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Voorwoord
Het boekje is klaar. Yes!! Gevoel van opluchting, ook wel een beetje fier,

en ook..., goh er is nog zo veel te doen, ik heb er nog zin in! Vlammen zijn
prachtig, geel, groen, wit of blauw, ijl en vluchtig in wervelend schouwspel.
Ze doen ons wegdromen of zetten wat stilstaat in beweging. Ik heb de kans
gekregen om ze te bestuderen, cool!
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vrijheid en wetenschappelijke raad die Eric me gaf om dit werk te voltooien.
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Professor Combustion.
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Tevens wil ik een woord van dank richten aan de professoren van het
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Het afronden van het doctoraat brengt me ook bij de laatste pagina’s van
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om een grap. Plezant om te beseffen dat daar waar ik werkte, “goeiemorgen”
of “hoe was je weekend” een welgemeende betekenis hebben. Een mooie tijd
met heel fijne collega’s, graag tot ziens.

Dikke merci aan de mannen van de technische ploeg voor de praktische
realisatie van tal van ideeën. Zonder verzorgde opstelling, geen goede metingen.
Op het gelijkvloers vond ik ook ademruimte voor mijn voorliefde voor alles
wat met techniek te maken heeft. Amai, DIY-huismans heeft veel geleerd.
Bij de administratieve dames kon ik altijd rekenen op bijstandsadvies in de
papierwinkel, en zij brachten met een warme glimlach ook de laatste nieuwtjes.

Graag wil ik een speciale dank je wel zeggen omwille van de steun en begrip
op een moment dat het eens helemaal anders liep dan verwacht. Die mensen
hebben een plaatsje in mijn hart.

Soulmate broertjes, goedgeluimde mams, zeiler pa met de Rattebolle, be-
dankt voor jullie hulp vanuit de familiekring.

Vrienden, vriendinnen, geliefden, samen met jullie maak ik stukjes in mijn
levensverhaal. Een ontdekking, een reis met fantastische mensen naar gebieden
in je hoofd, op deze blauwe planeet die echt de moeite waard zijn. Om samen
met diegenen waar ik om geef, hart en geest te vullen met mooie momenten,
met passie voor hetgeen we doen. Niet enkel voor de herinnering, maar vooral
om het te beleven, nu, vooraleer later nu is en nu toen zal heten.

Koen Vanoverberghe
Veltem, december 2003



ii

Abstract

The study of premixed swirling jet combustion is of interest for new burner
technology and modern gas turbine applications because of its compactness
of combustion and low NOx emissions. This doctoral study investigates the
interaction between flow structure, turbulence characteristics and combustion
phenomena of partially premixed natural gas flames that are issued from an
annular swirl burner. From this, particular flame patterns such as a regular
attached flame as well as a lifted ring flame or a Coanda flame are reported.
The final outcome of this work classifies lifted swirling combustion in Borghi’s
combustion regime diagram, being in the transition region between the thin
reaction sheets and the flamelets in eddies regime.

This work provides many experimentally obtained data, including velocity,
temperature and gas composition distributions inside the combustion chamber.
Partially diluted and preheated reactants flow conical sheetwise into the flame
brush which is open at the bottom. In this mixing sheet, the turbulence inves-
tigation reveals spread-out PDFs featuring bi-modality. Large-scale periodic
structures like precessing motion are found to be responsible for this. Typical
length scales of the flow are of the order of the burner annulus width. Quanti-
tative analysis of the flame in Borghi’s diagram demonstrates the necessity of
consistent laminar flame thickness definitions. Finally, this work has already
initiated new research topics in the field of Coanda flow stabilization and vortex
precession.
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Korte samenvatting

Turbulente wervelende verbranding is van belang in nieuwe brandertechnolo-
gie en kent toepassingen in moderne gasturbines omwille van de compactheid
van verbranding en de lage NOx uitstoot. Dit doctoraatswerk onderzoekt de
interactie tussen stroming, turbulentie en verbranding bij gedeeltelijk voorge-
mengde aardgasvlammen die gevormd worden door een annulaire wervelbran-
der. Specifiek zijn een aangehechte vlam, een zwevende ringvormige vlam en
een Coanda vlam gerapporteerd. De finale uitkomst van dit werk localiseert
zwevende wervelende verbranding in het regimediagram van Borghi. Het blijkt
dat deze zich situeert in het overgangsgebied tussen de “thin reaction sheets”
en het “flamelets in eddies” regime.

Dit werk bevat veel experimentele data die opgemeten zijn binnenin de
verbrandingskamer. Het bevat onder meer een beschrijving van het snelheids-
veld, het temperatuurveld en de gassamenstellingsverdeling. Gedeeltelijk ver-
dunde en voorverwarmde reagentia stromen in een konische laag naar de vlam.
In deze menglaag vertonen de PDFs een uitgesmeerd en bi-modaal gedrag.
Grootschalige periodische structuren, zoals een precessiebeweging, zijn hier-
voor verantwoordelijk. Typische lengteschalen van de stroming zijn van de
grootte van het annulaire branderkanaal. Een kwantitatieve analyse van de
vlam in het Borghi diagram toont het belang aan van een consequente definitie
en gebruik van de laminaire vlamdikte. Tenslotte wordt er vermeld dat nieuwe
onderzoekstopics reeds gestart zijn in het domein van de Coanda stromingssta-
bilisatie en de beschrijving van turbulentie.





Nomenclature

Roman symbols

Symbol Description Units

A Area m2

Afl Flame area m2

Ap Thermocouple probe area m2

D Diameter of the thermal oil heater m
Da Damköhler number -
D0 Diameter of the annular burner channel. (Reference) m
Dh Hydraulic diameter of the annular channel, Dh = 0.35D0 m
Drod Diameter of the fuel rod m
DPX Degree of premix -
EQR Equivalence ratio (EQR ≡ 1/SR) -
F View factor -
GΦ Axial flux of angular momentum Nm
Gx Axial flux of axial momentum N
H Height above the burner head, figure 2.1 m
K2 Maximum CO2 concentration due to combustion, equa-

tion (C.6)
vol%

Ka Karlovitz number -
L Length of the thermal oil heater m
Le Lewis number, Le ≡ α

D
-

Nu Nusselt number, h·d
kg

-

Pe Peclet number, Pe = SL ≡ d
α

-
Pr Prandtl number, Pr ≡ ν

α
-

PDF Normalized probability density function -
R Radial position, figure 2.1 m
R2 Goodness of fit, equation (4.3) -

R(τ) Autocovariance function; R̂ is disretized version m2/s2

Re Reynolds number, u·Dh
ν

-

Ret Turbulent Reynolds number, u′·`0
ν

-
S′ Swirl number, equation (2.2) -
S Swirl number, without the pressure term in Gx -

v
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Symbol Description Units

Sc Schmidt number, Sc ≡ ν
D

-
Scold Swirl number in cold flow conditions, equation (3.6) -
Seff Effective Swirl number, equation (3.6) -
SL Laminar flame speed cm/s
St Turbulent flame speed cm/s
SR Stoichiometric ratio, equation (C.6) -
T Temperature ◦C
Ti Instantaneous temperature of the ith sample ◦C, K
Tg Gas temperature ◦C, K
Tp Probe temperature ◦C, K
Tw Wall temperature ◦C, K
T∗ Preheat temperature of the reactants ◦C, K
U0,a Mean bulk velocity of jet; ambient fluid. See figure E.1. m/s
UHC Unburned hydro carbons ppm
X Horizontal direction, figure 2.1 m
Y0.5 Velocity half-width of a jet m

a Measured quantity (general notation in appendix B)
a′ Exact value of a quantity (yet unknown)
c Speed of light, c ≈ 3.0 x 108 m/s in vacuum m/s
c Concentration of a component of the natural gas vol%
d Diameter of the thermocouple junction m
d0 Width of a laser beam m
d0 Diameter of an orifice, See figure (E.1) m
deq Equivalent diameter of an orifice, equation (E.11) m
dp Particle diameter m
dmv Diameter of the measuring volume m
dhole Diameter of radial fuel nozzle in the fuel rod m
~ei1 , ~ei2 , ~ed Unit vectors, see figure 2.4 m
f Focal length of the lens m
f0 Frequency of the laser source Hz
fD Doppler frequency Hz
fs Shift frequency, equation (B.3) Hz
fw1,w 2 Frequency of two light waves, equation (B.1) Hz
g1,2 Gaussian distributions 1 and 2, used for a bi-modal fit -
h Convective heat transfer coefficient W/(m2.K)
i Turbulence intensity, equation (5.21) -

k kth velocity interval, equation (2.6) -
k Counter, equation (5.22) -
k2,3 Fraction of CO2 and O2 respectively in dry flue gas, equa-

tion (C.6)
%

kg Thermal conductivity of the gas, equation (2.11) W/(m.K)
kmax Number of velocity intervals -
lmv Length of the measuring volume m
`0 Integral length scale mm



Nomenclature vii

Symbol Description Units

`λ Taylor length scale mm
`k Kolmogorov length scale mm
ṁ Mass flow rate kg/s
ṁe Entrained mass flow, equation (E.10) kg/s
ṁ′′ Mass flux, equation (G.1) kg/(s.m2)
ṁpremix Mass flow rate of fuel, premixed kg/s
ṁtotal Mass flow rate of fuel, total kg/s
n Number of samples -
p Static pressure Pa

p∗i ith PDF value of the experiment, equation (4.3) -

pi ith PDF value of the best fit, equation (4.3) -
pdf Probability density function -
gpdf Best bi-modal curve fit of the experimental pdf,

gpdf = s · g1 + (1− s) · g2

-

qc Convective heat flux W
qd Conductive heat flux W
qr Radiative heat flux W
qs Heat production from catalytic effects W
r Radius m
r0 Radius, r0 ≡ D0/2 m
ri, ro Inner and outer radius m
r Molar recirculation fraction -
r∗ Molar reciculation fraction of the reactants -
r0.5 Measure for the jet width, equation (E.4) m
s Share of each mode of the bi-modal fit -
t Time s

tti Transit time of the ith sample s
u Velocity, used for velocity notation in general m/s
u, v, w Axial, tangential and radial velocity m/s
ū, v̄, w̄ Mean value velocity components m/s
u′, v′, w′ Root mean square velocity fluctuations m/s

u′2, v′2, w′2 Variance of the respective velocity fluctuations m2/s2

eu′ Rms of the large-scale motion, equation (4.5) m/s
ū0 Initial inlet bulk mean velocity of a jet m/s
ūc Centerline mean velocity of a jet m/s

ui ith velocity sample m/s
u′l Rms velocity of the small-scale motion, equation (4.5) m/s
u′n Normalized rms velocity fluctuation in a jet
up,f Velocity of particle or fluid, equation (B.5) m/s
vmin Smallest anticipated velocity, equation (B.3) m/s
~v Velocity vector, equation (B.1) m/s
wi Weighing factor, equation (2.5)
zc Axial distance of the potential core, equation (E.2) m
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Greek symbols

Symbol Description Units

D Generalized diffusivity, equation (5.27) m2/s
D Mass diffusivity, equations (E.6),(E.7) m2/s
∆as,r Systematic; random error of a measured quantity a
∆c Uncertainty margin on a concentration c of a component

of the natural gas composition
vol%

∆F Net force balance, equation (3.5) N
∆p Net pressure balance, equation (3.5) Pa
∆τ Time lag, equation (5.22) ms
∆Trad Radiative correction term, equation (2.11) ◦C, K
∆u Width of PDF interval m/s
Φ Variable (i.e. concentration or temperature)
Ψ′ Normalized stream function, equation (3.1) -
Ψ Normalized mass stream function, equation (3.2) -
Ψmax Maximum normalized mass reverse flow rate -

α Angle, equation (2.4) deg (◦)
α Thermal diffusivity, equation (5.34) m2/s
δ Relative error -
δL Laminar flame thickness mm
ε Emissivity of the thermocouple junction -
ε Rate of dissipation of turbulent kinetic energy, equa-

tion (5.6)
m2/s3

λ0 Wavelength of the laser source beam m
λbl Wavelength of the blue laser beam (= 488 nm) m
λgr Wavelength of the green laser beam (= 514.5 nm) m
ν Kinematic viscosity of the gas, equation (2.11) m2/s
ω Radial frequency, equation (B.6) rad/s
ρ Density kg/m3

ρa Density of surrounding fluid of a jet, equation (E.11) kg/m3

ρ(τ) Autocorrelation function, ρ̂ is the discretized version -
ρp,f Density of particle or fluid, equation (B.5) kg/m3

ρcold Density of non-combusting flow kg/m3

ρcombust Density of combusting flow kg/m3

ρu Density of unburned reactant kg/m3

σ Stefan-Bolzmann constant (∼= 5.3669 × 10−8) W/(m2.K4)
σ Standard deviation
σ Carbon number, equation (C.6)
θ Crossing angle of the laser beams deg (◦)
τ Lag time s
τ Time scale ms
τ0 Integral time scale ms



Nomenclature ix

Abbreviations

Symbol Description

BSF Backwall Stabilized Flame
CFHU Compact Fired Heating Units
CSF Coanda Stabilized Flame
ERZ External Recirculation Zone
FJ Flapping Jet
IFRF International Flame research Foundation
IRZ Internal Recirculation Zone
K.U.Leuven Katholieke Universiteit Leuven
LDA Laser Doppler Anemometry
LES Large Eddy Simulation
LHV Lower Heating Value
LSB Low-Swirl Burner
MFC Mass Flow Controller
MV Measuring Volume
NFJ Non Flapping Jet
NSF Nozzle Stabilized Flame
PDF Probability Density Function
PIV Particle Image Velocimetry
PJF Pinched Jet Flame
PVC Precessing Vortex Core
RANS Reynolds Averaged Navier-Stokes
SSF Swirl Stabilized Flame
TUD Technische Universiteit Delft
UCLSC Ultra-Clean Low-Swirl Combustion
VLES Very Large Eddy Simulation

acf Autocorrelation function
mx∗ Mixture pocket (re+p)
p Product pocket
re Reactant pocket
rms Root mean square





Contents

Voorwoord i

Abstract ii

Korte samenvatting iii

Nomenclature iv

Contents x

1 Introduction 1
1.1 Motivation of the study . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Swirl combustion . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Swirling jets . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Evolution of the research . . . . . . . . . . . . . . . . . 4
1.2.3 TECFLAM . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.4 Scaling 400 study . . . . . . . . . . . . . . . . . . . . . . 7
1.2.5 Low swirl combustion . . . . . . . . . . . . . . . . . . . 8

1.3 Preliminary work . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Goal and scope of the present work . . . . . . . . . . . . . . . . 10

2 Experimental Setup and Procedures 13
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Swirl burner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.2 Swirl number . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.3 Degree of premix . . . . . . . . . . . . . . . . . . . . . . 17
2.3.4 Fuel composition . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Velocity measurement . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.1 Principle of operation . . . . . . . . . . . . . . . . . . . 18
2.4.2 Complexity . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.3 Configuration . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.4 Bias effects . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.5 Probability density function . . . . . . . . . . . . . . . . 22

xi



xii Contents

2.5 Temperature measurement . . . . . . . . . . . . . . . . . . . . . 23
2.5.1 Principle of operation . . . . . . . . . . . . . . . . . . . 23
2.5.2 Calculation . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.6 Gas composition measurement . . . . . . . . . . . . . . . . . . 25
2.6.1 Principle of operation . . . . . . . . . . . . . . . . . . . 25
2.6.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Flow measurement . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.7.1 Fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.7.2 Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.8 Accuracy of the measurements . . . . . . . . . . . . . . . . . . 28
2.8.1 Variables . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.8.2 Spatial resolution . . . . . . . . . . . . . . . . . . . . . . 29

2.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Description and Analysis of Premixed Swirling Jet Flames 33
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Multiple flame identification . . . . . . . . . . . . . . . . . . . . 34

3.2.1 Nozzle stabilized flame . . . . . . . . . . . . . . . . . . . 34
3.2.2 Swirl stabilized flame . . . . . . . . . . . . . . . . . . . 34
3.2.3 Coanda stabilized flame . . . . . . . . . . . . . . . . . . 37
3.2.4 Pinched jet flame . . . . . . . . . . . . . . . . . . . . . . 38
3.2.5 Backwall stabilized flame . . . . . . . . . . . . . . . . . 38

3.3 Transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3.1 Degree of premix = 0.0 . . . . . . . . . . . . . . . . . . 40
3.3.2 Degree of premix = 0.7 . . . . . . . . . . . . . . . . . . 40
3.3.3 Degree of premix = 1.0 . . . . . . . . . . . . . . . . . . 41

3.4 NOx emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4.1 Influence of the swirl . . . . . . . . . . . . . . . . . . . . 41
3.4.2 Influence of the degree of premix . . . . . . . . . . . . . 42
3.4.3 Influence of the stoichiometric ratio . . . . . . . . . . . 43
3.4.4 Influence of the burner power . . . . . . . . . . . . . . . 44
3.4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.5 Flow field and composition . . . . . . . . . . . . . . . . . . . . 46
3.5.1 Nozzle stabilized flame . . . . . . . . . . . . . . . . . . . 47
3.5.2 Swirl stabilized flame . . . . . . . . . . . . . . . . . . . 49
3.5.3 Coanda stabilized flame . . . . . . . . . . . . . . . . . . 53
3.5.4 Near-burner flow field . . . . . . . . . . . . . . . . . . . 55

3.6 Mechanisms of flame transition and stabilization . . . . . . . . 59
3.6.1 Influence of the confinement . . . . . . . . . . . . . . . . 59
3.6.2 Nature of the flame brush . . . . . . . . . . . . . . . . . 60
3.6.3 Abrupt transition . . . . . . . . . . . . . . . . . . . . . . 60
3.6.4 Continuous transition . . . . . . . . . . . . . . . . . . . 61
3.6.5 Coanda flame . . . . . . . . . . . . . . . . . . . . . . . . 61

3.7 Normalized reverse mass flow rates . . . . . . . . . . . . . . . . 64
3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67



Contents xiii

4 Flow Structure of the Lifted and the Coanda Flame 69
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2 Literature survey . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.1 Probability density function . . . . . . . . . . . . . . . . 70
4.2.2 Periodic flow structures . . . . . . . . . . . . . . . . . . 71
4.2.3 Intermittency . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 Velocity probability density function . . . . . . . . . . . . . . . 74
4.3.1 Swirl stabilized flame . . . . . . . . . . . . . . . . . . . 74
4.3.2 Coanda stabilized flame . . . . . . . . . . . . . . . . . . 74

4.4 Degree of turbulence in the axial flow . . . . . . . . . . . . . . 77
4.5 Subdivision of the SSF flow pattern . . . . . . . . . . . . . . . 77
4.6 Modal analysis of the PDF . . . . . . . . . . . . . . . . . . . . 82
4.7 Large-scale motion . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.8 Local turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.9 Accuracy assessment . . . . . . . . . . . . . . . . . . . . . . . . 90

4.9.1 Reproducibility of the experimental runs . . . . . . . . . 90
4.9.2 Repeatability of the PDF . . . . . . . . . . . . . . . . . 91

4.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5 Combustion Analysis of the Lifted Flame 95
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2 Scales and dimensionless groups . . . . . . . . . . . . . . . . . . 96

5.2.1 Turbulent flame speed . . . . . . . . . . . . . . . . . . . 96
5.2.2 Length scales . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2.3 Reynolds number . . . . . . . . . . . . . . . . . . . . . . 99
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Chapter 1

Introduction

“It is often said that engineering is the art of the possible. Without
a good grounding in the scientific principles of his subject, all the
artistic flair and imagination of the good engineer will be wasted.
In contemplating the complexities of multiple chemical reactions
grafted onto the mysteries of turbulent flows, combustion engineers
have tended to rely heavily on empiricism and extrapolation from
previous experience. After fifty years or so, this approach is at last
becoming a science.” – C.J. Lawn, Professor [1987]

1.1 Motivation of the study

Nitrogen oxides (NOx) generate photochemical smog and haze, therefore con-
trolling these gases is crucial for the air quality in the lower atmosphere. In
addition, in the higher atmosphere, NOx is a precursor to destroy the ozone and
as such, e.g. airplanes flying at cruising altitudes contribute to the depletion
of the ozone layer. Although vehicle emissions are responsible for a substantial
part of NOx emissions, many stationary sources that burn natural gas also emit
a significant amount of NOx. Domestic heating appliances more and more use
natural gas burners at the expense of coal or oil-fired equipment for reasons of
easy maintenance, compactness, availability of the fuel and the common sense
of using a “clean” fuel. Natural gas burners used in boilers and furnaces in
many cases provide the heat for manufacturing, industrial processing or space
conditioning. Today, the recently developed high efficient power plants apply
modern gas turbine technology that makes use of natural gas.

A growing concern about good air quality drives the search for low emis-
sion combustion techniques. Simultaneously increasing the thermal efficiency
is also of equal importance in order to reduce the total amount of energy con-
sumed. Conventional natural gas combustion easily produces NOx in the order
of several hundreds of mg/Nm3 in boiler utilities. In high temperature environ-
ments, such as furnaces and ovens, the uncontrolled NOx levels reach thousands
of mg/Nm3. In Europe, the current legislation for gas-fired installations larger

1



2 Chapter 1. Introduction

Figure 1.1: NOx control strategies for gas-fired industrial combustion equipment.

than 300 MW requires the industry to reduce the NOx emissions to levels below
100 mg/Nm3 (corrected to 3% O2) [4]. Smaller installations (< 300 MW) may
emit maximally 150 mg/Nm3. The most severe legislation exists in Southern
California where e.g. small industrial boilers, furnaces and heaters with a ther-
mal input P of 560 < P < 1500 kW may only produce less than 60 mg/Nm3

of NOx. In the near future, even more stringent NOx emissions requirements
are considered in that area.

Clearly, there is a need for emission control technologies and during the
last decade, the knowledge on how the combustion process works is put into
practice. Figure 1.1 shows various strategies employed to reduce NOx emissions
from gas-fired equipment. Detailed information about these techniques can be
found in the review work by Bluestein [9]. The figure mentions techniques
involving combustion modifications such as the reduction of the temperature
or the concentration of O2 in the combustion process. Other technologies in-
clude reburn and oxy-gas burning techniques. Post-combustion control meth-
ods make use of selective catalytic reduction or selective non-catalytic reduction
by means of ammonia, urea or methanol injection.

NOx emissions in gas-fired combustion predominantly result from the ther-
mal NOx production. Thermal NOx is strongly influenced by the local temper-
ature, the residence time and the oxygen concentration, leading to the measures
presented in figure 1.1. Especially in the field of the low NOx burners, much
progress is made such that to retrofit boiler equipment, it suffices to simply
change the burner, thereby avoiding radical changes of the entire installation
(i.e. staged combustion, water injection or external fan driven flue gas recir-
culation). Other measures such as reduced air preheating and high excess air
levels are not recommended because thermal efficiency of the system will drop.
Burner related techniques that have been researched and applied up to present
include:
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• Improved rapid mixing in conventional nozzle-mix burners with stabiliz-
ing discs featuring a finer cut of the pass-through slots. These burners
break up the flame and enhance the mixing with the excess air and reci-
gas.

• Conventional nozzle-mix burners with air staging or fuel staging devices
creating typically a rich-lean staging of the combustion. Often, this mea-
sure leads to longer flames that may hit the back of the units, or may
lead to an increase in CO emission.

• Premixed surface burners: metallic fibers and ceramic foams have been
proposed. They yield lower NOx and increased radiative heat transfer at
the expense of a large internal volume of premixed gas and air.

• Non-premixed or premixed swirl burners. These burners show a potential
for low NOx but they have suffered in the past from combustion noise
and a small turn-down ratio. In addition, they are relatively expensive
to manufacture and rather complex to operate, making the technology
difficult to accept in small to medium sized equipment. Research has led
to the development of high performance swirl stabilized burners for gas
turbines (e.g. the AEV1 burner developed by ABB2). Swirl stabilized
burners (often termed vortex burners) for steam boilers and thermal oil
fluid heaters are currently being developed by the leading companies on
the market (e.g. Maxon, Todd combustion inc., Winnox, and many oth-
ers).

Turbulent lean premixed swirling combustion has become an important NOx

abating technology. For practical combustion, there is also the dynamic nature
of premixed flames and their tendency to become unstable and to blow off,
introducing issues like flame stabilization and turn-down ratio of the burners.

1.2 Swirl combustion

1.2.1 Swirling jets

Much research effort is spent characterizing the aerodynamics of swirl flow.
Swirl means that rotating motion is imparted to a flow upstream of an orifice,
and in this way the flow emerging from that orifice has a tangential component
in addition to the axial and radial velocity components encountered in non-
swirling jets. In the case of strong swirl, it creates an adverse axial pressure
gradient which is sufficiently large to result in reverse flow along the axis and
the setting up of an internal recirculation zone (IRZ) [6, 68] which is visualized
in figure 1.2. The effect is termed vortex breakdown and studied in detail
by many. Billant et al. [8] and Escudier and Keller [25] characterized the
vortex breakdown process taking place in a swirling water jet as the swirl and

1Advanced Environmental Vortex
2Asea Brown Boveri
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Figure 1.2: Flow pattern developed by a swirl burner. Reproduced from [12].

Reynolds number are varied. Additional discussion and visualization of these
recirculation zones is found in the work by Sheen et al. [66].

Experimental studies show that swirl has large-scale effects on flow fields,
i.e. jet growth, entrainment and decay for inert jets, as well as on flame size,
shape, stability, and combustion intensity for reacting flows [48]. Fujii et al.
[30] quantified strongly swirled unconfined jets under isothermal and combus-
tion conditions. As a result of combustion, turbulence levels are higher in the
reacting flow with more scatter of the measurement data than in the isothermal
jet. Time-dependent variations of density and flame location caused this scat-
ter and hence the so-called flame-generated turbulence. Swirling jets are used
as a means of controlling flames in combustion chambers and have also found
application in various types of burners. One such burner is a low NOx burner
with a three concentric jet arrangement of which the amount of flow and swirl
can independently be adjusted to yield the lowest NOx emission. The resulting
flow pattern induced by this swirling jet combustion is shown in figure 1.2.
The burner is of the non-premixed type and as such, a fuel-rich and fuel-lean
zone can be established by proper settings of the air flows. Inside the flame
brush, the IRZ is observed whereas an external recirculation zone (ERZ) is
established between the confines and the flame brush. Also there, products are
recycled and entrained by the outflowing jet. Hence, relatively cold products
of the ERZ may be fed back into the root of the flame when the walls of the
boiler are much cooler. Recirculation of products within the flame provides
flame stabilization and controls the flame characteristics to a large extent. The
effect of heat release and swirl on the recirculation (and vice versa) is surveyed
in the work by Goldin et al. [33], Tangirala et al. [70] and Weber and Dugué
[79]. It was found that increasing the heat release accelerates the gas, thereby
helping to drive the recirculation.

1.2.2 Evolution of the research

Swirl burners are not new in combustion, nevertheless, it is only in the early 80′s
that the comprehensive work by Lilley [48], Beér and Chigier [6] and Lawn [45]
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allowed one to understand how and why rotating flow has such an important
influence on the stability and combustion intensity of flames.

Much information has come from experimental and theoretical studies by
Beér and Chigier in the mid 60′s carried out on oil burners at the IFRF3 re-
search laboratory. In the same period, Leuckel started the research at the IFRF
in the field of swirling combustion. In the 70′s, natural gas flames gained in-
terest and experience regarding the swirl combustion from the oil flame studies
was implemented and explored further on by Fricker et al. [28], Syred and Beér
[68] and Gupta et al. [35], mainly in the field of industrial furnaces and boilers.
So did also Leuckel who moved in the mid 80′s to Germany and formed a group
at the Engler-Bunte-Institut in Karlsruhe with the focus on swirling natural
gas flames (see ref. Hillemans et al. [37]).

Also in the 80′s, the work by e.g. Goldin et al. [33], Gupta et al. [36]
and Rhode et al. [62] broadened the research towards tighter confinements,
such as combustors for gas turbines, because issues like efficiency, stability,
emissions and noise production became very important. Investigations of the
near-burner flow fields or the flow patterns in the entire confinement were more
accurately performed by the use of LDA techniques. Much progress in laser
diagnostics has been made since the 70′s, e.g. Laughlin and Tiederman [44].
Swirling combustion research continues at several institutions in the 90′s. In
this regard, three research projects are notable because of some likeness with
the present work: (1) the TECFLAM joint research program, (2) the Scaling
400 study and (3) the UCLSC 4 technology.

1.2.3 TECFLAM

In the mid-90′s, the TECFLAM research cooperation group was formed, in-
volving several German universities (Darmstadt, Heidelberg, Karlsruhe) and
the German Aerospace center (DLR in Stuttgart). The aim of the effort was to
define a standard natural gas swirl burner and standard combustion chamber
and subsequently to perform high-level quantitative measurements to achieve
a complete characterization of burner and flames. The findings and results of
the project are reported in refs. [41, 43, 65]. A detailed technical description of
the TECFLAM burner and combustion chamber can be found on the official
data archive internet site [19]. The measured quantities and the respective
techniques are listed in table 1.1.

The data sets contribute to the understanding of turbulence-chemistry in-
teraction, instabilities and pollutant formation of strongly swirling flames. Fur-
thermore, they serve as a validation case for numerical simulation. A photo-
graph of a 150 kW natural gas flame operating at 20% excess combustion
air and a swirl number equal to 2.0 is shown in figure 1.3a. It is a tulip-
cup shaped flame that is lifted 25. . . 35 mm above the burner. A short video
[19] demonstrates that it is a rather nervous flame brush vibrating up and
down. The associated temperature field is presented in figure 1.4, where the

3International Flame Research Foundation in IJmuiden, The Netherlands
4Ultra-clean low swirl combustion
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(a) (b)

Figure 1.3: Lifted natural gas flames. (a) TECFLAM flame [19]. Power = 150 kW,
S = 2.0, Stoichiometric ratio = 1.2. (b) Prototype laboratory UCLSB flame [15].
Power = 15 kW.

Figure 1.4: Temperature field of the TECFLAM flame [19]. Power = 150 kW, S
= 2.0, Stoichiometric ratio = 1.2. (Left) Instantaneous temperature [K], obtained
by Rayleigh imaging thermometry. Exemplary single-shot images at various heights
above the burner throat. (Right) Average temperature [K].
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Table 1.1: TECFLAM measured quantities and measuring techniques (for
details, refer to [7]).

Quantity Technique

Velocity Laser Doppler Velocimetry
Temperature, concentration of main species Raman/Rayleigh
Stable species Probe sampling
Temperature (2-dim.) Rayleigh
Temperature Thermocouple
Radiation Spectrally resolved emission
Intermediates OH, NO, CH2O, CO2 PLIFa

aPlanar Laser Induced Fluorescence.

left part shows the instantaneous temperature by means of four single-shot
images (25 mm x 100 mm) at the respective heights above the burner. The
right side of figure 1.4 shows the average temperature field. The burner exit
geometry is schematically shown in the bottom part of the figure. The fuel is
injected via a small annular slot at the inner side of a swirling annular sheet of
combustion air. The instantaneous temperature distributions reveal the corru-
gated cold stream and also lumps of cold and very hot fluid (≈ 2200 K). This
points to the existence of large turbulent structures which cannot be seen on
the average temperature field as everything becomes smoothed out.

1.2.4 Scaling 400 study

A second effort, termed the Scaling 400 study, has been underway during five
years and was completed in 1995. The objective of this study is to relate small
burner combustion performance and emissions to that of full industrial scale.
The focus lies on the scaling characteristics of the near-burner aerodynamics
and resulting NOx emissions of the industrial natural gas burners. This was
a cooperative effort involving the Gas Research Institute, the university of
Michigan with Driscoll and co-workers, the IFRF with Weber and his team,
the John Zink CO. , Sandia National Laboratories and British Gas.

Tests have been conducted on five versions of a generic natural gas swirl
burner, designed using the constant velocity scaling criterion combined with ge-
ometrical similarity. The moveable block swirl generator used in this burner is
the result of earlier research by Leuckel [46]. These five tests have been carried
out in a set of thermally similar furnaces over a range of thermal loads spanning
from laboratory scale (30 kW) to full industrial scale (12 MW), representing a
factor of 400 in power. The experiments consist of input-output and detailed
in-flame measurements whereas also parametric studies on the variations in
swirl, excess air ratio, combustion air preheat, fuel staging, flue gas recircula-
tion and turn-down are carried out. The data obtained yield new engineering
information on the scaling of natural gas burners to support the development
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of new low-NOx designs. The results are reported in the subsequent technical
reports [78] and in the open literature [39, 64, 79].

Figure 1.5 shows three flame types observed in the scaling 400 experiments.
The flames are blue and non-sooty and the high swirl versions have a tulip-
cup shape. The type-0 flame is a long jet flame which entrains products. With
intermediate swirl, the type-1 flame features a combination of the jet flame with
a partial internal recirculation zone. The high swirl type-2 version generates a
fully closed internal recirculation zone.

Figure 1.5: Scaling 400 study flame types. Reproduced from [12]. (a) Type-0 flame;
no swirl. (b) Type-1 flame; intermediate swirl. (c) Type-2 flame; high swirl.

1.2.5 Low swirl combustion

A type of combustion technology, called the ultra-clean low-swirl combustion
(UCLSC), is now entering the marketplace after a decade of research by Cheng
[15] at the Berkeley National Laboratory in California. Initially, the low-swirl
burner was developed for laboratory research (15 kW thermal input) but it is
demonstrated that it can be scaled to thermal input levels of small industrial
appliances (100. . . 700 kW). The low-swirl burner (LSB) employs lean premixed
flames of which a distinct characteristic is the detached nature of the flame.
Figure 1.3b shows a photograph of the laboratory prototype LSB flame, firing
at a rate of 15 kW. The burner tube diameter equals 52.8 mm. Note that
this burner is made entirely out of plastic components showing that the burner
itself does not receive nor retain much heat.
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Previous laboratory studies [16, 81] have shown that the LSB exploits the
propagating nature of a premixed turbulent flame and does not rely on flow
recirculation to anchor the flame. The burner is essentially an open tube fitted
with an air swirler section consisting of either inclined tangential jets or a simple
vane-swirler. Typical is also a cylindrical center bypass leaving a portion of
the reactants unswirled. Premixed reactants are supplied and a typical swirl
number is 0.02 < S < 0.12, which is very low compared to 0.5 < S < 1.0 for
conventional high-swirl burners. No vortex breakdown occurs at these low swirl
levels, instead, the flow diverges when it exits the confines of the tube. Cheng
reports that, for flame stabilization, the mean velocity must decrease linearly
downstream of the burner throat. As such, the flame is allowed to propagate
from the downstream side and settle at a position where the local flow velocity
matches with the local turbulent flame speed. It is Cheng′s goal to prevent
the formation of recirculation at all costs so that the flame does not experience
shear turbulence.

With respect to the scaling, the results show that a constant velocity cri-
terion is valid for scaling the burner diameter to accept higher thermal inputs.
However, the swirl number needed for stable operation should be scaled inde-
pendently using a constant residence time criterion. NOx numbers were found
to be independent of thermal input and were only a function of the stoichiomet-
ric ratio. Depending on the application for which the UCLSC is used, it emits
10 to 100 times less NOx than is produced by conventional combustion systems.
In a cooled confinement, the 15 kW LSB emits approximately 40 mg/Nm3 NOx

combined with roughly 30 mg/Nm3 CO emissions at a 1.17 stoichiometric ratio
[81]. Less than 30 mg/Nm3 NOx and 12 mg/Nm3 CO are measured for a 280
kW version working with 20 % excess combustion air [16].

1.3 Preliminary work

Within Europe, there is a constant drive for applied combustion research related
to environmental concerns and higher efficiency considerations. Manufacturers
demand cleaner burners to retrofit existing heating equipment and they ask
the research community to provide new technology to the market. One such
market is that of industrial steam boilers and thermal oil heaters. These units
can have a classical shell type fire-tube design, a compact coiled water-tube or
an annular coiled water-tube design. The units range in size between 100 kW
and 10 MW and can be gas and/or oil fired. Thermal oil heaters pose specific
problems in that the combustion air is often preheated in a recuperative air pre-
heater to about 250 ◦C in order to increase the overall thermal efficiency. This
condition unfortunately leads to high NOx emission. Steam boilers may pose
other problems in that many units are so-called “reverse-flow boilers”where hot
flue gases mix with the flame, having also an increased production of NOx as
a result.

In that regard, a European research and development program was set up,
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called the CFHU5 project, that focused on the integration of clean burners
in compact fired fluid heaters. Part of the research has been conducted at
the K.U.Leuven on the use of swirl burners in thermal oil heaters. Among
the parameters of the experimental study are the influence of (1) swirl, (2)
excess combustion air, (3) geometry, (4) burner power and (5) degree of air
preheat with respect to the NOx emission. Issues like high efficiency, secure
flame stabilization and large turn-down ratio are closely connected with this
investigation. The outcome of the CFHU project has been reported in ref. [60].
However, during the experiments, other, initially unexpected aspects of the
swirl burner application showed up, thereby initiating continued scientific re-
search which finally led to the results presented in this work. Appendix A
discusses the relevant results that are preliminary to this study.

1.4 Goal and scope of the present work

Turbulent swirling jet combustion is extensively used in practical applications
such as gas turbine or boiler combustors. The legal emission levels of pollu-
tants such as NOx and CO are progressively lowered. Yet, process efficiency,
reliability and economical feasibility must be maintained, or better, should be
improved. The ability to understand and consequently control the mixing char-
acteristics of a turbulent swirling jet is an essential part of optimizing those
constraints and presents technical and engineering challenges. This work in-
tends to contribute to the understanding of the operating principles of this
combustion in swirl burners.

The CFHU research program was a rather practical study, whereas this
doctoral thesis aims at presenting a quantitative approach of various swirling
flame phenomena from a scientific viewpoint. In view of this, laboratory scale
experiments play an important role by providing detailed in-flame diagnostics
to guide e.g. a burner concept evaluation or to provide an experimental data-
base for modelers of turbulent combustion. It is the aim of this work to aid
this process in generating new information on the interaction between flow
structure, turbulence and combustion properties. This thesis is organized as
follows:

• An entirely new experimental setup is conceived and methods like laser
Doppler anemometry (LDA), fine-wire thermocouple and in-flame com-
position probing are elaborated on in chapter 2.

• Chapter 3 introduces multiple flames issuing from the swirl research
burner. Amongst them are a lifted flame and a remarkable flat attached
Coanda flame. NOx emissions of the flames are reported as a function of
the degree of premix, the stoichiometry, thermal power input and swirl
setting. Subsequently, the chapter provides quantitative experimental
in-flame data, including distributions of temperature and major species
combined with a detailed flow field description. The mechanisms of the

5Compact Fired Heating Units
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flame stabilization and transition from one flame type into another is dis-
cussed and the chapter concludes with a comparison of the reverse mass
flow rates that are reported by others.

• Chapter 4 focusses on the flow structure of the lifted flame. Inspection
of the probability density function of velocities provides a method to
subdivide the flow pattern. The turbulence matter is addressed and the
large-scale motion versus the local turbulence concept is discussed. The
chapter includes an assessment of the local small-scale turbulence that is
present in the swirling mixing sheet.

• Chapter 5 reviews several length and velocity scales and discusses di-
mensionless groups that allow for quantification of turbulent premixed
combustion into a regime diagram, often termed as the Borghi diagram.
A method is provided in order to calculate the autocorrelation function
of a series of non-equidistant sampled data, something very applicable to
LDA recordings. From this, an estimate of the integral time scale fol-
lows. Subsequently, in-flame information is combined with the concepts
of large-scale motion structures and local turbulence in the mixing sheet
region of the flame in order to calculate the degree of recirculation frac-
tion and preheat of the reactant stream. Finally, the local turbulence and
representative time scales allow for the classification of the lifted flame
into the Borghi diagram.

• In the final chapter 6, a summary of achievements and conclusions is
given. Last, recommendations and possible directions for further research
on this premixed swirling combustion topic are pointed out.





Chapter 2

Experimental Setup and
Procedures

“Allow me to express now, once and for all, my deep respect for
the work of the experimenter and for his fight to wring significant
facts from an inflexible Nature who says so indistinctly “No”and so
indistinctly “Yes”to our theories.” – H. Weyl, physicist [1885-1955]

2.1 Introduction

The outcome of the CFHU project, described in chapter A, revealed many as-
pects regarding the swirl burner’s behavior in a practical application. Test were
run in a modified industrial unit, making this setup only suitable for a qualita-
tive approach regarding the in-flame behavior. However, the scientific explana-
tion still remained incomplete and therefore, a new setup was conceived. The
need for full optical and probe access inside the combustion chamber resulted
in a quartz glass octagonal combustion chamber which is also geometrically
similar to the coil heating units. The study is basically performed in three
steps: (1) repeating a series of experiments identical to the CFHU tests, (2)
a detailed investigation of some remarkable flame phenomena that showed up
during the first test runs and (3) interpretation and explanation of the data by
means of the underlying physics.

2.2 Setup

A side and top view schematic drawing of the experimental setup including
dimensions is depicted in figure 2.1. The burner is installed in the bottom with
the flame burning upward, and the combustion products pass through the annu-
lar section that is formed by the octagon and the stopper (Dstopper = 190 mm)
into the exhaust hood. The movable stopper can also vary the combustion
chamber length. The diameter and the length of the confinement are 255 and

13
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(a) (b)

Figure 2.1: Experimental quartz glass setup, including dimensions in mm and rela-
tive position of the laser beams. (a) Side view. (b) Top view. (The section is taken
at H = 50 mm.)

310 mm respectively and the setup runs under atmospheric pressure condi-
tions. The argumentation for the choice of these dimensions are specified in
appendix A. For convenience, the coordinate system originates in the center of
the burner. R and X represent both horizontal axes whereas H denotes the ver-
tical direction. Different flames are quantified by means of visual observation
and by quantitative in-flame data, including the velocity field, the temperature
field and the distribution of the major species.

The flow field is measured using the 2D laser Doppler anemometry (LDA)
technique. Axial, tangential and some radial velocity data of the reacting flow
in a tight confinement are obtained. The laser-beams of the LDA system pass
through the windows and the receiving optics are placed in a 180o forward scat-
ter arrangement. Some practical constraints limit the velocity measurements.
First, the beam separation (50 mm) in conjunction with the focal length (350
mm) of the transmitting lens restrict the position of the LDA measuring vol-
ume (MV). Regions lower than 6 mm in the center and 11 mm near the wall
cannot be reached. Second, the supporting bars (100 mm separation) of the
octagonal chamber block the beams if the MV traverses further than 38 mm
in the X-direction. Consequently only radial velocity data can be obtained
within this limited region of the X-H plane. Third, the glass windows reflect
and disperse the laserlight in the near-wall regions and fouling of the windows
by the flow seeding mandates regular cleaning of the glass, making the LDA
measurements of an entire grid a slowly progressing work.

Probe access via small sealable holes in one quartz window allows for the
measurement of the temperature field in the combustion chamber using a fine-
wire 100 µm type B thermocouple. Likewise, the access is suitable to insert
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Figure 2.2: Photograph of the 30 kW IFRF research burner.

a 3 mm quartz probe with quench section to measure the distribution of the
major species such as O2, CO2, NOx, CO and CxHy (or noted in short UHC
which means unburned hydrocarbons).

2.3 Swirl burner

2.3.1 General

The experimental natural gas swirl burner used in this study has been de-
signed and manufactured by the IFRF. A 30 kW version is purchased be-
cause it is a specially designed research burner that provides various options
with respect to low NOx studies [22, 39]. A photograph of the burner is
shown in figure 2.2. Dutch Slochteren natural gas and dry combustion air
(dewpoint = 5 ◦C at 8 bars) at 25 ◦C are supplied to the burner while param-
eters such as (1) swirl intensity, (2) stoichiometric ratio and (3) degree of premix
of the natural gas-air mixture are controlled. Figure 2.3a shows a schematic
drawing of the burner, whereas figure 2.3b depicts the generic dimensions of
the burner mouth. In this drawing, all dimensions are referenced to the outer
diameter of the combustion air duct D0 = 27 mm.

