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"Perfection is achieved, not when there is nothing more

to add, but when there is nothing left to take away.
"

-Antoine de Saint Exupery (1900 - 1944)
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Abstract

Stability and NOx-reduction of fully and partially premixed flames are strongly related to

the fluid dynamics, whose properties were determined in this work by applying a 3D-laser-

Doppler-velocimeter. The present study consists of two experiments: At first, the inert flow

of annular jets at high blockage ratios were investigate, and secondly, the behavior of tur¬

bulent partially premixed flames were analyzed.

The flow characteristics of the annular jets were analyzed in the near-field of the bluff-body
disk. Predominantly, 3D-LDV measurements along the centerline were performed. The ob¬

jectives were the determination of the influence of the blockage ratio (in the range

0.50 < BR < 0.89 ) and of the initial velocity (characterized by the Reynolds number within

800 < Re < 6000 ) on the mean flow field and on the turbulent mixing.

For BR < 0.68
,
the findings from literature could be confirmed. The radial symmetric flow

field featured substantially anisotropic turbulence having its peak intensity in the region of

the stagnation point. Within 0.68 < BR < 0.72, it was found that the symmetry breaks re¬

sulting in tilted recirculating torus for BR > 0.72. The symmetry breaking did not show any

dependency on the Reynolds number. The asymmetric flow pattern featured only weak sen¬

sitivity to blockage ratio and Reynolds number variation. Bimodal probability density dis¬

tributions of the velocity along the device symmetry axis have not been found and energy

spectra at selected points on the axis confirmed the absence of predominant frequencies.

In the second experiment, turbulent partially premixed flames were investigated in terms of

the physico-chemical interaction, which is closely related to the stability and to the pollutant
formation. The partially and the fully premixed flames were stabilized in an opposed jet
flow configuration. A pure air jet of Reynolds numbers Re = [4000;5000;6000] im¬

pinged on an impulse balanced methane/air jet of equivalence ratios O = [1.0;1.7;5.0].

Additionally, the flow of pure counter flowing air was examined. Defined turbulence was

produced using perforated plates. The LDV measurements were provided in axial direction

along the symmetry axis and in radial direction at up to six different axial locations.

The mean velocity as well as the fluctuation profiles along the symmetry axis were mainly
affected by the variation of the flame mode from fully to partially premixing. The mean ax¬

ial velocity profile along the axis of the premixed flame exhibited a large "hump" in be¬

tween the mixture jet nozzle and the stagnation plane indicating a high heat release rate and

a high gas expansion. This effect was not observable with the partially premixed flames,
which were in contrast to the fully premixed flame located close to the stagnation plane. The

analysis of the velocity probability density distributions in the reaction zone revealed bimo¬

dal structure for the fully premixed flame. This phenomenon was not observed with the par¬

tial premixed combustion zones. The increase of the Reynolds number did not considerably
affect the flow characteristics.

Finally, the pollutant formation reduction potential of turbulent partially premixed flames

was explored. This combustion mode was established in a 20kW commercial household gas

burner. Its NOx- and CO-levels at the exhaust were measured. By partial premixing the fuel

stream, the NOx- as well as the CO-production could be simultaneously reduced by 37%

respectively by 60% in comparison to the non-premixed operation mode.
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Zusammenfassung

Stabilität und NOx-Reduktion von voll und teilvorgemischten Flammen sind eng mit der

Fluiddynamik verknüpft. Die Eigenschaften der Strömungsfelder wurden in der vorliegen¬
den Arbeit mittels 3D-Laser Doppler Anemometrie detektiert. Die Studie umfasst zwei

Experimente: Zuerst wird das Strömungsfeld einer inerten Ringströmung bei hohen

Verblockungen und zweitens das Verhalten von teilvorgemischten Flammen untersucht.

Die Ringströmungen wurden im Nahbereich der Bluff-body Scheibe charakterisiert. Die

3D-Laser Doppler Anemometrie Messungen wurden entlang der Symmetrieachse gemacht.
Dabei wurde der Einfluss der Verblockung (im Bereich 0.50 < BR< 0.89) und der

Geschwindigkeit im Ringspalt (charakterisiert mittels der Reynoldszahl im Interval

800 < Re < 6000) auf das gemittelte Strömungsfeld und auf das turbulente Mischungs¬
verhalten ermittelt.

Für BR<0.68 konnten die Resultate aus der Literatur bestätigt werden. Das

Turbulenzverhalten des radialsymmetrischen Strömungsfeldes ist mehrheitlich anisotrop,
wobei die höchste Turbulenzintensitäten beim Stagnationspunkt gemessen wurde. Im

Interval 0.68 < BR < 0.72 wurde die Symmetrie zerstört, wobei sich der Rezirkulations-

torus für BR > 0.72 gegenüber dem Bluff-body neigte. Die Symmetriezerstörung war von

der Reynoldszahl unabhängig. Das asymmetrische Strömungsbild zeigte gegenüber der

Verblockung wie auch gegenüber der Reynoldszahl keine Abhängigkeit. Bimodale Wahr¬

scheinlichkeitsdichteverteilungen der Geschwindigkeiten entlang der Achse konnten nicht

gefunden werden. Auch die Energiespektren ausgewählter Punkte auf der Achse bestätigten
die Abwesenheit dominierender Turbulenzfrequenzen.

Die turbulenten, teilvorgemischten Flammen wurden auf ihre physikalisch-chemische
Interaktion untersucht, welche in engem Bezug zur Stabilität und zur Schadstoffbildung
steht. Die vor- und teilvorgemischten Flammen wurden in einer Gegenstrom-Konfiguration
stabilisiert. Dabei trafen reine Luftströme der Reynoldszahlen Re = [4000;5000;6000]

auf impulsäquivalente Methan/Luftjets, dessen Äquivalenzverhältnisse O = [1.0;1.7;5.0]

betrugen. Das inerte Strömungsfeld wurde auch untersucht. Definierte Turbulenz wurde

mittels Lochplatten generiert. Die LDA-Messungen umfassen Axialprofile entlang der

Symmetrieachse sowie bis zu sechs Radialprofile.

Entlang der Symmetrieachse wurden die Geschwindigkeitsprofile sowie die der Fluktuati¬

onen durch die Variation des Flammentyps von der Vormisch- zur Teilvormischflamme

beeinflusst. Bei der Vormischflamme zeigte das Axialgeschwindigkeitsprofil auf der Achse

zwischen der Düse des Vormischjets und der Stagnationsebene einen "Buckel", was auf

eine hohe Wärmefreisetzungsrate verbunden mit einer hohen Gasexpansion schliessen

lässt. Bei den teilvorgemischten Flammen konnte dieser Effekt nicht beobachtet werden. Im

Gegensatz zur Vormischflamme stabilisierten sich diese in der Nähe der Stagnationsebene.
Die Analyse der Geschwindigkeitsverteilungen in der Reaktionszone offenbarte bimodale

Strukturen bei der Vormischflamme. Dieses Phänomen konnte bei den teilvorgemischten
Flammen nicht beobachtet werden. Die Erhöhung der Reynoldszahl hatte keinen

merklichen Einfluss auf die fluiddynamischen Eigenschaften.

Abschliessend wurde das Schadstoffreduktionspotential teilvorgemschter Flammen

untersucht. Dieser Verbrennungstyp wurde in einem kommerziellen 20kW-Haushaltsgas-
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brenner etabliert, wobei die NOx- and CO-Konzentrationen im Abgas gemessen wurden.

Durch Teilvormischung des Brennstoffstroms wurde eine gleichzeitige Reduktion der

NOx- als auch der CO-Bildungsrate um 37% respektiv um 60% im Vergleich zum nicht-

vorgemischten Betriebsfall erreicht.
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Nomenclature

in letters

A [m2] Cross sectional area

ab [s"1] Bulk strain rate

A0 [m2] Bluff-body surface

c [ms"1] Speed of light

^str [m2] Scattering cross section

d [m] Diameter

D [m] Diameter

dfr [m] Fringe spacing

DH [m] Hydraulic diameter

Dl [m] Inner tube diameter of the coflow

Do [m] Outer tube diameter of the coflow

Do [m] Characteristic diameter

dp [m] Particle diameter

dr [Hz] Data rate

E [m2/s] Power spectral density

e [-] Element vector



f [Hz] Frequency

H [m] Separation distance of the nozzles

lo [W/m2] Light intensity

K [-] Kurtosis, Flatness

k [m2/s2] Turbulent kinetic energy

L [m] Tube length

Lr [m] Recirculation / inversion length

M [kg/mol] Mol weight

M0 [N/m2] Momentum flux at the nozzle exit

m [kg/s] Mass flow rate

N [-] Total number of samples

n [-] Refraction index

P [-] Probability

P [Pa] Pressure

Ps [W] Total scattered light intensity

r [m] Radius

R [m] Nozzle radius

Rt [-] Temporal autocorrelation

S [-] Skewness

So [-] Solidity

s [-] Slip

T [K] Temperature

To [s] Time period

t [s] Time

Tu [-] Relative turbulence intensity

u [ms"1] Velocity



Uo [ms ] Initial bulk velocity

v [ms"1] Velocity

vr [ms-1] Radial velocity

vt [ms-1] Tangential velocity

W [-] Weighting factor

w [ms-1] Velocity

Vm [ms-1] Velocity magnitude

Ax [m] Particle displacement

Axj [m] Positional displacement

yo 5 [m] Width at the half maximum

z [-] Mixture fraction

Greek letters

a [°] Opening half angle of the bluff-body

y [°] Angle of the tilted device

eT [ms-1] Velocity measurement error

cp [rad] Azimuthal angle

T] [m2/s] Dynamic viscosity

X [m] Wave length

V [Pa s] Kinematic viscosity

O [-] Equivalence ratio

9 [°] Beam intersection angle

P [kg/m3] Density

X [s] Time constant

to [s] Characteristic time constant



XIV Nomenclature

Tt [s] Integral time scale

tres [s] Residence time

CO [Hz] Angular frequency

Dimensionless Numbers

BR Blockage ratio

Re Reynolds number

Stk Stockes number

Str Strouhal number

Subscripts

A Air

a annular

atm atmospheric

B Bragg cell

BW Bandwith

CO Coflow

D Doppler

E Emitter

eff effective

exp experimental

F Fuel

f Fluid

i directional subscript

J directional subscript



k Kolmogorov

L Laser

max maximum

min minimum

mix Mixture

P Particle

mod modeled

R Receiver

s sampling

st stoichiometric

Abbreviations

A/D Analog-digital converter

ACF Autocorrelation function

Ar+ Argon-Ion

BBO Basset-Boussinesq-Oseen (equation of)

BP Band Pass Filter

BSA Burst spectrum analyzer

CCD Charge coupled device

CFD Computational fluid dynamics

CTA Constant temperature anemometry

cw continuous wave

DNS Direct Numerical Simulation

FFT Fast fourier transformation

FGR Flue gas recirculation

FIFO First In, First Out



XVI Nomenclature

HD Hard disk

HWA Hot wire anemometry

L2F Laser two focus

LES Large eddy simulation

LDV Laser Doppler velocimetry

LP Low pass filter

NSE Navier-Stockes equations

PIV Particle image velocimetry

PLV Pulsed light velocimetry

PMT Photomultiplier

PTV Particle tracking velocimetry

pdf Probability density function

RMS Root mean square

TPM
Lowest order mode possible with a bell-shaped (Gaussian) distribution of

light across the laser beam

SINC Sinc-function: f(x) = sinx/x
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1 Introduction

1.1 Motivation

"Energy isfundamental to the quality ofour lives. Nowadays, we are totally dependent on

an abundant and uninterrupted supply ofenergyfor living and working. It is a key ingredi¬
ent in all sectors ofmodern economies." (EU commission on energy research, 2001).

"The world-wide energy demand is expected to double its present level until the year

2050.
"

(World Energy Council, 2003).

These are two statements which emphasize the importance of the energy supply nowadays
and for the future. Nevertheless there remain a lot of unanswered questions. Where does en¬

ergy currently originate from? And which are its perspectives? A first answer is found by

looking at Fig. 1.1. It visualizes the total primary energy supply of the world by fuel at the

year 2001. Obviously, fossil fuels like natural gas, oil and coal cover almost 80% of the

present primary energy demand. And it is expected that this rate will even grow during the

next decade although considerable efforts have been made for finding alternative energy

supplies in the field of renewable energies (solar, water, wind, geothermal, biomass energy,

etc.). Thus, non-regenerative energy conversion of fossil fuels, i.e. combustion, still re¬

mains a key issue of the energy production.

The limited resources of fossil fuels force its most effective and efficient use, which is

achieved by the improvement of the energy policy and of today's energy conversion pro¬

cesses. The latter is the traditional engineering challenge, where progress is accomplished

by enforced research.

Unfortunately, these are not the only issue in combustion processes: pollutants like sulfur

dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), soot, dust and unburned hy¬
drocarbons (UHC) are formed during the combustion process and are harmful not only to

human's health but also to fauna and flora, which finally are in permanent interaction

among each other. And even the quasi 'harmless' carbon dioxide (CO2) is suspected to

cause the greenhouse effect, whose consequences on the global climate are not fully clari¬

fied today.
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Figure 1.1: Total primary energy supply of the world by fuel for the year 2001 (IEA,
2003).

Consequently, further research in the field of combustion of fossil fuels is desperately re¬

quired. The engineering challenge is two-fold: high thermodynamic efficiency and low pol¬
lutant formation are partially competing interests. The research efforts in the past led to first

successes, which is reflected in a decrease of the pollutant emissions (cf. Fig. 1.2). Simul¬

taneously, the thermodynamic efficiency was improved during the years. It was important

thereby that the fluid dynamics of the technical combustion systems could be predicted
more precisely, which allowed the increase of the thermodynamic efficiency and the reduc¬

tion of the pollutant formation. The key issue of this improvement was the numerical sim¬

ulation. Due to the exploding increase of the computer resources during the last years, the

possibility of applying numerical simulation increased enormously.

The difficulty of simulating technical combustion processes lies in the coupling of the tur¬

bulent flow field and chemical reaction system, i.e. the properties of the turbulent flow field

changes in temperature, in density and in species concentrations. Therefore, mathematical

models are necessary for the description of the turbulent flow field, of the chemical reaction

system and of its coupling.

In the field of fluid dynamics, Direct Numerical Simulation (DNS) solves directly the Navi-

er-Stokes-Equations (NSE) of the instationary, turbulent flow field. Unfortunately, the ap¬

plication of DNS to technical combustion systems exceeds present-day computer resources

because the small time and length scales have to be resolved. Even from the mid-term per¬

spective it is not expected that there will be any possibility for the complete simulation of

these systems. Consequently, simplifications are necessary for designing the problem ac-

Coal

23.3%

Nat. Gas
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cording to the resources. Often the turbulent flow field is treated statistically, i.e. the NSE

are transformed into governing equations for the mean and for the variance. A today in¬

creasingly popular technique is the Large Eddy Simulation (LES), where the larger scales

are simulated directly and the smaller ones are described by means of turbulence models.

Nevertheless, the model assumptions have to be validated by experimental verification. The

present work is designed to provide validation data of the flow field using a velocimetry
method.
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Figure 1.2: Development of the emissions of the six most important pollutants (BFS,
2003).

1.2 Background

The present work deals with the stability and to the NOx reduction of turbulent fully and

partially premixed flames. Since these items are strongly influenced by the fluid dynamics

behavior, the focus of the following investigations is set to its characterization. It is impor¬
tant thereby that not only the reacting flows are considered but also the non-reacting ones.
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The work is divided into two parts: At first, the fluid dynamics of a bluff-body flow is in¬

vestigated. And secondly, turbulent partially premixed flames are generated and then ex¬

plored. The background of these two projects are described in the two following sections.

