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Abstract

Triple flames formed in methane/air mixing layers with three different mixture fraction gradients were investigated by numerical simulation. The
primitive variable method, in which the fully elliptic governing equations were solved with detailed chemistry and complex thermal and transport
properties, was used. Radiation heat transfer from CO,, CO and H,O was calculated using the discrete-ordinates method coupled to a statistical
narrow band correlated-K based wide band model. The results show that with the increase of the mixture fraction gradient, the combustion
intensity in the diffusion flame branch of a triple flame is enhanced. In the near-stoichiometric mixture fraction region, the local burning flux of
a triple flame is reduced when the mixture fraction gradient is increased. However, when the mixture fraction is significantly different from the
stoichiometric value, the local burning flux increases as the mixture fraction gradient is increased. The correlation of the burning speed versus
stretch rate established from conventional homogeneous premixed flames cannot completely explain the phenomena observed in triple flames.
The interaction between the diffusion and premixed flame branches significantly affects the local burning velocity in regions where the mixture
fraction is far from the stoichiometric value in a triple flame. This interaction is caused by both conduction heat transfer and radical exchange.

Radiation has negligible effect on local burning properties in a triple flame.

© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

A triple flame is usually formed in a partially premixed mix-
ture. Triple flames were first observed by Phillips [1] in an
experimental study of a methane/air mixing layer in 1965. The
problem was later addressed analytically by Lifidn and Crespo
[2] using large activation energy asymptotics in 1976. This ap-
proach was extended by Dold [3] to include the upstream heat
conduction. Using a similar model, Kioni et al. [4] studied the
response of the structure and propagation velocity of a triple
flame to the strain in a counterflow configuration by a simplified
numerical model. Since then many researchers have extensively
studied this issue from various viewpoints. Ruetsch et al. [5]
and Boulanger et al. [6] studied the effect of heat release on
triple flames. The structure and propagation of methanol/air and
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methane/air triple flames in 2-D mixing layers were numeri-
cally studied respectively by Echekki and Chen [7] and Kioni et
al. [8]. Buckmaster and Matalon [9] studied the effects of Lewis
number on triple flames. Azzoni et al. [10] investigated the
effect of gravity on triple flames. Plessing et al. [11] experimen-
tally and numerically studied the structure and propagation of
triple flames produced by an axisymmetric co-flow burner with
a central diluted fuel jet and a surrounding fuel co-flow; a re-
duced chemistry was used in the simulations. Qin et al. [12] also
studied the characteristics of lifted triple flames stabilized in the
near field of a partially premixed axisymmetric jet. Im and Chen
[13,14] studied triple flames in partially premixed hydrogen-air
mixtures and the effects of flow strain on triple flame propa-
gation by direct numerical simulation and detailed chemistry.
Lockett et al. [15] experimentally examined the structure and
stability of laminar counterflow triple flames. Ko and Chung
[16] and Lee et al. [17] experimentally studied the propaga-
tion of unsteady triple flames in laminar non-premixed jets. The
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propagation of triple (edge) flames produced by opposed jets
were experimentally and numerically investigated respectively
by Santoro et al. [18] and Frouzakis et al. [19].

Most previous studies on triple flames focused on the propa-
gation of the triple point. Due to the variation in equivalence
ratio along the flame front and the co-existence of the three
flame branches, it is interesting to examine the local burning
speed along the entire front of a triple flame. The character-
istics of local burning speed along the front of a triple flame
significantly affect the combustion and formation of pollutant,
such as NOy, in a partially premixed mixture. In spite of the
importance of this property, only Plessing et al. [11] and Qin
et al. [12] provided the details of the local burning velocity dis-
tribution in a triple flame. While Qin et al. [12] indicated that
like in a premixed flame, there is a good correlation between
the stretch rate, Lewis number, and flame propagation speed in
both the rich and the lean premixed zones, Plessing et al. [11]
showed that such a simple correlation does not exist for a triple
flame. Moreover, Refs. [11,12] each studied the local burning
speed for only one triple flame. To our knowledge, no study on
the effect of mixture fraction gradient, the most significant para-
meter affecting the propagation characteristics of a triple flame,
on local burning speed along the entire flame surface of a triple
flame has ever been reported.

In this paper, three triple flames with different mixture frac-
tion gradients in two dimensional methane/air mixing layers are
numerically investigated. The local propagation speed along the
flame front of a triple flame and the effect of mixture fraction
gradient will be examined and discussed. For the purpose of
presentation, the structures of triple flames and the effect of
mixture fraction gradient are first briefly discussed.

