K. Radiation heat transfer was calculated by an
optically thin method [28]. The distance between the two op-
posed jets was kept as 4.0 cm in all the simulations.

Potential and plug flow assumptions were alternately used
in the literature for the free stream conditions in the simulation
of counterflow flames. They usually generated similar qualita-
tive results [29]. As a pure numerical study, the potential flow
assumption was employed in this paper.

The reaction mechanism for the oxidation of n-heptane was
one developed at the University of California, San Diego [30].
This mechanism has been validated by Li and Williams [31].
The nitrogen chemistry used was taken from GRI-Mech 3.0
[32], since it has been shown to offer reasonable prediction
for NO formation at various flame conditions [20,33]. The
combined mechanism consists of 303 elementary steps and 61
species. The thermal and transport properties were calculated
by algorithms given in [34,35].

3. Results and discussion

The simulations were carried out for both triple and pre-
mixed flames for the sake of comparison. A counterflow triple
flame (CFTF) was formed when a lean and a rich n-heptane/air
mixture were respectively issued from the opposed nozzles,
while a counterflow premixed flame (CFPF) was formed when
the same mixtures were issued. A stretch rate of 60 s−1 was
specified for all flames. This was an arbitrary choice. However,
effect of the variation in stretch rate will be briefly discussed.
In Figs. 1–9, the lean mixtures come from the left side, and the
rich mixtures from the right side. The equivalence ratio is rep-
resented by φ.

3.1. Heat release rate distribution

To easily understand the characteristics of NOX formation
in triple flames, the heat release rate distribution of two typi-
cal counterflow n-heptane/air triple flames (Flames 1 and 2) is
presented in Fig. 1. The equivalence ratios of the lean and rich
n-heptane/air mixtures are 0.7 and 1.3 for Flame 1, and 0.7 and
2.0 for Flame 2. The reason to choose these two flames is that
they both show typical triple flame structure, but the interaction
among different flame branches varies for them.

The structure of triple flames is clearly illustrated. There
are three heat release regions for each flame. The left one is
due to the combustion of the lean mixture, while the right one
is due to the rich mixture. These two heat release regions are
named lean and rich premixed flame branches. Between these
two flame branches, there is a relatively weak heat release re-
gion, named diffusion flame branch, which is because of the
reaction of the excess oxygen from the lean mixture and the
excess burning components from the rich mixture. Although
not shown, the simulation indicated that similar to methane/air
triple flames [25], all the fuel of the rich mixture is decom-
posed in the rich premixed flame, while the oxygen from the
lean mixture can penetrate to the diffusion flame branch. The
burning components transported from the rich premixed flame
to the diffusion flame are some intermediate species, like CO
and H2. The diffusion branch of Flame 1 is located around the
stagnation plane, while that of Flame 2 is located on the left
side of the stagnation plane. The heat release rate in the diffu-
sion flame branch of Flame 2 is higher than that of Flame 1,
and the distance between the diffusion and rich premixed flame
branches in Flame 2 is shorter than that in Flame 1. These are
caused by the higher equivalence ratio of the rich mixture in
Flame 2 than in Flame 1, leading to more burning components,
such as H2 and CO, are burnt in the diffusion flame branch of
Flame 2.

Fig. 1. Heat release rate distributions of two typical triple flames. Flame 1:
φlean = 0.7, φrich = 1.3; Flame 2: φlean = 0.7, φrich = 2.0.
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3.2. NO formation in two typical triple flames

