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ABSTRACT

A V-shaped laminar stratified flame was 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.

The results indicate that in addition to the primary
premixed flame, the stratified charge in a combustor causes the
formation of a diffusion flame. The diffusion flame is located
between the primary premixed flame branches. The fuel is fully
decomposed and converted to some intermediate species, like
CO and Hy, in the primary premixed flame branches. Due to the
shortage of oxygen, the formed CO and H, in the fuel rich
region of the premixed flame branch is further transported to
the downstream until they meet the oxygen from the fuel lean
region. This leads to the formation of the diffusion flame. There
is an interaction between the diffusion flame and the primary
premixed flame branches. The interaction intensifies the
burning speed of the primary premixed flame. Both the heat
transfer and the diffusion of hydrogen and some radicals cause
the interaction. With the increase of the stratified charge region,
the diffusion flame zone is enlarged and the interaction is
enhanced.

Keywords: laminar flame, stratified combustion, triple
flame, direct injection.

INTRODUCTION

Direct injection spark ignited gasoline engine technique
has been quickly developed in past few years, due to its higher
fuel efficiency and lower green-house gas emission. Inside the
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cylinder of a direct injection spark ignited engine, a stratified
charge near the spark plug is usually generated. The
combustion inside a spark ignited engine is much more
complex than in a homogeneous charge engine.

Many previous studies [1-4] on stratified charge
combustion were devoted to industrial configurations where the
fundamental mechanisms of stratified combustion could not be
easily understood. Fundamental studies [5, 6] adopting ideal
flame configurations and direct numerical simulations [7, 8]
showed that the characteristics of the flame propagation in a
stratified mixture are different from those in a homogeneous
mixture. The flame speed in a stratified field is increased
compared to in a homogeneous field.

Galizzi [9] experimentally studied a V-shaped flame
stabilized in a field with stratified fuel-air ratio. A particular
shape of the flame front, called “peninsula”, was observed in
the experiment. However, the mechanism for this flame
“peninsula” was not properly explained.

In this paper, the flame that Galizzi [9] experimentally
investigated was numerically simulated by detailed chemistry
and complex thermal and transport properties. The purpose is to
use the details from numerical simulation to understand the
specific flame structure observed by Galizzi [9]. The flame
propagation speed in a stratified field will also be investigated
and compared with that in a homogeneous field.

NUMERICAL MODEL

Since the flame size investigated in [9] is too big to
simulate by the current computer, the dimension was reduced to
one fifth of the original flame in the simulation of this paper.
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As a result, most parameters were decreased to one fifth of
those in the experiment, except the inlet temperature. However,
to verify the effect of the reduction in flame dimension and
parameters on the results, two additional simulations were
carried out.

Figure la shows the flame configuration used in the
simulations. A 2.8 x 3.0 cm’ two-dimensional rectangular
domain was used. The bottom side is the inlet, and the upper
side is the outlet. A solid rod was put at the inlet to stabilize the
flame. In the normal simulation (Flame 1), the diameter of the
solid rod, the distance (L) between the solid rod and the origin
of the coordinate system (the middle point of the bottom side, x
= 0.0) and the inlet velocity were, respectively, reduced to one
fifth of those in the experiment. These three parameters used in
the normal simulation are 0.4 mm, 0.4 mm and 100 cm/s.
However the inlet temperature was kept the same as that in the
experiment, i.e. 300 K. The temperature of the rod was not
measured in the experiment. A value of 1500 K was used in the
simulation.
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Fig. 1 Flame configuration and inlet equivalence ratio
distributions. a. Flame configuration; b. Equivalence ratio.

In the first additional simulation (Flame 2), everything is
the same as that in Flame 1, except that the inlet equivalence
radio profile was changed, as given in Fig. 1b. The distance
between the solid rod and the origin of the coordinate system
was changed to 0.8 mm, while other conditions are the same as
those in Flame 2 for the second additional simulation (Flame
3).

The fluid entering the domain was methane/air mixture.
The equivalence ratio varied along x direction at the inlet. As a
result of the reduction in the dimension of the flame, the
stratified charge range (width in x direction) was proportionally
reduced to 20% and 40% of that in the experiment [9],
respectively, for Flame 1 and Flames 2 and 3. The distributions
of the inlet equivalence ratio for the three simulated flames are
shown in Fig. 1b.

