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Flame Flickering can Cease Under Normal Gravity and Atmospheric Pressure in
a Horizontally Moving Dual Burner System
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This paper provides a feasible way to suppress flame flickering under normal gravity and atmospheric
pressure without changing the fuel mass burning rate, thus promoting steady-state combustion. By peri-
odically reciprocating one burner horizontally in a dual burner system, a death mode (namely, amplitude
death of flame height oscillation) is generated around the critical burner separation distance, which is
a transition point between in-phase and antiphase flickering modes of the two flames. The criterion to
obtain a complete death mode region in a general dual burner system (with horizontal movement func-
tion) is defined by two dimensionless parameters, which respectively quantify the burner configuration
and its dynamic performance.
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I. INTRODUCTION

The oscillation and synchronization of buoyant diffu-
sion flames (namely, limit-cycle oscillators) are two typical
cases in nonlinear science, and have been studied both
theoretically and experimentally [1–8]. When the indi-
vidual flames in a multi-flame system are distant from
each other, each flame is regarded as a single flame and
analyzed as such. However, the flames start to synchro-
nize with one another and exhibit a coupled oscillatory
behavior termed “puffing” or “flickering” [9] when close
to each other, namely, a periodic formation and shedding
of flaming toroidal vortices. The flickering mechanism
of interacting flames plays a crucial role in determin-
ing air entrainment, combustion rate, flame geometry, and
products’ composition, etc. [10,11].

For a dual burner system that produces buoyancy-driven
laminar flames, the flames generally exhibit an in-phase
or antiphase flickering mode (with a constant phase differ-
ence of π ) as shown in Fig. 1(a), depending on the burner
separation distance (L) [8,12] or the gap flow behavior
between the inner-side shear layers [13,14]. The transition
(or phase-flip) point was identified at the critical burner
separation distance (Lcrt), which splits the two flickering
modes and solely depends on the burner diameter (D) [15];
i.e., the two flames oscillate in an in-phase mode when
L < Lcrt but an antiphase mode when L > Lcrt. At L = Lcrt,
the flames exhibit an in-phase or antiphase mode unpre-
dictably [15]. More interestingly, after the two flames are
ignited at L = Lcrt, a death mode shown in the left panel
of Fig. 1(b) is temporarily generated due to time-delayed
coupling of the two flames [16–24]. The death mode, also
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termed “amplitude death,” is an abnormal flame behavior
characterized by a cessation of flame flickering followed
by steady-state burning, and is therefore preferable in prac-
tice (such as candle flames, Bunsen burner flames, and gas
stove flames, etc.). However, the death mode shown in the
left panel of Fig. 1(b) cannot self-sustain when the flames
start to couple and gradually transitions to a flickering
mode in an irreversible manner [as shown in Fig. 2(a)]; i.e.,
the flame behavior is uncontrollable at the critical burner
separation distance.

In general, there are two ways to suppress flame flick-
ering to generate a self-sustained death mode: one is
reducing the buoyancy of flames (which can induce differ-
ent modes of flame instabilities [11,25,26]) by lowering the
fuel mass burning rate [as exemplified by the triple candle
flames shown in the right panel of Fig. 1(b) [27] as well
as in Refs. [28–30]] or creating a microgravity environ-
ment [31,32]; the other is reducing the kinematic viscosity
of ambient air by decreasing the ambient pressure [31]. In
this paper, we report a feasible way to generate a death
mode in a dual burner system under normal gravity and
atmospheric pressure without changing the fuel mass burn-
ing rate. Specifically, a criterion is deduced to prevent the
coupling of the two flames by timeously varying their rela-
tive position around the critical burner separation distance
(based on the theory of localized state control by periodic
forcing [33–39]), thereby suppressing flame flickering and
achieving steady-state combustion.

