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Abstract

Flame pattern formations in a heated radial microchannel with a gap width of 1.75 mm were investi-
gated experimentally and numerically. A premixed methane–air mixture was introduced at the center of
microchannel formed by two parallel quartz discs which were heated with an external porous burner to
create a positive temperature gradient condition in the direction of flow. In addition to conventional stable
flames, some non-stationary flame patterns termed single- and double-pelton-like flames and the traveling
flame were also observed. The double- and single-pelton-like flames occurred at a random possibility under
certain conditions, which rotated around the center of the radial microchannel at a frequency of �25–
55 Hz. Regime diagram of all those flame patterns was drawn based on the experimental findings in the
mixture equivalence ratio range of 0.65–1.30 and inlet mixture velocity range of 1.5–5.0 m/s. Meanwhile,
the experimental results also qualitatively verify our previous theoretical prediction that is the S-shaped
dependency of flame radial location on inlet velocity for stoichiometric mixture. Finally, numerical simu-
lations using a global one-step Arrhenius reaction model successfully captured some rotating flame struc-
tures that may be associated with single- and double-pelton-like flames observed in the experiments.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Combustions at micro- and meso-scales have
received extensive interest in the past decade due
to up to 100 times higher energy densities of
hydrocarbon fuels as compared with those of the
conventional electrochemical batteries [1,2]. How-
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ever, the increased heat loss due to large surface
area-to-volume ratio [3,4] and the wall radical
quenching [4] make it difficult to achieve a stable
and efficient combustion under reduced scales.
Therefore, thermal management, for instance,
heat recirculation [5], is frequently adopted in
the design of microscale combustors [6–8]. In this
technique, fresh mixture is preheated by the
burned hot gas through solid walls. The ‘‘Swill
roll” combustor is a good example of burners with
heat recirculation which has been implemented to
stabilize flame in micro- and meso-scales burners
ute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. The dependency of non-dimensional flow rate Q
on non-dimensional flame radius rfs evaluated for a
radial channel with sub-critical gap, with rfs in units of
Dth/Ub (Dth is the gas thermal diffusivity and Ub is the
adiabatic flame speed) and Q in units of Dth. Bold,
dashed and dotted lines denote stable, unstable and
pulsating branches of the Q(rfs) curve respectively.
Details of this figure could be found in [27].
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[6–8]. Many efforts were made to understand fun-
damentals of micro- to meso-scale combustion
with heat recirculation. For example, Ju and cow-
orker [9,10] observed fast and slow burning
regimes and spinning flames in meso-scale chan-
nels. Miesse et al. [11,12] and Prakash et al. [13]
found various diffusion flame modes such as mul-
tiple discrete flame cells in Y-shaped micro-com-
bustors. Richecoeur and Kyritsis [14]
investigated flame oscillations with sound emis-
sion in curved meso-scale ducts. Experiments in
miniaturized liquid-film combustor by Sirignano
et al. [15] demonstrated externally and internally
anchored flame modes. Pham et al. [16] proposed
that the liquid-film flame is composed of a double
flame at the exit rim and a central triple flame
within the chamber. This theory was supported
by their chemiluminescence measurements of
OH, CH, and C2 intensities.

In our group, Maruta et al. [17,18] have stud-
ied the combustion behavior of premixed CH4/
air mixtures in a heated quartz tube with a 2.0-
mm diameter. In their investigations, a stable pre-
mixed flame was found to exist at high and low
mixture velocities. At moderate velocities, three
unstable flame propagation modes: (a) pulsating
flame, (b) flames with repetitive extinction and
ignition (FREI) and (c) a combination of pulsat-
ing and FREI modes were observed.

Later, Kumar et al. [19–21] performed experi-
mental investigations on flame dynamics in a
heated radial microchannel using premixed CH4/
air mixtures. This configuration can be used as a
combustion chamber in micro power generation
devices or systems, such as disk-type micro gas
turbines [22], e.g., the MIT micro gas turbine. In
addition to conventional stable circular flame,
various non-stationary flame patterns, such as
rotating pelton-like flame (this is termed since
flame shape resembles a Pelton-wheel [19–21]),
traveling flame, and so forth, were observed.
More recently, Fan et al. [23,24] extended the mix-
ture equivalence ratio to a much wider range.
Some new flame patterns were observed and the
regime diagrams of those flame patterns in the
radial microchannels with a gap width of 0.5,
1.0, 1.5, 2.0, 2.5 and 3.0 mm were drawn based
on their experimental findings. Those regime dia-
grams present a clear overview of the relation
between each flame pattern and the experimental
parameters, such as the inlet mixture velocity,
the mixture equivalence ratio and the channel
gap width.

