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Foreword

November, 2008 Anna Schwarz, Johannes Janicka

In the last thirty years noise emission has developed into a topic of increasing
importance to society and economy. In fields such as air, road and rail traffic, the
control of noise emissions and development of associated noise-reduction technolo-
gies is a central requirement for social acceptance and economical competitiveness.
The noise emission of combustion systems is a major part of the task of noise re-
duction. The following aspects motivate research:

• Modern combustion chambers in technical combustion systems with low pollu-
tion exhausts are 5 - 8 dB louder compared to their predecessors. In the opera-
tional state the noise pressure levels achieved can even be 10-15 dB louder.

• High capacity torches in the chemical industry are usually placed at ground level
because of the reasons of noise emissions instead of being placed at a height
suitable for safety and security.

• For airplanes the combustion emissions become a more and more important
topic. The combustion instability and noise issues are one major obstacle for the
introduction of green technologies as lean fuel combustion and premixed burners
in aero-engines. The direct and indirect contribution of combustion noise to the
overall core noise is still under discussion. However, it is clear that the core noise
besides the fan tone will become an important noise source in future aero-engine
designs. To further reduce the jet noise, geared ultra high bypass ratio fans are
driven by only a few highly loaded turbine stages.

• The development of layout tools for “quiet” technologies requires calculation
methods for predicting of sound power in new technical products.

The research Initiative “Combustion Noise” was founded in the year 2002 and was
funded by the German Research Foundation (DFG) for six years. The objective of
this project was the development of methods to identify basic principles required to
reduce the noise in combustion systems.
This book reflects the main findings of the research Initiative “Combustion Noise”
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vi Foreword

over the last six years. The chapters summarize the main scientific results of the
sub-projects of this Initiative.
The editing of this book required the cooperation of all authors. This excellent col-
laboration is greatly appreciated. The financial support of the German Research
Foundation (DFG) is gratefully acknowledged.



Contents

1 Numerical RANS/URANS simulation of combustion noise . . . . . . . . . 1
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Preface

November, 2008 Anna Schwarz,Christoph Richter and Johannes Janicka

The reduction of noise emissions is a topic of increasing relevance to the public
and the economy. While the research effort has previously concentrated on aero-
dynamic noise formation by airplanes and other vehicles, the research Initiative
“Combustion Noise” promoted the development of methods and design criteria to
minimize the noise formation by combustion sources. The research was focused on
the generation, propagation and radiation of the combustion noise. With the help of
suitable experiments the group developed a better understanding of the underlying
processes. Key simulation techniques were the Large Eddy Simulation (LES) and
well established industrial application URANS-methods (Unsteady Reynolds Aver-
aged Navier Stokes) to compute the noise sources related to the combustion process.
Non-intrusive measurements were performed using laser diagnostics, yielding a bet-
ter insight into the phenomena and providing data for validation. Direct sources of
noise emissions due to the time dependent changes of the heat release and the indi-
rect sources from entropy fluctuations were investigated and included in the model-
ing process.
The research Initiative “Combustion Noise” was split into 10 sub-projects, each
presenting their main results within a separate chapter. Thus, the chapter structure
corresponds to the project number given in the following. The organization of the
project as distributed research collaboration allowed the contribution of various ger-
man experts in combustion as well as in aeroacoustics with experiments, analytical
and numerical contributions. Therefore, this book provides a comprehensive col-
lection of works with relation to combustion noise. In the following the involved
institutions and their projects will be summarized in short:

1. Institute of Combustion Technology, Stuttgart. (Prof. Dr.-Ing. M. Aigner).
The first sub-project, “Numerical URANS Simulations of combustion noise”,
focused on the development of URANS methods. The heat release fluctuations
due to the periodical combustion oscillations were described through the vari-
ous modeling methods. The turbulent broadband was captured through different

xiii
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modeling approaches. These methods were applied to simulations of indirect en-
tropy noise and direct combustion noise.

2. Institute for Chemical Technology and Engler-Bunte Institute, Division of Com-
bustion Technology, University of Karlsruhe (Prof. Dr.-Ing. H. Bockhorn).
The objective of the second sub-project “Measurements and simulation of noise
emitted from swirl-burners with different Burner Exit Geometries” was an ex-
perimental identification of sound intensity of turbulent, enclosed and swirled
flames, which should provide a basis for physical modeling of quantitative noise
formation. The simulations of experimentally investigated configurations with a
compressible LES approach were also conducted.

3. Institute for Energy and Powerplant Technology, Technical University of Darm-
stadt (Prof. Dr.-Ing. J. Janicka)
The third sub-project, ”Modeling of noise sources in combustion processes via
Large-Eddy Simulation”, was focused on a further development of the Large
Eddy Simulation. The resulting noise sources provide a basis for the noise prop-
agation modeling methods like Linearized Euler-Equations (LEE), Acoustic Per-
turbation Equations (APE), Acoustical Equivalent Source Methods (ESM) and
Boundary Element Methods (BEM). The development of subgrid scale model-
ing under influence of acoustic perturbation was another aspect of this project.

4. Department of Mathematics, Physics and Chemistry, Technical University of Ap-
plied Sciences Berlin (Prof. Dr.-Ing. habil., Dipl.-Math. M. Ochmann) and Insti-
tute of Acoustics and Voice Communication, Technical University of Dresden
(Prof. Dr.-Ing. habil. P. Költzsch).
The main objective of the fourth sub-project, “Modeling of the sound radiation
by means of the equivalent source method”, was an advancement of the sim-
ulation of noise formation and radiation due to the acoustic Equivalent Source
Methods (ESM) and Boundary Elements Methods (BEM). The aims of these in-
vestigations were the coupling between LES-ESM/BEM, the simulation of noise
field based on incompressible and compressible LES, the validation of simula-
tion methods of the far fields of flames and the adaption of simulation processes
for sound radiation of enclosed flames.

5. Institute of Propulsion Technology, DLR Berlin (Dr.-Ing. I. Röhle).
The “Investigation of the correlation of entropy waves and acoustic emissions
in combustion chambers” was the focus of the fifth project. Based on a model
combustion chamber with variable length and variable cross section of the com-
bustion chamber outlet nozzle, the contribution of the direct noise and the entropy
sound to the total noise in a combustion chamber was investigated. In a model
experiment featuring electrical heating to generate non-isentropic perturbations
in a spatially varying average flow field a reference test case was set up. Compre-
hensive experimental data was provided for the validation of numerical methods
with respect to entropy noise.

6. Institute of Thermodynamics, Technical University München (Prof. Dr.-Ing. T.
Sattelmayer).
The acoustic ambient conditions are very significant for simulations of com-
bustion sources. The sixth sub-project,“Influence of boundary conditions on the
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noise emissions of turbulent premixed swirl flames”, concentrated on contactless
methods for local and high dynamic heat release and velocity measurements.
Premixed and diffusion flames were the subject of the study. The focus of the
enhanced understanding of combustion induced noise in this work was the for-
mation and development of simpler usable models.

7. Institute of Aerodynamics, RWTH Aachen University (Prof. Dr.-Ing. W. Schröder).
The development of noise propagation simulation methods was the aim of the
seventh sub-project, “Simulation of combustion noise in the near field of pre-
mixed and diffusion flames”. The acoustic perturbation equations were devel-
oped for the simulation of sound propagation in strong inhomogeneous fields
based on the LES of the instantaneous source field.

8. Institute of Fluid Mechanics and Engineering Acoustics, Berlin Institute of Tech-
nology (Prof. Dr.-Ing. F. Thiele).
The technical combustion systems are usually enclosed, so that the interaction
of sound, wall and the mean flow are very significant. In the eighth sub-project,
“Investigations regarding the simulation of wall noise interaction and noise prop-
agation in swirled combustion chamber flows”, a computational aeroacoustics
method was applied for the simulation of entropy modes and their sound gener-
ation.

9. Institute of Fluid Dynamics and Thermodynamics, Otto-von-Guericke Univer-
sity Magdeburg (Prof. Dr.-Ing. D. Thevenin).
The ninth sub-project, “Direct numerical simulation of the interaction between
flame and acoustic waves”, delivered information about the interaction of sound
waves and combustion due to the direct numerical simulation of partial adjust-
ment ranges in premixed and diffusion flames. This information was used for de-
tailing the inner structures of flames and for improving and validating the models
used in the LES and CAA simulations.

10. Hermann-Föttinger Institute of Fluid Mechanics and Engineering Acoustics,
Technical University of Berlin (Prof. Dr.-Ing. C. O. Paschereit) and Institute of
Propulsion Technology, DLR Berlin (Dr. rer. nat. L. Enghardt)
The tenth sub-project, “Acoustical near field holography in combustion cham-
bers”, dealt with the indirect determination/identification of sound sources from
acoustic pressure measurements. The focus of this work was the reconstruction of
sound sources using a Green’s function representation of the sound pressure field
for the investigated combustion chamber geometries. The method was developed
for the combustion chamber from sub-project five and delivered additional vali-
dation data for theoretical-numerical sub-projects.

The cooperation of experts in different areas allowed the development of new
methods and understandings which gain input from different fields. Besides the con-
tribution of each sub project, this led to an additional impact of the present results.
The major advances in describing and understanding combustion noise through the
project are summarized as following:

• The understanding of the mechanisms of noise generation was addressed using
suitable experiments and simulations in which a wide variety was developed in
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the current project. Several improvements in combustion noise modeling are pre-
sented in chapter 1 for URANS based method as well as in chapter 2 and 3 for
LES based methods. A direct numerical simulation was applied in chapter 9.
Acoustic propagation and far-field methods for combustion noise are presented
in chapter 4, 7 and 8. A large experimental parameter variation for premixed
and non-premixed flames is provided in chapter 2, therein LES simulation was
applied to identify large scale structures as noise source. Further experiments
including advanced instrumentation were provided in chapter 6. Finally, exper-
imental investigations of the indirect entropy noise generation are presented in
chapter 5.

• Another topic was the modeling of the reflections from connected duct systems.
The numerical simulations in chapter 1 as well as 8 underline the importance
of impedance modeling for the simulation of combustion noise. Due to the cor-
rect consideration of the reflection from up- and downstream duct sections, the
prediction of peak frequencies becomes possible and the swing off was adjusted
with the correct impedance applied.

• The contribution of experts from the different fields allowed the development of
a variety of hybrid methods for the prediction of the noise propagation and radia-
tion which combine the specific numerical methods. Combustion noise required
quite different numerical modeling assumptions for the combustion process and
the noise propagation and radiation. The idea to couple two methods which were
developed for each of these objectives was obvious. Consequently, there is a large
variety of hybrid approaches.
A hybrid RANS-CAA approach was applied using an extension of the random
particle method (RPM) in chapter 1. A boundary element method and an equiv-
alent source method which were both based on the Helmholtz equation were ap-
plied in chapter 4 to obtain the far-field characteristics of an open flame based on
LES (chapter 3). The extension to a dual reciprocity boundary element method
which is capable of handling temperature gradients in the field was discussed in
chapter 4. Several parameters influencing the accuracy of the acoustic prediction
were also investigated. The acoustic perturbation equations described in chap-
ter 7 were applied using the unsteady sources from LES described in chapter 3
as well as from a direct numerical simulation described in chapter 9. Last but not
least the application of a hybrid approach based on URANS-CAA coupling is
presented in chapter 8.

• An outstanding result of the project was the development of a theoretical model
for the prediction of the sound spectrum. Based on a dimensional analytical con-
sideration a general model for the prediction of the sound power spectrum of
a flame was developed in chapter 6. The model parameters were influenced by
innovative measurements like simultaneous temporally resolved PIV/LIF mea-
surements. These measurements form a breakthrough in the understanding of
flame dynamics and allow the adjustment of the model parameters. The model
was shown to be in a good agreement with a wide variety of open and thermal
enclosed flames (comp. chapter 6).
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• The modeling of indirect combustion noise sources was addressed within the
project as a potential noise source in a realistic application of gas turbines and
aero-engines. The first experimental evidence of the generation of indirect noise
was achieved in the model combustion chamber described in chapter 5. The orig-
inal model of the combustion chamber was investigated numerically in chapter 3.
A more realistic redesign of this combustion chamber was used in chapter 5 in
order to provide further evidence of the source mechanism together with com-
prehensive benchmark data for code validation. However, due to the complexity
of the system it was not applicable for a first validation of numerical codes.
For this reason a simplified experiment was developed which has soon become
a reference for code validation with respect to entropy noise. It was described in
chapter 5 as well. Based on this simplified experiment with controlled electrical
heating a validation of numerical methods regarding the indirect source mecha-
nism was carried out for an URANS-method in chapter 1 and for a CAA-method
in chapter 8.

• The interaction between the noise generation and the combustion was investi-
gated numerically as an important source of noise as well as combustion in-
stabilities. The basic source mechanisms for the combustion-acoustic feedback
were investigated numerically by a direct numerical simulation in chapter 9 and
the contribution of the species to the resulting amplification or damping of sound
waves due to the interaction with the flame front was uncovered.

• Finally, for the purpose of modeling and identifying of noise sources, identifi-
cation techniques were developed in the current project. For identification in a
numerical simulation the source terms of different acoustic analogies were ap-
plied in chapter 1 as well as chapter 2, whereas the method used in chapter 8
was based on the acoustic intensity and identifies radiating sources. The meth-
ods presented in chapter 1 and chapter 8 were feasible to identify the flow in the
nozzle of the model experiment and therewith the indirect noise as major source
of sound.
An extended theoretical and numerical analysis of the source terms in reacting
flows was provided in chapter 7, in which the source terms were also analyzed
in chapter 3. The material derivative of the density was found to be the major
source of noise in an incompressible simulation. The analysis is shown in chap-
ter 7. Compared to the numerical simulation with full time resolved field data,
the location of the source in experiments is even more challenging. This topic
was addressed by a holographic method in chapter 10. It provides a mathemati-
cal study of the reproduction of the internal sound field with a minimum number
of microphones as they are available for a realistic experimental instrumenta-
tion. The fast development of this method is astounding on the background that
it joined the project in the last two years.



Chapter 1
Numerical RANS/URANS simulation of
combustion noise
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Abstract In the present work, numerical simulation tools for two different com-
bustion noise source mechanisms are presented. The generation and propagation of
entropy noise is computed directly using a compressible CFD approach in combi-
nation with appropriate acoustic boundary conditions. The Entropy Wave Generator
(EWG) experiment is taken for validation of the proposed approach and for evaluat-
ing the acoustic sources of entropy noise. Simulation results of pressure fluctuations
and their spectra for a defined standard test configuration as well as for different
operating points of the EWG agree very well with the respective experimental data.
Furthermore, a new numerical approach called RPM-CN approach was developed
to predict broadband combustion noise. This highly efficient hybrid CFD/CAA ap-
proach can rely on a reactive RANS simulation. The RPM method is used to re-
construct stochastic broadband combustion noise sources in the time domain based
on statistical turbulence quantities. Subsequently, the propagation of the combus-
tion noise is computed by solving the acoustic perturbation equations (APE-4). The
accuracy of the RPM-CN approach will be demonstrated by a good agreement of
the simulation results with acoustic measurements of the DLR-A flame. The high
efficiency and therefore low computational costs enable the usage of this numerical
approach in the design process.
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1.1 Introduction

Combustion systems, for example of aero-engines, emit direct and indirect combus-
tion noise [49]. Direct combustion noise is due to periodic combustion oscillations
or stochastic fluctuations of the heat release [17, 18]. Indirect combustion noise or
entropy noise is generated mainly by temperature non-uniformities, which are con-
vected out of the combustion chamber and then accelerated [18, 37, 35] for example
downstream the gas-turbine combustion chambers in the first turbine stage.

The approaches of the computational combustion acoustics (CCA) are very sim-
ilar to those of the computational aeroacoustics (CAA) [14]. However, the numer-
ical simulation of combustion noise is more complex since turbulence, acoustics
and chemical reaction coincide. Like in CAA [52] direct computational methods
(DCM) are considered as the more accurate technique for CCA [14]. DCM solve
the complete, fully coupled compressible Navier-Stokes equations and resolve the
unsteady reactive flow and the acoustic field at the same time. However, due to the
application of direct numerical simulations (DNS) or large eddy simulations (LES)
the prediction of combustion noise is expensive. Thus, DNS/LES methods espe-
cially for industrial users are very costly. However, the strongly varying length- and
time scales of turbulence, acoustics and chemistry as well as the need of high order
discretization schemes to avoid dissipation and dispersion of acoustic waves initi-
ated the development of hybrid CFD/CAA-approaches, which split the combustion
noise simulation into a simulation of the turbulent reactive flow and a subsequent
simulation of the acoustic processes in the time domain.

Therefore, the applications of direct Reynolds Averaged Navier-Stokes (RANS)
approaches or hybrid approaches which are based on RANS computations are a
promising and computational efficient method for combustion noise prediction.
Since there is not much known about the applicability of much more efficient
RANS/URANS approaches the present work was devoted to the application of
RANS/URANS methods as the underlying CFD method for the numerical com-
putation of direct and indirect combustion noise. For the indirect combustion noise
a compressible URANS method was applied and the sound generation and propaga-
tion was treated inherently. In contrast to this, the simulation of direct combustion
noise was done by a newly developed multi scale CFD/CAA approach.

1.2 Theoretical Background

In this section, theoretical background to the applied simulation techniques is given.
First, the employed RANS/URANS modeling approach and acoustic boundary con-
ditions for CFD application in the time-domain are briefly discussed. Subsequently,
the applied hybrid CFD/CAA approach for the prediction of turbulent combustion
noise is depicted.
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1.2.1 RANS/URANS approach

1.2.1.1 Statistical averaging of the transport equations

The governing equations of fluid flows can be cast in a general form which, for
instance, in tensor notation reads as

∂ (ρφ)
∂ t

+
∂ (ρu jφ)

∂x j
=

∂
∂x j

(
Γ
∂φ
∂x j

)
+Sφ . (1.1)

The URANS (Unsteady Reynolds Averaged Navier-Stokes) transport equations of
turbulent flows can be derived applying Ensemble-averaging. Hereby, the stochastic
fluctuations of turbulence are separated from the deterministic oscillations [7, 39].
The flow variable φ is decomposed into a time-dependent but deterministically
changing value φ0(t) and a superimposed stochastic temporal fluctuation φ ′(t),
Fig. 1.1

φ(t) = φ0(t)+φ ′(t), (1.2)

whereas

φ0(τ) =
1
N

N

∑
i=0

φ (τ + iT ) . (1.3)

Here T is a representative time-interval of the deterministic changes of φ .

Fig. 1.1 Periodic oscillation
with superimposed turbulent
fluctuation [39]

Introducing this decomposition in the transport equations and taking the Ensemble-
average of these equations over a proper time interval results in the following
Reynolds-averaged transport equations for unsteady turbulent flows [7, 39] with
constant density

∂ (ρφ0)
∂ t

+
∂
(
ρu j,0φ0 +ρ

〈
u j,0φ ′〉

0 +ρ
〈

u′jφ0

〉
0
+ρ
〈

u′jφ ′
〉

0

)
∂x j

=
∂
∂x j

(
Γ
∂φ0

∂x j

)
+
〈
Sφ
〉
, (1.4)
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with 〈.〉 denoting Ensemble-averages where
〈
u j,0φ ′〉

0 = 0 and
〈

u′jφ0

〉
0
= 0. Favre-

averaging of the equations of variable density flows leads to similar equations with
ρ denoting the Ensemble-average of the density.

1.2.1.2 Turbulence modeling

A large number of different closures for the unknown correlations
〈

u′jφ ′
〉

exist [43].

They can be classified depending on the statistical order of the closure and the num-
ber of additional model equations required. In this work the standard k-ε model, a
two equation closure model of first order and a Reynolds Stress Model (RSM), a
seven equation model of second order have been applied.

1.2.2 Boundary conditions

In order to predict thermoacoustic phenomena like combustion noise applying CFD
methods the accurate modeling of the acoustic behavior at the boundaries is indis-
pensable. In the case of computing combustion noise of open flames the surrounding
boundary conditions have to allow acoustic waves to leave the computational do-
main without any reflections. To prevent reflections of physical and numerical waves
different approaches have been developed in the past. For the implementation of
non-reflecting boundary conditions common approaches are the Perfectly Matched
Layers (PML) [30, 29] and the method based on the characteristics [41, 54]. How-
ever, for the simulation of thermoacoustic phenomena in enclosed geometries non-
reflective boundary conditions are often not appropriate. Here, instead the acoustic
impedance of the downstream and the upstream geometry, i.e. the inlet and outlet
boundaries, has to be captured by the boundary conditions. In general, only time-
domain impedance boundary conditions which are able to capture the frequency-
depending impedance behavior of acoustic waves must be used [55, 31].

1.2.3 RPM-CN approach

The RPM-CN approach is a hybrid CFD/CAA approach for the prediction of turbu-
lent combustion noise. Based on mean statistical turbulence quantities of a preced-
ing reactive RANS simulation the turbulent combustion noise sources are stochasti-
cally reconstructed by the RPM-CN method. This section briefly discusses the un-
derlying RPM method and the applied discretization and afterwards the realization
of turbulent combustion noise sources is derived.
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1.2.3.1 RPM method

The Random Particle-Mesh (RPM) method was introduced by Ewert [22, 19, 21, 20]
as a stochastic method to generate unsteady turbulent fields with locally prescribed
one- and two-point statistics, with special emphasizes on its application in CAA.
The RPM method is an Eulerian-Lagrangian stochastic method, which generates a
statistically steady fluctuating sound source Q(x, t) in the Eulerian frame used in
CAA methods. The cross-covariance R generated by the method as applied in this
work is Gaussian in space and exponential in time, i.e.

R (x,r,τ) = 〈Q(x, t)Q(x+ r, t + τ)〉

= R̂ exp

{
−|τ|
τs

− π (r−ucτ)2

4l2
s

}
, (1.5)

where the brackets denote ensemble average. The parameters ls and τs define respec-
tively integral length- and time scales and R̂ denotes the variance of the correlated
quantity for vanishing separation space r and time τ . Taylor’s hypothesis is taken
into account by the convection velocity uc. For inhomogeneous turbulence uc, ls, τs,
and R̂ depend on position x.

The fluctuating quantity Q is obtained by spatially filtering a spatial white-noise
field U , the latter of which is generated with a specific stochastic partial differential
equations. The filtering reads

Q(x, t) =
∫

V n
S

Â(x)G
(∣∣x− x′

∣∣ , ls (x))U (x′, t)dnx′. (1.6)

In this expression G is a spatial filter kernel, n indicates the dimension of the prob-
lem, and V n

S is the considered source region. The amplitude function Â(x) realizes
a local target variance of the fluctuating quantity Q, its scaling is discussed below.
The spatial white noise field is generated by a Langevin equation [43]

D0

Dt
U = − 1

τs
U +

√
2

ρc
0τs

ξ (x, t), (1.7)

formulated in a Lagrangian frame. Here D0/Dt = ∂/∂ t + uc
0 ·∇ denotes a substan-

tial time derivative. The steady velocity field uc
0(x) determines the finally achieved

convection velocity uc. For a constant velocity uc
0 the convection velocity becomes

uc = uc
0. However, in general an arbitrary local convection velocity can be achieved.

The density ρc
0 is defined such that ∇ ·

(
ρc

0uc
0

)
= 0 is satisfied. The quantity ξ (x, t)

is Gaussian distributed spatio-temporal white-noise, i.e. it satisfies

〈ξ (x, t)〉 = 0, (1.8)

〈ξ (x, t)ξ (x+ r, t + τ)〉 = δ (τ)δ (r), (1.9)

where δ denotes the Dirac δ -function.
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Based on the definition for Q, Eq. (1.6) its cross-covariance in the fully written
form becomes [38]

R(x,r,τ) =〈Q(x, t)Q(x+ r, t + τ)〉

=
Â(x)Â(x+ r)

ρc
0(x)

ls
n
2 (x)

exp

(
−|τ|
τs

− π|r−uc
0τ|2

4l2
s (x)

)
, (1.10)

To achieve the appropriate variance R(x,0,0) = R̂ of Eq. (1.5) the parameter Â must
be chosen as

Â(x) =

√
ρc

0(x)R̂(x)
ln
s (x)

. (1.11)

1.2.3.2 Numerical discretization of the RPM method

The numerically method used here to discretize the filtered stochastic partial differ-
ential equation as presented in the previous section represents the convecting white
noise field by convecting particles, which carry random values. The random values
are Gaussian deviates with a variance proportional to the inverse of the particle den-
sity. A bundle of streamlines spans the resolved source domain over the field u0.
In this work the convection field is identified with the time-averaged mean-flow ũ
from RANS. Random particles are seeded with a constant clock rate at the foremost
upstream position on each streamline. The particles drift along the streamline until
being finally removed downstream. The spatial filtering is conducted sequentially.
In the first step the random values are filtered along the streamline. Next, the values
are weighted and distributed in direction normal to the streamline onto the CAA
mesh.

To discretize the Langevin equation, Eq. (1.7), the random values carried by each
particle are not kept constant but rather change over time according to the discrete
equation

rn+1
i = αrn

i +β sn
i . (1.12)

Here rn+1
i and rn

i denote the random value of a particle at time-level n + 1 and n,
respectively. The quantity sn

i is a Gaussian deviate with same variance as ri. This
procedure realizes an exponential decay [6]. The constant α follows, by discretizing
the Langevin equation Eq. (1.7). It is related to the time-scale τs via

α = 1− Δ t
τs

, (1.13)

where Δ t denotes the time-increment between levels n + 1 and n. To preserve the

root-mean square value of ri over time, β must be chosen as β =
√

2Δ t
τs

.
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1.2.3.3 Realization of turbulent combustion noise sources

For the acoustic combustion noise simulations the acoustic perturbation equation
system (APE-4) introduced by Ewert & Schröder [23] is applied. This modification
of the linearized Euler equations (LEE) reads

∂u′

∂ t
+∇
(
u0 ·u′)+∇

(
p′

ρ0

)
= qm (1.14)

∂ p′

∂ t
+ c2

0∇ ·
(
ρ0u′ +u0

p′

c2
0

)
= c2

0qc (1.15)

with the right hand side source terms

qm =− (ω×u)′ +T ′∇s0 − s′∇T0 −
(
∇

(u′)2

2

)′

+
(
∇ · τ
ρ

)′
(1.16)

qc =−∇ ·
(
ρ ′u′)′ + ρ0

cp

D0s′

Dt
. (1.17)

Here, all non-entropy sources can be neglected since sources of aerodynamic
sound are usually negligible in the relatively low speed flows prevailing in flames [14]
which means that the combustion noise sources are dominant [8, 17, 28, 48, 47].
Thus, neglecting all non-entropy source terms delivers the following sources of the
APE-4 system which include among others all acoustic sources due to chemical
reaction.

qm = T ′∇s0 − s′∇T0 (1.18)

qc =
ρ0

cp

D0s′

Dt
(1.19)

First the assumption was made that the sources of the momentum equations qm are
negligible and the substantial time derivative of the entropy fluctuation D0s′/Dt is
the dominant acoustic combustion noise source [12]. Secondly it was assumed that
the entropy fluctuation is a strong function of the temperature fluctuation only [53],
which is true for constant pressure.

ds =
cp

T0
dT (1.20)

s′ =
cp

T0
T ′ (1.21)

Thus, the following acoustic source term is obtained.

qc =
ρ0

cp

D0

Dt

(
cp

T0
T ′
)

(1.22)
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The main advantage of modeling the entropy fluctuation by the temperature fluctu-
ation is the fact that the prediction of temperature statistics is well established and
can be validated against measurements. The prefactor ρ0/cp of the source term is a
result of the RANS simulation and the substantial time derivative is modeled by the
RPM method which will be derived in the following.

By reconstructing the substantial time derivative D0 (cpT ′/T0)/Dt with RPM, a
scaling similar to that used for the Tam & Auriault [50] RPM realization for jet
noise prediction reported in [9, 20, 38], yields a variance of the source

R̂ =

c2
p

T 2
0

T̃ ′′2

c2τ2
T

. (1.23)

Use of Eq. (1.23) in conjunction with Eq. (1.11) delivers the amplitude Â, where n
indicates the dimension of the problem.

Â =
cp

√
ρc

0 T̃ ′′2

cτT ln/2
T T0

(1.24)

For the final use with the APE-4 system the RPM generated source has to be
complemented with the prefactor ρ0/cp to realize Eq. (1.22). The modeled correla-
tion function has three characteristic parameters which are the length scale lT and

time scale τT of the temperature fluctuation as well as the temperature variance T̃ ′′2.
The modeling of these variables is presented in the following. Note that the turbulent
temperature length and time scales might differ from the one used e.g. for the Tam
& Auriault jet noise model [50]. This means that different calibration constants have
to be applied. To clearly distinguish the temperature scales, the related parameters
are labeled lT , τT , cT l , and cTτ , instead of ls, τs, cl , and cτ in the following. This
convention already has been used in Eq. (1.24), where the length and time scale lT
and τT instead of ls and τs occur.

The temperature length lT and the time scale τT are linked to the turbulence
model scales via

lT = cT l
k3/2

ε
(1.25)

τT = cTτ
k
ε
. (1.26)

Simultaneous to the RANS calculation a transport equation for the temperature vari-
ance is solved [26].
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∂ ρ̄T̃ ′′2

∂ t
+
∂ρ ũ jT̃ ′′2

∂x j
=

∂
∂x j

{(
μ +

μt

Prt

)
∂ρT̃ ′′2

∂x j

}

+ cprod
μt

Prt

(
∂ T̃
∂x j

)2

− cdissρ
ε
k̃

T̃ ′′2

(1.27)

The constants of the transport equation are cprod = 2.0 and cdiss = 2.0.
At least the suitability of the RPM method to model combustion noise sources

will be discussed. The correlations of the scalar source Eq. (1.22) will show a cor-
relation given by Eq. (1.6) with τs and ls replaced by τT and lT , i.e. the combustion
sound sources are assumed to have Gaussian spatial correlations. Note that currently
no data is available about the typical shape of the correlation function associated
to the combustion source term used in the present work. However, acoustically the
meaning of the correlation length scale of a turbulent sound source is to take into ac-
count coherent and incoherent source areas. If the turbulent length scale is smaller
than the acoustic wave-lengths the coherent sound sources can be deemed to be
compact, which effectively means that acoustically only the local correlation length
scale, respectively the local correlation volume, plays a role but not the special shape
of the correlation function. The assumption of compactness is satisfied for combus-
tion noise problems with good accuracy, hence a Gaussian spatial correlation of the
combustion source might be appropriate, irrespective of its actual shape.

1.3 Results and Analysis

1.3.1 Indirect combustion noise

1.3.1.1 Experimental configuration

The Entropy Wave Generator (EWG) is a test rig for non-reactive flows. The main
part of the rig is basically an accelerated tube flow that allows the generation of
entropy modes of perturbation [15] by an electrical heating module upstream of the
nozzle. The detailed setup is described in Bake et al. [1]. A sketch of the design is
shown in Fig. 5.1 in chapter 5.2.1.1.

The air flow, which is supplied by a compressor, is lead into a settling chamber
with a honeycomb flow-straightener before it enters the tube section via a bell-mouth
intake. The inner diameter of the tube is 30mm. The heating module consists of four
ring sections with ten platinum wires each stretched through the cross section. The
wires have a diameter of 25 μm. In the current setup, the wires can be heated with
an electrical power up to 200 W. The length of the heating module in stream-wise
direction is equal to 32 mm.

The tube section following the heating module has a length of 92.5 mm. Further
downstream the flow is accelerated through the convergent part of a convergent-
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divergent nozzle and then decelerated in the divergent section of the nozzle. The
nozzle throat has a diameter of 7.5 mm. The following 1020 mm long tube section
has a diameter of 40 mm. The acoustic pressure excited by the accelerated entropy
modes in the convergent-divergent nozzle is measured by wall-flushed microphones
at four different axial positions for acoustic analysis in the tube. Following this
measurement section, the flow enters a tube of 1000 mm in length and 44 mm in
diameter, which is connected with a smooth transition from circular cross section
to square cross section over a length of 250 mm. Due to this change of cross sec-
tional area partial reflection takes place and thus acoustic waves propagate back into
the measurement section. Finally, flow and acoustic waves leave the experimental
apparatus through a nearly anechoic termination. A picture of the Entropy Wave
Generator is displayed in Fig. 5.2 in chapter 5.2.1.1.

The standard configuration is defined by a mass flow of 42 kg/h at ambient con-
ditions to the EWG. The wires of the heating module were electrically heated once
every second with a time duration of 0.10 s to induce an energy pulse excitation.
The supply of energy induces a temperature perturbation of 9 K. In the following
the experimental data of the standard configuration are discussed.

The transistor-transistor logic signal (TTL) that controls the pulse excitation as
well as the temperature measured downstream close to the source area are plotted in
Fig. 1.2. Although the TTL signal shows a stepwise increase the air temperature is
increasing with a time delay and a certain gradient. Hwang et al. [32] showed that
even rapid heating causes a delayed and retarded increase of the wire temperature
what explains the dynamic behavior of the air temperature.

Fig. 1.2 Temperature and
TTL signal [1]

The phase averaged signal of the microphone located 1.15 m downstream of the
nozzle throat is depicted in Fig. 1.3. The supply of energy to the air flow generates
a local area with increased temperature and decreased density. This entropy mode
convects with flow speed towards the nozzle. During the passing of the entropy
mode through the convergent-divergent nozzle noise is generated. This so called
entropy noise propagates downstream towards the microphone positions with the
speed of sound and causes a pressure signal. The pressure signal of the entropy
noise is detected with a time delay after the energy is delivered to the system. The
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time delay is the sum of the time the entropy mode needs to convect to the nozzle
with the flow speed and the time of the generated acoustic wave propagates to the
microphone positions predicted at the speed of sound. The measured time delay of
0.01 s is almost consistent with the estimated time delay of 0.0095 s. Signal S1 in
Fig. 1.3 shows a positive pressure signal generated by the accelerated increasing
entropy in the nozzle. The decrease of energy supply to the flow field analogously
causes a negative pressure signal S2. The oscillations found in the pressure graph
following the positive and negative pressure signals S1 and S2 are due to the partial
reflection which arise in the transition from circular to quadratic cross section. This
causes superposition of downstream and reflected upstream propagating pressure
waves.

Fig. 1.3 Pressure fluctuations
and TTL signal [1]

1.3.1.2 Numerical setup

The commercial software package ANSYS CFX 11.0 was used to conduct the sim-
ulations. The numerical simulation of the EWG experiments can be performed in a
axisymmetric frame. However, in order to meet the requirements of ANSYS CFX
the numerical simulations were performed on a three dimensional unstructured grid.
The rotational symmetric geometry was represented by a segment of 10◦. This re-
stricts the number of nodes to 57000. The mesh is appropriate to adequately resolve
acoustic perturbation frequencies up to f = 2800 Hz and hydrodynamic perturba-
tion frequencies up to f = 99 Hz based on a sufficient accuracy above 50 points
per wavelength (PPW). For the calculations, the average speed of sound and the av-
erage axial velocity of the standard configuration downstream the heating module
were considered.

For a precise numerical simulation of acoustic phenomena like entropy noise, the
acoustical behavior at the boundaries has to be taken into account appropriately. In
the present case, acoustic reflections occur at the smooth transition from circular
cross section to square cross section of the experimental setup. In the present work,
the outlet boundary condition was located at the beginning of the smooth transi-



12 Bernd Mühlbauer, Berthold Noll, Roland Ewert, Oliver Kornow and Manfred Aigner

tion component. The effects of fully reflective, non-reflective and partially reflective
pressure outlet boundary conditions were investigated. A sketch of the computa-
tional domain is depicted in Fig. 1.4.

Fig. 1.4 Sketch of the computational domain of the Entropy Wave Generator (EWG)

In contradiction to fully reflective boundary conditions, non-reflective or par-
tially reflective boundary conditions allow acoustic induced waves to leave the
computational domain. The boundary condition used in the present work can be
classified as a formulation of acoustic non-reflective characteristic boundary condi-
tion [54, 41, 3]. It is to emphasize here, that the non-reflective boundary condition
used in this case, in contrast to the method described by Poinsot & Lele [41], was
derived for pressure based solvers [54]. The realized reflection coefficient r(ω) of
the boundary condition formulation is a function of the angular frequency ω and of
the relaxation coefficient K = σ

(
1−Ma2

)
c/L [46],

r(ω) =
1√

1+
(

2ω
K

)2
(1.28)

where Ma is the Mach number of the mean flow, c the speed of sound, and L the size
of the domain. An alternative relation was given by Polifke et al. [42]. By modifying
the coupling parameter σ the reflection at the boundary condition can be adjusted
and thus a partially reflective boundary condition can be realized.

At the inlet of the computational domain a classical fully reflective mass flow
inlet boundary condition was applied. A constant mass flow of 42 kg/h with a tem-
perature of 300 K was set for the standard configuration. The side planes of the
computational domain were modeled by symmetry boundary conditions. This sim-
plification can be justified because of negligible swirling velocity component. The
walls of the EWG were modeled with no-slip wall boundary conditions.

A three dimensional compressible URANS approach was applied and turbulence
was considered applying the standard k-ε model. This can be justified by the only
slight impact of turbulence. In the case considered here according to preliminary
investigations the dissipation and dispersion of the entropy mode is very low. In
addition, the influence of the turbulence on the propagation of the entropy noise
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downstream the nozzle is negligible. For the inclusion of the non-reflective bound-
ary conditions, a software extension of ANSYS CFX 11.0 which was developed at
the DLR-Institute of Combustion Technology, Stuttgart was applied [54]. The spa-
tial discretization was performed using the ’high order resolution scheme’, which
is essentially second order accurate and bounded. A second order backward Euler
transient scheme was applied for the time discretization. Transient simulations were
performed with a time step size of 50μs. The application of this time step size im-
plies a cut-off frequency of f = 400 Hz when considering 50 discretization points
per period (PPP) as sufficient.

The heated energy was added to the flow at the cell layers of the computational
grid that correspond to the location of the heating wires of the experimental setup.
The energy transferred from the wires to the air flow depends on the actual wire
temperature. So in accordance to measurements [1] the energy supply inserted to
the air flow was modeled in setting a linear increase and an exponential decrease of
the energy source. The source term in the energy equation is implemented using a
CFX User Fortran routine.

At the same positions where the microphones are located in the experimental
setup the pressure fluctuations were monitored in the numerical simulation. In a first
step a RANS simulation was carried out to achieve a steady flow field solution of
the EWG. Then, based on the steady simulation, a subsequent URANS calculation
was performed to simulate the time-dependent source of heat, the convection of the
induced entropy mode and the generation and propagation of the entropy noise.

1.3.1.3 Standard configuration

The Mach number distribution and the temperature distribution in the convergent-
divergent nozzle achieved by the RANS simulation are displayed in Fig. 1.5. The
air is supplied at the inlet and flows through the tube section upstream the nozzle,
which contains the heating module with an average axial velocity of 12.4 m/s and
a temperature of 300 K. Downstream the heating module the air flow is accelerated
in the convergent-divergent nozzle to a maximal Mach number of 1.32. Due to the
high acceleration of the air flow in the nozzle the temperature is decreasing to 222K.
Subsequently, the air flow decelerates in the downstream tube section. The acceler-
ation leads to a low pressure area within the nozzle. In the following all displayed
and discussed acoustic pressure fluctuations correspond to the microphone located
1.15 m downstream the nozzle throat.

Fig. 1.6a illustrates a comparison with the experiment of the simulated pres-
sure fluctuations, applying the fully reflective outlet boundary condition. The first
pressure signal fits well with measurement but all following pressure fluctuations
are falsified due to unphysical reflections that occur at the outlet boundary. Down-
stream propagating pressure fluctuations generated by accelerated entropy gradients
are fully reflected at the outlet boundary condition. Thus, they propagate back into
the measurement section, superpose with downstream propagating pressure waves
and cause an oscillating pressure signal. This effect also explains the underestimated
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a) Mach number b) Temperature

Fig. 1.5 Mach number and temperature distribution of the steady flow field

amplitude of the first pressure signal. Thus, these results show that the fully reflec-
tive boundary condition is inappropriate to simulate thermoacoustic phenomena in
the present case. Fig. 1.6b depicts the pressure spectra of the simulated pressure
fluctuations and the experimental data. The spectra were obtained by a Discrete
Fourier Transform (DFT) of the pressure signals. The pressure spectrum of the mi-
crophone measurement indicates the energy containing waves in a frequency range
below 100Hz. The energy containing frequencies of the measurements can be found
in the simulation, too. In comparison to the measured spectrum the computed spec-
trum depicts an over prediction of the amplitude for the energy containing frequency
of 5 Hz.

Fig. 1.7a displays the simulated pressure fluctuations if a non-reflective bound-
ary condition at the outlet is applied. Both incident pressure signals agree well with
the measurements. Due to the absence of reflected pressure waves the magnitude of
the computed pressure amplitude is maximal and no oscillations are found in the
calculated pressure signal. Thus, the application of the non-reflective outlet bound-
ary condition is a way to derive the maximum amplitude of entropy noise which is
generated by a certain entropy mode within a certain configuration. The pressure
spectrum of the simulated pressure fluctuations displayed in Fig. 1.7b emphasizes
discrepancies with respect to the measured spectrum. In the frequency range below
40 Hz the amplitudes are under predicted by the simulation. On the contrary the
amplitudes of the frequencies of 45 and 125 Hz are over predicted.

The comparison with the experimental data reveals the necessity of applying a
boundary condition which reproduces properly the acoustic behavior at the change
of cross sectional area of the test rig. The adjustment of the coupling parameter σ in
the boundary condition formulation results in the realization of a certain reflection
according to Eq. (1.28). In the present work the coupling parameter was adjusted in a
way that the calculated pressure response showed close accordance to the measured
one. Fig. 1.8a shows simulated pressure fluctuations applying a coupling parame-
ter of σ=1.8. The superposition of downstream and reflected upstream propagating
pressure waves results in pressure fluctuations that are in close agreement with mea-
surements. Both computed energy containing pressure signals indicate accordance
in the shape as well as in the amplitude to the measurements. Only the oscillations
after the two pressure signals show minor discrepancies. Furthermore, the simulated
pressure spectrum applying the partially reflective boundary condition displayed in
Fig. 1.8b is in very good agreement with the experimental spectrum. Both spectra
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depict identical dominant frequencies. Additionally, the pressure amplitudes of the
dominant frequencies are nearly identical. Only small deviations can be identified.

a) Pressure fluctuation b) Pressure spectrum

Fig. 1.6 Pressure fluctuation and pressure spectrum simulated with the fully reflective outlet
boundary condition in comparison to measurements.

a) Pressure fluctuation b) Pressure spectrum

Fig. 1.7 Pressure fluctuation and pressure spectrum simulated with the non-reflective outlet bound-
ary condition in comparison to measurements.

The remaining minor discrepancies between simulation and measurement are
probably due to the simplified modeling of the acoustic boundary condition. The
smooth transition of change of cross sectional area of the EWG acts as an impedance.
This means, acoustic waves interacting with the geometry are reflected with a certain
reflection coefficient and phase shift, both function of the frequency. In the present
work the employed partially reflective boundary condition neglects the phase shift
and assumes a constant reflection coefficient for all frequencies. Additionally, there
is a numerically caused frequency dependency of the reflection coefficient accord-
ing to Eq. (1.28) and a small numerically induced phase shift, which do not comply
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a) Pressure fluctuation b) Pressure spectrum

Fig. 1.8 Pressure fluctuation and pressure spectrum simulated with the partially reflective outlet
boundary condition in comparison to measurements.

with the real impedance. Thus, the exact acoustic behavior at the boundary could be
captured by the application of proper time-domain CFD impedance boundary con-
ditions that consider the measured reflection coefficient and the phase shift both as
a function of the frequency [55, 31].

1.3.1.4 Different operating points

The performance of the applied numerical approach is further demonstrated by sim-
ulating different operating points of the EWG. Here, the inlet mass flow was varied
to investigate the influence of the mean flow Mach number on the generated entropy
noise. The supplied energy source was adjusted to keep the temperature increase
constant and equal to 9 K. All simulations were carried out applying the partially
reflective outlet boundary condition with a coupling parameter σ=1.8.

Fig. 1.9 illustrates the measured and calculated entropy noise in terms of the
maximal pressure fluctuation as a function of the Mach number in the nozzle throat.
The maximum in the pressure fluctuations of the experimental data increases up to
a nozzle Mach number of 0.8 and then slightly decreases for higher nozzle Mach
numbers. Fig. 1.9 reveals that the numerical results are in very good agreement and
within the precision of the measurements. They describe the same behavior namely
the nearly linear increase up to nozzle Mach number of 0.8 and the subsequent
decrease for higher nozzle Mach numbers.

In order to find an explanation for the decrease of entropy noise at higher nozzle
Mach numbers an investigation based on numerical simulations was performed. At
the end of the computational domain a non-reflective boundary condition was ap-
plied. Furthermore, to avoid reflections at the transition to the plenum upstream of
the heating module the plenum was truncated and the inlet was modeled applying a
non-reflective boundary condition. For this configuration the results of the computa-
tions show the decline of generated entropy noise for higher nozzle Mach numbers,
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too. Thus, reflections do not cause the pressure fluctuation decrease. Additional nu-
merical investigations to find an explanation for the decline of the generated entropy
noise for higher nozzle Mach numbers are discussed in the next section.

Fig. 1.9 Maximal pressure
fluctuation over the nozzle
Mach number

1.3.1.5 Acoustic sources

Dowling [17] derives the following inhomogeneous wave equation with source
terms that are due to thermoacoustics.

1

c2
0

∂ 2 p
∂ t2 −∇2 p =− ∂

∂ t

(
αρ0

cpρ

(
N

∑
n=1

∂h
∂Yn

∣∣∣∣
ρ,p,Ym

ρ
DYn

Dt
+∇ ·q− ∂ui

∂xi
τi j

))

+
∂ 2

∂xi∂x j
(ρuiu j − τi j)

+
1

c2
0

∂
∂ t

((
1− ρ0c2

0

ρc2

)
Dp
Dt

− (p− p0)
ρ

Dρ
Dt

)

+
∂ 2

∂xi∂ t
(uiρe)

(1.29)

The ’excess density’ ρe is defined as

ρe = ρ−ρ0 −
p− p0

c2
0

, (1.30)

where the suffix 0 denotes a suited reference value. The right hand side source
terms of Eq. (1.29) describe all thermoacoustic sources. The first term represents
the acoustic source due to irreversible flow processes. Lighthill’s jet noise is con-
sidered in the second term. The third term implies acoustic sources generated by
flow unsteadiness with varying mean density and sound speed from the ambient
fluid. The last term is the one that describes the generation of acoustic waves by the
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change of momentum due to density inhomogeneities. This entropy noise source
term is of dipole character in contrast to the direct combustion noise source terms
which are monopole sources.

For a comprehensive investigation of acoustic phenomena the analysis of the
acoustic sources is indispensable. To achieve a reduction in noise level the acoustic
source mechanism has to be understood and the acoustic sources located. Dowl-
ing [17] derived an inhomogeneous wave equation (1.29) including the source term

q =
∂ 2

∂xi∂ t
(uiρe) (1.31)

describing the acoustics generated by the acceleration of density inhomogeneities.
Accordingly, in the present work, numerical simulations of the EWG were con-
ducted and the transient acoustic sources of entropy noise were computed.

The acoustic sources according to Eq. 1.31 were evaluated by numerical sim-
ulations in order to find an explanation for the decline in generated entropy noise
for higher nozzle Mach numbers in the EWG (Fig. 1.9). In order to investigate the
strength of the acoustic sources a volume integral QV of the scalar acoustic source
term q, Eq. (1.31) over the convergent-divergent nozzle domain VN was computed.

QV =
∫

VN

q dV (1.32)

A cutout of the computational domain with the nozzle domain highlighted is dis-
played in Fig. 1.10. The volume integral as a function of the time was calculated for
the same flow conditions as covered in the ’Different Operating Points’ section and
is displayed in Fig. 1.11. The graphs indicate a monotonic increase of the strength of
the acoustic source with increasing nozzle Mach number. This result thus evidences
that the decline of the generated entropy noise for higher nozzle Mach numbers is
not caused by the strength of the acoustic source.

Besides the amount of the acoustic sources the transient simulations provide the
distribution of the acoustic sources in the acceleration/deceleration area. Fig. 1.12
illustrates representative instantaneous distributions of the acoustic sources of en-
tropy noise for varying nozzle Mach number. Here, the qualitatively distributions of
the timely varying acoustic sources at the moment of the strongest source intensity
are shown. It should be noted that different scales are used for the displayed acoustic
source distributions.

For all subsonic simulations the acoustic sources have a similar distribution. The
acoustic sources are located in the convergent and partly in the divergent part of the

Fig. 1.10 Nozzle domain for volume integration.
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Fig. 1.11 Volume integral of
the acoustic source over the
convergent-divergent nozzle
domain

nozzle. Positive acoustic sources are located nearby the axis and negative acoustic
sources close to the wall. Furthermore, the area including positive sources is mov-
ing slightly downstream with increasing nozzle Mach number. In contrast to the
subsonic configurations the source distribution for a nozzle Mach number of 1.0
is significantly different. The acoustic sources are mainly located in the divergent
part of the nozzle. Positive acoustic sources are located upstream of the shock loca-
tion (see Fig. 1.5). Negative acoustic sources are located downstream of the shock
position.

This acoustic source distribution in the supersonic flow configuration causes the
decline of the maximal pressure fluctuation for high nozzle Mach numbers, Fig. 1.9:
Positive and negative acoustic sources generate positive and negative pressure fluc-
tuations, that propagate downstream and superimpose. Due to this superposition an
attenuation of the acoustic waves occurs.

1.3.2 Direct combustion noise

1.3.2.1 Experimental configuration

The DLR-A flame, a benchmark flame of the ”International workshop on measure-
ment and computation of turbulent non-premixed flames” [2] is used to validate the
applied acoustic simulation approach. The configuration was a non-premixed turbu-
lent N2 diluted CH4-H2 jet flame. The fuel with a composition of 22.1% CH4, 33.2%
H2 and 44.7 % N2 was injected through a 0.35 m long straight stainless steel tube of
diameter D = 0.008 m. The mean jet exit velocity corresponded to u jet = 42.15 m/s.
The Reynolds number with respect to D has been Re = 15 200. The tube was sur-
rounded by a contoured nozzle supplying co-flowing dry air at an exit velocity of
0.3 m/s at a temperature of 292 K. The outer nozzle had a diameter of 0.14 m. The
temperature of both jets was 300 K. The configurations have been experimentially
investigated by Bergmann et al. [4], Meier et al. [36] and Schneider et al. [44]. The
spectral sound emmisions were measured by Singh et al. [47].
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a) Manozzle = 0.10

b) Manozzle = 0.19

c) Manozzle = 0.29

d) Manozzle = 0.41

e) Manozzle = 0.55

f) Manozzle = 0.75

g) Manozzle = 1.00

Fig. 1.12 Instantaneous acoustic source distribution for varying nozzle Mach number. The scaling
is normalized with the respective maximum acoustic source.

1.3.2.2 CFD setup

A fully three dimensional compressible steady-state RANS simulation was per-
formed to calculate the reactive flow field. The turbulence was considered by the
Baseline Reynolds Stress Model (BSL-RSM). The chemical reaction was simulated
applying the Burning Velocity Model (BVM) [40, 56]. For the spacial discretiza-
tion the so called ’high order resolution scheme’ which switches between first and
second order upwind was used and the time was discretized with a second order Eu-
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ler backward differencing scheme. Furthermore, buoyancy was taken into account
whereas heat radiation was neglected. The CFD simulations were carried out apply-
ing the commercial software package ANSYS CFX-11.0.

The computational domain was discretized with a cylindrical unstructured hexa-
hedron grid comprising 370000 grid nodes. The grid has dimensions of 94D in axial
and 113D in radial direction and is strongly refined in the combustion zone. The fuel
and the co-flow were admitted to the simulation domain by mass flow inlet boundary
conditions whereas the mass flow and the temperature were imposed according to
the experimental setup. The free stream boundary conditions of the computational
domain are approximated by static pressure opening boundary conditions.

1.3.2.3 CAA setup

The acoustic processes were simulated solving the APE-4 equations, which are inte-
grated by the DLR-CAA code PIANO [16]. The code applies the fourth-order DRP
scheme of Tam & Webb [51] in space and a LDDRK method [30] in time on block
structured meshes. The stochastic reconstruction of the broadband combustion noise
sources is implemented in a development version of the PIANO code. Currently, the
implementation of the stochastic source term reconstruction is restricted to two di-
mensional simulations.

The computational CAA domain is discretized by a two dimensional plane block
structured grid of 34000 grid nodes. The mesh coverages 90D in axial and 110D in
radial direction. The mesh is appropriate to solve frequencies up to f = 11 000 Hz
based on 7 points per wavelength (PPW). The chosen time step size allows for a
resolution frequency f = 71 000 Hz based on 7 points per period (PPP). Acoustic
non-reflective radiation boundary conditions by Tam & Webb [51] surround the
computational domain.

1.3.2.4 CFD results

The simulated axial profiles on the center line of the axial velocity, the mixture frac-
tion, the temperature and the temperature rms of the DLR-A flame are compared
to experimental data in Fig. 1.13. The reference diameter is the nozzle diameter
D = 0.008 m. The results of the DLR-A flame including radial profiles have been
already published and discussed in Ref. [38]. The computed axial velocity shows
a good agreement with the experimental data for x/D < 20 and x/D > 60. In the
axial range 20 < x/D < 60 the computed profile shows deviations compared to the
measurements. Detailed investigations evidenced that these deviations are not de-
pendent on the boundary conditions, on the grid or on the quality of the combustion
model. Different turbulence models have been tested and it has been found, that the
BSL-RSM model in this case provided the best results. The mixture fraction was
calculated using Bilger’s definition [5]. The axial profile of the mixture fraction is
in good agreement with the the experimental data. However, discrepancies are also
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found in the axial range of 20 < x/D < 60. Accordingly, the simulated temperature
profile agrees well with measurements. Along the center line the simulated max-
imal temperature is over predicted by 46 K. The remaining over prediction of the
temperature can be attributed to the fact that heat radiation was not considered in
the calculations. The transport equation of the temperature variance in combination
with the RANS simulation delivers satisfactory results. The maximum value of the
temperature rms agrees well with the experimental data.

It is known that many RANS turbulence models are not fully appropriate for
the accurate prediction of free round jets. However, the applied RANS BLS-RSM
model approach delivers acceptable results at low computational costs. Deviations
of the temperature rms, which is a key input variable for the reconstruction of the
combustion noise sources, compared to experimental data can be caused by turbu-
lence modeling and combustion modeling. In the following, it will be shown that the
dominant acoustic sources are in the range x/D < 20 where the RANS simulation
delivers good agreement compared to measurements.

(a) Axial velocity (b) Mixture fraction

(c) Temperature (d) Temperature rms

Fig. 1.13 Axial profiles at y/D = 0 of the axial velocity, the mixture fraction, the temperature and
the temperature rms. Comparison of the experimental data (�) and simulations (—) of the DLR-A
flame.
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1.3.2.5 CAA results

Due to the absence of available data concerning the typical shape of the correlation
function associated to the used combustion source term as already mentioned be-
fore, in the present work the constants cT l and cTτ , Eqs. (1.25,1.26) were defined
in accordance to the Tam & Auriault [50] RPM realization for jet noise predic-
tion [9, 20, 38]. Hence, the present two dimensional numerical results have been
obtained applying the constants cT l = 0.273, cTτ = 0.233.

In a first step an evaluation was performed regarding the capability of the RPM
method to realize the defined two-point correlations and to reconstruct the reso-
lution of the target source variance. Fig. 1.14 shows the statistical analysis of a
fluctuating combustion noise source from RPM for a constant convection velocity
in x-direction uc, constant length scale lT and constant time scale τT . R12 denotes
the cross-correlation between two sampling points inside the generic test field. The
cross-correlation between two sampling points i for relative time shift τ is evaluated
from the unsteady time samples Qi(xit) by integrating over sampling interval ΔT ,
i.e.

R12(τ) = Q1(x1, t)Q2(x2, t + τ)

=
1
ΔT

∫ T0+ΔT

T0

Q1(x1, t)Q2(x2, t + τ)dt. (1.33)

All i = 12 points used are distributed with equidistant spacing along the x-axis.
Starting from the farthest left cross-correlation curve, the sequence of correlation
curves refer to the cross-correlations between point combinations 1-2 up to 1-12.

Fig. 1.14 shows that two-point correlations can be reconstructed very well with
the RPM method. That is, for a given combination of two sampling points, the re-
lated cross-correlation curves have Gaussian shape. The realized two-point corre-
lation of the RPM method shows a good agreement with the analytical correlation
according to Eq. (1.5). Furthermore, the maximally achieved correlation decays with
farther downstream chosen second sampling point. The envelope to all curves has
exponential behavior and only small deviations compared to the analytical envelope
exp(−τ/τT ) can be determined. The horizontal location of the cross-correlation
maximum is successively shifted to higher shift times τ for the cross-correlation
with farther downstream chosen second sampling point. The constant time differ-
ence of Δτ = 0.025 between the maxima indicates the achievement of a constant
convection velocity for the equidistantly distributed sampling points. Based on the
constant time difference as indicated in Fig. 1.14 and the equidistant spacing be-
tween the sampling points the defined constant convection velocity in x-direction
can be exactly determined.

An important feature that has to be accomplished by the stochastic model is
the accurate resolution of the source variance R̂ topology, Eq. (1.23). To evidence
this capability of the model, Fig. 1.15 juxtaposes the RANS target solution for the
source variance to the according results from the stochastic models. For this pur-
pose, 100000 time levels of the stochastically generated sources are sampled and
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Fig. 1.14 Two-point space-
time correlations of the RPM
sources, analytical correlation
and analytical envelope

averaged. A satisfactory realization of the source variance for the energy topology
as well as the absolute magnitudes is found.

a) RANS b) RPM

Fig. 1.15 Source variance distribution of the RANS simulation and results from the stochastic
reconstruction by RPM.

An instantaneous acoustic perturbation pressure distribution of the CAA simula-
tion of the DLR-A flame is indicated in Fig. 1.16. As can be seen here the acoustic
radiation is not omni directional even though the main combustion noise sources
have monopole character. The perturbation pressure distribution indicates a cone of
silence like in heated jets, which is due to acoustic wave refraction by density and
velocity gradients of the mean flow. The so called cone of silence caused by refrac-
tion effects has been proved experimentally [27, 45] and numerically [13, 34, 10].
Omnidirectional radiation could be observed for acoustic simulations based on an
isothermal mean flow excluding density and velocity gradients which are not pre-
sented here.

The sound pressure level spectrum of the computed acoustics of the DLR-A
flame is compared to the experimental data from Singh et al. [47] in Fig. 1.17.
The Strouhal number Sr is based on the nozzle Diameter D and the mean jet exit
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Fig. 1.16 Instantaneous distribution of the calculated perturbation pressure of the DLR-A flame.

