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This paper presents the experimental evidence of the formation of rotating spiral flames with
premixed methane-air mixtures introduced at the center of the two parallel circular quartz plates
which are separated by a millimeter scale distance (=5 mm). Both plates are externally heated to
create a positive wall temperature gradient in the flow direction to resemble heat recirculation
through solid walls, which is a requisite to obtain stabilized combustion in microburners. Contrary
to the general perception of a stable premixed flame front at a radial location, a variety of
nonstationary flame propagation modes are observed. For lower mixture flow rates and a range of
mixture equivalence ratios, a radial flame propagation mode is observed with simultaneous presence
of two circular flames at different radial locations. For higher flow rates, a rotating spiral flame
propagation mode is observed. In addition to radial and spiral flame propagation modes, random and
unsymmetrical flame oscillations are also observed. The rotational rates of the spiral flame fronts
were observed to vary from 28 to 83 Hz. A simple analysis is carried out to describe the formation

of spiral flames from a steady circular flame. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2836670]
I. INTRODUCTION

Many biological and chemical reaction systems are re-
ported to exhibit spiral wave patterns in the excitable
media."” In chemical systems, the Belousov—Zhabotinsky
(BZ) (Ref. 3) reaction medium in liquid phase reactions is
one such example which exhibits spiral wave pattern forma-
tion. Similar spiral wave patterns have been experimentally
observed in premixed,4 nonpremixed,5 and solid-phase com-
bustion systems.6 Premixed gas and solid-phase systems are
considerably different from nonpremixed systems due to
large heat release rates during combustion and their Arrhen-
ius reaction rate dependence on the temperature of the sys-
tem. The solid phase combustion systems behave differently
from those of gas systems due to a difference in Lewis num-
ber, which is infinite for a solid phase combustion system
and finite (of order of 1) for the later.*™®

It has long been believed that diffusive-thermal imbal-
ance (Lewis number) plays an important role in the excita-
tion of these phenomena for premixed reaction systems.
Cellular,” radial pulsations,4 and spiral flames™® are ex-
amples of these thermal-diffusive systems. Target pattern
flames or radial pulsations (henceforth referred as radial
propagation mode) and rotating spiral waves were observed
by Pearlman and Ronney4’8‘9 in the near limit mixture of
butane and oxygen diluted with helium (Le=4.0). The for-
mation of these patterns was observed to occur in an excep-
tionally narrow range of fuel concentration (1.28%-1.50%
butane in 21% O,/He mixture for downward flame propaga-
tion at 1 atm pressure and room temperature). Pearlman’ and
Robbins ef al.'” also reported the observation of spiral flames
with methane-air mixtures on a porous plug burner. In these
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experiments, the spiral flames were observed for rich
methane-air (Le~1.1), lean propane-air (Le~1.85), and
lean butane-air (Le=2.08) mixtures.” These phenomena
were observed for typically very small flow rates (mean flow
velocity =6.4 cm/s) and over a range of mixture equiva-
lence ratios. These spiral flames were observed for a finite
time with subsequent transitions to other states, indicating
that it was difficult to control these interesting flame
behaviors.'" In this paper, we report the experimental obser-
vation of rotating spiral flames in a radial microchannel for a
range of mixture flow rates and equivalence ratios. A micro-
channel for combustion studies is defined as a flow passage
whose hydraulic dimensions are smaller than the flame
quenching distance (=2 mm). The spiral flame behaviors ob-
served in these experiments can be controlled by changing
the mean wall temperature, mixture equivalence ratio, flow
rate, and channel width.

Earlier theoretical studies on spiral dynamics are consid-
ered with volumetric replenishment of the reactants over a
porous-plug burner.'""? Sivashinkyl3 applied the linear sta-
bility analysis to explain the helical structure of the solid
combustion wave. In this model, the helical structure is con-
sidered as a pattern resulting from the development of insta-
bility and its subsequent nonlinear stabilization. Merzhanov
et al."* have experimentally observed the propagation of a
flame front on a thin circular disk composed of solid com-
bustible material which is ignited at the center. The theoret-
ical study by Matkowsky and Volpert15 on the same case
shows that the flame front on the upper surface of the disk
propagates at a constant velocity for radii smaller than a
critical radius. Once the flame front exceeds the critical size,
it becomes unstable and a hot spot appears on the flame front
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which follows along an Archimedean spiral. The pattern on
the lower surface is the same except for a phase shift. The
presence of volumetric fuel source in models'""? renders dif-
ficulties in their application to the spiral flames observed in
radial microchannels. In principle, weak nonlinear ap-
proaches will allow us to describe the transition from non-
stationary circular to spiral flame, as in the case of premixed
methane-air mixtures studied in the present work.

The present work concerns the experimental observation
of rotating spiral and radial flame propagation (target pattern)
modes in radial microchannels. The interest in microscale
combustion devices arises due to major advantages associ-
ated with these small-scale systems. Some of these advan-
tages include higher heat and mass transfer coefficients, or-
der of magnitude higher energy densities of hydrocarbon
fuels (~20-50 times) compared to electrochemical batteries
and lower pollutant emissions, particularly NO, due to their
lower operating tempelratures.m_19 The increased heat loss
due to large surface area-volume ratio adversely affects the
flame stability limits in these devices. To obtain stable com-
bustion, thermal management, for instance, heat recirculation
is a key to enhance the stability limits of these small scale
devices. In this technique, the heat is absorbed from exhaust
gases in the downstream and transferred to preheat the fresh
reactants in the upstream through the solid walls to enhance
the combustion stability limits.'®"” Wall thickness and ther-
mal conductivity play an important role in determining the
effective heat recirculation.

