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ABSTRACT
To model thermoacoustic oscillations, a combustion system

can be described as a network of acoustic elements, representing
for example fuel and air supply, burner and flame, combustor,
cooling channels, suitable terminations, etc. For most of these
elements, simple analytical models provide an adequate descrip-
tion of their thermoacoustic properties. However, the complex
response of burner and flame to acoustic perturbations has - at
least in a first step - to be determined by experiment. In our ap-
proach, we describe the burner as an active acoustical two-port,
where the state variables pressure and velocity at the inlet and
the outlet are coupled via a four element transfer matrix. This
approach is similar to the "black box" theory in communication
engineering. To determine all four coefficients, two independent
test states have to be created. This is achieved by using acoustic
sources upstream and downstream of the burner, respectively.
In application to a full size gas turbine burner, the method's
accuracy was tested in a first step without combustion and the
results were compared to an analytical model for the burner's
acoustic properties. Then the method was used to determine
the burner transfer matrix with combustion and to investigate
the influence of various parameters such as acoustic amplitude
and equivalence ratio. The treatment of burners as acoustic two-
port with feedback used to model the thermoacoustic behavior
of combustion chambers and the experimental determination of
the burner transfer matrix is novel.

Thermoacoustic combustion instabilities, involving a
feedback cycle between fluctuations of velocity, pressure and
heat release rate, are a cause for concern in many combus-
tion applications diverse as household burners, gas turbines
and rocket engines. Combustion instabilities lead to high
pressure pulsations, may increase emissions and limit thus
the operational range of the combustion system. This be-

comes especially true in modern gas turbine combustion
chambers with low acoustic damping. Pressure amplitudes
are i.e. in the order of 1% of the mean operating pres-
sure but can also be as large as 10% of the mean operating
pressure as being observed in solid propellant rocket motors
(Raun et al., 1993). As the oscillation amplitudes scale lin-
early with the mean pressure and operating pressure ranges
are up to 35 MPa, the resulting pressure oscillation can
reach considerably high amplitudes in the order of atmo-
spheric pressure.

Whenever a flame is enclosed in a chamber the poten-
tial of combustion driven oscillations exists. Lord Rayleigh
(1878) deduced a simple criterion for the growth of ther-
moacoustic oscillations: heat drives acoustic oscillations if
added to a gas at the moment of greatest compression or if
extracted at the moment of greatest rarefaction. However,
for a detailed stability analysis of a combustion chamber
this criterion is of little practical use as it provides merely
a necessary but not a sufficient condition for instability to
occur. More advanced methods which will allow to per-
form a stability analysis of a thermoacoustic system in-
clude the analysis of complex valued eigenfrequencies and
concepts adapted from control theory, making use of Bode
and Nyquist diagrams. Until recently, the application of
control theory methods has been limited to simple systems
rather than complex thermoacoustic networks. A method
which permits the construction of Bode and Nyquist dia-
grams for complex thermoacoustic systems is described in
Polifke, Paschereit and Sattelmayer (1997).

Thermoacoustic systems can be represented conve-
niently as a network of acoustic elements which correspond
to various components of the system, e.g. fuel and air sup-
ply, burner and flame, combustor, cooling channels, suitable
terminations, etc. (Keller, 1995; Polifke, Paschereit and
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Sattelmayer, 1997). This approach has often been used in
the acoustic analysis of ducts and mufflers (Munjal, 1986).
The elements in this network can be described as acoustic
multi-ports. For most of these elements, simple analyti-
cal models provide an adequate description of their ther-
moacoustic properties. However, the complex response of
burner and flame to acoustic perturbations has - at least
in a first step - to be determined by experiment. In our
approach the "black box" theory used in communications
engineering has been extended to treat problems of com-
bustion generated sound. This method has been successful
applied to describe fluid machines as acoustical multi ports
(e.g. Cremer 1971, Boden and Abom 1995, Lavrentjev and
Abom 1996). We describe the burner as an active acousti-
cal two-port, where the state variables pressure and velocity
at the inlet and the outlet are coupled via a four element
transfer matrix (Paschereit and Polifke, 1997).