Fig. 1.17 Computed and
measured sound pressure
level spectra of the DLR-
A flame at x/D = 0 and
y/D = 25 in the Strouhal
range 0 < Sr < 1.9 which
corresponds to a frequency
range 0 Hz < f < 10000 Hz.
The Strouhal number Sr is
based on the nozzle Diameter
D and the mean jet exit
velocity u jet of the DLR-A
flame.

velocity u jet of the DLR-A flame. The Strouhal range 0 < Sr < 1.9 corresponds to
a frequency range 0 Hz < f < 10000 Hz. The shape of the computed sound pres-
sure level spectrum is in very good agreement with the measured one for the en-
tire Strouhal range. Even though the amplitude of the computed spectrum is in the
range of the experimental data the sound pressure level spectrum is not compared
absolutely since the source term modeling is not scaled until now. Nevertheless, it
should be noted that the deviations of the computed sound pressure level spectrum
predicted by this highly efficient numerical approach is not higher than deviation of
the spectrum predicted by high fidelity methods or statistical methods for this test
case [33, 25, 11].
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The CFD simulations have been performed in parallel processing on two IBM
Power5 processors. Thus, the cost of a simulation was 11 cpu hours. The subsequent
acoustic simulation including the combustion noise reconstruction was performed
sequentially on a 2.0 GHz processor spending 50 cpu hours. Consequently, the
RPM-CN approach is computational economic and compared to hybrid LES/CAA
approaches the long simulation times and the transient source data exchange can be
avoided.

1.4 Conclusions

Numerical simulations of the generation and convection of entropy modes and asso-
ciated entropy noise of a test rig called Entropy Wave Generator (EWG) have been
presented. The three dimensional compressible URANS approach was successfully
validated by simulating a standard configuration of the EWG assuming a constant
reflection coefficient at the end of the computational domain. Pressure fluctuations
and pressure spectra of the numerical simulation are in very good agreement with
the experiments. Simulations of different operating points with varying Mach num-
ber agree very well with measurements, too. Furthermore, a numerical method was
adapted to investigate the acoustic sources of entropy noise. Using this method re-
vealed that the decrease of entropy noise for high Mach numbers in the EWG is due
to the fact that the spacial structure of the entropy noise sources is changed at high
Mach numbers.

The reliability of the new RPM-CN approach, a highly efficient hybrid CFD/CAA
approach, for the prediction of broadband combustion noise was demonstrated. The
RPM-CN approach relies on the RPM method for the stochastic reconstruction of
combustion noise sources in the time domain as a function of statistical turbulence
quantities which can be delivered by reactive RANS simulations. Subsequently, the
combustion noise propagation is computed by integrating the acoustic perturbation
equations (APE-4). In a test case CFD results of the reactive flow computations of
the DLR-A flame were compared to measurements and discussed. Based on this
calculation a combustion noise prediction was done. The capability of the RPM-CN
method to reproduce the defined two-point correlations was clearly demonstrated by
a statistical analysis. Furthermore, the computed sound pressure level spectra were
compared to measurements. The predicted decay of the spectra show a very good
agreement with the acoustic measurements. Although a open jet flame was used
for the validation, the presented numerical approach is appropriate for the predic-
tion of combustion noise in complex geometries like confined combustion chambers
in aero-engines. In combination with very low computational costs the application
of the highly efficient RPM-CN approach can be taken advantage of in the design
process.

Within the DFG Research Unit FOR 486 this sub-project was devoted to the
evaluation and development of calculation models relying on Reynolds Averaged
Navier-Stokes (RANS) turbulence modeling. Thus, highly efficient simulation mod-
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els for the numerical prediction of combustion noise were considered here. Con-
cerning, entropy noise the work was strongly linked with the experimental work of
sub-project 5. Furthermore, theoretical work of sub-project 8 was complementary
to the work of the present project. The investigations concerning the simulation of
turbulent combustion noise was in conjunction with the work in sub-project 6 and
with the work relying on LES computations of sub-project 3 and sub-project 7.
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30 Bernd Mühlbauer, Berthold Noll, Roland Ewert, Oliver Kornow and Manfred Aigner

[34] Ihme M, Kaltenbacher M, Pitsch H (2006) Numerical simulation of flow- and
combustion-induced sound using a hybrid LES/CAA approach. In: Proceeding
of the Summer Programm 2006, Stanford, USA

[35] Marble F, Candel S (1977) Acoustic disturbance from gas non-uniformities
convected through a nozzle. Journal of Sound and Vibration 55(2):225–243

[36] Meier W, Barlow R, Chen YL (2000) Raman/Rayleigh/LIF measurements
in a turbulent CH4/H2/N2 jet diffusion flame: experimental techniques and
turbulence-chemistry interaction. Combustion and Flame 126:326–343

[37] Morfey C (1973) Amplification of aerodynamic noise by convected flow inho-
mogeneities. Journal of Sound and Vibration 31(4):391–397
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Chapter 2
Measurement and Simulation of Combustion
Noise emitted from Swirl Burners

C. Bender, F. Zhang, P. Habisreuther, H. Büchner and H. Bockhorn

Abstract A major uncertaincy, when designing combustors is the influence of ge-
ometrical patterns of the design on the combustion noise generated. In order to de-
termine the mechanisms and processes that influence the noise generation of flames
with underlying swirling flows, a new burner has been designed, that offers the pos-
sibility to vary geometrical parameters. Experimental data (flow field, noise emis-
sion) have been determined for this burner. In addition, Large Eddy Simulations
(LES) have been performed to study the isothermal and reacting flow of the burner.
The results of the measurements show a distinct rise of the sound pressure level,
obtained by changing the test setup from the isothermal to the flame configuration
as well as by varying geometrical parameters, which is also resembled by the LES
simulation results. A physical model has been developed from experiments and ver-
ified by the LES simulation, that explains the formation of coherent flow structures
and allows to separate their contribution to the overall noise emission from ordinary
turbulent noise sources. The computed isothermal and reacting flow fields have been
discussed through flow visualization; the computed acoustic pressure has been com-
pared with the experiment and it showed good agreement.

2.1 Introduction

The development of modern gas turbines and jet engines is focused on the reduction
of pollutant emissions and, increasingly, on the reduction of overall noise emission,
including combustion noise. This requires the minimization of the noise sources,
namely noise from the turbulent flow, combustion noise and noise caused by peri-
odic instabilities and fluctuations of the ignition zone. This has to be achieved under

C. Bender, F. Zhang, P. Habisreuther, H. Büchner, H. Bockhorn
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conservation of the benefits of swirl flames, e.g. high ignition stability and broad
operation ranges. Subproject 2 ”Measurement and Simulation of Combustion Noise
emitted from Swirl Burners with different Burner Exit Geometries” is focused on
the description and characterization of fluctuations of the ignition zone due to dif-
ferent mixing and stabilization characteristics of swirl flames, the influence of the
enclosure of the flames in combustion chambers and the description of flame noise
caused by the formation and burning of coherent, periodic flow structures, often de-
tected in swirl flows and flames [3, 4, 18, 25].
Most technical combustion systems use turbulent premixed or non-premixed swirl
flames with high volumetric reaction densities. To realize good ignition stability, es-
pecially, when using high air equivalence ratio to prevent thermal NOx-emissions,
the flow field is swirl stabilized. The swirl flow forms - when a critical value of the
swirl number is exceeded - a central inner recirculation zone and causes a longer
residence time of reactive species and enables the formation of short flames of high
reaction densities with the benefits of high ignition stability due to the recirculation
of hot gases [5, 23] and the achievable low-pollution combustion. Another advan-
tage of premixed swirl-stabilized flames is the option to reduce pollutant emissions
of modern combustion systems materialized in industrial, traffic, power plant and
aircraft applications compared to diffusive flames by cost-efficient design solutions.
Basic research investigation of swirl flames is given by [16, 21].
Besides the named properties of swirl flames, also some issues arise putting this
type of burner into action. Swirl flows and flames tend to generate periodic flow
instabilities, which lead to an increasing noise emission and problem of flame sta-
bility. Combustion instabilities have been investigated intensively in the recent years
using pulsated inflows [1, 9]. Instabilities in swirl flames have been investigated by
[10, 22, 28] and reveal the importance of coherent structures in the forward flow sur-
rounding the inner recirculation zone. The existence and the influence of coherent
structures on the noise emission of the flame and thus of the combustion system re-
quires more physical knowledge to minimize combustion noise in modern industrial
and aircraft applications already during the design process. Another disadvantage of
swirl flames are their high noise levels caused by high reaction densities and ampli-
fied by the use of premixed flames in industrial furnaces.
Numerical methods using high resolution techniques for the description of turbu-
lent flows, like large eddy simulation (LES) offer the possibility to resolve the un-
steady flow structure with high accuracy. The present work uses the LES to adress
the mechanisms of the reacting flow field. In this approach, the filtered unsteady
Navier-Stokes equations are taken into account and only large scale turbulences are
resolved dependent on the cut-off level, the unresolved small ones are modelled
via a so-called sgs (subgrid scale)-model. Since the large turbulent motions carry
the most energy of the flow and generally show a non-isotropic behaviour, it is ad-
equate to model the small eddies, whereas these exhibit more universal features.
Thus, the LES technique is well suited for studying instabilities in the combustor
devices, since the flow field of concern is highly unsteady and dominated by turbu-
lence motions that can be adequately resolved computationally [27].
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2.2 Theoretical Background

2.2.1 Experimental Setup

The investigations were carried out using a modular double-concentric swirl-burner
for premixed and non-premixed combustion of gaseous fuels, offering the options
to vary independently geometric parameters (especially the angle of the burning gas
injection and the burner exit geometry with a recessed pilot often used in industrial
applications [12, 20]) as well as technically relevant operation parameters like ther-
mal load Q̇th and air equivalence ratio λ = V̇air/(V̇f uel × lmin) with lmin as minimal,
stoichiometric required air rate. Another advantage of the burner design is the possi-
bility to generate periodic flow instabilities by variation of the burner exit geometry
and definite conservation of the mean turbulent flow field [18]. Identical frequencies
have been determined in the spectral distributions of the noise far sound field mea-
sured by a microphone probe and in the fully turbulent flow field detected via laser
diagnostics (Laser Doppler Velocimetry). The part of noise caused by the underly-
ing physical mechanism [25] can be quantified and avoided by proper design of the
burner outlet geometry.
The influence of the gas injection angle in the case of non-premixed flames was in-
vestigated with variation of gas injection angles between 0o and 90o referring to the
burner’s axis (resulting in type-I and type-II-diffusion flames, see figure 2.13). The
operating parameters’ range of the pilot burner varied between premixed conditions
- leading to sufficient main flame stabilization at the pilot burners exit - and the main
flame without pilot flame, causing a fluctuation of the ignition zone in dependence
of the gas injection angle of the main gas supply and a strong corresponding increase
of the flame noise.
Figure 2.1 shows a sketch of the double-concentric burner, which produces two

concentric swirl-flows: A central pilot burner flow and an outer main burner flow.

Fig. 2.1 Sketch of the double-
concentric swirl burner with a
central pilot burner [4]
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The inner diameter of the main burner nozzle is D0 = 110mm and the outer diameter
of the pilot burner is d0 = 70mm. For isothermal investigations, the inner and outer
flows were fed with air from a compressor, the measurements with swirl flames were
carried out with premixed or non-premixed natural gas/air mixtures.
The normalized momentum flux ratio representing theoretical swirl number S0,th at
the burner’s exit is given in equation 2.1 with the tangential momentum flux Ḋ, the
axial momentum flux i̇ax,0 and the burner’s exit radius R0.

S0,th =
Ḋ

i̇ax,0 ×R0
(2.1)

The swirl of the pilot flame was generated by an axial swirl generator with vanes
and a theoretical swirl number S0,th,pilot = 0.79 (equation 2.1). The main flow was
swirled by tangential swirl generators with a theoretical swirl number S0,th,main =
0.90. The axial pilot burner position with respect to the main burner outlet is the
variable geometric parameter. In figure 2.1, the pilot burner outlet is aligned to the
burner outlet (xpilot = 0mm). The position of the inner pilot burner can be set up to
40 mm behind the burner outlet (xpilot = −40mm).
The microphone probe was positioned at a fixed measurement position with a radial
distance to the center line r/D0 = 4.55 and an axial distance to the burner outlet of
x/D0 = 1.0, after having proven the independence of the noise measurements from
the probe position due to the spherical noise emission characteristics [17].
Figure 2.2 shows the experimental setup for the investigations under enclosed con-
ditions. The combustion chamber was designed with an optical access to investi-
gate the flow fields of enclosed isothermal swirl flows and enclosed premixed swirl
flames. With the microphone probe the flow and flame noise was detected to char-
acterize the spectral and integral distribution of the noise from isothermal flows and
combustion noise of swirl flames under premixed and non-premixed conditions.

Fig. 2.2 Experimental setup to investigate enclosed swirl flows and swirl flames
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2.2.2 Numerical Methods

2.2.2.1 Governing Equations

Basics of the numerical modelling are the compressible Favre-averaged Navier-
Stokes equations and the energy equation; within the LES-formulation these read:

∂ ρ̄
∂ t

+
∂ ρ̄ ũi

∂xi
= 0 (2.2)

∂ ρ̄ ũi

∂ t
+
∂ ρ̄ ũiũ j

∂x j
= − ∂ p̄

∂xi
+
∂ (τ̃i j − τsgs

i j )

∂x j
. (2.3)

∂ ρ̄Ẽ
∂ t

+
(∂ ρ̄Ẽ + p̄)ũ j

∂x j
=

∂
∂x j

(ũ j + q̄ j −Hsgs
i +σ sgs

i j ) (2.4)

where overbars and tildes denote the space-filtered and Favre-averaged scales. τi j

and q j are the viscous stress tensor and heat flux, respectively. τsgs
i j is the subgrid

scale (sgs) stress tensor which is defined as τsgs
i j = uiu j − ūiū j. Using the Smagorin-

sky subgrid Model [31], τsgs
i j is modeled as

τsgs
i j = −2ρνt S̄i j = −ρνt(

∂ ūi

∂x j
+
∂ ū j

∂xi
), νt = (CSΔ)2|S̄i j|, (2.5)

where Si j is the shear strain rate and CS a model constant, it takes the value between
0.065 and 0.24 [15] dependent on the flow cases. In our case, Cs = 0.1 is used. The
sgs enthalpy flux Hsgs

j is modeled similarly using a gradient transport model and the
sgs viscous work term σ sgs

i j is neglected.

2.2.2.2 The TFC Model

The turbulent flame speed closure (TFC) model [29, 33] was used for the combus-
tion modeling. An addtional transport equation for the progress variable θ is solved
in this model, which describes chemical reaction progress. θ is linearly related to
the fuel or product mass fraction and has the value 0 in the unburned mixture and 1
in the burned mixture. In the framework of LES the transport equation of θ yields
the form:

∂ ρ̄θ̃
∂ t

+∇• (ρ̄ũθ̃) = ∇• (
μt

Sct
∇θ̃)+ ρ̄uSt

∣∣∣∇θ̃
∣∣∣ . (2.6)

The turbulent flame speed St is an important parameter which covers the chemi-
cal/physical characteristics of the combustable mixture and the characteristics of
the turbulent flow, it describes further more the interaction between turbulence and
chemical reactions. The closure of equation (2.6) requires that St has to be expressed
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via known values. Schmid [29] has theoretically derived an expression for St :

St

Sl
= 1+

u′

Sl

(
1+Da−2)−1/4

, Da−1 =
τc

τt
=

δF u′

SlLt
=

au′

S2
l Lt

. (2.7)

u′ is the velocity fluctuation and a the thermal diffusivity. Lt is the turbulent length
scale quantified by Δ = CS(ΔxΔyΔz)1/3; the turbulent velocity at subgrid scale is
assumed as:

u′Δ =
νt

Δ
= CSΔ

√
2S̃i jS̃i j. (2.8)

Other expressions for u′Δ and Δ are possible and the reader is referred to [13, 15].
It has to be noted that u′Δ is now grid dependent as well as the time resolved veloc-
ity. In the case of very small grid size Δ → 0, the filtered Navier-Stokes equations
will switch to the exact unfiltered form. The turbulent diffusion terms in the filtered
transport equations (equation 2.3, 2.4, 2.6) will vanish since μt → 0. The remaining
term in St (equation 2.7) will be only the laminar flame speed Sl . In this case, the
smallest eddies and the laminar flame front are resolved on the fine mesh and no
modelling is needed. This makes a consistent transfer from LES to DNS.
Sl is the laminar burning speed and it describes the reaction solely from the mixture
side. In premixed flames, the fuel is mixed with air in a certain ratio upstream of the
burner, so that Sl can be given using a constant value. However, to solve flames with
different air equivalence ratios λ , like the one in the current case (sec.2.2.2.4), the
mixing effect of Sl has to be considered [29]. On the left side of figure 2.3, the de-
pendency of Sl on the air equivalence ration λ is shown, the measured laminar flame
speed [34] was fitted using the least-square-method via a fourth order ploynomial.
This TFC combustion model has been implemented in the commercial CFD code

ANSYS CFX which uses an unstructured finite volume method (FVM) to solve the
compressible Navier Stokes equations and is capable to run LES. The central differ-
ence scheme in space and 2nd order fully implicit time progress were used. Since the
aim of the model is primarily to describe heat release, an integral one-step reaction
CH4 +2O2 →CO2 +2H2O has been considered adequate for modelling methane/air

Fig. 2.3 Laminar flame speed SL dependent on the air equalence ratio (left) and mass fractions
over progress varialbe (right)
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combustion. In this case, the reactants are completely burned to the stable product
and all species concentrations are related to the progress variable θ via simple al-
gebraic equations. On the right hand side of figure 2.3 the relations between the
species mass fractions Yi and the progress varible Θ for the stoichiometric mixture
case is shown. The product concentrations (YH2O and YCO2 ) increase linearly with
Θ , whereas the fuel concentration YCH4 straightly falls.

2.2.2.3 Lighthill’s Acoustic Analogy

The Lighthill’s acoustic equation for the density fluctuation results by conversion
of the basic fluid mechanics equations without any approximation and linearization
[24]:

∂ 2ρ ′

∂ t2 − c2
0Δρ ′ =

∂ 2Ti j

∂xi∂x j
, (2.9)

Ti j = ρviv j − τi j +δi j(p′ − c2
0ρ ′). (2.10)

Ti j is the Lighthill’s stress tensor and c0 the sonic speed. The left hand side of equa-
tion 2.9 has the form of a linear wave equation and the right hand side of this inho-
mogeneous wave equation can be considered as a source term presuming no viscous
terms and small Mach numbers. While the turbulent reacting flow acts as a source,
the acoustic waves propagate in a uniform acoustic medium. The transfer of infor-
mations from the sources to the external medium is achieved through the Lighthill
stress tensor Ti j. In a turbulent reacting flow, the viscous stress τi j in Ti j is very small
in comparison to the other terms and can be neglected. The velocity correlation term
ρviv j (Reynolds-stress term) and p′ − c2

0ρ ′ represent the sources caused by the tur-
bulent flow and by the unsteady heat release. An order of magnitude analysis of the
Lighthill’s tensor showed [11] that the ratio of both terms scales to Ma2, which indi-
cates further, that for turbulent reacting flows at low Mach numbers Ma2 << 1, the
dominant term will be the last one on the right hand side of equation 2.10. Another
version of the Lighthill’s equation can be derived for the pressure fluctuation p′ in
the same way [24]:

1

c2
0

∂ 2 p′

∂ t2 −Δ p′ =
∂ 2T ∗

i j

∂xi∂x j
+
∂ 2W
∂ t2 , (2.11)

T ∗
i j = ρviv j − τi j, W =

1

c2
0

p′ −ρ ′. (2.12)

∂ 2

∂xi∂x j
T ∗

i j and ∂ 2

∂ t2 W are then the sources responsible for the generation of pressure

fluctuations.
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2.2.2.4 Numerical Setup

The combustable mixture consists of fully-premixed air/natural gas. For the nu-
merical simulation, the total thermal load of both flows is 135 kW, the important
operational parameters are listed in table 2.1. V̇ is the volume flow rate, λ the air
equivalence ratio and S the theoretical swirl intensity.
Figure 2.4 shows the simulation domain and mesh of the open swirled flame with

Table 2.1 Operational parameters in the experiment

V̇main 180m3
N/h λmain 1.5 Smain 0.9

V̇pilot 20m3
N/h λpilot 1.05 Spilot 0.79

a planar pilot lance. The considered computational mesh represents the main parts
of the interior flow domain of the burner and a large free domain downstream of
the burner exit where reaction takes place. The axial swirl generator in the pilot
flow was also included in the computational mesh. A block-structured grid with
about 50 blocks and 1 mio. nodes was used. A time step of 10μs was chosen to
keep the Courant-number. smaller than one. Colors of the planes denote types of
the boundary conditions, which were set according to tab.2.1. The static pressure or
total pressure (depending on the flow direction) and the temperature values are fixed
like for the ambient air at the opening boundaries. No slip walls with constant tem-
perature have been used for burner walls. The Reynolds-number based on the nozzle
axial velocity and diameter of the main flow was Re ≈ 27000. The pilot lance can
be retracted by 40mm as clearly shown in figure 2.5.

Fig. 2.4 Flow domain and
mesh used in the simulation
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Fig. 2.5 Swirl burner with a
planar (left) and a recessed
(right) pilot lance

2.3 Results and Analysis

2.3.1 Experiment

2.3.1.1 Acoustic Characterization of Isothermal Swirl Flows

In the following section the results of experimental investigations of the isother-
mal, turbulent flow field of the new burner design are presented. The experiments
were carried out under variation of the main operation and geometrical parameters
like swirl intensity, flow rate and burner outlet geometry (axial position of the pi-
lot burner). In figure 2.6 the results of the time-averaged isothermal flow field at
four planes in the vicinity of the burner are plotted. The theoretical swirl number
of the main and pilot flow are S0,th,main = 0.90 and S0,th,pilot = 0.79 and the axial
position of the pilot burner is xpilot = 0mm. The profiles of the axial velocity, start-
ing nearby the burner outlet (x/D0 = 0.05, cross) with the divided pilot and main
flows, are shown. With increasing distance to the burner outlet the typical behavior
of a strongly swirling flow was observed: The separation of the pilot and main flow
disappears, indicating the fast mixture of the two flow fields, and at the centre line

Fig. 2.6 Axial velocity pro-
files of the isothermal flow at
four planes [4]
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a inner recirculation zone with negative axial velocity (opposite to the main flow
direction) can be identified.
The remaining single swirling jet spreads radially and, caused by the free flow field,
entrains surrounding, non-rotating medium, while propagating further downstream
(x/D0 = 0.50,1.00,1.50). Measurements of the noise emissions of the isothermal
swirl flow showed values of the sound pressure level SPL = 20 × log( prms

p0,rms
) =

75.7dB (xpilot = 0mm, p0,rms = 2× 10−5Parms) at the fixed measurement position
with a radial distance to the center line r/D0 = 4.55 and an axial distance to the
burner outlet of x/D0 = 1.0. An interesting result is the negligible influence of the
swirl intensity and the strong influence of the flow rate (burner outlet velocity) on the
turbulent flow noise. The value of 75 dB at a volume flow rate of V̇n,air = 200m3

N/s
and the described measurement position is the minimal order of magnitude which
cannot be undercut for the used isothermal, turbulent swirl flow.

2.3.1.2 Periodical Flow Instabilities in Isothermal Swirl Flows

To investigate the dynamic behaviour of the emitted noise more detailed, the ac-
quired data from the microphone probe (r/D0 = 4.55, x/D0 = 1.0) were analysed
in the frequency domain to get more information of the spectral distribution of the
sound pressure ratio. Referring to the first burner configuration (see chapter 2.3.1.1)
the pilot burners outlet was aligned to the burner outlet (xpilot = 0mm) and the spec-
tral distribution shows the typical behaviour of the turbulent disturbances in an iso-
thermal, turbulent flow field (figure 2.7 dashed blue line; [4, 18]). In figure 2.7 the
distribution of the emitted sound pressure is shown with the pilot burner drawn back
40 mm upstream the burner outlet (black line). Industrial burner applications with
lean-premixed flames often use recessed components like pilot burners and bluff-
bodies to prevent thermal damage of the sensitive units, examples are Siemens V64
[20] and Pratt & Whitney FT 8 [12]. The spectral distribution of the sound pressure
shows a dominating peak at a frequency f = 56 Hz. In comparison to the aligned

Fig. 2.7 Spectral distribution
of the sound pressure of an
isothermal swirl flow with
different positions of the
central pilot burner (xpilot =
0mm/−40mm)
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pilot burner xpilot = 0mm the peak increases the total SPL from 75.7 dB to a level of
80.5 dB. The influence on the acoustic field was identified as a consequence of peri-
odic oscillations of the axial position of the inner recirculation zone in the swirl flow
and the quantified increase of the sound pressure level is caused by a periodic dis-
turbance of the isothermal flow field, shown by spectral distributed measurements
of the flow field. The underlying physical mechanism is described by [10, 18] and
shows a time-dependent axial movement of the recirculation zone, causing a time-
dependent effective swirl number Se f f = Se f f (t) and the stabilization point of the
recirculation zone changes the different positions sinusoidally.
The variable burner design enables to generate periodical flow disturbances in an
isothermal swirl flow. The consequence for further burner constructions is the need
to prevent coherent flow structures caused e.g. by recessed pilot burner construc-
tions, as often used in common industrial burner designs [12, 20].

2.3.1.3 Premixed Swirl Flames

Noise Sources in premixed Swirl Flames: Influence of Operating Parameters

In figure 2.8 the results of sound pressure measurements of premixed swirl flames
are presented. The experiments were carried out with a constant pilot flame of a
thermal load Q̇th,pilot = 20kW and an air equivalence ratio of λpilot = 1.05 to guar-
antee a stable pilot flame. The pilot burner is positioned at the level of the burner
outlet (xpilot = 0mm). It is obvious, that the thermal output of the premixed main
flame increases the sound pressure considerably. The reacting flow shows a sound
pressure level of about 25 dB higher than the SPL of the isothermal flow (gas flow
rate substituted by air). This part is called flame-induced noise and is caused by the
volume expansion and density fluctuations in the flame due to the massive increase
of the exhaust gas temperature. A two times enhanced thermal output of the main
flame (Q̇th,main = 150kW and 300kW ) causes an increase of the SPL from 103 dB
to nearly 108.5 dB, whereas the influence of the air equivalence ratio λmain is negli-

Fig. 2.8 Sound pressure level
of premixed flames under
variation of thermal load and
air equivalence ratio main of
the main flame
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gible (see figure 2.8).

Noise Sources in premixed Swirl Flames: Variation of Geometric Parameters

Next, the influence on the noise of premixed swirl flames of the geometric param-
eters was investigated. For isothermal flows the influence was predominant (see
chapter 2.3.1.2) and the question to be answered was how do premixed flames react
on such disturbances of the flow field. In figure 2.9 the dependency of the burner
outlet geometry on the sound pressure of premixed flames is presented. The spectral
distribution is almost identical for all frequencies except f = 101 Hz. The recessed
pilot burner generates dynamic, periodic structures in the flow field. It should be
pointed out that the existence is not limited to isothermal flows. Corresponding to
that fact such structures influence the investigated flames and their formation and
combustion lead to an increase of the SPL of 2.3 dB (+30%).
Comparing reacting and isothermal cases shows that in the isothermal flow the fre-

Fig. 2.9 Spectral distribu-
tion of the sound pres-
sure of premixed flames
with different burner exit
geometries (different po-
sitions of the pilot burner
xpilot = 0mm, and −40mm)

quency of the periodic disturbance is lower. The frequency distribution of flames
covers a wider frequency band. The Strouhal number Str (= fpeak ×D0/u0) for both
cases reveals the same values (0.74 (premixed flame) and 0.72 (isothermal flow)).
This proves that the effect is originated from the same physical phenomenon [18].
In figure 2.10 the results for identical combustion parameters with variation of the
burners exit geometry are plotted. The varied pilot burner position influences the
sound pressure level of the flame in the same way as in the isothermal case. The
recessed pilot burner xpilot = −40mm generates coherent structures in the flow field
and, therefore, the SPL increases in the presented case about 2.5 dB (+33.5%).
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Fig. 2.10 Influence of the pilot burner position xpilot on the sound pressure level of premixed swirl
flames

2.3.1.4 Noise Sources in Non-Premixed Swirl Flames

In the second part of the characterization and quantification of noise from react-
ing flows non-premixed flames were studied and results were compared to inves-
tigations of premixed flames, which were carried out to get a classification of all
technically relevant type of flames. The difference to the above described premixed
flames is the location and the way of gas injection. In the case of premixed flames
a mixture of fuel and air leaves the burner exit, whereas the air equivalence ratio is
constant across the burner outlet area. For non-premixed flames the burner outflow
consists of pure air, the gas is injected directly into the flame zone. This leads to a
mixture of fuel, air and hot combustion products in the flame zone with the effect
of fuel-rich and fuel-lean regions and the effect that the flames are often longer than
premixed flames of same operating parameters, caused by a time delay for mixture
formation before ignition occurs. Consequently, a lower volumetric reaction density
is characteristic for non-premixed flames, which causes disadvantages like higher,
local temperatures (NOx-formation) and soot formation.

Fig. 2.11 Sketch of the gas
injection for non-premixed
flames
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Variations of Geometric Parameters

The investigations of non-premixed flames were carried out with the same double-
concentric swirl burner configuration, mentioned before. The gas injection was lo-
cated at the central bluff-body of the pilot burner and the parameter to influence the
flame characteristics (type-I- / type-II-flame) is the gas injection angle to generate
technically relevant flames for different applications like jet engines or industrial
furnaces. The angle (see figure 2.11) is defined between the direction of the gas
flow and the burner axis. Figure 2.12 shows the realization of different types of non-
premixed flames by varying the gas injection angles in a range of 0o to 90o in steps
of 15o. Figure 2.13 shows the results for variation of gas injection angles between

Fig. 2.12 Gas injection noz-
zles to realize different types
of non-premixed flames

30o and 90o with variation of the air equivalence ratio. A decrease of air equivalence
ratio should induce an increase of sound pressure level. But non-premixed flames
show a remarkable behaviour: The sound pressure level is almost constant at SPL
between 104 dB and 108 dB. It could be observed, that the non-premixed flames
are partly louder than the equivalent premixed flame, which introduced the question
whether there are other physical mechanisms influencing the combustion noise. A
difference between the operating conditions of premixed and non-premixed flames
is the existence of the pilot flame. The non-premixed flames have one central fuel

Fig. 2.13 Sound pressure
level of non-premixed flames
under variation of air equiva-
lence ratio λmain and the gas
injection angle
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supply and the different gas injection angles effect different stabilization points of
the different flames. The next consequent step was the prevention of these fluctua-
tions of the stabilization point by use of a premixed pilot flame.

Variation of Flame Stabilization: Influence of Pilot Flame

To investigate the influence of main flame stabilization by a premixed pilot flame,
the same thermal load and the air equivalence ratio of the pilot flame as adjusted for
investigations under premixed conditions of pilot and main flame were used. This
enables to compare the premixed and non-premixed main flames with a stable, sta-
tionary ignition point of the main flame. The investigations showed the need of a
locally stable ignition for investigations of the combustion noise, because the fluc-
tuation of the flame ignition point causes an increase of noise up to 5 dB. But for
such conditions a comparison with premixed flame cannot be done. Applying the
premixed pilot flame in all cases, the non-premixed flames are always more quiet
than the comparable premixed flame, which can be explained by lower reaction den-
sity of the non-premixed flames.
The experiment showed two regimes of non-premixed flames (figure 2.14): Louder

Fig. 2.14 Sound pressure
level of non-premixed flames
with premixed pilot flame
under variation of air equiva-
lence ratio λmain and the gas
injection angle

flames have an injection angle between 45o and 90o and look like premixed flames
(blue, short flame zone) and the SPL is with values of 101-103 dB very close to
premixed flames (SPL = 103-105 dB). The loudest non-premixed flames are the
flames of a gas injection angle of 90o, leading to almost the combustion noise of
fully-premixed flames (figure 2.15). The second regime with the smaller injection
angles (0− 45o) is characterized by long, soot-forming flames with very low volu-
metric reaction densities. The SPL of this regime is very low at values of 96-100 dB
(dependent from air equivalence ratio λ ).
With the stable and time-independent ignition point of the non-premixed flame a
possibility is shown to compare different types of non-premixed flames and to com-
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Fig. 2.15 Comparison of the
sound pressure level of a
premixed and non-premixed
swirl flame

pare results with experiments for premixed operating conditions and another phys-
ical mechanism of noise generation especially under non-premixed conditions was
detected and can be separated from the other noise sources.

2.3.1.5 Enclosed Premixed Swirl Flames

The test facility consists of the double-concentric swirl burner (figure 2.1) and a
combustion chamber with an inner diameter Dcc = 0.44 m and a length lcc= 0.5
m (figure 2.2). Figure 2.16 shows the dependence of the sound pressure level of
combustion noise - measured at the wall of the combustion chamber (axial position
xmicrophone = 0.25m) - from the thermal load of the flame and the air equivalence
ratio of the main flame (see chapter 2.2.1). The results showed that the operating pa-
rameters of the flames are limited, caused by the tendency of lean-premixed flames
to get self-sustained combustion instabilities, being an order of magnitude louder
than the stationary flames. In figure 2.17 the characteristics of a stationary and an
oscillating flame are compared and the difference which is limited to the increase of

Fig. 2.16 Combustion noise
of enclosed, premixed swirl
flames
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one preferential frequency - leading to an increase of the SPL of more than 6 dB -
is obvious.
The investigations were made for a stationary operating point to compare results

Fig. 2.17 Boundary between
combustion noise and self-
sustained combustion insta-
bilities

with non-enclosed premixed flames (see chapter 2.3.1.3). The most important result
is the level of the combustion noise in the chamber which is up to 20 dB louder
caused by reflection of noise at the combustion chamber’s wall and the higher level
of temperature in the chamber with the formation of outer recirculation zones.

2.3.2 Numerical Simulation

2.3.2.1 Isothermal Flow

The simulations shown in the current section cover both the isothermal flow and
the reacting flow with premixed flames. The x-axis is defined as the streamwise
direction and x = 0 denotes the outlet plane of the annular main flow. In figure
2.18 the measured data and the results from the simulation are drawn. This gives
an overview of the isothermal flow field displaying the time averaged radial profiles
of the streamwise velocity component at four axial positions in the vicinity of the
burner (x/D0=0.05, 0.5, 1.0 and 1.5). The straight line shows the time averaged re-
sults of LES and the circles denote the measured data. On the axis a central, inner
recirculation zone (IRZ) with the corresponding negative values for the axial veloc-
ity can be identified. The comparion shows very good agreement for both methods.

2.3.2.2 Dynamic Structures in the Isothermal Flow

To look more into details of the dynamic behavior of the isothermal flow, sound
pressure data acquired with a microphone probe in the ambient of the swirling flow,
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Fig. 2.18 Comparison of calculated mean streamwise velocity profiles with measurement at sev-
eral axial positions in the isothermal flow case [18]

were analyzed with respect to their spectral representation. As clearly demonstrated
in figure 2.19, the formation of periodic coherent structures (red line) in dependence
of the chosen burner outlet geometry (xlance = −40mm) does not effect the shape of
the sound level spectra at all, but adds a considerable contribution at 56 Hz, re-
sulting in an increase of the sound pressure level (SPL) from 75.7 dB to 80.7 dB.
Figure 2.20 shows results of another LES calculation using the same computational

Fig. 2.19 Measured spectral
distribution of sound pressure
amplitudes and wavelength-
integral sound pressure levels
for two lance positions in the
isothermal swirling flow. Blue
line: xlance = 0mm; red line:
xlance = −40mm (V̇main =
190m3

N/h, V̇pilot = 10m3
N/h,

probe position: x/D0 = 1,
y/D0 = 4.55)

solution procedure, but utilizing a total volume flow of V̇main = 650m3
N/h, where

a spectral representation of the calculated static pressure at a monitoring point in
the ambient flow is compared to an according measured normalized sound pressure
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level. The experiments are not directly comparable, as they were performed utilizing
only V̇main = 609m3

N/h, which turned out to be the maximum inflow, that could be
supplied by the compressor. Anyhow, the observed preferential frequencies compare
very well. This indicates that the coherent structures result from an axial displace-
ment of the central recirculation zone, which is characteristic for swirl flows. This
supports the mechanism for the generation of coherent structures in swirl flames as
already mentioned above and earlier found in literature ([10]).

Fig. 2.20 Comparison of
spectral resolved static pres-
sure amplitude and normal-
ized sound pressure level
in the ambient flow of the
isothermal swirling flow

2.3.2.3 Reating k with Premixed Flames

The LES-calculation of the swirled flame was run for about 20.000 time steps
(≈ 0.2s). Figure 2.21 shows comparisons of the mean streamwise and tangential
velocity profiles between measured data and LES results at two axial positions:
x/D0 = 0.05 and x/D0 = 0.5. Since the flow field is charged with very strong
swirl, the inner recirculation zone (IRZ) can also be detected in the premixed flame
case. The results of both LES/Exp. are qualitative in good agreement. The plane
x/D0 = 0.05 lies 5mm above the burner exit, at this positions, sharp gradient of the
velocity components forms, as the cold mixture penetrates into the steady ambience.
Further downstream, due to the strong viscosity generated by the turbulent flow, the
gradient becomes smoother. In the middle of the top right figure, the backflow can
be detected again by the negative axial velocity. However, there is a difference di-
rectly above the pilot lance for the mean axial velocity, which was overpredicted
in the simulation. This may be caused by the main inlet boundary condition, where
the rotational velocity was not exactly known. The used relative coarse grid (1 mio.
cells) may be an other reason. Also, uncertainties like definitions of the sub grid
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Fig. 2.21 Comparison of the mean velocities between LES and measurement

scale turbulent fluctuaions u′Δ and the turbulent length scale Δ (see sec.2.2.2.2),
or the use of a constant CS remain still in the model. Nevertheless, similar prob-
lems can also be found in other literatures [30, 32, 14, 26], particularly for swirled
flame in the vicinity of the burner exit. In figure 2.22, iso-surfaces of the vorticity
|ω| = |rot ×u| = 4000s−1 are shown together with contours of a slice at x/D0 = 3.
As expected, the local vortex tubes showed a helical structure and the iso-contours
on the slice have also an annular form.

Fig. 2.22 Iso-surfaces of the
vorticity |ω| = 4000s−1 and
an axial slice of vorticity at
x/D0 = 3
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2.3.2.4 Flame Dynamics

Figure 2.23 shows slices of the instantaneous progress variable and temperature for
the open flame case with planar lance. The progress variable increases immediately
from zero to one at the reaction zones where the cold mixture reacts to the hot prod-
ucts. At the same time, as the inner flow reaches the outlet of the burner, strong
turbulence is generated due to the huge expansion of flow field, vortices shed from
the burner mouth. Accordingly, the flame front becomes corrugated by the local
turbulence. One notes, that the pilot flow has an air equivalence ratio of 1.05 (see
sec.2.2.2.4, tab.2.1), which is very close to the stoichiometric mixture of methane
and air. As a result, areas with the highest temperature are located near the burner
axis directly above the pilot lance, the shape of this region is affected by the IRZ
and the main jet. The IRZ causes a recirculation of the hot gases back to the reac-
tion zones and supports the ignition stability of the flame. That is the main benefit
of using swirled flows. Another reason is is that more intensive heat release can
be achieved due to the high turbulence intensity. In figure 2.24, the instantaneous

Fig. 2.23 Slices of the instantaneous progress variable (left) and the temperature (right)

contours of the sub grid scale turbulent fluctuations u′Δ = CSΔ |S̃i j| (sec.2.2.2.2) are
shown. These are particularly large at the reaction zone and the shear layers, because
the shear strain rate Si j is very high in these regions. The flow is strongly acceler-
ated at the reaction zone due to the expansion effect. The black curves in figure 2.24
represent the iso-contour lines of a selected reaction rate for θ by ω̇ = 80kg/m3/s.
As can be seen, the flame front is stabilized by the IRZ at the corners at the exit
of the burner mouth. As only small eddies are generated and shed from the burner,
these will be completely burned up by passing through the flame front and make the
flame front corrugated. Further downstream, as the turbulence becomes large scaled,
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Fig. 2.24 Sub grid scale
velocity fluctuations

these can not be completely burned by the flame front due to the higher fluctuations.
The flame front is teared and small flame spots form in the burned gas. These can
be detected by the isolated iso-contours in figure 2.24. In the context of the LES,
the maximal resolvable flame thickness will be the local grid size Δ . The theoretical
laminar flame front with about 0.1mm thickness can not be resolved on the coarse
LES-grid. However, the TFC combustion model within the framework of LES fil-
ters implicitly the sharp gradients at the reaction zones through several LES-cells.
In this case, the modeled eddies in the sub grid can penetrate into the flame and
thicken the flame front. The resolved large eddies will then wrinkle and corrugate
the flame. Thus, the simulated flames in our case are located in the thickend flame
and corrugated flame regimes of the flame structure-diagram. On one hand, the as-
sumption of the LES-modeling has caused this conclusion; and on the other hand,
since the reacting flow has a very high Reynolds-number, a wide range of turbulent
scales exists and therefore, there is turbulence with scales smaller than the laminar
flame thickness.

2.3.2.5 Coherent Structures in Premixed Flame

In the case with a recessed pilot lance by -40 mm (figure 2.5), a coherent structure
can be identified similar to the isothermal flow case (sec.2.3.2.2). This coherent
structure has been identified and visualized using a phase locked averaging method
in [19] for the isothermal flow case. As soon as the main flow reaches the exit
plane of the pilot lance, the axial momentum of the main jet will decrease due to the
expansion of the flow field. This causes the swirl instensity in this region to increase,
so that the so formed IRZ can even overcome the combined inertial axial momentum
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of the inner flow. As a result, the flow points into the direction of the burner where
it acts as flow perturbance. However, as the IRZ moves into the burner mouth, the
outlet area of the burner will be reduced and this causes a higher axial momentum.
Consequently, the swirl intensity will drop and the IRZ moves again to the outside
of the burner. The IRZ becomes unstable in this case and moves backwards and
forwards to the burner periodically. This is the mechanism of the coherent structure
formation and it causes a very high tonal peak frequency in the spectrum of the
pressure fluctuations [4, 10]. In figure 2.25, two calculated typical meridian cuts
of the streamwise velocity fields are shown. Both fields represent a time delay of
Δ t = 2.7ms. The black lines denote isolines of the axial velocity by u = −1m/s. In
the first snap shot (at the left of figure 2.25), the IRZ flows towards the burner due
to very high swirl intensity and there is a large region with negative axial velocity at
the burner mouth. In the second image (on the right of figure 2.25), the IRZ moves
outwards to the outside of the burner and no backflow is observed near the burner
mouth. This makes one turnaround approximately 2x2.7ms (about 180Hz).

Fig. 2.25 Snap shots of the axial velocity near the burner mouth, black curves denote isolines by
u = −1m/s

2.3.2.6 Analysis of the LES Result

In section 2.2.2.3 the acoustic analogy has been introduced and an order of mag-
nitude analysis of the Lighthill tensor has been performed. In figure 2.26 and fig-
ure 2.27, the two major contributions to the Lighthill tensor are compared for the
same point in time by a slice view. These are on the one hand the aeroacoustic
source Saero = ∂ 2

∂xi∂x j
(ρviv j) and on the other hand the combustion noise source

Scn = ∂ 2

∂xi∂xi
(p′ − c2

0ρ ′), defined in equation 2.9 and equation 2.10. As can be seen,
the main source regions are located close to the nozzle exit of the burner, where
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the flow domain expands and combustion occurs. Due to very strong variation of
the density, the combustion noise source is located solely at the thin reaction zones.
Moreover, the expansion of the inflows into the free domain and the chemical re-
action causes strong turbulence and acoustic sources were generated, which are ev-
ident from figure 2.26, where one can detect both the reaction zones and vortex
structures along the jet flame. The magnitude of Scn is about 3 order higher than
the magnitude of Saero. This is reasonable since the overall observed Mach num-
bers are smaller than 0.07 and Saero/Scn ∝ Ma2. In fact, for subsonic flow with large
reynolds number, the combustion process causes much stronger density variation
than the turbulent motions. It is noteworthy, that large values of the acoustic sources

Fig. 2.26 Contour plot of the aerodynamic
source Saero.

Fig. 2.27 Contour plot of the combustion
noise source Scn.

do not directly lead to higher noise level at farfield. However, these can be used
as input data for other CAA methods (Computational Aero-Acoustics). Bui et al.
[7, 8] have proposed the APE (Acoustic perturbation equations) to compute com-
bustion generated noise using acoustic sources calculated by a LES simulation and
found out, that the sound pressure level caused by the chemical reaction is signif-
icant larger than the one caused by the turbulent flow [7]. It is also proved by the
acoustical measurements [4, 6], that the SPL of the reacting flow is much higher
than the isothermal flow. Figure 2.28 gives an overview of the instantaneous vortex
sound power according to Bamberger [2]

Pvortex = −
∫
ρ(ω×u)vacdV, (2.13)

with the density ρ , the vorticity ω , the acoustical velocity vac. A positive net power
delivers acoustic energy. As expected, the highest integrated vortex power are lo-
cated along the shear layer of the jet. During the LES several monitor points (MP)
in the flow domain have been used to follow the temporal progress of the flow vari-
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Fig. 2.28 Acoustic power of
vortex given bei equation 2.13

ables. In figure 2.29, a frequency analysis of the monitor point (as indicated in the
small slice) is made for the pressure und density fluctuations, this MP lies in the
main annular flow. A distinct preferential frequency at 150Hz can be identified from
the spectra of ρ ′ and p′, which is known as the eigen frequency of the burner. In this
case, the burner system acts as a Helmholtz-resonator due to the narrowed cross sec-
tion in the annular main flow. The gas column in the burner throat works as inertial
mass and oscillates via the gas volume, which acts as spring upstream in the burner.
The corresponding flow structure will be transported downstream to the outside of
the burner and can be detected in the main jet (figure 2.30). It also caused periodic
fluctuation of the local mixture fraction in the reaction zone, and as a result, the
reaction rate fluctuates with the same frequency.
In figure 2.30, a spectral analysis of the monitor point MP5 in the swirled jet (as
indicated in the scmall slice) is shown, on the left, for ρ ′ and p′; and on the right, for

Fig. 2.29 Spectra of the monitor point MP8 in the burner inner flow.
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the two main sources Saero and Scn in the Lighthill’s equation for p′ (2.11). Besides
of the eigenfreqency of the burner, another dominant frequency at 180Hz arises in
the spectra of ρ ′ and p′ in the jet flame. This is caused by a coherent structure.
The IRZ becomes unstable and moves in and out from the annular main flow pe-
riodically (sec.2.3.2.5). The mechanism of the coherent structure formation can be
found in [10]. Other preferential freqencies with small peak pressures are refered
to the vortex shedding frequencies from the main jet and reflection due to the re-
flecting boundaries. Unlike ρ ′ and p′, there are no dominant frequencies identified

Fig. 2.30 Spectra of the monitor point in the main jet.

in the spectra of the two source terms. As strong turbulence is generated in the jet,
the formulations of Saero = ∂ 2

∂xi∂x j
(ρviv j) and Scn = ∂ 2

∂ t2 (p′/c2
0 −ρ ′) implicitly rep-

resent the turbulence energy cascade, where vortices with a wide range in time and
space exist. Therefore, the noise sources make a broadband spectrum from low to
very high frequencies. Like a turbulent energy spectrum, the sources increases at
first from 0Hz, reach the peak values by about 700Hz−900Hz, and decrease again
at high frequencies. Vortices with more than f = 2500Hz turnover frequency do
almost not contribute to Saero. In contrast, there is a magnitude of Scn in the high
frequency region. This is because, although the small turbulent eddies (with high
frequencies) carry only very little turbulent energy, the length scales of these eddies
are still larger than the flame thickness, so that the flame front can be interacted by
these small eddies and causes Scn.
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2.4 Conclusions

The investigations shown in the presented article cover detailed noise measurements
of isothermal swirl flows and swirl flames (fully-premixed and non-premixed). The
spectral analysis of pressure fluctuations shows explicit preferential frequencies for
the isothermal and the reacting case (premixed conditions). As the source, coherent
structures were detected. The underlying physical mechanism [10, 25] is the same
for the isothermal and reacting flow.
The results of detailed noise measurements enable to correlate the total sound pres-
sure level of swirl flames with its sources namely, turbulent flow (75 dB), combus-
tion noise (+25 dB) and coherent flow structures (+2.5 dB), the latter being caused
by an unfavorable burner exit geometry, that is, unfortunately, very common in in-
dustrial burner designs. The formation and reaction of these flow structures lead to
an increase of SPL up to 5 dB for isothermal flow and up to 3 dB for swirl flames.
Their prevention results in a significant decrease of combustion noise.
The part of the total sound emission caused by the turbulent flow (isothermal or with
reaction) is given by the turbulent swirl flow with its benefits e.g. the fast, turbulent
mixing or the flame ignition stability, and cannot be reduced significantly by design
modifications. The additional noise, generated by reacting coherent structures (here:
oscillation of the axial position of the inner recirculation zone), indeed, is avoidable
without any loss of the above mentioned benefits of turbulent swirl flames.
The investigation of non-premixed flames showed the necessity of a stable and sta-
tionary ignition zone to prevent additional noise through fluctuations of the ignition
point leading to an increase of the combustion noise of 3 dB. Numerical simulations
(LES) have also been performed to study the flow field of this burner with and with-
out reaction. The TFC (turbulent flame speed closure) model has been proposed
in combination with the Schmid model to compute premixed flame. The compar-
isons of the LES results with the measured mean flow variables showed good agree-
ment. Coherent structures have been identified in the experiment using the burner
exit geometry with a recessed pilot lance and it has been numerically proved. The
Lighthill’s acoustic analogy was taken into account to evaluate the noise sources
generated by the swirl burner. The contributions of the different components of the
Lighthill tensor have been illustrated and compared by visualization of the LES re-
sult. The noise sources generated by the combustion process are significantly larger
than the sources caused by the turbulence. The results of these LES-simulations
will be used as input data to calculate the combustion noise using the CAA method
(Computational Aero-Acoustics). A spectral analysis for several monitor points
within the flow domain has been made to analyse the flow/combustion dynamics.
Dominant frequencies in the spectra of the density and the pressure fluctuations
were identified to be the eigenfrequency of the burner and the frequency of the os-
cillating inner recirculation zone (IRZ).
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Strömungsfeld eines Vor-misch-Drallbrenners, Chem.-Ing. Technik 72, 512-
515

[26] Pitsch H, Duchamp de Lageneste L (2002) Large-eddy simulation of pre-
mixed turbulent combustion using a level-set approach. Proceedings of the
Combustion Institute, Volume 29

[27] Roux S, Lartique G, Poinsot T, Meier U, Berat C (2005) Studies of Mean and
Unsteady Flow in a Swirled Combustor using Experiments, Acoustic Analysis
and Large Eddy Simulations. Combustion and Flame (141) S.40-54

[28] Schadow K, Gutmark E, Parr T, Parr K, Wilson K, Crump J (1989) Large-scale
coherent structures as drivers of combustion instability, Combustion Science
Technology, 64, 167-186

[29] Schmid H P, Habisreuther P, Leuckel W (1998) A Model for Calculating Heat
Release in Premixed Turbulent Flames, Combustion and Flame 113, pp. 79-91

[30] Selle L, Lartigue G, Poinsot T, Kaufmann P, Krebs W, Veynante D (2002)
Large-eddy simulation of turbulent combustion for gas turbines with reduced
chemistry. Center for Turbulence Research, Proceedings of the Summer Pro-
gram

[31] Smagorinsky J (1963) General circulation experiments with the primitive
equations I: The basic experiment. Mon. Weather Rev. 91, 99-164



62 C. Bender, F. Zhang, P. Habisreuther, H. Büchner and H. Bockhorn
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Chapter 3
Modeling of noise sources in combustion
processes via Large-Eddy Simulation

Anna Schwarz, Felix Flemming, Martin Freitag and Johannes Janicka

Abstract The focus of this chapter is the definition and development of the inter-
face between CFD and CAA appproaches. Hybrid approaches for the investigation
of noise resulting from flow phenomena are widely used and well accepted in aero-
acoustics. Especially at low Mach number flows, the fluid dynamic and acoustic
length scales are separated by more than an order of magnitude.
Further objective of this chapter is the development of LES models for non-
premixed, partially premixed and premixed flames. In this context H3 and HD
flames have been investigated for validation of non-premixed flames using the
steady flamelet model. A model gas turbine was chosen for validation of partially
premixed flames in respect to the flame surface density model and Tecflam burner
was used for simulation of premixed flames using the G-equation model. Finally, a
LES/CAA hybrid approach was developed for open flames.

3.1 Introduction

Hybrid approaches for the investigation of noise resulting from flow phenomena are
widely used and well accepted in aeroacoustics [28], [18]. Especially at low Mach
number flows, the fluid dynamic and acoustic length scales are separated by more
than an order of magnitude. This allows the application of specialized techniques for
each domain, namely the source region using computational fluid dynamics (CFD)
and the acoustic propagation region all the way into the far field using computational
aeroacoustics (CAA). Especially for turbulent combustion systems with moderate
velocities the low Mach number approximation is applicable and yields satisfying
results [20]. The utilization of CFD such as the LES method is preferable since the
turbulent spectrum does not have to be modeled completely. Therefore, conclusions
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of the sound output of such configurations can directly be drawn. In the stationary
RANS approach for the CFD part the turbulent spectrum and therefore the noise
producing structures have to be modeled completely, thus limiting the general ap-
plicability of the hybrid approach, compared to LES. Finally, a direct approach such
as DNS of the flow field is beyond any admissible computational costs for techni-
cally relevant systems.
Investigating the potential of Large Eddy Simulation for the prediction of different
configurations with premixed, partially premixed and non-premixed flames is cur-
rently an important aspect in the scientific community. Technical applications are
gas turbines in the aircraft and stationary applications in the automotive industry.
As computational power grows, simulations become more and more important in
different fields.

3.2 Theoretical Background

Combustion processes are always attached to the density changes, so that weighted
density formulations are necessary. The structure of filtered conservation equations
for mass, momentum and scalar read:

∂ρ
∂ t

+
∂
∂x j

(ρ ũ j) = 0 (3.1)
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∂
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∂x j
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∂
∂x j

(ρJsgs
j ) (3.3)

In these equations the unknown subgrid scale stresses τsgs
i j and Jsgs

j appear which
have to be modeled. The focus of the work in this sub-project is on the applica-
tions and the development of the models for combustion systems. The determina-
tion of unknown subgrid scales was not the research subject and so reverted to the
standard models. LES results presented in the next chapter were obtained using the
Smagorinsky model and dynamic determination of model coefficients using the Ger-
mano procedure [15].
Depending on the complexity of the geometry, two computer codes were used. The
computer code FLOWSI is a code with low complexity and high computational
efficiency. This program is appropriate for model development. The second com-
putational code, FASTEST-3D, has been used for application-oriented simulations.
High geometrical flexibility is the main advantage of this code, however the compu-
tational time is 8-10 times larger compared to the code FLOWSI. Numerical char-
acteristics of both simulation programs have been summarized in Figure 3.1.
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Fig. 3.1 Characteristics of the computational codes.

3.2.1 Non-Premixed Flames

Steady Flamelet Model

The idea of a turbulent flame consisting of an ensemble of individually stretched
laminar flamelets was proposed by Williams [45]. Later, Peters [31] and Kuznetsov
[25] independently derived flamelet equations based on the mixture fraction, which
were extended to an unsteady formulation. A good overview on the concept and its
application to turbulent flows is given by Peters [32].
Since chemical reactions in combustion processes are very fast, they usually oc-
cur within a thin layer of a flame: the inner layer. The steady flamelet approach is
based on the assumption, that the smallest turbulent scales, the Kolmogoroff scales,
are considerably larger than the inner layer of the flame. The Kolmogoroff eddy
therefore resembles a quasi laminar flow field. The statistics of the flame location
or surface can then be used as a representative of the reactive scalars. By solving
the transport equation for the mixture fraction 3.3, the reaction surface can be seen
as the stoichiometric contour of f . Normal to this surface the unsteady or steady
flamelet equations 3.4 (shown for the unsteady case) are solved and the obtained
profiles in mixture fraction space are attached to this surface. This yields a descrip-
tion of the chemical properties of the flow. Since a non reactive scalar is used the
transport equation does not contain a source term and hence the classical turbulence
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modeling strategies, for example the gradient flux assumption, can be applied.

ρ
∂Ya

∂ t
=

ρξ
2

∂ 2Ya

∂ f 2 +ωα (3.4)

In equation 3.4 the scalar dissipation rate ξ was introduced, which is defined in 3.5.
It can be interpreted as a characteristic diffusion time in the mixture fraction space
and is a localized function of the mixture fraction field ξ = ξ (xi, t) = ξ ( f (xi, t)). For
larger scalar dissipation rates, the chemical system is deviating from the equilibrium
solution, until at some point the flame extinguishes, since the radicals required to
keep the flame burning diffuse too quickly from the inner layer. This inner layer
corresponds to the stoichiometric mixture, where the chemical reaction occurs.

ξ = 2D

(
∂ f
∂xi

∂ f
∂xi

)
(3.5)

Since the assumption of unity Lewis number was required to derive the mixture frac-
tion equation, the dependency of the diffusivity on the composition is omitted and
D is used instead. By neglecting the unsteady conditions in 3.4 the chemical state
can now be parameterized as a function of f and ξ in this steady flamelet function
f .
Figure 3.2 shows the dependency of the temperature, the speed of sound, the scalar
dissipation rate and the density on the mixture fraction for a diluted, non-premixed
hydrogen flame, computed via a detailed one-dimensional chemistry simulation ap-
plying the steady flamelet model. This model has been applied to all cases through-
out this work and will be presented in the following, together with other chemistry
models. The order in which the models are described is related to their complexity.
Along with equations for the flow field (see Eq. 3.1, 3.2 and 3.3), a balance equation

Fig. 3.2 Flamelet for a diluted, non-premixed hydrogen flame with a strainrate of α = 20s−1

for scalar quantities has to be solved. It reads:
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As for the momentum equation, an unclosed term arises due to non-linearity of
the convective term, named the subgrid scale scalar flux of mixture fraction and is
closed in the same way as the Smagorinsky model, with an eddy-diffusivity type
approximation.

Ji
ξ ,sgs ≈−Dt

∂ ξ̃
∂xi

with Dt =
νt

σt
(3.7)

The turbulence-chemistry interaction is modeled with a presumed PDF method
(Probability Density Function) [19]. The Favre-filtered thermochemical quantities
are computed from the PDF integration assuming β -function form for the PDF of
the mixture fraction.

ϕ̃ =
∫ 1

0
ϕ(ξ ) P(ξ )dξ , (3.8)

3.2.2 Partially Premixed Flames

In technical combustion systems one deals in general with situations where pre-
mixed, partially premixed and non-premixed combustion occur simultaneously.
Next-generation low-emission/low-fuel consumption combustion systems are char-
acterized by multiple combustion regimes, i.e., “mixed modes” or “partially pre-
mixed” combustion [46, 17].
Janicka, Sadiki [20] and Pitsch [34] have reviewed the modeling and application
of combustion LES. For non-premixed combustion the LES flamelet model shows
a solid allround behavior and has established itself as quasi standard. A recent
overview on techniques for premixed combustion was provided by Sadiki [38],
Poinsot [36] and Vervisch [43].

