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ABSTRACT

The present study scrutinizes premixed flame dynamics in micro-channels, thereby shedding light on advanced miniature micro-combustion
technologies. While equidiffusive burning (when the Lewis number Le = 1) is a conventional approach adopted in numerous theoret-
ical studies, real premixed flames are typically non-equidiffusive (Le # 1), which leads to intriguing effects, such as diffusional-thermal
instability. An equidiffusive computational study [V. Akkerman et al., Combust. Flame 145, 675-687 (2006)] reported regular oscilla-
tions of premixed flames spreading in channels having nonslip walls and open extremes. Here, this investigation is extended to non-
equidiffusive combustion in order to systematically study the impact of the Lewis number on the flame in this geometry. The analysis
is performed by means of computational simulations of the reacting flow equations with fully-compressible hydrodynamics and one-
step Arrhenius chemical kinetics in channels with adiabatic and isothermal walls. In the adiabatic channels, which are the main case of
study, it is found that the flames oscillate at low Lewis numbers, with the oscillation frequency decreasing with Le, while for the Le > 1
flames, a tendency to steady flame propagation is observed. The oscillation parameters also depend on the thermal expansion ratio and
the channel width, although the impacts are rather quantitative than qualitative. The analysis is subsequently extended to the isother-
mal channels. It is shown that the role of heat losses to the walls is important and may potentially dominate over that of the Lewis
number. At the same time, the impact of Le on burning in the isothermal channels is qualitatively weaker than that in the adiabatic
channels.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019152

NOMENCLATURE Q specific energy release in the reaction
q; energy diffusion vector
C, specific heat at constant volume R, universal gas constant
Cp specific heat at constant pressure R channel half-width
Eq activation energy Sc Schmidt number
e=QY+C,T specific internal energy SL unstretched laminar burning velocity
h=QY +CpT specific enthalpy T temperature
Le = Sc/Pr Lewis number t time
Ly={y/pSiPr flame thickness Uy instantaneous total burning velocity
m molecular weight Utip flame tip velocity
n normal vector u velocity vector
Pr Prandtl number Ui velocity i-component, i = (x, z)
P pressure x radial direction
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Y mass fraction of the fuel mixture
Zitip flame tip position
z axial direction

Creek letters

Vij stress tensor

p density

©=p, /Py thermal expansion ratio
v kinematic viscosity
(=pv dynamic viscosity

TR constant of time dimension
Subscripts

b burnt matter

DL Darrieus-Landau

f fuel mixture

tip flame tip

x radial direction

z axial direction

. INTRODUCTION

Emerging development of miniature, portable devices (micro-
satellite thrusters, micro-chemical reactors and sensors, etc.)
requires efficient and reliable systems powered by micro-
combustion technologies. The latter depend on the deep physical
understanding of the heat and momentum transfer processes occur-
ring in microscale and mesoscale combustors, with micro-channels
being one of the simplest examples of such micro-combustors. It
is noted, in this respect, that self-sustenance of flame propagation
in channels is largely dependent on continuous diffusion of mass
and heat upstream and downstream of the flame front, which is
characterized by the Lewis number, Le, defined as the thermal-to-
mass diffusivity ratio.' In numerous theoretical studies on flame
propagation in channels, these diffusion processes are considered
to occur at equal rates, signifying a conventional assumption of
equidiffusive combustion, i.e., of the unity Lewis number, Le = 1.
However, differential diffusion of heat and mass usually occurs in
practical reality such that real flames are typically non-equidiffusive,
having Le # 1, and thereby experiencing various phenomena includ-
ing an onset of the diffusional-thermal instability of the flame front.
The Lewis number has generally been found to affect the behavior
of flames in many ways. Its impacts on heat and mass transfer,’
vorticity’ and enstrophy,” scalar and surface density transport,*’
flame bifurcation and extinction,® stretched flame speeds,” and
generation of primary acoustic instability'’ have been reported,
with numerical simulations particularly focusing on lean-premixed
flames.'"!?

