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Equidiffusive premixed combustion in obstructed channels with both open, nonreflecting ends exhibits various
forms of flame propagation: oscillations, acceleration or a combination of both regimes. Given the limited
practicality of equidiffusive premixed combustion, it is important to understand how these modes of combustion
are altered at nonequidiffusive conditions, characterized by a nonunity Lewis number (thermal to mass diffusivity
ratio) Le �= 1. To achieve this, the impacts of Le on the flame dynamics and morphology are analyzed by
means of the computational simulations of the reacting flow equations, with Arrhenius chemical kinetics, fully
compressible hydrodynamics, and transport properties. In addition to varying Le, the parametric study includes
various blockage ratios, channel widths, obstacle spacing and thermal expansion ratios. It is identified how these
parameters influence the burning velocities as well as the scaled oscillation amplitude and frequency. Specifically,
in the narrow channels with small blockage ratios, the amplitude and frequency of the oscillations vary with Le,
with the frequency decreasing and the amplitude increasing as Le grows from 0.3 to 2. In other conditions,
a transition from the flame oscillations to sudden flame acceleration or its propagation at a constant velocity is
singularly influenced by Le, or by the interplay of Le with the geometric parameters of a channel. The delay time
before the onset of flame acceleration, especially at Le < 1, also varies as the channel width and the blockage
ratio change. In all cases, Le has both quantitative and qualitative effects on flame propagation in obstructed
channels with both open, nonreflecting ends.
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I. INTRODUCTION

Achieving the deflagration-to-detonation transition (DDT)
from a weak ignition source, which is often a requirement in
many combustion devices such as pulse detonation engines,
can be feasible through flame acceleration (FA) [1,2]. On the
other hand, moderation of FA to prevent occurrence of DDT
in such enclosures as coal mines or underground tunnels is
essential for prevention of catastrophic accidents [3–5]. Flame
propagation in channels provides a good representation of
these combustors and industrial facilities. Depending on a
channel geometry, boundary conditions, and the details of
flame-wall interaction, a premixed flame can exhibit various
modes of propagation, ranging from oscillations to accelera-
tion [6–9]. For instance, in “semi-open” obstructed channels
(that with one end closed), FA from the closed end towards
the open end is partly due to delayed burning in the pockets
between the obstacles [10,11]. More importantly, since there
is only one open extreme in a semi-open pipe, the entire burnt
gas contributes to pushing the fuel mixture ahead of the flame
front, thus resulting in ultrafast acceleration.

In the case of an obstructed channel with both nonreflecting
(open) ends, the distribution of the burnt gas between such two
ends modifies the flame dynamics, which differs from usual
continuous FA encountered in semi-open channels. Flame
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propagation in such a configuration may proceed in various
modes, ranging from oscillations to acceleration, depending
on the geometric parameters. Some of the previous works
on flame propagation in obstructed channels or tubes with
both open, nonreflecting ends include theoretical studies [12],
computational simulations [13], and combined experimental
and numerical efforts [14]. The measurements [14] reveal
that flames in open or vented obstructed conduits accelerate
strongly but at a slower rate, as compared to the semi-open
pipes [12]. On the other hand, Ref. [13] reported nonlinear
quasisteady oscillations of the burning rate, with the oscilla-
tion period growing with the blockage ratio but decreasing
with the thermal expansion ratio. The authors of Ref. [13]
also identified the possibility of FA to replace the oscilla-
tions in wider channels. Both experimental and computational
results [14] revealed the existence of a slowly propagating
flame front, which undergoes instant acceleration without
generating shock waves. Pressure oscillations, flame-obstacle
interactions, and hydraulic resistance as the cause of sudden
FA have been reported.

Another important parameter, with a capability of further
disrupting the flame dynamics and morphology, is introduced
when burning occurs at nonequidiffusive conditions, that is,
unequal diffusion of the mass and heat. This phenomenon is
characterized by the Lewis number, Le, which represents the
thermal-to-mass diffusivity ratio, with Le = 1 for equidiffu-
sive and Le �= 1 for nonequidiffusive conditions. The impact
of Le �= 1 on the flames propagating in semi-open channels or
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tubes ranges from promotion to moderation of FA, as it alters
the internal flame structure, and thereby, the flame response
to curvature and stretch [15–19]. Specifically, the Le < 1
condition introduces the diffusional-thermal instability into
the overall dynamics and leads to the interplay between the
internal and global flame structures. On the other hand, the
Le > 1 condition results in a thickening of the flame front, a
decrease in the local burning temperature and, hence, moder-
ation of FA [17–19]. The impact of Le has also been found
to be substantial for the flames propagating in the presence of
turbulence [20].

Therefore, the question is what the impact of Le would
be on the dynamics and morphology of oscillating and ac-
celerating flames in channels with open, nonreflecting ends.
To answer this question, we have performed a computa-
tional study of the effects of Le on premixed laminar flame
dynamics. Recently, we have addressed this problem in unob-
structed channels [21], while in the present work we deal with
obstructed channels. Specifically, flame propagating through
a comb-shaped array of obstacles in two-dimensional (2D)
channels with both open, nonreflecting ends is studied by
means of computational simulations of the reacting flow equa-
tions, with fully compressible hydrodynamics and Arrhenius
chemistry. In addition to considering various Le, the paramet-
ric study involves the variations of the blockage ratio, channel
width, and obstacle spacing. The flames are found to exhibit
both the oscillations and acceleration as the burning condi-
tions vary, with the changes in Le and its interplay with other
parameters being the cause of an oscillation-to-acceleration
transition.

