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A NUMERICAL STUDY ON THE STRUCTURES AND NO EMISSION OF
COUNTERFLOW CH/AIR TRIPLE FLAMES

Hongsheng Guo, Fengshan Liu, and Gregory J. Smaliwood
Combustion Research Group
National Research Council
1200 Montreal Road, Building M-9
Ottawa, Ountario K1A OR6
hongsheng.guo@nre-cnre.ge.ca

INTRODUCTION

Triple flames are of great importance in not only fundamental combustion research, but also industry
applications. Since the triple flame phenomenon was first observed experimentally by Phillips {17 in
1965, a number of theoretical and experimental studies have been devoted to the structures and
propagation of triple flames from various viewpoints, such as in references [2, 3]. However fewer studies
have dealt with NOx emission characteristics of triple flames.

On the other hand, the emission of NOx in combustion processes is of considerable practical interest
because of the need to control pollutant formation. There have been a great number of studies on the NOx
formation mechanism. An excellent review of NOx emission mechanism was presented by Miller and
Bowman [4]. Based on the chemistry presented in this review, Nishioka et al. {51 studied the NO emission
of counterflow methane-air double flames. The emission of NOx in a two-dimensional laminar jet
diffusion flame was investigated by Ju et al. [6] using the same mechanism. Varnos et al. [7] and Wang et
al. [8] respectively studied the effect of radiation on NO formation in counterflow diffusion flames.
Atreya et al. [9] investigated the effect of changes in the flame structure on the formation of NOx. An
investigation on NO formation in an axisymmetric laminar diffusion flame was presented by Smooke et
al. [10]. Recently Naik et al. [11] studied NO emission in counterflow diffusion flames under sooting
oxy-fuel conditions. Sohn et al. {12] reported a study on the effects of pressure and air-dilution on NO
formation in laminar counterflow methane diffusion flames in high temperature air combustion. It has
been quite clear from these studies that NOx emission in a flame is closely related to the flame siructure.

A triple flame consists of a diffusion flame embedded between a fuel lean and a fuel rich premixed
flame. Due to the appearance of the diffusion flame, the structure of a triple flame is different from those
of the corresponding premixed flames. Furthermore, the reactants consumed in the diffusion flame are not
the primary fuel, but some relatively stable intermediate molecules, such as CO and H, [2, 13]. Therefore
it is suspected that the NOX emission characteristics in a triple flame may differ from those in the
traditional premixed and diffusion flames.

The purpose of the present paper is to investigate the NO, the dominant component of NOx,
emission characteristics in triple flames by numerical simulation. To simplify the computations, the study
was carried out for counterflow methane-air triple flames. The choice of methane as a fuel is because
relatively detailed and complete chemical kinetics is available. The structure and NO emission
mechanism in counterflow methane-air triple flames are discussed and compared to those of the
corresponding counterflow premixed flames.

NUMERICAL MODEL

The studied flame configuration is an axisymmetric counterflow faminar flame, stabilized near the
stagnation plane of two opposed-jets, from which the same or different methane-air mixtures are issued.

The simulations assumed the stagnation point flow approximation. The governing equations can be
found elsewhere [14]. The potential boundary conditions were used.

The calculations were carried out by a code revised from Kee et al. {15]. Upwind and center
difference schemes were respectively used for the convective and diffusion terms in all the governing
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equations. Adaptive refinement of meshes was performed. The pressure and ambient temperature are 1
atm and 300 K, respectively. The distance between the two nozzles was 4.0 cm for all the calculations.

The reaction mechanism used is GRI-Mech 3.0 [16]. All the thermal and transport properties were
obtained by using the database of GRI-Mech 3.0 and the algorithms given in [17, 18]. The thermal
diffusion velocities of H, and H were accounted for, while those of all other species were ignored.

