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| -Microphone Method
2-Microphone Method
Multi-Microphone Method
Model-Based Regression

Thermoacoustic Inverse Problem
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use a phasor to _—

represent oscillations
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y(t) = yoexp(iwt)
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use a phasor to represent wave propagation

3(y) v(x, t) = yoexp(iwt — kx)
’ R(y)
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Why does light travel in straight lines?
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Refraction and Fermat’s principle
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Characteristic waves in acoustics

Wave traveling in +x direction:

f(x, t) = foexp(iwt — ki X)

Wave traveling in -x direction:

g(x, t) =goexpliwt + k_x)

p/

— =f+g

PC
acoustic velocity:

u'=f-g
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and velocity Iin a standing wave
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“Riemann twist & jump”

Consider a duct of length L with area change at position a.
Do the eigenfrequencies change with AJ/Aq4 and a!?
If so, how!?

d
> > at a:
P’u —_ P’d
Au u’u — Ad U’d
< >
L
Im I
! L
— a - :
g f ne Consider how f, g “twist” along x,

and how they “jump”at a
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“Riemann twist & jump”

at a:
y o )

PU_PCI A
Au u’u =Ad u’d Im
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“Riemann twist & jump”

at a:
y o )

PU_PCI A
Au u’u =Ad u’d Im

Ud Uy

gd fq
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Microphone jacket
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Semi-=-infinite tube

W. Polifke - TANGO Workshop IITM, Feb 2014 | 4



Fachgebiet Thermodynamik, Technische Universitat Minchen _

Two-mic method

Impedance £
Refl. Coeff. r

foky g, k-

w/C

With wave number ki+ =

fi =fi <I>fj 9j=9i%;,

(Pz)z( L 1_)(fz) (fi)= 1 (‘I’J —1)([?[)
p; & & gi )’ gi . — &} -&; 1 pj )’

Ok H[je_ik"'(xi_xk) —_ e_ik+(xj_xl<) pj

r(xg)=— = : : , with transfer function H; = —.
) = = 0 — et G SETEREen =y

and phase propagator <I>3F = eFke(Xj—x1)
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... ShOw that:

Xi/_/ X;j /_/
f ke g, k_ Impedance £
g = Refl. Coeff. r
w/C
with k = and s=x; —Xx; :
1 — M2
> Pi 1+ isin(ks)
l' — —

pCU; - oc(l—r) cos(ks)— Hje kMs

ri = .
e—lk+5 — Hl_[
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Reflection factor of open end
Flohr, Schmid @ ABB 1996
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Comments on 2MM
Proceed with caution!
calibrate and “switch” the microphones
get pressures pjas cross-correlations pix with excitation

determine microphone position from acoustics

Problems:
pressure node @ microphone i — ill-conditioned Hj
no check for self-consistency

how to integrate additional data !
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Multi-Microphone Method

Zinn et al, 70’s, J. Seung-Ho, 1988, Peters et al, 1993
/_/ P

Impedance Z
Refl. Coeff. r

Find values fg, go at a reference location xg such that
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Reflection factor of open end
Flohr, Schmid @ ABB 1996

| — 2MM @ (3,4)
05— || oMM @ (2,3)
{- - L&S, 8/a =0.570
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get pressure p; as cross-correlations pix with excitation signal”

Comments on MMM

more microphones are better
use test rig with low reflection coefficients !
extend MMM to determine speed of sound / temperature®

extend MMM to determine model parameters

X Prof. Tangirala, tomorrow

* Peters et al, JFM, 1993
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Measurement of scattering / transfer matrix
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Transfer matrix of premix burner
Polifke & Paschereit, 1998
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Transfer function of premix burner
Schuermans et al, 2004

Primary fuel Secondary Water cooled Downstream
supply l Upstream fuel fupp|y /mlcrophones \ : :S|ren it
Preheater [] siren unit T
I —>
L Plenum == Combustion
Bypass valve | |_chamber Flexible acoustic
Cx - X boundary condition

Flame transfer matrix of compact flame:

B pece (2 —1) M, (1 +{E(@))
B S VA B A
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Transfer function of premix burner

Reddy et al, l)]SCD, 2010

: Water cooled Downstream
Primary fuel Secondary microphones siren unit
supply Upstream fuel lsupply / \ ﬁ

Preheater [] siren unit

»

Bypass valve

Plenum

Model based regression:
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k=1

W. Polifke - TANGO Workshop IITM, Feb 2014

flame parameters

25



Fachgebiet Thermodynamik, Technische Universitat Minchen ‘

The thermoacoustic inverse problem
Ramachandra and Strahle, 1993, Lieuwen et al, 1999, Subrahmanyam et al, 2003, Kaltenbach & Polifke, 2010

Distribution of Heat Release Rate

Combustible v
Mixture
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Conclusions

Microphones can measure
pressure
frequency
velocity

impedance, admittance, model coefficients

heat release distribution

Acoustic measurements require care and attention to detail

Good experimentation requires understanding & modelling

Read good books written by smart people
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