Flame Surface Density Model

Originally the flame surface density model was developed for the prediction of
purely premixed flames. In the frame of this model the flame front transport is de-
scribed by means of a filtered reactive progress variable c̃ [1].
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In the source term in eq. 3.9 ρu is the density of unburnt gas, S̃L is the laminar
burning velocity and Σ is the flame surface density describing the flame front con-
volutions. An algebraic form for Σ proposed in [5] is used in this work:

Σ = Ξ
√

6
π

c̃(1− c̃)
Δc

. (3.10)

Here, Ξ is the SGS flame front wrinkling factor calculated using the Charlett model
[9], Δc is the filter size larger than the actual LES mesh.
In combination with the mixture fraction description usually used for prediction of
diffusion flames, it is possible to describe partially premixed effects often observed
in swirled flames. The coupling is made through a functional dependency of the
burning velocity on the equivalence ratio, expressed in terms of the mixture frac-
tion. The burning velocity appears as part of the source term in the progress variable
equation. Due to the turbulence-chemistry interaction the mixture field fluctuations
cause fluctuations in the laminar burning velocity and the combustion products con-
centrations. Filtered values of S̃L and thermochemical variables corresponding to the
burnt state are stored in a look-up table, used in computations. In order to extract the
physical values of thermochemical filtered variables the conditioned (burnt/unburnt)
variables have to be multiplied with the probability of being behind the flame front.
In the context of the progress variable approach, the probability is directly related
to c̃. Hence,

ϕ̃ = c̃ϕ̃b(ξ̃ , ξ̃ ′′2)+ ϕ̃u(1− c̃) (3.11)

where b and u denote conditioning on burnt and unburnt states, respectively. That
means in the regions, where flammable mixture conditions are not available, the
progress variable is zero and no reaction takes place. Another way to consider ef-
fects of partially premixing is using a reduced chemical mechanism such as the
stabilization mechanism of lifted flames which is governed by transport and kinet-
ics.

3.2.3 Premixed Flames

The main challenge in modeling premixed flames using LES comes from the fact
that the reaction occurs at a layer which cannot be resolved by a typical filter width
used in LES. Thus, the chemical reaction and its interaction with the flow field must
be modeled completely. Since the early work of Damköhler, several different types
of modeling concepts for premixed combustion have been derived.
One example of this is the artificially thickened flame model [36], [40] which uses
a progress variable for the reaction. Its diffusivity is artificially increased until the
flame front becomes resolvable within the LES filter width. Along with the mod-
ification of the diffusivity, the ratio between chemical and turbulent time scale
changes. As a consequence, small eddies cannot interact with the flame front any
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longer. Therefore, efficiency functions are introduced to model the interaction [9].
The second family of models relies on the flamelet concept, which assumes the re-
action layer to be thinner than the smallest turbulent scales. A consequence of this
assumption is that the flame front can be represented by an interface which moves
with the laminar burning velocity. The most popular models based on this concept
are the flame surface density model (FSD) [16] and the G-equation [45], [35]. For
the FSD model a transport equation for the mean ratio of flame surface per volume
is solved. It has been derived theoretically that the FSD concept is less adequate
for simulations beyond the regime of the corrugated flamelets [32], [10]. The G-
equation describes the interplay of flame speed and convective transport acting on
the reaction layer. Therefore, the flame front must be tracked.
Several models for describing premixed combustion can be found in the literature
and most of them have been successfully applied to different configurations. Al-
though most of them, such as Eddy Break Up Model [41], PDF Transport Equation
Model [37], Linear Eddy Model (LEM) [23], Conditional Moment Closure (CMC)
[24], Bray Moss Libby Model (BML) [6], Flame Surface Density Model (FSD)
[29], Artificially Thickened Flame Model (ATF) [8] and Marker Field Method [4],
are not the subject of this contribution, so a short overview of the G-equation model
which is applied in this work, should be given in this chapter.

G-equation

As a model for premixed combustion the filtered G-Equation approach was used
in the research Initiative “Combustion Noise” [14]. The equation describes the in-
terplay of burning velocity sT and convective transport uu

u (∗u indicates unburnt).
Because of the fact that the burning velocity sl is only defined on the flame front,
also the G-equation is valid only on the flame surface. The filtered flame front is
represented by the G0-iso-surface and separates the domain into perfectly mixed
unburnt (fresh) and burnt gas.

∂ Ĝ
∂ t

= (uu
u ·n+ sT )

∣∣∇Ĝ
∣∣ (3.12)

The unresolved wrinkling of the flame front is equivalent to an increase in the flame
surface. This remains to be modeled. Under the assumption that the ratio of laminar
to turbulent surface area is proportional to the ratio of laminar to turbulent flame
propagation speed, the turbulent burning velocity is modeled using:

sT = sL

⎛
⎝1+κα +C

(
u
′
δ

sl

) 3
4
⎞
⎠ (3.13)
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Here κ is the locally resolved curvature, α the resolved Markstein length and the
model constant C is set to unity. Peters [32] and Pitsch [35] used the thermal dif-
fusivity D instead of slα , for a turbulent burning velocity valid in the regimes of
the corrugated flamelets and the thin reaction zones. From theoretical arguments
D ∼ sLl f and α ∼ l f M can be derived, where M denotes the Markstein number.
Hence Eq. 3.13 and the definition given in [32] are altered by the Markstein num-
ber, which is in the order of unity. The laminar flame speed, used in 3.13, depends
only on the thermochemical state of the premixed gas [44].
Regarding premixed combustion, commonly used LES models assume the system

Fig. 3.3 Laminar burning velocity as a function of the equivalence ratio.

to consist of two ideal states: unburnt and burnt. Since the configuration is uncon-
fined the classical G-equation approach is violated. In fact, the configuration con-
sists of three thermochemical states, unburnt gas, burnt gas and ambient air. To give
consideration to this problem an additional scalar, representing the mixture fraction,
is transported. This scalar is used to calculate the local laminar burning velocity.
Due to the fact that the mixing can only dilute the premixed gas, only the left wing
of the parabolic curve in Fig. 3.3 is considered [44].
Below values of φ ≈ 0.5 reaction will not occur. This is modeled as follows. Firstly,
the thermodynamical properties (temperature, density and viscosity) of the fluid,
crossing the G0-front, will not change. Secondly, the burning velocity is set to zero
in regions where φ falls below a value of 0.5.

3.2.4 LES/CAA Hybrid Approach

Using LES, one can extract acoustic sources from the instationary flow field and
investigate the propagation of sound through the flame, in terms of the temporar-
ily and strongly changing fluid properties inside a turbulent flame. The combustion
noise was investigated using an LES/CAA hybrid approach, combining the reactive



3 Modeling of noise sources in combustion processes via Large-Eddy Simulation 71

LES with a wave propagation method. Here the LES is a tool to analyze a secondary
effect of the turbulent flame, namely its noise prediction.
The proposed LES/CAA hybrid approach is based on the observation, that for a
turbulent flame the global and the local Mach number within the flame are usually
very small, i.e. Ma ≤ 0.1 � 1. This is due to two effects. First, the flow speed of
the fuel at the nozzle exit is usually rather small, since the flame is supposed to burn
stably at the nozzle. Second, the high temperature in the flame region increases the
speed of sound by roughly a factor of three. This allows the flow field to be treated
independently of the acoustic propagation, as long as there is no feedback of the
acoustic to the flame, which is the case for open configurations.
Exploiting the difference in characteristic speeds for the turbulent flow field and the
acoustic propagation allows the use of specialized techniques for both phenomena.
Combining these techniques in a highly integrated LES/CAA hybrid approach en-
ables good optimization of the complete simulation. This enhances the quality of
prediction. The disadvantage of a zonal approach, namely introducing spurious fre-
quencies of the discrete control surface between the two techniques combined, is
not evident in this case. The proposed approach is computationally more efficient
than a fully compressible simulation, because different optimized grids and numer-
ical schemes can be applied to both the CAA and the LES regimes. Additionally,
the Courant-Friedrich-Lewy (CFL) criterion is dominated by the speed of sound,
while the dominant transport phenomena is related to the convective speeds in the
flame. An estimate yields simulation approximately four times more efficient using
the LES/CAA hybrid approach.
The sound propagation into the far field is usually evaluated using several Compu-
tational Aero-Acoustic techniques. The three approaches differ in the way the infor-
mation on the flowfield is used. The Acoustic Pertubation Equations (APE) utilize
the volumetric information of the CFD simulation to extract the sound sources (see
chapter 7.2). The Boundary Element Method (BEM) computes the sound propaga-
tion by means of fluctuations on a defined control surface outside the source region
(see chapter 4.2). Finally, the Equivalent Source Method (ESM) arranges artificial
noise sources inside a control surface in such a way that their distribution of acoustic
fluctuations on the control surface is equivalent to the results of the flow simulation
(see chapter 4.2).
Using a reactive LES with a low Mach number approximation to compute a turbu-
lent flame enables the temporally resolved extraction of all required properties for
the propagation of acoustic waves - speed of sound, density, flow velocities and the
acoustic sources. Using the classical wave equation in terms of pressure disturbance
p, the acoustic field around the flame can be described by an appropriate simulation
technique. The evaluation of the components of the Lighthill tensor showed that tur-
bulent reacting flows (the source term related to the density) dominate the tensor by
approximately two orders of magnitude. Hence, the wave equation reduces to

∂ 2ρ
∂ t2 − c2

0
∂ 2ρ
∂xi∂xi

=
∂ 2

∂xi∂xi

[
ρuiu j −di j +(p− c2

0ρ)δi j
]
=

∂ 2Ti j

∂xi∂x j
(3.14)
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By an integral method [20], [45], the equation is transformed into a system of first
order hyperbolic differential equations using q = [pt : −pxi ]

T as acoustic state vector
[26], [27]:

qt +Aqx1 +Bqx2 +Cqx3 = s (3.15)

In Eq. 3.15 A, B, and C are the coefficient matrices and s is the source vector. Solv-
ing the system of equations numerically has the advantage, that temporally varying
fluid properties can be incorporated into the solution procedure and therefore the
acoustic propagation through the turbulent flame can be captured correctly [3]. The
solution provides temporally and spatially resolved information on the acoustic field
in all three dimensions.
There are generally several issues related to the coupling of the different solution
techniques. The type of the interface, the spatial resolution, and the time stepping
between LES and CAA need to be adapted or matched. Both solvers rely on a vol-
umetric description of the problem. Therefore the fluid properties needed by the
acoustic solver are interpolated onto the acoustic grid which is embedded into the
mesh of the LES. This interpolation is performed lineally after each time step of the
LES and followed by the computation of the required acoustic source on the carte-
sian grid.
Combining LES (including chemical reactions) with CAA methods for propagating
sound into the far field is a promising technique for the investigations of combustion
noise for small Mach numbers. The strategies presented are intended to describe a
“one way coupling”. The influence of the acoustics on the reacting flow is not con-
sidered. The CAA techniques are used as a post-processing method for the LES
results.
Two main issues arise on the coupling of CFD with CAA. First, the interface domain
of surface needs to be defined. Since the CAA grid is usually much coarser than the
CFD grid, the interpolation between the CFD and the CAA grids needs to be con-
sistent. Second, the time-stepping needs to be matched for the two techniques.
The two approaches need to solve different time scales and have different numerical
limitations of stability. As mentioned before, the CAA methods rely on instationary
information within a given volume, encapsulating all sources, e.g. APE, or on a sur-
face enclosing the source region, e.g. BEM and ESM.
For flow simulations with an explicit time integration scheme, a limitation for the
size of the time-step is the CFL condition, −→u Δ tLESΔx < α , where the CFL number
α depends on the time discretization scheme. A CFL number of unity corresponds
to a fluid particle that is convected by the velocity u exactly from one cell center to
the next Δx in one single LES time-step, Δ tLES. In order to remain as efficient as
possible, the CFL criterion is usually evaluated after every time-step during the LES
to advance with the maximum time-step possible.
An acoustic method works best if the time-step is kept constant, since every inter-
polation in time introduces artificially high frequencies. If the required acoustical
time-step, Δ tCAA, is clearly smaller than the minimum of the varying time-step of
the LES, Δ tCAA <min (Δ tLES), one can fix the time-step of the LES at a given point
in time so that Δ tCAA = Δ tLES,cst < Δ tLES. From this point onwards an acoustic sam-
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ple is generated every LES time-step. This allows a fast evolving LES to overcome
the initialization effect of the simulation. Such a technique is depicted by the solid
line in Figure 3.4. The second case, where the acoustical time-step is clearly larger
than the LES time-steps, Δ tCAA >max(Δ tLES), is shown by the dashed line in Figure
3.4. Here, a number Δn of LES time-steps goes by for each acoustic sample (indi-
cated by the dots in the figure). The accuracy of the acoustic time-stepping increases
with the number of non-constant LES time-steps between two samples. The actual
number of LES time-steps between two acoustic samples is not constant, whereas
the acoustic time-step is almost constant. Problems arise if the required acoustic
time-step is of the same magnitude as the LES time-steps Δ tCAA ≈ Δ tLES.

Fig. 3.4 Time-step Δ tLES as a function of physical time t(a) and of time-step number n(b) for two
different coupling strategies.

3.3 Results and Analysis

3.3.1 Open, Non-Premixed Jet Flames

In the research Initiative “Combustion Noise” two turbulent non-premixed jet flames
were treated. The properties of these flames are summarized in Table 3.1. These
configurations have been investigated in detail by the TNF workshop [2]. As well
as velocity data obtained by LDV measurements, the chemical composition was
measured in detail using a combination of Raman/Rayleigh and LIF measurement
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Table 3.1 Investigated jet flame configurations

Name Fuel [vol.%] fst Ubulk Uco f low D Re
HD 23/77 H2/N2 0.583 36.3m/s 0.2m/s 8mm 16000
H3 50/50 H2/N2 0.310 34.8m/s 0.2m/s 8mm 10000

techniques [33], [42]. This complete set of experimental data allows a full valida-
tion of the current LES results. Furthermore, noise intensity measurements were
performed by collaboration between TU Dresden, TFH Berlin and TU Darmstadt
[12]. Further acoustical appliances can be found in [7].
Both configurations were simulated using Flamelet models and Presumed-PDF
Ansatz. The Smagorinsky model with dynamic Germano procedure has been ap-
plied. Because of a high stoichiometric mixture fraction of the HD flame this con-
figuration is relatively short and easy to handle with regard to LES. Due to the
operation of this flame close to the flammability limits an increase of the Reynolds
number was not possible.
The simulation was performed with the computational code FLOWSI.

3.3.1.1 HD Flame

After careful sensitivity analysis regarding the influence of parameters such as grid
resolution, filtering, sampling window, inflow condition and mean inflow profile (see
[21]) on the results, final comparisons have been accomplished to the experimental
data [42]. These simulations were computed on a grid with 257 x 60 x 10 cells in
axial, radial and tangential directions. The size of the domain was 24D in length and
7.5D radial (where D is the diameter of the nozzle). For the mean inflow velocity, the
profile of a fully developed turbulent pipe-flow was set. To avoid the destabilizing
influence of the classical inflow condition, the immersed boundary conditions were
applied in this case and artificial turbulence was superimposed on the mean inflow
velocity. Figure 3.5 shows the axial development of various quantities. It shows that
the mean axial velocities and the jet break-up are predicted well (a), although the
fluctuation is high (b). This deviation can eventually be diminished by reducing in-
flow turbulence or by refining the grid. Figure 3.5 (c) shows the decay of the mean
mixture fraction, which agrees well with the experimental data. The mixture frac-
tion fluctuation (d) is over-estimated, which can be explained by the high velocity
fluctuation. Figures (e) and (f) show computational results for the density only as no
experimental data are available. Figure (g) and (h) give the OH mass fraction. This
radical only exists near the flame front and is therefore an efficient marker. Although
the absolute levels deviate strongly, the profiles show that the location of the flame
is well captured. Finally, the mean temperature and its fluctuation are shown in Fig-
ures (i) and (j). As expected from the mixture fraction data, mean and fluctuation
are predicted well.
Figure 3.6 gives the radial profiles of the mixture-fraction mean and fluctuations at
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Fig. 3.5 Results for the flame HD along the centerline.

x/D = 20. The match at R = 0 was already shown to be excellent and the entire pro-
files are predicted well. For the mixture fraction fluctuations, Fig 3.5 (d) has shown
that the values on the axis were computed too high. However, Fig. 3.6 (b) shows that
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Fig. 3.6 Mixture fraction versus radius at x/D = 20.

this problem only occurs locally, i.e. on the axis.

3.3.1.2 H3 Flame

The LES has been performed on a cylindrical grid consisting of 1024 x 32 x 60
≈ 2 ·106 cells in axial, circumferential and radial directions. The corresponding di-
mensions are 1m x 2π x 0.18m or 125 x 22.5 nozzle diameters in axial and radial
directions.
A quantitative validation of the prediction by the reactive LES can be obtained
through a comparison with experimental measurements. In Figures 3.7 and 3.8 axial
and radial statistics are presented for the quantities axial velocity, mixture fraction,
temperature and OH mass fraction. Besides some derivations for the standard devi-
ation of the axial velocity close to the nozzle, the agreement between the measure-
ments and the LES results is generally good for both the mean and the fluctuations.
The deviation is related to an insufficient resolution of the shear layer at the edge of
the nozzle. The increased level of velocity fluctuation results in a stronger mixing
than the experiments suggest. Hence, the mixture fraction is slightly underpredicted,
resulting in a small discrepancy in the axial temperature distribution for x/D ≤ 40.
Towards the outflow plane the results are affected by the boundary condition and
hence, the profiles for x/D = 80 do not match with experiments any more. Nev-
ertheless, the width of the turbulent flame is captured, as can be observed from
the different radial distributions. Other possible investigations, like length scales or
statistics of the local flame orientation, have been published in [22]. For further re-
sults, especially the variations of the Reynolds number, see [11].
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Fig. 3.7 Statistics for the H3 flame.

3.3.2 Model Combustor (Partially Premixed Flames)

The investigated configuration consists of a burner, an exit nozzle of Laval-shape
and an exhaust duct to model turbine guide vanes. The swirl contains an inner and
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Fig. 3.8 Radial statistics for exemplary chemical properties of the H3 flame.

an outer co-rotating airflow. Gas is injected as fuel through an annular slot between
the two airstreams. The combustion chamber has a diameter of 100 mm and length
of 113 mm. At an operating point the mass flow rate of air amounts to 13 Nm3/h,

Fig. 3.9 Model combustion chamber.

the mass flow rate of methane is 1 Nm3/h which corresponds to a thermal capacity
of the chamber of 10.05 kW with an equivalence ratio of 0.726 and a nominal swirl
number of Sn = 0.55. The air-flow split between the inner and outer swirler amounts
to mi/mo = 0.75. The velocity measurements were performed using the LDV tech-
nique and an Ar-Ion laser [30].
The reacting LES computations were performed on a grid resolved with 2.3 ·106 CV.
Pure methane is used as fuel in numerical simulations. The experimental data mass
flows were set as the inlet boundary conditions. Turbulent fluctuations at the inlet
are not prescribed relying on the features of LES to generate the turbulent fluctua-
tions inside the swirler. No-slip boundary conditions were performed on any solid
walls in the computational domain. At the exit plane of the outlet nozzle Neumann
boundary condition was used.
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A collocated grid with a cell-centered variable arrangement and implicit time step-
ping scheme was used. For space discretization the central-differencing scheme is
performed. To ensure smooth and bounded solutions of scalars it was necessary to
introduce some numerical dissipation, which was achieved with a total variation
diminishing (TVD) scheme. From the large class of TVD schemes a flux limited
formulation has been used in FASTEST-3D applying the Flame Surface Density
Model described in chapter 3.2.2. In the case of combustion simulations, second
order Crank-Nicholson method for the equations was used. A typical value for the
simulations performed in this work is Δ t = 3.5 ·10−6. The coupling of the pressure
and velocity in FASTEST-3D is achieved by the SIMPLE algorithm. The resulting
set of linear equations is solved iteratively using the strongly implicit procedure of
Stone (SIP).
Although the configuration under investigation was designed as a non-premixed
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Fig. 3.10 Instantaneous field of the filtered reactive progress variable c̃ (left) and instantaneous
density field and isoline of the stoichiometric mixture fraction (right).

combustor, the LES simulations revealed that the flame is not burning attached to
the nozzle, but is lifted and stabilized in the recirculation zone. The reaction zone,
introduced by means of the filtered progress variable c̃, can be observed in Fig. 3.10
(left). The structure of the flame is illustrated by an instantaneous distribution of
the density together with the isolines of stoichiometric mixture fraction, Fig. 3.10
(right). It is observed here that the density change takes place not along the stoichio-
metrical mixture fraction but approximately 1cm above the burner.
The samples taken from the simulations were time averaged and profiles of sta-

tistical quantities were extracted along the radial and axial lines according to the
positions measured experimentally [30]. Comparison of simulated and measured
flow field quantities show in general good agreement. Quantitative results of the
axial averaged velocity and its fluctuations are shown in Fig. 3.11. At the position
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Fig. 3.11 Radial profiles of averaged axial velocity (left) and radial profiles of fluctuations of axial
velocity (right).

x=7mm the propagation of axial velocity in radial direction is in general in good
agreement with measured values. Nevertheless, in spite of the fact that the geom-
etry of the burner was properly reproduced, the length of the recirculation zone as
well as the level of fluctuations is still slightly underpredicted. The peak values of
the axial velocity could not be achieved by the simulations. At x= 30mm, as well
the qualitative as the quantitative distribution of the simulated velocity fields is in a
very good agreement with the experiment. The width and length of the recirculation
zone could be very well reproduced by the simulations. The comparison of the axial
profiles of axial and tangential velocities at radial position r = 0, -5, -12 mm are
shown in Fig. 3.12. It is obvious that the main features of the reacting flow could

Fig. 3.12 Axial profiles of averaged axial component of the velocity (left) and axial profiles of
averaged tangential component of the velocity (right).
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be captured by this model. The complete system shows robust behavior and yields
very reasonable results for reacting flows.

3.3.3 Tecflam Burner (Premixed Flames)

The investigated configuration is based on an unconfined premixed swirl burner. The
experimental database includes airflow measurements under isothermal and react-
ing conditions. The setup consists of a movable block type swirler, which feeds an
annulus from where a mixture of air and natural gas enters the measurement section
at ambient pressure and temperature. A sketch is given in Fig. 3.13. The Reynolds
number (10000) is calculated from the bulk velocity and the bluff body diameter.
The burner gas runs with an equivalence ratio Φ = 0.833. The geometrical swirl
number [3] is set to S = 0.75 in the current case. A co-axial air flow of 0.5m/s sur-
rounds the swirler device. More details of the setup and the swirler device can be
found in [39]. The extension of the computational domain in axial (x) and radial

Fig. 3.13 Sketch of the swirler device.

(r) direction is 12D x 8D. Here D represents the bluff body diameter (30mm). The
coarse grid resolves the domain with 18 x 64 x 120 (x, φ , r) points, whereas the
number doubles for the fine grid in each direction (360 x 128 x 240). The filtered
conservation equations are solved using a finite volume technique on a cylindri-
cal mesh with variables located on a staggered grid. The G-Equation approach was
used to model premixed flames in combination with the FLOWSI-Code. The G-
variable as well as the mixture fraction and the density are stored cell centered in
the pressure cells. The dynamic version of the Smagorinsky model has been used to
model the residual stresses of the momentum equation [15]. The scalar equation is
closed using a gradient flux assumption. In the next section general flow features un-
der reacting conditions will be identified and discussed. Further information about
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modeling and flow results under isothermal conditions as well as the comparison of
the isothermal and reacting case can be found in [14]. Figures 3.14 and 3.15 present

Fig. 3.14 Radial profiles of the mean stream-wise and circumferential velocity for several axial
heights for the premixed swirling flame.

the mean velocity components and the turbulent kinetic energy of the flow at several
axial heights. An overall evaluation of the results shows some disagreement for the
coarse grid but a promising quality of prediction was obtained on the fine grid. The
recirculation zone above the bluff body is predicted quite well on the coarse grid.
However, this seems to be the only location where the coarse grid is superior com-
pared to the results obtained on the fine grid. The resolution plays a significant role
at positions far downstream from the bluff body.
The prediction of the mean radial velocity is encouraging except for a moderate
over-prediction of the peak value at x = 10 and 20 mm. The progress of the pre-
dicted turbulent kinetic energy correlates almost everywhere with the experimental
results. The exception is a small increase which is located in the vicinity of the
average flame front position (x= 10, 20mm, r = 20, 30mm). Such an effect was not
detected experimentally. Additionally, the grid is obviously too coarse to resolve the
outer shear layer of the nozzle at r= 30 mm precisely. Another explanation might be
the imperfect inlet conditions.
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Fig. 3.15 Radial profiles of the mean radial velocity and the turbulent kinetic energy for the pre-
mixed swirling flames.

3.3.4 LES/CAA Coupling

The LES/CAA hybrid approach is tested for the H3 flame. The LES is performed on
a staggered cylindrical grid with 512 x 32 x 60 ≈ 106 cells in axial, circumferential
and radial directions. The complete domain has a physical size of 0.5 x 2π x 0.18m
which corresponds to roughly 60D x 20D in axial and radial directions.
The acoustic solver is working on a collocated equidistant grid consisting of 200
x 100 x 100 cells in x, y and z direction. A conservative estimate of 20 points per
wavelength required to capture the acoustic accurately results in a maximum fre-
quency of 8.5 kHz resolvable on the acoustical grid, assuming the speed of sound in
air. The Nyquist frequency of the temporal resolution is 500 kHz and therefore well
above the spatial resolution. To omit numerical oscillations, the extracted acoustic
time series have been low pass filtered using a cutoff frequency of 50 kHz prior to
further analysis. For further information see [13].
The acoustic source, given by the right-hand side of Eq. 3.14 is highly instationary
and strongly localized within the flame and its reaction zone, as can be seen in the
snapshot in Fig. 3.16. Nevertheless, it is not purely connected to the stoichiometric
value of the mixture, which has been highlighted in the figure. Here most of the
heat release would be expected. Also the line of a constant speed of sound of 700
m/s is somewhat connected to the combustion noise sources, since it coincides with
the range of the steep gradients in the density/mixture fraction relation on the lean
and rich side of the flame, respectively. This can be emphasized by considering the
relation ρ = ρ( f ) and dρ

dt = dρ
d f

d f
dt . The speed of sound of 700 m/s corresponds to

ranges, where dρ
d f is large. This consideration does not hold for the turbulent case
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directly, but it gives some hint on the distribution of the acoustic sources. Using the

Fig. 3.16 A snapshot of the acoustic source used as input for the acoustic solver. The isolines
correspond to a constant speed of sound of 350 m/s(—) and 700m/s (-), and the stoichiometric
mixture fst = 0.31 (white line).

acoustic source in addition to the temporally resolved properties of the fluid enables
the description of the propagation of acoustic waves in the vicinity of the flame.
In Fig. 3.17 the snapshot of the first component of the solution vector provides the
best qualitative insight into the acoustic field. In a global sense, the flame seems
to act as a cylindrical source radiating sound, as expected. It can be seen, that the
radiation is not in phase along a constant radius. Scaling the sound intensity by

Fig. 3.17 The q1 component of the CAA solution is shown for a single time step. Again, the
isolines correspond to a constant speed of sound of 350 m/s (—) and 700 m/s (-).
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Fig. 3.18 A comparison of the scaled, frequency resolved, sound intensity level, computed with
the LES/CAA approach and the experimental measurements at the same axial and radial position
(x/D; r/D) = (42.6; 62.5) .

means of the proportionality J(r) ≈ 1/r2 and J(r1)/J(r2) = r2
2/r2

1, a comparison to
intensity measurements for the same flame at the position (x/D; r/D) = (42.6; 62.5)
can be performed. In Fig. 3.18 the sound intensity spectrum computed by the cur-
rent LES/CAA hybrid approach is plotted against the experimental findings. The
agreement in the low frequency range is evident, while the high frequency range is
reproduced well. Despite the remaining uncertainties, the combination of an LES
containing a low Mach number approximation with a wave equation approach for
the acoustic propagation gives encouraging results.

3.4 Summary and Conclusions

Large Eddy Simulation has revealed itself as an appropriate tool for the description
of configurations such as diffusion, partially premixed and premixed flames. The
following modeling approaches have been presented in this work:

• steady flamelet model for diffusion flames
• flame surface density model for partially premixed flames
• G-equation for premixed flames

The comparison between LES and experimental results show an excellent agree-
ment. These results provide a strong motivation for further numerical investigations
of acoustics using the APE (see chapter 7.4), BEM and ESM (see chapter 4.3) ap-
proaches.
An efficient hybrid technique has been proposed to describe the noise emissions of
turbulent non-premixed flames. While the turbulent reacting flow field was solved
by means of an incompressible LES, employing a low Mach number approximation
and providing all required fluid properties and sources, the acoustic pressure field
was described by a wave propagation algorithm, capable of handling inhomoge-
neous fluid properties. Instead of implementing the hybrid technique from scratch,
two well validated and often applied tools have been coupled. Coupling different
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tools allows the exchange between them rather easily, as long as the interface pro-
vides all required data.
This technique can potentially be extended to capture the onset of thermo-acoustic
instabilities as they arise in a lean premixed gas turbine combustor required to meet
the pollution limitations required by the legislation. Since both simulation tech-
niques employed are based on the time domain and capture the underlying physical
phenomena, the hybrid technique can be predictive and might therefore be used to
evaluate prototypes prior to their experimental testing. This can reduce costs of ex-
tensive experimental test runs by reducing the number of prototypes that need to be
investigated.
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M, Költzsch P (2005) A hybrid approach for the evaluation of the radiated
noise from a turbulent non-premixed jet flame based on large eddy simulation
and equivalent source & boundary element methods. In: 12th International
Congress on Sound and Vibration, Lisbon, Portugal, ICSV12

[13] Flemming F, Sadiki A, Janicka J (2007) Investigation of combustion noise
using a LES/CAA hybrid approach. PCI 31:3189–3196

[14] Freitag M, Janicka J (2006) Investigation of a strongly swirled unconfined
premixed flame using LES. PCI 31

[15] Germano M, Piomelli U, Moin P, Cabot W (1991) A dynamic subgrid-scale
eddy viscosity model. Phys Fluids A 3(7):1760–1765

[16] Hawkes E, Cant R (2001) Implications of a flame surface density approach to
large eddy simulation of premixed turbulent combustion. CF 126:1617–1629

[17] Haworth D (2000) A pdf/flamelet method for partially premixed turbulent
combustion. Proc of the summer Program, CTR pp 145–157
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Chapter 4
Modelling of the Sound Radiation from Flames
by means of Acoustic Equivalent Sources

Rafael Piscoya, Haike Brick, Martin Ochmann and Peter Költzsch

Abstract This chapter addresses the calculation of the far field sound radiation of
turbulent flames based on a coupling of a Large Eddy Simulation (LES) with two
acoustic methods, the Equivalent Source Method (ESM) and the Boundary Element
Method (BEM). The numerical aspects of the coupling, including the choice of a
coupling interface, data sampling at coarsened grids and Fourier Transform of the
coupling variables from time to frequency domain, are surveyed. The simulation re-
sults for the radiated sound power of an open turbulent non-premixed jet flame are
compared to measurement data. The influence of ground effects on the sound radi-
ation is briefly discussed. Considering a second configuration, where the exhaust of
a combustion chamber opens to an adjacent temperature field, the Dual Reciprocity
Boundary Element Method (DRBEM) is applied for the simulation of the sound
propagation through a non-homogeneous medium. The sensitivity of the radiated
sound field to the temperature profile of the surrounding field is investigated. As the
results show, the presented hybrid approach is able to predict effectively the sound
radiation of flames and the DRBEM still expands the possibilities of the hybrid
methodology for the numerical simulation of combustion noise.

4.1 Introduction

Hybrid methods are widely used in the area of aeroacoustics to determine the sound
radiation from non-reacting turbulent flows [10, 14]. They are characterized by the
application of specialized techniques to the different domains, i.e. the flow-field so-
lution in the non-linear source region is evaluated by a Computational Fluid Dynam-
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ics (CFD) code whereas the sound field in the propagation region is computed by
means of a pure computational (aero)acoustical method. In this work, the applica-
tion of a hybrid technique to reactive turbulent flows, particularly to turbulent flames
is presented. The novelty of this approach is the use of two well known methods of
computational acoustics, the ESM and the BEM, as acoustic coupling methods. Both
methods are based upon the homogeneous Helmholtz equation and require only one
acoustic quantity on a control surface, which is provided by the CFD calculation.
This control surface (Kirchhoff surface) must enclose all sound sources and lie in
a homogeneous medium. The BEM has been used in aeroacoustics, for example
for aeroacoustic analyses of lifting bodies (wings and rotors) [15, 18], of a circular
cylinder in a cross flow [17] and of noise from engine inlets [32].
The ESM is a technique that have been successfully used to describe the sound
radiation of vibrating bodies and the sound scattered from solid structures in a ho-
mogeneous and quiescent medium. An extension of the application of equivalent
sources to aeroacoustic problems was made by Holste [9] who used the method to
predict the radiated sound field of a prop fan model. In the present study, the velocity
distribution at the Kirchhoff surface serves as input data for the computation of the
radiated sound power of the flame in frequency domain and the radiation patterns
applying the ESM and BEM.
Section 4.2 gives a brief description of each of the acoustic methods and the CFD
code that simulated the flame. The analysis of the different numerical aspects of the
coupling and the results are presented in section 4.3.

4.2 Theoretical Background

4.2.1 Hybrid Approach

The acoustic far field produced by turbulent flames cannot currently be determined
only by a CFD simulation because the computational cost would be enormous. In-
stead, hybrid methods, in which the turbulent reactive flow in the source region and
the acoustic far field are computed separately, are more effective and require less
computational time and resources. In these approaches, the computational domain
is divided into two regions, the combustion zone which is solved with the CFD
method and the radiation zone which is solved with the acoustic method (Fig. 4.1).
The sound propagation in the acoustic domain is described by the homogeneous
Helmholtz equation

∇2 p+ k2
0 p = 0. (4.1)

Some approaches consider even an intermediate domain between source and radia-
tion regions [39]. Details about CFD methods and calculations have been given in
chapter 3.2. We mention only briefly which code provided the data for the acoustic
calculations that are shown here. The focus in this chapter is on the methods that
predict the radiated far field from the CFD data. For the computation of the far field,
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Fig. 4.1 Hybrid approach for a) open flame; b) enclosed flame.

different approaches are known. In Fig. 4.2 some of the CFD and acoustic methods
are listed. The hybrid technique, that is presented here, is highlighted to distinguish
it from other possibilities. For the acoustic calculation, we present two methods
that have been successfully used to predict the sound radiation from vibrating struc-
tures, namely the ESM and the BEM. Both methods express the sound field as the
sum of the sound fields coming from individual ”equivalent sources”. While in the
ESM these equivalent sources are located inside the vibrating structure and can be
of multipole nature (monopoles, dipoles, quadrupoles, etc.), in the BEM they are
located at the surface of the structure and consist only of monopoles and dipoles.
For vibrating structures, the surface of the body is well defined and the sound field
is computed outside the surface. For turbulent flames, a stationary surface can not
be defined but an arbitrary control surface (also known as Kirchhoff surface) can be
introduced. Assuming that the Helmholtz equation holds in the region outside the
control surface, the sound field can be obtained from a prescribed velocity or pres-
sure distribution on the control surface. These acoustic boundary conditions should
be provided by the CFD code. The advantage of the ESM and BEM over other
acoustic methods is that they require information only at the control surface, so
fewer data has to be processed and the far field can be directly calculated. The CFD
data have to be preprocessed before the acoustic computation as shown in Fig. 4.2.
A description of the data processing is given in the next section.
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Fig. 4.2 Scheme of the main tasks in the hybrid approach.

4.2.2 Equivalent Source Method (ESM)

The principle of the ESM is to replace the original sound source with a system of
equivalent multipoles whose amplitudes are determined in such a way that a bound-
ary condition is satisfied [19]. When the boundary condition is exactly reproduced
by the equivalent sources, their radiated sound is identical to the sound radiated by
the original source. Normally the boundary condition is not completely fulfilled and
an error arises. The strengths of the multipoles are then obtained by minimization
of this error. The simplest equivalent sources are described by spherical wave func-
tions, which are solutions of the Helmholtz equation and satisfy the Sommerfeld
radiation condition at infinity. The most general expression for the sound pressure
generated by Q multipole sources with order up to N, which are located at positions
given by the vectors rq, is

p(r) =
Q

∑
q=1

N

∑
n=0

n

∑
m=0

h(2)
n (k

∣∣r− rq
∣∣)

h(2)
n (kR)

Pm
n (cosγq)(A

(q)
nm cosmδq +B(q)

nm sinδq), (4.2)

where Pm
n are the Legendre functions, h(2)

n are spherical Hankel functions of the
second kind and γq is the angle between the vector (r− rq) and the z-axis and δq

is the angles of the projection of (r− rq) onto the x-y-plane and the positive x-axis.
The spherical wave functions in equation (4.2) have been normalized with respect

to h(2)
n (kR) , with R as a typical dimension of the source. This normalization brings

a favourable effect in the numerical operations involving the system matrix. The
total number of spherical functions and thus the number of equivalent sources in
expression (4.2) is Ntot = Q(N +1)2.
For simplicity, equation (4.2) is written as
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p(r) =
Ntot

∑
i=1

ciψi(r), (4.3)

where the subindex i represents a combination of q, n and m, and ci and ψi are the
amplitude and wave function for that q, n, m combination.
The amplitudes ci are determined by minimizing the velocity error ε at the control
surface using the method of weighted residuals [19, 20]. The velocity error is defined
as

ε =
j

ωρ

Ntot

∑
i=1

ci
∂ψi

∂n
− vn, (4.4)

where vn is the known velocity distribution, ∂/∂n is the derivative in the direction
of the outward normal n on the control surface. The boundary error ε is multiplied
by weighting functions wl and the integral of the product over the surface S is set to
zero. This yields the following equations

j
ωρ

Ntot

∑
i=1

ci

∫
S

∂ψi

∂n
wldS =

∫
S

vnwldS l = 1,2, ...Ntot . (4.5)

The weighting functions used for the calculations are the complex conjugate normal
derivatives of the wave functions wl = ∂ψ∗

i /∂n. The selection of these functions
implies a minimization of the velocity error in the least square sense. With the dis-
cretization of the surface and assuming constant values over each element, equation
(4.5) is transformed into a system of linear equations Ax = b that has to be solved.
A is a Ntot ×Ntot matrix and x is the vector of amplitudes ci.
Once the strengths ci are known, the sound field can be computed at any point out-
side S using Eq. (4.3). All other related acoustic quantities like particle velocity,
intensity and power are directly derived from Eq. (4.3). A characterization of the
nature, location and strength of the sound sources originated in the combustion zone
is not the priority of this paper. Although the ESM replaces the flame with sources
in the combustion region, these sources are in principle fictitious. A correspondence
between the real and the equivalent sources can be tested by looking for optimal
position of the sources. This aspect of finding optimal positions of the equivalent
sources has been studied in [29, 30].

4.2.3 Boundary Element Method (BEM)

The fundamental derivations of the boundary element method in acoustics can be
found for example in [5, 23, 38]. Here merely a brief outline of the used BEM is
given. In this work, the direct BEM approach is applied. Starting point of the direct
BEM is the Helmholtz integral equation (HIE) for exterior field problems,
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C(x)p(x) =
∫
S

(
p(y)

∂g(x,y)
∂n(y)

− ∂ p(y)
∂n(y)

g(x,y)
)

dS, (4.6)

where

g(x,y) =
e− jk|x−y|

4π |x−y| (4.7)

is the Green’s function in the three dimensional free space. C(x) is equal 1 for x in
the acoustic domain, i.e. in the exterior domain, 1/2 on the surface of the radiating
structure and 0 for x in the interior domain. In a medium at rest, pressure p and
particle velocity v are related by the equation

v =
j

ωρ
∇p,

hence in Eq. (4.6), ∂ p/∂n can be replaced by − jωρvn :

C(x)p(x) =
∫
S

(
p(y)

∂g(x,y)
∂n(y)

+ jρωvng(x,y)
)

dS. (4.8)

Similar as in case of the ESM, the surface is discretized by a set of N constant ele-
ments and the the integral is replaced by a finite sum. The accuracy of the approx-
imation is assured by the six-element-per-wavelength rule [16]. Since g represents
the sound field from a monopole source and its derivative ∂g/∂n the sound field
from a dipole source, the sound pressure at points outside S is given by the sum of
monopole and dipole sources located at the surface with strengths proportional to vn

and p respectively. The discretized integral equation (4.8) can be transformed into a
system of equations

(CĪ −H)p̂− jωρGv̂n = 0, (4.9)

where Ī is the identity matrix, H and G are the system matrices and p̂ and v̂n the
acoustic variable vectors. After rearranging (4.9) in a way, that the unknown vari-
ables (either p̂ or v̂n) stay on the left-hand side, the resulting system of equations
can be solved by standard complex matrix solvers. Once both acoustic variables
are known, Eq. (4.8) can be numerically evaluated for every x outside S. The di-
agonal elements of the system matrices, which become singular, are treated as it is
described in [23]. The Helmholtz integral equation (4.6) for an exterior Neumann
problem, where ∂ p/∂n is prescribed on the surface of the radiating structure, does
not have a unique solution at the characteristic eigenfrequencies of the associated
interior Dirichlet problem. To avoid the non-uniqueness of the system of equations
at these eigenfrequencies, the CHIEF-method (Combined Helmholtz Integral Equa-
tion Formulation) suggested by Schenck [34] can be applied. In this formulation,
additional collocation points (the CHIEF-points) are located in the interior domain
of the object, where the interior Helmholtz integral formulation must be satisfied.
With this overdetermination, the surface HIE and interior HIE are solved simultane-
ously to enforce the finding of the unique surface solution.



4 Radiation from Flames 95

4.2.4 Numerical Simulation of the Flames

Simulated data from a turbulent jet flame were provided by our research partner at
the Technical University Darmstadt. The data came from a Large Eddy Simulation
(LES) of an open jet flame combusting a mixture of H2 and N2. The parameters
of the simulated flame are shown in Table 4.1. The LES code solves the transport

Table 4.1 Parameters of the flame; fuel: hydrogen/nitrogen ratio, D: nozzle diameter, Ujet: flow
velocity, Uco-flow: co-flow velocity, Re: Reynolds number, fstoic: stoichiometric mixture fraction

fuel [vol%] D [mm] Ujet [m/s] Uco-flow [m/s] Re fstoic

23/77 H2/N2 8 36.3 0.2 16,000 0.583

equations for mass, momentum and conserved scalar mixture fraction. A low Mach
number approximation, where the density is not constant but at the same time is
not a function of the pressure, is used. The governing equations are solved on a
staggered cylindrical grid. The mean inflow profiles are superposed by artificially
generated turbulence, while at the outflow a Neumann condition is applied. The
circumferential outer boundary is described with a simplified momentum equation
to allow for entrainment of fluid. A detailed description of this LES approach can
be found in [7, 11].
The output of a LES are usually mean and standard deviations of different quantities
of the flow field, like axial or radial distributions of velocity, mixture fraction or
temperature. The fluid dynamic properties of the numerical results agree very well
with experimental data. Corresponding evaluations are published in [6, 8]. For the
acoustic calculations, an extraction of instantaneous values is needed. Hence, data
samples at time steps of every 10−4 s were generated out of the LES run, which
includes the velocity data in x-, y-, z-direction, density, temperature and mixture
fraction at selected spatial points of the LES grid.

4.3 Results and Analysis

4.3.1 Numerical Aspects of the Hybrid Method

The coupling of the CFD and the acoustic methods is made at the closed control
surface S that encloses the flame. Since the velocity at the control surface is provided
by the LES, the radiated sound field can be determined by ESM and BEM. For the
ESM, the amplitude of the equivalent sources must be obtained by minimizing the
velocity error (4.4), for the BEM, the pressure at the surface has to be calculated
via the set of equations (4.9). A direct transfer of the data from the LES to the
ESM/BEM is not possible since the LES works in the time domain and the ESM or
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BEM in the frequency domain. Also, the required time and spatial resolutions differ
in both methods. A processing of the CFD data must be performed before they can
be used by the acoustic method. In the following subsections, the operations and
transforms carried out on the data are presented.

4.3.1.1 Generation of the Acoustic Mesh

The LES mesh is much finer than it is necessary for the acoustic requirements. Ad-
ditionally, for acoustical purposes, a non-uniform surface mesh leads to an increase
of computational costs without an increase of accuracy. Therefore the LES grids
were coarsened in axial and radial directions until the resolution met the tangen-
tial resolution and the assembling of nearly uniform quadratic surface elements was
possible. Fig. 4.3 illustrates this mesh generation.
Ten concentric cylindrical surface meshes with increasing radii were built, so that
acoustical simulations on the basis of different enveloping surfaces were possible.
The frequency limit for the validity of the model can be obtained considering the
six-elements-per-wavelength rule. The velocity data at the grid points of the coars-
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Fig. 4.3 Generation of an equidistant acoustical surface mesh (below) from the grid points of the
LES (above).

ened mesh are extracted from the given LES data with different sampling techniques
as described in the following section. The velocity on the inflow cap was set to zero
because at this side, the adjacent burner represents a rigid boundary condition. With
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is zero setting it is also possible to eliminate the highly disturbing inflow boundary
condition of the LES as described in [2].

4.3.1.2 The Downsampling

The mesh coarsening comes along with a downsampling of the given LES-Data.
Since axial and radial resolutions were different, the grid in axial and radial direc-
tions had to be treated separately. The velocity data at the coarsened grid nodes can
be sampled pointwise out of the finer mesh (in case the grid nodes of both meshes
coincide) or can be sampled in conjunction with a convolution with a spatial filter.
The simplest filter is a rectangle filter, which results in the so called simple moving
average. We applied both, the pointwise and filtered sampling. A major or minor
aliasing effect for the pointwise sampling is expected depending on the smoothness
of the original normal velocity curve [24]. The filtering with a the rectangle window
function along the coarsened grid coordinates represents a low-pass filtering of the
original signal and should provide a small aliasing effect in the wavenumber spec-
trum. The wavenumber spectrum Vn(kx) results from the Fourier transform from the
spatial to the wavenumber domain, which is defined as

Vn(kx) =
1
L

L∫
0

vn(x)e− jkxxdx, (4.10)

where L is the length of the cylinder. Fig. 4.4 shows the normal velocity in axial
direction at the first node line of lateral surface of the tenth cylinder of the original
and coarsened mesh. It can been seen, that the velocity distribution is quite smooth,
the pointwise extracted data as well as the filtered data (moving average) follow well
the curve of the given data. Nevertheless, in the wavenumber spectrum an aliasing
effect can be observed in the higher wavenumber range for the pointwise sampling.
The wavenumber spectrum of the coarsened mesh is limited to 10 k/k0, (k0 = 2π/L)
due to downsampling.
Fig. 4.5 shows the velocity and its spectrum for the same line at a later time step.
The spatial velocity distribution appears again to be smooth enough to be well rep-
resented by the pointwise extraction as well as by the averaged data. Here, we find
a wavenumber spectrum, which does not show an aliasing effect for both of the
sampling methods. From the wavenumber spectra shown for one line for different
time steps, we see that a resulting aliasing effect from a pointwise sampling depends
strongly on the velocity curve of the originally given data. The pointwise extraction
does not necessarily lead to an aliasing effect.
Fig. 4.6 shows the normal velocity distribution along a radial line at the outflow
cap. Here, the averaging smooths the original curve, which shows some short wave
fluctuations. A direct transform in the wavenumber domain is not possible for the
velocity distribution in radial direction, because the mesh is not equidistant in this
direction.
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Fig. 4.4 Instantaneous velocity distribution in axial direction x at t = 0.081s for the axial line of
the tenth cylinder at ϕ = 0◦, upper plot: spatial distribution, lower plot: wavenumber spectrum.

An increase of the wavenumber spectra as seen in Fig. 4.4 can lead to a higher
sound radiation in the level in the higher and middle frequency range. But it is diffi-
cult to estimate the general effect on the acoustic radiation because the spatial spec-
tra vary for every time step and every axial node line. A comparison of the results
with both approaches is shown in Fig. 4.7. The radiated sound power of the tenth
control surface is presented and only a slight difference at low frequencies for both
sampling methods can be observed. As discussed in [30] the outflow cap was found
to determine mainly the amount of radiated sound power. To study the effect of the
downsampling at the outflow cap, an acoustic calculation with a model keeping the
original LES mesh at the outflow cap but with a coarsened lateral surface was per-
formed. Fig. 4.8 shows the resulting sound power level for the filtered sampling and
for the case of no downsampling on the outflow cap. In this case, the radiated sound
power is overestimated by using the coarsened mesh and applying a simple moving
average does not effectively suppress the occurring aliasing effect.
As the above results show, the computed radiated sound depends strongly on the
used mesh. The sensitivity of the CAA-solutions to the use of fine or coarse grids
within a hybrid approach has been also reported by one of our research partners
in [3]. The length of coherent structures in fluid dynamics is small compared to the
acoustic wavelengths and most of them may not radiate, but in order to obtain an
accurate sound field they need to be well described or filtered out. Otherwise the



4 Radiation from Flames 99

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
−0.08

−0.06

−0.04

−0.02

0

spatial distribution, Z10, r
 i
 =1, t=0.24548 s

x [m]

|v
n| [

m
/s

]

 

 
v

n
 original

v
n
 pointwise

v
n
 moving average

0 10 20 30 40 50 60
0

50

100

150

wavenumber spectrum, Z10, r
 i
 =1, t=0.24548 s

k/k
0
, k

0
 = 2π/L, L = 0.38250292m

Lv
n [d

B
]

 

 

v
n
 original

v
n
 pointwise

v
n
 moving average

Fig. 4.5 Instantaneous velocity distribution in axial direction x at t = 0.245s for axial line the
axial line of the tenth cylinder at ϕ = 0◦, upper plot: spatial distribution, lower plot: wavenumber
spectrum.
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Fig. 4.6 Instantaneous velocity distribution in radial direction r at t = 0.081s for the radial line at
ϕ = 0◦.

sound radiation is incorrectly predicted by the hybrid method.
Further research work should be devoted to more elaborated filtering techniques.
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Fig. 4.7 Radiated sound power level Lp of the tenth control surface for a pointwise and filtered
data sampling.
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Fig. 4.8 Radiated sound power level Lp of the tenth control surface for a complete data sampling
(without downsampling) at the outflow cap and filtered data sampling (moving average) on the
coarsened mesh.

4.3.1.3 Determination of the Velocity Spectra with Reduction of the Variance

Since the LES works in the time domain, the LES data have to be first transformed
from the time to the frequency domain by applying a Fourier Transform. The orig-
inal time steps of the LES are in the range of 10−7s. For the acoustic calculation, a
data sampling of 10−4s assures information in the frequency range of [0-5000] Hz.
Since a downsampling in the time domain is performed, aliasing effects are also
possible. But knowing that the types of flames investigated radiate in the low and
middle frequencies, the instantaneous data were directly written out without any low
pass-filtering.
Since only one time series was provided and the power spectrum of the whole signal



4 Radiation from Flames 101

involves a high variance, the time series were split into sets of 250 samples, so that
each set was used as input velocity for one sound field calculation. The predicted
sound power and sound pressure level in the far field are the average over all these
individual calculations. In order to increase the number of individual sets and there-
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Fig. 4.9 Scheme of the computation of the velocity spectra.
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fore decrease the variance of the averaged spectrum, an overlap between adjacent
segments was considered. According to Welch [36], a 50% overlap along with the
use of a Hanning window reduce the aliasing effects as well as keep the dependence
between segments in a low level. The procedure to compute the velocity spectra is
illustrated in Fig. 4.9. As a result of the segmentation, the frequency resolution is
decreased. Since each segment had 250 time samples and the time step is 10−4s, the
frequency resolution is 40 Hz.

4.3.2 Location of the Control Surface

The location of the control surface is a very important point of this coupling strategy.
The equations for the radiated sound pressure, Eq. (4.2) for ESM and Eq. (4.8) for
BEM, are only valid if the control surface is placed in a region where the medium
is uniform and at rest. If the source region is large and the control surface cannot be
placed in the homogeneous region, both expressions yield erroneous results. A way
for testing if the control surface is placed in a homogeneous medium is to study the
radiated sound power of different control surfaces. The sound power is obtained by
integrating the sound intensity over the control surface. In an homogeneous medium,
the sound power is independent of the extent and location of the surface if it encloses
all sound sources. Thus, by calculating the sound power using different surfaces, we
expect to determine which surfaces are placed in the homogeneous medium. This
idea was applied to the studied flame. Ten cylindrical control surfaces, denoted as
Z1, Z2,..., Z10 and having the same length but different radii were used to compute
the sound power. In Fig. 4.10, the curves of the sound power are compared. It can be
seen that the curves are practically identical above 1000 Hz. Below that frequency,
there are differences but a certain convergence could be found for the last two cylin-
ders (Z9 and Z10). According to the above results, the last cylinder, which has the
largest radius, is chosen for the computation of the sound radiation.

4.3.3 Inclusion of Ground Effects

In practical situations, the flames are located in a certain environment (room, lab-
oratory, etc). Assuming that side walls and ceilings have some type of acoustical
treatment, the scenario will be more similar to a half space problem than to a free
field problem. The presence of the ground can be directly included in the ESM
and BEM by considering image sources located at the other side of the plane. For
the BEM, an appropriate Green’s function gH(x,y) is introduced in Eq. (4.8). The
Green’s function in the presence of an infinite plane has a simple expression only in
two ideal cases, where the acoustic impedance Z is infinite (Z =∞) or zero (Z = 0).
The first case corresponds two an acoustically rigid plane and the second to a soft
plane. The expression for the Green’s function is given by
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Fig. 4.10 Simulated and measured sound power level of the open flame.

gH(x,y) =
e− jk0R1

4πR1
+R

e− jk0R2

4πR2
(4.11)

with R1 = |x− y|, R2 = |x− yi|. The reflection coefficient R is +1 if the plane is
rigid and -1 if the plane is soft. The vector y defines a point above the impedance
plane and the vector yi defines the position of its image point (see Fig. 4.11). A
calculation of the sound field of the open flame with and without the two types of
planes was performed. In Figs. 4.12 and 4.13, the radiation patterns and the curves
of sound power of the flame for the three cases: free space, rigid plane and soft plane
are shown. In the plots of the radiation patterns (Fig. 4.12), the superposition of di-
rect and reflected waves cause a local increase and decrease of the sound pressure
compared to the free space case. The radiated sound power is sensitive to the pres-
ence of the planes only in the lower frequency range (Fig. 4.13). The presence of a
soft or rigid plane leads to a slight decrease or increase of the sound power level in
this frequency range, respectively. Generally, the influence of these types of planes
on the radiated sound power decrease with the distance h of the flame from the
plane. In case k0h  1, where k0 is the wavenumber, the influence of an ideal rigid
or soft plane on the radiated sound power can be almost neglected. Nevertheless,
the directivity of the sound field is strongly affected by the presence of a plane,
independently of h, and has to be considered when doing sound power measure-
ments. In the higher frequency range, only a careful scanning of the intensity or
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Fig. 4.11 Sketch of real and image surface in the presence of a reflecting plane.

of the sound pressure on an enveloping surface around the flame can give reliable
results due to the mentioned effects. The presented simple image source ansatz is
not suited to describe the sound propagation above an impedance plane with finite
and complex impedance, which show damping and spring/mass characteristics. An
appropriate Greens function, which is able to describe the sound propagation above
an impedance plane and is in addition suitable for an implementation into a BEM
code, is thoroughly discussed in [21] and [22].

4.3.4 Measurement of the Flame

The sound power of the investigated flame was experimentally determined. The jet
burner was located in a facility without acoustic treatment, for this reason inten-
sity measurements were preferred to pressure measurements to determine the sound
power. The radiation patterns were not measured since free field conditions were
not fulfilled. The jet flames were thin and long so that the temperature did not rep-
resent a problem at all. Only at the top of the flame, a few centimetres away from
the flame axis, the sound intensity could not be measured. The measurements were
made when all activities in the laboratory had finished and all other equipments were
switched off in order to avoid the presence of disturbing sound sources. A measure-
ment of the background noise was made and it was well below the flame noise above
100 Hz. A first test measurement confirmed the axial symmetry of the sound. Thus,
the number of measured points was reduced to 28. Figure 4.14 shows a sketch of
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Fig. 4.12 Comparison of radiation patterns of the normalized sound pressure level. The arrow
indicates the direction of the flow. The flames control surface is located on a soft plane, on a rigid
plane or in free space, respectively.

the measurement grid and the burner and a comparison of the sound power of the
isothermal jet without combustion (non-reactive flow) and the flame (reactive flow).
A more detailed description of the measurement setup can be found in [30]. The
differences in sound power level between reactive and non-reactive cases can be
clearly seen. Between 100 Hz and 1000 Hz, the sound power level produced by the
combustion is about 20 dB higher. This indicates that the principal mechanisms of
sound generation are different for reactive and non-reactive flows.

4.3.5 Results of the Simulation and Comparison with the
Measurement

The sound radiation of the diffusion flames was calculated using the velocity at
the surfaces of the cylinder enclosing the flame. For each velocity spectrum (see
section 4.3.1.3) a radiated sound field is computed and the resulting sound field is
obtained by averaging all calculations
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on a rigid plane and in free space, respectively.

Pavg( f ) =
1
N

N

∑
i=1

Pi( f ). (4.12)

The results of the ESM and BEM are very similar (see Fig. 4.15). Above 200 Hz,
the difference in the sound power is not bigger than 2 dB. The radiation patterns
show some differences which vary from one frequency to the other but remain al-
ways small. When compared to the experiment, the shape of the simulated curves
agrees well with the measured curve at frequencies below 1 kHz but the amplitude
is about 3 dB overestimated. Above 1 kHz, the slope of the decay differs a little from
the measured decay. It is not easy to find the source of error in a method that has
several steps and combines two very different techniques. Since the ESM and BEM
results are very similar, it seems likely that the errors are caused by the input data.
A more detailed analysis of the measurement and simulation data as it is presented
in [30] reveals the strong influence of the velocity distribution at the outflow cap on
the total amount of radiated sound power. The velocity data at the outflow cap are
expected to contain non-radiating components caused by convecting vortical struc-
tures of the flow, which have not subsided sufficiently. Also, the discussed aliasing
effects due to the spatial downsampling may contribute to the overestimation of the
sound power level.
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Fig. 4.14 Measurement of the flame; left plot: sketch of the measurement points; right plot: spec-
trum of the flame and the isothermal jet.

