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The Influence of a Vortex on a Freely Propagating
Laminar Methane-Air Flame

Ki Yong Lee*
Andong National University, School of Mechanical Engineering,
388 Songchun-dong, Andong, Kyoungbuk 760-749, Korea

The change in the NO emission indices (EINO) in a two-dimensional plane has been
investigated, which is due to the interaction between a vortex and methane-air flames established
at different equivalence ratios, by solving the field equation. After solving the field equation,
the spatial distribution of G-values is obtained. The NO emission index is calculated after
applying the appropriate relation between the G-values and the NO production rate or the mass
fraction of methane obtained from the library of freely propagating flames created from detailed
simulations. When a vortex exists in a reacting flow field, in general EINO slightly increases,

whereas EINO is lowered in the vicinity of the vortex regardless of flow direction. A change in
vortex size has negligible impact on EINOr but increasing the vortex strength slightly increases

EINOr in the domain of this study.
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1. Introduction

The structure of a flame determines the distri-
bution of heat release across a flame front. Pol-
lutant processes, that are thermally dependent,
can be slowed down if the heat release is mani-
pulated so that it is dispersed over a larger than
usual volume where the temperature level in the
reaction zone is lowered. However, a dispersed
flame zone may also allow for a larger region in
which the super-equilibrium of key radical spec-
ies occurs, thereby decreasing the relative chemi-
cal time associated with pollutant formation.
Therefore, it is important to characterize the bal-
ance between flame zone thickening and pollutant
formation.

One of the means to create a dispersed flame
zone is to cause a flow disturbance by a vortex
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or through pulsation. Flow disturbances interact
with flames in a complex manner through the
coupling of the flow field with flame chemistry.
For instance, if non-uniformities occur in the
flow, these can contribute to flame extinction and
enhanced preferential diffusion effects through
stretch and curvature of the flame front.

A number of numerical studies have been de-
voted to the interactions of vortex structures and
flames. Karasalo and Namer (1982) have studied
a premixed laminar flame in a Karman vortex
street. They have shown that the wrinkling of the
flame depends strongly on the ratio of unburned
to burned fluid densities as well as the vortex
street frequency, the strength of the vortices, and
the phase relations. The interaction of a vortex
and a flame has been simulated by Marble (1985)
to investigate the distortion of the surface of a
non-premixed flame by a single viscous core
vortex. It is shown that similarity for core radius
growth and for the reactant consumption rate
augmentation due to the vortex field is related
to the Reynolds and Schmidt numbers. For a
premixed flame, Peters and Williams (1988) in-
vestigated the roll-up of a flame surface by a
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single vortex using an asymptotic analysis for
large Peclet numbers. In their work, relations
for the growth of the reacted core, flame extinc-
tion by stretch for Lewis numbers greater than
unity, and global influences of gas expansion
associated with heat release are provided. Ashurst
et al.(1988) investigated flame propagation in a
constant density flame using the field equation
and a pulsating flow field. They have shown that,
in a steady frozen flow, the flame surface is com-
posed of bulges connected by cusps, but in a
pulsating flow, the appearance of flame cusps is
damped. Ashurst and McMurtry (1989) inves-
tigated flame structure through vorticity distri-
bution during premixed flame propagation in the
velocity field of a single vortical region. They
found that the monopole interacting with a pre-
mixed flame produces a vortex dipole structure
through the baroclinic effect. Poinsot et al. (1990)
studied the interaction of a laminar flame front
with a vortex pair using direct numerical simu-
lations. They were interested in flame quenching
in a vortex from the perspective of viscous effects,
stretch and curvature for small scales, and esta-
blishing a turbulent combustion diagram similar
to that proposed by Borghi (1985). Rutland and
Ferziger (1991) investigated the change in the
vortex structure, vorticity distribution, and flame
structure through the interaction of a vortex and
a premixed flame. Using the full flame-vortex
interaction, they determined that changing flame
shape causes changes in the vortex structure,
and that vorticity is produced by flame curva-
ture. Rhee (2001) predicted flame cusping when a
strong vortex pair interacted with the flame front
from the simulation of a flame propagation using
the Propagation of Surfaces under Curvature
(PSC) algorithm.

For many applications the laminar flame thick-
ness, which is determined by a reaction-diffu-
sion process, is much smaller than the flow field
length scales. Introducing the flamelet concept
that allows partial decoupling of the reaction-
diffusion process from the flow field, a relatively
thin flame is considered in this study to solve
only the propagation of its interface, i.e., for the
flame front geometry. Therefore, the interaction of

the interface propagation equation (also referred
to as the field equation) is examined with the
Navier-Stokes equations under different initial
and boundary conditions. Using the results and a
complete chemical library the change of the NO
emission index is focussed in a two-dimensional
plane for atmospheric methane-air flames esta-
blished at different equivalence ratios.