II. DESCRIPTION OF THE COMPUTATION SIMULATIONS

We have performed computational simulations of the hy-
drodynamic and combustion equations including transport
processes (viscosity, diffusion, and heat conduction) and
chemical kinetics modelled by a one-step Arrhenius reaction.
The basic equations in a 2D geometry take the form

∂

∂t
ρ + ∂

∂xi
(ρui ) = 0, (1)

∂

∂t
(ρui ) + ∂
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(
ρuiY − ζ

Sc

∂Y

∂xi

)
= −ρY

τR
exp (−Ea/RpT ),

(4)

where Y is the mass fraction of the fuel mixture, e = QY +
CvT and h = QY + CPT are the specific internal energy and
enthalpy, respectively; Q = CPTf (� − 1) is the energy release
in the reaction, and Cv , CP are the specific heats at constant
volume and pressure, respectively. Both the unburned and
burnt matters are assumed to be two-atomic ideal gases of
the same constant molecular weight, m = 2.9 × 10−2 kg/mol,
with Cv = 5Rp/2m, Cp = 7Rp/2m, such that the adiabatic

FIG. 1. An illustration of flame propagation in an obstructed
channel with both extremes open (only an upper half is shown).

index is k ≡ Cp/Cv = 1.4. Here Rp = 8.314 J/(mol K) is the
universal gas constant, and the equation of state is

P = ρRpT/m. (5)

The initial fuel density, pressure, and temperature are ρ f =
1.16kg/m3, Pf = 100 kPa, and Tf = 300 K, respectively. The
stress tensor γi, j and the energy diffusion vector qi are given
by

γi, j = ζ
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+ ∂u j

∂xi
− 2

3
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δi, j

)
,
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∂xi
+ Q

Sc

∂Y

∂xi

)
, (6)

where ζ = ρν is the dynamic viscosity having a value of
1.7 × 10−5kg/(m s) in the fuel mixture, Pr and Sc are the
Prandtl and Schmidt numbers, respectively. The Lewis num-
ber is calculated as their ratio, Le = Sc/Pr. In this work, Le
is varied in the range 0.3 � Le � 2.0, by keeping the Prandtl
number constant, Pr = 1, and adjusting the Schmidt number,
Sc, accordingly. The right-hand side of Eq. (4) describes an
irreversible one-step Arrhenius reaction of the first order, with
the activation energy Ea = 79.82 kJ/mol and the constant of
time dimension τR = 4.06 × 10−10 s. A conventional unit of
velocity dimension is the unstretched laminar flame velocity
SL. In the present work, SL = 34.7 cm/s, being 103 times
smaller than the initial speed of sound in this fuel mixture,
c0 = 347 m/s, such that the hydrodynamics is almost in-
compressible at the initial stage of burning. A useful unit of
length dimension is the thermal flame thickness, which is de-
fined, conventionally, as L f ≡ ζ f /ρ f SLPr = 4.22 × 10−5 m.
We, therefore, measure the half-width of the channel R in
terms of L f .

In this work, we consider a premixed-flame front propagat-
ing in a long 2D channel of width 2R, with a blockage ratio α,
such that a fraction of the channel of width 2Rα is occupied
by equally and tightly spaced obstacles as illustrated in Fig. 1.
The spacing between the adjacent obstacles is taken to be
�Z = R/4, in most cases, but the cases of �Z = R/2 and
R are also considered, with the channel half-widths R/L f =
12, 24, 36, the blockage ratios α = 1/3, 1/2, 2/3, and the
thermal expansion ratios � = 5, 8, 12. The quantities � and
Ea determine the Zeldovich number Ze,

Ze = Ea

RpTf

(� − 1)

�2
, (7)

such that in the present work we have Ze = 5.12, 3.50,

and 2.44 for � = 5, 8, and 12, respectively. The channel
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length was up to 150 R, thereby making the aspect ratio up
to 75. It is nevertheless noted that as long as the flows remain
substantially subsonic, the flow effects that drive the flame
dynamics are more local, whereas hydraulic resistance, and
thereby, the whole channel length are much less important as
we demonstrated and discussed earlier in [8]. However, the
channel length and hydraulic resistance eventually become
important with an increase in the flame propagation Mach
number; see, for instance, Refs. [12,14] for more details on the
subject.