II. EXPERIMENTS

The current dual burner system is similar to that
employed in our previous studies [14,15,40] and is
schematically shown in Fig. 1(c), with more details given
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FIG. 1. The interaction of flames in a stationary dual burner
system: (a) in-phase and antiphase flickering modes, and (b)
a death mode. The interaction of flames in a moving dual
burner system: (c) schematic view of the test setup, and (d)
example burner displacement profiles (L − Lcrt = −2 to 2 mm)

at different moving frequencies.

in Appendix A. The only difference is that the burner on
the right-hand side is endowed with an additional hor-
izontal movement function here, such that it can move
back and forth along the sliding groove around the critical
burner separation distance at several displacement ranges
(L − Lcrt) and moving frequencies (fb = 1/T, where T is
the movement period of the burner). The values of L − Lcrt
and fb are detailed in Table I. At a certain burner moving
velocity (v), different displacement ranges lead to differ-
ent fb. Based on the test results, it is found that the two
flames no longer couple with each other when the mov-
ing velocity exceeds 11 mm/s, so the conditions of v ≤
11 mm/s are adopted. Example burner displacement pro-
files at different moving frequencies are depicted in Fig.
1(d), where L − Lcrt is from −2 to 2 mm. Meanwhile, the
burner diameter and the flow rate of the fuel (methane gas
with 99.9% minimum purity) for each burner are fixed to
10 mm and 500 mL/min, respectively, for reasons detailed
in Appendix A.
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FIG. 2. Time-sequential images of the two flames: (a) in a
stationary dual burner system with L = Lcrt = 21 mm; (b) in
a moving dual burner system with L − Lcrt = −2 to 2 mm and
fb = 0.69 Hz (the burner on the right-hand side is a moving
burner whose moving direction is indicated by a solid arrow).

III. RESULTS AND DISCUSSION

A. Stationary dual burner system

The time-sequential images of the two flames at the
transition point in a stationary dual burner system (i.e.,
L = Lcrt = 21 mm and fb = 0 Hz) are shown in Fig. 2(a);
note that the term “stationary” here means that the two

TABLE I. The moving frequency (fb, Hz) of the movable
burner under different displacement ranges (L − Lcrt) and mov-
ing velocities (v).

v (mm/s) L − Lcrt (mm)

(0, 2) (−1, 2) (−2, 2) (−3, 2) (−4, 2) (−5, 2)

0.6 0.15 0.1 0.08 0.06 0.05 0.04
1.7 0.43 0.28 0.21 0.17 0.14 0.12
3.6 0.9 0.6 0.45 0.36 0.3 0.26
5.5 1.38 0.92 0.69 0.55 0.46 0.39
8.3 2.08 1.38 1.04 0.83 0.69 0.59
11 2.83 1.83 1.38 1.1 0.92 0.79
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burners keep still when the flames interact. In the early
stages after the two flames are ignited (t ≤ 0.4 s), they
present a nonflickering or death mode; as time goes by
(0.4 s < t ≤ 2.0 s), a weak flickering mode appears, which
then transitions to an antiphase mode (2.0 s < t ≤ 6.0 s),
a weak flickering mode (6.0 s < t ≤ 7.5 s), and finally an
in-phase mode (t > 7.5 s). These four coupling modes are
differentiated by their characteristic flickering frequencies
(fc) determined using fast Fourier transform (FFT) analy-
sis of the field temperature data; i.e., fc = 0 Hz for a death
mode, 0 < fc < 10 Hz for a weak flickering mode, 10 ≤
fc < 12 Hz for an in-phase mode [15], and fc ≥ 12 Hz for
an antiphase mode [15]. This phenomenon shows a hetero-
geneous and uncontrollable combustion state of the two
flames at the transition point. In particular, the death mode
cannot self-sustain due to buoyant acceleration [11,25]: the
acceleration of buoyant plume gas in quiescent air causes
the formation of toroidal vortices above the burner surface,
which is regarded as the consequence of hydrodynamic
shear instability driven by convective effects [31,41]. The
slow-motion footage corresponding to Fig. 2(a) is shown
in the Supplemental Material (Video 1) [42].

