Proceedings of GT2007

ASME Turbo Expo 2007: Power for Land, Sea, and Air

May 14-17, 2007, Montréal, Québec, Canada

GT2007-27238 D-R-A-F-T

SCATTERING AND GENERATION OF ACOUSTIC ENERGY
BY A PREMIX SWIRL BURNER

Alexander Gentemann
ASKON Consulting Gmbh
D-80333 Miinchen
Germany

ABSTRACT

The scattering and generation of acoustic energy by a pre-
mix swirl burner is scrutinized. The analysis is formulated in
terms of the scattering matrix of the burner, determined by a
combination of computational fluid dynamics and system iden-
tification as well as experiment supplemented with simple ana-
lytical models for flame frequency response and burner transfer
matrix.

Remarkably, it is found that in a narrow range of frequen-
cies, incoming acoustic waves are amplified strongly by the un-
steady heat release, i.e. acoustic energy is generated. Although
the computational and experimental data were obtained for one
specific swirl burner design, the analysis suggests that such be-
havior should be common for many burner designs. Conse-
quences for thermo-acoustic stability as well as burner and com-
bustor design strategies are discussed.

INTRODUCTION

In recent years, more stringent NO,-emission regulations
have been a driving force for gas turbine development, leading
to the wide-spread introduction of the lean premix combustion
technology. Operational experience has shown that lean premix
combustion is susceptible to self-excited thermo-acoustic insta-
bilities, leading to limited operability or even structural damage.
Clearly, combustion oscillations need to be considered and if
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possible eliminated early in the design process, and not during
commissioning.

Interactions between acoustics and heat release are often de-
scribed in terms of a flame frequency response F(®)
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where Q’ are fluctuations of the overall rate of heat release, and
up is the flow velocity a the burner mouth, say. More gen-
eral!, the burner transfer matrix T relates fluctuation amplitudes
of pressure p’(®) and velocity u’(®) upstream (subscript u) and
downstream (subscript d) of the burner
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In the limit of plane-wave linear acoustics, the transfer matrix
T provides a complete description of the acoustic behavior of a
flame or a burner (generally speaking, of an “acoustic element”
or “multi-port”). By combining individual transfer matrices, so-
called network models are obtained [1]. This computationally
efficient "low-order” method has been successfully adapted to

''Under certain conditions, it is possible to deduce the transfer matrix of a
flame from its frequency response F (see below).
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the study of self-excited combustion instabilities by many re-
searchers, e.g. [2-5].

Unfortunately, knowledge of the frequency response F ()
or the transfer matrixT () of a burner are in general not sufficient
to assess the stability properties of a combustor. In addition the
impedance Z(®) = p’/u’ at the location of heat release must be
known, which depends on the acoustic wave field — and therefore
also on the acoustic boundary conditions — of the combustion
system. Once the impedance is known, the Rayleigh index

RI = 7{ PO dt 3)

can be determined. The famous Rayleigh criterion then states
that self-excited instability may occur if RI > 0, because in that
case the phase-correlated fluctuations of pressure and heat re-
lease feed energy into the oscillation. A positive Rayleigh in-
dex does not mean that instability must occur, because losses of
acoustic energy (e.g. at the system boundaries) may outweigh
the generation at the flame.

Although the Rayleigh criterion is ubiquitous in the litera-
ture on combustion instabilities, it is very rarely evaluated ex-
plicitely in stability analysis, with the recent exceptions of pub-
lications by Nicoud et al. and Ibrahim et al. [6,7]. The authors
propose to assess system stability by evaluating the sources and
sinks of acoustic energy and then balancing them against each
other.

In this context it is obviously of interest to scrutinize the
scattering of acoustic energy at a burner. This is the topic of the
present paper: Starting from the transfer matrix T or the flame
frequency response F, amplification factors II for acoustic en-
ergy are introduced. Given an acoustic wave impinging on the
burnern, an amplification factor IT > 1 indicates that the acous-
tic energy flux of outgoing waves — be it reflected or transmitted
components — is larger then the ingoing energy flux, i.e. acous-
tic energy is generated by the interaction of acoustics and heat
release. Analyzing experimental and numerical data for a pre-
mix swirl burner, amplification factors IT much larger than unity
are found in a narrow range of frequencies. Consequences for
thermo-acoustic stability as well as burner and combustor design
strategies are discussed.

