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Thermoacoustic combustion instabilities are a frequently encountered problem in the
operation of combustion equipment. The “brute-force” application of computational fluid
dynamics to the analysis of thermoacoustic instabilities is estimated to be forbiddingly
expensive for many systems of technical interest due to the high computational demands of
a time- and space-accurate simulation of a (low Mach number) compressible reacting flow in
a complex geometry. Thermoacoustic systems can be modelled efficiently as networks of
acoustic multi-ports, where each multi-port corresponds to a certain component of the
system, e.g., air or fuel supply, burner, flame, combustor and suitable terminations, and is
represented mathematically by its transfer matrix. For some multi-ports, the transfer matrix
can be derived analytically from first principles: i.e., the equations of fluid motions and
suitable approximations. However, the acoustic behavior of more complicated components,
e.g., a burner or a flame, has to be determined by empirical methods, by using a “black box”
approach common in communications engineering. In this work, a method is introduced
which allows one to reconstruct the transfer matrix of an acoustic two-port from an
instationary computation of the response of the two-port to an imposed perturbation of the
steady state. Firstly, from the time series data of fluctuating velocity and pressure on both sides
of the two-port, the auto- and cross-correlations of the fluctuations are estimated. Then, the
unit impulse responses of the multi-port are computed by inverting the Wiener—-Hopf
equation. Finally, the unit impulse responses are z-transformed to yield the coefficients of the
transfer matrix. The method is applied to the one-dimensional model of a heat source with
time delay placed in a low-Mach-number compressible flow, for which an analytical
description can be derived from first principles. Computational predictions of the transfer
matrix have been validated successfully against these analytical results. Furthermore,
a comparison of the novel approach presented in this paper with a method for computing the
frequency response of a flame by Laplace-transforming its step response is carried out.

© 2001 Academic Press

1. INTRODUCTION
Thermoacoustic instabilities are a cause for concern in combustion applications as diverse

as domestic heating, gas turbines or rocket engines. Combustion instabilities can not only
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increase emissions of noise or pollutants such as unburnt hydrocarbons or oxides of
nitrogen, but also lead to very high levels of pressure pulsations, resulting in structural
damage of the confinement of the flame. For example, in solid propellant rocket motors,
pulsation levels as large as 10% of the mean operating pressure have been observed [1]. For
stationary gas turbines, the drive for lower emissions of oxides of nitrogen has led to the
widespread introduction of premix burners and convectively cooled combustion chambers
during the last decade, resulting in reduced flame stability or flame “anchoring” and lower
acoustic damping respectively. Consequently, the awareness of thermoacoustic combustion
phenomena in gas turbine combustors has increased sharply.

Thermoacoustic instabilities involve a feedback cycle comprising fluctuations in velocity,
pressure and heat release rate and possibly also equivalence ratio, entropy or vorticity. Lord
Rayleigh [2] deduced a fundamental stability criterion for thermoacoustic oscillations:
instationary heat release can enhance acoustic oscillations if the heat release rate peaks at
the moment of greatest compression. Note that this criterion provides merely a necessary,
but not a sufficient condition for instability, as it does not take into account the stabilizing
influence of dissipation of acoustic energy or losses at system boundaries. Nevertheless,
Rayleigh’s criterion expresses essential physical insight into the problem of thermoacoustic
stability, and it emphasizes that stability analysis of a combustion system requires detailed
knowledge of the phase relationships between pressure oscillations and the various
processes controlling the rate of heat release. This is also the case for more advanced
methods of stability analysis (see, e.g., references [3, 4]).

The quantitative modelling of thermoacoustic phenomena with computational fluid
dynamics (CFD) is a formidable challenge, as one deals usually with non-stationary
turbulent reacting flows, where despite the low Mach numbers prevalent in many
applications, the changes of local density with local pressure play an essential role. The
propagation of acoustic waves in the combustor and the supply ducts of air and fuel as well
as the reflection of acoustic waves at the boundaries of the computational domain must be
captured with low dissipation and dispersion errors. Dispersion errors are particularly
problematic in the present context, as they influence the phase relationship between
fluctuations of velocity or pressure and heat release. To complicate matters, thermoacoustic
problems often involve disparate length and time scales: e.g., acoustic wavelengths
are often much larger than fluid dynamic length scales. Similarly, the ratio between
the frequency and the growth rate of an acoustic disturbance can be very large and indeed
tends to infinity as neutral stability (with zero growth rate) is approached. This implies that
in an unsteady CFD calculation of a marginally stable situation, a very large number of
cycles has to be simulated with high temporal accuracy, resulting in excessive computing
time.

Upon considering these obstacles against the direct, “brute force” application of CFD
tools to the study of thermoacoustic combustion instabilities, the successes in this area
reported by several authors, see, e.g., references [5-11] are remarkable. Although usually
restricted to two-dimensional domains with plane acoustic waves, or to very simple
three-dimensional cases, these studies have often reproduced experimentally observed
behavior and contributed to the understanding of the interaction between fluctuations of
velocity, pressure and the location and rate of heat release. Nevertheless, for geometries of
applied interest, e.g., an annular gas turbine combustor with several burners, an unsteady
simulation of combustion instabilities is still a vision of the future. Instead, acoustic
multi-port or network models (see reference [12]) are widely used. In this framework,
a combustion system is modelled as an ensemble (a “network™) of acoustic multi-ports, with
each multi-port representing some component of the system, e.g., fuel or air supply, burner,
combustion chamber, cooling channels, etc. (see Figure 1).
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Figure 1. Conceptual model of a combustor as a network of acoustic elements.

Although originally developed for one-dimensional acoustics, ie., plane wave
propagation, the extension to higher order modes in cylindrical or annular geometries is
straightforward [13-16].

Under the assumption of linear acoustics and harmonic time dependence ~exp(iwt),
with network models the system dynamics is represented in frequency space. The unknowns
of the system are the complex-valued amplitudes of acoustic variables at the terminations of
the elements. The equations of linear acoustics or empirical input are then used to provide
coupling relations for the acoustic variables—i.e., the Fourier transforms of fluctuations of
pressure p’ and velocity v'—across every element. With two variables on the “upstream” and
“downstream” sides of a two-port (with indices u and d, respectively), the general form of the
coupling is expressed via a so-called transfer matrix T:

& & T@p)  T@P) ﬁu
Zd = T Zu = <T(pv) T(UU)> Zu . (1)
b4 Bu bu

Here, the characteristic impedance Z—the product of density p and speed of sound c—has
been introduced to assure dimensional consistency. Alternatively, a thermoacoustic
network can be formulated in terms of the Riemann invariants p™ and p~, and instead of the
transfer matrix, the scattering matrix, which is a 2 x 2 matrix related to the transfer matrix
T by a linear transformation, can be used [17-19]. Also, if fluctuations of, say, equivalence
ratio or entropy are involved, such that a total of n input and m output variables are linked
via the multi-port, the transfer matrix will be of dimension m x n [16, 20, 21].

The description of the thermoacoustic characteristics of a complete combustion system as
a linear system of equations S-u =d is obtained by combining the coefficients of the
transfer matrices of all elements into one system matrix S and all unknowns in one vector u.
Once the system matrix is generated, both the stability with respect to self-excited
oscillations [3] as well as the response to an external or fluid-mechanic internal excitation
can be analyzed. In the latter case, the vector d # 0 represents the driving forces in the
system.