It is well known that NO can be formed by the thermal, the
N2O intermediate, and the prompt routes [9–11], based on the
initiation reactions by which molecular nitrogen is converted
to atomic nitrogen or other intermediate species containing ni-
trogen element. The thermal NO formation is comprised of the
three reactions: N2+O = N + NO; N + O2 = NO + O; and
N + OH = NO + H; of which the first one is the initiation
reaction. The N2O intermediate route is initiated by the re-
actions: N2O (+M) = N2 + O(+M); N2O + H = N2 + OH;
N2O + O = N2 + O2; and N2O + OH = N2 + HO2; and then
the formed N2O is partially converted to NO. The prompt NO
in hydrocarbon flames is initiated by the rapid reactions of
hydrocarbon radicals with molecular nitrogen to form atomic
nitrogen and species containing nitrogen element [9], and then
the formed atomic nitrogen and other species containing nitro-
gen element are converted to NO by some reaction sequences.
In addition, NO formation can also be initiated by the re-
actions of molecular nitrogen with some other hydrocarbon-
free radicals, such as H, OH, H2. These reactions include:
NH + N = N2 + H; NH + NO = N2 + OH; NNH = N2 + H;
NNH + M = N2 + H + M; NNH + O2 = HO2 + N2; NNH +
O = OH+N2; NNH+H = H2 +N2; NNH+OH = H2O+N2;
and NNH + CH3 = CH4 + N2. Note that although the last re-
action is initiated by CH4, we also attribute it to this route due
to NNH. This route to form NO is known as the NNH inter-
mediate route [36]. To identify the relative importance of the
four routes to NO formation, like in our previous studies [25,
37], four simulations were carried out for each flame. The first
simulation (SIM1) was conducted by the full chemistry (GRI-
Mech 3.0), while the second simulation (SIM2) was carried out
by removing the initiation reactions of the prompt routes. In
the third simulation (SIM3), the initiation reactions of both the
prompt and the NNH intermediate routes were removed. All the
initiation reactions of the prompt, the N2O and the NNH inter-
mediate routes were removed in the fourth simulation (SIM4).
Consequently, NO obtained from SIM4 can be attributed to the
thermal route. The difference in NO between SIM1 and SIM2 is
attributed to the prompt route, and the difference between SIM2
and SIM3 is due to the NNH intermediate route. The NO con-
tributed by the N2O intermediate route is the difference between
SIM3 and SIM4. It should be pointed out that this is an approx-
imate method, since there may be interactions among different
routes [20,25], as will be discussed later.

Fig. 2 illustrates the distribution of NO mole fraction in
Flame 1 obtained by the four different simulations (SIM1–
SIM4) and in the corresponding CFPFs obtained by the full NO
chemistry. Because of the symmetry, only halves of the CFPFs
are displayed. The summation of NO mole fractions obtained
from the four separate simulations, in each of which the reaction
scheme contains only the initial reactions of NO formation from
one route, is also displayed to examine the independence of the
four routes. It is observed that NO (full NO) in the CFTF starts
to appear on both outer edges of the CFTF. At the positions cor-
responding to the two premixed flame branches (as shown in
Fig. 1), the NO concentration rapidly increases. Then the con-
Fig. 2. NO concentration distributions in the triple flame with φlean = 0.7 and
φrich = 1.3 and the corresponding CFPFs.

centration of NO gradually increases, and finally quickly rises
again with the stagnation plane being approached. The maxi-
mum NO concentration is reached near the stagnation plane.
In the regions corresponding to two premixed flame branches,
the difference in the NO concentration between the CFTF and
the CFPFs is negligible. However, the difference is increased
in the region between the two premixed flame branches of the
CFTF, with the maximum difference occurring near the stagna-
tion plane.

Fig. 2 also shows that most NO on the right side of the
stagnation plane is produced by the prompt routes. In the lean
premixed flame branch region, the NNH intermediate route
contributes the most NO, followed by the N2O intermediate
route. However, approaching the stagnation plane from either
right or left side, NO from the thermal route is gradually in-
creased and finally exceeds those from other routes. Overall,
the contributions from the N2O and NNH intermediate routes
are much smaller than from the thermal and the prompt routes
in this flame.

There is a tiny difference between the NO mole fraction
obtained from the full chemistry (green solid line) and the sum-
mation (red dashed line) of NO mole fraction obtained from the
four separate simulations, in each of which the reaction scheme
contains only the initial reactions of NO formation from one
route. This implies that there is slight interaction between dif-
ferent NO formation routes. However, since the disparity is
tiny and mainly happens on the right side where the contri-
bution of the prompt route is much more significant than that
of the thermal route, this interaction should not qualitatively
affect the above conclusion, i.e. the prompt route dominates
NO formation in the rich premixed flame branch. This will
be further confirmed by the nitrogen consumption rate later.
The interaction is negligible on the left side of the stagnation
plane.