Theoretical analyses by Minaev et al. reveal
that in both 1D straight [25] and 2D radial
[26,27] microchannel flames are unstable if the
values of inlet gas velocities lie in a range of mod-
erate velocities. At high inlet velocities normal sta-
ble flames exist, while at low inlet velocities weak
stable flames with reduced flame temperatures are
predicted. It is also demonstrated that the flame
Please cite this article in press as: A. Fan et a
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location versus inlet mixture velocity (flow rate)
exhibits an S-shaped curve for stoichiometric mix-
ture, as shown in Fig. 1 for the 2D radial micro-
channel [27]. The theoretical analysis [25]
qualitatively agrees with our experimental findings
in the 1D straight microchannel [18]. It is note-
worthy that the weak stable flames were observed
by camera with CH filter and a long enough expo-
sure time, e.g., 1200 s. For the case of 2D radial
microchannel, some previous experimental data
for the stoichiometric mixtures are shown in
Fig. 2. From this figure it can be seen that when
the channel gap width is 1.0 mm, only non-sta-
tionary flames, i.e., pelton-like flame and traveling
flame are observed. When the channel gap width
is increased to 1.5 mm, only at low inlet velocity,
e.g. 1.5 m/s, stable flame locates near the inlet of
the radial microchannel. It is not the weak stable
flame as that observed in the 1D straight micro-
channel. While in the 2.0-mm-gapped channel,
all the flames are stable. Therefore, the S-shaped
curve has not been verified by our previous exper-
iments so far. However, from Fig. 2 it can be
expected that the S-shaped curve would be con-
firmed by the experiment in the radial microchan-
nel with a gap width between 1.5 and 2.0 mm, e.g.,
1.75 mm.

On the other hand, flame dynamics, such as
FREI, have been numerically confirmed by Jack-
son et al. [28] in the 1D straight microchannel
and by Pizza et al. [29] in 2D planar microchannel.
However, none of the flame patterns observed in
our 2D radial microchannel has been captured
by numerical simulations to date. Thus, in the
present work, we first report the experimental
observations of flame pattern formations in the
heated radial microchannel with a gap width of
l., Proc. Combust. Inst. (2009), doi:10.1016/



Fig. 4. Wall temperature profiles at an inlet airflow
velocity of 4.0 m/s.

Fig. 2. Flame pattern regime diagram of stoichiometric
mixture.
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1.75 mm, and then present the numerical simula-
tion results that may be associated with rotating
pelton-like flames using a global one-step Arrhe-
nius reaction model.
2. Experimental

2.1. Experimental setup and method

A schematic diagram of the experimental setup
is shown in Fig. 3. Two circular quartz plates (/
50) were maintained parallel to each other within
an accuracy of ±0.1�. The gap between the two
plates is 1.75 mm. The channel is heated from bot-
tom by a porous burner with constant heat input.
Before fuel supply, wall temperature profiles were
created by using cold airflow. This approach was
also employed in the series of previous studies
[17–21,23,24]. Figure 4 shows the typical wall tem-
Fig. 3. Schematic diagram of the experimental setup.

Please cite this article in press as: A. Fan et a
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perature profiles at an inlet airflow velocity of
4.0 m/s. The flow rates of gases were monitored
through electric mass flow controllers within an
accuracy of ±1%. Methane–air mixture was
injected at the center of the top plate through a
delivery tube (/4). In order to maintain a laminar
flow in the delivery tube, the maximal mixture
velocity at the delivery tube was set at 5.0 m/s,
where the representative Reynolds number is
�1300. Movie recordings of various flame pat-
terns were carried out with an image-intensified
high-speed video camera right after the mixture
was ignited in the microchannel. Other details
about the experimental method could be found
elsewhere [19–21,23,24].