4.3.6 Sound Propagation in a Non-Homogeneous Medium

The actual hybrid approach suggests extending the Kirchhoff surface (CFD domain)
as much as possible to assure the validity of the homogeneous Helmholtz equation
outside the Kirchhoff surface, where a linear sound propagation can be assumed.
This may not be always possible and a non-homogeneous region outside the control
surface may remain. In other cases, a study of the influence of some inhomogene-
ity on the sound field may be desired. In both situations, sound propagation in a
non-homogeneous medium has to be considered. Following the idea of the acoustic
analogy, an inhomogeneous Helmholtz equation, which is valid inside the inhomo-
geneous region (Ω ), can be derived

∇2 p+ k2
0 p = q, (4.13)

where q describes the inhomogeneity and can be a complex term. Outside Ω , the
Helmholtz equation (4.1) holds. The flame models of Fig. 4.1 changes now to
Fig. 4.16 To deal with this problem, we use the same approach as for the BEM,
and the integral form of Eq. (4.13) inside Ω is given by [37]

C(x)p(x) = −
∫
S

(
p(y)

∂g(x,y)
∂n(y)

− ∂ p(y)
∂n(y)

g(x,y)
)

dS(y)

−
∫
Ω

q(y)g(x,y)dV (y).
(4.14)
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10
3

30

35

40

45

50

55

60

65

70

Freq (Hz)

S
ou

nd
 p

ow
er

 le
ve

l (
dB

)

ESM
BEM
measurement

  −20

  −10

  0

30

210

60

240

90

270

120

300

150

330

180 0

120 Hz

  −20

  −10

  0

30

210

60

240

90

270

120

300

150

330

180 0

840 Hz

ESM
BEM

  −20

  −10

  0

30

210

60

240

90

270

120

300

150

330

180 0

1920 Hz

  −20

  −10

  0

30

210

60

240

90

270

120

300

150

330

180 0

2840 Hz

Fig. 4.15 Upper plot: Simulated and measured sound power level of the HD-flame. Lower plot:
Directivity patterns of the flames at four different frequencies. The arrows indicate the direction of
the gas outflow.

The normal vector n(y) points outside Ω . Comparing this expression with Eq. (4.6),
we see that in Eq. (4.14) there is an additional volume integral over the source term
q. The additional integral eliminates the advantage of the BEM approach of working
only with surface integrals. For an acoustic calculation in frequency domain, the vol-
ume integral has to be evaluated for each field point and each frequency, increasing
the computation time considerably. But if the Dual Reciprocity BEM (DRBEM) is
applied, the evaluation of the volume integral is avoided by replacing it by a sum of
surface integrals, as it is shown in the next subsection. For each frequency, a larger
system of equations has to be solved only once and for the far field calculation,
Eq. (4.6) can be used.
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Fig. 4.16 Flame model including a non-homogeneous region Ω for an a) open flame; b) enclosed
flame.

4.3.6.1 DRBEM

To find the sound field at all positions outside S, the propagation domain is divided
into two regions. Region I corresponds to the volume Ω and region II to the homo-
geneous region. We subdivide S into two surfaces: S0 and S1. S1 is the joint surface
between Ω and the volume enclosed by S. S0 is then S\S1. Volume Ω is enclosed
by S1∪S2. The model is illustrated in Fig. 4.17 for the enclosed flame.

We have to solve a set of two differential equations, one in each region

(∇2 + k2
0)pI = q, in Region I,

(∇2 + k2
0)pII = 0, in Region II. (4.15)

with a set of boundary conditions that has to be satisfied,

vnI = vS on S1,

vnII = vS on S0,

pI = pII on S2, (4.16)

vnI = vnII on S2.

The integral forms of Eqs. (4.15) give us two sets of equations,
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CI(x)pI(x) = −
∫
S

(
pS

I (y)
∂g(x,y)
∂n(y)

− ∂ pS
I (y)

∂n(y)
g(x,y)

)
dS(y) (4.17)

−
∫
Ω

b(y)g(x,y)dV (y), Region I,

CII(x)pII(x) =
∫
S

(
pS

II(y)
∂g(x,y)
∂n(y)

− ∂ pS
II(y)

∂n(y)
g(x,y)

)
dS(y), (4.18)

Region II,

with

g(x,y) =
e− jk0R

4πR
, R = |x−y|. (4.19)

The values of the two constants CI and CII are ”complementary”,

CI =

⎧⎪⎨
⎪⎩

1, x in Ω ,

0.5, x on S1 ∪S2,

0, x outside Ω ,

CII =

⎧⎪⎨
⎪⎩

0, x in Ω ,

0.5, x on S0 ∪S2,

1, x outside Ω .

(4.20)

In the following the explicit notation of the points x and y is omitted in the formulas
as far as it is possible without loss of clarity. The basic idea of the DRBEM is to
expand the source distribution q in a series of functions f j
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q(x) =∑
j
α j f j(x), (4.21)

and to find some functions ψ j that are solutions of an inhomogeneous Helmholtz
equation with functions f j as source term

(∇2 + k2
0)ψ j = f j. (4.22)

The integral form of Eq. (4.22) gives an expression for the volume integral over f jg
in terms of ψ j

−
∫
Ω

f jgdV = CIψ j +
∫

S1∪S2

(
ψS

j
∂g
∂n

−
∂ψS

j

∂n
g

)
dS. (4.23)

with n pointing outside Ω . By substituting Eqs. (4.23) and (4.21) into the Eq. (4.17),
the final equation for pI depending only on surface integrals is obtained

CI pI = −
∫

S1∪S2

(
pS

I
∂g
∂n

− ∂ pS
I

∂n
g

)
dS

+∑
j
α j

⎛
⎝CIψ j +

∫
S1∪S2

(
ψ j

∂g
∂n

− ∂ψ j

∂n
g

)
dS

⎞
⎠ .

(4.24)

The systems of equations (4.24) and (4.18) together with the boundary conditions
(4.16) have to be simultaneously solved. A matrix equation for Eqs. (4.18) and
(4.24) can be obtained by discretizing surfaces S0, S1 and S2. The accuracy of the
results is increased if Eq. (4.24) is discretized also at L points inside Ω with L ≤ N,
where N is the number of collocation points at S1 ∪ S2. Until now, the coefficients
α j have not been determined. Assuming the source distribution q is known at the N
points at the surface S1 ∪ S2 and at the L points in the volume Ω , and considering
M = L+N terms of the expansion (4.21), M coefficients α j can be computed. They
are expressed in matrix form as

α = F−1b, (4.25)

where F is the (M×M) matrix of elements f j and b the (M×1) vector of the source
values q. The matrix form of Eq. (4.24) is given by

CIĪ pI +HI pS
I −GI

∂ pS
I

∂n
=
(

CIĪψ +HIψS −GI
∂ψS

∂n

)
α, (4.26)

where HI and GI are again the system matrices and ψ and ∂ψ/∂n are matrices of
the associated functions. A more detailed description of the matrix equations can be
found in [31]. The matrix form of Eq. (4.18) is
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CII Ī pII −HII pS
II = −GII

∂ pS
II

∂n
. (4.27)

This technique was tested using a ”spherical flame” with different source distribu-
tions. The source terms were chosen dependent only on the distance to the centre of
the sphere because in that case, analytical solutions can be found for certain source
functions. The numerical solutions showed very good agreement with the analytical
ones [28, 31].

4.3.6.2 Treatment of Irregular Frequencies

As already mentioned in section 4.2.3, the Helmholtz integral equation for an ex-
terior problem does not have a unique solution at characteristic frequencies related
to resonances inside the boundary S [4]. To avoid problems at these irregular fre-
quencies, the CHIEF method was implemented in the BEM routine. The number
of CHIEF points required to avoid the irregular frequencies increases with the fre-
quency, hence, the size of the matrix to be inverted and the computation time also
increases. Another approach to tackle this problem is the Burton and Miller method
(B&M). The method consists of a linear combination of the standard Helmholtz
integral equation (4.6) and its normal derivative. Both equations are combined
through a coupling constant whose optimal value have been found for high frequen-
cies [1]. Since constant elements are being considered, the approach of Osetrov and
Ochmann [25] was adopted and implemented. Following this procedure, the factor
CII is written as

CII = 1+
∫

S0∪S2

∂G
∂n

dS (4.28)

with G = 1/(4π|x−y|). After inserting (4.28) in (4.18), the term pII
∫

S0∪S2

∂g
∂n dS

is subtracted from both sides of the equation. Then, the resulting equation is differ-
entiated in the direction of the normal n′ to obtain the following equation

CII
∂ pII

∂n′
+
∫

S0∪S2

∂ pS
II

∂n
∂g
∂n′

dS =
∫

S0∪S2

(pS
II − pII)

∂ 2g
∂n′∂n

dS

+ pII

∫
S0∪S2

(
∂ 2g
∂n′∂n

− ∂ 2G
∂n′∂n

)
dS.

(4.29)

Vector n′ represents the normal at point x, while n denotes the normal direction at
point y. ∂/∂n′ and ∂/∂n are the normal derivatives. Discretizing (4.29) via colloca-
tion at the surface S0 ∪S2 (CII = 1/2) leads to a matrix equation complementary to
(4.27) (

1
2

Ī +H ′
II

)
∂ pS

II

∂n
= K pS

II . (4.30)
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H ′
II consists of the terms ∂g/∂n′, while K comprises ∂ 2g/∂n′∂n and ∂ 2G/∂n′∂n.

Eqs. (4.27) and (4.30) are combined through a coupling constant χ that is chosen to
be χ = j/k0, and a new matrix equation relating pS

II and ∂ pS
II/∂n is obtained

(
1
2

Ī −HII −χK

)
pS

II = −
(

GII +χ
(

1
2

Ī +H ′
II

))
∂ pS

II

∂n
. (4.31)

Finally, the variables pS
I , ∂ pS

I /∂n, pS
II and ∂ pS

II/∂n are calculated solving simulta-
neously the matrix equations (4.26) and (4.31), together with relations (4.16) and
(4.25). The effectiveness of the B&M method is shown in the next numerical exam-
ple.

4.3.6.3 Example: The Enclosed Flame

Open flames are important because they allow studying and understanding the
mechanisms of sound generation due to combustion processes. However, in prac-
tical applications flames are often located inside a combustion chamber. In this situ-
ation, the interaction between combustion and sound waves is stronger than in case
of open flames and it constitutes a central subject of study for many researchers.
From the perspective of noise control, the prediction of the sound field radiated to
the outside of the combustion chamber can be considered as a main goal. The total
sound field radiated from the enclosed flame is caused a) by the sound waves leaving
the combustion chamber through the outlet (exhaust noise) and b) by the oscillations
of the chamber walls induced by the interior acoustic and flow field.
The corresponding acoustic model (Fig. 4.17) consists of

• a closed surface S0 ∪S1 representing the system of the flame and the chamber. It
is assumed that the normal velocity of the walls and the velocity of the fluid at
the chamber exhaust are known,

• a region with an inhomogeneous medium of volume Ω outside the chamber exit,
limited by the surface S1 ∪S2,

• an unbounded homogeneous medium surrounding the surface S0 ∪S2.

Flame and Combustion Chamber

In this example, a cylindrical combustion chamber of length L and radius R is as-
sumed. The chamber walls are assumed to be rigid, thus, no vibrations arise and
the normal velocity at the walls is zero. This assumption allows us to observe more
clearly the effects of the temperature distribution on the radiated sound, but does not
imply a limitation on the model, since an arbitrary velocity distribution at the walls
can be taken into account. At the exit, a radial velocity distribution of the form

vn(r) = e−r2/R2
, 0 ≤ r ≤ R,
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is imposed, presuming that the velocity of the fluid has a maximum at the axis. A
similar velocity distribution can be found at the outflow area resulting from a Large-
Eddy-Simulation of open turbulent flames, see Fig. 5 in [30].

Inhomogeneous Zone

An inhomogeneous region due to a locally varying temperature distribution with
axial symmetry is considered. The hot region is assumed to have a length LT , and
its temperature is described by the function

T (x,r) = Tme−μAr2/(x0−x). (4.32)

A and x0 are constants and μ = ln(Tm/Ta), where Tm and Ta correspond to the max-
imum and ambient temperature. In Fig. 4.18, the temperature distributions for two
values of Tm are shown. The variation of the sound speed and the density with the
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Fig. 4.18 Temperature distribution at the chamber exit.

temperature was obtained by using the relations

c = 20.05
√

T (◦K), ρ = 360.77819T (◦K)−1.00336.

Wave Equation and Source Term

Considering only a temperature gradient, the differential equation describing the
wave propagation in the hot region is given by [33]
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1
c2∇ · (c2∇pI)+ k2 pI = 0. (4.33)

Inserting the relation for perfect gases c2 = γRgT in (4.33), with constant γ and Rg,
leads to

∇pI + k2 pI +
∇T
T

·∇pI = 0, (4.34)

where the dot denotes the scalar product. The wave number k = ω/c also depends
on the temperature. By adding and subtracting the term k2

0 pI and rearranging the
terms we obtain

∇pI + k2
0 pI = q, (4.35)

q = (k2
0 − k2)pI −

∇T
T

·∇pI . (4.36)

For the homogeneous region, the differential equation is again the homogeneous
Helmholtz equation (4.15). The integral equations are Eqs. (4.17) and (4.18). The
source term (4.36) contains the unknown variable pI and also its derivatives. In order
to deal with the partial derivatives, pI will also be expanded in a series of functions.
The expansion functions can be the same functions f j – as used for the source in
Eq. (4.21) – but can be also other functions. For the expansion functions of pI there
is more freedom of choice, since they are not related to other functions like f j which
are associated to the functions ψ j by (4.22).
If the expansion functions are chosen as d j, pI is given by

pI(x) =∑
j
β jd j(x), (4.37)

the gradient of pI is expressed as ∇pI = ∑
j
β j∇d j and

∇T
T

·∇pI =∑
j
β ju j, u j =

∇T
T

·∇d j. (4.38)

By discretising (4.37) and (4.38) at the same M = N + L points as (4.24), a matrix
expression for the source term b can be obtained

b = (k2
0 − k2)pI −UD−1 pI , (4.39)

where U is a matrix with elements U(l,m) = um(xl) and D is a matrix with elements
D(l,m) = dm(xl) .

Calculation and Results

For the numerical computation of the sound field of the enclosed flame, the com-
bustion chamber is modelled by a cylinder of length L = 0.5 m and a radius of
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R = 0.22 m. The cylinder has 768 elements. The inhomogeneous region is limited
by a paraboloid of revolution. The effect of the temperature distribution is stud-
ied by varying Tm and LT . Three different values of LT are considered: 0.7R, 1.4R
and 2R. The maximum temperatures investigated are 373◦K, 573◦K and 773◦K. For
LT = 0.7R, the surface S2 has 224 elements, for LT = 2R, the surface S2 has 448
elements. The number of interior points for the approximation of the source term is
200 for the shorter hot region and 400 for the larger one. The surface models and
interior points are shown in Fig. 4.19. The interior points are regularly distributed
at concentric circles in such a way, that the point density does not vary much in
the inhomogeneous domain. The chosen expansion functions f j and d j are radial

Fig. 4.19 Surface models and interior points (LT = 1.4R).

functions as used in [26]

f j(x) = 1+ r j,

d j(x) = 1+ r3
j , r j = |x−y j|, (4.40)

where x refers to the field point and y j to one of the points at the surface or in the
interior volume. The associated functions ψ j are solutions of the inhomogeneous
Helmholtz equation (4.22)

ψ j(x) =
1+ r j

k2
0

− 2

k4
0

(
1− cos(kr j)

r j

)
. (4.41)

For this calculation, the B&M method has been implemented. Fig. 4.20 shows the
spectrum of the sound power without B&M and with B&M. Without B&M (left
plot), the curve of the sound power is not smooth at middle and high frequencies,
and at two distinct frequencies f1 = 1320 Hz and f2=1920 Hz the sound power
shows a jump. With the application of the B&M method (right plot), a smooth sound
power curve with no irregular frequencies is obtained. The radiation patterns are also
wrongly estimated at these frequencies if B&M is not applied. Fig. 4.21 presents
the polar distribution of the sound pressure around the chamber at a distance of 5 m
from the centre of the cylinder for the frequency f1. The effect of the temperature
distribution on the sound field of the enclosed flame is presented in Figs. 4.22-4.25,
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Fig. 4.20 Sound power without and with B&M.
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Fig. 4.21 Radiation pattern without and with B&M.

where all curves are compared to the case without any hot region. In Fig. 4.22, the
curves of the sound power for three different temperature distributions are plotted.
The upper curve corresponds to the case ∇T = 0. The sound power is not affected
by the ambient temperature field at very low frequencies. At middle and high fre-
quencies the sound power decreases with increasing temperature of the hot region.
This effect can be explained by considering that more energy is reflected back into
the hot region if the temperature is increased. The length of the hot region appears to
have less influence on the sound power than the temperature itself. In Fig. 4.23, the
sound power for Tm = 773◦K for three different values of LT is shown. Only small
differences can be seen especially at high frequencies. The influence of the temper-
ature on the radiation patterns is illustrated in Fig. 4.24. The polar plots show the
sound pressure level in the far field normalised by the maximum value at the axis.
It can be observed that the higher the temperature, the broader the radiation patterns
become. This effect is caused by the refraction of the sound waves in the hot region
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Fig. 4.22 Dependence of the sound power on the temperature Tm.

due to the changing sound speed. Such refraction effects were also reported from
other numerical simulations [27] and from measurements of the sound radiation of
open, turbulent flames [12, 13, 35]. The radiation patterns appear to be more sensi-
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Fig. 4.23 Dependence of the sound power level on the length of the hot region LT .

tive to the length of the hot region than the radiated sound power. The larger the hot
region, the broader the radiation pattern becomes. This effect is shown in Fig. 4.25.
The polar plots are calculated at two frequencies for Tm = 773◦K.
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Fig. 4.24 Dependence of the directivity on the temperature Tm.
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Fig. 4.25 Dependence of the directivity on the length of the hot region LT .

4.4 Conclusions

In this paper, a hybrid approach for the prediction of the sound radiation of flames,
which couples a incompressible Large Eddy Simulation (LES) with methods of
computational acoustics, namely the Equivalent Source Method (ESM) and the
Boundary Element Method (BEM) is presented. The coupling is performed at a
control surface surrounding the flame, where the output data of the LES code are
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sampled and serve as boundary conditions for the acoustic methods. The location
of this control surface as well as its discretization strongly influences the accuracy
of the acoustic calculations. To reduce the large variance of the LES data, a proce-
dure is introduced, similar to an ensemble average of the original time series. The
influence of a half space boundary on the sound radiation is briefly discussed. A val-
idation of the hybrid approach is made by comparison of the simulated results with
measurement data. A reasonable agreement of the radiated sound power of the tur-
bulent flame in the frequency domain is obtained. But still, some aspects need more
study. An elaborate spatial filtering technique, which remedy aliasing effects due to
a spatial downsampling of the LES data should be developed. Also, passing vorti-
cal structures of the flow are expected to induce a high velocity level at the closing
disk of the control surface. The elimination of these vortical perturbations could
also improve the accuracy of the velocity boundary condition and consequently
the accuracy of the sound field solution. Work is in progress for generating such
a splitting technique. In the second part of the paper, an extension of the presented
hybrid approach has been developed by means of the Dual Reciprocity Boundary
Element Method (DRBEM) to handle configurations, where the sound has to prop-
agate through an inhomogeneous medium. The DRBEM has been applied to study
the effect of an temperature field at the exit of a generic combustion chamber. The
method accounts for the reflection and refraction effects that are expected in this
configuration and the simulation shows, that high temperature gradients decrease
the radiated sound power and broaden the radiation patterns of the flame. Besides
the influence of a temperature field, the DRBEM can be considered to be a useful
technique to study also other types of inhomogeneities in the propagation domain.
All in all, it can be stated, that the comparatively economical coupling of a LES
with surface integral methods as the ESM and BEM is able to predict effectively
the sound radiation of flames and the DRBEM still expands the possibilities of the
hybrid methodology for the numerical simulation of combustion noise. Further re-
search should be devoted to the investigation of an combination of half space setting
with finite impedance boundary condition and the DRBEM for the simulation of the
radiated sound of real flames enclosed by combustion chambers.
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[3] Bui TP, Ihme M, Meinke M, Schröder W, Pitsch H (2008) Numerical appli-

cability of different sound source formulations to compute combustion noise
using acoustic perturbation equations for reacting flows. In: 14th AIAA/CEAS
Aeroacoustics Conference (29th AIAA Aeroacoustics Conference), Vancou-
ver, British Columbia Canada, AIAA 2008-2948

[4] Burton A, Miller G (1971) The application of integral equation methods to the
numerical solution of some exterior boundary problems. Proc Roy Soc Lond
323:201–220

[5] von Estorff O (2000) Boundary Element Acoustics: Advances and Applica-
tions. WIT Press, Southhampton / Boston

[6] Flemming F (2007) Investigation of combustion noise using a LES/CAA hy-
brid approach. Proc Combust Inst 31:3189–3196

[7] Flemming F (2007) On the simulation of noise emissions by turbulent non-
premixed flames. PhD thesis, Institute for Energy and Powerplant Technology,
TU Darmstadt, Germany

[8] Flemming F, Nauert A, Sadicki A, Janicka J, Brick H, Piscoya R, Ochmann
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[13] Lorenz I (1971) Verbrennungsgeräusche. gwf-gas/erdgas 112(8):367–375
[14] Lyrintzis AS (2003) Surface integral methods in computational aeroacoustics -

from the (CFD) near-field to the (acoustic) far field. Int J Aeroacoust 2(2):95–
128

[15] Manoha E, Elias G, Troff B, Sagaut P (1999) Towards the use of boundary
element method in computational aeroacoustics. In: 5th AIAA/CEAS Aeroa-
coustics Conference, Bellevue, WA, USA

[16] Marburg S (2002) Six boundary elements per wavelength. Is that enough?
J Comput Acoust 10(1):25–51

[17] Montavon C, Jones I, Szepessy D, Henriksson R, el Hachemi Z, Dequand
S, Piccirillo M, Tournour M, Tremblay F (2002) Noise propagation from a
cylinder in a cross flow: comparison of SPL from measurements and from a
CAA method based on a generalised acoustic analogy. In: IMA Conference on
Computational Aeroacoustics, University of Greenwich - Maritime Greenwich
Campus



122 Rafael Piscoya, Haike Brick, Martin Ochmann and Peter Költzsch
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Chapter 5
Investigation of the Correlation of Entropy
Waves and Acoustic Emission in Combustion
Chambers

Friedrich Bake, André Fischer, Nancy Kings and Ingo Röhle

Abstract The entropy noise mechanism was experimentally investigated under
clearly defined flow and boundary conditions on a dedicated test setup. Previous
experimental research on the topic of entropy noise could draw only indirect con-
clusions on the existence of entropy noise due to the complexity of the physical
mechanism. In order to reduce this complexity, a reference test rig has been set up
within this work. In this test rig well controlled entropy waves were generated by
electrical heating. The noise emission of the entropy waves accelerated in an adja-
cent nozzle flow was measured accurately and therewith an experimental proof of
entropy noise could be accomplished. In addition to this, a parametric study on the
quantities relevant for entropy noise was conducted. The results were compared to a
one-dimensional theory by Marble & Candel. In a next step investigations on a com-
bustor test rig showed a broadband noise generation mechanism in the frequency
range between 1 and 3.2 kHz. The combustor rig was set up with a similar outlet-
nozzle geometry like the reference test rig (EWG) and provided therefore outlet-
boundary conditions like in real-scale aero-engines (outlet Mach number = 1.0). It
was found that this broadband noise has a strong dependency on the nozzle Mach
number in the combustor outlet. The summed-up broadband sound pressure level
increases exponential with the nozzle Mach number. However, investigations of
comparable cold flow conditions did not show this behavior. Since the results of
the reference experiment with artificially generated entropy waves did not show this
exponential increase with the nozzle Mach number, this leaves the conclusion that
this additional noise is generated by the interaction of small-scale fluctuations, e.g.
in entropy or vorticity, with the turbulent nozzle flow in the combustion chamber
outlet nozzle.
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German Aerospace Center (DLR), Institute of Propulsion Technology, Turbine Department

A. Schwarz, J. Janicka (eds.), Combustion Noise, DOI 10.1007/978-3-642-02038-4 5, 125
c© Springer-Verlag Berlin Heidelberg 2009
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5.1 Introduction

The total noise emitted by a combustion chamber consists of direct and indirect
combustion noise. Only the direct combustion noise is directly related to the com-
bustion process. Indirect combustion noise also called entropy noise is related to
the acceleration of gas temperature nonuniformities which result from the unsteady
combustion processes. Since the nozzle guide vanes (NGV) of the first turbine stage
are choked under almost every relevant operating condition of aero-engines, hot
spots passing through the nozzle are connected with mass flow variations (monopole
sound source) and also with momentum flux variations (dipole sound source). Gas
temperature nonuniformities may cause also broadband noise in all turbine stages,
since the related density fluctuations cause pressure fluctuations during the acceler-
ation through each turbine stage.

Entropy noise receives increased interest by the aero-engine industry because it
may have a major contribution to the total noise emission of combustion systems.
With the noise reducing improvements achieved for other aero-engine components,
e.g. low noise fan design and jet noise reduction by high bypass ratios, the noise
concern in aero-engine developments also includes the combustion noise issue. Es-
pecially at helicopter engines, which emit almost no jet noise, the entropy noise
seems to be of high importance.

The generation mechanisms and parameter dependencies of entropy noise are
still not completely explained. Hence, this work within the framework of a DFG
research unit on combustion noise (http://www.combustion-noise.de)
presents in a first step investigations of entropy noise phenomena on a reference test
rig called Entropy Wave Generator (EWG), where the parametric dependencies of
entropy noise could be evaluated. In a second step combustion noise investigations
have been conducted in a downscaled aero-engine model combustor with a similar
outlet-nozzle geometry like the reference test rig. The goal of the combustor ex-
periments is to assess if the combustion noise characteristics can be estimated and
explained by the entropy noise mechanism.

5.2 Theoretical Background, Test Specification and Data
Analysis

The understanding of instationary fluid flow phenomena in a medium at rest as a
superposition of different physical modes of perturbation probably goes back to the
beginning of modern research in fluid dynamics. The modes are characterized by
their physical properties as entropy, vorticity and acoustic mode of perturbation.
Later Chu and Kovasznay [20] analyzed the interaction of these modes. They found
that in a medium at rest on average, the interaction would be a second order ef-
fect [20]. The entropy mode, which is silent in a constant flow may transfer energy
to acoustic and vorticity mode and vice versa by the nonlinear interaction. Further-
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more, when considering a flow system for energy conversion from hot or cold gases,
the average flow would vary in the order of the mean state of pressure and density
and the velocity variation is in the range of the speed of sound. Then, the analysis
of Chu and Kovasznay [20] provides the qualitative statement, that the interaction
of the order zero mean flow variation with a first order perturbation leads to a first
order interaction effect. However, such a variation of the base flow is not explicitly
considered in this early theory.

Thus, one of the first analytical investigations of noise generation by accelerated
or decelerated entropy waves was published by Morfey [47]. This work was an
extension of the Lighthill theory [42] on jet noise by the so-called ”excess jet noise”
caused by density inhomogeneities in a free jet, e.g. of aero-engines. Following an
analytical estimation by Morfey the excess jet noise scales with the sixth power of
the jet velocity. Howe [35] picked this extended Lighthill analogy up and formulated
the noise generation in inhomogeneous and non-isentropic flows with an acoustic
wave operator (see [35] equation 4.14).

Ffowcs Williams and Howe [31] developed 1975 an analytical solution for the
sound generation of sharp-fronted or spherical pellet-like entropy fluctuations in a
nozzle flow. Applying the Green function Ffowcs Williams & Howe formulated the
sound propagation of entropy noise in an adjacent duct as well as under free field
conditions. However, these solutions were limited to low Mach number flows. Also
for low Mach number flows Lu [43] developed a one-dimensional analytical model
for the prediction of entropy noise based on correlation quantities of temperature,
pressure and velocity fluctuations.

The noise generation by entropy waves in nozzle and diffuser flows at higher
Mach numbers was described by Marble and Candel [44] for compact elements in a
one-dimensional theory. Here, the length of the nozzle or diffuser, respectively, have
to be small in comparison to the regarded wave length (entropy or acoustic wave)
in order to fulfill the compactness assumption. The results of this estimation will
be compared with the experimental and numerical results acquired at the Entropy
Wave Generator test rig (EWG).

Cumpsty & Marble [23, 24] refined and applied this one-dimensional theory on
an unreeled turbine stage. In a quasi-two-dimensional (axial and azimuthal) system
the turbine stage was modeled as an in axial direction infinite thin discontinuity
plane where the static pressure as well as the amplitude and direction of the flow
velocity is changed. One result of these investigations was a strong increase of en-
tropy noise generation with an increase of the pressure drop over a turbine stage.
Furthermore, in [22] the generation of pressure, vorticity and entropy waves in a
flow with fluctuating heat release is described. That allowed to compare the ampli-
tude of directly generated noise to the one of entropy noise in a simplified turbine
stage. As a result of this analytic estimation was the indirect entropy noise domi-
nating the direct combustion noise. First comparisons of the total sound power of
several aero-engines showed a good agreement to the results of these prediction
method especially for operating conditions with low jet noise contribution [23].

In general, the interaction of turbulence and combustion is identified by Strahle
in a review article [55] as the main source of sound generation in combustion sys-
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tems. Furthermore, at this stage the contribution of entropy noise to the total noise
emission was not known mainly due to the lack of experimental work in this field.

In the seventies also the first numerical approaches concerning entropy noise
arose. Mathews et al [46] compared on behalf of the Federal Aviation Administra-
tion, U.S. Department of Transportation, different prediction tools for combustion
noise in aero-engines. Following this study for turbojet engines of the manufacturer
Pratt & Whitney the direct combustion noise was dominating the entropy noise.

Using the method of characteristics Bloy [17] calculated numerically the pressure
pulses produced by accelerated entropy waves.

Referring to combustion test rigs with open outlet conditions, i.e. without ac-
celeration in the combustor outlet, Strahle and Muthukrishnan [56] developed in a
numerical-empirical way a correlation for the total combustion sound power. How-
ever, due the restriction to open combustion chamber outlet conditions the indirect
noise phenomena have been neglected.

Direct numerical simulations of turbulent combustion flows by Tanahashi et al
[57] resolved the sound generated by accelerated entropy waves as the main contri-
bution to the total noise radiation.

In the field of experimental entropy noise research only little work was published
yet like Strahle [55] already mentioned. At the California Institute of Technology
(Caltech) a similar test rig like the Entropy Wave Generator test rig (EWG) pre-
sented in this paper was investigated [59, 18, 19]. But in these experiments the
amplitude of the induced temperature fluctuation was with approx. 1 K very low.
Furthermore, due to technical restrictions at this time a post-processing of the ac-
quired data in the time domain was not possible.

By means of coherence analysis of different sensor signals from the inside and
the outside of the combustion chamber Muthukrishnan et al [49] determined the
separation of the different combustion noises sources on a test rig for aero-engine
combustors. The results showed a dominating broadband entropy noise contribu-
tion to the total noise spectrum. Similar experiments are described by Guedel and
Farrando [34] on a helicopter engine from the manufacturer Turbomeca. Guedel
identifies using a three-signal coherence technique a mainly low frequency sound
source domain located between combustion chamber and low pressure turbine. Re-
cently, microphone-array measurements of a GE aero-engine for regional aircraft
(CF34-10E) in an open air test bed have been published by Martinez [45]. Com-
paring different acoustic damping materials for the hot stream liner a significant
part of the total noise emission related to combustion noise was detected. However,
the allocation of this noise origin to direct or indirect combustion noise generation
mechanisms could not be determined.

During the last 20 years a lot of research was conducted in order to reveal the
role of entropy waves and entropy noise with respect to the feedback mechanisms of
thermoacoustic instabilities. In this context Keller et al [37] found in a linear stability
analysis that entropy noise can be one of the possible feedback mechanisms. But
Keller [36] also showed that the entropy noise phenomenon does not cover the entire
instability region for combustion oscillations. Similar formulated Dowling [26, 27,
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28] indirect combustion noise as one source term in an acoustic energy equation for
combustion systems.

Using a linear stability analysis Lieuwen [40, 41] described the interaction of
sound pressure waves with the flame front as the main reason for combustion in-
stabilities in lean premixed flames. In a review paper [39] about the state of the art
concerning combustion-acoustic interaction Lieuwen refers to an existing demand
for experimental investigations in this field.

With respect to combustion oscillations Polifke et al [52] presented analytically
the possibly constructive or destructive interference of direct combustion noise and
entropy noise. But following Sattelmayer [53] the indirect combustion noise has
no noticeable destabilizing effect on the stability of a simplified combustor model
due to the high dispersion rate of the convecting entropy waves. In a mathemati-
cal approach Ali and Hunter [1] formulate on the other hand a possible resonant
interaction between sound waves and quasi spatially fixed entropy waves.

A numerical study by Dowling [25] did explicitly exclude the entropy noise
mechanism since the oscillation behavior of configurations only with open com-
bustion chamber outlets have been taken into account. Zhu et al [58] specified as a
result of a flow simulation (CFD) of a choked combustion chamber outlet system
with a subsequent stability analysis entropy noise as the dominant feedback mecha-
nism for the combustion instability of the regarded configuration.

Experimental research to evaluate the importance of entropy noise on combustion
oscillations was conducted by Eckstein [30, 29] by the variation of the outlet con-
dition (open and choked nozzle) on a combustor test rig. The investigation showed
on the one hand that combustion oscillation can be also very strong in the absence
of entropy noise (configuration with an open combustion chamber outlet) but on the
other hand in case of the choked outlet nozzle a clear portion of entropy noise in the
emitted noise spectrum exists.

Just recently the results of a numerical study by Leyko et al [38] have been pub-
lished, which predict the relevance of indirect combustion noise compared to direct
combustion noise to be a factor 10 larger at aero-engines.

To sum up, a clear and distinct experimental proof of the existence of entropy
noise was not carried out up to now and a comprehensive parameter study on entropy
noise for validation purpose of numerical and analytical models is still missing. This
was the motivation of the work presented here, where the complexity of the entropy
noise generation process is reduced and therewith a doubtless experimental proof of
entropy noise can be provided.

5.2.1 Test Specification and Data Analysis

The experiments have been conducted at two different test rigs - at the Entropy
Wave Generator and the Model Combustor Rig. In the non-reactive reference test
rig, called Entropy Wave Generator (EWG) the sound emission of artificially in-
duced entropy waves in an accelerated tube flow can be investigated. The idea of
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this set-up is to test and optimize detection methods for entropy noise and to study
the parameter dependencies of the entropy noise generation mechanism. In addition
the EWG allows with its well-defined boundary conditions the validation of numer-
ical simulations and the comparison with theoretical considerations. The received
knowledge at the EWG can be transmitted and applied to the complex combustor
test rig. In this Combustor Test Rig the noise emitted by accelerated entropy pertur-
bations in case of a reactive combustor flow can be analyzed.

5.2.1.1 Entropy Wave Generator Test Rig (EWG)

The setup of the EWG, shown in Fig. 5.1, consists basically of a straight tube flow
with a heating module and a nozzle where the flow is accelerated. The flow, supplied
by the laboratory compressed-air system through a mass flow controller, enters the
setup into a settling chamber with a honeycomb flow straightener. From the settling
chamber the flow is conducted via a bell mouth intake into the first tube section with
a length of ≈ 250 mm and a diameter of 30 mm.

Fig. 5.1 Sketch of the Entropy Wave Generator test rig (EWG); Tube section ΔXEWG-nozzle is
variable, corresponding to different propagation lengths of entropy waves.

In the middle of this tube section the heating module is located. It is composed
of six rings each of them with ten heating wires stretched over the cross section.
The wires made of platinum have a diameter of 25 μm and summed up over the six
rings an effective wire length of ≈ 1260 mm. Using custom-built electronic delay
circuit it is possible to heat electrically either the six wire rings at the same time or
to operate the six rings delayed corresponding to the convection time of the flow.
Therewith, different edge shapes of the induced entropy waves can be produced.

After the heating module the flow is strongly accelerated through a convergent-
divergent nozzle structure. Depending on the mass flux the Mach number in the
nozzle throat (diameter = 7.5 mm) can be adjusted up to Ma = 1. Adjacent to the
divergent nozzle part follows another tube section with a length of ≈ 1020 mm and a
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Fig. 5.2 Photo of the Entropy Wave Generator test rig (EWG).

diameter of 40 mm. In this tube section four microphones are wall-flush mounted at
different axial positions. Setting the origin of the coordinate system in the plane of
the most downstream heating module ring on the center axis of the tube and with the
direction of the x-axis along the tube axis in downstream direction, the microphone
positions are xAGR1 = 456, xAGR2 = 836, xAGR3 = 1081 and xAGR4 = 1256 mm. Ac-
cording to this coordinate system the nozzle throat is located at xnozzle = 105.5 mm.

The microphone tube section is connected to a flexible tube of ≈ 980 mm and an
adapter section (from round to square cross section) of ≈ 280 mm. The test rig ends
with an anechoic termination with an inner square cross section (40 mm x 40 mm).
A photo of the EWG test rig is shown in Fig. 5.2.

Reference Test Cases

Due to the modular setup of the EWG test rig the influence of a variety of different
parameters on entropy noise generation could be investigated.

For the comparison with numerical simulations two reference cases have been
selected and documented in detail. The two cases differ in the nozzle Mach number
and in the amount and control of the electrically induced heating energy. Further-
more, a different entropy wave detection and determination method was applied.

In case 1 the mass flow rate was set to 42 kg/h with a corresponding nozzle Mach
number of 1.0. The entropy wave was generated by the simultaneous pulse shape
heating of four heating module rings (no. 3 to 6) for a pulse duration of 100 ms. This
pulse excitation was repeated once per second to enable a phase averaging over 300
pulse events. The entropy wave was detected downstream of the heating module at
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the axial position of x = 34 mm by a bare wire thermocouple with a wire diameter
of 1/1000 inch. The average temperature fluctuation amplitude was ≈ 9.1 K.

The mass flow rate in case 2 was set to 37 kg/h which corresponds to a subcritical
nozzle Mach number of Manozzle = 0.7. In contrast to case 1 the rings of the heating
module (no. 1 to 6) were heated one after the other with a delay according to the
flow velocity in the tube and the distance between each heating ring. Therefore,
a certain spatial sharpness and resolution of the induced entropy wave could be
achieved. In case 2 the temperature pulse was measured by applying a vibrometer
and evaluating the change of the optical path length through the tube resulting from
the temperature caused density change in the flow. The averaged amplitude of the
temperature fluctuation in case 2 was ≈ 13.4 K.

All relevant parameters concerning the flow, the excitation and the geometric
conditions of the two reference cases are listed in Table 5.1.

Parameter Case 1 Case 2

Mass flow rate 42 kg/h 37 kg/h
Nozzle Mach number 1.0 0.7
Pressure(settling chamber; between honeycomb flow 11.17 kPa 4.34 kPa
straightener and tube inlet; against ambient pressure)
Pressure(nozzle; against ambient pressure) -52.71 kPa -32.65 kPa
Pressure(ambient) 1008 hPa 1013 hPa
Mean flow velocity in the tube (upstream of the nozzle; 12.18 m/s 11.39 m/s
bulk velocity determined by pressure,
mass flow rate and tube cross section)
Pulse duration 100 ms 100 ms
Pulse distance 1 s 1 s
Pulse voltage (averaged over entire pulse) 67.5 V 62.4 V
Pulse current (averaged over entire pulse) 2.1 A 3.1 A
Heating power (electrical) 143.7 W 192.7 W
Temperature increase ΔT (measured by 9.1 K 13.4 K
R-Typ-Thermocouple (1/1000inch) at x = 34 mm for case 1
and by vibrometer at x = 47.5 mm for case 2
Heating power (determined with ΔT ) 106.8 W 138.2 W
Heated wire rings (No.1 is the most upstream wire ring; No. 3 to 6 No. 1 to 6
No.6 is the closest wire ring to the nozzle simul- with delay
(also position of x = 0)) taneously according to

flow velocity
x-position of the nozzle throat (xnozzle) 105.5 mm 105.5 mm

Table 5.1 Parameters concerning the flow, the excitation and the geometric conditions of the EWG
reference test cases

5.2.1.2 Combustor Test Rig

In a next step the noise characteristics of a combustion system has been analyzed.
Here, the combustion chamber was terminated with an outlet nozzle geometry very
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similar to the EWG reference test rig which replicates the flow conditions in the
combustor outlet of a real scale aero-engine. The scope of these investigations was
to identify the major noise sources by comparing the noise characteristics to the
parametric results of the reference test rig.

The combustor is designed to replicate a fuel-air-mixing characteristic of a full-
scale gas turbine combustor while still permitting analysis by experimental means.
The thermal power can be varied from 5 kW to 20 kW at different air ratios from
λ = 0.8 to λ = 1.8. These air ratios correspond to equivalence ratios from φ = 1.25
to φ = 0.55 applying the definition φ = 1/λ . The axially symmetric test rig consists
of three sections: the combustion chamber, the convergent-divergent outlet nozzle,
and the exhaust duct. A swirl generating dual air-flow nozzle is used to drive the
combustion zone with non-preheated air. Methane gas is injected as fuel through an
annular slot between the air streams. The combustion chamber itself is made of a
fused quartz glass or steel cylinder with 100 mm inner diameter.

Fig. 5.3 Isometric view (left) and sketch (right) including a picture of the combustor test facility.

A convergent-divergent nozzle with a throat diameter of 7.5 mm that emulates
the acceleration through the first turbine stage terminates the combustion chamber
(see Fig. 5.3) The outlet nozzle (exit diameter: 40 mm) is attached to an exhaust
duct with the same diameter as the combustion chamber. In order to reduce the
impedance jump at the exhaust outlet, an end diffuser perforated with holes of 2 mm
diameter and with increasing perforation density toward the exit is installed.

Sound pressure measurements in combustion environments are quite demanding
with respect to the acoustic equipment. High temperatures, up to 2000 K, and high
corrosive exhaust gases preclude the usage of classical microphone set-ups. To pre-
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vent sensor destruction a probe microphone configuration is used. Due to the spatial
separation of the measurement location at the combustion chamber wall or exhaust
duct and the microphone itself, common 1/4 inch microphones can be used. A steel
tube of 2 mm inner diameter connects the exhaust duct wall and the microphone.
For impedance matching and for minimizing standing wave effects the probe tube
is extended according to the principle of a semi-infinite acoustic duct. The micro-
phone itself is perpendicular and wall-mounted inside the cylindrical chamber or
exhaust duct. From the rear end, the probe tube is purged with cooling air with a
well-controlled small flow rate. The air purging prevents damage of the microphone
diaphragm by corrosive combustion products. Of course, the inherent phase shift
in the collected data due to the propagation delay through the probe tube has to be
corrected afterwards. Since the probe tube is finite, small reflection effects remain
in the transfer function of the probe microphone.

The combustion chamber can be equipped with up to three probe microphones
at different axial positions. On the exhaust duct system sixteen microphones can
be installed at four axial and four circumferential positions. From the acoustic time
series, the downstream and upstream propagating acoustic waves can be determined
using an in-house processing code for mode analysis. Thus, the total sound power
emitted by the combustion system can be determined. The frequency range, which
is of importance for the investigations extents up to the cut-off frequency of the first
higher mode. Therefore, only plane acoustic waves have to be taken into account.
The first higher mode is an azimuthal wave at approximately 3.2 kHz, depending,
on the exhaust gas temperature. Steel and quartz glass cylinders were chosen as
different combustion chamber materials in order to compare the different thermal
radiation conditions.

5.3 Results and Discussion

5.3.1 Entropy Wave Generator Test Rig (EWG)

The results of the two reference cases is shown in Fig. 5.4. The dashed red line in
the upper half of the plots displays the time signal of the temperature fluctuation
measured in case 1 with the fast thermocouple and in case 2 with the vibrometer
(see also Table 5.1).

In both cases the temperature pulse with a duration of 100 ms is observable.
However, the edge steepness in case 1 is decreased due to the time constant of the
thermocouple. The solid black line in the lower half of the figure represents the
response pressure signal of the fourth microphone in the measurement tube section
downstream of the nozzle.

In both cases the pressure signal shows a positive pressure pulse by the time
when the temperature pulse reaches the nozzle. This pulse is followed by a certain
oscillating behavior presumably due to acoustic reflections in the test setup. At the
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Fig. 5.4 Reference test cases 1 (left) and 2 (right): Flow temperature signal (dashed line, measured
by thermocouple (case 1) or by vibrometer (case 2)) and pressure fluctuation signal at the fourth
microphone position xAGR4 (solid line).

time when the trailing edge of the temperature pulse reaches the nozzle a negative
pressure pulse is generated and detected by the microphones.

In order to estimate the necessary space and time resolution required for the
numerical simulations, the spectral content of the acoustic pressure signals in the
measurement tube was evaluated. Fig. 5.5 illustrates in result the power spectral
density of the microphone signal at position xAGR4 for both reference cases 1 (solid
black line) and 2 (dashed red line). It is obvious that most of the energetic spectral
content of the acoustic pressure signals occurs below ≈ 100 Hz.

Fig. 5.5 Spectral content of
the acoustic pressure signal
at microphone position xAGR4
for both reference test cases
1 (solid black line) and 2
(dashed red line).
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Besides the reference cases in the previous section the dependency of entropy
noise on different parameters has been investigated. Two of the main parameters are
here, on the one hand, the amplitude of the accelerated temperature fluctuation and
on the other hand the Mach number in the nozzle throat.

In result Fig. 5.6 (left) shows the amplitude of the generated sound pressure pulse
as a function of the amplitude of the temperature fluctuation for two different nozzle
Mach numbers Manozzle = 0.15 and Manozzle = 1. For both nozzle Mach numbers
the amplitude of the generated entropy noise increases linearly with the amplitude
of the temperature pulse. This confirms the expected behavior found in the literature
by Marble and Candel [44].
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Fig. 5.6 Entropy noise over entropy wave amplitude (left) and nozzle Mach number (right): Am-
plitude of the generated sound pressure pulse as a function of the amplitude of the temperature
fluctuation for two different nozzle Mach numbers Manozzle = 0.15 and Manozzle = 1 (left) and as
a function of the nozzle Mach number for two different amplitudes of the temperature fluctuation
ΔT = 7.5 K and ΔT = 9 K (right).

Fig. 5.6 (right) displays the amplitude of the generated sound pressure pulse as
a function of the nozzle Mach number for two different amplitudes of the temper-
ature fluctuation ΔT = 7.5 K and ΔT = 9 K. Here, the relationship is not linear as
in Fig. 5.6 (left). In the nozzle Mach number regime between Manozzle = 0.15 and
Manozzle = 0.5 the entropy noise amplitude shows a strong increase with the Mach
number. However, above a nozzle Mach number of Manozzle ≈ 0.5 the sound pres-
sure amplitude saturates and even decreases slightly for higher Mach numbers up to
Manozzle = 1. This behavior applies to both amplitudes of the temperature fluctua-
tion for ΔT = 7.5 K and ΔT = 9 K, although for the temperature pulse of ΔT = 9 K
the entropy noise increases again slightly for the last operating point at Manozzle = 1.

5.3.1.1 Comparison With Theoretical Prediction

The generation of entropy noise is described, in principle, for either a nozzle or a
diffuser separately in the one-dimensional theory of Marble & Candel [44]. Since in
the EWG a convergent-divergent nozzle was used, a combination of the theoretical
expressions concerning the nozzle and the diffuser part of the set-up is necessary.

The downstream propagating entropy fluctuation generates a pressure pulse when
it is accelerated in the convergent nozzle. Furthermore, the deceleration of the en-
tropy wave in the diffuser generates a downstream and an upstream propagating
pressure wave. The upstream propagating pressure wave is partially reflected in the
nozzle throat. The total downstream propagating sound pressure wave can be com-
pared to the experimental data measured by the microphones in the duct section
downstream of the nozzle.

The comparison of the experimental microphone data with the theory of Marble
& Candel [44] is shown in Fig. 5.7 displaying the entropy sound pressure amplitude
normalized by the total pressure and divided by the normalized relative temperature
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Fig. 5.7 Comparison of ex-
perimental data with theoret-
ical prediction; Normalized
entropy sound pressure over
nozzle Mach number.
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perturbation over the nozzle Mach number. The different temperature amplitudes
investigated in the parametric study for each nozzle Mach number result in several
marker points for a certain Mach number.

In the low nozzle Mach number region up to Ma ≈ 0.5 the theoretical results
are slightly lower than the acquired data whereas for higher nozzle Mach numbers
between 0.5 and 0.7 the experimental data and the predicted values show a good
agreement. For the choked nozzle (Ma = 1), the measured entropy noise amplitudes
are lower than the theoretically predicted ones. The differences are not fully under-
stood yet but a possible root of the deviation could be the one dimensional concept
of the theory and the assumed compactness of the nozzle. The theory implies that
the nozzle length has to be much smaller than the wavelengths of the entropy and the
sound waves. This assumption may not be valid anymore, especially in case of the
entropy wave which has a very short wavelength due to its low propagation speed.
Furthermore, any radial velocity components and therewith correlated acceleration
or deceleration occurring in the experimental nozzle flow are not included in the
one-dimensional theory.

Another aspect which had not been taken into account for this comparison is the
possible influence of acoustic reflection effects presumably occurring at the inlet
and outlet boundaries of the experimental setup. Recent numerical investigations by
Muehlbauer et al. [48] showed that these reflections cannot be neglected and should
be implemented in the future.

5.3.2 Combustor Test Rig

During the experiments on the combustor test rig differences in the sound pressure
levels between combustion chamber and exhaust duct especially at high Mach num-
ber outlet conditions have been observed.

Fig. 5.8 (left) compares the sound pressure levels of two microphones mounted in
the combustion chamber and the exhaust duct at 15 kW thermal power and an equiv-
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Fig. 5.8 Comparison of sound pressure levels in combustion chamber and exhaust duct at λ = 1.8
(φ = 0.55) and 15 kW (left) and sound pressure levels in the exhaust duct at same Mach number
outlet condition (Ma = 1) for reactive and isothermal conditions (right).

alence ratio of φ = 0.55. It can be seen that waves of the dominating frequencies
propagate from combustion chamber to the exhaust duct via the nozzle. Especially
in the high frequency region (higher than 1 kHz) an increased sound pressure level
in the exhaust duct is remarkable - differences up to 30 dB can be recognized. The
combustion chamber is much noisier than the exhaust duct in the low frequency
region because lower frequencies are dominated by direct combustion noise. Since
only the outlet nozzle is installed between combustion chamber and exhaust pipe an
additional noise generating mechanism can be assumed inside this nozzle producing
sound in the higher frequency region.

To exclude turbulent flow noise as a possible origin for this additional noise the
acoustic field of a comparable cold flow was investigated. For this kind of nozzle
flows the throat Mach number is a significant parameter for turbulent flow noise and
allows the comparison of hot and cold flow conditions. Nonreactive/cold conditions
are established by an air flow through the combustion chamber without methane
and therefore without combustion. For identical microphone positions in the exhaust
duct and the same nozzle Mach numbers but different conditions in the combustion
chamber broadband noise is lower in amplitude for cold conditions (see Fig. 5.8
(right)).

For a better comparison the spectra (cold and hot case) are plotted versus the
Helmholtz number He instead of the frequency. This Helmholtz number was calcu-
lated with the respective speed of sound and a unit length of 1 m.

In order to achieve a better quantification of this broadband noise phenomenon
the SPL’s were summed up for Helmholtz numbers from 2 to 5.6 and plotted in
Fig. 5.9 to show the dependency on the nozzle throat Mach number. In both images
the summed up sound pressure levels in the combustion chamber and in the exhaust
duct for cold respectively reactive conditions are determined and plotted versus the
nozzle Mach number.

Different curves in the reactive case result from different thermal power, e.g. the
first region of Ma = 0.1 to nearly 0.4 relates to the 5 kW case followed by the
10 kW case for Ma = 0.45 to 0.85. Overlapping Mach numbers can be observed
in the region of Ma = 0.6 to 0.85. Here the 10 kW power consumption for lean
combustion produces outlet conditions in the nozzle similar to those of the rich
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Fig. 5.9 Summed-up sound pressure levels in the combustion chamber and the exhaust duct versus
Mach number for cold flow (left) and reactive flow (right) conditions.

combustion at 15 kW power consumption. For both conditions the summed up SPL’s
in the exhaust duct are always higher than the SPL’s in the combustion chamber for
Helmholtz numbers between 2 to 5.6.

A better illustration of the additional noise in the exhaust duct is given by
Fig. 5.10, which displays the ratio between the sound pressure levels in exhaust
duct and the combustion chamber for cold and reactive conditions. It shows a sig-
nificantly higher increase in sound pressure in the exhaust duct at higher Mach num-
bers, up to a ratio of 20 dB. The differences between cold and reactive conditions
may be explained by noise generation due to the strong acceleration of small scale
inhomogeneities, e.g. in temperature or vorticity, in the combustion chamber outlet
nozzle. Another explanation taken into account was the noise generation of the shear
layer at the nozzle exit into the exhaust duct. The mixing of temperature fluctuations
in this area generates the so called excess jet noise (see [47]), but by estimating the
nozzle outlet flow velocity in the order of 30 m/s at the highest operating point, this
excess jet noise generation mechanism is not strong enough to produce the addi-
tional noise of 20 dB measured in the exhaust duct.

Fig. 5.10 Ratio of summed-
up exhaust duct / combustion
chamber sound pressure levels
versus Mach number for cold
and reactive conditions.
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The results of summed-up sound pressure levels may be distorted by reflections
or interference noise caused by the flow. A better quantity to evaluate the noise
source mechanism is therefore the emitted sound power instead of the sound pres-
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sure. The sound power can be derived by decomposing the sound field into forward
and backward traveling waves (see also [32]). Considering only the forward trav-
eling plane waves in the exhaust duct the emitted sound power can be calculated.
Simultaneously the influence of the reflected waves is eliminated. To overcome the
turbulence noise caused by the flow the three microphone method [21] was applied
to calculate the acoustic spectra.

Fig. 5.11 Emitted sound
power (1-3.2 kHz) in the
exhaust duct versus Mach
number.
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Fig. 5.11 shows the dependency of the summed-up emitted sound power in the
exhaust duct investigating different combustor materials and lengths at different
Mach numbers. It displays a similar increase of the sound power compared to the
sound pressure level. It seems that neither different combustor wall temperatures
and radiation conditions, provided by different materials (steel/glass), nor different
travel lengths of temperature inhomogeneities (doubled combustion chamber length
allows a better mixing than the standard length) change the acoustic output power
of the combustion system in this frequency range. An increase in the emitted sound
power with increasing Mach number is detectable for all different combustion cham-
ber setups.

This behavior was not expected with the assumption that the noise generating
entropy and vorticity fluctuations have their origin in the primary reaction zone only.
In this case doubling the length of the combustion chamber and therewith increasing
the residence time of the perturbations significantly would have to reduce the noise
generation due to dissipation effects on the convecting perturbations.

The fact that the emitted sound power does not change considerably with the
combustor length indicates that the entropy and vorticity fluctuations result from
shear layer interaction of the flow with the colder walls in the combustion chamber
or the outlet nozzle. Here, the doubled combustor length would in fact increase
the dissipation but it also would produce additional boundary layer turbulence in
entropy and vorticity.
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5.4 Conclusions

Experimental research was performed on a dedicated test setup in order to investi-
gate the entropy noise mechanism under clearly defined flow and boundary condi-
tions. Previous experimental research to the topic of entropy noise could draw only
indirect conclusions on the existence of entropy noise due to the complexity of the
physical mechanism.

In order to reduce this complexity, a reference test rig with clearly defined bound-
ary and flow conditions has been set up within this work. In this test rig well con-
trolled entropy waves were generated by electrical heating. The noise emission of
the entropy waves when they were accelerated in an adjacent nozzle flow was ac-
curately measured and therewith the experimental proof of entropy noise could be
accomplished. In addition to this, a parametric study on the quantities relevant for
entropy noise was conducted. The results of these investigations were compared to a
one-dimensional theory by Marble & Candel, showing the same order of magnitude
and a similar same trend for an increasing nozzle Mach number. The discrepancies
can be explained by multi-dimensional effects which are neglected in the theory and
possible acoustic reflections in the test rig.

Furthermore, a laboratory combustor test rig was built and investigated with the
following features:

1. Combustion chamber outlet-boundary conditions like in real-scale aero-engines
(outlet Mach number = 1.0),

2. the possibility of accurately measuring the acoustic properties of the combustor,
especially the total emitted sound power, and

3. an optical access into the combustion chamber for laser diagnostics.

The investigations on this combustor test rig provided manifestations on a very
dominant contribution of entropy noise on the total emitted sound power of the sys-
tem. An unknown broadband noise generation mechanism in the frequency range
between 1 and 3.2 kHz (2 < He < 5.6) was found which showed a strong de-
pendency on the nozzle Mach number in the combustor outlet. The summed-up
broadband sound pressure level increases exponential with the nozzle Mach num-
ber. However, investigations of comparable cold flow conditions did not show this
behavior. Since the results of the reference experiment with synthetically generated
entropy waves did not show this exponential increase with the nozzle Mach number,
this leaves the conclusion, that this additional noise is generated by the interaction of
small-scale fluctuations, e.g. in entropy or vorticity, with the turbulent nozzle flow in
the combustion chamber outlet nozzle. In addition, the flow field in the combustor is
dominated by a strong swirl component due to the swirl stabilization of the reaction
zone whereas in the EWG test rig a straight tube flow was present.