1.2.1 Annular jets

On the one hand the turbulent mixing of a non-reacting, bluff-body flow is investigated.
This work was launched by the project of Del Taglia (2003), who analyzed the flow numer¬

ically. The whole project bases on the fact that NOx can be reduced by means of flue gas

recirculation (FGR), which is a simple and efficient technique. Inert combustion products,
which have lost part of their enthalpy due to cooling, are re-introduced into the flame area.

There, these products are mixed with the unburned fluid resulting in an elevated heat capac¬

ity of the burning gas. It turns out that the peak temperature and, hence, the thermal NOx
formation rate is reduced. Bluff-body devices create such recirculating flows, but they are

complex.

At our laboratory, Del Taglia (2003) started a project investigating the effect of FGR in

more detail and using numerical simulations. The demand for experimental data led to the

publication of Stroomer (1995), who established a recirculating flow past a bluff-body disk

and provided velocity data for validation. Unfortunately, already the numerical reproduc¬
tion of the experimental results of the non-reacting flow field failed. The observation of an

asymmetric mean flow field from totally symmetric boundary conditions in the numerical

simulation, which however was not reported in the experimental study, raised unanswerable

questions. The reproduction of the experimental fluid dynamic data of Stroomer (1995) ap¬

peared as the only possible source of answers.

In the following, the original device of Stroomer (1995) was made available from Delft Uni¬

versity (NL). Instantaneous three dimensional non-intrusive velocity measurements per¬

formed at our laboratory confirmed the numerical finding of asymmetry in the non-reacting
flow field, which was the initial point for more extensive experimental investigations. Now,
the flow behavior at eighteen operating conditions was investigated comprising the param¬

eter field of blockage ratio and Reynolds number in the range of 0.50 < BR< 0.89 and

800 < Re < 6000 respectively. It was found that the radial symmetry of the flow field is

broken when a critical blockage ratio was exceeded. This critical value was found ranging
within 0.68 < BR < 0.72. On the other hand symmetry breaking was determined to be in¬

dependent on the Reynolds number. The complete study is summarized in chapter 4.

1.2.2 Turbulent partially premixed flames

In the second project the mixing behavior of turbulent partially premixed flames is investi¬

gated. This work is part of a project called 'pollutants emission reduction using partial pre¬

mixing' and was funded by the Swiss Federal Office of Energy (BFE).

Until a few years ago, combustion research was mainly focused on the two limiting cases

of fully premixed and non-premixed flames. Unfortunately, both types of flames feature

certain disadvantages. In the non-premixed case the combustion at stoichiometric condi¬

tions causes high thermal NOx formation rates. And in the premixed case an ignitable mix¬

ture exists in areas where it should not burn, and hence, a latent safety risk is present. For

avoiding these disadvantages, a pre-mixture is now created 'in between' these properties,
i.e. the mixture is created close to the ignition limit, but it is not yet ignitable. The final mix-
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ing process takes place afterwards in the combustion chamber. Thus, the starting position
of the final mixing process in the combustion chamber is improved in contrast to the non-

premixed case. On the other hand the safety risk of the premixed case is not present any

more. Hence, the disadvantageous characteristics of the two traditional flame types can be

suppressed simultaneously yielding its advantages.

This new mixing type leads to new flame types. They are investigated in this project, which

is divided up into an experimental and a numerical part, where the latter one was done by

Bajaj (2002). In the further part the new flames are investigated two-fold: On the one hand

turbulent partially premixed flames were stabilized and investigated in a scientific burner.

And on the other hand, the same flame types were established in a technical burner.

The target of the former case was the detection of the influence of the turbulence intensity
on the mean mixture fraction in the reacting zone. The evaluation of the scientific burner

revealed the turbulent opposed jet burner, which was introduced by Moinaïme-Rousselle

and Gökalp (1994). The main advantage of this construction is the ability ofthe stabilization

of all flame types, from premixed via partially premixed to non-premixed flames by simul¬

taneously damping disturbances from the surrounding. In addition thereto, modern non-in¬

trusive measurement methods like laser Doppler velocimetry and Raman/Rayleigh

spectroscopy were applied to determine the instantaneous velocity, the temperature and the

main species concentrations profiles.

The goals of the second case, the technical burner, were the proof of the applicability of the

concept and the determination of the pollutant reduction potential, especially for the NOx
species. A conventional household gas burner was operated thereby in partial premixing
mode. The species emission concentrations were measured in the exhaust and revealed the

high potential of simultaneously reducing the CO- and NOx-emission concentrations (Blum
et al., 2000a, 2000b).

The measurements of the temperature and of the species concentrations in the scientific

flame have been provided by Prospero (2005), who operated some of the counterflow

flames at the same conditions like the ones of the present investigation, where the velocity
information is supplied. Hence, the complete data sets of the specified flames are available

for the validation of numerical results.

1.3 Objective of this work

The scalar and the vectorial quantities of turbulent flames, i.e. species concentrations, tem¬

perature, density, velocity, are subjected to strong and permanent fluctuations, which fea¬

ture statistical behavior. The description of turbulent reacting flows is thereby possible by
means of statistical methods. On the other hand direct numerical simulation of this flow

type, where the smallest length and time scales are resolved by solving the Navier-Stockes

equation, remains to limited Reynolds numbers, which is due to the limited computer res-

sources. Therefore, at higher Reynolds numbers the governing equations are treated statis¬

tically where unclosed terms have to be modeled by known quantities. Models are

developed performing dimensional analysis or experimental observations. The model as-
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sumptions, like e.g. local isotropy, Kolmogorov's first and second similarity hypothesis,
which are generally made for turbulent flows, have to be validated. The experiment is a tool

for validating the numerical results and hence, there is a demand for measurement data of

scalar and vectorial quantities, particularly in complex turbulent flows.

1.4 Summary of the following chapters

The thesis is structured into six chapters. The following is dedicated to the theoretical con¬

siderations of the laser Doppler velocimetry (chapter 2). In chapter 3, the equipment of the

applied measurement procedure is described. Chapter 4 presents the study of the annular jet
at high blockage ratios. Further on in chapter 5, partially premixed flames are investigated.
At first, the flows in turbulent opposed jets with and without combustion are analyzed and

described. Additionally, the pollutant emission reduction potential of the application of the

partially premixed concept to a technical burner is revealed. Finally, a summary and outlook

is given (chapter 6).
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2 Laser Doppler velocimetry

2.1 Flow measurement methods

The measurement of the local fluid velocity can be done either by intrusive or by non-intru¬

sive methods. In the intrusive case, a conventional probe, e.g. a pitot tube, a propeller flow

meter, a hot-wire or a hot film anemometer, is applied. The basic disadvantage of these

methods consists of the disturbance of the flow due to the probes and in the dependency of

the measurement values on the density and on the temperature of the flow medium. Partic¬

ularly in highly turbulent and/or reactive flows these dependencies often lead to large mea¬

surement errors.

The non-intrusive methods base on the optical measurement technique. Using the effect of

light scattering of available or added particles, one avoids the above mentioned disadvan¬

tages. One negative item to be considered is that the optical accessibility has to be guaran¬

teed. Examples using this physical effect are laser two focus velocimetry (L2F), laser

Doppler velocimetry (LDV) and pulsed light velocimetry (PLV). The first two techniques
detect the local velocity from the scattered light of a single particle and are therefore zero

dimensional measurement methods whereas the last one analyses the scattered light of all

particles in one plane and belongs to the planar methods.

start

focus

stop
focus

flow

vector

Figure 2.1: The L2F measurement volume.
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Figure 2.2: The functional principle of PIV.

For being able to comprehensively discuss the flow measurement methods, they are briefly

presented in the following except the LDV method, which is described in detail in the fol¬

lowing sections.

The L2F method works quite simple (cf. Fig. 2.1): Two highly focused light beams are gen¬

erated close to each other in the probe volume which act as a light gate for tiny particles in

the flow. If a particle crosses both focuses, two successive light pulses are registered. The

velocity of the particle is calculated using the time interval and the distance between the two

focus points.

The advantages of this technique are the low sensitivity to reflected light, i.e. favorable in

near wall measurements, and the small geometric extension of the probe volume, which is

beneficial when a lack of accessibility is present. The fact that only particles which move

in the direction of the plane determined by the two laser beams provide a valid velocity mea¬

surement, leads to the disadvantage of a low data rate and of a complicated statistical data

processing, particularly at elevated transversal turbulence values. Moreover, applying this

method to areas with temporary flow reversal results in misleading measurements. Typical¬

ly, this method is used in very high-speed, small-scale compressors and turbomachineries,

e.g. Kost and Kapteijn (1997), Ottavy et al. (2001).

The pulsed light velocimetry (PLV) is a synonym for many different methods, e.g. particle

image velocimetry (PIV), particle tracking velocimetry (PTV), etc. (Adrian, 1991). The ex¬

planations in the following are restricted to the PIV as the most widespread method. It

works as follows (cf. Fig. 2.2): The target area of a flow is illuminated by a thin laser light
sheet. The scattered light from the particles is then captured by means of a camera, which
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is positioned perpendicular to the laser light sheet. Two pictures are taken shortly sequenced
in a distinct time interval. The pictures are divided into small subareas where each picture
is cross-correlated with each other, pixel by pixel. From the signal peak of the correlation,

one determines the particle displacement, Ax, and consequently to the velocity vector. To

increase the accuracy of the displacement and therefore of the velocity, sub-pixel interpo¬
lation is applied. This procedure has to be repeated for each subarea for obtaining the com¬

plete two dimensional velocity field at a distinct time.

In comparison with L2F and LDV, PIV provides directly the spatial correlation of the ve¬

locity fluctuations. Therefore, the direct calculation of the dissipation rate of the turbulent

kinetic energy is possible. Unfortunately the low repetition rate of the CCD cameras/lasers

allows only slow flow changes being temporal resolved (Flury, 1999).

For providing velocimetry in turbulent reacting flow fields one needs on the one hand the

full velocity information, i.e. all three velocity components, and on the other hand a good

temporal resolution for being able to describe the turbulence parameters. The illustrations

above showed that L2F and PIV are not adequate to satisfy these needs.

The discussion about the applicability of flow measurement methods to turbulent reacting
flows is completed by considering the pros and cons of the finally used LDV method. Con¬

cerning the spatial and temporal resolution the limiting values can easily be met. A high

spatial resolution can be achieved by downsizing the focus volume. And obtaining a high

temporal resolution is accompanied by a high data rate, which depends on a sufficient par¬

ticle density and on a fast signal processing. Both is possible in state of the art LDV setups.

An additional advantage is that the measurement of all three velocity components of a sin¬

gle particle is possible. Hence, one receives the full description ofthe instantaneous velocity

vector, which is important for the calculation of the turbulent kinetic energy.

These specified items make LDV in contrast to L2F and PIV favorable for getting the pre¬

ferred kind of velocity information when doing measurements in turbulent reacting flows

as they will be considered in the following.

2.2 The physical background of LDV

2.2.1 The Doppler effect

Laser Doppler velocimetry uses the physical principle of Doppler. This effect is described

by the fact that the movement of an emitter relative to a receiver causes a frequency shift.

This effect appears twice in LDV: At first, the particle (receiver) moves relative to the laser

(emitter). Secondly, this particle, now emitter, moves relative to the detector (receiver). Fig¬
ure 2.3 depicts this situation. The laser emits light of frequency f^. The particle having the

velocity uP crosses the laser beam and receives light of frequency fp, which is different from

the laser light frequency fL:

fP = fL(l-!^) (2-1)
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with c corresponding to the speed of light. Following the same principle for the second Dop¬

pler shift, one states that the detector receives light from the particle of the frequency fR:

fR = fp'
1

1
eRup

(2.2)

Substituting fP in equation (2.2) using (2.1) results in

1

fR = fL ' "

eL-Up

1
§RUp

(2.3)

§R- Up
Multiplying this expression using 1 H and neclecting higher order terms results in:

c

fR«fL-H
êL

'

OPV,
,
gR

'

-P

(2.4)

fR«fL-[l-(eR-eL)^ (2.5)

Even for supersonic flows, the particle velocity uP is much smaller than the light speed c:

« l,ie [L,R]. (2.6)
erup

Laser (Emitter)

A,
A \

Particle I %v.

Receiver

Figure 2.3: The Doppler effect.
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Applying expression (2.6) to equation (2.5) leads to the conclusion that the frequency of the

detector fR and the laser light frequency fL are the same order of magnitude. They are about

10 Hz. The frequency shift which has to be detected, equals to the difference fL - fR and

amounts to a fraction of the measured frequency at the receiver fR. Unfortunately, common

photo detectors are not able to resolve this frequency range because of their inertia. There¬

fore, this methodology is inappropriate. The differential Doppler technique which will be

explained in the following chapter, removes this handicap.

2.2.2 The differential Doppler technique

For circumventing the dilemma described above two coherent laser beams are superim¬

posed. Therefore, the scattered light arriving on the detector is mixed out of the two result¬

ing frequencies. The difference of both frequencies lies in the range of MHz and is

detectable for common photo detectors. This is the reason why the differential Doppler

technique is the most preferred one in LDV.

Figure 2.4 depicts the setup of this technique. Two coherent beams of the same intensity are

intersected in a measurement volume where the particle is passing having the velocity uP.

The scattered light of both beams superimposes on the receiver and interferes. The frequen¬

cy of the detected light is modulated at a lower range (of about 10 kHz to 100 MHz) than

the laser frequency and is therefore detectable for common devices.

\

'••\.:

fL C<i

'-'^ u<

Receiver

Figure 2.4: The differential Doppler technique.

Now, equation (2.3) has to be formulated for each part of scattered light of the laser beam

1 and 2:

eLt
'

up

R fL'
eRUp

ie [1,2] (2.7)
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The superimposed frequency fR - fR of the scattered light of both beams equals the Dop¬

pler frequency fD:

LD LR,
_

^ eL2 üp-gLi up
*R,

1
upeR

(2.8)

Assumption (2.6) is valid here, too. Using further the convention of Fig. 2.4 one gets a sim¬

ple expression for the Doppler frequency:

LD

2 •

us
• sin(9/2)

(2.9)

with

^f (2.10)

Obviously the Doppler frequency is proportional to the velocity component us, which is

perpendicular to the optical axis and lies in the plane determined by both laser beams. Fur¬

thermore, it depends only on the laser light wave length ÀL and on the intersection angle 9.

2.2.3 The fringe model

A much simpler explanation of the LDV principle is given using the fringe model (cf. Fig.

2.5). The intersection of two coherent laser beams at an angle 9 produces interference

planes. The distance dfr between them is determined by (from geometrical considerations)

^T
lfr

2- sin(9/2)'
(2.11)

Figure 2.5: The fringe model.

If a particle traverses the intersection volume with constant velocity, it hits the bright-dark

pattern and scatters corresponding to its received light intensity. Finally, the detector

records the scatter light intensity versus the time. The intensity fluctuates with a frequency
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equal to the particle velocity component perpendicular to the interference planes divided by
the fringe spacing, î e

us
fn =

d~
=

ofr

which is consistent with equation (2 9)

2 sin(9/2)
(2 12)

It has to be remarked that this model is not consistent with all phenomena appearing with

the differential beam technique

2.3 The basic setup and the directional ambiguity

The basic setup of a laser Doppler velocimeter using the differential Doppler technique is

shown in Fig 2 6

The beam splitter divides the laser light into two coherent beams of the same intensity

A Bragg cell shifts the frequency of one of the two intersecting laser beams The fringes

appear to move at the frequency shift and are perpendicular to the fringe planes This pro¬

cedure is necessary for being able to eliminate the directional ambiguity ofthe velocity The

scattered light of a particle, which has zero velocity, is modulated with the frequency fB of

the Bragg cell Then, the moving particle appears at a frequency, which is lowered or raised

by the value of the frequency shift equaling the Doppler frequency

Bragg
Cell

Laser

Beam

Splitter Lens

Flow

Figure 2.6: The basic setup of LDV

Photodetector

Converging Lens

A lens focuses both beams in the measurement volume, where a particle is travelling

through The scattered light of the particle is then collected by a second lens and is passed
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through an aperture to the photo detector. There, the light signal is converted into an elec¬

trical signal.

