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Abstract

This paper reports the experimental observation of multiple Pelton-like rotating flame structures in radi-
al microchannels with lean methane-air mixtures supplied at the center of the two closely placed circular
quartz plates. The bottom quartz plate was heated with a porous burner to create a positive temperature
gradient distribution along the flow direction. Stable flames were observed at a radial location for stoichi-
ometric and rich mixtures over a wide range of operating conditions. On the other hand, for lean methane-
air mixtures at / = 0.67 and channel gap of �1–2 mm, distinct and single/multiple Pelton-like rotating
flame structures were observed experimentally. These rotating flames were semi-circular in shape with a
rotational speed varying from 15 to 50 Hz. Due to continuous rotation and a semi-circular flame shape;
the rotating flames resemble a classical Pelton wheel. These flame structures were observed to appear over
a range of velocities varying from 1.5 to 6 m/s. One, two and three rotating flames fronts appear in the
domain at similar operating conditions. The effects of change in the temperature gradient and temperature
profile were examined by employing a different porous burner and these modes were observed to be present
for an asymmetric temperature profile. The appearance of these multiple rotating flame fronts was a func-
tion of peak temperature of the plates.
� 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Rotating wave patterns are widely observed in
a variety of natural situations, such as propaga-
tion of electric pulses in cardiac muscles [1] and
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chemical reaction in premixed and non-premixed
combustion systems [2–8]. The understanding of
these phenomena in chemical reaction systems
becomes more complex because the process is gov-
erned by fluid dynamics, chemical reaction, heat
and mass transfer properties of fuel and oxidizer.
Different types of flame instabilities have been
reported in literature [9,10]; hydrodynamic, buoy-
ancy driven, thermal-diffusive and viscous finger-
ing. A prodigious amount of work has been
done in the field of cellular flames [2], spiral flames
[3–7] and fingering instability [8] in premixed and
ute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Experimental setup.
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non-premixed combustion systems to model and
explain these phenomena.

The present work deals with experimental
observation of two-dimensional flame pattern for-
mation in radial microchannels. The interest in
micro-scale combustion devices arises due to
major advantages associated with these systems.
These advantages include higher heat and mass
transfer coefficients, higher energy densities of
hydrocarbon fuels compared with those of elec-
trochemical batteries (�20–50 times) and abate-
ment of pollutant emissions, particularly NOx,
from these systems [11–16] due to their lower
operating temperature. The increased heat loss
due to large surface–volume-ratio adversely
affects the combustion stability limits in these
devices. To obtain stable combustion, thermal
management, for instance, heat recirculation is a
key factor for efficient operation of these devices
[12,13].

Maruta et al. [14] have studied the behavior of
premixed fuel-air mixtures in straight quartz tube
with a 2 mm diameter and a positive temperature
gradient in the flow direction. This is a simple one-
dimensional configuration to study flame propa-
gation characteristics in microchannels. In this
study, a stable premixed flame was found to exist
at high and extremely low mixture velocities. At
moderately low velocities, three distinct, unstable
flame propagation modes, (a) pulsating flame (b)
flames with repetitive extinction and ignition
(FREI) and (c) a combination of pulsating and
FREI modes were observed. Linear stability anal-
ysis also predicts the existence of different stable
and unstable propagation modes over a range of
velocities and equivalence ratios [15].

In the present work, experimental observations
of dynamic and unsteady flame front movements
in radial microchannels are presented. This work
is essentially an extension of previous 1-D work
[14] to two-dimensions to understand flame prop-
agation characteristics in expanded dimensions. In
a real practical application, the combustion room
is two or three-dimensional [16] and fuel–air mix-
ture is subjected to both temperature and flow
divergence depending upon the combustion room
configuration. Therefore, to understand the pecu-
liarities of the combustion of methane–air mix-
tures in the extended dimensions, the present
configuration of a radial microchannel was chosen
in which a combustible mixture was subjected to
combined positive temperature gradient and nega-
tive velocity gradients.
Fig. 2. Measured temperature profiles of the bottom
plate. T1 = symmetric, T2 = asymmetric.
2. Experimental setup