This broadband entropy or vortex noise has also been observed in aero-engines in
the interaction between combustion chamber and high pressure turbine and is called
”core noise”. This ”core noise” has a strong relevance especially for turboshaft en-
gines, since there is hardly any jet noise on the exhaust side of the engine.
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Prospective investigations should focus on this broadband noise generation mech-
anism with the significant challenge of detecting and measuring the small-scale en-
tropy and vorticity fluctuations also called entropy and vorticity turbulence.
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und Beitrag zum Fluglärm. In: 69. Jahrestagung der Deutschen Physikalischen
Gesellschaft - Fachverband: Akustik, Berlin, Germany
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[12] Bake F, Kings N, Fischer A, Röhle I (2008) Noise generation by accelerated
flow inhomogenities – indirect combustion noise. In: International Conference
on Jets, Wakes and Separated Flows, ICJWSF-2008, Technische Universität
Berlin, Berlin, Germany
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144 Friedrich Bake, André Fischer, Nancy Kings and Ingo Röhle
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A study of noise generation by turbulent flow instabilities in a gas turbine
model combustor. In: ASME Turbo Expo 2005, ASME, Reno-Tahoe, NV,
GT2005-69029

[51] Olbricht C, Hahn F, Kühne J, Sadiki A, Janicka J, Bake F, Röhle I (2007) Flow
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Chapter 6
Influence of boundary conditions on the noise
emission of turbulent premixed swirl flames

Fabian Weyermann, Christoph Hirsch and Thomas Sattelmayer

Abstract The main focus of subproject 6 was the development of time resolved
experimental techniques for the analysis of the noise formation of turbulent pre-
mixed swirling flames. With these techniques the connection between the spatially
and temporally fluctuating heat release in the reaction zone and the emitted noise
spectrum could be investigated. In particular previous theoretical and experimental
work could be extended such that a comprehensive picture of the noise-generating
parameters in the flame was obtained.
This understanding was cast into a new method [12, 36], which allows the prediction
of the fluctuating heat release spectrum from local mean values of turbulence and
heat release. With this method it is possible to estimate the acoustic power spectral
density of premixed swirl flames with good accuracy. Furthermore, the basic influ-
ences of turbulence intensity and length scale, fuel and mixture composition on the
generated acoustical frequency spectrum appear naturally in this analysis, which al-
lows to specifically design and optimize combustion systems with respect to noise
emission.
The model was validated globally and in parts [36, 44] by using experimental mean
data of turbulence and mean heat release as inputs and comparing the predicted
model result with the corresponding measured quantity. It was shown successfully
that the model could be used to calculate combustion noise on the basis of CFD
results [11].
Further pursuing the title objective of this project, it was found that the model re-
sponded correctly to significant changes of boundary conditions. The basic theoreti-
cal analysis of a noise source in a confined acoustical system showed how to insert a
CFD-based noise source spectrum into a thermo acoustical network code in order to
calculate noise emission from a combustor. With this approach measured acoustic
pressure spectra were reproduced with very good comparison.
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6.1 Introduction

Over the last years turbulent combustion noise has become a focus of interest in
industrial gas turbines, jet engines and domestic water heaters in order to optimize
designs for durability and minimal sound emission. The fundamental connection
between the turbulent reactive flow field and the generation of sound is known since
the pioneering work of Lighthill [18] in 1952. There its mathematical description
emerged as a by- product of the analysis of aerodynamically generated noise which
most of the early theoretical and experimental work was focused on [24, 26].
Almost a decade later the first studies on combustion generated noise were pub-
lished [3, 30, 31]. While most authors in the field of combustion noise agree that
the coherent heat release structures postulated by Strahle [31] determine the overall
noise emission of the investigated flames the spectral behavior was hardly consid-
ered [3, 19, 31, 39]. In the early 90s Clavin [5] proposed a connection between
the turbulent flow field and the noise emission of turbulent flames, that exhibited a
reasonable amplitude decay according to an exponential power law but could not
provide a quantitative closure for sound pressure levels. Boineau et al. [1] analyzed
turbulent diffusion flames with spatial coherence functions arriving at a model for
the sound spectrum which was able to reproduce the measured spectral behavior.
Klein and Kok [14, 13] proposed a formal closure for calculating sound pressure
from turbulent diffusion flames based on local mean turbulence, mean reaction rate
density and an assumed model spectrum for heat release fluctuation. However, it
relied on the specification of an empirical coherence length scale to calibrate the
model. Also the space time mapping proved to be non-universal. The model for tur-
bulent premixed flames proposed by Hirsch et al. [12] was shown to provide quanti-
tative spectra of acoustic power based on local mean turbulence and heat release rate
density without adjustments. Their theory provides a local spatial model spectrum
of heat release rate fluctuation from mean quantities and the mapping of the spatial
spectrum to the temporal spectrum needed for the calculation of the sound pressure
frequency spectrum. With this model the thermo-acoustic source term of the wave
equation (as shown in e.g. Crighton et al. [6]) can be evaluated allowing the calcu-
lation of the turbulent combustion noise spectrum for an acoustic system, e.g. by a
Finite Element method or acoustical network analysis. For free space an analytical
solution exists, which is used below in the validation experiments. Recently a new
approach has been published by Mühlbauer et al. [20] that uses an assumed shape
spatio-temporal correlation function which is fed with local turbulence data and the
distribution of the temperature variance from a RANS calculation. Using stochas-
tic forcing temporal acoustic source terms can be calculated which feed an aero -
acoustics code to calculate the sound propagation with good comparison to experi-
mental data.
In this final report first the theory and methods developed and applied in this project
are presented. Then the experimental setup and methods used to validate the noise
source model developed in the project are outlined. In the results section the com-
parison of experimental and model data are given.
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6.2 Theory and Methods

In turbulent reacting flows of low Mach number the main source of sound is the
flame. It has been shown previously [3, 6] that for these cases other sources like
flow-induced noise can be neglected. The flame generates sound only due to fluctu-
ating heat-release, i.e. laminar steady flames generate no sound. A fluctuating heat
release generates fluctuations of mass density and therefore volume fluctuations,
which act as an acoustic monopole-source. The source-term that specifies this rela-
tionship is found for example in [6]. It appears on the right hand side of the wave-
equation, which describes the propagation of sound:

1

ρ0c2
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∂ t2 −∇ ·
(
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)
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∂
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. (6.1)

Equation (6.1) can be further simplified, if γ is assumed as a constant, which is a
good approximation in many cases. Doing so, density ρ and speed of sound c can
be replaced by constant field values:

ρc2 = γ p0 = ρ0c2
0 . (6.2)

The wave-equation (6.1) becomes:
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As can be seen in equation (6.3) the time derivative of the local heat-release fluc-
tuation acts as source. To solve this equation the locally and temporally resolved
heat-release density needs to be known. If that is given, the time dependent solu-
tion to equation (6.3) can be calculated and the spectrum of acoustic power at some
location of interest can be obtained which typically is the final objective of a noise
calculation.
In the next section a particular solution of the linear wave equation is considered.
It allows to carry out the procedure analytically, thereby connecting the acoustic
power spectrum directly with the power spectrum of the fluctuating heat release.

6.2.1 Calculation of the acoustic power spectrum

In the case of a monopole-source in the free field, equation (6.3) can be solved using
the Green-function [13]. The pressure-fluctuation at the observer location xB yields:

p′ (xB, t) =
1

4π (xS −xB)
γ−1

c2
0

∂
∂ t

∫
VS

q′ (xS, t − τB)dxS . (6.4)
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Here xS−xB is the distance between the position of the local heat-release xS and the
observer xB and can be replaced by a radius rB = xS−xB in the case of a monopole-
source [33]. A flame consists of N sources, which is illustrated in figure 6.1 by the
positions xS1, . . . ,xSN. If the flame is acoustically compact and the distance between
the flame and the observer is large, rB can be assumed constant for all sources. Then
the delay time τB which the sound emitted by the different sources needs to reach
the observer is also constant. It can be derived by the distance to the observer and
the sound-speed τB = rB/c. The acoustic power is the correlation of sound pressure

Fig. 6.1 Sketch of a turbulent flame with N sources and the location of the observer O, [25]

and sound particle velocity, which is integrated over the Area A = 4πr2. In the
free field the sound particle velocity u′ can be replaced by p′ using the impedance
Z = ρ0c0 = p′/u′:

Pac =
∫
A

p′u′dx =
∫
A

p′2

ρ0c0
dx =

p′2

ρ0c0
·A . (6.5)

Inserting equation (6.4) into equation (6.5) we get the relation between the heat-
release as source and the integral acoustic power:

Pac =
1

4πρ0c0

(
γ−1

c2
0

)2 ∫ ∫ ( ∂
∂ t1

q′ (xS1, t1)
)(

∂
∂ t2

q′ (xS2, t2)
)

dx2dx1 . (6.6)

Because of the conservation of energy, Pac does not depend on the radius rB. Equa-
tion (6.6) specifies an important property of the noise formation by turbulent flames:
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The fluctuating heat release in the flame must be coherent to some extent. Because
the flame is modulated to a high degree by the turbulent flow Strahle [31] proposed
to use of cross correlation functions to evaluate the mean correlation in equation
(6.6). In figure 6.2 the local separation of two sources at position xS1 and xS2 is
shown.

Fig. 6.2 Separation of two sources in a flame

The distance between the two sources is r in space and τ in time. The relation
can be described by the autocorrelation Rqq of the heat-release fluctuations:

Rqq (xS1, t1,r,τ) = q′ (xS1, t1)q′ (xS1 + r, t1 + τ) (6.7)

The correlation of the sources within the double-integral in equation (6.6) can be
written [27]:

(
∂
∂ t1

q′ (xS1, t1)
)(

∂
∂ t2

q′ (xS2, t2)
)

=
∂ 2Rqq (xS1, t1,r,τ)

∂ t∂τ
− ∂ 2Rqq (xS1, t1,r,τ)

∂τ2 .

(6.8)
For steady flows the first term on the right hand side is vanishes. The correlation of
the heat-release sources, which is described by Rqq, is normalized by the root mean
square deviation q′rms of the sources and subsequently replaced by a coherence-
function Γ (r,τ) [1]. Here q′rms = q′rms,S1 ≈ q′rms,S2 is assumed. Putting equation (6.8)
into equation (6.6) yields:

Pac =
1

4πρ0c0

(
γ−1

c2
0

)2 ∂ 2

∂τ2

∫ ∫
q′2rmsΓ (r,τ)drdx . (6.9)

For simplification x = xS1 is written. The coherence-functionΓ (r,τ) considers both,
spatial and temporal correlation. In the following the local correlation is replaced by
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a characteristic volume. Therefore the function Γ (r,τ) is integrated over r for τ = 0:

Vcoh =
∫
r

Γ (r,0)dr . (6.10)

This integration gives the size of a virtual statistical volume Vcoh, in which the heat-
release is fully coherent. Equation (6.9) describes the behavior of the sound pressure
in the time-domain. For determining the spectral character a Fourier-Transformation
(FT) of equation (6.9) is done. The Fourier-transformation of Γ (0,τ) for r = 0 cor-
responds to a power-density spectrum. Using the variance of the heat-release yields
the spectral heat-release:

χqq (2π f ) = FT
(

q′2rms ·Γ (0,τ)
)

. (6.11)

The derivative ∂/∂τ in the time-domain equals a multiplication by 2π f in the
frequency-domain. To get the sound power spectrum in units of W/Hz a factor of
2π has to be introduced:

Pac( f ) =
2π

4πρ0c0

(
γ−1

c2
0

)2 ∫
Vf l

(2π f )2 χqq (2π f )Vcoh dx [W/Hz] . (6.12)

The overall acoustic power is obtained by integration over all frequencies:

Pac,tot =
∞∫

0

Pac( f )d f . (6.13)

6.2.2 Modeling of the spectral heat-release

Assuming sufficiently strong turbulence the volumetric mean heat-release rate q̄ can
be expressed using the variance c̄′2 of the progress-variable and the time-scale of the
dissipation:

q̄ = ρ0YF HuCD
ε
k

c̄′2 . (6.14)

Here ρ0 denotes the density of the mixture, YF the fuel-mass fraction, Hu the lower
heating value, CD a constant, ε the turbulent dissipation and k the turbulent kinetic
energy. Using equation (6.14) the spectrum of the heat release fluctuations can be
derived from the spectrum of the progress variable Ec̄′2 :

Eq = ρ0YF HuCD
ε
k

Ec̄′2 . (6.15)

Under the assumption, that c̄′2 behaves like a passive scalar, we can use a model-
spectrum from turbulence-theory for its characterization. Using the approach of Ten-
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nekes and Lumley [34] we get for Eq:

Eq = q̄
CSCD

α
α
ε2/3

k
κ−5/3 exp

(
−3

2

(
πβα1/2 (κlt)

−4/3 +α (κηc2)4/3
))

.

(6.16)
However c̄′2 is no passive scalar. Its active behavior appears in two effects, a spectral
cut-off and a finite rate chemistry influence on the spectral amplitude.

6.2.2.1 Active scalar treatment

Spectral cut-off:

An eddy of the turbulent flow field is able to disturb the flame front only if its
circumferential velocity v′n is higher than the burning velocity of the flame front.
If the circumferential velocity is lower than the burning velocity, the flame-front
propagates through the eddy too fast and the eddy has no time to wrinkle the flame-
front. For the smallest eddies, which are able to impact the flame, must hold:

v′n = sL . (6.17)

For the length-scale of these smallest eddies we get:

lG =
s3

L

ε
, (6.18)

which is called the Gibson-Length. It represents a lower cut-off scale for the inter-
action of turbulent eddies with a flame front. A second effect, which influences the
spectral cut-off at high wave-numbers are stretching and dissipative effects. They
appear at a length-scale given by the Corrsin-length [21]:

LC =
(

a3

ε

)1/4

. (6.19)

The cut-off-length ηc2 of the noise-model is determined by the effective length:

ηc2 = max(cGLG,LC) . (6.20)

The constant cG was determined empirically and has a value of cG = 3.0

Scaling of the spectral amplitude:

If an infinitely fast combustion process is assumed every fluctuation of the turbu-
lent flow will instantly result in a fluctuation of the heat release. Conversely, if the
chemical reaction is very slow, the heat-release rate will not respond to the turbulent
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fluctuations any more. This results in a quiet flame. Therefore it appears reason-
able to assume that the ratio between the turbulent and the chemical time-scale rules
the amplitude of the heat-release fluctuations. This ratio is known as the turbulent
Damkoehler-Number Dat :

Dat =
t f low

tchem
. (6.21)

If we use the life-time of the integral eddies as the characteristic time of the flow
t f low = lt/v′rms and the time, which the laminar flame needs to cross the distance of
the flame tchem = δL/sL, as chemical time-scale, we get:

Da =
(

lt
δL

)( sL

v′

)
. (6.22)

The first factor is the ratio of the characteristic lengths of turbulent eddies and lam-
inar flame front thickness and the second a reciprocal ratio of turbulence-intensity
and flame speed. If the lengths are fixed, the Damkoehler-Number behaves inversely
to the turbulence-intensity. If the Damkoehler-Number is high the heat release is
controlled by the turbulent mixing-process. In this case large intermittency between
unburnt and burnt gas occurs in the flame zone and the variance of progress variable
is large. For small Damkoehler-Numbers heat release rate is controlled by chem-
istry. In the flame zone the variance of progress variable will be small.
The scaling-function CS in equation (6.16) is introduced to consider this Damkoehler-
Number dependence on the amplitude of variance. For the Damkoehler-Number
Dat →∞ the variance of the progress variable reaches its maximum of a fully inter-
mittent distribution c̄′2 = c̄(1− c̄). In the case of a slow reaction, c̄′2 decreases and
therefore also the emitted noise. To consider these limits the scaling function CS is
constructed as:

CS =
α

CD

c̄′2 (Dat)
c̄′2 (Dat → ∞)

. (6.23)

To obtain an estimator of c̄′2 the comparison is made between equation (6.14) and
the combustion model proposed by Schmidt et all [28, 29]:

q̃ = 4.96
ε
k

c̃(1− c̃) · (6.24)
(

sl√
2/3k

+(1+Da−2
t )−0.25

)2

·ρ0 YF,0 Hu

Dat =
0.09 · k · s2

l

ε ·C2
c a0

. (6.25)

Inserting this modeled heat-release into equation (6.14) an expression for the vari-
ance c̄′2 of the progress-variable can be derived. Together with the requirement for
CS (equation 6.23) the scaling-function results as:
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CS =
α

CD

⎛
⎜⎝

sl√
2/3k

+
(
1+Da−2

t

)−1/4

sl√
2/3k

+1

⎞
⎟⎠

2

, (6.26)

which holds the asymptotic requirement CS → 0 for Dat → 0 as shown in Fig. 6.3.

Fig. 6.3 Amplitude scaling-function CS

6.2.2.2 Frequency-wave-number mapping

For equation (6.12) the temporal correlation spectrum χqq( f ) is needed, which shall
be represented by:

χ̃qq (ω) = χ̃q (ω) · χ̃∗
q (ω) = χ̃2

q (ω) . (6.27)

To this point the spectral heat-release Eq(κ) was modeled in the wave-number-
domain and a transformation is needed to transfer it into the frequency-domain to
provide χ̃q(ω). For homogeneous turbulence a mapping between the spatial and
temporal spectra is proposed in Tennekes and Lumley [34]. Based on their devel-
opment the conservation of the spectral energy for corresponding wavenumber -
frequency pairs is assumed.

κEq (κ) = ωχ̃q (ω) (6.28)

ω = α1/2ε1/3κ2/3. (6.29)

In the original work the dissipation rate ε is given by

ε =
l2
t

τ3
t

, (6.30)
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where lt is the turbulent integral length scale and τt = lt/u′ is the characteristic
turbulent dissipation time-scale. In the case of a premixed flame, the characteristic
scalar dissipation time scale τc is the time, which a turbulence-structure needs to
cross the flame brush thickness:

τc = Cτ
δt

st
. (6.31)

Here st is the turbulent burning velocity and δt is the turbulent flame brush thickness
which were modeled using again the Schmid model [28, 29].

τc = Cτ ·
δt

st
= Cτ ·

lt
u′

· a0/(sl · lt)+(1+Da−2
t )0.25

sl/u′ +(1+Da−2
t )−0.25

(6.32)

Here Cτ = 0.5 is a model constant which is fixed by the requirement that τc → τt for
Dat → ∞. The mapping (6.28) finally becomes:

κ (2π f ) =
(2π f τc)

3/2

δtα3/4
. (6.33)

and so:
(2π f )2 χqq ( f ) = (2π f χq (2π f ))2 = (κ(2π f )Eq (κ))2 (6.34)

For quantitative comparison of the model spectra which are based on ω = 2π f i.e.
[rad/s] with experiments which are typically based on frequency [Hz] the proper
normalization has to be considered. It can be derived from considering that the total
energy-content should be equal in χ(ω) and χ( f ) spectra:

∞∫
0

χq ( f )d f =
∞∫

0

χ̃q (ω)dω = 2π
∞∫

0

χ̃q (2π f )d f . (6.35)

Thus on substitution of equation (6.28) into equation (6.12) a factor of (2π)2 must
be inserted to obtain frequency based acoustic power spectra.

6.2.3 Coherence volume

As shown above the cross correlation of heat release fluctuation was simplified by
introducing the coherence volume. It describes the spatial domain in which heat
release fluctuation is in phase, such that the total integral over the flame domain does
not cancel. Early it was accepted, that the size of the coherent sources is closely
connected to the turbulent length scale of heat release lq which itself would be a
function of the turbulence length scale lt and chemical reaction influence.

Vcoh ∼ l3
q . (6.36)
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This led to many different approaches. Strahle [32] was the first who introduced a
combined model, based on turbulence and chemical variables:

Vcoh = Ccohδ 3−n
L ln

t . (6.37)

The constant Ccoh is not defined, and 0 ≤ n ≤ 2. An important contribution was
given by Boineau et al. [2], who determined the coherence volume experimentally
in turbulent diffusion flames. They derived an expression for the spatial distribution
of the correlation of heat release, which is similar to the velocity correlation given
e.g. in Hinze [10]:

Γ (r) = e
− π

4

(
r
lq

)2

. (6.38)

With this the coherence volume is calculated by integrating equation (6.38):

Vcoh =
2π∫
0

π∫
0

∞∫
0

e
− π

4

(
r
lq

)2

r2 sin(φ) dr dφ dϑ . (6.39)

This yields:

Vcoh = 4π
√
π

4

(√
π

4l2
q

)3 = 43/2l3
q . (6.40)

To consider the influence of chemical effects, the turbulent flame thickness

δt = δL + lt
(
1+Da−2

t

)1/4
[29], which connects turbulent and chemical scales, is

used as the length-scale of the heat release lq = δt . The coherent volume becomes:

Vcoh = 8 ·δ 3
t . (6.41)

6.2.4 Acoustic power spectrum of an unconfined flame

Given the above model the acoustic power of an unconfined flame equals:

Pac( f ) =
(2π)3

4πρ0c0

(
γ−1

c2
0

)2 ∫
Vf l

(κ (2π f )Eq (κ))28 ·δ 3
t dx [W/Hz]. (6.42)

6.2.5 Simulation of confined flames

For the simulation of the sound-emission of an enclosed flame, the whole acoustic
system consisting of a plenum, combustion chamber and exhaust-tract has to be
considered. For the computation we assume the fluctuations are harmonic in time:
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p′ (x, t) = p̂(x)eiωt . (6.43)

Here i =
√
−1 and ” ˆ ” denotes the complex amplitude. Putting this into equation

(6.3), we get the so called Helmholtz-Equation:

∇ ·
(
− 1
ρ
∇p̂

)
− ω2

ρc2 p̂ =
γ−1

ρc2
0

iω q̂ . (6.44)

The fluctuating heat-release q̂ acts as a acoustic monopole-source [6]. It is equivalent
to an oscillating sphere, which extends and shrinks harmonically and thereby causes
small velocity fluctuations of the ambient air. Thus a flame generates sound particle
velocity û. Here the question arises, how much acoustic power is performed thereby
by a flame. For the acoustic power which crosses a surface A the following equation
holds:

Pac =
∫
A

I ·n dx . (6.45)

n is the normal vector of the Area A and I the acoustic impedance, which is defined
as:

I =
ω
2π

2π/ω∫
0

Re
(

p̂eiωt)Re
(
(û ·n)eiωt) dt . (6.46)

Putting equation (6.46) into equation (6.45) yields:

Pac =
∫
A

ω
2π

2π/ω∫
0

Re
(

p̂eiωt)Re
(
(û ·n)eiωt)dtdx (6.47)

=
∫
A

1
2

Re(p̂∗û ·n)dx . (6.48)

Using the impedance

Z (x,ω) =
p̂(x,ω)

û(x,ω) ·n(x)
, (6.49)

the acoustic power is:

Pac =
∫
A

1
2

Re(Z) |û ·n|2 dx . (6.50)

This means, that the real part of the acoustic impedance (resistance) determines the
power, which an acoustic velocity source (flame) can emit. The impedance depends
strongly on the geometry of the combustion system. That is the reason, why a proper
modeling of the system is very important for the calculation of the noise of confined
flames.
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6.2.5.1 Acoustic network-models

Because the acoustic wave-lengths are large in comparison to the dimensions of
a typical combustion chamber, the sound propagation can be assumed as one-
dimensional (plane waves). Therefore the acoustics of the combustion-system can
be modeled using a so called network-model. The network-method has two ad-
vantages: First a very low computational effort, and secondly an easy to do model
setup. So this method is very attractive for industrial usage. Another advantage is,
that acoustic losses in the system can be considered in simple way. Details of the
network-method are obtained e.g. in [7].
The combustion-system is divided into its component parts (ducts, area-changes, the
flame,...). If the acoustics in each part is linear and one-dimensional, every part can
be described by a linear transformation T . This transformation connects the acoustic
pressure and velocity on either side of the element. Two nodes i and i+1 are related
through a complex (2x2)-matrix:

(
p′
ρc
u′

)
i+1

=
(

T11 T12

T21 T22

)( p′
ρc
u′

)
i

. (6.51)

Assembling all the transformation-matrices of the systems elements, a linear equa-
tion system for the complex nodal pressures and velocities is obtained, which de-
scribes the systems acoustics. In Fig. 6.4 a network-model of a combustion-system
is shown. It consists of a plenum, a burner and a combustion chamber. These three
main parts are modeled by ducts D for which analytical models exist. Changing
duct properties like Mach-Number, area or density is accomplished using general-
ized area changes AC. These are derived from linearized Bernoulli and continuity
equations. At the beginning and at the end the system is bounded by a reflecting
boundary R where a known boundary impedance is assumed. The excitation by the
flame is introduced by the source-element S.

Fig. 6.4 Simple network-model
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Noise-source implementation:

For the implementation of the noise-source linearized Rankine-Hugoniot-relations
[23] are used. For very low Mach-Number flows Ma << 1 they become :

p′i+1 = p′i (6.52)

u′i+1 = u′i +
(

Ti+1

Ti
−1

)
ui

(
Q′

Q

)
, (6.53)

whereby Q is the heat-addition per unit area, [Q] = W
m2 . The flame front is considered

as a discontinuity of negligible thickness, which adds heat to the flow.
For the temperature-term in equation (6.53) holds:

Ti+1

Ti
−1 =

γ−1

ρic2
i

Q
ui

. (6.54)

Putting this equation into the Rankine-Hugoniot-equation (6.53) yields:

u′i+1 = u′i +
(
γ−1

ρic2
i

)
Q
ui

ui
Q′

Q
= u′i +

(
γ−1

ρic2
i

)
Q′ . (6.55)

We define
Q′

tot = Q′A [W ] , (6.56)

which is the overall heat-release fluctuation of the flame. The spectrum of Q′
tot can

be calculated using the modeled heat release spectrum Eq from equation (6.16):

Q′
tot ( f ) =

√
QQ =

√√√√√
∫

Vf l

(2π)3
(
κEq (κ)

f

)2

Vcoh dx [W/Hz] . (6.57)

The network-element of the flame-noise becomes:

(
p′

u′

)
i+1

=
(

1 0
0 1

)(
p′

u′

)
i
+

(
0

γ−1
ρic2

i

Q′
tot
A

)
. (6.58)

6.2.5.2 Sound-emission into the surrounding

The level of noise in the combustion chamber itself is not of interest in most cases.
More important is the amount of sound which can leave the system and causes the
sound emission. Most of the sound is reflected at the exhaust-gases exit and stays in
the system. Only a small part leaves and contributes to the outside noise-level.
Levine and Schwinger examined in their work [17] the sound-emission of an open
tube into the surrounding. They presented an impedance boundary condition valid
for a tube radiating to the free field. For low wave-numbers κ = ω/c (κr < 0.5, r:
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exit-radius) this impedance simplifies:

Z = ρc

(
κ2r2

4
+ i ·0.6κr

)
. (6.59)

By calculating the reflexion-coefficient from this impedance, it can be seen, that the
reflexion-coefficient is higher than 96% in the whole frequency range (Fig. 6.5).
This means, that not even four percent of the noise actually leaves the system and
contribute to the audible sound.

Fig. 6.5 Reflection-coefficient R of an unflanged open duct

6.2.6 Experimental setup and measurement techniques

6.2.6.1 Experimental setup

For the experiments the TD1-burner was used, which was designed at the chair. This
burner is a modular swirl-burner shown in Fig. 6.6. For the experiments the outer
diameter D of the annular burner exit was D = 40mm, the inner diameter d = 16mm.
For the measurements either pure natural gas (methane-content 98%) was used, or a
mixture of natural gas and hydrogen. Upstream of the burner a static mixer provided
perfectly premixed reactants. The burner has a power range of Pth = 10 . . .120kW ;
this correspondes to velocities of u = 3.3 . . .39.4 m/s. The air-ratio can be varied in
a range of λ = 0.8 . . .1.52. The swirl can be altered by partial closing the slots.
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Fig. 6.6 TD1 swirl-burner for premixed operation. Tangential slots deflect the air-fuel-mixture
whereby the swirl is generated. A typical natural-gas flame is also displayed

6.2.6.2 Simultaneous PIV-LIF-measurements

For the validation of the noise-model data of the turbulent flow field and the heat-
release rate density is required. The velocity-field was investigated using particle
image velocimetry (PIV). Simultaneously laser induced fluorescence (LIF) provided
planar information of the flame front position and therefore of the progress-variable.
A simultaneous PIV-LIF-measurement was necessary to validate the scaling-function
CS (6.26), which depends on the interaction of the flow field with the flame [44].
The LIF-technique was improved from a single shot system with statistical evalu-
ation methods to a real time system with high temporal resolution [37]. The high
repetition rate (1 kHz) allows the acquisition of information up to 500 Hz, which
is the frequency range that contributes most to the acoustic energy of flame noise.
The emitted acoustic power was measured by an intensity probe. The entire mea-
surement setup is depicted in Fig. 6.7.

6.2.6.3 Improved method for the determination of the
heat-release-distribution

The technique applied to quantify the average heat release rate density uses the
chemiluminescence, which is a direct measure for the heat release in adiabatic, per-
fectly premixed flames. However, it is known, the chemiluminescence signal de-
pends strongly on the equivalence-ratio. Since in this project unconfined flames
had to be investigated, the flame unavoidable entrains air from the ambient; so the
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Fig. 6.7 Sketch of the experimental setup for the simultaneous PIV-LIF-measurements

equivalence-ratio alters and the direct correlation between chemiluminescence and
heat-release is lost. As the exact knowledge of the mean heat release density is es-
sential for the calculation of the combustion-noise, the influence of the entrainment
of ambient air must be considered. In the following the method used in this project
is presented, which solves this problem by correcting the chemiluminescence-data
using the equivalence-ratio distribution in the flame.
The method is based on the work of Haber [9], who applied it for the investiga-
tion of laminar flames. His method was enhanced, so that it can be applied also
for the investigation of turbulent flames. The method uses the fact, that the ratio of
OH∗− and CH∗−chemiluminescence directly depends on the local flame tempera-
ture and thus depends on the equivalence-ratio. However the dependence between
the chemiluminescence-ratio and the equivalence-ratio is not a priori known, but it
has to be determined for an adiabatic flame with known constant equivalence-ratio.
Therefore the flame of the TD1-burner was confined with a quartz-cylinder. Now,
with the known correlation between the OH∗/CH∗-ratio and the equivalence-ratio,
the variation of the equivalence-ratio in the unconfined case can be determined. In
Fig. 6.8 the equivalence-ratio Φ is shown over the z-coordinate. From this data the
correction-factor for the chemiluminescence can be calculated.

For the identification of the local heat-release the OH∗-chemiluminescence is
recorded by an intensified camera. The data is then corrected by the calculated
correction-factor. In Fig. 6.9 the heat-release distribution of the side view before
(left) and after (right) correction is shown. In Fig. 6.10 the same data was decon-
voluted to provide the local mean heat release rate density. It can be seen, that the
considered flame volume increases due to the correction. For a given total thermal
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Fig. 6.8 Spatial resolved equivalence-ratio and derived correction-factor plotted over the burner
z-axes

power this will decrease the heat release rate density. Now the noise-model (6.42)

Fig. 6.9 Comparison between measured (left) and corrected (right) OH∗-intensity

can be used to calculate the power-spectra of the emitted combustion noise. The
results are shown in figure 6.11. In case (a) for the calculation the raw data of the
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Fig. 6.10 Deconvoluted heat-release distribution, derived from the raw-data (left) and from the
corrected data (right) of the OH∗-intensity

OH∗-intensity was used, in case (b) the intensity-corrected values. Both are com-
pared to a spectrum which was measured by a sound-intensity probe. Case (a) over-
estimates both, the peak-frequency and the amplitude. Case (b) shows a very good
agreement with the measured spectrum. The effects of the correction can be under-
stood with the model. The increase of flame length with the correction has increased
also the coherence length scales and thus the coherence volume. This compensates
the quadratic decrease of acoustic power with heat release rate density. The increas-
ing coherence length due to the correction also shifts the peak frequency to smaller
values.

6.2.6.4 Investigation of adiabatic unconfined flames

To evaluate combustion noise without negative influences of the confinement, un-
confined freely burning flames are often considered. They provide good optical ac-
cess, which is crucial for laser optical studies but suffer from entrainment of cold
ambient gases, which generates equivalence and temperature changes not present
in the confined case. For this reason, it is desirable to protect the flame from the
surrounding atmosphere without confining the flame mechanically. This can be
achieved, if an inert gas shielding is provided protecting the flow field of the in-
vestigated burner from the ambient air. Ideally, the shielding gas should have the
same temperature and composition as the combustion products of the investigated
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Fig. 6.11 Measured and modeled sound-power-spectrum. The two modeled curves were calculated
with and without intensity-correction

flame in order to avoid the formation of gradients. This is achieved if hot exhaust gas
is used for shielding the flame under investigation. In the past small laminar flames
were used for this purpose [4]. However, the disadvantage of setups with laminar
flames stabilized on a perforated plate is the narrow operating range, which does
not allow flexible changes of the equivalence ratio. These drawbacks lead to the de-
velopment of a better suited concept. The LSTM (University Erlangen, Germany)
developed a burner with combustion in a porous ceramic matrix [35]. The flame sta-
bilizes in the ceramic filling downstream of the preheating zone. The strong thermal
transport against the main flow direction in the porous material leads to high vol-
umetric power density and the formation of a fully combusted exhaust gas, which
is free of super equilibrium-radicals and in particular chemically excited OH* and
CH*. A burner of this type was adopted for the shielding of a perfectly premixed
swirl burner (TD1 burner) (Fig. 6.12).

6.3 Results and Analysis

6.3.1 Validation of the noise-model for unconfined flames

For the validation of the noise-model several parameter-studies were accomplished.
The thermal power, the equivalence-ratio and the fuel-composition were varied. The
turbulence parameters and the acoustic power were measured, in addition CH∗-
chemiluminescence-pictures were recorded. The measured flow-data were used as
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Fig. 6.12 Schematic sketch of the porous burner [41]

input parameter of the noise-model and by applying the free field solution (6.42), the
emitted sound-power was calculated. The results were compared to acoustic inten-
sity measurements. Comprehensive comparison is found in [36, 44]. As an example
of the results, Fig. 6.13 shows measured and modeled spectra for thermal powers
Pth = 40, 60, 90 kW and an equivalence-ratio Φ = 0.8. The model captures the
measured behavior of the spectra very well. Most notably the frequency-offset and
the changing of the amplitude with increasing thermal power is reproduced. This
validates the correctness of the frequency-wave-number mapping (6.33).

Fig. 6.13 Acoustic power-spectrum-density of a thermal power of Pth = 30,60,90 kW , natural gas,
Φ = 0.8
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6.3.2 Adiabatic flames

To remove the effects of cold air entrainment, the experimental setup with the porous
burner co-flow described in chapter 6.2.6.4 was used.
In Fig. 6.14 a comparison between the diabatic (left) and adiabatic (right) experi-
ment is shown. The pictures were acquired by recording the PIV-particle scattering.
Unlike the cold co-flow, the adiabatic flame is also burning in the outer shear-layers,
what can be recognized by their sharp-cut appearance. Without hot co-flow the outer
shear entrains cold air from the ambient; thereby the flame is quenched in this re-
gion.

Fig. 6.14 Light sheed of a premixed swirl-flame with and without hot co-flow

Applying the noise model (6.42) to this adiabatic flame gives the result plotted in
Fig. 6.15. The modeled spectrum is displayed by the dashed line, the measured one
by the solid line. The model-prediction is in good agreement with the experimental
data. Notably the spectral decay at higher frequencies fits very well. The difference
of approximately 10 dB at the peak-frequency is caused by the porous-burner, which
also generates noise, which is not covered by the model. The results clearly indicate,
that the noise-model is also valid in the case of an adiabatic flame.

6.3.3 Unconfined flames, modeling based on CFD-data

The ultimate goal of noise modeling is the prediction of sound spectra based on sim-
ulation only. Therefore CFD simulations of the experimental setup were performed
to assess the capability of the noise model in this context [11]. Figure 6.16 shows
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Fig. 6.15 Power spectral density of the noise of an adiabatic confined flame

the comparison of acoustic power-density spectra from measurement (marked lines)
and CFD post processing with the developed model (unmarked lines) for two dif-
ferent swirl numbers. The input data (mean heat-release, turbulent kinetic energy,
turbulent dissipation rate) was obtained from a RANS-simulation. If we consider,
that the measurements are disturbed by the room acoustics, the curves are in very
good agreement. The changing of the amplitude and the shifting of the frequency-
peak because of the two different swirl-numbers are reproduced fully correct by the
model. Likewise the spectral decline at high frequencies. This behavior can be per-
fectly explained by the model. The flame without swirl (S = 0) is much longer than
the swirl flame (S = 0.8). Therefore the turbulent length- and time-scales are larger
and the frequencies are lower. The turbulent velocity-fluctuations become smaller
than the laminar flame speed, whereby the heat-release fluctuations and therefore
the noise-amplitude become higher. This is also captured by the model, by the in-
creasing of the amplitude-scaling factor CS.

6.3.4 Sound emission from a complex combustion system into the
environment

The characteristics of the noise-emission of a confined flame differs markedly from
unconfined ones. This is because of the strong influence of the acoustical properties
of the surrounding system (resonance, damping, emission,...).
Using the acoustic network model described in chapter 6.2.5.1 the sound emission of
a commercial heater combustor was calculated using CFD input data. A comparison
of a measured spectrum and a computed one is given in Fig. 6.17. As the experi-
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Fig. 6.16 Measured power-spectral-density compared to the spectrum, derived from CFD-data,
pictured for two different swirl-numbers

mental data was obtained from a commercial heating system only normalized values
are shown. The spectrum was computed using the model in equation (6.16). The re-
quired data of the reacting flow was achieved by a RANS-simulation. The acoustic
behavior of the burner was determined employing a network-model (see Fig. 6.4).
At the exhaust gas exit the impedance-boundary (6.59) is used. The microphone was
positioned outside of the burner at a certain distance from the exhaust-gas exit. The
sound pressure level at the microphone position was obtained by applying the free
field solution to the sound emitted by the exhaust-gas exit. Big differences between
measurement and simulation appear only at very low frequencies. The noise mea-
sured in this frequency range does not originate from combustion, but is probably
induced by the flow as the comparison with cold sound spectra suggests. This sound
source is not covered by the model. In the range of higher wave-numbers the cal-
culated spectrum agrees well with the measured one. The peak-frequency shows a
good agreement and in particular the spectral descent fits very well. The resonance
peaks in the model data are not seen in the experiment. Therefore a better modeling
of the acoustic system may be needed.

6.4 Conclusions

In this project the formation of combustion noise in premixed turbulent flames has
been investigated. A comprehensive experimental campaign that was sided with the-
oretical development has resulted in the development of a noise source model. This
model was validated in detail and with changing the boundary conditions of the ex-
periment. The model explains the observed effects comprehensively and allows to
draw conclusions on the governing parameters of noise spectra. The effect of enclo-
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Fig. 6.17 Comparison of the measured and the computed sound-pressure-spectrum of an enclosed
flame. Additionally the modeled spectrum of the unconfined flame is shown.

sure was addressed using acoustic network modelling. It was demonstrated that the
sound emission of a commercial heater combuster could be reproduced very well on
the basis of reactive RANS CFD data and the developed combustion noise model.
Further work is needed to extend the current theory to non-premixed flames.
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[20] Mühlbauer B, Ewert R, Kornow O, Noll B, Delfs J, Aigner M (2008) Sim-
ulation of combustion noise using CAA with stochastic sound sources from
RANS. In: 14th AIAA/CEAS Aeroacoutics Conference, Vancouver

[21] Peters N (2000) Turbulent Combustion. Cambridge University Press, ISBN
0-521-66082-3



6 Noise emission of turbulent premixed flames 173

[22] Pfadler S, Leipertz A, Dinkelacker F, Wäsle J, Winkler A, Sattelmayer T
(2006) Two-dimensional direct measurement of the turbulent flux in turbulent
premixed swirl flames. In: 31st Symp (Int.) on Combustion
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Chapter 7
Theoretical and Numerical Analysis of
Broadband Combustion Noise

Thanh Phong Bui and Wolfgang Schröder

Abstract Combustion noise and sound source mechanisms of turbulent reacting
flows are investigated theoretically and numerically. Two major targets have been
addressed in this work. To deepen the understanding about the sound source mech-
anisms involved in the noise generation process of turbulent reacting flows, an ap-
propriate system of equations is required, which is based on an acoustic analogy
concept. For this purpose, the acoustic perturbation equations for reacting flows
(APE-RF) have been derived by reformulating the conservation equations for multi-
component turbulent reacting flows. Furthermore, numerical methods have been de-
veloped to predict combustion generated noise in an efficient and accurate manner.
A hybrid computational fluid dynamics / computational aeracoustics (CFD/CAA)
approach is employed. In the first step of the hybrid analysis the reactive flow field
is modeled via large-eddy simulations (LES) or direct numerical simulations (DNS)
followed by the acoustic simulation in the second step using the APE-RF system.
The acoustic impact of the various source mechanisms are discussed and analyzed
in detail, while special emphasis is placed on the requirements in terms of numeri-
cal aeroacoustics. Numerical results compared with experimental data are shown to
evidence the applicability of the proposed hybrid CFD / CAA method.

7.1 Introduction

In the very beginning of combustion noise research, theoretical considerations [5]
and experimental observations [61] indicated turbulent flames to be low frequency
radiators of essentially monopole type. For this reason, the far-field pressure radi-
ated by turbulent flames has been related to a change of volume increase due to
combustion which acts as a monopole. From these findings, and after LIGHTHILL
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published his brilliant acoustic analogy [47, 48], KOTAKE & HATTA [41] derived in
1965 an inhomogeneous wave equation to account for reacting flow effects. Since
those days, many attempts have been undertaken to clarify the origin of combus-
tion noise [70, 34, 53, 26] and to develop a theory to predict the thermoacoustic
efficiency of turbulent flames [56, 39, 1, 16]. Motivated by experimental results
by PRICE ET AL. [52], in which the far-field acoustic pressure could be correlated
to the time derivative of the methylidyne (CH) emission intensity, STRAHLE [63]
showed in a study, that there is a direct relation between the acoustic pressure and
the volume integral of the time derivative of the global reaction rate. This theory pre-
dicts the radiated acoustic field being isotropic for sound with a wavelength λ  L,
where L denotes the characteristic flame length scale. However, weak directivity
effects have also been reported by SMITH & KILHAM [61], in which they mea-
sured a preferred direction of the radiated sound field, which was between 40◦ and
80◦ for the flame tested. Theoretical and numerical studies [63, 29, 35] about the
acoustic spectrum and directivity effects of turbulent flames also were based on es-
timating the acoustic output of the different contributions in LIGHTHILL’s tensor.
In combustion noise research for flows at low MACH numbers, however, the effect
of unsteady heat release was considered the most dominant source contribution and
therefore, the investigations mainly pursued analyzing the acoustic output of that
mechanism [63, 38, 29, 15]. The dominant contribution of the unsteady heat release
to the acoustic pressure field led in the research field of flame diagnostics to the
idea of formulating an inverse problem in which the unsteady heat release distri-
bution is determined by measuring the acoustic pressure field in open [54] and in
confined [65, 46] systems. In the literature, there are only a few papers in which re-
acting flows are simulated using a fully compressible formulation, i.e., in which the
acoustic wave propagation is taken into account. To solve the problem of compress-
ible multicomponent reacting flows, the transport equations of each species have
to be considered. This, however, restricts the chemical reaction schemes to a very
limited number of subreactions due to the resulting computational costs [58]. Since
many applications within the combustion community can be considered low MACH

number problems, numerous articles deal with combustion simulations using a low
MACH number approximation, where detailed chemical reactions can be used at
reasonable computational costs. However, the disadvantage of this low MACH num-
ber approximation from an acoustic point of view is that no sound propagation can
be directly computed in the flow analysis. In other words, the possible impact of the
acoustic field on the flow and the combustion problem, respectively, is neglected.
A second step has to be performed to investigate the acoustic field. This approach
has been followed in the present two-step method. That is, a large-eddy simulation
(LES) based on incompressible NAVIER-STOKES equations is used to provide the
unsteady flow data to determine the source terms of the acoustic perturbation equa-
tions.

The primary objective of this work is to develop a theoretical basis to investi-
gate combustion noise in a hybrid computational fluid dynamics and computational
aeroacoustics (CFD/CAA) framework. As mentioned above, combustion noise in-
vestigations were mainly based on inhomogeneous wave equations using an ordi-
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nary wave operator [35, 63, 71, 38]. Like Lighthill’s acoustic analogy, those theo-
ries were derived by rearranging the conservation equations of mass and momentum
and the first and second law of thermodynamics to obtain an inhomogeneous wave
equation. This operator describes wave propagation in a uniform mean flow and
the right-hand side contains all non-linear effects including linear mechanisms like
sound refraction and convection. In the present work, we follow the idea by Strahle
[62] and extend an existing set of equations, i.e., the acoustic perturbation equa-
tions (APE) [21], to reacting flows. The homogeneous APE formulation [21] is the
basis to derive the APE system for reacting flows (APE-RF), since the left-hand
side of the APE system describes wave propagation in non-uniform and irrotational
mean flows with varying mean speed of sound, i.e., wave refraction and convec-
tion are taken into account. The stability of the system to arbitrary mean flows was
proven by EWERT & SCHRÖDER [21]. CHIU & SUMMERFIELD [15] pointed out
that the reactive flow field of an open jet flame can be divided into three parts,
namely the outer region, where the speed of sound is uniform, an intermediate re-
gion, in which the mean speed of sound varies in space, and the reaction zone, where
non-linear reacting processes occur. According to this analysis, the inhomogeneous
APE-RF equations are only solved in the reaction zone where the acoustic sources
are non-zero, and the wave propagation in the intermediate and outer region can be
described using the homogeneous system. The overall numerical approach to sim-
ulate combustion noise is a two-step method, the first step of which is based on
an LES, followed by the computational aeroacoustics (CAA) simulation to compute
the acoustic field. This hybrid LES/CAA approach is similar to that used in airframe
noise analyses [21, 22]. However, in this study the description of the acoustic field
is extended to reacting flow effects, which results in the APE-RF system. The reader
is reminded that when chemical reactions are considered, the application of such a
hybrid approach is more essential since the disparity of the characteristic hydrody-
namic and acoustic length scales is even more pronounced than in the non-reacting
case.

The investigation of broadband combustion noise possesses the following struc-
ture. For the sake of completeness, a description of a wave equation based theory
to compute combustion noise is given in the first part of section 7.2. In the second
part of section 7.2, the acoustic perturbation equations extended to reacting flows
(APE-RF) are derived. The sources especially on the RHS of the APE-RF pressure-
density relation are related to sound producing mechanisms in turbulent reacting
flows. Furthermore, simplified source formulation are presented, which are most
suitable in conjunction with a hybrid LES/APE-RF approach. Besides the physical
mechanisms inherently contained on the RHS of the APE-RF system, a local form of
RAYLEIGH’s criterion for wave amplification can be derived from the APE-RF sys-
tem. The structure of the two-step approach is outlined in section 7.3. To show the
capability of the APE-RF system, the acoustic field of the so-called H3 flame is sim-
ulated using a simplified source formulation (qe = −c2ρ/ρDρ/Dt). The results are
presented in section 7.4.1. The source terms, especially the thermoacoustic sources,
which are related with multicomponent reacting flows are investigated in section
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7.4.2 using DNS data. Additional simplified source formulations for the APE-RF
system and their numerical applicability are studied using LES data from the DLR-
A flame in section 7.4.3. In section 7.5 the summary is given and conclusions of this
work are drawn.

7.2 Aeroacoustic theories to compute combustion generated
noise

The aeroacoustics research field deals with the noise generation due to aerody-
namic/flow effects. LIGHTHILL’S acoustic analogy [47, 48] could be seen as the first
attempt to quantify noise generation due to aerodynamic effects. The key idea was to
reformulate the equations governing the fluid motion into one single scalar equation,
i.e., an inhomogeneous wave equation for the density. Using an additional equation
describing the relation between the pressure and the density, the wave equation can
be rewritten in terms of the pressure. From classical acoustics the homogeneous
wave equation was known to describe wave propagation in an uniform medium at
rest, while an acoustic field can be forced by fluctuating contributions, i.e., source
terms on the right-hand side (RHS) of the wave equation. The RHS of LIGHTHILL’S

wave equation now contains expressions resulting from the reformulation of the
fluid governing equations, which have been consequently interpreted as noise gen-
erating mechanisms related to flow effects analogously to classical acoustics. From
this starting point, aeroacoustic investigations for non-reacting flows, e.g., jet noise
[27, 32, 2, 28], rotor noise [6, 24], airframe noise [17, 23, 60], as well as combustion
noise have been performed.

7.2.1 Acoustic analogies based on a scalar wave equation

First attempts to quantify the thermoacoustic efficiency from open turbulent flames
can be attributed to BRAGG’s [5] work in 1963. However, the first article, which ap-
peared in the literature, in which LIGHTHILL’S acoustic analogy has been extended
to reacting flows has been published by KOTAKE & HATTA [41] in 1965. Addition-
ally to the governing equations for mass and momentum, they included the first law
of thermodynamics in their derivation to yield an inhomogeneous wave equations
for the pressure with sources describing the effect of reacting flows. Since these
days, many derivatives of an inhomogeneous wave equation have been published
[15, 64, 18, 71, 38] to account for reacting flow effects and trying to derive scaling
laws for combustion generated noise.

Since the publication of LIGHTHILL’S acoustic analogy, knowledge about how
to interpret the sources of the RHS of the inhomogeneous wave equation has grown
substantially. For instance, it has been pointed out by DOAK [19] and FFOWCS

WILLIAMS [25] that besides the “real” acoustic source mechanisms, the RHS also
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includes effects like wave refraction, i.e., pseudo source terms. Since the homoge-
neous wave equation is valid to describe wave propagation in a uniform mean flow
only, the otherwise erroneous description of wave propagation in a non-uniform
mean flow has to be compensated by source terms, which are no sound producing
but rather sound field modifying or correction terms. One major goal in the field of
aeroacoustic research, which has been followed since then, is to identify and sepa-
rate the “real” sources from the pseudo sources. An intermediate step to reach this
goal has been proposed by e.g. HOWE [32], MÖHRING [50], and others. They were
able to separate the refraction and convection effects from the other sources and
shifted these effects to the left-hand side of the wave equation. The resulting wave
operator then was capable of describing wave propagation in non-uniform mean
flows, which leads to a reduction of the source area. However, no explicit integral
formulation can be given, since in general no solutions to the associated GREEN’s
function are known.

EWERT & SCHRÖDER [21] used this concept in the case of the linearized EULER

equations to yield a system of acoustic perturbation equations (APE) capable of
describing wave propagation in an irrotational non-uniform mean flow.

7.2.2 Acoustic perturbation equations for reacting flows (APE-RF)

Four different APE formulations have been presented in [21]. The APE-1 system
represents the fundamental system of acoustic perturbation equations. This system
has been derived by reformulating the continuity and NAVIER-STOKES equations
into a system with independent variables (h,u)T

∂h
∂ t

+ c2
∞ (∇ ·u) = q (7.1)

∂u
∂ t

+∇h = f (7.2)

with

q = −u ·∇h−
(
c2 − c2

∞
)
(∇ ·u)+

c2

R
Ds
Dt

(7.3)

f = −(u ·∇)u+
∇ · τ
ρ

+T∇s, (7.4)

where h and u are the enthalpy and the velocity vector, respectively. The key idea
of this rearranging is that the resulting homogeneous system is linear, or in other
words, that its coefficients (c∞,1) are constant. This allows for deriving filter ma-
trices, which can be applied to the RHS to yield a source formulation, which in
turn excites acoustic modes only. A shifting of the terms describing refraction and
convection of acoustic waves from the RHS to the LHS, yields the APE-1 system
for the perturbation variables (p′,ua)T . In a next step, they have shown, that this



180 Thanh Phong Bui and Wolfgang Schröder

system is able to describe wave propagation in an irrotational non-uniform mean
flow. Moreover, the stability for arbitrary mean flows has been proven. The advan-
tage of a filtered source, which does not excite other modes than the acoustic one,
however, requires additional computational effort in evaluating those source terms
[21]. Once, the benign properties of the homogeneous APE system has been shown
and the stability has been proved, they introduced the APE-4 formulation, which
incorporates an easy to evaluate source formulation. Therefore, the continuity and
NAVIER-STOKES equations are rewritten, such that the LHS structure corresponds
to the homogeneous APE-1 system, while all other terms are shifted to the RHS.
Note, though the APE-1 and the APE-4 formulations differ in their source formu-
lation, they comprise the same number of modes, namely the acoustic and vorticity
modes, while the entropy modes are excluded. The acoustic perturbation equations
for reacting flows (APE-RF), which will be discussed in the next subsection, are
based on the homogeneous APE system [21]. A set of three equations, such as
the APE-2 formulation, is chosen to form the APE-RF system. A comparison with
the two-equation formulation, like the APE-4, will be given below. For combustion
noise simulations this homogeneous system has been chosen to take advantage of
its benign properties to simulate wave propagation, i.e., its validity for irrotational
non-uniform mean flows, while excitations of instabilities are prevented. Like the
APE-4 formulation, the resulting sources are not filtered. Using the decomposition
of the density (ρ), the pressure (p), and the velocity (u) into a mean, denoted by an
overbar, and a fluctuating part, denoted by a prime

ρ = ρ +ρ ′ (7.5)

p = p+ p′ (7.6)

u = u+u′ (7.7)

the homogeneous APE system [21] in a three-equation variant reads

∂ρ ′

∂ t
+∇ ·

(
ρ ′u+ρu′

)
= qc (7.8)

∂u′

∂ t
+∇
(
u ·u′

)
+∇
(

p′

ρ

)
= qm (7.9)

∂ p′

∂ t
− c2 ∂ρ ′

∂ t
= qe, (7.10)

where qc, qm and qe are zero. To derive the APE-RF system, the governing equations
for reacting flows are rearranged such that the left-hand side describes the original
homogeneous APE system, whereas the right-hand side (RHS) consists of all re-
maining terms including the sources related to chemical reactions. This derivation
of the APE-RF system, which is based on the conservation of mass, momentum,
and energy of multicomponent reacting flows, is given in detail in Bui et al.[13].
Since the main combustion noise source, i.e., the unsteady heat release rate, can be
found on the RHS of the pressure-density relation, the different source mechanisms
contained in this equation are discussed in the following section 7.2.2.1.
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7.2.2.1 Source mechanisms contained in the pressure-density relation

To clarify the different contributions, i.e., the different source mechanisms contained
in the RHS of the pressure density relation, the energy equation for reacting flows,
i.e.,

Dρ
Dt

=
1
c2

Dp
Dt

+
α
cp

(
N

∑
n=1

∂h
∂Yn

∣∣∣∣
ρ,p,Ym

ρ
DYn

Dt
+∇ ·q− ∂ui

∂x j
τi j

)
, (7.11)

is introduced to express the substantial time derivative of the density, where α is the
volumetric expansion coefficient. To derive the required expressions, the equation
of species conservation, which reads

ρ
DYn

Dt
= ωn −∇ · Jn (7.12)

is also introduced, with Jn and ωn representing the flux of species n by diffusion and
the production rate per unit volume, respectively. Then the sum within eqn. (7.11)

∑N
n=1

∂h
∂Yn

∣∣∣
ρ,p,Ym

ρ DYn
Dt can be rewritten using the species conservation equation and

the chain rule

∂h
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∂h
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ρ,p,Ym

+
∂h
∂ρ

∣∣∣∣
p,Yn

∂ρ
∂Yn

∣∣∣∣
T,p,Ym

. (7.13)

Therefore, the term appearing in the pressure-density relation can be divided into
three parts
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ωn

)
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SIB

−
N
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∂h
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∇ · Jn
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SIC

. (7.14)

The first part SIA is given by the heat release rate per unit volume and the second part
SIB describes the volumetric expansion due to non-isomolar combustion, if the av-
erage molecular weight is not assumed to be constant, as was shown by TRUFFAUT

ET AL. [71]. The third term SIC is determined by the effects due to species diffusion.
Additionally to these sources, heat diffusion and viscous effects are represented by
∇ ·q and ∂ui

∂x j
τi j in eqn. (7.11).

In a more physical formulation, the pressure-density relation of the APE-RF sys-
tem can therefore be written as
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∂ p′

∂ t
− c2 ∂ρ ′

∂ t
=

−c2

⎡
⎢⎢⎢⎢⎣
(
ρ
ρ

+
p− p

ρc2

)
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
c2

Dp
Dt

+
α
cp

(
SIA +SIB +SIC +∇ ·q− ∂ui

∂x j
τi j

)
︸ ︷︷ ︸

Dρ/Dt

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

− 1

c2

Dp
Dt

−∇ · (uρe)−
γ−1
γ

u ·∇ρ− p

c2 u ·
(
∇p
p

− ∇ρ
ρ

)
︸ ︷︷ ︸

χ

⎤
⎥⎥⎥⎦ . (7.15)

Additionally to the aforementioned source mechanisms, the remaining sources of
eqn. (7.15) describe the non-uniform mean flow effects (χ), the excitation of acous-
tic waves due to combustion at non-constant pressure, and the influence of accel-
eration of density inhomogeneities (∇ · (uρe)) on the radiated field within a region,
where density and sound speed differ from the ambient values.

7.2.3 Summary of the APE-RF formulation

To better understand the form of the APE-RF system, the most important aspects
of the APE-RF system are summarized in the following. Rearranging the conser-
vation equations of mass and momentum for a multicomponent fluid, such that the
left-hand side result in the original APE system leads to the equations for the pertur-
bation density and velocities of the APE-RF system. Additionally to these two equa-
tions, a pressure density relation has to be included to close the system whose RHS
is zero, if only isentropic flows are considered. However, in the case of combustion
this source term can not be neglected. It is this RHS of the pressure-density rela-
tion (7.15), which includes the source dominating the excitation of acoustic waves
in combustion noise. By introducing the energy equation for multicomponent react-
ing flows, several other source mechanisms could be identified besides the effect of
unsteady heat release. Hence, the general APE-RF system yields

∂ρ ′

∂ t
+∇ ·

(
ρ ′u+ρu′

)
= qc,r f (7.16)

∂u′

∂ t
+∇
(
u ·u′

)
+∇
(

p′

ρ

)
= qm,r f (7.17)

∂ p′

∂ t
− c2 ∂ρ ′

∂ t
= qe,r f (7.18)

with the right-hand side sources
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qc,r f = −∇ ·
(
ρ ′u′
)′

(7.19)

qm,r f = ∇p

(
1
ρ
− 1
ρ

)
− 1
ρ

[
∇p+

(
ρ
ρ

c2 − c2
)
∇ρ

]

+

[
∇ · τ
ρ

+∑
k

Yk fk − (u ·∇)u−
(
u′ ·∇

)
u′ −

(
ω ′ ×u

)
−
(
ω×u′

)]
(7.20)

qe,r f = −c2
[(

ρ
ρ

+
p− p

ρc2

) {
1
c2

Dp
Dt

+
α
cp

(
SIA +SIB +SIC +∇ ·q− ∂ui

∂x j
τi j

)}

− 1

c2

Dp
Dt

−∇ · (uρe)−
γ−1
γ

u ·∇ρ− p

c2 u ·
(
∇p
p

− ∇ρ
ρ

)]
. (7.21)

It has to be emphasized that during the derivation of the APE-RF system no assump-
tions about non-premixed or premixed flames have been made, such that the APE-
RF system is generally valid for multicomponent reacting flows. During derivation,
the “excess density” has been introduced, which is defined as

ρe = (ρ− ρ̄)− p− p̄
c̄2 . (7.22)

In general, the APE-RF system can be reduced to a two equation system like the
APE-4 variant. This would lead to an APE system for reacting flows, which is di-
rectly comparable to the APE-4 version, i.e., the homogeneous system possesses
only vortical and acoustic modes, while the RHS sources are not filtered. In terms of
combustion noise, however, it has to be emphasized that no assumptions or simpli-
fications have been applied during the derivation procedure, such that the APE-RF
system is generally valid for simulating noise excited by multicomponent turbulent
reacting flows compared to the APE-4 formulation, in which the entropy source
term formulations are based on a first order approximation of the first law of ther-
modynamics. The three equation version, like the APE-2 variant, has been chosen
for the APE-RF system to avoid additional derivatives to be evaluated for the source
terms and to more clearly relate the different source expressions to physical source
mechanisms. However, as has been shown for the APE-2 system [21], the entropy
modes are reintroduced into the system.

7.2.4 Source term formulations

7.2.4.1 Simplified formulation I: Substantial time derivative of the density

Eqs. (7.19,7.20,7.21) contain all the source terms or, in other words, all acoustic
source mechanisms, which excite the sound field when reacting flows are consid-
ered. On the one hand, this set of equations represents the intricate physics involved
in combustion generated sound fields, on the other hand, it evidences that the sim-
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ulation of the sound generation process is extremely cumbersome to compute. For
this reason, we now turn to introduce a simpler source term that can be easily deter-
mined by an LES solution.