The burner consists of a swirl generator and a burner quarl joined together
via a cylindrical tube. The inlet swirl is generated by means of a movable block
swirler which is installed upstream of the tube. The expansion of the flow is
accommodated by the quarl. The quarl of this burner is made of refractory
material and has an opening angle of 20◦. Inside the cylindrical tube, a fuel rod
is placed in the center. Hence, an annular channel is formed between the tube
and the fuel rod, D0/Drod = 27/18 mm respectively. The fuel rod conducts the
natural gas to the burner mouth where it is radially injected into the swirling
combustion air through a ring set of 24 holes (dhole = 0.5 mm). Note that in
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(a) (b)

Figure 2.3: 30 kW IFRF swirl burner. (a) Overview. (b) Burner mouth including
dimensions that are referenced to D0 = 27 mm.

the existing burner configuration, there is a second annular slot (between 1.20
D0 and 1.33 D0) providing the option to study various co-flow conditions [39].
This option is not used in this work, the inlet piping is sealed and as such,
the slot is filled with stagnant fluid. Note that the quarl is stepped at 7.66
mm above the fuel rod level, giving rise to some particular side effects that are
currently studied by Vanierschot et al. [75].

2.3.2 Swirl number

The design of the burner allows for a continuous variation in inlet swirl number.
In swirling free jets or flames, both the axial flux of angular momentum Gφ and
the axial flux of axial momentum (or axial thrust) Gx are conserved. Therefore

Gφ =
∫ ro

ri

2πρuvr2dr and

Gx =
∫ ro

ri

2πr(p+ ρu2)dr, (2.1)

where u and v are the axial and tangential components of the velocity at radius
r, p is the static gauge pressure, and the radii ri and ro correspond to the inner
and outer radius of the combustion air stream (see figure 2.3b). A dimensionless
ratio to characterize the swirl intensity of the flow is given by the swirl number
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[6]

S′ =
Gφ
Gxr0

with r0 ≡ D0/2. (2.2)

The evaluation of swirl numbers requires knowledge of the velocity and static
pressure profiles at the burner exit. An alternative swirl number S is more
commonly defined solely from the mean and tangential velocity components
without the pressure term in the Gx momentum to eliminate difficulties caused
by the static pressure variations in the inlet duct. For the present IFRF burner,
these swirl numbers S and S′ are related as S′ ∼= S/(1− 0.795 · S) [39]. The
reported swirl numbers in this work follow from experimentally [22] obtained
inlet velocity profiles across the inlet duct by LDA and no pressure term is used
in the calculation. The movable block swirler also produces a nearly constant
tangential velocity profile [12, 79]. In this way, S can be continuously varied in
a range from 0. . . 1.12 with an accuracy including repeatability of ± 0.03.

2.3.3 Degree of premix

Although in most of the experiments an overall stoichiometric ratio (SR), de-
fined as the ratio of actual applied combustion air to the theoretical combustion
air requirement, of 1.10 is kept, the mixing of the natural gas and the combus-
tion air can be altered considerably by the use of two mixing points at different
locations. The total gas stream is split up and by means of mass flow con-
trollers, an adjustable amount of gas is mixed upstream with the combustion
air in a first mixing point. This mixing point is located sufficiently upstream
of the burner entrance such that a homogeneously premixed flow is established
at the inlet of the swirl generator. At the end of the fuel rod (= second mix-
ing point), the balance of the gas is radially injected into the swirling air-gas
mixture totaling 30 kW in any case. A dimensionless ratio to characterize the
degree of premix can be defined as

DPX =
ṁpremix

ṁtotal
(2.3)

in order to quantify the partially premixed operating conditions of the burner.
In this study, the DPX ranges between 0 and 1 and can be set in a continuous
way. A value of zero indicates that all the fuel enters via the fuel rod at the
burner exit. Consequently, a value of one indicates that all the fuel is fully
premixed with the combustion air upstream. Note that this premix option has
not been used previously by other researchers. In this work, however, it has
initiated a series of studies on multiple flame patterns.

Most of the results that will be reported in subsequent chapters are obtained
using particular burner operating conditions. The power equals 30 kW, a 1.10
stoichiometric ratio and DPX = 0.7 generally apply. For this case, the Reynolds
number in the annular duct (Re = u·Dh

ν ) equals 19000 where the mean axial ve-
locity u ≈ 33 m/s, the hydraulic diameter of the annulus Dh ≡ 0.35D0 = 9 mm
and the kinematic viscosity ν ≈ 15.8 ×10−6 m2/s at 25 ◦C. The momentum
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ratio of the radially injected fuel to the axial flow of air-fuel mixture equals
3.5 % and the associated penetration depth of the small gas jets into the main
stream amounts to only 1 mm (calculation according to ref. [76]).

2.3.4 Fuel composition

The composition of the natural gas varies somewhat from day to day. Therefore,
a daily composition analysis is performed by the gas supplier Distrigas and the
record of e.g. the year 2000 gives mean and standard deviation values for the
composing gases. In order to present a 95% confidence interval, the standard
deviation is multiplied by 1.96 such that the concentration for each component c
is specified in terms of c ± ∆c. Table 2.1 lists the values of the fuel composition.

Table 2.1: Natural gas composition.
Component c ∆c

Methane 83.163 ± 0.87612
Ethane 3.804 ± 0.40572
Propane 0.839 ± 0.17444
Butane 0.302 ± 0.03921
Pentane C5+ 0.079 ± 0.00784
Helium 0.044 ± 0.00981
CO2 1.401 ± 0.2744
N2 10.28 ± 0.5684
H2 0.000 ± 0.0000

The resulting physical properties such as caloric value, density, molecular
weight and Wobbe number, are calculated according to the ISO 6976 standard
[27] and are summarized in table 2.2. A minimum-maximum analysis using the
values of table 2.1 estimates a 2% error on the caloric value.

Table 2.2: Natural gas properties at standard conditions (0 ◦C, 1 atm).

Property Unit

Lower caloric value 33344 kJ/Nm3

Density 0.8313 kg/Nm3

Molecular weight 18.5863 g/mole
Wobbe number 46.057 MJ/Nm3

2.4 Velocity measurement

2.4.1 Principle of operation

Since the introduction of the LDA technique in 1964, its use has become
widespread in both research and industrial applications. The Doppler effect
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Figure 2.4: The optical arrangement for the dual-beam heterodyne LDA.

forms the basis of LDA. Light scattered by a small particle that moves with
the flow undergoes a small shift in frequency with respect to the original light
source. This Doppler shift provides a measure for the velocity of the parti-
cle, and therefore, for the flow velocity. The measurement of this Doppler
frequency (fD) requires appropriate techniques since fD is much smaller than
the frequency of the light (f0); typically fD/f0 ≈ 10−13. Because of its su-
perior signal-to-noise ratio, the most widely used optical configuration is the
dual-beam configuration, which applies an optical mixing or heterodyne tech-
nique in conjunction with a square-law detector. Details about this optical
mixing and associated determination of the Doppler frequency can be found
in appendix B. Figure 2.4 shows the optical arrangement for the dual-beam
configuration. Basically, it consists of a laser beam with frequency f0 that is
split into two parallel beams. A lens focuses both beams and the overlap region
of the beams creates the measuring volume (MV). When a particle with veloc-
ity ~v passes through the MV, it scatters light of both beams in all directions.
Some of the scattered light is thus in the direction of the detector (~ed) and the
Doppler frequency is given by

fD =
~v(~ei1 − ~ei2)

λ0
=

2 sin(θ/2)
λ0

|~v| sinα, (2.4)

where λ0 is the wavelength (f0 = c/λ0; c is the speed of light), θ is the crossing
angle of the incident laser beams between the unit vectors ~ei1 and ~ei2 and α is
the angle between ~v and the x-axis. Inspection of equation (2.4) shows that fD
is a measure for the velocity component in the direction of ~ei1 −~ei2 , i.e. the y-
axis which is perpendicular to the source laser beam. The Doppler frequency is
independent of the orientation of the detector (~ed) with respect to the incident
beams, which enables the use of large apertures to collect more scattered light
[72]. In addition, a forward-scatter placement of the detector is also favorable
as the amount of scattered light is roughly a factor 102 higher compared to a
backscatter arrangement.
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Furthermore, equation (2.4) indicates that a particle moving through the
measurement volume with velocity −~v will generate the same Doppler fre-
quency as a particle that moves with velocity +~v. Frequency shifting of one of
the beams overcomes this directional ambiguity, and in this way, each value of
|fD| is uniquely related to one velocity value (see appendix B).

2.4.2 Complexity

The main advantage of the LDA technique over conventional measurement
techniques, such as hot-wire anemometry (HWA) or pressure probes, is that
it is non-intrusive. By consequence, the flow is not disturbed by any physical
probe in the flow during a measurement. Other advantages and drawbacks of
the LDA are summarized in appendix B [1, 72]. In this work, the difficulties
regarding LDA measurements in confined flames reflect the complexity. There-
fore, the LDA measurements for this study were done in collaboration with Dr.
Mark Tummers and Prof. Dirk Roekaerts of the Technische Universiteit Delft
who made their facilities available. Their LDA system is well equipped for these
type of measurements e.g. forward scatter arrangement, perfectly aligned laser
and optics, high performance signal analyzer, and automated translation sys-
tem on which the heavy octagonal setup can be placed. Besides, the in-house
experience allowed good progress of the work.

2.4.3 Configuration

The equipment consists of a two-component, dual-beam configuration. The
modular optics, such as beam-splitters, color separation, transmitting and re-
ceiving optics as well as the photomultipliers are from Dantec. The system uses
the green (λgr = 514.5 nm) and blue (λbl = 488 nm) colors to simultaneously
measure two components of the velocity. Note that, in a practical 2D LDA
system, two matching pairs of laser beams are required and a 350 mm focal
length lens creates two overlapping elliptical measuring volumes, each having a
length of roughly 1.6 mm and a diameter of 0.11 mm (refer to appendix B). In
this work (see figure 2.1), the green beam pair is oriented such that the axial
velocity component is measured whereas the blue laser light serves to measure
either the tangential or the radial component, depending on the location of
the measuring volume. In general, the blue laser beam suffers somewhat more
from noise and therefore, tangential measurements are more difficult near e.g.
the octagonal walls.

Each of the four beams is passed through a separate Bragg cell to introduce
a frequency pre-shift. An effective shift of 5 MHz is used for each beam pair
such that the negative velocities are distinguished. Scattered light is collected
in a 75 mm aperture lens, which is placed on-axis in forward scatter direction.
The received light is separated using a dichroic mirror before it is focused on
separate photo multipliers. Cross talk between the green and blue channels is
eliminated by placing narrow band optical filters in front of the photo multi-
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pliers. The photo multiplier output signals are fed into a two channel TSI1

IFA-750 signal processor, operated in time coincident mode, meaning that a
particle burst needs to be acquired and validated simultaneously by both chan-
nels. A regular LDA recording usually consists of 9216 velocity samples of
each velocity component. The commercially available TSI FIND software was
used to collect the raw data files. The further processing of the raw data into
meaningful statistical quantities was done using in-house developed software.

2.4.4 Bias effects

The randomness of the sampling introduces the effect that the instantaneous
data rate is correlated with the instantaneous velocity resulting in the previ-
ously much debated phenomenon called velocity bias. George [31], Petrie et al.
[59] discussed that, irrespective of the mean data rate (= number of acquired
velocity samples per second), the probability of measuring a particle with a
high velocity is higher than the probability of measuring a low-velocity parti-
cle. Consequently, statistical quantities will be erroneous if they are computed
as arithmetic averages and the probability density function (PDF) of measured
velocity samples will also be biased towards high velocities. This section re-
sumes a correction method for the computation of the mean and the variance
and section 2.4.5 presents a correct method in order to report on the PDF of
LDA data.

2.4.4.1 Velocity bias

A detailed investigation and discussion of the velocity bias phenomenon and
the correction methods is found in the comprehensive work by Tummers [72].
Two categories of methods may be distinguished in order to deal with the
problem. First, some sampling techniques attempt either to reconstruct the
original velocity signal or to sample the velocity at equidistant times, thereby
eliminating the correlation between the sampling process and the instantaneous
velocity. All these sampling techniques require a high data density, defined as
the product of the mean data rate and a characteristic time scale of the flow.
This high data density condition is rarely satisfied in reacting flows within a
confinement and thus cannot be used in this study.

A second category applies weighing factors to compensate for the effect of
velocity bias [44]. The method for the computation of the mean u and the
variance u′2 of the velocity u takes the following form:

u =

n∑

i=1

ui · wi
n∑

i=1

wi

u′2 =

n∑

i=1

u′2i · wi
n∑

i=1

wi

(2.5)

1TSI Inc., U.S.A.



22 Chapter 2. Experimental Setup and Procedures

where the subscript i denotes the ith velocity sample, n is the total number
of velocity samples and w is the weighing factor. There exists more than one
way to determine the weighing factor [24] including the (1) inverse-velocity
weighing, (2) interarrival time weighing and (3) transit time weighing. In this
study, wi = tti, i.e. the transit time tti of the individual particle through the
measuring volume is used as weighing factor. Note that wi = 1 corresponds
to the unweighed, arithmetic average. Argumentation for this choice comes
from the fact that the flow is basically three-dimensional and only two of the
components can be measured at once with the 2D system. Inverse-velocity
weighing will systematically overcorrect the velocity bias. In addition, compar-
ative experimental studies by Tummers [72] and also during the course of this
experimental work have demonstrated the reliability of transit time weighing.

2.4.4.2 Density bias

In reacting flows, there is also the density bias which may cause biased sam-
pling. This effect has its origin in the density variations that occur in e.g.
combustion environments. The weighing factor to be used to compute unbi-
ased Reynolds-averaged statistics is then: wi = tti · Ti where the transit time
is measured by the LDA signal processor and the simultaneously measured
temperature Ti follows from, for example, a CARS system. In most experi-
ments, as is also the case here, the instantaneous temperature is not measured
simultaneously with the velocity so that it is impossible to compensate for the
density bias. If only the velocity bias is compensated for, and the density bias
is ignored, then a Favre-average of the velocity is computed.

2.4.5 Probability density function

The study of the nature of a turbulent flow includes much more than the com-
putation of the mean and the variance. Inspection of the probability density
function (PDF) of the measured velocity samples also contributes to the anal-
ysis of the flow. The usual way to compute the discretized PDF is to divide
the velocity range into kmax intervals. The width ∆u of all the intervals is
computed as ∆u = (umax−umin)/kmax. Each of the n velocity samples is allo-
cated to the corresponding kth velocity interval and the counter is increased by
one: pdf(k) = pdf(k) + 1. The normalized PDF is finally obtained by dividing
the pdf by the total number of samples n and the interval width such that the
integral equals the unity

PDF (k) =
pdf(k)
∆u · n . (2.6)

Using the aforementioned method, the resulting PDF is biased towards high
velocities. In like manner as for the mean and variance, a method is applied to
deal with the velocity bias effects. Again, every sample is allocated to its proper
velocity interval, but the counter is increased by the corresponding transit time
of each sample: pdf(k) = pdf(k) + tti. In this way, the fast particles contribute
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less to the PDF distribution. Division by the total sum of the transit times
and the interval width performs the normalization

PDF (k) =
pdf(k)

∆u ·∑ tti
. (2.7)

2.5 Temperature measurement

2.5.1 Principle of operation

Three types of “noble-metal”thermocouples are commonly used, namely the
types S, R or B. In this study, a type B thermocouple is used, consisting of a
positive wire of 70% platinum and 30% rhodium in combination with a negative
wire of 94% platinum and 6% rhodium. Platinum-Rhodium alloys have a high
resistance to oxidation and corrosion and they can be used from 0 ◦C up to a
maximum operating temperature as high as 1700 ◦C. The junction itself was
made by carefully manipulating the fine wires (100 µm) under a microscope
and then creating a small weld by capacitive discharge. When properly done,
the weld results in a nearly butt-weld of almost the same diameter as the lead
wires.

However, the alloy also serves as a catalyst for hydrogen oxidation, and
therefore, a proper coating needs to be applied onto the junction to prevent for
this unwanted effect. A reduction or even elimination of the catalytic heating
of platinum-rhodium type B alloys has been reported by Burton et al. [13].
They have developed an improved coating (Ceramabond 569) using a commer-
cially available high-temperature adhesive. This aluminum oxide/potassium
silicate coating is non-toxic, stable and easy to apply. In this study, an effec-
tive bead diameter of 150 µm is established after coating of the fine wires with
Ceramabond 569.

2.5.2 Calculation

A steady state heat transfer balance for a fine-wire thermocouple in a flow of gas
within a confinement involves different contributions, i.e. (1) qc = convective
heat transfer from the surrounding gas to the probe, (2) qr = heat transfer by
radiation, (3) qd = conductive heat transfer through the wires into the probe
support and (4) qs = source term resulting from catalytic effects. The first law
analysis yields

qc + qr + qd + qs = 0. (2.8)

The conduction term vanishes since the length of the thermocouple bare wires
exceeds 100 times the diameter of the wires [7] and a suitable coating prevents
for catalytic heating [13], thus qc = 0. With respect to the radiative heat
exchange, the contribution to and from the hot gas also vanishes because the
temperature differences are small in combination with very low emissivity and
absorbability coefficients of the gas. Remains however, the prevailing radiation
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heat transfer with the surrounding confinement walls because the temperature
differences are significant. Thus, the heat transfer balance of the junction
yields [54]

qc = −qr
hAp (Tg − Tp) = F Ap ε σ (T 4

p − T 4
w), (2.9)

where
h = convective heat transfer coefficient W/(m2.K)

Ap = probe area m2

F = view factor -
ε = emissivity of the coated wires -
σ = Stefan-Bolzmann constant (∼= 5.3669 ×10−8) W/(m2.K4)

Tg = gas temperature K
Tp = probe temperature K
Tw = wall temperature K.

The probe temperature is recorded by the thermocouple whereas the gas tem-
perature must be determined via a calculation. In order to reduce the correction
term (∆Trad = Tg − Tp), equation (2.9) indicates that the convection (h) is to
be maximized, as this raises the probe temperature as close as possible to the
actual gas temperature. On the other hand, the radiation towards the gener-
ally much cooler walls causes more difficulties regarding the 4th power law and
therefore, adequate probe design is recommended. The view factor F ∼= 1 for
the probe junction. Further analysis in appendix C shows that these correc-
tions are large but absolutely necessary in order to obtain correct temperature
profiles.

For the purpose of estimating the convective heat transfer to the wire,
the fine wires including bead of the thermocouple were considered as small
cylinders. The following correlation [40] of Reynolds number (Re) and Nusselt
number (Nu) for a forced cross flow over cylinders was used

Nu = 0.8 (Re)0.25. (2.10)

Since Nu = h·d
kg

and Re = u·d
ν , where kg = thermal conductivity of the gas

at junction temperature, d = junction diameter, u = the flow velocity and ν
is the kinematic viscosity of the gas at junction temperature, equation (2.9) is
rewritten as

∆Trad = Tg − Tp =
1.25 ε σ d 0.75

kg
·
(ν
u

)0.25

· (T 4
p − T 4

w

)
. (2.11)

Inspection of the equation reveals that high convection is achieved in a high
velocity flow of low viscosity. Consequently, it may be concluded that the
highest temperature corrections exist in the hot stagnant regions of the com-
bustion chamber, i.e. the corner recirculation zone. Furthermore, radiation



2.6. Gas composition measurement 25

can be kept in check by a small diameter and low emissivity characteristics
of the wire. Fortunately, the walls of the octagonal combustion chamber are
approximately at 700 ◦C contributing to moderate radiative heat exchange.
In applying equation (2.11), the transport properties ν and kg are calculated
using the composition and temperature distributions throughout the combus-
tion chamber. The velocity data are available from the LDA measurements,
the diameter is measured with a microscope (d = 0.15 ± 5% mm) and ε is
estimated at ε = 0.2± 20%, which is based upon the work reported by Kaskan
[40] and Burton et al. [13]. Errors may result from the fact that neither the
convective heat transfer, neither the emissivity nor the wall temperature are
precisely known. The result of a detailed error analysis (refer to appendix C)
is shown in figure 2.5. The graph includes absolute error margins (±∆T ) as a
function of the measured gas temperature Tgas. As an example, a 1400 ◦C gas
temperature lies within the interval 1400− 26 ≤ Tgas ≤ 1400 + 29 ◦C.
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Figure 2.5: Error margins of the type B thermocouple temperature measurements.

2.6 Gas composition measurement

2.6.1 Principle of operation

2.6.1.1 O2

In contrast to almost all other gases, oxygen is paramagnetic. This property is
utilized as the measuring principle in the Siemens 6E Oxymat analyzer. In an
inhomogeneous magnetic field, the oxygen molecules are drawn in the direction
of increased field strength due to their paramagnetism. A 100% N2 reference
gas is also fed into the system and a pressure difference between the sample
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gas and the zero O2 containing reference gas is measured by a sensor, which
converts it into an analog electrical output signal.

2.6.1.2 CO and CO2

CO and CO2 concentrations are measured with the Siemens 6E Ultramat ana-
lyzers. The measuring principle is based on the molecule-specific absorption of
bands of infrared radiation. The absorbed wavelengths are characteristic of the
individual gases, however, they partially overlap. These cross-sensitivities are
reduced to a minimum using advanced technologies in the Ultramat devices.
Important is to have all water vapor removed from the sample gas as the water
molecule absorption properties envelops the CO2 and CO absorption bands.
In this study, a two channel CO analyzer (maximum 5000 ppm and 5 vol%
full scale) is used because the CO concentration ranges from ppm level up to
volume % level.

2.6.1.3 NOx

NOx concentrations are measured with a Signal 4000 analyzer which uses the
chemiluminescent measuring principle. The method is based upon the chemi-
luminescent gas phase reaction between ozone and nitric oxide to give nitrogen
dioxide and oxygen:

NO +O3 = NO2 +O2 + light emission. (2.12)

About 10% of this nitrogen dioxide produced is in an electronically excited
state and the transition from this state to normal gives rise to a light emission,
varying in wavelength between 0.3 and 0.6 µm, which is captured on a photo-
multiplier cell. The intensity of this emission is proportional and therefore, the
method is intrinsically linear.

2.6.1.4 CxHy

The concentration of unburned hydrocarbons (CxHy) is measured with the
Siemens Fidamat 5E analyzer. The detection method is based upon the flame
ionization principle as combustion of hydrocarbons in a pure hydrogen/helium
mixture produces free electrons. The resulting current is of order of pA and
proportional to the number of carbon atoms in the CxHy molecules.

2.6.2 Discussion

Flue gas emissions in the outlet as well as the in-flame composition are mea-
sured using these high quality O2, CO2, NOx, CO and CxHy measuring devices.
A flow chart of the analyzers is depicted in figure 2.6. A first condensate pot in
the sample line removes excess water from the combustion gas before the flow
is filtered and cooled to 5 ◦C in a commercial Peltier cooler in order to supply
dry and clean sample gas to the equipment. An additional mass flow controller
(MFC) or small rotameter is installed such that sample gas flow variations are
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negligible and cannot influence the measurement anymore. No such regulator
needs to be provided in the NOx analyzer since it has its own suction pump
including flow restrictors.

Figure 2.6: Flow chart of the analyzers.

Calibration of all analyzers occurs in situ and is carefully established be-
fore every series of experiments and checked afterwards in order to reduce
systematic errors. A list of calibration gases including inaccuracies is given in
appendix C. The combustion process is continuously monitored by checking
the outlet emissions. In particular, the stoichiometric ratio is calculated using
the O2 concentration. Combustion of a fuel with a known composition (see
table 2.1) allows to check the analyzer data for their consistency, e.g. the CO2

concentration allows the SR calculation as well. Finally, the repeatability of
the experiments is verified on a regular basis, revealing that the measurement
method provides accurate and repeatable in-flame composition data. Atten-
tion has been paid to data-points in the grid where the combustion and flow
phenomena have been examined in detail such that reliable conclusions are
drawn.
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2.7 Flow measurement

2.7.1 Fuel

The total volumetric flow of the fuel is continuously measured with an Instro-
mat gas flow totalizer of which the maximum error amounts to 0.04 Nm3/h.
Its measuring principle relies on fixed volume bellows. The pressure and tem-
perature of the fuel supply are measured with a small error of 0.01 bar and
0.1 ◦C respectively, whereas variations of both quantities are negligible during
a series of experiments. A 30 kW input dictates that 3.2389 Nm3/h natural
gas is supplied to the burner. Uncertainty regarding the caloric heating value
(2 %) and some 1.2% error on the mass flow gives a 30 ± 0.7 kW setting of the
burner power.

The setting of the degree of premix is achieved by means of mass flow
controllers. In the case of DPX = 0.7, 30 % of the gas flows through mass flow
controllers that are available in 3 ranges, 10, 50 and 100 Nliter/h. Calibration
of the mass flow controller is done by the manufacturer who also provides the
customer with an approved calibration certificate. For this class of instruments,
the device specific accuracy including linearity, repeatability and peripheral
influences is ± 1% of the full scale. Therefore, it is recommended that the
mass flow controller operates with a sufficient amount of flow relative to the
full scale. Since the measuring principle relies on the mass specific heat transfer,
the resulting manufacturer’s flow calibration is only valid for one gas, typically
100 % N2. The appropriate calibration for natural gas is executed by using
high precision volumetric flow meters (Ritter; error ≤ 0.1% of the reading). To
conclude, the flow through the mass flow controllers may be estimated within
a ±1.5% range of the full scale, something that has been verified by a multiple
point check procedure with the Ritter flow meters. The resulting degree of
premix setting then equals DPX = 0.7 ± 0.03.

2.7.2 Air

The volumetric flow of the combustion air may roughly be set by rotame-
ters that use the drag and buoyancy measuring principle of a float in a gas
stream. However, the accurate measurement of the stoichiometric ratio pro-
vides a method in order to supply the exact amount of required combustion
air. The air flow is controlled by means of a fine-tunable valve. A common
setting of the latter is SR = 1.1 ± 0.014. The detailed error estimate of this
stoichiometric ratio is addressed in appendix C.

2.8 Accuracy of the measurements

The experimental errors for the various measured quantities are estimated from
(1) systematic error sources such as inaccuracies in the calibration data, instru-
ment specifications and from signal acquiring errors combined with (2) the ran-
dom error sources which reveal from the observed scatter in the measurement
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data.

2.8.1 Variables

Some of the errors on the variables have already been specified in the forego-
ing sections, however, the greater part of the error analysis may be found in
appendix C. Table 2.3 summarizes the results, either specifying the error in %
of the reading, or specifying an example of a particular value that is commonly
used in this study. The relative accuracy values (in %) of the LDA measure-
ments are taken from the work by Absil [1], also from the Delft university, who
made a thorough analysis of the LDA measurement technique for application
in turbulent flows. There also a similar 2D arrangement was used, including
laser hardware, optics and data processing methods. In particular, for the ac-
curacy assessment, the researcher made an additional extended comparative
study between data obtained by hot wire anemometry and LDA. The example
that is specified for the LDA measurement results from an accuracy assessment
in section 4.9.

Table 2.3: Accuracy of the measurements.
Variable Accuracy Accuracy

[% of reading] [example]

ū, v̄, w̄ 1.0 -6.23 ± 0.05 m/s
u′, v′, w′ 2.0 1.51 ± 0.05 m/s
O2 3.0
CO2 3.5
CO 3.5
NOx 7.0
CxHy 5.5
Power 2.3
DPX 0.70 ± 0.03
Temperature 1400 ± 29 ◦C
SR 1.10 ± 0.014
Swirl setting ± 0.03

2.8.2 Spatial resolution

With respect to the spatial resolution of the LDA and the probing techniques,
the associated positioning uncertainties are summarized in table 2.4. For the
LDA measurements, the entire setup is placed on a translation system whereas
the laser beams and thus the measuring volume is kept at a fixed position.
The latter is done in order to ensure and maintain a good focus of the forward
placed receiving optics of the LDA. Translation of the combustion chamber
in any direction is established using electrical stepping motors within 0.1 mm
precision including reproducibility. More important spatial uncertainty comes
from the physical dimensions of the intersecting beams, which are of the order
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of 0.1 and 1.5 mm respectively for the diameter and length of the MV. However,
it is acceptable that the virtual length of the MV is only 1 mm (±0.5 mm) in
the longitudinal direction according to the argumentation in appendix B. The
resulting spatial resolution can thus be calculated as

√
0.12 + 0.52 mm.

For the gathered composition and temperature in-flame data, the 3 mm
holes in the quartz window allow for measurements at discrete axial levels in
the combustion chamber, i.e. H = 5, 20, 35. . . 290 mm (see also figure 2.1).
On the other hand, both temperature and gas analyzer probes can cover any
radial position. The graduation of that radial position reading is 1 mm and
thus the position accuracy lies within ±0.5 mm.

Table 2.4: Accuracy of the spatial resolution.
Technique Parameter Direction Accuracy

LDA u, v, w R-axis ±√0.12 + 0.52 ≈ 0.51 mm

u, v, w H-axis ±√0.12 + 0.052 ≈ 0.11 mm

u, v, w X-axis ±√0.12 + 0.052 ≈ 0.11 mm

Probing Composition R-axis ±0.5 mm
H-axis [5, 20, 35. . . 290] mm

Temperature R-axis ±0.5 mm
H-axis [5, 20, 35. . . 290] mm

2.9 Summary

• The combustion particulars of a partially premixed natural gas/air mix-
ture is investigated using a research swirl burner. The burner features a
swirl generator, generating an well-defined adjustable degree of swirl of
the flow, issuing from an annular channel. The flames burn in a quartz
glass octagonal combustion chamber, providing optical access for LDA
measurements. In addition, small-probe access allows both for the in-
flame composition sampling as well as for temperature measurements.
Major species distributions are obtained using high-quality laboratory
analyzers and fine-wire thermocouple probing serves to measure the time-
averaged temperature field. Radiative heat losses of the thermocouple
junction necessitate a proper correction.

• The LDA technique is non-intrusive, has a good spatial resolution, and
is directional sensitive which makes it suitable to measure flow reversal.
LDA in reacting flows suffers from velocity and density bias, and must
therefore being processed with care. In this work, the transit time weigh-
ing method is applied to deal with the velocity bias. No compensation
could be applied for the varying density effect as is the case in most of
the reported experimental work. Another drawback of LDA in reacting
flows comes from the low data-rate, which as a consequence, often results
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in a non-equidistantly sampled data-record. The latter then requires ap-
propriate methods for post-processing.

• Special attention is paid to the accuracy of the involved measuring tech-
niques. Tables 2.1, 2.3 and 2.4 summarize the errors of the fuel compo-
sition, the measurements of various variables, and the spatial resolution
respectively. Additional error analysis is given in appendix C.





Chapter 3

Description and Analysis of
Premixed Swirling Jet
Flames

“An experiment may be difficult to interpret but, unless it is fraudu-
lent, it cannot give wrong results.” – Jef Raskin, Professor, Creator
of the Macintosh computer [1994]

3.1 Introduction

This chapter describes the premixed swirling jet flames from different view-
points. Section 3.2 presents the identification of multiple flame types that
can be generated using the same burner within the same combustion confine-
ment. Photographs and a schematic drawing introduce the different flames.
The transition between the flame states is addressed in section 3.3 including
all the details regarding the particular burner settings that are necessary in
order to generate the multiple flames. Next, the NOx emissions of the flames
are covered in section 3.4. Section 3.5 deals with the flow pattern and the in-
flame composition of the most applicable flames in detail. Experimental data
on velocity, temperature and species are combined into comprehensive graphs,
allowing further quantitative analysis. The discussion of the mechanisms of
flame transition as well as flame stabilization follows in section 3.6, providing
physical insights and explanation with respect to the multiple flames. A final
section 3.7 closes with a discussion of the substantial amount of reverse mass
flow rate that is measured.

33
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3.2 Multiple flame identification

In the octagonal setup, the combined effects of (1) the degree of premix, (2) the
swirling intensity, (3) the flame confinement and (4) the overall stoichiometry
of the combustion have been established. Proper setting of the parameters,
in particular the degree of premix and the swirl, leads to the setup of five
basic flame types, which are shown in the schematic drawing of figure 3.1. The
subsequent figures 3.2-3.5 present color photographs of all these flames.

3.2.1 Nozzle stabilized flame

First, there exists the nozzle stabilized flame (NSF). This IFRF “as-is”flame
is the standard flame which has already been documented by Sayre et al. [64]
and Hsieh et al. [39]. The work by Hsieh et al. includes many observations and
conclusions that are obtained during the Scaling 400 study (refer to section 1.2).

In this work, additional findings are adopted among which the most im-
portant is the variation of the DPX. With intermediate or high degree of swirl,
it is principally a tulip-shaped blue flame that is stably attached to the diver-
gent burner quarl. In the center, the flame encloses a large toroidal vortex,
called the internal recirculation zone (IRZ), where a strong reverse flow of hot
products exists. A low swirl version of the NSF also exists and features an
opening flame brush at the top of the flame. However, stability of this flame is
reduced and NOx emissions increase substantially. The schemes in figure 3.1
and figures 3.2a and 3.2b show the outlook of the NSF for a high (S ≈ 1.12)
and a lower swirl setting (S ≈ 0.78) respectively. Both flames are photographed
whilst operating at a DPX = 0.7.

The NSF is stabilized both by means of the refractory walls of the quarl,
controlling the expanding flow, as well as by the recirculation of hot gases ignit-
ing the air-fuel mixture close to the burner exit. Visual boundary observation
and in-flame data analysis show that the height and width of the flame are of
the order of 2.5 and 2 times respectively the characteristic diameter D0 of the
burner, revealing a compact flame. This flame pattern is the result of intense
mixing of fuel and air due to high shear and high turbulence at the burner
exit, resulting in a high combustion intensity. The photograph reveals a 20◦
exit angle of the high swirl NSF. The wider flame brush at S = 0.78 is readily
noticed although the circumferential (= tangential) velocity is reduced. This
means that a lower swirl setting points to a weaker sub-pressure in the IRZ
core. As is explained below, this partially premixed NSF is close to the onset
of flame liftoff and hence transition into the SSF state.

3.2.2 Swirl stabilized flame

A second flame type, the swirl stabilized flame (SSF), is identified by its lifted
nature, forming a ring burning at an elevated position downstream from the
burner head. Figure 3.3 shows a side and angled view of this flame at S ≈ 0.94.
The maximum elevated position is approximately at 3 D0 but is strongly af-
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Figure 3.1: Multiple flame identification including the nozzle stabilized flame (NSF),
the swirl stabilized flame (SSF), the Coanda stabilized flame (CSF), the pinched jet
flame (PJF) and the back-wall stabilized flame (BSF).

(a) (b)

Figure 3.2: Nozzle stabilized flame with DPX = 0.7. (a) High swirl version
(S ≈ 1.12). (b) Low swirl version (S ≈ 0.78).
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(a) (b)

Figure 3.3: Swirl stabilized flame (S ≈ 0.94). (a) Side view. (b) Angled view.

(a) (b)

Figure 3.4: Coanda stabilized flame (S ≈ 0.26). (a) Side view. (b) Angled view.

(a) (b)

Figure 3.5: (a) Pinched jet flame (S ≈ 0.36). (b) Back-wall stabilized flame
(S ≈ 0.10).
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fected by the swirling intensity. In fact, the flame can be positioned anywhere
below 3 D0. The inner diameter of the ring approximates 3 D0 and is wider
than the compact NSF. The width and the height of this toroidal flame are,
respectively, about 1.9 D0 and 1.5 D0. Inside this ring, a noncombusting recir-
culation zone is observed. The SSF flame can easily be produced as will be
explained in section 3.3, and behaves like a stable flame with no physical anchor
points in neither the near-burner region nor the walls of the confinement. In
addition, this atmospheric flame features very low NOx emissions which may
be of interest to the application of this particular flame in modern gas turbine
combustors, operating at 30 bars and 1.5 overall stoichiometric ratio. The SSF,
or lifted flames alike, were more often studied within the framework of e.g. swirl
or vortex breakdown investigations [37, 61, 65, 79]. However, flames as such
are studied rarely within a confinement because this may limit experimental
measurements.

3.2.3 Coanda stabilized flame

A third flame type looks like a “sunflower”. This flame pattern is closely
attached to the burner head and the adjacent refractory bottom. It is a flat
ring and exhibits a more spread-out character than does the SSF. The flame
state is referred to as the Coanda stabilized flame (CSF) because the Coanda
phenomenon (see appendix D) is assumed to contribute largely to the flame
setup and associated flame stability. Figure 3.4 shows a side and angled view of
this flame at S ≈ 0.26. Visual observation already indicates that the flame zone
starts beyond the burner quarl, preventing the latter from structural damage.
The CSF inner diameter equals 2.7 D0 and the flame stretches along the radial
position. The height is below 1.2 D0 whereas the width approximates 1.8 D0.
In this study, using some premix, the CSF can be produced with moderate
and even very low swirl numbers which is in contrast with Leuckel [46] and
Beér and Chigier [6]. The researchers briefly mention a sunflower-like flame
issuing from a coal-fired swirl burner and they report a high swirl requirement
in combination with short, trumpet-shaped wide angle nozzles. However, to
the author’s knowledge, no further quantitative investigation has been done on
this flame. Last, a short note in the work of Lawn [45] mentions that if the
quarl is stepped or at greater angle, a low pressure region can be established
between the burner jet and the quarl opening. It suggests other possible flow
patterns but no further discussion is included.

Tests with respect to the effect of premix reveal that both ring-shaped
flames require a minimum of 0.5 DPX setting. The diverging angle of the
quarl is only 20◦ which is smaller than the 35◦ used in the study by Beér and
Chigier. Despite a dominant axial momentum of the flow, it is remarkable that
the CSF flame can exist since the unburned mixture has to change direction
over 90◦ without any substantial assistance from the swirl. The wide sunflower
pattern and especially the low swirl requirement make these flames suitable for
industries where high and uniform radiant heating of large heat sink areas are
required.
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3.2.4 Pinched jet flame

A fourth flame behaves like a trumpet-shaped jet flame featuring a pinched sec-
tion with a high concentration of reactants inside. The flame is referred to as
the pinched jet flame (PJF). It is a small, long flame with a slight opening flame
brush at the top. A photograph of the PJF is depicted in figure 3.5a where
a fully premixed mixture and a S = 0.36 setting apply. In general, the flame
shortens and diverges somewhat more with increasing swirl intensity. Addi-
tionally, the flame top also modestly pendulates for the high swirl cases which
is readily explained by the tangential velocity influence. The basically axial
jet entrains products along the flame envelop and as such, a large recirculation
zone is observed near the walls and the bottom corner of the confinement. This
PJF, or jet flames alike, may be fitted into long ceramic tubes for indirect ra-
diative heat exchange purposes although of course, no specific swirl burner nor
premix setting is required to generate such a jet flame. In this study, the flame
rather showed up by accident and its existence is included in the description in
order to cover the entire scope of the transition between the different flames.
No reporting on this pinched jet flame issuing from a swirl burner has been
found.

3.2.5 Backwall stabilized flame

Last, a fifth flame stabilizes against the backwall and is referred to as the
backwall stabilized flame (BSF). In essence, it is a blown-off flame but the
combustion may re-establish since the stopper serves as a physical flameholder
and the temperature is by far sufficient to ignite the oncoming reactants. In
practical installations, e.g. boiler environment, no such flame will be allowed.
In like manner as the PJF, the BSF is only of interest in this work to provide a
full study of the transition pathways and the accompanying setup criteria. No
particular reporting has been found regarding this flame type.

3.3 Transition

The experiments have revealed that each of the flame states can only persist
within certain ranges of DPX and swirl number. In the following discussion,
the emphasis lies on (1) clearly defining those ranges such that a stable flame
is established and (2) determining the transition pathways i.e. how one partic-
ular flame evolves into another. As such, the discussion will also highlight the
multi-flame capabilities of the burner where identical input conditions lead to
very different flame states. The study of the transition pathways is illustrated
by means of figure 3.6 including the multiple flame transition map for three
representative DPX ratios, namely the non-premixed (DPX = 0.0), the par-
tially premixed (DPX = 0.7) and the fully premixed (DPX = 1.0) cases. All
information presented in figure 3.6 is obtained for SR = 1.1. Yet, other series
of experiments have shown that the diagrams also hold for 1.05 ≤ SR ≤ 1.35.
Leaner mixtures (1.35 < SR) however, will not produce the PJF any more. The
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Figure 3.6: Flame state transition pathways. The stoichiometric ratio equals 1.1.
The numbers adjacent to the lines denote NOx emissions in mg/Nm3 based upon 3%
O2 dry flue gas. (Conversion for NOx: 1 mg/Nm3 = 0.4872 ppm). (Top) DPX =
0.0; (Middle) DPX = 0.7; (Bottom) DPX = 1.0.
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figure shows the swirl number in abscis versus the five flame states in ordinate.
The horizontal arrows on each plot depict the effect of the swirl variation which
turns out to be the initiating flame transition parameter. A video presentation
of the flame ignition and the flame transition greatly adds to the discussion
of figure 3.6 and can be viewed on the website [77]. Last, NOx emissions in
mg/Nm3 based upon 3% O2 dry flue gas conditions are printed adjacent to
the lines to illustrate the low NOx potential of some of the flames. Section 3.4
explores the NOx issue in more detail.

3.3.1 Degree of premix = 0.0

The top diagram of figure 3.6 represents the flame transition map for DPX =
0.0. Beginning with a maximum swirl intensity (S = 1.12), the attached NSF
flame exists. Decreasing the swirl changes the flame pattern slightly in that
the flame becomes less compact and the flame brush at the top does not curl
back into the IRZ anymore. In the non-premixed case however, the NSF does
not widen as much as when some premix applies. From the plot, it is also seen
that no transition to other flame states occurs.

3.3.2 Degree of premix = 0.7

Mixing gas upstream into the combustion air gives rise to the different flame
states. In the middle diagram of figure 3.6, the transition pathways between
the different flame states are exemplified for a DPX = 0.7. The solid lines
denote a steady flame whereas the dashed lines signify that a sudden transition
takes place.

First, a NSF exists at maximum swirl. The NSF still holds with decreasing
swirl until the transition to the SSF which occurs at S ≈ 0.78. Decreasing
the swirl further on gradually lowers the SSF position until finally the flame
reaches the CSF mode at S ≈ 0.62. Continuous decrease of the swirl maintains
this CSF upon the S ≈ 0.16 point where the flame abruptly detaches and the
BSF state is established. Reversing the track by increasing the swirl reveals
an important hysteresis between S ≈ 0.16 and S ≈ 0.62. From the S ≈ 0.55
setting on, the flame front attempts to move upstream but never reaches the
burner mouth. At S ≈ 0.62, the BSF reattaches suddenly to a PJF flame.
Video recording indicates that the flame-front exhibits a fast transit along the
centerline towards the burner head. The PJF in turn, returns to the NSF after
the swirl has been increased above 0.84.

Different from this first pathway, a second pathway exists that starts from
the standard high swirl NSF to the SSF as described above. Instead of bringing
the flamefront further down into the CSF state, swirl is increased again and
raises the SSF unto its maximum elevated position. This SSF state is stable
provided that the swirl level does not exceed a value of 0.98. Above that
swirl level the SSF becomes unstable and any little disturbance may cause a
transition to the attached NSF. The latter is indicated by means of the sloped
dashed line. It is clear from figure 3.6 that hysteresis, bifurcation and even a
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trifurcation area exist in the diagram. One recognizes the CSF-BSF area at
lower swirl numbers (0.16 ≤ S ≤ 0.62). Next, there exists either a NSF or a
SSF for the higher swirl numbers (0.78 ≤ S ≤ 0.98). Last, a small trifurcation
area can be distinguished (0.78 ≤ S ≤ 0.84), allowing either PJF, NSF or SSF
flame states for exactly the same input conditions.

3.3.3 Degree of premix = 1.0

The bottom diagram of figure 3.6 presents the transition pathways for the fully
premixed burner (DPX = 1.0). In principle, comparable transition pathways
show up although an exception must be made at lower swirl numbers. The CSF
pathway acts like a pitchfork at S ≈ 0.16, since the transition bifurcates and
both the BSF as well as the PJF can be achieved. Both are stable conditions
and once established, no transition from one to the other occurs. Probability
values of occurence are 70% for the BSF and 30% for the PJF. Again, increasing
the swirl above S ≈ 0.62 causes the return of the CSF into the PJF if the former
did not transit. The BSF is stable until S ≈ 0.62 is reached, at which point the
BSF flips to the PJF and only the PJF remains. The PJF exists until S ≈ 0.78
is reached and further increase of the swirl forces the flame to flip back to either
the NSF or the SSF state.

