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Abstract  
The dynamic behavior of swirling premixed flames generated by the effect of gravitational orientation has been 

experimentally investigated. When the gravitational direction relative to the flame front is changed, i.e., in inverted 
gravity (-1G), an unstably fluctuating flame (unstable flame) is formed in a limited domain of equivalence ratio and 
swirl number.  The time history of the flame front fluctuation shows that high-energy chaotic motion superimposes 
on a periodical oscillation that is induced by buoyancy.  This results in the dynamic motion of the unstable flame 
becoming deterministically chaotic. This is demonstrated by nonlinear time series analysis which has not been 
widely applied to the investigation of combustion phenomena. 
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Introduction 
The effect of buoyancy on generation and growth 

of flame instability issue has been one of main subjects 
of present day combustion science. There are two major 
instabilities generated by upward buoyant force (i.e., 
normal gravity (+1G): a) hydrodynamic shear layer 
instability associated with Kelvin-Helmholtz instability 
and b) Rayleigh-Taylor instability. In open premixed 
flames, the entire flow field consists predominantly of 
cold dense reactants (heavy gas) in upstream flow, hot 
combustion products (light gas) in downstream flow, 
and cold surrounding air (heavy gas). When the hot 
combustion products accelerated by the upward buoyant 
force interact with the cold surrounding air, the interface 
between these fluids becomes unstable owing to the 
hydrodynamic shear layer instability, resulting in a 
large-scale toroidal vortex at the interface. This vortex 
produces periodic velocity fluctuations in reactant flow 
and causes the flame front to oscillate at a distinct 
characteristic frequency (1020Hz) [1-4]. In contrast, 
when one considers the +1G gravitational direction 
relative to the flame front, the interface between hot 
combustion products above cold dense reactants is 
stable for flow perturbations, while in the inverted 
gravity (-1G) case, the interface is unstable owing to 
Rayleigh-Taylor instability. By inverting the orientation 
of a burner system relative to the gravitational direction, 
light combustion products are formed below heavy 
reactants, and upward propagating flames become 
sensitive to the dynamic motion of the light combustion 
products. In fact, for lean premixed flames under low 
Reynolds number conditions, the overall flame 
configuration in  -1G is significantly distorted [5], [6]. 

It is well known that swirling flow is one of the 
most important flow configurations for fundamental 

combustion systems. Therefore, there is a need to 
understand how the buoyancy/swirl interaction affects 
flame front dynamics by changing the gravitational 
direction relative to the flame front. With respect to 
experimental investigations of the flame dynamics 
generated by swirling flow, the rotating burner that 
spins on its central axis is one of the most fundamental 
flame configurations [7]. In our preliminarily work 
using a rotating Bunsen burner [8], we observed that 
changes in buoyancy/swirl interaction generated by the 
effect of the gravitational orientation may cause 
irregular fluctuations in flame front dynamics that are 
thought to be chaotic not turbulent. An investigation of 
the dynamical behavior of this flame instability by 
sophisticated nonlinear chaos analysis is important for 
gaining a comprehensive understanding of the complex 
nonlinear phenomena in flame dynamics.  

The objective of this study is to conduct an 
experimental investigation of the dynamic behavior of 
the flame front generated by the inversion of the 
gravitational direction under the swirling flow 
conditions produced by a rotating Bunsen burner. 
 
Experimental details 

The rotating Bunsen burner we used in this study is 
shown schematically in Fig. 1. The premixed CH4 /air 
reactants flow through a diffuser, fine damping screens, 
a nozzle, and a straight burner tube.  The burner tube 
has a diameter of 12 mm and is fitted on top of the 
nozzle, which is vertically supported by two bearings 
and rotated by a DC motor through a pulley and belt 
system. A 15 mm thick honeycomb section with a grid 
diameter of 1.04 mm is fitted inside the burner tube to 
produce the solid-body rotation of the reactants at the 
burner tube exit. The bulk flow velocity of the reactants 



U0 was varied from 1.0 m/s (buoyancy-dominated 
region: Ri > 0.1) to 2.0 m/s (momentum-dominated 
region: Ri < 0.1).  The Richardson number Ri defined as 
((Tad - T0)/Tad)(GD0/U0

2), where Tad is the adiabatic 
flame temperature, T0 is the temperature of surrounding 
air, G is the gravitational acceleration, and D0 is the 
diameter of the straight tube, can be used to delineate 
flow conditions where buoyancy is significant, Ri < 0.1, 
and from those where it is not, Ri > 0.1 [4], [5]. The 
Reynolds number Re based on the burner exit diameter 
is between 780 and 1560. The equivalence ratio of 
premixed reactants  was varied from 0.60 to 0.90. The 
rotational speed of the burner tube N was varied from 0 
to 4500 rpm (75 s-1). To characterize the balance 
between the axial momentum and the swirl momentum, 
the Swirl number S is introduced and was varied from 0 
to 0.7.  