2. Flame configuration and numerical method

The simulation was carried out in a 3 cm (x) x 5 cm (y)
two-dimensional rectangular domain, as shown in Fig. 1. The
fresh methane/air mixture enters the domain from the bottom at
atmospheric pressure, with the velocity and temperature being
50 cm-s~! and 298 K, respectively. The equivalence ratio (¢)
at the inlet linearly varies from 0.0 to 2.0 within a mixing layer.
Then a triple flame is expected to form inside the domain.

Methane/air triple flames with three different mixture frac-
tion gradients, obtained by using the mixing layer thickness
(L) of 0.5, 1.0 and 2.0 cm, respectively, were studied.

The numerical model solved fully elliptic governing equa-
tions for the conservation of mass, momentum, energy and
chemical species. The governing equations are [20]
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where u and v are the velocities in x and y directions, respec-
tively; T the temperature of the mixture; o the density of the
mixture; Wy the molecular weight of the kth species; A the mix-
ture thermal conductivity; ¢, specific heat of the mixture under
constant pressure; cpi specific heat of the kth species under
constant pressure; w; mole production rate of the kth species
per unit volume. Quantity Ay denotes the specific enthalpy of
the kth species; g the gravitational acceleration which was in
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Fig. 1. Computational configuration.
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the vertical (y) direction; w the viscosity of the mixture; Y} the
mass fraction of the kth species; Vi, and Vj, the diffusion ve-
locities of the kth species in x and y directions; and K K the
total species number. The set of governing equations was closed
by the ideal gas state equation.

The last term on the right-hand side of Eq. (4), ¢,, is the
source term due to radiation heat transfer. It was obtained by
the discrete ordinate method coupled to a statistical narrow-
band correlated-K (SNBCK) based wide band model for the
properties of CO, CO, and H,O [21].

The species diffusion velocity consists of three terms: ordi-
nary diffusion, thermal diffusion and correction diffusion ve-
locities, i.e.

kai = Vokxi + VTkxi + VCXi
k=1,2,...,KK,

The ordinary diffusion velocity, Vjiy,, and the thermal dif-
fusion velocity, Vriy,, were respectively calculated by the ap-
proximate mixture-average formulation and the accurate multi-
component formulation [22]. The correction diffusion veloc-
ity, Vcx,, was introduced to ensure the net diffusive flux of all
species to be zero.

Low Mach number flow was assumed, and hence the pres-
sure difference only affects the velocity field. The governing
equations were discretized using the control volume method.
The SIMPLE numerical scheme [23] was used to deal with
the pressure and velocity coupling. The diffusion and convec-
tive terms in the conservation equations were respectively dis-
cretized by the central and upwind difference methods. A 260 x
232 cell mesh was used, with finer uniform grid in the triple re-
gion (the common region of origin of the three flame branches),
where the grid size was 0.0625 x 0.0625 mm?. It has been
checked that the further refinement of grid does not significantly
affect the result. The discretized equations of species mass frac-
tion were solved simultaneously for every cell to accelerate the
convergence process [24], while those of momentum, energy
and pressure correction were solved sequentially using the tri-
diagonal matrix algorithm (TDMA).

The free slip boundary condition was used for the left- and
right-hand side boundaries, and zero gradient condition was
used for the outlet (the upper boundary). The inlet velocity and
temperature were fixed as 50 cm-s~! and 298 K, respectively.
The species concentrations at the inlet were specified according
to the local equivalence ratio.

The chemical reaction mechanism used is essentially from
GRI-Mech 3.0 [25], with the removal of the reactions and
species related to NOy formation (except Nj). The revised re-
action scheme consists of 36 species and 219 reactions. The
thermal and transport properties were obtained by using the
database of GRI-Mech 3.0 and the algorithms given in [22,26].

Xi=Xx,y (6)

3. Results and discussion
3.1. Structure of triple flames

The above described flame configuration and three mixing
layers formed three linear mixture fraction profiles, with mix-
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Fig. 2. Heat release rate, erg-cm*3s*1. (@) L, =0.5 cm; (b) L, =2.0 cm.
Dashed line represents the position of the stoichiometric mixture fraction.

ture fraction gradients being, respectively, 0.208, 0.104 and
0.052 cm™~!, corresponding to the mixing layer thicknesses of
0.5, 1.0 and 2.0 cm. Mixture fraction was calculated by the de-
finition in [27].