The second dominant pathway follows NSF-SSF-CSF at higher swirl num-
bers. The CSF can be lifted to the SSF state. In turn, the SSF transits back
to the NSF but this transition point at S ≈ 0.94 comes earlier than for the
DPX = 0.7 case indicating that a somewhat less stable SSF arises in the fully
premixed operation mode. Hysteresis, bifurcation and trifurcation phenomena
show up again.

3.4 NOx emission

Figure 3.6 also includes values of the NOx emissions in mg/Nm3 based upon
3% O2 dry flue gas conditions and as such, it illustrates the low NOx potential
of some of the flames. A more thorough discussion with respect to the influence
of swirl, degree of premix, stoichiometric ratio and the burner power is given
in this section.

3.4.1 Influence of the swirl

For the non-premixed attached NSF (figure 3.6, top), the NOx number ranges
from 56 down to 47 mg/Nm3 with increasing swirl. The swirl also affects,
to some extent, the NOx emission of both ring flames, the CSF and the SSF
respectively, as is exemplified on the middle and bottom diagram of figure 3.6.
A 42 mg/Nm3 number has been recorded for the CSF at low swirl decreasing to
39 (38) where the CSF tends to detach from the bottom wall. The swirl range
is limited for the SSF, i.e. 0.78 to 0.98 (0.94), but still some NOx decrease
occurs. Figure 3.7 illustrates this as roughly 28 mg/Nm3 is produced by the
S = 0.78 SSF whereas 24 (25) mg/Nm3 is recorded for the S = 0.94 SSF. These



42 Chapter 3. Description and Analysis of Premixed Swirling Jet Flames

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
20

25

30

35

40

45

50

55

DPX [−]

N
O

x [
m

g
/N

m
3 ] 

@
 3

 v
o

l%
 O

2 d
ry

NSF; S = 1.12
CSF; S = 0.26
SSF; S = 0.78
SSF; S = 0.94

Figure 3.7: Emission of NOx vs. the degree of premix. The SR = 1.10.

results are explained by the fact that, in general, high swirl provides an intense
internal recirculation zone which recycles flue gas back into the flame and thus
reducing the oxygen concentration as well as lowering the flame temperature.
Additionally, higher shear forces in the flow may stretch the flame (or flamelets),
thus smearing out the locally high temperature excursions. Even the fully
premixed PJF (bottom diagram of figure 3.6) behaves in the same way that
increasing the swirl decreases the NOx (from 55 down to 40 mg/Nm3) proving
that the mixing processes and ERZ flow structures alter as well with swirl
variation.

3.4.2 Influence of the degree of premix

The influence of the DPX on the NOx emssion is shown in figure 3.7 for
the NSF, CSF and SSF; the three practically useful flames. The stoichio-
metric ratio equals 1.10, but similar results have been obtained within the
range 1.05 ≤ SR ≤ 1.35. Two data sets for the SSF are included in the figure
to demonstrate the difference with respect to the swirl setting (S = 0.78 and
S = 0.94). Furthermore, multiple data-points, that are gathered during many
more than one single experiment, are given on purpose in order to illustrate
that the experiments are repeatable and consistent. The observed scatter in
the figure may hence be seen as a good estimate of the uncertainty range on
the NOx values reporting. This is fully in line with the accuracy analysis of
the NOx measurement technique (section 2.8). Using the values of table 2.3,
vertical error bars are specified in the figures 3.7 and 3.8 as an illustration of
the data significance. The horizontal error bars are very small and not drawn
for clarity reasons.
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Figure 3.8: Emission of NOx vs. the stoichiometric ratio SR. The DPX = 1.0.

Additional gain in NOx reduction is achieved for high swirl NSF by premix-
ing the air with the fuel, e.g. the initial NOx = 47 mg/Nm3 of the non-premixed
NSF drops to as low as 35 mg/Nm3 for a fully premixed attached NSF. The
CSF curve (for 0.4 < DPX < 0.75) shows a similar decrease in NOx with higher
premix degrees. The effect is explained by the fact that peaks in volumetric
heat release are diminished due to better premix and hence local temperature
fluctuations flatten. Conversely, no benefit is obtained for the SSF with re-
spect to the NOx emission indicating that the distance between the outflow at
the burner head and the onset of combustion allows for any further necessary
micro-scale mixing of the fuel and air. As such, the combustion of the SSF
nearly always occurs at premixed conditions. The horizontal behavior of the
SSF and the asymptotic behavior of the CSF curve at 0.75 ≤ DPX is explained
by this effect.

Figure 3.7 also reveals the stability limits of the CSF and SSF. Such flames
can exist only if the DPX exceeds 0.27. In practice however, good stability
occurs from DPX ≥ 0.3. . . 0.35. The high swirl SSF, as mentioned before,
is intrinsically less stable and requires more than 50% premix. An additional
comment on the DPX ≤ 0.4 CSF should be given since this flame is contracting
and expanding periodically and is therefore to be considered as rather unstable.
The latter explains the bump in the CSF NOx curve at DPX = 0.3. . . 0.4.

3.4.3 Influence of the stoichiometric ratio

The influence of the combustion stoichiometry is presented in figure 3.8, again
for the NSF, CSF and SSF. In this figure, data are plotted for the fully premixed
case, though other DPX settings have been explored as well. As a matter of
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Figure 3.9: Emission of NOx vs. the burner power. The DPX = 1.0 whereas S =
1.12 and 0.94 for the NSF and SSF respectively. The reference non-premixed NSF is
also included.

fact, figure 3.7 and figure 3.8 are just slices out of the 3-D graph made up by
the DPX, SR and NOx axes. The general trend is straightforward, namely a
steady decrease in NOx is achieved with the supply of increasing amounts of
excess combustion air. All the flames have to run with an overall SR above
1.03. . . 1.04 in order to avoid CO emission in the exhaust. Experiments have
also indicated that neither the CSF nor the SSF can stably be established when
the SR exceeds 1.35. . . 1.40. Above that number, the ring flames become rare
and unstable; blow-out occurs at 1.50 ≤ SR. Conversely, the NSF is still fully
manageable in these conditions.

3.4.4 Influence of the burner power

Figure 3.9 presents the NOx emission versus the burner power for the fully
premixed NSF and SSF, and this for four levels of the stoichiometry (SR = 1.06,
1.1, 1.2 and 1.3). The NSF works at full swirl, the SSF with S ≈ 0.94. The
curve of the reference non-premixed NSF is also given for comparison purposes.
A typical characteristic of the NSF is the strong increase in NOx when the
power is reduced. Presumably this is due to a strongly reduced IRZ strength
in combination with a drop in shear stresses in the flame brush. Although
the overall flame is smaller, some burning pockets in the flame brush exhibit
higher peaks in temperature, which immediately raises the NOx emissions. An
important drop in NOx is observed for the small power flames (< 40%) with a
modest SR. Visual observation of those flames has revealed that the flame brush
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withdraws into the burner quarl and sticks to the walls of the expanding section.
As a result, they glow up, providing an intense cooling of the flame, but also
more CO is measured in the exhaust. Exceeding the 100% power leads to more
NOx, so the minimum NOx is obtained during nominal operating conditions.
Obviously, this was one of the design criteria of the IFRF swirl burner.

The trend for the SSF shows a proportional increase in NOx with increasing
heating of the combustion chamber. As already mentioned, the spread-out, the
strong IRZ and the cooling of the premixed lifted flame contribute to the low
NOx. The more power is supplied, the higher the combustion intensity and thus
the overall temperature. A low power flame flutters more and is less compact
than the intensely combusting high power flame.

The turn-down ratio of a flame is also a significant parameter in order
to assess its suitability in a practical system. This information can also be
retrieved from figure 3.9. The NSF power can be reduced down to 25% of the
nominal power, only the low SR NSFs require a somewhat higher power input.
The upper limit for the NSF has been verified up to 160% but some isolated
tests have revealed that 180. . . 200% is still feasible. On the other hand, much
narrower power limits exist for the SSF. No SSF below 60% and only the low
SR lifted flames can still be fired with 150% of the burner power. The reason
for this limited range is that the SSF has no physical anchorpoint for the flame
and as such, its stabilization depends on the exit flow characteristics (velocity,
level of turbulence) as well as on the flame speed. As an example, the flame
speed of the SR = 1.3 SSF will only allow for nearly 120% of the flow, otherwise
the flame will simply blow off.

3.4.5 Discussion

The NOx number of 24 mg/Nm3 at 3% O2 highlights the very low NOx potential
of the premixed SSF. In-flame measurements prove that no fuel bypasses the
active flame zone (no UHC), nor does incomplete combustion (no CO) occur.
Note that this value is equal to only 11.2 ppm at 3% O2 or 3.7 ppm at 15%
O2; the latter being a commonly applied oxygen concentration in modern gas
turbine appliances. The substantial benefit of the SSF compared with the NSF
is attributed to the lower flame temperature resulting from a more spread-
out combustion process in the SSF case. Moreover, velocity measurements
have revealed that more combustion products are recirculated in the large IRZ
system which is set up by the SSF compared to the compact IRZ of the NSF.
The CSF results in much higher NOx for a comparable flame pattern but this
is due to proximity of the bottom preventing the flame to cool as efficiently as
in the fully lifted state. Finally, it should be noted that the low NOx values
for the BSF coincide with high CO numbers (≥400 ppm) because the flame
quenches against the backwall stopper.

In conclusion, the operational limits that were revealed during the experi-
ments are grouped in table 3.1 including an estimate of the physical constraints
(diameter and length) by the combustion chamber which are discussed in sec-
tion 3.6.1. A sufficiently premixed CSF or SSF operated with limited excess
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Table 3.1: Flame operation limits.
Parameter Unit NSF CSF SSF

DPX - 0.0. . . 1.0 0.35. . . 1.0 0.4. . . 1.0
SR - 1.03. . .≤2.00 1.03. . . 1.40 1.03. . . 1.40
Swirl - 0.0. . . 1.12 0.16. . . 0.62 0.78. . . 0.94
Power % 20. . .≤160 80. . . 140 60. . . 150
Diameter mm ≤100. . .∞ 200. . .∞ 200. . . 400
Length mm 120. . .∞ 80. . .∞ 160. . .∞

combustion air, i.e. DPX ≈ 0.7. . . 0.8 and SR ≈ 1.10, performs very well con-
sidering stability, ignition, turn-down and NOx behavior. The swirl is set to
0.26 and 0.94 respectively for the CSF and the SSF, and is illustrated by means
of the triangles (N) in the middle diagram of figure 3.6. Still, the NSF remains
a very reliable flame with modest NOx emission whereas its operation limits
and safety aspects are certainly an advantage compared to the CSF or SSF.
Therefore, the reference non-premixed, high swirl NSF is considered as well
for referencing, again, working with only 10 % excess combustion air. The
withheld flame operation settings are summarized in table 3.2 and apply to all
further detailed in-flame investigations in the following sections.

Table 3.2: Withheld flame operation settings.
Parameter Unit NSF CSF SSF

DPX - 0.0 0.7 0.7
SR - 1.10 1.10 1.10
Swirl - 1.12 0.26 0.94
Power % 100 100 100
Diameter mm 255 255 255
Length mm 310 310 310

3.5 Flow field and composition

This section focusses on the experimental measurements in order to determine
the combustion flow field and the in-flame composition including the tempera-
ture in the combustion chamber. The major interest goes to the ring flames, i.e.
the SSF and CSF, while a limited data set of the NSF is given for reference. To
the author’s knowledge, only descriptive reporting of the CSF is available. The
SSF, or lifted flames alike, is more often studied. However, flames as such are
not always studied within a confinement because this may limit experimental
measurements, nor has a multiple flame issuing from the same burner been the
subject of discussion. In this work, the SSF is studied for its lifted nature and
the low NOx property whereas the CSF is investigated because this remarkable
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flame state features a flat spread-out nature for conditions that would favor a
jet-like flame.

The flow field and the in-flame composition measurements are presented
together as both are unavoidably linked. A simultaneous interpretation of the
figures will allow a profound discussion of the flame characteristics. Care has
been taken to obtain symmetrical flames with respect to the burner’s verti-
cal axis. Subsequent measurements carried out on the flames validated their
axisymmetrical behavior except for some minor differences. Half plane mea-
surements are thus sufficient to characterize the entire flame.

3.5.1 Nozzle stabilized flame
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Figure 3.10: Nozzle stabilized flame. DPX = 0.0, S = 1.12. (a) Axial velocity [m/s]
according to [20]. (b) Composition contours of 5000 ppm UHC (thick dashed line),
5000 ppm CO (thick solid line) and 2.4 vol% O2 (dashed line). T = 800, 1300, 1400
and 1600 ◦C isotherms (solid line). The UHC is specified in ppm C3 equivalent.

The axial flow field and the distribution of major species and tempera-
ture of the reference NSF is shown in figure 3.10. Figure 3.10a depicts axial
velocity data of the baseline unstaged IFRF flame as have been obtained by
Driscoll et al. [20]. This flame corresponds to the NSF in this work as burner
and applied settings are similar. Although Driscoll et al. have used a smaller
confinement (D = 85 mm), still, the baseline of the flow structure remains un-
changed, in particular in the flame region that is close to the axis. Besides,
some of the velocity data in the region of interest have been verified with LDA
measurements in the K.U.Leuven and TUD laboratories during many prelim-
inary tests in order to configure a good LDA setup. An excellent agreement
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was obtained and therefore no further detailed LDA program was scheduled
for this flame.

Conversely, the in-flame composition has been unsatisfactorily reported by
Driscoll et al. as many recordings (UHC and CO) were outside the measure-
ment range of their instruments. To make matters worse, the spatial resolution
was poor. Therefore, the composition and temperature field are remeasured
during the present study, as shown in the combined plot of figure 3.10b. The
composition is visualized by means of 5000 ppm UHC (thick dashed line), 5000
ppm CO (thick solid line) and 2.4 vol% O2 (dashed line) contours. Note that
the UHC is specified in ppm C3 equivalent. T = 800, 1300, 1400 and 1600 ◦C
isotherms (solid line) illustrate the temperature distribution.

The 5000 ppm CO may roughly be interpreted as the boundary of the
reacting region as it also matches well with the visual observed flame brush.
The low temperature isotherms in combination with the 5000 ppm UHC and
high oxygen level contour delineate the region of unburned reactants. The
figure reveals that a narrow sheet of reactants issues from the burner channel
and flows with a high velocity into the combustion chamber. On the other hand,
the 2.4 vol% oxygen contour, zero level UHC and CO contours (not shown)
combined with high temperatures indicate fully combusted products and these
are observed outside as well as inside of the reacting sheet. The negative mean
axial velocities in the center (|R| < 15 mm) and outside the outflowing sheet
show the presence of reverse flow zones, the internal and external recirculation
zones respectively. These IRZ and ERZ consist of products, and supply heat
and reactive components such that the reactants can ignite and combust.

The CO contour (reacting region) lies closer to the centerline than the
reactants sheet. Moreover, a steep temperature gradient is observed, and the
heat flux is radially directed from the combustion zone into the outer reactant
sheet. Both facts indicate that the flame is surrounded by fuel and air. The
tulip shape of the flame becomes also clear from the velocity data where the
flame tends to narrow at H ≈ 60 mm. Further downstream, the expansion and
outflow of products establishes (|R| > 30 mm ; H > 80 mm), creating thereby
a recirculating region along the centerline as well.

Note that all graphs consist of time-averaged data and hence, are to be
seen as a combination of many momentarily flow structures like they exist in
practice. The regions enclosed by the iso-contours of both CO and UHC are
rather wide when compared to the width of a momentary flame front (order of
mm). These data do not immediately suggest thin sheet layers. However, this
is due to the fact that the time-averaged contours include many much smaller
sheets (either reactants or reacting flamelets) that slightly vary position as a
function of time. The latter idea will be further explored in subsequent sections.
Besides, the visual flame brush is also a time-averaged view of a turbulent pool
of reacting pockets or sheets (flamelets).
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3.5.2 Swirl stabilized flame

Very different from the NSF structure and outlook, a lifted flame is studied
in this section. Of major interest are answers to questions like (1) how do the
reactants flow towards the flame front; (2) how are products recycled or how do
they flow into the exhaust; (3) what is the order of magnitude of e.g. velocities
and temperatures; and (4) what is the driving force behind flame stabilization?

3.5.2.1 Velocity

The mean values of the axial and tangential velocity field of the SSF are shown
in figures 3.11a and 3.11b respectively. The data are recorded in the R-H
plane and the scale of the quivers is indicated in the top part of the graph.
Unfortunately, no sufficiently reliable tangential data could be given in the
near-wall region (|R| > 100 mm) because of the practical constraints mentioned
in section 2.4.
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Figure 3.11: Swirl stabilized flame. DPX = 0.7, S = 0.94. (a) Axial velocity. (b)
Tangential velocity.

The uniformity of the axial velocity downflow profile (≈ -5 m/s) in the IRZ
is striking, whereas the IRZ tangential profile reflects a typical solid body ro-
tation having moderate circumferential velocities (max. ≈ 1 m/s). Reactants
issue at high velocity (max. ≈ 32 m/s) from the annulus and swirl helicoidally
into the combustion chamber, gradually expanding with increasing height. This
outflow can readily be distinguished on figure 3.11a. Near the walls of the con-
finement, a second downflow zone, i.e. the ERZ, shows up. From figure 3.11b,
it reveals that the tangential velocity in the IRZ increases linearly from near-
zero at the centerline up to ' 1.5 m/s at e.g. |R| ≈ 30 mm; H ≈ 35 mm
which is the inner side of outflowing sheet of reactants. Furthermore, a small
dip in swirling intensity is seen in the flame zone (|R| ≈ 60 mm; H ≈ 50-60
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mm). There, the flame accelerates and the axial flow spreads out which then
disfavors the tangential speed as momentum is preserved.

Some additional radial SSF velocity data in the near-burner region are
discussed in section 3.5.4 in comparison with the particular flow structure of
the CSF.

3.5.2.2 Stream function

The flow pattern of the investigated flames is visualized by the corresponding
streamlines. These lines of constant stream function are obtained by radially
integrating the profiles of the time-mean axial velocity and illustrate the form
of the time-averaged flow field. In order to compare results, normalization of
the stream function Ψ′ is obtained by dividing the integral by the total axial
flow in the confinement. For an axisymmetrical flow, the normalized stream
function Ψ′ is defined by

Ψ′ =

∫ r
0
urdr

∫D/2
0

urdr
, (3.1)

where r denotes the radius and D/2 is the maximum radius of the confinement.
A recirculating flow is established whenever Ψ′ < 0 or Ψ′ > 1. Alternatively,
a normalized mass flow stream function can be computed by taking the local
density ρ of the flow into account. The normalized mass stream function Ψ is
defined by

Ψ =
ṁr

ṁ0
=

∫ r
0

2πρurdr
ṁ0

, (3.2)

where ṁr is the axial mass flux at position r. The function is normalized by
the total mass flow (fuel and air) ṁ0, which is issued from the annulus. The
value of ṁ0 equals 0.0119 kg/s for the 30 kW natural gas input at an excess
air level of 10%. The density varies with composition and temperature and
is computed in every point of the grid in order to evaluate the integral. The
following discussion will be based on the mass stream function Ψ because then,
the measured reverse flow rates can be compared with values found by others
in the literature (see section 3.7).

Figure 3.12a depicts isolines and the accompanying values of Ψ for the SSF
in the half plane geometry of the combustion chamber. Three thick solid lines
mark 800, 1300 and 1400 ◦C isotherms which are superposed to delineate zones
of combustion or cold unburned mixture. The existence of two recirculation
zones shows up from the figure.

First, a large internal recirculation system is set up and its eye (marked
with +) is situated well above the combustion region. The combustion region
is derived from the photographs in figure 3.3, the scheme in figure 3.1 and also
the CO contours in figure 3.12b discussed below. This recirculating system
extends up to the end of the confinement (backwall) and products flow back
along the centerline as far down as inside the quarl. In essence, the lower part
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Figure 3.12: Swirl stabilized flame. (a) Normalized mass stream function Ψ (thin
line) and T = 800, 1300 and 1400 ◦C isotherms (thick line). (b) Composition including
the 2.4 vol% O2 contour (dashed line), the 5000 ppm UHC (thick dashed line) and
5000 ppm CO (thick solid line) contours. The isotherms are repeated.
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of this eddy is located inside the ring-shaped SSF and is referred to as the
internal recirculation zone (IRZ).

A second external recirculation pattern is present below the SSF flame
envelope and is much smaller in size than the IRZ. However, the strength is
double and an important amount of product curls back counterclockwise to
form an intense recirculation system between the walls of the confinement and
the conical air-fuel jet just before the onset of ignition. This zone is denoted
as the external recirculation zone (ERZ). The SSF combustion sets in at an
intermediate position (|R| ≈ 40. . . 80 mm; H ≈ 40 mm) between the burner
and the confinement. The temperature increases, the flow accelerates and the
flue gas is forced against the wall at 100 mm height. A narrow band near the
wall with upward flow carries the flue gas to the outlet or into the large IRZ
recirculating eddy.

The Ψ = 0 line can also be distinguished on the figure and indicates that
no net mass flux exists inside the area to the right of this line. However, this
boundary should not be confused with the boundary of the reverse flow region,
delineated by the zero axial velocity contour (U = 0 m/s), which fits through the
stagnation points and passes through the eye of the vortex. Stagnation points in
the IRZ show up in the figures where the vertical streamlines make a sharp turn
and proceed with a 40◦ angle relative to the vertical towards the confinement
walls. The boundary line initially sets off at approximately 20◦ which is also
the opening angle of the quarl, but this angle increases quickly with the height.
This effect is attributed to the balance between (1) the forces that drive the
flow outward and (2) the forces that keep the flow near the centerline. The
first group of forces is caused by the centrifugal forces and by the low pressure
in the corner region of the confinement. The second group implies the adverse
pressure gradient along the axis due to the vortex breakdown phenomenon
[8, 25], forcing the flow inward and creating the reverse flow.

The mixing process of recirculated products occurs along the inclined flow
path below the flame of the SSF as is evidenced by the sharp curvature of the
streamlines. The velocities as well as the shear stresses are very high inside
this narrow conical sheet layer. The streamline map as well as the vectorplot
in figure 3.11, suggests that the forward stagnation point lies within the burner
quarl revealing a reverse flow that penetrates into the recirculation zone formed
in the wake of the bluff body (fuel rod). This cannot be seen on the figures
since LDA data are not available because of practical restrictions.

3.5.2.3 Temperature and composition distribution

Time-averaged experimental data of the temperature field and the distribution
of UHC, CO and O2 are summarized in figure 3.12b. Three isotherms of 800,
1300 and 1400 ◦C combined with the 5000 ppm UHC, 5000 ppm CO and 2.4
vol% O2 contours delineate zones of combustion or cold unburned mixture.
The CO 5000 ppm contour may be seen as a time-averaged boundary for the
flame brush. Combination of the UHC3 > 5000 ppm with the streamlines are
representative for the flow path of the air-fuel mixture. The O2 < 2.4 vol% con-
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tour, the medium temperature isotherms (≈ 1000. . . 1300 ◦C) combined with
the streamlines allocate the path of the recycled products.

The figures 3.12a and b reveal that fresh unburned air-fuel mixture is in-
jected into the combustion chamber and flows along an oblique plane towards
the lifted SSF. The IRZ recycles combustion products and heat, i.e. hot chem-
ically active species, back to the base of the flame. They are continuously sup-
plied to the air-fuel mixture and mix intensively along the sheet thus igniting
the reactants [69]. The preheated jet penetrates approximately 40 mm before
combustion starts. Within the flame, a maximum temperature of 1450 ◦C is
observed (|R| = 80 mm; H = 85 mm). The jet leaving the burner can be vi-
sualized as a high velocity sheet layer of conical form and there is evidence of
periodic structures in the flow pattern of this conical sheet (see chapter 4).

3.5.2.4 Discussion

Within the conical sheet, the streamlines indicate strong gradients, and this ob-
servation also holds for the UHC profiles. Reverse axial velocities approximate
-5 m/s and exhibit a uniform downflow. The width of the velocity profile in
the IRZ gradually decreases when it penetrates upstream since recycled prod-
ucts are entrained with the fresh mixture. A number of experiments showed
that over a wide range of flow velocity and mixture ratio, the temperature
and chemical composition of the gases in the reverse flow remained practically
constant, which corresponds with the findings of Beér and Chigier [6].

The boundary of the reverse flow region (U = 0 m/s) is contained within
the 5000 ppm UHC contour, more specifically just inside the air-fuel jet next
to the side of the IRZ. Similar to the discussion in section 3.5.1, the UHC and
T contours exhibit a spread-out nature, indicating the concept of an unsteady
IRZ and flapping conical sheet with size and position being time dependent.

Intermittency of both the reactant as well as the recirculation flow is found
and will be discussed in chapter 4. Thus, the penetration depth of the reverse
flow into the air-fuel jet alternates and mixing of reactants with combustion
products is strongly enhanced, resulting in a very low NOx lifted flame. The jet
of reactants penetrates into the CO contour and this indicates that the flame
brush oscillates back- and forward. As a result the combustion spreads out and
the visual boundary shows a closed ring flame. Further analysis in chapter 4
and 5 will give evidence that the flame brush is open at the bottom allowing
for reactants to enter. Therefore, the conceptual cross-cut of the SSF is drawn
as such on figure 3.1.

3.5.3 Coanda stabilized flame

Similar to the SSF, this section presents the quantitative data of the CSF. Of
interest in this particular flame is finding an answer to questions like (1) how
does the combustion cling to the front burner wall; and (2) are there many
differences with the other ring shaped SSF?



54 Chapter 3. Description and Analysis of Premixed Swirling Jet Flames

3.5.3.1 Velocity

The mean values of the axial and tangential velocity field of the CSF are shown
in figures 3.13a and 3.13b respectively. The data are recorded in the R-H plane
and the scale of the quivers is indicated in the top part of the graph.
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Figure 3.13: Coanda stabilized flame. DPX = 0.7, S = 0.26. (a) Axial velocity. (b)
Tangential velocity.

An almost uniform and strong axial velocity downflow profile (≈ -7 m/s)
exists above the burner mouth (|R| < 25 mm; H < 25 mm). Further down-
stream, the downflow area becomes very wide, extending to |R| ≈ 90 mm
for H > 70 mm. The magnitude is approximately -3 m/s. Clearly, the en-
tire upward flow is compressed near the walls of the confinement whereas al-
most no axial velocity exists at the front wall region next to the burner exit
(30 < |R| < 80 mm). The latter indicates that the flow there is radial, which
is confirmed by figure 3.15b. Reactants issue at high velocity out of the annu-
lus and are deviated immediately after passing the outer burner rim, thereby
clinging to the bottom on their radial flow outward. The tangential profile in
figure 3.13 is composed of small circumferential velocities, generally less than
1 m/s. Some rotation of the entire large IRZ shows up in the lower part and
also close to the bottom, some rotation is observed. Unfortunately, further
discussion is not possible because of the lack of good data near the walls. The
weaker blue laser signal suffered from the glass window reflections.

3.5.3.2 Stream function

The mass stream function contours in figure 3.14a illustrate the CSF flow pat-
tern, emphasizing the radial outflow along the front wall and consecutively
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a uniting bundle of streamlines at H = 50 mm where the flow hits the con-
finement walls. From there, the products are carried further downstream via
a narrow flow path. The large IRZ system appears and in comparison with
the SSF recirculating structure, it is even stronger. Apparently the ERZ has
disappeared in the CSF streamline plot. However, a stagnant zone consisting
of combustion products is found in this left corner of the confinement, more
specifically below H = 20 mm and |R| > 90 mm. The existence of the hot stag-
nant zone became obvious during the experimental LDA program although low
seeding density in combination with a near-wall location made measurements
very difficult. Combination of both figures 3.13a and 3.14a confirms that a
large eddy system is set up within the confinement and that the downward
flow region behaves like a big plug flow that contributes to force the annular
jet and the flame brush against the bottom.

3.5.3.3 Temperature and composition distribution

Figure 3.14b contains temperature and composition data for the CSF. A CO
= 5000 ppm and an UHC = 5000 ppm contour combined with four isotherms
800, 1200, 1400 and 1600 ◦C reveal that fresh unburned mixture exits the
annular channel and is deflected into a radial direction. The mixture heats up,
is ignited and the combustion process raises the temperature inside the CSF
up to 1730 ◦C (|R| = 75 mm, H = 8 mm). The flame clings to the bottom
and the flow detaches only at 3/4th of the radius (|R| ≈ 80. . . 90 mm). From
there, the combustion products flow farther upwards along the outer side of
the combustion chamber.

The isotherms on the plot reveal that cooling of the flame system is achieved
by radiation of the flame and by convective heat transfer at the confinement
walls. In a practical system with heat exchanging walls, this convective heat
exchange parameter may greatly be enhanced by the flow pattern of both SSF
and CSF ring flames due to the high velocities near the walls. The region
enclosed by the 1400 ◦C isotherm is considerably larger for the CSF explaining
the higher NOx emission over the very low NOx value of the lifted SSF.

3.5.4 Near-burner flow field

The multiple flame possibilities and the particulars of the burner geometry give
rise to a focus on the near-burner flow field. Knowledge of the radial velocity
allows to verify and support the flow pattern as it is presented by the stream
function contours. Secondly, a limited series of experiments are reported to
compare the cold flow pattern with the combusting flow.

3.5.4.1 Comparison of the SSF and CSF flow field

The time-mean velocity vector plots of the SSF and CSF are shown in fig-
ure 3.15. The vectors are composed by the axial and the radial velocity com-
ponent which are simultaneously measured in the X-H plane. Although only
the near-burner region (|R| = 38 mm) of the burner can be covered (refer to
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Figure 3.14: Coanda stabilized flame. (a) Normalized mass stream function Ψ (thin
line) and T = 800, 1200, 1400 and 1600 ◦C isotherms (thick line). (b) Composition
including the 2.4 vol% O2 contour (dashed line), the 5000 ppm UHC (thick dashed
line) and 5000 ppm CO (thick solid line) contours. The isotherms are repeated.
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Figure 3.15: Vector plot in the near-burner region including axial and radial com-
ponents (X-H plane). (a) SSF. A maximum velocity of 31 m/s is recorded near the
burner rim. The reverse flow velocity equals -6 m/s along the burner centerline. (b)
CSF. A maximum velocity of 24 m/s is recorded near the burner rim. The reverse
flow velocity equals -7 m/s along the burner centerline.

chapter 2), the flow field at the burner rim and along the centerline is ade-
quately displayed.

For both flames, a broad region of reverse flow is present with an almost
uniform axial downward velocity profile. The negative velocities approximate
-6 m/s and -7 m/s for the SSF and the CSF respectively. The reverse flow
zone penetrates into the burner quarl and stagnates on the fuel rod much like
the recirculation zone that would occur in an unconfined suddenly expanding
annular flow. This concept is also supported by experiments and modelling by
Truelove et al. [71] who studied the flow pattern inside the quarl of a 1/9th-
scale cold air model of a swirl burner with a 30◦ opening angle of the quarl. In
principal, the researchers present the recirculation flow boundary for a medium
and a high-swirl type flow and found a recirculation that establishes inside the
quarl for both cases.

The quivers show that high positive velocities exist in a small region close
to the burner quarl. Exit velocities of 31 m/s and 24 m/s are recorded for
the SSF and CSF respectively. The velocity gradually decreases in magnitude
due to mixing and entrainment of recirculated flue gas together with expansion
perpendicular to the flow direction. The unburned mixture does not follow the
opening angle (20◦) of the quarl confinement, but it bends and spreads out in
radial direction. The SSF flow remains on an inclined track of 40◦ which is
explained by the balance of centrifugal forces and the low pressure in the IRZ
at the given swirl number of 0.94. On the other hand, this simple balance does
not hold anymore for the flow of the CSF as the direction obviously changes
into a prevailing radial flow that clings to the bottom. The applied swirl is
low (S = 0.26), hence the idea is that the reverse flow system combined with a



58 Chapter 3. Description and Analysis of Premixed Swirling Jet Flames

−60 −40 −20 0 20 40 60
−30

−20

−10

0

10

20

30

 X [mm]

 H
 [

m
m

]

= −3.5 m/s = −7 m/s

Figure 3.16: Coanda stabilized flame. (Left) Cold flow. (Right) Flow with combus-
tion.

low pressure at the burner rim overcomes the axial momentum and forces the
unburned mixture outward. This idea is further examined in section 3.6.5.

The tangential component may be neglected for the CSF because the swirl
setting is low. For the SSF, the vectors are inclined in the plane perpendicular
to the displayed vector plot (R-H plane). At H = 10 mm, the inclination
amounts 15◦ relative to the vertical. Initially, this inclination amounts 26◦
where the flow exits the annular channel (H = -19 mm) for S ≈ 0.94 but it is
reduced because of two reasons. First, as the flow expands within the quarl
and further on above the burner, tangential velocities drop in order to conserve
momentum. Second, the measurements indicate a mixing with the reverse
flowing products which have only a small tangential velocity.

3.5.4.2 Comparison of the CSF cold and hot flow

In the course of the experiments, interest in the initial cold flow pattern came
up because many analysis suggested that the combustion superposes on an
initial cold flow field without changing the latter entirely. Indeed, tests have
confirmed that is possible to obtain a Coanda flow structure without combus-
tion. LDA results of the comparison between the cold flow and the flow with
the CSF are summarized in respectively the left and right part of figure 3.16.
The downward velocities of the cold flow amount -3.5 m/s along the burner
centerline and are smaller than the -7 m/s of the hot flow. Near the burner
rim at |R| = 25 mm, H = 5 mm, the absolute velocities are similar to the ve-
locities of the flow with combustion. However, this statement no longer holds
for the velocity magnitudes recorded away from the burner head or at higher
positions (H = 8, 11 mm). The hot flow values are higher and it is explained
by the fact that the combustion accelerates the flow (density decreases) and
also more downflow is recycled and entrained by the radial flow system. All
this inspired a new investigation forming currently the subject of a PhD thesis
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that can build on some of the results of the present work.

3.6 Mechanisms of flame transition and stabi-
lization

3.6.1 Influence of the confinement

All the results presented in the foregoing sections have been obtained in the
octagonal setup whilst the backwall stopper was in place and the hot combus-
tion products passed through the annular outlet section. Scientific curiosity
inspired additional tests with respect to the confinement influence which have
led to the following conclusions.

First, it is proven that the different flame states can also be obtained in
horizontal firing configuration. The low NOx SSF in particular happened to
be regularly established in the horizontally fired fluid heaters during tests with
swirl variation and fuel rod position (see chapter A), be it that time, without
knowing that it was a lifted flame burning.

Second, the setup of all flames, except for the BSF, are independent of the
presence of the backwall. Especially the SSF and the CSF can easily be set up
whether the backwall is installed or removed. In the latter case, the length of
the octagonal combustion chamber equals 600 mm and no restriction interferes
with the flue gases exiting in the ambient. A minimum length of the combustion
chamber is to be considered (see table 3.1), simply in order to prevent that the
flame quenches or damages the rear of the combustion chamber. The position
of the SSF may vary marginally in short combustion chambers.

Third, the diameter of the confinement does matter although the value is
definitely not limited to a small variation of the existing confinement (D =
255 mm). The diameter can easily be adjusted between 200 and 400 mm as
is also specified in table 3.1. Below a diameter of 200 mm, the ring-shaped
flames hit the confinement although this does not affect the flame stability
directly. Exceeding a 400 mm diameter causes a less stable SSF with a flame
brush expanding and contracting randomly. This indicates that the ERZ in
the corner of the confinement plays a role in SSF stabilization. However, a
richer SSF behaves again more stable but an unacceptably high CO emission is
observed when the stoichiometric ratio drops below 1.03. On the other hand,
both the cold Coanda flow and the CSF become somewhat less stable, yet they
can perfectly be established in the open air with only the burner front plate
in place. Finally, the NSF can be fit in almost any confinement and much like
the CSF, it does not require any specific confinement to be established.

Fourth, experiments are run in geometrically similar practical thermal oil
heating systems (see chapter A) with 300 ◦C wall temperature and the same
flame states are observed. It is noted that the wall temperature of the quartz
glass setup is intermediate and approximates 700 ◦C. Another series of tests
have been done using an uncooled cylindrical steel tube which became red hot
and the findings did not change.
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Fifth, it is found that ignition (using an electric spark between electrodes)
of the premixed reactants at S = 0.26 could directly introduce the bottom-
attached CSF. The same result holds for the ignition of the SSF at S = 0.94.
Note that the two electrodes are immediately removed after ignition and they
do not serve as physical flame holder during startup in the cold confinement.

3.6.2 Nature of the flame brush

Time-averaged 5000 ppm CO contours and the visual observation as well as
the findings of Dreizler et al. [19] could suggest a toroidal ring shaped flame.
In the high swirling case (0.5 / S), the vortex breakdown theory applies, and
the flame brush fully whirls into a burning ring where reactants are supplied to
the flame via a continuous process of roll-up of air-fuel layers along the flame
boundaries. This work however, shows that flames with a similar appearance
can exist where the flame brush is open at the bottom, allowing reactants to
enter. The idea of a toroidal flame behavior is hence disputed. The scheme in
figure 3.1 depicts a cross-cut of this open flame shape of both the lifted flame
as well as the Coanda flame. For the lifted flame, the reactant stream, which
already has been heated by the IRZ system, enters via a whirling conical sheet
into the flame brush. The stream diverges when it exits the confines of the
quarl thereby making that the mean velocity decreases gradually downstream
of the burner head. This velocity “downramp”provides the flame stabilization
mechanism. It allows the flame to propagate from the downstream side against
this ramp and settle at the position where the local flow velocity is equal to the
turbulent flame speed. The flame does not flash back because the flow velocity
at the burner throat is higher than the flame speed. Neither does it blow off
because the velocity downstream is lower than the flame speed. A quantitative
analysis on this issue is elaborated in section 5.6.

However, due to directional intermittency of the flow structure in this re-
gion, the flame shows an oscillatory behavior and combusting sheets move to-
gether with pockets of reactants within the intermittent flow. Some fluid lumps
simply flow to fast and, coupled with the high shear present at this position, the
flame there, cannot exist. Only when they have broken up and slowed down,
combustion can be established. As a result, the flame brush is spread-out. Sim-
ilar conclusions hold for the Coanda flame where the reactant stream sticks to
the bottom, diverges and hence enters the stretched combustion region. Details
on the flow structure are explained in chapter 4.

3.6.3 Abrupt transition

As exemplified in figure 3.6 by the dashed vertical lines and from a slow mo-
tion of the video recordings [77], at nearly zero swirl level (S ≈ 0.16) the axial
momentum all of a sudden overcomes the IRZ downward flow and a completely
different flow system sets in. The wall flow pattern abruptly transits into a jet
flow near the centerline with such high velocities and low intermittency charac-
ter that no natural gas flame can stabilize perpendicular to the flow. Reactants
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flow jet-wise up, impinge on the backwall where the flame, i.e. the BSF, ignites
and stabilizes. If the reactants are already fully premixed, sometimes a PJF
can exist at low swirl numbers (S < 0.16), but in general the stability is rather
poor for this jet flame as little disturbances may cause the flame to lift off and
become a BSF.

Increasing the swirl introduces more expansion and thus lower axial speeds.
Also it produces enhanced tangential momentum and shear at the jet bound-
aries, providing better mixing and heat transfer to the cold reactant. The flame
front tentatively shifts down along the central core until the attached pinched
jet flame is formed. No internal recirculation is observed within the PJF and
the pinched section suggests that the lower conical part spins somewhat slower
than the surrounding fluid and torsion of the flow pattern becomes a fact. Fi-
nally, the vortex breakdown forces the jet flame to open (S ≈ 0.8) and the
cup-like NSF including intense IRZ establishes abruptly.

3.6.4 Continuous transition

To address the mechanism of the continuous transition between the lifted SSF
and the Coanda flame, the idea is that (1) the conical sheet changes direction
and (2) the flame speed alters. First, the balance between pressure and mo-
mentum forces as well as the sharp edge effects at the burner rim deviates the
flow inclination, depending upon e.g. the swirl level. Second, changing fluid dy-
namics such as swirl, can alter the combustion kinetics (turbulent flame speed).
For example, high swirl is expected to produce excess turbulence which results
in large tangential velocity gradients and a negative flame stretch, causing the
flame surface area and therefore the volumetric burning rate to decrease. Both
items play a role in the transition between the SSF and CSF states and both
account for the flame stabilization process. Following the idea of faster com-
bustion with less swirl (within a certain range) the flame stabilizes closer to
the burner exit and an intermediate SSF (with respect to its position) burns in
the combustion chamber. The velocity profiles of the SSF and the CSF respec-
tively, reveal that the IRZ widens and increases in strength, hence deflecting
the conical jet more strongly. Within this tight combustion chamber, the coni-
cal jet entrains more stagnant gas from the ERZ, the pressure in the ERZ field
is reduced and consequently the low pressure pulls the SSF further down to
lower positions when the swirl number is reduced. Finally, it is shown that the
step in the quarl, the sharp edge at the burner rim and the Coanda effect all
play a role in the setup of the CSF. The final stabilization into a stable CSF is
addressed in the following section.

3.6.5 Coanda flame

The remarkable feature of the CSF is that the pathway of air-fuel mixture
completely alters into a radial outflow although the low swirl setting would
rather predict the opposite, i.e. an axially combusting jet. Instead, the reverse
flow is strong and stagnates on the outflowing jet. The question is whether the
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reverse flow system is powerful enough to balance the axial momentum of the
exiting air-fuel mixture such that it deviates the annular axial flow for about
90◦. In order to perform a mechanistic analysis, the axial velocity profile U and
the local density ρ at H = 11 mm are integrated in the close-up representation
of the burner throat in figure 3.17. The annular outflow of reactants, the little
amount of radial fuel injection (DPX = 0.7) as well as the axial downflow of
the IRZ are illustrated on the plot using arrows. In a circular confinement, the
axial momentum is calculated as

ṁ · ū = 2π
∫ r2

r1

ρ ū ū r dr, (3.3)

where the integration is performed between the radii r1 and r2. For the annular
jet momentum, equation (3.3) yields

ṁ · ū0 = 0.0119 kg/s · 32.4m/s ∼= 0.386N, (3.4)

hereby taking into account that 70% of the fuel also contributes to the axial
mass flow and associated velocity in the small annulus. ū0 is the mean axial
velocity in the annulus. The axial momentum calculation of the reverse flow
system applies the ū(r) and ρ(r) profiles between r1 = -33 and r2 = 33 mm
(assuming axisymmetry), yielding a down-draft ≈ 0.038 N which is only 10%
of the reactants momentum. Nevertheless, it is stressed that the down-draft is
absolutely required for the setup of the Coanda flow. The latter is demonstrated
by a simple experiment placing a solid body in the IRZ. Comparison of the
values clearly shows there is a deficit and it suggests that other effects are
involved, creating additional forces that balance the axial momentum. A low
pressure region is created adjacent to the burner rim (|R| ≈ 22 mm) due to
the flow passing by the sharp edge. Static pressure measurements have recently
been reported by Vanierschot et al. [75] using the pressure tap at |R| = 27 mm,
denoted with the capital P on figure 3.17. A low pressure of the order of 70. . . 80
Pascal is recorded. The experiments were run at cold flow conditions because
then too, the bottom wall (Coanda) flow pattern also exists. Of major interest
however, is the finding that a backward facing step is necessary to obtain
the Coanda flow. This step is present in the existing burner geometry (see
figure 2.3) and is indicated with the capital S on figure 3.17. In this study, the
step size equals 3.1 mm. Experiments have revealed a minimum and maximum
step size requirement to obtain a Coanda flow, being 2 and 5 mm respectively.

Parallel with the experiments, the RANS1-based numerical code CFX is
used for flow computations in this particular geometry. Similar to the exper-
iments, the results predict that a step is required for Coanda flow. More, the
pressure profiles around the burner rim show up, featuring a steep, low pressure
profile near the rim (|R| = 22 mm), asymptotically decreasing to zero level at
|R| ≈ 35. . . 40 mm.

Using all information described above, it is checked whether the low pres-
sure region actually balances the deficit of IRZ down draft. Considering that

1Reynolds Averaged Navier-Stokes
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Figure 3.17: Coanda stabilized flame. Axial velocity (ū) and density (ρ) profile at
H = 11 mm. The up-arrow indicates the axial outflow from the annulus, the radial
arrow denotes some little fuel injection and the down-arrows are illustrative for the
IRZ downflow. P is a pressure tap at |R| = 27 mm; S is a step in the quarl.

pressure = force/area, substitution of the respective numbers into this relation
yields

∆p =
∆F
A
≈ (0.386− 0.038) [N ]
π · (0.042 − 0.0222) [m2]

≈ 99Pa. (3.5)

In equation (3.5), ∆F is the net balance of the force which is necessary to
deviate the axial flow. A net pressure difference ∆p acting on the near-burner
rim area (A) will provide this force. The rough estimation obtained with equa-
tion (3.5) certainly matches the order of magnitude of the experimental number,
indicating that this simple analysis is justified.

