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ABSTRACT
Propagation of a premixed ﬂame from a closed to an open end in micro-channels with smooth non-slip isothermal walls is considered in the
context of ﬂame extinction dynamics. Powerful exponential ﬂame acceleration in micro-channels with adiabatic walls has been demonstrated
at the initial quasi-isobaric stage of the process [Bychkov et al., Phys. Rev. E 72, 046307 (2005)]. In contrast to the previous studies, here we
investigate ﬂame propagation in channels with isothermal walls. The problem is solved by means of high-ﬁdelity laminar numerical simulations of the complete set of the Navier–Stokes combustion equations. For most of the problem parameter sets chosen, we obtain initial ﬂame
acceleration after ignition at the closed channel end. This acceleration resembles qualitatively the adiabatic case, but it develops noticeably
slower, in an approximately linear regime instead of the exponential one and persists only for a limited time interval. Subsequently, heat loss
to the walls reduces the temperature and hence the volume of the burnt gas behind the ﬂame front, which produces a reverse ﬂow in the
direction of the closed channel end. When the amount of the burnt gas becomes sufﬁciently large, the reverse ﬂow stops the acceleration
process and drives the ﬂame backwards with modiﬁcations of the ﬂame front shape from convex to concave. Eventually, the ﬂame extinguishes. Qualitatively, the process obtained reproduces a possible combustion failure during deﬂagration-to-detonation transition observed
in previous experiments. We investigate the key characteristics of initial ﬂame acceleration such as the acceleration rate and the maximum
speed of the ﬂame tip.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0041050

