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a b s t r a c t

Flame pattern transitions of CH4/air mixture were experimentally investigated in a radial micro-channel.
These transitions were triggered by a variation in the mixture equivalence ratio or inlet mixture velocity.
The transition processes were recorded with a high-speed digital video camera. From the movies, it is
shown that the mechanisms responsible for these transitions could be classified into two: (1) transitions
from a stable circular flame to a traveling flame, and from a traveling flame to single or double Pelton-like
flames were due to local extinction in the flame front, and (2) transition from an unstable circular flame
to a spiral-like flame was due to local splitting of the flame front. Numerical simulation of the isothermal
flow demonstrated that flow field is symmetric and steady when the inlet velocity is small, but it grows
asymmetric and unstable at large inlet velocities. The asymmetric and unstable flow field is expected to
be the possible reason for the local splitting of flame front. On the other hand, flame is noted to be
quenched near the top wall surface. These two reasons are expected to induce the transition from an
unstable flame to a rotating spiral-like flame.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of MEMS technology, there is an
urgent demand for micro-power generation devices and systems.
As the electrochemical batteries have disadvantages of a short life
span, long recharging periods and low energy densities,
combustion-based power sources are considered to be potential
alternatives to conventional batteries due to the much higher
energy densities of hydrocarbon fuels [1,2]. Therefore, micro- and
meso-scale combustions have received great attention in the past
decade [3e33]. However, the increased heat losses due to large
surface area-to-volume ratio and the wall radical quenching make
it difficult to sustain a stable flame under small scales [1e5].
Numerical analyses demonstrated that heat conduction in the solid
walls has a great effect on flame stability in micro-channels [6,7].
Heat recirculation is frequently adopted in the design of micro-
combustors. The “Swill roll” combustor is a well-known example
and it has already been implemented to stabilize flames in micro-
and meso-scales burners [8e12]. Other researchers also developed
different approaches to stabilize flame in micro-combustors
[13e16].
: þ86 27 87540724.

All rights reserved.
Many contributions have been made to understand fundamen-
tals of combustion at reduced scales with heat recirculation. To
facilitate direct observation of the flame dynamics in micro-chan-
nels, Maruta et al. [17,18] used a micro-tube made of transparent
quartz. The combustion chamber is optical accessible and thus the
detailed flame structures and dynamics can be identified with an
image-intensified high-speed video camera. In their experiments,
in order to simulate the heat-recirculating effect like the “Swiss
roll” combustor, a wall temperature profile in the flow direction
was generatedwith an external heat source before the introduction
of fuel. They found that stable flames occurred at high and low inlet
mixture velocities. When the inlet mixture velocity was decreased
or increased to a moderate value, transition from stable flame to
unstable flame propagation modes occurred. Those combustion
waves include the flame with repetitive extinction and ignition
(FREI). It was also demonstrated that the flame location versus inlet
mixture velocity exhibited an S-shaped curve [18,19]. This
phenomenon stimulated the passions of many other researchers
[20e27].

Following the idea of Maruta et al. [17,18], Kumar et al. [28e30]
discovered a variety of non-stationary flame patterns of CH4/air
mixtures in a heated radial micro-channel, such as the traveling
flame, rotating Pelton-like flame, spiral-like flame, and so on. Later,
Fan et al. [31] carried out a 2D numerical simulation of combustion
in this configuration using a global one-step Arrhenius reaction
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Fig. 2. Measured temperature profile of the bottom plate when Vin ¼ 2.0 m/s.
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model and did not consider flow field. Fortunately, single and
double Pelton-like flames were successfully reproduced. However,
this model did not work for the spiral-like flame. Based on
systematic experiments, flame pattern regime diagrams of the
radial channel were obtained [32]. Those diagrams present a clear
overview of the relation between each flame pattern and the
experimental parameters, such as the inlet mixture velocity,
mixture equivalence ratio and channel gap distance. Some impor-
tant information can be got from those regime diagrams, e.g., an
increase of the channel gap distance does not mean a wider stable
combustion region could be obtained. In Ref. [33], Fan et al. further
investigated the effect of wall temperature level on flame stability
in the radial channel. The experimental results indicated that the
region occupied by the stable flame became much larger at low
inlet velocities for a higher wall temperature level; however, flame
instability showed little improvement in the high inlet velocity
region.