To conclude, it is the low pressure region that pulls the reactants flow down
to the bottom. This low pressure region between the burner jet and quarl open-
ing is initiated by the step and the sharp edge burner rim. Subsequently, the
combustion sets in and the Coanda effect provides a stable flow clinging to
the bottom of the confinement. The setup of this low pressure zone and the
influencing parameters are yet not fully understood, opening perspectives for
further detailed investigation in the context of another PhD dissertation. Cur-
rently, specifically designed experiments are in progress by Vanierschot et al.
in order to study various geometrical parameters among which there are the



64 Chapter 3. Description and Analysis of Premixed Swirling Jet Flames

influence of the step, the quarl angle and length and the influence of the bluff-
body (i.e. the fuel rod). Simultaneous computational efforts will help to clarify
the phenomena.

3.7 Normalized reverse mass flow rates

Swirling jets, in general, create substantial reverse flow regions. In combustion
applications, this recirculation of products is very useful as it provides a method
to increase flame stability and combustion firing intensity (expressed in e.g.
MW/Nm3) at the same time. Furthermore, NOx emissions can strongly be
reduced and CO levels go to zero, all with only limited excess combustion air,
which in turn increases the overall efficiency of the unit. The calculation of the
normalized mass stream function in section 3.5 provides a measure to compare
recirculation strengths of various swirling jets.

Figure 3.18 presents the strength of the IRZ as a function of the swirl
number. The strength is defined as the maximum ratio of the reverse mass flow
to the inlet flow, i.e. (ṁr/ṁ0)max = Ψmax. Generally it is assumed [79] that a
well-established reverse flow requires a minimum value of Ψ = 0.1 and this holds
for most of the presented data in the figure. Lawn [45] grouped the results of
different researchers, i.e. (a) Syred and Beér (1974), (b) Eguchi et al. (1982),
(c) Bortz (1983), (d) Dixon (1982) and (e) Beltagui and Maccallum (1976).
Data of Weber and Dugué (f) are also included because of the likeness with
the present experiments. They studied flames in a confinement using a very
similar annular burner configuration where a conical quarl of 20◦ angle applies.
Moreover, the quarl length does not differ substantially and the flame is highly
confined in the adiabatic combustion chamber. The open squares represent
isothermal flow data whereas the solid squares result from a 1500 K flame.
Last, the maximum reverse mass flow rates of the NSF, SSF and CSF from
this work (g) are added to the plot, providing perspective of the strong reverse
flow patterns of ring-shaped lifted flames.

All studied flow patterns may differ in the configuration of burner channel
and quarl. The flow is also either confined or a free jet and both isothermal as
well as combusting flows are studied. All researchers agree that the presence of
a quarl increases the recirculation considerably, with a secondary effect due to
the quarl opening angle and length. A general trend in figure 3.18 is that the
recirculated mass flow increases with swirl number provided that the same flow
pattern applies. The rate of increase of the recirculated mass flow however,
decreases considerably for swirl numbers greater than 1. Tangirala et al. [70]
concluded in their work that the amount of recirculated gas increased with
a swirl number up to S = 2 but no additional recirculation is observed with
further swirl number increase.

Figure 3.18 also reveals a difference between isothermal flows and reacting
flows, which is explained by the decrease of the swirl due to combustion. This
effect has not been taken into account in the data gathered by Lawn. Instead,
an effective swirl number should be used that accounts for the combustion
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Figure 3.18: Ψmax, i.e. the maximum normalized reverse mass flow rate in the IRZ
vs the swirl number. Each legend entry specifies in successive order: hubless (H) or
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(d) Dixon (1982) and (e) Beltagui and Maccallum (1976). Data (f) from Weber and
Dugué [79] and (g) from this work.
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induced decrease in the ratio of centrifugal to inertial forces. Combustion
increases the latter substantially since viscous effects become more stringent.
Weber and Dugué [79] postulate a simple relation for the reduction in inlet
swirl due to combustion

Seff = Scold ·
(
ρcombust
ρcold

)β
, (3.6)

where Seff is the effective swirl number and Scold would be the swirl num-
ber without combustion. The equation applies both the density of the non-
combusting and the combusting flow, Scold and Scombust respectively. The
value of β ranges from 0.5 to 1.0. In the aforementioned study of swirling an-
nular flows that are combustion accelerated, β equals 0.75 and the density ρ
varies with the reciprocal temperature. Weber and Dugué also demonstrated
that the basic effect of combustion is to reduce both the size and strength of the
IRZ due to the diminishing role of the tangential momentum compared to the
combustion increased axial momentum. The effect is qualitatively similar to
the reduction in IRZ strength when decreasing the inlet swirl of a cold flow. As
an example, in an annular cold swirling flow of 1.5 inlet swirl, an IRZ strength
of 40% has been measured. When the flow is accelerated by approximately a
factor of five (Tflame ≈ 1500K), the IRZ strength is reduced to around 10%.
The effective swirl number approximates 0.45 according to equation (3.6). In-
troducing the effective swirl number concept in figure 3.18 would shift all data
with combusting flow strongly to the left. In this way, both data sets of Weber
and Dugué would merge into a single curve.

Figure 3.18 also highlights that the confined flows result in a considerably
higher recirculation rate than the free jet, with the recirculation approaching
the free jet as the confinement is expanded. The effect of a hubless or an
annular configuration, in casu the central fuel rod acting as a bluff body, is
ambiguous. Some authors suggest that the recirculation was about to halve in
their experiments, others, report on an enhancement of the recirculation. This
is in agreement with our findings since experiments have revealed that neither
the CSF nor the SSF can properly be set up when the fuel rod is withdrawn to
far into the burner channel. In addition, a forward positioned fuel rod favors
the SSF, although its stability range in terms of stoichiometric ratio and turn-
down ability narrows importantly. Two cases with combustion (the cross and
triangle at S ≈ 0.85 studied by Eguchi and al. (b)) feature a flame attached to
the burner, which can be compared to the NSF. The reverse flow rates are 12%
and compare very well with the 15% measured for the NSF. From figures 3.12a
and 3.14a, the maximum amount of recirculated mass flow approximates 100%
for the SSF, whereas for the CSF a maximum up to almost 140% of the initial
mass flow is fed back into the system. The IRZ strength of the ring-shaped
flames does actually not compare to the tulip-shaped flames since the reverse
mass flow rates are an order of magnitude higher. This result is not really
surprising because the recirculation system extends the entire confinement,
allowing for more recirculation as the area is larger and similar downward axial
velocities apply.



3.8. Conclusions 67

Remarkable, though, is the place of the CSF in the graph. A very strong
and intense reverse flow system is set up, although the swirl number is low and
may even be considered negligible when the effective swirl number is calculated.
The trend that the recirculated mass flow increases with the swirl number does
not hold anymore between the CSF and the SSF.

3.8 Conclusions

• The swirl burner can produce multiple flame patterns in the experimen-
tal confinement, and they are presented in the schematic drawing of fig-
ure 3.1. Of particular interest in this research work are the (1) nozzle
stabilized flame (NSF), a regular tulip-cup like shaped flame that sta-
bilizes near the nozzle, (2) swirl stabilized flame (SSF), a ring shaped
flame which stabilizes at a lifted position relative to the burner head,
and (3) Coanda stabilized flame (CSF), a ring shaped flame that clings
to the bottom wall in which the burner is installed. The flames can be
established in a tight confinement, provided that the proper premix and
swirl settings apply. Transition from one flame pattern into another is
either abrupt or gradual, and is clearly quantified in this chapter. With
respect to the NOx emissions, the influence of swirl, degree of premix,
stoichiometric ratio and burner input power are investigated, revealing
very promising low NOx numbers using only little excess combustion air.
In particular, the SSF features NOx as low as 12 ppm at 3% O2 with only
10% excess combustion air.

• In-flame data including CO, UHC, O2 and temperature profiles combined
with LDA velocity measurements quantify the flames. The greater part of
the discussion is devoted to the SSF and CSF since other researchers have
already extensively reported on the NSF. The contours of the mass flow
stream function show the time-averaged flow pattern in the confinement.
The existence of two recirculation zones shows up, i.e. a large internal
recirculation zone (IRZ) in the central and upper region and an external
recirculation zone (ERZ) in the lower corner of the confinement. Both
recirculation zones are of almost uniform composition and recycle hot (T
≈ 1250 ◦C) chemically active species and heat back to the root of the
flame. A conical sheet of fresh reactants is injected into the combustion
chamber and flows either along an oblique plane (40◦) towards the lifted
SSF or is deflected by 90◦ into a prevailing radial Coanda flow.

• For the SSF, the gradual divergence of the flow field provides a well-
defined match between the longitudinal velocity and the turbulent flame
speed, hence flame stabilization is achieved. As a consequence of this sta-
bilization mechanism, the nature of the flame brush features a mushroom-
like shape that is open at the bottom, allowing for the reactant stream
to enter. The CSF is a rather remarkable flame because of the strong ra-
dial outflow although almost no swirl is imparted to the reactant stream.
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A mechanistic analysis shows that a low pressure region between the
burner jet and the quarl confines actually pulls the flow down to the bot-
tom. Although the down-flowing IRZ momentum provides only 10% of
the total force, this flow is absolutely necessary in order to obtain the
Coanda flame. The Coanda effect serves to cling the flow and succeeding
combustion to the bottom wall of the confinement.

• Finally, it is revealed that the SSF and CSF set up a very strong reverse
flow system, i.e. 100 and 140 % of the initial mass flow returns in the
system. The maximum strength is compared with the findings of other
researchers. The general trend predicts the increase in recirculated mass
flow with increased swirl. However, this assertion certainly no longer
holds in the CSF case because of its extremely low swirl number.



Chapter 4

Flow Structure of the
Lifted and the Coanda
Flame

“When it is not in our power to determine what is true, we ought
to act in accordance with what is most probable.” – René Descartes,
French philosopher [1596-1650]

4.1 Introduction

The discussion in section 3.6 has introduced the concept that the flame brush
of the ring flame is open at the bottom allowing for reactants to enter. Analysis
of the flow structure is essential to corroborate this concept. Investigation of
the mean flow structure is already presented in chapter 3. In this chapter, a
closer look is taken at the fluctuating quantities of the SSF and CSF in order to
resolve the influence of the turbulence on the flame structure. The fluctuations
are roughly in the range of 0. . . 500 Hz. according to Rook [63]. Unfortunately,
neither the composition nor the temperature measurement techniques did allow
to report on their time varying components. Conversely, the LDA technique
offered this possibility and as such, both the mean ū and the velocity fluctua-
tions u′(t) can readily be obtained from the recordings u(t) in every grid point.
In formula, their relation is written as:

u(t) = ū+ u′(t). (4.1)

The fluctuating velocity is commonly quantified by the rms1 value. In this
work, the rms is denoted by u′, defined as:

u′ ≡
√
u′2(t). (4.2)

1root mean square
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The calculation of the mean and rms value is performed using equation (2.5)
where the correction for velocity bias is also included.

Inspection of the velocity PDFs and, in particular, the evolution of the
PDFs along a traverse reveals details on the flow behavior and the change of
turbulence in different regions in the flame. A short literature survey of the
matter is given in section 4.2. Section 4.3 presents the PDF evolutions for
both the SSF as well as the CSF. Section 4.4 reports on u′ values of the SSF
and CSF. The PDFs differ substantially in shape depending on the region in
the confinement. Based on that, section 4.5 presents a subdivision of the SSF
flow pattern. The PDFs are further analyzed in detail and a modal analysis
is carried out in section 4.6 followed by a discussion on large-scale motion
(section 4.7) and the concept of local turbulence (section 4.8) is put forward.
Finally, the chapter ends with some accuracy and reproducibility issues of the
LDA recordings in section 4.9.

4.2 Literature survey

4.2.1 Probability density function

In general, the probability density function of a measured quantity allows to
learn more about the composing structure of the flow, e.g. whether the flow
incorporates turbulence due to large-scale motion or due to small eddies. Sev-
eral studies report on PDFs of velocities or temperatures, revealing bi-modal
structures in some particular cases. Gupta et al. [35] have shown a bi-modal
PDF close to the recirculation boundary in a weakly swirling flame of their
multi-annular divergent nozzle swirl burner. Tangirala et al. [70] found bi-
modal velocity PDFs near the axial velocity line of a co-axial fuel and highly
swirling air burner. The bi-modal structure indicates that the flow is highly
unsteady due to precession of the flow centerline about the geometric center-
line. At many locations where the mean velocity vector is vertically upward,
the instantaneous velocity is downward for more than 30% of the time. More
recently, Qi et al. [61] presented an experimental study on the effect of swirl in
premixed flames based upon photography, mean and fluctuating temperatures.
The PDF of temperature data revealed a bi-modal distribution in the shear
layer region of the flame having two distinct well-defined temperature peaks
(in casu 780K and 1550K) corresponding to the unburned and recirculated gas
respectively. Likewise, Duarte et al. [21] provided experimental evidence that,
when the combustion occurs in flamelets, the PDF of the temperature in the
reacting layer must exhibit two peaks (bi-modal).

If the experiments reveal bi-modal PDFs, then a numerical calculation
should also be able to predict the bi-modality. Large Eddy Simulation (LES)
of turbulent premixed flames has gained interest in recent years by many re-
searchers. Chakravarthy and Menon [14] present a new subgrid combustion
model providing enough fine-scale resolution to accurately capture the flamelet
nature of undisturbed flame propagation and the small-scale wrinkling of the
flame surface. The intermittency associated with flame turbulence interactions
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(i.e. flame generated turbulence) is revealed from a series of PDFs of axial ve-
locity at five locations between the front and the rear ends of the flame brush.
The mid-portion of the flame brush shows also a bi-modal shape, similar to
the experimental findings that are presented in this thesis. Tangirala et al. [70]
made a LES study of the phenomena in a lean partially premixed combustor
and also showed PDFs of the axial velocity featuring a broad range of negative
and positive velocities. The authors, however, demand for more experimental
results in order to validate their numerical data.

4.2.2 Periodic flow structures

In general, the term turbulence reflects on the continuous cascade process of
eddies that are broken up into smaller ones until they finally are dissipated by
viscous friction. The higher the turbulence, the more kinetic energy is available
in the eddies. However, the term turbulence needs a more precise explanation
if LDA measurements envelop both periodic (or quasi-periodic) oscillations as
well as the fluctuations that are associated with chaotic turbulence. As a con-
sequence, the measured rms values would overestimate the turbulence intensity
because of the variations added by the periodic structure, resulting in erroneous
conclusions. Note that in flames, maximum possible turbulence levels are often
desirable to improve mixing to attain “well-stirred”homogeneous conditions, to
shorten flame length, to reduce NOx emissions or to improve the flame stability.

The periodic flow structures may result from either (1) precessing motion,
(2) flapping motion or (3) typical oscillating combustion behavior, or a random
combination of the phenomena. The findings obtained by other researchers
regarding flapping jets, precessing flows in combustors as well as combustion
induced instabilities will be useful in order to explain the phenomena addressed
in the following sections of this chapter.

4.2.2.1 Flapping

Mi et al. [51] have presented experimental results of the mixing characteristics
of a low-frequency (≈ 100 Hz.) flapping jet (FJ) and compared it with the non-
flapping jet (NFJ) case. With respect to the axial time-averaged flow field, it
is found that the FJ causes more than a twofold increase in the magnitude of
both the mean decay rate (ūc/ū0) and the jet spreading rate (Y0.5/D). Here
ū0 is the initial inlet bulk mean velocity, ūc the centerline mean velocity of the
jet with diameter D and Y0.5 is the velocity half-width defined as the distance
from the centerline at which ū = ūc/2. With respect to the normalized rms
velocity fluctuation u′n, as expected, the result of the flapping motion is that
u′n is significantly higher (≈ factor 2) in the FJ than in the NFJ throughout
the entire measured region.

Differences in mixing between FJ and NFJ are also compared by mea-
surement of power spectra and PDFs. The spectral data suggest that the
flapping motion not only enhances the large-scale motions of turbulence but
also suppresses the small-scale mixing in the FJ flow. Also, the high turbu-
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lence intensities that are initiated by the flapping motion, are sustained in
the far-downstream flow region. More evidence for the change in turbulent
mixing structure is provided by comparing the PDFs of centerline velocities.
Asymmetrical biased PDFs towards the lower velocities of the FJ indicate the
occasional appearance on the centerline of entrained, yet poorly mixed, fluid
parcels. By contrast, Mi et al. state that the small-scale level mixing is less
good than for the NFJ case.

4.2.2.2 Precession

The dominant motion of a global flapping jet is planar and axisymmetric
whereas the structure of the investigated swirling flame is essentially three-
dimensional. In swirling reacting flows, evidence of precession of the flow struc-
ture is found. Dawson et al. [18], Escudier and Keller [25], Froud et al. [29],
Nathan et al. [53], Park and Shin [56] and Syred et al. [69] discuss the idea of
a precessing vortex core (PVC) which in terms of velocity, manifests itself as a
crescent-shaped area of high axial and tangential velocities rotating about the
central axis of the burner with a helical overall structure.

In 1995, Froud et al. [29] studied the flow patterns of a 100-kW swirl burner
and used the PVC signal, obtained by a pressure transducer to trigger a 3-D
LDA system. The PVC cycle time was of the order of 100 hz. As such, a descrip-
tion of the flow in various tangential/radial and axial/radial planes was thus
obtained and confirmed previously reported observations by Syred and Beér [68]
in 1974. Higher frequencies are reported by Park and Shin [56]. In a swirling
jet configuration (roughly 1/10th in scale of the IFRF burner), they observed
PVC frequencies of around 200. . . 300 Hz. at S ≈ 1.0. Moreover, the frequen-
cies increase linearly with the Reynolds number and almost linearly with the
swirl number. Recent work reports on additional findings regarding the PVC
frequencies. Typical is that the PVC tends to show a frequency response band-
width instead of a discrete peak in the spectrum. The latter indicates that the
periodicity is not characterized by a singular frequency, but rather reflects to a
range of frequencies. Dawson et al. [18] supported this assertion with LDA re-
sults in a swirl combustor. Also Solero and Coghe [67] reported time dependent
flow structures caused by the precession of the vortex core in a cyclone separa-
tor. They considered the use of phase averaging techniques but the method was
not feasible because the precessing motion appeared to be quasi-periodic with
random phase jumps. Nathan et al. [53] addressed the large-scale turbulence
from a precessing jet burner. These researchers derived probability density
functions of jet fluid concentration and presented non-gaussian and some bi-
modal distributions, indicating a greater unmixedness than in the equivalent
simple jet. It was found that the mixing and combustion process were dom-
inated by the presence of large-scale structures (precession) but in 1992, the
authors anticipated a more complete understanding of the interaction between
the large-scale effects and combustion processes.

Finally, in regard of the precessing structures, also numerical investigations
have been carried. Guo et al. [34] described three-dimensional, time-dependent
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calculations using the finite volume CFD code CFX4 and the VLES2 approach
with standard k− ε model in order to simulate turbulent swirling flow in a sud-
den pipe expansion. They reported this flow being unstable over the entire swirl
number range considered (S = 0. . . 0.48), and that a large-scale coherent struc-
ture precesses about the centerline. Moreover, compared with the unswirled
case, inclusion of a slight inlet swirl (S < 0.23) can reduce the precession speed,
cause the precession to be against the mean swirl and suppress the flapping mo-
tion. Several modes of precession are predicted as the swirl increases, in which
the precession, as well as the spiral structure reverses direction. Accompany-
ing the transition between different modes, Guo et al. observed abrupt changes
in precession frequency. The latter being in agreement with the experimental
observations by refs. [18, 67].

4.2.2.3 Combustion instabilities

Resonant conditions in swirling flame confinements (e.g. gas turbine com-
bustors) are to date commonly observed instabilities that may lead to severe
damage of the installation [26, 47]. The phenomenon is also known as “hum-
ming”, and is a study object for many researchers and engineers. Dawson et al.
[18] report experimental work on the bulk mode oscillations set up in a swirl
burner system. Their confined swirling flame features resonant conditions with
a typical discrete frequency of 250 hz. On the other hand, the swirling flame
open to the atmosphere did not exhibit any perturbation at any time. How-
ever, other tests revealed that only a subtle change in confinement geometry
was required for resonance excitation. The spectral analysis of the resonant
condition showed multiple harmonics (discrete frequencies). In regard of the
present study in the quartz glass octagon with the IFRF burner, Naessens and
Vanlokeren [52] have shown that no such resonant combustion instabilities were
present.

4.2.3 Intermittency

A turbulent mixing layer features a range of turbulent scales. The interface
between e.g. a turbulent flow (A) and a non-turbulent flow (B) has in general
a complex structure with large and many little bulges [55]. Some suggest even
that this interface behaves like a fractal [12, 55]. Typical is that such an
interface is time-dependent. In particular, its position is not stationary and
fluctuates either (1) because of the small-scale wrinkles (i.e. small eddies) or
(2) because of the fact that the entire interface is superposed on a periodic
motion. A direct consequence is that a fixed measurement system (Eulerian
positioning) will record distinct quantities (e.g. velocity, species or temperature
of either flow A or flow B) during a measurement period. This phenomenon is
referred to as intermittency and is caused by the fact that the variables feature
a stepped behavior depending on the flow.

2Very Large Eddy Simulation
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4.3 Velocity probability density function

The probability density function of the velocity can readily be composed from
the recordings. In this work, the velocity ranges between -15 and 30 (40) m/s
and each of the 9216 samples is allocated to the respective velocity interval to
form a discretized PDF. For details on the computation of the PDF including
velocity bias correction, refer to section 2.4.5. Generally, 60 bins are used to
span the entire velocity range of a recording.

4.3.1 Swirl stabilized flame

The evolution of the axial velocity PDF shape is shown on the successive sub-
plots of figure 4.1. Every subplot (a-i) includes the PDF evolution along a
radial traverse, and this at successive heights. The accuracy of the PDFs is
high (refer to section 4.9). The two first subplots (4.1a and 4.1b) only span
the near burner radial range. For convenience, the last subplot (j) repeats fig-
ure 3.11 including the mean axial velocity representation at the same heights.
It may be helpful to interpret the PDFs and to put the traverses in respect to
the position in the confinement.

Figure 4.1a-e cover the heights before the onset of combustion. In the
centerline region, slender PDFs are observed, proving that the IRZ consists
of low turbulent down flow. Closer to the burner throat, some measuring
points with very high velocities show up from figures 4.1a and 4.1c. Note
that the velocity scale varies due to the narrow sheet containing high speed
outflowing reactants from the annulus. The shape changes considerably in the
mixing layer. The PDFs become wide and spread-out, sometimes featuring two
bumps which suggests bi-modality. This PDF characteristic shows that mixing,
stagnation and other flow features occur at these locations. Consequently, the
degree of turbulence is much higher. The specific PDF shape and a thorough
discussion in these regions follow below. Once the mixing sheet (or combustion
region) is crossed, the profiles of the PDFs straighten again, much like the IRZ
PDFs although the turbulence levels remain much higher.

Subsequently, figures 4.1f-h cover the combustion region of the lifted flame.
The H = 55 mm evolution still contains these very wide PDFs, but this property
is less pronounced further downstream. The combustion accelerates the flow
and a shift towards higher velocities is seen on figures 4.1g-i.

The behavior of the tangential PDFs evolution is different compared to the
axial component. To illustrate this, figure 4.2 shows the PDF evolution at two
selected heights, H = 35 mm and H = 55 mm. No such sudden change in PDF
shape exists, nor does bi-modality. Instead, the degree of tangential turbulence
increases in the mixing sheets.

4.3.2 Coanda stabilized flame

Similar axial PDF evolutions for the CSF are presented in figure 4.3. Here too,
the subplots 4.3a-f cover successive heights. For better interpretation, refer to



4.3. Velocity probability density function 75

0

10

20

30

−10
0

10
20

30
40

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

0

10

20

30

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]
(a) H = 6 mm (b) H = 15 mm

0

20

40

60

80

100

−10
0

10
20

30
40

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

(c) H = 25 mm (d) H = 35 mm

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

(e) H = 45 mm (f) H = 55 mm

Figure 4.1: Swirl stabilized flame; Axial velocity PDF along radial traverses. (a) H
= 6 mm. (b) H = 15 mm. (c) H = 25 mm. (d) H = 35 mm. (e) H = 45 mm. (f) H
= 55 mm.
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Figure 4.1: (Continued) SSF; Axial velocity PDF along radial traverses. (g) H =
65 mm. (h) H = 75 mm. (i) H = 95 mm. (j) figure 3.11a is repeated for convenience.
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Figure 4.2: SSF; Tangential velocity PDF along radial traverses. (a) H = 35 mm.
(b) H = 55 mm.
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figures 3.13 and 3.14. The IRZ features also slender gaussian distributions,
consisting of uniform low turbulent reverse flow. In comparison with the SSF,
the narrowness of the PDFs is even more pronounced which reveals from e.g.
figure 4.3b where the PDF value exceeds the maximum scale value of 0.5. The
downflow is stronger, and somewhat less turbulent. The region of interest (i.e.
the mixing sheet and the combustion zone) is smaller because the ring CSF
is much lower than the SSF. Clearly, the spread-out and dual bump PDFs
are observed in the subplots 4.3a-d. Some additional data are provided in ap-
pendix F. Above H = 30 mm, all mixing and combustion has been established,
hence uniform PDFs show up.

To complete the CSF reporting, figure 4.4 includes tangential PDF evolu-
tion at H = 11 mm and H = 15 mm. In general, the mean of the circumferential
velocities is very low, but in the mixing sheet, the spread of the distributions
points to higher turbulence. The radial outflow oscillates in back and forward
tangential direction, as is suggested by the evenly, near-zero distributed PDF.
The noisy behavior of the PDF closer to the confinement walls is caused by
long lasting measurements and therefore sometimes less than 9216 samples have
been acquired by the LDA system.

4.4 Degree of turbulence in the axial flow

The spread of the PDFs can be quantified by the calculation of the standard
deviation (i.e. the square root of the axial velocity variance,

√
u′2) of the

distribution. In figure 4.5a and figure 4.5b, u′ is presented for the SSF and the
CSF respectively. As such, it provides a measure of the magnitude of turbulence
in the flow. It was a deliberate choice to give the absolute value, expressed in
m/s, instead of specifying a relative intensity (

√
u′2/ū). The reason is that in

many grid points, a division by zero or near-zero mean axial velocity would
occur. A combination with the mean velocity representation (e.g. figure 4.1j)
allows for an adequate interpretation of the numbers.

For both flames, the turbulence is very low in the IRZ downflow region,
as already may have been derived from the foregoing PDF plots. The ratio
u′/ū ≈ 0.90/6.3 ≈ 0.14 for the SSF, whereas the less turbulent but stronger
downflow of the CSF results in u′/ū ≈ 0.75/7.2 ≈ 0.10. Likewise, a modest
degree of turbulence exists in the ERZ zones although u′ is roughly of the
order of 2 m/s. On the other hand, the figure reveals high averages of the axial
velocity fluctuations, exceeding 6 m/s throughout the mixing sheet region where
the mean axial flow is around zero, denoting a stagnation zone. The observation
suggest that in the stagnation zone, the turbulence is increased.

4.5 Subdivision of the SSF flow pattern

The mixing process of recirculated products with reactants occurs along the
inclined conical sheet below the flame. In this region, the instantaneous ve-
locities and velocity gradients are high, providing intense mixing. It is the



78 Chapter 4. Flow Structure of the Lifted and the Coanda Flame

0

20

40

60

80

100

120

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]
(a) H = 11 mm (b) H = 15 mm

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

(c) H = 20 mm (d) H = 30 mm

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

0

20

40

60

80

100

−10
0

10
20

30

0

0.1

0.2

0.3

0.4

0.5

 R  [mm]

 Axial velocity [m/s]

 P
D

F
 [−

]

(e) H = 45 mm (f) H = 70 mm

Figure 4.3: CSF; Axial velocity PDF along radial traverses. (a) H = 11 mm. (b) H
= 15 mm. (c) H = 20 mm. (d) H = 30 mm. (e) H = 45 mm. (f) H = 70 mm.
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Figure 4.4: CSF; Tangential velocity PDF along radial traverses. (a) H = 11 mm.
(b) H = 15 mm.

−120 −100 −80 −60 −40 −20 0

−20

0

20

40

60

80

100

120

 R [mm]

 H
 [m

m
]

1
1

1

2

2

2

3

3

3

3

4

4

4

4

4

4

5

5

5

5

56

6

6

6
7

7

7

8
8

−120 −100 −80 −60 −40 −20 0

−20

0

20

40

60

80

100

120

 R [mm]

 H
 [m

m
]

1

1

1

1

2

2

2

23
3

3

4

4
5

6
7

8

(a) (b)

Figure 4.5: Turbulent axial velocity u′ [m/s]. (a) SSF. (b) CSF.

markedly different PDF shape in the mixing sheet region that drew the at-
tention. In particular, the non-gaussian axial velocity distributions point to
SSF and CSF specific flow structures that merit further investigation. In the
following sections, these features are explored in detail for the SSF, but the
major conclusions hold for the CSF in like manner. The less substantial CSF
data have been processed and studied simultaneously with the SSF data.

Figure 4.6 shows the stream function contours in the flame region of the SSF
in detail. Velocity data are collected every 10 mm in vertical direction. The
radial spacing of the measurements was selected according to circumstances
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(e.g. grid points of interest, steep gradients, etc.) and range from 0.5 to 10
mm. The velocity PDFs in figures 4.1 and 4.2 are given for selected points
that are visualized by means of circles (◦) , solid bullets (•) and solid triangles
(H) in figure 4.6. The square marks (�) indicate the representative points that
include characteristic features of the flow pattern in that position. Therefore,
they are reported in figure 4.7 for discussion in detail.

Four typical time records of LDA velocity samples at 35 mm height are
presented in the lefthand part of figure 4.7a, accompanied by their proper
probability density function as a projection on the ordinate. The PDFs are
enlarged in the righthand part of the figure and the combined representation
allows to examine the shift and complete change of shape of the PDFs de-
pending on the radial position. Mean values are included in the plot using
the triangles (4). Figures 4.7b and 4.7c contain the same information at 55
mm and 65 mm heights respectively. Note that a constant seeding density is
preferable during sampling, however, seeding fluctuations may occur and cause
instantaneously higher data rates, as is exemplified by the dense clouds in e.g.
the last recording in figure 4.7a at time ≈ 85 sec.
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Figure 4.6: SSF region including a subdivision in flow sectors, denoted by the roman
numerals I. . . IV. The ◦ , • and H denote representative measuring locations. The �
points are discussed in detail.
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The two lower traverses pass through the mixing layer below the flame
whereas the traverse at 65 mm height crosses the actual flame brush. Grouping
the flame composition and flow pattern information together with the generic
PDF evolution, it is derived that the flow can be subdivided in distinctly dif-
ferent sectors. Figure 4.6 presents four characteristic sectors, denoted by the
roman numerals I. . . IV. The symbols ◦ , • and H accent the differences based
upon the outlook and interpretation of the PDFs. All traverses from the cen-
terline towards the wall include the following flow sectors:

I A uniform downflow in the internal recirculation zone. The IRZ is typified
by slender Gaussian distributions for both axial and tangential velocities,
denoted as mono-modal because this PDF type is the result of only one
flow regime. The R = 0 mm time records of figure 4.7 illustrate this
mono-modality. The downflow axial velocity profile is uniform with a
mean value of −6.2 m/s at 35 mm height. The IRZ widens with height
and the magnitude of the axial velocity is a little lower, ū = −5.6 m/s
and ū = −5.40 m/s, respectively at 55 and 65 mm height. The smaller
cross-section closer to the burner partially explains the increase in mag-
nitude of the downflow, however, a calculation using the conservation of
mass indicates that a substantial portion of the recycled IRZ product is
entrained into the conical sheet. When the mixing sheet is approached,
(separation line between sector I and II in figure 4.6), the PDFs widen.

II A mixing layer that is typified by the spread-out PDF behavior covering
a broad range of velocities. Sector II covers the transition from a mono-
modal PDF into a bi-modal PDF as also some positive velocities appear.
The R = 34, 48.5 and 52.5 mm time records of figure 4.7 illustrate this
bi-modality. Furthermore, the time traces show that the bi-modality re-
sults from a continuous oscillating process, and is not due to one single
transition to another flow pattern during the elapsed time of the measure-
ment. The bi-modality suggests that the flow experiences two dominant
directions, namely alternating plugs of up and downflow at the inner side
(= closest to the centerline) of the mixing sheet. The downflow results
from the recirculation of flue gases in the IRZ, whereas the positive axial
velocity (upflow) consists of pockets of reactants. These reactants how-
ever, are getting gradually diluted and preheated with recirculation gases
and as such the level of turbulence increases substantially. The share in
upward velocities increases as one proceeds away from the burner center-
line.

III The same mixing layer incorporating a distributed share in up- and down-
ward flow. Sector III is different because of the multi-modal behavior
of the PDFs. The multi-modal concept is explained in a next section.
The spread-out cloud of velocity samples becomes clear by means of the
R = 40.5, 52.5 and 60 mm time records of figure 4.7. Both the bi-modal
and multi-modal distributions emphasize the existence of large-scale mo-
tions on which small eddy structures (flow inherent turbulence) are su-
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perposed. The kink in the boundary of flow sector III and IV is due
to combustion and consequently the gas (and thus the flow pattern) ex-
pands, preferentially in the radially outward direction.

On the other hand, the tangential velocity PDFs (refer to figure 4.2) at
these locations do not exhibit bi-modality, still, they do cover a wider
range of velocities than in the case of the IRZ rotating structure. The
rotating conical sheet induces the IRZ rotation such that both distinctly
different flow structures will have the same tangential velocity at their
boundary. The ERZ also experiences the entrainment and analysis has
shown that there, the tangential profile gradually decreases with increas-
ing radius. An increase in tangential variability in the mixing layer
(spread-out of the PDF) is ascertained, however, no bi-modal nor multi-
modal behavior is found.

IV The external recirculation zone with again a mono-modal Gaussian-like
distribution as is shown in the R = 64, 80 and 82 mm time records of fig-
ure 4.7. Although the spread of the PDFs in the ERZ is smaller than that
of the mixing layer, the rms values remain 2. . . 3 times as high compared
to the slender IRZ PDFs. Along the outer side of the conical sheet mixing
layer, i.e. the boundary zone of sector IV close to sector III, reactants
also mix with hot products that are recycled via the ERZ. As a result,
the gently skewed PDF includes both the high-speed reactants flow and
some of the slower ERZ parcels. Note that, here, both have upward axial
velocities.

4.6 Modal analysis of the PDF

The shape of the PDFs depends on the sector as is illustrated in figure 4.7. In
this section, an attempt is made to quantify the flow structures that contribute
to the spread-out PDF behavior. Therefore, the experimental PDF data of
sector II. . . IV are separately shown in figure 4.8 using the asterisks (∗). The
three representative locations at H = 35 mm and H = 55 mm are placed next
to each other, demonstrating their high degree of likeness. The distributions
at H = 65 mm behave very similar.

In the central core of the IRZ, one observes the slender mono-modal gaus-
sian distributions that are typical for a low turbulent well established steady
state flow. Away from the IRZ, the PDFs become highly asymmetrical in sec-
tor II, starting with a little share in the high velocity range. A common feature
in sector II (figures 4.8a and 4.8A) involves the appearance of a second shoul-
der. Gradually, this share increases and the shape of the subsequent PDFs
(figures 4.8b and 4.8B) is illustrative for broad-band turbulence encountered in
shear layers. In general, sector III features a spread-out PDF covering a broad
range of fluid pockets with different axial velocities. Finally, the PDFs in sec-
tor IV (figures 4.8c and 4.8C) evolve into predominantly symmetrical gaussian
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Figure 4.7: (Left) Time records including the PDF of axial LDA velocity samples
at representative radial distances. (Right) Detail of the PDFs. The radial distance R
and the associated sector are specified in the legend. The 4 indicate the mean values
of the respective PDFs. (a) H = 35 mm. (b) H = 55 mm. (c) H = 65 mm.
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Figure 4.8: bi-modality analysis of spread-out PDFs. The line styles for experimen-
tal data, mode 1, mode 2 and the best bi-modal fit are explained in the legend. The
radial distance is specified on each subplot. (a-c) Height = 35 mm. (A-C) Height =
55 mm. (a-A) Sector II. (b-B) Sector III. (c-C) Sector IV.
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distributions and thus exemplify that again, a more uniform flow is to be as-
sumed. Though, the wider spread indicates that turbulence on a larger-scale
level is still present.

The appearance of a second shoulder in the mixing layer PDFs reveals
an oscillatory flow. This bi-modal behavior is further studied and results of
the bi-modality analysis are adopted in the same figures 4.8a-c and 4.8A-C.
The accompanying data are tabulated in table 4.1. The experimental PDF is
approximated by a best bi-modal curve fit (p̃df) which is the sum of two modes,
proposed as gaussian distributions g1 and g2 where the subscripting denotes
mode 1 and mode 2 respectively. The share (s) of each mode alters with position
and is hence also a parameter in the calculation procedure. This share reflects
the probability of occurrence and may be interpreted as ‘s %’ of the time, a
mode 1 flow structure is measured at that location whereas mode 2 contributes
‘100-s %’ of the time. Thus, p̃df = s · g1 + (1− s) · g2 and normalization is
performed such that the

∫
p̃df = 1. A nonlinear regression by means of a least

squares curve fit is applied using the Levenberg-Marquardt algorithm which
also guarantees that the distribution of the residuals is normally distributed.
The goodness of fit is quantified by the value R2:

R2 = 1−
∑

i

(p∗i − pi)2 /
∑

i

(p∗i − pi)2 (4.3)

where p∗i and pi are the ith PDF value of respectively the experiment and
the best fit. Table 4.1 indicates the flow sector in the first column and also
includes the mean (ū) and rms (u′) values of the experiment in the twelve
representative positions (allocated by height H and radius R associated with
the �). The same information for mode 1 and mode 2 is presented, with in
addition, the share s of mode 1. Values in the last column of the table quantify
how well the experimental data are captured by the bi-modal fit (R2). The
match of the bi-modal fit with the experimentally obtained PDF is striking
and may hence support the idea that different flow structures all contribute to
one single asymmetrical PDF.

Note the steady decrease of the mode 1 share, indicating that less parcels
of IRZ penetrate into the mixing layer the further one withdraws from the
centerline. Mode 2 steadily gains importance and the sum of mode 1 and mode
2 is representative for the global flow structure within the mixing layer. Mode
1 is representative for the downflow IRZ products in sector I, II and III. On
the other hand, figures 4.8c and 4.8C, mode 1 represents there the entrained
ERZ product of sector IV which does not only flow downward but also upward
because of the entrainment by the high velocity conical jet.

Additional proof for the bi-modality behavior reveals from figure 4.9 where
the evolutions of mode 1 and mode 2 are separately shown for both H = 35 and
55 mm. The evolution of the mode 1 PDFs (figures 4.9a and 4.9A) from sector
I through sector II and sector III is gradual and monotonously decreasing;
no abrupt change-overs are observed. This supports the view that a mode 1
typified flow contributes to the bi-modality phenomenon in sector II and III.
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Table 4.1: bi-modality analysis.
Sector Position Experiment Mode 1 Mode 2 Fit

H R ū u′ s ū u′ ū u′ R2

[mm] [mm] [m/s] [m/s] [%] [m/s] [m/s] [m/s] [m/s] [-]

I 35 0.0 -6.28 0.91 - - - - - -
II 35 34.0 -3.80 4.08 72 -5.19 2.05 0.00 4.80 0.988
III 35 40.5 2.11 6.84 35 -2.83 2.89 4.26 6.92 0.975
IV 35 64.0 4.45 3.65 4 -2.85 1.92 4.66 3.13 0.992

I 55 0.0 -5.59 0.92 - - - - - -
II 55 48.5 -2.24 4.41 66 -4.18 1.93 1.14 5.23 0.998
III 55 52.5 0.80 5.73 35 -3.42 1.92 2.64 5.84 0.987
IV 55 80.0 6.79 3.82 6 -0.34 2.32 7.21 3.14 0.985

I 65 0.0 -5.38 0.99 - - - - - -
II 65 52.5 -2.76 3.13 76 -3.86 1.47 0.51 4.10 0.998
III 65 60.0 0.86 4.98 32 -2.83 1.71 2.01 4.91 0.979
IV 65 82.0 6.51 4.54 16 0.00 3.42 7.70 3.78 0.985

The spread of mode 1 increases substantially due to the enhanced interaction in
the shear layers and as such, mixing improves. Consecutive mode 2 PDFs from
sector II through sector III into sector IV (figures 4.9b and 4.9B) illustrate the
acceleration of the mixing sheet flow due to combustion. Further on, there is
the readjustment of the high velocities when the slower moving fluid of sector
IV is reached. To conclude, the outer boundaries of sector II and III that are
introduced in figure 4.6 provide a good estimate of the width of the mixing
sheet and the accompanying large-scale motion observed in this SSF.

4.7 Large-scale motion

In the mixing layer (sector II and III), the wide range of velocities in the PDFs
points to the existence of a large-scale motion, and it is here that the idea of a
precessing and/or flapping motion of the entire conical sheet is proposed. This
motion would make significant contributions to the measured rms values (u′),
explaining the rather unrealistically high turbulence levels of the experiment
(see table 4.1) that result from a straightforward calculation without any fur-
ther look at the PDFs. No such large-scale motion exists in the IRZ and the
turbulence levels in sector I can result directly from rms calculation of the slen-
der Gaussian distributions. A threefold reason for this spread-out and bi-modal
behavior in the mixing layer and ERZ may be found (1) in the precessing and
flapping motion of the entire conical sheet, (2) in the spiralling motion of the
out-flowing mixing layer and (3) in the oscillating up-down movement of the
ring flame.

The first and second argument are addressed together. As discussed in
section 4.2.2, the structure of a precessing motion is three-dimensional and the
flow follows a spiral structure [25, 53, 69]. Moreover, the precession features
quasi-periodic behavior, may reverse direction, and experiences random phase



4.7. Large-scale motion 87

−10 −5 0 5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

 Axial velocity [m/s]

 P
D

F
 [−

]

 I     0.0  mm
 I     19.0 mm
 I     24.0 mm
 I     29.0 mm
 II    34.0 mm
 II    36.5 mm
 II    39.0 mm
III    40.5 mm
III    46.5 mm

−10 −5 0 5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

 Axial velocity [m/s]

 P
D

F
 [−

]

 I     0.0  mm
 I     30.0 mm
 I     40.0 mm
 II    45.0 mm
 II    48.5 mm
III    52.5 mm
III    55.0 mm
III    60.0 mm

(a) H = 35 mm, mode I (A) H = 55 mm, mode I

−10 −5 0 5 10 15 20 25
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

 Axial velocity [m/s]

 P
D

F
 [−

]

 II    34.0 mm
 II    36.5 mm
 II    39.0 mm
III    40.5 mm
III    46.5 mm
IV     56.5 mm
IV     64.0 mm
IV     80.0 mm

−10 −5 0 5 10 15 20 25
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

 Axial velocity [m/s]

 P
D

F
 [−

]

 II    45.0 mm
 II    48.5 mm
III    52.5 mm
III    55.0 mm
III    60.0 mm
IV     80.0 mm
IV     95.0 mm

(b) H = 35 mm, mode II (B) H = 35 mm, mode II

Figure 4.9: Evolution of mode 1 and mode 2 versus the position across the flow
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and frequencies jumps [18, 29, 34, 56, 67]. The balance between the low pressure
regions in the corner of the confinement and the IRZ may also cause instabilities
that produce a two-dimensional flapping motion, sort of a wavelike pattern of
the annular diverging jet. Unfortunately, with the single point velocity data
collecting technique, it is impossible to have an accurate quantitative picture
of the precession, nor of the flapping motion. More, the influence of precession
and flapping motion, if present, will merge into this single wide spread-out
PDF which envelops all information. Nevertheless, findings of other researchers
(refer to section 4.2.2) as well as visual observations and slow motion camera
recordings during this study have suggested evidence for the existence of these
phenomena. Moreover, the PDFs of tangential velocities become wider in the
mixing layer, something one would expect if precession is present.

