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Thermoacoustic instabilities are a major challenge
for combustion technology
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The established paradigm of thermoacoustic instability:

Unsteady flame heat release drives one of the acoustic cavity modes
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A fluctuating flame is a monopole source of sound = combustion noise or Instability

Flame heat release rate responds to fluctuations of velocity with a time lag

Q(t) «ult—1)

Self-excited thermo-acoustic instability may result if phases p’ < Q’ < u’ are favorable
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The and the describe how

flame heat release Q’ responds to velocity u’

Time Domain | Frequency Domain
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The transfer matrix 'f' of burner & flame links the flame transfer function & to
up- and downstream acoustic variables u’, p’
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The transfer matrix 'f' of burner & flame links the flame transfer function & to
up- and downstream acoustic variables u’, p’
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The scattering matrix S provides an alternative description in terms of
reflection and transmission coefficients for the characteristic wave f, g

(F)=(2n 22) (%)
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reflection and transmission coefficients for the characteristic wave f, g
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Scattering matrix and instability potentiality of a premixed swirl burner show

iInexplicable peaks
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Scattering matrix and instability potentiality of a premixed swirl burner show

iInexplicable peaks
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Consequences of intrinsic thermoacoustic feedback

for combustion dynamics and combustion noise

Peaks In scattering matrix and instability potentiality

Thermoacoustic instability in anechoic system
ITA modes and resonances In real-world combustors

Anomalous behavior of ITA modes

Characteristic features of ITA modes . F(w)

Exceptional points and clusters -
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Acoustic waves impinging upon the flame are transmitted /[ reflected
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Acoustic waves impinging upon the flame are transmitted /[ reflected

g <«—C s, C T4y gd
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Unsteady heat release Q’ contributes to the outgoing acoustic waves

gy <«—C s, C Ty gd
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The flame heat release Q’ is perturbed by upstream velocity u,’

R e s, C Tqu gd
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The upstream velocity u,’ is controlled by the upstream acoustics f,, gu

gu C —I_

TI.ITI Bomberg et al, PROC|_|_2015 14



Acoustic waves generated by unsteady heat release Q’ perturb the
velocity u,’ upstream of the flame = intrinsic thermoacoustic feedback
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Analogy: electro-acoustic feedback
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Analogy: electro-acoustic feedback
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The peaks In S and the Instability potentiality result from resonance with
the ITA feedback loop

TI.ITI Bombel, c. w, . .
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»Preventing thermo-acoustic instabilities by breaking the feedback loop”
— does not work !?
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»Preventing thermo-acoustic instabilities by breaking the feedback loop”
— does not work !?

Intrinsic mode Is unstable If the
Interaction index n Is supercritical,
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Acoustic waves upstream (inlet) Acoustic waves downstream (outlet)

2 2
N/

0 W, 0

2 -2 -

Silva & Poliftke, CNF, 2015




Consequences of intrinsic thermoacoustic feedback

for combustion dynamics and combustion noise

Peaks In scattering matrix and instability potentiality

Thermoacoustic instability in anechoic system

ITA modes and resonances In real-world combustors

Anomalous behavior of ITA modes

Characteristic features of ITA modes . F(w)

Exceptional points and clusters -

TI.ITI W. Polifke | Intrinsic thermoacoustic feedback | POLKA 4th Progress Meeting | April 2022 21



ITA feedback is important also if reflection coefficients are non-zero !
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Re-arrange system matrix to segregate the network model into

acoustic and ITA sub-systems, which may then be
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Re-arrange system matrix to segregate the network model into
and ITA sub-systems, which may then be
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Variation of the coupling coefficient 1 : 1 — O associates a thermoacoustic

mode with cavity acoustics or the ITA feedback loop
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Anomalous behaviour of the dominant ITA mode:

with decreasing reflection at the exit, Rx =-1 - 0 its growth rate increases
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One-way coupling between source and combustor acoustics

yields a resonance peak at 400 Hz - the quarter wave mode of the combustor
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With two-way coupling, we recover also the low-frequency peak, and identify it

as resonance of the noise source term with the ITA feedback loop
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Again, the ITA resonance peak shows non-intuitive response to variation in the

exit reflection coefficient

|IRx| increases
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For constant equivalence ratio, temperature, speed of sound the
ITA peak frequency increases with flow speed -
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—— 50kW  18.8 M/,
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Convective scaling helped to identify a low frequency ,,bulk mode”

In a spray flame combustor as an ITA mode
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ITA modes seem to , interplay” with acoustic modes and change identity
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Phasor analysis reveals the nature (ITAlacoustic) of
marginally stable modes In an ideal resonator

o Acoustic mode
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Animations help to interpret phasor diagrams of cavity and ITA modes

Cavity modes sloshes back and forth across the heat source
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With variation of flame parameters n, 7

ITA modes and cavity modes interact at
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The annular MICCA combustor exhibits acustic and
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Summary & Conclusions

The complete set of thermoacoustic eigenmodes comprises cavity and ITA modes

ITA modes are characterized by a flip in u”and V p’ across the flame

ITA modes exhibit anomalous behaviour
ITA feedback explain paradoxical observations

TA analysis
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ITA feedback is important for instability / noise of open flames:

Plate 4 has high viscous losses; unstable only at ITA frequency ~ 500 Hz
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Dowling and Stow (JPP, 2003) observed in a low-order model of a gas turbine

modes ,,assocliated with flame model”

1/4 wave @ 30 Hz
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