2.2. Experimental results

Three different flame patterns, i.e., stable circu-
lar flame, single and double pelton-like flames,
and traveling flame were observed in the experi-
ments, as shown in Fig. 5a–d. From Fig. 5a it is
seen that the circular flame front is a stable, sym-
metric circle with uniform luminosity. The radial
location of the circular flame increases with
increasing inlet mixture velocity for the same
equivalence ratio. When the inlet mixture velocity
keeps constant, radius of the circular flame
reaches its minimum at equivalence ratio of about
unity. The pelton-like flames rotate around the
central axis of the radial microchannel at a fre-
quency of �25.0–55.0 Hz which depends on both
mixture equivalence ratio and inlet mixture veloc-
ity. When the inlet mixture velocity keeps con-
stant, the rotating frequency of the pelton-like
flame reaches its maximum at an equivalence ratio
�1.0–1.05. This implies that the rotating fre-
quency has a positive relation with the burning
velocity. For the same mixture equivalence ratio,
the rotating frequency decreases with increasing
inlet mixture velocity. The double- and single-pel-
l., Proc. Combust. Inst. (2009), doi:10.1016/



Fig. 7. Flame radial location versus inlet mixture
velocity in the radial microchannel with a gap width of
1.75 mm for the stoichiometric flames.

Fig. 6. Regime diagram of flame patterns for the radial
microchannel with a gap width of 1.75 mm.

Fig. 5. One shot photos of different flame patterns taken
with an image-intensified high-speed video camera at a
rate of 500 frames per second with a shutter speed of 1/
500 s from a top-side viewpoint: (a) stable circular flame,
(b) single pelton-like flame, (c) double pelton-like flame,
and (d) traveling flame. Solid and dashed white lines
indicate the positions of top plate and mixture delivery
tube, respectively. Arrows were drawn to indicate the
rotating direction of the rotating flame patterns.
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ton-like flames occurred at a random possibility
under certain conditions, which demonstrates that
this reactive flow system exhibits some bifurcation
in flame pattern formation in those cases. The
traveling flame looks like a closed circle with
non-uniform luminosity with the naked eyes.
However, with the help of an image-intensified
high-speed video camera, it can be seen that a pel-
ton-like flame cell emanates from one end of the
luminous flame and travels towards the opposite
end. At the moment of its approach, the opposite
end of the luminous flame also generates a pelton-
like flame cell which merges with the approaching
one. This merger can be clearly seen in Fig. 5d.
Another major characteristic of the traveling
flame is the relatively loud sound emission. We
suppose that it is produced at the moment those
two pelton-like flame cells merge with each other
in opposite rotating directions.

Regime diagram of these flame patterns was
also obtained and presented in Fig. 6. Experi-
ments were conducted under all the conditions
denoted by the nodes in Fig. 6. The nodes without
symbols in the figure mean that no flame was
observed under those conditions. From Fig. 6
we can see that flame pattern formations are
almost symmetrically distributed on the lean and
rich sides. The distributions of the rotating pel-
ton-like flame and the traveling flame in the
regime diagram look like two horizontal C-shaped
letters. From Fig. 6, it is evident that the flame
pattern formation is a function of the inlet mix-
ture velocity and mixture equivalence ratio. Let’s
now examine the dependency of flame pattern for-
mation on the inlet mixture velocity for the stoi-
chiometric mixtures. When the inlet mixture
velocity, Vin = 3.5–5.0 m/s, circular flames stabi-
Please cite this article in press as: A. Fan et a
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lized at certain radial locations. As the inlet mix-
ture velocity reduced to Vin = 3.0–2.0 m/s, non-
stationary flame patterns, i.e., the traveling flames
and the rotating pelton-like flame appeared. At
even lower inlet mixture velocity, Vin = 1.5 m/s,
flame was seen to be stabilized near the inlet of
the radial microchannel. This flame is geometri-
cally similar to a deformed Bunsen flame due to
the constraint of the narrow channel gap. As
pointed out earlier, this flame is not the weak sta-
ble flame predicted by the theoretical solution [27].
Therefore, it is out of our interest here. Due to the
extremely low luminosity of the weak flame and
the interference of the flame of the heating burner,
weak flame at very low inlet velocity has not been
observed in the radial microchannel yet. Never-
theless, our experimental findings, as discussed
above and shown in Fig. 7, qualitatively con-
firmed the upper and middle branches of the S-
shaped curve predicted by the analytical solution
for the stoichiometric mixtures [27]. We consider
l., Proc. Combust. Inst. (2009), doi:10.1016/
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that the pelton-like flame and the traveling flames
have an analogy to the flames with repetitive
extinction and ignition (FREI) in the 1D case
[18,25].