Other studies'’~'* have identified that the variations in Le cause
changes in the dynamics and morphology of the premixed flames
in channels. It is noted that such flame dynamics/morphology and
the impact of Le on it depends, conceptually, on the channel geom-
etry. For instance, in a “semi-open” channel (one channel end is
closed, while the other is open), with or without obstructions, a flame
is known to accelerate from the closed end toward the open one,
and the changes in Le are reported to either facilitate or moderate
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acceleration.'*!” In the “opposite” geometry of a flame propagating
from the open end to the closed one, flame-acoustic coupling occurs,
generally leading to profound flame oscillations, with a decrease
in Le facilitating these oscillations'® (note that the definition of
the Lewis number in Ref. 18 is inverse to that employed in the
present work). At certain conditions, such flame-acoustic coupling
may result in a strong flame-acoustic resonance, violent folding of
the flame front, and even its turbulization."” In such a configura-
tion of flame propagation toward the closed end, the oscillatory pre-
mixed flames have also been observed in a Hele-Shaw cell (see, for
instance, the recent experimental work?’ and numerous references
therein).

Unlike the previous studies,'”* the present work is devoted to
channels with both extremes open. It is in this geometry that a new
mode of flame propagation has been identified, namely, intrinsic
oscillations of the flame front’! (being different from an accelerating
regime observed for semi-open channels). Specifically, according to
the numerical simulations,”’ spreading through a two-dimensional
(2D) channel with adiabatic, nonslip walls and both extremes open,
a flame front acquires a concave shape and oscillates, with oscilla-
tion parameters (such as frequency and amplitude) depending on
the characteristic width of the channel. Other computational stud-
ies’*? also identified similar flame oscillations in micro-channels.
It is noted, in this respect, that only equidiffusive (Le = 1) flames
were studied in Ref. 21. Consequently, it is of interest how the
flame behavior in such a configuration would be influenced by any
deviations in the Lewis number from unity.

This concern is addressed in the present work, where the
impacts of varying Le, caused by differential diffusion of mass and
heat, on the dynamics and morphology of flames in 2D chan-
nels with both extremes open are studied. The systematic approach
involves computational simulations of the reacting flow equations,
with fully-compressible hydrodynamics and one-step Arrhenius
chemical kinetics. It is specifically investigated how changes in
Le (in conjunction with variations in the thermal expansion ratio
0 =p; /P> the wall thermal boundary conditions, and the scaled
channel width) impact the position of the flame tip and the burning
rate. In the adiabatic channels, the flames are found to oscillate at
low Lewis numbers, with the oscillation frequency decreasing with
Le. In contrast, the Le > 1 flames experience a tendency to steady
propagation. In addition, while the majority of the simulation runs
of the present work employed the adiabatic channel wall condition,
for comparison, isothermal channels were also considered and dis-
cussed. As a result, heat losses to the walls are shown to be an impor-
tant factor controlling the combustion process, with the flame shape
being qualitatively different from that in the adiabatic channels. At
the same time, the impact of Le on the isothermal channels is weaker
than that on the adiabatic ones.

Il. DESCRIPTION OF THE NUMERICAL SIMULATIONS

Computational simulations of the hydrodynamic and com-
bustion equations were performed. In a 2D Cartesian geometry,
employed in the present work, the system of governing equations
reads

0 0
§P+879ci(pui) =0, (1)
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7P + x5 (puivj + 83P = yij) = 0, )

0 1 0 1
&(pe + Epuiu]-) + fo,-(Pu"h S PUiLlly + gi = ujy,-,j) =0, (3)

0 0 oY Y

a(pY) + %(pu,-Y - S%@Tc,) = _% exp(—Es/RpyT), (4)
where Y is the mass fraction of the fuel mixture, e= QY +C,T
and h = QY + CpT are the specific internal energy and enthalpy,
respectively, Q = CpT;(® — 1) is the energy release in the reac-
tion, and C, and Cp are the specific heats at constant volume
and pressure, respectively. Both unburned and burnt matters are
assumed to be two-atomic ideal gases of the same molecular weight
m=29x10"2 kg/mol, with C, = 5R,/2m, C, = 7R,/2m, the uni-
versal gas constant R, = 8.314]/(mol K), and the equation of state
P=pR, T/m. We employ the initial fuel temperature, T = 300K,

pressure, Py = Ibar, and density, p = 1.16 kg/m”. The stress tensor
¥;; and the energy diffusion vector g, read

g (& 9T Qal)
38xk61’1)’ 7= ((Pr 8xi+Sc ox; ) )