Obviously, the application of these tools requires knowledge of the transfer matrices of
the system’s constituent multi-ports. The transfer matrix of simple multi-ports can be
derived from the (linearized) equations of conservation of mass and momentum and suitable
additional assumptions. This approach is widely used, the works by Deuker [22], Keller
[13], Dowling [20] or Polifke et al. [16] may serve as recent examples.

However, in general the determination of all relevant transfer matrices from first
principles is intractable, and one has to resort to empirical input. For the purpose of
measuring transfer matrices in experiments, Paschereit and Polifke [17] have developed an
extension of the “black box” approach used in communications engineering. This method
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had been employed previously to describe fluid machines in enclosures, e.g., fans or pumps,
as acoustical multi-ports (see, e.g., references [23-25]). For further details, the reader is
referred to references [17-19].

With a “black box” approach, it is not necessary to formulate an analytical model for the
multi-port, i.e., closed-form expressions describing the dependence of the transfer matrix’
coefficients on frequency, mean flow properties, geometrical parameters, etc. Instead,
coeflicient values determined empirically for certain operation conditions and over a range
of frequencies may be used via look-up tables or suitable interpolations in network models
to investigate the stability against self-excited oscillations or to compute the response to
a driving mechanism.

Experience with the experimental determination of transfer matrix coefficients has shown
that this approach requires very high experimental precision, sophisticated post-processing
of large amounts of raw experimental data and long test runs, if the transfer matrix is to be
recorded over a range of frequencies. Application of the method to combustors at elevated
pressures is expected to be very difficult and expensive. Therefore, it seems attractive to
explore the possibility of obtaining information on the dynamical behavior of a multi-port
—a burner or a flame, say—from numerical simulation. Generally speaking, one possible
realization of this idea is to carry out a time-dependent simulation of the dynamical
behavior of the multi-port and somehow reconstruct the desired information—ideally the
complete transfer matrix—from the time series data. The overall system behavior is then
investigated again with the network method, by making use of a combination of transfer
matrices obtained from first principles as well as experiment or simulation.

The advantages of such an approach over the “brute force” modelling of combustion
instabilities should be the following: instead of simulating and recording the evolution of
a complete thermoacoustic system over many cycles until a steady state or limit cycle is
reached, only the dynamics of a single network element has to be tracked until a sufficient
amount of information has been collected to reconstruct the transfer matrix. Also, it should
be possible to curtail the computational domain to include only the multi-port of interest
and its immediate surrounding. This should reduce significantly both the memory and CPU
time requirements. Furthermore, with the reduced size of the computational domain, errors
in acoustic signal propagation due to numerical dissipation and dispersion do not
accumulate over long distances.

The idea of extracting dynamical characteristics of a flame from time-dependent
simulation and then using this information in linear acoustic analysis has first been explored
by Sklyarov and Furletov [26] for a one-dimensional laminar flame, then by Bohn and
Deuker [27] and Deuker [22] for a V-shaped laminar flame and more recently by Kriiger
et al. [28, 29] for a turbulent flame and a gas turbine burner respectively. In these studies,
the response of the flame to a sudden increase in mass flow rate—the unit step response, or
simply the step response—is determined in a time-dependent CFD simulation. The step
response is then Laplace-transformed into frequency space, yielding the frequency response
function. This frequency response function equals—upto normalization factors—one of the
coefficients of the transfer matrix, ie., the coefficient T, which couples velocity
fluctuations across the flame. In order to obtain a complete description of the flame’s
thermoacoustic characteristics, analytical expressions for the remaining three coefficients of
the transfer matrix are introduced, based on suitable approximations.

In this paper, an alternative method is proposed, whereby the impulse response functions
of a multi-port are determined from instationary CFD simulation with randomly perturbed
boundary conditions. Subsequently, the impulse responses are z-transformed to obtain the
complete transfer matrix. For the purpose of confirming the validity and exploring the
accuracy of this novel approach, it is applied in this work to a simple, one-dimensional
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thermoacoustic system which has been designed to exhibit sufficiently interesting
thermoacoustic characteristics, be simple enough to also make possible “brute force”
modelling of thermoacoustic instabilities at low computational cost, and allow for
analytical modelling in order to compare numerical results against known solutions.

The paper is organized as follows: in the next section, the one-dimensional
thermoacoustic system is introduced, which serves as a test bed for the novel method.
Linearizing the functional dependence of heat release rate and pressure drop on flow
velocity at the heat source yields the transfer matrix of the heat source. By using a network
model, the stability characteristics of the test system are then determined to be used later for
validation purposes. In section 3, growth rates obtained from a “brute force”
time-dependent simulation are compared against analytically determined growth rates.
Then, the approach developed by Sklyarov and Furletov [26] and Deuker [22] for
determining the flame transfer function by Laplace-transforming the step response is
applied to the test system, the results and experiences are discussed critically. In the
subsequent section, the novel approach, based on the z-transform of the impulse responses,
is presented. The modifications required to apply the method also to multi-ports with more
than one input and output are described in detail. In section 6, the impulse responses and
the transfer matrix extracted from a time-dependent computation of perturbed flow across
the heat source in the one-dimensional model are presented and compared against
analytical findings.

2. THE =-{ MODEL

Consider compressible flow in a straight duct of length L with a heat source placed in its
middle. By analogy with the Rijke tube [30] or the n-t model [31], thermoacoustic
instabilities may occur if the momentary heat-release rate per unit area Q(t) depends on the
velocity v of the flow across the region of heat release at an earlier time,

0(0) =0t — 1), ...), 2

where 7 is the time lag of the system (a list of nomenclature is given in Appendix C). To take
the analogy with heat transfer at the gauze of a Rijke tube a bit further, it is assumed in the
following that the momentary heat release rate follows King’s Law [30], which describes
conduction and laminar convection of heat from a hot wire in a cross-flow,

0(0) = Ly(Ty — DK + 2/mxpe,rlvct — 1], )

where Ly is the total length of wire per unit cross-sectional area of the duct, T the
temperature of the wire, r its radius, and «, p, ¢, the thermal conductivity, the density and
specific heat at constant volume of the gas respectively. For laminar flow across the wire, the
time lag 7 is determined by the inertia with which the boundary layer of the wire can adjust
to changes in the free stream velocity. However, for the present purpose, t is simply
regarded as a freely adjustable parameter, which controls—among other factors—stability
of the system. If the flow velocity is sufficiently large, pure conduction of heat is negligible,

and with 4 = 2Ly (Ty — T)</nkpc,r, equation (3) can simply be written as

0(t) = A/ lvelt — ). Q)

To make the heat release model a bit more interesting, a second freely adjustable
parameter is introduced, i.e., a pressure loss coefficient {, which controls the pressure drop



488 W. POLIFKE ET AL.

Yo

vi=0 Duct Heae Duct p'=0
source

0 c h x

Figure 2. Sketch of the model system investigated in the study (top) and its network representation (bottom).
Mean flow is from left to right.

