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It is unfortunately true that reference to the general equation (10)

2
P = %szmeQmaxvcor
T pc
[...] leads to some pessimism in the case of noise reduction. This negative view
holds because considerations other than noise usually determine most of the
factors. That is, one could not seriously suggest altering the chemical kinetic
rates or the total firing rate. Moreover, the characteristic impedance is not

generally at the designer’s command, nor is the fuel-heating value.

- W. C. Strahle
A More Modern Theory of Combustion Noise [130]
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Kurzfassung

Die vorliegende Arbeit beschiftigt sich mit der numerischen Vorhersage des
von turbulenten Flammen abgestrahlten Larmspektrums. Dazu wurde ein beste-
hendes semi-analytisches Modell fiir Vormischflammen auf nicht vorgemisch-
te Flammen erweitert. Begleitende Experimente lieferten Daten iiber das Ab-
strahlverhalten von turbulenten Drallflammen bei verschiedenen Betriebsbe-
dingungen. Die gemessenen Daten dienten zur Validierung des erweiterten
Liarmmodells und der darin enthaltenen Modellannahmen.

Eine auf globalen Chemilumineszenzmessungen basierende Korrekturmethode
wurde entwickelt, die es ermoglicht, die Menge des tatsdchlich reagierenden
Frischgases an offenen vorgemischten Flammen zu bestimmen. Das Verfahren
erlaubt den direkten Vergleich zwischen gemessenen Lirmspektren von vorge-
mischten und nicht vorgemischten Flammen und den numerischen Ergebnissen.

Die globale Wirmefreisetzung und die Luftzahl sind die wesentlichen Einfluss-
faktoren beziiglich des abgestrahlten Lirms turbulenter Flammen. Diese Para-
meter bestimmen im Wesentlichen die thermische Leistungsdichte der Flamme.
Werden nicht vorgemischte und vorgemischte Flammen bei dhnlichen Bedin-
gungen hinsichtlich Strémung und Mischungszusammensetzung betrieben, zeigt
sich ein @hnliches Abstrahlverhalten beider Flammentypen.

Die im Experiment beobachteten Trends und Einfliisse werden durch das erwei-
terte Modell korrekt wiedergegeben. In einem weiteren Schritt wird das Modell
auf ein serienmédfiges Wasserheizgerit angewendet. Kombiniert mit einer einfa-
chen numerischen Modellierung der Schallausbreitung innerhalb des Gerits ge-
lingt die korrekte Vorhersage des abgestrahlten Lirms, was die Anwendbarkeit
der entwickelten Methode auf industrielle Verbrennungssysteme unter Beweis
stellt.
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Abstract

The study at hand extends an existing theory of turbulent combustion noise for
premixed flames towards the prediction of noise spectra from non-premixed
flames. Based on a numerical simulation of the mean reactive flow field, the
theoretical combustion noise model predicts the radiated noise spectra. An ex-
perimental campaign investigating the influence of flame operating parameters
on the spectral noise emission from open natural gas swirl flames delivered ref-
erence data to validate the introduced model extensions accounting for the char-
acteristics of noise emission from non-premixed flames.

A novel experimental procedure for the quantification of fuel burnout of open
premixed swirl flames under the influence of entrainment ensures comparability
between numerical predictions and experimental data recorded from premixed
and non-premixed flames.

The results show, that thermal power output and mixture composition are the
primary factors of influence governing combustion noise emission. These quan-
tities are closely related to the thermal power density of the flame. Also, pre-
mixed and non-premixed flames possess similar noise emission characteristics
when operated under similar flow and mixture conditions. Observed trends and
amplitude levels can be correctly reproduced by the extended combustion noise
model, which enables noise prediction using the developed numerical tool from
time averaged simulation data.

In a further step, the model was applied to a commercial marine heating unit.
In combination with a simple numerical model of sound propagation inside the
heater, the spectrum of the radiated noise was successfully predicted, demon-
strating the applicability of the developed approach to typical problems of indus-
trial development.

X






Contents

Page

Notation XV
1 Introduction 1
1.1 CombustionNoise . . . ... .. ... ... ... ....... 3
1.2 Prediction of Combustion Noise . . . . . .. ... ... ..... 8
1.3 Thesis Structure . . . . . . . . .. .o 10

2 Reacting Turbulent Flows 13
2.1 Characteristics of Turbulent Flows . . . . . .. .. ... .. ... 13
2.1.1 Model Spectrum of Turbulence Kinetic Energy . . . . . . . 18

2.1.2 Turbulent Swirling Flow . . . . .. ... ... ... .... 20

2.2 Turbulent Combustion . . . . .. ... ... ... ........ 21
2.2.1 Non-Premixed Combustion . . .. ... .......... 23

2.2.2 Premixed Combustion . . . . ... ... ... ....... 25

2.3 Simulation of Turbulent Reacting Flow . . . . .. ... ... .. 28
2.3.1 Averaged Balance Equations . . . . . .. ... ....... 30

2.3.2 Turbulence Modeling . . ... ... ............ 32

2.3.3 Combustion Modeling . . . . .. ... ... ........ 34

3 Acoustic Theory 43
3.1 Combustion Noise . . . . .. .. .. .. ... ..., 43
3.2 Sound Propagation in One-Dimensional Geometries . . . . . . . . 49
3.3 Acoustic Boundary Conditions . . . . . ... ... ........ 50
3.3.1 Reflection at an Open Pipe End at Ambient Conditions . . . 51

3.3.2 Reflection at an Open Pipe End at Elevated Temperatures . 53

3.4 Measurement of Sound Intensity . . . . . . ... ... ... ... 55
3.5 Logarithmic Scales . . . . ... ... ... ... ......... 58

X1



CONTENTS

4

Xii

Spectral Modeling of Turbulent Combustion Noise 59
4.1 The Spectrum of HeatRelease . . . . ... .. .. .. ...... 59
4.2 Premixed Turbulent Flames . . . . . . . .. ... ... ...... 62
4.2.1 Scaling of the Spectral Amplitude . . . . . . ... ... .. 62
4.2.2 Wave-Number Frequency Transformation . . . . . . . . . . 63
4.2.3 Relation Between Lagrangian Frequency and Correlation
Spectrum . . . . . .. ... 64
424 Cutoff Length Scale . . ... ... ............. 64
4.2.5 Statistical Volume of Coherent Heat Release . . . . . . . . 65
4.2.6 Acoustic Power Spectrum of the Premixed Flame . . . . . 66
4.3 Non-Premixed Turbulent Flames . . . . . . .. ... ... .... 67
4.3.1 Coherence Volume . . . . . . ... ... ... ....... 67
4.3.2 Wave-Number Frequency Transformation . . . . . . . . . . 68
4.3.3 Generalized Scaling of the Spectral Amplitude . . . . . . . 69
4.4 Analysis of Model Characteristics . . . . . .. ... ... .... 73
Experimental Setup and Measurement Equipment 79
5.1 Open Turbulent Flame TestRig. . . . . .. ... ... ... ... 79
5.2 Movable Block Swirl Burner . . . . ... .. ... ... ..... 82
5.3 Improvement of Laboratory Acoustics . . . . . ... ... .... 86
5.4 Measurement Procedure for Acoustic Power Spectra . . . . . . . 88
5.5 Determination of Peak Frequency . . . . .. ... ... .. ... 92
5.6 Measurement Technique for Acoustic Intensity . . . . . . .. .. 94
5.7 Repeatability of Intensity Measurements . . . . . . .. .. .. .. 95
5.8 Chemiluminescence . . . . . . . . .. . ... .. ... ... 96
Turbulent Combustion Noise from Non-Premixed and Premixed

Swirl Flames 99
6.1 Non-Premixed Flame . . . . . ... ... ... .. ........ 99
6.1.1 Influence of Thermal Power . . . . . . .. ... ... ... 100
6.1.2 Influence of Mixture Composition . . . . . ... ... ... 103
6.1.3 Influence of Swirl Strength . . . . . ... .. .. ... .. 105
6.1.4 Matrix Study on Mixture Composition and Thermal Power 107
6.2 PremixedFlame . . . . . . .. .. ... ... oL, 109

6.2.1 Fuel Burnout Efficiency of Open Premixed Flames . . . . . 109



CONTENTS

6.2.2 Influence of Thermal Power . . . . . . .. .. .. ... .. 115
6.3 Comparison of Conversion Efficiencies Between Premixed and
Non-Premixed Flames . . . . . . .. ... ... ... ...... 116

7 Prediction of Spectral Noise Emission from Turbulent Natural Gas

Swirl Flames 121
7.1 Calculation Cycle of Combustion Noise Prediction for Premixed

and Non-Premixed Cases . . . . . . . . . ... ... ....... 121

7.2 Premixed Flame Simulation . . . . ... ... ... ....... 123

72.1 CFD-Results . . . . ... ... . ... ... .. ...... 124

7.2.2 AcousticResults . . . . . ... ... 0L 128

7.3 Non-Premixed Flame Simulation . . . . . .. ... ... ..... 132

73.1 CFD-Results . . . . ... ... ... ... ... ...... 132

7.3.2 AcousticResults . . . ... ... ... ... .. ..., 137

7.4 Summary of Numerical Results . . . . . . ... ... ....... 144

8 Model Application to a Marine Heating Unit 145

8.1 Small Burner TestRig . . . .. ... .. ... ... ... .... 145

8.2 Experimental Results . . . . . . ... .. ... ... ..., 147

8.3 Acoustic Network Model . . . . . ... ... ... ... ..... 149

84 NoiseSource . . . . .. . . . . . . . e 153

8.5 Numerical Results . . . . . ... ... ... ... ........ 153

9 Concluding Remarks 157

Appendix 159

A Mean and Standard Deviation of the Clipped Gaussian Distribution 161

B Iterative Calculation of Adiabatic Flame Temperatures 165
C Acoustic Network Elements 167
C.1 ReflectingEnd . . ... ... ... ... ... ... ... ... 167
C.2 Duct Element of Uniform Cross Section . . . . .. ... ... .. 168

C.3 Discontinuity in Cross-Sectional Area . . . . . .. ... ... .. 168



CONTENTS

List of Figures 171
List of Tables 181

References 183

X1V



Notation

Latin Characters

Cp
Ca, Cy

CeBu
Co
(]
Cu» Cks Cey» Cey
Cp
Cs

Cschmid

clipped Gaussian PDF parameter

pipe radius

thermal diffusivity

clipped Gaussian PDF parameter

constant

reaction progress

speed of sound

reaction progress variance

constant in the combustion noise model

constants in the transport equation for the mixture
fraction variance

constant in the eddy break-up combustion model
constant in the peak frequency model

length scale constant in the combustion noise model
constants of the k-& model

specific heat capacity at constant pressure
amplitude scaling function of the combustion noise
model

constant in the Schmid combustion model

time scale constant in the combustion noise model
virtual concentration in eddy dissipation model
specific heat capacity at constant volume

diameter

intensity probe spacer length

diffusion coefficient

specific total energy

specific internal energy

velocity spectrum

activation energy

wave-number spectrum of heat release

Riemann invariant propagating downstream
frequency

peak frequency

J/(kg K)

J/(kg K)
m
m
m?/s
J/kg
Jkg
m?/s
J/mol
W/m?

XV



Notation

xvi

sampling frequency

Riemann invariant propagating upstream
acceleration of gravity

auto-power spectral density
cross-power spectral density

axial flux of angular momentum
flux of axial momentum

heat of reaction

lower heating value

active acoustic intensity

imaginary unit

numerical index

reactive acoustic intensity
numerical index

turbulence kinetic energy

Corrsin length scale

coherence length scale

Gibson length scale

amplitude level of acoustic intensity
amplitude level of acoustic pressure
integral length scale

amplitude level of acoustic power
mixing zone thickness

mass flow rate

number of samples

numerical index

pressure

sound power

thermal power

volumetric rate of heat release

gas constant

outer burner radius

two point correlation function
acoustic pressure reflection coefficient
vortex core radius

acoustic energy reflection coefficient
surface area

swirl number

entropy

laminar flamespeed

momentum source

turbulent flamespeed

temperature

time

transfer matrix element

m/s
m?/s
1/Hz
1/Hz

m? kg/s?
m? kg/s?

Jkg

Jkg
W/m?

W/m?

m?/s2

G588

dB
dB

kg/s

Pa
kW
kW

W/m?
J/(kg K)
m



Notation

signal duration
temperature variance
Kolmogorov velocity scale
cartesian velocity components
volume

flame volume

volume of finite volumes
coherence volume
molecular weight

molar concentration

mass fraction

acoustic impedance
mixture fraction

mixture fraction variance

Greek Characters

TR QK

Xaq
ncoh

HR M ;M >

Nkol

S <<EE>aF

acoustic absorption coefficient
angle

constant in model spectrum
constant in model spectrum
exponent in the Arrhenius equation

correlation spectrum of fluctuating heat release

coherence efficiency

extended length scale
Kronecker symbol

laminar flame thickness
turbulent flame brush thickness
turbulent dissipation rate

heat capacity ratio

coherence function
Kolmogorov length scale
thermo-acoustic efficiency
wave-number

air excess ratio

mean of PDF

eddy viscosity

kinematic viscosity
stoichiometric coefficient
exponent in the Arrhenius equation
exponent in the Arrhenius equation
angular frequency

source term of reaction progress
density

standard deviation of PDF

g/mol
mol/m>

N s/m3

XVvil



Notation

gc’ 2
CCFD
g
Em

constant of the k-€ model

dimensionless temperature

retarded time

chemical time scale

Kolmogorov time scale

stress tensor

turbulent time scale

dimensionless temperature variance

equivalence ratio

fuel injection hole angle

phase angle

connecting function

scalar dissipation rate of reaction progress variance
burnout calibration coefficient from CFD

variable block angle of the movable block swirler
maximum block angle of the movable block swirler

Con burnout calibration coefficient from experiment
Abbreviations
AC Area Change
APE Acoustic Perturbation Equations
CAA Computational Aero Acoustics
CMOS Complementary Metal Oxide Semiconductor
D Duct
JP4 Jet Propellant 4
CFD Computational Fluid Dynamics
LES Large Eddy Simulation
LPG Liquefied Petroleum Gas
NG Natural Gas
NP Non-Premixed
P Premixed
RANS Reynolds averaged Navier-Stokes
R Reflecting End
S Source Element
TC Temperature Change

Dimensionless Numbers

Da
He
Ka
Le
Ma
Re

XViil

Damkohler number
Helmholtz number
Karlovitz number
Lewis number
Mach number
Reynolds number



Notation

Sc Schmidt number
Superscripts
o complex conjugate of ¢

é complex variable ¢

‘13 Favre average of quantity ¢

o’ acoustic fluctuation of quantity ¢
0" turbulent fluctuation of quantity ¢
) time average of quantity ¢

6 vector quantity ¢

Subscripts
ad adiabatic
B related to the observer position
calib burnout calibrated

c related to the clipped PDF
" related to the reaction progress variance
d downstream

f fuel
+, - wave propagation direction

n normal direction
ref reference condition

S conditions within the source

tot total

u unburnt

X1X



Notation

XX



1 Introduction

the de-

he year of 2050 pre-

dustry, transportation, and private

ted development

101 On

1SS

A recent case scenario study completed by the European Comm

velopment of energy consumpt

iciguptot

and pr

ion, origin,

dicts a continuous demand of fossil fuels for in

homes [17]. Figure 1.1 shows the predic

for transportat

in energy consumption

for different sources

of energy.

| fuels and combustion

10N

1Ing 1mportance o

the European Un

thin

1011 W1

.

i

f foss

technologies in future energy supply. Consequently, the continuous use of fossil

The data demonstrates the endur

fuels for future energy supply demands the development of combustion systems

with increased efficiency and reduced pollutant em

systems are frequently designed for operat

for these desired properties.

ion

. Modern combust

1ssion
h turbulent flames to account

1on wit

2050

7

¢
2040

LYY Y YYYYYYY Yy Y

C
h
h
h

C

C

L

U

U

C

C

7

7

7

7

T T T LT

C

L
CLCCCL
CLCCCL

U

C

C

7

7

7

7

C
L

=
C
L
CLCCCCL

CLCCCCL
i
[
LL
77
77
77
v
7

2020

2010

2000

333323333333

ALLLLLl AP
N

Q1PN

400

o o o o o o o o
n O W O 0 O 10
[ B A

[p031N] puewop ASI10ur

Year

Errrreer

Diesel
Gasoline

Fuel Oil

NG
Biofuels === Jet Fuel

ty e

ici

LPG O

Electr

he year

10n to t

he European Un

hin t

ion of energy for transportation wit

d consumpt

icte

Pred

Figure 1.1

f energy (adapted from [17]).

rigin o

2050, colored by o



1 Introduction

In turbulent flames, mixing processes between different chemical species or fresh
gases and exhaust gases are greatly intensified in comparison to flames operated
under laminar flow conditions. The enhanced mixing rates allow greater thermal
power densities for technical combustion systems, where installation space or
weight is of interest. The time-dependent turbulent fluctuations in mass fractions
of chemical species taking part in the combustion reaction, as well as tempera-
ture, density, and other quantities influencing the chemical reaction rate are the
origin of the acoustic broadband noise which is radiated by turbulent flames. The
broadband noise is a characteristic property of turbulent combustion and can be
observed in many everyday occasions, such as the hissing noise of a gas cooker
or the sound of a flickering candle flame when blown into. Noise emitted by tur-
bulent flames is of great concern in a wide field of technical applications reaching
from small scale domestic heating units [103] to rocket motors [41,113] and gas
turbines [26, 131, 133].

In aero-engines, turbulent combustion noise remained a secondary source of
noise for a long period of time, when compared to other sources of noise con-
tributing to the overall acoustic emissions of aircraft engines. The overall noise
emissions of low-bypass ratio aircraft engines have been dominated by the aero-
dynamic noise generated in the mixing process between the hot jet of exhaust
gases and the ambient atmosphere. The introduction of higher bypass-ratios, and
developments concerning nozzle geometry have assisted in reducing the gen-
eration and emission of jet noise. Chevron nozzles, visible as sawtooth shaped
nozzle geometry on some modern engines, are a characteristic example of such
a technology. Consequently, in the effort of further reducing noise radiation by
commercial airplanes, previously unimportant sources of sound moved into fo-
cus [9, 133]. Internal noise sources of the engine, often termed “core-noise”,
are predominately related to the unsteady heat release rate within the turbulent
flame [26, 85] inside the combustion chamber and thus, to turbulent combustion
noise.

The effect of broadband noise emission by a flame can be twofold. First, the
sheer emission of broadband noise is of concern in terms of noise regulations in
many applications. Second, the broadband acoustic excitation signal provided by
the flame may interact with the boundaries of the combustion chamber. Acoustic



1.1 Combustion Noise

pressure waves may be attenuated or reflected at boundaries or leave the combus-
tion system through an intake or outlet opening. Reflected waves may repeatedly
interact with the flame and can be amplified if the phase relation between acous-
tics and heat release is just right. In this case, acoustic energy is continuously fed
into the system over time and resonance conditions are established, which may
lead to very large pressure amplitudes. These resonance events are characterized
by narrow frequency peaks in the spectrum of the acoustic pressure signal inside
the combustion chamber, which noticeably exceed the adjacent amplitude levels.

Greater public awareness and more stringent environmental targets have assisted
in increasing interest on noise radiation as an important category of a combustion
system’s overall emissions. This thesis addresses the issue of the broadband noise
emission of turbulent flames, the processes linked to its generation and the nu-
merical prediction of combustion noise spectra from turbulent non-premixed and
premixed flames. A toolbox is developed, which allows the numerical prediction
of combustion noise from premixed and non-premixed turbulent hydrocarbon
flames based on an initial simulation of the time-averaged flow field.

1.1 Combustion Noise

Open burning turbulent flames emit a broadband hissing noise which is closely
related to the unsteady rate of heat release in the flame [19]. The turbulent fluctu-
ations in mixing rate, species concentrations and other parameters connected to
the combustion process are influencing the frequency content of the spectrum of
the emitted combustion noise. A macroscopic, descriptive example demonstrat-
ing the time dependent processes involved in the generation of combustion noise
1s given by the experiment performed by Thomas and Williams [136]. In their
setup, soap bubbles of up to Scm in diameter were filled with different mixtures
of combustible gases and ignited electrically. The experiment was set up in an
anechoic enclosure and the acoustic pressure signal resulting from the combus-
tion of the bubble was recorded by a microphone. Figure 1.2 shows a sketch of
the bubble configuration alongside a typical pressure signal emitted by a reacting
soap bubble of natural gas air filling and the Fourier transform of the signal time

3



1 Introduction

series. The short-time pressure pulse in Fig. 1.2b results from the fast expansion
of the flame front followed by a contraction which occurs shortly after the avail-
able mixture has been consumed and contains a wide range of frequencies. The
observed frequency range is concentrated in the lower range below 1000Hz as
visible from the signals Fourier transform in Fig. 1.2c. Pulse duration and am-
plitude levels are closely related to the flame propagation speed which mainly
depends on the mixture composition regarding fuel type and air excess ratio. If
an accumulation of reacting small scale gas parcels, as they occur in turbulent
combustion is considered, the resulting broad band noise spectrum can be imag-
ined to be composed from a large number of such combustion pulses.

The broad-band frequency spectrum emitted by turbulent hydrocarbon flames
possesses prominent features, which are universally relevant, few exceptions
aside, to a large number of different burner and mixture configurations. These
characteristics apply to flames operated in an open environment or an acousti-
cally non-reflective enclosure. Flames operated within a confined space (com-
bustion chamber), acoustically interact with the boundaries of the confinement.
The resulting noise spectrum departs from the universal shape of the open flame

t(?rxopne}[ndlng flame L | — 0.08 | | |

0 0.06 .
) £

A4 L - = 0.04 .
Q« X

8 | - 0.02 + .

] ] ] O ] ]
-0.02 0 0.02 1 10 100 1000
bubble surface t[s] f [Hz]

(a)
(b) (c)

Figure 1.2: The experiment conducted by Thomas and Williams [136]. a): Soap bubble filled with
combustible gaseous mixture undergoing combustion. b): Resulting time series of the ra-
diated acoustic pressure. ¢): Magnitude of the corresponding signal Fourier transform over
frequency f.



1.1 Combustion Noise

case. Figure 1.3 shows a typical spectrum of sound pressure emitted by a non-
premixed turbulent natural gas (NG) swirl flame at a thermal power output of
Py = 50kW, an air excess ratio of A = 1.2 and moderate swirl intensity. A com-

1.2 T T T TTT T
confined flame Jpeak local maximum
1 ~ | /
5 0.8 | growth J Mpaas ,./
g v /\\, i
06 ~ | A\ A
< e W
04
N W decay
0.2 | open flame
0 | “M
10 100 1000

[ |Hz]

Figure 1.3: General shape of the spectrum of sound pressure emitted by an open burning turbulent swirl
flame compared with the spectrum of a confined turbulent swirl flame inside a combustion
chamber. The hatched area marks the typical frequency range for peak frequencies of turbulent
hydrocarbon flames. Both spectra have been normalized with their corresponding maximum
value for better comparability.

parison with a confined turbulent premixed swirl flame! of equal thermal power
and A = 1.6 is given in the red curve. The influence of the enclosure in the con-
fined flame spectrum can be identified as distinct narrow banded peaks in the
pressure amplitude. Clearly visible narrow peaks of several dB above the adja-
cent spectral amplitude levels (local maxima) are generally absent in the spectral
noise from open turbulent flames.

There, amplitude levels monotonically increase with frequency until reaching
a maximum, usually denoted by the peak-frequency fpeax [129]. The hatched
area marks the approximate range of peak frequencies typically observed with
hydrocarbon fueled flames, located in between 100Hz < fpeax S 1000Hz. At fre-
quencies in excess of fpeak, the spectrum decays monotonically with frequency.
The total sound power emitted by the flame can be calculated by integrating the
acoustic power spectrum over all frequencies. This total acoustic power output

! The confined flame pressure data was kindly provided by Dipl.-Ing. Michael Wagner.



1 Introduction

P,co can be compared to the thermal power setting of the flame Py, in the thermo-
acoustic efficiency 1N,

(1.1)

The well known ratio represents the efficiency of conversion between thermal
and acoustic energy within the flame. Numbers reported in literature range in
between low conversion efficiencies of N = 8-107° [115] and 1-107> [131]
for turbulent hydrocarbon flames. f,e.k and 1y, are used to characterize and dis-
tinguish combustion noise spectra from turbulent flames in this thesis.

Table 1.1 gives a summary of experimental studies on turbulent combustion noise
conducted from the early 1960s until today which were considered in this the-
sis. The listed studies contain experiments on hydrocarbon fueled flames, such
that the data from Tab. 1.1 may be used to determine ranges for peak frequency
and thermo-acoustic efficiency of hydrocarbon flames and as a catalog of stud-
1es on turbulent combustion noise, which involves several different fuels. The
following fundamental characteristics of influence for turbulent open burning
hydrocarbon flames can be extracted from the studies summarized in Tab. 1.1:

* The emitted noise levels increase with the total firing rate and the flow
Reynolds number.

* The nozzle shape impacts the noise spectrum by influencing turbulence in-
tensity in the reaction zone.

* Fuel and fuel composition influence peak frequency and peak amplitude.

» Swirling motion of the reacting flow increases emitted noise levels [50].

A recent experimental study on turbulent combustion noise from non-premixed
natural gas flames was performed by Singh et al. [118]. In their experiment, a
natural gas burner equipped with a double swirler unit is investigated concerning
the radiated spectrum of sound pressure. Investigated operating points are placed
between global air excess ratios of A = 0.9 ... A = 1.41 at thermal powers up
to 24kW. The general conclusion from this study shows that combustion noise
spectra from non-premixed flames possess the same general shape properties
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1.1 Combustion Noise

Table 1.1: Overview of experimental studies on combustion noise with reported ranges for peak fre-
quency and efficiency of conversion between thermal and acoustic energy for hydrocarbon premixed
(P) and non-premixed (NP) flames.

Author Year Fuel Flame Nta fpeak [Hz]
Smith, Kilham [122] 1963 CH4, C;Hy4, C3Hg P 5-1078 -
Kotake, Hatta [69] 1965 NG P - -
Thomas, Williams [136] 1966 N/A P 1078...107 -
Hurle, Price [56] 1968 CoHy P - ~ 1000
Giammar, Putnam [46] 1969 NG NP 10°8...10°° 250 —500
Giammar, Putnam [47] 1972 NG P Fit Curve -
Shivashankara, Strahle [115] 1973 N/A P 10°° 500
Kumar [71] 1975 CHy4 P, NP - ~ 1000
Strahle, Shivashankara [131] 1976 JP4 NP 1076...1073 ~ 300
Strahle [129] 1978 C,Hy P - ~ 500
Putnam, Faulkner [103] 1983 CHy NP - ~ 400
Katsuki et al. [65] 1986 CsHg P - -
Kotake, Takamoto [70] 1987 CsHg P - 90 — 200
Ohiwa et al. [94] 1993 C;Hg NP - 200 — 500
Elfeky et al. [33] 1996 CHy4 P - -
Lieuwen, Rajaram [78] 2002 CHy P - ~ 300
Singh et al. [120] 2004 CH4/H, NP - ~ 1000
Winkler et al. [151] 2005 NG PNP 10-3...1077 200 — 500
Wisle et al. [155] 2005 NG P 7-1078...1.1-1077 70 —400
Rajaram et al. [107] 2005 NG P - ~ 300
Rajaram, Lieuwen [106] 2009 NG P - 100 —900
Singh et al. [118] 2013 NG NP - 250 —700

as those obtained from premixed flames. Peak frequencies shift towards higher
frequencies at higher flow velocities and the spectral amplitude is coupled to
the total firing rate. Duchaine et al. [29] investigate partially premixed flames
and find that modeling principles and assumptions associated with perfectly pre-
mixed flames are still fulfilled for partially premixed flames. This motivates the
development of a unified noise model for premixed, partially premixed and non-
premixed flames.

A general conclusion from experimental studies published on combustion noise
can be drawn as far as that open turbulent hydrocarbon flames radiate broad-
band noise of similar spectral characteristics, where the detailed properties of
the radiated noise concerning peak amplitude, peak frequency and efficiency of
conversion are governed by the type of fuel, mixture composition, nozzle geome-

7



1 Introduction

try and swirl intensity. Noise spectra recorded from flames operated in a confined
combustion chamber frequently show different spectral characteristics.

1.2 Prediction of Combustion Noise

The generation and propagation of combustion noise involves a broad range of
physical time and length scales. Spatial scales involved with the chemical reac-
tion of the combustion process are of the order of millimeters [82], while the
wave-length of acoustic pressure waves in the low frequency range is of the or-
der of meters. This diversity of scales and physical processes connected with the
generation of turbulent combustion noise motivates the use of hybrid numerical
methods for the prediction of noise emissions following a “divide and conquer”
strategy.

Frequently, the flow and chemical reaction problem is treated separately from the
propagation simulation of the radiated acoustic signal. Multiple sets of equations
describing the relevant phenomena with different levels of complexity are avail-
able for the modeling of reactive turbulent flow and the propagation of acoustic
pressure waves. Table 1.2 summarizes recent numerical studies on combustion
noise covering different pairs of numerical methods. Numerical approaches re-
lying on Large Eddy simulation (LES) offer the advantage of direct access to
the time-dependent variable fields that are involved in the generation of com-
bustion noise. Direct extraction of the source terms on the right hand side of

Table 1.2: Overview of hybrid numerical methods used in the prediction of turbulent combustion
noise.

Author Year Fuel Flame Flow Simulation Acoustic Simulation
Klein [67] 2000 CHy4 NP, P RANS Model

Hirsch et al. [52,53] 2006 CH4/H; P RANS Acoustic Analogy/Model
Ihme et al. [57] 2006 CH4/H; NP LES Model
Flemming et al. [42] 2007 CH4/H; NP LES Wave-Eq.