A schematic diagram of the experimental setup
is shown in Fig. 1. Two quartz plates were main-
tained parallel to each other within ±0.1� accura-
cy with the help of a level-indicator. To simulate
the heat recirculation process, a 1 mm thick
quartz (bottom) plate was placed 10 mm above
the porous burner and heated continuously. This
helped to create positive temperature gradient
conditions in the walls, when mixture was injected
at the center through a 4 mm diameter mixture
delivery tube. A constant heating rate was used
during all the experimental investigations to
exclude the effect of temperature distribution var-
iation with heating rate on the observed flame pat-
terns. The temperature profile along the inner side
of the bottom plates was measured in the case of
airflow with a 300 lm K-type thermocouple. Dur-
ing the wall temperature measurements, airflow
through the mixture delivery tube at a velocity
of 4 m/s was supplied to examine its effect on
the temperature profile. Curve T1 in Fig. 2 shows
the measured temperature profile on the inner side
of the bottom plate (T2 profile is discussed later).
The top plate is heated due to convection and
radiation from the bottom plate, and measured
temperature distribution is similar to that of bot-
tom plate with a slightly lower temperature (�20–
50 K). The measured temperature profile of the
present experiments is similar to that of Maruta
et al. [14] with the lowest measured temperature
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of 410 K at the center and the highest temperature
of 830 K at a radius of 13 mm. The highest mea-
sured temperature along with the temperature
gradient (�32 K/mm) can be used as representa-
tive parameters for the present study. The delivery
tube was cooled to maintain the upstream temper-
ature of the incoming mixture. Methane gas with
99.99% purity was used as fuel. Electric mass flow
controllers were used to precisely monitor the
mass flow rates of methane and air within an
accuracy of ±1%.

Preliminary observations were carried out with
a normal CCD video camera. Due to the highly
unsteady nature of the combustion process, nor-
mal movie recording was carried out with a
high-speed video camera, ‘‘FASTCAM-NEO-
Photron.’’ High-speed video recording was carried
out from a sideways angular position of approxi-
mately 30� because the presence of the vertical
mixture delivery tube restricted the top view of
the quartz plates. The picture resolution was
512 · 512 pixels over a range of the image captur-
ing speeds varying from 30 to 20,000 Hz. Flame
images were recorded at a rate of 1000 frames/sec-
ond with a shutter speed of 1/2000 s. During each
run, 2048 frames were recorded and images were
further analyzed with image processing software
PFV-ver.2.2.2.1 [17].
Fig. 3. Classification of different flame-fronts observed
with a CCD video camera. (a) A-stable, (b) B-regime, (c)
A-Broken, and (d) C-regime.
3. Results and discussion

3.1. Preliminary observations

Parametric studies were carried out to distin-
guish the different flame propagation modes
observed in the present experiments. The parame-
ters investigated were mixture equivalence ratio,
plate separation distance and mixture velocity.
The typical mixture velocity through the mixture
delivery tube was varied in the range of 1.5–7 m/s.
The bottom plate was heated with a porous burn-
er and air supply through mixture delivery tube
was continued to obtain positive temperature gra-
dient in the flow direction. Once the temperature
of the plates achieved steady state, the fuel supply
was initiated along with continued air supply
through the delivery tube. The distance between
two quartz plates was 5 mm at the start of the
experiment. The plate separation distance was
reduced by 0.25 mm in each step with a microme-
ter traverse (0.05-mm resolution). The following
schemes were used to categorize the different flame
front propagation modes observed during the
experimental studies:

1. Flame propagation modes with stable flame
front characteristics were assigned to group A
(A-stable, A-broken).

2. Flame propagation modes with unstable
behaviors were assigned to group B (B-Pelton).
3. All other modes were assigned to groups C and
D.

Preliminary observations carried out with a
CCD video camera are shown in Fig. 3. Stable
and unstable flame propagation modes were
observed over a range of operating conditions.
In combustion regime A-stable, a stable flame
front was located at a radial location, as shown
in Fig. 3a. The radial location of the flame front
is a function of mixture velocity, equivalence ratio
and plate separation distance. Figure 3b shows the
observation of an unstable flame propagation
mode. At / = 0.67 and d = 1.75 mm, a B-Pelton
unstable flame propagation mode was observed
for a range of mixture velocities varying from
1.5–6.0 m/s. More details on this flame propaga-
tion mode are presented in the following sections.
Figure 3c shows the A-broken combustion mode.
This flame propagation mode generally appeared
at very small plate separation distances. Due to
decrease in channel width, the flame quenched at
one point in the domain and this extinction spot
propagated in the angular direction. Figure 3d
shows the combustion regime C, which was
observed at high velocity and large plate separa-
tion distance (P4 mm). In this mode, an asym-
metrical and steady flame with weak visibility
was observed. In group D, a stable flame front
was observed at the mixture delivery tube exit.
The C and D flame propagation modes were not
pursued further because flame stabilizes at the
outlet and inlet for high and low mixture velocity
conditions respectively and could be equated with
flame flashback and flame blowout limits.

