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Experimental evidence of self-excited relaxation oscillations leading
to homoclinic behavior in spreading flames
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Flame spreading over liquid alcohols has been experimentally characterized by three methods:
temperature measurements along the liquid surface, schlieren pictures of the temperature gradients
induced in the liquid by Marangoni Bows, and direct video recording of the Bame spreading. Three
distinct spreading regimes have been observed: a fast and a slow propagation regime of uniform
spreading at high and low values of the initial fuel surface temperature, and an oscillatory propaga-
tion regime at intermediate temperatures. The oscillations start as a Hopf bifurcation from the fast
propagation steady state. Moreover, the collision of the limit cycle with the slow spreading branch
originates a homoclinic connection revealed by a logarithmic divergence in the oscillation period, a
main feature of generic homoclinic points.

PACS number(s): 47.70.Fw, 47.20.Ky, 47.20.Dr, 82.40.Py

INTRODUCTION

Relaxation oscillations in well-stirred chemical reactors
have been observed and modeled since more than twenty
years ago [1]. At about the same time, oscillations were
also reported to occur by Akita [2] in a different kind of
chemically reacting system, namely in the propagation
velocity of a flame spreading over a liquid fuel. Since
then, whereas the oscillations in stirred reactors have be-
come a recurrent topic in the study of complex systems
exhibiting low dimensional dynamical behavior [3], the
oscillatory flame spreading observed by Akita has not
been recognized as belonging to the same class of systems
and then, has not been considered &om the view point of
the proper framework. Only very recently, experiments
conducted in nonhomogeneous reactors have opened an
experimental way along this direction [4]. Unlike a ho-
mogeneous reaction system, flame spreading above a con-
densed fuel is an example of a propagating chemical re-
action front. The propagation velocity is self-adjusted
according to the prevailing energetic and fuel availability
conditions, in such a way that diffusion and convection
of heat and of chemical species are essential parts of the
control mechanisms.

The spreading of a flame over a liquid fuel layer
presents several well-differentiated regimes [2,5], depend-
ing on the initial liquid surface temperature, T . For
temperatures higher than the flash point temperature,
TFp, the flame can propagate in the gas phase without
additional fuel intake &om the liquid phase. However, for
liquid temperatures lower than TFp, the flame spreading
depends strongly on the interaction between the flame
and the liquid. The Hame needs to heat up the liquid
underneath, in order to increase the equilibrium vapor
pressure and as a consequence the amount of fuel avail-
able in the gas phase. This addition of fuel brings the
gaseous mixture within the lean flammability limit that
allows the flame propagation. Moreover, the nonuniform
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FIG. l. Sketch of a steadily spreading Same with a
Marangoni vortex induced in the liquid layer.

heating of the liquid can generate surface motions via
Marangoni effect (the surface traction induced in a liq-
uid layer due to the presence of a temperature gradient
along the surface) which penetrate in the liquid bulk by
viscous stresses. Figure 1 is a sketch of the flame spread-
ing in the reactive gas phase with a constant velocity, vf,
over a liquid fuel. The local heating of the liquid surface
may induce a vortex on the liquid layer. In the steady
regimes, the vortex moves attached to the flame &ont.
Contrasted with flame spreading above a solid fuel, the
appearance of Marangoni Hows is a distinctive character-
istic of flame spreading above liquids and provides the
necessary mechanism for the oscillatory spreading. Dif-
ferent opinions have been manifested on the nature of
this oscillatory behavior but none of the presented mod-
els gives a comprehensive explanation of the whole phe-
nomenon [2,6—8]. Very recently, a numerical integration
of the corresponding two dimensional problem was per-
formed [9] where oscillatory spreading was attributed to
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the complex flow pattern induced in the gas phase.
At present, the following facts seem to be well estab-

lished for flames spreading over liquid alcohols filling thin
channels (narrowed to soften three dimensional egects):
at the higher temperatures (TFp —T ) T „), the in-

duced motions in the liquid are of small scale (- 0.1 cm)
and help the flame to spread steadily with a high veloc-
ity ( 10 to 10 cm/s) [10]. In the other extreme, for

sufficiently low liquid temperatures, T & TH, the gen-
erated motions in the liquid are of large scale (= 10 cm).
Flame spreading is also uniform but the flame goes on
at a much lower speed (- 1 cm/s) and it is preceded
by an elongated vortex in the liquid. In the intermediate
temperature range, T „&T & TH, the flame shows os-
cillatory behavior [2,6,7], with a spreading velocity that
remains low most of the time, but alternates with spikes
of fast propagation.