An overview of the experimental and numerical results in
[31e33] shows that the Pelton-like flame and traveling flame are
more affected by heat losses; while the spiral-like flame may have
a close relation to the instability of the flow field. On the other hand,
as can be seen from the flame pattern regime diagrams [32],
transitions between adjacent flame patterns can be realized
through a variation of the mixture equivalence ratio or inlet
mixture velocity. These informations drop us a hint that flame
pattern transitions might shed some light onto the possible
underlying physics of flame pattern formations in the heated radial
channel. Also, more attention should be paid to the effect of flow
instability. For this, we conducted experimental investigations on
several flame pattern transitions: (1) from a stable circular flame to
a traveling flame, (2) from a traveling flame to single and double
Pelton-like fames, and (3) from an unstable flame to a spiral-like
flame. Investigations on the flow field will also be performed
through numerical simulation.

2. Experimental setup and method

The experimental setup is identical to that used in our previous
study [28e33]. A schematic diagram of the experimental setup is
shown in Fig. 1. Two quartz discs (Ø50) were maintained parallel to
form a radial channel. A delivery tube of a 4.0-mm diameter was
connected to the center of the top disk. A cooling system was
utilized to maintain the upstream temperature of the incoming gas
at w300 K. The gap distance of the two disks is adjustable. Before
the supply of methane gas fuel, the radial channel was heated by
a porous metal burner from the bottom and a cold air flow was fed
into the channel. After w30 min, a steady wall temperature profile
was generated to simulate the practical heat-recirculating-type
micro combustors, as shown in Fig. 2. This approach was also
Fig. 1. Schematic diagram of the experimental setup.
employed in the series of previous studies [28-33]. The equivalence
ratio and flow velocity were adjusted by the mass flow controller,
which was linked with a personal computer (PC). A high-speed
digital video camera was used to make movie recording of the
flame pattern transition processes. A rate of 250 frames per second
(fps) was adopted for all the experiments. The high-speed video
camera was also controlled through the same PC. All the operations
on it were done by clicking the mouse. When the flame pattern
transition experiment is started, we first change the equivalence
ratio/flow velocity through the PC, and then quickly push down the
“record” button on monitor software of the high-speed video
camera. The transition process can be clearly shown on the screen
of the PC. When the transition process is finished, we shut down
the high-speed camera. This whole process is accomplished in less
than 8 s. The transition processes are even much shorter. For
example, we will show 18 sequential frames to demonstrate the
whole transition process from a stable circular flame to a traveling
flame, which means the transition process takes place in less than
0.072 s. Thus, the effect of wall temperature variation could be
neglected in such a short time.

The experiments were conducted under the guidance of the
flame pattern regime diagrams presented in our previous paper
[32]. In that work, the intervals for the inlet mixture velocity and
mixture equivalence ratiowere 0.5m/s and 0.05, respectively. Thus,
transitions in the present studywere realized through changing the
mixture equivalence 4, by 0.05, or the inlet mixture velocity, Vin, by
0.5 m/s. For an easy understanding by the readers, the conditions
that triggered those transitions are listed in Table 1. The gap
distances of the radial channel used in the experiments were 2.0
and 3.0 mm.
Table 1
Conditions used in the experiments of flame pattern transitions.

Conditions Results

I b ¼ 2.0 mm, Vin ¼ 4.0 m/s,
4 increases from 1.20 to 1.25

Transition from a stable circular flame
to a traveling flame

II b ¼ 2.0 mm, Vin ¼ 3.5 m/s,
4 increases from 1.25 to 1.30

Transition from a traveling flame to
double Pelton-like flames

III b ¼ 2.0 mm, Vin ¼ 4.0 m/s,
4 increases from 1.25 to 1.30

Transition from a traveling flame to
single Pelton-like flame

IV b ¼ 3.0 mm, 4 ¼ 0.95, Vin

increases from 5.5 m/s to 6.0 m/s
Transition from an unstable circular
flame to a spiral-like flame
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3. Experimental results

