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New Textbook 
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Flame Response to Harmonic 

Disturbances  

 

ÅCombustion instabilities 

manifest themselves as 

narrowband oscillations at 

natural acoustic modes of 

combustion chamber 
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Basic Problem 
ÅWave Equation: 

Á  

 

ÅKey issue ï combustion 

response 

ÁHow to relate qô to variables pô, 

uô, and etc., in order to solve 

problem 

ÁFocus of this talk is on 

sensitivity of heat release to 

flow disturbances 
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Flow 

Instabilities 
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Response of Global Heat Release to 

Flow Perturbations 

  What factors affect   

  slope of this curve (gain 

  relationship) ? 
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  Why does this saturate? 

  Why at this amplitude? 
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Analytical Tools 

ÅWork within fast chemistry, flamelet approximation 

and use G- and Z- equations to describe flame 

dynamics 
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Analytical Tools ï Z Equation  

ÅKey assumptions 

ïLe=1 assumption 

ïflame sheet at Z=Zst surface 
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ïImposed flow field 

ïEqual diffusivities 
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Analytical Tools ï Z Equation 
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K. Balasubramanian, R. Sujith, Comb sci and tech, 2008. 
 
M. Tyagi, S. Chakravarthy, and R. Sujith, CombTheory and Modelling, 2007. 
 
M. Juniper, L. Li, J. Nichols, 32nd Comb Symp, 2008. 

ÅRecall the definition of mixture fraction: 
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Premixed Flame Sheets: G-Equation 

 

Product

G>0

Reactant

G<0

Flame surface

G=0

n

n

n

n

. 

( )
 

, 0
a t th e f la m e f r o n t

D
G x t

D t
=

0
F

G
v G

t

µ
+ ÖÐ =

µ

dF
v u s n= -

/ | |n G G= Ð Ð

Flame fixed (Lagrangian) coordinate system:  

Coordinate fixed (Eulerian) coordinate system: 
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G-equation for single valued flame 

front  
Two-dimensional flame front 

 

 

Position is single valued function, x , of the 

coordinatey  

 

 

Define and substitute ( , , ) ( , )G x y t x y tx¹ -   
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Governing Equations 
 

ÅLeft side: 
ïSame convection operator 

ïWrinkles created on surface by 
fluctuations normal to iso- G or 
Z surfaces 

 

ÅRight side: 
ïNon-premixed flame ï 

diffusion operator, linear 

ïPremixed flame ï flame 
propagation, nonlinear 

ïRight side of both equations 
becomes  negligible in           
Pe = uL/      >>1 or u/sd>>1 
limits 
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Governing Equations 

ÅG-equation only physically 

meaningful at the flame 

surface, G=0 

ïCan make the substitution,  

 

 

ÅZ-equation physically                      

meaningful everywhere 

ïCannot make analogous                    

substitution 
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Governing Equations 

ÅReflects fundamental 

difference in problem 

physics 

ÅPremixed flame 

sheet only 

influenced by flow 

velocity at flame 

ÅNon-premixed 

flame sheet 

influenced by flow 

disturbances 

everywhere 
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Historical Context- Some Milestone 

Studies 

ÅPremixed Flames 

ïMarkstein, 1964 

ïMarble and Candel, 1977 

ïBoyer and Quinard, 1983 

ïBaillot, Bourehla, and Durox, 1996 

ïFleifil  et al, 1996 

 

ÅNon-premixed flames 

ïPeters, 1998 

ïSujith, Chakravarthy, 2007 
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Premixed Flame Sheet 

Dynamics 
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Increased  

Amplitude of Forcing 

Excited Bluff Body Flames 
(Mie Scattering) 
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Excited Swirl Flame  
(OH PLIF)  
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18 m/s 

294K 

38 m/s 

644K 

127 m/s 

644K 

170 m/s 

866K 

Excited Bluff Body Flames 
(Line of sight luminosity) 
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Overlay of Instantaneous Flame Edges 

18 m/s 

294K 

38 m/s 

644K 

127 m/s 

644K 

170 m/s 

866K 
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Time  

Series 

Power  

Spectrum 

Lô(x, f0) 

Quantifying Flame Edge Response 
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Convective wavelength: 
 

ɚc= U0/f0 

 

- distance a disturbance propagates at mean 

flow speed in one excitation period 

Spatial Behavior of Flame Response 

Å Strong response at forcing 
frequency 

Non-monotonic spatial 
dependence 
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1. Low amplitude flame fluctuation near 
attachment point, with subsequent growth 
downstream  

 

2. Peak in amplitude of fluctuation, Lô=Lôpeak 

 

3. Decay in amplitude of flame response 
farther downstream 

 

4. Approximately linear phase-frequency 
dependence 

 

Flame Wrinkling Characteristics 
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Typical Results ï Other Flames 

1.8m/s, 150hz 

Å Magnitude can oscillate with downstream distance 

50 m/s, 644K 
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Analysis of Flame Dynamics 

1. Wrinkle convection and flame 

relaxation processes 

2. Excitation of wrinkles 

3. Interference processes 

4. Destruction of wrinkles 
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G-equation :  
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Level Set Equation for Flame Position 
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Analysis of Flame Dynamics 

1. Wrinkle convection and flame 

relaxation processes 

2. Excitation of wrinkles 

3. Interference processes 

4. Destruction of wrinkles 
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Wrinkle Convection 
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Model problem: Step change in axial velocity over the entire domain 

from ua to ub, both of which exceed sd: 
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Wrinkle Convection 

t1 t3t2

Å  Flame relaxation process consists of a ñwaveò that propagates along 

the flame in the flow direction.   

Flame 
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28 R. Blumenthal, P. Subramanian, R. Sujith, and W. Polifke, Comb and Flame, 2013.  
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Harmonically Oscillating Bluff Body  

29 Petersen and Emmons, The Physics of Fluids Vo. 4, No. 4, 1961.  

u0 

sL 

ut ut 

uc,f 
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Phase Characteristics of Flame Wrinkle 

Convection speed of 

Flame wrinkle, uc,f 

Disturbance Velocity, uc,v 

D. Shin et al., Journal of Power and Propulsion, 2011. 

K. Kashinath, S. Hemchandra, M. Juniper, Comb and Flame, 2013. 

Mean flow velocity, u0 
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Harmonically Oscillating Bluff Body  

ÅLinearized, constant  burning 

velocity formulation: 

ïExcite flame wrinkle with 

spatially constant amplitude 

ïPhase: linearly varies 

 

ÅWrinkle convection is 

controlling process responsible 

for low pass filter character of 

global flame response 

 u0 
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Analysis of Flame Dynamics 

1. Wrinkle convection and flame 

relaxation processes 

2. Excitation of wrinkles 

3. Interference processes 

4. Destruction of wrinkles 
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q 

Excitation of Wrinkles on Anchored Flames 

ÅLinearized solution of G 

Equation, assume anchored flame 

 

ÅWrinkle convection can be seen 

from delay term 
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Excitation of Flame Wrinkles ï 

Spatially Uniform Disturbance Field 

ÅWave generated at attachment point 

(x=0), convects downstream 

Å If excitation velocity is spatially 

uniform, flame response exclusively 

controlled by flame anchoring 

ñboundary conditionò 

ïKinetic /diffusive/heat loss effects, 

though not explicitly shown here, are 

very important! 
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