Maruta ef al.'® have studied the premixed flame propa-
gation characteristics in a 2.0 mm diameter straight quartz
tube with a positive wall temperature gradient condition
along the flow direction. A steady state wall temperature gra-
dient was applied to channel walls to simplify the target
model. This strategy was employed to avoid thermal cou-
pling between the solid and gas phase. This simplification is
justifiable if the heat capacity of the solid-phase is much
larger (thermally thick) than the gas-phase which is often
true for microdevices having microchannels in them. This
study showed the existence of various stable and nonstation-
ary flame propagation modes over a range of flow velocities
with methane-air mixture. This is a simple, one-dimensional
(1D) configuration to study to flame propagation character-
istics in the microchannels.

The observation of various unsteady and pulsating
modes in a straight channel'® motivated the authors to inves-
tigate and understand these flame instabilities in a simple 2D
configuration, such as radial channels. In both configurations
(ID and 2D), a positive wall temperature gradient is applied
along the flow direction and the channel widths are of same
order, about 2 mm. The flow Reynolds number in these con-
figurations varies in the range of 20-500. The initial work on
the combustion characteristics of a premixed methane-air
mixture in a radial channel configuration is reported in the
carlier work’>?' which was mainly focused on very lean
mixtures (at ¢=0.67) subjected to a positive wall tempera-
ture gradient in the direction of flow. These investigations
showed that no stable flame propagation modes were ob-
served at ¢=0.67 for the whole range of mixture flow rates
and channel widths. Various nonstationary flame propagation
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FIG. 1. Details of experimental setup.

modes were observed in which the flame fronts either rotate
around the center or travel in the domain of the radial chan-
nel. These flame propagation modes were termed as (a) triple
flame propagation mode; (b) Pelton flame propagation mode
(similar to that of rotating Pelton wheel); (c) traveling flame
propagation mode; (d) symmetrical flame propagation mode;
(e) unsymmetrical flame propagation mode. The above men-
tioned names were assigned to these flame propagation
modes because of their resemblance to various classical
shapes described in the literature.”>?' Detailed explanations
of these flame propagation modes are provided in Refs. 20
and 21. In the present work, the experimental observations
on the combustion behavior of methane-air mixtures with
their equivalence ratio varying from ¢=0.85 to 1.25 are pre-
sented. These observations show that contrary to flame be-
havior at ¢=0.67, a steady circular flame is the dominant
mode of combustion at these conditions. Besides the obser-
vation of a steady circular flame, rotating spiral and radial
propagation modes are observed for slightly lean and rich
methane-air mixtures. The characteristics of these rotating
spiral and radial propagation modes are distinctly different
from the flame modes observed for very lean mixtures. In a
real practice, the present work will be helpful in developing
a radial microcombustor, where fuel-air mixture is supplied
to a configuration such as disk-type combustor for MIT mi-
crogas turbine,”* which is also a similar configuration.

The structure of the present paper is as follows: The
details of the experimental setup are described in Sec. II. In
Sec. III, a combustion regime diagram for different flame
patterns is presented. Experimental observations are also pre-
sented in Sec. III. This is followed by a simple theoretical
analysis to describe the spiral flame propagation behavior
observed in the radial microchannels. Various solutions ob-
tained from this analysis are presented in Sec. IV, followed
by conclusions in Sec. V.

Il. EXPERIMENTAL SETUP

The schematic diagram of the experimental setup is
shown in Fig. 1. Two circular quartz plates are maintained
parallel to each other within *0.1° accuracy with the help of
a level indicator. To simulate the heat recirculation process
with a positive temperature gradient along the flow direction,
both quartz plates are heated with the help of a circular
cross-section sintered metal burner. This helps in creating a
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positive temperature gradient condition in the radial direc-
tion, when methane-air mixture is injected at the center
through a 4 mm diameter mixture delivery tube. The external
heating rate of the porous burner is maintained constant dur-
ing the experimental investigations to exclude the effect of
wall temperature variation with the burner thermal input on
the observed flame patterns. The temperature profile along
the inner side of the quartz plates in the radial direction is
measured in advance with a 300 um size K-type thermo-
couple. A cooling arrangement is made in a delivery tube to
maintain the upstream temperature of the incoming mixture.
Methane gas with 99.99% purity is used as fuel during the
present investigations. Electric mass flow controllers are
used to precisely monitor the mass flow rates of methane
(0-1 SLM) and air (0-5 SLM) within 1% accuracy of the
full scale. These mass flow controllers are controlled through
a digital to analog converter board connected to a personal
computer which enables the independent control of both air
and fuel.

Due to the highly unsteady nature of the combustion
process, normal movie recording is carried out with the help
of a high speed video camera FASTCAM-NEO Photron.
High speed video recordings are carried out from an angular
position of approximately 30° angle sideways because the
presence of the vertical mixture delivery tube restricts the top
view of the quartz plates. The resolution of the camera is
512X 512 pixels over a range of image capturing speeds
varying from 30 Hz to 20000 Hz. This high speed camera is
used to observe the flame instabilities at different experimen-
tal conditions. Flame images are recorded at a rate of 500
and 1000 frames per second with 1/1000 and 1/2000 s shut-
ter speed, respectively. During each run, 2048 frames are
recorded and data is analyzed afterwards. The total runtime
depends on the recording speed set for recording the phe-
nomena.