The third argument ensues from slow motion analysis of the camera record-
ings where it is seen that the flame brush is strongly time dependent as it
actually undergoes a oscillating up-down motion. Small perturbations in e.g.
dilution, preheat, flame stretch, turbulence, etc. cause a change in turbulent
flame speed, which in turn, affects the flame position. Apparently, the effects
are self-sustaining and surprisingly not in disfavor of overall flame stability [52].
The study of the influence on the turbulent flame speed is further elaborated
in chapter 5.

4.8 Local turbulence

Figures 4.8b and 4.8B show that mode 2 also includes a portion of negative ve-
locities which, presumably, does not all arise from the reactants flow. Moreover,
the righthand side slope of the fit does not fully match with the experiments
which also reveals from the lower R2 value in sector III compared to the other
bi-modal fits. Last, the calculated u′ values of mode 2 are unrealistically high
in sector II and III. All these observations suggest that neither the mixing pro-
cess nor the properties of the turbulence can entirely be covered by a single
flow structure featuring a wide spread-out gaussian PDF.

Accordingly, the broad range PDF may be the result of a multi-modal dis-
tribution. Figure 4.10 shows an example of this hypothesis, where the downflow
parcels are still represented by mode 1, but where the dispersing mixing sheet
is considered as nine distributions that all combine into mode 2. As can be
seen on the figure, the share of the consecutive distributions is chosen to in-
crease and decrease linearly and the spread of each PDF is set to 2 m/s. The
R2 = 0.987 value of the fit is as good as the bi-modal fit, and is not yet fully
optimized because too many parameters are involved. In this particular ex-
ample, the characteristics of the distributions (i.e. the number, the share, the
consecutive ū and u′ values) are chosen rather by trial and error than by analyt-
ical solution. Yet, the example just serves to illustrate the concept/hypothesis
of multiple flow trajectories possessing their own local turbulence properties.
Combination of their properties, as may occur in a large-scale fluctuating flow,
results clearly in the overall measured distribution.
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Figure 4.10: Multi-modality analysis of the spread-out PDF repeated from fig-
ure 4.8B. The line styles for experimental data, mode 1, the nine multiple modes that
combine into mode 2 and the best multi-modal fit are explained in the legend. H =
55 mm and |R| = 52.5 mm.

Strictly speaking, the term turbulence in the mixing sheet of the SSF and
CSF should somewhat better be specified because of the existence of flow-
inherent fine grain turbulence that is superposed on slowly oscillating struc-
tures. Indeed, many analysis require the local small-scale degree of turbulence.
A triple decomposition is a possible way to deal with this ambiguity. Equa-
tion (4.1) can be extended and for the instantaneous axial velocity u(t), it takes
the form:

u(t) = ū+ u′(t) = ū+ ũ′(t) + u′l(t), (4.4)

and consequently for the rms:

u′ = ũ′ + u′l (4.5)

where ũ′ is the fluctuation resulting from the gross flapping motion and u′l
denotes then the random fine grain turbulence which is uncorrelated with the
flapping motion. As an example, the determination of the relative intensity of
turbulence (u′l/SL) is very useful in combustion related problems, e.g. the clas-
sification of the flame in the combustion regime diagram (chapter 5). Herein,
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u′l is compared to the laminar flame speed (SL) of a burning flamelet, which
in turn characterizes the behavior of the burning reactants. The small-scale
turbulence in the IRZ approximates 0.8. . . 0.9 m/s. In the mixing sheet, it is
anticipated that u′l is estimated to be u′l ≈ 2.0 . . . 3.0 m/s, which is less than
u′. Note that the u′l differs substantially from that in the uniform IRZ. The
turbulence and thus the mixing in the interface zone is enhanced because of the
interaction between the whirling reactant stream and the IRZ downflow which
is surrounded by the former.

If one were able to gather instantaneous velocity data by means of a La-
grangian method and thus following the trajectory of a flapping (or precess-
ing) flow, then the flow-inherent turbulence along that streamline would be
recorded. Oppositely, the Eulerian way of LDA measurements (with a fixed
MV position) captures information of multiple stream trajectories in case that a
large-scale fluctuation persists. As such, the intermittency results from the fact
that the variables (e.g. mean, turbulence, etc.) are not uniformly distributed
in space.

4.9 Accuracy assessment

The accuracy of the LDA measurements has been verified in the course of the
experimental program in several points in the grid and therefore, this section
includes a few issues that were checked whilst post processing the data. A
first issue is addressed, namely what happens if the flame is shut down and
measurements are continued after a restart? Second, do successive recordings
match with each other and as such provide repeatable measurements?

4.9.1 Reproducibility of the experimental runs

The fouling of the glass windows of the octagon mandates regular cleaning,
because otherwise the data rate of LDA samples will drop dramatically or
reduce to zero. Therefore, the flame has to be shut down as well. Care has been
taken to keep all settings unchanged during the cleaning operation and after
the restart, the flame is run again under very similar conditions. A quantitative
check of the reproducibility of different runs (including shut down and restart)
is shown in figure 4.11.

A PDF for three interrupted runs is presented using symbols whereas the
dashed line marks the average PDF. The location of the measurement point lies
inside of the flame brush (H = 75 mm and |R|= 75 mm) which is considered as a
complex flow structure. It reveals that the reproducibility is very good although
the peaked behavior of the PDF is not exactly followed. The latter is not
surprising since it is a discrete PDF computation that allocates velocity samples
to their respective velocity bins (i.e. 60 bins). In addition, the scatter occurs
at typical axial velocities that allow stable premixed combustion, apparently
-2 ≤ u ≤ 7 m/s, and hence the probability within this limited range is less
determined. The higher velocities indicate accelerated combustion products or
still unburned high speed pockets of reactants, the greater negative velocities
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Figure 4.11: PDFs recorded during three interrupted runs of the SSF. The symbols
are explained in the legend. H = 75 mm and |R| = 75 mm.

point to down-flowing products. Besides, the spurious peaks have only little
or negligible effect on the mean and standard deviation values. Additional
experiments in other grid points have also proven that the general trend of
the PDF as well as simple statistical quantities are highly reproducible in the
case that an experimental run has to be stopped. A good practice however, is
to reduce these stop-restart events to a minimum. Therefore, an appropriate
measurement campaign consists of series of related recordings during the same
run.

4.9.2 Repeatability of the PDF

In order to check wether a single LDA recording of 9216 samples allows for a
correct computation of the statistical quantities or is capable to incorporate
the properties of the flow structure (e.g. PDF), it is of primary importance
that a repeated measurement provides similar information. The time duration
of a measurement has to be long enough such that it spans any slow varying
process that can be anticipated in the confinement. Next, the delay between
those successive recordings is to be chosen a small order of magnitude higher
such that the long term steady state conditions can be verified by the same
amount of effort. Two such series of consecutive recordings in the CSF are
presented in figures 4.12a and 4.12b, respectively in the IRZ zone (i.e. sector
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Figure 4.12: Repeatability of the PDFs (a) 21 PDFs successively recorded in the
IRZ region of the CSF (sector I). H = 15 mm and |R| = 22.5 mm. (b) 19 PDFs
successively recorded in the stagnation region of the CSF (sector II-III). H = 15 mm
and |R| = 45 mm.

I) and the mixing sheet zone (i.e. sector II-III). Figure 4.12a consists of 21
recordings whereas 19 are plotted on figure 4.12b. The time delay between
every measurement was set to 3 minutes and as such, the flame was followed
for more than an hour. Furthermore, the tabulated data for both series are
adopted in table 4.2.

The PDFs form indeed a small band, which is illustrative for the error
margin on the PDF calculation. This margin is negligible for the small IRZ
PDF distributions. On the other hand for the multi-modal PDFs, a maximum
difference of approximately 5% is observed over the entire velocity range. In
conclusion, the LDA measurements are highly repeatable and this justifies the
detailed comparison of the change of shape of the PDF distributions.

In table 4.2, the mean and standard deviation of the ensemble is computed
and listed in the two last rows. The standard deviation of the ensemble may
also provide a measure of the accuracy of the LDA system because any inac-
curacy of random nature will produce some statistical scatter in consecutive
measurements. Inspection of the values reveals that the LDA accuracy of both
ū and u′ can fairly be estimated as ± 0.05 m/s. Besides, these findings corre-
spond well with the study made by Absil [1] which has already been discussed
in section 2.8.

The last column of each subpart of table 4.2 includes the calculated average
data rate, i.e. the number of samples divided by the total elapsed time of the
recording. In this work, most of the LDA recordings have been acquired with
an averaged data rate ranging from 200 to 600 Hz, depending on the position in
the flame or the duration of the experimental run. The average data rate rarely
exceeds 1000 Hz but if it drops below 100 Hz, the measurement is terminated by
the 90 seconds time-out setting. Still, the data are useful and saved including
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Table 4.2: Multiple consecutive CSF recordings at H = 15 mm.

|R| = 22.5 mm. Sector I. |R| = 45 mm. Sector II-III.
Record Mean Standard Data rate Record Mean Standard Data rate

deviation (Average) deviation (Average)
[m/s] [m/s] [Hz.] [m/s] [m/s] [Hz.]

1 -6.2839 1.3867 459 1 -0.9242 5.6400 138
2 -6.2585 1.5309 61 2 -0.9246 5.5824 316
3 -6.0279 1.4565 60 3 -0.9432 5.6183 444
4 -6.2043 1.5001 168 4 -0.9375 5.6595 486
5 -6.1846 1.5458 106 5 -0.8245 5.6578 525
6 -6.1823 1.5526 290 6 -0.9908 5.6367 534
7 -6.2278 1.5473 330 7 -0.8253 5.6466 557
8 -6.2349 1.5261 398 8 -0.7871 5.6651 549
9 -6.2720 1.4963 422 9 -1.0099 5.5537 626
10 -6.2673 1.5441 433 10 -0.8906 5.6452 575
11 -6.2676 1.4994 385 11 -0.8212 5.7447 543
12 -6.2663 1.5496 242 12 -0.9886 5.6708 558
13 -6.2042 1.5429 226 13 -0.9364 5.6439 565
14 -6.2299 1.5192 228 14 -0.7562 5.6966 577
15 -6.2495 1.5074 235 15 -0.9028 5.5922 562
16 -6.2489 1.5444 232 16 -0.7891 5.7232 549
17 -6.2424 1.4984 226 17 -0.9314 5.6241 531
18 -6.2331 1.5110 262 18 -0.8451 5.7191 529
19 -6.2361 1.4870 257 19 -0.9441 5.5718 539
20 -6.2423 1.5263 223
21 -6.2685 1.4955 223

Mean -6.23 1.51 260 Mean -0.89 5.65 511
Std. 0.05 0.04 113 Std. 0.07 0.05 110

a warning that they should be used with care.

4.10 Conclusions

This chapter discussed the flow structure of the SSF and CSF in detail. The
greater part of the reported data involve the lifted flame. Yet, similar conclu-
sions can be drawn regarding the CSF flow structure. The conclusions are:

• The mixing process of recirculated products with reactants occurs along
the inclined conical sheet below the flame. Inspection of the probability
density function is a powerful tool to analyze the flame stabilization and
mixing process in the pre-flame zone. It also allows to distinguish whether
the flow incorporates turbulence due to large-scale motion or rather due
to small eddies.

• Probability distributions of the axial and tangential velocities are re-
ported and specific distributions in the IRZ, the mixing sheet, the ERZ
as well as in the reacting flow are looked at in detail. The IRZ is a
uniform stable downflow containing combustion products. On the other
hand, along the conical the mixing sheet, a gradual dilution process of
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product with reactants occurs. The mixing sheet PDFs of the axial ve-
locity revealed bi-modality and even the concept of multi-modality is
suggested. It is the remarkable difference in PDF shape in the mixing
sheet region which drew the attention because it points at SSF and CSF
specific flow structures. Grouping the flame composition and flow pattern
information together with the generic PDF evolution, it is derived that
the flow can be subdivided into distinctly different sectors, namely the
IRZ, the mixing sheet with the stagnation zone and the ERZ. Figure 4.6
reflects this subdivision.

• A quantitative analysis of this bi-modality is performed, indicating that
a sum of two gaussian distributions can accurately envelop the experi-
mental spread-out PDFs. It turned out that the PDFs capture both a
large-scale motion on which small-scale random turbulence is superposed.
The reason for this broadband turbulence behavior is to be found in a
combination of precessing and flapping motion of the flow structures, and
also in combustion generated instabilities of the lifted flame. As a result,
the flame brush is wide (large-scale motion) and the mixing (small-scale
turbulence) flattens any high temperatures in the combustion process.

• Presented also in this chapter is an assessment of the turbulence char-
acteristics in the mixing layer. Therefore, the term turbulence is more
precisely specified for the SSF and CSF and a triple decomposition is used
to distinguish the contributions of the flow-inherent fine grain turbulence
that is superposed on large-scale slowly fluctuating structures. This local
small-scale degree of turbulence may then be used in order to classify the
lifted SSF into the combustion regime diagram.

• The accuracy of the LDA measurements was verified in the course of the
experimental program in several points of the grid. First, it revealed
that the experiments are highly reproducible, including the aspects of
a full stop and restart event. Second, the repeatability of the PDFs is
extremely high, providing reliable means to investigate some details of
the flow structure.

• Finally, this section offers an important quantity of experimental data
that can serve as a database for model verification and improvement. LES
researchers may find a challenge in predicting the large-scale fluctuating
motions in this type of lifted swirling combustion.



Chapter 5

Combustion Analysis of the
Lifted Flame

“So easy is the passage from extreme to another; and so hard it is,
to stop in that little point wherein the right does consist.” – Thomas
Sprat [1667]

5.1 Introduction

Turbulent premixed flames are of tremendous practical importance. They are
encountered in many practical devices, such as spark-ignition engines, gas tur-
bines to power aircrafts or used in stationary power systems, and many ap-
plications in industrial gas burners. Paradoxically, the theoretical description
of turbulent premixed combustion remains to date a matter of uncertainty.
The continued efforts by Peters [58] and Williams [80] resulted in a theory of
turbulent premixed flames that becomes generally accepted in the combustion
research community. Experimental observations (e.g. schlieren photography,
laser sheet imaging techniques) have revealed that, in general, the structure
of a turbulent premixed flame is to be seen as superimposed instantaneous
contours of convoluted reaction zones. The positions of the reaction zones
move rapidly in space, producing a time-averaged view that gives the appear-
ance of an apparently thick reaction zone, referred to as the flame brush. The
appearance of the reaction zone depends heavily on the governing turbulent
structures and the chemical properties of the flow. In this chapter, in par-
ticular, the structure of the premixed lifted flame (SSF) is analyzed with the
help of various time, length and velocity scales in order to classify the flame
in a combustion regime diagram, which is also known as the Borghi diagram.
Before each regime is discussed in more detail, some factors that differentiate
these regimes are explained in section 5.2. The various combustion regimes
that can be distinguished are reviewed in section 5.3. By means of the auto-
correlation function, a measure of the integral length scale is obtained and this
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matter is addressed in section 5.4. Section 5.5 reinvokes the concept of mixing
and dilution of the reactants in the conical sheet. From that, an estimate of
the recirculation fraction and preheat degree can be estimated. The obtained
values are applied in section 5.6 to determine the laminar flame characteristics
of the pre-flame flow. The section also includes an assessment of the turbulent
flame speeds that exist and discusses the shape of the lifted flame. Last, sec-
tion 5.7 combines all the particular values allowing to classify the SSF in the
combustion regime diagram.

5.2 Scales and dimensionless groups

5.2.1 Turbulent flame speed

Unlike a laminar flame, which has a propagation velocity that depends uniquely
on the thermal and chemical properties of the unburned mixture, a turbulent
flame has a propagation velocity that also depends on the character of the flow,
as well as on the mixture properties. The effect of weak or moderate turbulence
is to wrinkle and distort an essentially laminar flame front. This flame front
locally propagates with a velocity SL consistent with a plane laminar flame. For
an observer travelling with the flame, a turbulent flame speed St can be defined
as the velocity at which reactants enter the flame zone in a direction normal
to the flame [74]. In this definition, the flame surface is represented as some
time-mean quantity Ā, recognizing that the instantaneous flame front (with
surface area Afl) may be fluctuating wildly. Since the direct measurement of
unburned gas velocities at a point near a turbulent flame is exceedingly difficult,
at best, flame velocities usually are determined from measurements of reactant
flow rates. Thus, the turbulent flame speed is expressed as

ṁ = ρuĀSt = ρuAflSL (5.1)

where ṁ is the reactant flow rate and ρu is the unburned reactant density.
Consequently, the ratio of the turbulent flame speed to the laminar flame speed
is equal to the ratio of the wrinkled flame area (Afl) to the time-mean flame
area (Ā):

St/SL = Afl/Ā . (5.2)

Experimental determinations of turbulent flame speeds are complicated by de-
termining the suitable flame areas for frequently curved flames resulting in
considerable uncertainty in measurements of turbulent burning velocities as
well as on theoretical models that relate St to the flow properties, e.g. turbu-
lence and SL. Note that in this respect, the laminar flame speed is not one
single value but it depends on local flow properties, e.g. on the stoichiometry,
the fuel composition, the preheat of the mixture or the presence of recircula-
tion products which will be addressed section 5.5. A model is introduced by
Damköhler [17] and is expressed as

St/SL = 1 + u′/SL . (5.3)
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Many more theories have been developed since then, however, measurements
need to verify these models. A correlation by Bédat and Cheng [5] for values
of u′/SL < 2.5 yields

St/SL = 1 + 2.5(u′/SL) . (5.4)

Another relationship [74], for u′/SL � 1 is given by

St/SL = 3.5 · (u′/SL)0.7 . (5.5)

Figure 5.1 shows a representative graph of the turbulent flame speed data
versus the relative intensity of turbulence. The solid symbols denote measured
turbulent flame speeds in methane-air mixtures by Aldredge et al. [2] using a
Taylor-Couette apparatus with two counter rotating cylinders in order to gen-
erate nearly homogeneous and isotropic turbulence. The annulus width (i.e.
the gap between the cylinders) equals 10 mm. The investigators compared
their findings with correlations (open symbols, solid lines) including data from
a wide variety of burner configurations. The quantitative agreement in this
case is not so good, suggesting that the experimental conditions may be im-
portant. Note that comparisons with other researchers data agree better. It
reveals from figure 5.1 that the rate of increase of St/SL is found to decrease as
u′/SL gets larger. In particular for (u′/SL ≥ 2.5), the bending effect is readily
observed in figure 5.1. According to Aldredge et al. [2], this decreasing sensi-
tivity of St to increases in u′/SL is possibly due to a transition to a nonflamelet
combustion regime where flame propagation is influenced by both small-scale
flame structure modification and large-scale flame front wrinkling.

5.2.2 Length scales

Various length scales exist simultaneously in a turbulent flow ranging from the
largest characteristic length scale down to the smallest Kolmogorov scale. Two
intermediate length scales will also be defined as both have their significance
in the study of turbulent flows. In decreasing order of size, the scales are

L Characteristic width of flow or macroscale
`0 Integral length scale
`λ Taylor length scale
`k Kolmogorov length scale

The macroscale L is the largest length scale in the system and is the
upper bound for the largest possible eddies, those of low frequencies. In the
case of the axisymmetrical octagonal setup with a centrally placed burner, the
largest eddy would be equal to the half width of the confinement, L ≈ 127 mm.
This large structure is of particular interest to the study because of its ability
to create persistent organized motion on which random motion (turbulence)
is superimposed. However, another approach would be considering that the
width of the issuing annular jet dictates the flow pattern in the conical mixing
sheet which further downstream, enters into the reaction zone. Consequently,
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Figure 5.1: Relative turbulent flame speed (St/SL) vs. relative intensity of turbu-
lence (u′/SL). Reproduced from [2]. Comparison of turbulent flame speed measure-
ments obtained by Aldredge et al. [2] using the solid diamonds � with data from
other researchers using the solid lines.

the estimation of the size of L is only of the order of millimeters. Recall that
in this regard, the characteristic hydraulic diameter Dh = 9 mm is taken in
section 2.3 in order to evaluate the Reynolds number.

The integral length scale `0 physically represents the mean size of the
large eddies in a turbulent flow. The integral scale is always smaller but of
the same order of magnitude as L, and contributes to the greater part of the
turbulent kinetic energy. `0 is defined by means of the spatial correlation
function. In practice, however, the autocorrelation method yields the integral
time scale τ0 from which the length scale can be derived, assuming Taylor’s
hypothesis. The method is explained in section 5.4.

The Taylor length scale `λ is an additional length scale, intermediate in
size between `k and `0. This length is representative for the dimension at which
strain occurs in a particular viscous medium [82]. In a sense, `λ is similar to
an average of the other scales `k and `0, but is weighted more towards `k.

The Kolmogorov length scale `k represents the smallest eddies in the
flow. These eddies rotate rapidly, have high vorticity, and exist only for a very
short time before they vanish due to molecular dissipation. The large eddies
break up in smaller ones, until the smallest Kolmogorov eddies dissipate their
kinetic energy into heat in the flow. The rate of dissipation (ε) of the turbulent
kinetic energy by this cascade process is given by

ε ≈ u′2

`0/u′
(5.6)

where the nominator is a measure for the turbulent kinetic energy and the
denominator provides a measure for the average eddy turn-over time.
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The flame thickness, δL is a length scales associated with laminar flame
structures in reacting flows. The laminar flame thickness characterizes the
thickness of a reaction zone controlled by molecular, not turbulent, transport
of heat and mass. More detailed analysis show that δL is the width of the zone
with high chemical reaction rates including heat release, which is confined to a
narrow luminous zone at the high temperature side of the flame [82].

5.2.3 Reynolds number

Most flows have at least one characteristic velocity and a characteristic length
scale of the device in which the flow establishes. Associated with these, there is
also a representative density and temperature. Usually the unburned condition
is taken when combustion processes are considered. In this study, for the SSF
case, (see section 2.3), the Reynolds number

Re =
u ·Dh

ν
=

33m/s · 0.009m
15.8× 10−6m2/s

≈ 19000 . (5.7)

in the annular duct with partially premixed reactants issuing at 25 ◦C. For
engineering applications concerned with the overall flow, this Re number is the
most useful measure of turbulence. However, the local interactions of the eddies
with the combustion process is of more interest here. Therefore, the integral
length scale `0 in conjunction with a measure of the turbulence u′ allows to
define a turbulent Reynolds number Ret

Ret =
u′ · `0
ν

. (5.8)

In like manner as equation (5.7), a large Ret indicates that inertia forces will
dominate over the dissipative effects of molecular viscosity and thus Ret is a
measure of how much large eddies are damped by viscosity. For turbulence to
occur at all, it requires that Ret > 1, and often in practice, Ret >> 1. The
turbulent scales are distributed over a wide range and the experimental char-
acterization of the eddy size is very difficult, in particular in reacting flows. As
discussed before, `0 and u′ can be obtained via a spatial correlation of turbulent
measurements at two locations, giving a statistical measure of the largest-size
eddies. Kolmogorov showed that the smallest-size eddies are interrelated with
`0 by

`k =
`0

Ret
3/4

. (5.9)

5.2.4 Damköhler number

An important dimensionless parameter in turbulent premixed combustion is
the Damköhler number. The Damköhler number, Da, is defined as the ratio
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of a characteristic flow or mixing time (τflow) to a characteristic chemical time
(τchem)

Da =
τflow
τchem

. (5.10)

The evaluation of Da depends on the situation under study. Here, particu-
larly useful characteristic times are the lifetimes of large eddies in the flow (i.e.
τflow = τ0 = `0/u

′) and a chemical time that is based on laminar flame prop-
erties (i.e. τchem = δL/SL) where `0 is the integral length scale and δL and SL
are the thickness and flame velocity of a premixed planar laminar flame. Using
these scales, equation 5.10 is written as

Da =
`0/u

′

δL/SL
=
(
`0
δL

)
·
(
SL
u′

)
. (5.11)

allowing to compare the fluid mixing rates with the chemistry reaction rates.
When chemical reaction rates are fast in comparison with fluid mixing rates,
then Da � 1, and the fast-chemistry system is mixing controlled. Conversely,
when reaction rates are slow in comparison with mixing rates, then Da � 1
and the system is reaction controlled. In the case that Da ≈ 1, the combustion
process is controlled by turbulence and chemical kinetics with both playing a
similar role of importance. Equation 5.11 is also instructive in that it represents
the product of the length-scale ratio, (`0/δL), and the reciprocal of a relative
turbulence intensity, (u′/SL). The length-scale ratio compares the size of the
larger eddies with the thickness of a laminar flamelet, whereas the relative
turbulence intensity ratio evaluates the average fluctuations with respect to
the propagation of a laminar flame front. Thus, if the length-scale ratio is
fixed, the Damköhler number falls as turbulence intensity goes up.

5.2.5 Karlovitz number

There is another parameter in reacting flows that helps to quantify the structure
of the turbulent combustion, namely the flame stretch. The stretch factor,
expressed by the Karlovitz number Ka, can be considered as a dimensionless
criterion for the increase in area that the combustion wave surface undergoes
in a flow field with velocity gradients. The Karlovitz number is defined as

Ka =
δL
SL
·
(

1
A

dA

dt

)
(5.12)

where A is the area of element of flame surface, dA/dt is its rate of increase,
and δL/SL is a measure of the transit time of gases passing through the flame.
Stretch (Ka > 0) is found to reduce the flame thickness and to increase the
reactant consumption rate per unit area of the flame whereas large stretch
(Ka >> 0) may lead to flame quenching and extinction [82]. Modeling the
area change term in the stretch expression as (1/A) ·(dA/dt) = u′/`λ, one finds

Ka ≈ δL
SL
· u
′

`λ
≈
(
δL
`k

)2

. (5.13)
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5.3 Combustion regimes

5.3.1 Regime criteria

Thus far in the discussion, six dimensionless groups are defined: Ret, Da, Ka,
u′/SL, `0/δL and `k/δL. From their fundamental definitions, these groups can
be interrelated [10, 11, 12, 58, 74, 80], and one such way of viewing these
inter-relationships is by means of the combustion regime diagram presented
in figure 5.2. In particular, Borghi [10, 11], Williams [80] and Peters [58]
contributed to the commonly accepted view of the present regime diagram
which is often referred to as the Borghi diagram. The basic structure of a
turbulent flame is governed by the relationships of the turbulent length scales
`k and `0 to the laminar flame thickness δL, displaced along the abscis of the
graph. The relative intensity of turbulence (u′/SL) is plotted on the ordinate.
In the figure, the regimes are separated by means of the bold lines. More
explicitly, besides the laminar flames regime, four turbulent combustion regimes
are defined by

δL < `k Wrinkled flames (5.14)

`k < δL ≈ `λ Thin reaction sheets (5.15)

`λ < δL < `0 Flamelets in eddies (5.16)

`0 < δL Distributed reactions. (5.17)

The aim of such a representation is to estimate the flame regime that might
occur in practical combustion devices, provided that sufficient information is
available characterizing the turbulent flow field. Equations (5.14). . . (5.17) have
clear physical interpretations as is described below.

5.3.2 Wrinkled flames

When the flame thickness δL is much thinner than the smallest scale of tur-
bulence `k, the turbulent motion can only wrinkle or distort the thin laminar
flame zone. The criterion for the existence of a wrinkled laminar flame (equa-
tion 5.14) is sometimes referred to as the Williams-Klimov criterion [80]. The
weakly wrinkled flame structure propagating in a mixture of reactants is rep-
resented by the conceptual drawing in figure 5.3a. This regime is characterized
by fast chemistry in comparison with the fluid mixing and the combustion
occurs in thin wrinkled flame fronts. The turbulence intensity (u′) is of the
same order of magnitude as the laminar flame speed. The bold line formed by
setting u′/SL = 1 defines roughly a boundary between a smooth and a corru-
gated flame surface. As an example, for spark-ignition engines, typical values
of Da ≈ 500 and Ret ≈ 100 are obtained. Most of the spark-ignition engine
combustion is predicted to occur in the wrinkled flames regime. In addition,
the δL values are low as can be explained in that the flame thickness is pro-
portional with the reciprocal of the pressure. Some smaller, high-speed engines
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Figure 5.2: Premixed combustion regime diagram (Borghi diagram). Loglog graph
of the relative intensity of turbulence (u′/SL) vs. the relative large-eddy size of tur-
bulence (λ0/δL). The bold lines separate the combustion regimes. The dashed lines
represent values (1, 10, 1000) of the turbulent Reynolds number Ret.

(i.e. motorcycle or model airplane engines) are estimated to lie closer or even
inside the thin reaction sheet regime.

5.3.3 Thin reaction sheets

This regime lies in the wedge-shaped region between the strongly wrinkled
(corrugated) flames and the flamelets in eddies regimes as shown in figure 5.3b.
As the intensity of turbulence goes up, and the thickness of a laminar flamelet
exceeds the size of the smallest eddies in the flow (see equation 5.15), the
structure of the flame front changes in that the corrugated flames form small
tongues that move large distances and may eventually split off. As such, a
set of multiple, instantaneous burning thin reaction sheets is created in a zone
where products and reactants co-exist, and the ensemble creates a wider time-
averaged flame brush. The condition that Ka > 1 means that the smallest
eddies can enter into the flame structure.

Many large-scale combustion applications such as fires, industrial furnaces
and boilers, and marine diesel engines are expected to operate in the thin
reaction sheets regime, depending on the specific operating conditions. Flow



5.3. Combustion regimes 103

times are long enough so that the reaction sheet combustion is expected to
develop.

5.3.4 Flamelets in eddies

(a) (b)

(c) (d)

Figure 5.3: Flame regimes (a) Wrinkled. (b) Thin reaction sheets. (c) Flamelets in
eddies. (d) Distributed reactions.

This region is typified by moderate Damköhler numbers and high turbu-
lence intensities (u′/SL). Also this region is of particular interest in that it
is likely that some practical combustion devices operate in this regime. For
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example, a portion of the estimated region of spark-ignition engine combustion
[74] lies in the flamelets in eddies regime. In addition, the experiments of Ballal
and Lefebvre [3] utilizing premixed propane flames in a confined flow, provide
much of the experimental data related to this regime.

Figure 5.3c illustrates, conceptually, how combustion might proceed in this
regime and follows the ideas that support the eddy-breakup model. The re-
action zone consists of short-lived parcels of reactants that are embedded in
almost fully burned gas. The intrinsic idea behind the eddy-breakup model
is that the rate of combustion is determined by the rate at which parcels of
unburned gas are broken down into smaller ones, such that there is sufficient
interfacial area between the unburned mixture and hot gases to permit reac-
tion. The implication of this is that chemical reaction rates play no dominant
role anymore in determining the burning rates, but, rather, turbulent mixing
rates completely control combustion, i.e. Da < 1.

Application examples in this regime are to be found in rather compact
applications with a high degree of turbulence, creating nervous premixed flames
that are to some extent dispersed in the confinement, a structure that is very
likely to occur for Da ≈ 1. Up to present, very little is known with respect to
this type of combustion and there is a lack of good theoretical models in this
regime.

5.3.5 Distributed reactions

At the other extreme, if all scales of turbulent motion are smaller than the
reaction zone thickness (equation 5.17), then transport within the reaction
zone is no longer governed solely by molecular processes, but is influenced by
the turbulence. This criterion for the existence of a distributed-reaction zone
is sometimes referred to as the Damköhler criterion.

For the distributed regime, the flame can no longer be viewed as a coher-
ent structure but reacting eddies are spread out throughout the volume as is
illustrated in figure 5.3d. In the representation, all turbulence length scales are
within the reaction zone. Since reaction times are longer than eddy lifetimes
(Da < 1), fluctuations in velocity, temperature, and species mass fractions all
occur simultaneously and as such, it governs the overall reaction rate. In this
region, increases in turbulent scale can cause a decrease in burning velocity
because energy from the combustion goes into the motion of the eddies as well
as directed motion of the flame [12]. One way to enter this regime is to re-
quire small integral length scales (`0/δL < 1), and small Damköhler numbers
(Da < 1). In practice, these requirements are rather difficult to achieve since
they imply that, simultaneously, `0 must be small and u′ must be large, i.e.,
small flow passages and very high velocities.

Currently, researchers are looking for appropriate models for this distributed
regime. Models are particulary needed for highly turbulent combustion under
conditions where products mix the reactants, hence causing SL to be lower
and consequently u′/SL becomes very high. High temperature furnaces with
very lean mixtures approach this distributed reaction regime. Increased inter-
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est comes from the automobile industry where Honda designed a two-stroke
HCCI1 motorcycle engine employing a mixture of fresh reactants and hot ex-
haust such that a homogeneous distributed combustion is obtained. It requires
no spark plug and features very low emissions. Another example is a regular
automobile engine under conditions of rapidly closing the throttle while the
engine rpm is still high (i.e. the driver takes foot off gas pedal while the car
is travelling at high speed). Last, many pollutant formation reactions are slow
and hence, may be considered to occur in the distributed reaction regime.

5.4 Length and time scales of the turbulent flow

The description of turbulence often occurs in terms of single-point statistics,
which are averages defined in one point in time or in one point in space. How-
ever, single-point statistics do not always give sufficient insight into the struc-
ture of turbulence. Typical length scales of turbulence are to be derived from
spatial correlations (Hinze [38]). Unfortunately, the simplest two-point corre-
lations would in this study require a double LDA equipment and associated
practical problems that need to be resolved. By means of the Taylor hypothe-
sis, it is possible to overcome this handicap. Besides, the aim of this section is
to make a justified estimate of the integral length scale of the SSF.

5.4.1 Autocorrelation function

The LDA yields time-resolved measurements and the autocorrelation function
provides a means to estimate the integral time scale. The autocovariance func-
tion R(τ) of the axial velocity fluctuations is defined as

R(τ) = u′(t)u′(t+ τ) (5.18)

where τ is the lag time. In like manner, replacing u′ by v′ yields the tangential
autocovariance function. It is common practice to normalize R(τ) with R(0) ≡
u′2 yielding the autocorrelation function

ρ(τ) =
R(τ)
R(0)

=
u′(t)u′(t+ τ)

u′2
. (5.19)

In terms of signal-processing, ρ(τ) measures the similarity between a realization
of u′(t) and the same realization shifted over time τ . Therefore, it is said that
ρ(τ) represents the memory of the process u′(t). The autocorrelation function
(acf) can be used to determine the integral time scale (τ0)

τ0 =
∫ ∞

0

ρ(τ) dτ . (5.20)

In practice, the acf is determined up to a maximum time lag (τmax) and integra-
tion is performed accordingly. Sometimes, a further simplification is necessary

1Homogeneous Charge Compression Ignition
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in the case that some mean residual autocorrelation for high values of τ con-
tributes to the integral. Therefore, in this thesis, an appropriate integration
limit is chosen based upon the first zero-crossing in the ρ(τ) graph.

5.4.2 Taylor’s hypothesis

In many theoretical studies on turbulence, there is usually more emphasis on
the spatial dependency of the turbulence quantities (e.g. Reynold stresses,
dissipation of turbulent kinetic energy, . . . ) than on the temporal dependency.
Conversely, most experimental research concerns Eulerian measurements where
a quantity is measured as a function of time at a fixed location in space. Some of
the time-dependent information (i.e. time scale) can be converted into space-
dependent information (i.e. length scale) using Taylor’s hypothesis [38, 55].
The hypothesis is valid for a one-dimensional mean flow and moderate levels of
turbulence intensities. In this work, the streamlines of the burner’s exit flow do
follow a pattern of one-dimensional flow. For the 30 kW burner, Weber et al.
[78] quantified the level of inlet turbulence which is defined as

i =
ū′2 + v̄′2 + w̄′2

2ū2
0

. (5.21)

The turbulence intensity of the generated swirling flow is of the order of 0.2. . . 0.25
at the exit of the annulus [20, 78] and remains of the same order as it is con-
vected upward along the high velocity conical jet.

Finally, considering that `0 is a measure of the distance between two mea-
suring locations where there is correlation (spatial correlation), it means the
two locations are both inside the same eddy with a average turn-over time
`0/u

′. As such, `0 ≈ u′τ0 is used.

5.4.3 Calculation

The accepted method to compute the discretized autocovariance function R̂
from a randomly sampled signal is known as the slotting technique [73]. It
involves the following algorithm

R̂(k∆τ) =

∑
u′iu
′
j(k∆τ)

H(k∆τ)
with k = 0,1,. . . ,M-1 (5.22)

where
∑
u′iu
′
j(k∆τ) is the sum of all cross-products u′(ti)u′(tj) having a lag

time in the interval (k − 1
2 )∆τ < ti − tj < (k + 1

2 )∆τ . H(k∆τ) is the number
of cross-products, ∆τ is the slot width and the integer M follows from M −1 =
τmax/∆τ with τmax is the maximum time lag set by the user. Normalization is
achieved by scaling R̂ with u′2 yielding the discrete normalized autocorrelation
function

ρ̂(k∆τ) =
R̂(k∆τ)
u′2

. (5.23)



5.4. Length and time scales of the turbulent flow 107

Alternatively, a local normalization can be employed as is elaborated in Tum-
mers and Passchier [73]. The advantage of local normalization is that at very
small time lags, i.e. when ρ̂(k∆τ) is near 1, it leads to a significant reduction
in scatter of the correlation values. Second, it is shown that the ρ̂(k∆τ) values
cannot become larger than the unity, even in the case of velocity bias. In this
work, the local normalization is implemented in the data processing software.

It is also possible to determine the Taylor time scale (τλ) from a well defined
autocorrelation function. In particular, (τλ) is obtained from the curvature of
a measured acf at zero lag time [55, 72]. Therefore, the first points of the acf
ρ̂(0,∆τ, 2∆τ, . . .) need to be very accurate. If not, the uncertainty will obscure
any significance as is the case in this study.

5.4.4 Results

LDA in highly confined combusting flows requires many more than a single
data set of 9216 samples to obtain a reliable acf at one given location in the
confinement. In this work, however, only four representative gridpoints for
the CSF at H = 15 mm, |R| = 0, 22.5, 45 and 67 mm have been measured in
this regard. The number of data sets equals 17, 21, 19 and 9 respectively.
The details of the data, including the statistics, the associated acfs and an
assessment on the relative uncertainty δτ0 are presented in appendix F.

For the SSF, an estimate of the acf in three representative gridpoints is
obtained, resulting from a reduced number of data sets. In fact, the data sets
are selected from various repeatability and reproducibility checks during the
measuring campaign. The respective locations and the number of collected
data sets are specified in table 5.1. Figure 5.4a visualizes these gridpoints
including the 5000 ppm CO and UHC contours, and the approximate boundary
for the mixing sheet according to the discussion in section 4.5. Note that
the particulars of the selected points have already been addressed in detail
throughout chapter 4.

Figures 5.4b-d present the acf of both the axial and tangential velocity
fluctuations. The slot width ∆τ = 5e−5 s in any case. The graphs feature a
noisy behavior, as can be expected because of insufficient data. The spikes and
scatter reduce substantially if more data sets are incorporated, as is proven
in figures F.3a-d. Nevertheless, it is the general trend that is important here
and this trend is revealed by the figures. Consequently, a reasonable estimate
of the integral time scale is obtained and the values of the axial τ0 are listed
in table 5.1. The relative uncertainty on the τ0-computation is of the order
of δτ0 ≈ 6% (appendix F). From table 4.1, an upper limit of the turbulent
fluctuations (u′max ∼= u′) results directly from the measured values and as
such, also provides a measure for the maximum integral length scale `0,max
that is likely to exist. `0,max steadily increases, indicating that the further
downstream, the larger the large-scale eddies become, corresponding to the
steady growth of the expanding conical mixing sheet. The dimensions of the
largest eddies will fit into the boundary lines drawn on the graph in figure 5.4a.
Moreover, the order of magnitude agrees well with the width of the annular
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Figure 5.4: Swirl stabilized flame. (a) Location of the gridpoints (N) including
a boundary approximation of the mixing sheet. (b-d) Normalized autocorrelation
function of the axial (top) and tangential (bottom) velocity fluctuations. (b) H = 35
mm; |R| = 40.5 mm.
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Figure 5.4: (Continued) (c) H = 55 mm; |R| = 52.5 mm. (d) H = 75 mm;|R| = 75
mm.
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burner channel (4.5 mm), and not of the confinement.
For this SSF, the location of interest lies roughly at H = 40 mm, |R| ∼=

45 mm, denoting the first onset of combustion. A simple linear interpola-
tion is used in order to obtain values for τ0 = 0.83 ms, u’max = 6.56 m/s and
`0,max = 5.2 mm. The discussion in section 4.8 suggests that the u′, experi-
enced by the reactants containing flow, is presumably less than the u′max, so
this assertion holds for `0 as well. The discussion in section 5.7 will there-
fore proceed with a range for the fluctuating velocities, being u′ ≈ 3. . . 6.6 m/s
where the uncertainty specifications of u′ are considered as inclusive.

Table 5.1: Swirl stabilized flame. Integral time scale and an estimate of the
upper limit of the integral length scale (axial).

Data sets H R τ0
a u′max `0,max

# [mm] [mm] [ms] [m/s] [mm]

6 35 40.5 0.54 6.84 3.7
5 55 52.5 1.70 5.73 9.7
4 75 75 2.16 5.03 10.8

aThe time scales in tangential direction are 0.27, 0.81 and 0.69 ms respectively.

5.5 Mixing sheet characterization

5.5.1 Concept

The picture of the composition distribution, temperature field and flow pattern
have been addressed in chapters 3 and 4. Figure 5.5a shows the streamlines
and the 5000 ppm CO and UHC contours, and schematically introduces the
mixing concept in the conical mixing sheet. From the annulus, reactants (re)
issue at approximately 25 ◦C and flow towards the lifted flame. The more
the reactants approach the flame front, the more they become diluted with
products (p) from the IRZ and ERZ. At the same time, the preheat increases
along the conical mixing sheet and as such, these mixed pockets (mx∗) enter
the combustion zone, ignite and burn. Recall that the bi-modal distribution
indicates that the flow experiences two dominant directions, namely alternating
plugs of up and downflow, conceptually illustrated in figure 5.5 by mx∗ and p
respectively. Important is that the combustion process is determined by the
particulars of the flow (u′, `0) and by the composition characteristics of mx∗.
Therefore, this section aims at finding an estimate of the degree of dilution as
well as obtaining an approximation of the preheat.

5.5.2 Molar recirculation fraction

The fraction of products that are mixed with reactants is expressed by means of
the molar recirculation fraction r, which is calculated according to the scheme
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(a) (b)

Figure 5.5: Swirl stabilized flame. (a) Concept of dilution and preheat in the conical
mixing sheet. (b) scheme of the calculation method. Φ denotes either the O2, CO2,
UHC or T variable, the subscripting indicates that 100% product, 100% reactant or
the time-mean value of the experimental measurement is considered.

in figure 5.5b, yielding

(1− r) · Φreactant + r · Φproduct = Φmeas (5.24)

where Φ can either be O2, CO2, UHC concentrations or the temperature T.
The subscripting indicates that equation (5.24) uses the Φ-values of 100% prod-
uct, 100% initial reactant or the experimental measurements respectively. The
measurements (refer to chapter 3) yield time-averaged data resulting in a time-
averaged value r. When these averaged r values are computed, they yield about
0.65 in the region of interest. However, such high recirculation degrees cannot
sustain combustion and other physical effects have to be taken into account.

At a fixed measuring location, the alternating flow structure makes that
both p and mx∗ contribute to r. Yet, the goal is to obtain an estimate of
the recirculation fraction of only reactant part mx∗. The idea is therefore to
decompose this time-averaged picture and to consider that the relatively slow
oscillation is symmetric and quasi-periodic (50 - 100hz) [29, 36, 69, 67]. In the
center of the mixing sheet, a fifty-fifty probability of occurrence results from
this idea which is also supported by the analysis of the bi-modal PDF behavior,
discussed in detail in chapter 4. The calculation of molar recirculation fraction
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Figure 5.6: Swirl stabilized flame. Molar recirculation fraction of the reactants (r∗);
0.2 and 0.4 iso-lines are shown. The circle denotes the pre-flame location of interest.

of the reactants (r∗) is derived from

r = 0.5 · rproduct + 0.5 · r∗ ⇒ r∗ = 2 · (r − 0.5) (5.25)

where rproduct = 1. The result of the calculation using equations (5.24) and
(5.25) is presented in figure 5.6. Here, the O2 concentrations are used for Φ
but a check proved that the same results are obtained when applying one of
the other variables. The circle in the figure denotes the pre-flame location of
interest, yielding an estimate of r∗ ≈ 0.26. In this study, it is anticipated that
r∗ ≈ 0.2 . . . 0.3 thereby taking into account the uncertainty on the pre-flame
location.