For obtaining the frequency shift information, the output signal of the photo detector is pro¬

cessed by means of a signal processor. There exist various methods, which can mainly be

divided into three groups: Systems working in the time domain (e.g. counters), systems

working in the frequency domain (e.g. trackers, filter banks, frequency analyzers) and sys¬

tems for the acquisition of photon resolved signals (e.g. photon correlators). The setup of

the present work uses devices of the second type.

2.4 The properties of scattering particles

2.4.1 Introduction

Laser Doppler velocimetry demands suitable scattering particles in the fluid. Without these

particles, measurements would not be possible. Hence, the properties of these scattering

particles are a key issue of the Laser Doppler Velocimetry. Durst et al. (1981) summarized

the properties of the particles as follows:

• high capability to follow the flow.

• a good light scattering property.
• chemically inert.

• simple production and insertion into the flow.

• cheap fabrication.

• non-toxic, non-corrosive and non-abrasive.

• non-volatile or low volatile.

• non-contaminant.

It has to be emphasized that the number and the optical properties of the particles do not

affect the Doppler shift frequency but the ease of taking measurements and the possibility
of tracking the flow continuously depend on these factors (Drain, 1980).

2.4.2 The capability of a particle to follow the flow

An important issue of the laser Doppler velocimetry measurement technique is the capabil¬

ity of the particle to follow the local flow. The certainty of the conclusions about the flow

pattern depends strongly on this feature. Looking at a particle in a fluid flow, its motion de¬

pends on (Durst et al, 1981)
• the particle shape,
• the particle size,
• the density difference between the particle and the fluid,
• the concentration,
• the mass forces and

• the viscous forces.

The equation of Basset-Boussinesq-Oseen (BBO), which is valid for spherical, non-de-

formable particles in an infinitely large and viscous fluid, describes the motion of a single
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particle in a turbulent flow field (Hinze, 1959; Sommerscales, 1981). The following restric¬

tions have to be considered (Durst et al, 1981):
• the turbulence is homogenous and time-independent.
• the particle is smaller than the smallest turbulence elements.

• Stokes' law is valid.

• the particle always remains in the same fluid.

• no interaction between the particles.

For the case of gas flows, the density of the gas is much smaller than the one of the particles,
which leads to the relation pf/pP « 1. Using further the limitation of Stk > 10, where Stk

is the Stokes number defined according to Durst et al. (1981) as

Stk = V-^-2 (2.13)

/y 27T
• f • dp

where Vf is the kinematic viscosity of the fluid, f the turbulence frequency and dp the parti¬
cle diameter, the BBO-equation can be simplified. The capability of a particle to follow the

flow is then estimated by the frequency limit of the turbulence (Franke, 1990):

9 Pf vf / Ï
f = ------ —^-1 (2.14)

% pp 4 V(i-s)2

where s designates the slip:

dp [um]

Figure 2.7: Frequency limit f plotted against the particle diameter dp (p = lbar). T: tem¬

perature of the fluid, s: slip, O: equivalence ratio of the fluid, PI: Ti02-parti-
cles, P2: Zr02-particles.
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Uf-Ur

(2.15)

Figure 2.7 graphs the frequency limit of the turbulence against the Ti02 particle diameter

for various parameter variations. Obviously, the particles with smaller diameters are able to

follow the flow more easily since the frequency limit is increased at smaller diameters. Si¬

multaneously, the fluid and the particle properties as well as the slip were kept constant. The

frequency limit is also increased with fluid temperature but is decreased with equivalence
ratio (f>, i.e. with addition of methane to a pure air fluid. Using particles of higher density,
i.e. Zr02- instead of Ti02-particles, also lowers the frequency limit. In contrast thereto, al¬

lowing a larger slip leads to an higher frequency limit.

2.4.3 Light scattering

The light scattered from a particle depends on its size, its shape and its refractive index.

The particle size affects strongly the scattered light intensity and its angular distribution.

Figure 2.8 sketches the total scattered light intensity Ps versus the particle diameter for a

given wave length X (note the logarithmic description). Three different ranges can be de¬

fined.

The first one is the Rayleigh range, where the particle diameter is much smaller than the

wave length of the scattering light (dp < X). In this region, the scattered intensity is propor¬

tional to the sixth power of the particle diameter.

The following region is termed transition range. It comprises particles, whose diameter ex¬

hibits the same order of magnitude as the wave length (dp ~ X). The region is described by
the Mie-theory, which is a simplified solution of Maxwell's equation. The interference ef¬

fect between the scattered and the transmitted light cause the fluctuating behavior of the to¬

tal scattered light intensity with particle diameter.

log (Ps)t

log (dp)

Figure 2.8: The total scattered light intensity vs. the particle diameter.
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Figure 2.9: The total scattering cross-section vs. the normalized particle diameter for a

Ti02-sphere (n = 1.33) and X = 488nm.
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Figure 2.10: The angular scattered light intensity for a Ti02-sphere where a) dp = 0.1 • X,

b) dp = X and c) dp = 10 • X. — neutral; ~ polarization perpendicular to

plane of incidence; -. polarization in plane of incidence.
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This theory is also valid for the subsequent range, where dp > X. It is denominated 'the geo¬

metrical cross-section'. Additionally, the simpler laws of the geometrical optics are also

valid in this range. Consequently, the scattered light intensity is proportional to the square

of the particle diameter.

Consider a Ti02-sphere (n = 1.33), which scatters light from a beam of wave length
X = 488nm. The magnitude and the angular distribution of the scattered light intensity is

then calculated using the computer code of Prahl (2000). Figure 2.9 depicts the sketched

situation in Fig. 2.8 for the considered sphere. The scattering cross-section Cstr is the appar¬

ent area of a particle scattering the total scattered light power Ps from a beam with the in¬

tensity I0. Hence, Cstr scales proportional to Ps for a given I0. The development of the

scattering cross-section resembles the situation of the sketch of Fig. 2.8.

Durst et al. (1981) concluded that the low values of the scattering cross-section in the Ray¬

leigh range, the Rayleigh scattering, are unfavorable for a sufficient signal to noise ratio for

common laser powers in LDV.

The angular scattering intensity for three different sphere diameters and for the same situa¬

tion as described in the last section is depicted in Fig. 2.10. The three cases represent exem¬

plary the three ranges in Fig. 2.8. The angular dependency of the scattered intensity within

the Rayleigh region is weak. However, the more the sphere diameter increases, the stronger

the angular dependency gets. Generally it can be concluded that the forward scattering
mode (at 0°) has the highest scattering intensity and decreases irregularly when moving to

the back scattering mode (at 180°).

The angular intensity is not the only selection criteria. Mechanical stability, optical and con¬

venience reasons make the backward scattering configuration the most used one in modern

LDV equipment.

2.4.4 Particles in flames

The particles can have a major influence on the combustion process and hence on the mea¬

sured local velocities in the flame unless some aspects of this interaction are respected.
Durst et al. (1981) reports deviations in velocity up to 15% due to particle influence on the

chemical reactions in flames.

The temperature resistance of the particle is important. A melting or evaporation of the par¬

ticle can lead to a significant error in the velocity measurement. This error would not obvi¬

ously appear in flames with strong inhomogeneities because cold eddies loaded with cold

particles pass at the measurement volume alternating with hot eddies featuring molten or

evaporated particles. The probability of a signal detection is therefore decreased within the

latter zones which leads to velocity measurements representing only half of the flow (Flury,

1999). The physical properties for various materials is tabulated in Tab. 2.1.

Beside the above mentioned properties, the particles have to be chemically inert. An influ¬

ence of the particles on the chemical processes or on catalytic reactions at its surface are

conceivable. Equally, an additional radiation heat loss, e.g. due to silica oil droplets in a hy¬
drocarbon flame (Durst et al., 1981), can falsify the measurement.

A participation at the chemical reaction at the particle concentrations required for the appli¬

cability of LDV can be excluded for powders of metal oxides, e.g. Ti02 or Zr02. They are
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chemically extremely stable. The influence due to an additional radiation heat loss can be

neglected for this kind of particles. The ratio of particle surface to the total reaction volume

is too small (Kennedy, 1982).

melting point density refractive in¬

[K] [kg/m3] dex [-]

Ti02 2100 4200 2.65

A1203 2300 3970 1.76

MgO 2850 3580 1.74

Zr02 2950 5890 -

Table 2.1: Physical properties for various materials. Heitor (1993), Durst et al. (1981)
and Johnson Matthey (2003).

2.5 The data processing

2.5.1 Motivation

The key issue of the data processing is the estimation of the relevant flow properties, i.e.

means, fluctuations, length and time scales, from the primary measurement quantities. The

unique nature of the data sampling in LDV demands for a broader discussion.

A velocity measurement is generated only if a particle is present in the measurement vol¬

ume. Therefore, the sampling rate is non-equidistant, i.e. the time interval between passages

of tracer particles is random. It is triggered by the particle density and the local fluid struc¬

ture. This trait is responsible for the introduction of some differences with respect to esti¬

mation from a regularly sampled time series (Tropea, 1995). And furthermore, it means that

the calculation of the turbulence spectra by means of the typical algorithms like e.g. the

Fast-Fourier-Transformation (FFT) is impossible.

The second characteristic ofLDV data is the fact that the short term sampling rate is usually

strongly correlated to the velocity. This property leads to biased moment estimators, i.e. the

mean velocity and its fluctuation are falsified. Regard the first moment for instance, the ar¬

ithmetical averaged velocity and the time mean flow velocity are different.

Particularly in highly turbulent flows or in separated and/or recirculating flows, where the

mean flow velocity can approach zero and hence, the local turbulence intensity can be very

large, these traits have to be discussed in detail. The discussion and treatment is carried out

at first for the biasing errors and then for the random sampling. It has to be emphasized that
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the demands for the particles which were formulated in chapter 1.4, are implicitly assumed

in the following sections.

2.5.2 The bias error of the moment estimators

The biasing is an error which is caused by the random sampling, which is not representative
for all existing fluid conditions. The statistical reduction of the data depends on the corre¬

lation between velocity and sampling probability. This can be caused by several reasons,

which are contemplated in the following.

The velocity bias: McLaughlin and Tiedermann (1973) were the first ones who reported this

effect. Assuming a homogeneous particle density of fluid particles, the particle arrival rate

at the measurement volume is increased for higher velocities. Subsequently, the arithmeti¬

cal averaging of the sampled velocities leads to a higher mean velocity than the true one.

The fluctuation is affected as well. Razdan and Stevens (1985) showed that for turbulence

fluctuations up to 10%, this kind of error is negligible. For higher values of fluctuations,

however, the bias error gains relevance. Many correction proposals were developed, are

summarized by Edwards (1987) and were experimentally verified by Loseke and Gould

(1993), Winter et al. (1991a), Winter et al. (1991b) and Fuchs et al. (1994).

The filter bias: This error is caused by the dependency of the detection probability on the

particle velocity. Durao and Whitelaw (1979) reported two primary causes for that: The fre¬

quency response of the detection system and the filter settings of the burst processor. If a

frequency to be detected lies outside the optimal response of the detecting system (photo-

multiplier and signal processor) or fails otherwise, the measurement statistics is distorted.

The filter settings can have an even more profound influence on the frequency spectra to be

processed or can completely cut off the signal of the particle, e.g. when the signal, which is

detected, lies outside the bandwidth or when the signal amplitude is low (Durao et al.,

1982). The experimentalist can avoid many error sources of filter bias by carefully choosing
his processor settings (high voltage, gain, filter settings). There does not exist any standard

correction scheme.

The angle bias (also fringe bias): Real processors are not able to measure all speeds at all

angles. The signal processors need a minimum number of fringes being passed by the par¬

ticle before the measurement is considered valid. Frequency preshifting reduces this prob¬
lem (Edwards, 1987).

The gradient bias: The measurement volume is finite in size. If a mean gradient in the flow

is present, a velocity gradient can be present in the measurement volume. Due to the veloc¬

ity bias discussed above the arithmetical average is again not the same like the average in

the measurement volume. The gradient and the velocity bias differ from each other by the

fact that the error is not caused by velocity fluctuations (Edwards, 1987).

Particle density bias: At first, a homogeneous particle distribution in the fluid is assumed.

A change of the density in the fluid alters locally the particle density and therefore the prob¬

ability of the particle arrival rate at the measurement volume (Flury, 1999). Investigations
of Asalor and Whitelaw (1975) showed that this bias is negligible except within reaction

zones, where it has to be taken into account. The problem is solved by considering e.g. the

mean quantity as 'Favre averaged', i.e. the mean is density averaged.
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Conditional sampling: This effect can be observed e.g. in free jets or in jet flames. Assume

a free round jet having a coflow. If the seeding density of the central one is higher than the

one of the coflow, the velocity statistics is biased towards the latter one. Detailed investiga¬
tions ofjets were performed by Dibble et al. (1987), Weckmann et al. (1986) and Flury and

Schlatter (1996). This effect is also found for the case of the counter-flow configuration

(Mastorakos, 1993). Dibble et al. (1987), Veynante and Candel (1988) and Fuchs et al.

(1992) tried to quantify this kind of error, which has a major influence on the moment esti¬

mators. Correction procedures are given by Dibble et al. (1987), where the mixture fraction

z has to be measured simultaneously, and by Flury (1999), who used the signal reconstruc¬

tion method of Veynante and Candel (1988).

Comparing the relevant bias errors leads to the conclusion that the velocity bias and the con¬

ditional sampling mainly contribute to the measurement error.

2.5.3 Spectral estimation

The spectral estimation is used for detecting the main flow parameters like the integral time

and length scale. Initially the non-equidistant time series of LDV has not been scrutinized

for influences on the spectral content of the signal. Simple analog filters on the velocity sig¬
nals from the processor output were used to create a continuous signal before connecting

averaging voltmeters or true RMS voltmeters or using equidistant time re-sampling (Durst
et al., 1976). Since then, considerable effort has been performed in this field and various

methods were developed for calculating the spectra out of the non-equidistant time series.

Figure 2.11 overviews the approaches for the spectral estimations. These methods are di¬

vided into two main groups: the direct methods and the signal reconstruction methods,

where the latter is further split into equidistant resampling followed by Fast Fourier Trans¬

formation or parametric estimation methods.

Benedict et al. (2000) and Britz and Antonia (1996) reviewed and compared the different

methods, whereby the first reference gives a set of recommendations for the spectral esti¬

mation. The latter author claims that none of the investigated methods is satisfactory if the

data rate is poor, which does not coincide with Müller et al. (1994), who did not recommend

any reconstruction method and favored the direct estimation. Therefore, none of the meth¬

ods is favored at this time for further use.

The bias error described above is still present when the spectral estimation is calculated.

Tropea (1995) claims that this error is generally secondary in importance to the variance,

since at high frequencies the variance of the estimator can completely mask the shape of the

spectrum. In contrast thereto, the limiting factors to the resolution of the turbulence spec¬

trum are of higher relevance. One of them is the spatial averaging due to the finite size of

the measurement volume. Other factors, like non-parallel fringe spacing, fringe distortion,

laser instabilities or poor optical alignment, can scatter the measured frequency leading to

a white noise floor in the spectrum, which increases the estimator yielding meaningless re¬

sults. The careful evaluation of the equipment and experimental design reduces this error.