Measurements of exhaust gas revealed that the
stable flames can achieve a nearly complete com-
bustion, while for the cases of the traveling flame
and the rotating pelton-like flame, relatively large
amount of unburned fuel leakages were detected
due to the unclosed flame configurations. Details
about the combustion completeness and chemical
efficiency of various flame patterns are addressed
elsewhere [24].
3. Numerical simulation

As discussed in [27], according to the simplified
model assuming infinitely thin zone of chemical
reaction, the non-dimensional flame radial loca-
tion of stoichiometric mixture, rfs, depends on
non-dimensional gas flow rate and typical Q(rfs)
dependency looks like an S-shaped curve. The
upper part of the curve lying above upper turning
point is associated with normal flame. The inter-
mediate branch of the S-shaped curve corresponds
to unstable solution. There is also a low velocity
mode of combustion described by the branch
lying below lower turning point. This regime is
stable and is characterized by small values of inlet
gas flow velocities and reduced flame temperature.
An attempt of description of some non-stationary
2D structures has been done in [26] in the frame of
weak non-linear flame front model. The results of
that analytical study showed the existence of
periodical traveling waves within the velocities
interval relating to the unstable branch of the
S-shaped curve. Thus, we examine the rotating
pelton-like flames in this velocity interval in the
following numerical simulations.

As our aim here is to qualitatively capture the
rotating pelton-like flame structures, it would be
expensive to apply a model with full chemistry.
Therefore, we assume a global one-step Arrhenius
reaction, constant transport properties, and a con-
stant density approximation. The gas-phase tem-
perature T, the mass fractions of fuel Yf and
oxidizer Yo variations are described by

qcp
oT
ot
þ ðV

*

�rÞT
� �

¼ kDT � 2a
d
ðT � hÞ

þ QW ðY o; Y f ; T Þ ð1Þ
oðqY oÞ

ot
þ ðV

*

�rÞðqY oÞ ¼ DDðqY oÞ

� mW ðY o; Y f ; T Þ ð2Þ
oðqY fÞ

ot
þ ðV

*

�rÞðqY fÞ ¼ DDðqY fÞ

� W ðY o; Y f ; T Þ ð3Þ
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where

W ðY o; Y f ; T Þ ¼ qAY a
oY b

f expð�E=RT Þ ð4Þ
is the chemical reaction rate and we chose
A = 5 � 108 s�1, E/R = 15,042 K, a = 1.65, b =
0.1, q = 1.3 g m�3, cp = 1000 J kg�1 K�1, k =
0.026 J K�1 m�1 s�1, D = 2 � 10�5 m2 s�1, Q/
cp = 33,000 K and m = 3.62 that is the ratio of
stoichiometric coefficients. The a in Eq. (1) is the
heat transfer coefficient related to the Nusselt
number by Nu = ad/k, where d is the channel
gap width which is less than the critical value cor-
responding to the stoichiometric mixture and
room temperature of the channel. For simplicity
we set Nu = 4. The convective and diffusion terms
in Eqs. (1)–(3) read in polar coordinates (r, /),
where r is radius and / is angle, as follows:

ðV
*

�rÞ ¼ G
r

o

or
; D ¼ 1

r
o

or
r

o

or

� �
þ 1

r2

o2

ou2
ð5Þ

The formula (5) implies existence of axially sym-
metric radial flow with radial gas velocity G/r,
where G = V0r0, V0 is the input gas velocity and
r0 is the inlet radius.

The computation domain is a ring r0 < r < R0

and we set r0 = 2 � 10�3m and R0 = 0.04 m that
roughly correspond to the experimental configu-
ration. It is assumed that the profile of channel
wall temperature, h, is time-constant and it is
determined by formulae

h ¼ T 0 þ ðH� T 0Þ
r � r0

r1 � r0

for r0 < r < r1

and

h ¼ H for r1 < r < R0 ð6Þ
where r1 = 0.025 m, and H = 900 K that approxi-
mates the experimental profile.

The boundary conditions for the inlet and exit
are set as follows:

At the inlet (r = r0)

T ¼ T 0; Y f ¼ Y 0
f ; Y o ¼ Y 0

o ð7Þ
while at the exit (r = R0) zero flux conditions for
Yo, Yf and T are applied, i.e.

rT ¼ rY f ¼ rY o ¼ 0 ð8Þ
In the course of numerical simulations we set that
initial profile of gas temperature as that described
by formula (6) and it is coincided with tempera-
ture distribution in the wall. The choice of initial
concentrations profiles depend on the value of in-
let velocity related to parameter G by Eq. (5).