Fig. 3 shows the formation rate of NO in Flame 1. It is noted
that there are three main NO formation regions, corresponding
the three flame branches (Fig. 1). Similar to the NO mole frac-
tion distribution, the difference in the formation rate between
the CFTF and the corresponding CFPFs is negligible in the two
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Fig. 3. NO formation rates in the flame with φlean = 0.7 and φrich = 1.3 and
the corresponding CFPFs.

Fig. 4. Nitrogen consumption rates in the flame with φlean = 0.7 and
φrich = 1.3.

premixed flame regions. However, the difference in the stagna-
tion plane region becomes significant. In this region, the CFPFs
almost do not produce NO, while the CFTF does significantly.
This indicates that a triple flame produces more NO than the
corresponding premixed flames due to the appearance of the
diffusion flame branch. Similarly, it is further shown that the
prompt route contributes most NO in the rich premixed flame
branch of the CFTF. However, in the diffusion flame branch, the
thermal route dominates. In the reaction zone of the lean pre-
mixed flame branch, the NNH intermediate route is the most
significant one.

The above discussion on the relative contribution is based on
the technique that gradually switches off the initiation molecu-
lar nitrogen conversion reactions of different routes. Since there
is tiny interaction among different routes, the above conclusion
needs to be further examined. Fig. 4 displays the molecular
nitrogen consumption rates by the thermal, prompt, N2O and
NNH intermediate routes, obtained from the simulation using
the full chemistry (SIM1). It shows that molecular nitrogen is
mainly consumed by the prompt route in the rich premixed
flame, and by the NNH intermediate route in the lean premixed
flame. In the diffusion flame branch, the thermal route dom-
Fig. 5. Mole fractions of CH and O in two typical triple flames. Flame 1:
φlean = 0.7, φrich = 1.3; Flame 2: φlean = 0.7, φrich = 2.0.

Fig. 6. Distribution of flame temperature in Flames 1 and 2. Flame 1:
φlean = 0.7, φrich = 1.3; Flame 2: φlean = 0.7, φrich = 2.0.

inates the conversion of nitrogen. This confirms the previous
conclusion on the relative contributions of different routes to
NO formation in Flame 1, i.e. the prompt, the thermal and the
NNH intermediate route contribute most NO formation, respec-
tively, in the rich premixed, the diffusion and the lean premixed
flame branches. Therefore, the method we used captured the
qualitative feature of NO formation in a triple flame.

The variation of the relative contributions of different routes
in the three flame branches is caused by the specific structure
of Flame 1. The most significant initiation reactions of NO
formation by the thermal and prompt routes are, respectively,
N + NO = N2 + O and CH + N2 = HCN + N [9,10,20,25].
Therefore, the existence of radicals O and CH is crucial for
the formation of NO through the thermal and prompt routes.
Fig. 5 gives the distributions of radicals O and CH in Flames 1
and 2. The prompt route contributes most NO in the rich pre-
mixed branch of Flame 1, because of the significant amount
of CH there. In the diffusion flame branch, there is no radical
CH, leading to the negligible contribution of the prompt route.
Temperature reaches its maximum value, as shown in Fig. 6,
and there is certain amount of radical O in the diffusion flame
branch (located near the stagnation plane). Consequently, the
thermal route dominates the formation of NO in the diffusion
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Fig. 7. NO mole fractions in the flame with φlean = 0.7 and φrich = 2.0 and the
corresponding CFPFs.