The easier source formulation is compared with the complete system to evidence
what mechanisms are neglected and what sources are retained in the simplified APE-
RF system. By juxtaposing numerical and experimental data in sec.7.4.1, 7.4.2, and
7.4.3 it will be shown how reliable the concise source formulation is or, in other
words, it will be indicated how little the impact of the neglected terms on the sound
field of an open non-premixed flame is.

Comparing the pressure spectra between the reacting and non-reacting case of
the radiated field of non-premixed and premixed flames it can be assumed that the
effect of chemical reactions dominates over vortex induced noise, which generally
is the dominant source term in non-reacting jets. For instance, jet noise simulations
of non-reacting jets have been performed by GRÖSCHEL ET AL. [28] for single and
coaxial jets using LES and the APE system. The major source term was shown to
be the perturbed Lamb vector, which appears on the RHS of the APE-momentum
equation.

To simulate combustion noise, former studies showed the effect of unsteady heat
release is to be included in the investigation. Since the total time derivative of the
density contains this major effect and the instantaneous density fluctuation is imme-
diately available from an LES, this term represents the simplified source expression
of the RHS of the APE-RF system, while mean flow effects and the acceleration
of density inhomogeneities are neglected. Recall from eqn. (7.11) that besides the
unsteady heat release, the effects of non-isomolar combustion, heat and species dif-
fusion, and viscous effects are implicitly taken into account. This leads to a reduced
RHS of the pressure-density relation

qe,r f ,Dρ = −c2
(
ρ
ρ

+
p− p

ρc2

)
Dρ
Dt

. (7.23)

In the following, the second term being multiplied by a factor of p−p
ρc2 will be shown

to be negligible in the low MACH number limit. Applying a low MACH number
approximation by expanding the flow variables of the flow in a power series of ε =
γM2, the first and second term of the expansion of the pressure yields p(0) and p(1).
These terms can be interpreted as a thermodynamic pressure and a hydrodynamic
pressure, respectively, as was done by MCMURTRY ET AL. [49] or KLEIN [37].
The lowest order in ε of the conservation equations [49] leads to a relationship,
in which the thermodynamic pressure p(0) is spatially uniform. Additionally p(0)

is assumed to be constant in time, since an open physical domain is considered
here. This means, the only contribution to the pressure fluctuation is due to the
hydrodynamic pressure fluctuation. Rewriting eqn. (7.23) and introducing reference
quantities yields
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qe,r f ,Dρ = −c2
(

1+
p− p
γ p

)
ρ
ρ

Dρ
Dt

= −c2

(
1+

p− p

ρre f c2
re f

ρre f c2
re f

γ p

)
ρ
ρ

Dρ
Dt

. (7.24)

The two terms containing the product ρre f c2
re f can be estimated by

p− p

ρre f c2
re f

∝
ρre f u2

re f

ρre f c2
re f

= M2 (7.25)

ρre f c2
re f

γ p
=

pre f

p
. (7.26)

Since pre f = p the second term in eqn. (7.23) scales with M2 and as such it can be
neglected in the low MACH number limit. Thus, the RHS of the pressure-density
relation reduces to the very convenient form

qe,r f ,Dρ = −c2 ρ
ρ

Dρ
Dt

. (7.27)

7.2.4.2 Simplified formulation II: Partial time derivative of the density

From the definition of the “excess density” eqn. (7.22) it is evident, that neglect-
ing the pressure fluctuations within the source term of the pressure-density relation
leads to a source formulation, which is just represented by the partial time derivative
of the density multiplied by the square of the mean speed of sound. In the follow-
ing paragraph, this formulation is again derived. Moreover, the starting point is the
pressure-density relation in eqn. (7.21) to clarify the included source mechanisms
within the partial time derivative of the density.

If the effect of acceleration of density inhomogeneities ∇ · (uρe) is additionally
taken into account besides the effects included in the substantial time derivative of
the density, while the pressure variation within the source term is neglected (ρe ≈
ρ−ρ), eqn. (7.21) reduces to

qe,r f ,∂ρ = −c2
[
ρ
ρ

Dρ
Dt

−∇ · (uρe)−u ·∇ρ
]

= −c2
[
ρ
ρ

Dρ
Dt

−
(

u ·∇ρ−u ·∇ρ +ρ∇ ·u+
ρ
ρ

Dρ
Dt

)
−u ·∇ρ

]

= −c2 ∂ρ
∂ t

, (7.28)

where the mass conservation equation has been used to substitute the divergence of
the velocity field. Note, the two simplified source formulations, however, requires
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CFD input data, in which acoustic components are excluded, i.e, incompressible
flow solutions. This is addressed in more detail in section (7.3.1.3).

7.2.5 Rayleigh’s criterion for acoustic wave amplification

Since the phenomenon of acoustic-flame interaction is often discussed based on the
RAYLEIGH criterion [55], it is worth mentioning that this fundamental criterion is
inherently contained in the pressure-density relation of the APE-RF system. This
RAYLEIGH criterion reads that the acoustic response is amplified if the pressure
fluctuation and the heat release occur in phase. In recent studies, LAVERDANT &
THéVENIN [42] and LAVERDANT ET AL. [43] used a so-called local RAYLEIGH’S

criterion to investigate the interaction of an acoustic wave with a turbulent flame.
This criterion can be derived using the balance equation for the acoustic energy to
yield [42]

γ−1
γρc2 ln

(
p
p0

)
SIA > 0, (7.29)

for the acoustic amplification due to acoustic-flame interaction.

The term SIA =∑N
n=1

∂h
∂Yn

∣∣∣
T,p,Ym

ωn was defined in eqn. (7.14) and represents the heat

release rate per unit volume. The same criterion can be directly determined from the
APE-RF pressure-density relation. If only the unsteady heat release is considered,
the RHS of eqn. (7.21) reduces to

qe,r f = −c2
(
ρ
ρ

+
p− p

ρc2

)
α
cp

SIA

= −c2
(

1+
p− p
γ p

)
ρ
ρ
γ−1

c2 SIA. (7.30)

The acoustic-flame coupling is contained in the second term. Hence, an amplifica-
tion of the acoustic response occurs if

γ−1
γρc2

p− p
p

SIA > 0, (7.31)

i.e., if the pressure fluctuation is in phase with the unsteady heat release, as has
been stated by RAYLEIGH [55]. A statement about the amplification or attenuation
of an acoustic wave due to acoustic-flame interaction can be given using either eqn.
(7.29) or (7.31). In this study, however, this acoustic-flame interaction mechanism
is neglected, since this source is assumed to be small for unconfined flames.
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7.3 Hybrid CFD/APE-RF method to simulate combustion noise

Different strategies can be pursued to simulate combustion noise using a hybrid
approach. Generally, hybrid aeroacoustic methods are based on the scale separa-
tion. Due to the large difference in hydrodynamic and acoustic length scales, the
problem of interest, e.g., jet noise predictions, is divided into two sub-problems in
non-reacting flows. Turbulent reacting flows, however, possess an additional range
of scales, i.e., the chemical time and length scales. Therefore, a hybrid aeroacoustic
approach in terms of combustion noise is to be divided into three sub-levels, namely
the chemical, hydrodynamic, and the acoustic range of length and time scales. In
this work, the APE-RF system is used to describe the acoustic field excited by
open turbulent flames. Unsteady CFD solutions of turbulent reacting flows, e.g.,
compressible DNS (section 7.4.2) and incompressible variable density LES data
(sections 7.4.1, 7.4.3), are used as input data to drive the acoustic equations. In par-
ticular, this section deals with several aspects of the hybrid approach used in this
work. CFD/CAA interface conditions are highlighted in the first step in terms of
their impact on the acoustic solution, when the CFD results are transferred to the
CAA mesh. An effect, which is termed “artificial acceleration due to interpolation”
and could lead to erroneous results is presented in the following. The use of com-
pressible or incompressible CFD data to evaluate the source terms of interest is
addressed in section 7.3.1.3, followed by an analysis of the influence of the variable
mean speed of sound. In the last part, the properties of the numerical methods used
in the CAA simulations are discussed and the numerical schemes are summarized.

7.3.1 CFD/CAA interface conditions

7.3.1.1 Inner damping zone

For the simulation of trailing edge noise, SCHRÖDER & EWERT [57] have intro-
duced in conjunction with the APE system a formulation on the embedded bound-
ary of the inner source and the outer acoustic wave propagation region, which sup-
presses spurious noise generated by the artificial boundary. It was shown in [57]
that a sudden appearance of a convecting vortical disturbance due to the truncated
source region, i.e., the CFD region, generates spurious noise. This spurious noise
contaminates the acoustic solution, since its origin is non-physical. The fundamen-
tally derived formulation for those silent embedded boundaries was shown to effec-
tively suppress spurious noise for sources of the momentum equation of the APE
system.

In the following, this zonal formulation will be demonstrated to be also applica-
ble to the pressure-density relation and to the modified continuity equation in the
APE-RF system. We start by reformulating the APE-RF system as a single scalar
wave equation by applying the time derivative to the continuity equation (7.16) and
the pressure-density relation (7.18) and by taking the divergence of the momentum
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equation (7.17). The resulting wave equation then reads

L (p′) =
∂qc

∂ t
− ∂qe

∂ t
+∇ ·qm, (7.32)

where L (p′) represents the resulting wave operator and qc, qm, and qe are the
sources of the modified continuity equation, the momentum equation and the
pressure-density relation, respectively. It was shown in [57] that only those compo-
nents of the source vector on the RHS of the momentum equation produce spurious
noise, which are not parallel to the normal vector of the inner boundary zone. For
instance, if the normal vector of this zone is aligned with the x-direction and the
sources qm = (0,qm,y,0)T and qe are considered, eqn. (7.32) reduces to

L (p′) = −∂qe

∂ t
+
∂qm,y

∂y
. (7.33)

After reformulating eqn. (7.33)

L (p′) = − ∂
∂ t

(
∂
∂y

∫ y
qedy′

)
+
∂qm,y

∂y

= − ∂
∂y

(
∂
∂ t

∫ y
qedy′

)
+
∂qm,y

∂y
(7.34)

the term in parentheses can be understood as a momentum source such that the filter
being used on the inner zone

h(x) =

⎧⎪⎪⎨
⎪⎪⎩

0 for x ≤−d/2

1
2

[
1+ sin

(πx
d

)]
for −d/2 < x < d/2

1 for x ≥ d/2,

(7.35)

with d representing the filter zone width, can also be applied to the first term of eqn.
(7.34). The resulting form of eqn. (7.34) on the embedded boundary reads

L (p′) = − ∂
∂y

(
h(x)

∂
∂ t

∫ y
qedy′

)
+

∂
∂y

(
h(x)qm,y

)

= − ∂
∂y

(
∂
∂ t

h(x)
∫ y

qedy′
)

+
∂
∂y

(
h(x)qm,y

)
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∂ t
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∂
∂y

(
h(x)
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qedy′
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∂
∂y

(
h(x)qm,y

)
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∂ t
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∂h(x)
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qedy′ +h(x)qe
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∂
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h(x)qm,y
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∂ t

(
h(x)qe

)
+

∂
∂y

(
h(x)qm,y

)
. (7.36)
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It is evident from eqn. (7.36), that the formulation derived in [57] can be applied
to the source terms of the pressure-density relation of the APE-RF system. Since
the source of the modified continuity equation qc is also expressed via the time
derivative like the source of the pressure-density relation qe in eqn. (7.32) the filter
zone can also be applied to qc.

To show the impact of the filter zone, a convection of an iso-thermal density dis-
tribution with a non-dimensional mean flow of u = (0.1,0)T is simulated, which can
be considered as a convecting entropy spot. Since the local temperature is constant
the speed of sound does not change. In an iso-thermal case, the ideal gas law can be
rewritten as

∂ p′

∂ t
−RT

∂ρ ′

∂ t
= 0. (7.37)

Inserting eqn. (7.37) into the source term of the pressure-density relation eqn. (7.18)

qe = −c2 ∂ρe

∂ t
(7.38)

yields the source

qe = −c2 ∂ρ ′

∂ t

(
1− 1

γ

)
. (7.39)

The density distribution is assumed to be GAUSSIAN

ρ ′ = Aexp

(
− ln(2)

(x− x0)2 +(y− y0)2

σ2

)
(7.40)

with an amplitude of A = 0.1, a half-width of σ = 0.05, and a moving center point
of x0 = (x0 = −0.5 + ut,y0 = 0)T . The computational domain of this test problem
consists of 300×300 grid points.

Figs. 7.1(a) show the perturbation density field at the non-dimensional time t =
0.1. This perturbation was induced by an onset of the source term at x0 =−0.5, t = 0.
Figs. 7.1(a) illustrate the density contours resulting from a source term based on an
analysis without (left) and with (right) filter zone. This filter zone ranges from x =
−0.5 through x =−0.2, i.e., the width of the filter zone is d = 0.3. The perturbation
density at a later non-dimensional time of t = 0.4, i.e., the entropy spot has been
convected to x =−0.1, is depicted in Fig. 7.1(b). Fig. 7.1(b) (left) evidences besides
the convected perturbation at x =−0.1 a density distribution confined to the interior
boundary at x = −0.5. The distribution in Fig. 7.1(b) (right), which is based on
a computation with the embedded filter zone, does not show any disturbances at
x = −0.5. From the test of the convecting entropy spot being illustrated in Fig. 7.1
it can be concluded that spurious noise especially in the higher frequency range is
effectively suppressed by applying a filter zone to the source term qe similarly to
that being used for qm in [57].
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(a) non-dimensional time t = 0.1

(b) non-dimensional time t = 0.4

Fig. 7.1 Density contours to illustrate spurious sound induced at an inflow boundary located at
x =−0.5 by a passively convecting iso-thermal entropy spot. Inner zone width: d = 0 (left); d = 0.3
(right)

7.3.1.2 Artificial acceleration due to interpolation

What exactly is different between qe,r f ,Dρ and qe,r f ,∂ρ , which could lead to this
unexpected behavior? To tackle this problem, a numerical study is performed, in
which a GAUSSIAN density spot

ρ(x, t) = 0.1exp

(
− ln(2)

(x− x0(t))
2 +(y− y0)

2

0.52

)
(7.41)

with

x0(t) = −9.0+ut (7.42)

is constantly convected with a uniform mean flow (ρ,u,v, p)T = (1, 0.5, 0, 0.7142)T .
The difference between those two formulations qe,r f ,∂ρ and qe,r f ,Dρ is that the source
term qe,r f ,∂ρ incorporates the effect of acceleration of density inhomogeneities.
However, in this case, neither qe,r f ,Dρ nor qe,r f ,∂ρ excite acoustic responses, since
an entropy spot, which is being convected constantly with the mean flow does not
produce any noise. This is apparently directly holds for qe,r f ,Dρ , since by definition,
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this source term vanishes. Unlike qe,r f ,Dρ , the source term qe,r f ,∂ρ is non-zero for a
constantly convecting entropy spot, or in other words. Using the density distribution
in eqn. (7.41), this test case is analytically prescribed with

qe,r f = −c2 ∂ρ
∂ t

(7.43)

on a very fine mesh (Fig. 2(a)). For the simulations on the two coarse grids, the
prescribed sources on the very fine mesh are interpolated onto two coarser meshes
(Fig. 2(b), 2(c)). Numerically, the entropy spot is initialized at x = (−9.0, 0.0) with-
out using an embedded inner damping zone, such that an initial acoustic response
occurs. However, in the following, this entropy spot is just being convected at u and
should therefore not produce any sound. In the analytically prescribed case in Fig.
2(a) no acoustic disturbance is visible due to the convected spot. At this instant this
entropy spot has already been convected 15 units in the positive x-direction.

In the next step, the source terms are sampled with a time increment of Δ t =
0.1 and are interpolated onto two different grids, i.e., the same physical domain is
discretized by 63× 63 grid points and 112× 112 mesh points. Fig. 2(d) shows the
source position and the source contours at t = 30, while Since the mean flow speed
in the x-direction has been set to be constant at u = 0.5, it appears that the entropy
spot on the coarser grids is not only been convected, but also been accelerated. A
dipole-like sound field is been produced by this effect, which will be referred to as
the “artificial interpolation induced acceleration” effect. The resulting sound fields
are shown in Fig. 2(b) and Fig. 2(c). It is clearly demonstrated that this effect is
able to generate significant spurious noise. The numerical results obtained from
the simulation using the fine mesh and the source formulation qe,r f ,∂ρ show the best
agreement with the experimental findings. However, as was shown before, the use of
this source formulation requires a preserving of the convection speed during source
term interpolation.

7.3.1.3 Compressible versus incompressible

In this subsection, the impact of different source formulations of the pressure den-
sity relation in conjunction with input data from either a compressible or an in-
compressible CFD solution is investigated. It will be shown that input data taken
from a compressible flow simulation requires a special source formulation, while
incompressible input data allows alternative expressions for the right-hand side of
the pressure-density relation.

Consider an entropy fluctuation due to unsteady heat release at constant back-
ground pressure and zero mean flow velocities. A constant-pressure process is as-
sumed, which is a classical result of the combustion analysis for flames burning in an
open domain. To show the difference in using either compressible or incompressible
input data, first, the entropy fluctuation is modeled by a periodic fluctuating source
term with GAUSSIAN shape via
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(a) 401×401 grid points (b) 112×112 grid points

(c) 63×63 grid points (d) qe,r f at t = 30

Fig. 7.2 Instantaneous contours of an entropy spot at t = 30 convecting with a mean flow speed of
u = 0.5 in the x-direction, on three meshes with different resolutions (a,b,c). At this moment, the
entropy spot has been convected to the position x0 = (6, 0) (d).

s = s0(x,y)cos(ωt), (7.44)

instead of using input data from an incompressible or compressible CFD simulation,
while qc and qm are zero.

It is evident from eqn. (7.15) that a non-zero RHS of the pressure-density relation
indicates an entropy fluctuation in a certain flow region. In the following, it will be
demonstrated that for low MACH number flows such as the combustion processes
studied in this work the entropy fluctuation can be evaluated equivalently from in-
comressible or compressible CFD data. In such a case, it is assumed that an unique
decomposition of the flow variables into time averaged mean, fluctuating hydrody-
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namic (h) and acoustic (a) quantities exists

ρ = ρ +ρh +ρa (7.45)

u = u+uh +ua (7.46)

p = p+ ph + pa. (7.47)

Since the APE-RF system is an exact consequence of the conservation equations
governing chemically reacting flows, the entropy source term can be evaluated al-
ternatively from CFD data if the pressure and the density fluctuation are given via

∂ s′

∂ t
=

cp

ρc2

(
∂ p′

∂ t
− c2 ∂ρ ′

∂ t

)
. (7.48)

Substituting the aforementioned decomposition into eqn. (7.48) yields

∂ s′

∂ t
=

cp

ρc2

⎡
⎢⎢⎢⎣
(
∂ ph

∂ t
− c2 ∂ρh

∂ t

)
+
(
∂ pa

∂ t
− c2 ∂ρa

∂ t

)
︸ ︷︷ ︸

=0

⎤
⎥⎥⎥⎦ , (7.49)

while it is evident that the last two terms in eqn. (7.49) cancel out each other due
to the isentropic behavior of the acoustic waves. Furthermore, using eqn. (7.49), it
is also demonstrated that in this case the entropy fluctuation can be either evalu-
ated using data taken from an incompressible or compressible CFD solution, or in
other words, the entropy fluctuation in this case is governed by the hydrodynamic
fluctuations only. At this point, two aspects have to be emphasized. The prescribed
entropy fluctuation can be considered being evaluated from an incompressible CFD
solution, while the solution of the APE-RF system represents a compressible ver-
sion of this flow case. The solution of the prescribed entropy fluctuation will be
referred to as the solution of “case (1)”. Based on the results of “case (1)” two
simulations are performed to show on the one hand the error caused by the use of
a simplified source formulation in conjunction with compressible CFD input data
“case (2)”, and on the other hand to show that simplified source formulations have
to fulfill a special constraint if compressible input data are taken. In the next sim-
ulation “case (2)”, the solution of the density fluctuation of “case (1)” is taken as
input data to model the source term evaluated from a compressible CFD simulation
using the simplified formulation (eqn. (7.28)). The acoustic solution differs from the
previous case, since the density fluctuation, which has been fed into the RHS of the
pressure-density relation (Fig. 7.3(c)), includes acoustic components, which leads
to non-physical acoustic-acoustic excitations. However, if the entropy fluctuation is
evaluated in the third case using eqn. (7.48), which is shown in Fig. 7.3(b), i.e., the
pressure fluctuations from the compressible solution are also taken into account, the
acoustic components of qe cancel out each other and the entropy fluctuation is again
governed by the hydrodynamic density fluctuation only. A comparison of the per-
turbation pressure time history of each test case is shown in Fig. 7.3(c). For a low
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MACH number case, these test cases clearly show that an examination of the im-
pact of different source components using a compressible CFD input data requires a
careful formulation of the source terms of interest, such that no unphysical acoustic
components are included on the RHS of the APE-RF system. A similar behavior has
also been observed by EWERT [20]. He showed that the use of acoustic containing
pressure fluctuations as input data in conjunction with the APE-2 formulation leads
to unphysical acoustic-acoustic excitations. Moreover, if incompressible input data
is available, no special care has to be taken in formulating simplified source terms.
In general, each source of interest can be examined separately, since no acoustic
information is included by definition and errors due to acoustic-acoustic excitations
are avoided.

(a) qe from an incompressible solution (b) qe from a compressible solution; full
RHS

(c) qe,red simplified source formulation using
a compr. solution

(d) perturbation pressure p′ at r/D = 5. case
(1): incompressible input data; case (2): com-
pressible input data, only density fluctua-
tion; case (3): compressible input data, qe full
RHS

Fig. 7.3 (a)-(c): Source term distribution using compressible or incompressible input data and dif-
ferent source formulations.(d): acoustic impact of the different input data and source formulations
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7.3.1.4 Influence of the variable mean speed of sound

In this subsection, the need of the inclusion of the variable mean speed of sound in
the acoustic simulation will be shown. A numerical study is performed, in which
the acoustic field of an artificial heat source is simulated using the mean flow field
of the DLR-A flame. Reconsider the RHS of the pressure-density relation

qe = −c2 ∂ρ ′

∂ t
, (7.50)

in which the pressure fluctuation vanishes. In the numerical tests, the fluctuating
density distribution is assumed to be GAUSSIAN in space and fluctuating in time,
represented by following equation

∂ρ ′

∂ t
= 0.1exp

(
− ln(2)

(x− x0)2 +(y− y0)2 +(z− z0)2

σ2

)
cos(ωt). (7.51)

The source is placed at x0
T = (20, 0, 0)T , since the major sound source from the

H3- (section 7.4.1) as well as the DLR-A flame (section 7.4.3) can be found in the
region x/D < 40 . Four different periodic cases are considered, in which the source
period is varied (T = 15; T = 30; T = 60; T = 90). These periods correspond to
STROUHAL numbers of (St = 0.540; St = 0.269; St = 0.135; St = 0.090), respec-
tively. Fig. 7.4(a) shows the contours of the mean density. The instantaneous pertur-
bation pressure in the streamwise center plane at the non-dimensional time t = 300
is illustrated in Figs. 7.4(b)-(e) for the four different aforementioned cases. From
these figures, the influence of the variable mean speed of sound is already notice-
able. The refraction effect due to the variable mean speed of sound is more visible
from the directivity pattern of each case in Fig. 7.5. To evaluate the directivity pat-
terns, uniformly distributed observer points located on a circle in the x/y-plane with
radius r/D = 40 and center point xT = (20, 0, 0)T have been used. The (Θ = 0◦)-
axis in Fig. 7.5 coincides with the flame axis. A “zone of silence”, in the region
between 0◦ <Θ < 20◦, can be observed from Fig. 7.5, which has also been reported
from numerical studies in [36]. Moreover, the refraction effect is dependent on the
frequency. Two main directivity effects are readily identifiable. First, the preferred
direction of acoustic radiation is changed from (Θ = 84◦,= 98◦,= 113◦,> 121◦)
for (T = 90,= 60,= 30,= 15), respectively. The second effect is the change of the
shape of the directivity pattern, from a monopole-like pattern to a multipole struc-
ture of the excited acoustic field. This behavior, however, has not been observed by
IHME ET AL. [36], since they have placed their periodic source term at the jet exit
position (x = (0, 0, 0)), i.e., the upstream traveling wave fronts are not refracted due
to the uniform mean flow in the upstream area. In the current study, the source term
is located at a position (x = (20, 0, 0)) downstream of the jet exit, which allows for
waves being refracted while propagating in the upstream direction. In a real flame,
the “zone of silence” has not been observed from experiments, since the acoustic
driving sources are distributed over a wide spatial area. However, from these find-
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(a) mean density ρ (b) T = 15

(c) T = 30 (d) T = 60 (e) T = 90

Fig. 7.4 Contours of the mean flow density (a) and the instantaneous perturbation pressure p′ at
t = 300 using a periodic artificial heat source with different angular frequencies ωi = 2π/Ti and
non-uniform mean speed of sound (b-e)

ings, the multipole character of the acoustic field can be related at least partly to the
refraction effects as has been theoretically presumed by STRAHLE [63].

7.3.2 Numerical methods used in the CAA

Numerical methods, which deal with aeroacoustic problems have to face a com-
pletely different set of challenges than common CFD methods due to several rea-
sons. Many optimized schemes to discretize the partial differential equations, gov-
erning the acoustic wave propagation have been developed successfully in the past
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Fig. 7.5 Directivity patterns for different angular frequencies ωi = 2π/Ti

decade [68, 33, 4, 44, 72, 66] to account for the requirements listed above. A sound
summary and review about the development and the available numerical schemes
for CAA has been given for instance in [67, 45, 20]. The APE-RF system has been
solved using the standard 7-point DRP stencil by TAM & WEBB [68] for spatial
discretization, while the time integration is done via the alternating 5/6-LDDRK
scheme by HU ET AL. [33]. Since the APE system, as well as the APE-RF system
does not describe the convection of other modes than the acoustic ones, the radia-
tion boundary condition by TAM & WEBB [68] is sufficient to model the far field
boundaries of the computational domain for the acoustic simulation of open turbu-
lent flames. The source terms from an unsteady CFD solution are sampled with a
certain time increment. During the acoustic simulation, these source terms have to
be interpolated in time, which is done via a quadratic interpolation scheme.

7.4 Results and Analysis: Application of the APE-RF system to
open turbulent flames

7.4.1 H3 Flame: A non-premixed open turbulent flame

The acoustic properties of an open turbulent non-premixed flame, the so-called H3
flame, a benchmark flame of the workshop for turbulent non-premixed flames [3],
are investigated, to discuss the quality of the APE-RF formulation. The fuel, a mix-
ture of 50/50 vol% H2/N2, is injected coaxially through a round nozzle with a
diameter of D = 0.008 m into ambient air at a temperature of T = 300 K and
a constant coflow velocity of Uco f low = 0.2 m/s. The bulk velocity of the fuel is
Ubulk = 34.8 m/s yielding a REYNOLDS number based on D of Re = 10,000. The
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stoichiometric mixture of this oxidizer/fuel combination is Zst = 0.31.

A detailed description of the numerical specifications can be found in [12]. The
results of the aforementioned study [12] are briefly summarized in this section in
terms of directivity behavior and acoustic intensity spectrum.

7.4.1.1 Directivity behavior

Observer points with an increment of two degrees are placed on a circle with a radius
of R/D = 45 in the x-y plane, the origin of which is located at (x/D,y/D,z/D) =
(15,0,0), to determine the directivity effects. Directivity plots at several values of
the STROUHAL number St = D f /Ubulk, which is based on the bulk jet exit velocity
Ubulk and the exit diameter D, are shown in figure (7.6). The maximum acoustic en-
ergy can be found within the low frequency range (figures 7.6a, b). This result corre-
sponds with theoretical analyses [18, 63, 40] and experimental observations [59, 61],
in which low speed turbulent flames are characterized as low frequency acoustic ra-
diators. As discussed before, the total time derivative of the density includes the
effects of unsteady heat release, species and heat diffusion as well as viscous ef-
fects. However, using the simplified source term formulation qe,r f ,Dρ means that the
unique contribution of each single effect to the radiated non-isotropic source field
cannot be determined. To do so, a more elaborate computation based on the com-
plete qe,r f formulation would be required. A detailed analysis of the acoustic impact
of the different source contributions within the RHS of the pressure-density relation
is given in section 7.4.2. It has been argued in STRAHLE [63] that the non-uniform
mean speed of sound within the flame causes the deviation from the isotropic case
via refraction effects. This multipole pattern, which are shown in figures 7.6c-f, can
be also related to be caused by either a multipole source distribution or refraction
effects. This non-isotropic directivity pattern caused by refraction effects have been
evidenced in section 7.3.1.4.

7.4.1.2 Intensity spectrum

The acoustic field of the H3 flame has been measured by PISCOYA ET AL. [7].
The microphones to measure the radial intensity were placed on a circle in the y-z
plane with a radius of r/D = 62.5 whose center was located at (x/D,y/D,z/D) =
(15,0,0). Figure (7.7) shows the radial intensity spectra determined from the exper-
imental data and CAA results. The experimental and computational radial intensity
spectra are obtained by averaging over all data on the evaluation circle. To get the
smallest spectral variance per data point, the Fast Fourier Transformation using a
50% overlapping window technique [51] was applied to the data. The spectrum re-
sulting from the CAA computation shows a good agreement with the experimental
data as far as level and spectrum characteristics are concerned. However, in the lim-
ited frequency range 0.36 < St < 0.45 the amplitudes of the radial intensity show
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(a) (b) (c)

(d) (e) (f)

Fig. 7.6 Directivity for different STROUHAL numbers 0.0228 < St = D f /Ubulk < 0.6241. The root
mean square value of the non-dimensionalized pressure prms is plotted as a function of the angle
in the streamwise (x-y) center plane. Note, the scaling of the magnitude differs in each subfigure.

deviations. This local discrepancy is conjectured to be caused by not taking into
account the complete RHS of the APE-RF system in the CAA analysis, especially
the non-uniform mean flow effects, the excitation of acoustic waves due to combus-
tion at non-constant pressure, and the influence of acceleration of density inhomo-
geneities, but only the simplified source term qe,r f ,Dρ .

7.4.2 Premixd Methane Flame

A hybrid CFD/CAA approach using large-eddy simulation (LES) and acoustic per-
turbation equations for reacting flows (APE-RF) has been performed in the previous
section to simulate the acoustic field of a non-premixed jet flame. The major source
term has been shown to be also represented by the total time derivative of the density.
This expression includes the unsteady heat release rate, which is well known to be
the most relevant source as to acoustic radiation of open turbulent flames[59, 61, 63].
Using the energy equation for reacting flows, the total time derivative of the density
can be separated into several terms which describe the unsteady heat release rate,
species and heat diffusion, viscous effects, and a source, which represents the ef-
fect of non-isomolar combustion[71]. These source mechanisms are analyzed in this
study. For this purpose, the data of a direct numerical simulation (DNS) of a pre-
mixed flame has been used. The DNS of the premixed flame is based on computing
the full chemical reaction. That is, no look-up tables are taken into account and as
such the necessary information for the source terms of the APE-RF formulation is
available. However, the total number of grid points and the computational costs for
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Fig. 7.7 Comparison of the CAA results with experimental data for the radial intensity in [dB/St]
as a function of the STROUHAL number, i.e., perturbation acoustic pressure times the radial acous-
tic velocity component related to the evaluation circle which is defined subsequently. The reference
intensity level is Ire f = 10−12W/m2 The observer position is located on a circle in the (y/z)-plane
whose center point is located at (x/D,y/D,z/D) = (15,0,0) having a radius of R/D = 62.5.

the full chemical reaction scheme restrict the DNS to a very focused spatial domain.
Since the information of all species is directly provided in the DNS, the aforemen-
tioned source terms can be easily evaluated for the CAA analysis. The purpose of
the following analysis is to determine the major source terms, to evidence the di-
rectivity patterns of the various sources over a wide frequency range and to relate
them to the classical pole-like structure in acoustics. The acoustic impact of sev-
eral source mechanisms are investigated, such as the effect of unsteady heat release,
that of heat flux, viscous effects, the effect of non-isomolar combustion, and that
of species diffusion. The study shows the unsteady heat release to be the dominant
source. All source terms but the heat diffusion term possess a monopole-like struc-
ture in the low frequency range. At high frequencies a multipole-like pattern is also
determined for the sources due to species diffusion and viscous effects.

7.4.2.1 Flame configuration

The combustion configuration considered in the present study is a turbulent pre-
mixed CO/H2/Air flame. The numerical domain under investigation is a square box
of dimension 8x8 mm2 as shown in Fig. 7.8. A fixed mesh of 251 points is used
in each direction. This leads to a spatial resolution of 32 μm, necessary to resolve
intermediate radicals. The left-hand boundary condition is a subsonic inlet at an im-
posed velocity of 1m/s, while on the right-hand boundary a non-reflecting subsonic
outlet condition is formulated. A complete reaction scheme with 13 species (CO,
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HCO, CH2O, CO2, H2O, O2, O, H, OH, HO2, H2O2, H2, N2) and 67 individual
reactions is taken into account. First, the corresponding premixed laminar flame is
computed for a one-dimensional flow along the x-direction and the inlet velocity
is adapted to keep the flame front in the center of the domain. Then, the obtained
steady solution is transposed to a 2-D flow, with fresh gases on the left side and
burnt gases on the right side. An isotropic 2-D turbulent velocity field is superposed
using a von KÁRMÁN spectrum coupled with PAO correction for near-dissipation
scales [69, 30, 31].

Fig. 7.8 Computational domain and boundary notation of the DNS computation

7.4.2.2 Definition of the thermoacoustic source terms

The source terms, which are examined in this study are briefly summnarized. As was
shown in eqn. (7.15), the total time derivative of the density can be decomposed into
six parts. Since the density fluctuation includes the substantial time derivative of the
pressure, the remaining five terms and the substantial time derivative of the density
are examined in this study. Note, all the following sources are included in the RHS
of the pressure-density relation (7.21). Plugging in α/cp = (γ − 1)/c2 for an ideal
gas [18] the following relations constitute the subsources of the qe,r f term.
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effect of unsteady heat release rate:

qe,r f ,1 = −c2 ρ
ρ
γ−1

c2

N

∑
n=1

hnωn (7.52)

effect of non-isomolar combustion:

qe,r f ,2 = −c2 ρ
ρ
γ−1

c2 cpTW
N

∑
n=1

ωn

Wn
(7.53)

effect of species diffusion:

qe,r f ,3 = −c2 ρ
ρ
γ−1

c2

(
N

∑
n=1

hn∇ · Jn − cpTW
N

∑
n=1

∇ · Jn

Wn

)
(7.54)

effect of heat diffusion:

qe,r f ,4 = −c2 ρ
ρ
γ−1

c2 ∇ · (−λ∇T ) (7.55)

viscous effects:

qe,r f ,5 = −c2 ρ
ρ
γ−1

c2

∂ui

∂x j
τi j (7.56)

7.4.2.3 Results: Acoustic field

The acoustical field is analyzed by directivity patterns and power spectral density
plots. Figure 9(d) shows the sound pressure level (SPL) spectrum of three differ-
ent computations using three different source term compositions of the RHS of
the pressure-density relation. The first computation was done using qe,r f ,1 only,
while the second and third simulation were performed using all sources, i.e., qe,r f ,1

through qe,r f ,5 and the substantial time derivative of the density, respectively. First
of all, it is evident from Fig. 9(d) that the major source term is the unsteady heat
release rate,i.e., qe,r f ,1, since the contribution of the other thermoacoustic sources in
Eqs. (7.53)-(7.56) to the radiated acoustic field is on average less than 2dB.
Using the total time derivative of the density as source term of the pressure-density
relation the spectrum distribution is in good agreement in comparison with the other
two simulations. Especially in the frequency range close to 10kHz, the sound pres-
sure level amplitude is underestimated by approx. 5dB to the SPL values caused by
the source qe,r f ,1.

7.4.2.4 Characteristic frequencies

Each single source term is analyzed by Fourier transforming the perturbation pres-
sure at a point with a radial distance to the center of the domain of R/L = 4. In Fig.
7.9(a) it can be observed that the maximum acoustic energy generated by the un-
steady heat release rate qe,r f ,1, can be found at approximately 1kHz. From the sound
pressure spectrum of the source describing the effect of non-isomolar combustion
qe,r f ,2 in Fig. 7.9(b) no characteristic frequency can be identified. This spectrum
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(a) (b)

(c) (d)

Fig. 7.9 Power spectral density distribution of sources qe,r f ,1 through qe,r f ,5 (9(a)-9(c)). Compari-
son of SPL spectra using different source term formulations (9(d))

shows rather a continuous decay. The remaining three spectra shown in Figs. 7.9(b)
and 7.9(c) definitely evidence the existence of characteristic frequencies. The char-
acteristic frequencies of the source qe,r f ,3 are approx. 550 Hz, 5.3 kHz and 9.5 kHz,
while the source terms qe,r f ,4 and qe,r f ,5 show a peak value at approx. 5 kHz and
4.3 kHz, respectively. The analysis shows the unsteady heat release to represent the
major source term compared to the other source mechanisms, i.e., the effect of non-
isomolar combustion, that of species and heat diffusion, and the impact of viscous
effects. Moreover, the comparison of the power spectral density of three acoustic
simulations using different source terms, shows the total time derivative of the den-
sity as major source term as to acoustic radiation of reacting flows in good agree-
ment with the acoustic impact of the unsteady heat release rate or the summation
of all sources examined in this study. Note, the simple order-of-magnitude analy-
sis of the source terms does only evidence the significance of the various sources,
not the actual generation process of the acoustic sound fields. All source terms but
the heat diffusion source term show a monopole character in the low frequency
band, whereas the latter possesses a multipole behavior in the frequency range of
1.6kHz < f < 2.6kHz. Since the time scale of the classical species diffusion is very
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large compared to the chemical reaction time scale, it can be concluded, that in this
case “ordinary” species diffusion is of monopole type while the effect of species
creation and species consumption is of multipole type. A detailed analysis about the
directivity behavior of the acoustic field caused by each subsource has been pub-
lished in [11].

7.4.3 DLR-A Flame: A non-premixed open turbulent flame

The numerical applicability of different sound source formulations is investigated
in this section. In section 7.2.4, three formulations have been derived based on the
inclusion of the major sound generating mechanism, i.e., the unsteady heat release
rate. The sound sources of interest are evaluated from a variable density incom-
pressible reactive large-eddy simulation (LES). Among these three options, the re-
sults discussed in section 7.4.1 and 7.4.2 show the substantial time derivative of the
density being the source formulation of choice. The source expressed via the par-
tial time derivative of the density includes on the one hand most source mechanisms
and shows on the other hand the smoothest spatial distribution compared to the other
formulations. In other words, for these two reasons, this formulation should yield
the best acoustic result, which, however, could not be verified from the numerical
findings. Moreover, the spectra obtained from the simulation using the unsteady
heat release as the major source term show an unexpected behavior. This source is
deemed the major sound source in low MACH number flows, which is not entirely
supported by the numerical results. To resolve the uncertainties, about the numerical
results of the previous study [8], the sources of the APE-RF system are interpolated
onto two CAA grids with different resolutions, i.e., a coarse and a very fine mesh
to study the impact of source term interpolation and the numerical applicability of
these sound source formulations in terms of numerical accuracy and efficiency. It
turned out that the acoustic field is best represented using the partial derivative for-
mulation following the expectations of the previous source analyses. However, the
use of this source formulation requires an additional strict constraint, i.e, the con-
vection speed of density inhomogeneities has to be preserved during interpolation
to avoid spurious noise due to artificial acceleration caused by interpolation errors,
which has been discussed in section 7.3.1.2. A detailed description about the nu-
merical specifications and methods used in the CFD and CAA computations can be
found in [14].

7.4.3.1 Results of the DLR-A simulations

To summarize the source mechanisms, included in each source formulation, let us
recall the three different simplified sources, which read
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qe,r f ,SIA = −c2 ρ
ρ
γ−1

c2

N

∑
n=1

hnωn (7.57)

qe,r f ,Dρ = −c2 Dρ
Dt

(7.58)

qe,r f ,∂ρ = −c2 ∂ρ
∂ t

. (7.59)

Table (7.1) lists the source mechanisms inherently contained in the three different
source formulations.

Table 7.1 Source mechanisms contained in each simplified formulation of the RHS of the pressure
density relation. The effects due to non-isomolar combustion, species diffusion, heat diffusion, and
viscosity are denoted by ∑N=5

i=2 qe,r f ,i. ∇ · (uρe) represents the effect due to the acceleration of
density inhomogeneities.

source unst. heat release ∑N=5
i=2 qe,r f ,i ∇ · (uρe) u ·∇ρ pressure fluct.

qe,r f ,SIA × - - - -
qe,r f ,Dρ × × - - -
qe,r f ,∂ρ × × × × -

Source term analysis

From a source term analysis in wave number space it is evident that the partial
time derivative shows the smoothest source distribution, which is characterized by
a mainly low wave number content, while the wave number analysis of the source
formulation qe,r f ,SIA, i.e., the unsteady heat release rate, illustrates a very sharp spa-
tial distribution, which is characterized by a wave number content in a wide range.
From this analysis it is certain that the interpolated source terms possess the smallest
error in case of qe,r f ,∂ρ , while the interpolation error for qe,r f ,SIA should have a sig-
nificant impact on the acoustic solution. Additionally, it can be expected from these
findings that the interpolation error for the source formulation using the substantial
time derivative of the density is lower than for qe,r f ,SIA. In brief, the formulation
with the partial time derivative of the density is expected to reproduce the acoustic
field best.

Coarse grid vs. fine grid

In Figs. 7.10, 7.11, and 7.12, experimental and numerical results for different source
formulations using a coarse and a fine grid are shown. The acoustic spectra are
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compared at two axial positions and a radial distance of r/D = 50. A significant
deviation in the higher frequency range starting from St > 0.65 can be observed
between the coarse and the fine solution for the source formulations qe,r f ,Dρ and
qe,r f ,SIA. This discrepancy has already been presumed and corresponds to a critical
maximum wave number of (kD) = 1.54 being resolved by the interpolation on the
coarse grid. Furthermore, the acoustic solution in Fig. 7.10 excited by qe,r f ,SIA on
the fine mesh also shows an almost constant deviation of ΔLp = 4dB in the lower
frequency range compared to the coarse solution. Analyzing the numerical findings
of the partial time derivative of the density reveals an unexpected behavior. It has
been shown before that this source term exhibits the smoothest source distribution,
i.e., the impact of the interpolation error on the acoustic solution should be minimal.
The results, however, show that besides the aforementioned deviation in the higher
frequency range, which also occurs in the case of qe,r f ,∂ρ , there are disparities in
the lower frequency range, e.g., in Figs. 7.12 (0.3 ≤ St ≤ 0.65). Those deviations
can not be explained by ordinary interpolation errors but rather by a spurious effect,
which has been discussed in section 7.3.1.2, i.e., the effect of artificial acceleration
due to interpolation. It has been shown in section 7.3.1.2 that the interpolation errors
show a behavior, which is similar to a source acceleration. However this artificial
acceleration generates spurious sound, which has to be avoided.

Spectral content and directivity behavior

As mentioned before, each source formulation defined in eqs. (7.57,7.58,7.59) in-
cludes certain sound generating effects. A statement about the impact of some
source mechanisms can be given implicitly when the spectral distributions in Fig.
7.13 are compared. It is evident from Figs. 7.13a, b that on the one hand, the acous-
tic impact in the lower frequency range (St ≤ 0.45) is dominated by the effect of
unsteady heat release rate. Overall, this is in agreement with theoretical and experi-
mental findings [61, 63]. On the other hand, this source effect appears to be insuffi-
cient to reproduce the acoustic field in the higher frequency range (St > 0.45).

Recall from table (7.1) that the source formulation with the substantial time
derivative (qe,r f ,Dρ ) includes additionally to the unsteady heat release rate, the
effect of non-isomolar combustion, heat and species diffusion, and a term de-
scribing viscous heating1. Comparing the spectra obtained using (qe,r f ,Dρ ) with
those using (qe,r f ,SIA) shows that the additional source mechanisms have an im-
pact especially in the higher frequency range. In the downstream direction, i.e.,
at (x/D, r/D) = (50, 50), the spectrum is overpredicted in the frequency range
(St > 0.8). However, the acoustic field excited by (qe,r f ,Dρ ) shows a good agree-
ment in a wide frequency range at almost all observer locations.

1 In a hybrid approach, any assumption to the first part, i.e., the equations governing the flow are
directly inherited to the subsequent part. Though the APE-RF system is an exact consequence of
the conservation equation governing multi-component reacting fluids, the flame has been simulated
in this case using a flamelet combustion model, in which viscous heating is neglected.
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During the derivation of the simplified source formulation qe,r f ,∂ρ only one sim-
plification has been applied to the RHS of the pressure-density relation, i.e., pressure
fluctuations have been neglected. Hence, as also listed in table (7.1), this formula-
tion includes the most sound source effects. Compared with the other formulations,
the analysis of Fig. 7.13 shows at each observer location a very good agreement of
the numerical results using qe,r f ,∂ρ with the experimental data. The numerical re-
sults, especially in Fig. 7.13(a) suggest the acoustic response from the extra sources,
expressed through the difference between the two formulations (qe,r f ,∂ρ −qe,r f ,Dρ ),
namely the effect of the acceleration of density inhomogeneities and the effect of
mean density gradients, to lie in the higher frequency band and to possess a pre-
ferred radiation direction of 90◦ to the flame axis close to the jet exit. A significant
contribution of the thermoacoustic sources ∑N=5

i=2 qe,r f ,i to the acoustic field can be
observed mainly in the higher frequency range (St > 0.45) at each observer position.
Three different simplified formulations of the RHS of the pressure-density relation

(a) (x/D,r/D) = (12,50) (b) (x/D,r/D) = (37,50)

Fig. 7.10 Spectra in the frequency range of 0.2 ≤ St ≤ 2 are shown. Comparison of computed
sound pressure levels on a coarse and a fine grid at r/D = 50 and two different axial x/D locations
using qe,SIA. The STROUHAL number is based on the jet exit velocity and the nozzle diameter D.

(a) (x/D,r/D) = (12,50) (b) (x/D,r/D) = (37,50)

Fig. 7.11 Spectra in the frequency range of 0.2 ≤ St ≤ 2 are shown. Comparison of computed
sound pressure levels on a coarse and a fine grid at r/D = 50 and two different axial x/D locations
using qe,Dρ (right). The STROUHAL number is based on the jet exit velocity and the nozzle diameter
D.

have been used to simulate the acoustic field generated by a non-premixed turbu-
lent flame, i.e., the so-called DLR-A flame. The main focus of this study has been
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(a) (x/D,r/D) = (12,50) (b) (x/D,r/D) = (37,50)

Fig. 7.12 Spectra in the frequency range of 0.2 ≤ St ≤ 2 are shown. Comparison of computed
sound pressure levels on a coarse and a fine grid at r/D = 50 and two different axial x/D locations
using qe,∂ρ . The STROUHAL number is based on the jet exit velocity and the nozzle diameter D.

(a) (x/D,r/D) = (12,50) (b) (x/D,r/D) = (37,50)

Fig. 7.13 Spectra in the frequency range of 0.2 ≤ St ≤ 2 are shown. Comparison of measured and
calculated sound pressure level at r/D = 50 and two different axial x/D locations using different
sound source formulations. The STROUHAL number is based on the jet exit velocity and the nozzle
diameter D.

the investigation of the numerical applicability of these formulations in terms of
numerical accuracy and efficiency. It has been emphasized that the different source
formulations include different sound generating mechanisms. To take advantage of
the scale separation in aeroacoustics, a hybrid solution approach has been used. That
is, the source terms of the APE-RF system have been evaluated on the LES mesh
and afterwards mapped onto the CAA grid to propagate the sound waves.

An almost constant energy drop of about 4dB due to the interpolation is ob-
servable in the lower frequency range when using the formulation qe,r f ,SIA, i.e., the
acoustic impact of the unsteady heat release rate has been used. Furthermore, the
CAA results revealed an intricate phenomenon. The formulation containing most
source mechanisms and having the smoothest source distribution does not yield the
best result on the coarse mesh. On the fine grid, however, the experimental find-
ings are best matched by the acoustic response due to this formulation. One rea-
son for this behavior has been shown to be the effect of “artificial interpolation
induced acceleration”. The comparison of the source terms shows the substantial
time derivative of the density to be a good compromise between numerical accu-
racy and efficiency. Moreover, this formulation does not suffer from the “artificial
interpolation induced acceleration” effect. However, if the convection speed can be
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preserved during interpolation, the formulation using the partial time derivative of
the density is to be preferred.

7.5 Summary and Conclusions

The acoustic perturbation equations for reacting flows (APE-RF) have been de-
rived to simulate combustion generated noise in a hybrid CFD/CAA framework.
The APE-RF system is based on the homogeneous APE system by EWERT &
SCHRÖDER [21]. The APE system has been chosen as the basis for the APE-RF
system due to its special properties concerning the description of acoustic propa-
gation, i.e, the system describes wave propagation in an irrotational non-uniform
mean flow. Convection and refraction effects are part of the solution process, which
is fundamentally necessary in a hybrid context using incompressible CFD data and
a mean flow field with spatially varying mean speed of sound, like in a flame. More-
over, the stability for arbitrary mean flows has been proven for the homogeneous
APE system. Unlike aeroacoustics of non-reacting flows, such as jet noise inves-
tigations, in which the acoustic excitation is mostly caused at its highest level by
vortex sound, combustion generated noise is mainly due to the effect of unsteady
heat release rate, which can be found on the RHS of the pressure-density relation.
Several other source mechanisms have been identified on the RHS of the pressure-
density relation besides the major aforementioned effect, which are the effect due to
non-isomolar combustion, heat and species diffusion, viscous heating, non-uniform
mean flow ascendancies and the effect due to the acceleration of density inhomo-
geneities.

To simulate the acoustic field generated by a turbulent flame and to investigate the
impact of the different source contributions on the acoustic field, the solution algo-
rithm for the APE-RF system has been implemented in DLR’s CAA code PIANO.
The acoustic response of a turbulent non-premixed flame, i.e., the H3 flame has been
computed using CFD data from an incompressible variable density LES, which
has been performed by subproject 3 (Technische Universität Darmstadt [9]). The
classical flamelet approach has been used in the LES as combustion model, while
the scaled substantial time derivative of the density has been taken as the major
source term of the APE-RF system. The comparison of the radial intensity spectrum
with the experimental data, conducted by subproject 4 (Technische Fachhochschule
Berlin[13]) shows a good agreement in a wide frequency range. A deviation from
the experiments in the frequency range of 0.36 < St < 0.45 has initiated a study
about the impact of the thermoacoustic sources, which are implicitly included in
the formulation using the material derivative of the density. The acoustic field of a
premixed flame front has been simulated in the next step using the APE-RF system
in conjunction with a compressible DNS solution. The latter has been performed
by subproject 10 (Otto-von-Guericke Universität Magdeburg [10]). DNS input data
has been chosen to allow for a most precise source evaluation, since a full DNS up
to the chemical time and length scales has been performed. The order of magnitude
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analysis of the different thermoacoustic sources showed the species diffusion being
in the same order as the unsteady heat release rate, while the order of magnitude
of the other effects suggests a negligible impact on the acoustic field. Furthermore,
from this analysis, the acoustic effect due to viscous heating is negligible, such that
neglecting this effect using LES and the flamelet approach is justified.

To maintain the efficient character of the hybrid CFD/CAA method, simplified
source formulations have been derived to simulate combustion noise. Besides the
scaled unsteady heat release rate, two other formulations involving time derivatives
of the density are proposed, which inherently contain the effect of unsteady heat
release rate. Moreover, these two formulations are easy to evaluate from a reacting
flow CFD simulation, since the unsteady density information is directly available,
in contrast to the unsteady heat release rate, which is usually not necessary to be
evaluated during the solution process of the flow simulation. The main aim, besides
the understanding of the various source mechanisms, is the efficient and accurate
prediction of combustion generated noise using a hybrid CFD/APE-RF method.
Therefore, these formulations have been investigated in a further step in terms of
their numerical applicability. The acoustic field of the DLR-A flame has been nu-
merically investigated using these formulations. Furthermore, to efficiently evaluate
the thermoacoustic sources, i.e., the unsteady heat release rate, the effect due to
non-isomolar combustion, and the source describing the effect due to species dif-
fusion, they have been directly precompiled into the flamelet library. This case has
been simulated on two different CAA meshes with different spatial resolution and
with different source formulations. Three main aspects can be summarized from
the results. First, the acoustic response in the lower frequency range is dominated
by the effect of unsteady heat release rate, which is in agreement with experimen-
tal results. However, the results also show in the higher frequency range, that the
other source mechanisms, which have been deemed negligible have an significant
contribution to the acoustic field. Second, the source formulation expressed through
the partial time derivative of the density represents the most complete formulation
and hence yields the best agreement with the experimental data. This, however, just
holds for the simulation using the very fine mesh. Additional investigations have
revealed an artificial effect, which results from the interpolation of the source terms
from the LES on the CAA mesh, and leads to spurious noise generation due to the
“artificial interpolation induced acceleration” effect of entropy spots, which are just
being convected constantly. Third, a good compromise between numerical accuracy
and numerical efficiency can be achieved using the source formulation expressed
through the substantial time derivative of the density.

The acoustic field from open turbulent non-premixed flames shows an overall
directivity pattern of a monopole radiator. Weak deviations from the isotropic be-
havior, i.e., a preferred acoustic radiation direction between 40◦ < α < 80◦ has been
found from the numerical results, which are in agreement with experimental findings
from SMITH & KILHAM [61]. From the detailed source analysis and the numerical
experiment to show the influence of the non-uniform mean speed of sound on the
acoustic field, it is evident, that the cause for such a directivity behavior is twofold.
The refraction effect due to the varying mean speed of sound causes a deviation from
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the isotropic directivity pattern. Furthermore, this effect is frequency-dependent,
i.e., the higher the frequency, the stronger the refraction impact on the directivity.
However, since low energy content is transported by the higher frequencies, the im-
pact of the multipole directivity pattern on the overall directivity is fairly small. The
source term itself can cause non-isotropic radiation patterns, like the effect of the
acceleration of density inhomogeneities, which is of dipole type.

It has been stated before that combustion instabilities are not addressed in this
work. However, additionally to the typical combustion instability caused by acoustic
induced oscillating fuel feeding, there exists an acoustic wave amplification effect,
which does not cause a feedback loop but is also captured by RAYLEIGH’s criterion.
It has been shown that this criterion can be derived from the APE-RF sources.
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[9] Bui TP, Meinke M, Schröder W, Flemming F, Sadiki A, Janicka J (2005) A
hybrid method for combustion noise based on LES and APE. In: AIAA Paper
2005-3014
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Chapter 8
Investigations Regarding the Simulation of Wall
Noise Interaction and Noise Propagation in
Swirled Combustion Chamber Flows

Christoph Richter, Łukasz Panek, Verina Krause and Frank Thiele

Abstract Applications of a time-explicit high-order method, solving a generalised
version of the linearised Euler equations including energy supply by an external
heat source in combustion noise are considered. Boundary conditions, including
non-reflective and partially-reflective formulations as well as filtering approaches
to obtain a stable solution in a swirling reactive transonic flow are presented. The
acoustic intensity is used to validate the numerical solution and to locate acous-
tic sources. Three examples, comparing the numerical solution to experiments are
given. It is found that the correct reproduction of the experiment essentially depends
on the reflection coefficient of the connected systems outside the computational do-
main, which is efficiently implemented by a time domain impedance model based
on an extended Helmholtz resonator formulation. The results are in a reasonable
agreement with the experiments for both indirect and direct combustion noise.

8.1 Introduction

Indirect combustion noise and the related instability mechanism are one of the ma-
jor difficulties facing the introduction of innovative green technologies such as lean
fuel combustion and geared high bypass ratio fans driven by a reduced number of
highly-loaded turbine stages. According to Cumpsty and Marble [5] both of the
aforementioned techniques lead to a growing importance of the indirect noise gen-
eration. Leyko et al [9] predict, using the theory of Marble and Candel [11], that
the indirect noise produced in the combustion chamber exit nozzle of a modern
aero-engine is one order of magnitude larger than the direct noise of the turbulent
flame. Thus, the phenomenon can be considered essential to the understanding of
turbo-machinery core noise for current and future aero-engine designs.
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Indirect combustion noise is caused by the acceleration of heated efflux from an
unsteady combustion, as may occur in the outlet nozzle of a combustion chamber
and the turbine stages. Only a small fraction of the perturbation energy is directly
radiating as noise from the flame front. The rest is carried silently by the hydrody-
namic modes of perturbation through the combustion chamber. Such hydrodynamic
modes of perturbation are non-isentropic perturbations of the fluid state and vortices
according to the definition of Chu and Kovásznay [4]. In contrast to the isentropic
linear acoustic perturbation, they move with the flow speed as a pattern of “frozen
turbulence”. In a homogeneous moving fluid the interaction of the hydrodynamic
perturbations with each other and with sound waves is of second order according
to Chu and Kovásznay [4]. However, the interaction becomes first order, once the
gradients of the average flow field reach the order of the average field quantities.1

Thus, such large flow gradients lead to a relevant energy transfer between acoustic,
vorticity and entropy mode waves. The indirect and direct sources of combustion
noise are shown in the sketch of Fig. 8.1.

Fig. 8.1 Direct and indirect noise sources in a combustion system, which are correlated due to
their common origin from the initial entropy perturbation.

In the case of a combustion system the non-isentropic modes of perturbation
which show up as hot and cold spots, which are referred to as entropy modes are
thought to carry particularly large amounts of energy. The flow gradient in the con-
tracting outlet nozzle then allows a leakage of energy from the hydrodynamic modes
into the acoustic and other hydrodynamic perturbation modes. Sound waves, which
travel at the speed of sound, and secondary vortices are generated [4, 11, 7]. The
process repeats itself in each turbine stage with the remaining hydrodynamic pertur-
bation and an additional contribution of the secondary vortices to the indirect noise
generation as described by Richter and Thiele [13]. The secondary vortices are gen-
erated by the interaction of non-isentropic perturbations with the rotor and stator
blade flow field. Accordingly, additional indirect noise is radiated from the outlet
nozzle of the combustion chamber and each turbine stage. This indirect noise gen-

1 The speed of sound has to be considered as reference for the velocity to define a large gradient.
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eration is sometimes also addressed by the terms entropy noise or excess noise or
even as acoustical bremsstrahlung by Ffowcs Williams and Howe [7]. As the trans-
formation of perturbation modes by a mean flow gradient can be described as a first
order linear interaction of an unsteady perturbation with the constant flow gradient,
the result is found to be coherent with the initial perturbation. While theoretically
well known, a decomposition of direct and indirect noise in measurements of real
combustion systems proves difficult to obtain, as has for instance been described
by Bake et al [1]. The difficulty is probably related to the coherence of vortical
and acoustic perturbations with the initial entropy mode and acoustic field which is
generated directly by the combustion process, such that any spectral decomposition
leads to correlations between all signals.