The concept of decomposition and the assumption of a fifty-fifty proba-
bility may be disputable, in spite of the aforementioned arguments. However,
a classical jet analysis based upon mixing and entrainment of turbulent jets
provides partial evidence to this matter. It reveals that the reactant stream
dispersion, as represented by r∗, behaves qualitatively similar to the spread of
species in a simple turbulent jet. Details are elaborated in appendix E.
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5.5.3 Preheat temperature

Likewise, the time-mean temperature is not representative for the preheat tem-
perature of the reactants and a similar approach is followed to obtain an esti-
mate of the reactants preheat temperature (T∗). Therefore, the r∗-values are
taken into account in the calculation

T ∗ = Tproduct · r∗ + Treactant · (1− r∗) (5.26)

where Treactant ≈ 25 ◦C and Tproduct ≈ 1250 ◦C. The latter is basically the
temperature in the IRZ and ERZ. An estimate of the 300, 450 and 600 ◦C
preheat isotherms is shown in figure 5.7. In the pre-flame location of interest,
T∗ ≈ 345 ◦C. In like manner as for the r∗ ≈ 0.2 . . . 0.3 estimate, the associated
T∗ yields 270. . . 395 ◦C.
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5.6 Flame characteristics

5.6.1 Laminar

If all the properties of the reactants mixture are known, it is possible to com-
pute the properties of a laminar flame that propagates within this mixture. A
commonly employed code is the premix.f subroutine from CHEMKIN-II pack-
age [42] incorporating the GRI 3.0 mechanism. Besides the composition of fuel
and air2, also the stoichiometric ratio, r∗ and T∗ are input parameters. In this
work, δL is computed according to Peters [58]. Using a generalized diffusivity
D, his definition yields

δL =
D

SL
where D ≡ (k/cp) |T=1500K

ρu |T=298K
(5.27)

In equation. (5.27), the thermal conductivity k and the specific heat at constant
pressure cp are evaluated for the mixture at temperature T = 1500K. On the
other hand, ρu is the density of the unburned reactants, evaluated at ambient
(T = 298K). In this work, Peters’ definition is used to preserve consistency
with the Borghi diagram. A similar approach by Glassman [32] evaluates k, cp
and ρu at 1300K. Very often however, either the thermal diffusivity (D ≡ α) [2]
or the kinematic viscosity (D ≡ ν) [5] at ambient temperature is used. Hence,
the thickness of the flame may change by a factor 3. . . 5, depending on the
definition. Details on the various approaches for the laminar flame thickness
calculation are addressed in appendix G.

Figure 5.8 presents the laminar flame speed SL and flame thickness δL as
a function of r∗ and T∗. The thick dashed arrow shows the pathway followed
by the reactant stream. At the burner exit, r∗ = 0.0, T∗ = 25 ◦C and assume
that r∗ = 0.2. . . 0.3 in the pre-flame zone. The representative numbers are
listed in Table 5.2. SL equals 32 cm/s at the burner exit up to approximately
48. . . 56 cm/s at the onset of combustion, just below the time-mean flame brush.
The thickness of the laminar reaction sheets at that position is approximately
0.26. . . 0.28 mm. The corresponding chemical time scale (τchem = δL/SL) is
within the range 0.50. . . 0.54 ms. As will be explained in section 5.7.1, this
scale is to be used in the Borghi diagram for consistency reasons. Note that
the CHEMKIN code is also able to calculate a laminar time scale τL. The last
column in table 5.2 lists the ratio of D/ν, which is a measure of the difference
in δL calculation. This ratio even increases by a factor 3. . . 4 if ν would have
been evaluated at burner exit conditions.

Clearly, the recirculation fraction and the preheat temperature vary sig-
nificantly in the mixing layer but both effects compensate each other to some
extent. Analysis, however, reveals a prevalence of the preheat effect such that
the laminar flame speed gradually increases with the distance from the burner
mouth and in the direction perpendicular to the main flow direction.

2Combustion air: O2: 20.898%, N2: 77.922%, AR: 0.916%, CO2: 0.033%, H2O: 0.231%
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Table 5.2: SSF laminar flame properties evaluated at r∗ and T∗ corresponding
with figures 5.6 and 5.7. SL, δL, τL and ν result from the CHEMKIN calculation.

r∗ T∗ SL δL τchem τL ν D/ν
- ◦C cm/s mm ms ms m2/s x10−6 -

0.0 25 31.82 0.2167 0.681 0.3357 15.8 1.013
0.2 270 48.28 0.2602 0.539 0.5909 43.8 2.87
0.3 395 55.39 0.2782 0.502 0.7518 61.9 2.49

5.6.2 Turbulent

The turbulent flame speed increases with SL and the level of turbulence u′ in
the flow (figure 5.1). Combined with the gradual decrease of the reactant flow
velocities, it explains why the flame stabilizes at a lifted position downstream
of the burner mouth (see also section 3.6). In addition, both the flame speed as
well as the velocities feature a broad range, such that a stable, voluminous flame
brush establishes. The above specified ranges for u′ and SL at the pre-flame
location determine the ratio

u′

SL
≈ [3 . . . 6.6]

[0.48 . . . 0.56]± 5%
≈ [5.1 . . . 14.5] . (5.28)

where the SL-range is widened with 5% in order to include uncertainty in
the analysis. Equation (5.28) can be substituted into equation (5.5), yielding
a range for the relative turbulent flame speed St/SL = 10.95. . . 22.7. Conse-
quently, the turbulent flame speeds range within St ≈ 5.0 . . . 13.4 m/s.

The outflowing reactant stream diverges, hence the maximum velocities
decrease along the centerline and the profile smears out perpendicularly to the
stream direction. The maximum mean axial flow speed umax and associated
maximum mean tangential speed vmax at H = 35, 45 and 55 mm are listed in
table 5.3. An estimate of the actual mean stream wise maximum flow velocity
vel is obtained according to the schematic drawing in figure 5.9. Considering
an average angle of 12◦ due to the tangential component and approximately
40◦ inclination due to the radial component, vel is estimated by

vel =
umax

cos 40◦ · cos 12◦ . (5.29)

Comparison of the vel values with the St numbers reveals that, near the cen-
terline of the jet, no flame can stabilize at the lower part. Yet, it may do,
some distance away from the centerline where the velocities have decreased.
As a result, a lifted SSF with an open flame base is obtained. Furthermore,
the analysis also shows that reactants are carried further downstream and the
flame brush is expanded by 20. . . 30 mm in stream wise direction resulting in
the mushroom-like pattern that is introduced in figure 3.1.
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Figure 5.8: Isolines of laminar flame speed (SL [cm/s]) and laminar flame thickness
(δL [mm]) as a function of the molar recirculation fraction (r∗) and the preheat
temperature (T∗) of the reactants. Calculation with CHEMKIN-II and GRI 3.0
mechanism. Natural gas and combustion air apply, SR = 1.10.

H R umax vmax vel
mm mm m/s m/s m/s

35 50 14.18 -2.72 18.9
45 55 11.89 -2.95 15.8
55 67.5 8.65 -1.81 11.5

Table 5.3: Maximum velocities in the
conical sheet. See equation (5.29).

Figure 5.9: Velocity compo-
nents. See equation (5.29).

5.7 Classification in the Borghi diagram

All the parameters and dimensionless groups discussed in the foregoing sec-
tions are grouped in this section, allowing to classify the swirl stabilized flame
in Borghi’s diagram. In this regard, combustion data using methane-air mix-
tures, obtained by two different research groups, will also be discussed. The
classification of the SSF is revisited, in order to assess two “if - then” scenarios.
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5.7.1 Consistency of the diagram

The Borghi diagram is a representation of various length, velocity and time
scales and associated ratios. The diagram, in its present form, follows the ideas
and findings of Peters and therefore, it is absolutely necessary to use consistent
definitions and calculation procedures. In particular, the interpretation of δL
is subject for discussion, as is elaborated in appendix G. The starting-point
considers u′, `0, SL and a generalized diffusivity D, from which the laminar
flame thickness δL, flow and chemical time scale τ0 and τchem are derived. This
approach implies a particular definition of the turbulent Reynolds number. In
addition, the Damköhler, Karlovitz number and a measure for the smallest
Kolmogorov length scale follow. In summary:

τ0 = `0/u
′

D =
(k/cp) |T=1500K

ρu |T=298K

δL = D/SL

τchem = δL/SL

Da = τ0/τchem

Ret =
u′ · `0

D

`k =
`0

Ret
3/4

Ka =
(
δL
`k

)2

.

5.7.2 Swirl stabilized flame

The particular combustion mode of the SSF should allow to pinpoint the flame
in the Borghi diagram. In this work however, the values of the typical length
scales, parameters and deduced dimensionless groups are explicitly given in
ranges because basically they all incorporate either certain assumptions, esti-
mations and/or error contributions. In this way, the SSF classification results
in an area in the Borghi diagram that is determined by three boundaries, i.e.
Da, `0/δL and u′/SL dimensionless groups. The chemical time scale range
results from

τchem =
δL
SL
≈ [0.26 . . . 0.28]± 5%

[0.48 . . . 0.56]± 5%
≈ [0.42 . . . 0.64] ms . (5.30)

Subsequently, the range of the Damköhler number is calculated, using the char-
acteristic time scale τ0 of the flow and the chemical time scale τchem

Da =
τ0

τchem
≈ 0.83± 10%

[0.42 . . . 0.64]
≈ [1.16 . . . 2.17] . (5.31)
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In this calculation, the uncertainty of τ0 is set to ±10%, thereby including an
additional uncertainty regarding the |R| ≈ 45 mm, H = 40 mm position at
which τ0 = 0.83 ms is deduced. Since `0 = u′ · τ0, its range equals

`0 ≈ [3.0 . . . 6.6] · (0.83± 10%) ≈ [2.24 . . . 6.03] mm . (5.32)

The relative large-eddy size of turbulence is estimated by

`0
δL
≈ [2.24 . . . 6.03]

[0.26 . . . 0.28]± 5%
≈ [7.6 . . . 24.4] . (5.33)

Recall the relative intensity of turbulence from equation (5.28)
u′

SL
≈ [5.1 . . . 14.5] .

The ranges of the relative length and velocity ratios are considerably larger
than the Da-ranges. The discussion with respect to u′ varying from 3 to 6.6
m/s is greatly responsible for both groups to span this wide. Table 5.4 (K)
summarizes the parameters whereas the graphical representation of the three
boundaries results in the irregular hexagonal classification shown in figure 5.10.
It reveals that the combustion occurs in the transition region between the thin
reaction sheets and the flamelets in eddies regime. Chemistry and flow time
scales compete and as such, both the chemical reaction rates and fluid mixing
rates govern the combustion process. By consequence, modelling of this type
of combustion may use preferably a flamelet model although an eddy-breakup
model can be considered as well.

A last comment on this transition region, deals with the calculation of
the Damköhler number. The definition and creation of this present Borghi
diagram uses Da where the chemical time scale is deduced from δL and SL.
However, the CHEMKIN calculations directly compute a time scale (τL), which
is actually a better measure because it captures the physics of the flame more
accurately. In view of this, the Da number will drop a little and the pentagon
will slightly shift to the left upper corner. The meaning of Da = 1 line should
be reconsidered as well.

5.7.3 Adjustment of data by Aldredge et al.

The thin dashed line trapezoid in figure 5.10 reflects the original data reported
by Aldredge et al. [2]. In their work, the researchers used the typical log-
log plot using Damköhler and turbulent Reynolds number, following Liñán
and Williams [49]. More specifically, they quantified the boundaries by the
ranges of the turbulent Reynolds number Ret = 70. . . 375 and the Peclet num-
ber Pe = 50. . . 200. Rearrangement of the definition of the Peclet number
Pe ≡ SL · dα yields a measure for the `0/δL group

Pe = SL · d
α
≈ SL · 2`0

SL · δ′L
Pe ≈ 2 · `0

δ′L
(5.34)
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Figure 5.10: Premixed combustion regime diagram (Borghi diagram). Log-log plot
of the relative intensity of turbulence (u′/SL) vs. the relative large-eddy size of tur-
bulence (λ0/δL). (A) Region identified by Aldredge et al. [2]. (B) Points identified
by Bédat and Cheng [5]. (K) Region for the SSF, identified during this work. The
original representation ((A’) and (B’)) is re-examined using consistent definitions,
yielding the adjusted classification (A) and (B).

where for conditions relevant to their study, the integral length scale was found
to be essentially equal to half the cylinder gap (d = 11 mm) of the apparatus,
i.e. `0 = d/2 = 5.5 mm. Aldredge et al. estimate the laminar flame thickness
as δ′L ≈ α/SL, where α = 22 ×10−6 m2/s is the thermal diffusivity of the
reactive mixture at 25 ◦C and 1 atm. From equation 5.34, `0/δ′L = 25. . . 100,
and thus δ′L = 0.22. . . 0.055 mm.

However, the assumption of the δ′L calculation is disputed, and the defini-
tion by Peters [58] should be used instead, yielding δL. In this work, the data
by Aldredge et al. are re-examined. The adjustment of δ′L → δL and S′L → SL
respectively, is performed by scaling the abscis and ordinate values according
to

δL
δ′L

=
[0.7433 . . . 0.1868]

[0.22 . . . 0.055]
≈ 3.4

SL
S′L

=
[9.89 . . . 0.1868]

[10 . . . 40]
≈ 1.0 . (5.35)

where S′L has been deduced via Ret = u′`0/α, and u′/SL values revealing from
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intersection on the graph. No adjustment for S′L is necessary, yet it is the case
for δ′L.

In conclusion, the thick solid line trapezoid is the representation of Al-
dredge’s data in the Borghi diagram discussed by Peters, which is to date
commonly accepted as the standard. Table 5.5 (A and A’) lists the associated
values. Note that both lean and rich flames were studied. The consistent use of
the laminar flame thickness definition causes a shift to the left by a factor 3.4.
The conclusions by Aldredge et al. make even more sense as they considered
that in the case of lower turbulence intensities (u′/SL < 2.5), flame propaga-
tion is governed by large-scale wrinkling (eddies having long lifetimes relative
to δL and the chemical reaction time). For values of u′/SL > 2.5, they state
flame propagation is influenced to some extent by small-scale flame-structure
modification. The bending effect observed in figure 5.1 corroborates this pre-
diction where decreasing sensitivity of the turbulent flame speed to increases in
u′/SL is found. The authors suggest the effects are possibly due to a transition
to a non-flamelet combustion regime, an assertion that does not reveal from
their original representation in the regime diagram, but surely makes lot more
sense in the present classification. The Da = 1 criterion may be seen as the
separation line between a flamelet and non-flamelet combustion regime.

5.7.4 Adjustment of data by Bédat and Cheng

In like manner, the data presented by Bédat and Cheng [5] are re-examined.
Note that this investigation precedes the ultra-clean low-swirl combustion study
[16, 81] (UCLSC, see section 1.2.5) using the same burner geometry. The
researchers employed the original Klimov criterion δ′L ≈ ν/SL where ν is the
kinematic viscosity of the mixture at ambient. In their work, they reported very
precise data regarding the experimental conditions and relevant parameters for
the classification in the Borghi diagram. The four thin circles joined by a
thin dashed line correspond to the original data. In this work, both the flame
thickness δ′L and the laminar flame speed are adjusted, using respectively the
aforementioned definition (δL) and the GRI 3.0 mechanism for the computation
of SL. The results are compared in table 5.6 (B and B’), revealing that the
flame speed drops by 10. . . 30 %. In addition, the estimate of the flame thickness
increases considerably by a factor 5. . . 6, causing a strong shift to the left in the
regime diagram. Note that the difference in magnitude of the δL-adjustment
between [2] and [5] is explained by considering that the Prandtl number (Pr)
is of the order of 0.7, where Pr ≡ ν

α .
In conclusion, the thick circles joined by a thick line reflect the classification

in the Borghi diagram, consistent with the commonly accepted computations
methods for the laminar flame structure. Quantitative values are tabulated
in table 5.6. The original data have been shifted predominantly to the left,
but also upward to some extent because of the over-predicted laminar flame
speed employed by Bédat and Cheng. The main conclusion of their investi-
gation suggests that the flame front may be more resistant to turbulence. By
consequence, the large turbulent eddies would wrinkle, rather than penetrate
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Table 5.4: Relevant Borghi diagram parameters at H = 40, |R| ≈ 45 mm.

Premixed swirl stabilized natural gas-air combustion
(K) (K’) (K”) Unit

r∗ 0.2. . . 0.3 0 0.2. . . 0.3 -
T∗ 270. . . 395 25 270. . . 395 ◦C
SR 1.10 id. id. -
ū0 32.4 id. id. m/s
u′ 3. . . 6.6 id. id. m/s
SL 48. . . 56 32 48. . . 56 cm/s
τ0 0.83 id. id. ms
`0 2.24. . . 6.03 id. id. mm
δL 0.26. . . 0.28 0.217 0.027. . . 0.035 mm
`k 0.028. . . 0.387 0.018. . . 0.210 0.006. . . 0.064 mm
D 113. . . 173 63. . . 77 15.8 m2/s ×10−6

`0/δL 7.6. . . 24.4 9.8. . . 29.2 83.4. . . 174 -
u′/SL 5.1. . . 14.5 8.9. . . 21.7 5.1. . . 14.5 -
Ret 38.9. . . 353 88. . . 635 425. . . 2517 -
Da 1.16. . . 2.17 0.99. . . 1.49 12.7. . . 15.5 -
Ka 0.41. . . 114 0.96. . . 165 0.29. . . 18 -

Table 5.5: Relevant Borghi diagram parameters. The original values are adjusted
according to a more precise definition of δL by Peters [58].

Premixed CH4-air combustion, from Aldredge et al. [2]
(A) Original data, [2] (A’) Adjusted data, [58] Unit

EQR 1.5. . . 1.05. . . 0.8 1.5. . . 1.05. . . 1.66 -
`0 5.5 5.5 mm

`0/δL 25. . . 100 7.4. . . 29.4 -
u′/SL 0.7. . . 15 0.7. . . 15 -

u′ 0.28. . . 1.50 0.28. . . 1.50 m/s
D 22 73 m2/s ×10−6

δL 0.22. . . 0.055 0.7433. . . 0.1868 mm
SL 10. . . 40 9.89. . . 37.71 cm/s
Ret 70. . . 375 20.6. . . 111 -
Da 1.7. . . 142 0.49. . . 42 -

Table 5.6: Relevant Borghi diagram parameters. The original values are adjusted
according to a more precise definition of δL by Peters [58].

Premixed CH4-air combustion, from Bédat and Cheng [5]
(B) Original data, [5] (B’) Adjusted data, [58]

I II III IV I II III IV Unit

EQR 0.8 0.65 0.6 0.6 0.8 0.65 0.6 0.6 -
ū 2.0 3.0 5.0 7.0 2.0 3.0 5.0 7.0 m/s
u′ 0.52 0.89 1.30 1.70 0.52 0.89 1.3 1.70 m/s
`0 15 15 15 15 15 15 15 15 mm
δL 0.0517 0.0838 0.0976 0.0976 0.26 0.4578 0.6101 0.6101 mm
SL 30 18 15 15 26.52 14.91 11.15 11.15 cm/s
`k 0.14 0.096 0.072 0.059 0.43 0.29 0.22 0.18 mm
D 15.9 68 m2/s ×10−6

`0/δL 290 179 154 154 57.7 32.7 24.6 24.6 -
u′/SL 1.7 4.9 8.7 11.3 1.96 5.97 11.66 15.24 -
Ret 488 835 1220 1594 113 195 287 375 -
Da 165 36 18 13 29 5.5 2.1 1.6 -
Ka 0.1 0.8 2.1 3.1 0.4 2.5 8.0 12.0 -
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the flamelet. Note that at that time (1995), the regime diagram still assigned
the Ka > 1 region as the distributed reaction zone regime with its associated
view of the flame structures. According to their observations, the authors pos-
tulate a representation of the flame structure by means of a locally broadened
reaction layer. This view point is to date consistent with the Borghi diagram
in its present form.

5.7.5 Swirl stabilized flame, revisited

5.7.5.1 Undiluted reactants

The decomposition concept of the mixing sheet into either pure IRZ, ERZ prod-
ucts or partially diluted and preheated reactants stream, and the assumption
of a fifty-fifty probability may be disputable, in spite of all the arguments that
have been discussed in section 5.5. The classification of the SSF is revisited in
that no dilution, nor preheat of the reactants exists (r∗ = 0 and T∗ = 25 ◦C).
Basically, only the laminar flame speed and thickness is affected by these. From
table 5.2, δL = 0.217 mm and SL = 32 cm/s. The Borghi relevant parameters
are computed in like manner and listed in table 5.4 (K’). The corresponding
thick dashed hexagonal region in figure 5.11 is shifted upward and slightly to
the left, compared to the afore-discussed SSF classification. The lower SL is
responsible for this shift.

5.7.5.2 Klimov flame thickness

Many researchers use either the viscosity or thermal diffusivity of the reactants
in order to obtain an estimate for the laminar flame thickness, regardless the
physics behind the flame structure. In spite of this, the SSF is revisited in that
the flame thickness calculation is based on the kinematic viscosity ν at ambient
(D = ν), yielding a much thinner δ′L

δ′L =
15.8× 10−6

[0.48 . . . 0.56]± 5%
≈ [0.027 . . . 0.035] mm . (5.36)

The Borghi relevant parameters are computed and listed in table 5.4 (K”). The
thick dotted hexagonal clearly indicates the strong shift to the right because
of the much thinner laminar flame thickness. If one would ignore the defini-
tions given by Peters, one would falsely conclude that the flame burns in the
transition regime between thin reaction sheets and the strong corrugated flame
front.

5.8 Conclusions

This chapter has analyzed the swirl stabilized flame in quantitative terms. The
following achievements were obtained:
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Figure 5.11: SSF classification in the Borghi diagram, including two “if - then”
scenarios. (K) Including all concepts stated in this work. (K’) Considering no dilution
nor preheat of the reactants. (K”) δL is redefined according to Klimov’s criterion (δ′L).

• The turbulent flame speed and several length scales regarding turbulent
combustion are reviewed. Equations (5.4) and (5.5) allow to evaluate this
turbulent flame speed being a function of the laminar flame speed and
the degree of turbulence in the flow. In a next step, several dimensionless
groups, i.e. Da, Ret, and the relative length ratio `0/δL and relative
velocity ratio u′/SL are defined and discussed.

• Turbulent combustion may occur in different regimes, depending on the
mutual relation between the various length and time scales. Borghi,
Williams and Peters all contributed to the commonly accepted view of the
present regime diagram (often referred to as the Borghi diagram). On the
one hand, the chemistry is very fast compared to the typical eddy turn-
over time of the flow (Da >> 1) resulting in a wrinkling of corrugating
of the flame front. On the other hand, if all turbulent scales are smaller
than the reaction zone thickness (i.e. Da << 1, slow chemistry compared
to fluid mixing rates), the combustion occurs distributed throughout the
volume. Between those extremes, there exist regimes where neither chem-
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ical reaction nor turbulent mixing plays a predominant role (moderate Da
numbers). Either are nervous flames observed where the combustion is
determined by the rate at which parcels of unburned reactants are bro-
ken into smaller ones, or multiple thin reaction sheets co-exists in a zone
including products and reactants.

• Typical time scales of the flow are deduced from integrating the autocor-
relation function of a time-series of LDA measurements. In this work, a
suitable method is applied in order to compute the autocorrelation func-
tion of a series of non-equidistant sampled data. From this, an estimate
of the integral length scale follows, assuming Taylor’s hypothesis.

• Subsequently, in-flame information is combined with the concepts of large-
scale motion structures and local turbulence in the mixing sheet region
of the flame. Product and reactant quantities are treated separately
and only the characteristics of the reactant are of interest. Therefore,
a fifty-fifty probability concept is introduced yielding a method (equa-
tions (5.25) and (5.26) to calculate the degree of recirculation fraction
(r∗) and preheat (T∗) of only the reactant stream. The dilution amounts
approximately 20%, the preheat is roughly 350 ◦C. Using these values,
the laminar flame thickness, flame speed and chemical time scale are
computed using in-house written software that employs the CHEMKIN-
II library and the GRI 3.0 mechanism. Values are respectively 0.25 mm,
56 cm/s and 46 ms.

• Finally, the SSF is classified in the Borghi diagram, revealing that the
SSF combustion occurs in the transition region between the thin reaction
sheets and the flamelets in eddies regime. A bounded region is deter-
mined, rather than pinpointing the flame in the Borghi diagram, because
assumptions and error contributions are taken into account during the
analysis. In view of this, the methane-air flames of two other research
groups are also included on Borghi’s representation. Due to different
definitions of the flame thickness, their data were re-examined and a con-
sistent calculation method by Peters is followed. In like manner, the
classification of the SSF is revisited, revealing that incorrect conclusions
might be drawn if the laminar flame thickness is computed inconsistently
with Borghi’s diagram relations.

• Much of the modelling of turbulent flames is still in the research stage and
better understanding of interaction between turbulence and the structure
of flamelets is needed to advance the theory. This work offers important
parameters that characterize the turbulent premixed combustion of an
annular swirling jet such that numerical modelling can be verified as well
as improved.



Chapter 6

Conclusions and
Recommendations

6.1 Conclusions

A growing awareness with respect to good air quality drives the search for
low emission combustion techniques. Simultaneously, increasing the thermal
efficiency is also of utmost importance to reduce the overall amount of consumed
energy. Yet, flame stability and turn-down ratio must be retained. A promising
technique involves turbulent swirling jet combustion which is to date widely
employed in gas turbine or boiler combustors. The ability to understand and
consequently control the mixing characteristics of a turbulent swirling jet is
an essential part of optimizing those constraints and presents technical and
engineering challenges. This work contributes to the understanding of the
interaction between flow structure, turbulence and combustion in swirl burners.
In view of this, laboratory scale experiments have provided detailed in-flame
diagnostics.

The doctoral research work was initiated by a global approach with respect
to the influence of integrating swirl burners in compact fired heating units. The
outcome of the study states that the use of swirl burners in small confinements
allows for low NOx, high efficiency and compact units. Tests were conducted us-
ing a research swirl burner of which geometrical and swirl generation properties
are precisely known. During these experiments, the change of fuel rod posi-
tion showed up to lead to a significant NOx emission reduction and suggested
a change in flame behavior to be responsible. This unreported phenomenon
formed the base of a new study object, namely the degree of premix. Contin-
ued exploration mandated a scientific approach, and therefore an entirely new
experimental setup was conceived allowing to use methods like laser Doppler
anemometry (LDA), fine-wire thermocouple and in-flame composition probing.

125
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Conclusions regarding the premixed swirling jet flames

The swirl burner can produce multiple flame patterns, provided that the proper
premix degree and swirl settings apply. Note that the flames do not co-exist.
Of particular interest in this research work are (1) the nozzle stabilized flame
(NSF), a regular tulip-cup like shaped flame that stabilizes near the nozzle;
(2) the swirl stabilized flame (SSF), a ring shaped flame which stabilizes at
a lifted position relative to the burner head; and (3) the Coanda stabilized
flame (CSF), a ring shaped flame that clings to the bottom wall in which the
burner is installed. Transition from one flame pattern into another is either
abrupt or gradual, and significant hysteresis exists in the transition pathways
diagrams. Also, some particular settings may lead to either two or even three
flame patterns, pointing to bi- and trifurcation.

With respect to the NOx emissions, the influence of swirl, degree of pre-
mix, stoichiometric ratio and burner input power are investigated, revealing
very promising low NOx numbers using only little excess combustion air. In
particular, for a 30 kW burner input, the SSF features NOx as low as 12 ppm
at 3% O2 with only 10% excess combustion air

The greater part of the in-flame quantification is given for the SSF and
CSF since other researchers have already reported on the NSF. In-flame data
include CO, UHC, O2 and temperature profiles combined with LDA velocity
measurements. The existence of two recirculation zones shows up, i.e. a large
internal recirculation zone (IRZ) in the central and upper region and an ex-
ternal recirculation zone (ERZ) in the lower corner of the confinement. Both
recirculation zones are of almost uniform composition and feed hot products
back to the root of the flame. A conical sheet of fresh reactants is injected into
the combustion chamber and flows either along an oblique plane (40◦) towards
the lifted SSF or is deflected by 90◦ into a prevailing radial Coanda flow.

For the SSF, the gradual divergence of the flow field provides a well-defined
match between the longitudinal velocity and the turbulent flame speed, hence
flame stabilization is achieved. As a consequence of this stabilization mech-
anism, the nature of the flame brush features a mushroom-like shape that is
open at the bottom, allowing for the reactant stream to enter. The CSF is a
very remarkable flame because of the strong radial outflow although almost no
swirl is imparted to the reactant stream. A low pressure region between the
burner jet and the quarl confines actually pulls the flow down to the bottom.
Although the down-flowing IRZ momentum provides only 10% of the total
force, this flow is absolutely necessary in order to obtain the Coanda flame.
The Coanda effect serves to cling the flow and succeeding combustion to the
bottom wall of the confinement.

Finally, it is revealed that the SSF and CSF set up a very strong reverse
flow system, i.e. 100 and 140 % of the initial mass flow returns in the system.
The maximum strength is compared with the findings of other researchers.
The general trend predicts the increase in recirculated mass flow with increased
swirl. However, this assertion certainly no longer holds in the CSF case because
of its extremely low swirl number.
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Conclusions regarding the flow structure

Inspection of the probability density function (PDF) unravels characteristics
of the flow structure and allows to analyze the flame stabilization and mixing
process in the pre-flame zone. The IRZ is a uniform stable downflow containing
combustion products, featuring a slender gaussian PDF. On the other hand,
along the conical mixing sheet, a gradual dilution process of product with reac-
tants occurs. The mixing sheet PDFs of the axial velocity are spread out cov-
ering a broad velocity range. Moreover, the distributions revealed bi-modality
and even the concept of multi-modality is suggested. It is the remarkable dif-
ference in PDF shape in the mixing sheet region that points to SSF and CSF
specific flow structures. Grouping the flame composition and flow pattern in-
formation together with the generic PDF evolution, it is derived that the flow
can be subdivided into distinctly different sectors, namely the IRZ, the mixing
sheet with the stagnation zone and the ERZ.

The bi-modality concept of the PDFs is supported by analysis showing that
a sum of two gaussian distributions can accurately envelop the experimental
spread-out PDFs. The reason for this broadband turbulence behavior is to be
found in a combination of precessing and flapping motion of the flow structures,
and also in combustion generated instabilities of the lifted flame. Superposed
on the large-scale motion, smaller scale turbulence exists. The latter being
generated in the burner and convected downstream along the conical sheet. As
a result, the flame brush is wide (large-scale motion) and the mixing (small-
scale turbulence) flattens any high temperatures in the combustion process,
yielding low NOx. As a consequence of this turbulence assessment, the term
turbulence is more precisely specified and a triple decomposition is used to
distinguish the contributions of the flow-inherent fine grain turbulence that is
superposed on large-scale quasi-periodic fluctuating structures. Of interest in
this work is the local small-scale degree of turbulence which is of the order of
3 m/s.

Conclusions regarding the Borghi diagram analysis

Turbulent combustion may occur in different regimes, depending on the mutual
relation between the various length and time scales. Dimensionless groups
including the (1) Damköhler number, comparing chemistry with characteristic
flow times, (2) relative large eddy size (`0/δL), i.e. the ratio of the integral
length scale to the thickness of a laminar flamelet and (3) relative turbulence
intensity (u′/SL), i.e. the ratio of turbulent fluctuations to the laminar flame
speed, allow for the classification into a regime diagram, often termed as the
Borghi diagram. The flame structures may vary from weakly wrinkled flames,
over corrugated flame surfaces, over thin reaction sheets forming a thick flame
brush towards dispersed combustion by means of flamelets in eddies of co-
existing reactants and products.

Typical time scales of the flow are deduced from integrating the autocorre-
lation function, yielding an integral time scale of the order of 0.8 ms. Assuming
Taylor’s hypothesis, the integral length scale is deduced, being of the order of
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4 mm. The characteristics of the reactant stream are of interest. Recall that
this stream is diluted and preheated along its downstream way towards the
flame. An assessment of these effects has incorporated a fifty-fifty probability
method that separates the contribution of products and reactants. The dilution
is approximately 26%, the preheat is roughly 345 ◦C. Using these estimates,
the laminar flame thickness, flame speed and chemical time scale are computed,
yielding respectively 0.25 mm, 56 cm/s and 0.46 ms. Special attention is paid to
the definition of the laminar flame thickness in order to be consistent with the
Borghi diagram according to Peters’ viewpoints. Conversely, incorrect conclu-
sions might be drawn if the laminar flame thickness is computed inconsistently
with Borghi’s diagram relations.

The SSF classification shows that the combustion occurs in the transition
region between the thin reaction sheets and the flamelets in eddies regime. A
bounded region is determined, rather than pinpointing the flame in the Borghi
diagram, thereby taking into account the assumptions and error contributions.
In view of this, the methane-air flames of two other research groups are also
included on Borghi’s representation. Due to different definitions of the flame
thickness, their data were re-examined, yielding the data to become in well
agreement with the findings presented in this work.

6.2 Recommendations for further research

Research work is a continuously ongoing process and this thesis is by far an
exception to that fact. In the course of this work, a number of issues either
remained unsatisfactorily explained to some extent or were beyond the scope
of the study. Few other items were put to discussion, requiring continued
research in order to verify assumptions and/or assertions. Further research
recommendations may concern the following:

Improvements of the experimental techniques

The experimental techniques have limited the study, in that only a 2D LDA
system was used whereas the flow structure of the swirling combusting jet is
three-dimensional. Simply installing a third component would seem the obvious
solution, however, it will certainly handicap the measurement data rates further
on. At least, if one is already able to acquire sufficient LDA signal in these
types of highly confined reacting flows. Following this, a second handicap
showed up with this limited data rate of non-equidistantly sampled data. It
turned out that long lasting experiments are needed in order to obtain reliable
autocorrelation functions, of which integral time scales are deduced.

No simultaneous temperature data are recorded with the LDA velocity
measurements, such that the density bias effect is not compensated for. Using
a triggered high frequency CARS system in combination with an LDA system
may address this problem. However, this goes with significant equipment costs
and requires a skilled experimenter, typical of post-doctoral level.
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This work showed the regions of interest, such that further research efforts
can focus. The use of a double LDA system, be it even 1D, is very promising
in order to obtain spatial correlations from which e.g. integral length scales are
directly derived. In addition, this spatial configuration can resolve the ambi-
guity regarding the turbulent velocity fluctuations (u′). The assertion that the
flow structure features slowly varying large-scale motion on which finer grain
turbulence is superposed mandates detailed turbulence description. Hence, the
precessing and/or the flapping motion can be quantified and compared with
the work by others.

The quantification of the degree of dilution (r∗) and preheat (T∗) of the
reactant stream is a difficult aspect of the lifted flame. Instantaneous snap-
shots revealing both the temperature and composition simultaneously would
be top of the bill. However, this issue will envelop an entire new thesis due to
experimental challenges and due to the difficulty of reliable data quantification
in terms of absolute numbers.

Coanda flow pattern

The low swirl Coanda flame is very remarkable. As already mentioned, the par-
ticulars of the burner in combination with the annular outflow characteristics
determine wether or not a flow can be deflected by 90◦ without any substantial
help of the swirl. The study has indicated that the Coanda flow structure re-
quires no combustion and that the latter superposes on the cold Coanda flow.
Currently, new research has already been initiated in this regard. Preliminary
tests pointed to the importance of the quarl opening angle and the necessity of
a step in the expanding confines of the burner quarl. In addition, a disturbance
of the zero swirl flow, caused by radial cross-stream injection, revealed to con-
tribute to the setup of a Coanda flow as well. Yet, results are preliminary and
certainly the discussion of the physics of the phenomena is still incomplete.

The research will be performed both by means of specially designed exper-
iments and by means of computational fluid dynamics analysis. The experi-
ments focus on different geometries. In a first step, rather qualitative tests are
done that determine when a Coanda flow establishes. In a second step, the rep-
resentative configurations will be withheld for quantitative examination using
LDA and particle image velocimetry (PIV). The latter technique in particular,
is able to capture a instantaneous global picture of the flow field including local
vortex structures or local compression and/or expansion effects.

Practical use of the Borghi diagram

Many researchers have attributed their flames to one of the combustion regimes
described by the Borghi diagram. The classification requires the measurement
(or estimation) of many parameters and computation of properties. To date,
unfortunately, very little is done with this information in view of engineering
concerns. The reason is that many setups are laboratory designs serving as a
database for modelers performing computational combustion.
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The study showed that flow characteristics u′ and `0 are formed in the
burner head, whereas the combustion mode determines the properties of the
reactant stream, leading to the e.g. the lifted flame. After its allocation in the
regime diagram, the question “What next ?” is likely to rise. This work states
that the classification in the Borghi diagram is just a first step. The challenge
however, is to link the Borghi regimes to important engineering issues like
(1) NOx emissions or other pollutant formation, (2) robustness to combustion
instabilities and (3) general flame stability, thereby making the Borghi diagram
a designing tool for practical applications. Recall the promising Homogeneous
Charge Compression Ignition technique by Honda operating in the distributed
regime. Lack of interest and an uncertain future made the research just to stop
where it actually should be continued instead.

Modelling

This work has offered an important quantity of experimental data that can
serve as a database for model verification and improvement. LES researchers
may find a challenge in predicting various quantities related to this type of
lifted swirling combustion. Much of the modelling of turbulent flames is still in
the research stage and better understanding of interaction between turbulence
and the structure of flamelets is needed to advance the theory.
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Appendix A

Compact Fired Heating
Units

This appendix presents relevant results which initiated the further exploration
and detailed study of swirling combustion. First, the CFHU setup is described
in section A.1. Next, section A.2 addresses the issue of the dimensions of
the combustion chamber. Further experiments have shown that adding some
degree of premix to the mixture improves the low NOx potential. How this phe-
nomenon showed up, is discussed in section A.3. Finally, section A.4 presents
the evolution of the NOx reduction progress that was made during the CFHU
project, and evaluates some alternatives.

A.1 Experimental setup

In the framework of the CFHU project, the mechanical department of the
K.U.Leuven was contracted to study low NOx burners that are installed in
cylindrical fluid heaters, suitable for small and medium heating appliances in
the process industry. To this end, three experimental thermal oil heaters with
each a different diameter have been designed and supplied by a boiler manu-
facturer. A photograph of the setup is shown in figure A.1a. Their combustion
chambers are formed by a helically coiled tube such that it creates a cylin-
drical volume. In a practical installation, there are also a second and third
pass-through in order to exchange more heat. In this setup, the flue gases flow
through the combustion chamber directly into the stack. Thermal oil flows
through the tubes and can be heated up to 300. . . 350 ◦C at atmospheric pres-
sure. The 30 kW IFRF burner (see section 2.3) is installed in the refractory
insulated front wall and is horizontally fired. A concrete stopper (also shown in
figure A.1a) is placed in the rear of the combustion chamber allowing to vary
its length. The combustion gases thus flow through the annular space between
the coiled-tube wall and the stopper into the exhaust section.

Figure A.1b presents a scheme of the nine combustion chamber geometries
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(a) (b)

Figure A.1: Compact fired fluid heaters (a) Photograph of the setup in the labora-
tory. Three units of fixed diameter, the length can vary using different stoppers. (b)
scheme of the geometries, including diameter (D) and approximate length (L). The
configurations are labelled using A, B, C and 1, 2, 3 notation. The numbers inside
the boxes denote the specific thermal load which is expressed in MW/m3.

that were used in this research. The diameter (D) and approximate length
(L) is given and the accompanying capitals (A, B, C) and numbers (1, 2, 3)
denote the configuration. The number inside the boxes indicates the specific
thermal load, defined as the ratio of the burner power to the volume of the
combustion chamber. This value provides a measure for the intensity of firing
and is expressed in MW/m3. Moreover, it can be seen as being proportional to
the total cost of the heating unit. The range of specific thermal loads extends
from 0.52 MW/m3 to 2.92 MW/m3, which is the range that is currently used
in commercial units. In the past, due to the lack of NOx reducing technologies
at that time, the firing intensity dropped from 4 MW/m3 down to 1 MW/m3

and less to reduce the NOx emission. In addition, more excess air had to
be applied in the units to keep the NOx low, decreasing the thermal efficiency
proportionally. The CFHU research aims at increasing the firing intensity back
to values of the “pre- low NOx”era because of the significant increase in costs
and needed floor space that were associated with the stringent NOx regulations.

For reference purposes, a commercial low NOx burner as well as an in-house
developed premixed surface burner are also tested. The surface burner applies
a metal tissue, made of stainless steel fiber, aiming at increasing the radiative
heat transfer by the hot glowing tissue.

A.2 Influence of the geometry

A summary of the influence of length and diameter on the NOx emission is
shown in figure A.2, more specifically for the swirl burner working at nominal 30
kW power, at maximum swirl (S = 1.12) and with a stoichiometric ratio0(SR)
equal to 1.10. The NOx numbers are given in mg/Nm3 based upon 3% O2

dry flue gas conditions and vertical error bars are added in the graph, showing
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the relative accuracy margin of ≈ 7% on the NOx measurement technique (see
section 2.8).

The absolute NOx numbers reveal the good performance of the research
burner, which in all cases maintains the NOx level below 55 mg/Nm3. This
is far under the maximum limit of 100 mg/Nm3 for any gas fired heating unit
with more than 100 kW burner power [4]. A general trend is that a longer con-
finement leads to lower NOx emissions. However, the gain in NOx reduction is
only marginal whenever the length exceeds 0.3 m. The associated specific ther-
mal loads are rather poor, except for the small diameter (D = 0.26 m). Below
L ≈ 0.3 m, the specific thermal loads increase and so do the NOx emissions.
The reasons for that are (1) the higher average temperature due to higher heat
input per unit of volume and (2) less cooling surface due to shorter combustion
chamber. Accordingly, the recirculation flows (i.e. the ERZ near the walls and
the IRZ along the centerline) become hotter as well, resulting in a hot flame
favoring thermal NOx production.

Roughly speaking, a higher firing intensity leads to higher NOx although
this relation is far from monotonic. Comparison of the D = 0.4 m and the
D = 0.26 m curves show that very similar NOx emission exists, although firing
intensity is doubled. The diameter plays an important role and this indicates
that the setup of recirculation patterns is strongly influenced by this parameter.
Especially the ERZ flow which, in a practical heating unit, feeds “cool”products
back into the flame. The D = 0.33 m curve looks advantageous, however, a rea-
sonable specific load dictates a very short combustion chamber (L ≈ 0.15 m).
This has several consequences, namely that (1) the available cooling surface for
radiation is limited, (2) technical construction would result in an unpractical
device and (3) applications of longer flames are excluded. The research burner
features a relatively short flame due to the high swirl, but many other available
burners produce much longer flames that would quench against the back wall,
damaging the latter and producing high CO emissions. Therefore, the study
focusses on the smaller diameter (D = 0.26 m) with a medium length of 0.32 m.
Many experiments are run in this geometry as it provides a good engineering
compromise between low NOx, high specific thermal load, suitability for many
burners, and good feasibility for construction and installation of this type of
fluid heaters. This observation also supported the choice of the diameter of the
octagonal setup.

A.3 Influence of the fuel rod position

One such type of additional series of experiments concerns the change of fuel
rod position. In the standard burner configuration, the fuel is conducted via
a fuel rod and is radially injected into the swirling combustion air stream
at the end of the annular burner channel. A schematic drawing is shown in
the left part of figure A.3. The fuel rod ends in line with the start of the
expanding quarl section. Varying the position of the fuel rod, a previously
uninvestigated parameter, has shown up as a factor affecting the NOx emission.



136 Appendix A. Compact Fired Heating Units

Figure A.2: NOx emission vs. length and diameter of the combustion chamber. The
specific thermal load is expressed in MW/m3. Power = 30 kW, swirl = 1.12 and
stoichiometric ratio (SR) = 1.10.

The middle drawing of figure A.3 shows a -15 mm withdrawn position relative
to the standard position (0 mm).