gl Om ) 0 20
Yii = {( 6x]' - Ox;i

where (=pv is the dynamic viscosity, having a value of
1.7 x 107° kg/(ms) in the fuel mixture, and Pr and Sc are the Prandtl
and Schmidt numbers, respectively. Their ratio is the Lewis num-
ber, Le = Sc/Pr. In the present work, it is varied in the range 0.2
< Le < 2.0 by keeping Pr =1 constant and adjusting Sc accordingly.
Equation (4) describes an irreversible one-step Arrhenius reaction
of the first order, with the activation energy E, and a constant of
time dimension 7r. A conventional unit of velocity dimension is
the unstretched laminar flame velocity S;. In the present work, S
= 34.7 cm/s, being 10° times smaller than the initial speed of sound
in this fuel mixture ¢y = 347 m/s such that the hydrodynamics is
almost incompressible at the initial stage of burning. A useful unit of
length dimension is the thermal flame thickness, which is conven-
tionally defined as Ly = (f/pfSL Pr = 4.22 x 10°m. We therefore
measure the channel width in terms of L.

The set of Eqs. (1)-(5) has been solved by means of a fully-
compressible Navier-Stokes code, which is adapted for parallel com-
putations and employs an adaptive mesh. Accurate and robust, this
code has been successfully utilized in numerous aero-acoustic’* and
combustion”** applications. The numerical approach is based on a
cell-centered, finite-volume numerical scheme, which is of second-
order accuracy in time and fourth-order in space for the convective
terms and second-order in space for the diffusive terms. Specifi-
cally, the code employs all the balance equations (1)-(4) in a unified
form,”®

0G 0OEg OFg

ot e tax MO ©
where G stands for any of the variables P> PU, pU,,PpY and e; Eg and
Fg designate the related axial and radial fluxes, respectively, and Hg
is the source term. The spatial discretization is obtained by integrat-
ing any of the balance equations (1)-(4) in the form (6) over a given

scitation.org/journal/phf

grid cell. More details about the numerical method are available, for
instance, in Refs. 14, 17,21, 27, and 28.

In the present work, we consider a premixed flame front
propagating in a long 2D channel of half-width R/Lf = 10,20, 30
and a thermal expansion ratio © = p, /p, = 5,8,10. The surface of
the channel wall is nonslip u = 0, and either adiabatic, n- VT =0,
or isothermal, T =300K. The nonreflecting boundary condi-
tions with the velocity field (ux,u,) =0 are employed at both
ends of a channel to prevent the reflection of the sound waves
and weak shocks. The initial flame structure is imitated by the
Zeldovich-Frank-Kamenetskii (ZFK) solution for a planar flame
front”' initiated at a distance of 50L from the left end of the chan-
nel. The flames are characterized by monitoring the evolution of the
flame tip position as well as that of the instantaneous burning rate,
Uy, given by'®

1 pY Ea
v [ P exp[ - A Jddz. 7
R ) eXP( RPT) e @)

After carrying out adequate resolution tests, using the standard pro-
cedure adopted in some of our previous studies,'*'”?”?* a grid size of
0.2Ly is found to fully resolve the flame front and optimize resource
utilization.

