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Flame ResponsetoHarmonic
Disturbances
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Basic Problem
A Wave Equation:

2

Pi- ¢ P, =(9 1)q, a7

Combustor
Acoustic

Flame
Heat Release
Fluctuations Fluctuations

@) (p’,u’)

A How to relatey 6o variable9 |
u ,Gand etc., in order to solve
Flow
problem instabilities

A Focus of this talk Is on
sensitivity of heat release to
flow disturbances

A Key issugl combustion
response
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Response of Global Heat:Release to
Flow Perturbations
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e Analytical Tools

A Work within fast chemistryflameletapproximation
and use Gand Z equations to describe flame
dynamics
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Analytlcal Tools I Z Equation

A Key assumptions
I Le=1 assumption
I flame sheet at ZZ&, surface

DY i .
r —- b OD . W) W
Dt
D (YPr/(u +1)) . WP
r - D OD ., (&, /( uly) —=2—
Dt (v +1)

Add these species equations:

D(Y_ +Y +1
BLAZRA VICI0) S
Dt

F

Y+ /(v 1)W

I Imposed flow field
I Equal diffusivities

0



Georgla @ ollege off
@D[FD@@[FD[FD@

of Aerospace Engine

Analytical Tools I Z Equation

A Recall the definition of mixture fraction:

1
Z = YF + YPr
(v +1)
A Yields
DZ
: p oo » o NEEE)
Dt

K. BalasubramanigrR. Sujith, Combsciand tech 2008.
M. Tyagi, S.Chakravarthyand R.Sujith, CombTheornandModelling, 2007.
M. Juniper, L. Li, J. Nichols32nd Comlsymyp 2008. 8
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Premlxed Flame Sheets cEquation
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Flame fixed(Lagrangian coordinatesystem:

D —
G (xt =0 Product
Dt at the flame front G0
Coordinate fixedEuleriar) coordinatesystem: R%afga”t
/n
V. = u s, N
HG . Flame surface
—+v. 06 O s
H n= BG/| 85| s
uG  a- BG
— T oS
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G-equation for single valuediflame

front

Two-dimensional flame front

Position Is single valued function. , of the
coordinats Qg

Reactants
Defineand substitute (x, y. o1 x -x(y, 1

into GE leadsto: = Yl -

10
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G overning Equations
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A Left side: ’
I Same convection operator —+u OP = (D OZ)

i Wrinkles created on surface by M
fluctuations normal teso- G or
Z surfaces nG

A Right side:

I Non-premixed flame
diffusion operator, linear

I Premixed flamé flame
propagation, nonlinear

I Right side of both equations
becomes negligible in
Pe=uLb >>1orub>>1
limits
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“Governing Equations

A G-equation only physically
meaningful at the flame
surface, G=0 Yo Products

I Can make the substitution,

Reactants

G(x,y,zt)=x-x(y z1}

A Z-equation physically
meaningful everywhere

I Cannot make analogous
substitution

12
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Governing Equations

A Reflects fundamental
difference in problem
physics

APremixed flame
sheet only

Influenced by flow
velocity at flame

ANon-premixed
flame sheet
Influenced by flow
disturbances
everywhere

13
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Historical Context- Some Milestone
Studies

A Premixed Flames
I Markstein 1964
I Marble andCande) 1977
I Boyer andQuinard 1983
| Baillot, Bourehla andDurox, 1996
I Fleifil et al, 1996

A Non-premixed flames
| Peters, 1998
I Sujith, Chakravarthy2007

14
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Premixed Flame ‘Sheet
Dynhamics
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Excited Bluff Body Flames
(Mie Scattering)

s
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Amplitude of Forcing




Excited Swirl Flame
(OH PLIF)

17
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Excited Bluff Body Flames

(Line of sight luminosity)

38 m/s 127 m/s 170 m/s
644K 644K 866K

18
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Overlay of Instantaneous!Flame Edges