The effect of the fuel rod withdrawal on the NOx is shown in figure A.4.
The fuel rod position varies in discrete steps of 3 mm in either forward or
backward direction and various stoichiometric ratios (SR) are investigated. The
accompanying labels denote the NOx numbers and iso-NOx contours illustrate
the evolution. Withdrawing the fuel rod more than 18 mm upstream caused
flame instability and so did a forward fuel rod position of more than 5 mm.
The data are presented for the C2 heating unit, but the effects have likewise
been observed in the other configurations.

Three zones can be identified from figure A.4. A first zone (+3. . . 0 mm)
where a small forward position leads to a moderate increase in NOx. A second
zone (0. . . -3 mm) features a large slope of the contours, revealing the major
gains in NOx reduction that are achieved, only by slightly withdrawing the fuel
rod. For the heating units B2 and C2, a decrease of about 20 % is measured.
For the A2 configuration, the percentage even rises up to 45 %. In the third
zone (-3. . . -15 mm), the decrease in NOx proceeds, but not as fast as in the
above mentioned zone. Stability of the burner is retained, although the burner
quarl becomes too hot and glowing at lower power ratings indicating that the
flame is able to creep upstream inside the quarl, and even beyond, inside the
cylindrical duct. From this, it is suggested that the air and fuel form a partially
premixed stream allowing for combustion. Note that the back end of the fuel
rod acts as a stabilizing bluff body and also serves to maintain a high velocity in
the annular duct on which the flame cannot stabilize. Therefore, it is necessary



A.3. Influence of the fuel rod position 137

Figure A.3: Fuel rod configurations in the IFRF burner. (Left) Standard position,
24 fuel nozzles at the end. (Middle) -15 mm withdrawn position. (Right) New fuel
rod in standard position with the fuel nozzles 15 mm upstream.

to keep the fuel rod in its standard position in order to preserve the burner
head’s structural properties.

On this basis, a new fuel rod is designed where the 24 nozzles of the gas are
positioned 15 mm upstream. The rod ends at the standard position as is shown
on the right drawing of figure A.3. The results of the experiments regarding
the three fuel rod configurations (figure A.3) are presented in figure A.5, again
for the C2 heating unit. The new fuel rod substantially decreases the NOx

emission further on, down to values as low as 23 mg/m3 for SR = 1.1. The
gain is dramatic, up to 50 %, meriting a further search for the physics of this
effect. Figure A.5 also reveals the proportional decrease in NOx with leaner
combustion, providing a possible solution when an existing unit exceeds the
NOx limit. However, note that the thermal efficiency will drop accordingly.

The experiments suggest that the decreased NOx emission is due to the
premix of the reactants, making this parameter a full study object. In the new
setup (see chapter 2), the degree of premix showed up to initiate multiple flame
patterns, something that presumably occurred as well in the fluid heaters but
remained a hidden feature at that time. Though, there were already a few
indications that pointed to undisclosed flame behavior. (1) A combination of
the new fuel rod with some little variation of the swirl could cause an abrupt
NOx decrease. (2) Simultaneously, the noise produced by the flame, obviously
changed into a lower frequency “humming-like” sound. (3) Finally, via the
quartz glass observation port in the rear of the heating units and through the
5 cm hollow space in the stopper, it was possible to look along the axis of the
burner. This revealed that the regularly observed attached tulip flame was
gone, but still, combustion was clearly ongoing somewhere else in the combus-
tion chamber. Note that there is no difference in thermal output or efficiency,
nor is there CO produced, proving that the combustion is well established.
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Figure A.4: NOx emission vs. the fuel rod position and vs. the stoichiometric ratio
(SR). The labels specify the NOx numbers in mg/Nm3 at 3% O2and iso-NOx contours
are drawn. Heating unit C2, L = 0.32 m, D = 0.26 m, specific thermal load = 1.75
MW/m3. Power = 30 kW, swirl = 1.12.

A.4 Evolution of the NOx emission

In this section, some representative results are put together on the bar graph
of figure A.6, roughly showing the evolution of the NOx reduction progress in
the course of the CFHU project. It compares the various operating modes of
the IFRF burner with a commercial low NOx burner and with the metal fibre
surface burner. The comparison is given for two stoichiometric ratios (SR =
1.1, 1.2) and the C2 confinement is used.

The commercial burner does also meet the 100 mg/Nm3 requirement if the
SR ≈ 1.13, but important is the general trend showing the high potential of the
swirl burner. This type of combustion allows to work with a recuperative air
preheater such that the thermal efficiency is improved. In figure A.6, two tests
with the IFRF burner with a 200 ◦C air preheat are included: for the standard
and the new “premixing”fuel rod respectively. The NOx values remain low,
64 and 37 mg/Nm3 respectively at SR = 1.1, proving that the swirl burner is
highly resistant to combustion air preheat with respect to the increase in NOx
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Figure A.5: NOx emission vs. the configuration of the fuel rod and vs. the stoichio-
metric ratio (SR). Heating unit C2, L = 0.32 m, D = 0.26 m, specific thermal load
= 1.75 MW/m3. Power = 30 kW, swirl = 1.12.

emission.
The results of the metal fibre surface burner were obtained within the

framework of another project in 1997 [57], which focused on the structural
properties of the metal tissue rather than on the low NOx issue. To date,
advanced metal alloys and fibres exist that also comply with the low NOx

requirement. Nevertheless, the results are interesting because the reactant
stream is fully premixed and this type of combustion is commonly applied in
domestic heating appliances. The combustion stabilizes either in the metal
tissue at low surface loads (e.g. 570 kW/m2), or above the surface when the
surface load increases (e.g. 4500 kW/m2). In the first case, the tissue glows
(red outlook of the burner) and provides flame cooling by radiation, thereby
reducing the NOx production. In the second case, the flow velocities are too
high to stabilize the flame on the surface and, as a consequence, it stabilizes
a little downstream of the tissue, forming a flat sheet of small blue natural
gas flames. The only way to cool the premixed flame is by means of applying
more combustion air. However, the latter has a limit, as is illustrated by the 92
mg/Nm3 NOx value. This low value is explained by the incomplete combustion
because the flow velocity of the reactant stream becomes too high, the flame
speed drops simultaneously and therefore the flame tends to locally quench or
blow off.
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Figure A.6: Evolution of NOx emission vs. burner configuration and stoichiometric
ratio (SR = 1.1 & 1.2). Heating unit C2, L = 0.32 m, D = 0.26 m, specific thermal
load = 1.75 MW/m3. Power = 30 kW, swirl = 1.12.

A.5 Summary

A constant drive for cleaner combustion puts the NOx issue in the picture, ini-
tiating research on new burners and combustion techniques. The experiments
in the compact fired fluid heaters provide a link with the application of swirl
burners in practical systems. Various parameters such as swirl, excess combus-
tion air, geometry, power and air preheat are investigated in view of the NOx

emissions. The outcome of the project states that the use of swirl burners in
small confinements allows for low NOx high efficiency and compact units.

An additional series of experiments revealed that the change of fuel rod
position affects the NOx emission and suggested a change in flame behavior to
be responsible. This phenomenon opens up prospects for a new study object,
namely the degree of premix, which initiated multiple flame patterns that are
investigated in detail to unravel the underlying physics.



Appendix B

Laser Doppler Anemometry

B.1 Properties

The main advantage of the LDA technique over conventional measurement
techniques, such as hot-wire anemometry (HWA) or pressure probes, is that
it is non-intrusive. By consequence, the flow is not disturbed by any physical
probe in the flow during a measurement. Other advantages are [1, 72]:

• The Doppler frequency is a measure for the velocity component in a
direction that is determined by the geometry of the optical arrangement.

• There is a linear relationship between the Doppler frequency and the
velocity, resulting in a single calibration factor. The calibration factor
depends only on the geometry of the optical arrangement and the fre-
quency of the light source, and is independent of the flow properties.

• The LDA combines a good spatial resolution with a high temporal res-
olution. Especially for multi-component measurements, the spatial reso-
lution of LDA is superior to that of HWA.

• The technique is directionally sensitive, which means that it is able to
measure e.g. flow reversal.

The combination of these advantages makes LDA ideally suited for measure-
ments in turbulent flows. Both the magnitude and the direction of the in-
stantaneous velocity vector can be measured. It does not only give accurate
information on relatively simple single-point statistics, such as mean and fluc-
tuating velocities, but the non-intrusive nature also enables the measurement
of more complex quantities such as the autocorrelation function (acf) from
which characteristic time scales of the flow can be determined. A two-point (or
multi-point) system will allow the measurement of spatial correlations and the
accompanying characteristic length scales of the flow.
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The list of advantages is impressive, it resembles the specification of an
ideal measuring instrument. However, it is not difficult to list some serious
drawbacks of LDA:

• LDA samples the velocity when a particle transits the measuring volume,
i.e. the region in space where the measurements are taken. Since the par-
ticles are randomly distributed in space, the sampling times are random
as well. The random nature of the sampling process precludes the use of
many standard data-processing methods (such as the fast Fourier trans-
form (FFT) algorithm) for the autocorrelation analysis of the turbulent
velocity fluctuations. The appropriate calculation methods are addressed
in chapter 5.

• The processing of the randomly sampled data is further complicated by
the dependence of the sampling process on the flow velocity. This phe-
nomenon is known as the velocity bias and may not be overlooked [31].
Erroneous statistics will result if the velocity bias is ignored during the
processing of the data (see section 2.4.4).

• LDA measures the velocity of small particles that move with the flow and
therefore, proper seeding of the flow is required. For this purpose, both
the fuel as well as the swirling flow are seeded with oven dried Al2O3 par-
ticles with an average size distribution of 1 µm. The metal oxide is inert
in a reacting flow, and in this work, it is used in combination with some
silica that has been added in order to enhance the fluidization process by
the cyclone seeder. Since the quantity of interest is the fluid velocity, the
relationship between the particle velocity and the fluid velocity must be
known. Details on the characteristics of the seeding and its behavior in
a flow are addressed in appendix B.

B.2 Doppler frequency with heterodyne detec-
tion

In the low-velocity range, |~v| < 300 m/s, the Doppler frequency can be deter-
mined with an optical mixing or heterodyne technique in conjunction with a
square-law detector. The essence of heterodyning is that when two light waves
with slightly different frequencies, fw1 and fw2 , are mixed on the surface of a
square-law detector, the output signal oscillates with the difference frequency
fw1 − fw2 . The optical arrangement for a dual-beam configuration is repeated
here in figure B.1.

The laser beam with frequency f0 is split into two parallel beams. A lens
focuses both beams and the overlap region of the beams creates the elliptical
measuring volume (MV). When a particle with a velocity ~v passes through the
MV, it scatters light in all directions. Some of the light thus scatters in the
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Figure B.1: The optical arrangement for the dual-beam heterodyne LDA.

direction of the detector (~ed) and their respective frequency is written as [72]

fw1 = f0 + ~v(~ed − ~ei1)/λ0

fw2 = f0 + ~v(~ed − ~ei2)/λ0



 ⇒ fD ≡ fw2−fw1 =

~v(~ei1 − ~ei2)
λ0

.(B.1)

The unit vectors ~ei1 and ~ei2 indicate the direction of the incident beams, and
the Doppler frequency fD is now defined as the difference between fw1 and
fw2 . Inspection of equation (B.1) shows that fD is a measure for the velocity
component in the direction of ~ei1 − ~ei2 (= y-axis), which is perpendicular to
the source laser beam (= x-axis). Referring to figure B.1, it is seen that the
expression for the Doppler frequency, equation (B.1), can be rewritten as

fD =
~v(~ei1 − ~ei2)

λ0
=

2 sin(θ/2)
λ0

|~v| sinα, (B.2)

where θ is the crossing angle of the incident laser beams and α is the angle
between the velocity vector and the x-axis.

B.3 Directional ambiguity

The frequency difference fD can be positive or negative depending on the value
of α. A particle moving through the measurement volume with velocity −~v
generates the same Doppler frequency as a particle that moves with velocity
+~v.

As a result, the LDA in its basic form is unable to determine the sign of
the velocity. The insensitivity to the direction of the particle velocity is usually
referred to as directional ambiguity. The common method to remove this am-
biguity is frequency shifting. In that case the frequency of one of the incident
beams in figure. B.1 is shifted by a constant value fs. This can be achieved
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Figure B.2: The effect of frequency shift on the relationship between the particle
velocity.

with an acousto-optic Bragg cell. Due to the frequency shift the relationship
between Doppler frequency and particle velocity becomes (assuming fs � f0)

fD = fs +
2 sin(θ/2)

λ0
|~v| sinα , (B.3)

as illustrated in figure B.2. If the shift frequency fs is chosen larger than the
Doppler frequency that corresponds to the smallest anticipated velocity in the
flow, vmin, each value of |fD| is uniquely related to a single velocity value, and,
as a consequence, the directional ambiguity is removed. In practice, one usually
sets the shift frequency fs about two times larger than the Doppler frequency
that corresponds to vmin [72].

B.4 Measuring Volume

The heterodyne technique results in the setup of two intersecting laser beams
for each velocity component as addressed in chapter 2. The measuring volume
is elliptical and its dimensions can be calculated using figure B.3a.

Figure B.3b shows a closeup of the intersecting laser beams, which are rep-
resented according to their plane wave behavior. As a result, the interference
pattern creates “fringes”, i.e. successive zones of enhanced (positive inter-
ference) or suppressed (negative interference) laser light intensity. A particle
crossing through the MV creates bursts of scattered light and this provides a
method in order to determine the Doppler frequency. The length (lmv) and
diameter (dmv) of the MV are calculated as

lmv = 4 f λ0

π d0 sin (θ/2) and dmv = 4 f λ0

π d0 cos (θ/2) . (B.4)

In this study, the focal length of the lens f = 350 mm, the half angle equals
4.09◦, the waist d0 = 2 mm and the respective wavelengths λbl and λgr are
488 and 514.5 nm respectively. Substitution of the values into the equation



B.5. Particle characteristics 145

(a) (b)

Figure B.3: (a) Length (lmv) and diameter (dmv) of the measuring volume. λ0 is
the wavelength, d0 is waist of the laser beam, f is the focal length of the lens and
θ/2 is the half angle of the intersecting beams. (b) A particle with velocity ~v passes
through the interference pattern of light waves. An estimate of spatial resolution
≈ ± 0.5 mm.

yields dmv ≈ 0.11 mm and lmv ≈ 1.55 mm for both beams. Consequently, the
measuring volume may include particles that are more than a millimeter sep-
arated in space, restricting the spatial resolution in the longitudinal direction
(=perpendicular to the velocity component). Fortunately, this event is seldom
because the volume of the MV ellipsoid is small at the side lobes. Moreover,
the LDA system requires a certain number of Doppler bursts of one single par-
ticle before it is acknowledged and validated by the data processors. Particles
that pass through the outer lobes will not fulfill this requirement. As such,
it is concluded that the virtual length of the MV approximates 1 mm in the
longitudinal direction and the diameter ≈ 0.1 mm in radial direction.

B.5 Particle characteristics

The light-scattering particles form an essential element of the LDA measuring
system. In general, it is highly appreciated if the particles are cheap, easy to
generate, non-corrosive and non-toxic. For application in combustion measure-
ments, they also may not burn nor catalyze the reacting flow. The suitability
of the particles for application in LDA mainly depends on their dynamical and
optical characteristics.

The optical characteristics basically include that the particles scatter light
with sufficient intensity for the photo detector to generate high-quality Doppler
signals. Investigation by Durst [23] based on Mie’s scattering theory shows that
the amplitude and the visibility of the Doppler signals depend on the particle
diameter, the refractive index of the particle material, the wavelength of the
laser light, the angle between the incident laser beams and the aperture and
orientation of the receiving optics. In general, the amplitude and visibility of
the Doppler signals increase with increasing particle size and increasing index
of refraction.
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The dynamical characteristics of dispersed particles determine their ability
to accurately follow the fluctuations in the fluid velocity even at high frequen-
cies. The motion of a rigid, spherical particle in a viscous flow is governed
by the Basset-Boussinesq-Oseen (BBO) equation. Tummers [72] addresses a
simplified equation of motion which is given by

ρp
πd3

p

6
dup
dt

= 3πνρfdp(uf − up), (B.5)

where ν is the fluid kinematic viscosity, dp is the particle diameter, up and uf
are the particle and fluid velocities and ρp and ρf are the particle and fluid
densities, respectively. The equation’s left-hand side represents the force to
accelerate the particle. The term on the right-hand side is the drag of the
particle for which Stokes’ drag law is used. The validity of equation (B.5)
is restricted to high values of the density ratio σr ≡ ρp/ρf and to normal
acceleration values. Furthermore, the effects of centrifugal forces, electrostatic
forces and gravity are ignored.

Table B.1: Maximum particle diameter requirement regarding the frequency
of the velocity fluctuations for various seed materials.

Seed Density ratio σr Maximum diameter [µm]
material (in air) 1 kHz 5 kHz 10 kHz

DEHSa 760 2.8 1.2 0.9
Glass beads 2080 1.7 0.8 0.5

Al2O3 3250 1.3 0.6 0.4

aAbbreviation for Diethylhexylsebacate which is an oil-like fluid that is dispersed
in the flow using an aerosol generator.

A criterion for the diameter of the particles can be derived from equa-
tion (B.5). Therefore, the fluid and particle velocity are expressed in terms
of Fourier components. Substitution of uf = eiωt and up = η(ω)eiωt in equa-
tion (B.5) yields the amplitude ratio |η| as

|η(ω)| = Ω√
Ω2 + ω2

with Ω =
18ν
σrd2

p

. (B.6)

The amplitude ratio is interpreted as a measure for the sensitivity of the par-
ticles to changes in the fluid velocity. It is seen from equation (B.6) that the
particle motion is attenuated at high frequencies. Therefore, the maximum
diameter of a particle that follows the velocity fluctuations up to 1 kHz, 5 kHz
and 10 kHz for |η| = 0.99 can be determined. For a selection of frequently used
seed materials, the diameters are listed in table B.1. From these results, it is
concluded that the DEHS particles with a diameter of 0.9 µm accurately track
the velocity fluctuations up to 10 kHz. This seeding is often used in low-speed
non-reacting air flows. High-speed flows generally require smaller particles, be-
cause of the energy of the velocity fluctuations at higher frequencies. On the
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other hand, a reacting flow demands for e.g. glass beads or metal oxides such
as the Al2O3 that is used in this work. Table B.1 reveals that sufficiently small
particle sizes need to be generated in order to report on velocity fluctuations
of order of kHz. Equation (B.5) yields that a maximum of 1.59 kHz velocity
fluctuations can be recorded with 1 µm mean particle size.

In vortical flows the centrifugal forces induce a migration of particles away
from the core region (for σr > 1), thus reducing the particle concentration in the
core. The particle concentration may become so low that LDA measurements
in the core become almost impossible. In this study, however, there exist a
strong internal recirculation zone such that a lot of the seeding from the outer
flow is fed back into the central core of the system.
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Error Analysis

C.1 Introduction

C.1.1 Definition

Measuring a quantity is very important in many regards. A measurement
inherently raises the question “how accurate is all this?” Consider that of a
quantity, the exact value a′ (yet unknown) is to be measured, resulting in the
measured quantity a. Hence there exists the error |a − a′| which is likely to
be minimized. A representation of the measurement process is introduced in
figure C.1

Figure C.1: Error definition.

A measurement aims at estimating the value of a’ as good as possible and
thereby reducing the error to a minimum. It is common practice to specify a
maximum absolute error ∆a such that the exact value a’ lies with 95% proba-
bility within the uncertainty interval amin . . . amax. A result of a measurement
is represented by

a′ ≈ a±∆a . (C.1)
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The experimental error (∆a) for a measured quantity results from (1) sys-
tematic error sources (∆as) and (2) random error sources(∆ar). The systematic
errors ensue from inaccuracies of the instruments as well as the calibration, and
from signal acquiring errors, whereas the random errors arise from the random
scatter in the measurement data. Both contributions add up as

∆a = ∆as + ∆ar . (C.2)

Both error contributions are unrelated and thus, if the standard deviation
of the error (σ) is known, the following expression can be used

σ2
a = σ2

as + σ2
ar . (C.3)

Systematic errors can, in general, strongly be reduced by an appropriate
calibration method. The remaining uncertainties result from the device specific
imperfectness and the still remaining uncertainty on the calibration. The ran-
dom errors can be reduced by increasing the number of measurements, provided
that each subsequent measurement is statistically independent of the former.
The error contribution diminishes in this case by a factor 1/

√
n where n is the

number of measurements.

C.1.2 Propagation of errors

Often, measurement data are used in further calculations of several physical
parameters, introducing in turn, errors on the results. Consider a function f
that applies measurement data ai such that f = f(a1, a2, . . . ai). In case the
ai are independent, the error in the measurement will propagate through the
calculations as

∆f =

√√√√
n∑

i=1

(
∂f

∂ai
·∆ai

)2

(C.4)

C.2 Velocity

A discussion on the accuracy of the mean and rms values of LDA measurements
has already been addressed in section 2.8. The comprehensive work done by
Absil [1] and Tummers [72] has been a guideline in the search for accuracy
estimates for the LDA data presented in this work. There are many places in
the measurement chain where things may go wrong. The following list briefly
mentions most of them:

C.3 Temperature

The technical specification of the alloy mentions an error limit of maximum
0.5% in the 800. . . 1700 ◦C range, but this only covers deficiencies in the alloy
material itself and the imprecision in the voltage to temperature conversion
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table. The reference junction inaccuracy is negligible because the Seebeck
effect produces zero voltage at room temperature. Therefore, the extension
wires are simple copper-copper leads.

Temperature measurements in hot confined reacting flows, however, require
a good probe design and a post-processing radiation correction ∆Trad proce-
dure. Uncertainties in the various applied parameters in equation 2.11 form
the substantial part of the error on temperature data. A pragmatical approach
to estimate the uncertainty on this correction term, is to determine the min-
imum and maximum correction resulting from the spread on the parameters.
Table C.1 summarizes the reference values applied in equation 2.11 including
the estimate of deviation (∆).

Table C.1: Pragmatical estimate of the uncertainty on the temperature
measurement.

Parameter value ∆ unit

Velocity 10 ± 5% m/s
Tw 700 ± 10% ◦C
ε 0.2 ± 20%
diameter 0.15 ± 5% mm

The result of this analysis is shown in figure C.2a where the minimum and
maximum correction ∆Trad versus the gas temperature is displayed. This plot,
it reveals that substantial radiative heat losses exist (e.g. 70 ◦C correction to
the probe temperature in order to obtain a 1400 ◦C gas temperature). The
uncertainty on this correction value is of the order of 22 ◦C. The plot in fig-
ure C.2b shows the absolute error margins of the thermocouple measurement,
including both the 0.5 % error of the alloy imperfectness and the error on the
radiation correction. As an example, the 1400 ◦C gas temperature lies within
the interval 1400− 26 ≤ Tgas ≤ 1400 + 29 ◦C.

C.4 Species

In order to obtain a good estimate of the measurement error on the respective
concentrations, three error contributions are discussed, i.e. the calibration er-
ror, the analyzer inaccuracy and some random scatter error on the data. As
will follow from the subsequent discussion, the relative errors can be evaluated
and therefore, the uncertainty on a measured value is often given as a percent-
age of the reading. The relative error on the concentration measurement of a
species (δspec) is thus calculated as

δspec = δcalib + δanal + δscatter . (C.5)

Each of the analyzers applies a two point calibration for the zero and the
span setpoints respectively. In all cases, 100% N2 with a negligible amount of
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Figure C.2: Type B thermocouple error analysis according to equation 2.11 (a)
Reference, minimum and maximum radiation correction ∆Trad versus the gas tem-
perature. (b) Error margins of temperature measurements.

impurities is used for zero calibration. The span setpoints are calibrated using
certified calibration gases which are summarized in table C.2.

In the technical specifications of the analyzers, standard accuracy limits
as well as upper limits of various possible influencing parameters are adopted,
including the repeatability, resolution, non-linearity, temperature and pressure
influences. On top of that, some small additional error of the signal acquiring
system may also be taken into account due to the transfer of the 4-20 mA output
signal into a digitized personal computer format, although this contribution
is only of second order. A study of these technical data has been made and
table C.3(I) summarizes the results of δanal in percentage of the actual reading.

With respect to the random scatter of the concentration readings, an eval-
uation of this contribution can be made by applying the calibration gas for a
longer period and recording the consecutive readings of the steady state con-
dition. The spread of this record may be seen as a measure for the noise in the
entire measurement system, creating a random source of error on the readings.
δscatter is specified in table C.3(II). Many recordings after the completed cal-
ibration procedure have revealed that this scatter is very small for this class
of analyzers (δscatter ' 0), except for the CxHy and the NOx where an addi-
tional 0.5% random relative error contribution is to be included (δscatter ' 0.5).
Alternatively, one could also argue that some of this noise was already incorpo-
rated in the specifications provided by the manufacturer (δanal) and therefore,
that a straightforward sum of the three error contributions would actually
overestimate the error. Finally, all contributions are added up according to
equation C.5 and table C.3(III) presents the estimates of the error on the con-
centration measurements of a species (δspec).
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Table C.2: Composition of the calibration gases and resulting relative cali-
bration errors (see equation C.5).

Species Componenta ∆ Unit δcalib
[%]

O2 5 ± 0.1 vol % 2
O2 20.80 ± 0.1 vol % 0.5

CO2 15 ± 0.3 vol % 2
CO 1000 ± 20 ppm 2

5000 ± 100 ppm 2
5 ± 0.1 vol % 2

CH4 1000 ± 25 ppm 2.5
CH4 9 ± 0.27 vol % 3
C3H8 100 ± 3 ppm 3
C3H8 1000 ± 25 ppm 2.5
NOx 99 ± 4 ppm 4

adissolved in N2

Table C.3: Relative error contributions (see equation C.5). (I) Analyzer.
(II) Random scatter. (III) Concentration measurement of a species.

(I) (II) (III)

Species δanal
[%]

O2 1.0
CO2 1.5
CO 1.5
CxHy 2.0
NOx 3.0

Species δscatter
[%]

O2 0
CO2 0
CO 0
CxHy 0.5
NOx 0.5

Species δspec
[%]

O2 3.0
CO2 3.5
CO 3.5
CxHy 5.5
NOx 7.0

C.5 Stoichiometric ratio

The stoichiometric ratio (SR) is defined as the ratio of actual applied combus-
tion air to the theoretical combustion air requirement. Because the absolute
flow measurement of the combustion air flow is not accurate, the SR is in-
directly quantified using the O2 and/or CO2 analyzers. The remaining O2

concentration and the produced CO2 concentration in the stack provides a
measure allowing to calculate the SR. If the fuel composition is exactly known,
there is a unequivocal relation between the O2 and CO2 concentration, which
provides a redundancy that is always checked in the course of the experiments.

The calculation procedure is described below, including an error analysis
for each of the constants or parameters that apply in equation C.6. σ is the
ratio of the theoretical required amount of combustion air to the theoretical
amount of air that is required to only oxidize the carbon fraction c. For an
equivalent molar fuel composition CCHHOONNSS , it is computed as
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σ =
C +H/4 + S −O/2

C
σ = 1.9647± 0.01787.

The equivalent fuel equals C94.89H366.16 for the natural gas and the values to
be applied in equation C.4 are listed in table 2.1. Next, K2 is the maximum
obtainable CO2 concentration in dry flue gas. This value is representative
for the fuel-specific CO2 greenhouse gas emission and is reached by complete
combustion under stoichiometric conditions, i.e. the O2 = 0 vol%. K2 is
calculated as follows

K2 =
0.2095

0.20.95 · (1 + υ) + 0.7905 · σ ,

K2 = 0.1188± 0.0012,

where υ = 0.5 · NC = 0. Using the fraction of CO2 and O2 in dry flue gas,
denoted with k2 and k3 respectively, SR is calculated as

SR = 1 +
0.2095

2 · σ ·K2︸ ︷︷ ︸
F

·
(

N︷ ︸︸ ︷
(2 +K2) · k3 + k2 −K2

0.2095− 0.395 · k2 − k3︸ ︷︷ ︸
D

)
, (C.6)

SR = 1.10± 0.014.

The error on the SR has been calculated using equation C.4 and the values of
σ,∆σ,K2,∆K2 specified above. The dry oxygen concentration k3 = 2.07 vol%
and carbon dioxide k2 = 10.74 vol%, the errors on the concentration measure-
ments follow from table C.3III. The partial derivatives compute as

∂SR

∂σ
= −0.2095 · F

2 ·K2 · σ2
,

∂SR

∂K2
= − 0.2095

2 · σ ·K2
2 ·

N

D
+ F · (k3 − 1)

D
,

∂SR

∂k2
= F · D + 0.395 ·N

D2
,

∂SR

∂k3
= F · D + 0.395 ·N

D2
.



Appendix D

Henri Coanda

Henri Coanda was one of the pioneers of the Romanian aviation, and can
be considered as the parent of the modern jet aircraft. He built the first jet-
propelled aeroplane, using a ducted fan, not a turbojet. Because of the Coanda
phenomenon, at that time not yet understood, the hot exhaust gases tended
to remain very close to the fuselage and set fire to the structure. He later
investigated this effect in detail and the entrainment of a free jet alongside a
curved surface now bears his name.

Figure D.1: Henri Marie Coanda, 1886 – 1972.

D.1 Curriculum

Henri Coanda was born in Bucharest on June 7, 1886 being the second son
of Constantin M. Coanda. He attended the high-school in Bucharest and in
Iasi, after this joining the Bucharest Military School where he graduated as
an artillery officer. Interested by technical problems, especially by flight, in
1905 he built a missile-airplane in Bucharest for the Army. Then he went up
to Berlin to attend studies at Technische Hochschule in Charlottenburg, after
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which he followed with studies at the Science University in Liege, part of the
Electrical Institute in Montefiore. He registered at the Superior Aeronautical
School in Paris where he graduated in 1909.

Henri Coanda began his engineering practice in aerodynamics where he
became world renowned. He was awarded distinctions around the world for
many inventions, a few of them being mentioned here:

• Utilization of a mobile platform for aerodynamic experiments. He mounted
this device on a train and carried out the experiments while the experi-
mental train was running at about 90 km/hr on the Paris-Saint Quentin
route. In this manner he could determine quantitatively aerodynamic
phenomena. Furthermore, using a wind tunnel with smoke and an aero-
dynamic balance of his conception he quantified aerodynamic principles
using a special photo camera (designed by himself). According to these
experiments he could establish the appropriate profile of wings which
were later used for airplanes design.

• Construction of the Coanda-1910, the world’s very first jet aircraft. See
below for further details.

• In 1911 at Reims, Coanda presented a two-engine airplane with only one
propeller.

• Between 1911-1914 while being technical director at Bristol Airplanes in
Great Britain, he designed several airplanes known as Bristol-Coanda air-
planes. In 1912 one of these planes won the first prize at the International
Military Aviation Contest in England.

• Between 1914-1916 H. Coanda worked at Dalauney-Belleville Airplanes
in Saint Denis. Here he designed three types of airplanes, among them
Coanda-1916, with two propellers mounted close to the tail (similar to
the well known DC-9 transport jet).

In 1970, Coanda returned to Romania and settled for the last years of his
life in Bucharest. In 1971, he and Prof. Elie Carafoli reorganized the Aero-
nautical Engineering discipline at Bucharest Polytechnic Institute, splitting the
Mechanical and Aeronautical Engineering Department into two departments of
study – Mechanical Engineering and Aircraft Engineering.

Henri Coanda died on November 25, 1972.

D.2 Phenomenon

However, the most known, studied, and applied discovery of Henri Coanda
is the Coanda Effect . Henri realized for the first time (what would become
known as the Coanda effect) while he was testing his air reactive jet airplane,
the Coanda-1910. A picture and drawing of this innovative aircraft is shown
in figure D.2. After the plane took off, Coanda observed that the flames and



D.2. Phenomenon 157

burned gases exhausted from the engine tended to remain very close to the
fuselage. For a long time this phenomenon of the burned gases and flames
hugging the fuselage remained a great mystery which he explored by exchang-
ing opinions with specialists in aerodynamics around the world. After studies
carried out by Coanda and other scientists, which lasted more than 20 years,
it was recognized in 1934 as a new aeronautical effect. Prof. Albert Metral
named the phenomenon after Coanda.

Figure D.2: The Coanda-1910; The world’s first air reactive jet aeroplane.

On October 8, 1934 Coanda received the pattent, Procedure and device
for the deviation of a fluid inside another fluid. This procedure has so many
applications that it is difficult to pick the most important ones: (1) changing
thrust direction for modern aircraft (thrust reversal), (2) the lowering of noise
levels of reactive engines for high speed aircraft (or for experimental stands),
and (3) the increasing of the lift of aerodynamic surfaces to name a few.

In 1935, based on the ’Coanda Effect’, Henri designed a flying machine
which resembles what is known today as ’flying saucer’ (he called his machine
Aerodina Lenticulara - Romanian). Coanda himself considered that this could
be the most important application of his effect for the aviation of the future;
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in 1967, at a Symposium organized by the Romanian Academy he said:

“These airplanes we have today are no more than a perfection of
a toy made of paper children use to play with. My opinion is we
should search for a completely different flying machine, based on
other flying principles. I consider the aircraft of the future, that
which will take off vertically, fly as usual and land vertically. This
flying machine should have no parts in movement. The idea came
from the huge power of the cyclones.”

D.3 Coanda-1910 aircraft

Henri Coanda’s ‘Coanda-1910’ was a revolutionary aircraft in many ways. First
and foremost, it is now being recognized as the first jet engine aircraft, making
its first and only flight on 16 December, 1910. Coanda’s aircraft was the first
to have no propeller. This was 30 years prior to Heinkel, Campini, and Whittle
who have been considered the “fathers” of jet flight. Missing financial support,
Coanda did not pursue further development of his “reactive” aircraft. Other
innovations of this aircraft included:

• Wings made with steel leading edges instead of wood.

• Movable slats on the forward wing edge to increase lift.

• The wing profile had a strong chamber.

• The two wings were of different lengths and the upper wing was set ahead
of the lower wing which was shorter. This reduced the aerodynamic
interference between the two surfaces. This was later termed Sesquiplan
and reinvented 10 years later where it was applied in Fokker, Breguet,
and Potez aircrafts.

• Gasoline and oil were stored in the upper wing thus reducing the fuselage
size and thus drag.

The engine was the real innovation, though, and it is lost to the aircraft
industry that development was not further pursued in 1910. Coanda’s “air-
reactive engine” was housed under a cowl and was comprised of a 50 hp Cler-
get four-cylinder in-line, water-cooled, gasoline-powered engine rotating at 1000
rpm. Through a gearbox, the engine turned a compressor at 4000 rpm. An ob-
turator (a device that opens and closes similar to an iris in a camera) remotely-
operated by the pilot was found in front of the compressor to regulate the flow
of air into the compressor. The compressor exhaust entered two ring-shaped
burning chambers located on each side of the fuselage. The gasoline engine’s
exhaust and additional fuel was also ported into the chambers. The combustion
of this mixture exhausted from the chambers down the steel-sheeted plywood
sides of the Coanda-1910 producing a thrust of 220 kgf, much greater than
would be available from the gasoline engine and a propeller alone
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He performed the first reactive flight on 16 December 1910, but the flight
ended in an accident because the aircraft sideslipped, fell, and burned. During
this flight Coanda discovered the Coanda effect which is considered now the
basis for the short take off aircraft.





Appendix E

Turbulent Jets

This appendix covers the application of the theories of Boussinesq, Prandtl and
Reichardt to the distribution of mean velocity or temperature and matter in
a round free jet [6, 30, 38]. In these theories use is made of the assumption
of similarity between velocity profiles in subsequent sections beyond a certain
distance from the orifice. The general case is shown in figure E.1 where a jet
with velocity U0 issues from a circular orifice with diameter d0 into a surround-
ing stream with uniform velocity Ua. The jet is axisymmetric and cylindrical
coordinates (z,r) apply as shown in the figure. The origin (z = 0) is taken at
the plane of the orifice and a position upstream (z = -a) is defined as virtual
point of source of the jet. In the jet region the axial velocity U(z) is assumed
to be composed of the velocity Ua of the ambient stream and the velocity U∗0
which is the deviation from the velocity U0 caused by the jet.

U(z) = Ua + U∗0 (E.1)

Hinze [38] comes to the conclusion that in the case Uz/Ua � 1, the spread of
the jet is linear with z+a and the jet velocity decreases in the axial direction
hyperbolically with increasing distance z+a. On the other hand, if Uz/Ua � 1,
the spread of the jet is proportional to (z+a)1/3 and the velocity in the axial
direction decreases according to (z+a)−2/3. In this study, the case applies
where a high velocity axial jet issues in a region with a small velocity Ua, the
spread of the jet will be linear with the height at short distances from the
annular burner channel and the jet velocity will decrease in inverse proportion
to the height.

E.1 Distribution of velocity, temperature or mat-
ter in a round free jet

E.1.1 General case

The general case of a round free jet in a secondary stream is of great interest
in many engineering applications. Perhaps the first to make an extensive in-
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Figure E.1: Development of a round free jet with diameter d0 and mean bulk velocity
U0 issuing in surrounding fluid with velocity Ua. The jet issues (theoretically) from
a virtual point of source located at z = -a.

vestigation of a jet in a secondary stream were Forstall and Shapiro. Later,
many researchers made similar experiments and broadened the domain where
several coaxial-jet configurations were explored and documented.

Forestall and Shapiro obtained empirical relations for the spread of the jet
and for the decrease in the jet velocity as a function of the distance from the
orifice, both for different ratios between the velocity Ua of the ambient flow
and the velocity U0 of the jet. When the issuing velocity U0 is assumed to be
uniform at the orifice, as well as the ambient velocity Ua (no boundary effects),
then close behind the orifice the turbulent mixing zone has zero width. This
width increases with increasing distance z from the orifice up to a distance
zc such that the mixing zone covers the entire jet. Figure E.2 shows this
development of the jet mixing layer. The velocity at the z-axis maintains its
constant value U0 and it is agreed that up to zc ≈ 5d0), the jet contains a central
potential core region. Farther downstream of the orifice the velocity at the axis
of the jet decreases with increasing distance. It will be some distance farther
(8 d0 < z < 100 d0) before the jet flow becomes fully developed and the flow
distributions in consecutive sections become similar. Usually, the transition
region between core region and fully developed flow is quite short. The length
of the core region zc is determined mainly by the ratio Ua/U0. According to
Forstall, the following empirical relation holds:

zc
d0

= 4 + 12 · Ua
U0

. (E.2)

From equation (E.2), it would follow that zc = 4 d0 for Ua/U0 = 0, but ex-
periments on free jets issuing in still ambient have disclosed greater values of
zc (see below). The maximum jet velocity at the axis (U(z)max) decreases
hyperbolically with increasing z

U(z)max
U0 − Ua =

zc
z

for z > zc . (E.3)
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The change in jet width (half-value of Umax at radius r0.5) is empirically given
by

2 · r0.5

d0
=
(
z

zc

)1−UaU0

for z > zc . (E.4)

The distribution of temperature or matter in a round free jet is investigated
in like manner as the velocity distribution. Either a heated jet or a helium jet
issuing in air can be used. It is found that the spread of the matter turned
out to be greater than that of the axial momentum, and the spread of heat
behaves similar to the the spread of matter. These findings can be quantified by
means of the respective dimensionless numbers that compare various diffusion
coefficients. The definition of the Prandtl number (Pr), the Schmidt number
(Sc) and the Lewis number (Le) yields

Pr =
impuls
thermal

=
ν

α
(E.5)

Sc =
impuls
matter

=
ν

D
(E.6)

Le =
matter
thermal

=
α

D
, (E.7)

where ν, α and D denote the kinematic viscosity, the thermal and mass diffu-
sivity respectively. In this work, Pr ≈ 0.7, Sc ≈ 0.7 and Le ≈ 1. Finally, it is
found that the distributions across the jet section could be satisfactorily given
by a cosine or by a Gaussian error curve.

E.1.2 Spread of a jet in still surrounding fluid

In general, there is satisfactory agreement among the numerous investigations
concerning a free jet issuing in still or relatively slow moving ambient fluid. As
such, empirical relations are derived and may hence be used in order to obtain
a model for the axial and radial dispersion of a jet.

Axial and radial dispersion

Both dispersion of the velocity (U) and the spread of heat or matter (Φ) are
covered by the relations provided that the appropriate coefficients are used.
As mentioned in the foregoing section, downstream from the orifice the axial
distribution at the axis of the jet decreases hyperbolically with increasing z

U(z)max
U0

or
Φ(z)max

Φ0
= K · d0

z + a
(E.8)

where the subscript ‘max’ denotes the maximum value which is obtained at
the axis (r = 0). The value of a is within the range 5 d0 . . . 7 d0. According to
the measurements by Hinze and Van der Hegge Zijnen, beyond zc ≈ 6 . . . 8 d0,
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Table E.1: Values of the coefficients K and C employed in equations (E.8) and
(E.9).

Velocity (U) Matter or heat (Φ)
Range K C K C

6 . . . 8 d0 < z + a < 20 d0 5.9 ± 0.2 108 ± 5 5.3 ± 0.2 72 ± 5
20 d0 ≤ z + a < 100 . . . 120 d0 5.6 ± 0.2 87 ± 10 5.3 ± 0.2 58 ± 10

a linear spread of the jet is observed and the radial distribution across a jet
section can be given by a Gaussian error curve

U(r)
U(z)max

or
Φ(r)

Φ(z)max
= exp

(
−C ·

(
r

z + a

)2
)
. (E.9)

Experiments have shown that the consecutive distributions are similar up to
z + a ≈ 100 . . . 120 d0. In addition, the Gaussian error curves give very good
agreement practically across the entire jet width although values slightly too
high are obtained near the apex of the velocity distribution curve whereas at
the boundary region the values are too low, indicating that the spread of the
jet extends somewhat further.

The values for C and K depend upon the location on the z-axis as well
as on whether the spread of velocity or matter is considered. The appropriate
values are summarized in table E.1. It is seen from the table that the values are
specified by assigning them to a range rather than giving one singular value.
Generally, there exist a significant scatter on the empirical correlation which
in turn, also increases with increased distance from the orifice.

Entrainment

The entrainment by the jet and the radial dispersion of the jet cause also a
radial flow. When the mean radial velocity Ur is calculated from the axial
U(z,r) distribution using the mass-balance equation, then a maximum for Ur

= 0.017 U(z)max is obtained. This maximum radial outward velocity occurs at
r = 0.06 (z+a). The boundary of the jet forms a conical sheet and is located
at all positions where Ur equals zero at r = 0.127 (z+a). The angle of spread
is than 7.2 degrees, however values in the range of 7. . . 10 degrees are widely
observed in experimental studies. Ur becomes negative (i.e. directed inward
toward the jet axis) beyond this radius. This inward velocity at larger radial
distance from the jet axis accounts for the entrainment of ambient fluid by the
jet. Note that the mean radial velocity is very small, being at least one order of
magnitude smaller than the turbulence velocities. The ratio of the entrainment
(ṁe) to the initial mass flow (ṁ0) can be calculated using

ṁe

ṁ0
= A · z + a

d0
− 1 (E.10)

where A ≈ 0.29 (U) or A ≈ 0.32 (Φ) within the axial range 6 d0 < z+a < 100 d0.
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Figure E.2: Development of the mean velocity distribution, first in the potential-core
region and farther downstream of the orifice.

Thring-Newby

In all foregoing considerations the effect of density variations has been ne-
glected. In general, this effect has proven to be small at moderate density
variations. However, the penetration rate of the jet, i.e. the width of the
jet, does change with substantial density differences between the jet and the
ambient fluid. A cold jet issuing in hot ambient will penetrate much further
than would be expected. The curves for an isothermal constant density jet
obtained with the foregoing equations (E.8) and (E.9) can be adapted if the
orifice diameter d0 is replaced by an equivalent diameter deq

deq = d0 ·
√
ρ0

ρa
. (E.11)

where r is the density of the fluid. Thring and Newby introduced this concept
of an equivalent orifice diameter. It is based on the assumption that the total
jet momentum determines the whole development of a jet.