Ill. RESULTS

The morphology of flames with various Lewis numbers, initi-
ated as the ZFK solution and propagating through a channel with
both ends open, presents some interesting features that can help
in gaining understanding into the dynamics of such flames. Right
after flame initiation, there is distortion of the flame front due to
the impact of the thermal expansion and the nonslip wall. The evo-
lution of a flame in a channel of half-width R = 10L and thermal
expansion ratio ® =5 is shown in Fig. 1. For the Le = 0.2 flame,
shown in Fig. 1(a), it is revealed that the flame front becomes cor-
rugated, showing a concave shape with three wings, such that the
center is behind other segments. As the flame propagates, its seg-
ments close to the wall move further into the premixture, while the
central segment becomes deeper, causing formation of a cusp at the
center of the channel and thus promoting the flame surface area.
This results in bifurcation, causing the unburnt fuel mixture to be
entrapped between the flame segments, thereby further increasing
the surface area of the flame front. The flame segments eventu-
ally collapse when the entrapped fuel is consumed. This process is
repeated again because of the competing momenta of the burnt gas
and the fuel mixture. Since both ends of the channel are open, the
flow is not restricted in any direction, and, therefore, this flow is
distributed between the flows toward both exits. The cycle of cusp
formation, flame bifurcation, and collapse of the flame segments
continues, resulting in deceleration and acceleration of the flame tip.
The flame tip is found to decelerate during formation of the cusp
and bifurcation, and it accelerates during the collapse of the seg-
ments. Such an extent of the flame front distortion, observed for a
flame with Le = 0.2, can be devoted to a thinner flame front, which
makes corrugation easier, and the increased flame stretches due to
the diffusional-thermal instability.”” For the situation of Le = 1, as
shown in Fig. 1(b), the flame front is less distorted than that of the
Le < 1 flame. Here, the cusp formed on the flame front is not as deep
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FIG. 1. The color temperature snapshots, from T = 300K in the fuel mixture (blue) until T = 1500 K in the burnt matter (red), for the evolution of the ® = 5 flames with
various Lewis numbers: (a) Le = 0.2, (b) Le = 1, and (c) Le = 2 propagating in the adiabatic channel of half-width R = 10L¢ in all three cases.

as that in the case of Le < 1, and there is no flame bifurcation. Due to
less distortion of the flame front, its surface area is lower, and there-
fore, the extent to which the flame would accelerate or decelerate is
reduced. The Le = 2 flame in Fig. 1(c) shows a similar behavior to
that of Le = 1; however, the cusp and, consequently, the flame sur-
face area is slightly lower for Le = 2. Less distortion of the Le > 1
flames can be attributed to a thicker flame front at such Le, which
makes the flame less susceptible to corrugation, in which there is no
diffusional-thermal instability in this case.

In a wider channel of half-width R = 20L, as shown in Fig. 2,
flame propagation still exhibits a similar trend to that of R = 10Ly,
especially at Le > 1. While the Le = 0.2 flame in Fig. 2(a) also shows
a similar series of cusp formation, flame bifurcation, and collapse of
flame segments, as discussed earlier for R = 10L 1 the wider channel
allows stronger corrugation of the flame front. The flame is almost
divided into two halves along the centerline, before the collapse of
the flame segments is completed.

To describe the dynamics of a flame propagating through
an open channel with adiabatic and non-slip walls, the plots of
the scaled flame tip position Zs,/R and the scaled burning rate
U, /SL vs the scaled time 7 =tS;/R for a channel of half-width
R =10L; and a flame of thermal expansion ratio ® = 5 are shown in

Figs. 3(a) and 3(b), respectively. Both plots in Fig. 3 show that the
flames oscillate as they propagate through the channels. The oscilla-
tions are however found to be much more prevalent for the Le = 0.2
flame, which can be devoted to the combustion instability inher-
ent to low-Le flames. The oscillations observed here for the Le = 0.2
flame further confirm the implication of a trough formation and the
subsequent collapse of the flame segments identified in Figs. 1(a)
and 2(a). We also mention in passing that the oscillation amplitude
decreases as the flame propagates through the channel, signifying
some reduction in the flame oscillations with distance.

For Le = 1 and 2, only minor oscillations are seen at the initial
stage of flame propagation. The flame front is subsequently stabi-
lized and propagates with a constant velocity, as indicated by the
plots of the scaled flame tip position Zyy /R, Fig. 3(a), and the scaled
total burning rate U,, /S, Fig. 3(b). It is important to mention here
that for both equidiffusive (Le = 1) and non-equidiffusive (Le # 1)
conditions, flame acceleration (observed in a semi-open channel
for a flame ignited at a closed end)'® is not observed here. This
is due to the fact that the flow is not constrained to any direction
when both channel extremes are open, and therefore, the fluid flow
is distributed toward both ends. The resulting effect of this con-
dition is that the opposing momenta of the burnt gas behind the

z/R

z/R

FIG. 2. The color temperature snapshots, from T = 300K in the fuel mixture (blue) until T = 1500 K in the burnt matter (red), for the evolution of the ® = 5 flames with
various Lewis numbers: (a) Le = 0.2, (b) Le = 1, and (c) Le = 2 propagating in the adiabatic channel of half-width R = 20L ¢ in all three cases.
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flame and the fuel mixture ahead of the flame, more or less, bal-
ance each other, thereby preventing significant push from the burnt
gas.