The most accurate way to numerically model the phenomenon would be a direct
numerical simulation (DNS) of the whole combustion system, including at least
the inflow upstream to the compressor and the outflow through the exit nozzle,
which are both usually choked. Such DNS of realistic problems still remains far
out of reach for current computing resources. However, there are examples of suc-
cessful applications of large eddy simulation (LES) to realistic combustion systems
described by [3]. LES is nonetheless very expensive in terms of computational re-
sources and LES applications are therefore still limited to one or a few design vari-
ations and produce immense computational costs. On the other hand, the available
theoretical approaches are limited to low Mach number flows [7] or one-dimensional
flow conditions in compact nozzles [11]. Furthermore, there are some successful at-
tempts to adopt an one dimensional theory to practical problems by Cumpsty and
Marble [5], but possible three dimensional measures to reduce the indirect noise can-
not be assessed by such a theory. The most substantial disadvantage of the compact
nozzle assumption in the theory is the limitation to very low frequencies, for which
the nozzle appears short compared to the wavelength. This moves turbulent noise
far out of reach for a description using the theory for indirect combustion noise. The
gap between 1D theory and 3D LES could be closed by a high-order time explicit
Computational Aeroacoustics (CAA) method adopted from the description of fan
tone propagation, which combines a high cost efficiency in terms of required points
per wavelength with a high adaptability to realistic mean flow conditions. Then, a
zonal approach, based on the idea of splitting the problem into zones with different
physics, as it has been demonstrated for the forward propagation of fan tone noise
in [23, 20] becomes obvious.

The combustion zone, featuring nonlinear interaction and chemical reactions in
the flow field, could be considered by an LES or unsteady RANS simulation, which
would provide the relevant perturbation sources. With an extension to allow the
propagation of all hydrodynamic and acoustic perturbations, a classical CAA per-
turbation approach can be applied to describe indirect combustion noise.
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8.2 Theoretical background

This extended mathematical model is presented first in section 8.2.1, following
which the CAA method for solving these model equations and the numerical and
physical boundary conditions are presented in section 8.2.2. The related analysis
methods are shortly described in section 8.2.3.

8.2.1 Mathematical models

The most simple model covering indirect combustion noise, and describing the
transport of all possible modes of perturbation in the wake of a flame, are the lin-
earised Euler equations including a non-isentropic energy equation supplemented
by a source term to account for an unsteady heat input [19]:

Dρ ′

Dt
+uuu′ ·∇∇∇ρ0 +ρ0∇∇∇ ·uuu′ +ρ ′∇∇∇ ·uuu0 = 0, (8.1a)

Duuu′

Dt
+
ρ ′

ρ0
uuu0 ·∇∇∇uuu0 +uuu′ ·∇∇∇uuu0 +

1
ρ0

∇∇∇p′ = 0 and (8.1b)

D p′

Dt
+ γ p0∇∇∇ · uuu′ +

(
uuu′ − p′

p0
uuu0

)
·∇∇∇ p0 = [γ−1] q̇. (8.1c)

The capital D/Dt denotes the substantial derivative with the mean flow as transport
velocity:

D ·
Dt

=
∂ ·
∂ t

+uuu0 ·∇∇∇·

These model equations are then applicable to describe the propagation of hydrody-
namic and acoustic perturbations as well as their interaction with a variable com-
pressible mean flow regime. Taking advantage of the axial symmetry of the test
set-ups and flow conditions, the efficiency of the numerical method is improved by
a 2D axisymmetric approach. The problem is formulated in a cylindrical coordinate
system. The boundary conditions, flow field and perturbed flow field are assumed to
be constant in the azimuthal direction. Similar to the modal axisymmetric approach
for fan tone problems [10], this assumption allows the dimension of the problem to
be reduced by one.
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8.2.2 Numerical Method

In this section the numerical method including the high-order temporal and spa-
tial discretization, high-order filtering algorithms for stabilizing the finite difference
scheme and the boundary conditions are presented.

8.2.2.1 Discretization schemes

The numerical method for solving Eq. (8.1) is based on the fourth order Dispersion
Relation Preserving (DRP) scheme [22] for the spatial discretization. At the bound-
aries such as the walls and open ends of a duct, optimised backward stencils of
fourth and third order are used. The time marching is performed by the alternating
five/six stage Low Dissipation Low Dispersion Runge–Kutta (LDDRK) method [8]
implemented in 2N storage form [21].

8.2.2.2 High order and adaptive filtering

An eleven-point-stencil central Taylor filter of tenth order is used to eliminate para-
site waves [15]. At the boundaries, central filters of lower order are applied. Further-
more, a finite difference method could not be applied to describe the abrupt change
in a choked flow as grid oscillations from the poorly resolved shock would pollute
the computational domain. Any explicit filter, except the second order three point
filter, would respond with grid oscillations to such a shock. Therefore, an adaptive
reduction of the filtering order is implemented to account for the special conditions
in a choked flow. The filter stencil size is reduced as long as the change of the over-
all Mach number within the filter stencil source is larger than a predefined threshold
until the filter stencil size reaches three points. Finally, the mean flow as well as
the grid were filtered using the three point, second order filter stencil, too. This is
mainly necessary to avoid high wave number oscillations in the source terms and
metrics, which would feed point-to-point oscillations in the solution.

8.2.2.3 Radiation and outflow boundary conditions

The principle of the radiation and outflow boundary condition is to formulate the
non-reflective boundary condition by modifying the governing equations for the
propagation of perturbations in such a way that only outgoing characteristics are
described. The direct formulation of a boundary condition in the sense of specifying
a boundary value is not necessary in this way. The modified system may be ob-
tained to describe the convective transport and wave propagation in one direction,
from inside the computational domain to the outside. The opposite direction is re-
moved from the original PDE system. Two cases have to be considered, which are
an inflow/no flow boundary condition, where only acoustic waves are able to leave
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the computational domain and an outflow boundary condition, which additionally
allows all types of hydrodynamic perturbations to leave the computational domain.

Radiation condition

Fig. 8.2 Sketch of a compu-
tational domain with source
Q inside, radiation vector
and construction of the group
velocity

er

cer

radiation boundary
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u0.e r
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The radiation condition, that describes acoustic waves only is presented first, fol-
lowing which the outflow boundary condition is developed as an extension. A split
of the governing equations with respect to the propagation direction is difficult in
a general varying base flow regime. In addition it requires the source position to
be specified in advance by a guess of the solution. To avoid this, the radiation di-
rection is replaced by the normal of the boundary and the distance from the source
is assumed to be infinitely large. Under the above assumptions using the normal
vector of the radiation boundary, the radiation of acoustic waves can easily be for-
mulated without further assumptions. The resulting modified radiation boundary
condition applies exactly for plane waves in a ducted environment and approxi-
mately for spherical and cylindrical waves in the far-field of a source. The radiation
boundary condition is obtained according to Bogey and Bailly [2] as follows:

∂
∂ t

⎛
⎝ρ

′

uuu′′′

p′

⎞
⎠ + vg

∂
∂n

⎛
⎝ρ

′

uuu′′′

p′

⎞
⎠ = 0 (8.2a)

∂
∂ t

Φ ′ + vg
∂
∂n

Φ ′ = 0, (8.2b)

with the group velocity defined as:

vg = uuu0 · eeen + c. (8.3)

The geometric construction of the group velocity with respect to the radiation di-
rection is given in Fig. 8.2. The radiation condition is solved instead of the interior
PDE system at the outermost three grid lines at the non-reflective boundary. This
boundary condition is applied for in-duct problems and in the vicinity of walls.
Alternatively, the original formulation of Bogey and Bailly [2] is applied for the
radiation into open space, with the centre of the outlet of the duct as the specified
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source position. Even though the acoustic wave propagation is modelled as a spher-
ical radiation problem and the source position may influence the result significantly,
the radiation condition has demonstrated low reflection properties for a wide range
of applications.

Outflow boundary condition

Fig. 8.3 Sketch of a compu-
tational domain with source
Q inside, outflow of vortic-
ity and entropy mode waves
with the flow speed uuu0 and
radiation unit vector eeen

er

Q

u0

outflow boundary
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The outflow boundary condition is obtained by including the transport of entropy
and vorticity perturbations in the system as sketched in Fig. 8.3. The pressure per-
turbation is purely acoustic, whereas the entropy mode is added to the density per-
turbation (ρ ′ = ρ ′

a +ρ ′
s) and the vortical perturbation is superimposed to the acoustic

velocity (uuu′ = uuu′a +uuu′ω ). The acoustic density perturbation is given by ρa = 1
c2 p′ and

the acoustic velocity is given by ∂ uuu′a
∂ t + u0 ·∇∇∇uuu′a = − 1

ρ0
∇∇∇p′. By using the connec-

tion of the acoustic perturbation of the velocity vector and density to p′, the outflow
condition is obtained as follows (comp. Bogey and Bailly [2]):

∂ρ ′

∂ t
+uuu0 ·∇ρ ′ =

1

c2
0

(
∂ p′

∂ t
+uuu0 ·∇p′

)
(8.4a)

∂uuu′

∂ t
+uuu0 ·∇uuu′ = − 1

ρ0
∇p′ (8.4b)

∂ p′

∂ t
+ vg

∂
∂n

p′ = 0. (8.4c)

As can easily be seen from Eq. (8.4a) and Eq. (8.4b), variations of the mean flow
have been neglected in the construction of the outflow boundary condition. This
seem legitimate, as they would describe sources in the boundary region, which are
not necessarily part of the numerical solution. However, it is found that strong vari-
ations of the mean flow inside the radiation boundary may lead to problems when
an instability wave reaches the boundary.

ṗ′ occurs in Eq. (8.4a) and Eq. (8.4c). Eq. (8.4c) is used to obtain ṗ′, whereas ρ̇ ′

is obtained from:

∂ρ ′

∂ t
+uuu0 ·∇ρ ′ =

1

c2
0

(
−vg

∂
∂n

p′ +uuu0 ·∇p′
)

. (8.4d)
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Automatic detection of outflow and radiation boundary

To automatically detect if a boundary condition is locally an inflow, zero flow or
outflow, the normal vector nnn of the boundary is used. nnn is defined as the outer normal
vector orthogonal to the outermost grid line at the boundary. Then the scalar product
with the average velocity vector uuu0 leads to the following differentiation:

nnn ·uuu0 =

{
> 0, outflow boundary condition

≤ 0, radition boundary condition.

Based on this criterion the radiation boundary condition or outflow boundary con-
dition are applied.

8.2.2.4 Impedance and wall boundary conditions

Fig. 8.4 Sketch of the ge-
ometrical parameters of a
Helmholtz resonator. S0

L

V

The impedance of the connected duct systems is modelled by the extended
Helmholtz resonator model [18] (EHR) as a time domain impedance boundary con-
dition. The implementation used here is described in Richter et al [16] and Richter
and Thiele [14]. The frequency response of the extended Helmholtz resonator in-
cluding an extension to high frequencies and for the damping inside the cavity is
given by Rienstra [18] as:

Z(iω) = R+ iωm− iβ cot

(
1
2
ω Tl − i

1
2
ε
)

. (8.5)

An eiω t convention is used here. The normal vector nnn of the impedance surface is
defined as positive when pointing into the surface. The cavity parameters ε and β
denote the damping of the cavity fluid and the cavity reactance respectively. For
zero damping of the cavity fluid (ε = 0) and at the face sheet (R = 0), the remaining
parameters of the EHR can be identified with the geometric parameters of a low
frequency Helmholtz resonator as follows:
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Tl

2
=

2π
c

√
V L(1+ΔL)

S0
, (8.6a)

β = c
S0

V
Tl

2
(8.6b)

and

m =
L(1+ΔL)

c
− 1

6
β Tl . (8.6c)

The nomenclature of the Helmholtz resonator dimensions is given in Fig. 8.4. A
length correction is applied, which is denoted by ΔL.

The periodicity of Z(iω) is assumed to be Tl such that a z-transformation can be
used to obtain the following time domain boundary condition for u̇uu′n from Eq. (8.5):

∂u′n
∂ t

(t) =
1
m

[
p′(t)− e−ε p′(t −Tl)− (R+β )u′n(t)+(R−β )e−ε u′n(t −Tl)

]

+ e−ε
∂u′n
∂ t

(t −Tl). (8.7)

8.2.3 Intensity-based analysis of the result

The acoustic intensity is used here to assess the quality of the acoustic solution
and locate acoustic sources. In general the conservation of acoustic energy can be
expressed in the form:

∂ea

∂ t
+∇∇∇ · III = q , (8.8)

where ea denotes the acoustic energy per unit volume, III is the acoustic intensity, and
q is the production rate of acoustic energy per unit volume. Following Morfey [12],
the definitions

ea =
p′2

2ρ0c2
0

+
ρ0

2
uuu′a ·uuu′a +

p′

c2
0

uuu0 ·uuu′a (8.9a)

and

III =
(

p′ +ρ0uuu0 ·uuu′a
)(

uuu′a +
p′

ρ0 c2
0

uuu0

)
(8.9b)

are used. The definitions of Eq. (8.9) have the advantage that q at least vanishes
(to second order in fluctuating quantities) in all regions with irrotational flow and
uniform specific entropy. Thus, in consideration of the results of Chu and Kovásznay
[4] the production of acoustic energy is limited to non-homogeneous flow regions
with vorticity or entropy perturbations in an otherwise potential flow field. There,
the quantity q represents the production rate at which acoustic energy is generated
in the flow.
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8.2.3.1 Identification of acoustic sources

Note that q may also be negative, which means that fluctuation energy is annihilated.
In the case of a statistically stationary flow the temporal average of equation (8.8)
yields

∇∇∇ · 〈III 〉t = 〈q〉t , (8.10)

because the mean value of ∂ea/∂ t vanishes. Equation (8.10) can be used to assess
the quality of a numerical solution in the absence of sources for potential flow fields
where no analytical solution is available for comparison. Furthermore, based on the
identity of Eq. (8.10), acoustic sources are located in the flow by the acoustic energy
that they radiate in a time averaged sense. Such sources may for instance be a flow
nozzle excited by initial entropy perturbations or the direct noise of an unsteady heat
input by a combustion process.

The acoustic source levels span multiple decades. While the artificial sources for
instance due to numerical dissipation should be in the range of < 1 % of the acoustic
intensity, the physical sources can be much larger. To overcome this problem a log-
arithmic source power level (QPL) in [dB] is introduced, which is based on the log-
arithmic sound pressure level (SPL) scale. The unit of the acoustic sources is acous-
tic power per volume. A reference volume is introduced in addition to the reference
power, which is analogous to that used to the define the SPL (Pref = 1×10−12 W).
The reference volume can be chosen as a typical source volume to obtain a source
power level, which corresponds to the observed SPL originating from this source
volume. The average source strength can be negative, which means a local annihila-
tion of acoustic energy. Nevertheless, to obtain a compact overview of the sources,
two logarithmic scales for positive and negative source strength are combined. The
acoustic source power level QPL is defined as:

QPL = sign(Pin) 10 log10

[
max

(
|Pin|

10−12W
, 1

)]
. (8.11a)

Where the input acoustic power is given by

Pin = 〈∇∇∇ · Ia〉t Vref. (8.11b)

This yields a symmetric logarithmic source power level scale for production and
annihilation of acoustic energy, which cuts off sources if the absolute value of the
input source power is below the threshold of 10−12 W/Vref.

8.2.3.2 Validation by the conservation of the acoustic energy

Besides analysis, which uses local values of 〈q〉t to asses the quality of a numer-
ical solution, an integral approach presents itself, where the energy balance over
a control volume is considered as it was used e. g. by Eversman [6]. The global
conservation law is obtained by integrating Eq. (8.10) over a volume V with closed
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surface S, which leads to
∫
S

nnn · 〈III 〉t dS =
∫
V

〈q〉t dV , (8.12a)

where nnn is the outer surface normal, and nnn · 〈III 〉t is the (temporal mean) flux density
of acoustic energy across the surface S (compare [6]). Relation (8.12a) is used here
to investigate the conservation of energy in a duct with impermeable side walls.
Therefore the mean flux 〈P〉t through a cross section of the duct is considered. This
flux can be calculated by

〈P(x)〉t =
∫
Sx

nnn · 〈III 〉t dSx , (8.12b)

where Sx is the area of the respective lateral cut through the duct and nnn points in
the axial direction. The variation of 〈P〉t with axial position x gives an overview
about the energy conservation in the duct. Theoretically the flux of acoustic energy
through the impermeable side wall is zero. In the absence of sources, no acoustic
energy should be generated or annihilated in the duct. Consequently, because of
Eq. (8.12a), the flux 〈P〉t should be identical for all axial positions x. In the presence
of sources, the variation of 〈P〉t indicates the global effect of the sources at a given
axial position.

8.3 Results and Discussion

In this section the detailed physics of several combustion systems are analysed based
on numerical results using different analytical post processing methods. Three dif-
ferent systems are considered, which are an electrically heated flow duct as a model
experiment in section 8.3.1, a premixed swirling combustor flow in section 8.3.2
and finally a model combustion system with a single non-premixed swirling flame
in section 8.3.3.

8.3.1 The entropy wave generator (EWG) model experiment

The EWG model experiment for indirect combustion noise and the related exper-
imental results are described in chapter 5, whereas an overview on the numerical
simulation using CFD tools is provided in chapter 1. The set-up, which features a
flow duct with inflow plenum, a heating module in the straight inlet duct, a nozzle
and an outflow duct is sketched in Fig. 8.5. The flow in the nozzle ranges from sub-
sonic to transonic conditions. A flat-top peak heating pulse of approximately 100 W
over 0.1 s is considered as a perturbation source. The power is equally distributed
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Fig. 8.5 Sketch of the EWG experiment.

over the source region (x = 0.39 . . .0.43 m) for the axisymmetric simulation. Di-
rect noise from the heating and indirect noise from the acceleration of the hot gas
in the nozzle are expected. The CAA method described above is used to simulate
the compressible base flow and the unsteady system response to the heating pulse.
A nonlinear Euler model as described in Richter et al [15] with adapted boundary
conditions, which are given in detail in Richter et al [17] is used to obtain the mean
flow conditions.

8.3.1.1 Maximum of the relative peak pressure response

Fig. 8.6 Normalised trans-
mission coefficient between
entropy perturbation in the
inlet duct and maximum pres-
sure perturbation in the outlet
duct.
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First, a variation of the maximum nozzle Mach number in the flow duct is carried
out following the experiment. All results of the parameter variations are summarised
in Fig. 8.6. The perturbation variables are plotted non-dimensionally with the related
flow variables. The pressure perturbation is normalised by the pressure in the outlet
duct and the non-isentropic density perturbation is normalised by the mean density
in the heated duct section. The abscissa of Fig. 8.6 shows a Mach number defined by
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the maximum flow velocity in the unperturbed state normalised by the local speed
of sound.2

A fully non-reflective modelling of the plenum produces a large deviation from
the variation of the peak pressure response over the nozzle Mach number found
in the experiment, with even the trend incorrectly predicted. A hard wall and two
impedance models for the plenum inflow are considered. The plenum inflow is made
partially reflective by adding a non-infinite real part of the impedance and a negligi-
bly small imaginary part growing with the frequency, respectively. The small imagi-
nary part m = 1/1000 is required for the coupling of the EHR model to the time do-
main CAA method. As can be seen in Fig. 8.6 the plenum reflection leads to a much
better reproduction of the experimental data for the peak pressure response. With
a reflective plenum a saturation of the peak pressure response is observed around
Ma = 0.7. The peak pressure level of the anechoic and reflective plenum equalise
with the base flow reaching transonic conditions in the nozzle.

8.3.1.2 Quality analysis and source location

(a) Ma = 0.31 (b) Ma = 0.52

(c) Ma = 0.73 (d) Ma = 1.05

Fig. 8.7 Average acoustic source strength QPL (above as contour plot) and axial acoustic power
flux Pa (below as lines).

Selected results of the intensity analysis are presented in Fig. 8.7. A partially
reflecting plenum is considered. The direct source effect of the heat input is visi-
ble on the QPL-scale in the region between x = 0.39 m to x = 0.43 m. However, the
acoustic energy input by the direct source (QPL≈ 70 dB) is several orders of magni-
tude below the maximum found in the whole flow duct. The indirect source strength

2 The experimental data is based on the corrected Mach number in the nozzle throat.
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found in the nozzle and diffuser is much larger (QPL ≈ 120 dB). The most power-
ful acoustic sources are found in the narrow cross section of the nozzle. Due to the
different sign found in nozzle and diffuser, only a small fraction of the acoustic en-
ergy is really radiated into the up- and downstream duct sections. Furthermore, the
overall acoustic energy depends on the size of the source. Therefore, the resulting
acoustic power is still dependent on the size of the source region. The direct source
region forms a volume of one order larger than the strong sources in the nozzle. This
means an SPL of one order smaller caused by this source volume. Some additional
acoustic sources are located further downstream in the diffuser with the QPL. How-
ever, these sources may originate from the simplification of the acoustic velocity
perturbation uuu′a to the overall velocity perturbation, as a large and strong vortex is
generated by the entropy perturbation passing the inhomogeneous flow field in the
nozzle. In fact, this vortex is correlated with the acoustic waves in the exhaust duct.
Both have the same origin, which is the passage of the initial entropy perturbation
through the nozzle. Therefore, the vortical perturbation contributes to the modified
intensity in a time averaged sense.

Below the contour plots, the time-averaged overall acoustic power flux 〈Pa〉t is
given for each flow speed. While the colour map is the same for all figures, the over-
all acoustic power shown below has been adjusted to represent the observed levels
better. The above observations are supported by 〈Pa〉t . In the region of the heat
module, the acoustic power increases nearly linearly and the acoustic power flux is
negative upstream (left in Fig. 8.7) of the heating module and positive downstream
of the module. The linear increase directly corresponds to the region identified as a
source region with the QPL. Furthermore, there is an approximately constant acous-
tic power in the straight duct section between heat module and nozzle. The small
decrease and variation in front of the nozzle is due to an interpolation error for the
two grid blocks involved in the integration there. This causes an intense increase of
the acoustic power flux in the nozzle, which leads to large amplitudes of 〈Pa〉t . For a
better representation, the peak has been cut off in Fig. 8.7. The intense right-running
acoustic waves originating from the nozzle are then annihilated in the diffuser di-
rectly following the nozzle throat. The field in the diffuser may include trapped
waves, which initially run upstream to be reflected at the nozzle. The net transport
of acoustic energy by these waves is zero over the whole pulse. The reflected waves
may also be involved in the annihilation of acoustic energy in the diffuser. Alto-
gether the acoustic power flux in the diffuser becomes very low and increases again
towards the outlet. The acoustic power flux in the outlet duct becomes constant
again, even though there are acoustic sources identified by the QPL.

Taking the information of the QPL together with 〈Pa〉t , the direct source mech-
anism is found to radiate with the full positive source strength, without any per-
turbation from negative sources into the heated inlet duct section. The sources in
the nozzle have a different nature. Strong positive and negative sources are found
with the QPL, which cancel on average. The resulting high acoustic power flux is
localised at the throat between nozzle and diffuser. The acoustic power flux is then
increased by the sources in the exit region of the diffuser again.
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8.3.2 Swing-off response of a premixed swirl combustor flow

The premixed swirling flame described in chapter 2 is enclosed by an approximately
cylindrical shell with one open surface opposite to the burner as described to obtain
an enclosed flame, which features the typical aspiration of hot gases without the
indirect noise due to the acceleration in the combustion chamber exit nozzle. The
numerical simulation of the problem with CFD methods is also described in chap-
ter 2. A steady RANS simulation and the averaged flow field obtained from an LES
simulation, which were both carried out by Zhang et al [24] using CFX, have been
made available to the authors. These results are applied as the base flow regime
(subscript 0) in the perturbation approach described in Eq. (8.1). The resulting mean
flow conditions are very similar at first glance as can be seen from Fig. 8.8. How-
ever, the flame cone and the recirculation zones differ between the RANS (Fig. 8(a))
and averaged LES results (Fig. 8(b)).

(a) RANS (b) LES

Fig. 8.8 Mach number and stream traces for the average flow fields (0 in Eq. (8.1)) provided by
Zhang et al [24].

The CAA method is now used to compute the spectral peak frequencies of the
combined geometric and flow system. A swing-off response due to a perturbed ini-
tial condition may be considered for this purpose. However, the result is not statisti-
cally stationary and therefore, the intensity bases analysis according to section 8.2.3
could not be carried out. Instead of a perturbed initial condition a short heating pulse
is therefore used as excitation. The pulse length is chosen such that the frequency
band given from the experiment is excited uniformly. The resulting process is statis-
tically stationary after all perturbations have left the computational domain through
the non-reflective boundaries.

Even though the combustion chamber is not fully axisymmetric due to the instal-
lation of windows and cooling devices, which are necessary for the optical access
to the chamber, it can be approximated by the axisymmetric approach very well.
However, the swirl nozzle of the burner can not be covered by the modal axisym-
metric approach. Therefore, the inflow is modelled as an acoustic impedance using
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the boundary condition of section 8.2.2.4. The five model parameters of the EHR
are calculated based on Eq. (8.6) and the assumption that a sufficiently large cavity
damping is caused by the installations inside the plenum of the burner. The geomet-
ric parameters are estimated to be V = 7.6 l, S0 = 56.6 cm2 and L = 14.5 cm. The
length correction is usually found to be in the order of one to two times the diame-
ter of the resonator neck. The neck of the burner is much longer than the diameter,
therefore the effect of the length correction remains small. The resonant frequency is
obtained as f0 ≈ 100 . . .122 Hz depending on the length correction. f0 is the inverse
of the halved response time Tl . Consequently the non-dimensional model parame-
ters are obtained as β ≈ 0.6 and m ≈ 10−4. The parameters for the EHR are chosen
as follows in the simulation: Tl = 1/250 s, β = 0.6 and m = 1/2000. The latter is
necessary to obtain a larger maximum time step size for the simulation and does
not significantly change the low frequency impedance. The face sheet resistance is
assumed to be very small (R = 0) and a considerable cavity damping is obtained by
setting e−ε = 0.75.
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Fig. 8.9 Fourier transform of the swing-off response in the combustion chamber.

For the CAA simulation, only the cylindrical combustion chamber and a cut-out
of the exterior are meshed using 0.87×105 grid points. The computation of 105 time
steps takes 33 h on a dual core Athlon 64 X2 CPU with 2.2 GHz using MPI. The
resulting swing-off responses for the two different mean flow conditions is given
in Fig. 8.9. The geometrical identification of the EHR model parameters is used as
boundary condition for the inflow section, whereas the remaining part of the bottom
of the model combustion chamber is assumed to be hard walled. The RANS-based
mean flow conditions lead to an over prediction of all peak frequencies as shown
in Fig. 9(a), whereas, as can be seen from Fig. 9(b), the experimental spectrum is
qualitatively and quantitatively well met for the LES-based average flow field. All
spectral peak frequencies in the low range (≤ 1 kHz) are identified. Even though the
exact frequency is missed for the lowest peak and the decay is not exactly correct for
the higher frequencies because the excitation is not entirely equivalent, the current
numerical result can be seen as a good prediction of the experimental observation.
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It demonstrates that the combination of average flow field and geometrical bound-
ary conditions including the impedance of the burner fully determines the resulting
frequency response. However, it must be noted that the result highly depends on
the impedance of the plenum. Furthermore, the RANS-based mean flow leads to
the growth of instabilities with the linearised Euler equations. The simulation was
stopped before the instability became observable in the result. No such instability is
found with the averaged LES flow field as mean flow.

(a) RANS (b) LES

Fig. 8.10 Source location for the swing-off response of the enclosed swirl combustor flow.

Finally, a source location is considered in Fig. 8.10. The QPL clearly identifies
the heated region (square around x = 0.06 m and y = 0.08 m) as the major source of
sound. The location for the artificial heating pulse is chosen such that the majority
of the reaction zone is covered such that no further information could be obtained
from this region. However, an excitation further downstream close to the chamber
exit also featured the major source in the heated region. The direct noise clearly
dominates the configuration. In addition to this direct source, some indirect sources
are found as thin lines of positive and negative source strength following the free
shear layers of the swirling flow inside the combustion chamber. The source strength
may also be connected to the vorticity generated in the non-isentropic, non-potential
flow field. The resulting radiation is probably very small due to the similar level of
generation and annihilation of acoustic energy. Furthermore, a vortex shedding from
the wall of the chamber becomes visible in the QPL, which cannot be interpreted
without a decomposition into acoustic and hydrodynamic velocity fields. The differ-
ence between RANS- and LES-based mean flow fields essentially arise due to the
different location of the flame front.

8.3.3 10 kW model combustion system with Ø 17 mm exit nozzle

The experimental data for the model combustion chamber is provided by F. Bake,
B. Lehmann and I. Röhle, whereas the unsteady RANS simulation, which is used as
input for the CAA simulation here was provided by M. Liu, B. Noll and M. Aigner.
The results have been published in [15], and represent the oldest results documented
here. The case has been included to demonstrate the capability of the approach and
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to allow an updated interpretation in light of the new insight obtained from the EWG
experiment. However, a new simulation has not been carried out, such that neither
the EHR model nor the intensity-based analysis could find application here.

8.3.3.1 Numerical case description, base flow and RANS source data

Fig. 8.11 Simplified experimental
setup of the 10 kW model combus-
tion system.

The experimental set-up is sketched in Fig. 8.11.
The combustion system consists of a combus-
tion chamber with a swirling, non-premixed flame,
Ø 17 mm exit nozzle and exhaust duct. The cylin-
drical combustion chamber is hard-walled. The low
reflection outlet termination used in the experiment
is modelled by a fully non-reflective PML boundary
condition.

The base flow, obtained as a temporal average
from a RANS computation, is interpolated by a sec-
ond order method to the CAA mesh. The maximum
flow Mach number reaches from 0.006 to 0.11 in
the combustion chamber and the nozzle throat, re-
spectively.

For the CAA-computation the sound propagation
into the inlet nozzle and plenum, which are used
as fuel-gas and fresh air supply, is neglected. The
plenum reflection is assumed to be contained in the
compressible U-RANS simulation used as the per-
turbation source. A zone downstream of the com-
bustion chamber base (100 grid points) is desig-
nated for the input of the sound source. The size of
this zone is adjusted in a basic investigation of the
sound source. Two different concepts for the sound sources were tested, from which
the direct prescription of the source as a Dirichlet boundary condition combined
with a sponge layer with predefined source as designated input field turned out to
be the best method [15]. The results presented here are based on a 2D axisymmetric
U-RANS simulation.3

The resulting frequency response in shown in Fig. 8.12 in comparison to an ex-
perimental spectrum. The result is promising in the sense that several preferred fre-
quencies of the system, even in the high frequency range around 4 kHz, are correctly
predicted. However, the major peak is missing. The correct prediction even in the
high frequency range shows the general capability of the approach for such prob-
lems. The geometrically induced frequency response is related to the correct trans-
port of the low frequency perturbation included in the U-RANS simulation. The
missing peak frequency in the low range is probably due to the neglected plenum

3 The simulation has been provided by M. Liu, B. Noll and M. Aigner from the Institute of Com-
bustion Technology, German Aerospace Center (DLR), Stuttgart.
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and termination impedances. As the results in the preceding sections demonstrate,
the reflections are an essential part of a correct prediction. Therefore, the applica-
tion of a measured impedance for the plenum and exhaust duct exit may help to
improve the numerical result. However, only the outflow impedance is available at
the present time. Furthermore, the application of the combined burner nozzle and
plenum impedance would require a different coupling of CFD and CAA to imple-
ment the measured impedance.

The observed amplitude of the dominant frequency and the first two harmonics
is higher than the amplitude of the corresponding peak in the experiment. This is
probably due to the axisymmetric CFD computation, which does not predict 3D
structures correctly. Due to the assumed coherence of the perturbation field in the
azimuthal direction, sound levels are then over predicted. Furthermore, the vortex
interaction leads to growing amplitudes in 2D, which may also cause the over pre-
diction of the noise level.

8.4 Conclusion

Several applications of a time explicit high-order finite difference method in the sim-
ulation of direct and indirect combustion noise have been demonstrated. The first is
the validation of the method with a model experiment for indirect combustion noise
using an electrical heat source to produce the perturbation. Even though the ex-
act pressure response in the exhaust duct of the model experiment has been shown
to depend essentially on the unknown reflections from the plenum and probably
also from the exhaust duct outflow, the numerical results demonstrate the capabil-
ity of the method. A source location and validation based on the acoustic intensity
has been carried out and the indirect noise source has been identified in the noz-
zle and diffuser. It is found that there is an interaction of the source contributions.
Generation and annihilation of acoustic energy occur at similar levels in the nozzle
and diffuser. Therefore, the resulting radiation efficiency of the indirect source is
found to be smaller than the theoretical predictions for nozzle and diffuser alone.
The second application considers the prediction of the dominant frequencies in an
open combustion chamber featuring an enclosed premixed flame. The results are
based on the average flow field from a precursor CFD simulation. An estimation
of the model parameters for the extended Helmholtz resonator model to describe
the plenum impedance is applied, which is based on an identification of the model
parameters with a low frequency resonator and its dimensions. It is found that the
predicted dominant frequencies fit the experiment very well, if an averaged LES
result is considered as mean flow. A RANS-based mean flow cannot reproduce the
correct frequencies due to the different location of the flame front. Furthermore, the
RANS-based perturbation approach is found to be unstable. The noise generation
in the second example is not directly related to indirect combustion noise as the
source location shows. Due to the axisymmetric approach and the coarse mesh for
the high-order CAA method, the computational time for the swing-off response re-
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Fig. 8.12 Comparison of the experiment and the linear CAA-computation.

mains small. Therefore, the RANS-based result may be seen as a fast prediction with
some trade-off effects due to the axisymmetric modelling. Finally, an application of
the method as a propagation zone approach in a model combustion system has been
considered. The results indicate that a dominant frequency of the combustion sys-
tem may be missing due to a failure in describing the impedance of the connected
systems. On the other hand the qualitatively correct prediction of the dominant fre-
quencies up to 4 kHz shows that the geometrically induced resonances of the system
are correctly described. Altogether the results show that the correct modelling of a
combustion system requires knowledge about the impedance of connected systems.
Furthermore, the encouraging results indicate that dominant frequencies in com-
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bustion systems are related above all to the boundary conditions, rather than being
related to the highly nonlinear reaction chemistry of the flame.
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Chapter 9
Direct Numerical Simulations of turbulent
flames to analyze flame/acoustic interactions

G. Fru, H. Shalaby, A. Laverdant, C. Zistl, G. Janiga and D. Thévenin

Abstract Direct Numerical Simulations (DNS) are becoming increasingly impor-
tant as a source of quantitative information to understand turbulent reacting flows.
For the present project DNS have been mainly used to investigate in a well-defined
manner the interaction between turbulent flames and isolated acoustic waves. This is
a problem of fundamental interest with practical applications, for example for a bet-
ter understanding of combustion instabilities. After developing a specific version of
the well-known Rayleigh’s criterion, allowing to investigate local amplification or
damping of an acoustic pulse interacting with a reaction front, extensive investiga-
tions have been carried out. The present publication summarizes the main findings
of all these studies and describes in detail the underlying numerical and physical
models, in particular those used to describe chemical reactions. Post-processing of
DNS data in the light of turbulent combustion modeling is also discussed. The re-
sults illustrate the complexity of the coupling between reaction fronts and acoustics,
since amplification and damping appear mostly side by side, as alternating layers.
The influence of individual reactions and species on the damping process can also
be quantified in this manner. This publications concludes with perspectives towards
higher turbulence levels and effects of differential diffusion.

9.1 Introduction

Turbulent reacting flows are essential for a wealth of practical applications (automo-
bile engines, aircraft turbines, domestic boilers, nano-particle production, electricity
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generation by a power plant burning coal or oil, etc.). Considering the present envi-
ronmental issues it is essential to understand and improve combustion processes, in
order to reduce fuel consumption and pollutant emissions (including noise, which is
indeed one of the most disturbing pollutants in urban areas) as much as possible.

This is indeed a formidable task since turbulent combustion involves many in-
dividual, physical processes of high complexity, e.g. chemical kinetics, differential
molecular diffusion, radiative heat transfer, phase transition, flame/acoustics inter-
actions, and of course the turbulent flow itself, which is indeed also an unsolved
issue. The nonlinear coupling between all these phenomena completely determines
the behavior of practical systems. Due to this complex coupling truly predictive nu-
merical models are not available at present for realistic installations, although they
are of course necessary to improve existing devices and develop new configurations.

Since the control of combustion instabilities is a fundamental and practical prob-
lem of high interest [5], one particularly important phenomenon is the interaction
between a turbulent flame and a well-defined, isolated acoustic wave. To understand
the birth of combustion instabilities, the interaction of an acoustic wave with a tur-
bulent flame, leading to amplification or damping, is an essential basic element of
the coupling process, since acoustics are known to trigger such instabilities in many
configurations. This elementary process has therefore been considered in detail dur-
ing the present project using numerical simulations.

There are three main strategies to simulate turbulent reacting flows in general: the
Reynolds-averaged Navier-Stokes formulation (RANS), where all turbulent scales
are modeled; Large-Eddy Simulations (LES), in which small scales are modeled
while large scales are solved exactly; and as a last alternative, Direct Numerical
Simulations (DNS), where all physical scales are resolved on the grid.

RANS require simplified turbulent combustion models and thus cannot be used
for an a priori analysis of the coupling process. LES need a subgrid model to de-
scribe all physical processes taking place below grid resolution. Both, though highly
interesting in particular for solving large scale problems with a complex geome-
try, are thus associated with many unsolved issues and challenges (see for example
[30, 47, 46, 33, 7]). The potential of LES and of Unsteady RANS (URANS) for
investigating acoustic emissions in flames is demonstrated in other chapters of this
book; it will not be considered further here.

In order to increase the predictive accuracy of numerical simulations, further
studies are needed to refine the models required for RANS and LES, or to de-
velop alternatives. These studies can rely either on detailed, quantitative experi-
mental measurements or on DNS computations (sometimes also called “numerical
experiments”). The latter will be used in the present work, employing exclusively
Direct Numerical Simulations.

The DNS method consists of solving directly and as far as possible exactly the
complete, unsteady Navier-Stokes equations. All physical spatial and time scales
are resolved accurately by using a suitable discretization in space and time, so that
a turbulence modeling is not necessary any more. DNS is the best method with the
highest level of accuracy when applicable and its results contain all physical infor-
mation about the turbulent flow as well as all other variables of interest (concentra-
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tions, temperature, density. . . ). Hence, when accurate models are also employed for
all other physical processes, DNS qualify indeed as a “numerical experiment”, but
lead of course to very high requirements in computing time and memory.

Despite the fact that progress in computer technology now sometimes allow
direct simulations of turbulent flames relying on complete reaction schemes and
realistic, multicomponent transport models, the associated computational cost in
terms of computing time and required memory remain tremendous (see for example
[9, 10, 11]). Though limited to some simple configurations, corresponding single-
processor computing times are expressed at best in months, usually in years! For
more realistic configurations (complex three-dimensional geometry), or when sys-
tematic studies are required (long physical times, several simulations), such compu-
tations remain completely impossible at present. There is therefore an urgent need
for suitable model reduction. In particular, it is very important to identify models
that will simplify the numerical description of the reacting process, while preserving
the coupling between chemistry, heat transfer and fluid dynamics in a quantitative
manner. For instance, tabulated chemistry reduction techniques, which are the most
recent development in the field of chemical kinetics reduction constitute a vital alter-
native to the direct use of complex reaction schemes in DNS flow solvers. Tabulated
chemistry typically leads to one or two orders of magnitude reduction in computing
time compared to a complete reaction scheme. For this reason, the application and
validity of tabulated chemistry techniques will be discussed in this paper.

Concerning pressure-velocity coupling, one suitable model reduction for turbu-
lent flames is the low Mach number formalism, leading again to a similar reduction
in terms of computing time [3]. Even if this approximation cannot be used directly to
investigate acoustics, since the acoustic coupling process has been removed from the
corresponding equations, it might still be employed to investigate in detail the struc-
ture of turbulent flames. Through a coupling with Computational Aero-Acoustics
(CAA) methods, as described in other chapters of this book, the radiated acoustic
field can be reconstructed appropriately.

Even with such model reductions, the remaining computing time is still impres-
sive. Therefore, it is essential to employ parallel supercomputers to keep acceptable
user waiting times. The corresponding issues are mostly algorithmic and will there-
fore not be discussed in the present publication.

DNS is the optimal method to foster model analysis and development. For this
purpose the huge sets of raw data generated by DNS must be post-processed in an
intelligent and efficient manner: generating a bunch of colour videos is by far not
sufficient! For instance, the DNS of a 3D hydrogen flame relying on a complete
reaction scheme produces typically around 500 MB of raw data per time-step. It is
obvious that these data have to be post-processed efficiently in order to extract all
the available information useful for process understanding and model development.
Fast, accurate, flexible and semi-automatic post-processing tools are needed in order
to maximize the scientific output from such investigations and thus lead to improved
models e.g. for RANS [42] and LES. Such a tool has been developed in our research
group and will be described as well.
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As already explained, the understanding of turbulent combustion relies on many,
strongly coupled and highly complex physical phenomena. Some of the major chal-
lenges are:

• Numerical complexity: the spatial and temporal dynamics are inherently coupled,
with a wide range of relevant scales for the turbulence and chemical reactions,
which must be adequately resolved or modeled.

• Chemical complexity: complete chemical schemes often involve a large number
of species and elementary reactions (for instance hundreds of species, thousands
of reactions for gasoline oxidation).

• Transport complexity: differential diffusion at molecular scale as well as turbu-
lent transport of heat and species control mixing and heat transfer.

• Multi-physics complexity: practical flow configurations often involve multiphase
flows (such as in spray combustion, for soot emission, . . . ), thermal radiation,
complex thermodynamics, plasmas, acoustics. . . Turbulence/chemistry interac-
tions are always essential.

• Post-processing complexity: DNS lead nowadays to huge quantities of raw data,
from which useful information must be extracted and analyzed as efficiently as
possible.

In this work, we will describe some of our contributions in tackling several of
the above challenges. After describing the employed numerical tools, methods and
models in chapter 9.2, in particular concerning chemistry modeling, the potential
of DNS to investigate flame/acoustic interactions is detailed out in chapter 9.3. A
recently developed post-processing toolbox is briefly presented in chapter 9.4, be-
fore drawing some perspectives concerning higher turbulence levels and effects of
differential diffusion.

9.2 Theoretical Background, Numerical methods and procedure

DNS of turbulent combustion problems have been carried out in our research group
for a variety of configurations and model problems during the last 20 years. In order
to maximize accuracy and numerical efficiency, two different code families have
been finally developped. Though all resulting DNS codes are very similar in their
building bricks and global structure, they also show noticeable differences depend-
ing on the specific problem that must be investigated with the code. The Parcomb
family considers only complete reaction schemes, while the π3 family relies on tab-
ulated chemistry to describe reaction processes. In addition, both compressible and
low-Mach number formulations are available. The final spezialisation of the differ-
ent codes is shown in Fig.9.1. Since all codes have been used at some point during
this project, the common features and main differences are discussed in what fol-
lows.
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Fig. 9.1 DNS codes employed in this project and main characteristics.

9.2.1 DNS code family Parcomb

Parcomb has been originally developed by Thévenin and coworkers [43, 44]. It is
a finite-difference DNS code solving the compressible Navier-Stokes equations for
multicomponent reacting flows with accurate physical and chemical models. Since
Parcomb is the oldest code available in our group (the first version is almost 20 years
old), it is limited to two-dimensional computations, corresponding to the available
computing power on supercomputers at that time. Derivatives are computed using
centered explicit schemes of order six except at boundaries where the order is pro-
gressively reduced to four. Temporal integration is realized with a Runge-Kutta al-
gorithm of order four.

Boundary conditions are treated with the help of the Navier-Stokes Character-
istic Boundary Condition (NSCBC) technique [32], extended to take into account
multicomponent thermodynamic properties [2]. This allows in particular to obtain
non-reflecting conditions at the boundaries.

Transport coefficients and chemical kinetics are treated following methods simi-
lar to those used in the standard packages CHEMKIN and TRANSPORT [16, 17]. In
order to describe chemical reactions a complete reaction scheme involving 9 chemi-
cal species (H2, O2, O, H, OH, HO2, H2O2, H2O, N2) and 37 individual reactions is
taken into account for hydrogen combustion. The reaction scheme for syngas con-
tains 13 species (CO, HCO, CH2O, CO2, H2O, O2, O, H, OH, HO2, H2O2, H2, N2)
and accounts for 67 individual reactions.

Parcomb has been parallelized and widely used over the last two decades to inves-
tigate various properties of turbulent flames (see for example [44, 26, 12]). The nu-
merical domain employed when using Parcomb to investigate turbulent flame prop-
erties or flame/acoustic interaction is a two-dimensional square box of dimension
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L2
box, typically between 1 and 1.5 cm in each direction (Fig.9.2). A fixed mesh is

used in each direction, with a typical spatial resolution around 30 μm, necessary to
resolve accurately all intermediate chemical radicals as well as the dissipation scale
of turbulence. The left-hand boundary condition is usually a subsonic inlet with im-
posed value of velocity, while the right-hand boundary condition is a non-reflecting
subsonic outlet, both implemented using the NSCBC technique. Parcomb has been
used within this research project to investigate both premixed and non-premixed
flames burning hydrogen or syngas. Either isolated acoustic pulses (Gaussian wave)
or, recently, realistic acoustic waves involving several periods [40] have been con-
sidered.

Fig. 9.2 Typical numerical
configuration employed for
two-dimensional DNS.

Sider (also called Parcomb3D) is the three-dimensional version derived from
the two-dimensional code Parcomb. Simultaneously, the code has been rewritten in
FORTRAN 95. This version has been mainly developped and employed at ONERA.

An improved numerical scheme, the skew-symmetric formulation [15] has been
implemented in Sider for the convective terms, in order to reduce even further nu-
merical dissipation and increase stability. According to this scheme, the derivative
of a general convective term can be written as:

∂ (ρau j)
∂x j

=
1
2
∂ (ρau j)
∂x j

+
1
2
∂ (ρu j)
∂x j

+
ρu j

2
∂a
∂x j

. (9.1)

As a consequence, the transported quantities are globally conserved for a given vis-
cosity approaching zero. Temporal and spatial schemes are unaltered. Further de-
tails concerning code structure, optimization on parallel computers, or initialization
of the synthetic three-dimensional turbulent velocity field are very similar to that
found in Parcomb and are described for instance in [12].

In the latest months of the present project, Sider has been used to examine flame
structure and flame/turbulence coupling for non-premixed hydrogen-air flames in
three dimensions. The computational domain (Fig. 9.3) is typically a cube of 1 cm
side with a uniform grid spacing of 50 μm (8 million grid points). Non-reflecting



9 DNS of turbulent premixed flames to analyze flame/acoustic interactions 245

boundaries with pressure relaxation are employed in the x−direction while period-
icity is assumed along the y- and z-directions.

Fig. 9.3 General view of the
3D configuration, showing
instantaneous iso-surfaces
of the mass fraction of H2
at t = 0.94τ . The mixing
zone is clearly visible, ex-
tending around the center of
the domain. Non-reflecting
boundaries are considered in
the x-direction, periodicity is
assumed along y and z.

9.2.2 DNS code family π3

The three-dimensional compressible DNS code family π3 is also an explicit finite-
difference solver, written using FORTRAN 95. Compared to the Parcomb family, a
considerable reduction of the needed computing times (typically one or two orders
of magnitude) is obtained by using an accurate reduction technique for the chem-
istry, called Flame-Prolongation of Intrinsic Low-Dimensional Manifolds (FPI), de-
scribed later. The boundaries are again computed using the NSCBC formulation, as
in the Parcomb family.

As in Parcomb the parallelization of π3 relies on domain-decomposition, but
this time only along the y-direction in space, projected onto a corresponding one-
dimensional processor topology. Each node thus controls a subdomain of the global
computational domain. The integration procedure then consists of two successive
steps, repeated until the end of the computation. First, each processor carries out
an integration step on its own subdomain independently from the others. Then, all
processors communicate the new boundary values to their direct neighbors. The
next integration step can afterward be started. The grid is equipartioned among the
processors along the y-direction. All communications rely on the Message-Passing
Interface (MPI).

The DNS code π3C (compressible version of π3) is used in the present work to
investigate the interaction of a Gaussian acoustic wave with a turbulent premixed
flame in a three-dimensional flow. The flame is initially perfectly spherical, lami-
nar and centered in the middle of the numerical domain (Fig.9.4). Each side of the
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computational domain is typically 1 cm long. The grid spacing is constant and uni-
form, again around 30 μm. This leads now to a computational grid with roughly
30 million grid points. A fully premixed methane/air flame at an equivalence ratio
φ = 1.59 (rich flame), atmospheric pressure and fresh gas temperature of 300 K is
considered for the results shown later.

Fig. 9.4 Initially spherical, laminar flame kernel with the superposed turbulent field as initial con-
dition. The turbulence is represented here by isolines of vorticity magnitude along background
boundary planes.

In addition, the code π3 (low-Mach number version) has been employed to ana-
lyze turbulent flame structures without any acoustic perturbation. Knowing the re-
sulting flow variables, it is in principle possible to analyze the acoustic emission of
such flames by a post-processing relying on Computational Aero-Acoustics (CAA).
This issue is considered in other chapters of this book and will therefore not be
discussed further here.

9.2.3 Steps involved by the computational procedure

The analysis of turbulent flames and of flame/acoustic interactions using DNS fol-
lows always the same procedure. First, the laminar flame configuration is deter-
mined, either using a first DNS computation when considering detailed chemistry,
or using a simple estimation when relying on tabulated chemistry. Then, the ob-
tained laminar solution is transposed to a two-dimensional (Parcomb), respectively
to a three-dimensional (Sider, π3 family) configuration, with fuel (resp. fresh gases)
on part of the numerical domain, the other part consisting of oxidizer (resp. burnt
gases). A field of synthetic homogeneous isotropic turbulence, based on the classi-
cal turbulent energy spectrum of Kármán with a Pao correction for near-dissipation
scales [44, 12, 14], is then superposed on top of this laminar configuration as ex-
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emplified in Figure 9.4. The turbulence properties are imposed by the user in order
to obtain the highest possible Reynolds number in the domain, considering its lim-
ited size and the really achieved spatial resolution. The turbulence parameters are
checked by a separate post-processing of the initial solution. For the results shown
afterward in 3D, this leads for example to a Reynolds number based on the integral
scale equal to Ret = 256, a low but typical value for 3D DNS involving realistic
chemistry. The integral scale of turbulence is equal to lt = 2.06 mm, with a turbu-
lent fluctuation velocity u′ = 1.56 m/s and a value of the unburnt mixture viscosity
ν = 1.76×10−5 m2/s. The characteristic time-scale of the large turbulent structures
is then τ = 1.3 ms.

When iterating now the DNS computation in time, a turbulent flame develops into
the numerical domain. This computation is carried out until reaching equilibrium
between chemistry and turbulence (in a statistical sense), which is known to occur
at a time around t � τ from the literature. At that time:

• the structure of the resulting turbulent flame can be analyzed and used for model
testing and development;

• or the investigation of the interaction between this turbulent flame and an acous-
tic perturbation can be started. This time is thus retained as the new origin of
time, t ′ = 0. In order to obtain quantitative results concerning the interaction of
an acoustic wave with a flame, two DNS computations are now carried out us-
ing the same code and the same models, starting with exactly the same initial
conditions: the first DNS is simply a restart of the previous DNS computation
without adding the acoustic wave (Fig.9.5) ; in the second one, the acoustic wave
is added to the obtained configuration at restart (Fig.9.6). This takes place either
within the domain for the isolated pulse (Gaussian acoustic wave), by modifying
appropriately the fields of velocity, density and pressure; or the corresponding
perturbation enters the domain through the inflow boundary, when considering
a realistic acoustic wave over several periods. By comparing the results of these
two DNS at the same position in time and space, the importance of the acoustic
interaction process can be directly quantified using the local Rayleigh’s criterion
introduced later.

9.2.4 Modeling of chemical reactions

Complete mechanisms constitute the most appropriate model for reacting flows.
Here, no simplification is introduced and an equation is solved explicitly for each
and every chemical species present in the chemical scheme involved, simultane-
ously with the Navier-Stokes equations. Though being the most accurate technique,
its use is often too demanding, since large reaction mechanisms contain hundreds
of species and reactions and rapidly lead to unacceptable computing cost in three
dimensions [13]. Generally, calculations with complex chemistry are obtained and
used mainly for the validation of simpler or reduced chemical kinetics models, and
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Fig. 9.5 DNS computation without adding an acoustic wave. The flame position is shown using
isosurfaces of CO2 mass fraction.

Fig. 9.6 DNS computation when adding a planar, Gaussian acoustic wave coming from the right.
The flame position is shown using isosurfaces of CO2 mass fraction. Compare with Fig.9.5.

also for the understanding of the detailed flame structure. In what follows, complete
reaction mechanisms are employed for the simulations relying on the Parcomb code
family.

Tabulated chemistry reduction techniques offer an attractive and promising alter-
native to complete reaction schemes and do serve as a smart means of introducing
effects of complex chemistry and/or multicomponent transport phenomena in re-
acting flow computations. A number of prominent complex chemistry tabulation
techniques have emerged in the course of the last two decades with a variety of
published methods. For instance the In-Situ Adaptive Tabulation (ISAT) technique
[34], where a chemical database is constructed from the direct solving of the time
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evolution of the species compositions and tabulated at run time, restricted to the ac-
tually accessed part of the composition space is a very accurate chemistry tabulation
technique. Another example is the Intrinsic Low Dimensional Manifold (ILDM)
technique [25], which is based on a local study of the characteristic times of the
dynamical system associated with the reactive mixture. More recently, the Flamelet
Generated Manifold (FGM) [29] and/or the Flame Prolongation of ILDM (FPI) [8]
have been developed and lead finally to similar chemistry tabulation techniques. The
latter is our method of choice for DNS computations involving the π3 code family.

The original FPI version is described extensively in other publications (see for a
start [8]). The FPI method leads to a tabulation of the chemical reaction terms into
a look-up table before the computations [6]. For most cases, flame speed, extinction
limits and radical profiles are predicted almost exactly using FPI when compared
to the complete reaction scheme, as demonstrated in previous publications. The FPI
database used for the results shown afterwards has been already described and em-
ployed in [45] and is obtained using a complete reaction scheme taking into account
29 species and 141 reactions to describe in a highly realistic manner methane/air
combustion [23]. It has been computed using a unity Lewis number hypothesis for
the sake of simplicity. For the conditions retained in the present work, the laminar
flame speed obtained using multi-component diffusion velocities is almost identical
to that computed with a unity Lewis number hypothesis (relative error below 5%),
showing that in this case such a simplification should be acceptable. For the DNS
the look-up table is simply parameterized by two coordinates (typically, mass frac-
tions of chosen species, e.g., nitrogen and carbon dioxide, or linear combinations of
such mass fractions). Standard transport equations are solved for these coordinates.
All other mass fractions and thermodynamic quantities can be obtained by reading
the look-up table.

The standard FPI technique shows some drawbacks and has therefore been recon-
sidered during the course of this project, leading to two major modifications. First,
the classical FPI table is built on an unstructured triangular/tetrahedral grid and in-
formation localization and retrieval from within the database rely on a complex tree
search and multi-linear interpolation. This procedure, though reliable and efficient
in terms of storage, is computationally not very efficient, so that a considerable
computing time is spent for information retrieval out of the database. Therefore,
the presently employed FPI look-up table can rely as an alternative on a regular,
cartesian description of the coordinate space. After computing the original flame
structures employed to define the look-up table (for the present project, laminar
premixed flames), a triangular/tetrahedral grid is first generated and then projected
onto a regular cartesian grid (Fig,9.7). This procedure leads to increased storage
requirements, but allows a considerably faster information retrieval. For all tested
configurations, the computing time requested for reading the look-up table during
real DNS computations is reduced by a factor around 4 when using the cartesian
grid, which is very attractive in practice.

As a second major improvement, a FPI version allowing computations with mul-
ticomponent transport models has been recently derived. The original FPI technique,
though not fully constrained to unity Lewis numbers (see for example the develop-
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(a) (b)

Fig. 9.7 7(a) Sketch of the triangular-to-rectangular grid mapping. The shaded region, ABDEA,
defines the actual flame domain. 7(b) Zoom on the triangulation with the regular rectangular grid
in the background

ments in [8]) has been in practice almost always used for cases relying on such
an approximation. Since it is not sure that differential diffusion effects will always
be negligible, in particular when considering hydrogen flames, introducing realistic
molecular diffusion models into the FPI method is an important issue.

In DNS the standard FPI look-up table is simply parameterized by two coordi-
nates (typically, mass fractions of chosen species, e.g., nitrogen and carbon dioxide,
or linear combinations of such mass fractions) in order to describe premixed or
partially-premixed flames. The use of a combination of one or more species mass
fractions to reconstruct an appropriate progress variable Yc is a measure taken to
ensure that the variation of Yc across the flame front is monotonic. For hydrocarbon
fuels for example, Fiorina et al. [6] proposed the use of a linear combination of YCO2

and YCO for Yc, an approach that is also used for the results presented later.
When using the standard look-up table, standard transport equations are directly

solved for the coordinates of the table and all other mass fractions and thermody-
namic quantities can then be obtained by data retrieval from the table.

On the other hand, if a detailed transport model is used to generate the look-up
table, appropriate modifications must be made in the solver to ensure that, first of
all, global mass is conserved and secondly, that the linear combination strategy with
which the progress variable is reconstructed is appropriate for all the tabulated flame
variables associated with it. Corresponding improvements have been successfully
implemented within our research group. Of course, the generation of the look-up
table then relies on laminar flame computations involving as well realistic diffusion
models (Fig.9.8).

The improved FPI procedure has been validated in two steps. First, an a priori
test has proved that the new mapping does not lead to any loss of accuracy, even
for minor radicals. Figure 9.9 shows a comparison between the results obtained
by solving directly the exact flame structure using the complete reaction scheme
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Fig. 9.8 Projection of a series of 1-D freely propagating laminar premixed methane/air flames on
the (Yz,Yc) subspace for 0.50 ≤ φ ≤ 1.97; 0.688 ≤ Yz(φ) ≤ 0.745 and a stepping of Δφ = 0.01.
Each vertical set of points (dots) constitute a single flame, covering the entire Yc space from the
fresh gas mixture (Yc,min) to chemical equilibrium (Yc,max) within the given Yz flamability limit.
The � symbols are the corresponding equilibrium values. When using the assumption Le=1, each
flame is aligned vertically (top), since differential diffusion is not allowed. On the other hand, each
flame has a complex structure when taking into account a realistic diffusion model (bottom).

(symbols) compared to the FPI result obtained with the interpolated (rectangular)
look-up table for the mass fractions of CH2O, HCO and HO2 radicals in a freely
propagating laminar premixed methane/air flame. The agreement is perfect.