During the beginning of the experiment, a plate separa-
tion distance of 5 mm is maintained. The quartz plates are
heated with a sintered metal burner and air supply is contin-
ued through the mixture delivery tube to obtain the essential
condition of a positive wall temperature gradient for present
investigations. Once the temperature of plates achieves
steady state, fuel supply is initiated along with the continued
air supply through the delivery tube. Therefore, methane-air
mixture is subjected to a positive temperature gradient and
flow divergence through the radial channel. The exhaust
gases (high temperature) from the bottom burner ignite the
mixture at the outlet of the radial channel and then the flame
gradually moves inside the channel. Once the flame is stabi-
lized in the channel, the channel width is reduced by
0.25 mm in each step with the help of a micrometer traverse
(0.05 mm resolution).

lll. RESULTS AND DISCUSSION
A. Wall temperature profile characteristics

The wall temperature profiles of the top and bottom
quartz plates are measured in advance to examine the effects
of flow on wall temperature profile. The mixture supply near
the center of the plates cools the plates at the center and
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FIG. 2. (Color online) Measured temperature profile of the top and bottom
plates at different flow velocities.

creates a positive temperature gradient in the flow direction.
Figure 2 shows the measured temperature profiles for a ther-
mal input of 1.35 kW from the bottom heating burner and
about 3.1% of the total heat was transferred to the incoming
reactants through solid walls (approximated from numerical
simulations). These temperatures were measured on the inner
side of the top and bottom plates for an airflow velocity of
4 m/s (flow rate, Q~3 SLM, standard liters per minute)
through the delivery tube. The top plate gets heated due to
convection and radiation from the bottom plate. Both of
these mechanisms play a significant role in the heat transfer
between top and bottom plates. The role of convectional heat
transfer decreases in the radial direction due to a linear
decrease in the Reynolds number, because Nu~Re'? and
Re=p*U../8ur, Re~r"' (where U, is mixture velocity
through the mixture delivery tube of diameter d, r is the
radial channel distance, p is density, and w is viscosity).
Similarly, the role of radiation can also be estimated, which
is observed to be quite significant due to high emissivity of
quartz glass (£=0.94-0.96). Therefore, the measured tem-
perature distribution of both plates is almost similar and the
top plate temperature is slightly lower (~20-50 K) than the
bottom plate. To quantify the effects of mixture velocity on
the temperature profile, wall temperature measurements were
carried out for a range of velocities varying from 2 to 7 m/s
(Q~1.5-5.25 SLM) and the bottom plate temperature mea-
surements for a velocity of 2 m/s are shown in Fig. 2. It has
been observed that with a decrease in the airflow velocity,
the overall temperature profile shrinks, when compared to
the temperature profile at 4 m/s. Similarly, an increase in the
mixture velocity leads to a widening of the temperature pro-
file. To summarize, the variation in the peak temperature
is observed to be less than =40 K over a range of
mixture velocities for the present experiments (2—7 m/s,
0~1.5-5.25 SLM).

B. Combustion regime diagram

Detailed parametric studies are carried out to classify the
regions of existence for various stationary and nonstationary
flame propagation modes. The flame propagation behavior is
recorded with a high speed camera and classified based on
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the observed flame front structure. Mixture equivalence ratio,
channel width, mixture flow rate and wall temperature profile
are important factors which affect shape, size and other char-
acteristics of various flame propagation modes. Mixture
equivalence ratio and wall temperature profile are maintained
constant to eliminate the variations due to these parameters.
Mixture flow rate and channel width are considered as ap-
propriate variables to draw a regime diagram. The regime
diagram based on these variables will help understanding the
important flame propagation characteristics in the present
configuration. The typical mixture velocity through mixture
delivery tube (4 mm diameter) is varied in the range of
2-7m/s (Q~15-525 SLM, Re~500-1800) for the
present experiments. The flame gets attached to the mixture
delivery tube for smaller velocities (less than 2 m/s,
0~ 1.5 SLM), therefore, it is considered the low velocity
limit for present experiments. On the higher side, the present
results are limited up to 7 m/s (Q~5.25 SLM) mixture ve-
locity because the flow is expected to become turbulent in
the mixture delivery tube at ~9 m/s velocity (Q~6.75
SLM, Re~2300). Experimental investigations did not show
any significant change in the observed flame behavior for
7-9 m/s mixture velocity range (Q~5.25-6.75 SLM) ex-
cept the fact that the flame shifted radially outwards. How-
ever, at higher mixture velocities (=9 m/s), high frequency
fluctuations and flickerings akin to turbulent fluctuations
were observed when compared to the results in lower flow
rate conditions. The role of buoyant forces in the present
experiments was assessed through a nondimensional param-
eter Gr/Re? (ratio of buoyant to conventional forces). The
value of this parameter is very small (<0.0001) for the cases
investigated in the present experiments. This indicates that
buoyant forces do not play any significant role in the present
experiments.

Experiments are carried out for a range of equivalence
ratios, varying from ¢=0.85 to 1.35 to examine the flame
behavior of the premixed mixture subjected to a wall tem-
perature gradient and velocity divergence simultaneously.
The behavior of very lean methane-air mixtures (¢$=0.67)
leads to a notably different variety of flame pattern
formation.”**! During the experimental investigations, it has
been observed that the regime diagrams at ¢=0.85, 1.0, 1.2,
and 1.25 are almost similar (~70% —80% of the diagram)
except to the appearance of radial flame propagation mode at
lower equivalence ratios and smaller flow rates when com-
pared to the appearance of spiral flame propagation mode at
higher equivalence ratios and larger flow rates (>3 SLM).
Therefore, only one regime diagram corresponding to ¢
=1.25 is presented in this paper, as shown in Fig. 3. The
stable flame propagation mode dominates the regime dia-
gram and nonstationary flame propagation modes are ob-
served for intermediate channel widths.

The preliminary experimental investigations showed a
strong dependence of plate separation distance and mixture
velocity. This leads to the formation of various stationary and
nonstationary flame propagation modes and they are classi-
fied using the following schemes:
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FIG. 3. Regime diagram for different flame propagation modes at ¢=1.25.

(1) Flame propagation modes with stable flame front char-
acteristics are assigned to group A (A-stable).