SCATTERING MATRIX
Mathematically equivalent to Eq. (2) is a formulation which
makes use of characteristic wave amplitudes
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travelling in the downstream and the upstream direction, respec-
tively, and a scattering matrix S(®) such that across an acoustic

element
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The characteristic wave amplitudes (f,, g4) on the r.h.s of this
equation represent the waves incident on the multi-port, while
(fa, gu) on the Lh.s. represent emitted waves. The coefficients
of the scattering matrix may be identified as transmission and
reflection coefficients 7 and R of the waves f, and g; incident
from the up- and the downstream direction, respectively:

(T Ry
S(Rqu>. (6)

Transfer and scattering matrix can be converted into each
other by linear algebraic operations, e.g.

S11 =2(T11 Ty —T2T21)/Q (N
Si2 = (T11 —Ti2+ Ty —Ty)/Q (®)
S21 = (=T11 —T12+Ta +Tn)/Q )
Sy = Z/Q, (10)
with Q=T —Tip—Ty + Ty, (11)

and similarly for the conversion from S to T.

Determination of Scattering Matrices from CFD and
System Identification

For simple geometries, transfer matrices (and equivalently
scattering matrices) may be derived from the (linearized) equa-
tions of conservation of mass and momentum and suitable addi-
tional assumptions [2,4,5, 8]. However, in general the determi-
nation of the matrix coefficients from first principles is not possi-
ble, and one has to resort to experiment or numerical simulation.
Experience has shown that the former requires very careful ex-
perimental work — especially in the presence of turbulent flow
or combustion — sophisticated post-processing of large amounts
of raw data, and long test runs, if the transfer matrix is to be
recorded accurately over a range of frequencies [9, 10].

It therefore appears attractive to determine the transfer ma-
trix of an acoustic element from numerical simulation. The idea
is to carry out a time-dependent computational fluid dynamics
(CFD) simulation of the compressible flow through the multi-
port and reconstruct or identify the matrix coefficients from the
time series data generated in this manner. System behavior — and
in particular system stability — is investigated again with the net-
work model, making use of a combination of transfer matrices
obtained from first principles as well as experiment or simula-
tion..
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Figure 1. SCHEMATIC OF CFD/SI SETUP FOR IDENTIFICA-
TION OF TRANSFER MATRIX OF A PREMIX SWIRL BURNER
AS WELL AS FREQUENCY RESPONSE OF FLAME. PRES-
SURE AND VELOCITY ARE EXPORTED AT SAMPLING PLANES
UPSTREAM (1) AND DOWNSTREAM (d) OF THE BURNER AS
WELL AS AT THE BURNER MOUTH (B). OVERALL RATE OF
HEAT RELEASE Q(t) IS OBTAINED AS A VOLUME INTEGRAL
OVER HEAT RELEASE DENSITY.

This approach has been developed by Polifke et al. [11-14],
inspired by earlier work on the determination of flame frequency
responses from CFD [3, 15-17]. The procedure, which we shall
refer to as CFD/SI in the following, combines instationary CFD
simulation with correlation analysis, as it is known from system
identification (SI): A CFD simulation with broad-band excitation
of flow variables at the boundaries of the computational domain
generates time series of fluctuating pressure p(¢) and velocity
u(t) at sampling planes located up- and downstream of the ele-
ment to be identified (a swirl burner in the case at hand, c.f. Fig.
1). From the time series obtained, the auto-correlation matrix
I' of incoming acoustic signals f, and g4 as well as the cross-
correlation vector ¢ of incoming and outgoing acoustic signals
are estimated. Inversion of the Wiener-Hopf equation

Ih=¢, (12)

yields unit impulse response vectors h, which are then
z—transformed to yield the coefficients of the scattering matrix.
The procedure is explained in detail in [11, 14, 18]. Until now,
the transfer matrix of the heat source in a Rijke tube [11], of a
straight duct [18], of a sudden change of cross-sectional area in
a duct [12] and of an industrial premix swirl burner [10] have
been determined with CFD/SI and successfully validated against
theory, experiment or finite element calculations.