3.1. Transition I: from a stable circular flame to a traveling flame

This flame pattern transition took place in the radial micro-
channel with a gap distance of 2.0 mm. First, we introduced
a methane/air mixture of Vin ¼ 4.0 m/s and 4 ¼ 1.20. A stable
circular flame appeared. Soon after, we changed the equivalence
ratio from 1.20 to 1.25. The transition from a stable circular flame
to a traveling flame occurred and the whole process was
recorded by a high-speed digital video camera, as shown in
Fig. 3(a)e(r).

From Fig. 3(a), it is noted that although it is a stable circular
flame, the luminosity of the flame front is not uniform. It means
that there are some weak parts in the flame front. When the
mixture equivalence ratio was increased by 0.05, those parts
Fig. 3. Sequential frames of the transition process from a stable circular flame to
a traveling flame. The gap distance of the radial channel b ¼ 2.0 mm, inlet mixture
velocity Vin ¼ 4.0 m/s, and the mixture equivalence ratio 4 was changed from 1.20 to
1.25.
became even weaker and local extinction occurred soon after, as
shown in Fig. 3(b) and (c). Then, the circular flame front was broken
(see Fig. 3(d)). However, as the broken gap was not so broad, the
leaked fueleair mixture was reignited by the two tips of the flame.
As a result, the flame front recovered to an entire cycle again (see
Fig. 3(e) and (f)). Nevertheless, as time passed, the reaction of the
richer mixture grew even weaker. Flame at that location became
increasing darker and were extinguished again (see Fig. 3(g)e(k)).
At the moment of Fig. 3(l), the leaked fueleair mixture was ignited
at a location of larger radius. This Pelton-like flamelet then ignited
the mixture close to it and propagated to the opposite side (see
Fig. 3(m)e(o)). Meanwhile, another flamelet with an identical
geometry was also generated at the opposite flame end and
emerged with the coming one (see Fig. 3(p)). From then on, the
process from Fig. 3(l) to (p) repeated (see Fig. 3(q) and (r)) and the
traveling flame was formed.
Fig. 4. Sequential frames of the transition process from a traveling flame to double
Pelton-like flame. The gap distance of the radial channel b ¼ 2.0 mm, inlet mixture
velocity Vin ¼ 3.5 m/s, and the mixture equivalence ratio 4 was changed from 1.25 to
1.30.
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3.2. Transition II: from a traveling flame to a double Pelton-like
flame

In the radial micro-channel with a gap distance of 2.0 mm, we
first set the parameters of the fresh mixture as: Vin ¼ 3.5 m/s and
4 ¼ 1.25, and a traveling flame appeared. Then we increased the
mixture equivalence ratio by 0.05 and the transition from the
traveling flame to a double Pelton-like flame occurred. This tran-
sition process is illustrated in Fig. 4(a)e(r). From Fig. 4(a), it can be
seen that the traveling flame front consists of one separate Pelton-
like flamelet and another onewhich connects with a part of circular
flame. The latter Pelton-like flamelet then separates from the
circular flame front, as shown in Fig. 4(b). The remanent circular
flame thus becomes very short. But it acts as an ignition source and
the circular flame front grows increasing longer (Fig. 4(c)). Mean-
while, these Pelton-like flamelets rotate from one side of the
circular flame front to the opposite. Finally, one of the Pelton-like
Fig. 5. Sequential frames of the transition process from traveling flame to single Pelton-l
Vin ¼ 3.5 m/s, and the mixture equivalence ratio 4 was changed from 1.25 to 1.30.
flamelet meets the circular flame front and they merge with each
other (Fig. 4(d)). At the same time, a new outgrowth of Pelton-like
flamelet appears at the other end of the circular flame front
(Fig. 4(e) and (f)). At the moment of Fig. 4(f), a whole evolution
process of the traveling flame accomplishes. From Fig. 4(g)e(l), the
second cycle of the traveling flame finishes. However, during this
cycle, the remanent circular flame front becomes even shorter,
which is clearly seen in Fig. 4(h). From the moment of Fig. 4(m), the
circular flame front gradually extinguishes (Fig. 4(m)e(o)) and the
rotating double Pelton-like flame pattern forms (Fig. 4(p)e(r)).