(2) Flame propagation modes with nonstationary character-
istics are assigned to group B (B-unsymmetrical,
B-spiral, and B-radial).

Regime A-stable, B-spiral, and B-unsymmetrical dominate in
most of the regime diagram. The characteristics of these no-
table flame patterns observed in rich mixtures are presented
in the following sections. The A-stable flame propagation
mode dominates the regime diagram as shown in Fig. 3. This
hints at the existence of stable combustion over a wide range
of operating conditions. For intermediate channel widths
(b=2.0—3.5 mm), different nonstationary flame propagation
modes like B-spiral and B-unsymmetrical are observed. The
low velocity regime is dominated by the presence of A-stable
combustion mode. The regime diagrams obtained for 0.85
< ¢<1.17 range are similar to that of Fig. 3 for intermediate
channel widths (b~2.0-3.5 mm) and higher mixture flow
rates (0>2.5 SLM). For intermediate channel widths
(b~2.0-3.5 mm), radial flame propagation mode appears at
intermediate mixture flow rates (Q~2.0-3.0 SLM) and low
equivalence ratios. A transition from radial propagation
mode to spiral propagation mode occurs when mixture
equivalence ratio and flow rates are further increased. More
details about these flame propagation modes and their tran-
sition are provided in the following sections.

C. Visualization of different flame front
propagation modes

1. A-stable flame propagation mode

Figure 4 shows a stable flame front named as A-stable
which exists over a wide range of operating conditions. This
stable flame front is located at a particular radial position.
The radial location of this flame front is a function of the
mixture velocity and channel width.” This mode dominates
the combustion regime diagram as shown in Fig. 3. Mixture
equivalence ratio also affects the radial position of this stable
flame front through a change in burning velocity.
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FIG. 4. Flame front propagation in A-stable combustion mode.

2. B-spiral flame propagation mode

Figure 5 shows the evolution and growth of a spiral
flame from a circular flame front. These images are recorded
at a rate of 500 frames per second and 1/1000 s shutter
speed and the captured frames show the flame front position
after a time interval of 2 ms. Top plate mixture delivery tube
and top plate center are shown with white lines to indicate
their respective positions. Since it is difficult to recognize the
position of traveling instability and its initial growth owing
to its small visual size in still images [shown in Figs.
5(a)-5(c)], two arrows are drawn to indicate its estimated
position. This position is determined by playing the high
speed video recording (for better understanding of this phe-
nomenon, a supplementary movie is attached with this pa-
per). Under certain conditions of mixture velocity and chan-
nel width (as reported in the combustion regime diagram), a
small instability appears in the flame front as shown in Figs.
5(a)-5(c). This instability grows into a flame kink (the
growth of flame instability at certain points leads to a sudden
propagation of a small portion of the flame towards mixture
source and this phenomenon is analogous to a sudden and
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FIG. 6. Flame front propagation in the B-spiral mode. Each frame shows the
flame front position after 2 ms time period. U=5.5 m/s, ¢=1.25 and plate
distance, b=2*0.1 mm (enhanced online).

FIG. 5. Development of B-spiral flame propagation mode from a steady
A-stable combustion mode. These frames show the flame front position after
2 ms and recorded at a rate of 500 frames per second with 1/1000 s shutter
speed. Two arrows are used to indicate the position of the traveling flame
instability (enhanced online).

discontinuous decrease in the flame position at a point and
henceforth referred as flame kink) over a period of time and
travels across the flame front in the angular direction. The
simultaneous movement and growth of this flame kink with
time is shown in Figs. 5(b)-5(f). At one point of time, a
sudden growth of this discontinuous flame front leads to its
radially inward movement and it separates from the main
flame front. This sequence of inwards movement of the flame
kink and separation from the main flame front seems to re-
sult in the appearance of partial flame extinction in the do-
main as seen in Figs. 5(d) and 5(e). This flame kink further
grows and finally leads to the formation of a spiral flame
propagation mode. This notable change in flame shape oc-
curs over a period of time as shown in Figs. 5(a)-5(f) where
the flame develops from a simple circular flame to an inter-
mediary flame kink and finally to a rotating spiral flame.
Figure 6 shows the rotating motion of a spiral flame over
a complete cycle. These frames are recorded at a rate of 1000
frames per second and 1/2000 s shutter speed. Each frame
shows the position of the propagating flame front after a time
interval of 2 ms. These spiral flame movements are recorded
at a mixture velocity of 5.5 m/s, ¢=1.25, and a plate sepa-
ration distance of 2 = 0.1 mm. The typical rotational speed of
the propagating spiral flame front shown in Fig. 6 is approxi-
mately 83 Hz. The flame tip appears to be slightly thickened,
which extends towards to the center. This is followed by a
thin and long tail flame with its length greater than 27 angle.
The existence of an interface of reactants and combustion
products in the domain is perhaps responsible for the long
tail of the propagating flame (greater than 2 radial angle) in
the present experiments. These engulfed reactants keep burn-
ing for a longer time and are responsible for the extension of
the flame tail beyond 27 radial length. The flame rotates
continuously around the center and tries to move towards the
center to achieve a stable state. However, due to adverse
conditions (lower wall temperature, higher flow velocity, and
smaller residence time near the center), the flame does not
stabilize near the center. Hence, the flame continues to rotate
in this nonstationary/rotating spiral state at a certain fre-
quency. It has been observed that during this state a decrease
in mixture velocity results in the appearance of A-stable
flame as shown in Fig. 3 (for mixture velocity =3 m/s). A
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FIG. 7. Line diagram to explain the structure of the rotating spiral flames.
(a) Rotating spiral flame corresponding to the flame shown in Fig. 6. (b)
Rotating spiral flame corresponding to the flame shown in Fig. 8.

simple hand drawn line diagram is shown in Fig. 7(a) to
explain the structure of the rotating spiral flame.