For a channel half-width increased to 20Ly, the plots for the
time evolutions of the scaled flame position and burning rate in
Figs. 4(a) and 4(b), respectively, demonstrate that flame propagation
through the channel preserves the oscillation regime. However, the
flame oscillations are observed here to be of lower frequency as com-
pared with that in the R = 10L 5 channel. In such a wider channel, as
R=20Ly, the flame exhibits well defined oscillations when Le > 1,
similar to the findings of Ref. 13. The difference in the flame behav-
ior, caused by the changes in the channel width, can be attributed to
the increased corrugation of the flame front in a wider channel.

Finally, it is emphasized that employment of nonslip walls was
essential for this work. Indeed, if the walls were slippery and adia-
batic, then an initially planar, stable flame front would remain planar
and would propagate with a constant velocity S; with respect to the
fuel mixture. This is typically the case for such narrow channels with
slip walls. In practice, however, the channels are wider than those
considered here, and the flame will eventually become unstable due
to the onset of the intrinsic combustion instabilities. In fact, such a

1 — : : :

2.0 2.5

6
---Le=02 —-Le=1 —Le=2
5 f"| ,'I\ ) 3 ;

. [2gs 5 23 o= g s FIG. 3. (a) The scaled flame tip posi-
L4 : N R E N T ; tion Zy/R and (b) the scaled burning
s ! l)‘- WGl Wy oo rate Uy /Sy vs the scaled time 7 = tS; /R

S NS = for the ® = 5 flames with various Le =
3 1 0.2,1, and 2 propagating in the adiabatic
/ channel of half-width R = 10L .
()
2 - .
0 1 2 3 4
T

channel with slip walls has been the classical geometry to simulate
the Darrieus-Landau (DL) instability,”>® associated with the ther-
mal expansion ratio ®, and the diffusional-thermal instability,*'*
associated with Le < 1.

In the present work, the situation is conceptually different
because of the nonslip walls, which contribute to the formation of
the curved flame front and play a key role in the flame dynamics
and morphology. Due to the velocity gradient imposed by the non-
slip wall condition, the flame front and the characteristics of flame
propagation are different at different channel widths. For this rea-
son, the channel width influences the oscillation frequency, even
for a given Le. Overall, it looks as the flame oscillations are the
result of the interplay between the effects of (i) nonslip walls, (ii)
the DL instability, and (iii) the diffusional-thermal instability. The
first two effects depend on R/Ly, so it is natural that the oscilla-
tion frequency also depends on R/L. Moreover, even for the same,
fixed Le, the oscillation frequency depends on R/L s because both the
effects, of the nonslip walls and of the DL instability, exhibit such a
dependence. In fact, the dependence of the oscillation frequency on
the channel width follows the trend first established in the Le =1
work.”!

6
---Le=02 —-Le=1 —Le=2
5 - I\
[ \ (i
P /\ N
& 1 & #h I\ // \
\24 B ¢ \ | / \
=2 T A
v F N 1/ i
.\/ \‘. \ \
31 7 \Q-x R \ ,/ _________
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.
)
2 T T T T
0.0 0.5 1.0 T 1.5 2.0 2.5

FIG. 4. (a) The scaled flame tip position Z;,/R and (b) the scaled burning rate Uy /S, vs the scaled time 7 = tS; /R for the ® = 5 flames with various Le = 0.2, 1, and 2

propagating in the adiabatic channel of half-width R = 20L ;.
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FIG. 5. The color temperature snapshots, from T = 300K in the fuel mixture (blue) until T = 3000 K in the burnt gas (red), for the evolution of the ® = 10 flames in the
channels with (@) R = 20L; and Le = 0.2, (b) R = 10L¢ and Le = 0.2, and (c) R = 10L and Le = 2.

IV. DISCUSSION

We next discuss the effects of the thermal expansion ratio
and thermal wall conditions (adiabatic or isothermal) on the flame
dynamics in this geometry.