The flame response to various parameters is monitored by
the instantaneous burning rate [22],

Uw = 1

2Rρ f

∫
ρY

τR
exp

(
− Ea

RpT

)
dx dz. (8)

A convenient measure of the instantaneous flow compress-
ibility and, thereby, the stage of DDT is the instantaneous
Mach number associated with the flame tip, Matip(t ) =
Utip/ctip, where Utip ≡ dZtip/dt is the flame tip velocity in the
laboratory reference frame and сtip is an instantaneous sound
speed taken at the flame tip,

сtip ≡
√(

Cp

Cv

)(
Rp

m

)
Ttip. (9)

The surfaces of the channel walls and obstacles are adi-
abatic, n · ∇T = 0, and free-slip, n · u = 0, where n is a
normal vector at a surface. The nonreflecting boundary con-
ditions are employed at both extremes of the channel to
prevent the reflection of the sound waves and weak shocks.
The initial flame structure is imitated by the Zeldovich-Frank-
Kamenetsky (ZFK)-like solution for a planar flame front
initiated at a distance of 60 L f from the left extreme of the
channel.

Similar to our previous works [13,17–19], the numerical
approach is based on a cell-centered, finite-volume numerical
scheme, which is of the second order of approximation in
time and of the fourth order of approximation in space for
convective terms, and it is of the second order of approxima-
tion in space for diffusive terms. The computational platform
employs the conservation Eqs. (1)–(4) in a unified form:

∂G

∂t
+ ∂EG

∂z
+ ∂FG

∂x
= HG, (10)

where G stands for any of the variables ρ, ρux, ρuz, ρux, ρY ,
ε; the functions EG and FG are the related axial and radial
fluxes, respectively, and HG is the source term. The spatial dis-
cretization is obtained by integrating any of the conservation
laws (1)–(4) in the form (10) over a given grid cell.

To reduce the computational time and memory, similar to
our previous computational works [13,17–19], a self-adaptive
structured grid is used: namely, it is rebuilt based on the
positions of the flame front and the leading pressure wave.
This is achieved by using the third-order splines to interpolate
the flow variables during the grid reconstruction, preserving
the second order of approximation of the numerical scheme.
Specifically, the numerical mesh is rectangular, with the cell
sides being parallel to the radial and axial directions. While
the radial grid size is fixed, �Z f , the axial grid size changes
dynamically, from the minimal value of �Z f to the maximal

value of �Z (spacing between the obstacles), keeping the
finer resolution at the flame front and at the pressure wave
generated by the flame motion. Similar to our previous works
[13,17], here we employed �Z f = 0.2 L f as validated by
the grid resolution test presented in the Appendix, which
is performed in a manner similar to our previous works on
obstructed channels [13,17]. Obviously, the usage of such
adaptive mesh notably reduces the computational resources
required for this work. For example, if only a fine square grid
0.2 L f × 0.2 L f was used, then our computational domain
would contain up to 150 × 2 × 362 × 52 ∼ 9.7 million cells,
while in practice it never exceeded 1–2 million cells.

III. RESULTS AND DISCUSSION

A. Morphology and dynamics of nonequidiffusive flames
in channels with nonreflecting ends

The color temperature snapshots in Fig. 2 show the mor-
phology of the nonequidiffusive flame fronts of Le = 0.3
[Fig. 2(a)] and Le = 2 [Fig. 2(b)] as they propagate through an
obstructed channel with both open, nonreflecting ends. Here
the temperature changes from 300 K (blue) in the fresh fuel
mixture to 2400 K (red) in the burnt matter such that the ther-
mal expansion ratio is � = 8. The white lines with the arrows
represent the streamlines of the flow. The concentrated “white
areas” (spots) are devoted to the sporadic vortices stored in
the pockets between the obstacles. We have observed similar
structures earlier, for instance, in Ref. [1].

In both cases considered in Fig. 2, Le = 0.3 and Le = 2,
the initial internal flame structure is approximated by the
ZFK-like solution, Fig. 2(a)(i), and it results in a corrugated
shape of the flame front, with the extent of the curvature
determined by the burning conditions. Variations in the flame
shape are largely dependent on the response of the flame to the
curvature caused by the rearward flow of the premixture ahead
of the flame front. The temperature snapshots for Le = 0.3
differ from those for Le = 2, necessitated by the need to cover
the full extent of the shape changes encountered in each case.
In the case of Le = 0.3, Fig. 2(a), an initially planar flame
front quickly acquires a concave shape at the center of the
channel and a convex shape towards the obstructed sides, re-
sulting in an increased flame surface area. We also see a wider
preheated zone at the center of the channel in Fig. 2(a)(ii). As
the preheated fuel mixture is consumed, the cusp previously
formed at the center of the channel decreases, Fig. 2(a)(iii),
causing FA and a reduction in concavity of the flame front.
This acceleration lasts shortly as the distributed nature of the
flow prevents the burnt gas from providing adequate push on
the fuel mixture, causing the flame front to revert to a shape
with a concave center and a wide preheated zone, described
earlier. The back and forth push from the burnt gas and the
fuel mixture continues, culminating in the oscillations of the
flame propagating through the channel. For Le = 2, Fig. 2(b),
it takes more time for the flame front to acquire an appreciable
concave shape with a thinner preheated zone at the center,
Fig. 2(b)(ii). The flame front keeps being corrugated, almost
forming a tulip shape, Fig. 2(b)(iii), before the fuel mixture
is consumed and FA occurs. The process is repeated, causing
periodic flame oscillations. However, the oscillations, in this
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FIG. 2. The typical temperature snapshots for the evolution of a flame with � = 8 during one oscillation in a channel with R = 12Lf ,
α = 1/3 for Le = 0.3 (a) and Le = 2 (b). The white lines with the arrows represent the streamlines of the flow.

case, are expected to have a higher period, as it takes longer
for a flame front to respond to a distortion caused by the
rearward flow of the fuel mixture.

