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Experimental observations of rotating spiral flame edges formed during near-limit combustion of a
downward-facing, polymethylmethacrylate disk spinning in quiescent air are reported. These flames
exhibit similarities to patterns commonly found in quiescent excitable media. The tail rotates rigidly
while the tip executes a compound, meandering motion sometimes observed in Belousov-Zhabotinskii
reactions. A model assuming a rigid-body rotation with a constant speed of propagation relative to the
swirling gas flow generated by the spinning disk predicts the observed spira shapes well.

PACS numbers: 82.40.Py, 47.54.+r, 47.70.Fw, 82.40.Ck

Rotating spira wave patterns are observed in nature
under a variety of situations, including, for example, the
propagation of electrical pulses in cardiac muscles [1],
slime-mold amoeba aggregation [2], and chemical-reaction
fronts in premixed combustion [3]. The common feature
among these diverse systems is that they all are supported
by an underlying “ excitable medium,” aterm that describes
spatially extended, quiescent, and stable matter that can
support wave propagation when exited beyond a threshold
level, such as certain biological tissues and chemically
reactive mixtures (solids, gases, or liquids). Over the past
few decades, a prodigious amount of literature has been
accumulated in this interdisciplinary area of research, pri-
marily by biologists, chemists, physicists, and mathemati-
cians. Although wave propagation, pattern formation, and
reaction-front instabilities historically have been major
subjects in the field of combustion [4], very few observa-
tions of spira flame rotations have been reported in the
literature thus far [3]. To the best of our knowledge, even
these few observations have been limited to premixed
flames, in which fuel and oxidizer initially have been
intimately mixed at the molecular level, and differentia
diffusion among various species and heat, characterized
by the Lewis number, plays a critical role.

We report, for the first time, observations of rotating
spiral flame edges in a diffusion-flame system created by
the combustion of a spinning solid polymethylmethacrylate
disk in air, asystem in which the two reactantsinitially are
unmixed and mix in the course of the combustion process,
contrary to premixed flames. Remarkably, the dynamics
of these spiral flame edges exhibit a number of similari-
ties to the rotating spiral waves observed earlier in quies-
cent, excitable media, though the underlying mechanisms
are quite different. In particular, the medium is not qui-
escent but instead is a nonuniformly swirling gas flow. It
iswell known that there are conditions under which spiral
wave patterns, once created in the Belousov-Zhabotinskii
(BZ) reaction media, execute a complex rotational behav-
ior [5]. Thetail of the spiral rotates as a rigid body while
the tip exhibits a “meandering” motion around an inner
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core region. The meandering is believed to originate from
asupercritical Hopf bifurcation that introduces a secondary
tip rotational frequency different from the overall tail ro-
tational frequency. Depending on whether the difference
between these two frequencies is positive or negative, the
tip follows approximately a hypocycloid or an epicycloid
path [5]. The exact physical mechanism that causes the
meandering motion is still not well understood, although it
is linked to the basic parameters of the excitable medium
[6]. In the present study, propagating spiral-shaped flame
edges formed by local extinction of adiffusion-flame sheet
are observed to exhibit both the rigid-body rotation in the
tail portion of the flame and meandering at the tip.

Experiments were conducted using a 7 in. diameter,
1/2 in. thick polymethylmethacrylate (PMMA) disk
mounted horizontally on an aluminum back plate driven
by a stepper motor, with the disk facing downward
burning in air. The rotation of the disk generates a flow
toward the disk by a viscous pumping action, caled
the von Karman swirling boundary-layer flow since the
mathematical description of this flow was first provided
by von Karman [7]. Video images of the flame are
obtained using a high-speed intensified-array camera at
250 frames per second. Steadily burning diffusion flames
or transient flames that last several seconds are observed
depending on the duration of the ignition process. The
transient flames lasted for time periods on the order of
15 to 20 s and were observed between rotational speeds
of 2 and 20 rps. They took two distinct geometrical
configurations. In the first, a flame disk of finite radius,
formed initially, shrinks in time at well-defined speeds
while maintaining circular symmetry until complete flame
extinction occurs as described elsewhere [8]. In the
second, an initialy circular flame disk breaks symmetry
and undergoes transition into a rotating spiral-shaped
flame before extinction as described here.