Bui, Schroder [15] 2007 H NP LES APE
Miihlbauer et al. [88] 2010 CHy4/H; NP RANS LEE

Ihme, Pitsch [58] 2012 CHy4/H; NP LES Acoustic Analogy
Silvaetal. [116] 2013 C3Hg P LES Wave-Eq.




1.2 Prediction of Combustion Noise

the inhomogeneous wave-equation given by [25] is provided following meth-
ods originally developed in computational aero-acoustics (CAA). With a certain
portion of the low wave-number regime of turbulent motion spatially and tem-
porally resolved, the quantities governing the creation of combustion noise can
be evaluated from time series of the solution variables, as performed e.g. in [14].
In a recent study, Singh et al. [119] use LES to predict sound spectra from a
swirling turbulent diffusion flame. The regions of effective noise generation are
identified to be located within zones of intense shear accompanied by turbulent
fluctuations of scalar variables, e.g. the temperature. Their results capture the
qualitative features of the combustion noise spectra in two different operating
conditions, but peak amplitudes and frequencies are over-predicted by the LES
solution indicating the complexity of the underlying physics. From LES solu-
tions, the resulting far field sound power can be computed analytically using a
Green’s function approach or interpolated/integrated into a suitable set of equa-
tions describing acoustic propagation in the domain of interest. Frequently, the
LES solution is coupled to a time-domain acoustic solver. This hybrid LES/CAA
approach has been applied with both, quantitative and qualitative success to tur-
bulent premixed and non-premixed flames [42]. Alternatively, local fluctuating
source terms can be directly evaluated and integrated spatially, to obtain far-field
pressure using a Green’s function approach for the Lighthill equation [59]. Can-
del et al. [16] summarize different model approaches and current developments
in the field of combustion noise and combustion instabilities. The use of LES
for the simulation of reactive flow is computationally expensive when applied to
industrial combustion problems and thus, limited in its applicability.

Hybrid approaches based on a time-averaged solution of the reacting flow
(Reynolds averaged Navier-Stokes, RANS) offer considerably less computa-
tional effort but require suitable modeling of the time-dependent fluctuations of
the flow variables, or their spectral distribution if settled in wave-number or fre-
quency space. An example for a time-domain model using time averaged input
data from a RANS simulation is the random particle mesh approach proposed by
Ewert [34,88-90]. The key frame of this approach is the modeling of the cross-
covariance of a statistical fluctuating sound source Q using a prescribed shape
model of the auto-correlation function.



1 Introduction

Klein and Kok [67] present a model to calculate the sound pressure emitted from
turbulent non-premixed flames based on time averaged field variables from a
RANS simulation. This hybrid model relies on an assumed shape for the spec-
trum of the heat release rate and an empirically determined coherence length
scale. The model is successfully used to predict combustion noise spectra for
confined turbulent flames.

Hirsch et al. [52,53] proposed a model for combustion noise from turbulent pre-
mixed flames based on a derived connection between the wave-number spectrum
of the scalar reaction progress variance and that of the rate of heat release. The
fundamental model assumptions have been validated by Winkler [150, 152, 153]
and Wiisle [143,154,156]. Initially based on spatially resolved experimental data
for the input variables, the model has been used previously for the prediction
of combustion noise spectra from input data obtained from time-averaged nu-
merical simulations (RANS) of the underlying reactive flow [53]. Weyermann
applied the theory to the calculation of noise spectra from turbulent confined
flames [146, 147]. Using the model theory to calculate the frequency spectrum
of the fluctuating rate of heat release coupled to a one-dimensional acoustic sim-
ulation, he was able to calculate the farfield sound-spectrum emitted by an auto-
motive heater.

1.3 Thesis Structure

The noise prediction tool assembled in this thesis is a hybrid, which consists of a
CFD simulation of the reacting flow and a combustion noise post-processor. This
post-processor calculates acoustic power spectra in an independent subsequent
calculation step. Based on the CFD field data, the resulting spectrum of sound
power emitted by the flame is calculated using the spectral model for combustion
noise developed by Hirsch et al. [52,53] for premixed flames. For non-premixed
flames, the model is modified accordingly, in order to account for flame spe-
cific properties, so that noise predictions can be performed for both flame types.
Both model configurations are implemented into C routines, which compute the
integral acoustic power spectrum based on the supplied input variable fields.
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1.3 Thesis Structure

The implementation of the premixed combustion noise model and the newly
developed modifications in the non-premixed model are validated by comparison
to experimental acoustic spectra recorded from an open turbulent swirl flame. A
movable-block swirler allows experiments at different swirl intensities and the
test rig can be operated in premixed and non-premixed flame configuration.

The thesis at hand is organized as follows:

The theoretical background of reactive flow modeling is introduced in Chapter 2
followed by the theoretical fundamentals of turbulent combustion noise (Chap-
ter 3). On this basis, the derivation of the combustion noise model proposed by
Hirsch et al. [52,53] is presented in Chapter 4. This model is then extended and
modified, to account for specific properties of non-premixed flames concerning
noise radiation in Section 4.3.

Validation experiments are conducted using a test rig for unconfined non-
premixed and premixed turbulent swirl flames. In order to ensure comparabil-
ity between premixed and non-premixed thermo-acoustic efficiencies, a burnout
correction method is developed, which allows the determination of the fuel
burnout efficiency of open premixed flames. The acoustic test rig for the mea-
surement of the noise radiated by the test flame is presented in Chapter 5, fol-
lowed by experimental results for non-premixed and premixed natural gas swirl
flames in Chapter 6. The obtained acoustic data are used to validate the devel-
oped model for non-premixed flames as well as the implemented computational
routines. The numerical case setups, along with results from CFD simulations
and the model predictions obtained with the developed toolkit are presented in
Chapter 7. Applicability of the noise prediction toolkit to an industrial applica-
tion is considered in Chapter 8 where the model formalism is used to predict
the radiated sound spectrum from a marine heating unit using the confined flame
network element introduced by Weyermann [146] together with the noise toolkit.

11
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2 Reacting Turbulent Flows

The generation of combustion noise is inherently coupled to the processes and
dynamics of the combustion reaction under turbulent flow conditions. Complex
time-dependent interaction phenomena between processes including mixing dy-
namics, ignition, and extinction or heat exchange along with fluctuations of the
turbulent velocity field govern the local rate of heat release in a flame and thus,
the generation and radiation of noise.

2.1 Characteristics of Turbulent Flows

In turbulent flows, vortical structures, frequently termed eddies, are created by
unstable velocity gradients in the mean flow. Examples for this situation can be
found within the shear layer between two flow streams of different velocity, in
boundary layers in the vicinity of solid boundaries or turbulent flow around an
obstacle. The transition between laminar and turbulent flow conditions, charac-
terized by the appearance of vortical structures is governed by the ratio of inertial
and viscous forces. This ratio is described by the Reynolds number Re
u-d

Re = 2.1
e=—" 2.1)

where u is the average flow velocity, d a characteristic dimension of the flow
geometry and v the kinematic viscosity. At larger Reynolds numbers, small sta-
tistical disturbances of the flow velocity are no longer damped sufficiently by
viscous forces and may grow in strength over time, as the growth of eddies is
a nonlinear phenomenon. In fluid flow through a circular pipe, this transition to
turbulence occurs at an approximate Reynolds number of 2000 [31].

The origin, growth, and dissipation of eddies can directly be observed in turbu-
lent jet flow. A Schlieren image of a high Reynolds number jet emerging into

13



2 Reacting Turbulent Flows

quiescent surroundings is shown in Fig. 2.1. Basic features of turbulent flow can
be explained from this example. Along the surface that separates the moving jet
fluid from the ambient fluid at rest, a turbulent mixing layer is created. The cir-
cular motion of the eddies greatly enhances the exchange of momentum as well
as the mixing of scalar quantities.

Figure 2.1: Schlieren image of a turbulent jet at large Reynolds number. The distribution of vortices of
different sizes along the widening jet is clearly visible (from [140]).

This can be demonstrated by considering the effect of a simple Burgers vortex on
the interface line separating two fluid zones from each other. In this theoretical
consideration, r, marks the radius of the vortex core. The zones can represent
different fluid materials or differences in scalar concentrations. Vortex motion
distorts the initially straight separation line over time. The increasing distortion
is shown in Fig. 2.2 for four points in time. The initial reference interface is
marked by the dashed line in all images. Two important effects of turbulence
on the mixing process can be extracted from this example. The interface line is
turned into a spiral shaped contour because the radial velocity is larger in the
vortex core region. By increasing the length of the interface line by a factor of
four over one full revolution of the vortex, the vortex increases the surface area
of the contact interface between the two zones. The mass flow due to molecular
diffusion across the interface is given by Fick’s law

iy = —SpDyV 9, 2.2)

where Dy denotes the mass diffusion coefficient of the species ¢, p the fluid
density and S is the surface area of the interface between the two species. By
increasing the contact surface area, the vortex enhances diffusive mass transport.
Additionally, fluid is transported by convection from one side of the vortex to-
wards the other. Transport and distortion also cause a considerable reduction of
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Figure 2.2: The effect of a simple two-dimensional vortex on an initially straight interface line (indicated
by the dashed line) separating two fluid zones plotted over the normalized vortex radius. While
fluid is transported by convection, the length of the interface line representing the surface area
of the fluid fluid interface is increased.

the thickness of individual fluid layers, leading to steepened gradients and en-
hanced diffusive mass flux according to Eq. (2.2). The influence of turbulent
motion on the molecular mixing is of primary interest in turbulent combustion,
where the mixing of fuel and oxidizer on the molecular level is often dominating
reaction rates.

In turbulence theory, instantaneous velocity components at a fixed point in space
x are often split into a statistically stationary mean value and a time dependent
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2 Reacting Turbulent Flows

fluctuating part, which is shown in Eq. (2.3) for the velocity component in x-
direction uy:
ux () = tix +ul (). (2.3)

Herein, the double prime denotes a turbulent fluctuation and the overbar indicates
time averaging over the interval T =1, —1;:

153
Ty ! / uy (t) dt. (2.4)

_fz—fl
n

The instantaneous velocity ux () depends on the time of observation ¢ and the
location of observation x. Turbulence intensity can be characterized by statistical
variables describing the fluctuations of the flow velocity and an integral length
scale of vortex sizes. The root mean square captures the intensity of the turbulent
velocity fluctuations

I/t;/’ rms W - / (MX (t) - ﬁX)Z dr, (2.5)

where the indication of the dependance of the velocity on the current location x
has been dropped for simplicity. The overall kinetic energy content in the turbu-
lent fluctuations is the sum of the standard deviations of the fluctuating velocity
components in each coordinate direction:

1
k= 3 <u§{2 + > + u’z’z) : (2.6)
In isotropic turbulence, Eq. (2.6) simplifies to
3
k ~ > u'’?. 2.7)

Turbulent kinetic energy is transferred between vortices of different sizes. Large
eddies absorb kinetic energy from the mean flow strain rate at the large scales.
In homogeneous isotropic turbulence the kinetic energy is given by the integral
over all wavenumbers k of the turbulent energy spectrum E (k) [4]:

k= [ E(x)dxk. (2.8)
/

16



2.1 Characteristics of Turbulent Flows

E(x) is the integral over spherical shells of radius x of the trace of the three-
dimensional spectrum, which is itself the three-dimensional Fourier transform of
the two-point velocity spectrum tensor [142]. The integral scale [ of the energy
containing large eddies is related to the energy spectrum by

_ ”_/OOEK (2.9)
0

2 Lt”2

Equation (2.9) demonstrates the strong influence of the large scale turbulence
(low wavenumber range) on the integral length scale. Large scale eddies are un-
stable, which is the origin of the so termed “energy cascade” in turbulent flow.
The unstable character of the large eddies leads to their break-up into smaller
structures. During the event of eddy break-up, kinetic energy is conserved and
transferred to the smaller eddies. The break-up cascade is limited by the minimal
possible eddy size which is governed by viscous forces. At the smallest scales,
viscous forces dissipate the kinetic energy into internal energy of the fluid.

The smallest scales of turbulent motion have been characterized by Kolmogorov
[68]. The conditions at the smallest turbulent scales may be characterized by
defining a Reynolds number using the Kolmogorov micro-scales of velocity and
length. These scales are uniquely determined by the viscosity v and the dissi-
pation rate € in turbulent flow of sufficiently high Reynolds number. The Kol-
mogorov scales of length, velocity and time are given by [102]

1
3\ 12
A%
Mol = (—) , (2.10)
£
o) = (€V)7, 2.11)
1
N
Teol = E>2 2.12)

A Reynolds number calculated from these scales gives value of unity, indicating
that at the Kolmogorov micro-scales viscous and inertial forces are of the same
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2 Reacting Turbulent Flows

magnitude and the micro-scales characterize the smallest scales of turbulent mo-
tion [4]:

FNE.

3
1 V4
E4V <—])
&4
Rekol = =1. (2. 13)

y
Between the low wavenumber production range and the dissipative micro-scales,
kinetic energy is distributed among eddies of different sizes /., where the indi-
vidual eddy sizes correspond to a wavenumber of
2@
Ke = —. (2.14)
le

Along the wavenumber spectrum, energy distribution follows the well-known

k3 law formulated by Kolmogorov [68]. In turbulence theory, different model
spectra have been proposed to model energy distribution along all wavenumber
ranges of turbulence [102, 134].

2.1.1 Model Spectrum of Turbulence Kinetic Energy

The general properties of the wavenumber spectrum of turbulence kinetic energy
are shown qualitatively in Fig. 2.3, showing a model spectrum from turbulence
theory. A fundamental similarity between the spectrum of turbulent kinetic en-
ergy and that of turbulent combustion noise (cf. Fig. 1.3) can be asserted directly,
indicating a direct relation between turbulent fluctuations in reacting flow and the
resulting spectrum of acoustic noise.

In the scope of the combustion noise model discussed in this thesis, the spectrum
function derived by Tennekes & Lumley [134] is used to compute the spectrum
of the rate of heat release. The inclusion of the model spectrum into the com-
bustion noise model is described in Sec. 4.1. The model spectrum considered
covers the complete wavenumber range, which spans between the vicinity of the
turbulent integral length scale /; and the Kolmogorov length scale 1. Kinetic
energy is fed to the large scales of turbulent eddies in the low wavenumber region
of the spectrum. If the Reynolds number is large enough!, an inertial subrange

! Tennekes & Lumley [134] give a minimum turbulence Reynolds number of 4000 as a prerequisite for the existence
of an inertial subrange.
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Figure 2.3: Model spectrum of turbulence kinetic energy as given by Tennekes & Lumley [134]. The size
of the inertial subrange is governed by the spread between the integral length scale /i and the
Kolmogorov length scale 7.

exists between the production and dissipation range, where energy is conserved
and transferred from larger to smaller eddies at a constant rate. The transfer rate
in the inertial subrange is equal to the dissipation rate € at which energy is dis-
sipated on the fine scales. The constant rate of energy transfer equals the rate of
dissipation on the fine scales &€:

£~ —. (2.15)

Spectral energy distribution within the inertial subrange was predicted by Kolo-
gorov to scale as

E(x) = Ce*3x /3, (2.16)

where C is a constant determined empirically from experimental data and € is
the dissipation rate of turbulence kinetic energy. The model spectrum given by
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Tennekes & Lumley [134] additionally includes terms governing the spectral
shape in the production and dissipation range and is given by

Wl

E(x) = ae?/ x> exp {—% TV (k1) + o (ko) } (2.17)

with the model constants o = 1.5, B = 0.3 estimated from theory. The first ex-
ponential term in Eq. (2.17) governs the location of the maximum spectrum am-
plitude through the integral length scale /;, while the second term models the
spectral decay in the high wavenmuber range, where eddy sizes approach the
Kolmogorov lenght scale 1.

2.1.2 Turbulent Swirling Flow

Turbulent swirling flows are widely used in technical applications, with benefi-
cial properties especially applying to turbulent flames. Among the benefits are
increased flame stability over a wider range of operating conditions and reduced
pollutant emission.

In combustors operated under turbulent conditions, the swirling velocity com-
ponent is generally imposed by a swirl generator upstream of the burner nozzle
before the flow passes a discontinuous increase in cross-sectional area. The cen-
trifugal forces induced by the swirling motion direct the flow outward and create
a radial pressure distribution with a minimum on the burner axis. A low pres-
sure region with adverse axial gradient is formed downstream of the nozzle if
the swirl intensity is sufficiently high. In the low pressure region hot combustion
products are recirculated and ensure continuous ignition of the fresh gas.

The swirl intensity can be characterized by relating the convective fluxes of axial
and angular momentum. The swirl number § is the ratio of the convective flux

20



2.2 Turbulent Combustion

of angular momentum Gy and the convective flux of axial momentum Gy [132].
These are given by

R
:/ wr) pumrdr (2.18)
0

Gx = upu27rrdr—|—/p27rrdr (2.19)

|
St~

The swirl number is then defined as
Gy
G«R’

where R denotes the exit radius of the burner nozzle. Addition of a swirling ve-
locity component to the fresh gases has a stabilizing effect on the turbulent flame.
The swirling motion and its follow up effects can improve blowout limits by a
factor of 5 [39] with respect to the fuel exit velocity. Swirl also increases the
entrainment of ambient air into the reaction zone for open flames. The dilution
of the unburnt mixture leads to extinction of the outer shear layer of premixed
flames and consequently, to incomplete burnout. This effect must be accounted
for, when comparing experimental combustion noise from premixed and non-
premixed flames by introducing a burnout correction coefficient (see Sec. 6.2.1),
so that the actual overall heat release of the flames is known. Swirling flow also
involves greater pressure loss and enlarged emission of combustion noise [50],
which makes turbulent swirl flames especially suitable for combustion noise re-
search.

S =

(2.20)

2.2 Turbulent Combustion

When compared to laminar combustion, chemical reaction under turbulent flow
conditions is characterized by continuous fluctuations of velocity and scalar
quantities (among those are temperature, density, species mass fractions and rate
of heat release). The time-dependent fluctuations in the rate of heat release act
as a source of sound, as one of the main effects of non-stationary rate of heat
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release is a volume expansion of the gas [21]. This mechanism is in its essence
independent of the flame configuration.

Technical flames can be classified regarding the realization of the mixing process
between fuel and oxidizer [98]. In premixed flames, fuel and oxidizer are mixed
prior to combustion in a specific mixture ratio. Thus, the maximum flame tem-
perature and other parameters involving the generation of pollutants in the com-
bustion zone may be controlled directly. Premixed flame propagation is mainly
controlled by the local flame speed, which is directly influenced by the mixture
composition in laminar flames. Turbulent eddies are able to wrinkle the lami-
nar flame, increasing the flame surface and resulting in an increased propagation
speed of the turbulent flame.

In many technical applications, fuel and oxidizer enter the combustion cham-
ber in separate streams, primarily for safety reasons. Flames of this structural
form are termed non-premixed flames. Turbulent transport brings the reactants
together, while the turbulent energy cascade performs their mixing on a fine
scale. Reaction rates are highly dependent on this rate of mixing between fuel
and oxidizer. The prevailing role of mixing renders non-premixed flames more
sensitive to turbulent fluctuations.

A further classification of turbulent flames can be performed based on charac-
teristic time scales of chemical reaction and turbulent mixing. The ratio of the
characteristic time scale of turbulent mixing 7; and that of the chemical reaction
T. 1s the turbulent Damkohler number Day:

Da, = 2. 2.21)

Tc

For large values of the turbulent Damkohler number, chemical reaction occurs
considerably faster compared to turbulent mixing. Together with other charac-
teristic scales of turbulence chemistry interaction, regime diagrams can be de-
fined, which allow a qualitative distinction of different local flame structures. If
the chemical reaction is much faster than the turbulent mixing process of fuel
and oxidizer in non-premixed combustion or fresh and burnt gases in premixed
combustion, the flame takes the form of a thin wrinkled sheet in both cases.
In this fast chemistry limit, reactants and hot products (in premixed flames) or
fresh gas streams (in non-premixed flames) are separated by an infinitely thin
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2.2 Turbulent Combustion

flame sheet. The local progress of the reaction can be characterized by a reaction
progress variable ¢, with a parameter value of zero in the fresh gas and unity in
the exhaust gas.

2.2.1 Non-Premixed Combustion

The description of non-premixed combustion relies on characteristic time and
length scales associated with the mixing between fuel and oxidizer. Other that
premixed flames, non-premixed flames do not have a characteristic laminar flame
speed and consequently, the definition of a characteristic chemical time scale is
not straightforward.

If the diffusivities of all scalars involved in the reactive flow problem are taken to
be equal?, the remaining conserved scalar quantities are linear functions of the
mixture fraction z. The mixture fraction can be seen as a virtual mass fraction
with value unity inside the fuel stream and zero in the oxidizer stream. For the
definition of the mixture fraction variable, a simplified global one-step reaction
is defined, involving fuel (F), oxidizer (O) and reaction products (P):

VrF +VvpoO — VpP, (2.22)

where Vg, Vo, Vp are the stoichiometric coefficients of fuel, oxidizer and prod-
ucts, respectively. A stoichiometric ratio v is defined by
VoW,
=279 (2.23)
VEWE
with the molecular weights of fuel and oxidizer, Wg and Wg. The mixture fraction
Z 1S now

_ VIr—Yo+Y0,

N VYF’ 0+ Y 0,
where Yg, Yo are the local mass fractions of fuel and oxidizer and Yr, ¢, Yo, - de-
note the initial mass fractions of fuel and oxidizer in the fuel and oxidizer stream.
The mixture fraction value at stoichiometric conditions Zg can be computed from

: (2.24)

(2.25)

2 This is the case for most hydrocarbon-air combustion cases.
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and is directly related to the air excess ratio A through

st (1 - Z)
A=——". (2.26)
7(1 —zg)
The air excess ratio is connected to the equivalence ratio ¢ through
¢ = 1 (2.27)
=T ,

Describing only the turbulent mixing process of unburnt gases, the mixture frac-
tion is a conserved scalar.

Using the turbulent Reynolds number

/!
I
Rq:ﬁgé (2.28)

where v denotes the kinematic viscosity, a regime diagram for non-premixed
flames can be created [75]. Here, the turbulent Damkohler number for non-
premixed flames is defined as

T
Da, = — = /ReDa. (2.29)

C
Both parameters span the regime diagram for turbulent non-premixed combus-
tion, as shown in Fig. 2.4. Four fundamental flame regimes can be distinguished:

* Re; < 1: Molecular diffusive transport is stronger than turbulent transport,
thus reaction takes place under laminar conditions.

e Da; < 1: Large scalar dissipation rates induce flame quenching leading to
partial premixing and forming distributed zones of reaction.

e Da < 1, Da; > 1: Small eddies close to the high wavenumber end of the
turbulent spectrum are able to extinguish some reaction regions forming
broken reaction zones.

e Da > 1: For fast chemistry, i.e. ; > 7., the reaction takes place in a thin
flame sheet in the proximity of z = zy. Reaction rates are dominated by
turbulent mixing.

24



2.2 Turbulent Combustion

10° T T T
106 Thin reaction zones -
10 |
:
= o
g 102 | § Y -
g Broken reaction zones
3
100 7
1072 | Distributed reactions —
1074 | | |
1072 10° 102 104 106 108

Ret

Figure 2.4: Regime diagram of non-premixed turbulent combustion.

For turbulent flames of large Damkdohler number, the turbulent mixing process is
the essential parameter governing chemical reaction rate. Chemical time scales
depending on local mixture composition can be estimated from simplified global
reaction schemes. In the scope of this thesis, a constant chemical timescale of
7. = 1 - 10™%s, typical for methane combustion is presumed [100] to calculate
the global flame Damkohler number for non-premixed flames.

2.2.2 Premixed Combustion

Propagation of laminar premixed flames can be described through the mixture
specific laminar flamespeed s;. This parameter can be determined experimentally
and is frequently used in the modeling of premixed combustion. The propagation
speed of a wrinkled turbulent flame differs from the laminar flamespeed and is
described by an average turbulent flamespeed s;. The influence of turbulent mo-
tion on the flame front itself and vice versa depends on characteristic measures
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of turbulence and chemistry. These properties can be distinguished through di-
mensionless parameters, similar to the those of the non-premixed case.

In regions where Da; > 1, chemical processes take place much faster than tur-
bulent mixing, so that the sole modeling of the mixing process delivers a good
approximation of the local chemical reaction rate. Interaction between turbulent
and chemical processes in the fine scales of turbulence is considered in the tur-
bulent Karlovitz number Ka;:
Ka, = —< (2.30)
Tkol

The ratio compares a characteristic time scale of the laminar flame with the time
scale of the smallest turbulent structures of the flow i.e. the Kolmogorov time
scale Tyo1. In regions where Ka; < 1, diffusive transport processes within the
flame take place on a very small time scale, leaving the flame interior unal-
tered by turbulent motion and creating locally laminar conditions. If Ka; > 1,
the smallest turbulent structures are able to enter into the flame front and thicken
it. If the dimensionless ratio between the turbulent velocity scale and the laminar
burning velocity is plotted over the ratio of integral length scale and thickness
of the laminar flame, the well-known Borghi diagram of flame regimes is ob-
tained [12]. Specific constant values of Re;, Da; and Ka; define straight lines sep-
arating the different flame regimes. The resulting graph is depicted in Fig. 2.5. In
the regime Re; < 1 an unwrinkled laminar flame prevails. The turbulent regime
beyond Re; = 1 can be separated into four characteristic turbulent flame regimes
using Karlovitz- and Damkohler number. Each of the regimes has a characteristic
form of flame turbulence interaction:

* Re; > 1, %‘“ < 1: Local laminar flame speed exceeds the turbulent fluc-
tuations of velocity in this flame regime. The flame front travels over the
vortical structures at high velocity compared with the turbulent fluctuations
of velocity, greatly reducing the wrinkling of the flame. Consequently, this
regime 1s dominated by slightly wrinkled laminar flame fronts. Slight in-
creases in local turbulent propagation speed of the flame are present, origi-
nating from the increase in overall flame surface area.

1

T 1, Ka; < 1: This regime is characterized by wrinkling of the

u

o Ret > 1, S
flame and the appearance of pockets, separated from the main flame front.
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Figure 2.5: Regime diagram of premixed turbulent combustion.

The stronger fluctuations of velocity lead to stronger wrinkling of the flame,
while the flame front retains its laminar characteristic. Pockets are formed
by local events of extinction and re-ignition.

* Ka > 1, Da; > 1: Within this regime, the characteristic length scale 1o of
the small eddies is smaller than the thickness of the laminar flame, allowing
small eddies to enter the flame. The enhanced turbulent transport leads to a
thickening of the flame in turn allowing larger eddy structures to penetrate
the flame.

* Ka>>1and Da; < 1: If the chemical time scale 7. is larger than the turbulent
scale 7. > 7, eddies of all sizes are able to enter the flame. The flame enters
the state of perfectly stirred reactor, where the rate of reaction is solely
determined by the chemical time scale.

Transitions between the individual regimes are continuous.
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2 Reacting Turbulent Flows

2.3 Simulation of Turbulent Reacting Flow

The hybrid simulation of turbulent combustion noise performed in this thesis re-
quires input data of the mean variable fields of the flame to be modeled. The
input variable fields are obtained from a numerical simulation of the reactive
flow problem using computational fluid dynamics (CFD). The following sec-
tion introduces the set of balance equations needed for the numerical solution
of reactive flows. The variable fields are obtained using a density-averaged for-
mulation of the balance equations in combination with a suitable turbulence
model. The combustion process is modeled using a global 1-step chemical re-
action scheme, where the rate of reaction is modeled using a modified Schmid
model [111,112] for premixed flames and an Eddy Dissipation model [83] for
non-premixed flames. Non-premixed combustion cases were calculated using
ANSYS CFX 13 while the axis-symmetric premixed case was calculated using
ANSYS Fluent 13. The conservation equations are given in the form as solved
by Fluent in the following for the purpose of simplicity.

Conservation of Mass

The equation governing conservation of fluid mass is given by

dp d B
§+a—xj(puj) =0, (2.31)

with the fluid density p and the velocity component u; in the direction of ;.

Conservation of Momentum

Conservation of momentum is given by

a(pul) d N ap a’L'ij
5T 3 (puiu;) = —8—xi+ o, +Sm, (2.32)
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2.3 Simulation of Turbulent Reacting Flow

where u; denotes the cartesian velocity components, p the static pressure and Sy,
an arbitrary source of momentum. In Eq. (2.32), the stress tensor 7j; is connected
with the coefficient of viscosity u through

B Ju; Jdu; 2 . duy
T = MU (a—XJ + 3_)61 — 55”(9_@) (2.33)

for constant property Newtonian fluids [102]. In open flames, substantial gradi-
ents of density occur between the hot combustion products and the cold ambient
atmosphere which generate additional momentum through buoyancy. Buoyancy
can have substantial influence on open burning turbulent flames [7]. In the mo-
mentum equation, the effects of buoyancy can be taken into account by setting

Sm = (P — Pe) i (2.34)

where p. denotes the ambient fluid density and g; the vector components of
gravity in the local coordinate system.