The flame dynamics of these rotating spiral flame fronts
was investigated by selecting a point on the tip and tail end
of the rotating spiral flame front and these points are tracked
for more than ten consecutive and complete cycles. It was
observed that the flame tip and tail follow a nearly circular
trajectory and this behavior was repeatable for every rota-
tion. The nearly circular motion could be attributed to the
symmetric temperature distribution of the channel walls. An
asymmetric temperature profile affects the flame trajectory to
a certain extent and it changes the flame trajectory to a cer-
tain extent.”?! However, the flame behavior remains steady
as the propagating flame front was observed to follow the
same trajectory for consecutive cycles. The rotation of these
flames around the center (a periodic motion) remains the
dominant mode of flame motion.

Figure 7(b) shows a simple line diagram of a rotating
spiral flame observed for a lean mixture condition of
¢=0.85. High speed pictures corresponding to this condition
are shown in Fig. 8. The flame rotates around the center at a
frequency of ~28 Hz, which is smaller than the rotational
frequency of the spiral flame at ¢p=1.25. The flame structure
is visibly different from that of the ¢=1.25 condition. In this
case, the tip of the propagating flame front is much broader,
extending from the outer flame towards the mixture source
located at the center. A tail originates from the center of this
flame and the length of the tail flame is greater than 27 radial
length. Although the overall phenomena is similar to the
flame propagation mode observed at ¢=1.25, the basic dif-
ference in the flame shape is possibly due to a change in the

FIG. 8. Spiral flame propagation mode observed at U=5.5 m/s, ¢=0.85,
and plate distance, b=2*0.1 mm.
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FIG. 9. Oscillation of the flame front in the B-unsymmetrical mode. The
pair of arrows is used to indicate the location of the flame front deformation
after a time interval of 2 ms.

equivalence ratio from 0.85 to 1.25 and hence in turn, due
to a change in the mixture Lewis number (Le=0.95 for
$=0.85 and 1.11 for ¢=1.25). The laminar flame propaga-
tion velocity for ¢»=0.85 and 1.25 mixtures is almost of the
same order (~0.32-0.34 m/s).

3. B-unsymmetrical flame propagation mode

Figure 9 shows the direct photographs of the flame fluc-
tuations and a line diagram drawn to describe these fluctua-
tions in B-unsymmetrical mode. In this propagation mode,
the symmetry of the flame propagation with respect to the
mixture source is broken and it starts randomly oscillating in
both angular and radial directions. This mode generally ap-
pears during the transition from one A-stable regime to an-
other A-stable regime as the channel width is reduced. For
instance, the flame front undergoes through these oscillations
as the plate separation distance is reduced for the case of
4 m/s mixture velocity. This is clear from the regime dia-
gram shown in Fig. 3 which shows the presence of a nonsta-
tionary combustion zone between two stable combustion
zones at ~4 mm and ~1 mm channel width. In this regime,
a random instability is generated at a point on the stable
flame front with a decrease in the channel width. This insta-
bility grows with time and moves across the flame front with
a simultaneous decrease in the channel width. In most of the
cases, the flame front oscillates at single or multiple loca-
tions, about its mean position as shown in Fig. 9. A typical
line diagram is shown in Fig. 9(c) to elucidate the actual
nature of these oscillations in radial and angular directions.

4. B-radial flame propagation mode

B-radial flame propagation mode is observed to exist for
moderately low flow rates (Q~2.25-3.0) and lean and
slightly rich conditions (0.85< ¢<1.17) and at intermediate
channel widths. Therefore, it is worthwhile to discuss various
characteristics of the radial propagation mode in this paper.
This will help in understanding the appearance of rotational
spiral flames, transition from radial to spiral propagation
mode, and overall combustion behavior under various mix-
ture conditions. Figures 10(a)-10(h) show the evolution of a
radial flame propagation mode from a circular flame. Figures
10(i)-10(1) show a series of line diagrams drawn to explain
the formation of a radial flame propagation mode. The high
speed pictures are recorded at a rate of 1000 frames per
second and 1/2000 s shutter speed. In this mode, a flame
instability moving along the flame surface grows with time
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FIG. 10. A radial flame propagation mode. Each frame shows the flame
front position after 1 ms time period. U=5.5 m/s, ¢=1.15, and plate dis-
tance, b=2+ 0.1 mm (enhanced online).

and develops into a flame kink as seen in Figs. 10(a) and
10(b) (a phenomenon similar to the kink development in
spiral flames as discussed in Fig. 5). This flame kink sud-
denly ignites the mixture closer to the center of the plates
and forms a circular ring structure at a smaller radius com-
pared to the original flame location at a larger radius. This is
evident from Figs. 10(c) and 10(d) which shows the simul-
taneous existence of two circular flames at different radial
locations. A line drawing in Fig. 10(i) shows the various
steps (indicated as 1, 2, 3, and 4) during which a flame kink
(2) appears from a circular flame (1) and then subsequently
forms a circular flame (4) at a smaller radius. In this position,
alternate layers of fresh reactants and combustion products
exist at the interface for a very brief time. Due to adverse
conditions of high mixture velocity, low residence time and
lower wall temperature near the center, the inner circular
flame front starts moving outwards as shown by the dotted
arrows and steps (5)—(6) in Figs. 10(j) and 10(k). The origi-
nal flame front at a larger radius weakens with time due to
nonavailability of fresh reactants and finally starts disappear-
ing as shown by the fading grey color in steps (6)—(7). The
inner circular flame moves outward and merges with the
weak outer flame after some time. The outward movement of
inner flame and simultaneous weakening/disappearance of
the outer flame are shown in Figs. 10(e)-10(h). This whole
process described in the preceding lines occurs over a very
short time of 8—-10 ms. This process repeats after every
30—-40 ms.