I. INTRODUCTION
Spontaneous acceleration of an initially slow deﬂagration front is
of great interest from both practical and fundamental viewpoints.1,2
Prevention of ﬂame acceleration (FA) is critically important in the
context of ﬁre safety and explosion mitigation, in particular, in application to ﬂame arrestors3–5 and in the prevention of mining accidents.6,7 At the same time, promotion of FA and efﬁcient use of the
deﬂagration-to-detonation transition (DDT) is an important problem
for the development of novel combustion devices, such as pulsedetonation engines.8,9 The key element of DDT is spontaneous FA,
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starting with a slow laminar ﬂame and attaining supersonic propagation in the laboratory reference frame by the end of the process.10,11 A
typical geometry in experiments and energy-production devices
employing FA corresponds to a relatively long channel, with the ﬂame
propagating from the closed end of the channel to the open one.8
Experimental activity on the subject is extremely high covering scales
from micro-channels to huge pipes, i.e., from less than 1 mm to more
than 1 m in diameter.1,8,12–16 It is noted that using low-energy ignition
to initiate the DDT is favored as an energetically beneﬁcial way of
attaining detonation.
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In the present work, we consider channels with smooth non-slip
walls. A mechanism of FA in channels with non-slip at the walls has
been qualitatively described by Shelkin,17,18 according to which, a
ﬂame front in channels with smooth walls accelerates because of the
thermal expansion of the burning gas and the non-slip boundary conditions at the walls. Expansion of the burning gas produces a ﬂow of
the fuel mixture, which becomes non-uniform due to the non-slip
boundary conditions. The non-uniform ﬂow makes the ﬂame front
curved, which increases the burning rate and creates a positive feedback between the ﬂame and the ﬂow, hence leading to FA. Although
the qualitative idea of such acceleration was suggested by Shelkin
already in the 1940s,17,18 the quantitative theory of the process has
been developed by Bychkov et al.19 and supported by extensive
numerical simulations.19–21 Among other results, this theory19 predicted powerful exponential FA in micro-channels (at least at the initial, almost isobaric stage of the process) and a decrease in the scaled
acceleration rate with the channel width characterized by the Reynolds
number associated with ﬂame propagation, Re  SL R=, where SL is
the laminar ﬂame speed, R is the channel half-width (radius), and  is
the kinematic viscosity.
The theory and modelling19,20 involved inevitable simpliﬁcations
and limitations, such as adiabatic and isobaric conditions, and required
experimental conﬁrmation. Novel experiments of this type have been
designed and performed by Wu et al.,13,14 and supported the conceptual possibility of FA and DDT in micro-tubes with sub- and nearmillimeter radii.22–24 At the same time, these experiments13,14 have
demonstrated some features of ﬂame dynamics different from the theoretical predictions,19,20 such as a linear regime of FA instead of the
exponential one. Subsequent numerical study21 has explained such a
discrepancy by the inﬂuence of gas compression neglected in Refs. 19
and 20, which moderates the acceleration process and makes it linear
for sufﬁciently large values of the ﬂow Mach number, see also Ref. 25
for the theoretical explanation of this effect. By the end of the FA process in channels with adiabatic walls, the ﬂame propagation speed saturates to the Chapman–Jouguet deﬂagration speed,11,26,27 unless an
explosion of the fuel mixture happens earlier. Another important
observation of the experiments13,14 is a rather surprising possibility of
combustion failure at the end of a powerful process of ﬂame acceleration in some cases.13 This effect, which is presumably related to thermal
losses to the channel walls, has not been studied in detail so far.
Thermal losses to the walls, which are inevitably present in any
experiment on FA in tubes, are expected to play an important role in
micro-channels by working against the acceleration mechanism. For
example, in channels with isothermal walls maintained at a temperature equal to the initial one, the thermal losses eventually cool the
burnt gas down to the wall temperature, thus effectively reducing the
effect of thermal expansion as the key element of the ﬂame acceleration mechanism. In spite of obvious importance of the wall thermal
losses, relatively few works have addressed the inﬂuence of this effect
on FA in tubes. One of the earliest simulation runs on the ﬂame
dynamics in a channel with isothermal walls is presented in Ref. 23,
where pulsations of the burning velocity have been observed for combustion in a narrow channel with Re  10. These pulsations have
been interpreted in Ref. 23 as a footprint of a regular oscillating regime
of ﬂame propagation similar to the ﬂame oscillations in open adiabatic
channels obtained later in Ref. 28. The simulations23 have been reﬁned
in Ref. 29 with the same conclusions about the ﬂame dynamics. The
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oscillatory ﬂame dynamics in the presence of heat losses at the walls
also has been observed in the recent simulations of DDT in narrow
channels.30,31
In the presence of strong thermal losses at the walls, one may
question the very possibility of FA. Indeed, one should naturally expect
a dominating role for thermal losses in sufﬁciently narrow channels,
which may not only terminate FA, but even lead to complete extinction of the burning process; this problem is of special importance for
micro-combustion applications.32,33 Moderation of FA due to heat
loss has been identiﬁed numerically in Ref. 34, where the possibility of
ﬂame extinction after initial acceleration period has been found as
well. In wide channels, with the increase in the ﬂame propagation
Reynolds number, the role of thermal losses decreases, but the FA
mechanism becomes weaker too,19,20 and it remained unclear which
of these two effects prevails.
Simulations of DDT in channels with cold isothermal walls were
performed in Refs. 35–37, where the stage of explosion and detonation
onset was discussed to a larger extent, and FA stage was scrutinized to
a lesser extent. For that purpose, in most simulations the second order
(with respect to density), Arrhenius reaction was chosen, which is
more favorable for explosion onset, as compared to the ﬁrst order
reaction kinetics.35
In the present work, we numerically investigate the inﬂuence of
thermal losses on ﬂame quenching dynamics in channels with cold
isothermal walls. We take realistically low initial values of the Mach
number associated with ﬂame propagation, M0  SL =cs  103
(where cs is the speed of sound in the fuel mixture), which is characteristic, e.g., for hydrocarbon–air ﬂames. The size of the initial ﬂame
embryo is taken small enough to mimic small ignition energy, but is
larger than a quenching distance in order to successfully initiate selfsustained ﬂame propagation. For most choices of the problem’s
parameters, we obtain initial FA after ignition at the closed channel
end, which resembles qualitatively the adiabatic case,19,20 but develops
noticeably slower, in an approximately linear regime instead of the
exponential one, and persists only for a limited time interval. At the
same time, the linear regime is consistent with experimental observations,13,14 which inevitably involve thermal losses to the walls.
Subsequently, heat loss to the walls reduces the temperature and hence
the volume of the burnt gas behind the ﬂame front, which produces a
reverse ﬂow in the direction of the closed channel end. When the
amount of the burnt gas becomes sufﬁciently large, the reverse ﬂow
stops the acceleration process and drives the ﬂame backwards, with
modiﬁcations of the ﬂame front shape from convex to concave.
Eventually, the ﬂame extinguishes. Qualitatively, this scenario reproduces the possible combustion failure during DDT observed experimentally in Refs. 13 and 14. The effect of the ﬂame propagation
Reynolds number on initial FA is investigated.
II. BASIC EQUATIONS AND GEOMETRY
OF THE PROBLEM
We consider a ﬂame front propagating in a long two-dimensional
(2D) channel from the closed end to the open one as illustrated in Fig.
1 for the case of adiabatic walls. The problem formulation is quite similar to that of Ref. 19, except for cold isothermal walls of the channel
employed here instead of the adiabatic ones investigated in Ref. 19,
thus focusing on the inﬂuence of thermal losses to the walls on FA. The
case of adiabatic walls will also be considered for the sake of
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viscosity is f ¼ 1:7  105 Ns=m2 , and the Prandtl number is Pr ¼ 1
in most simulations. To avoid the thermal-diffusion instability, we
employ the unity Lewis number, Le  Sc=Pr ¼ 1. The activation
energy is Ea ¼ 32Rp Tf . We take the planar ﬂame velocity SL ¼
34:7 cm=s corresponding to the initial Mach number Ma ¼ 103 . The
ﬂame thickness in our calculations is deﬁned conventionally as
FIG. 1. Temperature distribution (in K) for a ﬂame propagating from the closed end
(z ¼ 0) with adiabatic walls, with Re ¼ 10 and H ¼ 8 at the time instant
SL t=R ¼ 0:5; see the text for other simulation parameters.