Ap across the heat source,

Ap = p. — pp =3 pLve. (5)

The subscripts ¢ and h stand for the cold (upstream) and hot (downstream) side of the heat
source. One may expect that with increasing pressure loss coefficient {, the stability with
respect to self-excited thermoacoustic oscillations will increase, as well. To facilitate the
implementation of this configuration in a standard CFD code, the boundary conditions are
prescribed as follows: constant velocity v(x = 0) = v, at the inlet and constant static
pressure p(x = L) = const. at the outlet of the duct. The first acoustic eigenmode of the
system with these boundary conditions is the well-known quarter-wave mode. With
the region of heat release positioned in the middle of the duct, the phase relationship
between the fluctuations of velocity and pressure at the heat source is identical to the one
found in a standard Rijke tube with two open ends and the heat source placed at x = L/4.
In analogy with the Rijke-tube and the n-t model [3, 30, 31], alternating bands of
stability and instability for the fundamental mode and higher order acoustic modes should
be expected when the time lag 7 is increased. This can be confirmed by setting up the
network representation of the system and determining its eigenfrequencies for varying
values of 7. A sketch of the model system and its network representation is shown in
Figure 2. The boundary condition v(x = 0) = v, at the cold side of the duct implies that

v =0
and similarly
Py =0,

due to the pressure boundary condition prescribed at the outlet. The transfer matrix
describing the propagation of an acoustic signal in a duct is well known,

Pj . Pi

— cos o 1isina

PiCi | = ( . > pici |, (6)
isina cosa

Uj i

A A
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with o = kL/(1 — M?) and wave number k = w/c. For the cold side of the test system, the
indices {i, j} = {0, ¢}, while for the hot side {i, j} = {h, x}.

The transfer matrix of the heat source, coupling nodes “c” and “h”, is obtained by
linearization of the Rankine-Hugoniot relations, which express conservation of mass,
momentum and energy across a thin heat source [32]. This derivation is also given in
reference [16] and shall not be repeated here. The resulting relation between the
fluctuations of velocity on both sides of a heat source is

sh(f) = oi(0) + (;" _ 1>u0 <QQ(” _ p;i”). )

Linearizing equation (3) for small fluctuations v; around a positive mean velocity v, yields

Q) _uit—o

A 8
0 Y ®)
With ¢? = yp/p and the definition
1/(T,
=—(——-1
=)
equation (7) can be rewritten as
et
00 = )+ mi — ) — 2mna, P, ©)
or equivalently in the frequency domain
N A —iot pAC
O, =0.(14+ne ") — 2nyM67. (10)

c

The first term on the r.h.s. is the familiar transfer function of the n-t model [31], with an
interaction index n and time lag 7. Note that in the present context, n is not a freely
adjustable parameter, but depends on the values of the mean temperatures on both sides of
the heat source. The factor 4 appears in the definition of the interaction index n because it is
assumed that the fluctuations in heat release rate are proportional to the square root of the
velocity, see equation (3).

For the pressure, the linearized Rankine-Hugoniot relations are

pi0 = 0~ (72 1)z (52 + &50) — (i (1)

Up to the additional pressure loss term, this is equation (13) in reference [16]. With the
definitions introduced above and the linearized form of relation (3) between heat release rate
and velocity, one obtains

% - % —EML(2n + ne O 4 04, (12)
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Combining the two linearized Rankine-Hugoniot relations for velocity and pressure
fluctuations, one obtains the transfer matrix of the heat source:

ﬁh —i ﬁc
e ¢ —EM (2n 4+ ne " + =
Zy =< i M . O) Z.|. (13)
R —2nyM, 1 +ne ™" "
Up U¢

The time lag 7 and the pressure loss coefficient { are two freely adjustable parameters which
control the dynamic characteristics of the heat source and the stability of the system. In
analogy with the well-known n—t model, the model just introduced shall be referred to as
the 7—{ model in the following.

Comparing the transfer matrix of the 7-{ model with the one given by Heckl [30] for the
gauze in a Rijke tube, one notices that Heckl has omitted the off-diagonal terms. This
certainly is a permissible approximation, as the flow in a Rijke tube is induced by free
convection and the Mach number is very small indeed. The off-diagonal terms are also often
neglected in models for the thermoacoustic behavior of flames [22, 28, 297] again with the
justification that in technical applications, Mach numbers larger than M, = 0-1 are rarely
encountered. However, it has been shown [16, 18] that for a compact premixed flame, the
off-diagonal coefficients of the transfer matrix are of order (T,/T, — )M, ie., the
Mach-number scaling is the same as in equation (13). With temperature ratios larger than
5 in stoichiometric flames, T”’ and T®" are not much smaller than unity even at moderate
Mach numbers M. of order 10~ 1. This is especially so if instead of a flame sheet, the transfer
matrix of a complete burner’ is considered. For modern premix burners, which spend
a significant portion of the available dynamic head for mixing of fuel and air, the “acoustic”
pressure loss coefficient { is of order 10, say, and the upper right coefficient T“? of the
transfer matrix may be quite large [17]. Indeed, a recent study [33] indicates that under
certain circumstances, this coefficient may be the primary cause of unstable combustion.

To summarize, the 7-{ model as it has been formulated in equations (3), (5) and (13),
describes in the limit of low Mach numbers (and with zero pressure loss coefficient () the
heat transfer at the gauze of a Rijke tube in laminar flow. On the other hand, with larger
values of Mach number M, and non-zero loss coefficient {, this simple heat release model
shares many characteristics with realistic premix burners, as far as the thermoacoustic
properties are concerned.

Once all required transfer matrices have been determined, it is straightforward to set up
the system matrix S for the test system (see Figure 2). Details have been presented by Gijrath
[34] and Lofgren [35]. All transfer matrices are known analytically, i.e., in closed form in
terms of mean flow and model parameters, geometry and frequency w. The simplest way to
carry out a stability analysis is, in this case, to search numerically for the eigenfrequencies w,
which satisfy the characteristic equation Det(S) = 0. Real and imaginary parts of the
fundamental quarter-wave mode’s eigenfrequencies w; obtained from such calculations for
varying values of time lag 7 are shown in Figure 3. With the sign conventions used in this
paper, negative values of the imaginary part indicate instability, so as expected, alternatively
stable and unstable system behavior is found, depending on the value of 7. This pattern is
repeated with yet higher values of the time lag t and also for the higher modes (not shown).
In the next section, the t—{ model system will be simulated with a CFD code and predictions
of frequencies and growth rates obtained with the fluid dynamic simulation are compared
against analytical results.

T Fuel injector nozzle, premixing section and flame are designated as burner in this paper.
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Figure 3. Stability analysis of the 7-{ model: Real part (left) and imaginary part (right) of the eigenfrequency w of
the fundamental mode for varying values of the time lag = and interaction index n = 0-25. For this computation,
l.=10,=05m, T, =288 K, T, =433 K, vy = 10 m/s, y = 1-4.