Fig. 2 shows the heat release rate distributions, streamlines
and two contour lines for two triple flames with mixing layer
thickness (L,,) of 0.5 and 2.0 cm. Results of the flame with
L,, of 1.0 cm are qualitatively similar, but quantitatively be-
tween those of L,, = 0.5 and 2.0 cm. To save space, the results
for the flame with L,, of 1.0 cm are not shown in Figs. 2—4.
The black dashed line represents the position of the stoichio-
metric mixture fraction (0.055). The black and white solid lines
are respectively the contour lines with temperature of 300 K
and CO; mole fraction (Xco,) of 0.043. The lines with arrows
are the streamlines. The structure of triple flames is clearly il-
lustrated. There are three main heat release branches for each
flame. To the left and right are the lean and rich premixed flame
branches, respectively. Between them, there is a diffusion flame
branch formed along the line of stoichiometric mixture fraction.
Hereafter the three flame branches are also referred to as the
lean, the rich and the diffusion flames/branches. They have a
common region of origin, known as the triple region. The flow
diverges ahead of the triple region due to heat expansion [5],
which is the reason that a triple flame can be self-stabilized in
an environment with a higher upstream speed.

The heat release rate in the diffusion flame is much lower
than in the premixed flames. Comparing the two triple flames,
it is observed that the heat release rate in the diffusion branch
of the triple flame with the narrower mixing layer is higher than
that with the wider mixing layer. Since the mixture fractions
(equivalence ratios) on the two sides of the mixing layers were
same for all the studied triple flames, narrower mixing layer
means higher mixture fraction gradient. This implies that the
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Fig. 3. Flame temperature, K. (a) L;; = 0.5 cm; (b) L, = 2.0 cm. Dashed line
represents the position of the stoichiometric mixture fraction.

combustion intensity is higher in the diffusion flame when the
upstream mixture fraction gradient is increased. Such a result is
consistent with the theoretical analysis in [3].

Shown in Fig. 3 are the flame temperature distributions for
the two triple flames described above. It is indicated that the
temperature peaks around the stoichiometric line in a triple
flame. This is because the excess burning components (mainly
CO and H; formed in the rich branch) and oxygen (from the
lean branch) further react in the diffusion flame. As a result,
there should be lateral heat transfer from the diffusion flame
to the premixed flames due to conduction and radiation. This
causes the burning speeds and the flammability limits of the
premixed flames to differ from those of the corresponding one-
dimensional planar lean and rich premixed flames, as discussed
later.

Fig. 4 displays the distributions of OH mole fraction for
the two triple flames. The concentration of OH peaks in the
triple region for both flames. Among the three branches of each
triple flame, the concentration of OH in the diffusion flame is
higher than in the two premixed flames. For the flame with
L,, = 2.0 cm, the OH distribution shows three higher concen-
tration regions, corresponding to the three flame branches. In
the regions between the diffusion flame and the two premixed
flames, the concentration of OH is lower. However, the situation
in the flame of L,, = 0.5 cm varies. The three flame branches
are very close, and there are no regions of significantly low OH
concentration between the diffusion and the premixed flames.
Although not shown, other radicals, like H, have the similar
phenomenon. This is because the distances between the dif-
fusion flame and the two premixed flames decrease with the
reduction in the mixing layer thickness, and the burning inten-
sity in the diffusion flame relatively increases. As a result, the
interaction between the diffusion flame and the two premixed
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Fig. 4. Mole fraction of OH. (a) L;; = 0.5 cm; (b) L;; = 2.0 cm. Dashed line
represents the position of the stoichiometric mixture fraction.

flames is intensified when the mixing layer is narrower. More
radicals produced in the diffusion flame, such as OH and H, can
diffuse to the premixed branches in triple flames of narrower
mixing layer. This radical diffusion can enhance the fuel de-
composition and combustion in the two premixed flames. This
is very important, since the local burning velocities along the
two premixed flames will be more significantly affected by the
diffusion branch in triple flames of narrower mixing layer, as
discussed in the next section.