To study experimentally the regimes of flame spread-
ing below Tpp and the characteristics of the transitions
between the diferent regimes, we have performed a se-
ries of experiments on flame spreading above liquid al-
cohols (methanol, ethanol, isopropanol, and n-butanol).
The experiments were carried out using the experimen-
tal device depicted in the following section. There,
the implemented measurement techniques are also in-

dicated. Then, a description of the main experimental
fame spreading features in terms of these measurements
is given. Right after, these results are discussed and in-

terpreted, to end up with a summary of the outstanding
conclusions.

EXPERIMENTAL SETUP
AND MEASUREMENTS

The experiments were conducted in an open channel
configuration with the arrangement shown in Fig. 2. The
channel was 2.5 cm wide, 40 cm long, and 4 cm deep,
made in aluminum and thermalized by the flow of a liq-
uid coolant along an U-shaped tube at the bottom. Two
thick Pyrex windows (10 cm long), centered along the
lateral walls, one on each side of the container, allowed
the optical access to the fuel layer. The gas mixture
was ignited at one end of the channel and the spreading
observed until the flame reached the other end. Three
techniques were set up to analyze the flame spreading
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(see Fig. 2): (i) liquid temperatures were measured and
controlled by inserting an array of eight Cr-Al thermo-
couples (diameter of 25 pm) disposed on the fuel surface
at regular intervals of 2 cm along the channel (maximum
sampling rate was 1 kHz); (ii) a classical Teopler schlieren
system was used to visualize the large temperature gra-
dients established in the liquid by the intermixing of hot
and cold liquid in the Marangoni vortex ahead of the
flame, and the pictures through the Pyrex windows were

recorded with a video camera (25 frames/s); and (iii) The
spreading of the flame was directly recorded with another
video camera.

From the thermocouple readings, the arrival of the
fame to each thermocouple location is easily detected.
That provides the average spreading velocity between
thermocouples (this method of measurement is specially
suitable for fast steady propagation regimes due to the
high frequency of sampling). Also, from the direct video
recording and, after an image analysis, a measure of the
spreading velocity, vf, can be made at any location along
the channel. With all this information, the maximum,
the minimum, and the mean spreading velocity of the
flame can be represented as a function of the initial liquid
surface temperature, T . The diagram for isopropanol
is depicted in Fig. 3. Squares represent the maximum
measured spreading velocity for the given temperature
T, circles correspond to the minimum observed vy, and
rhombi are the mean spreading velocities. The three
mentioned spreading regimes are clearly differentiated.
For temperatures T ) T „(respectively, T ( TH),
fast (respectively, sloto) steady-state spreading regimes
are observed. For these temperature ranges, there are
no significant differences between the maximum and the
minimum spreading velocities. However, for intermedi-
ate temperatures, TH & T ( T „, the flame exhibits
oscillatory behavior. The limit cycle regime is born, at
T = T„„asa Hopf bifurcation from the fast spreading
regime and finishes suddenly at T = TH when the slow

spreading regime establishes.
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FIG. 2. Scheme of the measurement techniques used in the
experiments. AD-DA stands for analog to digital and digital
to analog input /output board.

FIG. 3. Bifurcation diagram showing the spreading Game

velocity, vy, versus the initial surface temperature, T for iso-

propanol. Squares denote the maximum velocity, circles are
the minimum velocity, and rhombi depict the mean velocity.