Species Mass Fractions

The description of reactive flows requires the distinction of chemical species.
Single species mass fractions are obtained by solving a transport equation for
the corresponding partial density py = pYx. Species consumption or production
through chemical reaction is included in the equations of the component mass
fractions Yy through the source term Sk:

dip) d , .\ 9 ¥ .
5 T 3 (pu¥y) = I <pDk axj> + Wi O (2.35)

Here, the diffusion of species k into the mixture is modeled using Fick’s law. The
molecular diffusion coefficient of species k is denoted by Dy and is frequently
chosen equal for all species in turbulent combustion [101] when operating with
a mixture containing a high concentration diluent such as N;. The sum of all
local species mass fractions is unity by definition, so that only n — 1 transport
equations need to be solved to obtain the fields of the n species mass fractions.
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2 Reacting Turbulent Flows

Conservation of Energy
Conservation of energy is formulated for the specific total energy
p 1
E=h- E + S Uitk (2.36)
The balance equation for total energy then has the following form:

0 oT ok Yy
k8_xj + (121 Pthka—xj> + Ui T

2 (pE) + 2 [ (pE+p)] =~

*] *]

+ @

(2.37)
Here, the terms on the right hand side represent energy transfer due to conduc-
tion, species diffusion, viscous work and heat release from combustion. For com-
bustion problems, the viscous work term can be neglected, as its contribution is
small when compared to the heat release by combustion.

To close the system of equations, pressure and density are coupled using the
equation of state for an ideal gas. Then fluid pressure p and density p are related
by
p
P=pp (2.38)
where the specific gas constant of the mixture R* is related to the universal gas
constant R, through

R =R, —. (2.39)

Here, My denotes the molar mass corresponding to the mixture component k.

2.3.1 Averaged Balance Equations

An efficient approach to a numerical solution of equations (2.31)-(2.39) for in-
dustrial scale flow problems is the solution of averaged balance equations. De-
tails on the averaging process and the splitting of the flow variables into mean
and fluctuating part can be retrieved e.g. from Poinsont and Veynante [101] or
Gerlinger [45].
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2.3 Simulation of Turbulent Reacting Flow

For reactive flow, density and pressure are split into an averaged and a fluctuating
component using the Reynolds decomposition

x=x+x", (2.40)

where the averaged value is calculated as a time- or ensemble average. The time
average of variable x is given by

t+At

=5 /xdt (2.41)

The remaining variables are decomposed using a density based approach to cal-
culate the average which is generally referred to as Favre averaging [141]:

x=%+x", where ¥ = %. (2.42)
Introducing the decomposed variables into the system of equations leads to the
following system of equations for the averaged variables, which now includes
additional terms of fluctuating quantities:

9

o 5 (piz) =0, (2.43)
5 o, . oap a _
5 (i) + o (i) = =52+ = (%y— Pl ) +5m, (2.44)

i Xj

iz

0 /_~ 0 /_ _~ 0 Y —

= (p Yk) + Z (p quk) 5= (pDka—k - pu”Y”) L MG, (245)
J

an

gt (pE) ;J [MJ (PEJFP)} ;xj (ap g)z ﬁ@’) + 0.  (2.46)

In the energy equation, the viscous work term has been neglected and a Lewis
number of unity is assumed

le=—=1 2.47
e=o5=1 (2.47)

which is a good approximation for the ratio of thermal conductivity a and diffu-
sivity D for natural gas air mixtures. The terms of the form pu’ 'x' mark additional
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2 Reacting Turbulent Flows

turbulent diffusive terms that need to be closed. These turbulent scalar fluxes are
modeled using a gradient transport assumption [45]:

i Iita_f

pul'y’ = £t 2.48
pMJ o SCt 8xJ ( )

The additional terms in the momentum equation are the Reynolds stresses which
are closed by a suitable turbulence model.

2.3.2 Turbulence Modeling

Turbulence models can roughly be divided into eddy viscosity models and
Reynolds stress models. Eddy viscosity models commonly use the Boussinesq
hypothesis to model the Reynolds stresses using an isotropic turbulent viscosity
U¢. The Reynolds stresses are then calculated from

—puiu = (% + 3—2) - %&j (ﬁk + m?—fﬁ) : (2.49)
where L 1s the turbulent viscosity. The turbulence kinetic energy in terms of the
fluctuating velocity components is given by Eq. (2.51). Reynolds stress models
solve additional transport equations for the unknown Reynolds stresses and are,
thus, more expensive concerning computational resources. Different approaches
can be used in the definition and modeling of the turbulent viscosity reflecting

in the large number of available turbulence models in literature and commercial
CFD codes.

k-& Model

Launder & Spalding [74] employ a set of two additional transport equations to
model the unknown turbulent viscosity in the k-€ model. The turbulent viscos-
ity ¢ is computed from the values of the turbulence kinetic energy k and its
dissipation rate € obtained from the solution of additional balance equations:

k2
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2.3 Simulation of Turbulent Reacting Flow

The transport equation for the turbulence kinetic energy is given by

ad _ Jd ,___ d He 8
— (pk) + =— (pujk) = =— B —pe, 2.51
where the production of turbulence kinetic energy Pk is calculated from
—— dl;
_ // 1/ 1
P = —pu; Uy =— axJ (2.52)

The balance equation for the dissipation rate € is given by

Jd _ Jd , ., 0 U\ 0€ € _
E(Pg) +8_xj (puje) = 8_xJ KN+E€> a—xJ +;(C31Pk—C82P8)- (2.53)

For the standard k-&€ model the following model constants apply:
cu=0.09, =10, 0g=13, cg =144, c, =192 (2.54)

In the simulations of the non-premixed flame with ANSYS CFX, the standard
k-€ model has been used together with a correction term accounting for the ef-

fects of swirl on the production of turbulence kinetic energy proposed by Spalart
and Shur [123].

Reynolds Stress Model

The Reynolds stress models (RSM) do not use an explicit eddy viscosity to
model the unknown Reynolds stresses. Their basic approach is the derivation

—_——

of transport equations for the unknown anisotropic Reynolds stresses pu!’ u” in

the momentum equation requiring the solution of an additional transport equa—
tions for each of the six unknown stress terms [6, 148]. The additional equa-
tions include further unclosed correlations of fluctuating quantities which need
to be modeled. A variety of different sub-models is available in commercial CFD
codes with different modeling approaches for those terms [48, 73].

In the 2D simulations of the premixed swirl flame in the scope of this thesis,
the standard formulation implemented in ANSYS Fluent was used [60, 126]. In
addition to the Reynolds stresses, the model is closed by a transport equation for
the turbulent dissipation rate € which is given by Eq. (2.53).
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2 Reacting Turbulent Flows

2.3.3 Combustion Modeling

Combustion of hydrocarbon fuels comprises numerous sub-reactions and reacts
sensitively to changes in the initial conditions controlling the reaction. In lam-
inar combustion, the rate of reaction can be determined by an Arrhenius equa-
tion which establishes the connection between reactant concentrations and the
temperature. Systems of these equations can be set up to model whole reaction
mechanisms. The reaction rates are computed from an Arrhenius expression of

the form
: —E
DA =A -XIXF -X(‘)/g" 7B exp (—A> , (2.55)
RT
where @, denotes the molar reaction rate and Xg, Xox the molar concentrations
of fuel and oxidizer species. The parameters Vg, Vox, B, A and Ea are determined
by matching the prediction of Eq. (2.55) to experimental data of the propagation
speeds of laminar flames. The exponential term shows the great sensitivity of the
reaction rate on the temperature.

To introduce a Reynolds decomposition to account for the influence of turbu-
lent fluctuations, the exponential term needs to be expanded as a Taylor series.
This procedure leads to additional correlations of fluctuating quantities which
can not be neglected in practical reacting flows, where turbulent fluctuations of
local temperature can reach the order of magnitude of the local averaged temper-
ature. If the correlations of fluctuating quantities are accounted for, the unclosed
expressions require additional transport equations including the need to model
several additional terms. These problems make this approach unfavorable for
practical combustion problems [101].

The gap towards a numerically efficient calculation of mean reaction rates in
turbulent combustion is closed by different combustion models available in lit-
erature and commercial CFD software. These models are used to close the un-
known source terms in the transport equations of species mass fractions or reac-
tion progress and are often based on statistical averages of variables describing
the progress of the combustion reaction, the assumption of fast chemistry and
global one-step reaction schemes. In the scope of this thesis, the CFD model-
ing is focused on industry standard combustion models as the combustion noise
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2.3 Simulation of Turbulent Reacting Flow

model is implemented as a pure post-processing tool, which then can be used for
combustion noise prediction on the basis of existing simulation data.

The reaction progress ¢ defined by a dimensionless ratio of temperatures in adi-
abatic conditions [98] is given by:

c:ﬂ, 0<c<I. (2.56)

Taa—Ty

If the picture of the simple vortex is revisited in the context of chemical reaction
occurring in the fast chemistry regime, the interface line separates fresh gas (¢ =
0) from completely burnt exhaust gas (¢ = 1). This situation is shown in Fig. 2.6.
When the chemical processes are fast compared to the mixing dynamics, the

r/re

Figure 2.6: Two dimensional mixing of unburnt and burnt gas by a simple vortex in the case of infinitely
fast chemistry. The contact surface area between fresh gas and exhaust gas governs the lo-
cal reaction rate. The increase in contact surface area is determined by the rate of turbulent
mixing.

overall reaction rate in Fig. 2.6 is proportional to the flame surface area and the
time the two zones spend in direct contact with each other, which is generally
modeled by a characteristic turbulent time scale. In this case, the variance of the
reaction progress is given by [125]

2 =5(1-7), (2.57)

as the corresponding distribution function is a double delta distribution with
nonzero probability only at ¢ = 0 and ¢ = 1. Within the premixed flame simula-
tion, an additional diffusive transport equation is solved for the reaction progress
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and the mixture fraction so that the mixture composition comprising five species
can be calculated from just two scalar transport equations [86]. The transport
equation for the mean mixture fraction 7 is given by

P P)
(“>+ (puf) . (tha;fj)’ (2.58)

while the reaction progress is calculated from

d d
(p% (puf) ™ (ﬁDt 8C)+wc, (2.59)

where @, denotes the reaction source term provided by the selected combustion
model and Dy is the effective turbulent diffusivity.

Eddy Break-Up Model

A basic model to describe combustion in turbulent flow was introduced by Spald-
ing [124]. The mean reaction rate is expressed as
— 1 —

= Cggup— . —c"?, (2.60)

t

with a proportionality constant Cggy of order unity and the mean variance of
the reaction progress ¢”’2. The mixing within the reaction zone is assumed to be

performed mainly by the large vortices, so that the turbulent time scale governing
this process equals that of the large scales [22], i.e.

T = (2.61)

E .
With Eq. (2.57) the turbulent rate of creation of reactedness @, can be expressed
as

I _E
O = CEBUP%C (1—-¢). (2.62)

A similar approach of connecting the scalar dissipation of the reaction progress
variance with the reaction rate is used in the basic model of combustion noise
described in Sec. 4.1.

36



2.3 Simulation of Turbulent Reacting Flow

Schmid Model

A general concern with the family of eddy beak-up models is the missing influ-
ence of reaction kinetics on the calculated rates, because these rates are basically
computed as sheer mixing rates. Schmid [111,112] formulated an improved eddy
break-up approach extending the model capabilities towards flame regions where
chemical kinetics influence the overall reaction rate, i.e. in regions of low turbu-
lent Damkohler number. The model relies on a proportionality between the mean
chemical reaction rate, the integral length scale, the turbulent velocity fluctuation
and the turbulent burning velocity of a premixed flame:

se o< 2/l L . (2.63)

The mean reaction rate combines the eddy break-up approach with a chemical
time scale model, which is implicitly included in the laminar flamespeed and the
turbulent Damkohler number. In terms of the scalar transport equation of reaction
progress, the mean source term is given by

S S1 —1/4 E_

@ = Cseprmid - —2N+Da;" / Pue(1-2). (2.64)
2%
3

where Cschmig = 4.96. The modified Damkohler number Da; is related to the
turbulent Damkohler number through

Da’ = 14 Da, . (2.65)

The model characteristics can be demonstrated when considering the limits of
fast and slow chemistry with respect to turbulent mixing time, i.e. large and small
values of the turbulent Damkohler number. In flame regions of large Damkdohler
number Da; > 1, the model reduces to an eddy break-up model and the source
term is dominated by the modified scalar dissipation rate of the reaction progress
variance. In low Damkohler number regions, the source term is limited by the
influence of finite rate chemistry.
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Extended Schmid Model

Turbulent premixed flames in an unconfined configuration entrain ambient gas
into the outer regions of the fresh gas flow. The entrainment causes statistical
fluctuations of the mixture fraction. In the scope of this thesis, Eq. (2.64) is
extended in order to account for these fluctuations in the outer shear layer of
the flame. The fluctuations are taken into account by introducing a statistically
averaged laminar flamespeed into the model. The average flamespeed is com-
puted using a clipped Gaussian probability density function (PDF) [80]. Mean
and standard deviation of the PDF are calculated using the approach discussed
in the following section. For the determination of the local distribution function
of the mixture fraction, an additional transport equation for the mixture fraction
variance is solved [45]

4 =12 J %) 4 Ht aZ,Aé mn 9z
5 (P2) + 5 (P2 = 95 \ S o ) < P g axJ ’

]
(2.66)
with the modeling constants of Cy = 2.0 and C, = 2.86 [60]. The mean of the
local laminar flamespeed is then computed from

1
/ 521(2) - P(2) dz, (2.67)
0

where s1(z) is calculated using an experimentally determined flamespeed corre-
lation [127]. Numerical integration then gives 5)(z). The effect of the inclusion
of mixture fluctuations into the evaluation of local laminar flamespeed is demon-
strated in the scatter plot of Fig. 2.7 for an open premixed flame of P, = 40kW,
S =0.8 and A = 1.1. The PDF-averaging broadens the range of laminar flame-
speeds calculated for different values of the mean mixture fraction and extends
the lean end of zero laminar flamespeed. These lean parameter values of the
mean mixture fraction correspond to the mixture diluted by entrainment in the
outer zones of the flame.
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Figure 2.7: Scatter plot comparing the results of direct and PDF-averaged computation of the laminar
flamespeed for an unconfined turbulent premixed flame at Py, = 40kW, S =0.8 and A = 1.1.
Fluctuations of the local mixture fraction caused by the entrainment of ambient air into the
flame are accounted for in the PDF-averaged value of the laminar flamespeed.

Clipped Gaussian PDF

The PDF of mixture fraction in hydrocarbon flames is known to be approximated
well by a Gaussian distribution function [45, 100]. The Gaussian distribution is
generally defined for all real numbers. In order to utilize the Gaussian distribu-
tion for the description variables that are limited to a certain domain of defini-
tion, the distribution function needs to be modified to ensure the adherence of
its general properties. Variables like the mixture fraction or reaction progress are
limited to a definition interval between [0; 1]. In order to preserve the overall
probability, the tails of the distribution exceeding this interval are cut away and
the removed area is added to the distribution as Dirac delta peaks on the respec-
tive interval limit. This procedure is referred to as clipping [80]. The Gaussian
distribution function is given by [104]

1 (x—u)?
= ——. 2.68
=g as
Herein, p denotes the mean or median value of the distribution, while ¢ denotes
the standard deviation. The process of restricting the distribution to the interval
of [0;1] is illustrated in Fig. 2.8. The unwanted tails of the distribution function
outside the interval limits are removed and lumped into Dirac delta peaks at O
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or 1, respectively. Clipping changes the distribution of the probability along the
x-axis, so that mean and standard deviation of the clipped PDF are different from
those of the initial distribution function. The clipped distribution function is then

12

10 //\
8 clipped PDF

. A L7 N~
initial PDF . RN
2 // S N

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 2.8: Sample plot demonstrating the clipping procedure that is used to fulfill the conservation of
probability in the modified distribution. The unwanted tail below x = 0 is cut away and added
to the clipped distribution as a dirac delta at the lower interval boundary.

given by a Gaussian distribution function inside the valid variable interval and
the two delta impulses accounting for the clipped tails

1 (x — pe)?
pe(x) = Gcmexp [—?‘g] -[H(x) —H(x—1)]+A-0(0) +B-5((12),69)

where H(x) denotes the Heaviside function and & (x) is the Dirac delta function.
A and B represent the unwanted tails of the initial PDF and are calculated by
integrating over the axis range outside the interval:

A —Z pl)dr = Serfe (¢%G>
B= Z p(x)dx = % [erf (“‘3&:) n 1] . (2.70)

Mean . and standard deviation o, of the clipped distribution function are un-
known and can be calculated from the first and second moment of the clipped
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PDF. The time-averaged mixture fraction is the first moment of the pdf about
z=0:

1
Z:A+/Z-pc(z) dz+B. (2.71)
0
The mixture fraction variance is the second moment about z = 7:
- 1
n :A+/Z2.pc (z) dz+B— 2. (2.72)
0

Mean and variance of the mixture fraction are known from the solution of their
corresponding transport equations, so that the unknown PDF parameters can be
retrieved from this system of equations. The fully expanded conditional equa-
tions that are solved numerically using an iterative stabilized Newton-Raphson
routine are given in Appendix A.

Eddy Dissipation Model

The Eddy Dissipation model proposed by Magnussen and Hjertager [83] is as
well based on the fast chemistry assumption. In the simulation model of the non-
premixed swirl flame, the model is used to calculate the averaged source terms
in the transport equations of the individual species. A characteristic time-scale
of the turbulent flow is used to model the characteristic mixing time needed to
mix the reactants at the molecular level prior to combustion. The reaction rate of
species k is taken to be proportional to the turbulent time scale, i.e.

) E

W < A (2.73)
The reaction rate for a one-step chemical reaction is modeled depending on the
species mass fraction limiting the reaction. Based on the mass fractions of the
reactants (fuel F and oxidizer O), the mean reaction rate is expressed as

— _€& . Yr Yo
O = VW AD — C 2.74
k k"k pkmln<vl/:WF7v/OW07 T>7 ( )

where A = 4 is a non-dimensional model constant, V1I< 1s the stoichiometric co-
efficient of reactant £ and W is the molecular weight of reactant k. The model

41



2 Reacting Turbulent Flows

assumes complete combustion and may over-predict the local temperature in re-
gions where e.g. the mixture composition is rich. The temperature dependent
term Cr limits the reaction rate in regions where the maximum specified flame
temperature Ty ,x has been reached. Ct is introduced as a concentration of a vir-
tual third species into the model, blending the reaction rate smoothly to zero once
the local temperature approaches the maximum:

Pep

. 2.75
AHR 2.75)

Ct = max [(TmaX —T) ,O[K]]
In the scope of this work, the maximum temperature is set to be the local adia-

batic flame temperature, which is calculated iteratively inside the whole domain.
The iteration procedure is described in Appendix B.
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This chapter establishes the basic theoretical fundamentals describing the gener-
ation of turbulent combustion noise. Relevant equations needed for the spectral
model are presented along with the acoustic theory involved in the experimental
recording of combustion noise spectra.

3.1 Combustion Noise

Combustion noise emitted from turbulent flames shows a nearly perfect
monopole radiation characteristic which physically corresponds to a volume ex-
pansion as the underlying mechanism. The turbulent fluctuations in the quantities
determining reaction rates cause time dependent fluctuations of the heat release
rate within the flame which is responsible for the volumetric expansion of the
gas. When an eddy interacts with the reaction zone, it locally increases the flame
surface, which leads to an increase in reaction rate (cf. Sec. 2.3.3). The continu-
ous interaction between the flame and eddies of different sizes (different wave-
numbers) causes the broadband acoustic signal typically related to combustion
noise. These interaction phenomena can be studied by Direct Numerical Simu-
lation (DNS) of small model flames [87, 144], where the interaction between an
initially unperturbed laminar flame front and a single vortex is calculated.

The theoretical fundamentals considering the emission of sound by turbulent
and chemical processes in fluid flow were given by Lighthill [79]. A non-
homogeneous wave-equation derived from the linearized Euler equations gives
the theoretical connection between the time dependent fluctuations of the heat
release rate and the resulting acoustic pressure waves. For simplicity, the deriva-
tion in the scope of this thesis is shown in one dimension. The linearized Euler
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equations for inviscid flow in one dimension are given by the linearized conser-
vation equations for mass

dp’ dp’ Jdu Dp'

ey :O 3.1
o o TPy T o TP =Y G-1)
momentum 5 3 Dy L9y
u u u p
= = ——— 3.2
o Yoy T Dr - pox’ (3-2)
and energy

pDs 1Dp" Dp

cwDt 2Dt D’
where the primed quantities denote small perturbations about the mean flow.
Taking the divergence of Eq. (3.2) and adding the time derivative of Eq. (3.3)
eliminates the acoustic velocity perturbation, and a wave-equation for acoustic
pressure waves including an entropy source is obtained:

sz/ 2azp/ pDzs’

oz S aa - T Ugpa
The time derivative of the entropy perturbation is assumed to be connected with
the perturbation of the rate of heat release through

Ds’_ q R

(3.3)

(3.4)

— = ——=¢q,— 3.5
Di ~ pT qvp, (3.5)
so that Eq. (3.4) becomes [54]
D’p" 5% Dd,
D2 —c 2 (y—1) It (3.6)

Here, the right hand side marks the source term of acoustic pressure perturbation
originating from fluctuations in the volumetric heat release rate ¢/, while the left
side describes the propagation of the perturbations with the characteristic sonic
velocity c.

For an open burning turbulent flame at low Mach number, the wave-equation
in three dimensions including the thermo-acoustic source term can be written
as [25,67,143]

z dt? 8x18xi ot (5-7)

\%

19%" 9% 9 [p=(y=1) ,
pscs 7
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where the quantities marked with the subscript o refer to ambient conditions
while the subscript s refers to conditions within the source volume. If the ratio
of specific heats v is taken to be independent of temperature and the flame is
operated at ambient pressure, Psc2 = Ypo = PeoC2, the fluid properties inside the
source zone may be replaced by those of the ambient atmosphere, and Eq. (3.7)
can be further simplified to obtain

iazp/_ azp/ Ni }/;1,,
2 o2 Oxidx; ot \ & V)

Here, ¢, is a continuously distributed field of fluctuating rate of heat release
within the source region (flame). The solution to Eq. (3.8) is obtained employing
the corresponding Green’s function, assuming that the right hand side represents
a distribution of acoustic monopole sources and that the wavelength of the emit-
ted pressure waves is large compared to the size of the flame (A > Lgame):

(3.8)

./ — |)_C" —)_C’B’
y—1 d v (xs,n,t— e
R3

P, (fBat) — ) dVﬂame- (39)

The pressure signal at an observer position Xg located in the farfield depends
on the distance between the observer and the position of the flame (volumet-
ric integral over all heat release rate fluctuations) and the time needed for the
pressure perturbation to travel this distance. The solution is restricted in its va-
lidity to the acoustic far-field (i.e. the distance between observer and the flame,
r > A), which needs to be carefully observed for validity, when low frequencies
are investigated. Here, time derivative and integration can be interchanged [32]
to obtain

./ — |-)_C'S,1’l_)_éB|
,(_, ) y—1 d qv (xsvn’t_ Coo
P s
P8, 4mc2, 8IR3 X5, n — XB|

) dViame- (3.10)

The observer at position Xg notices the fluctuation generated at the source loca-
tion after a time lag, that corresponds to his distance to the source |X , — Xg| and
the propagation velocity of the fluctuation c. in ambient conditions, i.e.

_ ’xs,n_fB‘

T (3.11)

Coo
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3 Acoustic Theory

If the spatial distance between the observer position and the flame is large com-
pared to the distance in between sources (i.e. large compared to the size of the
flame), it can be assumed equal for all source locations, i.e.

r = |fs’n_fB ) (3.12)

which is shown schematically in Fig. 3.1. Inserting Eq. (3.11) and Eq. (3.12) into

Observer

Figure 3.1: Sketch of a turbulent flame assembled from n single sources X;, , as in (3.9), showing the ob-
server location Xg in the acoustic farfield. As the distance between the flame and the observer
position is large compared to the size of the flame, the radius between observer and individual
sources is taken equal for all sources.

Eq. (3.10), the solution for the far field pressure fluctuation becomes

_r-1 9
 dmclr Ot

/ i (%o mt—7) AViame. (3.13)
RT’

P (¥,1)

As a conserved quantity and for direct evaluation of the thermo-acoustic effi-
ciency, the radiated acoustic power is of primary interest when analyzing the
sound spectrum of open burning flames. The acoustic power in free space is the
product of fluctuating pressure and velocity integrated over a surface of observa-
tion S, that fully encloses the source of interest:

Paco = / PG T (1) idS = / I-7ds. (3.14)
S S
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3.1 Combustion Noise

Here, the acoustic intensity is defined as the time averaged flux of acoustic energy
away from the source and S denotes the surface of observation enclosing the
source region. The overline denotes a time averaging process. Making use of
the symmetric monopole radiation character and the free space impedance Z =
PCe 1f sound is radiated into a non-reflecting environment, the acoustic power
1s obtained by integrating over the surface area of S:

P (r1)?

poc A, (3.15)

Paco -

Inserting Eq. (3.13) into Eq. (3.15), the farfield acoustic power, generated by the
fluctuation in heat release rate is found:

47rr
PaCO 16752pr5 2/atqv xs 1’17 C“//a qV xs n+ls r— )dV (316)

The continuous distribution of sources inside the flame is now taken to be repre-
sented by two model sources, ¢, | (¥, 1,71) and ¢, , (¥s,2,%2) which account for
the entity of spatial and temporal coherent sources within the flame. Statistical
independence is assumed for the model sources, allowing the simplification of
the volume integrals to give

0
Paco = 47rpooc5 // ath (X, 1,1 — )8tq (X5, 2,t — 7)dVdV. (3.17)

Boineau et al. [10, 11] and Wisle [143] make use of a compound probability
function to account for spatial and temporal coherence of the sources within the
flame, similar to the modeling approach used by Béchara et al. [5] and Bailly et
al. [3] for aero-acoustic source modeling:

7 7 2
Eqv (X, 1,6 —17) Eqv (X5, 2,6 —7T) = —WRWD (X, 1,11,1,7T) . (3.18)

Here, r and 7 are the virtual spatial and temporal separation distances between
the two statistical model sources. The modeled correlation is now expressed as a
coherence function I'(r, 7), weighted by the root mean square of the fluctuating
heat release rate, so that [143]

RC]lﬂlz (558,171‘17"7 T) :qgns'r(rv T)‘ (3.19)
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3 Acoustic Theory

Ribner [108] proposed the separation of the joint coherence function into its
functional components, the spatial and temporal coherence
(rn,t)=0T(r)-T'(1), (3.20)

postulating statistical independence of spatial and temporal coherence. In
1sotropic turbulence, the spatial part of the coherence function solely depends
on the radial distance from the point of measurement, which can be expressed
analytically, following experimental reasoning by Boineau et al. [11] and Win-
kler [150]:

2
() = exp (—g %) (3.21)

Spherical integration of Eq. (3.21) yields a virtual statistical volume within
which the heat release rate fluctuations are perfectly in phase, i.e. [146]

Veoh = / L(r)dV =8L. (3.22)

Combining Egs. (3.18), (3.19), (3.20), (3.22), and inserting the result into
Eq. (3.17), the acoustic power becomes

(7_ 1)2 82 12

Paco(f) - _471?[)0065 _8T2Qrms
14

.T(1) - ViondV. (3.23)

The frequency space counterpart of the coherence function is the Lagrangian
correlation spectrum of the fluctuations in heat release.

Applying Fourier transformation to Eq. (3.23), yields the expression for the fre-
quency spectrum of the radiated acoustic power. The second order derivative in
time equals a multiplication with (i a))2 in frequency space so that the frequency
spectrum is obtained as

92 :

g{ a 2Qrms F(T)} - (27“f)2qu (f) 9 (324)
where § denotes the Fourier transform. Making use of Eq. (3.24) the Lagrangian
frequency spectrum of the acoustic power generated by the flame is (> = —1)

Paco (f P 05 /f qu Veoh dv. (3-25)
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3.2 Sound Propagation in One-Dimensional Geometries

A remarkable property of Eq. (3.25) is the strong influence (fifth power) of the
ambient sound speed on the radiated sound power. A decrease in ambient tem-
perature of just 10K roughly leads to a 10% increase of the radiated acoustic
power at a given source strength Xqq.

The Lagrangian frequency spectrum of the fluctuating heat release rate yqq and
the coherence volume V.o, in Eq. (3.25) are primary points of interest in the
assembly of the combustion noise model, which is discussed in Chap. 4.

3.2 Sound Propagation in One-Dimensional Geometries

In the course of this study, sound propagation in enclosed combustion systems
1s investigated in the plain wave regime using acoustic network models. Below
the cut-on frequency of higher order modes, the sound field inside a circular duct
can be described by a wave equation of the form of Eq. (3.7) in one dimension.

Assuming time harmonic wave propagation, the solution to this equation is given
by two wave functions py and p_ of arbitrary shape propagating in up- and
downstream direction

p(x, @) = py (@) exp(—iksx) + po (@)exp(ik_x),  (3.26)

where p denotes the complex acoustic pressure. In Eq. (3.26) the two wave-
numbers, k. for the wave traveling downstream and k_ traveling upstream, ac-
count for the influence of the mean flow velocity u on the propagation velocity
of the pressure waves, i.e.

ko ko
ky = m, k. = m, (3.27)
where a)
ko = — (3.28)
c
and
w=2rf. (3.29)

The mean flow velocity is included in the mean flow Mach number Ma = 2.
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3 Acoustic Theory

Based on the solution, one-dimensional acoustic wave propagation in long en-
closures can be calculated. If coupled with suitable models describing acoustic
interaction with geometrical elements such as changes in cross sectional area,
tri-junctions or acoustic boundary conditions, networks of acoustic elements can
be set up. These network models offer computationally efficient access to the
acoustic behavior of nearly arbitrary complex geometries [40] and may be easily
coupled with experimental data for interior coupling or boundary elements.

The quality of results obtainable from one-dimensional acoustic networks largely
depends on the modeling of the boundary conditions. Most technical combus-
tion systems involve the modeling of an exhaust duct, where the exhaust gas
discharges into an acoustically open environment at ambient conditions. The
boundary condition at the exit governs the sound field inside the system as well
as the amount of internal acoustic energy that can be emitted into the surround-
ings. Consequently, the acoustic boundary condition at the exhaust is of great
interest in the analysis of combustion noise radiation from combustion systems.