The concentrations of the primary fuel (CH4), oxygen (O3),
and two intermediate species H, and CO for the flame of L,, =
2.0 cm are shown in Fig. 5. The other two flames have qualita-
tively similar results. It is revealed that no primary fuel (CH4)
can reach the diffusion flame, while excess oxygen can pene-
trate the lean premixed flame and reach the diffusion flame. In
the rich premixed flame, the primary fuel is converted to some
intermediate species, such as Hy and CO, and these intermedi-
ate species are consumed in the diffusion flame. These results
are consistent with the observation in [7] for methanol/air triple
flames.

3.2. Local burning flux along the flame surface

Due to the variation in equivalence ratio, an interesting prop-
erty of triple flames is the local burning flux, the product of local
flame propagation speed and density, along the flame surface.
There are multiple definitions for flame speed. Although some
researchers argued that the consumption speed is more mean-
ingful to represent the burning velocity [28], the local value
is difficult to obtain for multi-dimensional flames. Like other
studies [12,13], the displacement speed is used in this paper.
Generally it can be obtained by equating the transport equation
for a scalar variable with the Hamilton—Jacobi equation for the
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Fig. 5. Mole fractions of CHy, O3, Hy and CO for the flame of L,, = 2.0 cm.
Dashed line represents the position of the stoichiometric mixture fraction.

scalar field [5]. For a steady state simulation, this property can
be simply obtained by evaluating the local fluid velocity normal
to the flame surface.

A difficulty in calculating the displacement speed is to lo-
cate the flame surface. As a flame has a finite thickness, there is
some ambiguity in selecting this surface. In the previous stud-
ies [12,13], the contour line with a constant OH or H,O mass
fraction was selected. However neither was found to properly
represent the envelopes of the triple flames investigated in this
study. Alternatively the contour line with the CO, mole fraction
of 0.043, the white solid line in Fig. 2, was found to reason-

ably represent the envelopes of the current triple flames. This
choice is a best fit to the reaction surfaces of the premixed flame
branches. The stream tube area varies across the flame due to
the flow divergence, which usually causes the variation in burn-
ing flux along a stream tube. In order to examine this variation
and obtain the common feature of the local burning velocity in
a triple flame, in addition to the contour line of Xco, = 0.043,
the contour line of 7' = 300 K (the black solid line in Fig. 2)
was also used to evaluate the local burning flux. The former is
the reaction surface of the premixed flame branches of a triple
flame, whereas the latter represents the flame front (upstream)
surface. We chose the burning flux, rather than the speed, to
reflect the burning intensity, since it is affected mainly by the
variation of the stream tube area, while the speed is affected by
the variations in both the stream tube area and the temperature.

Fig. 6 shows the local burning flux versus mixture fraction
[27] obtained from the two surfaces for the three triple flames.
The data for one-dimensional planar CH4/air premixed flames,
obtained from the web site of GRI—Mech 3.0 [25], are also
shown for comparison. Note that the burning flux of a one-
dimensional planar premixed flame is constant along the whole
flame layer. From this figure, it is first observed that the burn-
ing fluxes for the two surfaces are significantly different. For a
given mixture fraction, the burning flux from the contour line
of T =300 K is greater than that from the contour line of
Xco, = 0.043. This is caused by the variation in the stream
tube area across the flame, which is similar to a premixed
flame with a varying stream tube area, like an inwardly—or
outwardly-propagating flame [29], and the preferential diffu-
sion. Compared to the burning flux from the contour line of
Xco, = 0.043, the differences in the local burning fluxes of the
three studied triple flames obtained from the contour line of
T =300 K decrease in the near-stoichiometric mixture fraction
(0.055) region, and increase in the region where the mixture
fraction is far from the stoichiometric value.

Secondly, we note from Fig. 6 that the local burning flux
along a flame surface of a triple flame is apparently lower
than that of the corresponding one-dimensional planar flame
when the mixture fraction is near the stoichiometric value. In
spite of the quantitative difference in the burning fluxes ob-
tained from the two surfaces, there is a common feature. The
narrower the mixing layer, the lower the burning flux in the
near-stoichiometric mixture fraction region. A one-dimensional
premixed flame can be seen as a triple flame formed in an in-
finitely wide mixing layer. However, as the mixture fraction is
varied from the stoichiometric value, for both the rich and the
lean directions, the difference in the burning fluxes between the
1-D premixed flame and the triple flames gradually decreases,
and eventually the effect of the mixing layer thickness on burn-
ing flux reverses. This is a feature of triple flames. When the
mixture fraction is far from the stoichiometric value, the burn-
ing flux obtained from the contour line of 7 = 300 K is higher
than that of the 1-D planar premixed flame. In the following
paragraphs, we will discuss this common feature of local burn-
ing flux in triple flames mainly based on the results from the
contour line of Xco, = 0.043, since they represent the burn-
ing speed of the premixed flame branches of a triple flame and
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the results obtained from other surfaces, like the contour line of
T =300 K, are qualitatively similar.