3.3. Transition III: from a traveling flame to a single Pelton-like
flame

Similarly as above, we first set Vin ¼ 4.0 m/s and 4 ¼ 1.25, and
a traveling flame occurred in the radial micro-channel with a gap
distance of 2.0 mm. When the mixture equivalence ratio was
ike flame. The gap distance of the radial channel b ¼ 2.0 mm, inlet mixture velocity



Fig. 6. Sequential frames of the transition process from an unstable circular flame to
a spiral-like flame. The gap distance of the radial channel b ¼ 3.0 mm, mixture
equivalence ratio 4 ¼ 0.95, and the inlet mixture velocity Vin was changed from 5.5 to
6.0 m/s.
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increased from 1.25 to 1.30, the transition from the traveling flame
to a single Pelton-like flame took place, which is shown in
Fig. 5(a)e(x).

From Fig. 5(a) and (b), it can be seen that the traveling flame
front consists of one separate Pelton-like flamelet and a circular
flame front which has two Pelton-like flamelets at its two ends.
Then the two Pelton-like flamelets separate from the circular
flame front (Fig. 5(c) and (d)). One of them meets the originally
separate one and merge with each other (Fig. 5(d)e(f)). As a result,
the two Pelton-like flamelets disappear (Fig. 5(f)). This extinction
is somewhat like that of premixed counter flow flames under
critical condition. As is also noticed in Fig. 5(d), the remanent
circular flame front is very short. After that, it grows increasing
longer (Fig. 5(e) and (f)). In Fig. 5(g) and (h), two new outgrowths
of Pelton-like flamelets appear at the ends of the circular flame
front. At the moment of Fig. 5(h), a whole evolution process of the
traveling flame pattern accomplishes. From Fig. 5(i)e(n), the
second cycle of the traveling flame finishes. However, during this
cycle, the remanent circular flame front becomes even shorter,
which is clearly seen in Fig. 5(j) and (k). From the moment of
Fig. 5(o), the circular flame front gradually extinguishes
(Fig. 5(o)e(q)). And after the mergence of the two Pleton-like
flamelets which rotate in opposite directions, only the third
Pelton-like flamelet survives (Fig. 5(r)e(t)) and remains its cyclic
rotations (Fig. 5(t)e(x)).

3.4. Transition IV: from an unstable circular flame to a spiral-like
flame

This transition was realized through an increase of the inlet
mixture velocity in the radial micro-channel with a gap distance of
3.0 mm. We first obtained an unstable circular flame under the
condition of 4¼ 0.95 and Vin¼ 5.5 m/s. Then, we increased the inlet
mixture velocity to 6.0 m/s, a transition from an unstable circular
flame to a spiral-like flame occurred. The whole process is recorded
with the high-speed digital video camera and shown in
Fig. 6(a)e(r).

From Fig. 6(a) it is noted that before the transition the flame
front is an asymmetric circle with non-uniform luminosity.
When the inlet mixture velocity was increased by 0.5 m/s, the
flame front was pushed to locations of a larger radius, where the
wall temperatures were higher than those of the original loca-
tions. The luminosity of the brighter part of the flame front grow
even higher, as can be seen in Fig. 6(b) and (c). Then, local
splitting of the bright half flame front occurred. The tips of the
inner flame front ignited the unburned mixture in close vicinity
to them, as shown in Fig. 6(d). Finally, the two tips connected
with each other and form a new circular flame front which was
slightly smaller than the original one (see Fig. 6(e) and (f)). The
original outer flame front disappeared in the end due to the
burnout of fuel and thus only one circular flame front remained
(see Fig. 6(g) and (h)). Right after that, i.e., from Fig. 6(i) the
unstable circular flame started to split again. But this time the
splitting only took place at one location. The leading tip of the
inner flame front ignited the unburned mixture close to it and
consequently the rotating spiral-like flame formed, as can be
clearly seen in Fig. 6(j). A whole rotating cycle is shown in
Fig. 6(j)e(r).