The numerical model solved fully elliptic governing
equations for the conservation of mass, momentum, energy and
chemical species. The governing equations are [10]
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where u and v are the velocities in x and y directions,
respectively; T the temperature of the mixture; 0 the density

of the mixture; ¥, the molecular weight of the & species; A
the mixture thermal conductivity; c, specific heat of the mixture
under constant pressure; c, specific heat of the K" species

under constant pressure; @, mole production rate of the K"

species per unit volume. Quantity /; denotes the specific
enthalpy of the k" species; g the gravitational acceleration
which was in the vertical (y) direction; u the viscosity of the
mixture; Y, the mass fraction of the K" species; Vi, and Vy, the
diffusion velocities of the & species in x and y directions; and
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KK 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, g,, 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 [11].

The species diffusion velocity consists of three terms:
ordinary diffusion, thermal diffusion and correction diffusion
velocities, 1.e.

Vi, =Vore, VWi, +Ver » k=12, . KK, xi=x, y, (©)

Ccx; >

The ordinary diffusion velocity,V,, ., and the thermal
diffusion velocity, V7, , were respectively calculated by the

approximate mixture-average formulation and the accurate
multi-component formulation [12]. The correction diffusion
velocity, V., , was introduced to ensure the net diffusive flux of

all species to be zero.

Low Mach number flow was assumed, and hence the
pressure field only affects the velocity field. The governing
equations were discretized using the control volume method.
The SIMPLE numerical scheme [13] was used to deal with the
pressure and velocity coupling. The diffusion and convective
terms in the conservation equations were respectively
discretized by the central and upwind difference methods. A
358 x 224 cell mesh was used, with finer resolution in the
primary reaction zone, where the grid size was 0.05 mm x 0.05
mm. The discretized equations of species mass fraction were
solved simultaneously for every cell to accelerate the
convergence process [14], 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 species
concentrations were specified according to the local
equivalence ratio, as in Fig. 1b.

The chemical reaction mechanism used is GRI-Mech 3.0
[15], with the removal of all the reactions and species related to
NOx formation. The revised reaction 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 [12, 16].

RESULTS AND DISCUSSION

For the sake to present and explain the results, the
tomography of the V-shaped stratified flame obtained by
Galizzi [9] experimentally is illustrated in Fig. 2. A V-shaped
flame was stabilized around a rod. A particular shape, the
“peninsula”, was clearly observed along the left V branch. The
purpose of this paper is to understand what this particular
peninsula is, and how it affects the flame speed along the front
of the V-shaped flame.

Figure 3 shows the distributions of heat release rate in the
three simulated flames. It is observed that there is a V-shaped
heat release region in each flame. This reflects the primary
reaction zone. The bottom of the V is at the position where the
stabilization rod is located. This can be easily understood, since

the inlet velocity (100 cm/s) is much higher than the maximum
flame speed of CHy/air mixture (40 cm/s) and the flame was
stabilized because of the rod.

y=120mm

y=104mm

y=95mm

y=30mm

Fig. 2 Tomography of the V-shaped stratified laminar flame
observed by Galizzi [9].
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Fig. 3 Heat release rate (Joules/cm’s) in the simulated flames.
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Fig. 4 CH4 mole fraction in the simulated flames.

Figure 4 illustrates the distribution of the parent fuel, CHy,
in the three simulated flames. A V-shaped fuel-free zone is
formed for each simulated flame. This indicates that after
entering the domain from the bottom, the parent fuel was
consumed or decomposed along the primary V-shaped reaction
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zone. However, no particular peninsula like that shown in Fig.
2 can be found from the distribution of fuel.

Figure 5 displays the distributions of two intermediate
species, H, and CO, in the three flames. It is demonstrated that
there is a V-shaped zone with higher concentrations of CO and
H, for each flame. The V-shaped region with higher
concentrations of CO and H, corresponds to the primary
reaction zone in Fig. 3. This phenomenon implies that the
parent fuel is first quickly converted to the intermediate species
H, and CO in the primary reaction zone, and then the
intermediate species is oxidized to form the final combustion
products.

Moreover, there is a particular peninsula along the left V
branch in each flame for both H, and CO distributions. This
peninsula is similar to that observed by Galizzi in the
experiment [9], Fig.2, except that the positions of the peninsula
obtained by the simulations are much lower than that in the
experiment.