A triple flame in a mixing layer is strongly stretched, since
the flame surface is curved and the fluid flow diverges, as seen
in Fig. 2. Fig. 7 shows the stretch rate along the contour line of
Xco, = 0.043 for the three triple flames. The stretch rate was
calculated as [28]

k=—iii:VV 4+ V-V +54(V-7i) @)

where 7 is the unit vector normal to the flame surface, s; is the
local flame propagation speed (obtained using the above burn-
ing flux divided by density), V is the local flow velocity, and
V -1 is the curvature of the flame surface. It is illustrated that
the highest stretch rates occur in the near-stoichiometric mix-
ture fraction region. The stretch rate increases with the decrease
in mixing layer thickness. For the mixture fractions further off
the stoichiometric value, both the magnitude of the stretch rate
and the difference in the stretch rate between the three flames
decrease. The stretch rate obtained from the contour line of
T =300 K is qualitatively similar to that from the contour line
of Xco, = 0.043. The stretch rate of a one-dimensional planar
premixed flame is zero.

From Figs. 6 and 7, we find that in the near-stoichiometric
mixture fraction region, the higher the stretch rate, the lower the

burning speed. However, the situation reverses when the mix-
ture fraction is far from the stoichiometric value.

We now examine if the theories of burning speed versus
stretch rate established for homogeneous premixed flames can
explain the phenomenon observed in triple flames. The results
regarding the response of burning speed to stretch for homoge-
neous methane/air premixed flames in the literature are some-
what inconsistent. A well-known viewpoint [29] suggests that
positive stretch enhances the burning intensity of a lean mix-
ture and reduces that of a rich mixture for methane/air premixed
flames, due to the Lewis number effect. Conversely, a numerical
study by Davis et al. [30] shows that for methane/air premixed
flames with equivalence ratios from 0.6 to 1.4, the Markstein
number is always greater than zero and thus positive stretch
reduces the burning speeds for both lean and rich methane/air
mixtures. While it is still hard to justify which of these two
viewpoints is correct, we find that neither of them can com-
pletely explain the burning speed response to stretch in the
triple flames of this paper. The first viewpoint [29] can partially
explain the phenomena in triple flames in regions where the
mixture fractions are either slightly larger or much lower than
the stoichiometric value. However it fails in regions where the
mixture fraction is either slightly less or much larger than the
stoichiometric value. On the other hand, the viewpoint of Davis
et al. [30] can explain the results in the near-stoichiometric
mixture fraction region, but fails in the regions with mixture
fraction far from stoichiometric value (either lean or rich).

The existing theories of the burning speed response to stretch
established from homogeneous premixed flames cannot com-
pletely explain the phenomena observed in triple flames. This
result is in disagreement with Qin et al. [12], but to a certain
extent consistent with Plessing et al. [11].

The principal reason that the response of triple flames to
stretch differs from that of homogeneous premixed flames is the
interaction between the three branches of a triple flame. The ef-
fect of this interaction is particularly significant in the region
with mixture fraction far from the stoichiometric value, since
the two premixed flame branches are separated by and gradually
becoming almost parallel to the diffusion flame branch. There-
fore there is heat transfer and radical exchange between the
diffusion and the two premixed flames. The direct interaction
between the two premixed flame branches can be neglected.

As shown in Fig. 3, the temperature in the diffusion branch
of a triple flame is higher than in the two premixed branches.
Consequently there is lateral heat transfer from the diffusion
branch to the premixed branches. With the decrease of the mix-
ing layer thickness, the space between the diffusion branch
and the two premixed branches reduces. Consequently the
heat transfer rates from the diffusion branch to the premixed
branches are higher, which leads to the higher burning fluxes
in the premixed branches of triple flames with narrower mixing
layer or higher mixture fraction gradient.