The radial flame propagation mode is generally observed
for moderately low flow rate conditions when compared to
that of spiral flames. This mode is observed to occur in
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0.85< ¢ <<1.17 range of equivalence ratios and spiral flames
appear for larger flow rates and extended range of equiva-
lence ratios varying from 0.85 to 1.35. For a given flow rate
(moderately low), spiral flame propagation mode is generally
observed at strongly rich conditions compared to radial
propagation mode (Qgyira1™ Pragia)- For a constant mixture
flow rate of ~3 SLM, the transition from radial to spiral
propagation mode is observed to occur between ¢=1.17 and
1.22.

D. Transition from radial to spiral propagation mode

Present experimental observations show that a transition
from radial to spiral flame propagation mode occurs for cer-
tain operating conditions of mixture velocity and channel
widths with rich methane-air mixtures. A random instability
is generated at the flame surface which grows with time and
then finally leads to either a radial or a spiral flame propaga-
tion mode depending on mixture equivalence ratio. It has
been observed that for a mixture flow rate of ~3 SLM, radial
mode appears at ¢p=1.17 or lower and spiral flame propaga-
tion mode appears at the same operating conditions of veloc-
ity and channel width with ¢=1.25. It is clear from Figs. 5
and 10 that in these cases, a small disturbance is generated at
the flame surface which grows with time and develops into a
flame kink. This flame kink finally results in different propa-
gation modes depending on mixture equivalence ratio. This
could be due to a decrease in laminar burning velocity of the
mixture”* (by ~15%), when ¢ increases from 1.15 to 1.25.
Therefore, at ¢p=1.15, the random instability generated on
the flame surface develops into a flame kink which ignites
the mixture at the center due to higher mixture burning ve-
locity and leads to radial flame propagation mode with alter-
nate layers of reactants and combustion products at the inter-
face. At ¢p=1.25, the flame kink develops into a spiral flame
while chasing the fresh methane-air mixture and moving to-
wards the mixture source. The adverse conditions (lower
wall temperature, high mixture velocity, and low residence
time coupled with lower mixture burning velocity) near the
center of the plates prevent further propagation of flame front
towards the center.

Various radial and spiral flame propagation modes de-
scribed in the preceding sections are observed for a range of
lean and rich methane-air mixtures. Hydrodynamic,
buoyancy-driven, thermal-diffusive (Lewis number) and
viscous-fingering are some of the possible mechanisms
known for the appearance of flame instabilities in premixed
and nonpremixed combustion systems.25 It is quite possible
that Lewis number plays a role in the formation of these
behaviors, since the Lewis number for rich methane-air mix-
tures is slightly greater than 1.0. However, the Lewis number
for lean mixtures is slightly less than 1.0 and similar types
of pattern formation behaviors are observed with lean
methane-air mixtures.”’ The preliminary experiments with
lean and rich methane-air (Le ~0.95—1.05), lean propane-air
(Le~1.83), and lean butane-air (Le~ 2.13) mixtures show
the existence of various flame propagation modes like spiral,
radial, and rotating Pelton—typezo‘21 flame propagation modes
at different equivalence ratios. To summarize, Lewis number
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does not explicitly affect the formation of these rotating
flame patterns in radial microchannels. A brief summary of
these experimental observations with different mixtures is
presented in Ref. 21. More experiments are being planned
with different fuel-air mixtures to delineate the effect of
Lewis number on the formation of these modes. It is more
likely that hydrodynamics plays a role in these instabilities
due to outward flow which experiences an adverse pressure
gradient in the radial microchannel and Reynolds number is
of the order of a few hundred at smaller radii and it decreases
linearly in the radial direction. We have attempted to explain
the primitive mechanism of the propagation and formation of
these spiral flames in radial channels. For this, a theoretical
analysis based on a constant flame propagation velocity is
presented in the next section. Other realistic models for
flame burning velocity based on flame curvature, stretch,
local concentration and temperature will be considered in
the near future for analyzing the overall picture of the
phenomenon.

IV. MATHEMATICAL ANALYSIS

The aim of the present analysis is to explain the forma-
tion of various flame configurations, such as stable circular
flame and rotating spiral flames produced by a radial flow
between two closely placed quartz plates and the cylindrical
mixture source located at the center. According to the general
theory of flammability limits,”*?’ the flame propagation in a
narrow channel is impossible if the characteristic distance
between channel walls is smaller than a critical value. The
condition of flame propagation has the form

S,b

g

Pe=

= Pe,, (1)

where Pe and Pe, are the Peclet number and its critical value,
b is the channel width, S, is the burning velocity, and a, is
the thermal diffusivity of the gas. This formula assumes that
channel walls have constant temperature, equal to the initial
temperature of the unburned mixture. In the case of radial
microchannel with temperature gradient, the mixture flowing
through the radial channel gets heated and it is assumed that
the mixture attains a temperature equal to the solid wall tem-
perature. This assumption appears quite reasonable as the
preliminary numerical studies have shown that the difference
between the wall and mixture temperature is quite small and
it is of the order of 20-50 K. For illustrative purposes, a
linear temperature distribution in the radial direction can be
defined as