49 EXPERIMENTAL EVIDENCE OF SELF-EXCITED RELAXATION. . . 5227

The schlieren pictures and the thermocouple records
do not detect any Marangoni circulation zone, preced-
ing the Hame, in the fast propagation regime. However,
the schlieren image, in the very vicinity of the surface, is
blackened by the liquid meniscus at the Pyrex windows.
The thickness of the blackened region is of the order of
one-tenth of the centimeter. On the other hand, the ther-
mocouples do not show any increase in the liquid temper-
ature until the luminous zone of the fame appears to be
over them. These two observations suggest that, in this
case, the Marangoni vortex should have a characteristic
length of the order of 0.1 cm or even smaller. During the
8lom propagation regime, on the contrary, a large vortex
in the liquid ahead of the fame is clearly present. For
the lower temperatures the vortex even reaches the size of
the container and the presence of the end wall influences
our measurements. Lastly, the preceding Marangoni vor-
tex periodically appears and disappears in the oscillatory
regime.

DISCUSSION AND INTERPRETATION
OF RESULTS

Flame spreading can be explained by the propagation
of a tiny premixed fame trailing behind a long diffusion
Hame where the vaporized fuel burns up (see the sketch
shown in Fig. 1). This peculiar structure is known as
a triple Hame [11,12]. For liquid fuels, the qualitative
features of the steady state Hame spreading driven by
Marangoni effect are described in [5]. Both the triple
fame and the Marangoni vortex possess very complex
structures that have prevented, to date, the theoretical
account of their coupling. The vortex induced in the 'liq-

uid fuel, ahead of the Hame, brings hot liquid &om the
region under the fame edge and generates a substantial
increase of the surface temperature on the affected re-
gion. Besides, in the gas phase, another vortex is build
up with an enriched (and overheated) gas reactive mix-
ture that assists the combustion process by slowing down
the associated chemical reaction time. When the initial
fuel temperature is decreased, the fame propagation ve-
locity diminishes and the vortex size enlarges as well as
its characteristic time. The oscillatory behavior appears
when this time becomes larger than the characteristic
transit time of the fame along the vortex length. Then,
the vortex structure is unable to follow the flame ad-
vancement. The fame goes on quickly through the en-
riched gas mixture up to approaching the border of the
vortex where the preceding conditions (leaner and colder
mixture) increase the combustion time. As the Hame re-
duces its propagation velocity, Marangoni effect is able
to rebuild a new vortex that, after some induction time,
affects the fame by reducing the combustion time. Then,
the fame accelerates again and the process restarts.

The preceding discussion indicates that instead of us-
ing the initial surface temperature (that is not a vari-
able), it seems more appropriate to use the temperature
on the surface ahead of the fame as the temperature
controlling the fame spreading. The trajectories of the

system in phase space can be projected onto the plane
T$') Vf.

For the fast propagation regimes, the surface and the
initial bulk temperatures coincide (within the experimen-
tal resolution), but in the slow propagation regimes the
temperature in the recirculation zone, over the liquid sur-
face, increases &om the vortex edge until it reaches an
almost plateau value and then suddenly increases again
when the flame arrives. We can use the maximum value
at the plateau as the effective surface temperature Tg. In
Fig. 4, the fame spreading velocity is plotted against this
effective liquid surface temperature, Tp, for isopropanol.
The fast propagation branch is depicted with squares and
it is exactly the same as in Fig. 3. The slow steady
propagation corresponds to the line joining the circles.
Both steady propagation modes overlap in a bistable zone
whose width increases with the fuel molecular weight,
ranging &om 2—10 C, respectively, for the methanol and
the n-butanol. Although the word bistable is not prop-
erly used (because the overlapping states correspond, in
fact, to difFerent values of the control parameter, T )
Fig. 4 provides an easy interpretation of the limit cy-
cle behavior as the occurrence of relaxation oscillations
around this bistability region, self-excited by the cou-
pling with the Marangoni effect that provides oscillat-
ing values for Tg. Figure 4 includes also the approxi-
mate projections of two limit cycle orbits, obtained by
interpolating data &om the thermocouples and the video
records. The dashed orbit represents the trajectory of the
fame velocity and surface temperature along the limit
cycle, for T = 3.1'C, well within the biatable region.
The solid limit circle depicts the same information for
T = —0.5 C, very near the disappearance of the oscil-
lations. The flame spends most of the time around the
region of lower velocities and the limit cycle disappears
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FIG. 4. Bifurcation diagram showing the spreading Same
velocity, vy, versus the effective surface temperature, Tz for
isopropanol. The branch joining the squares corresponds to
the fast propagation regime, whereas the lower branch with
the circles represents the states of steady Slow propagation.
Also the approximated projections of the trajectories during
two oscillatory regimes are plotted. The dashed orbit is for
T = 3.1'C and the solid limit cycle depicts the trajectory
for T = —0.5'C .
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FIG. 5. Flame velocity versus time for isopropanol at
T = 3.1 C. Time interval between points is 40 ms.