3. CFD SIMULATION OF THE -{ MODEL

Many of the studies of thermoacoustic combustion instabilities with computational fluid
dynamics (CFD) tools found in the literature use standard algorithms, usually of the
pressure correction type [6, 7, 9, 10]. This should come as a surprise—after all,
low-Mach-number compressible flows are notoriously difficult to compute efficiently and
accurately and the use of appropriate numerical methods is recommended [36].
Nevertheless, when confronted with the task of developing a special purpose code for
thermoacoustic calculations in geometries of applied interest, including necessarily not only
an appropriate formulation of the fluid dynamics and advanced numerics, but also models
for turbulence and combustion plus the ability to handle large, complex geometries, it
appears that many researchers have decided to use standard, validated numerical tools,
based on a SIMPLE type algorithm, second order spatial discretization and first or second
order temporal accuracy. Indeed, the authors’ experience with simple, one-dimensional
acoustic test cases for which analytical solutions are known, confirms that such codes can
produce acceptable results, provided that the time steps are small enough—at least 100 time
steps per cycle were required for the test cases investigated by Gijrath [34] and Lofgren
[35]. For this reason, for the numerical studies reported here, a standard, finite volume
based CFD code with a SIMPLE pressure correction scheme was used.

It is fairly straightforward to implement the 7-{ model for heat release and pressure loss
in a CFD code via appropriate source terms for enthalpy and momentum, according to
equations (3) and (5) respectively. Note that the relations (7), (11) and (13), which were
derived by linearizing the conservation equations for mass, momentum and energy in terms
of small fluctuations p’, v’ and Q’, do not appear explicitly in the numerical formulation. In
this sense, the CFD model is not an acoustic, but a fluid dynamic model. In order to obtain
the required time lag between fluctuations of velocity v, and heat release Q, the velocity
history just upstream of the heat source is stored in computer memory and retrieved after
the appropriate time to set the momentary heat release rate according to King’s Law (3)
during a time-dependent simulation.

The geometry of the test system is one-dimensional with 200 cells in the x direction. Note
that the heat source is distributed over five computational cells, with the rate of heat release
highest in the center of this group of cells. This slight “smearing out” of the heat release was
required to avoid divergence problems with higher order spatial discretization. Although
the heat release is distributed over five cells, the heat source can certainly be considered to
be compact, as the length of the region of heat release is less than one-thousandth of the
wavelength of the fundamental mode, i.e., the quarter wave mode of the tube.
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Figure 4. Velocity v, just upstream of the heat source in the t—{ tube during build-up of a limit cycle. Time lag
T =7 ms corresponding to the most unstable case according to linear stability analysis.

To initialize the flow and temperature distributions in the tube for the unsteady
simulation, first a stationary solution was computed. To obtain such a “base flow” will be
difficult, if the base flow corresponds to a thermoacoustically unstable configuration. Then,
the self-excited combustion instability will manifest itself as divergence difficulties for the
stationary solver. To avoid such divergence problems, an incompressible fluid model was
used for the base flow; i.e., the density p would not depend on local changes of the static
pressure. In this way, the thermoacoustic feedback loop was broken, and the base flow
could be computed without difficulties. The base flow velocity distribution was then
perturbed randomly by 5% of its respective mean value, compressibility was “switched on”,
and the time-dependent simulation started.

A typical result is shown in Figure 4. Here, the operating conditions are those analyzed in
the previous section with linear acoustics, i.e., the network model. The time lag chosen is
T =7 ms, corresponding to maximum growth rate. Indeed, it was observed that after
a gestation period of approximately 0-1 s duration, during which the random initial
perturbations evolve into a coherent, -mode standing wave, the amplitudes grow rapidly,
Saturation of the growth occurs not before the velocity at the heat source is negative (!)
during part of the cycle. The reverse flow transports hot fluid back over the heat source,
thereby reducing the temperature difference Ty — T, which drives the transfer of heat to the
fluid. This reduction in heat flux and non-linear transfer of acoustic energy to higher modes
[7] eventually leads to saturation of the instability, and a limit cycle is established. Note
that all amplitudes of pressure fluctuations in the limit cycle are less than 1% of the
operating pressure, so, it is only the heat source which behaves essentially non-linearly,
while the acoustics may still be treated in the linear approximation.

If a time lag © = 3 ms is chosen, the initial disturbances decay very rapidly, i.e., within less
than 10 cycles. A quantitative comparison of growth rates, or rather cycle increments

Im(w)} 4

(14)

0= -2
exp{ T Re(@)
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TABLE 1

Comparison of frequencies and cycle increments predicted with linear stability analysis and
unsteady CFD computation; for the stable case , the time lag T = 3 ms, while for the unstable
case, T = 7 ms

Stability analysis Unsteady CFD
Stable case
Frequency Re(w) (s™1) 641 465
Cycle increment —0-46 —0-50
Unstable case
Frequency Re(w) (s~ 1) 635 591
Cycle increment 0-35 0-16

and frequencies Re(w) obtained with CFD and network stability analysis is given in
Table 1. The cycle increment is defined in this work as the fraction by which a pulsation
amplitude increases during one cycle. Neutral stability corresponds to = 0. The predicted
cycle increment 6 = 0-35 for the unstable case t = 7 ms is very large. Such an unrealistically
large cycle increment is possible only because all mechanisms which result in loss of acoustic
energy like radiation of sound at the open end or viscous dissipation in the wall boundary
layer have been neglected in the idealized t-{ model. From the CFD runs, frequency and
growth rate were obtained by non-linear, least-squares fitting of an exponential function to
the time series data in the time interval 0-1 ms < ¢ < 0-45 ms: i.e., up to the moment where
reverse flow and reduced growth sets in. The cycle increment § obtained by CFD is lower
than it should be, indicating that dissipative losses and dispersive errors are not negligible.
Note that because 1 = 7 ms corresponds to maximum growth rate, i.e., most favorable
phase between fluctuations of heat release and pressure, phase errors will always decrease
the growth rate for this case.

The same fitting procedure was applied to data from the stable case, where the initial
perturbations decay quickly. However, only very few cycles can be observed before the
perturbations die out, therefore the agreement between the predictions of CFD and linear
stability analysis is not very convincing, especially for the frequency.

The CFD model reproduces qualitatively the behavior predicted by linear stability
analysis based on the network approach. Furthermore, for the unstable case, a plausible
mechanism of saturation by non-linear effects at the heat source can be observed. However,
the computed growth rates are not in satisfactory agreement with the results of linear
stability analysis. Given the accuracy which can be achieved with the present CFD
modelling approach, it seems unlikely that the stability borders, i.e., those values of the time
lag t for which the cycle increment é = 0, could be predicted correctly. Similar results for
cases with higher Mach number and non-zero pressure loss coefficient { have been obtained
by Lofgren [35].

The reasons for the discrepancies observed are expected to be dissipative losses and phase
errors accumulated during the propagation of acoustic waves along the duct. Nevertheless,
the simple one-dimensional CFD model of the thermoacoustic system captures correctly
the important aspects of system behavior. In particular, the time-delayed, dissipative heat
source—see equations (3) and (5)—which has been implemented via appropriate source
terms for enthalpy and momentum in a few computational cells, behaves as expected. It
therefore makes sense to apply the methods for reconstructing frequency response functions
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Figure 5. Ideal (——) and computed (--- - ) unit step response u(t), i.e. the normalized downstream velocity v)(t)
of the n-t model for n =028 and 7 = 2 ms.

or transfer matrices from a time-dependent calculation to this CFD model and validate
those methods against the analytical result (13).