A further illustration of the effect of Le on flame prop-
agation is done by plotting the scaled total burning rate vs
the scaled time for various operating conditions. Additional
characterization is done by examining the physical appearance
of the waveform, estimating the average oscillation frequency
and amplitude. These plots provide a further illustration of
how the flame dynamics is affected by the Lewis number.
Figure 3(a) shows the scaled total burning rate vs the scaled
time for the channel of half-width R = 12L f , the blockage

FIG. 3. The scaled burning rate Uw/SL vs the scaled time tSL/R
for the thermal expansion ratio � = 8, the blockage ratio α = 1/3,
the obstacle spacing �Z = R/4, the channel width R = 12 Lf , and
various Lewis numbers Le = 0.3 (a), 0.6 (b), 1 (c), and 2 (d).

ratio of α = 1/3, and the thermal expansion ratio of � = 8,
with each subplot pallet representing a different Le, for clarity.
For all the Lewis numbers considered, the flames oscillate as
they go through a narrow channel. Such oscillations, however,
exhibit varying quality in terms of the oscillation frequency
and amplitude.

Figure 4 presents the scaled oscillation amplitude,
�Uw/SL, and frequency, fp (scaled by SL/R), vs Le for � = 8,
R = 12 L f , α = 1/3, and �Z = R/4. Here the amplitudes
were calculated using the maximal and minimal scaled burn-
ing rates in Fig. 3, �U = (Uw,max − Uw,min)/2, while the
frequencies were determined as the number of complete oscil-
lations per period from the same plot. According to Fig. 4, the
flame oscillation amplitude increases when the Lewis number
grows from Le = 0.3 to 1, while it declines when Le grows
further, to Le = 2. There is no noticeable difference in the
oscillation frequency when Le is increased from Le = 0.3 to
0.6; however, the further increase in the Lewis number, to

FIG. 4. The scaled oscillation amplitude, �Uw/SL , and fre-
quency, fp (scaled by SL/R), vs the Lewis number, Le, for the
thermal expansion ratio � = 8, the channel half-width R = 12 Lf ,
the blockage ratio α = 1/3, and the obstacle spacing �Z = R/4. The
amplitudes were calculated using the maximal and minimal values
of the scaled burning rates in Fig. 3, �U = (Uw,max − Uw,min )/2,
while the frequencies were determined as the number of complete
oscillations per period from the same plot.
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FIG. 5. The color temperature snapshots for the evolution of a
flame with Le = 0.3, � = 8, in a channel with α = 2/3 and R =
12Lf (a) and R = 24Lf (b). The white lines with the arrows represent
the streamlines of the flow.

Le = 2, results in the reduction of the oscillation frequency
fp (scaled by SL/R) from 3 to 1.9. For equidiffusive flames,
Le = 1, such an oscillatory behavior can be attributed to the
hydraulic resistance of the flow ahead of the flame front and
the distributed flow of the burnt gas in a channel with open,
nonreflecting ends. While the distributed flow is still encoun-
tered in the nonequididffusive burning conditions, additional
contributions to the flame dynamics from nonequidiffusivity
can be caused by the internal flame structure. Specifically,
a thinner flame front and a high local burning temperature,
intrinsic to the events of Le < 1, result in a faster response
to the flame stretch caused by the backward flow of the un-
burnt mixture, and, thus, the lower amplitude and the higher
frequency of the flame oscillations are observed. On the other
hand, a thicker flame front at the condition of Le � 1 is able
to withstand the higher stretch from the backward flowing
premixtures, causing the delayed responses and, consequently,
the lower oscillation frequencies and the higher oscillation
amplitudes as compared to the Le < 1 case.

The color temperature snapshots for the � = 8, Le = 0.3
flame, propagating through the channels with a blockage ratio
of α = 2/3 and the channel half-widths of R = 12 L f and
24 L f , shown in Figs. 5(a) and 5(b), respectively, exhibit a
propagation mode different from the oscillatory mode ob-
served earlier. In both cases of half-widths 12 L f and 24 L f ,
the flames accelerate as they propagate through the channel.
For R = 12L f , the initial ZFK-like planar flame front swiftly
acquires a prolonged convex shape, Fig. 5(a)(i), signifying
an increased flame surface area and, thus, FA. Flame prop-
agation, however, occurs only in the central, unobstructed
segment of the channel, with the fuel mixture in the side
pockets left unburnt, Fig. 5(a)(ii). While consumption of the
fuel mixture in the side pocket is delayed at the initial stage,
lateral propagation is observed to increase as the flame front
moves on from its ignition position, Fig. 5(a)(iii). This poses

the possibility of a thermal explosion, as the contribution of
delayed burning in the cutoff region to the propagating front
will be immense when it finally occurs. An increase in the
channel half-width to R = 24 L f results in slightly delayed
FA, with the flame channeling occurring right after ignition;
see Fig. 5(b)(i). The flame front changes to acquire a convex
shape, propagating into the side pockets [Fig. 5(b)(ii)]. Due
to the increased flame surface area, such a flame accelerates
with more lateral propagation away from the ignition position
[Fig. 5(b)(iii)].