4. Discussions

From our previous studies [31e33], it is seen that flame
pattern formation in the heated narrow channel is a function of
many factors, such as the mixture equivalence ratio, inlet
velocity, channel gap, as well as the wall temperature level. But
also, we can understand that those factors are not equally
significant to each flame pattern. For example, we have investi-
gated the effect of wall temperature level on flame pattern
formations in the radial micro-channel [33]. The experimental
results demonstrated that the Pelton-like flame and traveling
flame are sensitive to the wall temperature level. In other words,
traveling flame became circular flame, and Pelton-like flame
became traveling flame at a higher wall temperature level.
However, little improvement was achieved in the high inlet
velocity region, i.e., the spiral-like flame was not stabilized by
the higher wall temperature. These facts give us a hint that heat
losses may be more important to the formations of Pelton-like
flame and traveling flame, while flow instability might play
a vital role in the pattern formation of the spiral-like flame. In
the following we will discuss about the transition processes



Fig. 7. Pathlines of the isothermal flow field in the radial channel under different
conditions: (a) pathlines in the vertical central plane when b ¼ 2.0 mm, Vin ¼ 2.0 m/s;
(b) pathlines in the vertical central plane when b ¼ 3.0 mm, Vin ¼ 7.0 m/s.
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which might provide more information on these flame pattern
formations.

4.1. On the transitions from a stable circular flame to a traveling
flame, and from a traveling flame to single and double Pelton-like
flames

The movie recordings demonstrated that these transitions
resulted from local extinction of the flame front, which is expected
to be mainly caused by the unbalance between heat releases of the
combustion reaction and heat losses from the flame to the wall. It is
well known that heat release rate of a chemical reaction is
proportional to the reaction rate, which is shown in Eq. (1) [34].

6 ¼ rAYm
o Yn

f exp ð�E=RTÞ (1)

Here, A is a pre-exponential factor, Yf and Yo are mass fractions of
the fuel and oxidizer, m and n are two constants, E is the activation
energy and R is the universal gas constant, respectively.

From Eq. (1) one can see that the reaction rate is a function of the
mass fractions of the fuel and oxidizer, i.e., the equivalence ratio of
the pre-mixture. For a very rich CH4/air mixture, its reaction rate
decreases with the increase of the equivalence ratio. In other words,
the heat release rate is reduced as the equivalence ratio is
increased. Therefore, the balance between the heat release and heat
losses will be broken, which leads to local extinction in the flame
front. Thus, transitions from a stable circular flame to a traveling
flame, and from a traveling flame to single and double Pelton-like
flames occur.

4.2. On the transition from an unstable circular flame to a spiral-
like flame

From the experimental results, we have already known that the
transition form an unstable circular flame to a spiral-like flame was
induced by local splitting in the flame front. To completely reveal
the mechanisms of this dynamic process, simulating the combus-
tion process with detailed chemistry is necessary. But as a first step,
it is still of meaning to investigate the flow instability separately. As
discussed above, flow instability may play an important role in the
formation of the spiral-like flame. However, little attention has
been paid to this effect in our previous studies. In Ref. [30], Kumar
et al. assessed the role of buoyant forces based on a non-
dimensional parameter Gr/Re2 (ratio of buoyant to conventional
forces) in the identical heated radial channel. The value of this
parameter is very small (0.0001), which indicates that buoyant
force does not play a significant role in the present experiment.
Nevertheless, at relatively high inlet velocities, the impinging jet
from the delivery tube may lead to an unstable flow field in the
confined radial channel [35,36]. This will undoubtedly exert some
effect on flame instability under high velocity condition.