B. Moving dual burner system

For a moving dual burner system, Fig. 2(b) exemplifies
the time-sequential flame images when the displacement
range L − Lcrt = −2 to 2 mm and the burner moving fre-
quency fb = 0.69 Hz. Note that the term “moving” here
means that one of the two burners moves back and forth
as the flames interact. It is seen that the flickering of the
two flames is ceased during t = 0.8–1.0 s with a smooth
shear layer around the flames, where the burner separa-
tion distance is shorter than the critical separation distance
(Lcrt = 21 mm). Besides fb = 0.69 Hz, the death mode is
also identified when fb = 0.45 Hz, but not at other applied
moving frequencies (where only the weak flickering mode
is identified when L < Lcrt). These facts suggest that the
observed flame behavior is not in a quasisteady state, but a
temporal state that strongly depends on the burner motion;
i.e., the dynamic response of flame behavior to burner
motion clearly exists. Additionally, different from the death
mode shown in Fig. 2(a), the death mode in Fig. 2(b)
can be always generated in each cycle of burner motion
under these test conditions. The slow-motion test footage
in one cycle of burner motion in the displacement range
L − Lcrt = −2 to 2 mm are provided in the Supplemental
Material (Video 4) [42]; flame behaviors under three rep-
resentative burner moving frequencies are shown to aid
the understanding of these phenomena, including 0.08 Hz
(without death mode), 0.69 Hz (with death mode), and
1.38 Hz (without death mode).

C. Characteristic flickering frequency

Figure 3 presents the variations of characteristic flame
flickering frequency fc with burner moving frequency (fb)
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FIG. 3. Contour maps of fc vs fb in different displace-
ment ranges (L − Lcrt): (a) 0 to 2 mm; (b) −1 to 2 mm; (c)
−2 to 2 mm; (d) −3 to 2 mm; (e) −4 to 2 mm; (f) −5 to 2 mm.

in different displacement ranges. It is worth noting that all
the contour maps are drawn based on the flickering fre-
quency data determined in half of a burner motion cycle
(as exemplified in Appendix B). Moreover, the death mode
regions shown in Fig. 3 are all controllable, so the tran-
sient death mode shown in Fig. 2(a) when fb = 0 Hz is not
included. It is seen that no death mode is identified in the
displacement ranges of 0 to 2 mm and −1 to 2 mm. As
the burner goes deeper into the region of L < Lcrt (i.e., the
lower limit of L − Lcrt is smaller), the death mode region
appears and gets larger, and naturally the duration of the
death mode is extended. However, if the burner is moved
further into this region, the two flames get closer, and the
in-phase mode eventually becomes the dominant mode and
the death mode region hardly expands [as shown in Figs.
3(e) and 3(f)]. These phenomena can be well understood
by referring to the test footage in all the displacement
ranges (Videos 2–7 in the Supplemental Material [42]).

D. Physical mechanism of the death mode

In essence, the flame coupling mode in a stationary
dual burner system is governed by the gap flow behavior
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between the two inner shear layers, resembling the tran-
sition mechanism from a stable to an unstable state in the
development of a von Kármán vortex street [13–15]. When
the burner separation distance is smaller than the criti-
cal separation distance, the shear layers around the flames
[outlined with white dotted lines in the left panel of Fig.
1(a)] remain merged to cover the entire burner gap (i.e.,
the height of the inner shear layers Hs is lower than the free
flame height Hf ). Therefore, the air entrainment in the gap
zone is effectively suppressed and the two flames driven
by buoyant acceleration oscillate as a whole to exhibit
symmetric vortices (namely, an in-phase mode). When the
burner separation distance is increased, the entrained fresh
air can penetrate the inner shear layers in the gap zone [i.e.,
Hs is larger than Hf as shown in the right panel of Fig.
1(a)] and the chance of air flow acceleration between the
inner shear layers is promoted [14]. This would cause the
meandering motion of the entrained air (showing a stag-
gered vortex street), which in turn induces the two flames
to exhibit an antiphase mode. At the critical separation dis-
tance between the two burners [where Hs is comparable to
Hf as seen in the left panel of Fig. 1(b)], the buoyant accel-
eration temporarily ceases due to time-delayed coupling
of the two flames to exhibit a death mode, resembling the
amplitude death induced in coupled limit-cycle oscillators
[16–24]. However, such a mode cannot self-sustain in a
stationary dual burner system and transitions to a flicker-
ing mode over time with the coupling of the two flames
[Fig. 2(a)].