2. Numerical Approach

The purpose of this study is to examine the
change in the NO emission index due to the
interaction between a vortex and a flame.

2.1 Governing equations and grid system

The simulation is limited to low Reynolds
numbers leading to the assumption of low Mach
number and performed with the governing equa-
tions including the equations of mass and mo-
mentum conservation, and state. The simulation
is performed for constant temperature (7 =300
K) and the change of the pressure in the cal-
culation domain is generally negligible. There-
fore, this simulation is for constant density flame
propagation in a steady flow field.

To simulate flame propagation, it is con-
venient to adopt the field equation as an initial
value problem (IVP) for a scalar field G{x, ¢)
whose level surfaces represent interfaces. The field
equation derived with the surface assumed to be
continuous and smooth is (Markstein, 1964):

GG 1 e | VG| )

where u; is the flowfield velocity in the ¢ direc-
tion, and #r the flame propagation velocity nor-
mal to the interface.

When ur is employed as a function of G, u;,
and their derivatives, Eq. (1) is valid (Kerstein
et al,, 1988). Shock discontinuities can develop
in the solutions of initial value problems for
Hamilton-Jacobi type equations such as Eq. (1),
even for smooth initial data (Kerstein et al,
1988 ; Sethian, 1985). These discontinuities cause
cusps which make the numerical simulation of the
flame propagation problem difficult. By prod-
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ucing Lipschitz continuous functions of G which
satisfy an IVP, if the equation is understood in
the almost everywhere sense, generalized solu-
tions, which can overcome these features, can be
defined, but are not unique (Crandall and Lions,
1984) . However, it is known that the generalized
solution, which corresponds to the flame pro-
pagation process considered here, can be obtained
as the unique solution of the first order equa-
tion of Hamilton-Jacobi type, Eq. (1), if this
equation is used with an added viscosity term on
the righthand side (Crandall and Lions, 1984 ;
Crandall and Lions, 1983). This solution is called
as the viscosity solution.

This form of the field equation is employed to
simulate constant density flame propagation in a
premixed methane and air mixture,

oG 9G_ [9G 9G  _ &G
ot U axi_uF x; ax,-+€ 0x:iX: (2)

where ¢ denotes viscosity. Eq. (2) is useful to

achieve solutions which do not show spurious
local maxima or minima, namely, solutions with-
out cusps and pockets of unburned domain
(Peters, 1984).

The calculation domain is discretized into a
uniform spacing in rectangular coordinates that
stay fixed with time. It consists of 0.02 m lengths
in each of the x and y directions divided by 200
and 100 uniform spaces, respectively. The number
of grids is 202 X102 such that dx and dy are
0.0001 m and 0.0002 m, respectively, after the
demonstration of grid independence with three
cases, 102X102, 202X102, and 402 X102 grid
points, for ¢=0.8 flame.

2.2 Initial and boundary conditions

An Oseen vortex is chosen to interact with the
flame. This vortex is one member of a family of
vortex profiles that satisfies the Navier-Stokes
equation (Panton, 1984). Its vorticity is described
as

2

coz=% exp< —;7> (3)

where D( =§I;—> and ¢?(=2yt) denote the ini-

tial vortex strength and size, respectively, and the
constant [” is a circulation pertaining the str-
ength of the vortex, v the kinematic viscosity, ¢
the time, and # the radius.

The center of a counterclockwise vortex is
positioned at x=0.008 m and y=0.01 m. The
velocity induced by the vortex is constant at the
boundary of the domain, and special boundary
conditions are not required.

2.3 Initial flame structure

The initial flame structure is obtained from
a detailed simulation of a freely propagating
laminar methane-air flame using the SANDIA
premixed flame code (Kee et al., 1989 ; Kee et
al., 1985) at four different equivalence ratios ¢=
0.7, 0.8, 1.0, and 1.2. The chemical mechanism
consists of several hundred elementary reaction
steps and involves 49 gas phase species, inclu-
ding nitrogen and argon which behave as inerts
(Frenklach et al., 1994; Miller and Bowman,
1989). The spatial distribution of temperature
so calculated is used as input for the initial values
of the field equation.

Based on the flame structure of a free pro-
pagating flame, any flame characteristic or pro-
perty P can be determined as a function of tem-
perature or G, ie, P=P(T)=P(G), where P
could refer to density, intercase propagation ve-
locity normal to its contour, the mass fraction of
methane, or the NO formation rate.