Figure 1 shows a typical sequence of flame spirals
at time intervals of 1/30 s for the fuel-disk rotational
velocity of 8 rps in the clockwise direction. With the
disk rotating clockwise, the flame spiras rotate in the
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FIG. 1. Typical images of spiral flames shown at 1/30 sinter-
vals; the fuel disk rotates clockwise at 8 rps.

counterclockwise direction at a rate of approximately
5 rps against the local flow. The leading edge of the
spiral has a higher image intensity, indicating enhanced
reaction rates. In the trailing portion of the flame, the
intensity sowly decays to zero. The width of the flame
decreases as the distance from the center increases. Once
the flame sweeps past a particular point, fuel and oxygen
diffuse back and reestablish a flammable layer at that
location, into which the leading edge of the spiral flame
can propagate when it arrives again, since the diffusion
time is short compared with the rotational period. Since
the fuel disk continually loses heat to the interior, the
observed spira flame movements are not truly steady, and
the overall process is only quasistationary. In general,
two distinct modes of spiral flame propagation can be
identified, namely, a “rigid-body” rotation mode in which
the pattern remains fixed in an appropriate uniformly
rotating frame and a “ratcheting” rotation where the spiral
accelerates, slows down, and then accelerates again. Fig-
ure 2 shows representative results for these two modes of
flame rotation, exhibiting leading-edge shapes at 0.024 s
intervals. The steady progression of the rigid-body mode
and the pauses during the ratcheting mode are evident
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FIG. 2. Successive |eading-edge shapes of spiral flames shown
at intervals of 0.024 s, the rigid rotation mode is on the left and
the ratcheting rotation mode is on the right.
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here. Just prior to extinction, most of the spirals tend to
exhibit the ratcheting mode, with rotation periods dlightly
larger than those of the rigid-body mode. Small portions
of the tail sometimes break off and quickly extinguish
toward the end of a spiral life cycle. Over the range of
rotational speeds investigated, multiarmed spirals were
never seen.

Figures 3(a) and 3(b) show the time-series maps of
the image intensity and the corresponding Fourier spectra
measured at two different points, one located at the center
of the disk (solid curves) and the other 3.25 cm away from
the center, near the tail of the spira (dashed curves), for
theinitial 2 s following ignition at a disk rotational speed
of 10 rps. Near the tail there is a periodic behavior with a
single dominant frequency at 5.0 Hz, while at the center
the motion is less regular, reflecting nose meandering, and
the dominant frequency is 10.0 Hz, approximately twice
that of the tail. In Fig. 3(a), the width of each spike in the
intensity, which corresponds to the flame width, decreases
with time, understandable because as time increases the
continuous heat loss to the interior causes the flame
to become weaker and therefore narrower. Time series
of flame intensity for later periods show that the spira
rotation changes to the ratcheting mode, and the Fourier
spectrum becomes more complex, with higher-order
frequencies. Figure 4 shows the track of the spiral tail
and the tip, defined here as the location of maximum
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FIG. 3. The time series (a) and its Fourier spectrum (b) of
intensity at the center of the disk (solid curves) and at a point
3.25 cm from the center (dashed curves).
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FIG. 4. Location of the spiral tail and the tip for a disk rota-
tional speed of 10 rps, late in the burning history.

curvature, for a time window later than that shown in
Fig. 3. This later period, near extinction, was selected
because it illustrates the tip motion more clearly. The
tail, shown by isolated points at 4 ms intervals, follows
a nearly circular path, while the tip meanders. The path
of the tail is very circular at earlier periods but fluctuates
somewhat in Fig. 4 as the outer parts of the tail begin
to extinguish. The tip, shown by connected points at
4 ms intervals, meanders in five arms that resemble a
hypocycloid motion, that is, meandering with outward
petals [5].