To investigate the dynamical motion of the flame 
front, a laser tomographic method is used. The light 
source is an Ar+ laser (Lexel Model 95) with a 
maximum power of 2 W. Silicon oil droplets with 
diameters of 12 m are dispersed in reactants as 
scatters. The Mie scattered light emitted from the 
droplets shows the region where the temperature is 
below 570 K. The upstream side of the preheat zone can 
then be visualized by observing the front of the silicon 
oil droplets.  The visualized images are recorded by a 
high-speed video camera (Photron 1024 PCI) of 1000 
frames per second with a frame size of 10241024 
pixels.  The spatial resolution of the images is 27 pixels 
per millimeter.  As shown in Fig. 2, the location of the 
vaporized front along the centerline of the burner tube is 
defined as the flame front location yf (mm) and the 
deviation from the mean flame front location yf  = yf  -

fy . Here, fy is the time-averaged flame front location 

as a function of time t and is measured to investigate the 
dynamic motion of the unstable flame. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nonlinear time series analysis 
   We briefly describe the central ideas behind the 
mathematics of each method of the time series analysis 
employed in this work.   

On the basis of Taken’s embedding theorem [9], the 
attractor is constructed from the time series of the 
deviation from the mean flame front location yf.  The 
time-delayed coordinates for the construction of the 
attractor are expressed as 
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where i = 0, 1,  , n (n is the data number of the time 
series), Xi are the constructed phase space vectors, yf 

(ti) is the deviation from mean flame front location at 
time ti, D is the embedding dimension, that is, the 
dimension of the constructed phase space and 0 is the 
suitable time lag.  In this work, 0 is set to be either the 
time lag that yields a local minimum of mutual 
information, according to the prescription of Fraser and 
Swinney [10].  

The diversity in the directions of neighboring 
trajectories in the constructed phase space is related to 
the degree of visible determinism in the dynamic 
behavior. On the basis of this fact, we use the algorithm 
that was proposed by Wayland et al. in order to test for 
determinism in a time series [12]. Let us randomly 
select a vector X(t0) and find its K nearest neighbors 
X(tk) with k from 1 to K. We may set the images of all 
the vectors to X(tk +0) with k from 0 to K. The diversity 
in the directions of nearby trajectories is measured in 
terms of the translation error Etrans defined by 
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Here, V(tk) approximates the tangential vectors of the 
trajectories at time tk. The more parallel the trajectories 
are to each other, that is, the more visible determinism 
there is in the time series, the closer Etrans will be to zero.  
In a previous numerical work, it was shown that a time 

Figure 2 Definition of flame front location 
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Figure 1 Experimental apparatus
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series can be regarded as a deterministic (chaos) process 
if Etrans < 0.5 and as a stochastic process if Etrans > 0.5.  
In the case of white noise, Etrans  1 independent of the 
embedding dimension. 
 
Results and Discussion 
   Changes in the overall flame shapes of swirling 
flames in the buoyancy-dominated region (U0 = 1.0 m/s, 
Re = 780, Ri  0.1) are shown in Fig. 3 as functions of 
the equivalence ratio  and swirl number S in normal 
gravity (+1G) and inverted gravity (-1G).  The lines 
represent the transition boundary between the flame 
shapes.  In the case of normal gravity, as S increases 
under  > 0.8, the flame shape changes from a conical 
shape to a skewed (eccentric) shape with the flame tips 
whirling around the rotational axis of the burner tube.  
This is due to the deviation of the flame tip from the 
centerline of the burner tube generated by the 
centrifugal force on initial reactants.  As the degree of 
deviation increases with increasing S, it becomes more 
skewed shape (tilted shape) with portions of the flame 
moving inside the burner tube.  At leaner equivalence 
ratios with  < 0.75, the flame base is lifted above the 
burner tube exit and a flat flame is formed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In contrast to the +1G case, when the orientation of the 
burner system relative to the gravitational direction is 
changed, i.e., in inverted gravity (-1G), the transition 
boundary between these flame shapes changes 
considerably and shifts to a lower Swirl number.  These 
results indicate that the change in gravitational 
orientation relative to the flame front has a significant 
impact on the overall flame shapes of swirling flames.  
The most interesting phenomenon generated by the 
inversion of the gravitational orientation is the 
formation of an unstable flame with its front switching 
back and forth between a stable eccentric and a stable 
flat flame.  As shown in the time sequence images (in 
the inset in Fig. 3) obtained by laser tomograhic method, 
the flame front of this unstable flame fluctuates with a 
large deformation of the flame front configuration. 