Fig. 8. NO formation rates in the flame with φlean = 0.7 and φrich = 2.0 and
the corresponding CFPFs.

flame branch. In the reaction zone of the lean flame branch,
due to the low temperature and the low concentration of radi-
cal CH, the thermal and prompt routes contribute little to NO
formation. On the other hand, relatively the NNH intermediate
route contributes more NO in the lean premixed flame branch,
since the most significant initiation reactions of this route are
NNH ⇐ N2 + H and NNH + M ⇐ N2 + H + M and radical H
appears in all three flame branches. These NO formation char-
acteristics in Flame 1 are qualitatively consistent with those in
a methane/air triple flame [25], in which the interaction among
different flame branches is negligible.

Figs. 7 and 8 display the distributions of NO mole fraction
and formation rate in Flame 2 (note that the scale of the hori-
zontal axis in Figs. 7–9 is different from in Figs. 1–6, so that
the figures are not crowded). They are qualitatively similar to
those of Flame 1. However, some important new features are
observed. The first new feature is that the NO concentration and
production rate are significantly higher than those of the corre-
sponding CFPFs not only in the stagnation plane region, but
also in the rich premixed flame branch region. The NO forma-
tion region in the rich premixed flame branch is further away
from the stagnation plane than that in the corresponding rich
Fig. 9. NO mole fractions of Flame 2 (φlean = 0.7 and φrich = 2.0) and the
corresponding rich CFPF obtained from NSIM and ESIM.

CFPF. These differences are caused by the fact that the rich
mixture of this CFTF is richer than that of Flame 1. There-
fore, the rich premixed flame branch in Flame 2 is closer to
the diffusion flame branch than in Flame 1. The shorter dis-
tance enhances the interaction between the diffusion and rich
premixed flame branches. This interaction leads to that the
combustion intensity and NO formation rate in the rich branch
of this CFTF are higher than those in the corresponding rich
CFPF.

The interaction between the diffusion and rich premixed
flame branches in a triple flame can be caused by the heat trans-
fer, named thermal interaction, and radical exchange, named
chemical interaction. To identify the relative contributions of
these two interactions, as in our previous studies [25,38] for
triple flames, we did an extra simulation (ESIM) for the corre-
sponding rich CFPF of Flame 2. In this extra simulation, the
symmetrical boundary condition for the energy conservation
equation on the stagnation plane was replaced by a fixed value
that is the maximum temperature of Flame 2. All other con-
ditions are the same as those in the normal simulation (NSIM).
Therefore, the heat transfer from the stagnation plane to the pri-
mary reaction zone in this extra simulation is similar to that
from the diffusion flame branch to the rich premixed flame
branch in Flame 2. However, there is no significant radical ex-
change between the stagnation plane and the primary reaction
zone in the rich CFPF of the extra simulation. Accordingly,
the difference between Flame 2 and the rich CFPF of ESIM is
caused by the chemical interaction in the triple flame, and that
between the rich CFPF of ESIM and the rich CFPF of NSIM is
because of the thermal interaction. Fig. 9 shows the NO mole
fraction of Flame 2 and the corresponding rich CFPF obtained
by NSIM and ESIM. It is demonstrated that the thermal and
chemical interaction play similar roles in enhancing the com-
bustion and NO formation in the rich premixed flame branch
of Flame 2. This conclusion is also consistent with what we ob-
tained for the methane/air triple flames with stronger interaction
between different branches [25].