The reason for the formation of this particular peninsula in
the distributions of H, and CO can be analyzed now. The
profiles of the inlet equivalence ratio in Fig. 1b show that the
equivalence ratio around x = 0.0 is higher than the
stoichiometric value 1.0, and the stabilization rod is located on
the right side of x = 0.0. Therefore the mixture in the left near
stabilization rod region is fuel rich. When the fuel rich mixture
enters the primary reaction zone, the parent fuel is fully
converted to some intermediate species, such as H, and CO, in
the V-shaped primary reaction zone. However, due to the
shortage of oxygen, the intermediate species H, and CO formed
in the left V branch near the stabilization rod can be further
diffused toward the middle of the V-shaped fuel-free region.
Therefore the particular peninsula is formed. Moving to the
downstream, the intermediate species like H, and CO in the
peninsula are gradually converted to combustion products by
the reaction with oxygen penetrating from the fuel lean region
(right V-branch and downstream of left V-branch).

The concentrations of oxygen in the three simulated flames
are shown in Fig. 6. It is found that although oxygen
concentration starts to decrease from the two V branches, it can
appear in most of the V-shaped fuel-free zone, except in the
small region where the H, or CO peninsula locates. In the small
peninsula region, the concentration of oxygen is further reduced
or totally vanishes. It is because oxygen is further consumed by
H, and CO. Therefore we can call the peninsula region as a
diffusion flame branch where the H, and CO formed in the left
fuel rich V-branch region is converted to combustion products
by the reaction with oxygen. This region is different from the
primary reaction zone along the two V branches, where fuel
and oxygen are premixed. It should be point out that because
the fuel rich (equivalence ration greater than 1.0) region at the
inlet is very narrow in the simulations, the peninsula regions are
very small in all the three simulated flames. Consequently the
reaction intensity and the heat release rate in the peninsula
region are much smaller than in the primary V-shaped reaction
zone. This is the reason that we cannot observe a significant
heat release region inside the two primary V branches.

00E+00 1.1E-02 22E-02

00E+00 1.1E-02 22E-02 00E+00 1.1E-02 22E-02

X, cm X, cm X, cm

Flame 1 Flame 2 Flame 3
(a) Hy
HimE . .

00E+00 27E-02 55E-02 00E+00 27E-02 55E-02

X, cm
Flame 2

(b) CO

Fig. 5 Mole fractions of H, and CO in the simulated flames.

As mentioned in the numerical model section, the flame
conditions in the simulations are different from in the
experiment [9]. The main difference is the flame dimension.
The dimension in the simulations is only one fifth as in the
experiment. As a result, everything, except for the inlet
temperature, in Flame 1 was reduced to one fifth as in the
experiment. The width of fuel rich region, the rod diameter and
the distance between the rod and x = 0.0 in Flame 1 are only
one fifth of those in Galizzi’s experiment [9]. In Flame 2, all
the conditions are the same as those in Flame 1, but the width
of fuel rich region (see Fig. 1b) doubles, compared to Flame 1.
The other conditions of Flame 3 are the same as in Flame 2,
except the distance between the rod and x = 0.0 becomes 0.8
mm.

Comparing the results of the three simulated flames, it is
noted that the peninsula in Flame 2 is bigger than in Flame 1,
and the position of the peninsula on the left V-branch in Flame
3 is higher than in Flame 2. The narrower fuel rich region in
Flame 1 causes less H, and CO to be formed in the left V-
branch. Therefore the peninsula in Flame 1 is smaller than in
Flame 2. As for Flames 2 and 3, the difference between them is
the distance between the rod and the fuel rich region (x = 0.0).
With the rod moving further away from the fuel rich region, the
fuel rich region on the left V branch becomes further away
from the flame base. Consequently the position of the peninsula
in Flame 3 is higher than that in Flame 2.

From the comparison of the three simulated flames, we can
infer that with the width of the fuel rich region at the inlet and
the distance between the rod and x = 0.0 further increasing to
close to the experimental conditions, the peninsula size will be
increased and the position of it will become higher than in the
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three simulated flames of this paper. We expect that if we could
exactly simulate the experimental flame in [9], the peninsula in
the distributions of H, or CO will be very close to the particular
shape observed on the left V-branch by the experiment, as
shown in Fig. 2. Therefore we can conclude that the particular
peninsula observed by Galizzi in the experiment is caused by
the formation of a diffusion flame where intermediate species,
like H, and CO, react with oxygen penetrating from the primary
V-shaped reaction zone.

00E+00 9.7E-02 19E-01 00E+00 9.7E-02 19E-01

0.0E+00 9.7E-02 1.9E-01
e

1
b [ H“\
/]
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Flame 1 Flame 2

Fig. 6 Mole fraction of O, in the simulated flames.
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Fig. 7 Local burning flux on the left V-branch.