Tropea (1995) estimates the typical lower limit of turbulence measurements with standard

equipment to 0.5-1.0%.
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Spectral Estimation

Direct Methods

-Discrete Fourier

Transformation

-Slot Correlation

-etc

Signal Reconstruction

-Polynomial Interpolation
-Fractal Reconstruction

-Projection onto Convex Sets

-Exponential Interpolation
-etc

Equidistant Resampling
FFT

Parametric Estimation

Figure 2.11: Overview of approaches for spectral estimation (Tropea, 1995).

2.5.4 Evaluation of the method

The initially mentioned, two typical characteristics ofLDV data, the irregular sampling and

the correlation between velocity and sampling rate, are now recalled for the evaluation of

the strategy for the data processing.

The recommendations for correcting the velocity bias mainly base on the weighting tech¬

nique for the individual moments. E.g. the mean is calculated from

2>. W,

W,
(2.16)

where W1 is the individual weighting factor. Several authors have made proposals for quan¬

tifying this factor: McLaughlin and Tiedermann (1973), Petrie et al. (1988), Edwards and

Baratuci (1984) and Hoesel and Rodi (1977).

A different approach was pursued by Rocklage-Marliani (1999), who compared three dif¬

ferent correction methods for the moment estimators: the arithmetic averaging, the window¬

ing technique (dead time acquisition mode) and the linear interpolation. The application of

these methods to a synthetic signal showed for both the mean and the fluctuation that the

error using the first method is huge, whereas the last method showed the best results. A sim¬

ilar investigation was accomplished by Flury (1999), who compared the 'Sample and Hold',

the 'linear interpolation' and the 'Shannon interpolation' method. Here the Shannon recon¬

struction method turned out to be most promising, considering both the moments as well as

the spectral properties.

For the conditional sampling effect there exist two correction methods, which have already
been mentioned above. The method of Dibble et al. (1987) calculates the mean velocity
from
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u =

Uj
• z + u2

• (1 - z) (217)

where uj is the velocity of one flow, e.g. the fuel one, and u2 the velocity of the second

stream, e.g. the air stream, and z being the mixture fraction. Unfortunately, the mixture frac¬

tion will not be measured in the present work. Therefore, this method is not utilizable. Flury

(1999) applied the Shannon interpolation method of Veynante and Candel (1988) to this

problem and was able to show that the reconstructed velocities coincide well with the ones

calculated using the method of Dibble et al. (1987).

Considering the above mentioned methods in relation to the spectral estimation one

concludes that the weighting methods do not affect the time series and therefore the bias

error, which would also be present when calculating the spectrum. The investigations of

Rocklage-Marliani (1999) and Flury (1999) revealed on the other hand the advantages of

the Shannon interpolation method, which works well not only for the correction of the

moments but also for the ones of the conditional sampling and, furthermore, is a method for

spectral estimation, where, as it was shown, any method is favorable. Therefore all

measured time series ofvelocity data are processed by means ofthe Shannon reconstruction

method, which will be explained in the following section. The data rate of the resampled
series is thereby set to the global mean data rate of the measured (non-equidistant) series.

2.5.5 The Shannon interpolation method

Veynante and Candel (1988) developed this reconstruction method for LDV by extending
the Shannon algorithm (Press etal, 1992) to non-equidistant time series. In contrast to other

interpolation methods, fractal reconstruction and Shannon interpolation use all available

data of the time series for the reconstruction of the velocity at the time t. Therefore the ve¬

locities and its derivatives are steady functions.

A signal f(t) is sampled at the times t = tn for n = (..., -1, 0, 1, ... ) with ^ being a se¬

quence of not necessarily equidistant real values. Now a new function g(t) is created, which

is a one-to-one continuous mapping such that

^n
= g(t„) (2.18)

where Tn designates a periodic collection of time instants:

Tn
= nT0. (2.19)

Assume the existence of a function

h(T) = f[g_1(T)], (2.20)

which is band limited to a frequency fg. The time period T0 is chosen such that

1

T0 =

W (2.21)

(Nyquist frequency criteria). Now it can be shown by applying the sampling theorem (Press
et al, 1992) that the function f(t) can be reconstructed from its samples f(tn) by (Veynante
and Candel, 1988):
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sin[27tf0(g(t)-nT0)]
f(t) = y f(tn) ; —

^
27tf0(g(t)-nT0)

(2 22)

This expression was derived from and is similar to Shannons's classical relation

The values of the function g(t) must be interpolated between the known basic points g(tn),
where a constraint exists such that the function g is monotonie and invertible Veynante and

Candel (1988) used a linear function to determine the function g, which is also done in this

case

g(tk<t<tk + 1) = T0 k +
t-tt

lk + 1 lk
(2 23)

The linear one-to-one mapping function is sketched in Fig 2 12

Applying equation (2 23) to (2 22) while simultaneously considering equation (2 21) leads

to

sin

f(t) = £ f(tn)

7i k +
t-U

*k + 1 *k'

71 k +
t-U

lk + 1 lk

(2 24)

where tk < t < tk + l

x[xT0]
"

Figure 2.12: Linear continuous one-to-one mapping function (Flury, 1999)
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3 The measurement equipment

The test rig consists mainly of two components: the experimental object and the measure¬

ment system. The former one was in our case of one of the two burner devices, the disk sta¬

bilized burner or the opposed jet flow burner. They will be described in chapters 4.2 and 5.2

respectively. The description of the measurement system starts with the optical components
and continues with the report of the measurement volume, the optical arrangement, the sig¬
nal and the data processing. Moreover the auxiliary units, i.e. the gas supply and the particle

disperser, are characterized. Finally the accuracy of the components is discussed.

3.1 The laser Doppler velocimeter

The laser Doppler velocimeter (System of DANTEC), which was used for these investiga¬

tions, is able to instantaneously measure all three velocity components of the particle veloc¬

ity. It uses mainly the same apparatus of Dimopoulos (1996) and Flury (1999).

3.1.1 Description of the optical components

Each component including the deviations from the previous setup of Flury (1999) will be

described following the path of the light beam. A sketch of the whole apparatus is given in

Fig. 3.1.

The cw-laser (Coherent, Inova 90) was operated using the 'multi-line' mode. The intensity
distribution of the exiting beam was characterized by the TEM0q mode and the power in¬

tensity was kept at 2W during the inert and at 3W during the flame experiments.

Subsequently, the laser beam was coupled into the transmitting optics element (Transmit-
terbox, DANTEC). A Bragg cell divided up the incoming beam, but only the zero (unshift-

ed) and first order (shifted) beams were used further on. The frequency of the latter was

shifted by the stimulation frequency of the Bragg cell (40 MHz). Each beam was further

divided up into single frequency beams whereby only the three most powerful wave lengths

(514.5 nm, 488 nm and 476.5 nm) were used in the following. The single frequency beams,

altogether six, were coupled into their individual optical mono-mode fibers, which carried
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the light to two probes, an emitting and a receiving optic. The transmission efficiency of the

optical fibre amounts to about 60%.

The setup of the two probes was mainly the same. One of them was for measuring two ve¬

locity components and the other one detected the third velocity component. At the end of

the individual optical fibres the light exited and traversed a collimating optic, adjustable

prisms and a beam expander optic. The advantage ofthe beam expander lies in the reduction

of the measurement volume due to a narrower beam waist in the focus. The achromatic front

lens of 600 mm focal length focused the corresponding beams in the measurement volume.

The velocity component being measured is then perpendicular to the optical axis and lies in

the plane spanned by the two exiting beams of the same color.

The probe contained also a receiving optic because the standard configuration of the DAN¬

TEC system is the backscatter mode. Therefore, the scattered light of the particle traversing
the measurement volume was collected at the front lens. Then, it traversed the expanding

optic in the reverse way and was focused by means of an additional lens to the end of an

optical multi-mode fibre. At the end of the fibre, a filter blocked the unwanted frequencies
of stray light. Finally the residual beam arrived at the photomultiplier, which converted the

light signal into a corresponding electrical signal.
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Figure 3.1: Schematic diagram of the laser Doppler velocimeter.

The intersecting angle 9 of two corresponding beams (the unshifted beam and the corre¬

sponding shifted one) has a major influence on the accuracy of the measurement results.
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Therefore, they were each determined using two independent methods. Following the pro¬

cedure of Flury (1999), the angle was calculated from the ratio of the beam separation on a

screen to the distance between the screen and the focal point. The second method used the

Doppler effect caused by the tangential velocity of a rotating disk if the measurment volume

is taken somewhere on the disk perimeter. Knowing the angular frequency CO, the radial dis¬

tance r of the measurement point from the disk center, the Doppler frequency frj at this po¬

sition and the laser wave length ÀL, the intersection angle of the two laser beams for each

component could be calculated from

9 =
2asinf^—-). (3.1)

v 2cor J v '

The difference of results of the two methods was smaller than 4%.

3.1.2 The measurement volume

Dimopoulos (1996) calculated the extent of the measurement volume, which is tabulated

below (cf. Tab. 3.1). The shape of the emitter volume is approximately an ellipsoid having
the semi-axis aE, bE and cE, whereas the receiving volume corresponds more to a cylinder
of diameter aR

= 0.100mm. The values have been verified experimentally (Dimopoulos

1996).

X [nm] aE [mm] bE [mm] cE [mm]

514.5 0.147 0.146 1.17

488 0.140 0.139 1.11

476.5 0.137 0.136 1.09

Table 3.1: Extents of the emitter volume for the three velocity components.

3.1.3 The optical arrangement

The arrangement of the beams is depicted in Fig. 3.1. The two component probe contained

the two beam pairs of the wave lengths 514.5nm and 488nm. The resulting two velocity

components were aligned perpendicular to each other. Therefore, the second probe trans¬

mitted the two beams of X = 476.5 nm. This probe was mounted perpendicular to the first

one so that this velocity component became orthogonal to the two former velocity compo¬
nents. This setup is favorable because the transformation of the measured velocities into an

orthogonal coordinate system is not necessary any more. Particularly, this transformation is

a significant error source due to the insufficient determination of the individual angles be¬

tween the components (Dimopoulos 1996).

For ensuring a high spatial coincidence of the measurement volumes, the scattered light

originating from the emitter beams of one probe was detected at the other probe. This con-
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figuration is called 'off-axis setup'. A good signal at all components was only obtained if

all three measurement volumes coincided well. Further advantages of this configuration
were the reduction of the measurement volume, which is now determined by the smaller

volume of the receiving optics and which is therefore reduced by the factor eight (Flury,

1999). Further, the signal quality increased due to a drop of the pedestal from stray light of

the emitting beams in the probe and due to a drop of reflecting light. Disadvantageous for

this setup is the lower signal intensity (cf. chapter 2.2), which was compensated by an ele¬

vated signal gain, and the additional alignment effort. The alignment procedure for this set¬

up is described in Flury (1999).

The two probes were mounted on a traversing system (ISEL Automation), which could be

moved in three directions arranged orthogonal to each other.

3.1.4 Signal processing

The signals were processed by means of spectrum analyzers from DANTEC, which are

known under the trademark BURST SPECTRUM ANALYSER (BSA). The functional

principle of the device will be explained in the following. An extensive description can be

found in DANTEC (1990).

Figure 3.2 shows the block diagram of the BSA. The signal originating from the photo mul¬

tiplier is divided up into two signal paths: the upper is used for burst detection, for measur¬

ing the arrival time and the transit time and for controlling the input buffer, whereas the

lower path represents the spectrum analyzer.

Following at first the latter path, the Doppler signal is band-passed to eliminate the signal

pedestal and the high frequency signals. Due to the low dynamic range of the A/D convert¬

er, a signal limiter restricts the signal dynamics.

Then the signal is modulated with the complex harmonics of e
,
which is formally a

multiplication of the sinusoidal signal with this complex oscillation. Fourier concluded that

this affects the spectrum to shift by C0q:

f(t)**F(a>) (3.2)

f(t)-e~1C°ot^F(co + C00). (3.3)

Finally the resulting signals are lowpass filtered, which eliminates the sum frequency. The

necessary sampling frequency of the A/D converter is now much lower than it was before.

Consider a sinusoidal input signal f(t) = cos(cot), whose spectrum is shifted by C00:

/,.+ \
~1C0()t

n ^ /
1C0t_L -1C0t\ ~1C0()t

(i a\

cos(cot)e
= 0.5 •

(e +e )-e (3.4)

l(CO-C00)t -l(CO+C00)t
= 0.5 • (e + e ) (3.5)

The lowpass filtering eliminates then the second term e
°

.

This means that the original signal from the limiter is split and one path is mixed with

cos(C00t), the other with -sin(co0t). In the following the lowpass filters eliminate the sum

term of the two resulting signals, which leads to the two real signals cos [(co - co0)t] and

sin[(co-co0)t].
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The sampling frequency of the A/D converter is

1.5 f
BW' (3.6)

where fBW denominates the selected bandwidth. It is always different from the input clock

frequency of the FFT, which amounts to 5 MHz. Therefore, a FIFO memory (First In, First

Out) has been inserted for buffering the data. The FFT processor provides the Fourier spec¬

trum of the complex input signal. From the resulting peak and its two neighbor values the

post processor fits a SINC-function, which is

SINC(x)

1

sin(x)

x

0

otherwise
(3.7)

The calculated peak value from this SINC-fit represents the value fp> the measured Doppler

frequency. Finally, a signal quality criterion is applied to the spectra. If the criterion is

passed, the Doppler value frj is transferred to the exit buffer.

The upper signal path (cf. Fig. 3.2) is used for the burst detection which is equipped with a

restart-mechanism. Due to this mechanism, the peak signal can be detected and used for

triggering the A/D converter. Hence, the signal quality is increased because the middle part

of a signal is processed and therefore the most probably unbiased part of the signal (Ruck,
1987; Ruck and Pavlovski, 1993).

The detected arrival time and transit time of this path are written to the exit buffer, together
with the Doppler value resulting from the lower path. These three values are ready now for

being transferred to the computer using the IEEE 488 interface.
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Figure 3.2: Block diagram of the BSA. PMT: Photo Multiplier; LP: Low Pass Filter; BP:

Band Pass Filter (Landing, 1987).
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3.1.5 The data acquisition

With the setup of the original data acquisition, the data of the three BSA devices were trans¬

ferred over one single data pipeline to the computer. Unfortunately this system suffered at

data rates higher than 1.0-1.5 kHz from several problems, which were mainly caused by

providing insufficient buffer memory and data transfer capacity to the computer. Rocklage-
Marliani (1999), Dimopoulos (1996) and Flury (1999) reported about this defect, too. This

failure resulted in a buffer memory overflow and finally a loss of the measured data, some¬

times even in the dysfunction of the BSA processor triggering.

A new data acquisition concept was developed by Flury (1999) and was adapted to the

present situation. It is depicted in Fig. 3.3. Each BSA transfered its data to a separate PC

during the data acquisition process. These three PC's were controlled by a Linux host,

which managed the complete data acquisition process. During the measurement procedure
the data of each BSA were buffered at its individual PC. After completion of the measure¬

ment procedure the data were transferred to the host, where they could be processed imme¬

diately.

FFT processor 1

(64kB Buffer, IEEE

488)

GPIB HD

Workstation

PC1

TCP/IP

FFT processor 2

(64kB Buffer, IEEE

488)

.

GPIB HD

PC 2

FFT processor 3

(64kB Buffer, IEEE

488)

GPIB HD

PC 3

Figure 3.3: The new data acquisition concept (Flury, 1999).

