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32 Lima, Peru
5 Present Address: The George W. Woodruff School of Mechanical Engineering, and The Parker H. Petit Institute for

Bioengineering and Bioscience, Georgia Institute of Technology, Atlanta, GA 30332, USA

Received 7 July 2021 / Accepted 16 December 2021 / Published online 29 December 2021
© The Author(s), under exclusive licence to EDP Sciences, Springer-Verlag GmbH Germany, part of
Springer Nature 2021

Abstract In this paper, we introduce a simple controllable experimental system that can exhibit rich
dynamics. The setup comprises a sealed glass vial of ethanol with wicks immersed in it. The flame produced
by such a lamp can show both steady combustion or oscillatory combustion (i.e. flickering) depending on
the volume of fuel within and the number of wicks used in its construction. This tunability makes it a
great model system to study the dynamics of flame oscillations and to explore emergent behaviour of
coupled nonlinear oscillators in table-top experiments. In the present work, the behaviour of this system
for different fuel volumes is explored and some typical phenomena reported in other experimental systems,
viz. in-phase synchronization, anti-phase synchronization and amplitude death are demonstrated.

1 Introduction

Experimental study of nonlinear oscillators are of great
importance for both scientific inquiry and engineering
applications. Nonlinear oscillators exhibit rich dynam-
ics through bifurcations as a single system [1] and emer-
gent phenomena like synchronization [2–12], chimera-
states [13,14], oscillation quenching [15–17], phase flip
bifurcation [18] and quorum sensing [19,20] when cou-
pled together. Candle-flame oscillators have recently
seen extensive use as a model experimental system to
study emergent dynamics of coupled nonlinear oscil-
lators [21–29]. A variety of emergent phenomena like
in-phase and anti-phase synchronization [22,23], ampli-
tude death [24], phase flip bifurcation [25] and weak
chimera states [26,27] have been observed using these
coupled flame oscillators. There is also wide interest in
the mechanisms facilitating this inter-flame interaction
among the oscillators [30–32]. A recent experimental
work has demonstrated in-phase synchrony, anti-phase
synchrony and amplitude death in dual diffusion flames
from a pair of pipe burners with methane as fuel [33].
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The prime aim of the present work is to provide one
such alternate experimental system that is very simple
to construct and is rich in dynamic behaviour. Our sys-
tem is a lamp made using a glass vial and cotton twine
with ethanol as its fuel. The ethanol lamp presented
here has clear practical advantages over the other flame
oscillator systems like the candle flame oscillators or
pipe burners. Unlike candles there is no change in the
height of the oscillator, hence a constant distance can
be maintained between multiple flames. Ethanol flames
produce very less soot, and hence are suitable to work
with in closed lab spaces. Ethanol lamps have two
parameters that can control the fuel flow, viz. number
of wicks and volume of fuel in the vial, thus providing
more control over the dynamics of an individual oscil-
lator. In this paper we will introduce this simple exper-
imental system, characterize its behaviour with differ-
ent initial fuel volumes (which is unique to our system)
and go on to demonstrate some typical phenomena that
have been reported in other types of flame oscillators.

2 Construction and experimental setup

A schematic representation and a sample photograph of
an ethanol lamp is shown in Fig. 1. The ethanol lamp
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Fig. 1 a Schematic representation (side view) of the
ethanol lamp showing the glass vial with wicks dipped in
ethanol. b Schematic representation of the cap (top view)
with six symmetric holes. c Photograph of an ethanol lamp
showing the cap sealed with parafilm (not visible) and then
covered with aluminium foil

is made from a small glass vial, that is sealed with a
plastic cap. Holes are drilled into the cap (c.f. Fig. 1b)
to allow for N wicks to be inserted into the vial. The
vial is then filled with the desired amount of fuel and
sealed with three alternating layers of parafilm and alu-
minium foil. The parafilm helps to seal the lamp and
the aluminium foil aids in protecting the cap from the
heat of the flame. In this work, we used a 20 mL glass
vial (Height = 7.2 cm, Diameter = 2.4 cm) with six
holes drilled into the cap in a hexagonal formation, i.e.,
the number of wicks can range between 1 ≤ N ≤ 6. The
wicks used were 10 cm long pieces of standard cotton
twine of thickness ≈ 3 mm. The vial was sealed (with
parafilm and aluminium foil) such that 1 cm of the wick
was exposed to facilitate the combustion.