It is known that NO in a hydrocarbon flame can be formed primarily through thermal, NoQ
intermediate, and prompt routes [4-6]. The thermal NO formation is comprised of the three reversible
reactions: NO + N=0 + Ny, N+ O; = NO + O and N + OH = NO + H, while the N,O intermediate rouse
is initiated by the reactions: N,O (+M) = N, + O (+M), N,O + H =N, + OH, N,O + O =N, + O, and N,O
+ OH = N, + HO,. The prompt NO in hydrocarbon flames is initiated by the rapid reaction of
hydrocarbon radicals with molecular nitrogen [4]. To identify the relative importance of the three routes
to NO formation in triple flames, three simulations were carried out for set of mixtures studied. The first
simulation was conducted by the full GRI-Mech 3.0 chemistry, while the second simulation was
conducted by removing all the reactions of the N,O intermediate and prompt route initiation reactions
from the GRI-Mech 3.0 chemistry. In the third simulation, all the prompi initiation reactions were
removed. Consequently the NO obtained from the second simulation can be attributed to the thermal
mechanism. The difference between the second and third simulations is attributed to due to the N;O
intermediate route, while the difference between the first and third simulations is attributed to the prompt
NGO route.

RESULTS AND DISCUSSIONS

To compare the NOx emission characteristics of triple flames to those of premixed flames, the
simulations were carried out for both triple and premixed flames in an axi-symmetric counterflow
configuration. A counterflow triple flame (CFTF) is formed when a lean and a rich methane-air mixture
are respectively issued from the opposed nozzles, while a counterflow premixed flame (CFPF) is formed
when the same mixture is issued from the opposed nozzles. The stretch rate is 45 1/s for all the flames
studied. This choice was arbitrary but reasonable. The data obtained have been shifted such that X = 0.0
in all the cases below represents the position of the stagnation plane.

Unless explicitly indicated the results were obtained by the full GRI-Mech 3.0 chemistry.

The structure of a triple flame

Figure 1 shows the distributions of heat release rate and the mole fractions of CH, and O, of the
flame produced by issuing a lean and a rich methane-air mixture respectively from the opposed nozzles.
The equivalence ratios of the lean and rich mixtures of this flame are 0.7 and 1.3. The lean mixture is
issued from the left side, and the rich mixture from the right side. A typical triple flame structure is
clearly illustrated. There are three heat release regions. The left one is due to the combustion of the lean
premixed mixture, and the right one is due to the rich premixed mixture. Between the two premixed
flames, there is a diffusion flame formed around the stagnation plane. The heat release rate in the
diffusion flame is about two orders of magnitude smaller than in the premixed flames. No primary fuel
(CH,) reaches the diffusion flame. On the rich side, oxygen is entirely consumed by the premixed flame
and cannot reach the diffusion flame. However excess oxygen persists through the lean premixed flame,
and diffuses toward and is subsequently consumed in the diffusion flame. This phenomenon was also
observed by Echekki and Chen [2] in the simulation of a methanol-air triple flame and in our simulation
of the triple flame formed in a 2-D methane-air mixing layer {13].

In Fig.2 the temperature and concentrations of H, and CO, two relatively stable intermediate species
during methane combustion, are shown. The flame temperature peaks at the location of the diffusion
flame. More H, and CO exist in the region between the rich premixed and diffusion flame. This is
because there is not enough oxidant to convert the H, and CO, formed in the rich premixed flame, to H,O
and CO; in this region. These CO and H; are oxidized into CO, and H,0 in the diffusion flame.

The concentrations of radical O, OH and CH are shown in Fig. 3. It is noted that OH and O appear in
all the three flame branches, while CH only appears in the two premixed flame branches. The
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concentration of OH in the diffusion flame is higher than in the premixed flames. For radical O, the
concentration in the lean premixed flame is higher than in diffusion and rich premixed flames. The
concentration of CH in the rich premixed flame is much higher than in the lean premixed flame.

The structure determines the characteristics of NO emission in this triple flame.