A. Impact of thermal expansion

First, we keep the channel walls adiabatic, as in Sec. I1], and vary
the expansion ratio ®, which characterizes the density jump across
the flame front. A higher level of the DL instability occurs for higher
©. This is indicated in the temperature snapshots for the ® = 10
flames in a channel of R = 10Ly, as shown in Fig. 5. The morphol-
ogy of the flame front at this condition is qualitatively similar to that
exhibited when @ = 5, with a stronger flame distortion experienced

when Le = 0.2. The corrugation of the flame front and, consequently,
the oscillations decreases as the Lewis number grows from Le = 0.2
until Le = 2.

Figures 6(a)-6(c) present the scaled flame tip position, the
scaled flame tip velocity, and the scaled total burning rate, respec-
tively, vs the scaled time for the flames with a higher thermal
expansion ratio, ® = 10. Figures 7(a)-7(c) are the counterparts of
Figs. 6(a)-6(c) for ® = 8.1t is seen that increasing the thermal expan-
sion ratio from 5 to 8 and 10 does not produce any qualitative effects
on the flame dynamics, preserving the oscillating mode of the flame
dynamics. However, minor quantitative differences in terms of the
oscillation parameters are noticed. Another important finding is a
damping effect of Le. It is observed that as the Lewis number grows
from 0.2 to 2, the amplitude of the flame oscillations decreases. The

FIG. 6. (a) The scaled flame tip position
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6
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Zip/R, (b) the scaled flame tip veloc-
ity Ugp/R, and (c) the scaled burning
rate Uy /Sy vs the scaled time 7 = tS; /R
for the ® = 10 flames with various Le
=0.2,1, and 2 propagating in the adia-
batic channel of half-width R = 10L .
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FIG. 7. (a) The scaled flame tip posi-
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Le < 1 flames clearly exhibit oscillations with a decreasing amplitude
and frequency, as Le approaches unity. Such a reduction in the oscil-
lation parameters indicates the flame stability, which is promoted
with an increase in Le.

The maximal scaled total burning rate attained by the flame, as
it propagated in an R = 10Ls channel, is plotted for various condi-
tions, as shown in Fig. 8. Here, Fig. 8(a) further confirms that the
impact of the thermal expansion ratio on the flames is minor, espe-
cially if Le < 1. The impact of ® on the flame is observed to increase
at a higher Le, Le = 2. The maximum burning rates attained by the
flame are observed to decrease with ® at Le > 1. The reverse is, how-
ever, the case at Le = 0.2 as a crossover region exists between Le = 0.2
and Le = 1, where all thermal expansion ratios produce equal max-
imum burning rates. Considering a ® = 8 flame in the channels of
various half-widths, as shown in Fig. 8(b), we observe that the maxi-
mum burning rate increases with the channel widths for all the Lewis

tion Zj/R, (b) the scaled flame tip
velocity Usp/R, and (c) the scaled bumn-
ing rate Uw/S; vs the scaled time
= S, /R for the ® = 8 flames with vari-
ous Le = 0.2,0.5, 1, 1.5, and 2 propagat-
ing in the adiabatic channel of half-width
R =10Ls.

numbers investigated. The impact is, however, found to be more
profound at high Le.

B. Impact of thermal wall conditions

Flame propagation in channels with both extremes open and
with nonslip and isothermal boundary conditions at the walls is also
scrutinized—in order to identify the effect of thermal wall boundary
conditions on the flame. The temperature snapshots shown in Fig. 9
are for the ® = 8 flame with various Lewis numbers in the range of
0.2 < Le < 2, propagating in the channels of half-width 10L;. When
the channel wall is maintained at a temperature of T\, = 300K, as
shown in Fig. 9, a flame is qualitatively different from that seen in
the adiabatic channels. Specifically, after an embryonic flame front is
initiated using the ZFK planar approach, the flame front is observed
to retract, instead of propagating into the fuel premixtures, for all
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FIG. 9. The color temperature snapshots, from T = 300K in the fuel mixture (blue) until T = 2400K in the burnt matter (red), for the evolutions of the ® = 8 flames with
various (a) Le = 0.2, (b) Le = 1, and (c) Le = 2 propagating in the isothermal (T, = 300 K) channel of R = 10L.