when it touches the branch of slow propagation. The os-
cillations in the spreading velocity corresponding to the
first orbit (T = 3.1'C) are depicted in Fig. 5. The
flame exhibits most of the time a low propagation speed
but presents periodical bursts of very rapid propagation.

At the temperature TH, the limit cycle collides with a
steady state. Therefore, TH corresponds to a hoxnoclinic
point. The oscillation period has to be identified with the
induction time required for the fast propagation burst to
occur. A divergence in this induction time (hence in the
oscillation period) should be expected close to the condi-
tions where the slow propagation regime is de6nitely es-
tablished. The divergence is logarithmic for a generic ho-
moclinic point [13]. In order to obtain the features of our
homoclinic point, we have approximated the observed di-
vergence in the period of the oscillations by a logarithmic
fit. The homoclinic temperature was obtained for each al-
cohol using the data similar to the ones depicted in Fig. 3.
Then, the measured period, 7. was related to the relative
distance to the homoclinic temperature, (T —T~)/TH,
by the expression 7 = a —bin[(T —T~)/TIr], with T in
kelvin. The dimensionless period P = (v —a)/b is plot-
ted in Fig. 6, where stars, squares, triangles, and circles
stand for methanol, ethanol, isopropanol, and n-butanol,
respectively. There exists a satisfactory 6t of the mea-
sured oscillation periods with a logarithmic divergence
law, —ln[(T —T~)/T~], represented by the solid curve.
The discrepancies between our data and the theoretical
curve are well within the experimental error.

CONCLUSIONS

The transitions between the difFerent regimes of Game
spreading over liquid fuels have been experimentally
characterized. By decreasing the control parameter value
(initial surface temperature, T ), a sequence of differ-
ent lame spreading regimes is observed, evolving &om
a fast steady state, to a limit cycle and, later on to a
new steady state of slow flame propagation. The uni-
forxn spreading observed at high fuel temperatures be-
comes unstable and an oscillatory state originates via a

FIG. 6. Dimensionless period of oscillations versus dimen-
sionless distance to the homoclinic bifurcation point for dif-
ferent alcohols. Stars denote methanol, squares ethanol, tri-
angles isopropanol, and circles n-butanol. The solid line is
the theoretical divergence for a generic homoclinic point rep-
resented by P = —in[(T —TH)/TH]

Hopf bifurcation at a critical value of the initial surface
temperature, T,q

——T „. Along this limit cycle, the
spreading velocity varies between two extreme positive
values. Far away from this bifurcation point, the oscilla-
tion adopts the characteristics of a relaxation oscillation:
the Game propagates with the slow velocity most of the
time but presents sharp spikes of the fast spreading. By
decreasing even further the surface temperature, the size
of the limit cycle increases until it collides with the homo-
clinic orbit. This collision determines a homoclinic point
which appears at T,2

——TH & T „. For even lower
surface temperatures a new stable steady state of slow
propagation is de6nitively established. Figure 3 shows
an experimental bifurcation diagram where the initial
fuel temperature, T, is the control parameter. It is
worthwhile to notice the similarity between this bifur-
cation sequence and the sequence obtained numerically
from a 6ve-equations simplified model which simulates
the behavior of a laser with saturable absorber [14]. In
the laser, the Q-switching oscillatory regime ends in a
homoclinic orbit with an in6nite period, and then the
system moves to a steady state. Such a reduced model
is still unknown for the phenomenon of name spreading
but the reported experimental findings support the idea
of its existence and open the way to a theoretical study
along this direction. New experiments are actually under
way using a longer spreading channel to look for possible
finite box eKects on the bifurcation sequence. The results
will be reported elsewhere.
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