All experimental data of the flame dynamics were col-
lected through direct imaging of the flames using a high
speed camera (GoPro Hero 7 Black). The camera was
placed at a distance of 26 cm from the lamp. Frames of
1280 × 720 pixels were recorded at a frame rate of 240
frames per second. The videos thus obtained were ana-
lyzed using an in-house edge detection code developed
on MATLAB (further detailed in the Supplementary
Material [34]) that tracks the approximate area of the
flame on each frame of the video.

3 Results

3.1 Characterization with fuel volume

First, the behaviour of this system for varying amounts
of initial fuel volume is characterized. To do this, we fix
the number of wicks N to be 1 and the activity of the
ethanol lamp was recorded for various initial ethanol
volumes (V from 2 to 20 mL in steps of 2 mL). The
video data are collected for 90 sec in each run but only

Fig. 2 Timeseries data depicting the activity of the
ethanol lamp flames for various initial amounts of fuel vol-
ume: a 2 mL b 8 mL c 12 mL and d 20 mL. Here number
of wicks in the ethanol lamp is fixed at N = 1

the last 30 sec of data is analyzed, to capture asymp-
totically stable behaviour.

Figure 2 shows windows from the time series of flame
activity recorded for different initial volumes of fuel in
the lamp. Here, the x -axis is time t in seconds and the
y-axis is y1 in arbitrary units which is proportional to
the area of the flame. In panel (a), the initial volume
of the fuel in the vial is 2 mL and a steady burning
flame is seen. This can be inferred from the absence of
any oscillation in the time series. In panel (b), the ini-
tial volume of fuel in the vial is 8 mL and oscillations
clearly arise in the combustion. In panel (c), the vol-
ume of the fuel is 12 mL initially and we observe that
the flame oscillations are robust and larger in ampli-
tude. Panel (d) corresponds to flame activity with 20
mL of ethanol initially in the vial and large relaxation
type oscillations are observed here. It is important to
note that the transition from steady state to oscilla-
tion with increasing amplitude is reminiscent of activity
near a Hopf-like bifurcation, with volume as the control
parameter.

To characterize this change in behaviour with ini-
tial volume of fuel, in Fig. 3, we plot the frequency
with the highest peak fpeak, from the Fourier trans-
form of the time series corresponding to each ethanol
volume. When the time series has no oscillation, the
highest peak on the Fourier transform will be near zero.
This can be observed for lower volumes in our plot (c.f.
Fig. 3). When the time series has prominent oscilla-
tions, the Fourier transform will reflect it and the max-
imal peak fpeak will correspond to the oscillation fre-
quency of the flame. We see that for initial volumes
more than 8 mL the ethanol lamp settles to oscilla-
tions around 10–12 Hz, which is completely in agree-
ment with the previous works on flame oscillations in
other systems [22].

In Fig. 4, we plot the dependence of the standard
deviation σy of each time series data with the corre-
sponding initial ethanol volume. Here, standard devi-
ation of the time series data serves as a measure for
the average amplitude of the flame oscillations as larger
oscillations would lead to larger standard deviation val-
ues. We again see that for small initial volumes of fuel,
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Fig. 3 The frequency corresponding to the highest peak
fpeak from the Fast Fourier Transform (FFT) of each time-
series is plotted versus the volume of ethanol. A clear tran-
sition from steady combustion to oscillatory combustion is
seen. Points corresponding to panels (a), (b), (c) and (d)
from Fig. 2 are indicated on the plot

Fig. 4 The standard deviation σy of each time series is
plotted versus the corresponding initial fuel volume. The
plot clearly depicts larger oscillation amplitudes for larger
initial volumes. Points corresponding to panels (a), (b), (c)
and (d) from Fig. 2 are indicated on the plot

σy ≈ 0. For initial volumes more than 8 mL, i.e., once
the oscillations begin, there is a monotonous increase in
the amplitude of oscillation as a function of fuel volume.