3.3 Acoustic Boundary Conditions

At an acoustic boundary, incident pressure waves (p.) are partially reflected. The
transmitted part leaves the system and is radiated into the surroundings, while the
reflected wave travels back into the system. The reflection of incident waves at a
boundary is governed by the plain wave reflection coefficient. It is defined as the
complex valued ratio of the incident and the reflected wave:

p=L= (3.30)
P+

The amount of acoustic energy leaving the system at the boundary is influenced
by the mean flow through the boundary. The influence of the mean exit Mach

number on the acoustic energy flux through the boundary

Mag = 2E (3.31)
CE
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3.3 Acoustic Boundary Conditions

is given by the energy reflection coefficient rg that is related to the pressure
reflection coefficient in Eq. (3.30) by [97]

R 1 —Mag >
rE:yrp(ﬁ) | (3.32)

In Eq. (3.31), ug denotes the axial flow velocity averaged over the exit plane.

The polar form of the complex reflection coefficient
7= —|r|exp (2iky9d) (3.33)

is frequently used to analyze reflection coefficient data in amplitude and phase.
Here, the parameter & corresponds to a virtual extended length scale. The imag-
inary part of the reflection coefficient containing the extended length scale ac-
counts for effects of the inertia of the air flow around the duct exit. If a per-
fect open end is assumed (i.e. p4 = —p_), this additional frequency-dependent
length can be thought of as the distance that the incident wave would travel into
the opening before being reflected. The virtual extended length can be calcu-
lated from measured values of the reflection coefficient phase ¢ at the exit plane
from [2] )

8 (m=9¢)(1-Map) (3.34)

a 2koa
In Eq. (3.34), kgpa denotes the Helmholtz number He with the radius of the circu-
lar pipe a.

3.3.1 Reflection at an Open Pipe End at Ambient Conditions

The standard geometric quantities involved with the simplified model problem
of an open pipe termination are shown in Fig. 3.2. In the absence of mean flow
from inside the pipe, sound reflection at the pipe termination is solely a prob-
lem of geometric acoustics. This model problem has been solved by Levine and
Schwinger [77]. Silva et al. give empirical equations for the end reflection coeffi-
cient and the virtual extended length scale. In the range up to ka = 4 the reflection
coefficient magnitude can be approximated by [117]

7 = 1 +a (ka) (3.35)

14 (B +ai) (ka)? +aa (ka)* + a3 (ka)®
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Figure 3.2: Plane wave reflection and sound radiation at an open pipe termination. The virtual extended
pipe length 6 which represents the phase-shift upon reflection is indicated at the exit plane.

For the virtual extended length they obtain

1+ by (ka)*
1+ by (ka)? + b3 (ka)* + by (ka)®

0
—=n (3.36)
a

The constants needed to compute the model equations are given in Tab. 3.1 and
the resulting model curves for reflection coefficient magnitude and extended

length are plotted in Fig. 3.3 over the dimensionless Helmholtz number. At

Table 3.1: Constants needed for the approximate calculation of the pipe termination reflection coef-
ficient [117].

ﬁ n ai an as b] bz b3 b4
0.500 0.6133 0.800 0.266 0.0263 0.0599 0.238 —0.0153 0.0015

low frequencies, total reflection occurs at the termination, i.e. most of the in-
cident acoustic energy is kept inside the pipe for low frequencies. At higher
frequencies, the reflection coefficient drops significantly and sound is radiated
more efficiently into the surroundings. In practical systems, pipe openings are
often discharging fluid into the surroundings as for example an exhaust pipe.
The reflection coefficient in the presence of fluid flow from the pipe, especially
if the fluid density of the fluid exiting the pipe is different from ambient density,
can depart significantly from the no-flow case. This case has been analyzed by
Munt [91,92].
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Figure 3.3: Magnitude of the end reflection coefficient (left) and extended length scale (right) of an un-
flanged duct termination calculated using Eq. (3.35) and Eq. (3.36).

3.3.2 Reflection at an Open Pipe End at Elevated Temperatures

In the presence of mean flow discharging from the pipe end into the surround-
ing atmosphere, a shear layer is formed from the pipe edge, that is able to in-
teract with acoustic pressure waves radiated from the pipe. The interaction can
either result in additional damping of incident pressure waves or amplification.
The transfer of vortex energy from the shear layer into acoustic energy prior to
reflection leads to reflection coefficients in excess of unity. If the fluid density
inside the jet is lower compared to the ambient density (hot exhaust gas), the
magnitude of the reflection coefficient drops dramatically, and sound radiation
into the opening is enhanced [62]. This effect is considered in the modeling of
sound radiation from an industrial marine coolant heater in Chap. 8.

The model problem as originally considered by Munt is sketched in Fig. 3.4.
Inside the duct, fluid flows at a constant Mach number Ma; and density p;. The
internal fluid exits the pipe and forms an infinitely thin shear layer which cylin-
drically extends to infinity.

The acoustic field inside and outside the duct is modeled using a convective wave
equation in cylindrical coordinates. The ambient surroundings are assumed to be
non-reflective and the vortex layer is assumed to extend infinitely along X in its
initial cylindrical shape. The vortex layer also separates the pipe fluid from the
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Figure 3.4: Plane-wave reflection and sound radiation at an open pipe termination in the presence of mean
flow as considered by Munt [91, 92].

ambient fluid. The pipe walls are assumed to behave acoustically rigid, perfectly
reflecting all incident sound. Across the vortex sheet, pressure is continuous and
continuity of particle displacement is applied. The model equations are solved
numerically using a complex Newton-Raphson iterative root finding algorithm
in the course of this study.

Figure 3.5 shows the influence of exhaust flow temperature on the end reflection
coefficient of a pipe with low speed mean flow of u = 8 m/s and a temperature
of 1900K. When compared to the Levine and Schwinger reference solution for
ambient conditions and quiescent medium, the dominant influence of the exhaust
gas temperature is obvious. For temperatures commonly observable in exhaust

1| 1
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Figure 3.5: Magnitude of the pressure reflection coefficient (|#]) and the energy reflection coefficient (rg)
at a circular pipe exit plane for an exhaust flow temperature of 7; = 1900K and an ambient
temperature of 7., = 293K calculated using the Munt model [91, 92] (—) compared to the
isothermal solution of Levine & Schwinger [77] (—).
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gas flows, a drop in the reflection coefficient of 0.2 in the medium frequency
range occurs. Consequently, sound radiation 1s more efficient at higher tempera-
tures. The energy reflection coefficient computed from Eq. (3.32) depicts a simi-
lar trend. With increasing temperature gradient between exhaust gas and ambient
atmosphere, an increasing amount of acoustic energy is able to exit the system
and 1s radiated into the environment at the exhaust exit. The corresponding en-
ergy reflection coefficient rests below unity at all times, indicating that some
acoustic energy is transported outside the pipe for all frequencies.

3.4 Measurement of Sound Intensity

To determine sound intensity experimentally, sound pressure and particle veloc-
ity need to be measured. Beneath methods where the particle velocity is recorded
directly, the commonly applied method is based on the measurement of the local
pressure gradient using two closely-spaced microphones. This configuration is
known as a p-p intensity probe. In quiescent atmosphere, products of fluctuating
quantities and mean flow quantities can be neglected and the linearized equation
for momentum conservation simplifies to

Jduy 1 dp
W_f_l;.g_()_ (3.37)

Integration gives an equation for the sound particle velocity depending on two
pressure readings at a distance of d from each other:

t t
L1 (ap 1 , ,
i (a—’Q dr ~ (p—d) / [ph(t) - P (7)] dr. (3.38)

—0o0 —0oQ

Here, the pressure gradient in direction x has been approximated by a finite dif-
ference of the pressure readings for a very short separation distance, i.e.

ap’ .. (AP  ph—D)
ZE ) IPOR B 0 | 3.39
9x  Axs0 ( Ax Ax (3-39)
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and Ax is equivalent to d, if the coordinate system is aligned with the probe axis.
The fluctuating sound pressure at the probe center is the geometric average of
the two pressure readings:
r ]9/1 + plz
P = 5
Combining the above expressions for pressure and particle velocity, the expres-
sion for the acoustic intensity in time-domain is

(3.40)

o= 52 [P0 +pi(0)] [ [ph(e) = pi(2)] dr. (3.41)

This equation can be simplified by making use of the property that the time
derivatives approach zero for very long averaging times [25, 96], which reduces
the computational effort:

t
1
=P () / ph(T)dr. (3.42)

The experimental determination of sound intensity spectra in the scope of this
work is performed using an alternative approach in frequency space. Fahy et
al. [35-37] and Chung [20] independently derived a formulation for the sound
intensity in frequency domain which is based on the Fourier transform of the
cross correlation function of sound pressure and particle velocity.

Sound intensity in frequency space is defined as
[=p-ix. (3.43)

For pure-tone sound fields, the concept of an active and a reactive component of
sound intensity can be demonstrated by considering the representation [61]

~ 1 1
I:§Re{ﬁ-ﬁ*}—|—ilm{ﬁ-ﬁ*}, (3.44)

where
pl- |- cos ¢ (3.45)
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denotes the active intensity, p, i denote the complex amplitudes of pressure
and particle velocity and ¢ the phase difference between both signals. Equa-
tion (3.45) shows, that the active sound intensity component reaches its maxi-
mum value, if the phase difference between pressure and particle velocity is zero.
This is the case in acoustically non-reflective free-field conditions. The reactive
intensity component is defined as

]:%Im{ﬁ-ﬁ*}:%\ﬁ\-m\-sinq), (3.46)
which vanishes if the phase difference between both signals is zero and reaches
its maximum for ¢ = 7 /2. The phase difference of /2 corresponds to perfectly
reflective acoustic conditions found for example inside a pipe with two closed
ends. The resulting reactive sound field is purely imaginary, which corresponds
to standing waves.

The two intensity components can be computed from auto- and cross-spectral
densities of the corresponding pressure signals for broadband signals. The reac-
tive sound intensity is then given by [25]

J(@) =5
 2wpd

where Gy, p, (@), Gp,p, (@) denote the auto-power spectral densities of the two

pressure signals. The active intensity spectrum can be obtained from [35]

1
(o) = —w—pdlm [Gp,p, ()], (3.48)

[Gpyp, (@) = Gp,p, (@)] (3.47)

where Gy p, (@) is the cross-power spectral density of the pressure readings.
The spectral densities can be evaluated in a computationally efficient way in fre-
quency space. The technique allows a direct distinction between reactive acoustic
intensity due to standing waves (room acoustics) and the active intensity com-
ponent, representing the actual acoustic energy radiated by the source. In the
partially reverberant laboratory, this technique is used to determine the acoustic
power spectra.

Prior to the intensity calculation, the time average mean value is removed from
the time series and a bandpass filter is applied to remove high and low fre-
quency noise from the signal. The cross- and auto-spectral densities are then
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calculated using the method proposed by Welch [145]. This method for the esti-
mation of power spectra is based on the sectioning of the initial time series data
into segments. Individual segments are permitted to overlap. The segments are
windowed before their periodigram is calculated using fast Fourier transform.
Then, the estimated spectrum P(f) is given by the average of the k individual
periodigrams, i.e.

k
P(f) =~ ) k(). (3.49)
k=1

The averaging process reduces the noise in the resulting power spectrum, which
makes the method useful for processing of long time-series and high sampling
rates.

3.5 Logarithmic Scales

Sound pressure, intensity and power are quantities of high dynamic amplitude
ranges. A silent conversation takes place at sound pressures around 2 - 10~ 2Pa,
while the sound emitted by a gunshot reaches pressure amplitudes of about
200Pa. Because of the large amplitude ranges, acoustic variables are evaluated on
a logarithmic scale using the logarithmic unit decibel. The quantities are normal-
ized with reference values, that approximately correspond to the human thresh-
old of hearing. The logarithmic scales for sound pressure, intensity and power
are calculated from [137]:

L, =20-logo (p fm;) . Pref =20-107%Pa (3.50)
1]
I
L; = 10-logo (ﬁ) . Ley=10-10"12W (3.51)
e
P
Lw = 10-logjg <P aco f) . Le=10-10"12W (3.52)
aco, re

58



4 Spectral Modeling of Turbulent
Combustion Noise

This thesis extends the spectral model proposed by Hirsch et al. [52,53] towards
the prediction of acoustic power spectra from turbulent non-premixed flames.
The method provides a model of the correlation spectrum of the heat release
fluctuations (Eq. (3.25)) which is needed to calculate the acoustic power radi-
ated into the farfield. Before the extended model for non-premixed flames is in-
troduced, the premixed model is re-established in order to provide the theoretical
basis for the model extension.

4.1 The Spectrum of Heat Release

From Eq. (3.25) the acoustic power spectrum, resulting from the combustion in
the reaction zone of a turbulent flame, can be obtained if the Lagrangian corre-
lation spectrum of the fluctuating heat release rate is known. Hirsch et al. [52]
establish a connection between the local rate of heat release and the scalar vari-
ance of the reaction progress. The spectrum of heat release is then derived by
introducing a model spectrum from turbulence theory to model the fluctuations
of reaction progress, which is formally treated as passive scalar quantity. Under
the prerequisite of turbulent flow conditions (Re large), the mean rate of turbu-
lent reaction depends on the local mean scalar dissipation rate of the reaction
progress variance [52,53,98]:

— E——
® = pu¥; uCD%c”Z. 4.1

Here the subscript u refers to conditions in the unburnt gas and the model con-
stant is Cp = 2. Equation (4.1) can be directly transformed to wave-number space
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4 Spectral Modeling of Turbulent Combustion Noise

if we accept the premise that this expression also holds for the auto-correlation
of the scalar quantities, i.e.

3
Ra) = puYf’ qu%RC//Z . (42)

In turbulent flow of sufficiently high Reynolds number, a wave-number range
exists, where turbulent scales are locally isotropic. As the large scale motion is
influenced by the dimensions of the bounding geometry and can not be modeled
on a general basis, the assumption of isotropy at the large scales is taken at this
point. The transformation of Eq. (4.2) to wave-number space leads to

€
Ea) (K) - puYf, uCD%Ec”Z (K) ) (43)

implicitly prescribing that the turbulent dissipation rate € and the kinetic energy
k possess no spatial fluctuations in wave-number space. Wave-number spectra
of passive scalars have been shown to be in close agreement with corresponding
velocity spectra. Cheng et al. [18] perform an experimental study on active scalar
spectra in premixed flames and show that the spectrum of the reaction progress is
strongly coupled to the velocity spectrum. Consequently, Eq. (4.3) can be evalu-
ated if the wave-number spectrum of the scalar variance of the progress variable
i1s known. Hirsch et al. [53] propose the use of the scalar model spectrum de-
rived by Tennekes and Lumley, (Eq. (2.17)) [134]. The scalar variance spectrum
1s modeled as

K

W=
Wl

— 3 1 4 4
EC//Z(K) = Csécuzg_ - CXp [—E (ﬂﬁaz(’(lt)_3 + a(Knc”2)3>] ) (44)

where C; is a constant of order unity and EC/,Z is the mean scalar dissipation rate
of the quantity in question. The model resembles the well known k=73 law of
spectral decay with two additional length scales, that account for the effects of
production and dissipation of spectral energy at the low and high wave-number
ends of the spectrum. Inserting the scalar dissipation rate of the reaction progress
variance,

= av
n —= 4.5
éc ’ puYf, uHu ( )
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4.1 The Spectrum of Heat Release

into Eq. (4.4), the spectrum becomes

—_

Gy

E//2 K :CS—
¢ ( ) puYf,uHu

3
g3k 3 exp [—5 (ﬂﬁ oz (Klt)_% + a(KnC//z)§>]
(4.6)
Equations (4.3) and (4.6) can be combined to obtain the wave-number spectrum
of the fluctuations in heat release rate independent of the combustion model used
in the calculation of the reactive mean flow field [52, 146]:
2

Eq(x) =CsCpq, 8—]; K73 -exp [—% <7rﬁoc§(1<lt)_§ + a(KnCuz)§>] . @4
In Eq. (4.7), the spectrum of the scalar fluctuations also follows the Kk /3 scaling
law, and is weighted by the local rate of heat release and the turbulence kinetic
energy and dissipation rate. The production range is located at wave-numbers
below kl; ~ 1 and the dissipation range begins at wave-numbers in excess of
kN2 ~ 1. I; denotes the length scale of the integral scales of turbulence while
k1M~ corresponds to the Kolmogorov length scale, but is defined differently in
the course of scalar spectra [52]. The constant Cs and the cutoff length 1 » re-
semble the influence of the chemical reaction on the scalar spectrum.

The influence of a first order chemical reaction on the scalar spectrum has been
studied theoretically by Corrsin [23]. Based on a scalar transport equation with
first order source term for the scalar quantity 6

00 00
o gy~ (o, (4.8)

where diffusive effects are neglected, Corrsin derives a wave-number spectrum
including the effect of the reaction on spectral amplitude

G (k) ~ Bk~ -exp{3C8_1/3K_2/3} 4.9)

in the inertial subrange. Here, the constant C accounts for the intensity of the
chemical reaction. The reacting scalar 0 is taken to be so dilute, that the effect
of the reaction on the flow-field is negligible. It is found for the scalar spectrum,
that the chemical reaction has negligible effect on the scalar amplitude at wave-
numbers in excess of k. = C3/2e~1/2, At « itself, the consumption of spectral
energy is of the same order as the convective spectral transfer.
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4 Spectral Modeling of Turbulent Combustion Noise

4.2 Premixed Turbulent Flames

An active scalar quantity is influenced in its spectral amplitude by chemical re-
action. The active scalar characteristic of the reaction progress variance is ac-
counted for by considering two effects in the model, the spectral cut-off and the
effects of finite rate chemistry on the spectral amplitude. The specific modeling
of these effects depends on the flame type and is shown in its original state for
premixed flames in the following.

4.2.1 Scaling of the Spectral Amplitude

The scaling function proposed by Hirsch et al. [53] is based on the combustion
model developed by Schmid [111,112], and relates the actual parameter value of
the reaction progress variance to its theoretical maximum for the limiting case of
infinitely fast chemical reaction at Da; — oo

a 2 (Da a "
C.— c”*(Day) c

Y S — (4.10)
() "2 (Dat - oo) () C(l — E)

with the model constants &« = 1.5 and Cp = 2. The maximum scalar variance

is given by ¢?ax = ¢ (1 — ¢)!. Inserting the formulation for the heat release

rate given by Schmid into the ratio in Eq. (4.10), the scaling function becomes

[53,112] )
Sy —|—Da_2)_0'25
- Cp 1]

2
5k

C, 4.11)

The scaling function accounts for the effects of finite rate chemistry on the spec-
trum of the heat release rate fluctuations. At low Damkohler numbers (homoge-
neous reactor limit), the function provides the correct asymptotic behavior, by
scaling the spectral amplitude to zero. In this regime, no fluctuations of the rate
of heat release exist [53]. As such, the amplitude scaling function is an important

! This relation holds for variables defined in the interval between 0 and 1, if only the maximum and minimum
variable values occur [86].
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4.2 Premixed Turbulent Flames

part of the model making it essentially independent of the combustion model that
1s used in the initial CFD simulation and the range of Damkdohler numbers found
in the input data.

4.2.2 Wave-Number Frequency Transformation

The model spectrum derived in Eq. (4.7) is formulated in wave-number space.
In Eq. (3.25), the Lagrangian correlation spectrum Yqq (f) is needed to compute
the spectrum of the radiated acoustic power. Tennekes & Lumley [134] propose
a mapping function between the Eulerian wave-number spectrum and the La-
grangian frequency spectrum based on the argument that both spectra should in-
clude equal spectral energy. By projecting the similarity between the frequency
spectra of kinetic energy and reaction progress into wave-number space, the
mapping can be used universally to transform between spectra of any quan-
tity. Within the inertial convective subrange, Lagrangian frequency and Eulerian
wave-number spectra scale as

Xq (@) = o’/

ex 23 (4.12)

and
Eq (k) = ae?3x73/3, (4.13)

with the modeling constant of &« = 1.5. By assuming equal energy content in
the corresponding Lagrangian and Eulerian spectra, a transfer function between
both spectral ranges can be derived. Performing the integration [143],

L9) 0]
/Eq(rc) dK:/xq(a)) do (4.14)

after inserting Eq. (4.12) and Eq. (4.13), a relation between the Lagrangian an-
gular frequency and the Eulerian wave-number is obtained:

2\3/2  @3/2
K(f) = <§> pRTIYER (4.15)
Here, ® = 27 f and the turbulent dissipation rate is given by
12
€= (4.16)
TC
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4 Spectral Modeling of Turbulent Combustion Noise

In the model for the heat release rate fluctuation spectrum, the characteristic time
scale is modeled as the passing time of the large eddies through the turbulent
flame brush, i.e.

Tc:cf-é, 4.17)

St

with the constant of proportionality c; ~ 0.5 [52]. The turbulent flame brush
thickness & and the turbulent burning velocity s; are calculated from the relations
given by Schmid [111, 112].

The angular frequency spectrum is connected to the frequency spectrum by a
constant factor of? 27, so that the full transformation between Eulerian wave-
number spectrum and Lagrangian frequency spectrum is

K (f)

Xq(f):ﬂ—f

Eq(x(f)). (4.18)

4.2.3 Relation Between Lagrangian Frequency and Correlation Spectrum

The correlation spectrum Yqq(f) which is needed in Eq. (3.25) is defined as the
product of xq(f) with its complex conjugate [114,146]

k)
nf

2

2
talN =1a0) 25D =107 = S Bk, @419

where * denotes the complex conjugate.

4.2.4 Cutoff Length Scale

In the premixed combustion noise model, the cutoff-length-scale 1.~ is an ef-
fective Corrsin scale [143] that accounts for the smoothing of scalar fluctuations
on the fine scales by the chemical reaction which is responsible for the spectral
cutoff. The effective cutoff length is given by the maximum of

3 PRRVA
Ner = max (colg, lc), lg= El le=— (4.20)

2 After the substitution of @ = 27 f in Eq. (4.14) the integration variables are related through dw = 27df.
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4.2 Premixed Turbulent Flames

with the constant ¢, = 3.0, as determined experimentally [143, 150].

4.2.5 Statistical Volume of Coherent Heat Release

The coherence volume introduced in Eq. (3.22) is modeled by setting an ap-
propriate coherence length scale /.o, for the statistical size of the coherent vol-
umes [13,56, 128]. The effect of the model coherence volume is twofold: Phys-
ically, sources located a considerable distance apart from each other emit sound
at a random phase difference, which can cause destructive interaction and reduce
the overall signal amplitude of the emitted noise. Additionally, the efficiency of
sound radiation from a spherical source is closely related to its size.

The overall efficiency of noise radiation by the entity of all sources within the
flame volume is accounted for by the size of the virtual statistical coherence vol-
ume Vqp. This concept is illustrated in Fig. 4.1. The theoretical maximum of the

Coherent Flame Volume
Volumes

Figure 4.1: Paradigmatic concept of coherent noise sources in a turbulent flame. The spatial coherence
of the fluctuating heat release rate is accounted for by statistical coherence volumes, inside
which the heat release rate is assumed to be completely coherent.

radiation efficiency is reached, if the ratio between coherence volume and flame
volume reaches unity, i.e. sound radiation within the flame volume is entirely
coherent. The coherence of the individual sources influences the total transfor-
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4 Spectral Modeling of Turbulent Combustion Noise

mation efficiency between thermal and acoustic energy in the flame. Wiisle [143]
defines the coherence efficiency as

Vcoh
Vﬂame

Ncoh = (4-21)

and the turbulent flame thickness as length scale characterizing the coherence of
the fluctuating heat release rate ([; = ;). Volume integration of the coherence
function Eq. (3.21) yields the statistical coherence volume [146]

Veon =81, =8-8;, (4.22)
The turbulent flame thickness & is defined by Schmid [111]
& =&+ (1+Da) "1, (4.23)

with the laminar flame thickness 0 = /s, For large turbulent Damkohler num-
bers (fast chemistry), the turbulent flame thickness approaches /, as & < I,
which illustrates the influence of turbulence on the phase and size distribution
of the individual sources and, thus, on the efficiency of conversion between ther-
mal and acoustic energy in the flame.

4.2.6 Acoustic Power Spectrum of the Premixed Flame

With the free field solution of the inhomogeneous wave-equation discussed in
Sec. 3.1, the model spectrum and frequency wave-number mapping, the model
spectrum of the far-field acoustic power is

w(y—1)°
PeoC2e

Paco(f) = / % ()] Veon Vitame. (4.24)

flame

which can be evaluated from local mean field variables of a numerical CFD
RANS simulation. Volume integration over the total flame volume gives the
acoustic power spectrum emitted by the flame.
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4.3 Non-Premixed Turbulent Flames

4.3 Non-Premixed Turbulent Flames

Although originally developed for premixed flames, the spectral model for com-
bustion noise developed by Hirsch et al. [53] is independent of flame type in
its coupling between the spectra of the fluctuating heat release rate and reaction
progress variance (Eq. (4.1)) [146].

For the extension of the model towards non-premixed flames, the following mod-
ifications are introduced:

* Reformulation of the length-scale governing the local coherence of heat
release fluctuations. For premixed flames, the turbulent flame thickness is
governing the local coherence volume of noise radiation. The correspond-
ing length scale in non-premixed flames is the thickness of the mixing zone.
The spherical shape of the volumes is retained.

* Modification of the frequency-wave number transformation function to ac-
count for the sensitivity of non-premixed flames to turbulence.

* Formulation of a generalized amplitude scaling function that is able to ac-
count for regions of low Damkohler numbers independent of the individual
flame type. The generalized scaling function is based on the combustion
model developed by Philipp [100], which uses a joint probability density
function approach of mixture fraction and reaction progress to calculate
mean reaction rates for premixed and non-premixed flames.

4.3.1 Coherence Volume

In turbulent non-premixed flames, the integral length scale /; is of the order of
magnitude of the thickness of the mixing zone between fuel and oxidizer. The
thickness of the mixing zone, [, can be estimated from the mean mixture fraction
gradient [101]

h~l,~—. (4.25)
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4 Spectral Modeling of Turbulent Combustion Noise

Similar to the turbulent flame thickness & in the premixed case, I, accounts for
the influence of both, chemistry and turbulence on the spatial distribution of
scalar fluctuations of the rate of heat release. Following the reasoning of Wisle,
[, is used in the non-premixed model to represent the characteristic length scale
of heat release. The coherence volume then becomes

8 3

Veonh = ‘V? ~ 8- lt , (426)

in the non-premixed model. This formulation resembles the close connection
between the spatial distribution of the mixture fraction, that is dictated by the
turbulent velocity field and that of the heat release rate.

4.3.2 Wave-Number Frequency Transformation

Turbulent non-premixed flames in the fast chemistry regime can be treated as
thin surface concentrated at or close to the surface of stoichiometric mixture
fraction [149]. This surface is wrinkled by vortices of different sizes which
are convected past the flame. Turbulent transport merges the reactants, while
molecular diffusion performs mixing on the fine scales. Turbulent transport is
the dominating mechanism governing the chemical reaction. Consequently, the
non-premixed flame is influenced largely by the turbulent motion [101].

Hirsch et al. [52] adapt the relation given by Tennekes and Lumley to obtain
a transformation function between Eulerian wave-number and Lagrangian fre-
quency (Sec. 4.3.2). In their model formulation for premixed flames, the chem-
ical time scale is used in Eq. (4.17) to express the turbulent dissipation rate. To
account for the greater influence of the turbulent motion on the non-premixed
flame, the initial formulation for the dissipation rate by Tennekes and Lumley is
retained in the non-premixed model, resulting in the following mapping function
between Eulerian wave-number and Lagrangian frequency

3/2 3/2
2) @ 4.27)

“0=(3) g
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4.3 Non-Premixed Turbulent Flames

where € is given by

It
€=—3 (4.28)
1
and @ denotes the angular frequency
w=2nf. (4.29)

The turbulent time and length scale are linked to the turbulence variables from
the CFD solution by

3

2
lt:q-%%q-‘v—lzr Tt:CT'g, (4.30)
using a similar approach to that of Miihlbauer et al. [89]. Both constants of pro-
portionality are of order one, but need to be defined in the modeling process,
as the combustion noise model reacts sensitively to slight changes in the input
fields of the turbulence variables. These variables, along with the computed rate
of heat release are highly dependent on the combination of the selected turbu-
lence and combustion model. In the scope of this thesis, a set of constants is
derived, that matches the combination of the k-€ -model in combination with the
eddy dissipation combustion model for non-premixed flames.

4.3.3 Generalized Scaling of the Spectral Amplitude

The basis of the spectral noise model is given by the connection between the
scalar variance of the reaction progress and the local rate of heat release. This
modeling approach makes the scaling of the spectral amplitude necessary in
regions, where the chemistry is substantially influencing the rate of reaction
(low Damkohler numbers). In the premixed model, this is realized by the am-
plitude scaling function Cg, which is formulated based on the Schmid combus-
tion model [111]. Here, the scaling of the spectral amplitude is performed in
regions where the scalar variance of the reaction progress departs from its theo-
retical maximum value (cf. Eq. (4.10)). The theoretical maximum value for the
variance of an arbitrary scalar variable ¢ defined between zero and unity can be
shown to follow the parabola [86]

e =0 (1—9). (4.31)
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4 Spectral Modeling of Turbulent Combustion Noise

This corresponds to the limit of infinitely fast chemistry, where fresh gases
are separated from the burnt gases by a flame sheet of infinitely small thick-
ness and consequently, no intermediate states exist in terms of reaction progress
(cf. Fig. 2.6). In this limiting case of maximum scalar variance, the assumption
of fast chemistry is fully given, so that no scaling of the spectral amplitude is
necessary.