The interaction between large scale coherent structures
which are related to flow instabilities, the heat release and
the combustor acoustics was shown be the driving mecha-
nism leading to unstable combustion (Shadow and Gutmark
1992, McManus et al. 1993, Paschereit et al. 1998). Theo-
retical flame models have been derived to describe the rela-
tionship of unsteady heat release, acoustics and flow per-
turbations, e.g., in afterburners (Bloxsidge et al., 1987),
flat flames in open tubes (McIntosh, 1990) and in simple
experimental premix burners (Janus and Richards, 1996).
However, the highly three-dimensional flow field of a swirl
stabilized burner and the interaction between heat release
and the flow field still requires experimental determination.

The suggested approach of experimental determination
of the burner transfer function in this paper can be used to
shed light into flame/acoustic interaction and will allow the
development of an empirical flame model for swirl stabilized
premixed combustion.

THERMOACOUSTIC SYSTEMS

Representation of thermoacoustic systems

The basic mechanism leading to thermoacoustic oscil-
lations is described in Figure 1. Burner flow turbulence and
flow instabilities (which are manifested in the shedding of
vortices) influence the momentary rate of fuel consumption
at the flame front. As a consequence fluctuations in heat
release will occur that will lead to fluctuations in pressure.
The downstream traveling pressure waves will be reflected
by the acoustic boundary conditions at the combustor exit
(generally choked) and lead to pressure and velocity oscil-
lations at the burner exit. This feedback cycle will again
cause fluctuations in heat release. Furthermore, the fluctua-
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Figure 1. Noise generation in combustors.

tions in pressure and velocity may result in inhomogeneities
in the equivalence ratio, which are convected by the mean
flow towards the flame. As these inhomogeneities are con-
sumed by the flame, they will influence the momentary heat
release rate and therefore, also the rate of volume produc-
tion, which couples via the impedance at the burner exit
with the system acoustics. In addition to this direct interac-
tion, there is a second mechanism that couples equivalence
ratio fluctuations with the system acoustics: the adiabatic
flame temperature of richer (leaner) "pockets" of mixture is
higher (lower) than average. Thus, equivalence ratio fluctu-
ations will lead to fluctuations in the hot gas temperature
downstream of the flame, i.e. so called entropy waves. The
entropy waves are convected downstream by the mean flow
and couple at the choked combustor exit with the system
acoustics. Entropy waves are considered in our simulation
of the combustor but will not be discussed in this paper.

A thermoacoustic system can be represented as a net-
work of acoustic elements, which correspond to various com-
ponents of the system, e.g., ducts, area changes, nozzles and
diffusors and the burner with flame (Figure 2). Under the

+ / +^ +C
hood	 burner and flame area change nozzle cho'R8u exit

Figure 2. Example of modelling the combustor as a network of acoustic ele-

ments.

assumption of harmonic time disturbances exp(iwt), the un-
knowns of the system are the amplitudes of acoustic vari-
ables at the end points of these elements. The equations of
linear acoustics are then used to generate coupling relations
- i.e. fluctuations of velocity v' and pressure p' - across ev-
ery element. As a simple example, consider a duct of length
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L. The propagation of acoustic waves traveling in up- and
downstream direction yields the relation

 cos(kL) iZsin(kL)	 pu(pd)
vd 	 7iin(kL) cos(kL)	 (v,)	 (1)

For practical applications this implies that the upstream
acoustic boundary conditions being dictated by the plenum
in which the burner is mounted as well as everything up-
stream of the plenum has to remain unchanged as long as
they are not acoustically decoupled. Only then, the mea-
sured results can be used to model the combustor.

between pressure p and velocity v at the up- and down-
stream end (subscripted u and d, respectively). Here, k is
the wave number, equal to the ratio of angular frequency w
and sound speed c in the case of plane waves without mean
flow and dissipative effects. The matrix in equation (1) is
is called the transfer matrix T of the element.