24 NO emission indices

The flame structure obtained from one dimen-
sional laminar flame calculation can be expressed
in terms of the mass production rate per unit
flame surface of a given species (Takeno and
Nishioka, 1993). The NO emission index (EINO)
denotes the ratio of NO production to fuel con-
sumption,

|: Wawnodx ] X time

EINO==% 4
g [.0 YCH.,] consumption ( )

and the total NO emission index (EINOr) is
defined as
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0 /y f [ Warnodxdy] X time
EINOr==2Z

12], [.0 YCHJ consumption

where W denotes the molecular weight of NO,
@wo the NO production rate, o the density, Yea,
the mass fraction of CHy, and ¢ or j the x or
y-wise direction, respectively. For sake of stan-
dardization, the time in Eq. (4) or (5) is taken to
be that for a flame to propagate 0.01 m from its
initial position. This time depends on the flame
propagation velocity corresponding to different
equivalence ratios.

After solving the field equation, the spatial
distribution of G-values (or temperatures) is
obtained. Applying the appropriate relation be-
tween the temperature and the NO production
rate, or the mass fraction of CHy obtained from
the library of freely propagating flames created
from detailed simulations, the NO emission in-
dices are calculated after applying Eqgs. (4) and
(5).

3. Results and Discussion

Let us examine the EINO along the y-wise
direction in the absence of vorticity at a given
time. This has a uniform profile along a line
stretching from 0.004m to 0.016 m. After sub-
tracting the region (from 0.016—0.02 m) initially
occupied by the flame, 160 grid points along
the x-wise direction contain fresh mixture. There-
fore, the initial region containing fresh mixture
consists of 160X 102 grid points in the x and the
y-directions, respectively.

The NO emission index profiles are calculated
for a variety of conditions for flames burning
methane in air at different equivalence ratios.
In Fig. 1, the EINO profiles are presented for
different vortex sizes at a strength of D=0.0005
for a $=0.8 flame. The solid line is the reference
NO emission index EINOg in the absence of a
vortex for an equivalent freely propagating flame.
Even though the vortex sizes are altered, the
EINO profiles are equivalent except around the
vortex center. At the vortex center (x=0.008 m
and y=0.01 m) the EINO values do not differ
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Fig. 1 The EINO profiles per area for different
vortex sizes of constant strength D =0.0005
for a $=0.8 flame

regardless of the magnitude of the vortex size,
and are consistently lower than the EINOg that
also corresponds to the condition %#,=0.

Below the vortex center (y<0.01 m, the direc-
tion of #, is against the flame propagation),
an increase in vortex size has little influence on
the EINO, uniformly maintaining it lower than
EINOg. However, above the vortex center (y>
0.01 m, the direction of #%q is in the flame pro-
pagation), as the vortex size increases, the EINO
profiles change, but are still lower than the refer-
ence value. The lowest EINO value occurs at
y=0011m for ¢°=0.0005 and 0.001. At this
point the velocities for the two cases have appro-
ximately the same values. Therefore, the lowest
EINO value does not depend on the peak velocity
in the flow field, but on the velocity at that
specific spatial location.

3.1 Influence of interface shape and distri-
bution

In Figs. 2 and 3, flame interface contours are
presented, which are obtained from the simula-
tions for two vortex sizes corresponding to a
vortex of strength D=0.0005 for a ¢$=0.8 flame.
The flames have propagated from the right side
to the left side, and the G—values lie in the range
from 300 K (at the left) to 1900 K (at the right).
Upon comparing two figures, a small difference
should be noted around the vortex center in the
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Fig. 2 Flame interface contours corresponding to
a vortex of strength =0.0005 and size ¢*=
0.0001 for a ¢==0.8 flame
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Fig. 3 Flame interface contours corresponding to
a vortex of strength D=0.0005 and size ¢*=
0.001 for a ¢=0.8 flame

flame shapes. Above the vortex center, the cusp
of the flame shape of size 6°=0.0001 coils slight-
ly more than that of ¢?=0.001. This effect, which
is manifest more at lower G-values, causes an
increase in fuel consumption and a corresponding
decrease in the EINO.

In the region 0.004 m<y<0.008 m below the
vortex center where the flow direction is against

that of flame propagation, higher G-value con-
tours are curved towards the vortex center as y
increases. There, the increase in fuel consumption
is larger than that of NO production, and EINO
values decrease with increasing y. These values
are larger than the reference value, since the
flow field hinders flame propagation, thereby
decreasing the flame thickness which decreases
the area available for fuel consumption.