comparison. We study the ﬂame dynamics by using high-ﬁdelity laminar numerical simulations of the Navier–Stokes combustion equations
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where q is the density, Y is the mass fraction of the fuel mixture,
e ¼ QY þ CV T and h ¼ QY þ CP T are the speciﬁc internal energy
and enthalpy, respectively, Q is the speciﬁc energy release in the reaction, and CV, CP are the heat capacities at constant volume and pressure.
We consider a single irreversible Arrhenius reaction of the ﬁrst order
with the activation energy Ea and the constant of time dimension sR
X¼



qY
exp Ea =Rp T :
sR

The stress tensor cij and the energy diffusion vector qj are
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(6)
(7)

where f  q is the dynamic viscosity, Pr and Sc are the Prandtl and
Schmidt numbers, respectively. The gas mixture is an ideal gas of a
constant molecular weight m ¼ 2:9  102 kg=mol, with
CV ¼ 5Rp =2m, CP ¼ 7Rp =2m, where Rp  8:31 J=ðmol KÞ is the
universal gas constant. The equation of state for an ideal gas is
P ¼ qRp T=m:

(8)

We consider a 2D channel of half-width R with non-slip boundary conditions, u ¼ 0, at the top, bottom, and left (closed end) walls. Both isothermal cold walls, T ¼ Tf , where Tf is temperature of the fuel
mixture, and adiabatic walls, n^  rT ¼ 0, where n^ is a normal vector
at the wall, are considered and compared. We take the initial pressure
and temperature of the fuel mixture corresponding to the normal conditions, Pf ¼ 105 Pa and Tf ¼ 300 K, with the thermal and chemical
parameters of the fuel mixture chosen to reproduce the most important
properties of methane and propane laboratory ﬂames. The dynamic
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Lf 


;
PrSL

(9)

and then the Reynolds number associated with the ﬂame speed,
Re  SL R=, indicates the channel half-width scaled by the ﬂame
thickness
Re ¼

R
:
PrLf

(10)