In the moving dual burner system [Fig. 2(b)], the relative
position of the two flames changes over time, so that they
do not have enough time to couple in a fixed position; i.e.,
the flames are kept in a “to be coupled but not yet coupled”
state. Then, a death mode can be induced if the burner con-
figuration and its dynamic performance are appropriately
designed (we will revisit this subsequently). The underly-
ing physics is that the additional periodic forcing (driven
by burner movement) can slow down the imminent critical
transition in the transition phase [33–39], thereby main-
taining the death mode for a certain time. Furthermore, it is
worth noting that the response of flame behavior to burner
motion is a dynamic process, so there must be a hystere-
sis to exhibit the drop in flickering frequency. This may
explain the phenomenon observed in Fig. 3: different lower
limits of each displacement range induce different local fc
values at the same burner separation distance (which is evi-
dent by comparing the contour maps displayed in Fig. 3).
In other words, in order to map a complete death mode
region, the moving burner should be as deep as possible
into the region of L < Lcrt [see Fig. 3(f)].

Additionally, the death mode in the moving dual burner
system can sustain for a period of time in each burner
motion cycle. The shear layer evolution time (approxi-
mately 1 s) is estimated by Hf /uF , where uF is the fuel
jet velocity (106 mm/s) and Hf is 100 mm, as detailed in

0.0 0.2 0.4 0.6 0.8
0

1

2

3

4
thalf cycle -tdeath

t(
s)

fb (Hz)

tdeath

0.0 0.2 0.4 0.6 0.8
0.0

0.4

0.8

t d
ea

th
(s

)

fb (Hz)

FIG. 4. Duration of the death mode in the displacement range
of L − Lcrt = −5 to 2 mm (where thalf cycle is the moving time of
the burner in half of a burner motion cycle).

Appendix A. The death mode only appears in an interme-
diate range of fb (Fig. 3), because (1) if fb is lower than this
range, the residence time of the moving burner in the tran-
sition phase is longer than the coupling delay time of the
two flames, and they start to couple in such a region; and
(2) if fb is higher than this range, the residence time of the
moving burner in the transition phase is shortened and the
separation distance between the two burners greatly shifts
in a shear layer evolution period, so the two flames tend to
be decoupled. This is further confirmed by Fig. 4, which
illustrates the duration of the death mode (tdeath) in the
displacement range of L − Lcrt = −5 to 2 mm (where the
most complete death mode region is obtained) calculated
based on Fig. 3. It is seen that tdeath reaches its peak value
(0.84 s) at fb = 0.25 Hz; this is smaller than the shear layer
evolution time (1 s), suggesting the death mode is gen-
erated within a shear layer evolution period. These facts
indicate that only in an intermediate range of fb can the
burner motion keep pace with the evolution of shear layers,
thereby successfully generating a death mode in a moving
dual burner system.

E. Criterion to map a death mode region

Next, scaling analysis is performed to study the param-
eters that govern the characteristic flame flickering fre-
quency (fc). Two nondimensional quantities, αGr1/2 and
fb�L/(gD)1/2, are deduced to quantify the burner config-
uration and its dynamic performance, respectively, where
α = L/D, with D the burner diameter, and Gr (= gD3/ν2

a),
with g the acceleration due to gravity and νa the kine-
matic viscosity of ambient air. The scaling analysis of
characteristic flickering frequency of the two flames is
detailed in Appendix C. Figure 5 plots the variation of the
normalized characteristic flickering frequency fc/fs with
αGr1/2 and fb�L/(gD)1/2 based on the data shown in
Fig. 3(f) (where the most complete death mode region is
obtained); fs is the frequency of a single flickering flame
determined in this study. It is seen that the death mode
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is located in the region of 341.8 < αGr1/2 < 399.5 and
2.6 × 10−3 < fb�L/(gD)1/2 < 1.14 × 10−2. The range of
αGr1/2 pertains to the transition phase between in-phase
and antiphase modes identified in Ref. [13], where αGr1/2

ranges from 300 to 420 for various burner diameters and
separation distances. In addition, suppose there is a buoy-
ant diffusion flame with the same free flame height as in
this study but a larger (smaller) burner diameter D; its heat
release rate must be higher (lower) than the current flame
according to the quantitative relationship between flame
height and burner diameter. As a result, the moving veloc-
ity of the burner (2fb�L) must be increased (decreased)
to generate a death mode, and the value of fb�L/(gD)1/2