4. UNIT STEP RESPONSE AND LAPLACE TRANSFORM

Sklyarov and Furletov [26] have determined the velocity—velocity frequency response
function T®“" of a one-dimensional laminar premix flame by computing the Laplace
transform of its unit step response. Later, the approach has been extended to turbulent
flames and gas turbine burners [22, 27-297]. The mathematical background of the method is
briefly summarized in Appendix A.

It is in general not possible to determine a complete transfer matrix (see equation (13))
with this approach. Fortunately, for sufficiently small Mach number M, and pressure loss
coefficient {, the off-diagonal terms of the transfer matrix of the 1 — { model are negligible.
The pressure-pressure term 777 = ¢ is equal to the ratio of specific impedances, so the only
non-trivial term of the transfer matrix is in this limit the velocity-velocity term T, which
is equal to the frequency response function of the n—t model:

T = | 4 pe ior, (15)

When adopting the Laplace transform formalism to time series data from numerical
simulation, one must be aware that a mathematically well-defined discrete version of the
forward Laplace transform is not known. Unbehauen [38] has proposed a numerical
procedure to determine an approximate Laplace transform, which has been used by Deuker
[22] and Kriiger et al. [28, 29]. Comments on the shortcomings of this procedure are given
below.

The unit step response of the 7-{ model has been computed by Gijrath [34], using the
CFD model discussed in the previous section. Results are shown in Figures 5 and 6. The
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Figure 6. Frequency response function of the n-t model determined with the Laplace transform of the step
response. Absolute value (&, —, left axis) and argument ( +, ---, right axis).

parameters for this particular run are the following: upstream velocity v.(t < 0) = 20 m/s,
upstream temperature T, = 288 K, downstream temperature T}, = 440 K, interaction index
n = 0-28 and time delay © = 2 ms. The simulation was continued up to a time t,,,, = 21.

Figure 5 shows that the CFD model of the heat source indeed reproduces the expected
behavior. Deviations from the analytical solution are small and do not last longer than
approximately 0-1 ms, so any errors due to these numerical errors should show up only at
very high frequencies of several kHz*. Applying the approximate Laplace transform to the
time series data then gives excellent agreement for the frequency response function F(w); see
Figure 6. Up to frequencies w = 2500 s~ !, the computed absolute value of the response
function matches the analytical value almost exactly. Phase errors are also small, with the
exception of the first data point near 400 s~ 1. The errors grow larger for angular frequencies
> 2500 s~ [34]; however, this frequency range is irrelevant for stability analysis of the
fundamental mode.

To achieve such good agreement, it was necessary to move the location of the heat source
to the left end of the computational domain; i.e., the inlet boundary “0”. If the heat source is
located further downstream from the inlet, then the perturbation signal smears out very
strongly due to numerical dissipation, and the heat source no longer encounters a Heaviside
signal (not shown).

Besides the suppression of numerical diffusion, another reason for moving the heat source
for the response computation towards the inlet are spurious distortions of the response
signal due to reflections. The original perturbation, after passing the heat source, is reflected
at the outlet boundary condition—unless a non-reflection boundary condition is
implemented, which is usually not the case in pressure-correction codes—and eventually

*Indeed, the Rankine-Hugoniot relations are valid only if quasi-steady conditions prevail at the heat source, i.c.,
the rate of change of the upstream conditions should be larger than the time ¢ &~ 0-5 ms which is required for the
mean flow to flow past the heat source. This is not the case for a Heaviside signal, so deviations from the
Rankine-Hugoniot relations are expected to occur for very high frequencies even if numerical diffusion could be
suppressed completely by an appropriate numerical scheme.
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perturbs the heat source a second time. If this happens, an incorrect step response will be
recorded, leading to erroneous prediction of the frequency response. When moving the heat
source to the left of the domain, it is possible to record the response up to a time t,,,. = 27
for the chosen value of the time lag 7 = 2 ms.

Unbehauen [22, 38] has shown that the following relation must be satisfied for the
frequencies w at which the numerical Laplace transform can be evaluated:

4+ 1
="+ (16)
tmax
where m =0, 1,2, .... Therefore, the sampling time t,,,, limits the minimum frequency and

the frequency spacing Aw which can be achieved with the numerical forward Laplace
transform. In the present case, Aw = 71/2t,,,. = 400 s~ 1. Such a large frequency spacing is
not sufficient to carry out a stability analysis [3, 4].

In summary, the Laplace transform of time series data taken from an unsteady CFD
computation of the step response has reproduced the analytically derived frequency
response function with excellent accuracy. However, the following difficulties with this
method have become apparent: the method can only be used to determine a scalar
frequency response function, and consequently, the method is inadequate if more than one
coefficient of the transfer matrix are neither negligibly small nor known from first principles;
the steep gradients of the unit step perturbation are difficult to resolve accurately due to
numerical dispersion or—if higher order discretization schemes are employed—due to
overshoots and convergence difficulties; short sampling times t,,, lead to unacceptably
large minimum frequencies and frequency spacings, but on the other hand, with increasing
tmax>» ONE very soon faces the problem that reflections from the downstream boundary
distort the response to the unit step signal.

In the next section, a novel method based on the unit impulse response and the
z-transform is presented, which does not suffer from any of these deficiencies.

5. SYSTEM IDENTIFICATION WITH THE UNIT IMPULSE RESPONSE

The method for determining the frequency response function by computing the Laplace
transform of the unit step response is a basic example of system identification. Advanced
techniques for system identification have been developed in communications engineering.
In this section, the transfer matrix of an acoustic element is determined from
a time-dependent numerical simulation via the impulse responses of the element.
Background material on system identification and in particular the mathematical
techniques presented below can be found in references [39-417.

Consider the values of acoustic variables upstream of the element as a signal s and the
downstream values as the corresponding response r. Data taken with a certain sampling
rate from experiment or from a time-dependent numerical simulation will provide time
series

5; =s(dt), i=0,...,N,
and similarly for the response r;. Here At is the sampling rate, which may be equal to or

a multiple of the time step of the numerical simulation. The action of the element on the
incoming signal, i.e., the coupling between response r and signal s can be approximated as

L
riz~,<= Z hksi_k fOI‘i=L,...,N. (17)
k=0
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In the terminology of digital signal processing [40], equation (17) describes a finite impulse
response (FIR) filter. If the signal is just a single peak of unit amplitude at time t = 0, 5; = J;0,
where the Kronecker J;; equals unity if i = j and otherwise zero, then with equation (17)

i _

Obviously, the vector h = {h,; k =0, ..., L} is the filter’s response to the unit impulse d;o
and is accordingly named the unit impulse response or simply impulse response of the filter®.
If the response of the filter is determined only by the momentary value of the excitation
signal, then r; = as; and h, = ad,, With a being a constant factor; i.e., the filter is
memoryless. For general signal series and a linear filter, the response r; at time t; = 1 4t is
approximated as a weighted sum over the recent history of the input signal s;_;;
k=0, ...,L. The coefficients h; are weighting factors in this summation, and obviously
L should be sufficiently large, such that h; is of negligible magnitude for k > L. In other
words, the time interval L At must be longer than the filter’s “memory” of previous signal
states.