NO Formation of a triple flame

Figure 4 shows the distribution of NO mole fraction in the counterflow triple flame (CFTF)
described above. The concentrations of NO in the counterflow premixed flames {CFPFs) formed by the
lean and rich mixtures of the CFTF are also shown for comparison (because of the symmetry, only halves
of the CFPFs are shown). The stretch rate of the counterflow premixed flames is the same as that of the
counterflow triple flame. It is seen that NO concentration (full NO) first rises on both edges of the triple
flame when the two premixed flame branches are approached from the fresh mixtures. Then the NO
concentration gradually increases, and finally rises rapidly again near the two sides of the diffusion flame
branch. The maximum NO concentration occurs on the rich side of the diffusion flame branch, whereas
the flame temperature peaks on the lean side (see Figs. 1 and 2).

The difference between the NO concentrations of the triple flame and the two corresponding CFPFs
is negligible in the two premixed flame branches of the CFTF. However the concentrations of NO in the
iriple flame begin to be greater than those of the corresponding CFPFs between the premixed flame
branches. The deviation is gradually increased when the diffusion flame branch is approached from the
two premixed flame branches. Therefore the triple flame produces more NO than either of the
corresponding premixed flames does.

The prompt route contributes most NO in this CFTF on the rich side of the stagnation plane.
However, closer to the stagnation plane, the contribution of the thermal route to NO is significantly
increased. The contribution from the N,O intermediate route is much smaller than from the thermal and
prompt routes. In the reaction zone of the lean premixed flame branch, prompt route also contributes most
NO, and the contribution of the N,O intermediate route is similar to that of the thermal route. Leaving the
lean premixed flame branch and approaching the diffusion flame branch, the contribution of the thermal
route gradually increases, and finally exceeds the contributions of the prompt and N,O intermediate
routes. :

Figure 5 illustrates the NO production rates of the CFTF and the corresponding CFPFs. It is shown
that there are three main NO production zones, corresponding to the three flame branches in the triple
flame. In the two premixed flame branches, the full NO production rates of the CFTF are almost the same
as the corresponding CFPFs. However NO is produced in the diffusion flame branch of the triple flame,
while no NO is produced around the stagnation plane of the CFPFs, The prompt route dominates the NO
production in the two premixed flame branches, and the thermal route dominates in the diffusion flame
branch. The reason is that the species CH only appears in the two premixed flame branches, while O
appears in all the three flame branches. The radicals CH and O are respectively the most important
species initiating the prompt and thermal route reactions (see below). Therefore due to the appearance of
the diffusion flame branch, a triple flame produces more NO than the corresponding CFPFs. The NO in
the diffusion flame branch is primarily produced through the thermal route. This is the feature of a triple
flame. The NO production rate due to the N,O intermediate is very small in most flame, except in the lean
premixed flame branch where it is similar to that due to the thermal route.

The negative and positive NO productions at the two edges of the triple flame are due to NO,
destruction and production, as Nishioka et al. [5] found in the investigation of counterflow double flames.

Figure 6 gives the sensitivity coefficients of the five most significant reactions initiating NO
formation. Tt is found that the two most important reactions initiating NO formation are N + NO = N, + O
and CH + N, = HCN + N. The former is the thermal NO initiation reaction, and the latter befongs to the
prompt route of NO initiation reaction. The route through N,O intermediate contributes much less than
thermal and prompt routes in most of the triple flame, except in the lean premixed flame branch. In the
rich premixed flame branch, the reaction CH + N, = HCN + N is the dominant one. Although this reaction
is also the most important one in the lean premixed flame branch, the reactions N + NO = N, + O, N,0
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(+M) = N, + O (+M} and N,O + H =N, + OH also play significant roles. The role of the reaction C + N,
= CN + N is very small in the whole triple flame. In the diffusion flame branch, the thermal route
initiation N + NO =N, + O is the dominant one.