In addition to the lateral heat transfer, the interaction also re-
sults from the exchange of radicals between the diffusion and
the premixed flames. The radicals formed in the diffusion flame,
such as OH and H, diffuse to the two premixed flames, which
intensifies the combustion in the premixed flames. This interac-
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Fig. 8. Mole fraction of OH in two counterflow triple flames (CFTFs) and the
corresponding counterflow premixed flames (CFPFs). Quantity a represents
stretch rate.

tion is also strengthened with the decrease in the space between
the diffusion and the premixed flames. For triple flames with
narrower mixing layers, the space between the diffusion and
the two premixed flames reduces and thus the interaction is
stronger.

Therefore both the heat transfer and radical exchange be-
tween the diffusion and premixed branches in a triple flame are
enhanced with the decrease of the mixing layer. To clearly show
and understand the interaction between the diffusion and pre-
mixed branches in triple flames, in addition to the simulations
of the previous triple flames in 2-D mixing layers, we also did
calculations for axi-symmetric counterflow flames. The simple
configuration of counterflow flame not only produces the simi-
lar interaction between the diffusion and premixed branches of
triple flames, but also allows us to exactly identify how the in-
teraction is caused.

Fig. 8 displays the concentrations of OH in two counterflow
triple flames (CFTFs) of different stretch rates and the corre-
sponding counterflow premixed flames (CFPFs). The CFTFs
were produced by lean and rich CHy/air mixtures, respectively,
issuing from two opposed nozzles, while the corresponding CF-
PFs were produced by identical CHy/air mixtures issuing from
the opposed nozzles. The equivalence ratios of the rich and the
lean mixtures are, respectively, 1.3 and 0.7. The configurations
of CFTF and CFPF are shown in Fig. 9. Note that only halves
of the CFPF’s profiles are displayed in Fig. 8 due to the sym-
metry. It is observed that when the stretch rate is 45 s~!, the
differences in OH concentrations of the premixed flames of the
CFTF and the corresponding CFPFs are negligible. However,
with the stretch rate being increased to 180 s~!, the OH con-
centrations in the premixed flames of the CFTF are significantly
higher than in the corresponding CFPFs. This is because the dif-
fusion and the premixed flames of this CFTF are closer owing
to the higher stretch rate, and thus the interaction between them
is more significant. For triple flames in 2-D mixing layers, the
same interaction exists. The interaction is intensified when the
mixing layer is narrower due to the higher stretch rate, as shown
in Fig. 7.
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Fig. 9. Schematic configurations of three counterflow flames. (a) CFTF;
(b) HWSPF; (c) CFPE.

The heat transfer and the exchange of radicals enhance
the local burning velocities in the premixed branches of a
triple flame. For a triple flame with narrower mixing layer,
the stronger interaction between the diffusion and the premixed
flames causes the higher local burning fluxes in the region with
mixture fraction far from the stoichiometric value. This suc-
cessfully explains the results of Figs. 6 and 7 in regions with
mixture fractions far off the stoichiometric value, where the nar-
rower the mixing layer, the higher the local burning flux.

To identify the relative importance of the two effects, the
heat transfer and the radical exchange, we further examine the
results of the above CFTF with the stretch rate of 180 s~! and
the corresponding CFPFs. In addition to this CFTF and the cor-
responding CFPFs, we carried out simulations of two additional
stretched premixed flames with the same stretch rate. These two
stretched premixed flames were generated by issuing the lean
or rich CHy/air mixture from a nozzle and impinging the jet on
an inert high temperature wall. The temperature of the wall was
specified as the maximum temperature of the CFTF. We refer to
these two extra stretched premixed flames as High Temperature
Wall Stabilized Premixed Flames (HWSPFs). The schematic
configuration of HWSPF is also shown in Fig. 9. Being dif-
ferent from the rich and lean premixed flame branches of the
CFTF, there is no radical exchange between the inert hot wall
and the reaction zone for the two HWSPFs. However, because
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of the high temperature of the wall, the heat transfer from the
wall to the reaction zones exists. Consequently the differences
between the two premixed flames of the CFTF and the corre-
sponding lean and rich HWSPFs are due to the radical exchange
between the diffusion and two premixed flames in the CFTF.
Because of the symmetry, there is neither heat transfer nor rad-
ical exchange between the stagnation plane and a lean or rich
CFPF. Accordingly the disparities between the HWSPFs and
the corresponding CFPFs are caused by the heat transfer from
the wall to the reaction zones, which is similar to the heat trans-
fer from the diffusion flame to the premixed flames in the CFTF.
Fig. 10 shows the mole fractions of OH and the consumption
rates of methane for the CFTF, HWSPFs and the corresponding
CFPFs. It is clearly demonstrated that the heat transfer and rad-
ical exchange between the diffusion and the premixed flames
play similar roles in affecting the local burning characteristics
of the premixed branches of a triple flame. For example, the
diffusion of OH and the heat transfer from the diffusion flame
significantly increases the concentrations of OH in the two pre-
mixed flames of the CFTF. As a result, the consumption rates
of methane in the two premixed flames of the CFTF are intensi-
fied, and the two premixed flames of the CFTF can move further
away from the stagnation plane, compared to the corresponding
CFPFs.