E.2 Analogy with the SSF conical mixing sheet

The empirical relations are used in order to obtain an estimate of the turbu-
lent spread of the reactant stream that issues from the annular channel of the
IFRF burner. Actually, a 2D approach is followed, in that d0 equals the width
of the annulus and the jet is rotated according the findings on the SSF flow
pattern (i.e. ≈ 40◦). The Thring-Newby concept is incorporated in the calcu-
lations, using ρ0

ρa
= 1.1836

0.2233 where reactants at 25 ◦C and products at 1250 ◦C
are considered. Consequently, the equivalent diameter equals 10.3 mm. Fig-
ure E.3 compares the molar recirculation degree (r∗), obtained via the analysis
discussed in section 5.5.2, with the analysis presented here. Note that the recir-
culation degree is obtained via the relation “recirculation = 1-dispersion”. The
qualitative correspondence is good, indicating that the reactant stream behaves
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like a conical jet penetrating into the combustion chamber. Note that the fig-
ure presents the analysis of a stationary turbulent jet, but the conclusions still
hold when this jet is subjected to a flapping motion. Roughly, the jet properties
are unaffected by the flapping. Quantitatively, the estimates of the degree of
molar recirculation also agree, the latter being of the order of 0.2. . . 0.3. which
supports the fifty-fifty probability assumption between products and reactants.
Yet, the jet analysis shows less penetration depth and features a smaller spread,
likely due to (1) the influence of the down-flowing IRZ creating enhanced mix-
ing in the shear flow, (2) the effect of flapping/precessing that contributes to
instabilities at the jet boundaries and (3) the uncertainty on the empirical cor-
relations. As an example, the much wider dispersion of the (r∗ = 0.4) -contour
in figure E.3a is a clear indication of this assertion.
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Figure E.3: Swirl stabilized flame. (a) Molar recirculation fraction of the reactants
(r∗). Figure 5.6 is repeated. (b) Turbulent spread of species in a jet, according to
equations (E.8) and (E.9).



Appendix F

Additional CSF Data

F.1 Statistics

Multiple series of data sets have been measured in four selected gridpoints of
the Coanda stabilized flame at H = 15 mm. Figure F.1 visualizes the points
within the confinement. The number of consecutive recordings (9216 samples
each), the position (H,R), and the mean and fluctuating values of both axial
and tangential velocities are specified in table F.1. In regard of the repeata-
bility of the LDA measurements, two points (|R| = 22.5, 45 mm) have already
extensively been discussed in section 4.9, proving that the experiments are
highly consistent and repeatable.

The four ensemble PDFs are shown in figure F.2, where the evolution of
the low turbulent downflow PDF towards the spread-out bi-modal distribution
becomes clear.

F.2 Autocorrelation function

The multiple data sets allow to calculate a detailed autocorrelation function.
Figures F.3a-d present both the axial and tangential acf. Because of the larger
number of samples, the acfs are well behaved (compare with acfs of figure 5.4.
The associated integral time scales (τ0) are listed in table F.1.

Table F.1: Velocity data of the Coanda stabilized flame.
Data sets Position Axial Tangential

H R ū u′ τ0 v̄ v′ τ0
# [mm] [mm] [m/s] [m/s] [ms] [m/s] [m/s] [ms]

17 15 0.0 -7.03 0.82 1.68 0.28 1.42 5.23
21 15 22.5 -6.23 1.51 0.55 -0.38 1.52 2.65
19 15 45.0 -0.89 5.65 0.44 -0.49 4.10 0.40
9 15 67.0 0.64 3.67 0.66 -1.08 3.01 0.61
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Figure F.1: Coanda stabilized flame. (a) Location of the gridpoints (N) including
the stream function lines (SF), and the 5000 ppm CO and UHC contour.
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Figure F.3: Coanda stabilized flame. (a-d) Normalized autocorrelation function of
the axial (top) and tangential (bottom) velocity fluctuations. (a) H = 15 mm; |R| =
0 mm. (b) H = 15 mm; |R| = 22.5 mm.
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Figure F.3: (Continued) (c) H = 15 mm; |R| = 45 mm. (d) H = 15 mm; |R| = 67
mm.
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F.3 Error analysis

A pragmatical method is applied in order to obtain an idea of the uncertainty
on the calculation of τ0. For that, the acf calculation using all the multiple
data sets (see figure F.3a-d) is re-processed for two cases, namely |R| = 0 and
22.5 mm. This time however, the acf calculation employs only (1/3)th of the
total number of CSF-data sets (# ≈ 18) which basically corresponds to the
total number of incorporated SSF-data sets (# ≈ 6) in the acf calculation.
Hence, three different acfs (with more scatter) are obtained from which tau0 is
calculated. As mentioned in section 5.4, an appropriate integration limit needs
to be chosen, being the first zero-crossing in the ρ(τ) graph.

τ0 can be evaluated as a function of its integration limit. In discretized
format, τ̂0 is computed as a function of k, using

τ̂0(k) =
k∑

i=1

(
ρ̂((i− 1)∆τ) + ρ̂(i∆τ)

2

)
dτ (F.1)

where k is the number of time-widths (∆τ) in the discretized acf ρ̂(k∆τ).
Figure F.4 shows τ̂0 versus k for the two gridpoints. Each figure includes 4
curves yielding from the data sets specified in the legend. The arrows indicate
the integration limit (i.e. τ = k · ∆τ) that yields the listed τ0 in table F.1.
The need for a consequent integration limit becomes clear since both curves
feature a steady increase of τ0. This phenomenon is caused by some small
mean residual value of the acf as can be seen in figures F.3a,d. The difference
between the various curves can be seen as a measure for the uncertainty ∆τ0.
The relative uncertainty is determined by

δτ0 =
∆τ0
τ0

(F.2)

δτ0 ≈ 0.1
1.68

≈ 6% (R = 0 mm)

δτ0 ≈ 0.015
0.44

≈ 3.5% (R = 45 mm) .
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Appendix G

Laminar Flame Properties

This appendix describes the equations that are used in this thesis to compute
the laminar flame speed SL and the laminar flame thickness δL. This infor-
mation is given because there exists a wide variety in definitions of δL in the
literature.

G.1 Computer programmes

The computer programmes that are used in this work include ‘premix.f ’ and
‘flux.f ’. ’premix.f ’ solves the modelling equations for a laminar flame and is
included in the standard CHEMKIN-II1 library [42]. ‘flux.f ’ [50] is a custom
built FORTRAN program that uses the CHEMKIN-II library to compute the
laminar flame properties, which will be discussed in the next sections. For the
computations of the flame structure, the GRI-mech2 version 3.0 is used.

G.2 Laminar flame speed

The laminar flame speed SL is the velocity at which the unburned gases move
through the flame in the direction normal to the flame.

ṁ′′ = ρu · SL
[

kg
m2 · s

]
(G.1)

The mass flux ṁ′′ is computed by ’premix.f ’ as the flux which yields a steady
flame. ρu is the density of the unburned reactants.

1CHEMKIN-II, Version 2.55d
2http://www.me.berkeley.edu/gri mech
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G.3 Energy flux

When traversing through the flame, the total energy flux ex at position x can
be written as

ex =
∑

i

nihi + q − (ρu)
∑

i

(y0
i h

0
i )p

[
W
m2

]
(G.2)

where

ni is mass flux of species i which is made up by the sum of the convective flux
(ρu)yi and the diffusion mass flux ji.

hi is the enthalpy of species i on a mass basis, including the enthalpy of
formation.

h0
i is the enthalpy of formation.

q is the Fourier heat flux.

ρu is the constant mass flux ṁ′′

y0
i is the mass fraction of species i in a mixture at equilibrium at 25 ◦C.

()p refers to the products at the end of the flame.

The energy flux ex can be further written as:

ex =

[∑

i

nih
0
i − (ρu)

∑

i

(y0
i h

0
i )p

]

︸ ︷︷ ︸
flux of lower heating value

+
∑

i

ni(hi − h0
i )

︸ ︷︷ ︸
flux of sensible heat

+q . (G.3)

The flux of lower heating value is the local flux evaluated at the local composi-
tion of the reactant/intermediate/product mixture. Idem is the flux of sensible
heat evaluated at the local composition. At the start of the flame, the energy
flux is the flux of lower heating value (LHV) of the fuel

e0 = flux of lower heating value of fuel (G.4)

When traversing through the flame, the total flux of energy ex is constant.
Figure G.1 shows the typical profile of the temperature evolution of a laminar
flame. Figure G.2 shows the profile of the different flux components that make
up ex. This figure shows the monotonous decay of the flux of lower heating
value, the monotonous increase of the flux of sensible heat and the bell-shaped
curve of the Fourier heat flux.

In this work, the start of the flame is defined as the axial position where
the sum of the sensible heat and the Fourier heat flux is equal to 1 % of the
energy flux ex

Start of the flame (x0):
∑

i

ni(hi − h0
i ) + q = 0.01 ex
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Figure G.1: Temperature distribution across a stoichiometric methane/dry-air flame
at 25 ◦C. Tign ≈ 650 ◦C denotes the start of the flame (x0). The end of the flame (x1)
occurs at an intermediate temperature (Tint ≈ 1585 ◦C). The end of the combustion
(xend) goes with the flame temperature Tf ≈ 1860 ◦C.

This definition is based upon the fact that in the preheat zone, there is no
combustion and the Fourier heat flux balances the increase of sensible heat.
An alternative definition of the start of the flame is where the flux of lower
heating value has dropped by 1%. Let x0 be the axial ordinate at the start of
the combustion zone.

G.4 Heat release rate

Because the energy flux through the flame is constant, it’s spatial derivative is
equal to zero. The derivative of the energy flux can be written as:

∑

i

ni
dhi
dx

+
∑

i

hi
dni
dx

+
dq
dx

= 0 (G.5)

or
(∑

i

nicp,i

)
dT
dx

︸ ︷︷ ︸
+

dq
dx︸︷︷︸

= −
∑

i

hiri

︸ ︷︷ ︸
= q̇c

absorption of divergence of production of
sensible heat Fourier heat flux sensible heat

(G.6)
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Figure G.2: Energy fluxes of a stoichiometric methane/dry-air flame at 25 ◦C. The
vertical dashed lines correspond to Tign, Tint and Tf explained in figure G.1.

where ri is the mass rate of species consumption. The production of sensible
heat q̇c [W/m3], i.e. the combustion heat release rate, is balanced by the
adsorption of sensible heat and the divergence of the Fourier heat flux.

Figure G.3 shows the profiles of the rates of production and absorption of
sensible heat in a laminar methane flame. This figure shows the bell-shaped
curve of the combustion heat absorption rate. The skewed gaussian curve
represents the heat production rate. In this work, the end of the flame is
defined as the axial position where the combustion heat production rate is
equal to the combustion heat production rate at the start of the flame. Let x1

be the ordinate at the end of the flame.

End of the flame (x1): q̇c(x0) = q̇c(x1) .

G.5 Laminar flame thickness and other proper-
ties

G.5.1 Integral approach

The thickness of the combustion heat release zone is the distance between the
end and the start of the combustion zone, representing an integral approach.
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Figure G.3: Production and absorption of sensible heat in a stoichiometric
methane/dry-air flame at 25 ◦C. The vertical dashed lines correspond to Tign, Tint
and Tf explained in figure G.1.

In view of this, Van den Bulck [50] provides a measure for the laminar flame
thickness as

δL,c = x1 − x0 . (G.7)

The combustion time τL, i.e. the time needed to combust the reactant mixture,
is computed as:

τL =
∫ x1

xo

dt
u

(G.8)

where u is the local velocity. τL is the residence time of an inert, non-diffusive
species in the flame. The ignition temperature (Tign) is the temperature at
the start of the combustion

Tign = T |x=x0 . (G.9)

The flame temperature (Tf ) is the temperature at the end of the computation
interval.

Tf = T |x=xend . (G.10)

In general, xend is much larger than x1.
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G.5.2 Diffusivity approach

The laminar flame thickness, used by many authors in the field, is defined by
means of

δL =
D

SL
(G.11)

where D denotes a generalized diffusivity. Depending on the approach for
D, different definitions for δL are obtained. A very common way to compute
this thickness employs either νu or αu, respectively the kinematic viscosity or
thermal diffusivity of unburned reactants. As an example, Aldredge et al. [2]
use

δ′L =
αu
SL

(G.12)

whereas Bédat and Cheng [5] apply

δ′L =
νu
SL

. (G.13)

Many efforts on the characterization of combustion has been done by Peters
[58]. An important contribution is subdivision in flame regimes, i.e. classifi-
cation in the Borghi diagram. In this regard, the laminar flame thickness is
defined by

δL =
D

SL
where D ≡ (k/cp) |T=1500K

ρu |T=298K
(G.14)

In the definition for D, the thermal conductivity k and the specific heat at
constant pressure cp are evaluated for the mixture at the location where the
temperature T = 1500K. On the other hand, ρu is the density of the unburned
reactants, evaluated at ambient (T = 298K). It is this laminar flame thickness
that is used throughout this work, in order to maintain consistency with the
Borghi diagram.

Peters recommends this 1500K and ambient temperature criterions, how-
ever, Glassman has come up with a similar approach. It only differs in regard
of the reference temperatures. In particular, Glassman recommends

δL =
D

SL
where D ≡ (k/cp) |T=1300K

ρ |T=1300K
(G.15)

G.6 Combustion data

Table G.1 lists various combustion properties of an atmospheric methane-air
flame. Table G.2 presents the same information for the combustion of the
natural gas used in this study. Note the three different approaches for the
laminar flame thickness. In particular, the calculation of δ′L yields a very thin
flame, physically rather impossible.
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Finally, figure G.4 shows a comparison between the methane and natural
gas flames regarding SL and δL. Clearly, both combustibles yield very similar
laminar flame properties. Typical also is that the thickness of the flame reduces
to a minimum when the flame speed features its maximum values. Moreover,
these conditions reveal for a rich mixture, but very close to stoichiometric
combustion.
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Figure G.4: SL and δL for both a CH4 and a natural gas flame.
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Table G.1: Combustion properties of a methane-air∗ flame at 25 ◦C and 1 atmo-
sphere, following the definitions given in this appendix.

EQR Tf Tign SL δL,c δ′L δL τL
- ◦C ◦C cm/s mm mm mm ms

0.60 1395 695 11.15 1.1890 0.1419 0.6101 2.1997
0.65 1484 673 14.91 1.0394 0.1062 0.4578 1.3989
0.70 1569 654 18.82 0.9225 0.0842 0.3622 0.9618
0.75 1651 637 22.75 0.8210 0.0697 0.3012 0.6964
0.80 1729 624 26.52 0.7302 0.0598 0.2600 0.5248
0.85 1801 616 29.98 0.6497 0.0529 0.2308 0.4097
0.90 1866 612 32.97 0.5750 0.0481 0.2106 0.3284
0.95 1920 614 35.35 0.5131 0.0449 0.1969 0.2727
1.00 1955 620 36.98 0.4675 0.0430 0.1892 0.2367
1.05 1960 624 37.71 0.4524 0.0421 0.1868 0.2227
1.10 1938 635 37.38 0.4504 0.0425 0.1888 0.2212
1.15 1902 654 35.80 0.4623 0.0444 0.1984 0.2335
1.20 1863 682 32.84 0.4919 0.0485 0.2175 0.2663
1.25 1823 719 28.48 0.5480 0.0559 0.2524 0.3356
1.30 1783 762 23.24 0.6460 0.0685 0.3112 0.4757
1.35 1744 802 18.02 0.8119 0.0884 0.4042 0.7583
1.40 1706 828 13.70 1.0579 0.1163 0.5321 1.2880
1.50 1634 841 9.89 1.3908 0.1613 0.7433 2.3670

∗ Dry air: O2: 20.95%, N2: 78.086%, AR: 0.934%, CO2: 0.03%

Table G.2: Combustion properties of a low caloric natural gas∗-air∗∗ flame at 25 ◦C
and 1 atmosphere, following the definitions given in this appendix.

EQR Tf Tign SL δL,c δ′L δL τL
- ◦C ◦C cm/s mm mm mm ms

0.55 1296 723 7.74 1.3277 0.2033 0.8723 3.6739
0.60 1386 701 11.11 1.1399 0.1417 0.6106 2.1255
0.65 1474 681 14.73 1.0034 0.1068 0.4611 1.3714
0.70 1558 664 18.48 0.8958 0.0852 0.3694 0.9541
0.75 1639 650 22.21 0.8029 0.0709 0.3081 0.6984
0.80 1716 640 25.76 0.7175 0.0611 0.2660 0.5309
0.85 1788 634 29.01 0.6408 0.0543 0.2370 0.4171
0.90 1852 632 31.82 0.5689 0.0495 0.2167 0.3357
0.95 1906 635 34.06 0.5085 0.0462 0.2029 0.2793
1.00 1941 642 35.61 0.4637 0.0442 0.1952 0.2427
1.05 1945 646 36.32 0.4490 0.0434 0.1919 0.2284
1.10 1921 655 36.06 0.4470 0.0437 0.1946 0.2266
1.15 1885 670 34.65 0.4586 0.0455 0.2031 0.2388
1.20 1845 692 31.95 0.4883 0.0493 0.2219 0.2716
1.25 1805 721 27.98 0.5429 0.0563 0.2543 0.3395
1.30 1765 753 23.13 0.6382 0.0681 0.3091 0.4756
1.35 1726 782 18.17 0.7977 0.0867 0.3946 0.7470
1.40 1688 801 13.88 1.0422 0.1136 0.5211 1.2693
1.45 1652 808 11.47 1.2340 0.1375 0.6322 1.8261
1.50 1617 810 9.97 1.3788 0.1581 0.7309 2.3639

∗ Natural gas: CH4: 81.5%, C2H6: 6.8%, CO2: 1.4%, N2: 10.3%.
∗∗ Dry air, dewpoint 5◦C : O2: 20.898%, N2: 77.922%,

AR: 0.916%, CO2: 0.033%, H2O: 0.231%.
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Stroming, Turbulentie en
Verbranding van
Voorgemengde Wervelende
Vlammen

1 Inleiding

Vandaag de dag heerst er een groeiend besef om zorg te dragen voor de lucht-
kwaliteit. Verbranding van fossiele brandstoffen draagt in grote mate bij tot de
uitstoot van o.a. schadelijke partikeltjes, zwavel- en stikstofoxides (NOx) in de
atmosfeer. NOx in combinatie met water geven aanleiding tot zure regen. In
combinatie met zonlicht en restanten van onverbrande koolwaterstofverbindin-
gen veroorzaken deze NOx een verhoogde ozonconcentratie, de zogenaamde
fotochemische smog. In de hogere atmosfeer vormt de NOx uitstoot van vlieg-
tuigen precursoren die bijdragen tot de afbraak van de beschermende ozonlaag.

Het verbrandingsproces kan echter zodanig gestuurd worden dat de scha-
delijke emissies tot een minimum herleid worden. Tegelijkertijd doet men grote
inspanningen om het thermische rendement van elke toepassing op te drijven,
en zodanig minder brandstof te moeten gebruiken. Bijkomende vereisten zoals
veiligheid, regelbereik en vlamstabiliteit blijven van zeer groot belang. Tur-
bulente wervelverbranding is een veelbelovende techniek om deze “lage emissie
verbrandingstechnologie” te verwezenlijken. Tevens schakelt men meer en meer
over op gasvormige verbranding omwille van de inherente zuiverheid van de
brandstof. Zowel aardgas, petroleumgassen (LPG’s) als de gassen die gepro-
duceerd worden door vergassing van steenkool en voorverdampte vloeibare
oliebrandstoffen vallen onder deze noemer. Veel nieuwe technologie vindt men
bij inpassing van wervelbranders in bestaande ketels en fornuizen, of nieuwe
verbrandingskamers in moderne gasturbines.

Het verbrandingsproces en de bijkomende vereisten kunnen maar verbe-
terd worden naarmate het turbulente wervelende verbrandingsproces beter be-
grepen is. Dit doctoraatsonderzoek tracht hiertoe bij te dragen door de inter-
actie tussen de stroming, de turbulentie en de verbranding van aardgas in een
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wervelbrander gedetailleerd te beschrijven.
Deze studie kende een start in het kader van een Europees project betref-

fende de integratie van wervelbranders in compacte verbrandingskamers. Het
project (’96-’99) benaderde de problematiek eerder globaal waarbij het accent
lag op de NOx uitstoot gemeten in de schoorsteen. In de loop van het on-
derzoek deden er zich enkele merkwaardige verschijnselen voor die niet onmid-
dellijk op een plausibele manier konden worden verklaard. Nadat het project
was afgerond, vormden deze bevindingen de aanzet tot een doctoraatsstudie
(’99-’03) waarbij de wervelverbranding uit verschillende wetenschappelijke oog-
punten bestudeerd wordt. Wervelverbranding vormt als dusdanig ook het on-
derwerp van andere onderzoeksgroepen. Het werk geeft een beschrijving van
(1) de “Scaling 400 study” onder impuls van het IFRF in Nederland en de
Michigan University in de USA, van (2) het TECFLAM onderzoekswerk door
verschillende universiteiten en research centra in Duitsland, en van (3) het werk
verricht door het National Laboratory in California.

2 Beschrijving van de proefopstelling en meet-
methodes

“Meten is weten”, en tot dit doel is een quartz glazen octagonale verbran-
dingskamer gebouwd waarvan figuur 1 de schematische opbouw toont. De
doorzichtige opstelling laat toe om de vlammen visueel te bekijken. Daarnaast
is de optische toegang geschikt om het snelheidsveld te meten met behulp van
LDA. Via kleine openingen in een glazen plaat kunnen zowel een hoge tempera-
tuur probe (type B thermokoppel) als een quartz glazen zuigprobe in de vlam
ingebracht worden. Bijgevolg kan het temperatuurveld alsook de verdeling van
concentraties (O2, CO2, UHC3) binnenin de verbrandingskamer opgetekend
worden. Daarnaast is er een continue analyse van de rookgassamenstelling
in de uitlaat van de octagoon die toelaat om de stoechiometrie van het ver-
brandingsproces nauwkeurig in te stellen.

De wervelbrander die in de bodem van de opstelling geplaatst wordt, is een
onderzoeksbrander van het IFRF. Figuur 2 toont een foto van de brander samen
met een detailtekening van de doorsnede. Een mengsel van aardgas en lucht
stroomt in een draaiende beweging doorheen een annulair kanaal naar de bran-
dermond waar het dan in de verbrandingskamer wordt ingebracht. Een deel
van de brandstof kan reeds stroomopwaarts bij de verbrandingslucht gemengd
worden, de resterende hoeveelheid wordt via de gaslans radiaal in de werve-
lende stroming ingespoten. De configuratie laat toe om parameters zoals de
werveling, de graad van voormenging, de stoechiometrie en het vermogen van
30 kW nauwkeurig in te stellen.

3Onverbrande koolwaterstoffen
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(a) (b)

Figuur 1: Quartz glazen verbrandingskamer inclusief dimensies in mm. (a) Zijaan-
zicht. (b) Bovenaanzicht. (H = 50 mm.)

3 Beschrijving en analyse van voorgemengde wer-
velvlammen

3.1 Identificatie van verschillende vlamtypes

De brander kan verschillende vlamtypes genereren, afhankelijk van de instelling
van voormengingsgraad, instelling van de werveling en de stoechiometrie. De
vlammen zijn wezenlijk van elkaar verschillend en kunnen niet tezelfdertijd op-
treden. Een schematische voorstelling van de vlamtypes is getoond in figuur 3.

• Als eerste type onderscheidt men de NSF, dit is een aangehechte vlam met
een typisch tulpkelk-vormig uitzicht. De wervelgraad bepaalt of het vlam-
uiteinde al dan niet uitwaaiert. Deze vlam is het normaal voorkomende
vlampatroon en kent vele toepassingen in ketels en fornuizen. Een groot
regelbereik, prima vlamstabilisatie en relatief beperkte NOx uitstoot maken
deze vlam erg veelzijdig.

• Een tweede vlamtype (SSF) onderscheidt zich door het zwevende karak-
ter van het vlamfront. Daarenboven is de vlam ringvormig zonder reac-
tiefront in het centrale gedeelte. Evenmin raakt de vlam de wanden van
de octagoon. Toepassingen van deze vlam situeren zich in het domein
van moderne gasturbinebranders. De ultra-lage NOx uitstoot van deze
vlam is diens belangrijkste troef. Als voorbeeld hiervan rapporteert dit
werk voor deze 30 kW brander slechts 12 ppm NOx uitstoot bij 10%
luchtovermaat. De meer conventionele NSF vlam produceert al gauw het
dubbele.

• Een derde vlamtype (CSF) is ook een ringvormige vlam die ditmaal
gekenmerkt is door het aankleven van het verbrandingsfront tegen de
bodem van de verbrandingskamer. Het uitzicht lijkt op dat van een zon-
nebloem. Zeer merkwaardig aan deze vlam is dat de reagentia radiaal
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(a) (b)

Figuur 2: (a) Foto van de 30 kW IFRF wervelbrander. (b) Doorsnede.

worden afgebogen terwijl het wervelgetal zeer laag is waardoor er veeleer
een langwerpige axiale vlam zou verwacht worden. De vlam is genoemd
in navolging van het Coanda-effect en het is voornamelijk diens opmerke-
lijk stromingspatroon dat de drijfveer vormt voor een wetenschappelijke
studie. In de praktijk wordt dit type vlam ook courant toegepast voor de
opwarming van grote oppervlakken en/of volumes omdat de opgloeiende
branderwand instaat voor een goede warmteoverdracht door straling.

• Een vierde vlamtype (PJF) is een smalle langgerekte vlam met een in-
snoering. Als geheel heeft deze vlam het uitzicht van een champagneglas.
Een mogelijke toepassing van deze vlam situeert zich in de kanaal- of
buisbranders.

• Een laatste, vijfde vlamtype (BSF) stabiliseert zich in de buurt van de
achterwand van de verbrandingskamer. Deze vlam resulteert in een on-
volledige verbranding (veel CO). Echter, voor beide PJF en BSF is geen
wervelbrander vereist en deze vlamtypes zijn in dit doctoraatswerk ver-
meld om een volledige beschrijving van de dynamische overgang tussen
de verschillende types mogelijk te maken. Deze transitiekaarten bevatten
hysteresis, bifurcatie en trifurcatie patronen.

Het onderzoek heeft zich toegespitst op beide ringvormige vlammen, SSF en
CSF. In de literatuur zijn er weinig kwantitatieve gegevens over de CSF vlam
te vinden, op veeleer beschrijvende vermeldingen na. Over de zwevende vlam
is er meer materiaal beschikbaar, hoewel dit zich ook beperkt tot enkele onder-
zoeksgroepen vermeld in de inleiding. Hierbij komt dat de SSF, voortkomend
uit de IFRF onderzoeksbrander, niet als dusdanig is onderzocht en dus voor het
eerst een volledige beschrijving krijgt in dit werk. Gegevens over de reguliere
NSF vlam zijn ook in het werk opgenomen omdat deze vlam als referentie kan
beschouwd worden. Veel NSF-gegevens zijn reeds beschikbaar via publicaties
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Figuur 3: Multiple flame identification including the nozzle stabilized flame (NSF),
the swirl stabilized flame (SSF), the Coanda stabilized flame (CSF), the pinched jet
flame (PJF) and the back-wall stabilized flame (BSF).

en rapporten van o.a. het IFRF en de onderzoekers die op de IFRF brander
hebben gewerkt. Toch zijn er tijdens dit werk een aantal gegevens heropgeme-
ten ter vergelijking en/of aanvulling. Belangrijk is evenwel dat er ook veel
nieuwe informatie is opgemeten betreffende de invloed van voormenging van
reagentia op de vlamkarakteristieken. Een sterke daling van de NOx uitstoot
met toenemende voormenging is een belangrijk resultaat.

3.2 Tijdsgemiddeld stromingsveld, temperatuurveld en
de concentratieverdeling in de verbrandingskamer

Figuur 4a toont het stromingsveld van de SSF. Op de figuur staan tevens drie
isothermen (800, 1300 en 1400 ◦C) afgebeeld. Een tijdsgemiddelde 5000 ppm
contour van UHC en CO, en 2.4 vol% O2 isolijn zijn getoond in figuur 4b.
De UHC contour tesamen met de 800 ◦C isotherm zijn een aanduiding voor
het aanstromende gas-lucht mengsel, terwijl de CO contour inclusief de 1300
en 1400 ◦C isothermen wijzen op gebieden waar de reactie plaatsvindt. Noteer
dat het om tijdsgemiddelde concentratie- en temperatuurmetingen gaat die een
gemiddelde voorstelling geven van opeenvolgende ogenblikkelijke situaties. Op
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basis van het stromingsveld onderscheidt men het bestaan van twee recircu-
latiezones, namelijk een interne recirculatiezone (IRZ) in het centrale gedeelte
van de verbrandingskamer en een externe recirculatiezone (ERZ) die in de on-
derste hoek van de octagoon ontstaat. Experimenten hebben aangetoond dat
de recirculatiezones quasi uniform van samenstelling zijn en dat ze warme ver-
brandingsproducten terugvoeren naar de voet van de vlam. Hiermee dragen ze
bij tot een gedeeltelijke menging en opwarming van de aanstromende reagen-
tia. Deze reagentia stromen onder een hoek van ruwweg 40◦ naar de zwevende
vlam. In feite vormt deze stroming een konusvormige laag met opwaartse snel-
heden die aan beide buitenzijden in contact komen met neerwaarts gerichte
stroming bestaande uit rookgassen. De SSF-vlamstabilisatie wordt bekomen
doordat het opwaartse snelheidsveld divergeert naarmate het zich verder van
de brandermond verwijdert. Aldus ontstaat er aan weerszijden van de diverge-
rende stroming een gelijke stroomsnelheid met de turbulente vlamsnelheid die
in tegen de stroming in propageert. Noteer hierbij dat de turbulente vlamsnel-
heid functie is van onder meer de turbulentie-intensiteit (snelheidsfluctuaties),
de graad van verdunning met rookgassen en de voorverwarmingstemperatuur
van het mengsel. Het gevolg van dit stabilisatie-mechanisme is dat de vlam on-
deraan open is waarlangs reagentia kunnen instromen en dat een doorsnede van
de vlam een parachute-vormig uitzicht heeft. Bijkomende kleine instabiliteiten
veroorzaken het uitgesmeerde vlamgedrag, waaruit o.a. de lage NOx uitstoot
kan begrepen worden.

Figuur 5 toont de analoge meetgegevens voor de CSF. Het radiale uit-
stroomgedrag van de reagentia net na de brandermond en de verbrandingszone
die zich langsheen de bodem uitstrekt volgt overduidelijk uit het stromingsveld
en de UHC en CO contouren. Er is hoegenaamd geen werveling (= geen tan-
gentiële snelheidscomponent) aanwezig in de uitstromende annulaire kanaal-
stroming, en toch wordt de stroming onmiddellijk naar buiten toe afgebogen.
Een analyse op basis van het axiale momentum heeft aangetoond dat het neer-
waarts gerichte momentum van de IRZ stroming slechts 10% bedraagt van het
totaal uitstromende momentum. Er moet dus nog een bijkomende kracht zijn
die de stroming naar beneden trekt. Metingen hebben een sterke onderdruk
geregistreerd ter hoogte van de schuine wanden van de branderkop en de aan-
grenzende bodemwand. Het Coanda effect zorgt er vervolgens voor dat de
stroming blijft kleven tegen de bodemwand.

4 Structuur van de stroming

De voorgaande figuren 4 en 5 geven een tijdsgemiddeld beeld weer van het SSF
en CSF stromingsveld. Figuur 6 toont de grootte van de opgemeten axiale
snelheidsfluctuaties u’ voor beide vlammen. Het betreft de rms waarde van de
snelheidsmetingen. Uit de figuur blijkt duidelijk dat er vooral grote verschillen
in axiale snelheid bestaan in de konische jet, ordegrootte van 6 m/s. In de IRZ
daarentegen zijn de fluctuaties beperkt, ongeveer 1 m/s of kleiner.

Het is pas wanneer de waarschijnlijkheidverdelingsfuncties (PDFs) van de
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Figuur 4: SSF. (a) Genormaliseerde massa stroomfunctie en T = 800, 1300 en
1400 ◦C isothermen. (b) Samenstellingsverdeling van 2.4 vol% O2, 5000 ppm CO en
UHC.

snelheid in nader detail worden geanalyseerd, dat een aantal typische karak-
teristieken aan het licht komen. Meer bepaald, de evolutie van de PDFs langs-
heen een radiale traverse doorheen de verbrandingskamer toont aan dat de
PDF vorm helemaal verandert. Figuur 7a toont, voor de SSF, een typische
evolutie op 35 mm hoogte boven de brandermond. Vier typerende PDFs zijn
nogmaals expliciet samengebracht in figuur 7b waarbij de legende de afstand R
vermeld tot de centerlijn. Beginnend bij de brander centerlijn (R = 0 mm), is
de IRZ gekenmerkt door een stabiele uniforme neerwaartse stroming met erg
slanke gaussiaanse PDFs. De vorm van de PDF wijzigt drastisch wanneer de
konische menglaag wordt bereikt (R = 34 mm). Er verschijnt een tweede tak
in de distributie en het aandeel daarvan groeit naarmate de traverse verder
weg gaat van de aslijn. In eenzelfde meetpunt worden snelheden over een zeer
breed snelheidsgebied opgetekend en de PDF vertoont een breed uitgesmeerd
uitzicht. Er is sprake van bi-modaliteit omdat de neerwaartse snelheden geas-
socieerd zijn met de IRZ producten, terwijl de opwaartse snelheden verband
houden met de reagentia die al dan niet reeds gedeeltelijk gemengd zijn met de
producten. Het aandeel van de neerwaartse snelheden neemt af, het aandeel
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Figuur 5: CSF. (a) Genormaliseerde massa stroomfunctie en T = 800, 1200, 1400
en 1600 ◦C isothermen. (b) Samenstellingsverdeling van 2.4 vol% O2, 5000 ppm CO
en UHC.

en ook de grootte van de opwaartse snelheden neemt alsmaar toe naarmate de
traverse dieper doordringt in de konische jet (R = 40.5 mm). De PDF is zeer
breed uitgesmeerd en bevat snelheidsinformatie over verschillende stromingen.
De PDFs worden weer gaussiaans wanneer de mengzone verlaten wordt (R =
64 mm) en de traverse in de ERZ belandt (R > 70 mm). Een aanzienlijke
spreiding blijft echter aanwezig.

Op basis van deze verschillende PDF vormen kan het SSF stromingspatroon
opgedeeld worden in een viertal sectoren, zoals figuur 8 laat zien. Een verklaring
voor dit breedband snelheidsveld in de konische menglaag ligt begrepen in de
aanwezigheid van quasi-periodische bewegingen die zich over een relatief grote
ruimtelijke schaal manifesteren. In de literatuur wordt bij wervelbranders de
precessiebeweging (= slingering van een tollende beweging) van de gehele stro-
mingsstructuur door verschillende onderzoekers beschreven. Bijkomend kunnen
een flapperende beweging en/of typische verbrandingsinstabiliteiten bijdragen
tot deze grootschalige beweging. Een belangrijk gevolg van deze periodische
structuren resulteert in een erg breed uitgesmeerde PDF wanneer er op een Eu-
leriaanse manier (= vast meetpunt in de ruimte) metingen gedaan worden. De
meting registreert als het ware een ensemble van verschillende stromingen die
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Figuur 6: Axial snelheidsfluctuaties u′ [m/s]. (a) SSF. (b) CSF.

het meetpunt aandoen. De bijhorende graad van turbulentie wordt zodoende
ook merkelijk overschat. Dit werk stelt daarom een opsplitsing voor van u′

waarbij de bijdrage door de precessie (ũ′) en de fijnschalige turbulentie van de
stroming (u′l) apart worden beschouwd:

u′ = ũ′ + u′l (1)

Het is deze laatste turbulentie die van belang zal zijn om het verbrandings-
proces te plaatsen in het Borghi diagram. Dit werk stelt dat een afschatting
van u′l ongeveer een 3 m/s bedraagt.

5 Classificatie in het regimediagram van Borghi

Turbulente verbranding kan in verschillende regimes gebeuren. Baanbrek-
end werk i.v.m. de karakterisering van deze regimes is verricht door Borghi,
Williams en Peters. De regimes worden bepaald op basis van onderlinge re-
laties tussen verschillende lengte-, tijd- en snelheidsschalen. Dit werk hanteert
in hoofdzaak drie dimensieloze groepen, namelijk (1) het Damköhler getal, (2)
de relatieve wervelgrootte schaal en (3) de relatieve turbulentie-intensiteit. Het
Damköhlergetal (Da = τ0/τchem) vergelijkt de tijdschaal van de stroming met
de chemische tijdschaal. Grote Da waarden gaan dus gepaard met snelle, quasi
ogenblikkelijke chemische reacties, terwijl een klein Da getal erop duidt dat de
stromingseigenschappen veeleer de reactiesnelheid zullen domineren. De ver-
houding (`0/δL) vergelijkt de integrale lengteschaal (`0) van de stroming met de
dikte van een laminaire vlam (δL). De relatieve turbulentieverhouding (u′/SL)
vergelijkt de snelheidsfluctuaties (u′) met de voortplantingssnelheid van een
laminaire vlam (SL).
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Figuur 7: (a) PDF evolutie doorheen een traverse op H = 35 mm. (b) Vier typerende
PDFs, karakteristiek voor een bepaald stromingsgebied.

De structuur van het vlamfront varieert in functie van de verschillende pa-
rameters. Een weinig turbulente, snel reagerende stroming geeft aanleiding tot
een lichtjes gerimpeld vlamoppervlak (wrinkled flamelet regime; zie ook reeds
figuur 10). Met toenemende turbulentie wordt ook het vlamfront meer ver-
stoort en een sterk gegolfd vlamoppervlak met talrijke uitstulpingen ontstaat
(corrugated flame surfaces). Als nu de uitstulpingen (die reagentia bevatten)
afscheuren, zullen deze dunne slierten in dunne vlammetjes opbranden (thin
reaction sheets regime). Het ensemble van vele dunne vlammetjes maken een
vrij dikke vlam die zo ook wordt waargenoken. Meer en meer krijgen de stro-
mingseigenschappen de overhand op de chemische reactiesnelheid en zal de
verbranding gedomineerd worden door de snelheid waarmee grotere proppen
reagentia opgebroken worden in kleinere pakketjes zodanig dat er voldoende
contactoppervlak ontstaat om te verbranden. Dit regime wordt aangeduid als
vlammetjes in wervels (flamelets in eddies). Als laatste onderscheidt men een
regime waarbij de verbranding homogeen gedispergeerd over de ganse verbran-
dingskamer gebeurt (distributed reactions). Er is geen sprake meer van een wel
afgebakende vlam als dusdanig.

In dit werk is de integrale lengteschaal bepaald op basis van de autocor-
relatiefunctie en in de veronderstelling van een geldige Taylorhypothese. Deze
lengteschaal is ongeveer 4 mm en deze orde van grootte komt overeen met
de dimensies van de annulaire kanaalbreedte van de brander, en niet met de
afmetingen van de verbrandingskamer.

De laminaire verbrandingseigenschappen, meer bepaald SL en δL van het
mengsel dienen ook bepaald. Belangrijk hierbij te vermelden is dat de definitie
van N. Peters wordt gehanteerd om de vlamdikte te bepalen. In de literatuur
gebruikt men namelijk uiteenlopende definities die resulteren in een factor 5
verschil in vlamdikte. De andere parameters worden eveneens op die manier
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bepaald zodat de voorstelling in het Borghi diagram consistent is met het werk
van Peters. Dit werk stelt dat de reagentiastroom reeds voor een deel verdund
en opgewarmd is door rookgassen uit de IRZ. Deze bewering wordt onder-
bouwd aan de hand van een klassieke jet analyse die de spreiding en menging
bestudeert. Een conceptuele schets van het mengproces is afgebeeld op figuur 9.
Voor een vlamregime bepaling in het Borghi diagram is het van belang om de
eigenschappen te kennen in de zone die net voorafgaat aan de vlamzone. Dit
werk beschouwt H = 40 mm, R ≈ 45 mm als het interessegebied.

Een aangepaste berekeningsmethode maakt gebruik van het bimodale karak-
ter van de PDFs en de concentratieverdeling van de hoofdcomponenten om zo-
doende een schatting te leveren voor de graad van verdunning r∗ en de graad
van voormenging T∗ door recirculatie. In de zone die het vlamfront vooraf-
gaat, is de recirculatiegraad r∗ ongeveer 26%, de bijhorende temperatuur T∗ is
dan 345 ◦C. Met onder meer deze schattingen als input voor het CHEMKIN-II
pakket, worden dan de laminaire vlamdikte en vlamsnelheid bepaald, alsook
de chemische tijdschaal. Respectievelijk zijn de waarden 0.25 mm, 56 cm/s en
0.46 ms.

Het resultaat van de classificatie in het Borghi diagram is getoond in
figuur 10. De analyse toont aan dat de verbranding gebeurt in het overgangs-
gebied tussen de “thin reaction sheets” en “flamelets in eddies” regime. In
de figuur staat een veelhoekig afgebakend gebied (dikke volle lijn) getoond, in
plaats van een enkelvoudig punt. Dit is met opzet zo gedaan omdat de af-
schatting van elk van de parameters een bepaalde onzekerheidsmarge met zich
brengt. Vooral bij de turbulentie schatting is er veel ruimte gelaten, namelijk
u′ ≈ 3. . . 6.6 m/s. Als laatste onderdeel in deze bespreking toont de figuur een
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Figuur 9: Concept van gedeeltelijke verdunning en opwarming van de reagentia
stroom (re → mx∗).

veelhoekig gebied (gestreepte lijn) in het geval dat het concept van gedeeltelijke
menging en opwarming niet zou bestaan. De positie van de veelhoek verschuift,
echter de basisconclusies blijven geldig.

6 Aanbevelingen voor verder onderzoek

Wetenschappelijk onderzoek is inherent een steeds voortdurend proces. Dit
doctoraatsonderzoek vormt hier dan ook geen uitzondering op. In de loop van
het onderzoek zijn er een aantal aspecten op de voorgrond getreden die nog
beter en meer diepgaand kunnen onderzocht worden.

• Een eerste studieobject zou erin bestaan om de LDA metingen uit te brei-
den met bijvoorbeeld een derde component, zodanig dat axiale, tangen-
tiale en radiale snelheden simultaan kunnen opgetekend worden. Echter,
een veel interessantere LDA configuratie (bijv. 2D + 1D) kan opgesteld
worden waarbij de ruimtelijke correlaties kunnen onderzocht worden. Dit
werk heeft de interessezones in de verbrandingskamer aangegeven, een
voortgezet onderzoek kan hierop dadelijk inpikken. Het onderzoek naar
de precessie en/of flapperende beweging kan eveneens m.b.v. deze manier
sprongen voorwaarts maken.

• Een tweede studieobject ligt begrepen in het kwantificeren van de graad
van verdunning en gedeeltelijke voorverwarming. Gelijktijdige momen-
topnames van temperatuur- en concentratieverdelingen zouden een schat
aan informatie bezorgen. De meettechnieken en interpretatie van de re-
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Figuur 10: Classificatie in het Borghi diagram. (K) Volgens het concept van gedeel-
telijke verdunning en opwarming. (K’) In de veronderstelling dat het effect van ver-
dunning niet aanwezig zou zijn.

sultaten omtrent dit onderwerp kunnen op zich al voldoende stof geven
voor een nieuw doctoraatsonderzoek.

• Een derde topic vormt de studie van het merkwaardige gedrag van de
Coanda stroming. Tijdens deze studie is gebleken dat een aantal fenome-
nen een invloed hebben op het instellen en/of onderhouden van een Coan-
dastroming. Effecten als daar zijn het effect van de brandergeometrie, het
al dan niet aanwezig zijn van radiale kruisstroominjectie en het bestaan
van een stapvormige overgang in de expanderende sectie worden in nader
detail verder bestudeerd. Een nieuw doctoraatsonderzoek is reeds ges-
tart en een eerstvolgende publikatie zal handelen over de “ Hysteresis en
Coanda effecten in annulaire wervelende stromingen”. De studie wordt
zowel experimenteel als met behulp van een commercieel CFD pakket
uitgevoerd.

• Als vierde onderzoekstopic kan er nagedacht worden over welke concrete
toepassing er weggelegd is voor een nauwkeurige classificatie van de ver-
branding in het Borghi diagram. Nu reeds heeft deze onderverdeling
zijn relevantie opdat turbulentie- en verbrandingsmodellen bij numerieke
modellering kunnen verbeterd en/of aangepast worden. Daarbij zou een
voorspelling van belangrijke topics zoals (1) de NOx vorming of andere
vervuilende stoffen, (2) de robuustheid tegen vlaminstabiliteiten of (3)
algemene vlamstabiliteit een bijkomende sterke troef kunnen zijn van dat
Borghi diagram. Hieromtrent is er nog zeer veel bijkomend werk te ver-
richten.
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