The thermoacoustic description of a complete combus-
tion system of equations S • u = d is obtained by combining
the coefficients of all the transfer matrices of all elements
into one System matrix S and all unknowns in a vector u.
The vector d represents the driving forces in the system.

Characterization of a burner as a noise source

Noise generation problems in enclosures like duct sys-
tems are of special interest because of the interaction (feed-
back) of the wave field in the enclosure with the. source.
This becomes especially true in thermoacoustic problems,
where a self excitation mechanism resulting from the inter-
action of the sound field in the enclosure and the burner as
a sound source may lead to high pulsation amplitudes. To
model noise generation problems, especially those involv-
ing a feedback cycle as in thermoacoustics, it is essential to
characterize the noise sources. Their strength and interac-
tion with the acoustic wave field have to be known.

Many noise sources can be calculated from first prin-
ciple. However, the highly three-dimensional flow field of
a swirl stabilized burner and the interaction between heat
release and the flow field still requires experimental deter-
mination. One possibility which is especially useful in the
low frequency regime is to describe a burner as an active
acoustic one-port or two-port. In this approach the burner
is treated as a black box. Questions about the internal
character of the system can then be put aside. However,
the data obtained for the burner gives valuable information
for the formulation of premix flame models.

The formulation of acoustic one - and two-port sources

The acoustic one-port In the acoustic one-port model
the burner and the upstream conditions are treated as a
black box (Fig. 3). For a measured source impedance Z s

and source strength vs the upstream conditions are not al-
lowed to change because they will influence these quantities.

........... 	 p^ 	 ..............^ a

Figure 3. A burner modeled as an 	 Figure 4. A burner modeled as an
acoustic one-port. 	 acoustic two-port.

In the frequency domain an acoustic one-port can be
described by a source impedance Z s and a source strength
volume velocity v s

v = 2s + v9,	 (2)

where v is the volumetric velocity and p the pressure fluc-
tuation at the burner exit.

The acoustic two-port The shortcoming of the one-port
treatment of the burner can be overcome by describing only
the burner as a black box allowing "two ports", designated
as input and output (Fig 4). Even more ports are allowed,
if, e.g., fluctuations in the fuel supply rate have a reason-
able influence on the acoustic behavior of the burner. In
the frequency domain the two-port can be described by the
equation

(pd) = (T21 T22)
 (P-

v ) + (
Ps
v5) 

(3)

Here the subscripts u and d indicate upstream and down-
stream pressures p and velocities v respectively and Ps and
vs describe the source strength. The transfer matrix T is
defined as

__ T11 T12	 (4)T	 Tai T22
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EXPERIMENTAL METHODS

Measurement of acoustic quantities in flows

To measure the acoustic quantities, as acoustic pressure
and velocity, the same methods as in passive systems can be
used. The two-microphone method as being described by
Chung and Blazer (1980) has more practical relevance than
the standing wave tube method (Ross and Rocker, 1983). It
was extended to include the effect of the mean flow. Using
two microphones at two different axial positions xl and x2
in a tube the impedance at cross section x l is given by

isink(x l — x2)s
Zl

_
 cos k(xi — x2) — p2 exp(—ikM(xl — x2))	

(5)

Here, k is the wave number

w lk c(1 — M2)'	
(6 )

with w being the angular frequency, c the speed of sound
and M the Mach number.

In our approach an extension of the two-microphone
method, the multi microphone method, is used to increase
the accuracy of the measured data. Using two pressure sig-
nals it is possible to measure exactly the two quantities,
i.e., the incident and the reflected wave components. By
making more pressure measurements the number of equa-
tions is larger then the number of unknowns, thus the prob-
lem is overdetermined. The calculated incident p+ (xi ) and
reflected p—(x i) wave components are fitted to the mea-
sured quantities p(xi ) by using the non-linear Levenberg-
Marquardt method to minimize the X 2 quantity in the fre-
quency domain

N-1

X2 =	 [(p+(xz) +p—(xi)) — p(xi)] , .	 (7)
i=o

Determination of the acoustic two-port data

The linear two-port The two-port models have been ap-
plied to two types of fluid machines, fans (see e.g. Cremer
1971, Wollher 1971, Abom et al. 1992) and pumps (e.g. De
Jong et al., 1993). A detailed description of the experimen-
tal techniques used to determine the source data for one-
and two ports can be found in Boden and Abom (1995).
The treatment of burners as acoustic two-ports with feed-
back used to model the thermoacoustic behavior of com-
bustion chambers and the experimental determination of
the burner transfer matrix is novel.