The above discussion is for one typical triple flame. The variation in the equivalence ratio of the lean
or rich mixture may change the characteristics of NO emission in triple flames.

Figure 7 shows the NO mole fractions of the four other CFTFs and the four related CFPFs. Although
the variation in the equivalence ratio of the lean or rich mixture causes the quantitative change of NO
produced in a counterflow triple flame, the qualitative characteristics of NO production in the triple
flames of Fig.7 are similar to those discussed above. In both premixed flame branches, the prompt route
produces more NO, while thermal mechanism dominates the production of NO in the diffusion flame
branch. The contribution of the N,O intermediate route to the production of NO in the whole triple flame
is much smaller than the thermal and prompt routes.

However when the mixture from one nozzle is extra lean or rich, such as ¢, =0.60r ¢, =1 41 the

NO produced by the CFTF is more than by the corresponding CFPF not only in the stagnation plane
region, but also in the lean or rich premixed flame branch. This is because the lean or rich premixed flame
branch is located very close to the diffusion flame branch for these flames. The interaction between the
diffusion flame branch and the lean or rich premixed flame branch causes the higher concentrations of the
radicals O, OH, CH, eic., and thus results in the higher NO production rate in the lean or rich premixed
flame branch than in the corresponding CFPF. If the mixture of one nozzle becomes further lean or rich,
one of the premixed flame branches may move to the stagnation plane and finally the triple flame may
become a double flame.

Although not shown, when the mixtures from both the opposed nozzles are respectively exira fean
and rich, the NO produced in both lean and rich premixed flame branches is higher than in the
corresponding CFPFs, because of the interactions between the diffusion flame and the premixed flame
branches.

It is also noted from Fig.7 that the closer to unity the equivalence ratio of the lean or rich premixed
mixture, the greater the NO production between the premixed and diffusion flame branches. The slopes of
the curve in this region for the full NO and thermal NO are almost the same. Accordingly more NO is
produced by the thermal mechanism in the region between the premixed and diffusion flame branches
when the equivalence ratio of the lean or rich mixture is closer to unity.

Therefore compared to the corresponding premixed flames, a triple flame usually produces more NO
due to the appearance of the diffusion flame branch. The NO in the diffusion flame branch of a triple
flame is produced mainly through the thermal route. Furthermore if the mixture from one or both nozzles
is extra lean or rich, a triple flame produces more NQO than the corresponding CFPFs not only in the
diffusion flame branch region, but also in one or both of the premixed flame branches due to the
interaction between the diffusion and the premixed flame branches.

From the viewpoint of industry application, a triple flame can results in more NO being produced
than a lean or stoichiometric flame, since great amount of NO is produced in the rich premixed and
diffusion flame branches. This can partially explain the fact that more NO is produced in a stratified
partially premixed combustion chamber, such as in a direct injection spark-ignition (DISI) engine, than in
a traditional combustion chamber. The reason is that the traditional combustion chambers operate under
stoichiometric or lean condition, and thus only stoichiometric or lean premixed flames appear, while a
triple flame may be formed in a stratified partially premixed combustion chamber.

CONCLUSIONS

The structures and NO emission characteristics of CHy/air triple flames have been numerically
investigated in this paper. The result indicated that the heat release rate in the diffusion flame embedded
within the two premixed flames is much smaller than in the premixed flames. No primary fuel can reach
the diffusion flame, while the excess oxygen can survive through the lean premixed flame and reach the
diffusion flame. A counterflow triple flame produces more NO than the corresponding premixed flames
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due to the appearance of the diffusion flame branch and the interaction between the diffusion and
premixed flame branches. The NO in the diffusion flame branch of a triple flame is mainly produced by

the

thermal mechanism, while the prompt route dominates the NO emission in the two premixed flame

branches. The contribution of the N,O intermediate route to the total NO production in a triple flame is
much smaller than the thermal and prompt routes.
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