It should be pointed out that the role of the interaction be-
tween the diffusion flame and the premixed flames in affecting
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Fig. 10. Profiles of OH mole fractions and CHy4 consumption rates in CFTF,
HWSPFs and CFPFs with stretch rate of 180 s~ 1.

the local burning properties is only significant in the region with
mixture fractions far from stoichiometric value for triple flames
in 2-D mixing layers. When the stoichiometric mixture fraction
region is gradually approached from either the lean or rich side,
the two premixed flames become almost vertical to the diffu-
sion flame. The heat transfer and radical exchange between the
diffusion flame and two premixed flames become negligible.
Therefore the effect of the interaction between the diffusion
flame and the premixed flames on the local burning velocity
almost disappear in the near stoichiometric mixture fraction re-
gion. The main factor affecting the local burning velocity in
this region should be the stretch, as in a homogeneous premixed
flame. Figs. 6 and 7 show that the higher the stretch rate (or the
narrower the mixing layer), the lower the local burning veloc-
ity is in the near stoichiometric mixture fraction region. This
result is consistent with the previous results of other investi-
gators, such as [4,5,14]. It suggests that the Markstein number
for near stoichiometric CHy/air mixtures (either lean or rich) is
positive, and thus positive stretch reduces the burning velocity.
This supports the conclusion of Davis et al. [30].

3.3. Effect of radiation on local burning flux

The heat transfer from the diffusion branch to the premixed
branches in a triple flame can be caused by radiation and
conduction. Convection is negligible, since the velocity com-
ponent along the lateral direction is very small, as shown in
Fig. 2. To study the effect of radiation on local burning flux
in a triple flame, we carried out two more simulations for the
triple flame configured with a mixing layer of 1.0 cm, in ad-
dition to the normal simulation by the radiation model (DOM)
described in the numerical model section. The radiation reab-
sorption term was neglected (i.e. optically thin model) in the
first extra simulation, while the radiation heat loss term was to-
tally removed (i.e. adiabatic flame) in the second one. The local
burning fluxes obtained from the two surfaces examined pre-
viously (Xco, = 0.043 and T = 300 K) by the three radiation
models are illustrated in Fig. 11. It is observed that there is al-
most no discernable difference among the results from the three
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Fig. 11. Burning fluxes of the flame with L;; = 1.0 cm from three different
radiation models.
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radiation models. This implies that radiation is not a signifi-
cant factor causing the heat transfer from the diffusion to the
premixed flame branches and the enhancement of local burn-
ing velocity in the premixed flame branches. It may be because
flame size is small. Therefore the heat transfer from the diffu-
sion flame branch to the premixed flame branches in a triple
flame is mainly caused by conduction.

4. Conclusions

The triple flames in two-dimensional methane/air mixing
layers with three different mixture fraction gradients have been
numerically investigated. The results indicate that the heat re-
lease rate in the diffusion flame branch of a triple flame is much
lower than in the two premixed flame branches. With the de-
crease of the mixing layer thickness, the combustion intensity in
the diffusion flame branch of a triple flame is increased. In the
near-stoichiometric mixture fraction region, the local burning
flux of a triple flame is lower when the mixing layer is narrower.
However when the mixture fraction is far from the stoichiomet-
ric value, the local burning flux is increased as the mixing layer
thickness is reduced. The correlation of burning speed versus
stretch rate from homogeneous premixed flames cannot com-
pletely explain the phenomenon in a triple flame. This is due
to the interaction between the diffusion and the premixed flame
branches, which significantly affects the local burning velocity
in the region with mixture fraction far from the stoichiometric
value in a triple flame. This interaction is caused by conduction
heat transfer and radical exchange between the diffusion flame
branch and premixed flame branches. Radiation has negligible
effect on local burning properties of a triple flame.
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