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Perturbed flames 
Experiments on conical flames 
Mutual interactions of flame sheets 
Representing the flame dynamics using the G-equation 
Flame transfer function concepts 
Effects of equivalence ratio perturbations 
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Flow! Combustion!

Acoustics!

Acoustically coupled combustion  
instabilities (thermo-acoustic instabilities) 

Flame dynamics 

Burner acoustics 

(C) (B) 

(A) 
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The flame can be stabilized in three different 
configurations. (film by Daniel Durox, EM2C) 

 Sensitivity of flames to acoustic waves  
Conical 
flame M-flame V-flame 

Loudspeaker 

Gas 
mixture 

LDV CH*  
filter 

D. Durox, T. Schuller, N. Noiray and S. Candel (2009) Proceedings of the Combustion Institute. 32, 1391-1398. 
Experimental analysis of flame transfer functions nonlinearities.  

Experiments indicate that flames are sensitive to perturbations and that their response depends on the 
flame geometry, modulation frequency, type of perturbation and amplitude 
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Interactions leading to heat release rate disturbances 

LES of the unsteady flow in a combustion chamber  featuring a self-sustained 
oscillation 

This film shows the reaction rate field  

S. Ducruix, T. Poinsot and S. Candel (2002) Large eddy simulation of combustion instabilities in a swirled combustor. In 
Turbulent mixing and combustion, A. Pollard and S. Candel, eds. Kluwer, Dodrecht, Chapter 31, pp. 357-366.  
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Interactions leading to heat release rate disturbances 

1. Flame interactions with the flow 
B. Mutual flame annihilation leading to destruction of 
flame surface area 

A. Velocity and mixture 
composition disturbances 

2. Flame interactions with solid boundaries   

D. Combustion chamber walls 
confining the flame 

C. Anchoring devices used 
to stabilize the flame 
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Argon
laser

emission
system

burner

loudspeaker
acquisition

system

22 or
30 mm

PM + CH* filter

PM +
laser filter

It is instructive to examine simple situations before dealing with the more complex practical 
configurations. This is exemplified by experiments on the flame response to acoustic 
modulations generated in the fresh mixture 

flame 

loudspeaker 

Blackshear (1953), De Soete (1964), Matsui (1981), Baillot& al (1992),Ducruix & al (2000)  

Flame transfer functions 
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Methane-air flame perturbed by upstream acoustic modulations  
φ = 0.95 

Steady conical flame Perturbed conical flame 

f =75 Hz 

S. Ducruix, D. Durox and S. Candel (2000) Proceedings of the Combustion Institute, 28, 765-773. 
Theoretical and experimental determinations of the transfer function of a laminar premixed flame.  

EM2C,CNRS,ECP 
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Φ  = 0.95, v0 = 0.96 m.s-1, ω* = 15!

Flame front motion 

Ducruix	et	al	(2000)	

α0

R

!⇤ =

!R

SL cos↵0
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Methane-air flame 

Cyclic flame motion  
during flame/flame  
interaction 

©Sebastien 
Candel, June 
2019 
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Many types of interactions have 
been identified by considering 
different flame geometries 

Conical flame V-flame Swirling flame 

M-flame Flame on a wall 
Lateral confinement effects on 
dynamics of inverted flames 

Cylindrical flame 

©Sebastien Candel, June 2015 

The G-equation and its perturbation 

G(x, t) = G0

The flame is described by a level set. One level corresponds to the flame position 

This expression may be differentiated with respect to time 

dG(x, t)

dt
=

@G

@t
+w ·rG = 0

Flame front 

Burnt  
products 

Fresh  
reactants 

G(x, t) = G0

n

Sdn

w

n = �rG/|rG|
The unit normal vector is directed towards the fresh stream 

w = v + Sdn

©Sebastien Candel, June 2019 
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Flame front 

Burnt  
products 

Fresh  
reactants 

G(x, t) = G0

n

Sdn

w

Using the previous expressions for the normal and the absolute flame velocity 
one obtains 