For this, we performed numerical simulation of the isothermal
flow field in the radial micro-channel using the CFD software
package, Fluent 6.3. The maximal inlet velocity used in the exper-
iments was 6.0 m/s, corresponding to a Reynolds number ofw1542
in the delivery tube (in the radial channel, the maximal Reynolds
number is much smaller due to the divergent radial flow). Although
the geometry under investigation is axisymmetric, the flow field in
the radial micro-channel might be asymmetric [35,36]. Therefore,
three-dimensional, unstable, isothermal (i.e., heat transfer was not
considered), incompressible, viscous fluid model was adopted in
the numerical simulation. At the inlet of the radial channel, a fully
developed velocity profile is adopted; while at the exit, an outflow
boundary condition is set. To avoid the influence the recirculation
flow at the outlet, we used a larger diameter (Ø60) as compared
with the one used in the experiment (Ø50). Both laminar and
turbulent models have been tried in our simulations. The results
demonstrated that general tendencies were similar. As two exam-
ples, Fig. 7(a) illustrates the pathlines in the vertical central plane
when b ¼ 2.0 mm and Vin ¼ 2.0 m/s; while Fig. 7(b) shows the
pathlines in the horizontal central plane when b ¼ 3.0 mm and
Vin ¼ 7.0 m/s. The color of the path line represents the magnitude of
flow velocity. Fig. 7 clearly demonstrates that when the inlet
velocity and channel gap are small, the flow field in the radial
channel is symmetric and steady. However, under conditions of
large inlet velocity and channel gap, the flow field becomes
asymmetric and unstable.

The flow field in the radial channel was also investigated by
other researchers [35,36]. For example, Yoshimatsu and Mizushima
[36] experimentally investigated on the instability and transition of
radially outgoing flow between two parallel disks. Through flow
visualization, they demonstrated that the flow was steady and
symmetric at small Reynolds numbers, but became asymmetric
above a critical Reynolds number. These works [35,36] qualitatively
verifies our numerical simulations.

From Fig. 7(b) it can be clearly seen that, when the inlet velocity
and channel gap are large, multiple vortices are formed. For
example, a flowmay be splitted into two, one moves upstream and
forms a vortex, while the other is pushed downstream and forms
another one. In the case of an unstable circular flame appearing in
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the radial channel, when the inlet velocity is suddenly increased to
some extent, flow instability will also be intensified. Due to the
unstable vortices, local splitting in the flame front will take place.
The inner flame head then ignites the fresh mixture in the vicinity
of it. As the tangential flow velocity is very small as compared with
the burning velocity, the inner flame head will propagate in the
circumferential direction at a relatively high speed. At the same
time, it is noted that flame is quenched near the surface of the top
disc when the gap distance is larger than 3.0 mm, which results in
fuel leakage from this gap. Therefore, the outer flame front can
survive after the splitting of the original flame front. Based on the
above two reasons, the rotating spiral-like flame is formed.
5. Concluding remarks

Several flame pattern transitions of methane/air mixture were
experimentally investigated in a radial channel with a gap distance
of 2.0 and 3.0 mm. Those transitions were induced by a variation in
the equivalence ratio or inlet velocity of the pre-mixture. From the
movie recordings of those transition processes, one can see that
local extinction of flame front is responsible for the transitions from
a stable circular flame to a traveling flame, and from a traveling
flame to single or double Pelton-like flames; while the transition
from an unstable circular flame to a spiral-like flame was due to
local splitting in the flame front and flame quenching near the
surface of the top disc. Local extinction is expected to be a result of
reduced heat release when the mixture equivalence ratio or inlet
mixture velocity is changed. The possible underlying physics of
local splitting of flame front is supposed to be resulted from the
asymmetric and unstable flow field at large inlet velocities.
Numerical simulation results verify that the isothermal flow field in
the radial channel becomes asymmetric and unstable when the
inlet velocity is sufficient high.
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Nomenclature

A pre-exponential factor
b gap distance of the radial micro-channel, mm
E activation energy
m a constant in the chemical reaction rate formula
n a constant in the chemical reaction rate formula
p pressure, Pa
R the universal gas constant
t time, s
u
.

velocity vector, m/s
Vin inlet velocity at the delivery tube, m/s
Yf mass fraction of the fuel
Yo mass fraction of the oxidizer
4 equivalence ratio
Ø diameter, mm
r density, kg/m3

n kinematic viscosity, m2/s
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