3.2 Auxiliary units

3.2.1 The gas supply system

The gas supply system is sketched in Fig. 3.4. The flame barrier (XI) prevented a possible
flame backflush to the methane (99.5%) source. The compressed air was dried by means of

a fixed bed of silica gel. Both gas flows were monitored by means of mass flow meters (FI).
The flow was set using the needle valves V5-V7. If necessary the gas streams could be

mixed afterwards. The system was built up so that a fuel-air mixture stream and a pure air
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stream could be supplied. For the investigations of the annular jet, the two air mass flow

meters were connected in parallel for being able to monitor the necessary air flow rate. Fi¬

nally, particles were added to the flow. A bypass was used to control the particle seeding
rate to the gas stream. The detailed description of the particle seeding unit is given in chap¬
ter 1.3.2. For the flame experiments the magnetic valves V2 and V4 were switched such that

the pipes were flushed with nitrogen before the fuel valve was opened.

For the two nitrogen coflowing streams, the gas originating from compressed gas cylinders
was divided and separately monitored by means of mass flow controllers.

The gas flow rates were measured by thermal mass flow meters and by controllers from

Bronkhorst (Models F-l 12AC and F-l 13AC) and Brooks (Model 5851S). No temperature

and pressure correction within small deviations from the operating point was necessary.

Each device was calibrated by the manufacturer. The accuracy and linearity is guaranteed
within 1% of the full scale. Additionally the devices had been calibrated against each other

to ensure that the desired mixture ratio could be controlled with his accuracy. The mass flow

meters did not deviate more than 1% from each other.

0^< D&l—

To the Fuel-Air

Mixture Inlet

To the Air

Inlet

Figure 3.4: Schematic of the gas supply. VI, V3, V5: Pressure reduction valves. V2, V4:

Magnetic valves. V5-V12: Needle valves. XI: Flame barrier. Bl: Fixed bed

of silica gel. PI: Pressure indicator. FI: Mass flow meter.

The physical properties of the gas species used are summarized in Tab. 3.2. These are nec¬

essary to calculate the flow rates from the fixed Reynolds numbers. The viscosity r| and the

density p are quantities depending on the temperature T and on the pressure p. The pressure

dependency ofthe viscosity at ambient pressure is marginal. Hence, it is acceptable that this

data is taken from the tabulated data for the pressure of 1 bar.
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CH4 Air

Temperature T [°C] 25

Ambient pressure p [Torr] 725

Mol weight M [kg/kmol] 16 04 28 97

Density p [kg/m ] 0617 1 11

Dyn viscosity T| [10 Pas] - 1 85

Kin viscosity V [10 m/s] - 1 58

Table 3.2: Operating conditions and properties of the gases (VDI, 1997)

3.2.2 The particles and its dispersion

Different particles have been used for the cold flow and the flame measurements In the

former case Ti02-particles (Kronos Titan GmbH, Leverkusen, type 2056, mean diameter

0 2 |im) and in the latter case Zr02-particles (Johnson Matthey GmbH, mean diameter 1

|lm) were dispersed in the device Hence, melting of the particles in the flame could be

avoided

Exit
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Figure 3.5: Sketch of the Particle Disperser
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The functional scheme of the particle disperser used during the experiments is depicted in

Fig. 3.5. It is based on the principle of a stirr tank. The incoming gas flow is led to the cap

and then through a duct which is concentric to the axle of the stirrer. At the end of the duct

the gas meets the propeller and turbulence is generated, which disperses the particles. The

two phase mixture in the tank leaves finally through the exit pipe in the cap.

3.3 Accuracy

Due to the independence of the laser Doppler velocimetry on the fluid properties, a major
error source is eliminated. Nevertheless there exist many parameters for maximizing the

overall measurement accuracy. These error sources are considered and discussed in the fol¬

lowing.

3.3.1 Calibration factor

According to Eq. 2.9 it appears that the accuracy of the measured velocity depends inter alia

on the angle of intersection of the crossing laser beams. For an accurate determination of

this angle the laser beams were projected to a wall which was positioned a few meters away

from the focus. Now the distance between the laser beam spots and the distance between

the focus and the wall were measured. The error in the angle measurment resulted in a ve¬

locity error of 0.3%.

3.3.2 Optics

A further source of error out of Eq. 2.9 is the Doppler frequency, which can be falsified by
the preshift. Fortunately, the electronics devices work precisely, and the deviation is negli¬

gible. The Doppler frequency is also affected by optical imperfections arising from mis¬

alignment of optical components (e.g. crossing of divergent beams leading to variable

fringe spacing), from lens imperfections (e.g. lens aberration) or from misalignment of the

detector, as described by Drain (1980). Careful optical alignment avoids these effects and

therefore one can neglect these errors. Influences due to transit broadening (Zhang and Wu,

1987), vibration of optical components and optical noise are estimated to be very small.

The extent of the measurement volume may have an influence on the Doppler frequency.
There exist two possible effects if the size of the measurement volume in relation to the tur¬

bulent scale is large:
• Highly fluctuating flows or strong velocity gradients can provoke that particles are

accelerated within the measurement volume.

• Dependence of the turbulence intensity and of the mean velocity on the position where

the particle crosses the measurement volume.

The probability density function is broadened in both cases, which means that the fluctua¬

tion is increased and the peak velocities are damped. Due to the small extent of the mea¬

surement volume in the present experimental setup (see section 3.1.2) the errors due to these

effects are neglected.
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The alignment of the optical devices to measure the three velocity components was per¬

formed accurately. Hence, the resulting uncertainty due to misalignment is negligible.

3.3.3 The influence of reacting zones

The effect of reaction zones is hard to quantify. High temperature flames can cause a reduc¬

tion in the collection efficiency, which may result in a higher probability of sampling low

temperature fluid elements.

Large temperature and concentration variations alter the refractive index, which causes

beam steering, i.e. the position of the measurement volume moves (Durst et al, 1981; Bo-

han et al., 1989). Additionally, the laser wave length depends on the refractive index. An-

cimer and Fraser (1994) estimated the error to 4% for the mean and to 10% for the

fluctuation. Fortunately, the accuracy can be improved by respecting the following items

(Schneider, 2004):
• Maximizing the beam intersection angle 9.

• Minimizing the distance of the measurement volume to the flame front.

• High laser power.

• Beams arranged perpendicular to the flame front.

• Application of frequency shift.

• Measurement in main flow direction.

All the items above have been considered in the setup and the error is reduced to a large
extent. The uncertainty can predominantly be neglected.

Nevertheless, in case of the opposed flow burner, where the beams have to pass a large zone

of hot gas in vincinity of the flame, the influence of the reaction zone on the measurements

should be discussed.

3.3.4 The influence of the particles

The indirect measurement method ofLDV extends the error sources to the seeded particles.
The particle velocity does not necessarily coincide with the local fluid velocity especially
in highly turbulent flows. Particles have an effect on the measurements by several ways: by
their size and density, by their concentration and by their seeding behavior.

The particle size and density influence the particle lag, which was already discussed in sec¬

tion 2.4.2. There, the slip of the Ti02- and Zr02-particles was estimated being within 1%

for the highest measured turbulence frequencies. Therefore, this error is neglected.

The particle concentration mainly affects the signal quality. High particle concentrations

cause superpositions of the signals due to the presence of more than one particle in the mea¬

surement volume. Durst et al. (1981) recommend an ideal particle concentration of 10 to

10 particles per m . Using the peak data rate for the present measurements leads to a par-
10 2

ticle concentration of 5 • 10 particles per m ,
which allows to exclude the presence of

multi-particle signals.

3.3.5 The electronic devices

The errors caused by the electronic devices are generally very small if the input parameters
are chosen carefully. The electronic noise in the photo detector and in the signal processor

is generally also very small.
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The accuracy of the frequency analyzer results from

of =
-s (3.8)

where fs is the sampling frequency and n the number of samples of the A/D-converter

(n e [8, 16, 32, 64] ). The resolution of the converter is increased due to zero filling by a

factor 2. The following interpolation of the frequency spectrum by means of a SINC-func-

tion increases the resolution in addition by 3 bit (Flury, 1999). Therefore the inaccuracy of

the signal processor having a resolution of 0.1% is negligible.

Flury (1999) claims that the processing algorithm of the signal processor shows preferential

Doppler frequencies at the sampling points of the FFT processor. A resampling of the time

series is recommended to eliminate this problem. The resampling is done in the present

work using the Shannon algorithm (section 2.5.5).

3.3.6 Statistical error

Measurements are generally assumed to form a Gaussian or Normal distribution. The sta¬

tistical error for the mean and for the fluctuation is estimated by (Boutier, 1990)

du = ü- -|= Tu (3.9)

rsp.

3u/2 = u/2~ (3.10)
V2N

where du is the absolute uncertainty of the mean velocity, du the absolute error of the

fluctuation, N the number of samples, Tu the turbulence intensity and Z the factor resulting
from the statistical certainty (Profos, 1984).

Choosing a statistical certainty of 99% results in Z = 2.58
.
The statistical independence is

assumed and fulfilled if the difference between the arrival times of the particles is larger
than the turbulence time scale, respectively the sampling rate is smaller than the turbulence

frequency. The statistical accuracy can not be improved by higher sampling rates (Früchtel,

1997).

Predominantly, 5000 coincided samples were collected during one measurement. Therefore

the statistical error for the mean and for the fluctuation amount to 1.8% resp. 2.6% when

assuming 50% peak turbulence intensity.

3.3.7 Positional accuracy

First, the arrangement of the measurement volume relative to the fluid dynamic device was

visually set up. Then, radial profiles of the mean axial velocity were measured and the sym¬

metry conditions were exploited. Therewith, the measurement volume could be located

with an accuracy of 0.1mm relative to the fluid dynamic device. The uncertainty in steps

along the profiles amounts to Ax = 0.01 mm
.



36 3 The measurement equipment

The breaking of the radial symmetric flow field with the annular jet experiments applied an

additional systematic error to the positional accuracy when exploiting the symmetry condi-

tons of the radial profiles. Due to the visual control of the location of the measurement vol¬

ume to the experimental device, the uncertainty could be reduced to 0.1mm.

The resulting error in the measured velocity due to the positional inaccuracy depends on its

gradient at the considered position. The largest velocity gradients appeared at the rim of the

annular jet, where it amounted to (Aw/U0)/Ax1 = 2.51mm
. Consequently, the result¬

ing error in velocity is 2.51%. At positions far from the slot of the device, the peak gradient
was (Aw/U0)/Ax1 = 0.035mm

,
which results in an marginal error of 0.035%. This

range of error is also valid with the experiments in the turbulent opposed jet burner.

Hence, the error due to positional uncertainty is negligible.

3.3.8 Long-term stability

The particles which have to be added to the flow can heavily cause alteration of the flow of

the exiting stream due to contamination. Thus, it was important to control and to clean the

device before starting a measurement. The long-term stability is considered for the bluff-

body in section 4.3.4. It was found of marginal influence.

3.3.9 Volume rate accuracy and volume rate fluctuations

The devices used to control and to measure the gas volume rates worked within 1% accu¬

racy. Additionally the flow meters and controllers were calibrated against each other for

minimizing the error in the gas mixture concentration to 1%. The methane and nitrogen vol¬

ume rates did not show any fluctuations exceeding the measurement accuracy. The fluctu¬

ations in the air volume rate due to the slowly fluctuating pressurized air supply were

successfully attenuated by a pressure stabilizer and lay within 0.5%.

3.3.10 Total accuracy

The uncertainties are divided into systematic and random errors (Profos, 1984). The former

ones appear with similar value and sign whereas the latter ones fluctuate in sign and in mag¬

nitude for a given value of a measured quantity. The systematic uncertainties can be reduced

to a marginal influence by means of correction schemes, by careful alignment and by cali¬

bration measurements. The random errors are not rectifiable, but can be minimized by

choosing a large number of samples N.

Most of the uncertainties considered above are marginal and, hence, are neglected. Two

main sources remained, which are the statistical uncertainty and the one originating from

the volume rate. Hence, the total uncertainty in the mean amounts to 3.6% and in the fluc¬

tuations to 4.4%. Note that the uncertainty remains to be discussed in reacting zones or at

positions close to the rim of the annular jet device.
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4 Annular jets at high blockage ratios

4.1 Introduction

4.1.1 Overview

The present investigation deals with annular jets at high blockage ratios. It is the first study
which systematically investigates the characteristics of inert flows in wakes past a disk at

blockage ratios BR > 0.50. The flow is analyzed in the near-field of the disk performing

predominantly three dimensional LDV measurements along the centerline. The objectives
are the determination of the influence of the blockage ratio as well as of the initial velocity
characterized by the Reynolds number on the mean flow field and on the turbulent mixing.

The results of the present measurements confirm the findings of Durao and Whitelaw

(1978) for blockage ratios BR < 0.68, where the radial symmetric flow pattern mainly de¬

pends on the blockage ratio and only weakly on the Reynolds number. In contrast thereto it

was found that the break of symmetry occurs within the range 0.68 < BR < 0.72 resulting
in a tilted recirculating torus for high blockage ratios. Large radial velocity values have been

detected within the recirculation zone. No dependency of the symmetry breaking was de¬

termined on the Reynolds number. Weak dependency of the asymmetric flow pattern on

blockage ratio and on Reynolds number was observed. The flow has substantial anisotropic
turbulence with the peak turbulence intensity being located in the region of the stagnation

point. The flow resulting along the centerline did not reveal bimodal velocity probability
distributions and the energy spectra at specific locations on the axis confirmed the absence

of predominant frequencies in this region.

The report starts with some theoretical considerations about annular jets (section 4.1.2),
continues reviewing the literature (section 4.1.3) and formulates therefrom the objectives

(section 4.1.4). After characterizing the experimental object (section 4.2), the results of the

LDV measurements are presented (section 4.3). This part starts with the characterization of

the initial velocity profile (section 4.3.1), compares the data of the present measurements

with the ones from literature (section 4.3.3) and ensures reproducibility (section 4.3.4).

Then, the influence of the blockage ratio in the range of 0.50 < BR< 0.89 (section 4.3.5)
and the one of the Reynolds number in the transient regime between 800 < Re < 6000 (sec-
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tion 4.3.6) on the flow characteristics is reported. The chapter closes discussing the results

(section 4.4).

4.1.2 Definitions

A useful flow configuration for studying bluff-body flows is the annular jet. First, it is axi-

symmetric and reduces therefore the complexity of the problem. And secondly, the features

of bluff-body flows, recirculation and vortex shedding, are considered.

The definitions of the annular jet, which will be characterized in the following, are related

to the work of Del Taglia (2003).

An annular jet exiting with the bulk velocity U0, is created by means of a device which con¬

sists of a tube with the inner diameter D0 and an axisymmetric bluff-body having the diam¬

eter D. Bluff bodies are mainly disks, cones or cylinders.

An annular jet is characterized by the following three parameters:
• the blockage ratio:

D2
BR = \ (4.1)

Do

the Reynolds number:

(D0-D)U0
Re = — —

. (4.2)

• the opening half angle of the bluff-body:

a = 0° for cylinders

a = 90° for disks

(4.3)
0°<a<90° for divergent cones

a<0° for convergent truncated cones

where V corresponds to the kinematic viscosity.

The bluff-body flow (cf. Fig. 4.1) is created by forcing the flow inside the tube through the

annular slot, whereby an annular jet emerges. Flow separation causes an area having subat-

mospheric pressure, which is located behind the disk. A part of the annular jet is then en¬

trained in a continuous intense recirculation in that area.

4.1.3 Literature review

Experimental and numerical studies of annular jets have already been extensively reviewed

by Del Taglia (2003). The literature overview presented in the following will be restricted

to unconfined, inert annular jets. Table 4.1 summarizes these studies and lists its most im¬

portant parameters for ease of comparison. At first, studies about classification of the mean

flow field in the turbulent regime are presented, followed by a subsection about flow field

investigations in the fully turbulent regime. The subsection about the laminar regime closes

the literature review on annular jets.
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Air Flow

Figure 4.1: Sketch of the annular jet. A disk is used as bluff-body (Del Taglia, 2003).