Various regimes of flame propagation are clearly seen in
the plots of Fig. 6(a) showing the evolution of the burning
rate. In the case of Le = 0.3, the flame shows slight initial
quasisteady propagation, and then transition to an accelerating
regime, with acceleration being quite strong [the respective
scaled total burning rate is represented on the left vertical axis
of Fig. 6(a)]. Strong and sudden FA observed here is similar
to that reported and discussed in Ref. [12]. This is followed by
slight deceleration before another round of quasisteady oscil-
lations around the flame saturation velocity. Despite the effect
of distributed flow, which is known to limit FA in channels
with both nonreflecting ends, it is interesting to see that the
combined effects of the low Le and high α (such as α = 2/3)
can produce enough momentum to overcome the hydraulic
resistance, and eventually transit to acceleration. In the cases
of Le = 0.6 and 1, the flame spreads oscillating around a
steady velocity, with the oscillation frequency being much
lower at Le = 1. On the other hand, at Le = 2, the burning rate
plot shows that the flame propagates through the channel at a
constant velocity. This indicates a balance between the push
effect of the burnt gas and the resisting force. The burning rate
for Le = 0.6, 1, and 2 is represented by the right vertical axis
in Fig. 6(a). The plot for the evolution of the burning rate in
the case of � = 8, α = 2/3, �Z = R/4, and R = 24 L f in
Fig. 6(b) shows that the flames exhibit sudden acceleration at
the Lewis numbers of Le = 0.3, 0.6, 1. These flames, how-
ever, undergo near-steady initial propagation before the onset
of FA. The time of such initial propagation increases as the
Lewis number grows from Le = 0.3 to 0.6. A similar behavior
is also seen for the Le = 1 flame, while neither oscillations
nor acceleration are observed for the Le = 2 flames. Also, the
maximum burning rate, attained by a flame before propagation
at a saturation velocity, is lower for Le = 0.3 as compared to
the cases of Le = 0.6 and 1. However, the saturation velocity
falls within the same range for all three cases.

Establishing the occurrence of the flame transitioning be-
tween the oscillating and acceleration regimes under the
impact of Le provides a fascinating result: as Fig. 6 indicates,
the Lewis number provides both qualitative and quantitative
effects on the flame dynamics in the channels with open, non-
reflecting ends. Another interesting phenomenon, observed in
the results presented above, is the existence of interrelations
between the Lewis number and the geometric parameters of
the channel, such as the channel width and the blockage ratio.
For a clearer understanding of these couplings, the Le-α and
Le-R interrelations are separately presented and discussed
below.

In a semi-open channel, with a flame ignited at the closed
end and travelling towards the open end, each of Le and α have
been individually reported to influence FA. In particular, this
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FIG. 6. The scaled burning rate Uw/SL vs the scaled time τ = tSL/R for the � = 8 flames at various Lewis numbers Le = 0.3, 0.6, 1, 2,
propagating in the channels with the blockage ratio α = 2/3, the obstacle spacing �Z = R/4, at various channel half-widths: R = 12 Lf (a)
and R = 24 Lf (b).

is because of the changes in the flame thickness or the changes
in the local burning temperature, due to the Le variations
[17,18], and also because of the impact of delayed burning
inside the pockets on the flame as the blockage ratio α varies
[10]. The impact of Le on flame propagation, as seen here, is
either enhanced or suppressed by α.

Figure 7 presents the time evolution of the scaled burning
rate for � = 8, �Z = R/4, and R = 24 L f . Here, for Le =
0.3 [Fig. 7(a)], the flames accelerate for all three blockage
ratios considered. However, the transition to acceleration oc-
curs faster as the blockage ratio increases from α = 1/3 to
α = 2/3. The maximum burning rate attained and the satura-
tion velocity also differ for these three cases. The trend of a
decreasing initial flame propagation period with the blockage
ratio, observed here, is similar to the trend of an increasing ac-
celeration rate observed for various α in a semi-open channel.
Specifically, a higher α is found to provide faster acceleration
in the Bychkov mechanism [10,23], when other conditions
are fixed, because of a larger volume of the burnt gas being
released into the central unobstructed part of the channel
after delayed burning in the side pockets. Such a decrease in
the initial propagation time at Le = 0.3 as α increases can
be attributed to a coupling of this delayed burning to other

attributes of a low-Le flame—such as a thinner flame front, a
higher local heating temperature, and a faster response to the
flame stretch—all of which enhance FA. On the other hand,
no FA is observed for all the blockage ratios considered when
Le = 2 [Fig. 7(b)]. Namely, the flame is seen to oscillate at
α = 1/3 and 1/2, while it only propagates at constant velocity
if the blockage ratio is higher, such as α = 2/3. In this case, an
increase in the blockage ratio to 2/3 results in the suppression
of the oscillations observed at the lower blockage ratios. The
interplay between a higher volume of the gas produced from
delayed burning in the side pockets and other conditions, pro-
vided by a high Lewis number, which is known to moderate
FA, is only enough to balance the resisting force, therefore,
resulting in steady flame propagation.