For two representative cases of unstable flames 
observed in the buoyancy-dominated (U0 = 1.0 m/s, Re 
= 780, Ri  0.1) and momentum dominated regions (U0 
= 1.8 m/s, Re = 1403, Ri  0.03), the deviation from the 
mean value of the flame front location yf as a function 
of time t and the power spectrum obtained by fast 
Fourier transform (FFT) analysis are shown in Fig. 4.  
As depicted in the inset in Fig. 4, yf at U0 = 1.0 m/s 
fluctuates irregularly with time. However, the power 
spectrum does not exhibit only a broad-band structure.  
In fact, it exhibits a peak at approximately 10.3 Hz, 
indicating a periodic oscillation.  This is nearly the same 
as that caused by the buoyancy-induced hydrodynamic 
shear layer instability in normal gravity [4]. This 
frequency cannot normally be formed in the inverted 
gravity case because the onset of the buoyancy-induced 
large-scale toroidal vortex at the interface between 
combustion products and surrounding air is suppressed 
[4], [5]. However, the result obtained by FFT analysis 
indicates that under a specified condition in inverted 
gravity, the hydrodynamic instability associated with an 
upward buoyant force probably may be related to the 
onset of the dominant oscillation mode of the unstable 
flame.  In addition to this oscillation frequency, many 
small peaks also appear in the power spectrum.  These 
peaks make the dynamic behavior of yf complex.  The 
fluctuation of yf becomes more complex and the 
spectrum has a higher frequency tail at U0 = 1.8 m/s 
than at U0 = 1.0 m/s. The power density of the 
oscillation frequency corresponding to that of the 
dominant oscillation observed at U0 = 1.0 m/s 
apparently decreases to the same level as some small 
peaks. This indicates that the periodic oscillation, 
possibly as a result of the hydrodynamic instability 
associated with buoyancy, can survive in flame 
dynamics even in momentum-dominated regions. The 
significant change in entire power spectrum distribution 
can be attributed to the hydrodynamic fluctuations of 
initial reactants in itself due to increases in axial and 
radial flow momentum. 

The translation error Etrans was estimated as a 
function of embedding dimension D, as shown in Fig. 5.  
At U0 = 1.0 m/s, Etran significantly decreases with 
increasing D and becomes constant when D exceeds 8. Figure 3 Flame shape variation as function 

of equivalence ratio and swirl number  

E
qu

iv
al

en
ce

 r
at

io
 

 

Blow off 

Normal gravity (+1G) 

Swirl number S 

Conical flame 

Eccentric flame

Unstable flame
t = 0.10 st = 0.05 st = 0 s 

E
qu

iv
al

en
ce

 r
at

io
 

 

Conical flame 

Eccentric flame 

Tilted flame Flat flame 
Tilted flame 

Inverted gravity (-1G) 
Eccentric flame

Eccentric flame 

0 0.2 0.4 0.6 0.8

0.6

0.7 

0.8

0.9 

0.6

0.7

0.8

0.9

Flat flame 



The crossing of neighboring trajectories in phase space 
is minimal at D  8, resulting in an observable 
determinism similar to a finite-dimensional chaos. 
Although the saturated values of Etrans are slightly larger 
than the criterion value (Etrans = 0.1) below which 
determinism can be said to be observable, they are 
lower than those of temporally correlated random 
fluctuations representing stochastic processes (Etrans > 
0.5). These results suggest that the dynamic behavior of 
the unstable flame observed at U0 = 1.0 m/s represents a 
deterministic chaos. With U0 increasing up to 1.8 m/s, 
Etrans saturates at D  10 and increases up to 
approximately 0.22, possibly indicating a high-
dimensional chaos. The dynamic behavior of the 
unstable flame can be considered a deterministic chaos 
even in momentum-dominated regions. The 
deterministic nature of the flame dynamics will become 
invisible if the flame front motion becomes turbulent 
with further increases in the axial and radial flow 
momentum of reactants. These results show that we can 
clarify the characteristics of complex flame instability 
by nonlinear time series analysis. As explained, the 
result of FFT analysis shows that a periodic oscillation 
mode dominates the dynamic behavior of the unstable 
flame in the buoyancy-dominated region.  On the basis 
of this result, the chaotic irregular fluctuation included 
in the time series data is superimposed on the dominant 
periodic oscillation, resulting in a complex motion of 
the flame front dynamics under buoyancy-dominated 
conditions.  
 
Summary 
   The dynamic behavior of the swirling premixed 
flame generated by the effect of gravitational orientation 
has been experimentally and numerically investigated 
under flow conditions that span the buoyancy-
dominated (Ri > 0.1) and momentum-dominated (Ri < 
0.1) regimes. When the gravitational direction is 
changed relative to the flame front, i.e., in inverted 
gravity (-1G), interestingly, an unstably fluctuating 
flame (unstable flame) is formed between a stable 
eccentric flame and a stable flat flame in a limited 
domain of equivalence ratio and swirl number.  Under 
buoyancy-dominated conditions, the chaotic irregular 
fluctuation included in the flame front motion is 
superimposed on the periodical oscillation of the 
unstable flame.  As a result, the dynamic behavior of the 
unstable flame becomes a deterministic chaos. Its 
dynamics progressively develops into a high-
dimensional chaos under momentum-dominated 
conditions. This result was demonstrated by the use of 
nonlinear time series analysis which has not been 
widely applied to the investigation of combustion 
phenomena. The analytical methods we applied in this 
work were shown to be valid for quantifying the 
complex flame instability characteristics of a lean 
swirling premixed flame. 
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Figure 5 Translation error as function of embedding dimension

D 

E
tr

an
s 

1 

0.1

0.01 

Random process 

2 4 6 8 10 12 14 160

U = 1.3 m/s,  = 0.64, S = 0.45
U = 1.8 m/s,  = 0.64, S = 0.45

Figure 4 Power spectrum of unstable flame motion 
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