The acoustic four-pole is described by relation 3. The
transfer matrix T contains four unknown complex values
and the source strength vector p9 contains two unknown
complex values. Thus, to measure all six unknowns three
linear independent test states are required. In the stan-
dard two-pole model the source properties are independent
(uncoupled) from the acoustic field. The uncoupled source
strength vector p s was first determined in a test rig with-
out combustion. Modal decompositions of the pressure field
showed a dominating helical flow mode m = 1 as a pri-
mary source term. Because of its antisymmetric charac-
ter it was fully uncorrelated from the axisymmetric (plane
wave) sound field. The evolution of this strong instability
was traced in downstream direction and found to dissipate
into (uncorrelated) turbulence at about x > 2.5D, where D
is the diameter of the burner. Two methods were used to
separate the source strength term p s from the transfer ma-
trix of the burner: the first method used azimuthally and
axially distributed microphones to separate the helical flow
mode from the axisymmetric acoustic field; in the second
method measurements were done with only axially placed
microphones at x > 2.5D, where the helical flow-mode was
dissipated. The correlation of data obtained with the differ-
ent methods showed no differences so that in the following
no mode separation was used and the measurements became
much simpler.

The non- linear two-port In the case of a burner with
flame a feedback between acoustics and the flow properties
and as a consequence the heat release of the flame can ex-
ist. The transfer matrix can in general not be regarded as
uncoupled from the acoustic field and may contain a non-
linear term which depends on the acoustic field. The model
of acoustic two-ports was thus extended to include a non-
linear term T, which is partly coupled to the acoustic field,
i.e., feedback was included into the model by using the gen-
eral ansatz

Pd = TtotPu + Ps, (8)

where Pd = (Pd, Vd) and pu = (pa , v) are the acoustic
vectors downstream and upstream of the burner and Ttot
the transfer matrix consisting of a passive part Tp.3 and a
coupled part T, so that

Tt,,t = Tpas + T. (9)

For convenience the subscript tot will be neglected and the
transfer matrix T will be regarded as containing a passive
and a coupled part.
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The results with and without flame suggested that the
uncoupled source strength vector could be regarded as small
and it was thus not measured separately, so that

Pd = (Tpas + Tc)Pu

= Tpu,. (10)

Determination of the transfer matrix

To determine all four unknowns of the transfer matrix
T from equation 10 two measurements are required. Two
different acoustic test states have to be created leading to a
system of four linear independent equations with a unique
solution. The two source-location method (e.g. Abom, 1992)
was used to obtain two independent acoustic test states.
The two test states were created by external forcing using
loudspeakers up- and downstream of the flame. The two
source-location method is normally superior to the two-load
method as it leads always to two different acoustic test states
and it also has a smaller error sensitivity. The test-rig which
allows for upstream and downstream forcing of the burner
is shown in Figure 5.

diaphragm sits in a small cavity and is heat radiation pro-
tected. The resonance frequency of the holder is larger than
fres > 20 kHz. Using condenser microphones rather than
piezoelectric pressure probes gave the advantage of highly
accurate data in phase and amplitude necessary for acoustic
measurements. The frequency response of the microphones
in probe holders were compared against plain B&K micro-
phones and showed good agreement. A special test-rig al-
lowed for phase and amplitude calibration of the different
microphone holders.