Then, a direct comparison has been carried out for an expanding premixed
CO/H2/air flame configuration under the influence of a field of synthetic homoge-
neous isotropic turbulence. Results obtained with a complete reaction scheme and a
multicomponent diffusion model are directly compared to the results obtained with
the advanced FPI formulation. Three different time instants are shown for such an
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Fig. 9.9 Comparison of the results obtained with complex chemistry with the FPI results obtained
using a rectangular parameterization of the look-up table. Shown are the mass fractions of HO2 (�,
dashed line, right axis), HCO (◦, dash dotted line, right axis) and CH2O (�, solid line, left axis)
radicals, for a freely propagating laminar premixed methane/air flame projected on the progress
variable Yc.

expanding turbulent flame in two dimensions in Fig. 9.10, where the iso-surface of
the HCO radical is plotted. An excellent agreement is obtained, demonstrating the
accuracy of the extended FPI approach, that will be used from now on for all further
investigations.

(a) DNS with advanced FPI

(b) DNS with complete chemistry and transport

Fig. 9.10 Validation of the advanced FPI procedure showing the iso-levels of HCO mass fraction
at three times (from left to right 0.0, 0.25 and 0.5 ms): top, advanced FPI results; bottom, complex
chemistry and transport models.
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9.3 Flame/acoustics interactions investigated with DNS

To understand the origin of combustion instabilities, the interaction of an isolated
acoustic wave with a turbulent flame, leading to amplification or damping, is an
important basic element of the coupling process, since acoustics is known to trig-
ger combustion instabilities in many configurations. This coupling phenomenon has
first been explained qualitatively by Lord Rayleigh [36, 37] and has been the subject
of many later investigations (e.g. [27, 22]), relying mostly on theoretical considera-
tions or experimental measurements. This issue of flame/acoustic coupling has been
investigated at depth in our research group during the last ten years, using only Di-
rect Numerical Simulations and theoretical considerations. Only a summary of the
most important findings is proposed here. Complementary information and further
references can be found in particular in [41].

To the knowledge of the authors, no other research groups have been specifically
using Direct Numerical Simulations to investigate the interaction between turbu-
lent flames and acoustic perturbations. On the other hand, closely related aspects
are the subject of an abundant and very interesting literature. For a first review, the
recent book by Poinsot and Veynante is perhaps the best starting point [33]. Early
references are particularly important to understand the most important coupling pro-
cesses in laminar configurations. For example, wave propagation and scattering has
been considered analytically in [4]. Prasad [35] was the first to carry out a cor-
responding investigation relying on a detailed reaction scheme. McIntosh and co-
workers have examined at depth the details of the interaction process for laminar
flames (e.g. [24, 1]).

In spite of all these investigations, many questions remain, which cannot be
solved analytically and are extremely difficult to consider using experimental tech-
niques. As a consequence, after developing a specific version of the well-known
Rayleigh’s criterion to investigate local amplification or damping of an acoustic
pulse interacting with a reaction front [18], extensive investigations of flame/acoustic
interactions have been carried out in our group. Premixed [19] as well as non-
premixed [20] flames have been considered, using different fuels (for example hy-
drogen [20] or synthetic gas [39]). The influence of the direction of propagation of
the wave on the observed amplification process has been checked [38]. All these
studies have already delivered essential information in order to understand the local
coupling between chemical reactions and acoustic waves and are now used to de-
velop and test Computational Aero-Acoustics (CAA) models [31]. The main find-
ings will be summarized in what follows, with an emphasis on premixed flames.

Our previous investigations have always considered a 2-dimensional flow field,
using the DNS code Parcomb. This code has been used in the present project to in-
vestigate the structure of hydrogen and syngas (CO/H2/air) turbulent premixed and
non-premixed flames. Since turbulence is in general a 3-dimensional phenomenon
[21], some of its aspects cannot be captured with such simulations. It is therefore
a priori questionable how general the obtained results can be for real turbulence.
As a consequence, the second DNS code family (π3, see Fig.9.1) has been devel-
oped and used for three-dimensional computations. As explained in the previous
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section, while Parcomb considers complete reaction schemes, the π3 codes use the
FPI chemistry tabulation procedure.

9.3.1 Local Rayleigh’s criterion

The developments first presented in [18] lead back to the classical stability condi-
tion first proposed by Lord Rayleigh, and based on a product between pressure fluc-
tuation and heat release fluctuation. At the difference of the original formulation,
the criterion proposed in what follows considers now local values of the important
quantities in space and time. We restrict ourselves to a brief summary, in which only
the source term due to combustion is considered. Readers interested in all details of
the derivation are referred to [40, 18].

Using standard assumptions the balance equation for the acoustic energy E fi-
nally takes the form:

∂ E
∂ t

+∇ ·F =
γ−1
γ p

Π ′Q′ (9.2)

where Π ′ = (1/γ) log(1+ p′/p0) [28], with(·)0 denoting the unperturbed values and
(·)′ the acoustic perturbation. The variable Q′ is the heat release fluctuation, E and
F are respectively the acoustic energy and the acoustic flux. These variables are
computed as:

E =
1
2

(
v′2

c2 +Π ′2
)

(9.3)

F = v′Π ′ (9.4)

Q
′
= −

N

∑
i=1

hiẇ
′
i (9.5)

In these equations, c is the speed of sound, v is the flow velocity and thus v′ is the
acoustic velocity fluctuation N is the total number of chemical species, hi the en-
thalpy of species number i and ẇi its total mass production rate due to all reactions.
In all equations the stoichiometric coefficients of a total number of R elementary re-
actions (complete reaction mechanism) are taken into account, along with the molar
production rates ω̇ik of species i in the elementary reaction number k. Since, if the
right side of Eq.(9.2) is negative (resp. positive), the wave is attenuated (resp. ampli-
fied), one obtains finally that the acoustic wave is amplified (locally) for Π ′Q′ > 0
and damped for Π ′Q′ < 0.

The term Q′ is the fluctuation of the heat source term in the temperature equation.
It can be directly computed as a function of the fluctuations of the mass production
rate of any species, ẇi (species number i from a total of N, see Eq.9.6); or at the level
of each chemical reaction, considering the reaction production rate ω̇ik (reaction
number k from a total of R, see Eq.9.7):
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ik)Wihiω̇ ′
ik

)
(9.7)

As a consequence, the resulting local stability criterionΠ ′Q′ < 0 can now be used
to investigate the influence of any individual reaction (choosing a constant value for
k in Eq.9.7) or of any individual species (keeping a constant value for i in Eq.9.6).

Since flame propagation is always much slower than acoustic propagation in all
our studies (low flame Mach number), it can be shown that it is not necessary to
account for flame movement in the local Rayleigh’s criterion [40].

9.3.2 Examples of results and discussion

9.3.2.1 Interaction with an isolated pulse in two dimensions

This first example considers a premixed flame burning syngas, interacting with a
Gaussian acoustic wave coming from the burnt gas side. Since the propagation of
this isolated pulse is very fast (speed of sound), the reaction zone does not move
noticeably during the interaction.

The pressure perturbation Π ′ induced by the interaction is shown in Figs.9.11(a)
and (b) at t ′ = 10 μs and 15 μs respectively. These times correspond respectively to
a wave crossing the reaction zone (a) and after arriving in the fresh gases (b). At time
(a), the wave has already crossed most of the reaction zone and is now considerably
wrinkled compared to the initial, planar structure. At time (b), the wave has finished
crossing the reaction zone. The wave profile is complex and reveals multiple fronts.

(a) (b)

Fig. 9.11 Pressure perturbation Π ′ induced by the interaction at t ′ =10 μs (a) and 15 μs (b)
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The corresponding heat release fluctuation Q′ induced by the interaction with the
Gaussian wave is shown in Fig.9.12 at 10 μs (see also Fig.9.11a). These fluctuations
are limited to a sharp front inside the reaction zone and locally show large positive
and negative values. It is interesting to note that the fluctuations are completely
negligible for some regions. Note that the peak heat release in the unperturbed flame
is equal to 4.2 109 J/(m2s). As a consequence, the relative perturbation induced by
the interaction with the acoustic wave is indeed very small, less than 0.3%.

Fig. 9.12 Heat release fluctuation Q′ induced by the interaction at t ′ =10 μs. See also Fig.9.11a.

The local Rayleigh’s criterion introduced previously (right side of Eq.9.2) is
shown in Fig.9.13 at t ′ = 10 μs (a) and 15 μs (b). In principle, Fig.9.13a is the
“product” of Figure 9.11a with Figure 9.12. It can be observed that only very few,
well-localized amplification (positive values) and damping zones (negative values)
appear. Focusing effects and wave scattering are observed when the acoustic wave
crosses regions associated with large gradients of acoustic impedance, i.e. in the
flame zone.

It can be observed for example in Fig.9.13 that amplification and damping re-
gions appear very often close to each other, usually as double layers corresponding
to opposite effects. It is therefore useful to make sure that this is not an artefact re-
sulting from some numerical error leading to a very small shift in the flame position
between the two DNS. This can best be done by checking the possible influence
of the direction of wave propagation. In the case of a numerical error one would
expect that the positive and negative layers would be switched when changing the
direction of propagation of the wave. To check this issue, DNS simulations involv-
ing an identical Gaussian acoustic wave coming from the right direction (starting
in the burnt gas zone), or from the left direction (starting in fresh gas zone) have
been compared [38]. A detailed analysis reveals that the spatial organization of the
layers associated to amplification and damping remains mostly unchanged in both
simulations, at least qualitatively. Therefore, this double-layer arrangement is not
the result of a numerical artefact. When examining these sandwich layers in more
details, it can be observed that they are a direct consequence of the similar, layered
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(a)

(b)

Fig. 9.13 Local Rayleigh’s criterion at 10 μs (a) and 15 μs (b)

structure observed in most cases for Q′ (see for example Fig.9.12). This can again
be unterstood when considering the influence of the wave on the chemistry [40].

9.3.2.2 Influence of individual species

The local Rayleigh’s criterion introduced previously can also be used to investigate
the isolated influence of each species on wave modification. This can easily be done
by considering Eq.(9.2) and keeping a constant value for index i (species index) in
Eq.(9.6) in order to compute Q′. In this manner, the influence of each species on am-
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plification or damping is quantified as a function of space and time. In what follows
the resulting influence is averaged over the complete numerical domain in order
to get the global influence of each species (Fig.9.14). The present fresh gas condi-
tions correspond to a stoichiometric CO:O2 ratio with slight hydrogen enrichment,
leading to a global equivalence ratio φ = 1.12.

Fig. 9.14 Normalized contribution of each species to Rayleigh’s criterion, averaged over the full
numerical domain. Wave coming from the fresh gas, i.e. the left side (squares) or from the burnt
gas, i.e. the right side of the numerical domain (circles), with both using the chemical scheme of
[25]. Filled triangles: wave coming from the fresh gas using the chemical scheme of [48].

Three different results are presented in this figure, in which the influence of the
most important species has always been normalized to 1 in order to facilitate com-
parisons. First, the direction of wave propagation is not important when determining
if a species leads to amplification or damping, supporting the original, global analy-
sis of Lord Rayleigh. Both results (wave originating from the fresh gas: squares; or
from the burnt gas: circles) are almost identical, confirming again the previous re-
sults [38]. The only noticeable difference is observed for species CO2, for which the
qualitative effect is unchanged (amplification), but the efficiency varies by roughly
50% depending on the direction of propagation. We have not been able to explain
this observation yet. Note that, in a relative manner, the same is true for species CO,
but with only a small damping effect.

Second, the employed kinetic scheme does not modify these findings. In order
to check this issue, the same computation (wave starting in the fresh gas) has been
repeated twice using two different chemical schemes ([25]: squares; [48]: filled tri-
angles). Once again, the two schemes lead qualitatively to the same findings and
show only limited quantitative differences. Finally, the influence of the different
species on amplification and damping is clear for all conditions: species CO2, H
and H2O mostly control wave amplification, while species O, OH and CO domi-
nate damping. As expected, short-lived radicals like HCO, CH2O, HO2, H2O2 and
neutral species (N2, Ar) have a negligible influence on the process.
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9.3.2.3 Three-dimensional results

All the results obtained up to now rely on two-dimensional simulations. As a
consequence, turbulence evolves in a different manner compared to real, three-
dimensional turbulence properties. In order to check this possible issue, the three-
dimensional DNS code π3C has been developed and is used in this section to
compute the interaction between a Gaussian acoustic wave and a realistic, three-
dimensional turbulent premixed flame. By comparing the interaction process in the
present 3D simulations with the previous observations, it is possible to check if dif-
ferences are observed, at least qualitatively. The flame considered now corresponds
to an initially spherical flame kernel freely expanding in a fresh gas mixture associ-
ated with homogeneous isotropic turbulent conditions (Fig.9.4). More information
on this configuration can be found for instance in [45].

The acoustically-induced pressure fluctuation Π ′ is plotted at t ′ = 12 μs and
t ′ = 18 μs in Figs.9.15 and 9.16. This corresponds respectively to an acoustic wave
in the middle of the reaction zone, and soon leaving the flame. For both figures, the
initially planar structure of the Gaussian wave remains visible outside of the flame
region, near the boundaries of the computational domain. Since the wave propagates
much faster than the flame (corresponding flame Mach number based on the laminar
flame speed M f = Sl/c of the order of 0.02), the flame appears to be frozen during
wave propagation.

A low-amplitude reflected wave on the right side of the reaction zone and a more
intense transmitted wave within the burnt gases are visible. The expansion of the re-
flected wave is easy to see in Figs.9.15 and 9.16, while the transmitted wave appears
to be attenuated compared to the unperturbed, surrounding Gaussian wave. This is
mostly the result of the broadening of this wave induced by the interaction with
the gradients of acoustic impedance associated with the reaction zone. The pressure
fluctuation becomes broader in space but at a lower level.

As such, these figures do not allow a direct investigation of amplification or
damping. For that purpose, the local Rayleigh’s criterion introduced previously must
again be employed.

The heat release fluctuation induced by the acoustic interaction is plotted at t ′ =
18 μs in Fig.9.17. As expected, this fluctuation is restricted to the active reaction
zone. In agreement with previous observations relying on two-dimensional DNS
results [18, 39], alternating layers associated with positive and negative fluctuations
are visible in this figure. They are a consequence of a slight shift in space between
different intermediate radicals, that react in an opposite manner to a local change
in flow state conditions. Note, however, that the induced heat release fluctuation is
extremely small compared to the mean value of heat release in the flame.

The resulting field of Q′ is completely different from the associated field of pres-
sure fluctuation Π ′ (compare Fig.9.17 to Fig.9.16). This illustrates the complexity of
the coupling process. As a matter of fact, amplification or damping is conditioned by
the “product” of Fig.9.17 with Fig.9.16, leading again to very small active regions
in space, since the overlap between both fluctuations is very limited.
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Fig. 9.15 Acoustically-induced pressure fluctuation Π ′ at t ′ = 12 μs (color field). The flame posi-
tion is shown using isosurfaces of CO2 mass fraction (lines).

Fig. 9.16 Acoustically-induced pressure fluctuation Π ′ at t ′ = 18 μs (color field). The flame posi-
tion is shown using isosurfaces of CO2 mass fraction (lines). See also Fig.9.17 for the associated
heat release fluctuation.

The local Rayleigh’s criterion (right side of Eq.9.2) is plotted in Fig.9.18 at t ′ =
18 μs. The modification of the wave due to the coupling with the flame is restricted
to very small regions in space. Similarly to the observation concerning heat release
fluctuation, amplification and damping mostly take place in neighboring, sandwich
layers, illustrating the complexity of the local process. This corroborates previous
observations based on two-dimensional DNS.
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Fig. 9.17 Acoustically-induced heat release fluctuation Q′ at t ′ = 18 μs. See also Fig.9.16 for the
associated pressure fluctuation.

Fig. 9.18 Local Rayleigh’s criterion (right side of Eq.9.2) at t ′ = 18 μs. See also Figs.9.16 and
9.17 for the associated fields of Π ′ and Q′.

9.4 Post-processing challenge: AnaFlame

9.4.1 Introduction

In order to improve combustion processes, two complementary means are classi-
cally used: experimental investigations and numerical simulations. Both means are
often three-dimensional in space, unsteady and involve a large number of chemical
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species beyond classical flow variables, leading to huge quantities of raw data. As
such, post-processing becomes a real and essential challenge. In other words, the
user time needed for an intelligent post-processing become comparable to the time
requested for the DNS simulations itself. For this purpose, a dedicated library called
ANAFLAME [49], containing essential post-processing methods has been developed
as a MATLAB toolbox: it contains numerous tools to analyze and visualize 2D and
3D flames and flow fields; to investigate the geometry and structure of flames both
locally and globally; to quantify the interaction between flow fields and flames; and
to determine statistics and correlations of all variables that are essential for model
development.

Available tools are briefly described below. Throughout this publication, the tool-
box has been used to analyze and possibly visualize the obtained DNS results.

9.4.2 Content of the post-processing toolbox AnaFlame

In many cases the most suitable way to analyze the wealth of raw data produced
by DNS or obtained experimentally is through graphical visualization relying on
complex plots. MATLAB provides many such basic graphical functions. The devel-
opment of ANAFLAME is intended for post-processing data produced on a struc-
tured, orthogonal grid. Values obtained on another grid type must first be interpo-
lated on such a grid before continuing post-process. The developed toolbox contains
presently five different categories of complementary tools:

1. Geometrical analysis tools: containing scripts to

• define and locate a flame front.
• compute the flame length (in 2D),
• compute the flame surface area (in 3D),
• compute the flame thickness,
• compute the flame curvature and
• compute the flame shape factor (in 3D).

2. Flame structure analysis tools, containing tools to

• extract desired flame quantities along the flame front and along any prescribed
isolevel or isosurface of an existing variable.

• compute linear cuts through the flame front and any variable of interest can be
extracted, integrated or correlated along these cuts.

• compute nonlinear cuts, following the direction of the steepest gradient of a
user-chosen variable,

3. Flow analysis tools, to analyze some flame/turbulent flow field interaction phe-
nomena, e.g.

• the vorticity,
• the strain rate,



9 DNS of turbulent premixed flames to analyze flame/acoustic interactions 263

• the streamlines

4. Statistical tools, used for example

• to compute the moments of a distribution,
• to represent graphically such distributions using for instance histograms, and
• to determine Probability Density Functions.

5. Quantification of turbulent flow field properties

• turbulent energy distribution,
• integral scale(s) and
• velocity fluctuations.

For the interested reader, more details (documentation and tutorials) about ANAFLAME

can be obtained from [49] and on the ANAFLAME website, where the corresponding
library can be freely downloaded (http://www.uni-magdeburg.de/isut/LSS).

9.5 Conclusions and perspectives

Before concluding, we would like to illustrate briefly two aspects that will play a
major role for DNS studies of turbulent flames in the near future.

First, it is clear that higher values of the turbulent Reynolds number (Re) must
be accessed. Practical applications involve Re values much higher than those cur-
rently accessible when considering realistic chemistry models. For this purpose, the
most powerful existing super-computers must be employed in an efficient manner to
carry out corresponding DNS simulations. This is the purpose of a project presently
realized in our research group in the framework of the DEISA Extreme Comput-
ing Initiative (DECI), supported by the European Union. Turbulent flame structures
associated with a value of Re increased by at least an order of magnitude will be
obtained at the end of this project. This is already exemplified in Fig.9.19, where a
premixed flame with a higher turbulence level is shown during expansion in a turbu-
lent velocity field. This result has been obtained on our own, local PC-cluster using
540 cores. Even more interesting DNS computations at higher Re values should be
possible using several thousands high-capacity nodes on dedicated supercomputers.

Second, the influence of the employed transport model on the resulting turbu-
lent flame structure must be carefully revisited. For the rich premixed flame con-
sidered previously, using the assumption Le=1 is acceptable, since it corresponds
closely to the real value. Nevertheless, this is not true in general. For example, the
advanced FPI approach described previously has been employed to compare the
time-dependent growth of the flame surface area for an initially spherical flame ex-
panding in a turbulent flow field (Fig.9.20). For stoichiometric conditions, major
differences appear between the computation relying on differential diffusion and
that associated with Le=1. These discrepancies must be analyzed in more details in
the future.
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(a) t = 0.0 ms (b) t = 0.5 ms

(c) t = 1.0 ms (d) t = 1.5 ms

Fig. 9.19 Time evolution of a premixed methane/air turbulent flame kernel at high turbulence level

Coming now to the conclusions, this paper has shown that Direct Numerical
Simulations are able to deliver extremely interesting information for strongly cou-
pled physical problems controlling turbulent reacting flows. In the present project,
flame/acoustics interactions have been investigated extensively using DNS, for pre-
mixed and for non-premixed configurations and for different fuels. As a whole, this
comprehensive study can be briefly summarized as follows:

• The structure of the initially planar acoustic wave is always strongly modified
during interaction with the flame. At the end of the interaction process, the wave
is highly wrinkled, leading to a non-planar geometry, related to that of the flame
front. Large focusing effects are observed in connection with gradients of acous-
tic impedance.

• Regions associated with a noticeable amplification and damping of the flame are
very localized and mostly located near to each other in a double-layer structure.
This is a result of the similar structure found for the heat release fluctuation Q′.

• Two mechanisms control wave modifications: 1) the influence of the gradients of
acoustic impedance, which is not symmetric with respect to the fresh or burnt gas
but will globally play a minor role since both curvatures are found with a simi-
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Fig. 9.20 Time evolution of the surface area for a premixed stoichiometric methane/air flame com-
puted using differential diffusion (�) and unity Lewis number (�) FPI tables.

lar probability in highly turbulent flames, leading to large cancelling effects; 2)
coupling with the chemical reactions, as described originally by Lord Rayleigh.
This last effect will play a dominant role in explaining wave amplification and
damping, since it is almost independent of flame orientation or wave propagation
direction.

• The developed Rayleigh’s criterion can be used to quantify the influence of each
individual chemical species. For syngas combustion CO2, H and H2O mostly
control wave amplification, while species O, OH and CO dominate damping.
Short-lived radicals are independent from the employed reaction mechanism.
This suggests new possibilities to enhance flame stability, either by modifying
slightly the burning regime in order to shift the local composition towards more
favorable conditions; or by injecting additional species, leading to damping.

Presently, DNS at much higher and thus more realistic values of the turbulent
Reynolds number are being carried out. Together with companion studies pertain-
ing to the possible influence of differential diffusion, these simulations will shed
additional light on the processes controlling turbulent combustion.
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[12] Hilbert R, Thévenin D (2002) Autoignition of turbulent non-premixed flames
investigated using direct numerical simulations. Combust Flame 128(1-2):22–
37
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[39] Shalaby H, Laverdant A, Thévenin D (2005) Interaction of an acoustic wave
with a turbulent premixed syngas flame. In: Twelfth International Congress
on Sound and Vibration, Lisbon, Portugal, pp 635/1–635/8
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Chapter 10
Localization of Sound Sources in Combustion
Chambers

Christian Pfeifer, Jonas P. Moeck, C. Oliver Paschereit and Lars Enghardt

Abstract In this project, an algorithm for the determination of the positions and
the strengths of sound sources in closed combustion chambers by the evaluation
of wall-flush-mounted microphones is presented. The theoretical background of the
reconstruction of sound sources is the nearfield acoustic holography. In the theory
of nearfield acoustic holography, evanescent modes of the sound pressure field have
to be taken into consideration. The choice of these modes is described in detail.
Since the problem is ill-conditioned, different regularization methods are used for
the solution of the inverse acoustic problem. The algorithm is applied to optimize
the arrangement of a sensor array with 48 microphones and the dependence on con-
taminating noise is investigated. The focus of this project is the localization of real
sound sources not exactly located on the assumed source distribution. For this case,
a scanning technique is introduced and its applicability is investigated.

10.1 Introduction

One of the main goals in modern gas turbine development for power generation and
aeroengine applications is the reduction of pollutant and noise emissions. Flow dis-
turbances in the combustion chamber cause fluctuations of the flame which, in turn,
generate acoustic waves due to the unsteady expansion across the region of heat
release [4]. Significant sound pressure levels can be observed if this mechanism ex-
cites acoustic resonances of the combustion chamber. Even worse, if the time scales
of the acoustic-heat release interactions match those of the wave resonance period,
positive feedback may occur. If the damping in the combustion chamber is not suffi-
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ciently high, perturbations grow in amplitude until limited by nonlinear effects [9].
This phenomenon, commonly referred to as thermoacoustic instability or combus-
tion oscillations, may lead to exceptionally high pressure pulsations with amplitudes
of up to several percent of the mean static pressure in the combustion chamber [13].
These self-excited oscillations are an unacceptable noise source, and furthermore,
they reduce the durability of the combustion chamber significantly. Unfortunately,
the lean premixed combustion mode, which was introduced by the gas turbine indus-
try as the key step to lower NOx emissions, turned out to be particularly susceptible
to these kind of instabilities [16].

In contrast to, e.g., jet associated noise, the sound generation in flames is much
less understood. As a result, modeling tools for the direct prediction of combustion
noise are rarely available. For an enhanced understanding of the physical processes
associated with sound generation in flames, as well as for modeling and control
of combustors, experimental access to the acoustic sources in premixed flames is
necessary. In an anechoic environment, measuring the acoustic sources due to com-
bustion is fairly well developed [20, 15]. In case of an enclosed configuration, ex-
perimental access to the acoustic sources of the flame is not straightforward. The
pressure that is measured at the combustor wall is strongly influenced by wave re-
flections from the boundaries.

Reduced order acoustic models in combination with semi-empirical relations for
the flame response to velocity fluctuations and the spectral distribution of the global
acoustic sources have been used to predict combustion chamber pressure spectra
as well as thermoacoustically unstable operating regimes (see, e.g., Refs. [14, 18,
8]). This type of models is fairly mature and has been successfully used to reduce
combustion induced noise by active and passive means [3, 2]. Due to the reduced
complexity, however, these models do not allow to draw any conclusions about the
local physical phenomena responsible for the sound generation inside the flame.
To gain more insight into the complex interaction mechanisms between the sound
field and the flame, detailed information on the acoustic source distribution in the
combustion zone is desirable. Due to sensor robustness limitations, direct acoustic
measurements inside the flame are obviously not possible.

The acoustic source distribution in the flame can, however, be reconstructed
from wall-mounted pressure sensors by solving an inverse problem based on the
acoustic near-field. The focus of this project is the localization of flame associ-
ated noise sources in enclosed combustion chambers. This can be achieved using
the acoustic nearfield information obtained from pressure measurements with wall-
flush mounted sensors. The generic combustion chamber considered in this work is
simply a hard-walled flow duct with a circular cross section.

A schematic representation of the reconstruction procedure is displayed in Fig-
ure 10.1. The combustion chamber with several wall-flush-mounted microphones
and the flame are shown. In a first step, the position and the shape (i.e., the region
of heat release) of the enclosed flame is determined by chemiluminescence imag-
ing techniques (see, e.g., [5]). With this knowledge, the domain where the sound
sources can be expected is discretized with a set of N (say) acoustic monopoles with
unknown amplitudes. Using a Green’s function representation for the acoustic field
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in the duct, the contribution of every individual monopole source to the pressure
field on the duct wall can be computed. For a finite number M of sensor locations,
we obtain a linear mapping from N source amplitudes to M pressure sensors. Given
now the M complex pressure values, formal inversion of the linear system yields
the unknown source amplitudes. The discretization of a continuous source domain
by a set of monopole sound sources with unknown amplitudes was earlier used by
Kim et al. [6, 7] and Lowis et al. [10] in the investigation of the estimation of acous-
tic source strengths within a cylindrical duct and the determination of the strength
of rotating broadband sources in ducts, respectively.

Fig. 10.1 Main ideas of reconstruction algorithm

10.2 Theoretical Background

10.2.1 Theory of Nearfield Acoustic Holography

The theoretical background for the identification of sound sources in compact re-
gions is the theory of nearfield acoustic holography developed in [11]. The main
difference of nearfield acoustic holography to ordinary acoustic holography is that
evanescent modes are taken into account in the former. Evanescent modes can only
be observed in the acoustic nearfield, since they decay exponentially along the duct
axis. The nearfield of a sound source can be defined as follows: the distance between
the observer and the sound source r is less than the wavelength λ of the signal r < λ .
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10.2.2 Sound Pressure Field in the Combustion Chamber without
Mean Flow

The starting point of the investigation is to assume the combustion chamber as an
infinite long cylindrical flow duct. The sound sources are represented by a set of
monopole sources. The acoustic pressure field caused by N monopoles can be de-
scribed by the Helmholtz equation in the frequency domain

∇2 p+ k2 p =
N

∑
λ=1

qλ δ (xxx− xxxλ ) . (10.1)

In Eq. (10.1), p is the complex pressure field and k = ωR/c , the dimensionless
frequency (or Helmholtz number), where R denotes the duct radius and c the speed
of sound. qλ is the (complex) amplitude of the monopole source located at xxxλ ,
xxx = [x,ϑ ,r] is the cylindrical coordinate vector and δ is the Dirac delta function.
The solution of Eq. (10.1) can be written as

p(xxx) =
N

∑
λ=1

G(xxx|xxxλ )qλ , (10.2)

where G(xxx|xxx0) is the Green’s function satisfying the Helmholtz equation with one
point source at xxx0 and homogeneous Neumann conditions at the duct wall. For a
hard-walled cylindrical duct of infinite length, G can be written as [17]

G(xxx|xxx0) =
∞

∑
m=−∞

∞
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(10.3)

The part of the solution associated with a certain pair (m,n) is called mode. In
Eq. (10.3), Jm is the m-th order Bessel function of the first kind and σmn is the the
n-th zero of dJm/dr . The axial wave number κmn is given by

κmn =

√
k2 −

(σmn

R

)2
, (10.4)

where the square root is defined such that sgn(x − x0)Re(κmn) < 0 and sgn(x −
x0)ℑ(κmn) < 0. The axial wavenumber κmn is either purely real or purely imaginary,
depending on the sign of k2 − (σmn/R)2 . In the latter case, i.e., (σmn/R)2 > k2 , the
amplitude of the mode (m,n) decays exponentially along the duct axis with decay
rate −ℑ(κmn) . Uniquely associated with each mode (m,n) is its cut-on frequency
ωc,mn at which κmn = 0. For frequencies larger than ωc, the mode is called propa-
gating, otherwise it is called evanescent (or cut-off).
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Based on Eq. (10.2), we can now define a linear system, which maps the N source
amplitudes to the M pressure signals at the duct wall, as follows

ppp = GGGqqq , (10.5)

where ppp = [p1, . . . , pM]T , qqq = [q1, . . . ,qN ]T and the elements of the transition matrix
GGG are given by [GGG]m,n = G(xxxm|xxxn) . For the computation of the elements of GGG , only
a finite number of modes (m,n) in the double series in Eq. (10.3) can be taken into
account. The proper choice of the modes to be included in the computation of GGG is
discussed in the next section.

10.2.3 Modal Composition of G

An intuitive and straightforward choice for the modal composition of the Green’s
function G is to truncate the double series in Eq. (10.3) at upper bounds m0 and
n0 and only use modes with |m| ≤ m0 and n ≤ n0 for the computation of G . In
this case, the number of modes taken into account is given by (2m0 +1)n0 , or,
equivalently, by presetting the number of modes, m0 is a function of n0 and vice
versa. This scheme for choosing the modes to be included is, however, not the best
method for the following reason. As explained in the last section, the amplitude of
the evanescent modes, carrying the nearfield information, decay exponentially in
axial direction with

decaymn (Δx) = exp [−iκmnΔx] . (10.6)

Using the decay of mode (m,n), a damping rate δmn can be defined as follows

δmn = 20log10

(
|decaymn (Δx)|

|decaymn (Δx = 0)|

)
. (10.7)

Therefore, a more meaningful choice is to include all modes in the computation
of G, which have a damping rate greater than some given bound δ 0

mn (for fixed
Helmholtz number k). From the distribution of the zeros σmn of dJm/dr , it is easy
to see that the two compositions are not identical.
In Table 10.1, the damping rates δmn for the evanescent modes associated with the
lowest mode numbers are shown for the axial distance Δx = R from the source
plane and a dimensionless frequency k = 1. The cells bounded by the red frame
correspond to the damping coefficients for the modes which are chosen according
to the first scheme with m0 = 2 and n0 = 5 (overall 25 modes). Obviously, e.g., the
damping coefficient of mode (2,5) is much higher than the damping coefficient of
mode (7,1).
The modal composition of G according to the second scheme is shown in Table 10.1
for the case δmn ≥−75 as the union of the cells highlighted in grey. This corresponds
to the same total number of modes as in the first case, but the pattern is different.
In Table 10.1, the damping rate for the only propagating mode ((0,1)) is printed as
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well. It can be seen that δ01 is equal to 0 , which is due to the fact that mode (0,1) is
a propagating mode.
In Fig. 10.2, the damping rates of some modes (m,n) are plotted over the axial
distance Δx from the source plane. The axial distance Δx is varied from 0 to R .
It can be seen that in the axial distance of Δx = R , the amplitudes of the modes
(0,5) and (2,5) are strongly damped. In comparison to that, the modes (3,1) and
(7,1) are moderately damped. So, the amplitude contribution of the modes (3,1)
and (7,1) to the overall sound pressure field is higher than the contribution of the
modes (0,5) and (2,5) . For this reason, the choice for the modal composition of the
Green’s function G for the reconstruction of the sound field is made by defining a
damping rate threshold δ 0

mn = −75.

Table 10.1 Damping coefficients δmn according to mode (m,n) choosing modes fulfilling condi-
tion a) (−2 ≤ m ≤ 2)∧ (1 ≤ m ≤ 5) (red frame), b) δ 0

mn = −75.0 (gray shaded boxes)

m\ n 1 2 3 4 5 . . .
...

...
−7 −74.0 −112.0 −143.3 −173.0 −201.9

−6 −64.6 −101.6 −132.3 −161.6 −190.55

−5 −55.0 −90.9 −121.2 −150.1 −178.5

−4 −45.4 −80.2 −109.8 −138.4 −166.5

−3 −35.4 −69.1 −98.2 −126.4 −154.3

−2 −25.1 −57.6 −86.2 −114.1 −141.7

−1 −13.4 −45.5 −73.6 −101.3 −128.8

0 0 −32.1 −60.6 −87.9 −115.4 . . .

1 −13.4 −45.5 −73.6 −101.3 −128.8

2 −25.1 −57.6 −86.2 −114.1 −141.7

3 −35.4 −69.1 −98.2 −126.4 −154.3

4 −45.4 −80.2 −109.8 −138.4 −166.5

5 −55.0 −90.9 −121.2 −150.1 −178.5

6 −64.6 −101.6 −132.3 −161.6 −190.55

7 −74.0 −112.0 −143.3 −173.0 −201.9
...

...
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Fig. 10.2 Damping of modes

10.2.4 Sound Pressure Field in the Combustion Chamber with
Mean Flow

In the previous sections, we assumed no mean flow inside the infinitely long flow
duct. In this section, we extend the flow field by a mean flow with Mach number M =
const. in axial direction (plug flow). The acoustic pressure field can be described in
the frequency domain by the following equation

∇2 p−
(

ik +M
∂
∂x

)2

p =
N

∑
λ=1

qλ δ (xxx− xxxλ ) . (10.8)

For the solution of Eq. (10.8), in the sense of superposition of the contribution of
each sound source, an expression for the Green’s function satisfying Eq. (10.8) with
a point source at xxx0 and homogeneous Neumann conditions at the duct wall is re-
quired. The necessary Green’s function is [17]

G(xxx|xxx0) =
∞

∑
m=−∞

∞

∑
n=1

i
2π

Jm

(
σmn

r
R

)
Jm

(
σmn

r0

R

)
QmnJ2

m (σmn)

×exp [−im(ϑ −ϑ0)]exp [−iκmn (x− x0)] ,

(10.9)

with

Qmn =
[
κmn
(
1−M2 + kM

)][
1−
(

m
σmn

)2
]

, (10.10)

and
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κmn =
−kM +

√
k2 − (1−M2)

(σmn

R

)2

1−M2 , (10.11)

with the same convention for the square root as in Sec. 10.2.2, i.e. sgn(x− x0)Re(κmn)<
0 and sgn(x− x0)ℑ(κmn) < 0.

10.2.5 Reflection at the Combustion Chamber Outlet

In the previous sections, we approximated the combustion chamber as an infinitely
long flow duct with circular cross section. In this section, we consider a geometry
resembling that of a typical combustion chamber (see Fig. 10.3). We approximate
the combustion chamber as a finite flow duct with circular cross section connected
to two flow ducts having smaller radii. The two smaller flow ducts represent the inlet
(e.g. fuel and air supply) and outlet (e.g. exhaust device). Using this configuration,

Fig. 10.3 Combustion chamber assumed as finite flow duct with circular cross section with
fuel/air supply and exhaust oulet, plane wave p+ and reflected wave p−

the sound pressure field is reflected at the ends of the finite flow duct. As the non-
propagating mode amplitudes are damped exponentially with respect to the axial
distance from the source plane (see Sec. 10.2.3), just the reflection of the plane wave
is to be considered. Here, only the reflection of the plane wave at the downstream
side of the combustion chamber (outlet) was investigated. The same procedure has to
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be applied for the reflection of the plane wave at the upstream side of the combustion
chamber (inlet).

The reflection of the plane wave at the downstream end of the flow duct can
be calculated by the evaluation of at least two axially distributed microphones lo-
cated in the far field of the pressure field (see Fig. 10.3). The simplified representa-
tion (10.12) for the pressure field is

p(xxx) = p+ + p− , (10.12)

where p+ = Aexp(−ikx) is the plane wave caused by the sound sources at the source
plane and p− = Bexp(ikx) is the reflected part of the plane wave p+ . Here, we use
the sound pressure field acquired by three microphones. The pressure data can be
written as

⎡
⎣ pref1

pref2

pref3

⎤
⎦=

⎡
⎣ exp(−ikx1) exp(ikx1)

exp(−ikx2) exp(ikx2)
exp(−ikx3) exp(ikx3)

⎤
⎦

︸ ︷︷ ︸
=: MMM

[
A
B

]
. (10.13)

From this representation, the reflection can be calculated by inverting the system of
equations [

Acalc

Bcalc

]
=
(
MHM

)−1
MH ppp . (10.14)

The subscript H denotes the Hermitian transpose of a matrix or a vector. Hence,
by discriminating the reflected and transmitted plane wave components, the com-
bustion chamber can be treated as an infinitely long flow duct with circular cross
section. The measured pressure field pfinite for the finite combustion chamber has to
be corrected subtracting the reflected part of the plane wave prefl:

pinfinite = pfinite − prefl with prefl = Bcalcexp(ikx) . (10.15)

In this way, the reconstruction algorithm for the infinite flow duct can be applied to
the finite flow duct case, as well.

10.2.6 Reconstruction of Sound Sources

In this section, the reconstruction algorithm using a measured sound pressure field is
discussed in detail. Here, we assume an infinite flow duct with circular cross section.
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10.2.6.1 Reconstruction Strategy

The problem can be stated as follows: Find an estimate of the source distribution
inside the duct for a given pressure field at discrete points on the duct boundary.
In this approach, a continuous region, where the sound sources are expected, is
approximated by a finite number of discrete sources, so that the positions of the
distributed sound sources xxx0 are known a priori. Only the amplitudes of the sources
are treated to be unknown [12, 10]. Assuming that the generated pressure field can
be represented in the frequency domain as a weighted superposition of the signals
of each sound source, a linear system of equations for the source amplitudes can be
established:

p̂pp = GGGqqq+ eee , (10.16)

where eee is a vector of contaminating noise.
Now, the goal is to determine the vector of optimal discretized source amplitudes,
associated with the estimated source positions, such that the corresponding pres-
sure field matches the pressure measurements at the duct wall in a least squares
sense. This is well known as an inverse acoustic problem. The optimal vector of
source amplitudes can be formally obtained by pseudo-inversion of Eq. (10.16). A
major difficulty is, however, the inherently ill-conditioned system of equations, re-
sulting from the small singular values of the transfer matrix GGG. This undesirable
property is a well-known characteristic of inverse acoustic problems [12] and has
negative effects on stability and accuracy of the reconstruction algorithm. One way
to deal with ill-conditioned problems are so-called regularization methods [1, 7].
Some techniques for regularization, like Tikhonov regularization and the method of
Moore-Penrose are presented in the next section.

10.2.6.2 Solution of the Inverse Acoustic Problem

The intuitive solution of the problem (10.16) is the least-mean-squares-solution. In
this approach, the sum of the squared errors, called residuals, between the measured
microphone output p̂pp and the modeled microphone output ppp will be minimized:

min
qqq

||eee||22 = min
qqq

||GGGqqq− p̂pp||22 . (10.17)

The solution of Eq. (10.17) can be calculated by the determination of the pseudoin-
verse GGG+

LMS of the system matrix GGG :

qqqLMS = GGG+
LMS p̂pp =

[
GGGHGGG

]−1
GGGH p̂pp . (10.18)

The solution qqqLMS can also be calculated by making use of the singular value de-
composition of GGG

qqqLMS = VVVΣ+
LMSUUUH p̂pp (10.19)
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with GGG = UUUΣVVV H . The entries of the matrix Σ+
LMS are the inverses of the singular

values σi of the matrix GGG

(
Σ+

LMS

)
i j =

(
Σ−1)

i j =

⎧⎪⎨
⎪⎩

1
σi

for i = j ,

0 else .

(10.20)

The right hand side of Eq. (10.20) emphasizes the problem of small singular values.
In the case of small (or zero) singular values, the reciprocal on the right hand side
of Eq. (10.20) is very large. The problem of small singular values of a matrix GGG can
be characterized by its condition number defined as

κ (GGG) = ||GGG||2
∣∣∣∣GGG+∣∣∣∣

2 , (10.21)

where GGG+ is a pseudoinverse of GGG . The condition number can also be calculated
from

κ (GGG) =
σmax

σn
, (10.22)

where σmax is the largest and σn is the smallest non-zero singular value of GGG . De-
tailed investigations on the characteristics of the condition number of GGG can be found
in [6, 12, 19, 21].

This well-known property of ill-posedness of the problem, caused by vanishing
singular values of the system matrix, results in an unstable behavior of the solu-
tion when using the method of least-mean-squares [6, 7, 12, 21]. For this reason,
regularization methods have to be applied.

Tikhonov-regularization

A widely spread method is the regularization according to Tikhonov. Here, a (regu-
larization) parameter β is introduced to control the necessary degree of regulariza-
tion to mitigate the numerical problems. The solution of the problem (10.16) can be
written as

qqqTikh = GGG+
Tikh p̂pp =

[
GGGHGGG+β I

]−1
GGGH p̂pp . (10.23)

Using the singular value decomposition of GGG , the solution can be calculated from

qqqTikh = VVVΣ+
TikhUUUH p̂pp , (10.24)

but now with the matrix

(
Σ+

Tikh

)
i j =

⎧⎪⎨
⎪⎩

σi

σ2
i +β

for i = j ,

0 else .

(10.25)
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In contrast to Eq. (10.20), the problem of small singular values is avoided by intro-
ducing the regularization parameter β > 0. This parameter can be determined, for
example, by the Generalized-Cross-Validation- or the L-Curve-method. Detailed in-
formation about the calculation of the regularization parameter β can be found in
[6, 1, 12, 21]. In the following, the Tikhonov-regularization is used with β parame-
ters determined by means of the L-Curve-method.

Moore-Penrose-regularization

Another method is the calculation of the Moore-Penrose-pseudoinverse of the matrix
GGG. The matrix GGGMP is called the Moore-Penrose-pseudoinverse of the matrix GGG, if
GGGMP satisfies the following properties

GGGMPGGGGGGMP = GGGMP , GGGGGGMPGGG = GGG ,

(GGGGGGMP)H = GGGGGGMP , (GGGMPGGG)H = GGGMPGGG .

The Moore-Penrose-pseudoinverse GGGMP can be calculated from the method of trun-
cated singular-value-decomposition

GGGMP = VVVΣ+
MPUUUH , (10.26)

where

(
Σ+

MP

)
i j =

⎧⎪⎨
⎪⎩

1
σi

if i = j∧σi > tol.

0 else ,

(10.27)

where tol. ≈ O
(
10−12

)
(depending on machine accuracy and system matrix GGG ).

The common goal of Tikhonov- and Moore-Penrose-regularization is the improve-
ment of solving ill-posed problems with small singular values. Tikhonov-regula-
rization increases all singular values of the system matrix GGG , whereas Moore-
Penrose-regularization is applied only to small singular values and sets them to zero.
In the next section, the described methods are applied to different model configura-
tions.

10.3 Results and Analysis

In this section, the reconstruction algorithm is applied to a model configuration. The
dependence of the accuracy of the reconstructed source positions and source ampli-
tudes is studied by varying the sensor arrangement. Also, the effect of contaminating
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noise is investigated. Finally, a search algorithm is presented to locate the positions
of the sound sources not coinciding with the assumed source distribution.
In order to avoid an underdetermined system of equations, the number of sensors
have to be at least equal to the number of model sources (compare Eq. (10.5)).
The two different methods to invert the linear system of equations (described in
Sec. 10.2.6) are applied and evaluated separately.

In Fig. 10.4, the source plane at axial position x0 = 0 and the assumed distribution
of modeled sound sources (21) are plotted (blue squares). Three sound sources with
non-zero source amplitudes (red open circles), which are to be reconstructed by
the algorithm, are plotted as well. The positions and amplitudes of the non-trivial
sources chosen for this case are:

xxx01 = [0.0, π, 2/3] , q01 = 1.0 ,
xxx02 = [0.0, π, 1/3] , q02 = 0.8 ,
xxx03 = [0.0, π/2, 1/3] , q03 = 0.5 .

(10.28)

Firstly, the dependence of the accuracy of the reconstruction algorithm on the ar-

Fig. 10.4 Assumed source
distribution (blue squares) in
the source plane x0 = 0, red
circles: sources with non-zero
amplitudes

rangement of the microphone array is investigated.

10.3.1 Optimization of the Sensor Arrangement

In this section, the dependence of the reconstruction error on the sensor arrange-
ment for 48 microphones in total is investigated. The number of axial sensor rings
Nx and the number of azimuthal sensors per ring Nϑ is varied while keeping the
overall sensor count Nϑ ·Nx = 48 constant. In Table 10.2, the numbers Nϑ and Nx

for the different investigated microphone arrays are given. The dimensionless fre-
quency of the sound sources is k = 1. For this investigation, a superposition of 0.1%
white gaussian noise is assumed. The dependence of the reconstruction accuracy
on contaminating noise is investigated in Sec. 10.3.2. The evanescent modes taken
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Table 10.2 Arrangement of 48 microphones

arrangement number of microphones
number azimuthal Nϑ axial Nx

1 1 48
2 2 24
3 3 16
4 4 12
5 6 8
6 8 6
7 12 4
8 16 3
9 24 2
10 48 1

into account for modeling the sound field (see Sec. 10.2.6) are chosen using the a
maximum decay rate of δ 0

mμ = −75 (see Sec. 10.2.3).
To assess the accuracy of the reconstruction results, the relative error of the recon-
structed to the given source amplitudes is defined as

ε =

∣∣∣∣qqqreconstr.−qqqgiven

∣∣∣∣
2∣∣∣∣qqqgiven

∣∣∣∣
2

. (10.29)

Table 10.3 lists and Fig. 10.5 shows the relative errors ε for the ten sensor arrange-
ments and the two different inversion techniques. It is found that the accuracy of
the reconstruction results is increasing with increasing number of azimuthal micro-
phones. Using the Moore-Penrose-inversion, for configurations with no more than
eight azimuthal sensors, the relative error between the reconstructed and the given
amplitudes is greater than 1 and can be considered as unsatisfactory. By increasing
the number of azimuthal sensors Nϑ , the relative error decreases rapidly and the re-
construction can be considered as exact. With Tikhonov-inversion, the relative error
is less sensitive to the sensor geometry. However, the same trend can be identified.
The relative error decreases with increasing number of azimuthal sensors Nϑ , albeit
slower than using Moore-Penrose-inversion. The best reconstruction results can be
achieved with Moore-Penrose-inversion and a microphone array where 48 or 24 sen-
sors are located at one or two axial position (arrangement # 9 and # 10). In Figs. 10.6
and 10.7, the results for the reconstruction of the three specified sound sources using
the two inversion techniques with arrangement # 9 is shown. The assumed source
distribution (blue squares), the given (red open circles) and the reconstructed source
amplitudes (black solid circles) are plotted over the source plane.
As expected from Table 10.3, the reconstruction with Moore-Penrose-inversion

is exact. The three given sound sources are reconstructed exactly and no artifical
sound sources appear. Figure 10.7 shows that the reconstruction with Tikhonov-
regularization is also satisfactory. The positions of the three sound sources are re-
constructed exactly. However, the source amplitudes are not reconstructed exactly,
but the result is still reasonable. In this case, a few small artifical sound sources
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Table 10.3 Relative error of recon-
struction using Moore-Penrose or
Tikhonov with L-Curve for differ-
ent microphone arrangements cal-
culated with δ 0

mμ = −25

arrange- relative error ε
ment of reconstruction using

number Moore− Tikhonov−
Penrose L−Curve

1 3.11e+08 0.82
2 2.04e+06 0.535
3 447 0.584
4 255 0.465
5 5.46 0.477
6 0.6 0.345
7 0.0456 0.389
8 0.047 0.141
9 0.0309 0.115
10 0.0163 0.0687
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Fig. 10.5 Dependence of relative error of reconstruction
on sensor arrangement using Moore-Penrose-inversion
(triangles) and Tikhonov-regularization (squares)
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Fig. 10.6 Reconstruction with Moore-
Penrose-inversion, assumed source distibution
(blue squares), given source amplitudes (red,
open circles), reconstructed source amplitudes
(black, solid circles), microphone array: 24
azimuthal, 2 axial (arrangement # 9)
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Fig. 10.7 Reconstruction with Tikhonov (L-
Curve)-inversion, assumed source distibution
(blue squares), given source amplitudes (red,
open circles), reconstructed source amplitudes
(black, solid circles), microphone array: 24
azimuthal, 2 axial (arrangement # 9)

are introduced during the reconstruction. In the following, a microphone array of
two microphone rings with 24 sensors per ring was used for the reconstruction. The
arrangement of the array is displayed in Fig. 10.8.



284 Christian Pfeifer, Jonas P. Moeck, C. Oliver Paschereit and Lars Enghardt

Fig. 10.8 Microphone array:
two axial microphone rings
each with 24 microphones
and the source plane,
dsm = 0.02R , dmm = 0.02R

10.3.2 Effect of Noise on the Reconstruction Accuracy

In this section, the dependence of the reconstruction results on contaminating noise
is investigated. White Gaussian noise is added to the vector of pressure measure-
ments ppp . The noisy input data p̂pp is given by

p̂pp = ppp+ eee , (10.30)

where the vector eee is the vector of white gaussian noise. The dependence of the
reconstruction accuracy on the Signal-Noise-Ratio (SNR) is studied in the following.
The SNR is varied from 5 to 40, followed by an average of 1000 measured pressure
data. Sensor arrangement # 9 was used (see Sec. 10.3.1). One source plane at axial
position x0 = 0 and 21 model sources are assumed. Again, three sources having
non-trivial source amplitudes are presetted. According to the result of Sec. 10.3.1,
one can expect that the reconstruction with the Moore-Penrose-algorithm is more
accurate than the reconstruction with Tikhonov-regularization.
In Fig. 10.9, for both configurations the relative error between the reconstructed and
the given source amplitudes according to Eq. (10.29) is plotted. Here, the importance
of the application of regularization methods becomes evident. For small SNR, the
reconstruction with Tikhonov-regularization is more accurate than the other method.
For high SNR (> 20) the reconstruction with the Moore-Penrose-algorithm is more
accurate, as it was expected from the simuation results of Sec. 10.3.1.
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Fig. 10.9 Relative error of
reconstruction for different
SNR using Moore-Penrose
(blue triangles)- and Tikhonov
(L-Curve) (black squares)-
regularization with modes
with δmμ ≥ δ 0
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10.3.3 Reconstruction of Sound Sources not located on assumed
Source Distribution

In the preceding sections, it was assumed that the location of the actual sources co-
incided with the position of some model sources on the reconstruction grid. Mostly,
this will not be the case in common applications. For this reason, a scanning-
technique is introduced to estimate the positions of the sound sources without know-
ing them a priori. The reconstruction algorithm using the scanning technique should
find the presetted sound source in an approximate way.

The idea of the scanning-technique is to subdivide the source plane into smaller
partitions (here: division of the circular source plane in four parts). The first part is
discretized by a number of assumed monopole sources, and the reconstruction al-
gorithm is applied. The positions of the sources having amplitudes above a certain
threshold are stored. Subsequently, the second part is discretized and the new source
distribution is the union of these new model sources and those stored from the re-
construction in the first part. After having applied the reconstruction to all parts and
in-line stored all positions of sources with large amplitudes, the reonstruction algo-
rithm is applied again to the resulting source distribution comprising all dominant
source locations from the individual partitions.

Now, the scanning technique, as described above, is applied to three cases. The
configurations are shown in Figs. 10.10a–10.10c. The source plane at axial position
x0 = 0 and the assumed distribution of modeled sound sources (21) are plotted (blue
squares) together with the presetted sound sources providing non-zero source am-
plitudes (red open circles), which are to be reconstructed by the algorithm.
In case 1, only one real source was presetted near the assumed grid. In case 2,
two real sources not matching the assumed grid are presetted in the same quadrant.
Case 3 is an extension of case 2: Here the two real sources are presetted in different
quadrants. The reconstruction results based on the proposed scanning technique and
Tikhonov-inversion for the 3 model configurations are presented in Figs. 10.11a–
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Fig. 10.10a Assumed source distribution
(blue squares) in the source plane x0 = 0,
red circles: sources with non-zero ampli-
tudes, case 1

Fig. 10.10b Assumed source distribution
(blue squares) in the source plane x0 = 0,
red circles: sources with non-zero ampli-
tudes, case 2

Fig. 10.10c Assumed source distribution
(blue squares) in the source plane x0 = 0,
red circles: sources with non-zero ampli-
tudes, case 3

10.11c as follows: the amplitudes of the presetted sound sources are plotted as red
open circles and the amplitudes of the reconstructed sound sources are plotted as
black solid circles over the source plane. For clarity, the assumed source grid is not
shown.

The reconstruction result of the first model configuration, plotted in Fig. 10.11a,
exhibits some inaccuracy in the position and amplitude of the presetted sound
source. A second artifical sound source is introduced, as well, which is an unde-
sired event. In case 2, the algorithm is able to reconstruct the two given sources. The
positions and the amplitudes of the reconstructed sound sources are approximated
with a high level of accuracy. In case 3, two sources in different quadrants are preset-
ted. Again, the algorithm is able to reconstruct the two given sources. The positions
and the amplitudes of the reconstructed sound sources are reconstructed with rea-
sonable accuracy. It can be noted that in the cases 2 and 3, no artifical sound sources
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Fig. 10.11a Reconstruction of case 1 with
Tikhonov-inverting and scanning technique,
given source amplitudes (red open circles),
reconstructed source amplitudes (black solid
circles)
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Fig. 10.11b Reconstruction of case 2 with
Tikhonov-inverting and scanning technique,
given source amplitudes (red open circles),
reconstructed source amplitudes (black solid
circles)
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Fig. 10.11c Reconstruction of case 3 with
Tikhonov-inverting and scanning technique,
given source amplitudes (red open circles),
reconstructed source amplitudes (black solid
circles)

are introduced by the reconstruction algorithm. It was shown that the reconstruction
of sound sources having a mismatch between the assumed source distribution and
real source position by application of a scanning technique is successful with at least
reasonable accuracy for all investigated cases.

10.3.4 Effect of Reflection at the Combustion Chambers Outlet

In this section, we investigate the dependence of the accuracy of the reconstructed
source positions and amplitudes on the reflection of the plane wave at the com-
bustion chamber outlet of a finite combustion chamber. We assume a reflection of
95% of the plane wave at the downstream end of the combustion chamber. We pre-
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set one sound source having non-zero amplitude, which is to be reconstructed. In
Fig. 10.12a, the reconstruction result using Moore-Penrose-regularization with re-
flection and no correction is plotted. It can be seen that the presetted source is recon-
structed exactly in position and amplitude. However, an artifical source is introduced
by the reconstruction. This is an undesired result.

If the sound pressure field in the finite combustion chamber is corrected from the
reflection of the plane wave at the combustion chamber outlet (see Sec. 10.2.5), the
reconstruction is exact and no artifical sound source appears. The result is plotted in
Fig. 10.12b.
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Fig. 10.12a Reconstruction result of
one sound source using Moore-Penrose-
regularization with reflection of 95% of
plane wave at downstream end of combustion
chamber without correction of the pressure
field
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Fig. 10.12b Reconstruction result of
one sound source using Moore-Penrose-
regularization with reflection of 95% of
plane wave at downstream end of combustion
chamber with correction of the pressure field

10.3.5 Effect of Mean Flow

In this section, we investigate the dependence of the accuracy of the reconstructed
source positions and amplitudes from the mean flow. Here, we use the configuration
described at the beginning of this section. We preset three sound sources in one axial
source plane. Additionally, we assume a constant mean flow in axial direction with
Mach number M = 0.2.
In the first case, the mean flow will be ignored by the reconstruction algorithm: the
Green’s function for a stationary gas is used for the reconstruction (see Eq. (10.3)).
Of course, this modelling error results in an incorrect reconstruction of the three
sound sources, which can be seen in Fig. 10.13a. Using the correct Green’s function
(Eq. (10.9)), the reconstruction is exact (see Fig. 10.13b).
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Fig. 10.13a Reconstruction result of three
sound sources using Moore-Penrose-
regularization and mean flow with M = 0.2,
mean flow not considered
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Fig. 10.13b Reconstruction result of
three sound sources using Moore-Penrose-
regularization and mean flow with M = 0.2,
mean flow considered

10.4 Conclusion

In this project, an algorithm for the determination of the locations and the strengths
of sound sources in closed combustion chambers using measured data of wall-flush-
mounted microphones is presented. The generic procedure of sound source recon-
struction was introduced based on the discretization of the region of interest by a set
of monopole sources. The unknown source amplitudes are determined by applying
different regularization methods.
In simulations, the arrangement of a microphone array consisting of 48 sensors
was optimized with almost non-existing background noise. Here, the algorithm of
Moore-Penrose was found to be the best reconstruction tool. On the other hand, the
reconstruction with Moore-Penrose-inversion is highly sensitive to contaminating
noise. In this case, the reconstruction with Tikhonov-regularization using L-Curve-
based parameter estimation turned out to be a successful strategy. Afterwards, the
applicability of a scanning technique for the reconstruction of sound sources not
exactly located on the assumed source distribution was investigated with positive
result. Subsequently, the influence of the reflection of the plane wave at the down-
stream end of the combustion chamber was investigated. Here, the importance of
correcting the measured sound pressure field from the reflected plane wave was
shown. Finally, the reconstruction algorithm was applied to a pressure field with
constant mean flow. An extended Green’s function yields to good reconstruction
results.

In future research, it is planned to determine the axial position of the source
plane, especially for the case of sources located in more than one axial plane. An-
other point of continuing investigation is the extension of the reconstruction algo-
rithm to cases with a temperature gradient in axial direction. It is planned to validate
the reconstruction algorithm experimentally in a cold environment and later-on in a
real combustion chamber.
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