Still, we would like to stress that the ﬂow Reynolds number may be
much higher due to FA. Thermal expansion in the burning process is
determined by the energy release in the reaction and characterizes the
density ratio of the fuel mixture to the burnt gas, H  qf =qb ; we take
H ¼ 8, typical for methane and propane burning as the main case of
the numerical studies and then compare the results to the cases of
larger, H ¼ 10, and smaller, H ¼ 5, density ratios. Speciﬁc energy
release in the reaction is Q ¼ CPTf(H1).
We use a 2D in-house code that is based on a Volvo Aero ﬁnitevolume solver;38 the code is robust, and it was utilized successfully in
studies of laminar burning, hydrodynamic ﬂame instabilities, development of corrugated ﬂames, ﬂame acceleration, and related phenomena. The numerical scheme and the computational methods were
described in detail in our previous papers, see, e.g., Refs. 11 and 39–42.
Isothermal boundary condition was tested in Refs. 43–45. In the present simulations, we consider different channel widths in the range
5Lf < 2R < 40Lf and take the length of the channel much bigger
than its width, ð100  1000ÞR. At such large values, variations of the
channel length did not inﬂuence the simulation results. We use a rectangular orthogonal mesh described in detail in Ref. 11. To perform the
calculations in a reasonable time, the mesh was made non-uniform
along the z-axis, with a ﬂame mesh sub-domain having a constant grid
size of 0:2Lf , which allows resolving the internal ﬂame structure well.
Grid independence tests are presented in the Appendix. Outside of the
region of ﬁne grid, the mesh size grows gradually in the z-direction, with
5% change in size between the neighboring cells; we successfully
employed the same method19 to study FA in channels with adiabatic
walls. Along the x-axis, we used a uniform grid. Here we stress that Lf, as
given by Eq. (9), is just a mathematical parameter of length dimension,
while the realistic ﬂame thickness is about an order of magnitude
larger.28 By using such a mesh, we are able to resolve the zone of large
velocity gradients close to the walls. Similar to Ref. 19, we use the
pseudo-Zeldovich–Frank-Kamenetskii (ZFK) solution for a planar ﬂame
front2 as an initial condition. The planar ﬂame front is initiated at a distance 6Lf from the closed channel end. We use non-reﬂecting boundary
conditions at the open end of the channel, as described in Ref. 19, to
avoid reﬂections of weak shocks and sound waves from the open end,
which otherwise might inﬂuence burning and the process of FA.
III. SIMULATION RESULTS AND DISCUSSION
For a ﬁxed density ratio H, the ﬂame dynamics is controlled by
the ﬂame propagation Reynolds number, Eq. (10). In the case of a very
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narrow channel, Re ¼ 5, the initial ignition kernel at the channel end
does not lead to ﬂame initiation and gets eventually cooled down by
the walls. This result agrees well with the commonly accepted knowledge that a propagating ﬂame stays away from a cold wall with the
quenching region being about 6Lf , see Refs. 46 and 47.
The most representative cases for the problem solution correspond to wider channels, Re > 10, with characteristic temperature
snapshots shown in Fig. 2 for Re ¼ 10 at the time instants
SL t=R ¼ 0–3:5, with equal time intervals of 0:5R=SL . In that case, a
self-sustained ﬂame is ignited and initially self-accelerates as demonstrated by the snapshots for SL t=R ¼ 0–1:5. Then the ﬂame speed
slows down, until the ﬂame stops, and starts moving backward toward
the closed channel end. The backward motion is accompanied by
modiﬁcations of the ﬂame front shape, from the convex to a concave
one.
Figure 3 presents the propagation speed of the ﬂame front at the
central line of the channel for the same case as in Fig. 2. Initial FA,
observed approximately for SL t=R  1:5, is qualitatively similar to the
adiabatic case, also presented in Fig. 3 for comparison, for the same
Re ¼ 10 and H ¼ 8. Still, the adiabatic case exhibits powerful exponential ﬂame acceleration
Utip
/ exp ðrSL t=RÞ;
SL

(11)

where r is the scaled acceleration rate, in agreement with the previous
work,19 where the exponential acceleration regime was predicted theoretically and validated numerically. Unlike the adiabatic case, in the
channel with cold walls, the ﬂame front accelerates initially in an
approximately linear manner, which may be described as
Utip
SL t
þ const;
a
R
SL