A brief summary of experimental conditions
for various stable and unstable flame propagation
modes is given in Table 1. A-stable was observed
at / = 0.85, U = 3 m/s and d = 0.25–5.0 mm.



Table 1
Brief summary of experimental conditions for different
flame propagation modes

Propagation mode / U (m/s) d (mm)

A-stable 0.85 3.0 0.25–5
A-broken 0.67 3.5 0.50
C-mode 0.67 7.0 5.0
B-Pelton 0.67 1.5–6 1.75

3264 S. Kumar et al. / Proceedings of the Combustion Institute 31 (2007) 3261–3268
A-broken mode was observed at / = 0.67 and a
short plate separation distance. The effect of mix-
ture equivalence ratio on flame stability was inves-
tigated by changing the mixture equivalence ratio
from 0.85 to 0.67. The stable flame propagation
mode disappeared with the decrease in the equiv-
alence ratio and different unsteady flame propaga-
tion modes appeared. B-Pelton, an unsteady flame
propagation mode was observed at / = 0.67 or
lower equivalence ratios and over a wide range
of mixture velocities. Kumar et al. [18] have pre-
sented a detailed description of these stable and
unstable flame propagation modes. Therefore,
the present paper is concerned with the
appearance of multiple rotating Pelton-like flames
observed with lean methane-air mixtures at
/ = 0.67. A detailed description is given in the
following sections.

3.2. Regime diagram for Pelton-like rotating flames

To obtain a regime diagram, the plate separa-
tion distance was fixed at 1.75 mm and / = 0.67.
The mixture velocity was varied gradually and at
times randomly over a range of 1.5–6 m/s to
observe the various modes of the propagating
flame fronts. Figure 4 shows the regime diagram
for Pelton-like rotating flames. A single Pelton
flame (one Pelton-flame front) is observed over
the whole range of mixture velocities. The domain
of existence for double Pelton flame (two Pelton-
flame fronts) narrows towards the center of the
diagram and triple Pelton flame (three Pelton-
flame fronts) is observed only in a very small
Fig. 4. Number of Pelton-like flames with mixture
velocity variation.
velocity range of 3.0–3.5 m/s. An interesting point
is the existence of multiple modes for a particular
velocity condition. For instance, in the mixture
velocity range of 3.0–3.5 m/s, the various flame
propagation modes with one/two/three flame
fronts are observed fortuitously at the same condi-
tions. These modes with single/double/triple Pel-
ton-like flames were observed to occur by
randomly changing the mixture velocity.

3.3. Single Pelton flame propagation mode

Figure 5 shows a single Pelton flame pattern
observed in the narrow gap between two plates,
(see Supplementary material). These pictures were
recorded at / = 0.67, U = 1.5 m/s and d =
1.75 mm. These frames show the position of prop-
agating flame front after 4-ms time intervals. The
rotational speed of this flame front was approxi-
mately 40 Hz. In this regime, one flame front,
nearly semicircular in shape, was observed, which
revolves around the center of the plates in a cyclic
motion. This semicircular-shaped flame front cou-
pled with rotational motion resembles a classical
Pelton wheel. A similar hemispherical propagat-
ing flame in a tube was experimentally observed
by Kim et al. [19] at low pressure and near extinc-
tion limit conditions.

The background flame of the porous burner
imparted some noise for direct video recording
and resulted in poor visualization. Therefore, to
present a better view of the observed flame pat-
terns, the heating burner was switched off during
the high-speed video recording. It is assumed that
the flame front pattern remained unaffected for a
certain period of time. The pictures shown in the
present paper were taken within first 80-ms after
the heating burner had been switching off. This
time period is very small compared to the change
in observed phenomena which occurred �800–
2000 ms after the heating burner had been switch-
ing off.