would still fall into the current range. The underlying rea-
son may be that the flame’s transition from death mode
to flickering mode depends on the foregoing interaction of
the two inner shear layers, the thickness of which remains
constant for a death mode regardless of how the burner
diameter changes (as clarified in Appendix C). It is con-
sidered that these disclosed ranges could serve as general
criteria to map a complete death mode region generated by
dual buoyant diffusion flames with different burner config-
urations and dynamic performances. In short, the scaling
model deduced previously provides a feasible way to gen-
erate nonflickering flames in a moving dual burner system
under normal gravity and atmospheric pressure without
changing the fuel mass burning rate. This would have
some implications for both academic research and indus-
trial applications in the fields of nonlinear physics and
combustion technology.

IV. SUMMARY

In summary, this study provides a feasible way to sup-
press flame flickering, namely to generate a death mode
in a dual burner system under normal gravity and atmo-
spheric pressure without changing the fuel mass burn-
ing rate, thereby achieving steady-state combustion. It is

considered that the reciprocating motion of the burner can
keep the two flames in a “to be coupled but not yet cou-
pled” state by timeously varying their relative position at
the transition phase between in-phase and antiphase flick-
ering modes. If the burner motion can keep pace with the
evolution of shear layers, a death mode is generated. This
phenomenon is well clarified based on the theory of local-
ized state control using periodic forcing. Furthermore, the
criterion to map a complete death mode region in a mov-
ing dual burner system is defined by two dimensionless
parameters, αGr1/2 and fb�L/(gD)1/2, which quantify the
burner configuration and its dynamic performance, respec-
tively. A systematic numerical modeling, combining the
theories of linear stability analysis, periodic forcing effect,
and time-delay interaction of limit-cycle oscillators, etc.,
will be conducted in our future work to quantify the sup-
pression mechanism of flame flickering in a moving dual
burner system.
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APPENDIX
Additional information on the experimental setup

details, the determination of the characteristic flickering
frequency of the two flames, and the scaling analysis of
characteristic flickering frequency of the two flames are
provided in Appendices A, B, and C, respectively.

APPENDIX A: EXPERIMENTAL SETUP DETAILS

The test configuration in this work is basically the same
as that in our previous work [14,15,40] except for the
horizontal movement performance of the right-hand side
burner [see Fig. 1(c) in the article]. The flow rate of the
fuel (methane gas with 99.9% minimum purity) for each
burner is fixed at 500 mL/min because the transition point
between in-phase and antiphase modes has been demon-
strated to be insensitive to the fuel flow rate in the range
from 500 to 3500 mL/min [15]; the underlying reason is
that for buoyant diffusion flames with low fuel flow rates,
the flickering frequency is basically independent of fuel
flow rate (or fuel jet velocity) [31,43]. As shown in Fig.
6(a), the thickness of the inner shear layers δcrt is con-
stant (about 14 mm) at the transition point for various
burner diameters [44], so the cylindrical nozzle (inner)
diameter (D) is fixed to 10 mm in this study and the cor-
responding free flame height (Hf ) is about 100 mm. The
fuel Froude number is far less than 1, suggesting the two
flames are buoyancy driven. The critical burner separa-
tion distance (Lcrt) at the transition point is 21 mm when
D = 10 mm [14,15]. The two flames are generated in a
space (900 × 700 × 900 mm in size) under atmospheric
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pressure, and surrounded by a mesh screen (to suppress
any interference from the ambient). One burner is fixed on
the optical stage, while the other is mounted on a mov-
ing slider controlled by a stepping motor (Oriental Motor,
model AZM46AC), which can make periodic reciprocat-
ing movements along the sliding groove. Two thermo-
couples (K type; referred to as TC hereafter; 0.25 mm in
junction diameter) are placed near the burner exit to moni-
tor the variation of field temperature outside the flame body
with time at a sampling rate of 10 ms; the TC signal is then
processed based on FFT to obtain the characteristic flicker-
ing frequency of the flames. The flame behavior is recorded
by a high-speed camera (Casio EX-F1) with 300 frames/s
frame rate and 512 × 384 pixels in resolution. Schlieren
imaging is also employed to visualize the flames and hot
plume through shadows of varying density formed around
the flames.