(12)

where a is the scaled acceleration. Note the noticeably smaller initial
ﬂame tip velocity in the case of cold walls. For 1:5  SL t=R  2:3 initial FA in a channel with cold walls is followed by ﬂame deceleration,
see Fig. 3. Subsequently, we observe a negative ﬂame velocity (i.e.,

FIG. 2. Temperature snapshots (in K) for a ﬂame in a channel with cold isothermal
walls for Re ¼ 10 and H ¼ 8 at the time instants s ¼ SL t=R ¼ 0  3:5, with
equal time intervals of 0.5.
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FIG. 3. Propagation speed of the ﬂame front at the channel centerline (the ﬂame tip
velocity) vs the scaled time SL t=R for Re ¼ 10, H ¼ 8 for isothermal and adiabatic
walls. The straight line shows the linear ﬁt used to calculate the ﬂame acceleration.

backward ﬂame propagation) for SL t=R > 2:3. Flame extinction
occurs approximately at SL t=R  4:0.
The qualitative difference in the long-time ﬂame dynamics
between the isothermal and adiabatic channels in Figs. 1–3 is related
to relaxation of the burnt gas temperature down to the wall temperature because of the heat losses to the isothermal cold walls. In addition,
we also observe incomplete burning by the side walls, with the quenching distance between the ﬂame “skirt” and the walls being 4Lf ,
which is in reasonable agreement with Refs. 46 and 47. Still, incomplete burning does not seem to play an important role in the ﬂame
dynamics. As one of the main effects in the process, cooling down of
the burnt gas reduces the gas volume, which leads to a reverse ﬂow of
the burnt gas toward the closed channel end. Modiﬁcations of the ﬂow
velocity in the burning process are presented in the uz-velocity snapshots in Fig. 4, corresponding to the same time instants as the temperature snapshots in Fig. 2, while Fig. 5 shows the velocity proﬁle at the
centerline of the channel for different time instants. At the initial stage
of FA, SL t=R  1:5, Fig. 4 demonstrates a strong ﬂow of the fuel mixture toward the open end, which is the key element of the FA mechanism. Simultaneously, we observe emergence of the reverse ﬂow in the
burnt gas, directed toward the closed end and produced due to heat
losses. Initially, the reverse ﬂow is noticeably weaker than the main
ﬂow in the fuel mixture, and the ﬂame accelerates. However, the
strength of the reverse ﬂow is determined by the total amount of the
burnt gas. As the burnt gas is accumulated behind the ﬂame front, the
reverse ﬂow becomes stronger; the strengths of the main and the
reverse ﬂows are approximately the same by the scaled time
SL t=R  1:5, when FA is terminated and followed by deceleration;
still, the ﬂame keeps moving forward for a while. Eventually, the cooling process becomes so strong that the reverse ﬂow overwhelms
completely and the fuel mixture starts moving toward the closed tube
end along with the burnt gas. This happens approximately for
SL t=R 2:3 when the ﬂame front is drifted backwards by the strong
reverse ﬂow. Since the maximum gas velocity (by absolute value) of
the reverse ﬂow is attained at the channel centerline, the ﬂame shape is
naturally changed from convex to concave, which looks formally similar to the famous “tulip” ﬂame phenomenon.48–52 For comparison,
Fig. 6 shows the uz-velocity snapshot and the gas velocity proﬁle for
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FIG. 4. Snapshots of the gas velocity ﬁeld uz =SL for a ﬂame in a channel with cold isothermal walls for Re ¼ 10 and H ¼ 8 at the time instants s ¼ SL t=R ¼ 0  3:5 with
equal time intervals. The time instant are taken the same as in Fig. 2.

the channel centerline for the adiabatic Re ¼ 10 and H ¼ 8 case at the
same time instant as in Fig. 1. Unlike the isothermal channel, the adiabatic case demonstrates strong gas velocity in the fuel mixture with
almost zero reverse ﬂow in the burnt gas; such a velocity distribution
produces powerful exponential acceleration of the ﬂame front in the
adiabatic channel.
We have performed simulation runs similar to those of Fig. 3 for
different values of the density ratio, H ¼ 5; 8; 10, with the ﬂame
Reynolds numbers in the range Re ¼ 10  40. In all cases, we
observed qualitatively the same ﬂame dynamics with initial acceleration followed by deceleration and then by extinction, see Figs. 7 and 8.
For sufﬁciently wide channels, Re 40, the acceleration process was
accompanied by relatively short-period oscillations of the ﬂame front,
qualitatively similar to Ref. 28, with the characteristic oscillation period
of R=SL . Still, these oscillations have not modiﬁed the overall picture
of the ﬂame dynamics. According to Fig. 7, the maximum speed of the
ﬂame tip attained in the acceleration process grows with the ﬂame
Reynolds number, i.e., for wider channels, and it takes longer (scaled)