T(r) =T+ (Tmax - TO) (2)

r—r,
s

R

o

where r is the radius in the polar coordinate, 7|, is mixture
temperature at the inner radius r, Ty, 1S the maximum wall
temperature reached at a disk radius of r=R (~15 mm). A
linear temperature profile 7(r) has been assumed because Eq.
(2) is the solution of a stationary equation AT=0 describing
heat conduction in the disks with boundary conditions
T(rg)=T, and T(R)=T .. Following parameters 7;,=300 K,
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Tax=850 K, ry=2.0 mm, R=15 mm are used in Eq. (2) to
approximate the experimental temperature profile (Fig. 2).
A circular flame is stabilized at a point r=r, where the
radial gas velocity V(r) is equal to the local burning velocity,
S,. The unburned mixture flows through the mixture supply
tube with a velocity, U, which can be related to the inlet
radial gas velocity V, in the space between disks by relation
U=2bV,/ry. The V(r) dependency is defined by formula

_Voro| po | _Urg| T(r)
== {p(r)]‘zbr[ T, ] &)

This relation corresponds to a mixture source with intensity
Q=V,ry located at the center. The factor (py/ p)=(T/T,) (p is
the gas density) appears due to the thermal expansion of the
gas. The dependence of the burning velocity S, on the tem-
perature of the unburned mixture entering into the chemical
reaction zone can be approximated as™

1.575
Su(r)=SuO|:$:| >
0

(4)
where S, is burning velocity of the mixture at temperature
T,. Equating V(r) [Eq. (3)] with the expression for local
burning velocity S,(r) [Eq. (4)], an implicit equation defining
the flame front position r, at given U and b can be obtained,

. [ T(r,) }0.575 _ Ur% )
1 2680’

When the channel width is less than the critical channel
width, the flame can exist in the ring domain indicated by
r.<ry<R, where ry<r.. The local burning velocity S, and
the thermal diffusivity «, are functions of mixture tempera-
ture and the value of the critical Peclet number Pe, weakly
depends on the temperature of the unburned mixture and to
simplify the present analysis it is assumed to be a constant.
Thermal diffusivity varies as a,=a,o(T(r)/Tp)"®, where a,,
is the thermal diffusivity at temperature T,, Eq. (1) can be
written in the form

T 0.025
b= m(—”) : (6)

where bg.=ayPe /S, is the critical channel width corre-
sponding to the unburned mixture with initial temperature
T, In the case of equality, Eq. (6) yields the value of r, that
defines the minimum radius of the stationary circular flame
for a given channel width, b. The minimum gas velocity U..
may be found from the condition of flame stabilization
[Eq. (5)] at ry=r.. On the basis of this criterion, one can
obtain the value of minimum velocity for which a flame
exists in the radial channel. For a given channel width, b, a
cylindrical flame exists if U= U,. This velocity limit is given
as Upin=2bo.S,0/ro- In this case, the inlet mixture velocity
Vo is equal to S,, and the flame stabilization occurs if
U>U,y,- From this relation, U.;,;=0.90 m/s with
S.=0.3 m/s, b,.=3 mm, and r,=2 mm. Therefore, flame is
expected to exist in the radial channel for mixture velocities
higher than 0.9 m/s.
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FIG. 11. (Color online) Comparison of the predicted radial flame location
with the experimental measurements for stiochiometric CHy-air mixtures
and b=1.5 mm.

Equations (2)—(5) of this model can be used to predict
the location of the stabilized circular flame in the radial
channel. Figure 11 shows the prediction of the flame location
for a stabilized circular flame and these predictions are com-
pared with the experimental measurements”” for a stoichio-
metric CHy-air mixture with b=1.5 mm. The predicted flame
positions are in reasonably good agreement with the mea-
surements. Therefore, it is clear from this figure that the
flame propagation behavior in radial microchannels is gov-
erned by the classical flame stabilization mechanisms which
states that a flame is stabilized at a location where the local
flow velocity equals to the flame propagation velocity.

Various stationary and nonstationary flame propagation
modes are observed to exist in the channel width and mixture
velocity domain. Spiral flame configuration is one of the
propagation modes observed in the experiments. To under-
stand the formation of spiral flames, it is assumed that flame
front is a surface which moves along its normal with a ve-
locity S, defined by Eq. (4). The radial gas velocity is given
by Eq. (3). It is assumed that spiral flame front rotates with
constant angular velocity o in the clockwise direction. For a
coordinate frame attached to the rotating flame, the fuel-air
mixture moves in the anticlockwise direction relative to the
cylindrical coordinates (r,¢) attached to the flame front,
where 7 is radius, and ¢ is angle. The gas velocity relative to
the flame front is given as &:(V(r),wr). Let us define the
flame front by equation r=f(¢) and assume that the fresh
mixture region is located prior to the combustion products in
the radial direction. In this case, n is normal to the flame
surface, always directed away from combustion products to
the fresh mixture and defined as follows:

27-12 21-112
e[ TR 5T
f f f

where f,=df/d¢. The condition of flame propagation with
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Fuel-air mixture

[ ] Combustion
products
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FIG. 12. Convex spiral flame (bold line), interface surface (dashed line)
evaluated for U=1.1m/s, Uy,=02m/s, ry=2mm, b=2mm, o
=521.2s7!, and rp=4 mm. X(=rcos ¢), Y=(rsin ¢) are rectangular coor-
dinates. The shaded circle in the center is the mixture source and the dotted
region is the unburned mixture. The flame rotates in the clockwise direction
in laboratory coordinates.

velocity S, leads to the following equation for the flame
front:

~V-ii=S§,. (7)
Equation (7) may be rewritten in the form

VNS = @ffy= SN+ 1) (8)
Resolving Eq. (8) with respect to f,,, one can obtain

_qOf =GN’ + (P - Q- 1)
- QZfZ _ 1 ’

where g(f)=fV(f)/S,(f) and Q(f)=w/S,(f). This equation
admits a trivial solution of f=¢(f) and defined by
V(f)=S,(f), that describes a stabilized circular flame near the
mixture source. This solution for existence of a stable flame
is obtained for a condition V(f)> S,(f) and no flame exists
for the V(f)<S,(f) condition as described earlier. For posi-
tive derivative f,>0 and conditions f>1 and f>gq(f)
[or V(f)<S,(f)], the solution describing a circular flame
does not exist. Assuming that the tangential velocity of the
gas is larger than the burning velocity ({)f> 1), one can see
that a positive value on the left-hand side of Eq. (7) leads
to a conclusion that the sign before the square root term
in Eq. (9) should be negative. The results of the calculation
of Eq. (9) are shown in Fig. 12. The equation of the stream-
line r=g(¢) is gdg=q(g)de/Q(g). The solution of this
equation with the boundary condition at the flame tip
[g(0)=0.004, ¢=0] determines a curve intersecting with the
spiral flame front (see Fig. 12). The solution to this expres-

fe )

sion is given by g=V1+2g¢/ Q). This typical shape is called
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FIG. 13. A zoomed in view of the spiral flame tip.

a convex spiral flame due to its shape with respect to the
fuel-air mixture. The intersection point of the streamline with
the flame front at its tip and tail determines the maximum
possible length of the spiral flame.

To explain the mechanism of the propagation of a spiral
flame in a radial channel, additional details are introduced in
Fig. 12 and a zoomed view of the flame tip (H) is presented
in Fig. 13. These details include the outer dashed circle rep-
resenting the circular trajectory of flame tip H, and two
curves aa’ and bb’. The central shaded circle represents the
mixture source. The dotted portion in the domain represents
the availability of the fresh fuel-air mixture and nonshaded
portion represents the combustion products. A thin dotted
streamline which starts from the flame tip (H) and ends at
flame tail (T), shows the interface between the reactants
(zone 1) and products (represented by zone 3 in Fig. 13). The
intersection points of the streamline with the flame tip (H)
and tail (T) influence the length of the spiral flame. The
spiral flame propagates normally in a direction towards fresh
reactants (zone 2) as shown in Fig. 13. Therefore, the flame
rotates in clockwise direction as a fresh mixture is available
in zone 2 along with favorable conditions (corresponding to
local wall temperature, flow rate, and mixture strength) for
flame propagation. The flame (denoted by curve HT) propa-
gates into the fresh mixture (in zone 2) and acquires a new
position aa’ and then bb’ after certain time intervals. The
flame tip (H) does not propagate in the inner direction
(towards zone 1) because in zone 1, adverse conditions such
as high mixture velocity, low residence time, and low wall
temperature does not allow the flame to propagate steadily.
Therefore the flame is stabilized at a particular radial loca-
tion and it rotates around the mixture center. The combustion
products get accumulated in zone 3 and an interface is
formed between reactants and products. Although the fuel-air
mixture in zone 1 is surrounded by an interface of hot com-
bustion products, the mixture does not ignite because of the
following reasons. (a) As the combustion products move
downstream, due to increased heat loss to the walls, these
combustion products get cooled very quickly and thus they
are unable to sustain a flame at the interface. (b) A flame
propagating into the mixture at the interface would be similar
to a concave shaped spiral flame (also shown in Fig. 14) and
it will result into an unwinding spiral flame which would
finally lead either to a stable circular flame or some other
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FIG. 14. Concave spiral flame (bold line), interface surface (dashed line)
evaluated for U=1.1m/s, Uy=0.2m/s, ry=2mm, d=2mm,
=188.5 s7!. The circle in the center is the mixture source and the dotted
region is the unburned mixture. The flame rotates in a clockwise direction in
laboratory coordinates.

steady flame propagation mode instead of a rotating (convex
shaped) spiral flame. The existence of such unwinding spiral
flame configurations has not been reported in the literature.

Equation (9) also admits another solution corresponding
to a condition of f, <0 which describes a spiral flame with a
concave shape (defined with respect to the fuel-air mixture)
as shown in Fig. 14. It is quite difficult to experimentally
observe such spiral flame shape because the flame front al-
ways propagates in a direction normal to the flame surface,
pointing towards the reactants. Therefore, in a concave spiral
flame case, the flame will perhaps consume the mixture and
revert back to a more stable configuration such as a circular
flame.

The present analysis has helped in understanding some
of the important features like formation and propagation
mechanisms of a spiral and stable circular flames which re-
semble those observed in the experiments. The “B-spiral”
and the “A-stable” flame modes may be considered as two
basic combustion modes. The loss of stability and further
nonlinear stabilization of primarily circular flame shape may
lead to the formation of either stationary cracks or local os-
cillations at the circular flame front. The periodical bending
of the circular flame or local oscillations in the flame front
like those in the “B-unsymmetrical mode” (Fig. 9) case may
also be attributed to the nonstationary circular flame. These
phenomena may be captured within the frame of future non-
stationary thermal-diffusive models.

V. CONCLUSIONS

The present study reports the experimental observation
of radial and spiral flame propagation modes with lean, stoi-
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chiometric and rich methane-air mixtures in radial micro-
channels in which the mixture is subjected to a positive wall
temperature gradient. Radial and quasisteady spiral flame
propagation modes are observed over a range of mixture ve-
locities and channel widths. A radial propagation mode is
observed at ¢=0.85—-1.17 and at moderately lower flow rates
and spiral propagation mode is observed at ¢=0.85-1.35
and comparatively higher flow rates. Radial to spiral flame
transition for methane-air mixtures occurs over a range of
mixture equivalence ratio, varying from 1.17 to 1.22. A
simple analysis is introduced to explain the propagation
mechanism of spiral and steady circular flames. It shows that
the presence of an interface of fresh reactants and combus-
tion products results in a long tail of spiral flames as ob-
served in the present experiments. Similar interface of com-
bustion products and reactants also exists for the radial flame
propagation mode, which is responsible for the appearance
of multiple flames at different radial locations.
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