Our characterization of ethanol lamp with volume
clearly shows the variation in behaviour possible with
fuel volume as a control parameter. The number of
wicks N serves as another parameter to control the rate
of fuel flow, thereby controlling the flame dynamics.
As explained in previous works on candle flame oscil-
lations [22], if the fuel flow rate is high enough, there
is a local dip in oxygen concentration around the flame
causing a momentary decrease in flame size. Therefore,
if the fuel rate is below a certain threshold, the dearth
for oxygen is never created around the flame for it to
shrink, leading to steady state dynamics. We believe
that this system, albeit differently constructed is gov-
erned by the same constraints. In the next section, we
study the emergent phenomena arising from the inter-
action of two ethanol lamps where the number of wicks
has been fixed at N = 2 to allow for more fuel flow and
robust oscillations.

Fig. 5 In-phase synchronization of the flame oscillations
are depicted for a distance D = 0 mm. Here the initial vol-
ume of ethanol in both lamps is fixed at 20 mL and the
number of wicks N = 2. a Frames at three consecutive time
points depicting the in-phase evolution of the flame oscilla-
tions. b Time series of the flame area measures y1 and y2

showing robust in-phase synchrony. c Phase portrait of y1

vs y2 overlaid over a dotted line of slope 1. The alignment
between the phase portrait and the unit slope line indicates
robust in-phase synchrony

3.2 Characterization with distance

Steady and oscillatory states were shown to exist for
different initial fuel volumes in a single ethanol lamp.
Now, interaction between two coupled ethanol lamps is
explored. Number of wicks in each lamp is fixed at N
= 2 and the initial fuel volume is fixed at V = 20 mL.
The camera is placed at a distance of 26 cm from one of
the two ethanol lamps. The position of the other lamp
is varied such that distance between the lamps goes
from 0 to 50 mm in steps of 5 mm. The same protocol
is followed where data is recorded for 90 sec and the
last 30 sec of the collected data is analyzed. Note here
that the distance 0 mm denotes that the two glass vials
are touching each other, but the flames themselves are
separated by a finite distance.

Figure 5 depicts robust in-phase oscillations of the
ethanol lamps. This is shown when distance D between
the two lamps is 0 mm. Panel (a) of the figure depicts
three consecutive snapshots from the video recording.
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Fig. 6 Anti-phase synchronization of the flame oscillations
are depicted for a distance D = 15 mm. Here the volume
of ethanol in both lamps is fixed at 20 mL and the number
of wicks N = 2. a Frames at three consecutive time points
depicting the anti-phase evolution of the flame oscillations.
b Time series of the flame area measures y1 and y2 showing
robust anti-phase synchrony. c Phase portrait of y1 vs y2

overlaid over a dotted line of slope -1

This shows the two flames evolving together, i.e., in
phase with each other. Panel (b) is the corresponding
time series showing the observables y1 and y2 of the
two oscillators synchronized in-phase with each other.
In Panel (c) phase portrait of y1 and y2 is plotted along-
side a dashed line of slope 1. The strong alignment sug-
gests reliable in-phase evolution over a long time period.
Figure 6 depicts anti-phase synchrony between the two
flame oscillations at a distance of 15 mm. Once again
from the snapshots, time series plots and the phase por-
trait it is clear that two oscillators are synchronized
with each other but are out of phase (or anti-phase).

We observe that change in distance leads to change in
the nature of synchrony among the coupled oscillators.
To characterize this change we use the cross-correlation
coefficient (CCC) to measure the information transfer
between the two systems. This measure CCC is defined
as

CCC =
cov(y1, y2)

σy1σy2

, (1)

Fig. 7 Cross-correlation coefficient CCC of y1 and y2 plot-
ted for various values of distance. Here, initial volume of
fuel in the lamps is fixed at 20 mL and the number of
wicks N = 2. (i) denotes the positive CCC corresponding
to in-phase oscillations depicted in Fig. 5. (ii) denotes the
negative CCC corresponding to the anti-phase oscillations
depicted in Fig. 6