To summarize: given a filter with known impulse response h and a time series s = {s;;
i=0,...,N} of signals, it is straightforward to calculate the responser = {r;;i =0, ..., N} of
the filter. However, in system identification one faces usually the inverse problem: given
time series s and r, how can one estimate the impulse response h of the filter? The solution to
this question provides the Wiener-Hopf equation (also known as the Wiener equation or
normal equation),

T'h=c, (18)
where
1 N
Gi=g7 Lo fori=0..L, (19)
1 N
I _MZSI i8—; fori,j=0,..., L (20)

Here, M = N — L + 1, I' approximates the autocorrelation matrix of the signal s, and ¢ the
cross-correlation vector between s and r. By inserting the definitions of I' and ¢ and
substituting for r with equation (17) one can readily verify equation (18):

L N N
(I'h); = Z z Sp—iS1— ; z Sp—i Z h; iS1—j = Z Sp—ily = ¢;.
=0 1=L j= M =

With equations (19) and (20), it is easy to compute estimates for the autocorrelation I and
the cross-correlation ¢ from time series data and then obtain the impulse response h by
inverting the Wiener-Hopf equation

h=TI""1c

Y Recalling that the Green function of a differential operator represents the solution or the response to a (Dirac-)
J-source, one may think of the unit impulse response as a discrete, one-sided (causality!) equivalent to the Green
function.
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with standard methods of (numerical) linear algebra. However, the impulse response “lives”
in the time domain. To make use of it in the network analysis of thermoacoustic systems,
which is usually fomulated in the frequency domain, it is necessary to transform the impulse
response into a transfer function F(w). This is accomplished with the z-transform (the
equivalent of the Laplace transform for discrete-time systems):

L
h—-h(z)= ) bz (21)
k=0
with the argument set to z = exp {iwAt}, i.e.,

hk e*ia)Atk

M=

F(CO) _ h’(eiwz\t) _

k=0

In Appendix B, it is shown in a general form that this transformation indeed produces
the desired transfer function between the signal’s and the response’s Fourier transforms,
respectively. Here, the method is applied to the n—t model of the velocity—-velocity coupling.
Assume that t© = mAt, with m some integer less than L. Then for the n-t model

hk = 5k0 + n(Sk,m.

This result should be obvious from the definition of h as the response to a unit impulse
signal. The z-transform of the impulse response with argument exp {iw4t} evaluates to

h(eiwAt) — e*iwAtO + ne*icuAtm =1 + ne*iwt’

which is indeed the velocity-velocity transfer function T“"(w) of the n-t model.
Although it has not been stated explicitly, the discussion has been limited so far to
a one-port with a single input and a single output. However, for (thermo-)acoustic elements,
pressure or velocity fluctuations on one side will in general respond to fluctuations of both
pressure and velocity on the other side. Fortunately, it is possible to expand the formalism
of the finite impulse response filter to this situation. Consider in a first step, a 2-to-1 filter
with two input signals s and s® and one output signal r. With suitably defined unit
impulse response functions h® and h®, one may again approximate the filter’s response as

L L
i Y s+ Y s, (22)
k=0 k=0

Here, h'V is the response observed if a unit impulse is applied at time ¢t = 0 to input “1” of
the filter, and similarly for h®. The two impulse response functions can again be determined
by solving the Wiener-Hopf equation (18). If there is more than one input, the
approximations to the impulse response vector and the cross-correlation vector appearing
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in this equation must be

(1) (1)
hy 501
(1) (1)
h§ 57201
re 1 N g0
h=| " | and e=——— Y| ' F (23)
2 2
h N—L+1,5| s®r
(2) (2)
hi Si=11
2) (2) ..
h Si—Lh

Similarly, the approximation of the autocorrelation matrix is now of dimension 4(L + 1)?
with the entries

(1) (1) (1) (1) (1) (2) (1) (2)

51781 R B R A TS S

N (1) (1) (1) (1) (1) (2) (1) (2)

_ 1 Si-LSi o SiSnSi-n S-S o SLSiCL (24)
N-L+1/% '

= (2) (1) (2) (1) (2) (2) (2) (2)

S8 e STSICL STUS; S SITL

(2) (1) (2) (1) (2) (2) (2) (2)
S1-1S1 SIS Si-LS o SIZLSI—L

Estimating this autocorrelation matrix from time series data s{"’ and s{* obviously requires
a bit more care in bookkeeping the indices, but is not fundamentally more complicated than
for a one-port. Once the two impulse response functions are determined, the z-transform,
applied to each of them in turn produces two transfer functions, such that in frequency
space

Flw) = FY(0)§V(w) + FP(w)§?(w). (25)

If there is a filter with a second output, i.e., responses ") and #?, the analysis for the
2-to-1 filter just described simply has to be carried out also for the second output (upon
assuming as usual that both outputs are determined completely and solely by the two input
signals). For an acoustic system with two inputs p;, v, and two outputs pj, vy, the transfer
matrix T can be determined as

E(pp)(eiwdt) E(pv)(eiwm)

T(w) = <E(vp)(eiamt) fl(w)(eiwm)) (26)
The four impulse response functions h'?? 1" 1P and h™ are determined by solving the
Wiener-Hopf equation—with the generalized cross-correlation vector, equation (23), and
autocorrelation matrix (24)—once for the first output p, and then for the second output v,.

The signal shape is quite arbitrary. Step functions, which are not easily represented
accurately in a time-dependent fluid dynamics computation, can be avoided. It is merely
required that the signal be persistently exciting [41]: i.e., that it has appropriate frequency
content. Otherwise, I is ill-conditioned and the estimates for auto- and cross-correlations
are not sufficiently accurate.
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In principle, an m x n transfer matrix describing a multi-port or m + n-pole can be
obtained if the signal vector s is defined as a suitable combination of n signals and m impulse
response functions h™—one for each output variable of the multi-pole—are introduced.

The results presented in this section are summarized as follows. A novel method has been
described, which allows one to determine the transfer matrix of an acoustic element (a
“multi-port” with one or more inputs and one or more outputs) by time-dependent
numerical simulation. The procedure comprises the following steps.

(1) Obtain a steady state solution for incompressible flow through the element.

(2) Generate time series of pressure and velocity (and other possible variables) up- and
downstream of the element by carrying out a time-dependent computation of compressible
flow with unsteady boundary conditions. The time scale of changes to the boundary
conditions must be adjusted to provide adequate frequency content for the time series s; and
r;. Also, the fluctuations of the different input quantities must be linearly independent from
each other.

(3) From the time series data, compute the estimates of the auto-correlation I and
cross-correlations ¢ with equations (23) and (24). For each output, a different
cross-correlation between signals and response must be computed.

(4) Solve the Wiener-Hopf equations (18) for the impulse responses h. There is one
impulse response for each combination of input and output!

(5) z-transform (see equation (21)) the impulse responses to frequency space to obtain the
coefficients of the transfer matrix.

Since it is not assumed that the incoming perturbation is of a certain functional form, it is
acceptable that reflections from the boundaries reach the two-port during the simulation.
Indeed, the superposition of reflections with perturbations from the boundaries should help
to ensure that the two-port’s input signals are independent from each other.