4.1.3.1 Characterization ofthe meanflow fieldfor the turbulent regime

There exist two studies which systematically characterize the flow behavior behind a bluff-

body.

The first one originates from Davies and Beer (1971). They observed the wake behind an

axisymmetric bluff-body and classified the flow pattern as depicted in Fig. 4.2 into three

zones: the recirculation zone, the transition zone and the established flow zone. The recir¬

culation zone extents over the range where the axial velocity component on the symmetry

axis is negative (cf. Fig. 4.2, right). The change from the recirculation zone to the transition

zone takes place at the stagnation point, where the axial velocity is zero. This transition zone

itself extends to the reattachment point, where the maxima of the radial profiles of the axial

velocity merge and whose distance to the nozzle exit plane amounts to about three bluff-

body base diameters. At this point the established flow zone starts and runs in the down¬

stream direction. The flow in this area exhibits the same features like the one of a round jet.

The second study was published in several parts by Ko and Chan (1978), Chan and Ko

(1978) and Ko and Chan (1979). They classified the wake area into three zones, like Davies

and Beer (1971), but the boundaries were defined using different criteria. Figure 4.3 dis¬

plays these ranges, which are defined as initial merging zone, intermediate zone and fully

merged zone. The first zone starts at the nozzle exit plane and runs to the plane where the

potential core disappears. For single and coaxial jets the mean velocity within the annular

potential core is the same like the initial bulk velocity U0. Within this core the recirculating
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vortex is found. The next range is called 'intermediate zone', where the mixing of the flows

from the annular potential core and from the outer mixing region takes place. This range

extends from the reattachment point and ends where the flow exhibits the same properties
like the one of a round jet. The extent of this zone itself adds up about to three outer diam¬

eters D0. Obviously this point of zone change, from the intermediate to the fully merged

one, is located further downstream than the reattachment point defined by Davies and Beer

(1971).

* r

Figure 4.2: Left: The flow system of annular jets according to Davies and Beer (1971).
Right: Characteristic radial profiles of the axial velocity component in the

three zones (Del Taglia, 2003).
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Study Bluff Body BR Re quantities
measurement

method

Davies and Beer

(1971)

Durao and White-

law (1978)

Ko and Chan

(1978)

Chan and Ko

(1978)

Ko and Chan

(1979)

Kuhlmann (1987)

Li and Takin

(1987)

Aly and Rashed

(1991)

Huang etal. (1994)

Stroomer (1995)

Sheen etal. (1996)

Wardaetal. (1999)

Huang and Lin

(2000)

disk, cone (40°),

cylinder

disk

cone (a < 0°),
conical and epi¬

sodic bullet

cone (a < 0°),
conical and epi¬

sodic bullet

cone (a < 0°),
conical and epi¬

sodic bullet

cylinder

cylinder, tapered

cylinder (21.6°)

disc

disc

disc

cylinder

cylinder

disc

0.11;

0.25;

0.52

0.20;

0.39;

0.50

0.20

0.20

0.20

0.56

0.32;

0.52;

0.72

0.91

0.44

0.89

0.23

0.44

0.44

fully
turbulent

3500

28300

1.1 • io5

1.1 • 10

1.1 • io5

2.7- 105

2300

4300

4800

< 1200

4400

<6000

4600

<2000

mean vel., fluet,

shear stress, turb.

kin. energy

mean vel., fluet,

shear stress, pdf,

energy spectra

mean vel., turb.

intensity

mean vel., pressure

intensity, spectra

mean vel., pressure

intensity, spectra

mean vel.

recirculation

length

mean vel., turb.

intensity

recirculation

length

mean vel., turb. in¬

tensity, spectra

mean vel.

mean vel., turb.

intensities

mean vel., turb.

intensity

HWA

LDV

HWA

HWA, static

pressure probe,
condenser mic.

HWA, static

pressure probe,
condenser mic.

pitot static probe

flow

visualization

CTA

flow

visualization

LDV

LDV

LDV

HWA

Table 4.1: Summary of literature on inert annular jets.
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4.1.3.2 Studies performed in thefully turbulent regime

Beyond the study of Davies and Beer (1971), there exist two main research strategies: the

one of Durao and Whitelaw, who described the turbulent flow field in relation to numerical

models and its possibilities to their application. And the second one ofKo and Chan (1978),
where the flow field of the annular jets were related to the one of the circular jet and where

similarity considerations have been provided.

Davies and Beer (1971) investigated the mean flow and the turbulence behavior for various

bluff-bodies and blockage ratios (cf. Tab. 4.1) by keeping the initial mass flow rate con¬

stant. Thereby, it was observed that an increasing blockage ratio caused an increased

amount of recirculated fluid mass by a simultaneous decrease ofthe recirculation length due

to the increase of the ratio of pressure to inertia force in the wake behind the bluff-body.
Increased recirculating fluid mass was also detected by increasing the forebody angle (from

cylinder to disk), which was due to a longer and wider recirculation bubble. Measurements

showed that the region of high turbulence intensities is located in the wake.

Figure 4.3: Schematic diagram of the basic annular jet according to Ko and Chan (1979).

Durao and Whitelaw (1978) performed LDV measurements for various blockage ratios and

flow rates by using disks of different diameters. Measurements of the mean flow field con¬

firmed the findings of Davies and Beer (1971), but at high Re, the recirculation length re¬

mains constant for a varying Re number. The measurements of the radial velocity close to

the annular slot showed that there exists a considerable radial velocity vector. It amounts to

around 7% of the local axial velocity value and is directed towards the centerline. The au¬

thors claim that the disregard of this radial velocity amount could result in significant errors

when doing numerical simulations. For axial distances larger than 1.5 times the disc diam¬

eter the radial velocities become insignificant. The velocity fluctuations showed similar de¬

pendencies as the mean velocities. The turbulence is in general anisotropic with exceptions
in the vicinity of the disk and far downstream. In the recirculation zone the minimum tur-
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bulence intensity is 30% whereas far downstream its minimum lies at 15%. The axial fluc¬

tuations peak near the disk and at the stagnation point. For the radial fluctuations a single

peak exhibits at the stagnation point. In the recirculation zone, the radial profile of the axial

fluctuations increases from the centerline to the edge where two peaks indicate the inner and

outer shear layer of the annular jet. The radial profiles of the radial and tangential fluctua¬

tions show similar behavior, but a different one to the axial fluctuations. In the recirculation

bubble the velocity distributions of all three components are Gaussian. This is in contrast to

the near outer edge of the annular jet, where a bimodal distribution of the velocity is ob¬

served corresponding to a predominant frequency of 1.5 kHz measured by hot-wire veloci¬

metry.

Stroomer (1995) measured the mean velocities and its fluctuations for a fixed blockage ratio

and Reynolds number past a disc. The measured mean axial velocity and fluctuation pro¬

files confirmed the measurements of Durao and Whitelaw (1978). There have also been

measurements of a natural-gas premixed flame. Thereby, a predominant frequency of

Str = 0.07 was detected.

Ko and Chan provided an extensive study which was divided in three publications (Ko and

Chan 1978, Chan and Ko, 1978; Ko and Chan, 1979). In the first one, the flow and the tur¬

bulence intensity field of three different bluff-body configurations, a basic annular nozzle

without protrusion, with a conical and with an ellipsoidal bullet-like protrusion were com¬

pared to the flow data of the corresponding single jet. Thereby the blockage ratio and the

Reynolds number remained constant. It was found that the initial merging zone ends at

1.7D0 and the reattachment point is located 4D0 above the nozzle. Further on, similarity
considerations were performed and found by depicting the mean velocity and turbulence in¬

tensity data over a non-dimensional radial distance.

In the following report, Chan and Ko (1978) showed that the stagnation point establishes at

0.5D0. Due to the similarity found of the mean profiles a virtual origin or pole was suggest¬

ed being based on the width at the half maximum (y0 5). Corresponding to the round jet, the

mean velocities of the three annular jets were found to be inversely proportional to their ax¬

ial distance from the pole. When deriving therefrom the spreading angle, it is shown that

the one of the annular jet is smaller than the one of the round jet.

The next report of Ko and Chan (1979) investigated the mean and fluctuating properties in

the inner region. At first, it was shown that the axial exit velocity profile is uniform. Further

similarity for the profiles in the inner region was found using suggestions of Abramovich

(1963). Similarity to the round jet could be found, too. From a streamline chart the maxi¬

mum backflow rate was calculated to 2.5% of the exit flow rate at the nozzle exit. Static

pressure measurements showed that the position of the vortex center, the reattachment

length, the minimum and maximum mean static pressure and their locations correlate well

with the non-dimensional available pressure M0/(patmA0) for the entrainment behind the

interface, where M0 is the momentum flux at the nozzle exit, patm the atmospheric pressure

and A0 the bluff-body surface. It turned out that the static pressure minimum is located in

the recirculation region whereas its maximum lies at the stagnation point, as expected.

The flow structure of turbulent annular jets was investigated in more detail measuring the

pressure fluctuations by means of a condenser microphone. Chan and Ko (1978) and Ko and

Chan (1979) found four types of vortices (cf. Fig. 4.3). First, an array of toroidal jet vortices

in the outer mixing layer was detected. The vortices are generated due to shear to the sur-
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rounding stagnant air and move downstream. Their structures have also been found in sin¬

gle jets. Second, a train of wake vortices (vortex shedding) was determined in the inner

mixing zone. These vortices have a different frequency than the former ones and are pro¬

duced from the recirculating vortex behind the disk. Third, jet vortices in the inner mixing

region were found. These are due to shear between the vortex of the recirculation and the

annularjet. Both the wake and the jet vortices decay rapidly within the distance of one outer

diameter D0 downstream. Fourth, the authors identified an excitation of the outer mixing

region of the annular jet, which appeared in form of a wave or a further train of vortices

(vortex shedding). Disturbances of the wake vortices propagating across the potential core

to the outer jet layer and the adjacent regions were made responsible for this effect.

Aly and Rashed (1991) performed measurements of mean velocities and of turbulence in¬

tensities in the intermediate and fully merged zone of annular and single jets. Unfortunately
the data in the recirculation zone are not available. Similarity of the mean velocity profiles
could be confirmed from 3.24D0 downstream the nozzle, also to the circular jet. In contrast

thereto, the profiles of the annular and of the circular jet in the intermediate zone were not

similar.

Warda et al. (1999) did measurements of the axial mean velocity and its fluctuations on the

centerline axis for a fixed blockage ratio and Reynolds number. The findings ofthe pole and

of the linear decay of the reciprocal of the centerline axial velocity by Chan and Ko (1978)
are confirmed.

The study of Kuhlmann (1987) presented the investigations of the entrainment of ambient

air of round and of annular jets. The entrainment rate of the latter one turned out to be in¬

creased by more than 40% relative to the one of the circular jet. The author believes that this

increase is affected by the enhancement of the near-field wake vortex train.

4.1.3.3 Studies performed in the laminar and transitional regime

The study of Li and Takin (1987) deals with the recirculation length for the laminar, transi¬

tional and fully turbulent regime. The authors present measured recirculation lengths for

various Reynolds numbers in the transition range, for three different blockage ratios and for

two forebody angles. Transition to turbulence was observed to occur at Re = 700 - 800.

By using an analytical approach, expressions for the recirculation length were given, which

have been experimentally validated. For the laminar range, this length increases linearly
with increasing Re (Lr/D = CjRe ). In the transition and fully turbulent region the length
is inversely proportional to Re (Lr/D = Cj + C2/Re). Thereby the constants C\ respec¬

tively C2 depend on the geometry respectively on the blockage ratio and on the forebody

shape.

Research on the flow structures in the near field behind a circular disc at low Reynolds num¬

bers was done in two successive studies. In the first one, Huang et al. (1994) observed three

typical characteristic flow modes: the Q-tip mode in the range of 130 < Re < 390, the open-

top toroid mode for 390 < Re < 455 and the closed toroid mode when Re > 455
.

In the

subsequent study, Huang et al. (2000) investigated the velocity signals in the shear layer of

an annular jet. The authors detected five flow regimes: laminar, sub critical, transitional, su¬

per critical and turbulent. Transition to turbulence was found at Re = 750 (ReD = 1500),
where the velocity signal lost its periodicity. This transition point is different in comparison
to the investigations of Chan and Ko (1978) where the appearance of vortices of specific
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frequencies in the shear layer were detected. Further the Strouhal numbers, the integral

length scales and the Reynolds numbers were measured. Discontinuities of the Strouhal

number and of the integral length scales were observed between the single regimes of tran¬

sition.

Sheen et al. (1996) presented flow visualizations and mean velocity profiles on the center-

line for various Reynolds numbers in the transition regime. The study comprised various

swirl numbers and a confined geometry. Without swirl two flow patterns were detected: the

stable open-toroid mode at Re < 300 (same characteristics described by Huang et al., 1994)
and the asymmetric and unsteady vortex-shedding for Re > 300. The correlations of Li and

Takin (1987) for the unconfined and non-swirling case could be confirmed.

4.1.4 Objectives of the present study

The aims of this study are derived from the conclusions due to the literature review given
above. The mean flow field in the wake of the bluff-body is divided into three different

zones. The first one downstream the bluff-body features recirculation due to subatmospher-
ic pressure. The recirculated mass flow rate increases and the size of recirculating vortex

decreases with higher blockage ratio whereas the initial velocity influences the flow pattern

only marginally. The turbulence behavior is generally strongly anisotropic with exception
close to the disk and far downstream, where the flow approaches isotropy. In the wake of

the bluff-body and particularly in the recirculation zone, the absence of predominant fre¬

quencies was observed. Only close to the jet exit plane and towards the outer edge of the

annular jet bimodal velocity probability distributions were measured revealing the presence

of predominant frequencies, which was already observed in the shear layers of turbulent

free jets.

There exist only two studies of annular jets at blockage ratios BR > 0.50, although this top¬

ic is believed to be of practical relevance due to the increased reversed mass flow rate

(Davies and Beer, 1971; Taylor and Whitelaw, 1984) and due to improved flame stability
in case of combustion. Hence, sufficient details on the fluid dynamics properties should be

provided, particularly in the recirculation zone.

Hence, the present study covers the following topics which have not yet been investigated

experimentally:
• Systematic parameter variation of the operating condition of the inert annular jet. The

blockage ratio and the Reynolds number range within the field of 0.50 < BR < 0.89

and 800 < Re < 6000.

• The mean flow field along the centerline is investigated in terms of main influence

parameters and self-similarity. Further, breaking of symmetry, which was found to

appear in the numerical study of Del Taglia (2003), is shown to occur at a high block¬

age ratio. The breaking conditions are detected.

• The turbulent mixing is characterized for the investigated annular jets. The predomi¬
nant zones of the mixing are detected. Additionally, turbulence energy spectra are cal¬

culated to determine the existence of predominant turbulence frequencies if present.
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4.2 The experimental object

The disk stabilized burner is the original device of Stroomer (1995). In contrast to this work,

the present investigations are limited to the isothermal air flow field.

The vertical cross section ofthe upper part ofthe device is depicted in Fig. 4.4. The air pass¬

es the diffusor and the honeycomb before entering the contraction section. At its end the air

is forced to pass the annular slot producing finally an annular jet at the exit. The flow exiting
the slot is assumed directed vertically upward, is open to the atmosphere and ends in an ex¬

haust hood positioned 800mm above the disk.

The geometric data of the device are given in Tab. 4.2. Several disks of different diameters

D have been used keeping the inner tube diameter constant. Therefore, the blockage ratio

as well as the hydraulic diameter vary from 0.5 to 0.89 respectively from 25mm to 5mm.