Note that it is also possible to identify the flame frequency
response F () of a premix flame with CFD/SI. For system iden-
tification, the flame is considered as a SISO (single-input, single-
output) element, with the velocity up at the burner mouth as input
and the overall rate of heat Q released by the flame as output sig-
nal, respectively, see [19]. It follows that both the scattering (or
transfer) matrix of the burner as well as the frequency response
function of the flame can be obtained from one single CFD run.
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Figure 2. INCOMING WAVE AMPLITUDE f,, TRANSMITTED
AND REFLECTED SIGNALS f; AND g,,.

Scattering of Acoustic Energy
For vanishing mean flow Mach number, the acoustic power

e (flux of acoustic energy) in a duct of cross sectional area A can
be defined as [20]

e=p u'A=pc(f* —g*)A. (Units: [W]). (13)

Based on an acoustic energy balance between incoming and
outgoing acoustic wave amplitudes, an amplification factor ITg,
can be computed for a wave f; traveling towards an acoustic
multi-port from upstream, see Fig. 2. Making use of the scat-
tering matrix Egs. (5) and (6), one obtains

pcA|f*|,+ pcAlg| 1 o >
Iy, = L) =—=ISul"+ 825, (14)
! ( peAlfP, ok

where the area ratio oo = A,/A; and the ratio of specific
impedances & = pc|,/pclq.

Similarly, for a wave g; incident on the multi-port from
downstream, the energy balance leads to

Hgd = |S12|2+05§|522‘2- (15)

For an active element like an unsteady heat source, the amplifi-
cation factor IT Iy, need not be less than unity, i.e. incoming
acoustic waves can be amplified such that the emitted acoustic
power exceeds the incoming power.

RESULTS FOR A PREMIX SWIRL BURNER

The T'D; burner is a versatile premix burner with a tangen-
tial swirl generator followed by a convergent nozzle and a central
lance, see Fig. 1. The length of the inlet slits of the swirl gen-
erator can be changed, thus modifying the swirl number of the
flow at the burner outlet. Fuel is injected upstream of a choked
cross-section to ensure perfectly premixed conditions.
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Figure 3. GAIN (LEFT) AND PHASE (RIGHT) OF FLAME FRE-
QUENCY FUNCTION. EXPERIMENT (-), ANALYTICAL MODEL
(—), CFD/SI (= -).

Flame frequency response

Using a CTA probe to measure the velocity up at the burner
mouth and a photomultiplier to measure the intensity of OH-
chemiluminescence — which is a good measure of heat release
rate Q for a perfectly premixed flame — the flame frequency re-
sponse was determined experimentally by Fischer [21]. Results
are shown in Fig. 3. The configuration / operating conditions in-
vestigated are: thermal power 60 kW, equivalence ratio ¢ = 0.75,
swirl number S ~ 0.73, nozzle diameter 40 mm and swirler slit
length 16 mm (hence "TD4016”).

The flame frequency response measured by Fischer [21] can
be fitted with good accuracy to the following functional form
(which will prove useful in the following):

m2c5% oo

F(®) = (1+a)e 12 —ge 022" (16)

Such a formulation with two time-delays and dispersion has been
proposed, e.g., in [10,22,23]. Using a non-linear fitting rou-
tine, the following parameter values have been determined to
give good agreement with the experimental data of Fischer [21]:
a=0.827,71 =3.17ms,6; =0.863 ms, T, = 12.4 ms, 6, =2.70
ms, see Fig. 3.

Gentemann et al. have determined the flame frequency re-
sponse of the 7D burner with CFD/SI, using a 2-D axisymmet-
ric, compressible URANS formulation to model the turbulent re-
acting flow [19]. A Reynolds-Stress turbulence model, the TFC
combustion model of Zimont et al. [24] and the swirl generator
model of Kiesewetter et al. [25] have been used. Further details
on the computational setup, in particular the scheme for white-
noise perturbation of velocity at the inlet and pressure at the out-
let of the computational domain are reported in [19].