The small orifice inhibited strong noise generation at
the microphones. In addition, flow noise was suppressed by
using the excitation signal as a reference to the measured
pressure signal. The turbulent flow noise could be regarded
as uncorrelated to the excitation signal. Random errors
were also reduced by averaging the spectra over a minimum
of 240 events.

RESULTS AND DISCUSSION

The transfer matrix without combustion

combustion air

cooling air 	
4 loudspeakers (downstream)

water-cooled	 water-cooled
soe

sensor holders	 s 
holders

(upstream) 	 (downstream)

Verification of the measurement technique To verify the
measurement procedure the burner was first investigated
without combustion. The transfer function was measured
using the two source-location method in a first experiment
(1), so that

twinn gabilizcd

\ I ^

bum

J

glass tubes
4 loudspeakers (upstream)

adjustable end

Figure 5. Experimental arrangement of the combustor

The combustion chamber consists of an externally air-
cooled double wall quartz glass to provide full visual access
to the flame. The exhaust system is an air-cooled tube
with the same cross section as the combustion chamber to
avoid acoustic reflections at area discontinuities. No cool-
ing air was allowed inside the flame and exhaust tubes in
order not to influence the acoustic properties of the system.
The acoustic boundary conditions of the exhaust system
could be adjusted from almost anechoic (reflection coeffi-
cient Irk < 0.15) to open end reflection. Pressure fluctua-
tions were measured using wall-mounted B&K water-cooled
microphones. The holders consist of a small orifice (d = 1
mm) open to the combustion chamber. The microphone

Pal) = T illP^ll	(11)

Then, the acoustic load upstream of the burner was changed
by adding a short duct of length 1 = 1 m and smaller diam-
eter to the test rig. The pressure distribution upstream and
downstream of the burner were then recorded in a second
measurement (2). The transfer function measured in the
first experiment and the upstream acoustic vector was then
used to compute the pressure distribution downstream of
the burner pat) in the second experiment

Pd2) = T" l p(21 .	 (12)

The ratio and the phase difference between measured and
predicted results are displayed in Figure 6 for the case with-
out flow. Prediction and measurement show no differences
over the whole frequency region. For the case with flow
(M = 0.03) the agreement was not as perfect but showed
still good agreement. Figure 7 compares the measured re-
sults to the predicted results. The unsatisfactory agreement
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Figure 6. Verification of the measured transfer function, M = 0. The ratio and the phase difference between measured and predicted results are displayed.
Left: pressure. Right: acoustic velocity.
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Figure 7. Verification of the measured transfer function, M = 0.03. Measured and predicted results are displayed. Left: pressure. Right: acoustic velocity.

in the low frequency region f < 80 Hz was related to flow
separation at the inlet duct used to change the acoustic load
at the burner inlet.

equation was used to verify the measured results. In a sim-
plified manner the burner can be regarded as a tube with
reduced length Lied

up	 down

Figure 8. Simplification of the burner to model the transfer function T

A simple model based on the instationary Bernoulli

dr

=	 dsJ 	ds,	 (13)Lied 
A3

U

where the subscripts u and d stand for upstream and down-
stream respectively (Figure 8). By applying the instation-
ary Bernoulli equation and the continuity equation between

6

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1998/78644/V003T06A057/2410585/v003t06a057-98-gt-582.pdf by Tu Berlin U

niversitaetsbibl.im
 Volksw

agen-haus user on 20 D
ecem

ber 2019



Figure 9. Comparison of a simple theoretical model and the measured transfer function.

two cross sections upstream and downstream of the burner

A, \ 2\
p = pu + pa Mu 1 — cap — A" I — 2/CLred u^,

 
)

d/

A.	 ( )
Ud = A 2Gu	14

Ad

all elements of the transfer matrix T can be deducted

T11 = 1,
) 2)

T12 = pa IMU 1 — ^pp — ( Ad 	— 2 kLred

T21 = 0,

T22 = Ad

(15)

Figure 9 compares the measured results with the co-
efficients obtained from the simple theoretical model with
good agreement for frequencies f < 400 Hz.