The second parameter varied was the Reynolds number, 800 < Re < 6000
.
Because of the

limited gas supply the annular jet could not be operated at higher Reynolds numbers. The

operating characteristics of the investigated annular jet is summarized in Tab. 4.2.

The centering of the disk in relation to the tube was controlled by means of a gauge.

-L n e y (_ j ib
r (Tl.

prtrr.l

Figure 4.4: Vertical cross section of the annular jet device.
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Tube inner diameter D0 [mm] 85

Tube outer diameter [mm]
105

Disk diameter D [mm] 60 66 70 72 75 78 80

Blockage ratio BR [-] 0.50 0.60 0.68 0.72 0.78 0.84 0.89

Hydraulic diameter DH [mm] 25 19 15 13 10 7 5

Table 4.2: Geometric characteristics of the annular jet.

4.3 Results

4.3.1 The initial velocity profile

The velocity distribution of the exiting annular jet is a key issue of the developing flow field

past the disk. Therefore, velocity measurements in and close to the slot were carried out.

4.3.1.1 Specifics ofthe experimental setup

The lowest axial distance of the LDV measurement volume to the disk where all radial po¬

sitions of the slot could be reached, amounted to 7mm due to the arrangement of the laser

beams. Unfortunately from a measured radial profile at this distance above the disk one is

not able to infer to the initial profile and its uniformity. Closer positions to the plane of the

disk are necessary for sufficiently meaningful exit velocity profiles. Therefore, the whole

burner device was tilted around the y-axis by an angle y = 11.5° (cf. Fig. 4.5). Obviously
the measurement volume can now be positioned not only close to but also within the exit

slot for all radial positions. It has to be pointed out that the velocity components have been

coordinate transformed from the laser Doppler coordinate system xLyzL to the device ref¬

erence system xyz, whose origin was set to the centre of the disk and whose z-axis is iden¬

tical to the symmetry axis.

The profiles will be depicted using the cylindric reference system rcpz, where z equals the z

coordinate of the device system xyz. The velocity system is orthogonal and its notation

bases on the cylindric coordinate system. The axial downstream velocity is directed towards

positive z direction and is denominated w, the radially outward flowing velocity to vr and

the tangential velocity to vt.

The measurements for the initial profile have been performed at a blockage ratio

BR = 0.89 and a Reynolds number Re = 4400. The results comprise radial profiles at

four different angles cp (0, %I2, k, 3k/2) and at two different heights z above the disk

(0.00125D, 0.00625D). At first, radial profiles at the identical angle cp = 0 are depicted

representing the general exit behavior. Secondly, uniformity of the annular jet are consid¬

ered.
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Figure 4.5: Schematic of the tilted burner.

4.3.1.2 Characterization ofthe radial profiles

Figure 4.6 depicts the mean velocities, normalized with the bulk exit velocity U0, versus the

radius at cp = 0 and at the two discrete downstream distances. The radial position and the

extension of the slot is specified by the dashed lines. The radial profile of the mean axial

velocity is quasi-parabolic. The large velocity gradient 3w/3r at the borders of the jet,
which amounts up to 34ms /mm, demanded not only a precise positioning of the LDV

measurement volume with regard to the jet, but also increased enormously the measurement

error within this shear layer (cf. section 3.3.7). Hence, the shift of the profile towards the

disk center with respect to an ideal exit flow profile may not only be due to misalignment.

Additionally, the improvement of the spatial resolution within the shear layers would also

increase the quality of the profile.

The normalized radial velocity vr within the slot (cf. Fig. 4.6) is negative, i.e. the velocity
is directed slightly towards the center. This component changes its sign to positive values

at the inner rim. Simultaneously, the axial component is negative, which indicates that the

exiting jet sucks gas from the center. Similar behavior is observed at the outer rim

(r/D = 0.531 ), where the radial component is negative, i.e. air is sucked from the sur¬

roundings. In contrast to the inner rim, the effect of recirculating flow exhibits here at much

lower values.

The profile of the normalized tangential velocity vt is close to zero values at all radial dis¬

tances (cf. Fig. 4.6). Hence, it closely meets the assumption that the mean values of the tan¬

gential component are negligible (no swirl).

Finally, one observes that the differences in the corresponding profiles for the two specified

heights above the disk (r/D < 0.500) is marginal, which confirms the measured results.

Nevertheless, due to the presented measurement at z = 0.00625D
,
it is possible to observe

the flow behavior in the radial direction within one slot distance from the slot.
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Figure 4.6: Radial profiles of the mean velocities at cp = 0. The profiles were measured

close to the slot at two different heights z above the disk: a) z = 0.00125D ;

b) z = 0.00625 D. The dashed lines indicate the radial position and extension

of the slot.
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Figure 4.7: Radial profiles of the velocity fluctuations at cp = 0. The profiles were mea¬

sured close to the slot at two different heights z above the disk: a)
z = 0.00125D;b)z = 0.00625D

.
The dashed lines indicate the radial posi¬

tion and extension of the slot.

The velocity fluctuations in a radial direction are depicted in Fig. 4.7. All three components

show a similar shape. They peak at the inner rim, whereas at the outer one they exhibit the

fluctuation levels similar to the ones located above the tube (r/D > 0.53125 ). Moving from

the inner rim towards the center the fluctuations decrease to around one third of the peak
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values but remain at higher levels than the ones positioned above the tube (r/D > 0.531 ).
The profiles coincide reasonably within the experimental uncertainty indicating isotropy
with exception of the positions above the disk (r/D < 0.50 ), where the axial and the lateral

components develop a clear gap when moving towards the center. This increasing gap spec¬

ifies increasing anisotropy of the flow.

The turbulence intensity ofthe axial component and the normalized turbulent kinetic energy

is monitored in Fig. 4.8. These profiles show shapes similar to the fluctuations profile. The

turbulence intensity in the slot ranges between 0.03 < Tu < 0.16.
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Figure 4.8: Radial profiles of the turbulence intensity and of the scaled turbulent kinetic

energy at cp = 0
.
The profiles were measured close to the slot at two different

heights z above the disk: a) z = 0.00125D ; b) z = 0.00625D
.
The dashed

lines indicate the radial position and extension of the slot.

4.3.1.3 Uniformity ofthe exiting annularjet

The uniformity of the mean axial velocity profile of the annular jet was investigated sam¬

pling the profiles along the radius at the four specific angles cp (0, %I2, k, 3k/2). The result¬

ing profiles are depicted in Fig. 4.9. The agreement of the profiles around the outer rim lies

within experimental uncertainty, but at positions around the inner rim it degrades. The nor¬

malized maximum deviation of the mean axial velocity is plotted in Fig. 4.10 for the posi¬
tions within the slot (0.500 < r/D < 0.531 ) confirming that uniformity of the mean axial

component is lost close the inner rim.

This conclusion must be relativized taking into account that the relative measurement error

of the mean is proportional to the turbulence intensity (Durst et al, 1981):

2
Vw J

1
T

2

n'Tu-
(4.4)

where N is the number of samples. Obviously from Fig. 4.8, the turbulence intensity close

to the inner rim is decupled when comparing it to the center of the slot, which increases
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therefore also the measurement error by an order of magnitude. This is also reflected by the

profiles in Fig. 4.10. Consequently, the increasing poorness of the uniformity towards the

inner rim is probably not that high but it is falsified by the large measurement uncertainty.

Hence, the uniformity estimation is restricted to the positions of low fluctuation levels. The

values amount to 2.1% at the lower position respectively to 1.5% at the upper z-position,
which is close to measurement accuracy.
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tion and extension of the slot.
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The uniformity of the mean radial velocity component for various angles (p can be observed

in Fig. 4.11. The agreement of the radial profiles for positions above the disk and the tube

is good. Within the slot, the three profiles of the angles 0, %I2 and K exhibit the already de¬

scribed behavior. In contrast thereto, the profile at the angle cp = 37T/2 runs different at

positions within the slot. The velocity direction does not point towards the center like the

three other ones, it is directed outward except at the location close to the inner rim. This

variation of the flow is due to the asymmetric flow pattern, which will be visualized in sec¬

tion 4.3.5.2. Del Taglia (2003) showed in the numerical study of this project that the azi-

muthal distribution of the radial velocity at the jet nozzle is not axisymmetric though the

initial profile was set symmetric. This coincides with the present findings.
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Figure 4.11: Mean radial velocity as radial profiles for various angles. The profiles were

measured close to the slot at two different heights z above the disk: a)
z = 0.00125D;b)z = 0.00625D

.
The dashed lines indicate the radial posi¬

tion and extension of the slot.

4.3.2 Calculation of the mean radial velocity and its fluctuation

In the following the measurement data on the symmetry axis of various blockage ratios and

Reynolds numbers are compared. As it will be shown later in chapter 4.3.5.2, the flow is

asymmetric. Hence, the comparison of the lateral velocities from different blockage ratios

is therefore not possible unless an invariant quantity for the lateral components is found.

The invariant quantity of the mean velocity corresponds to the radial velocity component,

which is calculated using

/ 2 2

a/u + V
. (4.5)

where u and v are the mean lateral velocity components. Analogous to the previous expres¬

sion, an invariant quantity for the lateral fluctuations is derived, which is given as

'r,eff Vcü-2 2
+ v* )/2. (4.6)
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Thereby, u' and v' designate the lateral fluctuations. The arithmetical mean is calculated

due to the comparability to the axial fluctuations. Hence, with isotropic flows the fluctua¬

tion levels of the axial and the effective radial component are equal:

Vr,eff=W. (4.7)

Predominantly, the axis of the plots in the following have been normalized using either the

inversion length Lr (for the lengths) or the bulk exit velocity Uq (for the velocity compo¬

nents). This normalization of the plots features the advantage of clearly revealing the flow

similarities.

4.3.3 Comparison with literature data

In this section present measurements are compared with literature data of Stroomer (1995),
who provided velocity data of the device considered. The operating condition comprised a

blockage ratio of BR = 0.89 and a Reynolds number of Re = 4400. The available veloc¬

ity data on the symmetry axis include the mean axial velocities and its fluctuations as well

as the radial fluctuations. For dealing with equal quantities within this section, the present

measurement data have been processed using arithmetical averaging (which is not the gen¬

erally used data processing method described in section 2.5), which corresponds to the ap¬

plied data processing method of Stroomer (1995).

The mean axial velocity profiles of Stroomer (1995) and of the present measurements along
the centerline are depicted in Fig. 4.12. The mean velocities are negative in the near-disk

region and reveal the presence of a recirculation zone. The inflection point ofthe mean axial

velocity on the symmetry axis, i.e. the location where the mean axial velocity equals zero,

was found near z = 0.375D for the present measurements, whereas Stroomer found this

point at z = 0.366D. Downstream this point the flow accelerates upward until peaking.
Further on, the velocity decays continuously.

In the symmetric flow field, this position of vanishing axial velocity represents the stagna¬

tion point, where all velocity components are zero. We shall see in chapter 4.3.5.2 that the

stagnation point lies off-axis for the present configuration, which is due to the asymmetric
flow pattern.

The agreement of the mean axial profiles is good although the profile of the present mea¬

surement is generally shifted to more positive values. At the inversion point of the mean

axial velocity, the gradient of the present measurement is steeper. Downstream, at positive
mean axial velocity values, the gap between the two comparative profiles increases peaking
at the maximum velocity.

The axial fluctuations are also depicted in Fig. 4.12. They peak closest to the disk and at the

point where the axial velocity vanishes. More downstream, both profiles decay asymptoti¬

cally. When comparing the profiles, they deviate up to 28% around the point of the vanish¬

ing axial velocity. Note that the profile of the mean axial velocity of Stroomer (1995)
fluctuates strongly around the inflexion point, whereas the profile of the present measure¬

ment runs smoothly. This elevates the confidence in our measurement data.

During the present measurements both lateral components have been measured. The data of

Stroomer (1995) comprise only one lateral component due to the assumption of radial sym¬

metry. Therefore, Stroomer assumed vanishing lateral mean velocities along the centerline
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and provided only the fluctuation profile of one lateral velocity component. These data are

plotted in Fig. 4.13. On the other hand, the present investigations comprised the measure¬

ment of the instantaneous three dimensional velocity trajectory. Hence, the fluctuations of

both lateral components, u' and v', could be plotted in Fig. 4.13.

Obviously, profiles of the present measurement exhibit a similar shape, but they do not co¬

incide. This indicates an anisotropic flow behavior. Both profiles peak at the same position
near the top of the recirculation zone. The peaks of the profiles of the lateral components

are more distinct than the one ofthe axial velocity (cf. Fig. 4.13). On the other hand the peak
close to the disk of the axial fluctuations is not observed with the lateral components.

Downstream all three fluctuation components decrease asymptotically and approach each

other for large axial distances. Hence, the flow develops towards isotropy at far downstream

locations.
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Figure 4.12: Comparison of the axial mean velocity and its fluctuation profiles on the sym¬

metry axis.

The radial fluctuation profile of Stroomer lies in between our measured fluctuation points.

Again, the profile of Stroomer fluctuates strongly around the peaking values whereas both

of our profiles run smoothly. Nevertheless, a proper comparison of the lateral fluctuations

is not possible due to the missing component of Stroomer's measurement and due to the

anisotropy of the flow.

Finally, the discrepancy of the lateral fluctuations of the present measurements need further

explanation. In a symmetric flow field, not only the means of the lateral components are

zero values but also the fluctuations profiles are supposed to coincide even in an axial to

lateral anisotropic flow field. Therefore, the observed lateral anisotropy is either due to a

systematic measurement error or due to an asymmetric flow field leading to non-zero lateral
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velocities within the recirculation zone. It will be shown in the chapter 4.3.5.2 that the av¬

eraged flow field behaves asymmetric.
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Figure 4.13: Comparison of the radial fluctuation profiles on the symmetry axis.

4.3.4 Reproducibility

This chapter deals with the reproducibility of the flow pattern. Thereto, the velocity profiles

along the symmetry axis was measured again after one month. The study was performed at

one operating condition of blockage ratio BR = 0.89 and of Reynolds number

Re = 4400.

The comparative axial and radial mean velocities on the symmetry axis are plotted in Fig.
4.14. The results of the second measurements are denominated as 'comparative measure¬

ment'. Apparently, the agreement of the profiles of the mean axial as well as of the mean

radial velocities is excellent. The deviation of the mean profiles from each other are well

within experimental uncertainty.

Additionally, the axial and effective radial fluctuations of the present and of the compara¬

tive measurement along the centerline are depicted (cf. Fig. 4.15). Again, the agreement of

the axial and the effective radial fluctuation profiles is well within experimental accuracy.

The replication of the measurements along the centerline for the specified operating condi¬

tion revealed the reproducibility of the setup. Consequently, reproducibility is assumed for

all operating conditions of the present disk stabilized burner.
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4.3.5 Variation of the blockage ratio

The following section deals with the flow behavior related to varying the blockage ratio.

Simultaneously, the Reynolds number was kept constant at Re = 4400. The mean velocity

profiles reveal the breaking of symmetry, which is discussed further by means of streamline

plots of vertical and horizontal cross sections. After depicting the behavior of the inversion

length, the turbulent mixing is studied exhibiting the fluctuations and the probability densi¬

ty functions.

4.3.5.1 Mean profiles on the symmetry axis

The blockage ratio was varied by altering the diameter D ofthe bluff-body disk and keeping
the tube inner diameter D0 constant.

The normalized mean axial velocity profiles along the centerline are depicted in Fig. 4.16.

All profiles exhibit the same well-known shape with the inversion point located at

z/Lr = 1
.

In the range 0.68 < BR < 0.89 the negative normalized peak velocity in the re¬

circulation region decreases with blockage ratio. This negative peak value is nearly equal
at BR = 0.60 and at BR = 0.68, but it drops considerably for the BR = 0.50. It will be

shown later that this characteristic behavior represents already the breaking of symmetry of

the flow field.