In regions where the chemical timescale approaches the order of magnitude of
the mixing time scale, substantial premixing occurs prior to combustion and the
reaction progress variance is reduced by effects of finite rate chemistry [52].
These regions are still contributing to the overall heat release, but the amplitude
of the spectral fluctuations is reduced, which is consistent with Eq. (3.7).

Consequently, regions of low Damkohler number contribute less to the overall
spectral amplitudes. This limiting case can be identified in a generalized formu-
lation, if the true value of the local reaction progress variance is calculated from
a generalized set of variables. The theoretical basis for the generalized scaling
function is taken from Eq. (4.10):

D v
- "Dy _a 7 (4.32)
CDC/’z(Da—>00) CDC(I—Z‘)

Beyond the constants, Eq. (4.32) includes the values of reaction progress mean
and variance. The mean reaction progress can be calculated directly by con-

sidering the dimensionless temperature ¥ and assuming adiabatic conditions
[72,98,100]:

oo Lo tu (4.33)
Tha— Ty

Here the subscript 7 refers to the unburnt gas temperature while 7,4 denotes
the adiabatic flame temperature. The reaction progress variance is a parameter,
which is influenced by both, chemical reaction and turbulent motion and is com-
monly not directly available in a reactive RANS simulation model. The solution
of a transport equation for the variance of reaction progress is troublesome as it
involves multiple additional modeling assumptions for correlations with turbu-
lent fluctuating velocity and the influence of the chemical reaction on production

or dissipation of scalar variance.
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4.3 Non-Premixed Turbulent Flames

An alternative access to the scalar variance of reaction progress is the evaluation
of moments of the joint-PDF (JPDF) of temperature and mixture fraction as used
by Philipp [100] to calculate the mean reaction rate of a one-step kinetic reaction
for methane combustion. The time averaged source term in the scalar transport
equation of fuel (CHy) is calculated from?

1

e V V —T 1

AOch, = / / A-Xen! X0, -p”exp( T‘““) -P(z,T) dzdT, (4.34)
0

where Xcp,, Xo, are the concentrations of fuel and oxidizer, z denotes the mix-
ture fraction and P (z,T') is the joint probability density function of mixture frac-
tion and temperature. If the temperature is included into the model in its non-
dimensional from ¥ (cf. Eq. (4.33)) it represents the reaction progress if adia-
batic conditions are assumed. According to this variables definition between zero
and unity, a Gaussian shape of its PDF can be assumed as well. In the follow-
ing, the scalar variance of the reaction progress is retrieved from the variances
of mixture fraction and temperature by rearranging the basic equations of the
joint-PDF combustion model described by Philipp [100].

In adiabatic conditions, ¥, as defined in Eq. (4.33) represents the reaction
progress [98, 143]. By presuming mixture fraction and reaction progress to be-
have statistically independent from each other, the JPDF can be assembled from
two single-variable clipped Gaussian distribution functions (cf. Eq. (2.69)):

P(z,9) = P.(z) - Py(0). (4.35)

The connection between mean and variance of the reaction progress and known
values of mean and variance of mixture fraction and temperature can now be
established by calculating the first and second moment of the JPDF. From the
definition of ¥ Eq. (4.33) we write

T-T,=9 (Tu—T). (4.36)

Averaging gives the relation between the JPDF of z and ¥ and the local temper-
ature:

T—Tu://ﬁ-[Tad(z)—Tu] P(2)-P(8) dzdd 4.37)
Uz

3 The original model by Philipp includes a further term to model the formation of CO.
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4 Spectral Modeling of Turbulent Combustion Noise

With 7,4 being a function of the mixture fraction only, the double integral can be
split so that

T-T,= [0P(9)d0 [ [Tu() - TP () dz. (4.38)

g

:5 = ;ir_Tu
Equation (4.38) can be rearranged to obtain an equation for the PDF averaged
dimensionless temperature ¥:

s_T-T _ -k , (4.39)
Tog — T / [Tad (Z) - Tu] P (Z) dz

Z

This is a function of known quantities only and can be directly calculated from
the assumed PDF of the mixture fraction. The variance is obtained from the
second moment by following a similar approach:

7 — // [T —T]P(z) P(®) dzd . (4.40)

Making use of equation (4.39) T"2 can be expressed as:

T”2—// L 2 (5 —9)2P(z) P(0) dzd®. (4.41)

As [Tyq (z) — Ty)* solely depends on P (z) and (90— 5)2 solely depends on P (9),
the double integral can be separated to give

772 — / (0 —0)2P () do- / Ta() —TJPP(R)dz. (442)

Vv
=92

The first integral is the variance ¥2, which gives the dependency between T2
and 92

T
2 = . (4.43)

/ T (2)— TP (2) dz

<
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4.4 Analysis of Model Characteristics

Using the derived expressions for the reaction progress and its variance, the gen-
eralized amplitude scaling function Cg can be formulated analogous to the rea-
soning of the premixed model (cf. Eq. (4.10)):

Cs= 2. L (4.44)

Cp 9 (1-79)

The generalized amplitude scaling function is based solely on the PDF of the
mixture fraction and the averaged values of temperature and temperature vari-
ance. Temperature variance can be obtained by solving a transport equation or
by using a simple algebraic expression based on the assumption of balance be-
tween production and dissipation of scalar variance and the absence of convec-
tive effects [45, 157]. In the simulations performed in the scope of this thesis,
scalar transport equations for the temperature variance and the mixture fraction
variance are solved in parallel to the flow and combustion simulation.

4.4 Analysis of Model Characteristics

A comprehensive understanding of the computational model behavior for non-
premixed flames including the generalized amplitude scaling function can be
obtained by analyzing model predictions for prescribed parameter values for a
range of frequencies and turbulent time scales. The remaining input parameters
are taken to be constant and are extracted from a single finite volume within
the reaction zone of a CFD RANS simulation of a turbulent non-premixed swirl
flame to ensure the selection of realistic relations between the individual parame-
ters. If the model equations are evaluated on one single volume only, the volume
integration in Eq. (3.17) simplifies to a multiplication with the cell volume V,
1.e. )

Pico (f ) = ﬂ:([;}:.Tj)
where the frequency spectrum of heat release rate xq (f) is given by Eq. (4.18).
Additionally, it is assumed that the model heat release is taking place at non-

premixed conditions so that the heat release can be described analytically by the
eddy dissipation model (cf. Eq. (2.74)).

[ 24 ()] Veon - Viv, (4.45)
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4 Spectral Modeling of Turbulent Combustion Noise

In this simplified set up, the model response to an alternation of the turbulent
time scale can be investigated along a range of frequencies including the effect
of the turbulent time scale on the mean reaction rate. For this purpose, the model
equation of the non-premixed combustion model is coupled with the eddy dissi-
pation model for the mean rate of heat release. The constant parameters needed
for the evaluation of the model equations are listed in Tab. 4.1. From the pre-

Table 4.1: Constant parameter values used in the analysis of the simplified non-premixed combustion
noise model.

Z Z”2 TM k va Coo p (e

0.0549602  0.0002596979 393K 9.6m?/s’> 3.35-107%m? 343m/s 1.21kg/m’

scribed turbulent time scale, the dissipation rate is calculated using Eq. (4.30)

as
k

e=cr . (4.46)

The predicted radiation of sound power is evaluated for turbulent time scales of
T = 0.1 ms...2ms and frequencies of f = 10Hz...1500Hz. A contour plot of the
calculated results is shown in Fig. 4.2. The radiation of sound power is predicted
to be most effective in the low frequency range at longer turbulent time scales
for the given parameters. This correctly captures the trend which is visible in the
majority of experiments with turbulent hydrocarbon flames, that the peak output
is located in the low frequency range. An analysis of parameters influencing
the predicted peak frequency can be performed by considering the maximum of
the predicted sound power amplitude, which is given by the first derivative of
Eq. (4.45) with respect to frequency:

dPaco (f )
df

In order to evaluate Eq. (4.47) combined with the eddy dissipation model for
the mean rate of heat release analytically, the exponential term governing spec-
tral cutoff as well as the amplitude scaling function have been removed as they
do not influence the location of the peak amplitude. Here, the eddy dissipation
model has been simplified such that the limiting species is the oxidizer (lean or

—0. (4.47)
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Figure 4.2: Contour plot of radiated acoustic power for different turbulent time scales over peak frequency
as predicted by the simplified noise model analysis. The evaluation of the expression for the
peak frequency (Eq. (4.49)) is shown by the dashed line.

stoichiometric combustion). The resulting equation for the computation of the
local peak frequency is obtained as

2/3
A3 (=1 (k) e
Paco (f) = S a2f2y2
00 st
3\/6[3 k3/2f3/2 —4/3
e T a3/4e3/2 ’ (4.48)

where H, denotes the lower heating value of the fuel, which is set to the value
of methane. The derivative Eq. (4.47) is zero at the peak location, i.e. from
Eq. (4.48) the location of the peak frequency can be calculated through

\/%oc?‘t\/ﬁe

fpeak = 2k (4.49)

with physical dimension of a frequency 1/s. The peak frequency depends linearly
on the mixing rate, outlining the dominating role of integral turbulence quantities
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4 Spectral Modeling of Turbulent Combustion Noise

in the generation of combustion noise in flames of high Damkohler number. If
the constants in Eq. (4.49) are cast into a single constant ¢y, the local frequency
of peak acoustic emission is related to the local quantities of turbulence by

€ 1
=Cyp T =C¢p-—, (4.50)
fpeak ¢ k ()] 7,

with the constant ¢y = 0.363. This is in agreement with the findings of Strahle
[130] and in close agreement to the constant of proportionality given by Wisle
of ¢y ~ 0.4 [143]. In the fast chemistry limit, fpeax is determined solely by the
ratio of turbulence kinetic energy and dissipation rate, or turbulent macroscopic
time scale. The trace of peak frequencies calculated from Eq. (4.49) is plotted in
Fig. 4.2, showing that the simplified calculation of the peak frequency matches
the amplitude data computed numerically using the non-simplified model. Equa-
tion (4.50) can thus be used to quickly analyze field data obtained from a reactive
RANS simulation regarding the main frequency contribution of different flame
regions to the overall acoustic emissions.

Influence of RANS Input Data on the Noise Prediction

The validation of the premixed combustion noise model was performed by Win-
kler [150]. The predictive capabilities are demonstrated by Wisle [143] using
experimentally determined field data. The greatest concern, as pointed out by
Winkler, is the need of spatially resolved data for the time averaged rate of heat
release, which can not be easily obtained by experiment. If numerical data is
used, similar problems exist. Chemical reaction in turbulent flames is a fine scale
process involving a large number of reactions and influenced by all scales of
turbulent motion. In CFD, extensive modeling and simplification is often per-
formed in the numerical solution process, ranging from spacial discretization
and turbulence modeling to the modeling of the combustion reaction. The ongo-
ing development in combustion modeling together with some unsolved problems
1s for example outlined by Bilger et al. [8].

Beyond the need to model the combustion process, turbulent quantities are fully
modeled in RANS by turbulence models. In the spectral noise model, prediction
of the peak frequency scales linearly with the local ratio of turbulence kinetic
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energy and dissipation rate (Eq. (4.49)). Most combustion models rely on turbu-
lent properties as they model the mean reaction rate using a turbulent time scale,
which is determined from the parameter values of turbulence kinetic energy and
dissipation rate. The predicted model amplitude is proportional to K253,
This shows the strong dependency of the noise prediction on the calculated tur-
bulence quantities in the simulation of the input variable fields for the combustion
noise model.

As well, the derivation of the semi-analytic spectral model for turbulent combus-
tion noise based on time-averaged RANS data involves assumptions concerning
the general spectral shape and the behavior of the reaction progress variance as
an active scalar variable [67, 88]. In deriving the spectral model for turbulent
combustion noise, the following assumptions were introduced:

* Compactness: the flame is acoustically compact with respect to the wave-
length, and no reflection or refraction effects occur within the flame.

e Convective effects on sound radiation are not considered, the sound radia-
tion follows an exact monopole radiation characteristic (unidirectional).

* The underlying turbulence is homogeneous and isotropic.

e The Lagrangian frequency spectrum is a simple rearrangement of the Eule-
rian wave-number spectrum.

e The fluctuation spectrum of the progress variable is closely related to the
spectrum of turbulence kinetic energy.

Some parameters involved in the modeling can not be directly accessed by ex-
periment, rendering the validation of model assumptions difficult in some cases.
However, if integral characteristics of the studied flow problem are reproduced
successfully, qualitative predictions regarding the effect of modifications in ge-
ometry or operating conditions can be made, and the spectral content and ampli-
tude level of the radiated noise can be predicted with good agreement to experi-
mental data.
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S Experimental Setup and Measurement
Equipment

The development of the extended spectral model for combustion noise from non-
premixed flames is accompanied by measurements of combustion noise spectra
from a turbulent natural gas swirl flame enclosed in a low-reflective measuring
chamber. The measured spectra are used to validate the model extension. A re-
cent study by Singh et al. [119] investigates combustion noise from a turbulent
non-premixed swirl flame in a double swirler configuration. The results indicate
that non-premixed swirl flames possess similar universal spectral characteristics
as observed with premixed flames. Therefore, a variable swirl burner of movable-
block type [50,76] available at the institute, is operated in non-premixed and pre-
mixed flame configuration to allow a comparison between flame types at similar
operating conditions. The acoustic optimization of the laboratory was performed
employing the methods described by Wisle [143].

5.1 Open Turbulent Flame Test Rig

The test-rig layout is shown schematically in Fig. 5.1. Inside the laboratory room
of L=9.5m, W =5.5m and H = 7.2m the burner is placed centered underneath
the exhaust hood in a vertical distance of 1.10m above the ground. The burner
1s surrounded by a semi-anechoic chamber of sound absorbing foam panels. The
chamber forms a cubic enclosure with an edge length of 2.4m with the burner
nozzle located at the geometric center of the chamber. Air and natural gas are
taken directly from the lab gas and air supply lines. Natural gas in Munich pos-
sesses a methane mole fraction of 96.18 %'. Combustion air is supplied to the
burner through a Bronkhorst F-206AI-AGD-66-V (3.5 — 175m3/h) digital mass

! Number extracted from the monthly report on city gas quality of Stadtwerke Miinchen, 01/2013
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flow controller with an inline acoustic silencer, to attenuate any flow noise from
the mass flow control valve. Natural gas fuel is supplied through a Bronkhorst F-
203 AC-FA-44V mass flow controller (max. 300 L/min). The fuel supply line can
be connected to either the static mixer or the central body, allowing simple in-
terchange between operation modes. A static mixer [110] is mounted directly in
line with the standard air supply, feeding perfect fuel-air mixture or combustion
air directly into the swirl generator casing, depending on the operating configu-
ration. In non-premixed configuration, natural gas fuel is directly supplied into
the combustion zone through the central body. The burner with its movable block
type swirl generator is designed for a nominal thermal power of S0kW at an air
excess ratio of A = 1.1. Within the measuring chamber, the sound intensity ra-
diated by the flame is recorded using a two microphone (p-p) intensity probe?
with a 25 mm spacer. To avoid perturbation from the exhaust vent, the chimney
suction blower is switched off during acoustic measurements. Accumulation of

CV: Control valve Semi anechoic chamber
DAQ: Data aquisition \\_x\x\x\xxxx\x\;\x) T T E&\L\L\_\s\s\k\l&\
IP: Sound intensity probe : /_ R
MB: Movable-block swirl generator N P '§
MFC: Mass flow control valve 1 :§
NP: Fuel non-premixed configuration : N
P: Fuel premixed configuration | IQ
SC: Silencing chamber \: l§
SM: Static mixer 1 R
| N
X |
{1 . \

1
| N
\ A
Fr ! | s[4
v | '
CcvV 1 NP R
L= 1 l\
N N
1 P [N
MEFC >
DAQ
> SC

Figure 5.1: Schematic of the open turbulent flame test rig. The flame can be operated in premixed or
non-premixed configuration.

2G.R.A.S. 40AK 1/2”.
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combustion products due to insufficient natural draft is avoided by switching on
the blower in between individual measurements.

81



5 Experimental Setup and Measurement Equipment

5.2 Movable Block Swirl Burner

Swirling flow 1s generated by a tangential swirler, which is adjustable in the out-
put swirl number by altering the ratio of radial and tangential mass flow rates
of the fresh gas. The swirler principle allows the calculation of the swirl num-
ber § from the geometric parameters of the combination of fixed and movable
blocks [6,76]. A cross sectional schematic diagram of the geometric quantities
determining the swirl number of this device is shown in Fig. 5.2. The parameter
values of the swirl generator operated in the scope of the experiments are listed
in Tab. 5.1. The movable blocks can be rotated around the burner axis between

n moving blocks
n fixed blocks

Figure 5.2: Cross sectional view of the geometric quantities of the movable-block swirler unit determining
the swirl number (adapted from [76]). The swirl number can be adjusted continuously by
altering the ratio between radial and tangential momentum of the flow.
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Table 5.1: Dimensions of the movable-block swirl generator.

n Ry R, R; (04 01 (0] I M2 &m
8 48mm 80mm 4Ilmm 58.9° 1.0° 29.0° 29.0° 1.0° 15.0°

& =0° and &, = 15°. From the main geometric parameters, the swirl number
can be calculated from [6, 50]

o sin (@) cos (at) [1+tan( )tan( )}fm Ro (1_ﬁ>
] ,

Sl et (1@ (8) £ "

where B denotes the axial height of the radial and tangential flow channels and
ro, Ro denote the inner and outer radius of the annular duct connecting the swirler
with the nozzle. The theoretical dependency of S on the block angle &, result-
ing from Eq. (5.1) is shown for the swirl generator with the dimensions as given
in Tab. 5.1 in Fig. 5.3. It should be noted that the original form of Eq. (5.1) as
given in [6] has been corrected later by squaring the denominator [43, 50], and
1s given here in its corrected form. The variable swirl allows the experimental
investigation of a large variety of different operating points and the choice of

1.8
e
1.5 /

1.2

0.6

0 2 4 6 8 10 12 14
¢l
Figure 5.3: Swirl number of the movable-block swirl generator depending on the adjustable block angle
&. The maximum block angle of &, = 15° leads to a maximum swirl number of S = 1.86.
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5 Experimental Setup and Measurement Equipment

stable operating ranges of both, open non-premixed and premixed flames at sim-
ilar power and mixture settings.

The general flow properties of the test rig burner are shown in Fig. 5.4 in the
configuration for non-premixed operation. Coming from the swirler, the com-

Outer shear 1 /
A . .
layer < A P 71z Inner recirculation
/ 4 4 zone
y et ok
- 4 ]
EPRA
-~ / O '{?;if. 1 2r
o /7 At 0
Ambient air / 4 R
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entrainment _ f A X§Ro Ly .
_ - / ) N T s ¥
/ 4
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-
- - /
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1
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Figure 5.4: Schematic of the basic nozzle dimensions and general properties of the flow field of the flame
produced by the movable-block burner in non-premixed configuration. Natural gas fuel enters
the inner shear layer through narrowly spaced injection holes in the center body. Combustion
products are recirculated along the burner axis downstream of the center body.

bustion air enters an annular gap around the center body. The natural gas fuel
is transported inside the center body. At the burner exit plane, the natural gas
stream exits the center body through a total of 16 narrowly spaced fuel injection
holes at an angle of ¢ = 45° with respect to the burner exit plane. As shown
in Fig. 5.4, the fuel is directly injected into the inner shear layer that separates
the recirculated combustion products from the annular flow, thereby enhancing
the mixing process and forming a blue flame. This type of flame is frequently
referred to as type-II non-premixed or diffusion flame in literature [50, 55, 100].
The corresponding term of a type-I non-premixed flame refers to a luminous yel-
low flame which results from injecting the fuel through a single coaxial hole in
the center body. Inner and outer diameter of the annular duct are ry = 26 mm and
Rop = 50mm. The Reynolds number of the nozzle flow is calculated with refer-
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5.2 Movable Block Swirl Burner

ence to the outer diameter of the annulus [50], using the mean axial velocity u

within the annular duct:
u-2R

\%
Figure 5.5 shows a direct comparison of the three different flame types investi-
gated in the scope of this study. The images show the same operating point con-

Re =

(5.2)

(a) Open type-II non-premixed (b) Open premixed flame. (¢) Confined premixed flame.
flame.

Figure 5.5: Flame types at Py, = 50kW, A = 1.2 and § = 0.6.

cerning thermal power, mixture composition and swirl number for each flame.
The comparison between premixed and non-premixed flame in unconfined op-
eration reveals close similarity of the basic flame geometry. The main reaction
zone of the non-premixed flame is located within the inner shear layer in the
vicinity of the fuel injection holes and remains attached to the center body rim
in stable flame operation. This basic shape is almost identical to the premixed
flame shape, where slightly shorter flame lengths are observed. The outer zone
of the open burning flame is subjected to the effects of entrainment of ambient air
(Sec. 2.1.2). For premixed flames, the dilution of the mixture in the outer flame
zone leads to the extinction of the outer shear layer, leaving a part of the fresh
gas unburnt. This region of diluted mixture is not present in the non-premixed
flame, as fuel is only injected into the inner shear layer. In order to quantify the
amount of unburnt fuel in the premixed case, the confined flame as shown in
Fig. 5.5 right is considered as reference case.

The developed method for the quantification of fuel burnout is described in
Sec. 6.2.1. In order to study the effects of entrainment on the fuel burnout and to
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5 Experimental Setup and Measurement Equipment

be able to compare premixed and non-premixed flame noise, the entrainment of
ambient air 1s obstructed by placing a glass tube of 160mm in diameter around
the flame. Shielding of the flame blocks the dilution of the outer shear layer with
ambient air and leads to recirculation of burnt gas along the outer shear layer as
well. This leads to complete burnout of the supplied fresh gas mixture within the
confinement tube.

5.3 Improvement of Laboratory Acoustics

The experimental acquisition of acoustic quantities in a reflective environment is
connected to several concerns. Quantities like sound pressure and intensity from
a specific source are commonly recorded in specially designed semi-anechoic
or anechoic chambers. Walls, ceiling and often also the floor of these chambers
are tiled with specially designed absorptive elements of pyramid or wedge-like
shape [30, 139]. The design of the chamber walls aims at minimizing the reflec-
tion of acoustic pressure waves, i.e. at absorbing a large fraction of the incident
acoustic energy. The construction of such an anechoic chamber requires con-
siderable effort as it includes the need to damp broadband acoustic oscillations
that include low frequency content corresponding to wave-lengths of the order of
meters. Consequently, the wedge structures have to reach a considerable distance
into the room, where they meet non-zero sound particle velocity that results in
viscous dissipation of sound energy.

The laboratory holding the experimental setup for combustion noise in the course
of this study does not offer anechoic-conditions. So partially reverberant sound
field conditions have to be accounted for in the measurements. The improve-
ments of the laboratory acoustics closely follow the procedure used by Win-
kler [150] and Wisle [143] for their studies of premixed turbulent combustion
noise. A major area fraction of the laboratory walls is covered with sound absorb-
ing panels as shown in Fig. 5.6a. The panels consist of a sheet metal frame filled
with rock wool and are covered by a perforated metal sheet cover providing dis-
sipative acoustic damping. The measures to account for the partially reflective
measurement environment are twofold: First, the measurements are conducted
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5.3 Improvement of Laboratory Acoustics

(a) Sound absorbing panels on (b) Sound absorbing chamber
the walls of the laboratory holding the burner and the
(from [143]). probe support frame.

Figure 5.6: Measures to improve the acoustic properties of the laboratory.

using a p-p sound intensity probe, which allows the separation between rever-
berant and active components of the sound field in the laboratory. Second, the
burner is enclosed by a cubic shaped chamber assembled from sound absorbing
panels to minimize aliasing effects (Fig. 5.6b).

The cubic shaped enclosure with edge length of / = 2.4 m is positioned symmet-
rically to the center axis of the burner. Sound absorbing foam panels with pyra-
mid shaped surface structure form the walls of the cubic enclosure. The panels?
manufacturer states the sound absorbing capabilities plotted in Fig. 5.7. The en-
ergetic absorption coefficient ¢, is connected to the magnitude of the reflection
coefficient by [49]

o =1—|r]. (5.3)

The normal incidence pressure reflection coefficient R, drops below 0.5 above
a frequency of 250Hz. At lower frequencies, the thickness of the panels of
t = 100mm is insufficient to effectively dissipate acoustic energy due to low
fluctuating velocity. At low frequencies, however, aliasing effects caused by are
of minor significance and the effect of the reverberant portion of the sound field
can be effectively accounted for by the applied intensity probe.

3 Sahlberg pinta PYRAMIDE No. 5515077
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Figure 5.7: Magnitude of the normal incidence reflection coefficient of the sound absorbing panels en-
closing the flame [143].

5.4 Measurement Procedure for Acoustic Power Spectra

Acoustic power spectra for all operating conditions are determined according
to the norm DIN EN ISO 9614-1 [28, 38]. The norm formalities describe the
necessary procedures for the determination of the acoustic power radiated by an
arbitrary source in a reflective environment. For the measurement environment
the following requirements apply:

* The measurement zone should remain unchanged with respect to its geom-
etry and items between experiments.

* The measurement positions must be placed on a virtual surface enclosing
the source, with a minimum of 1 measurement position per square meter of
surface area.

e A minimum of 10 measurement positions is required.

To comply with the requirements, the burner is enclosed by a virtual measure-
ment sphere of radius R = 990mm. The center of the sphere is located at the
burner nozzle, and the intensity probe axis is always aligned directly with the
line of sight towards the nozzle. The spherical surface is subdivided into n = 18
sub-surfaces. Figure 5.8 shows the measurement principle with the measurement
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5.4 Measurement Procedure for Acoustic Power Spectra

positions on the virtual surface (indicated red) and the probe support frame. Each
of the sub-surfaces represents a fraction of the overall radiated acoustic power,
which depends on the face normal of the acoustic intensity and the surface area
of the sub-face:

B i(w)=1Ii(m)- Sk (5.4)

Here, I, x i (@) denote the spatial averages of the active acoustic intensity in the
face normal direction and Sy_; the surface area of the corresponding sub-surface.
The center level surfaces are denoted by S, j, while the triangular bottom and
top level faces are denoted by Sy i, S3, ;. The total acoustic power radiated by the
flame is given by the sum of the individual powers:

3 6
Paco (60) - Z Zln, k,i(w) 'Sk,i- (5~5)
k=1i=1

In the laboratory, the acoustic properties of the boundaries remain unchanged
over time, and the positioning of large items around the experimental setup is

Support Sound intensity probe
frame
Probe mount
Virtual
measurement
surface

Measurement
position

K,

N————————

I\

Figure 5.8: Schematic of the measurement setup showing the probe support frame and the individual
measurement positions on the measurement surfaces Si_; enclosing the flame.
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kept constant. The directional radiation characteristics of the flame are solely de-
termined by the acoustic properties of the surroundings which remain unaffected
by the current operating point. Thus, a constant ratio { (®) between the total
sound power radiated by the flame and that of an arbitrary single sub-surface
can be defined, which is unique for the laboratory. This procedure reduces the
experimental effort needed for the determination of the total radiated acoustic
power. The ratio function { (®) is measured using a reference power setting of
the non-premixed flame covering the whole frequency range of interest with suf-
ficient amplitude levels. The reference sound source is a non-premixed flame of
Pp=55kW at A = 1.5 and S = 0.8. Figure 5.9 shows the 18 individual spectra of
sound power Py i (@) measured at the reference operating point. The overall am-
plitude levels are equal for the corresponding six sensor positions 1 in the same
face level k. Between the different levels, the amplitude is equal for levels 3 and
2, that 1s the top and center level. For the bottom level, the overall amplitudes are
lower which can be attributed to the acoustic shadowing by the swirler casing.

The connecting function { () relating the acoustic power spectrum measured at
one of the 18 measurement locations to the total radiated sound power is defined
as

Paco tot, ref ((D)
— ’ ) '6
C () = e 2 56)

where Py, tor, ref and Py i are the active components of the respective acoustic
power spectra. Exemplary, the resulting connecting function between the acous-
tic power spectrum at measurement surface S3 | and that of the total acoustic
power is shown in Fig. 5.9 bottom, where the function level is calculated from

Lc(f):10-10g<C(f)>, (5.7)
Cref

where the reference {.f = 1 has been chosen arbitrarily. The ratio function com-
puted using the reactive intensity component shows a rough trend with distinct
peaks in the lower frequency range when compared to the active ratio function.
This can be attributed to the effects of room acoustics, which are included in the
reactive part of the function.
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Figure 5.9: Sound power spectra for the 18 individual measurement positions and ratio functions com-
puted from active intensity data. The plots show 6 spectra for each of the 3 face levels de-
scribed in Fig. 5.8. Sound power level calculated with reference of P = 1-10712W. The
bottom plot shows the calibration function { relating the sound power represented by a single
measurement surface to the total sound power radiated by the flame. The calibration function
is plotted based on active and reactive sound intensity used in the calculation of sound power.
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5.5 Determination of Peak Frequency

The extraction of the peak frequency from spectral experimental data requires a
robust computational routine which ensures repeatability and constant accuracy
for different grades of noise in the spectrum to be analyzed. A simple extrac-
tion of the global maximum is prone to erroneous results as measured combus-
tion noise spectra contain local peaks which may exceed the broadband max-
imum. Possible approaches to reduce spectral noise include logarithmic filter-
ing/smoothing and the reduction of spectral resolution. These methods directly
affect the input spectrum and thus, may alter the peak frequency result in random
directions, depending on the specific quality of the input spectrum.