@G

@t
+ v ·rG = Sd|rG|

G = G0 +G1

This expression can now linearized by introducing small perturbations around 
the mean value 

v = v0 + v1

Sd = Sd0 + Sd1

©Sebastien Candel, June 2019 

|rG0 +rG1| = |rG0|+ n0 ·rG1

Retaining only terms up to first order one finds that  

@G1

@t
+ v0 ·rG0 + v1 ·rG0 + v0 ·rG1 =

(Sd0 + Sd1)(|rG0|+ n0 ·rG1)

(1) - Transport equation for the mean G0 field 

n0 = � rG

|rG|
v0 ·rG0 = Sd0|rG0|

Sd0 � v0 · n0 = 0

©Sebastien Candel, June 2019 
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(2) -Transport equation for the perturbed G1 field 

@G1

@t
+ v1 ·rG0 + v0 ·rG1 = Sd0n0 ·rG1 + Sd1|rG0|

@G1

@t
+ (v0 � Sd0n0) ·rG1 = �v1 ·rG0 + Sd1|rG0|

which may be rearranged in the form 

Making use of the result obtained at zero-th order one may write 

This is the velocity vector projected on the plane tangent to the flame 

v0 � Sd0n0 = v0 � (v0 · n0)n0 = v0t

@G1

@t
+ v0t ·rG1 = �v1 ·rG0 + Sd1|rG0|

©Sebastien Candel, June 2019 

Recalling that  Sd0 = v0 · n0

The right hand side of the previous equation may be written  
in the form  
 �v1 ·rG0 + Sd1|rG0| =

�
v1 �

Sd1

Sd0
v0

�
· n0|rG0|

@G1

@t
+ v0t ·rG1 =

�
v1 �

Sd1

Sd0
v0

�
· n0|rG0|

One obtains in this way the following equation 

Burning velocity and velocity perturbations generate disturbances of the flame 
position in the normal direction, which are then convected along the flame front 
by the component of the mean local flow velocity v0t parallel to the mean flame 
front.  

©Sebastien Candel, June 2019 
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Flame transfer function 
concepts 

Combustion!
u�/U Q̇�/Q̇

But the flame transfer function (FTF) only provides the linear growth rate in the 
analysis of instabilities,  

The flame response can be characterized!
in terms of a transfer function!

©Sebastien Candel, June 2015 
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Experiments carried out at a fixed mixture composition when the flame is 
submitted to harmonic flowrate modulations.  

Heat release rate 
fluctuations 

= 

flame surface area 
fluctuations 

Flame surface wrinkles produce heat release 
rate disturbances 

f = 75 Hz f = 150 Hz 

Methane/air 
Φ =0.95,  
u’/u~0.3,  
u~1 m/s 

©Sebastien Candel, June 2019 

Flowrate disturbances 

YCH4 

Vax 

Harmonic mixture composition oscillations are convected and 
wrinkle the flame (no acoustic forcing): 
(1)  Fluctuations in the burning rate 
(2)  Flame surface area disturbances 
(3)  Feedback on the flow field  

DNS of a V-flame submitted to mixture composition oscillations 
Mixture composition disturbances 

giving rise to large heat release rate nonlinear oscillations 

A.L. Birbaud, S. Ducruix, D . Durox and S. Candel (2008) Combustion and Flame. 154, 356-367. The nonlinear response of 
inverted « V »-flames submitted to equivalence ratio nonuniformities.  

©Sebastien Candel, June 2019 
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Fuel mass burning 
rate 
-  equivalence ratio  
-  stretch effects 

Flame surface area 
-  equivalence ratio 
-  velocity 

Flame surface area 
fluctuations 

= + 

Fuel heating value 
(J/kg) is constant 

Heat release rate 
fluctuations 

Mass burning rate 
fluctuations averaged over 
the flame surface area 

Volumetric heat release rate controlled by the fuel supply (only lean flames 
are considered) 

Heat release rate fluctuations ©Sebastien Candel, June 2019 
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