Numerical integrations of the non-stationary
Eqs. (1)–(3) were carried out by an implicit
finite-difference scheme. Accuracy of the solution
method was tested by preliminary trials with dif-
ferent space grids and time steps. We used grid
with 1500 (radial points) � 350 (angular points)
nodes. At the first stage of numerical calculations
l., Proc. Combust. Inst. (2009), doi:10.1016/
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we evaluated the unstable interval of gas velocity
by using Eqs. (1)–(3) in the case of radial symme-
try (oT/ou = 0, oYo/ou = 0, oYf/ou = 0). At the
next stage we simulated evolution of initial distri-
butions of concentrations and temperatures at
fixed value of parameter G determining the inlet
gas velocity. If the value of gas velocity was larger
than maximal value of unstable interval of the S-
shaped curve, any initial distributions trans-
formed into circular stationary flame. This result
corroborates with results of analytical studies
[26,27]. In the case of small values of
G = 0.001 m2 s�1 we started from initial distribu-
tion of concentrations describing by formulas

Y o ¼ Y 0
o; Y f ¼ Y 0

f ; for r0 < r 6 rb � rb

u
2p

and

Y o ¼ 0; Y f ¼ 0; for r > rb � rb
u
2p

ð9Þ

where rb = 0.03 m.
Numerical simulations reveal that after igni-

tion the flame acquired pelton-like shape and it
rotates around central axis of radial microchan-
Fig. 9. Distribution of temperature in sequenced points
of time when G = 0.001 m2/s. Gray shades correspond to
different temperatures. The black domain marks region
filled by gas with temperature less than 900 K. White
circle in the centre marks the delivery tube.

ig. 8. Distribution of fuel concentration in sequenced
oints of time when G = 0.001 m2/s. Gray shades
orrespond to different concentrations. The black
omain marks region filled by unburned mixture and
hite color corresponds to absence of fuel. White circle
the centre marks the delivery tube.
F
p
c
d
w
in
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nel. The distributions of fuel concentration in
sequenced points of time with time steps about
0.017 are shown in Fig. 8, from which we can
see that there is some leakage of unburned fuel.
This was verified by the measurement of exhaust
gas conducted in [23,24]. The gas temperature dis-
tributions at the same moments are given in
Fig. 9, which are geometrically similar to the
rotating pelton-like flames observed in the experi-
ments. It is interesting that the flame shape is not
fixed and slightly changes during its rotation and
the flame edge located near the centre of rotation
circumscribes a crooked path. We found that an
increase of parameter G (e.g. G = 0.0015 m2 s�1)
led to a possibility of existence of two rotating
flame cells resembling double pelton-like flames.
The temperature distributions in sequenced points
of time with time steps about 0.016 s are shown in
Fig. 10. The flame luminosity strongly depends on
temperature, so, roughly speaking, the domains
filled by combustion products is visible only if
their temperatures exceed some critical value. To
make clear the qualitative comparison we marked
by black color the regions with gas temperature
less than 900 K. It is important that resulting con-
figuration of rotating flames is independent of ini-
l., Proc. Combust. Inst. (2009), doi:10.1016/



Fig. 10. Distribution of temperature in sequenced points
of time when G = 0.0015 m2/s. Gray shades correspond
to different temperatures. The black domain marks
region filled by gas with temperature less than 900 K.
White circle in the centre marks the delivery tube.
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tial distribution and it is defined by the value of
input gas velocity.
4. Conclusions

We reported the experimental observations of
flame pattern formations in a heated radial
microchannel. In addition to conventional stable
circular flame, single- and double-rotating-pel-
ton-like flames, and traveling flame were also
observed with the help of an image-intensified
high-speed video camera. Those flame pattern
formations are functions of the inlet mixture
velocity and the mixture equivalence ratio. The
present experiments partly verified our previous
analytical solution [27], with the exception of
the weak flame that has not been observed
yet. The middle branch of the S-shaped curve
represents unstable solutions. Within the veloc-
ity interval of this branch, we carried out
numerical simulation using a global one-step
Arrhenius reaction model. Rotating structures
that may be associated with single- and
double-pelton-like flames observed in the experi-
ments were successfully captured.
Please cite this article in press as: A. Fan et a
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