Also, an interplay between Le and R is explored in Fig. 8
by showing the scaled burning rate vs the scaled time for
� = 8, α = 2/3, and Le = 0.3 and 2. All the three propaga-
tion regimes (namely, that of initial propagation at a constant
velocity, that of sudden acceleration, and that of the oscilla-
tions around a saturation velocity) are exhibited by the flames
when Le = 0.3 [Fig. 8(a)] for R ranging from 12 L f to 48 L f .
The acceleration rates, the maximum scaled burning rates,
and the saturation velocities fall within the same range for

FIG. 7. The scaled total burning rate Uw/SL vs the scaled time tSL/R for the thermal expansion ratio � = 8, the obstacle spacing �Z =
R/4, the channel half-width R = 24 Lf , various blockage ratios α = 1/3, 1/2, 2/3, at various Lewis numbers Le = 0.3 (a) and Le = 2 (b).

015104-6



NONEQUIDIFFUSIVE PREMIXED-FLAME PROPAGATION … PHYSICAL REVIEW E 105, 015104 (2022)

FIG. 8. The scaled total burning rate Uw/SL vs the scaled time tSL/R for the thermal expansion ratio � = 8, the obstacle spacing �Z =
R/4, the blockage ratio α = 2/3, for the channels of half-widths R = 12 Lf , 24 Lf , 36 Lf , 48 Lf , at various Lewis numbers Le = 0.3 (a) and
Le = 2 (b).

all the channel widths considered. This supports the Reynolds
independence of the original Bychkov mechanism of FA [10].
However, an interesting situation is seen in the delay time
prior to acceleration, i.e. the time taken for the initial prop-
agation.

The observed increase in the delay time when R increases
from 12 L f to 24 L f is reversed by increasing R to 36 L f , with
the delay time decreasing further by increasing R to 48 L f .
This delay prior to acceleration was, however, attributed to
the effect of hydraulic resistance (viscous effect) in Ref. [12],
with the delay time stated to reduce to zero as R/L f → ∞.
This assertion, however, does not hold under some conditions
in this case: for R = 12 L f to 24 L f . The reversal, experienced
between R = 24 L f and R = 36 L f , indicates the presence of a
threshold within this region, which might depend on the ratio
of the flame thickness to the channel half-width or some other
effects. At Le = 2 [Fig. 8(b)], acceleration is observed only
for R = 36 L f and R = 48 L f , with the delay time prior to
the onset of acceleration decreasing as R grows from 36 L f

and 48 L f . In narrower channels (such as R = 12 L f and R =
24 L f ), the flames propagated with a constant velocity.

Increasing the spacing between the obstacles from �Z =
R/4 to �Z = R/2 and �Z = R (most especially, for the cases

of Le < 1, where the existence of different modes of flame
propagation has been established) shows that the delay time
prior to acceleration is also impacted. Figure 9(a) shows the
scaled burning rate vs the scaled time for Le = 0.3, � = 8,
R = 24L f , and α = 1/2, with the delay time before transition
to sudden acceleration decreasing as the obstacle spacing is
increased from R/4 to R/2. The delay time, however, grows
when the obstacle spacing is increased to R. While flame
propagation is not affected, qualitatively, as the obstacle spac-
ing varies, the changes observed in the delay time might be
due to the competing contributions of delayed burning in the
pockets and vorticity. According to the Bychkov mechanism
of FA in obstructed conduits [10], a role played by turbulence,
though supplementary, is nevertheless known to grow with an
increase in the spacing between the obstacles [7,23] and, thus,
turbulence is expected to contribute to the shortening of the
delay time. However, the time, required before a contribution
of delayed burning is experienced in the unobstructed segment
of the channel, also grows with the obstacle spacing, due to
an increased volume of the fuel mixture per pocket. When
the blockage ratio is increased to α = 2/3 [Fig. 9(b)], for the
reason similar to that discussed for a channel with α = 1/2,
the delay time grows by increasing the obstacle spacing �Z

FIG. 9. The scaled total burning rate Uw/SL vs the scaled time tSL/R for the thermal expansion ratio � = 8, the channel half-
width R = 24 Lf , the Lewis number Le = 0.3, for various obstacle spacing �Z = R/4, R/2, R, and various blockage ratios α = 1/2 (a)
and 2/3 (b).
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FIG. 10. Oscillating and accelerating regimes of flame propagation: R-Le diagram at α = 1/2, �Z = R/4, and � = 8 (a); α-Le diagram
at R = 24Lf , �Z = R/4, and � = 8 (b); and �-Le diagram at R = 24Lf , �Z = R/4, and α = 1/3 (c). Colors represent the scaled burning
rate Uw/SL.

from R/4 to R/2, but it decreases for larger �Z . However, the
higher blockage ratio, α = 2/3, alters the flame dynamics, and
consequently, the time taken before transition to acceleration.