FIG. 5. Gas velocity proﬁle in the centerline (x ¼ 0) of a channel with cold isothermal walls for Re ¼ 10 and H ¼ 8 at the time instants SL t=R ¼ 1:0; 1:5; 2:0; 2:5.
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FIG. 6. (a) Velocity ﬁeld uz =SL and (b) velocity proﬁle at the centerline x ¼ 0 for a
ﬂame propagating from the closed channel end z ¼ 0 with adiabatic walls, with
Re ¼ 10 and H ¼ 8 at the time instant SL t=R ¼ 0:5, same as for Fig. 1.

time for the ﬂame to reach the maximum speed. The results for the
maximum tip velocity for H ¼ 8 are presented in Fig. 9 vs the ﬂame
propagation Reynolds number, together with the maximum burning
rate, calculated as53
ðð
1
X dx dz;
(13)
Uw ¼
2Rqf
with the reaction rate X given by Eq. (5). The respective results for the
scaled time needed to attain the maximum propagation speed are also
shown in Fig. 9. It is seen that the maximum ﬂame tip velocity Utip,

FIG. 7. Propagation speed of the ﬂame front at the channel centerline (the ﬂame
tip) vs the scaled time SL t=R for Re ¼ 10  40, H ¼ 8, for cold isothermal walls.
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FIG. 8. Propagation speed of the ﬂame front at the channel centerline (the ﬂame
tip) vs the scaled time SL t=R for Re ¼ 15 and H ¼ 5; 8; 10 for cold isothermal
walls.

FIG. 10. Slope aw of the burning rate Uw, Eq. (14), for the initial acceleration (see
Fig. 3) vs the Reynolds number for cold isothermal walls. Open symbols correspond to cases where oscillations are present.

the maximum burning rate Uw, and the corresponding scaled times
needed to attain their maxima, all grow with Re.
We have also investigated the value of the scaled ﬂame acceleration in channels with isothermal walls at the initial stage of the burning
process. The respective numerical results are summarized in Fig. 10,
where we plot the slope aw of the initial acceleration of the burning
rate

Previous numerical simulations21,22 of the developed stages of FA in
adiabatic channels have attributed such a transition from exponential
to linear acceleration to the gas compressibility effects and the Mach
number of the ﬂow approaching unity. Besides, linear FA has been
encountered in numerical simulations of burning in adiabatic channels
for a sufﬁciently small density ratio or sufﬁciently large channels.54 In
the case of isothermal walls with temperature higher than the
initial temperature of fresh fuel mixture, FA in channels with nonslip at the walls may be near-linear as well.55 The present simulations demonstrate that the linear acceleration regime may also
appear because of heat losses. By comparing all these cases, one
can presumably discuss a common tendency of the linear ﬂame
acceleration regime replacing the exponential one as soon as the
acceleration mechanism weakens for any reason. One is tempted
to treat linear FA, Eq. (12), as the ﬁrst term in the Taylor expansion for weak exponential acceleration, Eq. (11)

Uw
SL t
þ const:
 aw
R
SL

(14)

Here we stress one more time that FA in the channels with isothermal walls develops approximately in the linear regime of Eq. (12)
in contrast to the exponential regime of Eq. (11) inherent to the adiabatic case. We point out that the experiments on ethylene–oxygen FA
in micro-channels13,14 have also reported a linear acceleration trend.