Comparing the flame frequency response determined in ex-
periment and with CFD/SI, respectively, good quantitative agree-

ment for the phase is found up to 200 Hz, see Fig. 3. How-
ever, only rough qualitative agreement at frequencies is observed
for the gain in this frequency range. It was found that the re-
sults of CFD/SI are rather sensitive to parameters of the CFD
model, e.g. the thermal wall boundary condition imposed, or the
critical strain g.,, which is an important parameter of the TFC
model. For the calculations reported here, g., = 8500 1/s and a
combustor wall temperature Ty = 300 K was used. Changing
to an adiabatic thermal boundary condition, much better agree-
ment between experiment and CFD/SI was achieved (see Fig. 7
in [19]). Gentemann et al. also found that the computed spatial
distribution of mean heat release is not in good agreement with
the corresponding experimental results. It was concluded that a
validated computational model for the 7 D1-burner is required to
achieve quantitative agreement also for the gain of the frequency
response and for higher frequencies.

Fortunately, it turns out that the main results and conclusions
of the present study to not depend in a sensitive manner on details
of the flame frequency response. Therefore we proceed on the
basis of the computational results of Gentemann et al.

Scattering Matrix

In the following, results for the scattering matrix of the 7D,
premix swirl burner (with combustion) are presented and dis-
cussed, see Fig. 4. It is remarkable that all four coefficients of
the scattering matrix exhibit a significant peak in absolute mag-
nitude at frequencies near 150 Hz. Before this feature is analyzed
in more detail, it should be ruled out that it is due to an error in
post-processing CFD or experimental data, or due to the short-
comings of the combustion model as discussed above. Therefore,
it is shown that CFD/SI as well as experimental data (combined
with analytical estimates for the frequency response and/or the
transfer matrix of a compact burner) all give qualitatively similar
results. One may conclude that the observed feature is indeed not
a artifact of measurement or modelling.

...from CFD/SI Post-processing time series p(f) and
u(t) at sampling planes u and d (see Fig. 1) rather than ug(t)
and Q(t)), the scattering matrix S of burner & flame can be iden-
tified from the same CFD run that was used to identify the flame
frequency response F(f). Gain and Phase of the four coefficients
Sij(f) are shown as continuous lines in Fig. 4.

...from experiment Using the approach proposed by
Paschereit and Polifke [9], the “cold” transfer matrix of the
T D;-burner (without combustion) was determined from multi-
microphone measurements with the two-source method by Fis-
cher [21]. Unfortunately, attempts to directly measure also the
“hot” transfer matrix of burner & flame (i.e. with combustion)
did not yield results of satisfactory quality. However, from a
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Figure 4. SCATTERING MATRIX OF BURNER & FLAME. CFD/SI (= —), EXPERIMENT (0), ANALYTICAL MODEL (—).

measured frequency response F(®), one can deduce a flame
transfer matrix

E.v 76(1+F)Mh

Tr = (—yeMc 14+0F(f) ) ! a7

provided that the flame is acoustically compact, and that the di-
rect response of the heat release rate Q to pressure perturbations
p’ is negligible. Here 6 = T;,/T, — 1 with temperatures T, = 300
K on the cold side and 7}, = 1523 K on the hot side of the flame,
M denotes the Mach number and 7y is the ratio of specific heats
cp/cy. Equation (17) is obtained by linearizing the Rankine-
Hugoniot relations across a thin zone of heat release [26], a de-
tailed derivation of this relation is given, e.g., in [5, 8].

The ”hot” transfer matrix of burner & flame is computed as
the matrix product of the measured cold transfer matrix of the
burner Tp with that of the flame according to Eq. (17),

TB&F:TFXTB. (18)

The coefficients of the scattering matrix follow from Eq. (5) and
are plotted in Fig. 4 (o symbols).