In the course of the study at hand, best results were achieved by fitting a polyno-
mial of the form

fx)= c1x" + cox ! + ..+ enx+cni, (5.8)

to the experimentally measured spectra, where n = 10. An exemplary result of the
fitting process is shown in Fig. 5.10. The fitting routine is limited to the frequency
range between O Hz and 2000 Hz as suggested by the typical frequency range of
combustion noise measured in the experimental campaign. At 2000 Hz, the input
data for the polynomial fit is truncated, leading to the cutoff in the fit data and
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Figure 5.10: Determination of the peak frequency using a polynomial fit function in the lower frequency
range.
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effectively enhancing the fit quality through the reduction of input data vector
length.
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5.6 Measurement Technique for Acoustic Intensity

For the measurement of active and reactive sound intensity components, a com-
mercial G.R.A.S. 40AK 1/2in intensity probe was used. The two 1/2in pressure
microphones are separated by a distance piece of Ax = 25mm. The probe mi-
crophones are capable of recording sound pressure amplitude levels in the range
20dB < Ly < 152dB and cover a frequency range of 2.5Hz < f < 10000Hz.
The membrane inside the condenser microphones converts the fluctuating pres-
sure signal into a fluctuation of electric capacity which in turn causes a volt-
age fluctuation. This signal is pre-amplified by G.R.A.S. 26 AA pre-amplifiers
mounted directly to the microphones. A Bruel & Kjaer Nexus 2690 amplifier
performs high and low pass filtering at fhion = SHz and fjow = 6000Hz and ap-
plies individual microphone sensitivities. The conditioned signal time series is
recorded by data acquisition software and hardware using a PC. The time series
of the pressure signals from both microphones are recorded at a sampling rate
of fs = 50kHz. The recorded signal duration is 7y = 5s for each time series. A
total of 10 time series are recorded during each measurement giving an overall
recording time of Ti,; = 50s per measurement including a total of N = 2500000
samples. The cross spectral density between the individual time series of sound
pressure is evaluated using Welchs method of spectrum estimation [145]. The
10 intensity spectra are then averaged for the active and reactive intensity spec-
tra. An exemplary evaluation of active and reactive intensity spectra is shown
in Fig. 5.11. Outside the very low frequency range, the reactive intensity shows
lower amplitude levels, which indicates the effectiveness of the absorptive mate-
rial installed around the test rig and along the laboratory walls. The sound field
around the flame can thus be characterized as active sound field for frequencies
above fiow = S0Hz, where the indicator for active sound fields [61],

I1>J (5.9)

1s fulfilled.
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Figure 5.11: Active (/) and reactive (J) part of sound intensity radiated by a turbulent non-premixed flame.
The influence of the reverberant sound field is visible below 100Hz in the reactive part of
the spectrum, where the acoustic damping potential of the laboratory is low. The spectra are
calculated by averaging over 10 individual spectra.

5.7 Repeatability of Intensity Measurements

The quality of the obtained intensity spectra is analyzed by studying a statistical
significant amount of single spectra of one operating point. 100 time series of
the turbulent non-premixed flame at a constant operating point of Py, = S0kW,
A =1.2 and S = 0.6 were recorded for that purpose. A scatter plot of the resulting
100 spectra of active acoustic intensity is shown in Fig. 5.12. The match between
the individual spectra with respect to shape and peak frequency is good. The am-
plitude levels show a spread of 5dB in the frequency range between 30Hz and
3000Hz. In the range below 30Hz, the sound field is dominated by its reactive
component, which enlarges the data variation. In excess of 3000 Hz, the statisti-
cal fluctuations in amplitude and frequency grow due to the increasing influence
of wave interferences on the probe. In the frequency range that is of significance
for the analysis of turbulent combustion noise, the repeatability of the measure-
ments is good with small fluctuations in the spectral amplitudes. The repeata-
bility and deviations between single realizations of spectral measurements are
within the ranges reported by Wisle [143].
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Figure 5.12: 100 single spectra of active acoustic intensity calculated from time series recorded at a con-
stant operating point of P, = 50kW, A = 1.2 and S = 0.6 of the non-premixed flame.

5.8 Chemiluminescence

The combustion reaction between methane and oxygen consists of a large num-
ber of sub-reactions. During reaction, radical molecules in an energetically ex-
cited state evolve, which emit light upon returning to their natural energetic state-
The OH* radical is created in an excited state during the combustion reaction of
natural gas. Upon return to its normal state, it emits light centered around a wave-
length of A = 307 nm. The return to the normal state only endures a very short
time period, suggesting that light emission at that wave-length only occurs at lo-
cations where chemical reaction is in progress. A line of sight integrated image
of the flame can be used to gain a qualitative impression of the flame shape, but
the determination of quantitative data corresponding to the local heat release, or
air excess ratio is connected to difficulties [72]. However, the spatially integrated
data from photomultiplier measurements can be used to detect the total power
output of the flame.

In this study, an image intensified high speed camera, type Photron Fastcam Ul-
tima APX I2, was used to capture the flame images. Its CMOS (complementary
metal oxide semiconductor) sensor has a maximum resolution of 1024x1024 pix-
els at a rate of 2000 frames per second, and a fiber optically coupled image in-
tensifier.
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5.8 Chemiluminescence

For the acquisition of global OH* intensity data, a photomultiplier is applied to
convert the light emission into an electrical signal. A narrow-band interference
filter restricts the incident light spectrum to the main OH* peak at A = 307 nm.
The output voltage is used to directly compare the fuel burnout percentage of
premixed flames between confined and unconfined configuration.
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6 Turbulent Combustion Noise from
Non-Premixed and Premixed Swirl Flames

This chapter summarizes the experimental results for combustion noise obtained
from the turbulent swirl flame operated in premixed and non-premixed config-
uration. The experimental focus is set on the non-premixed flame in order to
obtain a set of experimental validation data for the extended combustion noise
model comprising variation in swirl number, thermal power and air excess ratio.

The premixed flame experiments are conducted at matching operating conditions
concerning thermal power, mixture composition and swirl. A burnout correction
procedure ensures the direct comparability between the two flame configurations
by determining the true heat release within the premixed flame.

The type-II non-premixed flame is in its essential configuration designed to
achieve high degrees of fuel burnout by injecting the fuel into the inner shear
layer only, leaving fuel burnout unaffected by entrainment. Virtually complete
fuel burnout is reported for this type of non-premixed flame [132], which makes
the resulting heat release equivalent to the theoretical value of the supplied fuel.

6.1 Non-Premixed Flame

The experimental campaign for the non-premixed flame comprises the set of
operating points summarized in Tab. 6.1. From a standard operating point of
Py =50kW, A = 1.2 at a swirl number of S = 0.6, which is also suitable for pre-
mixed flame operation, variations in the operating conditions concerning thermal
power output, mixture composition and swirl intensity are investigated. Operat-
ing points investigated are chosen such that they are positioned safely inside the
fast chemistry regime, as indicated by the symbols in Fig. 6.1. The corresponding
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Table 6.1: Operating points investigated for the non-premixed flame. The reference operating point
is marked in gray.

(0) S PnlkW] A mglgls] e [g/S]  Uair [m/s] Re  Momentum ratio

DPV1 0.6 30 1.20  0.62 12.68 7.67 25644 19.51
DPV2 0.6 40 1.20 0.82 16.91 10.23 34192 19.51
DPV3 0.6 50 1.20 1.03 21.14 12.79 42740 19.51
DPV4 0.6 60 1.20  1.23 25.37 15.34 51288 19.51
DPV5 0.6 70 1.20  1.23 29.60 17.90 59836 19.51
DLV1 0.6 50 1.00 1.03 17.62 10.72 34192 27.74
DLV2 06 50 120 103 2114 1287 41030 1927
DLV3 0.6 50 1.40 1.03 24.67 15.01 47868 14.16
DLV4 0.6 50 1.60 1.03 28.19 17.16 54707 10.84
DLVS 0.6 50 1.80 1.03 31.71 19.30 61545 8.56
DLV6 0.6 50 2.00 1.03 35.23 21.45 68383 6.94
DSVl 04 50 1.20 1.03 21.14 12.87 41030 19.27
DSV2 0.6 50 1.20 1.03 21.14 12.87 41030 19.27
DSV3 0.8 50 1.20 1.03 21.14 12.87 41030 19.27
DSvV4 1.0 50 1.20 1.03 21.14 12.87 41030 19.27
DSVs 1.2 50 1.20 1.03 21.14 12.87 41030 19.27
DSVe6 14 50 1.20 1.03 21.14 12.87 41030 19.27

variation experiment can be deduced from the identifier given in the first column
of Tab. 6.1, where DPV denotes the power variation study, DLV the variation in
air excess ratio and DSV the variation in swirl number. The Reynolds number
1s given in terms of the hydraulic diameter of the annular burner exit tube and
the momentum ratio relates the momentum of the fuel stream to that of the air
stream.

6.1.1 Influence of Thermal Power

From the base operating point DLV2, defined in Tab. 6.1, thermal power 1s varied
in steps of 10kW while the air excess ratio is kept constant at A = 1.2. Figure 6.2
shows photographs of the non-premixed flame for different thermal power set-
tings. The visible effect of increasing thermal power can be distinguished in be-
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Figure 6.1: Regime diagram of non-premixed turbulent combustion. The symbols show the location of
the operating points listed in Tab. 6.1.

tween the single photographs by comparing the flame length. From P, = 30kW
to Py, = 60kW the length of the light blue flame zone close to the nozzle in-
creases slightly, which in turn leads to an increase of the total flame volume. At
a fixed air excess ratio, an increase in thermal power leads to higher flow ve-
locities and increased turbulent intensity in the reaction zone as well. Figure 6.3

(a) Pp =30kW (b) P, =40kW (¢) Pn =50kW (d) Pp = 60kW

Figure 6.2: Flame shapes at different thermal power settings for a swirl number of S = 0.6 and an air
excess ratio of A = 1.2.
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shows the influence of thermal power on the radiated sound power. Two effects
can be distinguished. The spectral amplitude in the region of the peak frequency
increases towards higher thermal power, from around 75dB at Py, = 30kW to-
wards 85dB at Py, = 70kW. The frequency of peak spectral amplitude moves
towards higher frequencies as the firing rate is enlarged. This trend can be ex-
plained by considering Eq. (4.50). With increasing turbulent intensity within the
reaction zone, the local turbulent time scales decrease, which in turn leads to
increasing local peak frequencies. The effect on the overall acoustic spectrum of
the flame is the observed increase in spectral amplitudes in excess of the global
peak frequency. Figure 6.4 shows the measured peak frequencies and thermo-
acoustic efficiencies for all operating points of the power variation study. The
frequency of peak amplitude is increasing linearly in the investigated range of
thermal powers. This behavior is in close agreement to the findings of Winkler et
al. [151] who performed a similar study using a premixed swirl flame. Starting
from a thermal power setting of Py, = 30kW, they observe a similar dependency
of peak frequencies on the firing rate along with frequency values in proximity
to the non-premixed data shown in Fig. 6.4. However, the slope of the frequency
increase is steeper in the premixed case. The probable reason for the difference
in behavior is the ratio of fuel burn-out, which is influenced by the entrained am-
bient air, as indicated by the global OH*-data in Sec. 6.2.1 and pointed out by
Lauer [72]. As well, the burner used by Winkler et al. [151] was equipped with
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Figure 6.3: Spectral sound power emitted by the turbulent non-premixed flame at a swirl number of
S = 0.6, an air excess ratio of A = 1.2 and three different power settings.
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Figure 6.4: Dependency of peak frequency and thermo-acoustic efficiency on the thermal power setting
of the non-premixed flame at S = 0.6, A = 1.2. between Py, = 30kW and Py, = 70kW.

a convergent annular nozzle, creating a more intense turbulent flow field, which
complicated a direct comparison of the noise spectra between those cases.

The efficiency of conversion increases linearly with thermal power following
the increase in overall flame volume. A good approximation for the flame as
a source of sound is that of a vibrating sphere [25]. The surface impedance of
such a spherical model source depends on the radius r of the source and is given

by [109]
Poco i
. (1 kr) ' ©.1)

(kr)?

/=

ISyl

The real part of Eq. (6.1) governs the efficiency of sound radiation and increases
with the source radius (i. e. the volume). A comparison to the premixed swirl
flame operated at comparable conditions concerning swirl and thermal power
reveals a similar trend, as observed by Winkler et al. [151] in their study of a
turbulent premixed flame.

6.1.2 Influence of Mixture Composition

By varying the global mixture composition at constant swirl and power settings
for the non-premixed flame, the turbulent time and length scales in the reaction
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zone are modified, while the local mixture composition remains near stoichio-
metric. The constant thermal power setting results in constant exit velocity of the
fuel jets. Measured acoustic power spectra of the mixture composition study are
presented in Fig. 6.5 for air excess ratios between A = 1.0...A = 2.0. While the
low frequency range remains unaffected by the switch in global mixture condi-
tions, the high frequency decay in excess of fyeqx 1 reduced with increasing air
excess ratio. An increase of excess air equals an increase of the flow Reynolds
number, which equals intensified turbulent fluctuations in the reaction zone. This
intensification causes increased noise radiation in the high frequency range, as
the local air excess ratio remains near-stoichiometric in the reaction zone in the
vicinity of the fuel injection holes of the non-premixed flame. Consequently, the
influence of the global air excess ratio is primarily visible in a shift of the decay
slope in the high frequency range, which is a different trend when compared to
the observations of Wisle [143] with premixed flames. Here peak-frequency and
spectral amplitude are shifted towards higher values at greater air excess ratio.
A notable difference in the data of the mixture composition study are the essen-
tially constant amplitude levels in the frequency range below fpeak. Obviously,
the increasing turbulence intensity within the reaction zone barely influences this
region of the combustion noise spectrum, while the effect of increasing the ther-
mal power takes its effect on all parts of the spectrum. This can be explained
by the fact, that turbulent length scales are bounded at lower wave-numbers by
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Figure 6.5: Effect of mixture composition on sound power spectra of the non-premixed flame at S = 0.6
and Py = 5S0kW.
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6.1 Non-Premixed Flame

geometric restrictions of the burner. The turbulent integral scale can be of the
order of the nozzle radius at the most, which forecloses any significant effect of
altering the turbulence intensity at the low end of the spectrum.

The determined peak-frequencies and thermo-acoustic efficiencies for six oper-
ating points ranging from A = 1.0 to A = 2.0 as indicated in Tab. 6.1, at a fixed
thermal power of Py, = S0kW are shown in Fig. 6.6. The peak frequency departs
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Figure 6.6: Effect of mixture composition on peak frequency and conversion efficiency of the non-
premixed flame at S = 0.6 and Py, = 5S0kW.

from a linear increase around an air excess ratio of 1.3, at higher ratios the in-
fluence of mixture composition is increased. The turning point corresponds to
a Reynolds number of approximately 44000, while the maximum of A = 2.0
equals Re = 68383. In the case of the non-premixed flame, altering the global
mixture composition can be seen as a mere alternation of the turbulence condi-
tions in the reaction zone as the reaction mostly occurs under near-stoichiometric
conditions. The shift of the peak output towards higher frequencies at greater
Reynolds number is also the explanation for an enhanced efficiency in the pro-
duction of acoustic energy, which is shown in Fig. 6.6 at higher air excess ratio.

6.1.3 Influence of Swirl Strength

The swirl number alters the turbulence intensity isolated from mixture compo-
sition or thermal power. In the swirl variation study, the swirl number is varied
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between S = 0.4 and S = 1.4. The main effect of increasing the flow swirl num-
ber is an increase in the entrained mass flow into the flame [84]. Figure 6.7 shows
the influence of swirl on the spectral amplitude and shape. An increase in turbu-
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Figure 6.7: Effect of swirl number on the frequency spectrum of sound power. For swirl numbers in
excess of § = 1.0, the flame length stagnates, leading to stagnating thermo-acoustic conversion
efficiencies.

lence intensity with increasing swirl number [132] leads to an increase in spectral
amplitude at larger frequencies in excess of fpeak. Remarkably, the slope of the
spectral decay is constant for different swirl intensities. Also, the peak frequen-
cies are shifted towards larger frequencies. The difference between the spectral
amplitudes of S = 1.0 and § = 1.4 is small, which results from the stagnation
in flame shortening at large swirl intensities. At S = 1.0, the flame reaches a
minimum flame length, which remains constant if the swirl number is increased
further. The stagnation of flame length is shown in the series of flame images in
Fig. 6.8. Consequently, amplitude levels of the radiated noise stagnate as well,
as the efficiency of noise radiation depends on the overall flame volume. This ef-
fect can easily be interpreted when considering integral data for peak frequencies
and conversion efficiencies over the swirl number as shown in Fig. 6.9. At swirl
numbers beyond S = 1.0, the thermo-acoustic conversion efficiency remains vir-
tually constant. Consequently, the overall radiated sound power remains constant
as well, as the overall firing rate is kept constant. However, the peak frequencies
increase gently below § = 1.0 before steeply increasing until reaching a value
around 273 Hz at intense swirl of § = 1.6.
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6.1 Non-Premixed Flame

(a) S=0.4 (b) S=0.8 (©)S=1.2 d) S= 1.6

Figure 6.8: Flame images at different swirl numbers at a thermal Power of Py = 50kW and an air excess
ratio of A = 1.2. Beyond S = 1.0, the flame length remains unaltered by the swirl intensity.
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Figure 6.9: Peak frequency and thermo-acoustic conversion efficiency of the non-premixed flame for dif-
ferent swirl numbers. While the conversion efficiency stagnates due to stagnating flame size
at swirl numbers in excess of § = 1, fpeak shows further increase due to increasing turbulence
intensity.

6.1.4 Matrix Study on Mixture Composition and Thermal Power

The influence of thermal power and mixture composition on the peak frequency
and the thermo-acoustic conversion efficiency can be demonstrated descriptively
by evaluating these global parameters for a series of equally spaced operating
points. Contours of thermo-acoustic efficiency are shown in Fig. 6.10, corre-
sponding contours of peak frequency are shown in Fig. 6.11. The test matrix that
was evaluated spans thermal power settings from Py, = 30kW to P, = 60kW in
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Figure 6.10: Contours of thermo-acoustic conversion efficiency over thermal power and air excess ratio
for the non-premixed flame at S = 0.6.
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Figure 6.11: Contours of peak frequency over thermal power and air excess ratio for the non-premixed
flame at § = 0.6.
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6.2 Premixed Flame

steps of SkW and air excess ratios from A = 1.0 to A = 2.2 in steps of 0.2. The
values have been interpolated using splines between the individual data points to
give a continuous contour.

The results illustrate the influence of the crucial parameters governing the gen-
eration of combustion noise in turbulent flames. The global rate of heat release
represented by the thermal power setting governs the thermo-acoustic conver-
sion efficiency by influencing the total flame volume. The turbulent intensity and
mixing time scale in the reaction zone is governed by the air excess ratio and ad-
ditionally increases the conversion efficiency by shifting the frequency content
of the emitted noise towards higher and more efficient frequencies at greater air
excess ratios. This frequency shift, which also accompanies an increase in ther-
mal power through the increased flow velocity and thus, turbulence intensity is
shown in the contour plot of the peak frequencies in Fig. 6.11.

6.2 Premixed Flame

Premixed flame operation was realized by switching fuel supply from the central
body to the static mixer mounted upstream of the swirler as described in Fig. 5.1.
Before the results of the premixed flame noise measurement campaign are dis-
cussed, a method for the quantification of fuel burnout efficiency of open burning
turbulent premixed flames, which is impaired by incomplete burnout due to en-
trainment of ambient air is presented. In the outer regions of the swirled flow, the
lower flammability limits of the mixture can be exceeded or the reaction may be
quenched due to the entrainment, leaving part of the initially supplied mixture
unburnt [55,72].

6.2.1 Fuel Burnout Efficiency of Open Premixed Flames

Lauer [72] investigated the characteristics of integral OH* radiation from open
premixed flames and its correlation with the local rate of heat release. The rel-
evant data is shown in Fig. 6.12. For flames close to stoichiometric air excess
ratios, the data shows close proximity between the normalized values of the
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6 Turbulent Combustion Noise from Non-Premixed and Premixed Swirl Flames

bandpass filtered integral OH* signal and the heat release. Lauer also reports
an offset between the local OH* emissions and the heat release, which can not
be attributed to the entrainment of ambient air. This offset is attributed to high
turbulence intensities close to the burner exit, which lead to a reduction in lo-
cal OH* intensities. These findings identically apply for all equivalence ratios
investigated by Lauer.

In the combustion noise experiments with the premixed configuration of the
movable blocks burner, the outer shear layer of the premixed swirl flow did not
self-ignite in any circumstances, nor could continuous reaction be established
by initially igniting it. Thus, the main reaction zone within the inner shear layer
remains unharmed by the entrainment of ambient air in terms of the prescribed
air excess ratio. Consequently, the amount of fuel burnout can be determined
by comparing the integral OH* intensity emitted by an open premixed flame to
that of a confined flame reference case at matching operating conditions. As the
offset between the OH* signal and the heat release is the same for matching air
excess ratios as shown in Fig. 6.12, the global signal intensity can be used to
compare the global heat release of different cases.
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Figure 6.12: Comparison of integral chemiluminescence intensity and heat release of a premixed turbu-
lent swirl flame of Py = 60kW (adapted from Lauer [72]). The curves are normalized by
their corresponding maximum values and show a close match between the integral bandpass
filtered OH* intensity and the integral heat release for air excess ratios up to A = 1.25.
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6.2 Premixed Flame

The reference case is generated by obstructing the entrainment of ambient air
by a glass tube confinement, as previously shown in Fig. 5.5¢. The quartz glass
cylinder is of suitable length in order to protect the flame until complete burnout
of the initially supplied premixed mixture is achieved. The effect of the glass tube
confinement is shown in Fig. 6.13. The primary effect of the shielding is a radial
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Figure 6.13: Comparison of OH* radiation of the open burning (left) and confined (right) turbulent pre-

mixed flame at S = 0.8, P, =40kW, A = 1.0. The wall of the glass cylinder for the confined
flame is located at X = 160 mm.

extension of the reaction zone, which extends closely towards the glass surface
located at x = 160 mm. The now confined swirl flame can be expected to consume
the complete initially supplied mixture, as the fuel burnout for confined premixed
flames of similar swirl and mixture conditions is greater than 99 %. [51].

With this procedure, the global OH* intensity can be recorded for the confined
flame at a series of different operating conditions. This data is then compared to
the OH* intensity of the unconfined flame of matching air excess ratio, so that a
calibration coefficient can be generated which reveals the actual global heat re-
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6 Turbulent Combustion Noise from Non-Premixed and Premixed Swirl Flames

leased by the unconfined flame. The calibration coefficient for the determination
of the supplied fuel burnout percentage is given by

1 OH, confined
IOH, unconfined

Con = (6.2)
Then, the true thermal power output of the unconfined flame, denoted by P..jip
can be calculated from

Peatib = Son - Pn- (6.3)
Fuel burnout is determined for unconfined premixed flames in a range of oper-
ating conditions that show stable flame operation and an acceptable fraction of
fuel burnout. This premise restricts the swirl number to a maximum of S = 0.8.
Figure 6.14 shows the limits of stable operation for the premixed flame at S = 0.6
in terms of mixture composition and thermal power output. The operation field

1.6 |
Blow off
14
- Q.
-0 B-
1.2 oA ©
/£D
~ V
1 Py
o
0.8 m
0.6 Torch-like flame
] ]

10 20 30 40 50 60
Py, [kW]

Figure 6.14: Limits of stable flame operation for the unconfined turbulent premixed flame at S = 0.6.

is determined by the lean (blow off of the flame) and rich limit inside which the
flame can be operated under stable conditions. Stable operating conditions are
especially desirable for experiments concerning combustion noise. At moderate
swirl § < 0.7 and for rich mixtures A < 1, the axial velocity in the annular gap
does for all mixtures exceed the turbulent flamespeed, so that the rich limit of
operation is not given by flashback of the flame into the swirler, but by the flame
changing its shape towards a partially premixed tubular flame of extensive length.
This flame type is characterized by reaction occurring solely in the outer shear
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6.2 Premixed Flame

layer. The influence of entrainment for the unconfined flame is clearly visible
in the data of global OH* intensity, which is shown in Fig. 6.15. For stoichio-
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Figure 6.15: Global OH* radiation intensity for the open turbulent premixed flame at S = 0.6. The curves
have been normalized with the maximum intensity value recorded at A = 1.0.

metric conditions, the OH* intensity increases linearly with thermal power up to
Pn = 45kW, where the effect of increasing dilution becomes observable. Mov-
ing towards leaner mixture compositions, the slope decreases and at A = 1.3 the
flame is affected by growing dilution over the complete range of thermal power
settings until flame extinction occurs at Py, = 60kW. From the global OH* in-
tensity data, the mean burnout efficiency {op is calculated using Eq. (6.2). Eval-
uated for the data in Fig. 6.15 the efficiencies in Fig. 6.16 are obtained. For air
excess ratios in excess of A = 1.2 the burnout is at or below 50 % of the fuel
initially supplied, which renders this operating range unsuitable for combustion
noise experiments. Values of {oy = 0 mark extinction of the flame. At stoichio-
metric operation, burnout efficiency reaches its optimum at around 80 % of the
total supplied fuel mass flow rate. To achieve the best similarity between con-
fined and unconfined flames in the premixed case and to ensure comparability
to non-premixed flame data, the premixed flame experiments are restricted to air
excess ratiosof A = 1.0and A =1.1.
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Figure 6.16: Burnout efficiency oy for the open premixed flame at S = 0.6 for varying mixture compo-
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sition and thermal power output.

The investigated operating points, as summarized in Tab. 6.2, are chosen such
that the calibrated thermal power matches the corresponding operating points
of the non-premixed flames for comparison purposes. For the non-premixed

Table 6.2: Operating points investigated for the premixed flame configuration. Py, denotes the theo-
retical thermal power setting calculated from the supplied fuel mass flow rate, while P.,yjp is the actual
thermal power released by the flame obtained with the calibration procedure.

40

Py, kW]

60

OoP S Pn kW] Paib kW] A rimix [g/S]  Umix [m/s] Re Con
PPV1 0.6 35.07 30 1.0 13.08 7.96 25377 0.855
PPV2 0.6 41.14 35 1.0 15.34 9.34 29769 0.851
PPV3 0.6 48.76 40 1.0 18.18 11.06 35283 0.820
PPV4 0.6 54.31 45 1.0 20.25 12.32 39299 0.829

type-II flame, technically complete burnout of the supplied fuel can be assumed
in moderate swirl conditions [132]. Thus, the burnout correction coefficient can
be used to adjust the mass flow rate of the mixture for the premixed flame to
match a desired operating point of the non-premixed flame concerning thermal
power output. Then, a reliable comparison with respect to spectral amplitudes
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6.2 Premixed Flame

and thermo-acoustic efficiency can be made between the premixed and the non-
premixed flame.

6.2.2 Influence of Thermal Power

With swirl number and mixture composition held constant, the overall thermal
power output of the premixed flame is varied, as burnout efficiency holds nearly
constant at stoichiometric mixture conditions over a wide range of power set-
tings. Figure 6.17 shows the obtained sound power spectra corresponding to the
operating points given in Tab. 6.2. The given thermal powers denote the cali-
brated values. The influence of thermal power on the spectra closely follows the
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Figure 6.17: Sound power spectra for the turbulent premixed swirl flame at S = 0.6, A = 1.0.

trend observed with the data of the non-premixed flame. An increase in thermal
power output shifts the peak frequency towards higher frequencies and increases
the peak spectral amplitude as well. The increasing axial velocity in combina-
tion with the increase of the fuel mass flow rate leads to an increase in overall
flame volume, which is accompanied by an increase of the turbulence intensity in
the reaction zone. Rajaram et al. [105] give a correlation for the acoustic power
from premixed flames based on experimental data, which demonstrates the in-
fluence of these parameters. The acoustic power of a premixed flame follows the
proportionality

2.02-0.32 . 1.7
Pyco o< peakUax - (meu) ) (6.4)
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where riiy denotes the fuel mass flow rate. An increase of thermal power corre-
sponds to an increase of the fuel mass flow rate and the axial velocity, which leads
to the observed increase in spectral amplitude. Figure 6.18 shows the effect of
increasing power output on the peak-frequency and the efficiency of conversion.
Both parameters scale with thermal power output and the smooth curves indicate,
that the burnout correction procedure delivers accurate results. The steeper slope
of the conversion efficiency is due to the additional effect of increasing flame
volume. In general, a larger source will radiate sound more efficiently [25].
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Figure 6.18: Peak frequencies and conversion efficiencies for the turbulent premixed flame at S = 0.6,
A = 1.0 over burnout corrected thermal power.

6.3 Comparison of Conversion Efficiencies Between Pre-
mixed and Non-Premixed Flames

For stoichiometric mixture composition, premixed and non-premixed flames
show familiarities concerning flame shape and noise radiation. Both types of
flames stabilize along the inner shear layer of the swirling annular flow. The main
difference between the flame types are the visible jets of high fuel concentration
in the vicinity of the injection holes in non-premixed mode. Average images of
OH* intensities are shown for both flame types in Fig. 6.19. The non-premixed
flame extends some 30% further downstream compared to the premixed flame,
which shows greater intensities in the main combustion region. This difference
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Figure 6.19: Comparison of mean OH* radiation intensity between a non-premixed (left) and premixed

(right) swirl flame at S = 0.8, Py, = 40kW, A = 1.0.

in length is partly caused by the difference in fuel burnout, which is nearly com-
plete for the non-premixed flame [132], and around 82% for the premixed flame.
The data in Tab. 6.3 allows direct comparison of the parameters determining
the shape of the acoustic spectra. Differences in peak frequency are of the or-
der of 20Hz and conversion efficiencies of 1y around 3¢’ are characteristic
for both flame types. The general trend shows slightly higher peak frequencies
for the non-premixed flame. This also holds for the conversion efficiency in the

Table 6.3: Comparison of peak frequencies and acoustic conversion efficiencies of premixed and

non-premixed flame for burnout corrected thermal power output at § = 0.6 and A = 1.0.