Theoretical descriptions of spiral waves and their
meandering have been offered on different levels, ranging
from fitting of BZ experimental results on spiral shapes
by different spiral functions [9], to empirical descriptions
of measurements of BZ meandering [10], to derivations
of spiral shapes and meandering and other motions
from model equations [11-15]. Two coupled reaction-
diffusion equations have provided attractive and versatile
models for BZ systems [11,14,15]. Such models are not
entirely appropriate for flames because flames experience
advection effects as well, particularly in nonuniform
flows such as those of the present experiments. Just as
front-propagation equations can be derived from the
reaction-diffusion equations [11], so can they be derived
from the field equations for premixed combustion in
nonuniform flows [16,17]. The results show that the
fronts propagate locally with respect to the fluid at a
constant velocity, the laminar burning velocity, and the
front location can be described by an evolution equation
for alevel surface [18,19]. Since edges of diffusion flames
similarly propagate along stoichiometric surfaces at a
velocity V' with respect to the flow [20,21], we assume

that in the present experiments the forward flame edgeisa
rigidly rotating level curve described in polar coordinates
by a function S(r,8) = 0, enabling a theoretical model
for the shape of the leading edge of the spiral flame to be
developed.

Since the characteristic time scale of the gas phase is
small compared with the solid-phase time scale, a quasi-
steady theoretical model is appropriate, in which the lead-
ing edge of the flame propagates with respect to the flow
induced by the spinning disk at a constant speed V in the
stoichiometric plane. We assume that the flow field in the
stoichiometric planeis given by the von Karman similarity
solutions [7] corresponding to aflat diffusion-flame sheet,
namely,

v=aQre + bQrey, D

where a and b are constant dimensionless vel ocities evalu-
ated at the flame sheet, () isthe angular rotational velocity
of the fuel disk, and e, and ey are the unit vectorsin the r
and 6 directions, respectively. The equation of motion of
the spiral leading edge is then

n-dx/dt=v-n+V, 2

inwhichn = VS/|VS| istheunit normal tothecurve S =
0,andn - dx/dt isthe speed of motion of theleading-edge
curve normal to itself. If the spiral rotates as arigid body
with angular velocity w, then dx/dr = wrey, and, when
S isexpressed as S(r,0) = 6 — F(r), EqQ. (2) becomes

w = bQ + aQrdF/dr + V[r* + (dF/dr)*]/*. (3

In terms of the nondimensiona coordinate & = ra)/V
and function f(¢) = F(r), Eq. (3) gives

N - 8D, @

where the parameter R = (b) — w)/(a{)) istheratio of
the tangential component to the radial component of the
flow velocity as seen from a coordinate system fixed to the
flame edge. When R islarge, the flow seen by the flameis
essentially arigid-body rotation, and when R issmall it is
aprimarily radial flow. The magnitude of the flow velocity
in a reference frame fixed to the flame front then can be
expressed in terms of R and ¢ as V(1 + R2)Y/2¢£. When
£=¢.=1/(1 + RH)'2 theflow velocity isequal to the
flame-edge propagation speed V. For ¢ < &, the flow
velocity is smaller than the edge-flame speed, and steady
edge flames cannot exist within this inner core.

Figure 5 shows a plot of spiral edge-flame shapes for
three different values of R (0.5, 2, and 9), obtained by
integrating Eq. (4) with an arbitrary common starting con-
dition f(3.7) = 3w /4. The general shapes of the flame
edges are independent of the starting conditions. For
a smaler value of R, the flame edge turns faster as it
approaches £., and for a larger R the turning is more

df/dé =[R¢ = (1 + R* -
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FIG. 5. Theoretical shapes of the leading edge of the flame for
different values R (light curves), and comparison of theoretical
and experimental shapes of the flame leading edge in one case
(heavy curve).

gradual. Also shown in Fig. 5 is a comparison between
an experimentally measured flame-edge profile and the
theoretical calculations according to Eq. (4). To obtain
the best fit, two parameters were varied: the scale for
thelength (V /a()) which determines the size of the flame,
and the shape parameter R which determines the curvature.
The experiment had () = 14 rps and the measured flame
rotational velocity w of —5.5 rps, the best match being
achieved for V/a{) = 0.75 and R = 5.2. The von Kar-
man swirling flows[22] relate a and b which are functions
of the mass transfer number B and the Prandtl number Pr.
For air (Pr = 0.7), a varies from 0.16 to 0.06, and » from
0.70 to 0.07 as B is varied from 0.15 to 1.0. The combi-
nation of a and b that gives R = 5.2 corresponds to V of
13 cm/s and B ~ 0.3, reasonable for the current experi-
mental condition because of the large amount of heat loss
totheinterior. Further investigations are needed to identify
tip-meandering mechanisms.
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