Utip
SL t
;
/ exp ðrSL t=RÞ  1 þ r
R
SL

FIG. 9. Maximum propagation speed of the ﬂame front at the channel centerline
(the ﬂame tip), Utip , maximum burning rate Uw, and corresponding scaled times
needed to attain the maxima, as a function of the Reynolds number Re ¼ 10–40,
for H ¼ 8.
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with a small acceleration rate r
1. Still, one has to be cautious with
such a treatment as the linear acceleration regime has been observed
up to the instants with noticeable increase in the ﬂame propagation
speed when the term aSL t=R is not small anymore.
As demonstrated by Fig. 10, FA in channels with cold walls intensiﬁes with the density ratio H and weakens with the channel width,
i.e., with Re. These tendencies are qualitatively the same as those identiﬁed earlier for FA in channels with adiabatic walls.19 We remind
here that the scaled acceleration rate in sufﬁciently wide channels with
adiabatic walls may be described by a simpliﬁed analytical formula
r ¼ H2 =Re,19 which reveals the most important tendencies of the
process.
In narrow channels with a heat loss at the walls, the ﬂame
dynamics is expected to be effected both by the viscosity and the thermal conductivity. In this light, we discuss the effect of Prandtl number
on ﬂame dynamics. Figure 11 shows the time evolution of the burning
rate Uw for a constant Re ¼ 15 and for three different Prandtl numbers Pr in the range between 0.5 and 1. At lower values of Pr, a possibility of successful ignition is observed: after initial ﬂame acceleration
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FIG. 11. Time evolution of the burning rate Uw for a constant Re ¼ 15 and for various Prandtl numbers Pr. Case with extinction is indicated with an arrow.

and deceleration, the burning rate attains a constant value slightly
above SL. This result indicates that at certain channel widths 2R
and ﬂame Reynolds numbers Re, a lower Pr may be favorable for a
successful ignition. Figure 12 shows the time evolution of the burning
rate Uw for constant Pr ¼ 0:75, and two different Re ¼ 15 and 30.
The burning rate evolution undergoes much stronger oscillations for
Re ¼ 30, which is in line with ﬂame tip velocity behavior shown in
Fig. 7, but, contrary to Pr ¼ 1 cases of Fig. 7, here we observe successful ignition.
Finally, it is interesting to compare the present simulation results
to the experimental observations.13 Although heat losses to the walls
has not been directly investigated in the experiments,13,14 some heat
losses are inevitable in realistic combustion in channels. Of course, the
present simulation runs employ noticeably lower ﬂame propagation
Reynolds numbers, Renum  40, than Re exp  100 in the