In the experiment, the right-hand side burner [as shown
in Fig. 1(c)] moves back and forth along the sliding groove
around the critical burner separation distance at several
ranges of displacement (L − Lcrt) and moving frequencies
(fb = 1/T, where T is the movement period of the burner).
The moving velocity profiles corresponding to Fig. 1(d) are
depicted in Fig. 6(b), where the displacement range is from
−2 to 2 mm.

APPENDIX B: DETERMINATION OF
CHARACTERISTIC FLICKERING FREQUENCY

The two flames synchronize with each other and have
the same flickering frequency, so the temperature data
captured by either of the two TCs are selected for FFT
analysis. Figure 7 exemplifies the temperature profile in
one cycle of burner motion when the burner displace-
ment range L − Lcrt = −2 to 2 mm and burner moving
frequency fb = 0.69 Hz. The death mode is identified when
the twin burners are moving away from each other [Fig.
2(b)], so the temperature data of the right half region of
Fig. 7 are used for analysis. This region is divided into
eight time domains by the blue dotted lines at intervals of
L − Lcrt = 0.5 mm. For each time domain, there are only
about nine data points and the corresponding FFT reso-
lution is around 2.8 Hz in the frequency domain from 0
to 25 Hz. According to previous studies [13,15], a fre-
quency resolution of at least 0.1 Hz should be ensured.
We further increase the number of data points in each
time domain from 9 to 256 based on the concept of zero
padding [45]; therefore, the resulting frequency resolution
is approximately 0.1 Hz.

FFT analysis is performed for each zero-padded time
domain, and the results are displayed in Fig. 8. From the
peak point on each spectrum, the characteristic flickering
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FIG. 7. Temperature data in one burner motion cycle with L −
Lcrt = −2 to 2 mm and fb = 0.69 Hz.
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FIG. 8. FFT analysis results at different burner positions (or
time domains) in one cycle of burner motion with L − Lcrt =
−2 to 2 mm and fb = 0.69 Hz.

frequency of the flames (fc) in the corresponding burner
position is determined. fc is regarded as 0 Hz when there
is no apparent peak on the spectrum as shown in Figs.
8(b) and 8(c). With the same method, fc in other cases of
L − Lcrt and fb are also obtained. The contour maps of fc
against fb in different displacement ranges are shown in
Fig. 3.

APPENDIX C: SCALING ANALYSIS OF
CHARACTERISTIC FLICKERING FREQUENCY

Based on the phenomenological observations and phys-
ical understanding disclosed in this work, as well as our
previous studies [14,15], fc is determined by the burner
diameter D, gravity g, the kinematic viscosity of ambient
air νa, the separation distance between the two flames L,
the length of the displacement range �L, and the moving

frequency of the burner fb, i.e.,

fc = f (D, g, νa, L, �L, fb). (C1)

Based on the � theorem of dimensional analysis [46], Eq.
(C1) can then be rearranged as

fc
fs

= f

(
L
D

,

√
gD3

νa
,

fb�L√
gD

)
= f

(
α, Gr1/2,

fb�L√
gD

)
,

(C2)

where fs is the frequency of a single flickering flame deter-
mined in this study [which is scaled by (g/D)1/2 [13]], α =
L/D, and Gr(= gD3/ν2

a) is the Grashof number [13,47]
measuring the relative effects between buoyant accelera-
tion and viscous forces. Note that the combination of α

and Gr, namely αGr1/2, has been proved to serve as a gen-
eral criterion to predict the flickering mode transition in
a stationary dual burner system [13]. fb�L/(gD)1/2 is a
nondimensional velocity, which is proportional to the mov-
ing velocity of the burner v = 2fb�L (Table I) and thus
facilitates the definition of two limiting cases, namely v =
0 (the demarcation point between stationary and moving
dual burner systems) and v = 11 mm/s (the demarcation
point of flame coupling and noncoupling in a moving
dual burner system determined in this study). In short,
αGr1/2 quantifies the burner configuration (L and D), while
fb�L/(gD)1/2 characterizes its dynamic performance (v).
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