Le considered. Contraction of the flame is also observed to occur as
heat is being lost to the channel wall. However, the rate at which
such a flame retraction and contraction occurs changes with the
Lewis number. For Le = 0.2, shown in Fig. 9(a), where mass diffu-
sivity is dominant, both the retraction and contraction occur at a
slower rate. The higher rate of mass diffusion into the flame front
attempts to balance the heat being lost to the cold wall. When the
mass diffusion balances or exceeds the thermal diffusion, we see the
flame retracting and contracting slightly faster. The heat loss from
the burnt gas to the cold wall, coupled with the distributed flow
toward both exits, prevents the burnt gas from having the momen-
tum required to push the fuel ahead of the flame front. Figures 9(b)

and 9(c) present the flames with Le = 1 and 2, where the thermal dif-
fusion equals or exceeds the mass diffusion, respectively. The rate of
the flame retraction and contraction is shown to grow with Le.

The plots of the scaled flame tip position and the scaled burning
rate for the flames with ® = 8 and various Lewis numbers, propa-
gating in a channel of half-width R = 10L ¢ with isothermal wall, are
shown in Fig. 10. Here, the evolution of the flame position also shows
the flame retraction described earlier. That is, the plot of the scaled
flame tip position vs the scaled time, Fig. 10(a), shows the flame
tip moving toward the left open end of the channel, as opposed to
traveling toward the right end, as was observed in semi-open chan-
nels as well as in adiabatic channels. The scaled burning rate vs the
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scaled time, Fig. 10(b), also decreases for the Le > 1 flames. This was
expected since the flame morphology seen in the snapshots of Fig. 9
does not show any increase in the surface area of the flame front.
For a wider channel, R = 20Ly, the scaled flame tip position and
the scaled burning rate are shown vs the scaled time in Figs. 11(a)
and 11(b), respectively. Again, we see the flame retreating, instead
of advancing, as shown in Fig. 11(a). However, the retraction here
happened at a slower rate.

In addition, a deviation from the generally observed flame
behavior is obtained for a low Lewis number, Le = 0.2, as such a
flame is seen to have changed direction at a point in the channel.
The scaled flame tip thereafter shows an upward trend, Fig. 11(a).
The same trend is revealed in the plot of the scaled burning rate
shown in Fig. 11(b). Such a slight change in the flame behavior
when the channel half-width is increased from 10L; to 20Ly can
be attributed to the impact of heat loss to the channel wall. While
both channels have their walls kept at 300 K, the impact of the heat
loss is more significant in a narrower channel. The reason being
that the narrower the channel is, the higher the surface to vol-
ume ratio is and, consequently, the higher the impact of the heat
loss is.

Overall, we may conclude that the role of the thermal bound-
ary conditions at the channel walls is important and may potentially
dominate over that of the Lewis number (although the impact of
the isothermal walls, cold and preheated, needs to be further inves-
tigated elsewhere). At the same time, the impact of Le on burning in
the isothermal T, = 300 K channels is qualitatively weaker than that
in the adiabatic channels.

V. CONCLUSIONS

In this work, we have studied the impact of the Lewis num-
ber, Le, on propagation of the premixed flames in channels with
both ends open, and with smooth, nonslip walls—either adiabatic
or isothermal. Also scrutinized is an interplay of nonequidiffusive
burning with thermal expansion and the channel geometry. The
analysis is performed by means of numerical simulations of the
reacting flow equations, with fully compressible hydrodynamics and
one-step Arrhenius chemical kinetics. We started with the adiabatic
wall condition as the main case of study in this work. It is found
that the flames oscillate at low Lewis numbers, Le < 1, with the
oscillation amplitude and frequency decreasing with Le. The low-
Le flames exhibit the stages of cusp formation, flame bifurcation,
and the collapse of the flame segments, repeatedly. For the Le > 1
flames, slight oscillations are seen right after initiation, followed by
steady flame propagation. While the effect of the thermal expansion
ratio on the flame dynamics and morphology is found to be mini-
mal, the trend of its impact at Le = 0.2 is reversed when Le = 2. An
increase in the channel width produces a slight difference in the
flame behavior, while the differences in morphology and dynam-
ics are much more notable at Le = 0.2. While the majority of the
simulation runs of the present work employed the adiabatic wall
condition, for comparison, the analysis was subsequently extended
to the isothermal channels. It is shown that the role of heat losses
to the walls is important and may potentially dominate that of the
Lewis number. At the same time, the impact of Le on burning in the
isothermal channels is qualitatively weaker than that in the adiabatic
channels.
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