An analytical model It has been suggested that a premix
swirl burner (without combustion) may be modelled as a compact
acoustic element, characterized by a virtual length [, a reduced
length I, a loss coefficient { and an area ratio o [8,9]. The
reduced length [, is often much smaller than the virtual length
I+ and can be neglected. At small Mach numbers, the losses are
also negligible, the following expression should then serve as an
analytical estimate for the ”cold” burner transfer matrix (without

combustion):

Ty ~ (1 ’kleff> (19)

0o

with wave number k = 21t /c. This “cold” burner transfer ma-
trix can again be matrix-multiplied with a transfer matrix for the
flame based on the analytical estimate (16) for the flame fre-
quency response. The resulting scattering matrix coefficients
are also plotted in Fig. 4. Model parameters are: 7, = 300 K,
T; = 1523 K, area ratio o = 3.4 effective length /.; = 1.8 m. The
last parameter was adjusted to provide best agreement with ex-
perimental results for the ”cold” burner transfer matrix. Given
the simplicity of the model, the agreement is surprisingly good.

To conclude, CFD/SI, experiment (combined with the lin-
earized Rankine-Hugoniot relations for a compact flame) as well
as a simple analytical model all give very similar results for the
scattering matrix of the premix swirl burner investigated. One
may conclude that the remarkable peaks in the absolute magni-
tude of all four coefficients |S;;| near 150 Hz are not due to an
error in the system identification process, or caused by inade-
quacies of the CFD model or the experimental procedure. In the
following, we shall elaborate on the physical and technological
significance of this feature.

Amplification of acoustic energy

With all four coefficients of the scattering matrix S larger
than unity, acoustic waves incident on the burner must be
strongly amplified by the unsteady combustion at frequencies
around 150 Hz (note the logarithmic scale of the ordinate). In-
deed, Fig. 5 shows that for the TD; burner very significant am-
plification of acoustic power is observed in this frequency range.
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Figure 5.  AMPLIFICATION FACTOR I1 OF BURNER & FLAME
FOR INCIDENT ACOUSTIC WAVE FROM UPSTREAM (TOP)
AND DOWNSTREAM (BOTTOM). CFD/SI (- -), EXPERI-
MENT (O), ANALYTICAL MODEL (—).

The graph shows results for CFD/SI, experiment [21] and the
analytical model, Eq. (16), with parameters adjusted to fit the
experimental data. In all three cases, the linearized Rankine-
Hugoniot relations (17) were invoked to deduce a transfer matrix
T from the flame frequency response F(f). Again, the agree-
ment between computational, experimental and analytical results
is not perfect — but the observed amplification is a robust quali-
tative feature.

The burner as such is — certainly for non-zero Mach num-
bers — a dissipative element, acoustic energy can only be gener-
ated by the unsteady heat release of the flame (c.f. the Rayleigh
criterion). Indeed, the ’cold” burner scattering matrix results in
amplification factors IT below unity for all frequencies investi-
gated (not shown). The flame by itself, on the other hand, does
exhibit as expected amplification factors IT significantly larger
than unity, see Fig. 6. Comparing with Fig. 5, it is seen that the
maximum level of amplification is comparable to that of burner
& flame. However, the location of the maximum is shifted noti-
cably.

CONDITIONS FOR MAXIMUM AMPLICIATION OF
ACOUSTIC ENERGY

It has been demonstrated that the analytical model Egs. (16),
(17) and (19) reproduces the measured frequency response and
scattering matrices with reasonable accuracy (with model param-
eters adjusted to give best agreement with experiment). There-
fore, this model shall be used to analyze under which conditions
significant generation of acoustic energy can occur for a premix
burner.

0 50 100 150 200 250 300 350 400
f[Hz]

Figure 6.  AMPLIFICATION FACTOR IT OF COMPACT FLAME
FOR INCIDENT ACOUSTIC WAVE FROM UPSTREAM (TOP)
AND DOWNSTREAM (BOTTOM). CFD/SI (- -), EXPERI-
MENT (O), ANALYTICAL MODEL (—)..

The starting point is the observation that all four coefficients
of the scattering matrix of the flame as well as the combined
multi-port “burner & flame” are significantly larger than unity
near 150 Hz — although the four coefficients of the transfer ma-
trices show no remarkable features in this frequency range (not
shown). This suggests that a small value of the denominator Q,
which appears in the conversion from transfer to scattering ma-
trix — see Eqns. (7) - (11) — accounts for the large scattering
matrix coefficients as well as the large amplification factors IT
observed.