Finally, the contour maps of Fig. 10, where the colors rep-
resent the scaled burning rate Uw/SL, demonstrate the regimes
of flame propagation, namely, the oscillations and accelera-
tion, exhibited by the propagating flame front under different
geometrical and thermo-chemical conditions. It is seen from
Fig. 10(a) that the tendency of the flame to accelerate grows
with the channel width, for all Le considered. However, the
critical width at which acceleration occurs is lower for the Le
= 0.3 flame as compared to the Le � 1 flames. The map of
the blockage ratio α vs the Lewis number Le at R = 24L f ,
�Z = R/4, and � = 8 [Fig. 10(b)] indicates that the Le = 2
flames oscillate, and the Le = 0.3 flames accelerate for all the
blockage ratios considered. Variation of the thermal expansion
ratio � at various Le and fixed R = 24R f , �Z = R/4, and
α = 1/3, in Fig. 10(c), shows that an increase in � from �

= 5 to � = 12 only causes a Le � 1 flame to accelerate. The
impact of higher thermal expansion is not enough to cause
acceleration in the case of Le = 2. In all cases, it is observed
that the tendency of the flame to accelerate increases as Le
decreases.

B. Oscillation-to-acceleration transition
mechanism for low-Le flames

The flame evolution leading to sudden acceleration, dis-
cussed above, is illustrated by the color temperature snapshots
of Fig. 11. Specifically, at the scaled time τ = tSL/R = 0.4,
Fig. 11(i), the hot spots and the flame segments, not con-
nected to the major propagating flame segment, are observed
to be formed between the obstacles. Spontaneous combustion
caused by this condition results in a thermal explosion and
the formation of additional hotspots, as seen in Fig. 11(ii).
The interplay of the thermal explosion resulting from this
spontaneous combustion, and the eventual completion of de-
layed burning occurring upstream in the channel, Fig. 11(iii),
provides an enough force to create sudden acceleration. Com-
pression of the fuel mixture ahead of the propagating flame
results in the increased pressure and temperature in the fuel
mixture, which can cause formation of the hot spots.

Figure 12 presents the scaled burning rate, Uw/SL,
Fig. 12(a), the temperature at the fuel side of the flame tip,
Ttip, Fig. 12(b), as well as the instantaneous Mach number
at the flame tip, Matip = Utip/ctip, Fig. 12(c), vs the scaled
time τ = (SLt )/R . Here, the lines of similar color and type
represent the same half-width R in all three subfigures. These
plots reveal that the three parameters, Matip, Uw/SL, and Ttip,
follow the same trend. However, it is observed that Matip

starts growing first, before Uw/SL and Ttip do. At the early
stage, when Matip is low, both the flame temperature and the
scaled burning rate also maintain low values. However, both
Ttip and Uw/SL grow swiftly, signifying a transition to sudden
acceleration, when a threshold value of the flame tip Mach
number is attained, being in the range 1 � Matip � 2 for the
channel half-widths R = 12 L f , 24 L f , 36 L f . In this light,
sudden FA can be devoted to compressibility in a channel as
the compression of the fuel mixture ahead of the flame results
in the increased temperature and, consequently, the increased
burning rate. However, while compressibility has previously
been found to moderate FA in obstructed semi-open channels
[24], in the present configuration it is found to be responsible
for sudden FA.

The solid horizontal lines in Figs. 12(a)–12(c) designate
the Chapman-Jouguet (CJ) detonation Mach number [25]

MaCJ =
√

1 + 1

2
(k + 1)(� − 1) +

√
1

2
(k + 1)(� − 1).

(11)

FIG. 11. The color temperature snapshots for the evolution of a
flame with � = 8, Le = 0.3 propagating in a channel with α = 2/3,
R = 12 Lf (a partial section view). The white lines with the arrows
represent the streamlines of the flow.
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FIG. 12. The scaled burning rate Uw/SL (a), the fuel temperature at the flame tip Ttip (b), and the flame tip Mach number Matip (c) vs
the scaled time tSL/R for the Le = 0.3, � = 8 flames propagating in the obstructed channels with α = 2/3, �Z = R/4, and various R/Lf =
12, 24, 36.

For k = Cp/Cv = 1.4 and � = 8 employed here, Eq. (11)
yields MaCJ = 5.96, which means that we deal with a deto-
nation at the latest stages of burning in Fig. 12, above this
horizontal line. After an abrupt onset of the detonation, the
detonation velocity subsequently diminishes such that Matip

saturates to a near steady value of Matip ≈ 8.5—almost the
same for all three channel widths considered. While this sat-
uration Matip exceeds MaCJ , such a deviation is acceptable,
accounting for the fact that the estimation (11) is for a steady,
one-dimensional (1D) detonation, while in the present work
we deal with a multidimensional combustion front, whose tip
velocity generally exceeds the total burning velocity (aver-
aged over the entire flame front).