In the region 0.012m<y<0.016 m that lies
above the vortex, the flow velocity occurs in the
direction of flame propagation, and the thick-
ness of the flame widens (in particular, note the
wide separation between contours at y=0.013
m). The flame thickening increases the separa-
tion between comnsecutive temperature contours
which allows for a larger spatial distribution

" around a temperature of 1700 K where the NO

production rate peaks. It is also observed that
just above the vortex center flame thickening
effects are more manifest at higher temperatures.
Therefore, in this region NO production increases
faster than fuel consumption due to flame thick-
ening at the higher temperatures, thus raising the
EINO, since methane consumption is virtually
negligible at temperatures of 1700 K and above.
Proceeding upwards from y=0.013 m, the high
temperature contours are separated by a virtu-
ally constant distance and curve in the clock
wise direction. However, now the low tempera-
ture contours start to diverge so that fuel con-
sumption increases although NO production is
virtually constant. Therefore, the value of EINO
rises above that of EINOgr immediately above
the vortex center, and then decreases below it as
¥y increases.

In Fig. 4, the EINO profiles per unit area are
presented for different vortex strengths of con-
stant size ¢°=0.0001 for a $=0.8 flame. The solid
line corresponds to EINOg, i.e., in the absence
of a vortex in the flowfield. For the lower vor-
tex strength D=0.0001 the EINO profile is close
to the reference value, particularly at the vortex
center, since a vortex of low strength does not
significantly deform the flame shape as is shown
in Fig. 5. As the vortex strength increases, the
EINO profiles are lower than EINOg in the
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Fig. 5 Flame interface contours corresponding to
a vortex of strength D=0.0001 and size ¢*=
0.0001 for a ¢=0.8 flame

vicinity of the vortex, but are higher than EINOg
away from it. The lowest EINO value occurs at
y=0.011 m for the various vortex strengths.

In the immediate vicinity of the vortex 0.008
m<y<0.012m the flow field is separated into
two regions, one with flow velocities against the
direction of flame propagation, and the other
with flow in that direction. The EINO values
lower than EINOg are due not to the direction
of the flow, but to the increase in fuel consump-
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Fig. 6 Flame interface contours corresponding to a
vortex of strength D=0.001 and size ¢*=
0.0001 for a ¢=0.8 flame

tion as shown in Fig. 6. Concurrently, the NO
production does not significantly change in this
region in accord with the arguments based on
interface shape and separation made above.

3.2 Influence of flowfield

In regions removed from the vortex center, the
EINO value appears to be related to the flow
field direction. Where the flow is against the
flame propagation direction, EINO values in-
crease above EINOg, since the flame thickness
narrows, thereby decreasing fuel consumption
over time, and causing the EINO to increase.
Conversely, when the flow is in the direction of
flame propagation, the width of the flame be-
comes larger, particularly at higher values of G.
This causes an increase in the NO formation rate
due to the increase in area occupied by high
G-values. Fuel consumption also increases in the
region between y-=0.012~0.013 m, since flame
thickening also occurs at relatively low G-values.
However, the NO formation increase dominates,
boosting the EINO value. Further upwards, at
higher values of v, fuel consumption becomes
dominant, since flame thickening is now biased
towards lower G-values. Therefore, the EINO
first increases and then decreases in that above
the vortex as seen in Fig. 4.
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Fig. 8 The total EINO for different vortex strengths
at a size of ¢>=0.0001 for flames correspond-
ing to different equivalence ratios

The total EINO is calculated employing Egq.
(5) for flames corresponding to different equiva-
lence ratios. In Fig. 7, EINOy is presented for
different vortex sizes for a vortex of strength
D=0.0005. The change in EINOr with respect to
vortex size is negligible for all the equivalence
ratios considered. For the lean flames, the magni-
tudes of EINOr are proportional to the equiva-
lence ratios, though this is not manifested for the
rich flame, since EINOr is a function of the NO
production as seen in Eq. (5). The NO produc-
tion at ¢=1.2 has a similar distribution at high
temperatures to that at ¢=1.0 for methane air

flames. Figure 8 shows EINOx for different vortex
strengths but of size ¢?=0.0001. As the vortex
strength increases, EINOr values increase slightly
for all ¢ in a manner similar to that for different
vortex sizes.

4. Conclusions

By solving the field equation, the change in the
NO emission index due to the interaction between
a vortex and methane-air flames established at
different equivalence ratios is investigated.

1. There are three distinct regions that inf-
luence the EINO.

(1) In the region where the flow occurs against
the direction of flame propagation, increasing the
velocity increases EINO due to a decrease in CHy
consumption.

(2) In the vicinity of the vortex the EINO is
lowered regardless of flow direction, since CHy
consumption increases.

(3) Where the flow is in the direction of flame
propagation, the EINO values reflect competi-
tion between an increase in both NO production
and fuel consumption.

2. A change in vortex size has negligible im-
pact on EINOr.

3. Increasing the vortex strength slightly in-
creases EINO7 in the domain of this study.
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