Peaib kW] premixed flame  non-premixed flame
f peak Nta f peak Nta

30 117 1.3254¢77 134 2.6677¢’

35 129 2.0829¢~7 151  3.4852¢7

40 141 3.1441e77 165  4.3683¢~’

45 147  4.2570e~7 174  5.0899¢77
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whole range of the investigated power settings. An explanation for these slight
differences can be found by analyzing the turbulent conditions in both cases. In
non-premixed configuration, fuel enters the reaction zone through the 16 fuel in-
jection holes at an angle of 45° towards the burner axis, creating a more turbulent
inner shear layer with smaller turbulent time and length scales. In particular, the
turbulent length scale of the fuel jets is of the order of the hole radius, which
takes effect on the turbulent spectrum shape and leads to higher frequency con-
tent of the noise emitted from the region close to the burner exit. However, the
major portion of the reaction zone is located outside this zone in both cases, so
that the overall impact is small.

Figure 6.20 shows a comparison of sound spectra recorded from a premixed and
non-premixed flame. The thermal power output of the premixed flame has been
scaled using the burnout correction coefficient. The scaling results in an increase
of the fresh gas flow for a desired true thermal power output P.,ip. In order
to achieve comparability between e.g. the 45kW premixed and non-premixed
flames, the theoretical thermal power setting of the premixed flame needs to be
increased to Py, = 54.13kW in order to achieve a true thermal power of P.ajip =
45kW. This adjustment results in the increase of the mean axial velocity in the
burner nozzle from %,y g = 9.68m/s t0 Uy calip = 11.68 m/s, which corresponds
to an increase of the nozzle Reynolds number from Re = 32325 to Re = 39045.

In order to maintain flow similarity, the non-premixed flame global air excess
ratio is then adjusted to match the nozzle Reynolds number of the premixed
case. This procedure leads to locally similar conditions concerning turbulent and
chemical time scales within both flame types, as the local non-premixed flame
18 concentrated around the iso-surface of stoichiometric mixture z = zi [138],
which is unaffected by the global mixture composition. The Reynolds scaling
results in a global air excess ratio of A = 1.27 for the non-premixed case of
Py = 45kW. Table 6.4 summarizes the parameters necessary for the equaliza-
tion of thermal power and Reynolds number for two different power settings of
premixed and non-premixed configuration. The acoustic power spectra recorded
from both cases for Py, = 45kW are shown in Fig. 6.20 and are in close proxim-
ity concerning spectral shape, amplitude and peak frequency. This suggests, that
premixed and non-premixed flames emit sound of similar amplitude and spectral
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shape if the operating conditions are selected such that turbulence and mixture
properties in the main reaction zone are similar. However, this direct compari-
son is limited to near stoichiometric mixtures, as locally lean mixtures cannot be
achieved for non-premixed flames and thus, comparability with premixed flames

1s not given for lean mixtures.

Table 6.4: Operating conditions selected for the direct comparison of premixed and non-premixed
combustion noise spectra. The burnout correction of the premixed flame results in a higher noz-
zle Reynolds number, which is matched for the corresponding non-premixed flame by adjusting the

global air excess ratio.

Peaiiv [KW] premixed flame

non-premixed flame

Pn fon A Re
35 41.14 0.851 1.0 29769
45 5431 0.829 1.0 39299
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Figure 6.20: Comparison between sound power spectra of Reynolds scaled non-premixed flame and
burnout corrected premixed flame for P, = 45kW. The resulting spectra from both flames

show close proximity.
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7 Prediction of Spectral Noise Emission
from Turbulent Natural Gas Swirl Flames

For validation purposes, predictions obtained with the extended combustion
noise model introduced in Sec. 4.3 are compared to experimental data recorded
from the open swirl flame (Chap. 6). Numerical domain models are assembled
for the premixed and non-premixed flame case. With these models, input data
fields are computed using CFD. The resulting variable fields are extracted from
the CFD solution. Necessary data fields are organized into data vectors and are
consecutively processed by the combustion noise model routines. The predicted
frequency spectra of acoustic power are then compared to their experimental
counterpart of matching flame operating conditions.

First, the modified amplitude scaling function is compared to the initial for-
mulation based on the Schmid combustion model. The comparison is done for
the open premixed flame, where the equivalency of both model formulations is
demonstrated. Then the modified model is applied to the non-premixed flame,
where the influence of thermal power, mixture composition and swirl intensity
on the quality of the model predictions is analyzed.

7.1 Calculation Cycle of Combustion Noise Prediction for
Premixed and Non-Premixed Cases

Premixed and non-premixed cases are evaluated using different numerical pro-
cedures as shown in Fig. 7.1. Based on the existing post-processing routines
comprising the premixed flame combustion noise model of Hirsch et al. [52,53],
a user define function (UDF) was developed for ANSYS Fluent. This function
includes a routine for the calculation of clipped Gaussian PDF parameters, an
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Figure 7.1: Schematic of the noise calculation for the premixed and the non-premixed case. The post-
processing toolbox for the non-premixed case is explicitly developed for large amounts of
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7.2 Premixed Flame Simulation

implementation of the Schmid combustion model using PDF averaged values
of the local laminar flamespeed, and the generalized calculation method for the
amplitude scaling function. The frequency dependent routines of the combustion
noise model were implemented into a separate routine which can be called at the
end of each simulation run.

For the non-premixed combustion noise model, the routines for PDF-calculation
as well as the generalized amplitude scaling along with the model equations for
the non-premixed case (cf. Sec. 4.3) were cast into a standalone C-application.
Data transfer between the CFD software and the post processor application is
performed through simple ASCII data files for each variable needed for the
combustion noise model. The standalone programming allows the independent
and computationally efficient calculation of combustion noise spectra for large
amounts of input data. For a typical 600000 element mesh, the resulting com-
bustion noise spectrum can be calculated within three minutes on a standard
quadcore desktop PC with 8 gigabytes of memory. An equivalent Matlab rou-
tine which was implemented in the course of algorithm development ran for 6
hours 20 minutes to process the same input data, which is non-practical for case
studies. The initial premixed flame tool was used as a testbed for the general-
ized method to calculate the amplitude scaling function, which is in this form
applicable to both, premixed and non-premixed combustion. The standalone im-
plementation of the post-processor is independent from the CFD simulation. As
a special requirement, the CFD solution must deliver field data for the variances
of temperature and mixture fraction. This additional data can be retrieved from
the solution of corresponding transport equations or algebraic expressions [45].

7.2 Premixed Flame Simulation

The premixed case is studied for the purpose of direct comparison between the
premixed model amplitude scaling and the generalized scaling introduced in
Sec. 4.3.3. Also, the validity of the burnout correction factor determined by the
method described in Sec. 6.2.1 is analyzed numerically. The absence of the non-
symmetric fuel distribution holes allows a simplified two-dimensional domain
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7 Prediction of Spectral Noise Emission from Turbulent Natural Gas Swirl Flames

model of the axis-symmetric premixed flame in order to reduce computation
time. Turbulence is modeled using a Reynolds stress model (RSM) and pre-
mixed combustion is calculated using the extended Schmid combustion model
described in Sec. 2.3.3 based on a mixture fraction and reaction progress ap-
proach of mixture description [86].

7.2.1 CFD-Results

Figure 7.2a shows a sketch of the two-dimensional fluid domain used in the pre-
mixed flame simulations and a section of the block structured computational grid
in the vicinity of the burner nozzle. The farfield boundaries are set at distances
of 7D in radial direction and 10D in axial direction from the burner nozzle. The
domain is discretized using a structured grid of approximately 10000 rectangle
elements. Profiles of axial, radial and tangential velocity along with turbulent
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Figure 7.2: Two-dimensional domain setup and computational grid for the premixed flame simulations.

length and velocity scales are taken from simulation results of the three dimen-
sional flow simulation through the swirl generator on an unstructured computa-
tional grid for each operating point considered. The variable profiles are imposed
as inlet conditions for the 2D axis-symmetric combustion simulation.

Entrainment is modeled in the simulation model by setting an appropriate con-
stant inlet velocity along the entrainment boundary [53]. The velocity can be
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7.2 Premixed Flame Simulation

estimated considering the experimental data given by Pham et al. [99] for the en-
trainment coefficient of thermal plumes, and typically is of the order of centime-
ters per second, depending on the distance of the farfield boundary to the burner
nozzle. However, Hirsch et al. [53] mention that the entrainment velocity may be
varied within a large margin without affecting the predicted rate of heat release.
The qualitative flame shape calculated from CFD can be compared to deconvo-
luted chemiluminescence images. OH* intensity and local rate of heat release
are both normalized with their peak values and shown in direct comparison in
Fig. 7.3. The OH* intensity does not give precise information about the actual
density of heat release and its spatially resolved distribution as demonstrated by
Lauer [72]. This limits the comparison to qualitative geometric parameters. The
comparison of characteristic features, such as flame length and opening angle
shows good agreement between experiment and simulation. In particular, the in-
fluence of swirl on the flame geometry is predicted well through the opening
angle of the flame, indicating that the employed turbulence and reaction models
are suitable for this case.
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Figure 7.3: Qualitative comparison of flame shape between normalized heat release rate from CFD (right)
and normalized OH* intensity from experiment (left). The flame is operated at Py, = 40kW,
S=0.8and A =1.0.
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7 Prediction of Spectral Noise Emission from Turbulent Natural Gas Swirl Flames

The burnout correction method introduced in Sec. 6.2.1 can be compared to CFD
data for fuel burnout for the corresponding cases. In CFD, the local rate of heat
release is known from the field data of the solution and can be used to calcu-
late the overall heat released by the flame by a simple summation over the field
resolved heat release. The corresponding burnout fraction {cgp is then given by

P, crD
{erp = I;—, (7.1)
tot, CFD
where .
Pot,cFD = Y, Gv k- (7.2)
k=1

Table 7.1 shows the comparison between experimentally determined burnout
correction coefficients and the corresponding values calculated from CFD for
a set of four operating points of the premixed flame. Excellent agreement is

Table 7.1: Comparison between burnout efficiencies determined from experimental data ({oy) and
calculated from CFD ({cgp) showing good agreement between experiment and simulation.

opP P kW] Peaiib kW] Pcrp (kW] Cerp Con Re

PPVl  35.07 30 31.11 0.887 0.855 25377
PPV2  41.14 35 35.57 0.865 0.851 29769
PPV3  48.76 40 41.16 0.844 0.820 35283
PPV4 5431 45 45.36 0.835 0.829 39299

achieved between experiment and numerical prediction for the burnout ratio,
with deviations of 3% or less. This encouraging result can be explained by the
fact, that fuel burnout of open premixed swirl flames is primarily governed by
entrainment and the resulting extinction of the outer shear layer. Depending on
the swirl intensity of the flow, a certain fraction of the mixture supplied through
the burner nozzle passes the reaction zone before the necessary mixing with
hot combustion products occurs. Downstream of the nozzle, entrained ambient
air continuously dilutes the initial mixture, foreclosing the reaction of the outer
shear layer when mixing with hot combustion products further downstream. The
process of mixing between fresh gas and hot combustion products is modeled by
the gradient of reaction progress in the combustion model used for the premixed
case. Fresh gas traveling along a streamline outward of a certain radius does not
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7.2 Premixed Flame Simulation

meet non-zero values of the reaction progress and consequently, leaves the do-
main in its initial unburnt state. Thus, fuel burnout for the open premixed flame
considered in this study is mainly governed by flow parameters, which explains
the encouraging match between experiment and simulation.

The increasing influence of entrainment along the flow axis is demonstrated
by considering the unburnt air excess ratio as calculated from CFD. Figure 7.4
shows the effect of entrainment in the range of A = 1 — 7 The entrainment is
enhanced with the flow swirl number. Consequently, at greater swirl intensities
lower percentages of fuel burnout are observed in the experiments, reaching or-
der of magnitude values of 50% for leaner mixtures. This illustrates the need
to account for fuel burnout from open premixed flames when comparing experi-
mental data to computed combustion noise spectra. The good agreement between
numerical and experimental parameter values for { at different operating condi-
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Figure 7.4: Effect of entrainment on the unburnt air excess ratio Ay for the operating point PPV4. (—):
A=1.00,(—): A =1.75(—):A=250,(—): A =4.10,(—): A =7.00
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tions validates this approach to determine the fuel burnout efficiency of open
premixed flames.

7.2.2 Acoustic Results

Sound power spectra are computed using the premixed combustion noise model
in its form as presented in [53] in order to validate the implementation of the
model equations. The comparison with corresponding experimental data is per-
formed for an air excess ratio of A = 1.0, swirl number of S = 0.6 and different
thermal powers as the burnout efficiency is best for stoichiometric mixtures. At
leaner mixtures or greater swirl intensities, the range of stable flame operating
points becomes is narrowed down.

Influence of Thermal Power

Figure 7.5 shows the comparison between the numerical results calculated us-
ing the premixed combustion noise model and experimentally recorded spectra
for the operating points PPV1, PPV3 and PPV4. The general trend visible in
the experimental data is reproduced by the numerical model. Decay and high
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Figure 7.5: Model predictions obtained for the premixed operating points of 30kW (PPV1), 40kW
(PPV3) and 45kW (PPV4) thermal power at A = 1.0. Continuous lines mark experimental
data, dashed lines show the numerical results.
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frequency cutoff are captured for all three cases. Quantitatively, the frequency
of peak emission, which varies between 90Hz — 135Hz is underestimated by
around 50 Hz, which can be attributed to the computation of the turbulent length
scale from CFD data. Lutz et al. describe the determination of integral length
scales through CFD in the course of calculating aero-acoustic noise from wind
turbine blades [81]. Similar to the combustion noise modeling, a model spectrum
is used in their aero-acoustic calculation. The model spectrum depends strongly
on the calculation of the integral length scale. Lutz et al. use a modeling constant
to relate the ratio of turbulence kinetic energy and dissipation rate predicted by
CFD to the experimentally measured data
k2

li=cy- P (7.3)
where ¢; = 0.387. In most CFD simulations, as well as in the premixed com-
bustion noise model, ¢; = 1.0 [52, 53, 146]. The calculated parameter value for
the turbulent length scale directly enters the transformation function between
wave-number and frequency in the combustion noise model, and determines the
location of the maximum spectral amplitude. Turbulence kinetic energy and dis-
sipation rate are calculated from corresponding transport equations or algebraic
expressions, depending on the selection of the turbulence model in CFD. Con-
sequently, the selection of the turbulence model used for the CFD simulation of
the input data fields influences the calculated combustion noise spectra.

Equivalence of Schmid-Model Based and PDF-Based Amplitude Scaling

The generalized amplitude scaling function proposed in Sec. 4.3.3 is universal
in its applicability to both, non-premixed and premixed flames. Consequently,
the validity of the proposed scaling function can be proven by comparing the re-
sults calculated using the initial amplitude scaling function based on the Schmid
combustion model with those computed using the generalized model formula-
tion. Figure 7.6 compares the model solution for PPV4 calculated using both
formulations of the amplitude scaling. Considering the differences in evaluating
Eq. (4.11) and Eq. (4.44), the similarity between both solutions is close, out-
lining the theoretical equivalence of both approaches. The PDF-based scaling
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Figure 7.6: Comparison of spectra calculated from identical input data with the original amplitude scaling
and the PDF-based function.

1s computed from quantities which are obtained from the solution of additional
transport equations for the variances of mixture fraction and temperature. Both
scaling functions lead to the same qualitative shape of the calculated spectra over
the complete frequency range covered. Differences in the range of 5dB in am-
plitude occur in the low frequency range below 100 Hz and in the high frequency
regime above 2000 Hz, where the PDF-based scaling gives slight improvements
in the prediction of the spectral amplitude. In the spectral range that can be at-
tributed to the inertial subrange of the model spectrum, both approaches show
equivalent results. Consequently, Eq. (4.44) can be used as a generalized am-
plitude scaling function to account for the effect of finite rate chemistry on the
spectrum of heat release independent of the flame type under investigation.

Influence of Turbulence Modeling on the Calculated Noise Spectra

The prediction of combustion noise spectra using the presented model approach
primarily relies on the parameter values of turbulent kinetic energy and dissipa-
tion rate extracted from the initial RANS simulation. These variables are highly
dependent on the selected turbulence model. Their influence on the resulting
spectrum is twofold: Indirectly, the calculated noise spectrum is affected through
the rate of heat release (most combustion models rely on ratios of k£ and € for the
modeling of the chemical reaction rate). Directly, this ratio affects the transfor-
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7.2 Premixed Flame Simulation

mation function between frequency and wave-number as well as the computed
integral length scale and thus, the volume of the coherent volumes. Consequently,
the turbulent variables and thus, the choice of the turbulence model for the ini-
tial RANS simulation is a crucial step in the noise modeling procedure and may
affect the validity of the calculated spectra.

Five turbulence models frequently used in technical application CFD were in-
vestigated regarding their influence on the predicted noise spectra. The resulting
spectra for PPV4 are shown in Fig. 7.7. The results show a spread over 10dB in
amplitude for the turbulence models including a transport equation for the dis-
sipation rate. The k-@-SST model, which 1s based on a transport equation for
the characteristic eddy frequency @ close to wall boundaries results in a spec-
trum departing fundamentally from the other solutions. The differences can be
attributed directly to the differences in the underlying transport equations for the
turbulence variables.

This comparison outlines the impact of the turbulence variables in the RANS so-
lution on the calculated spectrum of combustion noise. The chosen combination
of turbulence and combustion model in the initial CFD simulations governs the
predictions for the combustion noise spectra. As a consequence, a direct compar-
1son between solutions obtained for cases using different turbulence models can
solely be a qualitative comparison, whilst parameter studies should be performed
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Figure 7.7: Influence of the choice of the turbulence model in CFD on the resulting acoustic power spec-
trum calculated for PPV4.
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using matching model settings. Furthermore, the quality of results obtained us-
ing different turbulence models, depending on the flow geometry and operating
conditions of the case under investigation should be monitored by comparison
with experimental data, as turbulence models are variably suitable for different
fundamental problems depending on their model structure [148].

A possible improvement could be introduced by using LES or PIV for the deter-
mination of the integral length scale. As shown by Ni et al. [93], good agreement
is observed between experimental data and LES predictions. The parameter value
of the constant in the calculation of the integral length scale Eq. (7.3) could be
determined using LES by comparing the RANS prediction with the LES or ex-
perimental data for a specific flame case and combination of RANS turbulence
and combustion model.

7.3 Non-Premixed Flame Simulation

The type-II non-premixed flame (cf. Sec. 5.2) is modeled on a three dimensional
axis-symmetric computational grid in order to spatially resolve the non axis-
symmetric region around the fuel entry holes in the center body. The swirl gen-
erator is integrated into the three dimensional domain model as well.

Operating points investigated in the experimental campaign are reproduced in
the simulation to allow direct comparison between the spectral results of the pro-
posed non-premixed model for combustion noise and experimentally determined
spectra. The influences of swirl intensity, thermal power and mixture composi-
tion on the predictive performance of the model are analyzed.

7.3.1 CFD-Results

The three dimensional domain model in the non-premixed case allows the di-
rect inclusion of the flow through the swirler into the computational model. The
smallest symmetrical unit including all geometric features of nozzle and swirler
1s a wedge of 45° opening angle, representing 1/8 of the full geometry. This ge-
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ometry representation together with the imposed boundary conditions is shown
in Fig. 7.8. The computational domain extends spherically around the burner
nozzle towards a farfield boundary at a radius of » = 0.5m. The farfield bound-
ary is composed of a pressure inlet, taking up the major fraction of the boundary
surface on the bottom side, and a smaller pressure outlet at the top. Both bound-
aries permit flow into and outside of the domain, allowing entrainment mass flow
to attune itself to the current flow condition imposed by the flame. A key element
of the non-premixed domain is given by the fuel injection holes of 1.3 mm in di-
ameter. In the area around the hole openings, the mesh resolution must be chosen
such that the small scale geometry is discretized appropriately. The effect of the
element size around the burner nozzle was investigated in a numerical grid study
by increasing the mesh resolution from a coarse grid of 100000 hexahedral el-
ements towards a fine grid of 900000 elements in 5 steps. Computed velocities
and gradients of selected variables converged towards constant profiles at a res-
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Figure 7.8: Computational 3D domain used in the flow field simulation for the non-premixed flame con-
figuration. The contour levels show fluid temperature for the DSV6 case.
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olution of 630000 mesh elements, which was then selected for the combustion
noise study.

This final mesh is a block-structured grid of 158 blocks and a total of 630000
hexahedral elements. A detailed view of the computational grid near the fuel
injection holes is shown in Fig. 7.9. The interior of the holes is discretized us-
ing 8 elements over the hole diameter with a cosine size distribution to refine
the resolution of the shear layer at the hole exits. Elements emerging from the
tapered surface of the central body are inclined against the vertical axis to im-
prove orthogonality of the mesh near the injection holes. The chemical source

Figure 7.9: Detail view of the computational grid in the vicinity of the burner nozzle.

term is modeled using a 1-step global reaction where the turbulent reaction rate
1s modeled using the eddy-dissipation model introduced in Sec. 2.3.3. Turbu-
lence is modeled using the standard k-¢ turbulence model to allow the compu-
tationally efficient treatment of large numbers of operating points as given in
Tab. 6.1. For moderate swirl numbers as investigated in this thesis, the k-¢€ -
model shows to predict the swirl number of movable block type burners with
good accuracy [43,121].

Hillemanns [50] presents a comprehensive experimental parameter study on flow
parameters of an equivalent scaled-up movable block burner for swirl num-
bers of 0.8 and 1.5. The data is used to analyze the performance of the se-
lected turbulence model in terms of the axial flow velocity profile in the burner
exit plane. The experimental velocity data is scaled accordingly to preserve the
flow Reynolds number, thus limiting the comparison to cold flow data. For the
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comparison, a cold flow simulation is performed at S = 0.8. Matching the flow
Reynolds number of Re = 163000 given by Hillemanns, the mean axial nozzle
velocity settles at u,x = 49.7m/s. A comparison between results for axial flow
velocity obtained with the k-€ -model on the structured grid of this study and the
experimental data of Hillemanns is shown in Fig. 7.10 in the burner exit plane.
Considering the complexity of the geometry in the vicinity of the nozzle and the
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Figure 7.10: Comparison of axial velocity between experimental data given by Hillemanns [50] and nu-
merical results using the k-€ -model in the burner exit plane for cold flow conditions at
Re = 163000.

swirling configuration the agreement in axial velocity is good, which indicates
that the mesh resolution and topology in conjunction with the turbulence model
are suitable for the problem.

Exemplary for the case studies performed for variations in thermal power, air
excess ratio, and swirl, reactive CFD results are shown in the following for the
air excess ratio variation study. Figure 7.11 shows contours of temperature in the
center plane together with vectors of tangential velocity. With increasing air ex-
cess ratio, the length of the recirculation zone is increasing and the flame close
to the center body is cooled down by the increasing stream of combustion air
through the burner nozzle. Figure 7.12 shows the source term of consumption of
CHy4 for the three different air excess ratios together with the iso-line of stoichio-
metric mixture. At higher air excess ratios, the surface of stoichiometric mixture
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Figure 7.11: Contours of temperature for three different air excess ratios at P, = 50kW, S = 0.6. Velocity
vectors indicate the tangential velocity in the section plane.
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Figure 7.12: Contours of reaction source term for three different air excess ratios at Py, = SOkW, § = 0.6.
The dashed line indicates the line of stoichiometric mixture, z = Zg.
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7.3 Non-Premixed Flame Simulation

fraction is shifted outward following the radial pressure gradient and increasing
the overall flame volume.

7.3.2 Acoustic Results

Spectra of radiated acoustic power are computed from the mean field data of the
preceding CFD simulations using the extended non-premixed combustion noise
model. The exported data fields! are run through the post processor which cal-
culates the PDF-parameters for the amplitude scaling function and performs the
volume integration. The constants in the equations for the calculation of turbu-
lent time and length scale (Eq. (4.30)) from the CFD solution data, which need
to be defined are determined by requiring that the simplified set of model equa-
tions discussed in Sec. 4.4 predicts the correct peak frequency for the reference
case of § = 0.6, P, = 50kW and A = 1.2 based on volume averaged quantities
of the input variables extracted from the corresponding CFD solution. The tur-
bulent time and length scale entering the non-premixed combustion noise model
are computed from

1

=l == 7.4
1Wzl (7.4)

Tt=cr —, I
€

with the constants ¢; = 0.287 and ¢; = 1.400. These constants apply to all non-
premixed cases investigated in the course of this study and are suitable for the
specific combination of k-€ turbulence model and the eddy-dissipation combus-
tion model. The extended model prediction obtained with the determined param-
eters is evaluated for variations in thermal power, mixture composition and swirl
intensity.

! Data is exported only from cells that predict non-zero rate of reaction as only these regions contribute to the noise
source.

137



7 Prediction of Spectral Noise Emission from Turbulent Natural Gas Swirl Flames

Spatially Resolved Peak Frequency

The derived approach presented in Sec. 4.4 allows the direct calculation of the lo-
cal frequency of peak emission through an algebraic expression. The expression
can be evaluated locally, to directly give

fpeak (3_6) =Co- 28_37 (7.5)

or radially averaged to obtain an axial profile of the emitted peak frequencies.
With the spatial data, flame regions can be distinguished regarding the frequency
content which is locally contributed to the overall noise spectrum. Also the ef-
fect of measures influencing this frequency content can be analyzed directly from
CFD results. Figure 7.13 shows the effect of a change in thermal power on the
spatial distribution and the range of the locally emitted peak-frequencies. Quali-
tative analysis of the spatial frequency distribution shows high frequency signal
content being emitted in the mixing zone near the fuel jets, where the turbulent
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Figure 7.13: Computed local peak frequency of the emitted noise for the 30kW and 70kW non-premixed
flame at A = 1.2 and S = 0.6. Non-zero values of the peak frequency are given for non-zero
values of the local heat release only.
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length scales are small and the corresponding eddy frequencies are high. The
remaining flame zone is dominated by regions of fpeax < 1000Hz, which is in
agreement with the observed frequency range for turbulent hydrocarbon flames.
The overall frequency content of the flame noise signal cannot be retrieved from
this kind of analysis, however, the most favorable location for the major part of
heat release to occur can be retrieved if a frequency shift in the overall flame
noise spectrum is desired.

Influence of Thermal Power

The power variation evaluates the model capabilities concerning the replication
of trends obtained in the experimental campaign at constant swirl and constant
air excess ratio when altering the thermal power output of the flame. Experimen-
tally recorded sound power spectra at three operating points are compared to the
corresponding model output computed with the non-premixed noise model. The
operating points comprise the complete range of thermal powers that were inves-
tigated in the experimental campaign and are summarized in their main charac-
teristics in Tab. 7.2. Simulation results are shown in Fig. 7.14 together with the
corresponding experimental spectrum data.

Table 7.2: Operating points for different thermal power settings simulated with the non-premixed
combustion noise model.

oP S PnkW] A miglgls]  rina (/S| Uax, air (V] Re

DPV1 0.6 30 1.20 0.62 12.68 7.67 25644
DPV3 0.6 50 1.20 1.03 21.14 12.79 42740
DPV5 0.6 70 1.20  1.23 29.60 17.90 59836

The comparison is made inside the frequency interval [I0Hz;5000Hz]. The
model correctly predicts the amplitude level for all power settings and captures
the trend concerning the increase of peak frequency and peak amplitude with
the global thermal power setting. The observed trends can be traced back to the
rate of heat release and the turbulent intensity throughout the reaction zone. At
frequencies in excess of 1000 Hz, the theoretical shape of the model spectrum is
distorted by the influence of cells in the input data, which possess high values of
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Figure 7.14: Comparison of experimentally determined and modeled sound power spectra emitted from
turbulent non-premixed flames at a swirl number of § = 0.6, an air excess ratio of A = 1.2
and thermal power settings of 30kW, SOkW and 70kW. (—): Experiment, (- - -): Model.

the turbulent mixing rate. Here, the dynamics of the combustion model in con-
junction with the turbulence model influence the theoretically continuous slope
through an accumulation of high peak-frequency input data values.

The global agreement between model prediction and experiment is better for
higher thermal power. This behavior is most likely caused by the fast chemistry
assumption of the transition modeling between the spectrum of reaction progress
variance and that of the fluctuating rate of heat release. At higher Reynolds num-
bers, the the flow is increasingly turbulence dominated and the predictive capa-
bilities of the turbulence model in the CFD solution are better for fully turbulent
flow conditions [95]. This effect is also connected to the validity of the concept
of the turbulent energy cascade, as pointed out by Wisle [143].

Influence of Mixture Composition

Figure 7.15 compares predicted spectra to the corresponding experimental data
for three operating points of different air excess ratios. Increasing combustion
air mass flow results in higher turbulence intensity along the inner shear layer,
where the primary mixing zone of fuel and oxidizer is located. This results in
a decrease of turbulent time scales in the main reaction zone, shifting the radi-
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Figure 7.15: Influence of mixture composition on sound radiation from a turbulent non-premixed swirl
flame at Py, = 50kW and S = 0.6. (—): Experiment, (- - -): Model.

ated combustion noise towards higher frequencies. The comparison shows good
agreement between the extended noise model and the experimental spectra for
all three cases considered. The general trend, showing an increase of peak fre-
quency with increasing flow velocity is captured consistently. The increase in
sound power level for the case of A = 2.0 is over-predicted in terms of peak-
frequency, while the general shape features of the spectrum are depicted well.
This can be attributed partly to the input data delivered by the RANS simulation
data. The local peak-frequency is predominantly determined by the ratio of tur-
bulence kinetic energy and dissipation rate, in combination with the combustion
model. At high strain rates, which are present close to the fuel exit holes, partial
quenching of the flame can occur, which is not captured by the eddy-dissipation
model. As a consequence, the high frequency content of the computed spectrum
1s over-predicted as noise of these frequencies can be directly attributed to the
area in the vicinity of the fuel jets, as seen in Fig. 7.13.