The radial location of the propagating flame
front depends on the mixture velocity. This
flame front was observed to rotate in both
clockwise and counterclockwise directions. This
flame rotation in both clockwise and counter-
clockwise directions seemed to occur with equal
probability. The onset of the rotational direction
in this flame propagation mode is not clear at
this moment; however, it could be possible that
the direction of rotation is triggered through an
internal or external disturbance at a particular
location, which determines the rotational direc-
tion for the flame front. This is an example of
a system in neutral equilibrium with a tendency
to rotate either clockwise or counterclockwise
depending on the direction of initial perturba-
tion. A similar rotational behavior of spiral
flames propagating in a tube was observed by
Pearlman and Ronney [3] and Pearlman [4],



Fig. 5. Single Pelton-flame propagation mode.
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where these spiral flames patterns were observed
to rotate in both directions with equal
probability.

3.4. Double Pelton flame propagation mode

In this flame propagation mode, two propagat-
ing flame fronts were observed. These flame fronts
were separated by 180� and located opposite to
each other in the domain. These flames were
semi-circular in shape and observed to rotate in
a cyclic motion around the center of the plates.
Figure 6 shows the motion of these flame fronts
in clockwise direction (see movie in Supplementa-
ry material). Each image shows the position of
flame front after 2-ms time intervals. In this figure,
a half rotational cycle is shown (the other half
cycle motion is identical); and these flames rotated
at �32 Hz. The two propagating flames were
observed to rotate in both clockwise and counter-
clockwise directions.

3.5. Triple Pelton-flame propagation mode

In this flame propagation mode, three flame
fronts existed in the experimental domain simulta-
neously. These flame fronts rotated around the
center of the plates with a cyclic motion. They
were separated by approximately 120� from each
other as shown in Fig. 7 (see Supplementary mate-
rial). The frames show the flame front positions at
every 2-ms time intervals; and they rotate in coun-
terclockwise direction. One-third of the rotational
cycle is shown in this figure and these flames
rotate at a rate of �28 Hz. These propagating
flames are also observed to rotate in both clock-
wise and anti-clockwise directions.

3.6. Effect of temperature gradient

To investigate the effect of temperature profile
on these flame propagation modes, two different
porous burners were used. The temperature pro-
files T1 and T2 shown in Fig. 2 were obtained
using 40- and 20-lm sized porous burners, respec-
tively. The characteristics of single Pelton mode
were investigated with T1 and T2 temperature pro-
file conditions at 3.0 and 4.0 m/s mixture veloci-
ties. Figure 8 shows the trajectories followed by
the traveling flame front with temperature profiles
T1 and T2 at 3.0 m/s mixture velocity. These tra-
jectories were obtained by tracking a point on
the rotating flame front for one complete rotation
and the errors in the estimation of flame trajectory
using this method are expected to be within a few
percent. For T1, the single flame front followed a
nearly circular motion in the domain as indicated
by a dashed circle drawn in the figure. For T2, the
motion of the propagating flame front stretches in
the domain towards the low temperature side
when compared to T1. Similar behavior of the
propagating flame fronts is observed at 4 m/s mix-
ture velocity. The trajectory of the propagating
flame front shifted towards left due to lower wall
temperature on the left side of curve T2 in Fig. 2,
resulting in asymmetric rotational behavior. The



Fig. 7. Triple Pelton-flame propagation mode.

Fig. 6. Double Pelton-flame propagation mode.
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change in the temperature profile also affected the
rotational speed of the flame front. The rotation
speed changed from 24 Hz (T1) to 21 Hz (T2) at
a mixture velocity of 3.0 m/s. A similar reduction
from 22 to 17 Hz in the rotational speed was
observed at a velocity of 4.0 m/s. The rotational
frequency of these flames decreased due to an
increase in the circumference of these propagating
flames for T2 temperature profile. However, it is
noteworthy that the change in temperature profile
did not affect the appearance of the phenomena.
The appearance of these Pelton-like rotating



Fig. 8. Effect of temperature profile on flame-front
trajectory. (d) T1 temperature profile; (j) T2 tempera-
ture profile.