6. --{ TRANSFER MATRIX FROM INSTATIONARY CFD

As stated in the Introduction, one advantage of the proposed approach of determining
the transfer matrix of an acoustic multi-port from instationary CFD is that it allows one to
simulate only the element of interest and its immediate vicinity rather than the full
thermoacoustic system complete with physically correct boundary conditions. In keeping
with this philosophy, the domain used for the computations below is only 0-3 m long and is
resolved with 100 computational cells. The heat source is located 0-02 m downstream of the
inlet. Recall that the “original” t—{ tube is 1 m long, with the heat source in the middle; for
the computational model discussed in section 3, 200 cells were used.

Mean flow conditions and model parameters were chosen to yield a transfer matrix with
non-zero off-diagonal terms, i.e., inflow velocity v, = 34 m/s at a temperature T, = 288 K,
corresponding to a Mach number M, = 0-1 on the cold side of the heat source. The pressure
loss coefficient was set to { =5, the power of the heat source was adjusted to have
a temperature T), = 430 K downstream of the heat source, resulting in an interaction index
n = 0-25. For the time lag, the value t = 3 ms was chosen. As for the unit step response
computations, first an incompressible steady state solution was computed, where the
density p was computed from the gas law by using the operating pressure p, = 1 bar, rather
than the local static pressure. Then an unsteady run was started, with the value of the
upstream inflow velocity following the profile shown in Figure 7. It is expected that the
amplitude, shape and frequency content of the perturbation signal does have an impact on
the quality of the estimates for the auto- and cross-correlations. Similarly, it may play a role
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Figure 8. Pressure and velocities up- and downstream of the heat source for unsteady simulation with perturbed
upstream velocity boundary condition. (a) ——, p;; ---, pj, (b) , Uhy === Up.

whether velocity, static pressure or total pressure are perturbed. A systematic investigation
of these questions will be the subject of future studies. The time step chosen was dt = 1073 s;
however, only every 25th time step was used in the following analysis, so the effective
sampling interval At = 0-25 ms. The unsteady run was continued up to time t,,,. = 50 ms.

The time series of signals and responses, i.e., the fluctuations of pressure and velocity
up- and downstream of the heat source are shown in Figure 8. Surprisingly, the pressure
traces show strong oscillations with a period of approximately 3 ms, which obviously do not
correlate with the velocity perturbation imposed. However, elementary analysis shows
quickly that the period of 3 ms corresponds nicely to the quarter-wave eigenmode of the
present computation model with a tube length L = 0-3 m. The obvious conclusion is that
although the chosen time lag 1 = 3 ms results in very strong decay of perturbations for the
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Figure 9. Unit impulse responses of the 7-{ model obtained from unsteady simulation with perturbed inflow
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(+) and theoretical results (O) for the h’s, k =0, ..., 15 are shown. Note the different vertical axis scalings.

“original” 7-{ tube with length 1 m, it produces a (weak) thermoacoustic instability for
the system with length 0-3 m. The velocity signals in Figure 8 show the influence of the
oscillations with a period of 3 ms superposed on the fluctuations due to the unsteady
upstream boundary condition. Comparing the velocity profiles at the inlet (Figure 7) and at
the cold side of the heat source (v}, in Figure 8), shows that very little smearing out due to
numerical dissipation is found. The signal gradients appear steep enough to provide
sufficient high-frequency content. Differences between the velocity profiles v and v, are
mainly due to the influence of the pressure oscillations. In any case, these differences are not
a source of error for the present method, because no particular shape of the perturbation
signal is required. Whatever pressure and velocity fluctuations are observed at the inputs of
the multi-port are accepted as the signal for the estimation of the auto- and
cross-correlation. This is an essential difference between the present method and the unit
step approach [22, 26], where it is required that a step perturbation is given as the signal to
the multi-port.

The impulse responses derived from the pressure and velocity time series are shown in
Figure 9. Here the length of the impulse response vector was set to L = 16. With the chosen
time lag © = 3 ms = 124¢, the delayed part of the response should appear in h,,. Except for
the first coefficient hy, which describes the immediate response to a signal, the computed
unit impulse response vectors show quite strong deviations from the expected values,
especially for h””, However, the unit impulse responses are not of interest per se, as it is the
transfer matrix, derived from the unit responses by the z-transformation, which is used in
network analysis. Fortunately, here the agreement between the theoretical and numerical
results is much better; see Figure 10. With the exception of the absolute value of the
velocity-velocity coupling T (lower right coefficient) and the phase of the
pressure-velocity coupling T®” (lower left coefficient), the agreement is not only
qualitatively but also quantitatively very satisfactory. This is in particular so in the
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Figure 10. Coefficients of the transfer matrix T(w) of the 7-{ model obtained from unsteady simulation with
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frequency range o ~ 600-700 s~ !, where the first eigenmode of the t-{ tube is found (cf.
Figure 3).

This analysis was repeated with data from a second unsteady simulation with different
boundary conditions, ie. prescribed total pressure upstream and static pressure
downstream. During the unsteady run both pressure boundary conditions were varied in
a way similar to the velocity boundary condition used in the first case; see Figure 7. The
rationale for this modification was that the influence of the periodic pressure oscillations on
the accuracy of the results achieved was not known. By changing the boundary type and
varying both boundary conditions in time, it was hoped that the unstable acoustic mode
would not develop during the run. This expectation was fulfilled; the pressure and velocity
signals produced by the second unsteady simulation appear to be mainly the response to the
perturbations imposed at the boundaries; see Figure 11. However, it is observed that these
modifications did not improve the prediction of the unit impulse response or the transfer
matrix; see Figures 12 and 13. As a matter of fact, for the pressure-velocity coupling, the
agreement between theory and simulation is worse than it was for the previous run.

Nevertheless, the results achieved with the novel method are satisfactory. Indeed, when
comparing with the level of quality and consistency that can be achieved with experimental
methods [17-19] to determine transfer matrices—and considering the effort that is required
to obtain such results—the performance of the CFD-based approach presented in this
paper is rather impressive. All four coefficients of the transfer matrix are obtained with
acceptable accuracy in magnitude and phase for frequencies below 1000 s~ !, where the first
eigenmode of the system is found. At higher frequencies, the deviations increase in
magnitude, but this frequency range is of minor importance for the present model. The



504 W. POLIFKE ET AL.

pP'IZ (m/s)

0 10 20 30 40 50 ms
(@) Time
g
N
(b Time

Figure 11. Fluctuations of pressure (top) and velocity (bottom) observed for the case with time-varying total

pressure (inflow) and static pressure (outflow) boundary conditions. (a) L Pe; === Phy (B) ——, v ===, V).
&
o @ oL ®
05 05 -
B 2 +
e 0 ::&;tAA¥*¥A*A¥‘ o 0 :,&vv**¢*vi‘:i¥‘_
-05 -05
o
-10 I I I L L L I -10 il’ L L L L L L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
k k
10 © 10 @
05 05 +
B + + * + + B °
s 5.8 & Z s I b
N "F ’ + e T ¥ = 0 + ¥ ¢ 7 + T ®
_0-5 - _0‘5 -
-10 | I I ] ] ] ] ] -10 | | | | | | |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
k k
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Figure 13. Coefficients of the transfer matrix T(w) of the 7-{ model obtained from unsteady simulation with
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Computational (&) and theoretical results (—) for the absolute value (left axis) as well as Computational ( + ) and
theoretical results (—--) for the phase (right axis) are shown.

algorithm is obviously able to disentangle the interactions of pressure and velocity
perturbations propagating in the upstream and downstream direction across the heat
source. The total amount of data used—length N = 200 of the time series, equivalent to
50 ms—for the analysis is quite small. Indeed, the 50 ms compare very favorably with the
direct CFD analysis presented in section 3, were even for a very strongly unstable or stable
case, the unsteady simulation has to evolve for several hundred ms before the long-time
state (limit cycle or steady flow) is approached. For a system near the stability limit,
computation times would be much longer.