IV. CONCLUSION

In this work, we have investigated the effects of fuel mix-
ture nonequidiffusivity (heat and mass imbalance, Le �= 1) on
flame propagation in obstructed channels with both open, non-
reflecting ends by means of computational simulations of the
hydrodynamic and combustion equations, including transport
processes and chemical kinetics imitated by the first-order,

one-step Arrhenius reaction. The interplays of the Lewis num-
ber Le with other geometrical parameters such as the channel
width, the blockage ratio, and the obstacle spacing were also
scrutinized. The flames are observed to undergo either oscil-
lations, or acceleration, or a combination of both regimes.
The Lewis number was found to have both quantitative and
qualitative impacts on flame propagation, as there are tran-
sitions from the oscillations to acceleration, and vice versa,
as Le changes. In cases, where oscillations were experienced
for all Le considered (namely, at the thermal expansion ratio
� = 8, the blockage ratio α = 1/3, the channel half-width
R = 12 L f , and the obstacle spacing �Z = R/4), the oscil-
lation frequency decreased while the oscillation amplitude
increased with Le. The flame experiences various propaga-
tion regimes: near steady oscillations, sudden acceleration,
oscillations around a saturation velocity, or propagation at
a constant velocity—depending on the impact of Le, inde-
pendently, or because of its interplay with other parameters.
The Le < 1 flames show a higher tendency of experiencing
the sequence of initial near-steady flame propagation–sudden
acceleration–oscillations around a saturation velocity, while
the flame oscillations are encountered more in the cases of
Le > 1.
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The time of quasisteady flame propagation in the case of
Le < 1 is found to be affected by the changes in the channel
geometry parameters. Whether a flame oscillates or acceler-
ates seems to be determined by the ratio of two competing
forces: one from the expanding burnt gas, and the other from
the viscous effect due to the fuel mixture ahead of the flame
front. The Lewis number is found to contribute, significantly,
to the magnitude of the push force and the flame response
to the stretch caused by the hydraulic resistance, and thus,
the dynamics and morphology of the flame front as it prop-
agates. At the early stage of burning, compressibility is not
significant; therefore, the flame oscillates. However, as Matip

subsequently grows, accompanied by an increased fuel tem-
perature, hot spots are formed ahead of the flame front. An
interplay of the thermal explosion caused by flow compression
and delayed burning in the pockets between the obstacles is
found to be responsible for the sudden transition from the
flame oscillations to acceleration.
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TABLE I. The resolution test.

�Zf /Lf Uw/SL |�Uw/SL| Ztip/R |�Ztip/R|

Le = 0.3 0.4 1.4499 – 2.5958 –
0.2 1.9607 0.5108 2.5583 0.0375
0.1 1.9751 0.0144 2.5542 0.0041

Le = 1.0 0.4 0.9126 – 2.5708 –
0.2 2.0127 1.1001 2.5083 0.0625
0.1 2.0186 0.0059 2.5125 0.0042

Le = 2.0 0.4 0.9828 – 2.5667 –
0.2 1.7578 0.7750 2.5500 0.0167
0.1 1.7447 0.0131 2.5500 0.0000

APPENDIX: RESOLUTION TEST

We performed the validation of the adaptive mesh size
by monitoring the essential properties of the flames with the
thermal expansion ratio � = 8 and the Lewis numbers Le =
0.3, 1, and 2, propagating in a channel of half-width R/L f =
24, blockage ratio α = 1/2, and obstacle spacing �Z/R =
1/4. The mesh sizes in the range 0.1L f � �Z f � 0.4L f are
tested to check the stability of the solution and whether the
flames are sufficiently resolved. The values of the scaled
burning rate Uw/SL and the scaled flame tip position Ztip/R
for τ = 0.065 are presented in Table I for the flames with

FIG. 13. The resolution test: the scaled burning rate Uw/SL vs the scaled time tSL/R for the thermal expansion ratio � = 8, the half-width
of the channel R = 24 Lf , the blockage ratio α = 1/2, the obstacle spacing �Z = R/4, for various Lewis numbers Le = 0.3 (a), 1 (b), and 2
(c), and various mesh sizes �Zf = 0.1 Lf (dashed-dotted), �Zf = 0.2 Lf (dashed), and �Zf = 0.4 Lf (solid) in each panel.
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0.3 � Le � 2.0, and the mesh sizes of �Z f = 0.1L f , 0.2L f ,

0.4L f .
Figures 13(a)–13(c) show the plot of the scaled burning

rate Uw/SL vs the scaled time τ = tSL/R for flames with
Le = 0.3, 1, and 2, respectively. A slight difference between
the results obtained for resolutions of �Z f = 0.2 L f and
0.1 L f , as compared to a notable difference between the
results obtained for �Z f = 0.4 L f and 0.2 L f , indicates con-
vergence of the solution as the mesh size decreases. To be
more rigorous, however, we might need to perform the fol-
lowing analysis. According to [26], the order of convergence
supposedly correlates with the order of the truncation rate

decay

p̌ = ln

∣∣∣∣Ǔ3 − Ǔ2

Ǔ2 − Ǔ1

∣∣∣∣/ ln(ř), (A1)

where Ǔ1, Ǔ2, and Ǔ3 are the solutions provided by the coarse,
medium and fine grids, respectively, and ř = �z f ,2/�z f ,1 =
�z f ,3/�z f ,2 is the (constant) refinement ratio. In particu-
lar, the quantities of Ztip for �z f = 0.4, 0.2, 0.1 in Table I
yield p̌ ≈ 3.2 for Le = 0.3 and p̌ = 3.9 for Le = 1. These
estimations generally correlate with the overall order of ap-
proximation, which is between 2 and 4, being 2 for convective
terms and 4 for diffusive terms.
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