The influence of the burner Mach-number It was of fur-
ther interest to investigate the influence of the burner Mach
number M on the properties of the transfer function. Fig-
ure 10 displays all four elements of the transfer function for

four different Mach numbers. The strongest influence on
the elements of the transfer matrix was found on coefficient
T12, as being expected from our simple model.

The burner transfer matrix with combustion

Large scale coherent structures have an important role
in premixed combustion and by controlling between mixing
of the fresh fuel/air mixture with hot combustion products.
The temporal and spatial evolution of these structures in
nonreacting flows was extensively studied in mixing layers
(Oster and Wygnanski 1982, Ho and Huerre 1984) and jets
(Crow and Champagne 1971, Paschereit et al. 1995). The
interaction between large scale structures, heat release and
acoustics in swirl stabilized premix combustion has been
discussed in Paschereit et al. (1998). Phase locked pictures
of the premixed flame in our combustor indicate that in-
deed large scale vortical structures due to flow instabilities
in the shear layer lead to a periodic heat release of the flame
(Figure 11). It was shown that the instabilities could be in-
fluenced by the forcing. The downstream evolution of flow
instabilities and thus the fluctuation in heat release rate de-
pend among other initial parameters on the excitation level
of the flow. To model this non-linear process correctly the
forcing level has to be kept at constant amplitude to deter-
mine the transfer matrix. A pure tone excitation was used
and the amplitude of the loudspeakers adjusted to retain
constant amplitude at the burner exit.
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Figure 10. The influence of the Mach number on the transfer matrix. T12 is compared against the theoretical model.

flow drection +

LW=0°
	

0(D=900 	 0(D=180° 	 0c=270°

Figure 11. Phase averaged false color pictures of the periodic heat release at a low forcing frequency f = 104 Hz.

The effect of the forcing amplitude on the absolute val-
ues of the transfer matrix is displayed in Figure 12 and com-
pared to the case without flame. The phase of the transfer
matrix is shown in Figure 13. The transfer matrix of the
burner showed changes especially in the region f < 400
Hz, leading to an amplification of the incident waves. The
strong dependence on the forcing level confirmed the non-
linear behavior of the burner with combustion. In the case
without combustion stipulated linearity tests showed no sig-
nificant influence of the forcing level.

CONCLUSIONS
A thermoacoustic system was modeled as a network

of acoustical elements, which correspond to various com-

ponents of the system, e.g. air supply, burner and flame,
combustor and suitable terminations. These elements can
be described as acoustic multi-ports. While for most of
these elements an analytical description can be found, the
complex response of burner and flame to acoustic pertur-
bations has to be determined by experiment. In our ap-
proach the burner is described as an active acoustical two-
port with feedback. The state variables pressure and ve-
locity at the inlet and the outlet are coupled via a foul
element transfer matrix which is determined - at least in
a first step - by experiment. To measure all four quan-
tities of the transfer function two different acoustic test
states are required leading to a system of four linear in-
dependent equations. Loudspeakers up- and downstream
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Figure 13. Phase of the four elements of the transfer matrix T.

of the flame are used to create the different acoustic test 	 tion of a premixed swirl stabilized flame indicated a strong
states. The measurement technique has been verified with-	 dependence on the forcing level. In the case without corn-
out combustion by comparing it to a simple model with 	 bustion, stipulated linearity tests showed no significant in-
good agreement. First measurements of the transfer func-	 fluence of the forcing level. The strong dependence on the
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forcing level for the transfer matrix with combustion con-
firms the assumption that thermoacoustic oscillations can
be modeled using linear acoustics but the transfer function
of the flame has to be non-linear. The transfer function
of burner/flame leads to the observed limit cycle behavior
of combustion driven oscillations. The transfer matrix also
showed a strong amplification of upstream pressure and ve-
locity across the burner/flame in the region below 400 Hz
indicating that the flame acts as an amplifier in the low
frequency range. The flame transfer function data will be
used for the formulation of premix flame models and the
stability analysis of thermoacoustic systems.
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