Fig. 8 Time series of y1 and y2 of two ethanol lamps placed
at a distance of 10 mm from each other. The ethanol vol-
ume V = 14 mL and the number of wicks N = 2. Here we
see a sustained epoch of low activity depicting oscillation
quenching that lasts for 5 sec (or 50 cycles)

where σy1 and σy2 are the standard deviations of the
two time series and cov(y1,y2) is the covariance between
the two observables y1 and y2. This measure takes a
value between − 1 and + 1. CCC = + 1 implies com-
plete in-phase synchrony of the two time series and
CCC = − 1 implies complete out-of-phase synchrony.
CCC ≈ 0 when the two timeseries are uncorrelated. In
Fig. 7, correlation coefficient is plotted as a function of
distance for two ethanol lamps with two wicks and 20
mL of fuel in them. For small distances, the CCC is
close to + 1 denoting strong in-phase synchronization
between the oscillators. For intermediate distances the
CCC becomes negative denoting anti-phase synchro-
nization. It is interesting to note that the anti-phase
synchrony is not as robust as the in-phase synchrony
for the given set of parameter values. For higher values
of distance the CCC rises and settles around zero, i.e.,
the oscillators are rendered autonomous.

The transition from in-phase to anti-phase synchro-
nization may go through a region of quenched oscil-
lations. This phenomenon, where two oscillators when
coupled quench each others’ activity has been reported
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previously in a variety of coupled flame oscillators
[24,25,33]. To demonstrate this phenomenon of ampli-
tude death in ethanol lamps, we show the time series
of y1 and y2 (refer Fig. 8) at a distance of 10 mm
(Initial ethanol volume V = 14 mL and number of
wicks N = 2). The two oscillators quench each oth-
ers’ oscillations and stay at very low activity for a long
time window (roughly 5 sec or 50 oscillator cycles).
This state of quenched oscillations is very sensitive
to environmental fluctuations, yet it does occur often
at distances between the in-phase and anti-phase syn-
chronous states.

4 Discussion and conclusions

Thus, we have introduced ‘ethanol lamp’, a novel flame
oscillator that can exhibit both steady combustion and
oscillatory combustion. It is easy to deploy and has two
control parameters viz. volume of the fuel and number
of wicks, that can be varied to control its dynamics. The
behaviour of a single ethanol lamp as a function of fuel
volume was characterized. Various emergent behaviour
possible with two coupled ethanol lamps were demon-
strated.
The controllability of oscillations by two independent
parameters, namely the initial fuel volume and the
number of wicks, make this system an optimal work
horse for studying dynamical phenomena of flames.
These oscillators have the additional advantage of
maintaining a fixed height during the entire experimen-
tal run, when compared to similar oscillators made up
of candles. They have the potential to show a plethora
of dynamics, out of which only a subset were explored
and presented in this work. For example, one can try
to explore aging transitions [35] by coupling a set of
such systems in the oscillatory regime to another set
which is in the fixed point regime. Controlling the dis-
tance between individual oscillators can be used to
achieve synchronization in a network of such oscilla-
tors. These coupled networks can potentially exhibit
Kuramoto transitions to synchrony [36], chimera states
[13,14,26,27] and other exquisite emergent phenomena.
Oscillating flames are a challenging system to control
and study, because of the inherent ease of the flames to
be disturbed by minuscule air drafts. Even though this
system is able to circumvent some of the problems that
are observed in similar oscillators made up of candles, it
is still extremely sensitive to disturbances in air and the
surroundings. In addition, due to the complex nonlin-
ear nature of this system, the dynamics have multiple
stable dynamics for the same system parameters. To
mitigate some of these challenges, one can try to per-
form experiments in a hermetically sealed enclosure, as
long as the container is large enough to maintain a rel-
atively stable concentration of oxygen and carbon diox-
ide. Such an enclosure would further reduce any stray
air-drafts that end up changing the oscillator’s state,
especially in parameter regions where it exhibits multi-
ple stable configurations. Maintaining a stricter control

over the ambient humidity and temperature may also
be helpful in overcoming these challenges. For the pur-
pose of this work, the experiments were deliberately
chosen to exhibit the best examples of the variety of
interesting dynamics that this system can have. Never-
theless, this system can be used in both the experimen-
tal study of flame dynamics and emergent behaviour of
coupled nonlinear oscillators.

Supplementary information The online version con-
tains supplementary material available at https://doi.org/
10.1140/epjs/s11734-021-00414-4.
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