Due to the variation in equivalence ratio, an interesting
property for a stratified flame is the local burning flux, the
product of local flame propagation speed and density, along the
primary premixed reaction surface. For the flames studied in
this paper, this surface is along the V-shaped primary reaction
zone. There are multiple definitions for flame speed. Although
some researchers argued that the consumption speed is more
meaningful to represent the burning velocity, it is difficult to
obtain the local value in multi-dimensional flames. 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 scalar field [17]. 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
locate the flame surface. As a flame has a finite thickness, there
is some ambiguity in selecting this surface. In our previous

study on triple flames, the contour line with the CO, mole
fraction of 0.04 was found to be reasonable to represent the
envelopes of a triple flame. This method was also used in this
paper. 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.

Figure 7 shows the local flux versus mixture fraction [18]
for Flames 1 and 2. For comparison, the burning flux of one-
dimensional planar premixed CHy/air flame, obtained from
reference 15, is also given. Only the burning fluxes on the left
V-branch are displayed, since the peninsula appears on it. The
burning flux of Flame 3 is not shown, because its stabilization
rod differs from that of Flames 1 and 2. The mixture fraction
rather than equivalence ratio was used is owing to the fact that
equivalence ratio cannot be calculated inside the reaction zone.
Mixture fraction can reflect the fresh mixture composition. The
mixture fraction of 0.055 corresponds to the equivalence ratio
of 1.0. The smaller the mixture fraction, the leaner the fresh
mixture. It is observed that the burning fluxes of both Flames 1
and 2 are smaller than that of the one-dimensional planar
premixed flame. The burning flux of Flame 1 in the very lean
region is similar to that in Flame 2. However, when the
stoichiometric mixture fraction is approached, the burning flux
of Flame 2 becomes higher than that of Flame 1.

In a stratified flame, the flame surface is curved and thus
the flame is stretched. This leads the lower burning fluxes of
Flames 1 and 2 than that of a one-dimensional planar premixed
flame [19], for which the stretch rate is zero.

The curvatures of the left V-branches of Flames 1 and 2
are similar, when the mixture fraction is far off the
stoichiometric value. Therefore the stretch rates of the left V-
branch for the two flames are very close. As a result, no
significant difference can be observed for the burning fluxes of
Flames 1 and 2 in the very lean region.

With the stoichiometric mixture fraction being approached,
the position along the left V-branch is close to the particular
peninsula, Fig. 5. More hydrogen and other radicals in the
peninsula can diffuse to the left V-branch of the primary
reaction zone. This mass diffusion of hydrogen and other
radicals intensifies the combustion reactions there. Besides,
since the CO and H; in the peninsula are further oxidized to the
final combustion products, the temperature in the peninsula is
higher than in the V-shaped primary reaction zone. Therefore
there is also heat transfer from the peninsula to the left V-
branch. The heat transfer also enhances the combustion
intensity on the left V-branch of the primary reaction zone. As
indicated before, the peninsula of Flame 2 is bigger than that of
Flame 1. Consequently, the heat transfer and the mass diffusion
from the peninsula to the left V-branch are increased in Flame
2, compared to Flame 1. This causes the burning flux of Flame
2 to be higher than that of Flame 1, when the stoichiometric
mixture fraction is approached.

We expect that with the increase of the stratified charge
region and thus the peninsula, the heat transfer and the mass
diffusion from the peninsula will be further intensified.
Therefore the formation of the diffusion flame and the
interaction of the diffusion flame and the primary premixed
flame increase the flame speed of the primary premixed flame.
This is a significant feature of a stratified flame.
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CONCLUSIONS

A V-shaped laminar stratified flame has been investigated
by direct numerical simulation using detailed chemistry and
complex thermal and transport properties.

The results indicate that in addition to the primary
premixed flame, the stratified charge in a combustor can cause
the formation of a diffusion flame within the premixed flame
branches. The fuel is fully decomposed and converted to some
intermediate species, like CO and H,, in the primary premixed
flame branches. Due to the shortage of oxygen, the formed CO
and H, in the fuel rich premixed flame region is further diffused
to the downstream until they are oxidized by oxygen
penetrating from the fuel lean region. This leads to the
appearance of the diffusion flame. There is an interaction
between the diffusion flame and the primary premixed
combustion branch. The interaction intensifies the combustion
speed in the primary reaction zone. Both the heat transfer and
the mass diffusion of hydrogen and some radicals cause the
interaction.
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