In the limit of vanishing Mach numbers M., M}, — 0 the con-
dition Q ~ 0 reduces for a compact flame — see Eq. (17) — to

Fl(fim———=— (20)

for an ideal gas with 8 = £ — 1. This condition is illustrated in
Fig. 7, showing a polar plot of frequency responses F(f). The
point 1/(1 —&) ~ —0.8 for the present conditions; it is marked
with an ”X” in the plot. Indeed, closest proximity to that point
is observed for frequencies f =~ 150 Hz. The frequency re-
sponse computed with CFD/SI has a comparatively smaller gain
in this frequency range and therefore comes closest to the point
”X”. Correspondingly, the maximum amplification predicted by
CFD/SI is larger than the one obtained with the analytical model,
see Fig. 6.

For the combined element “burner & flame” the condition

Copyright (© 2007 by ASME
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Figure 7. POLAR PLOT OF FLAME FREQUENCY RESPONSE
F(f) IN THE RANGE f =0 — 320Hz: ANALYTICAL MODEL
(—), CFD/SI (- —). NUMBERS ALONG THE CURVES INDI-
CATE THE FREQUENCIES. STRAIGHT LINE: R.H.S. OF EaQ.
(21).

Q ~ 0 results in the relation

1
F(f) %—@[ﬁ—ka—i—iklmé} 201

in the limit of vanishing Mach numbers. Now the r.h.s of this
equation (the straight vertical line in Fig. 7) exhibits a frequency
dependence, strong amplification of acoustic energy occurs for
those frequencies where the frequency response curve F(f) is
close to that line. The plot suggest — and this is true both for
the analytical model as well as CFD/SI results — that this should
occur for frequencies in the range from 100 to 150 Hz, and this
is indeed the behavior depicted in Fig. 5.

In concluding we remark that the burner investigated in this
study exhibits, when mounted in an annular combustion cham-
ber, a self-excited instabilities near 150 Hz for certain operating
conditions [27]. Obviously, this instability frequency matches
the frequency range where significant amplification of acoustic
energy is predicted by our analysis.

DISCUSSION
It is generally understood that thermo-acoustic instability
will occur if two criteria are met:

1. fluctuations of pressure p’ and of heat release rate Q' are
more or less in phase, such that acoustic energy is generated

by their interaction ("Rayleigh criterion”) and

2. the acoustic energy generated is larger than the amount of
energy dissipated within the system or lost at the boundaries
of the domain.

Therefore, comprehensive thermo-acoustic stability analysis has
to take into account properties of burner & flame as well as of the
combustor acoustics. Questions such as "What is a burner with
favorable stability properties?” or ” Which kind of burner transfer
matrix yields a low Rayleigh index?” cannot be answered with-
out also taking into consideration the environment of the burner.

The scattering matrix S — and the acoustic efficiencies IT —
on the other hand are properties of the burner “as such”, quite
independent of the combustion system. And it seems justified to
argue that a burner with lower acoustic efficiencies Iy, and I,y
will in general exhibit better stability behavior. Therefore, the
analysis of the scattering matrix of burner & flame should — in
addition to the transfer matrix - become one element of design
for thermo-acoustic stability. In principle, it should be possible
to design a burner such that time lags T; and T, of the flame
response and the parameters Q. ; of the burner yield small am-
plification factors IT - at least in the vicinity of acoustic eigen-
frequencies of the combustor. Even if Rayleigh’s phase criterion
is met, a modest amount of damping might then be enough to
stabilize combustion.

A non-trival result of the present study is that a larger gain
|F(f)| of the flame frequency response does not necessarily re-
sult in more generation of acoustic energy by the flame (or by
the burner). Consideration of the “proximity plot” shown in
Fig. 7 shows that there are possibly combinations of geometri-
cal parameters a, [, operating conditions 7}, 7. and frequencies
f, where a larger gain results in larger amplification factors IT —
but indeed the opposite has been observed for the burner investi-
gated in this study.
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