FIG. 12. Time evolution of the burning rate Uw for constant Pr ¼ 0:75 and two different Re ¼ 15; 30.
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experiments,13 thereby making the comparison rather qualitative than
quantitative. Keeping in mind that the laminar burning velocity of the
ethylene ﬂames in the experiments13 is SL  5:5 m=s, the present simulation results suggest the maximum ﬂame speed attained in the acceleration process to be maxðUtip Þ  220 m=s, which is comparable to
the speed of sound. This is a noticeably smaller value than the maximum deﬂagration speed 1500 m=s observed in the experiments.13
Still, we point out that (1) the maximum ﬂame speed attained in the
process of FA increases with the ﬂame Reynolds number; (2) cylindrical tubes employed in the experiments are expected to provide much
stronger FA as compared to the present computational case of 2D
channels, see Refs. 19 and 20, and (3) that the wall boundary conditions in the experiments do not necessarily correspond to the isothermal cold walls, but represent an intermediate case between the
adiabatic and isothermal ones.
In the recent experiments with ethylene–oxygen ﬂames in a
millimeter-wide channel,56 which are to some extent geometrically
more similar to the present simulations, the ﬂame acceleration was
quantiﬁed. It is noted that for the fast burning ethylene–oxygen mixtures in narrow channels, pressure waves play a major role in ﬂame
dynamics. Before the onset of the leading shock wave, i.e., when the
effects of gas compression ahead of the ﬂame are minor, the experimentally obtained non-dimensional ﬂame tip acceleration atip R=SL 2 is
of the order of 200. In the present simulations, the largest scaled ﬂame
acceleration of around 40 is attained for H ¼ 10, Re ¼ 15, see Fig. 8.
In the present study, the ﬂame and ﬂow Mach numbers are relatively
low. The role of gas compression in ﬂame acceleration in channels
with heat loss at the walls is an interesting topic for further inquiry.
With some caution, we may state that the present simulation
results can be qualitatively compared to the case of Ref. 13, with powerful FA during limited time, leading to a large ﬂame propagation
speed and followed by subsequent combustion failure.
IV. SUMMARY
In the present work, we have investigated ﬂame propagation in
long narrow channels, from the closed to the open end, for the case of
cold isothermal channel walls. The main focus was on the competition
of ﬂame acceleration (FA) and heat losses to the walls, and the corresponding inﬂuence of gas expansion and contraction on the ﬂame
dynamics and failure. The problem is very important in the context of
ﬂame dynamics in narrow channels; in particular, it is needed for better understanding of the experimental results on DDT in micro-channels.13,14 Moreover, the present results may contribute to better
understanding of the importance of thermal gas expansion and contraction in ﬂame arrestors.3,5
The main conclusion of the present work is that, for the small initial ﬂame embryo, the wall heat losses are sufﬁciently strong to prevent
a powerful exponential FA observed for the adiabatic case.19,21 In the
case of cold walls, we ﬁnd much weaker FA developing in an approximately linear regime during a limited time interval. This initial FA
happens according to the Shelkin mechanism due to expansion of the
burnt gas and non-slip boundary conditions at the walls. Still, heat
losses to the cold isothermal walls lead to the temperature relaxation
of the burnt gas down to the wall temperature, which creates a reverse
ﬂow in the burnt gas toward the closed channel end, working against
FA. As the amount of the burnt gas accumulates, the reverse ﬂow
becomes stronger, the acceleration process eventually stops, and the
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ﬂame front is drifted backwards to the closed channels end. Together
with the backward motion, the ﬂame shape changes from convex to
concave, and combustion failure is observed similar to some of the
experimental cases reported previously.13
Still, even though limited in time, this initial ﬂame acceleration may considerably promote the ﬂame propagation velocity as
compared to the laminar ﬂame speed. For the investigated range of
the channel widths (ﬂame-related Reynolds numbers), the ﬂame
speed may increase by a factor of 40, which is equivalent to nearsonic speed when compared to the experiments on ethylene–air
ﬂames.13 We have investigated the ﬂame dynamics and found that
the initial scaled acceleration of the ﬂame tip decreases with the
Reynolds number for channels with cold isothermal walls; this tendency is qualitatively similar to the case of adiabatic channel walls
studied previously. At the same time, the maximum ﬂame propagation speed attained in the acceleration process increases with the
scaled channel width (and with the ﬂame propagation Reynolds
number).

FIG. 13. Scaled burning rate Uw =SL vs the scaled time SL t=R for Re ¼ 10,
H ¼ 8 for isothermal walls and grid spacings 0:125 Lf ; 0:25 Lf ; 0:5 Lf .
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APPENDIX: CONVERGENCE TESTS
We performed resolution tests for Re ¼ 10; H ¼ 8 to verify
that the grid size 0:25 Lf is sufﬁcient to study the ﬂame acceleration
process in channel with heat losses. The resolution tests were
focused on the temporal evolution of the burning rate, see Fig. 13.
The grid size in ﬂame domain varied between 0:125 Lf ; 0:25 Lf , and
0:5 Lf . The resolution test results are presented in Table I and show
good convergence of the maximum burning rate, as well as of the
instant at which the maximum is attained.
Notation: Dzf =Lf is the spatial step in the uniform grid
domain where burning is localized; Uw;max =SL and tSL =R are the
scaled maximum burning rate and the time instant at which the
maximum is attained, respectively (see Fig. 13). DUw;max =SL and
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Dzf =Lf

Uw;max =SL

DUw;max =SL

tSL =R

DtSL =R

0.5
0.25
0.125

6.039
6.426
6.416

0.387
0.01

1.8184
1.802
1.8007

0.0164
0.0013

DtSL =R are the increments of Uw;max =SL and tSL =R calculated in
the table row i as DUw;max ðiÞ ¼ Uw;max ðiÞ  Uw;max ði  1Þ and
DtðiÞ ¼ tðiÞ  tði  1Þ.
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