Fig. 9. Schematic diagram to explain the appearance of
multiple Pelton-like flame modes.
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flames seemed to be dependent on the peak plate
temperature, and the temperature gradient/profile
only affected the flame trajectory.
4. Discussion

The mechanism of multiple Pelton-like flames
is remains unclear, and thus an effort has been
made to propose a possible propagation mecha-
nism and explain these interesting observations.
Figure 9 shows a schematic to explain the obser-
vation of rotating Pelton flame behavior which
results from the coupling of a radial flow emanat-
ing from a cylindrical source at the center without
rotational flow. Two spirals are assumed (one/
three can also be assumed to explain single/triple
Peltons) to be generated at the cylindrical source
to explain the formation of multiple Pelton
flames. It has been theoretically shown that a radi-
al flow can generate rotating flame patterns [18]
and flow rotation is not an important condition.
However, due to momentum imbalance, flow
rotation can be induced by rotating flame struc-
tures, although the actual mechanism is unclear
at present. The fresh reactants issued from the
cylindrical source follow a spiral motion and
two Pelton flames (Flame-1 and Flame-2 in
Fig. 9) located opposite each other are formed
at a particular radial location. These flames con-
tinuously rotate around the mixture source at a
certain frequency. The existence and propagation
of Flame-1 can be explained as being due to the
existence of an interface of combustion products
emanating from Flame-2 (zone-C) and fresh reac-
tants (zone-B) of Flame-1. Similar existence of an
interface between combustion products and fresh
reactants is also predicted for quasi-steady spiral
flames [6]. The amount of dilution at the interface
surface determines the outer radius and shape of
Flame-1. With the increase in the number of flame
fronts (single fi double fi triple), the time avail-
able for dilution decreases sharply and this per-
haps affects the flame front shape to a certain
extent. For instance, change in the outer shape
of the Pelton flames with the increase in the num-
ber of flame fronts can be noticed from Figs. 5–7.
On the inner side of the flame front, there is an
interface of fresh reactants between zone-A and
zone-B. Flame extinction occurs at a particular
radial location and flame does not propagate into
zone-A due to the following reasons. (1) The exis-
tence of a positive temperature gradient in radial
direction (Fig. 2) results in flame stabilization at
a particular radial location, where wall tempera-
ture is sufficiently high to stabilize the flame. (2)
The flow velocity decreases linearly in the radial
direction. Therefore, the residence time of reac-
tants is much shorter in zone-A due to higher flow
velocity compared with zone-B. Therefore, the
flame front does not propagate towards zone-A
due to adverse conditions of low wall temperature
and high flow velocity in zone-A. It is difficult to
explain the appearance of multiple (two/three)
Pelton flames within an interval of gas velocities.
It is obvious that the number of observed flame
fronts increases with mixture velocities because
two or three Peltons consume large amounts of
fresh mixture than a single one, therefore they
appear at higher mixture velocities. However, it
is hard to explain the decrease in the number of
Pelton flames with velocity at higher flow rates.
5. Conclusions

We have herein reported the formation of mul-
tiple Pelton-like flames in radial microchannels
with lean methane-air mixtures. These rotating
semi-circular shaped flames resemble the classical
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Pelton wheel geometrically; therefore, these flames
are called as Pelton flames. Single/double/triple
Pelton flames were observed over a range of veloc-
ities varying from 1.5–6 m/s. A possible mecha-
nism is proposed for these rotating Pelton-like
flames. The radial flow from the cylindrical source
leads to the formation of spirals and an interface
of combustion products and fresh reactants exists
at the outer side of the flame. On the inner side,
flame extinction occurs due to adverse conditions
of temperature and velocity gradients near the
center. The rotational speed of these Pelton flames
varies from 15 to 50 Hz and is observed to
decrease with a decrease in the wall temperature.
The change in the temperature profile does not
affect the appearance of Pelton flames. However,
these flames are more dependent on the peak tem-
perature of wall and the temperature gradient
only affects the flame trajectory. These rotating
flames show potential for use as heat sources for
various future applications, for instance, thermal
pulses in a two-dimensional domain and thermo-
electric converters.
Appendix A. Supplementary data

Supplementary data associated with this article
can be found in the online version at doi:10.1016/
j.proci.2006.07.174.
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