18 m/s 38 m/s 127 m/s 170 m/s
294K 644K 644K 866K
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Quantifying Flame Edge IResponse
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Spatial Behavior of Flame'Response

A Strong response at forcing
frequency

Non-monotonic spatial
dependence

Convective wavelength:

2= Uy/fo

- distancea disturbancepropagatesat mean
flow speedn oneexcitationperiod

21
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Flame Wrinkling: Characteristics

4

1. Low amplitudeflame fluctuation near
attachment point, with subsequent growth 33
downstream 3l

2. Peakin amplitude of fluctuation, 8L 9., |

3. Decayin amplitude of flame response
farther downstream

o 270 Hz, 2.5 m/s

Oty
%ﬁ © 340 Hz, 2.5 m/s
4. Approximatelylinearphasefrequency & lao3h, Mg ., * 400Hz 25ms
dependence "§ | __’_'l,_.._._._ _____ gl fﬂ& + 300 Hz, 4.5 m/s
- LT, S
e *
=27} *E*G*E,,.
*E;S:Eﬁ- |
-3mr | | *** .
0 0.5 1 1.5
(x-x,) /A,
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Typical ResultsT Other Flames

50 m/s, 644K 1.8m/s, 150hz
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AMagnitude can oscillate with downstream distance
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Analysis of Flame ! Dynamices

1. Wrinkle convection and flame
relaxation processes

2. Excitation of wrinkles
3. Interference processes
4. Destruction of wrinkles

24
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Level SetEquationfor Flame!Position

y"t S, -n(x,f) Flame

Position

X
L L : an
G-equation: — + Gu,— -v, o =S.,1
pt ¢ K : oH

25
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Analysis of Flame ! Dynamices

1. Wrinkle convection and flame
relaxation processes

2. Excitation of wrinkles
3. Interference processes
4. Destruction of wrinkles

26
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Wrinkle Convection

Model problem: Steghange in axial velocity over the entire domain
from u, to u,, both of which excees;

Time =-2.0

27
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Wrinkle Convection

o

AFl ame relaxation process consi
the flame in the flow direction.

R. Blumenthal, P. Subramanian, $ujith, andW. Polifke, Comb and Flame2013. 28
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Harmonically Oscillating Bluff' Body

Petersen and EmmonEhe Physics of Fluids Vo. 4, NqQ.1061.

29
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Phase(Characteristics of Flame Wrinkle

Convection speed of

/ Flame wrinkle U
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D. Shinet al, Journal of Power and Propulsig2011.

K. Kashinath S.HemchandraM. JuniperComb and Flame2013. 0
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Harmonically Oscillating Bluff' Body

A Linearized, constant burning
velocity formulation:

I Excite flame wrinkle with
spatially constant amplitude

I Phase: linearly varies .

0.8}

0.6r

Eg)l e

0 1 2 3 4
Downstream distance . x/A

A Wrinkle convection is .
controlling process responsil&ﬂlej
for low pass filter character of
global flame response “
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Analysis of Flame ! Dynamices

1. Wrinkle convection and flame
relaxation processes

2. Excitation of wrinkles
3. Interference processes
4. Destruction of wrinkles

32
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Excitation of Wrinkles on Anchored Flames

uLi(x,t) 1 xpuj [ X S Xi 1
= Fl (qut - '
X u, X \ u. 7 u,

-~ e—

A Linearized solution of G
Equation, assume anchored flame

A Wrinkle convection can be seen
from delay term

33
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Excitation of Flame Wrinkles i
Spatially Uniform Disturbance Field

e RN
uLi(x,t) 1 xpuuy X - Xi l/l ) x
=0 (Xi,t - ) dx M ulfx 02 t =)
X u, X u, \ut ’ut//

~
N~ -

—_— o ==

A Wave generated at attachment point
(x=0), convectdownstream

A If excitation velocity is spatially
uniform, flame response exclusively
controlled by flame anchoring
Nboundary conditi o

T Kinetic /diffusive/heat loss effects,

though not explicitly shown here, are
very important!
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