The second new feature noted in Flame 2 is that there is
an additional NO formation region, indicated by “Additional”
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in Fig. 8, in addition to the three corresponding flame regions
observed in Flame 1. This additional NO formation region is
just beside (right-hand side) the diffusion flame branch (indi-
cated by “General”). The prompt route (the difference between
the black solid and dashed lines) dominates the formation of
NO in this region. This is caused by the specific distribution
of radical CH in Flame 2. As shown in Fig. 5, there are two
peaks for CH concentration on the right-hand side of stagnation
plane in Flame 2. The first corresponds to the rich premixed
flame branch, and the second one is located beside stagna-
tion plane. Since the fresh mixture from the right-hand side is
very rich, there is not enough oxygen to convert all the acety-
lene (C2H2) in the rich premixed flame branch. As a result,
acetylene can be transported to the region beside the diffusion
flame branch where radical O is met. Then acetylene is quickly
converted to CH by the reactions O + C2H2 ⇒ CO + CH2
and CH + H2 ⇐ H + CH2, forming the second peak of CH
concentration beside the diffusion flame branch. This second
peak of CH concentration leads to the additional NO forma-
tion region beside the diffusion flame branch mainly by the
prompt route. This phenomenon of double CH concentration
peaks on the right side of stagnation plane in Flame 2 is simi-
lar to that numerically observed by Xue and Aggarwal [22] for
n-heptane/air double flames and experimentally by Naik and
Laurendeau [39] for methane/air partially premixed flames at
pressures above 3 atm. However, it does not happen in Flame 1
and in methane/air triple flames [25]. We attribute this NO for-
mation region to the diffusion flame branch, since it is due
to the transportation of hydrocarbon radicals to the diffusion
flame region. It is noted that the overall contribution of the ther-
mal route is still dominant in the diffusion branch of this triple
flame.

NO formation for Flame 1 at other stretch rates was also
calculated. It was found that similar to methane/air triple
flames [25], the variation of stretch rate does not affect the
qualitative feature of NO formation in a triple flame, although
the absolute amount of NO formed changes when stretch rate
varies. Therefore, details of the effect of stretch rate on NO for-
mation will not be discussed in this paper.

3.3. NO formation in other triple flames

Fig. 10 shows NO emission index, defined as the ratio of the
NO formed to the fuel consumed, in some other triple flames.
The equivalence ratio of the lean mixture in Fig. 10(a) is 0.7,
while that of the rich mixture in Fig. 10(b) is 1.3. It is demon-
strated that the variation of either the lean or the rich mixture
equivalence ratio affects the formation of NO.

When the equivalence ratio of the lean mixture is fixed as
0.7 (Fig. 10(a)), with the increase of the rich mixture equiva-
lence ratio, the NO emission index first decreases, then slightly
increases, and finally reduces to an almost constant value. As
the equivalence ratio of the rich mixture is 1.1, the thermal
route contributes most NO. This is because the temperature in
the rich flame branch is higher and the thermal route domi-
nates the formation of NO in the rich premixed flame branch
of this triple flame. With the increase of the rich mixture equiv-
Fig. 10. Effect of lean or rich mixture equivalence ratio on NO formation.

alence ratio from 1.1 to 1.3, the drop of NO emission index is
because the combustion intensity and temperature of the rich
premixed flame reduce. This can be shown by the sharp de-
crease of the contribution of the thermal route when the rich
mixture equivalence ratio rises from 1.1 to 1.3. Our simulation
indicates that the thermal route dominates the NO formation
in the rich premixed flame branch only when the equivalence
ratio of the rich mixture is smaller than 1.2. This is different
from the conclusion for n-heptane/air double flames obtained
by Xue and Aggarwal [22], who suggested that the thermal
route generally contributes more NO than the prompt route in
the rich premixed zone of a double flame. This difference may
be caused by the method to evaluate the relative contributions
of different routes. Xue and Aggarwal [22] attributed all NO
from the reactions: N2 + O = N + NO; N + O2 = NO + O;
and N + OH = NO + H to the thermal route. This method over-
estimates the contribution of the thermal NO, since part of the
atomic nitrogen participating in the last two reactions is from
the reaction CH + N2 = HCN + N (the most significant initia-
tion reaction of the prompt NO formation) and the later conver-
sion of HCN. Like [20,25,37], the present paper determines the
relative contributions of different routes based on how mole-
cular nitrogen is converted to atomic nitrogen or species con-
taining element nitrogen. Therefore, the element nitrogen from
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different routes participating in the reactions N+O2 = NO+O
and N + OH = NO + H is successfully separated.