7. SUMMARY AND CONCLUSIONS

An efficient and often adequate description of the (thermo-) acoustic properties of
a combustion system is offered by acoustic filter or multi-port networks. The representation
of a combustion system with these tools requires knowledge of the transfer matrices of the
system’s constitutive multi-ports. For simple multi-ports, the transfer matrix can be derived
from the (linearized) equations of conservation of mass and momentum and suitable
additional assumptions. However, in general, the determination of the transfer matrix from
first principles is intractable and one has to resort to experimental or numerical simulation.

It has been suggested previously to determine the acoustic properties of an acoustic
element from time-dependent numerical simulation of the response of the element to
a sudden disturbance. Specifically, the response—in terms of the mass flux across the
flame—to a unit-step perturbation is Laplace-transformed to obtain the (scalar) frequency
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response function. The present work extends these ideas by employing more advanced tools
from communications engineering: i.c., system identification. Specifically, the multi-port is
regarded as a finite impulse response filter, and its unit impulse responses are determined by
solving the Wiener-Hopf equation. The required auto- and cross-correlations of signal and
filter response are estimated from time series data obtained from a time-dependent
simulation of the multi-port’s response to a perturbation of upstream or downstream
boundary conditions. Finally, the transfer matrix required for network analysis is obtained
by a z-transform of the impulse responses.

It is noteworthy that this novel approach is not limited to a scalar frequency response
function. The 2 x 2 transfer matrix describing a two-port filter can be obtained from one
single time-dependent computation. Extensions of the method to matrices of higher
dimension seem feasible for multi-ports with more than two ports and/or additional
variables representing, e.g., fluctuating fuel concentration or entropy. Furthermore, the use
of step functions, which are required for the unit step approach with subsequent
Laplace-transform, but which are not easily represented accurately in a time-dependent
fluid dynamics computation, can be avoided. Indeed, the shape of the perturbation signal is
quite arbitrary, it is merely necessary that the signal possesses sufficient frequency content
and is persistently exciting. For the same reason, it is also permissible that reflections of the
original perturbation from the boundaries of the computational domain impinge upon the
two-port. The instationary simulation may therefore be continued beyond the time which
an acoustic perturbation requires to travel back and forth across the computational
domain. Longer simulation times are expected to lead to more accurate estimates of
cross- and auto-correlations of signal and response. Finally, there is no minimum frequency
spacing for the transfer matrix, as exists for the inverse Laplace transformation method.

The method has been successfully applied to a one-dimensional model of a heat source
with time delay placed in a low-Mach-number compressible flow, for which an analytical
description can be derived from first principles. Computational predictions of the transfer
matrix have been validated successfully against these analytical results.

Applications of the method to two-dimensional purely acoustic (i.e., without heat release)
two-ports shall be reported elsewhere; applications to turbulent reacting flows in premix
burners are planned.
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APPENDIX A

In this section it is illustrated—Dby using the n-t model as an example—how the frequency
response of a linear system may be recovered as the Laplace transform of its unit step
response. A general proof of these statements is given, e.g., by Kailath [37].

Consider a linear system with a real-valued input signal s and a real-valued output signal
or response r. Then the frequency response function F(w), which satisfies

F(w) = F(w)$(w)
for the Fourier transforms # and § of signal and response, is equal to

Z,(2)

F(w) = 7.0

(A1)

z=iw

On the rhs., Z(z) = j g’ f(t)e " dt denotes the one-sided Laplace transform of some
function f. Now consider the special case of the response u(t) of the system to a unit step or
Heaviside signal

s(t) = H(t) =

0 for t <O,
1 for t>=0.

It follows with Zy(z) = 1/z from equation (A1) that

Flw)=z2L,|,=i0 = iwj u(t)e it dt. (A2)

0
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For the n—t model, the response u(t) to a unit step perturbation is shown in Figure 5.
Obviously,

o0 o0 1
2, =J e~ dt + (1 + n)f e #dt =—(1 + ne %),
zZ

0 T

and one reproduces the frequency transfer function F(w) =1 + nexp(—iwrt) of the n-t
model.

APPENDIX B

In this section, it is demonstrated that the z-transform E(z) of the unit impulse response
h with argument z = exp{iwAt} indeed yields the frequency response function of a linear
filter.

First, recall that the discrete forward Fourier transform of N + 1 sample points s, = s(t)
with sampling interval At and t, = kAt, k =0,1,2, ..., N, is defined as

N 2ank
S(ay) = §, = exp{—i }sn, (B1)
k k n;) N1

where § is the discrete Fourier transform, and the sample points in frequency space are
wy = 27nk/(N + 1)4t.
Now consider the discrete Fourier transform of the response r of a linear filter,

N 2ank
. s B2
I nzoexp{ IN—I—I}V" (B2)
N 2ank) &
= ngo exp{ —iNa1 n l}jgohjs,,_j. (B3)

Substituting for s,_; with the definition of the inverse discrete Fourier transform

1 X 2nnk
=— —i—>5, B4
& N+1,,ZoeXp{ 1N+1}g"’ (B4)
and then using the series representation of the Kronecker 6,
1 X 2n(k — m)n
) — R R B5
o N+1"pr{ R (B)

to eliminate double summations, one can simplify equation (B3) to obtain

L 2nkj
) hjexp{—i ” J}§k. (B6)

B = h(e )3, (B7)
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APPENDIX C: NOMENCLATURE

Upper case letters

A cross-sectional area

F scalar frequency response function
Im(z) imaginary part of complex variable z
Re(z2) real part of complex variable z

H Heaviside step function (unit step)

L M, N integers
&z, Laplace transform of function f
0 rate of heat release per unit area
M Mach number

S system matrix

T temperature

T transfer matrix

T coefficient of transfer matrix

Z specific impedance

Lower case letters

speed of sound
approximation of the cross-correlation of signal and response
impulse response vector
element of impulse response
pressure

response

signal

step response

vector of unknowns
velocity

spatial co-ordinate

complex variable

=6 0
=
~

N K S ES®RS

Greek letters

area ratio, 4,/A,

ratio of specific heats

approximation of the autocorrelation matrix of a signal
cycle increment

Kronecker delta

reduced length

angular frequency

density

time lag

ratio of specific impedances up- and downstream
pressure loss coefficient

153

Sy~

&

ubscripts and accents

inlet

cold

hot

exit

downstream

upstream

Fourier transform of function f’
(2) z-transform of unit impulse response vector h
(2) expectation value
expectation value of r

) AK T OU S AT QN

=SS
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