Influence of Swirl Intensity

A change in the swirl intensity of the flame results in a alternation of turbulence
parameters within the reaction zone, as well as an increased entrainment of am-
bient air into the flame, without modifying the global power and mixture setting.
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7 Prediction of Spectral Noise Emission from Turbulent Natural Gas Swirl Flames

The flame length is reduced, as shown in Fig. 6.8 with increasing the swirl num-
ber.

Figure 7.16 shows the comparison of model predictions calculated from CFD
data with the corresponding experimental spectra. The model spectra capture the
experimental trend qualitatively, while the peak frequency is underestimated in
all three cases. In general, experimental and modeled spectra are only slightly
influenced by the considerable alternation of swirl number from moderate swirl
at § = 0.6 to intense swirl at § = 1.4. The close proximity in the noise spec-
tra is also captured by the model. Beyond S = 1.0, the flame length remains
virtually unchanged as seen in Fig. 6.8, which explains the similarity between
the data of $ = 1.0 and § = 1.4. The spectral decay at frequencies in excess
of fpeak 18 captured with good accuracy. In the experimental data, the flame at
S = 1.0 exhibits the highest amplitude in sound power. This trend is also pre-
dicted by the model for the frequency range below fyeax, While otherwise the
numerical model predicts the largest amplitude at S = 1.4. With increasing swirl
intensity, the turbulent and chemical time scales increase simultaneously, which
makes predictions of the detailed behavior difficult. This is also resembled by the
close proximity of the experimentally determined spectra in terms of amplitude
and peak-frequency and is also reported by Wisle [143]. The underestimation of
peak-frequencies can be related to the prediction of the integral length scale. The
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Figure 7.16: Influence of swirl intensity on sound radiation from a turbulent non-premixed flame at
Pn =50kW and A = 1.2. (—): Experiment, (- - -): Model.
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7.3 Non-Premixed Flame Simulation

k-€ -turbulence model is based on the assumption of homogeneous isotropic tur-
bulence [74]. In intense swirling flow, the integral length scale is non-isotropic,
with differences between axial, radial and tangential length scale. These condi-
tions especially apply to regions of strong heat release as reported by Winkler
et al. [151]. In their premixed swirl flame configuration, circumferential length
scales substantially differ from their radial and tangential counterparts.

Influence of Data Extraction Domain Size

The input data fields used for the calculation of the combustion noise spectra
in the non-premixed case are extracted from the three-dimensional CFD field
data. Technically, this includes the complete CFD domain as shown in Fig. 7.8.
Computational time can be reduced significantly if only such finite volumes are
included in the calculation process, that possess a non-zero rate of heat release.
The selection of the lower bound of the chemical reaction rate that limits the
amount of values involved in the computation process was performed based on
a solution convergence method using different values of the bound and com-
paring the results to that of a computation run using the whole domain data.
The influence of the choice of the bounding molar reaction rate on the predicted
sound power spectrum is shown in Fig. 7.17 for the reference case of S = 0.6,
Py = 50kW and A = 1.2. The effect of excluding regions of lower volumetric
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Figure 7.17: Influence of the minimum reaction rate bounding the volume of data extraction from the
CFD solution.
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7 Prediction of Spectral Noise Emission from Turbulent Natural Gas Swirl Flames

reaction rates on the calculated model spectrum becomes evident upon consider-
ing the model spectrum calculated on data extracted only from regions of reac-
tion rates of @ > 100mol/(m> s). The exclusion of a considerable portion of the
overall heat release from the calculation leads to the reduced amplitude of the
computed spectrum. If, however, variable values are extracted from all cells that
possess a molar reaction rate greater than 1 mol/(m? s), no deviation of the result
with reference to the full domain computation can be found. Consequently, this
value was chosen as the limit governing the inclusion of a computational cell
into the post-processing calculations. Compared to the computation based on the
full number of 630000 elements, this procedure reduced the computational time
by an approximate factor of 5.

7.4 Summary of Numerical Results

The extended spectral noise model using the PDF-based amplitude scaling func-
tion was used to calculate the spectral noise emission from a gaseous turbulent
swirl flame in premixed and non-premixed configuration at different operating
conditions. The general finding is, that the generalized amplitude scaling func-
tion is equivalent to the original formulation based on the Schmid combustion
model in the premixed case and is able to equivalently predict noise radiation in
the non-premixed case. In general, combustion noise predictions based on CFD
field data have to be credited with an additional margin of uncertainty due to
the additional modeling involved in the calculation of the input data, when com-
pared to the calculation based on experimental input data [143]. The primary
conclusion from the numerical simulations for the open burning swirl flame is
that experimental data is needed for reference at one operating point to be able
to safely predict noise spectra for a range of varying operating conditions around
the reference point. The great sensitivity of the model predictions with respect
to the supplied field data of turbulent time and length scale is accounted for with
this step. If a reference solution is known, spectral solutions can be obtained with
good accuracy for a wide range of operating conditions from CFD RANS using
industry standard models for turbulence and combustion.
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8 Model Application to a Marine Heating
Unit

The applicability of the non-premixed combustion noise model to laboratory
scale open burning flames has been demonstrated in Chap. 7. The intended use
of the developed combustion noise toolkit is primarily seen in early development
of combustion systems, in order to detect possibilities of noise reduction at an
early stage and to be aware of acoustic problems ahead. This chapter presents
the application of the extended combustion noise model to an industry standard
combustion system used for coolant heating in marine applications. Such coolant
heaters are frequently installed on sailing boats, where silent operation is an es-
sential requirement. This profile of operation makes the acoustic emissions of
the heater a primary object of concern during development. Beneath the elec-
trical blower which supplies combustion air to the burner, the intense turbulent
flame is the major source of acoustic emissions by the heater. The heating unit
investigated in this study is a Webasto Thermo 90 ST coolant heater with a peak
thermal power output of 9.2kW.

8.1 Small Burner Test Rig

For the recording of noise spectra from the turbulent diesel flame of the coolant
heater, the unit is stripped of all peripheral devices surrounding the combustion
chamber. The combustion chamber walls are replaced by silicon glass tubes of
matching diameter to allow optical access. Also, the blower supplying the com-
bustion air is replaced by an acoustically silenced air supply system, feeding
pressurized air from the laboratory air supply line into the combustion chamber.
A schematic layout of the modified burner setup is shown in Fig. 8.1. The com-
bustion chamber is constructed around a metal fleece evaporator surface which
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8 Model Application to a Marine Heating Unit

Diesel fuel supply

Quartz glass tubes

—— —

Exhaust gas

Figure 8.1: Schematic of the modified Webasto Thermo 90 ST coolant heater used in the acoustic exper-
iments. Liquid diesel fuel is injected into a metal fleece plate on the bottom of the combus-
tion chamber. After evaporation and mixing with the combustion air entering the combustion
chamber through holes in the combustion chamber wall, combustion and burnout is performed
inside the combustion chamber and the burnout tube.

supplies gaseous diesel fuel into the combustion chamber. Fuel is fed into the
evaporator by a frequency clocked dosing pump. At full power, approximately
seven pump strokes are performed every second. The liquid diesel fuel is heated
and distributed inside the porous metal fleece evaporator and enters the combus-
tion chamber in a vaporized state. The heat of vaporization is initially supplied
by a glow plug which is also used for ignition, while in continuous operation
the evaporator fleece is heated directly by the flame. The air mass flow rate is
determined using a flow metering orifice disc by monitoring pressure difference
across the disc [1]. The annular gap between the combustion chamber wall and
the and outer wall provides cooling for the combustion chamber walls. Air enters
the combustion chamber through a series of holes distributed along the circum-
ference of the combustion chamber wall. Unlike the production version of the
heating unit, the walls of combustion chamber, burnout tube and annular gap
are replaced by quartz glass tubes with a wall thickness of 2mm. The produc-
tion version is equipped with sheet metal walls of 1 mm thickness. Diameters are
adjusted accordingly, in order to maintain all flow cross-sectional areas.
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8.2 Experimental Results

Sound intensity spectra are recorded using the sound intensity probe described
in Sec. 5.6 which is set up in a distance of 1 m from the burner exit at an angle
of 15° towards the burner axis to avoid the high temperature exhaust flow. The
burner is set up horizontally inside an acoustically absorptive chamber similar to
that used in the measurements for the open turbulent flame (cf. Sec. 5.3) with an
edge length of 1.8 m. The measurement setup is shown in Fig. 8.2.
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Figure 8.2: Experimental setup for the measurement of combustion noise radiated by the marine coolant
heater.

8.2 Experimental Results

The acoustic properties of the turbulent non-premixed diesel flame operated in
the marine coolant heater possess fundamental differences when compared to
the typical characteristics of noise spectra from unconfined burning flames. Ex-
perimental results for different mixture compositions at constant thermal power
output are shown in Fig. 8.3 in comparison to the noise spectrum produced by
the cold air flow corresponding to Py, = 8kW and A = 1.5. All operating points
show a nearly constant amplitude level up to a frequency of 1100Hz, where
the spectrum shows a characteristic narrow banded peak. Beyond that, the spec-
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8 Model Application to a Marine Heating Unit

trum possesses further characteristic peaks and dips at discrete frequencies. Be-
yond 1100Hz, the spectrum decays constantly, which is consistent to the general
qualitative characteristics of unconfined turbulent flames. The high-frequency
content of the cold flow signal (visible around 2700Hz) is aerodynamic noise
produced by the combustion air upon passing through the narrow holes in the
circumference of the combustion chamber. Aeroacoustic excitation of pressure
waves as a result of vortices being shed from the rim of an orifice is predomi-
nately active (depending on the geometric dimension of the orifice) in this range
of frequencies [66, 135]. An interesting feature of the spectra is their similarity
in the very low frequency range below 80 Hz. Similar characteristics apply to the
mixture composition study performed with the unconfined non-premixed natu-
ral gas flame (cf. Sec. 6.1.2). Some part of this behavior can be attributed to the
frequency content of the corresponding cold flow, but the constant firing rate is
the probable cause for the relatively constant noise emission in this part of the
spectrum.

Generally, the measured spectra differ considerably from those observed with
unconfined turbulent flames, clearly outlining the importance of the confinement
for the overall acoustic emissions of a combustion system. A distinct peak is vis-
ible at 1020 Hz for all three operating points. Furthermore, the lower frequency
amplitude levels do not exhibit continuous growth with frequency but remain at
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Figure 8.3: Acoustic intensity spectrum radiated by the diesel heater for different mixture compositions.
The thermal power output is kept constant at 8kW.
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8.3 Acoustic Network Model

constant amplitude with distinct peaks and drops along the frequency axis. The
distinct spectral features can be attributed to the geometric acoustic properties of
the combustion system enclosing the flame. Acoustic energy is dissipated inside
the system by vortex-acoustic interaction in shear layers as well as reflected, re-
fracted and attenuated at walls and edges. The radiation of acoustic energy into
the surroundings is as well dependent on the frequency of the incident sound.

8.3 Acoustic Network Model

The propagation of sound inside an enclosed combustion system can be cal-
culated by solving the convective acoustic wave equation. The Finite-Element
method can be used to solve a variety of multi-dimensional physical problems,
ranging from continuum mechanics [64] to acoustic propagation problems in
complex geometries [24, 146]. In acoustics, the method is used to solve the three
dimensional wave-equation in frequency space to predict sound propagation and
reflection. Industrial combustion systems are often assembled from duct-like
structures, where the duct diameter is often considerably shorter than the acoustic
wave-lengths of interest. In this case, acoustic propagation inside those systems
can be treated as essentially one-dimensional along the system axis. This offers a
considerable reduction in computational effort. Then, the analytical solution for
sound propagation inside a duct with superimposed mean flow can be used to
connect “black-box” elements describing the state variables of the acoustic field
at discontinuities of flow cross-sectional area, fluid density and others to form a
network of acoustic elements.

For that purpose, the geometric domain which characterizes the acoustic prob-
lem is decomposed into for themselves simple elements with an often analytical
description of their individual transmission behavior. Each element connects the
acoustic state variables between its upstream and downstream boundary through
a specific correlation. This method takes advantage from linear theory in as much
as the specific physical process which is influencing wave propagation inside the
element does not need to be known. Here, only the frequency dependent param-
eter values of the state variables at the boundaries are of importance. Expressed
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8 Model Application to a Marine Heating Unit

mathematically, the elements of a two-port matrix connect the vectors of the
acoustic state variables through the matrix which is termed the transfer matrix
(TM) of the element:

T T
py _ (i fhi2) [P 8.1)

u i T21 T22 u

If the transmission characteristics of all elements describing an acoustic system
are known, a system matrix describing the complete system acoustics can be
assembled. The system matrix comprises a system of linear equations with the
unknowns given by the acoustic state variables at the nodes connecting the single
elements.

The solution of the linear equation system can be performed in a numerically
efficient way. The one-dimensional network representation of the heaters com-
bustion chamber used in this study is shown in Fig. 8.4. A summary of acoustic
network elements involved in the modeling is given in Appendix C.

The burner model consists of a closed end boundary modeling the evaporator
fleece, a source model including the acoustic flame source function provided
by the extended combustion noise model and a model for sound reflection at the
burner opening. Acoustic propagation, refraction and reflection inside the system
1s modeled using appropriate elements as indicated in Fig. 8.4. The acoustic re-
flection coefficient of the evaporator fleece was experimentally determined using
a multi-microphone technique. This method uses a siren to acoustically excite
the boundary of interest at discrete frequencies. The reflection coefficient can
then be retrieved from a reconstruction of the one-dimensional wave-field in-
side a measuring duct, which is connected to the geometry of interest. Inside the
measuring duct, dynamic pressure sensors record the time series of the acoustic
pressure signal, which are then used to reconstruct the wave-field in frequency
space. Figure 8.5 shows the experimentally measured reflection coefficient of the
evaporator fleece, obtained on an experimentally setup similar to that described
in [63]. Close to complete reflection of acoustic pressure waves is visible in the
reflection coefficient data for frequencies up to 1700 Hz, which is the range of
interest for combustion noise. Consequently, the evaporator fleece can be treated
as an acoustic wall boundary. However, the available phase corrected reflection
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Figure 8.4: One-dimensional acoustic network representation of the diesel heater. The acoustic two-port
elements denote R: reflecting boundary, D: duct, AC: discontinuity in cross sectional area,
TC: discontinuity in fluid density (temperature) and S: flame element for combustion noise.
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Figure 8.5: Magnitude of the pressure reflection coefficient of the evaporator fleece over frequency.

coefficient is used to represent the wall boundary given by the evaporator fleece
in the network model.
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8 Model Application to a Marine Heating Unit

The boundary condition at the burner exhaust is modeled using the numerical
model by Munt discussed in Sec. 3.3.2. For the operating point studied, the ex-
haust reflection coefficient obtained from the solution of Munts model equations
is shown in Fig. 8.6 together with the corresponding reflection coefficient of
acoustic energy calculated from Eq. (3.32). Due to the low flow velocity, the
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Figure 8.6: Magnitude of the pressure and energy reflection coefficient at the burner exhaust plane for
a mean flow temperature of 1900K calculated using the Munt model (—) compared to the
isothermal solution of Levine & Schwinger (—).

amplification of pressure waves in the shear layer downstream of the exhaust is
negligible and the reflection coefficient magnitude does not exceed unity. How-
ever, the high temperature flow leads to a considerable drop of the reflection
coefficient, permitting a growing fraction of acoustic energy to leave the system
at higher frequencies. At 1500Hz, 60 % of the incident acoustic intensity at the
exhaust is radiated into the environment. The direct comparison of the solution
obtained from the Munt model and that obtained from the isothermal theory of
Levine & Schwinger reveals the important effect of the temperature difference
between the exhaust gas and the ambient atmosphere on sound radiation into the
environment. In terms of acoustic energy radiation, the difference in the particu-
lar case of the marine coolant heater reaches up to 65 % in the medium frequency
range, stressing the need to incorporate this effect into the system modeling.
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8.4 Noise Source

8.4 Noise Source

Weyermann [146] proposed a method to integrate predictions of the combustion
noise model into a network element which accounts for the velocity fluctuations
produced by the turbulent flame. This element is based on a Rankine Hugo-
niot jump condition between the acoustic variables on either side of the compact
flame element. The network element for the flame 1s [146]

p/ 1 O p/ 0
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where the additional term on the right hand side describes the velocity fluctuation
introduced by fluctuating heat release rate inside the flame volume. Apart from
density and speed of sound at the location of the source element, the frequency
spectrum of the heat release fluctuations is needed.

The relation between the frequency spectrum of the fluctuations of the heat re-
lease rate and the modeled wave-number spectrum included in the combustion
noise model for open flames is given by [146]

2
in=y, [ o () v 83)

flame

where k is given by Eq. (4.27) and the modeled spectrum of heat release Eq (k)
by Eq. (4.7). A denotes the flow cross sectional area of the flame element.

8.5 Numerical Results

The results obtained from the solution of the acoustic network model shown
in Fig. 8.4 for three different mixture compositions at a thermal power of
P = 8kW. The sound intensity at the location of the intensity probe is calcu-
lated following the approach used by Weyermann [146], which assumes spher-
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8 Model Application to a Marine Heating Unit

ical wave propagation in the ambient atmosphere from the exhaust opening. In
this case, the sound intensity at radius r from the exhaust is given by

Se

I(r):Ie-S<r),

(8.4)

where S. denotes the flow cross sectional area of the exhaust tube and S(r) is
the surface area of the spherical shell enclosing the exhaust at radius r. The nu-
merical results show close agreement between the spectra of the three operating
points, which matches the trend of the the experimental data. The low frequency
behavior is under-predicted by the numerical model, which can be attributed to
the influence of cold flow noise, which is not covered by the noise model. The
general trend in terms of increasing amplitude with increasing air excess ratio is
also reproduced, especially when the close match between the curves of A = 1.25
and A = 1.5 is considered. However, the decay of the spectrum at frequencies in
excess of 1000Hz can only be reproduced qualitatively. This effect can be at-
tributed to acoustic losses in the combustor due to interaction with shear layers
in the vicinity of the circumferential air holes, which are not captured by the sim-
ple network model and grow increasingly effective at higher frequencies [63].

In conclusion it can be stated, that the overall combustion noise amplitude levels
are captured well by the model. The spectrum of the radiated sound is the result
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Figure 8.7: Comparison between experimental results (—) for sound power level and numerical predic-
tions (- - -) obtained with the network model including the corresponding combustion noise
source term.
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8.5 Numerical Results

of the influence by a series of different parameters, including geometry of the
combustion chamber, boundary conditions, aero-acoustic noise sources and am-
bient conditions so that for confined flames a larger tolerance between the model
predictions and the experimental data must be accepted. However, important or-
der of magnitude estimates as well as the qualitative effects of modifications to
the combustion chamber or changes in operating conditions can be performed
in a numerically efficient way using the post processing toolkit developed in the
course of this thesis.
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9 Concluding Remarks

In the course of the development of emission optimized combustion systems,
turbulent combustion noise has become an additional concern. Depending on
the specific application, it can be responsible for additional pollutant emission
by causing fluctuations of the combustion process, as well as perceived as dis-
turbing noise emission, when silent operation is desired. The latter effect is of
importance in domestic heating systems. The study at hand was undertaken in
order to develop a noise prediction toolkit which can assist in predicting com-
bustion noise emission from turbulent flames from industry standard numerical
simulations of the reactive flow in early stages of development.

Experimental studies were conducted on an open turbulent flame test rig and
an industrial coolant heater for marine applications. The open flame was used
in order to study turbulent combustion noise in an isolated state, where dis-
turbing sources of additional noise have been reduced by appropriate measures.
A burnout correction procedure was developed to quantify the actual thermal
power output of open turbulent premixed flames. The experiments provided a
series of validation cases for the extended combustion noise model which was
implemented into a numerically efficient post processing tool. The applicability
of the developed approach was demonstrated by comparing model predictions to
experimental data obtained from the series production marine heating unit.

The general experimental findings concerning combustion noise from turbulent
premixed and non-premixed flame are the following:

* Turbulent combustion noise is inherently coupled to the global heat release
rate and the turbulent time scale in the reaction zone of the flame. An in-
crease of thermal power output results in both, an increase of the noise
amplitude and the peak-frequency, independent of the flame type. These
quantities determine the thermal power density of the flame.
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9 Concluding Remarks

* Fuel burnout for open turbulent premixed flames is incomplete due to di-

lution effects caused by the entrainment of ambient air. In order to com-
pare experimental data to numerical predictions, fuel burnout can be quanti-
fied by comparing global OH* intensities between open turbulent premixed
flames and a confined flame reference experiment at the same operating
point.

* If premixed and non-premixed turbulent swirl flames are operated under

similar conditions concerning local mixture composition, actual thermal
power output, and Reynolds number, the resulting spectrum of combustion
noise is virtually identical.

A series of numerical simulations was performed for the open premixed and non-
premixed flames, validating the introduced extensions of the premixed combus-
tion noise model in order to capture the characteristics of non-premixed flames.
The following general findings can be stated regarding the numerical studies:
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* The proposed model extensions address the characteristics of non-premixed

turbulent flames. In particular, the generalized amplitude scaling function
1s equivalent to the previous formulation and can be applied to both, non-
premixed and premixed flames.

The combustion noise model is sensitive concerning the input variable fields
with respect to turbulent time and length scale. Comparison should be made
only between cases which have been simulated using the same combination
of turbulence and combustion model.

If experimental reference data is available, the model can be used to obtain
qualitative and quantitative predictions of the radiated combustion noise for
different operating parameters.

For confined flames, which are predominately found in practical applica-
tions, other sources of noise in conjunction with acoustic damping and am-
plification inside the system complicate the prediction of pure combustion
noise.
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A Mean and Standard Deviation of the
Clipped Gaussian Distribution

The Gaussian distribution for the calculation of mean variables is used in a re-
stricted form bounding the PDF to the range [0; 1]. The unbounded distribution
function is given by

ple) = ——exp [— (Z_“)zl , (A1)

2no 202

where u denotes the mean, o denotes the standard deviation, and z is the random
variable, representing the mixture fraction in the course of this thesis. The clip-
ping procedure is described in detail by Lockwood and Naguib [80]. Essentially,
the area under the PDF is conserved in its value of unity by adding the probabil-
ity of the unwanted tails of the distribution as Dirac delta functions at the interval
boundaries. The clipped PDF is then given as

. 1 (Z_/JC)2
p(z) = o eXp[ 202

where O is the Heaviside step function and A, B are the tails of the Gaussian
distribution outside the interval of [0;1]. u. and o, denote mean and standard
deviation of the clipped PDF. The area of the clipped tails included in A and B is
given by
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A Mean and Standard Deviation of the Clipped Gaussian Distribution

The unknown parameters L. and o, of the clipped PDF can be calculated numer-
ically by solving a system of equations that is obtained by forming the first and
second moment of the PDF. The first moment of Eq. (A.2) defines the mean

INY
I

1
+ / 2-p(z)dz+ B, (A4)
0
and the second moment defines the variance:

z’_’2:A—|—/z2-p(z)dz—|—B—Zz. (A.5)

Both, 7 and 72 are known from the solution of a corresponding transport equa-
tion so that y. and o, can be obtained by solving the resulting system of equa-
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numerically using a two-dimensional Newton algorithm. Based on a pair of ini-
tial values, the algorithm iteratively approaches the root of the system by follow-
ing the direction of the local function gradient. The numerical implementation
of the solution procedure in C and the equation system involves several subrou-
tines, e.g. a numerical function representation of the error function. Addition-
ally, the code representation of the equation system of Eq. (A.6) and Eq. (A.7)
is a considerably complicated expression. Consequently, the correct numerical
representation of the equation system together with the behavior of the solution
routine need to be analyzed with respect to robustness and valid results. The va-
lidity was proofed by comparing results from the C routine to values obtained
by solving the system of equations using Wolfram Mathematica, which deliv-
ered equivalent results. The behavior of the numerical solution routine can be
analyzed by tracing the iterations needed for the two-dimensional Newton algo-
rithm to converge over the corresponding pair of initial values of mixture fraction
and mixture fraction variance. If the number of iterations needed for the routine
to converge to a solution is recorded for each pair of initial values for Z and 7’2, a
contour plot is obtained, which contains the convergence behavior of the numer-
ical algorithm. The resulting contour plot is shown in Fig. A.1 for initial values
between 0 and 1 for the mixture fraction and 0 and 0.3 for the variance. From
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Figure A.1: Color coded contour plot showing the number of iterations needed by the stabilized Newton
algorithm to converge to a solution depending on the initial value pair of mean and variance.
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A Mean and Standard Deviation of the Clipped Gaussian Distribution

those values, the initial values for mean and standard deviation of the clipped

PDF are calculated from . o =7 and 6. o = \/z’=’2 In theory, no solutions to
the equation system should exist for variances greater than the theoretical maxi-
mum of 72 =z (1 —Z). However, the implemented stabilized Newton algorithm
1s able to converge to a solution even if the initial starting value is located out-
side that range. The parabola following the Z- (1 —Z) curve is clearly visible in
the contour plot as a rapid increase in the number of iterations needed to find a
solution, indicating the correct implementation of the determining equations as
well as the iterative numerical routines. Inside the parabola, a solution is mostly
found using 10 iterations or less. From this image, suitable bounds for the initial
values supplied by the CFD simulation can be found which ensure the numerical
stability of the routines involving the clipped PDF for all cases.
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B Iterative Calculation of Adiabatic
Flame Temperatures

For the determination of adiabatic flame temperatures, the local mixture is as-
sumed to be a closed thermodynamic system undergoing chemical reaction at
constant pressure, so that the first law of thermodynamics gives

dH =0, (B.1)

and the fully unburnt and fully reacted states possess equal specific enthalpy.

n n
mix, u = hmix, b = Y_ Wi, ulti,u = Y_ Wi, bhi.b (B.2)
=1 =1

Under these conditions, the enthalpies of the chemical components are related
through

Tdd
hi v = hj,u+/cp,j(T)dT7 (B.3)
T,

where the indices u, b refer to the unburnt and burnt state. Equation (B.3) can
be evaluated numerically by calculating the specific enthalpy /4, from tabulated
polynomial functions for a temperature Ty, and iterating Ty, until sy, reaches a
prescribed interval around the enthalpy of the fully burnt mixture state. Then, T,
equals the adiabatic flame temperature.
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C Acoustic Network Elements

The following sections each give a short description of the network elements
which were used in the network model representation of the marine coolant
heater. The notation of the elements follows the convention that the Riemann
invariant f travels in downstream direction (positive x).

C.1 Reflecting End

The reflecting end is used to set a specific reflection coefficient at an upstream
or downstream boundary of the system. For an inlet boundary condition, the
network element is formulated in the following way:

flected
r:r.e .ece wave:i C.1)
incident wave g

Figure C.1 illustrates the convention for upstream and downstream end graph-
ically. For the use in network models, this boundary condition is expressed in

rzé / \\ r=
4—\_2/\4 —»‘_\_g/‘\
f

—nla

Mean Flow ean Flow

\/f\qa SN

Figure C.1: Reflection coefficient boundary condition shown for upstream and downstream boundary.

matrix notation as:

(1 —r)- Mo (C.2)
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C Acoustic Network Elements

The corresponding outlet boundary end element is

(r —1)- ; —0. (C.3)

C.2 Duct Element of Uniform Cross Section

The transfer matrix of a duct with uniform cross sectional area and of arbi-
trary length L can be deduced from the solution of the one-dimensional wave-
equation. Figure C.2 shows the one-dimensional model of a duct in terms of the
Riemann invariants. The transfer matrix in f and g notation is then

N\ /
w\ _ w\
Mean Flow

N N
/o I

Figure C.2: One-dimensional duct model in terms of the Riemann invariants.

T - S A7 (C.4)
T ik~ L : :
g/, 0 e 8/,

Propagation losses can be accounted for by using complex wave-numbers, as e.g.
done by Delany & Bazley to model acoustic propagation in porous media [27].

C.3 Discontinuity in Cross-Sectional Area

A sudden change in cross-sectional area is a common geometric element in duct
acoustics. Depending on the area ratio, a certain fraction of the incident wave
1s reflected at the entry plane. Losses and wave number effects on the reflection
and transmission characteristics can be accounted for by setting corresponding
loss parameters and effective lengths in the element transfer matrix model. The
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C.3 Discontinuity in Cross-Sectional Area

—

Mean Flow
fi -
X

Figure C.3: Acoustic state variables at an exemplary area expansion element. The element is assumed to
be acoustically compact.

) 9
w\ V\

Compact Element

conditions at an area expansion are shown exemplary in figure C.3. The transfer
matrix of an area discontinuity can be derived from the conservation equations of
momentum and mass at the discontinuity. The analytic model used in this work is
in addition able to account for an effective length and pressure loss. The transfer
matrix formulation of the area discontinuity model used in the network model

is [44]

1, Ay AM, | 1 A2 1 Ar AM, 1 Ay
<f)— b gt - b0 -g - S, b g -0 -m, @ s5)
oA AM 1 A, 1, Ag o AM, 1 Ay ' ’ '
8/, 172, T3 (=8 = GMy 5+ 3+ 3 — 2 (1 =8 = 3)My i

where A,, A; denote the cross sectional areas upstream and downstream of the
element, M,,, M, the corresponding Mach numbers and & the pressure loss co-
efficient. The effective and the reduced length parameter are set to zero in the
network model.
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