When the rich mixture equivalence ratio rises from 1.3
to 1.5, the contribution of the prompt route in the rich premixed
flame branch increases, leading to the rise of total NO forma-
tion. With the increase of the rich mixture equivalence ratio
from 1.5 to 1.6, the decrease of NO formation is caused by the
significantly reduced combustion intensity in the rich premixed
flame branch. As the rich mixture equivalence ratio is further in-
creased, the contribution of the rich premixed branch to the NO
formation of a triple flame becomes very small, and the forma-
tion of NO in a triple flame is dominated by that in its lean and
diffusion flame branches. Accordingly, the NO emission index
becomes almost constant when the equivalence ratio is greater
than 1.6. The slight increases of the thermal NO formation is
because more fuel components are burnt in the diffusion flame
branch, when the rich mixture equivalence ratio rises from 1.4
to 2.2.

The variation of the rich mixture equivalence ratio also
affects the NO formation mechanism in the diffusion flame
branch. When the equivalence ratio of the rich mixture is
low, little hydrocarbon radical can be transported to the dif-
fusion flame branch. Therefore, the prompt route contributes
negligible to NO formation in the diffusion flame branch,
like in Flame 1. This is similar to that for methane/air triple
flames [25]. As the rich mixture equivalence ratio is increased,
the phenomenon of double peaks of CH concentration appears,
leading to that some NO is formed by the prompt route beside
the diffusion flame branch, such as in Flame 2. This phenom-
enon does not happen in methane/air triple flames. The con-
tribution of the prompt route does not exceed that of the ther-
mal route in the diffusion flame branch until the rich mixture
equivalence ratio reaches 3.0, at which the rich premixed flame
branch and the diffusion flame branch almost merge. The ther-
mal route always contributes most of NO in the diffusion flame
branch. This differs from the conclusion for n-heptane/air dou-
ble flames obtained by Xue and Aggarwal [22], who indicated
that the prompt route is the primary contributor for NO for-
mation in the diffusion flame region of a n-heptane/air double
flame.

When the equivalence ratio of the rich mixture is fixed as 1.3
(Fig. 10(b)), with the decrease of the lean mixture equivalence
ratio, the NO emission index monotonically reduces. It is due to
the reduction in the combustion intensity in the lean premixed
flame branch. The contribution of the thermal route also reduces
with the decrease of the lean mixture equivalence ratio, since
the temperature is higher and the thermal route dominates the
NO formation when the equivalence ratio of the lean mixture
is close to 1.0. This is similar to that observed for methane/air
triple flame [25].

The formation of NO2 and N2O in the two typical triple
flames was also examined. It was found that the characteristics
of NO2 and N2O formation in n-heptane/air triple flames are
qualitatively similar to those in methane/air triple flames [25].
Therefore, the results and detailed discussion will not be given
in this paper.
4. Conclusions

We have investigated NOX formation in counterflow n-hep-
tane/air triple flames by numerical simulation. The characteris-
tics of NOX formation in triple flames were compared to those
in corresponding counterflow premixed flames. The mechanism
of NO formation in triple flames was analyzed by a method
of strategically turning-off initial molecular nitrogen conver-
sion reactions of different routes. The results suggest that a
triple flame produces more NO and NO2 than the corresponding
premixed flames due to the appearance of the diffusion flame
branch and the interaction between flame branches. The inter-
action between flame branches is enhanced with the decrease
of the distance between them. Calculations that separated the
thermal and chemical effects show that both heat and radical
exchange between flame branches contribute to the interaction.
The variation of the equivalence ratio affects the relative con-
tributions of different routes to NO formation in the premixed
flame branches, but the thermal route always dominates in the
diffusion flame branch. When the rich mixture equivalence ratio
is not high enough, there is only one CH peak appearing on the
rich side of the diffusion flame branch, and prompt route con-
tributes little to NO formation in the diffusion flame branch.
However, when the rich mixture equivalence ratio is higher,
there are two peaks of CH concentration on the rich side of
the diffusion flame branch, which leads to that some NO is
formed beside the diffusion flame branch by the prompt route.
The characteristics of NO2 and N2O formation in n-heptane/air
triple flames are qualitatively similar to those in methane/air
triple flames.
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