Although it is not obvious from Fig. 4.16 due to the scaling of the abscissa, the normalized

axial distance of the inversion point from the disk decreases with blockage ratio, which is

also true for the unsealed quantities when keeping the Reynolds number constant (cf. Fig.

4.24). This is due to the decrease of the ratio of inertia to pressure forces in the wake behind

the disk (Durao and Whitelaw, 1978).
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The normalized mean radial velocity profiles on the symmetry axis are expected to vanish,

which is derived from the symmetric boundary. This conclusion was also made by Stroomer

(1995). In contrast thereto, the profiles presented in Fig. 4.17 exhibit a different shapes. For

all blockage ratios, the mean radial velocity shows a peak close to the top of the recircula¬

tion zone. More up- and downstream, the values decay rapidly asymptotically towards zero.

The maximum peak values can be divided into two classes: For blockage ratios BR < 0.68

the maximum scaled radial velocity value amounts to vr max
< 0.18 whereas for BR > 0.72

the minimum of the scaled peak radial velocity is higher than vr max
> 0.41

,
which is an

increase by a factor 2.3. The two characteristic groups of profile shapes indicate the change
of the flow from the approximately radially symmetric to the asymmetric flow field.

This is also obvious from Fig. 4.18, where the spreading characterized by the value

w„ m/(U.A) is plotted against the blockage ratio. Thereby, wmm is the local minimum

of the axial velocity in the recirculation zone and Aa corresponds to the annular area. Obvi¬

ously, the spreading is dependent on the disk diameter. The increasing values imply an in¬

creased convergence of streamlines towards the centerline due to the decrease of the ratio

of inertia to pressure forces (Durao and Whitelaw, 1978). Now, it is observed from Fig. 4.18

that this increase is interrupted between the blockage ratios 0.68 < BR < 0.72, which is due

to the symmetry breaking of the annular jet. Note that the ratio on the ordinate is a derived

quantity of the axial component. Nevertheless the effect of symmetry breaking is observ¬

able.
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The profiles of the velocity magnitudes on the symmetry axis are shown in Fig. 4.19. For

the blockage ratios BR < 0.68, the zone of the recirculation is clearly distinguishable from

the downstream zone due to the strong decay of the velocity magnitude around the inflec¬

tion point, which is located at z/Lr = 1
.
For BR = 0.68 the drop in relation to the peak

magnitude in the recirculation zone amounts to 74%. In contrast thereto, the evolution of

the velocity profile for blockage ratios BR> 0.72 does not show this strong decrease to¬

wards the recirculation point, e.g. the reduction of the same ratio as before at the blockage
ratio BR = 0.72 amounts to 22%. This indicates the major change in the flow pattern from

a symmetric to a clearly asymmetric behavior and emphasizes the conclusions already made

in this section.

4.3.5.2 Visualization oftheflow asymmetry

The flow pattern is visualized by measuring the mean velocity at discrete points in a plane

through the symmetry axis and in a plane parallel to the bluff-body disk. Therefore, a grid
of 9x11 nodes on the yz-plane and a grid of 1 lxl 1 nodes on the xy-plane were scanned, for

which the velocity vector fields can be provided. For these measurements, 10'000 shots

were sampled at each node and for each component. The results comprise a xy-plane and a

yz-plane at the blockage ratio BR = 0.89 and a yz-plane at BR = 0.50.

The (v,w)-velocity vector field on the yz-plane and its calculated streamlines are depicted
in Fig. 4.20 for the blockage ratio BR = 0.89. As already observed in the last section, the

flow field in Fig. 4.20 behaves asymmetric. The distance of the left vortex center to the disk

as well as the shape of the vortex cross section differ from the ones of the right vortex. Part

of the flow, which originates from the upper right region of the recirculation torus, crosses

the symmetry axis and moves to the lower right region, which yields to a net mass flow

through the disk symmetry axis.

This conclusion of asymmetry is supported by Fig. 4.21, which is a (u, v)-streamline plot of

a disk-parallel plane at the downstream distance z/D = 0.156. The operating condition is

the same as in Fig. 4.20. The dashed circles sketch the slot of the exiting jet. Obviously,
there are two vortices present whose curls have opposite sign and whose positions are asym¬

metric to the origin.

Assuming equal development of the asymmetry for measurement of Fig. 4.20 and Fig. 4.21

the axis of the recirculation torus is tilted towards the first octant of the reference system.

Therefore, the stagnation point is not located on the symmetry axis. On the yz-plane the

stagnation point is positioned at y/D = -0.13 and z/D = 0.45
. Hence, the point on the

symmetry axis, where the axial velocity vanishes, corresponds not to the stagnation point.

Further, a (v, w)-streamline plot on a plane through the disk symmetry axis was provided
for the blockage ratio BR = 0.50 (cf. Fig. 4.22). Note that the direction of asymmetry of

the present case is not necessarily equal to the latter one at the blockage ratio BR = 0.89.

A clear difference to Fig. 4.20 is observed because the present flow pattern is approximately

symmetric. The two vortices have similar shape even if the two vortex centers are not at the

same height.
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Figure 4.20: (v,w)-streamline plot on a plane through the disk symmetry axis (dash-dotted)
for a blockage ratio BR = 0.89. The streamlines are calculated from the

measured vectors.
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Figure 4.21: (u,v)-streamline plot on a parallel plane to the disk at z = 0.156D. The

blockage ratio amounts to BR = 0.89. The streamlines are calculated from

the measured vectors.
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Figure 4.22: (v,w)-streamline plot on a plane through the symmetry axis (dash-dotted) for

a blockage ratio BR = 0.50. The streamlines are calculated from the mea¬

sured vectors.
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Figure 4.23: Azimuth angle of the velocity vectors along the symmetry axis.
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The conclusions gained from the Figs. 4.20 to 4.22 are also confirmed from the evolution

of the azimuth angle (p of the velocity vectors on the symmetry axis, which is plotted in Fig.
4.23 for the two blockage ratios BR = 0.50andBR = 0.89. The azimuth angle is defined

by the angle between the velocity vector on the symmetry axis and the xz-plane and is given

by cp = atan (v/u). The profile ofthe low blockage ratio fluctuates within the recirculation

zone, and this indicates the absence of a strong preferential direction. In contrast thereto,

the azimuth profile at the blockage ratio BR = 0.89 fluctuates marginal within the recir¬

culation zone, but further downstream as well. This indicates the existence of a preferential
direction of the velocity vectors along the centerline and is a further evidence of the asym¬

metric flow at high blockage ratio annular jets.

4.3.5.3 Recirculation length

The recirculation length is a characteristic measure of annular jets. It is in general the axial

distance between the disk and the stagnation point, where the velocity magnitude vanishes.

This region represents the top of the recirculation zone. For symmetric flows, the stagnation

point is located on the symmetry axis of the disk and is identical to the inversion point of

the mean axial velocity component on the centerline.

Due to the observed asymmetric flow field, the stagnation point does not coincide with the

inversion point of the mean axial velocity on the disk symmetry axis. Hence, the axial dis¬

tance between the disk and the inversion point on the symmetry axis does not correspond
to the recirculation length. Nevertheless, this axial distance of the inversion point is a char¬

acteristic measure and will be investigated in the following. The notation 'inversion length'
will be used for this distance in the following remembering that this term is also valid within

the symmetric range, where it corresponds to the recirculation length.

The inversion lengths measured for various blockage ratios and the Reynolds number

Re = 4400 are plotted in Fig. 4.24 in conjunction with experimental results of previous
studies in the turbulent regime (Chigier and Beer, 1964; Davies and Beer, 1971; Durao and

Whitelaw, 1978; Li and Takin, 1987; Stroomer, 1995). Only experiments within the range

of 0.20 < BR < 0.89 are plotted.

The behavior of the recirculation length was investigated by Durao and Whitelaw (1978)
and by Li and Takin (1987). For annular flows in the turbulent regime, they found that the

inversion length exhibits a strong dependency on the blockage ratio. Only weak dependency
was detected for the Reynolds number. Del Taglia (2003) calculated the inversion lengths
at various blockage ratios using steady axisymmetric simulations (it will be shown later in

this chapter that this approach is not valid). He found a linear fitting function for the nor¬

malized inversion length, which is Lr/D = 1.7-1.3 BR within the range

0.20 < BR< 0.89 (cf. Fig. 4.24). The decay of the inversion length with higher blockage
ratio is due to the decrease in the ratio of inertia to pressure forces and, hence, the stream¬

lines are increasingly converged towards the symmetry axis.

When comparing the inversion length of the present measurements with the one of Stroom¬

er (1995), who used the same device at the equal Reynolds number, one observes that our

length exceeds the one of Stroomer by 2.5%. On the other hand at BR = 0.50, the agree¬

ment is reasonable. At this point it has to be brought up that the other experimentalists used

different devices featuring a different opening half angle a of the bluff-body and different

Reynolds numbers. This probably explains the deviations.
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Figure 4.24: Scaled inversion lengths for various blockage ratios at a Reynolds number of

Re = 4400.

The present study reveals also a linear decay of the inversion length as the fit of Del Taglia

(2002), but there is an increasing deviation between the data of the present study and the fit

with increasing blockage ratio. The fact that the fit does not capture any asymmetric behav¬

ior, which is due to the steady 2D-approach of the simulations, probably explains the devi¬

ation. Note that although the breaking of symmetry was identified to occur between the

blockage ratio 0.68 < BR < 0.72, it is not represented by the profile of the inversion length
from the present measurements.

4.3.5.4 Fluctuations

The measured profiles of the axial and the effective radial velocity fluctuations along the

centerline for various blockage ratios is depicted in Figs. 4.25 and 4.26, respectively. The

fluctuations were normalized using the individual bulk exit velocities U0. The axial distance

was normalized by means of the corresponding inversion lengths presented in the last sec¬

tion.

The profiles of the axial fluctuations exhibit similar behavior along the disk symmetry axis.

Generally, there are two peaks, one close to the disk and one at the top of the inversion

point, which is well observable at z/Lr = 1
.
Downstream from this point, the fluctuation

decreases with blockage ratio. Within the recirculation zone, the same is true for

BR > 0.78
,
whereas for the other measured blockage ratios the fluctuation level remains at

an approximately constant high level.

The effective radial velocity fluctuation profiles for the various blockage ratios run similar¬

ly but peak only once, near to the top of the recirculation bubble. Evidently, the location of

the inversion point is unstable and fluctuates strongly. Close to the disk and far downstream,
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all the profiles merge. In contrast thereto, the spreading of values at the inversion point is

large. Hence, the dependency of the fluctuation level on the blockage ratio is strong. Gen¬

erally, the normalized effective radial fluctuations decrease with blockage ratio.

The corresponding fluctuation levels around the inversion point (0.3 <z/Lr<3.0) are

much higher for the radial velocities than for the axial ones confirming the serious influence

ofthe lateral components on the mixing process. Within this range, the flow is strongly anis-

tropic. Close to the disk and far downstream, the corresponding axial and effective radial

fluctuations are of similar magnitude indicating the isotropic character of the flow in these

regions.

The findings of the previous figures are supported by the plots of the turbulent kinetic en¬

ergies along the centerline, which are plotted in Fig. 4.27 for the various blockage ratios.

The shapes are similar to the ones of the effective radial fluctuations confirming the main

influence of the lateral components on the turbulent mixing process.

4.3.5.5 Analysis ofthe probability distributions

The laser Doppler measurement method provided a randomly spaced time series for each

velocity component at a specific measurement point. For the statistical treatment the series

were transformed to probability density functions (pdf). Beyond the well-known mean and

fluctuation, which correspond to the first and second moment, respectively, the third and

fourth moment can be calculated, which give information about the skewness S and the flat¬

ness (kurtosis) K of the distribution (see Appendix A).
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Figure 4.25: Fluctuations of the axial velocity component along the centerline for various

blockage ratios.
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Figure 4.29: Skewness (left) and kurtosis (right) along the centerline of one lateral velocity
component.

Generally, the velocity probability distribution of a flow, e.g. in a pipe, is approximately

Gaussian-shaped. Hence, the skewness and kurtosis factors of this distribution correspond
to S = 0 and K = 3

, respectively. On the other hand, if the flow features discrete turbu¬

lence frequencies, e.g. due to the presence of a Karman vortex street, the distribution would

be skewed and/or non-lepto- or platykurtic, which exhibits in large deviations of the skew¬

ness and/or kurtosis from their characteristic values of the Gaussian distribution.

The skewness and flatness factors of the axial and of one lateral velocity component along
the centerline are presented in Fig. 4.28 and 4.29, respectively. Obviously, the deviations
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from the assumed Gaussian values are marginal indicating near-Gaussian distributions of

the velocity components. The change of the flow pattern from approximately radial sym¬

metry to asymmetry does not alter the characteristic of the probability distribution.

Figure 4.30 presents a range of velocity probability distributions of the axial and of one lat¬

eral component for positions on the symmetry axis. The observable Gaussian shapes, which

are also present in the recirculation region, support the latter findings and suggest the ab¬

sence of discrete frequencies on the symmetry axis (Durao and Whitelaw, 1978), which ap¬

plies to all considered blockage ratios.

The present findings on the centerline for the blockage ratio BR = 0.50 coincide with the

conclusions of Durao and Whitelaw (1978) at the same blockage ratio.
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4.3.5.6 Temporal analysis and integral time scale

Since this study deals with one-point LDV measurements, it is possible to analyze the tem¬

poral coherence of the sampled velocity time series at a measurement location. One is able

therefrom to infer to the probability and to its distribution of the passing fluid structures.

The temporal autocorrelation function R,. is calculated from the reconstructed, equally time

spaced velocity series (cf. section 2.5.5):

RT(x, t, T)
u/(x,t)-u/(x,t + T)

u/(x,t)

(4.8)

There exist several approaches in the literature for calculating the autocorrelation function

(ACF) from measurement data. Hinze (1975) assumes the following function for an isotro¬

pic turbulent flow downstream of grids:
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-x/xn

RT = Cre °. (4.9)

The parameters C\ and Xq are estimated using the least-squares method. Unfortunately, this

approach features the disadvantage of the impossibility of negative correlation values (Ten-
nekes and Lumley, 1972).

The shape of the approximately exponential decay is determined by the duration of the dis¬

turbances. Long lasting disturbances define the intersection point of the ACF with the ab¬

scissa whereas short ones are responsible for the shape of the decay (Flury, 1999).

It is important that the data rate is high enough since in case of a small data rate the short

disturbances will not be represented and the shape of the ACF would be reflected wrongly.

Simultaneously, it must be ensured that the signal interval is long enough since otherwise

slow fluctuations would not be captured due to the shift of the intersection point of the ACF

with the abscissa towards lower times x.

The calculation of the ACF from the data of the present measurements follow the procedure
of Flury (1999). From the raw time series, an interval at times [t^tj] of high data rate was

selected and equally time spaced reconstructed. The selection criteria were:

• Independence of the ACF from the selected interval was ensured by the following con¬

dition: (i(tj) - i(t0)) > N/8 -> At « nTotalMeasurementTime/8 .

• The data rate dr was calculated using a filter function with a fixed window of

n0
= 1000 samples:

dr(g = -^ • (4.10)

n0
-<—'

i

• The interval start was set at the time t0.
• The data rate of the reconstruction algorithm was elevated by a factor 1.5 to the inter¬

val mean data rate. Hence, short disturbances of the fluid are also represented.

The high data rate of the measurements enabled the direct calculation of the ACF according

toEq. 4.8.

The autocorrelation functions Kx of the axial velocity component at two blockage ratios is

plotted in Fig. 4.31. The Reynolds number is still kept at Re = 4400
.
Two locations on the

symmetry axis are selected at each operating condition: One is within the recirculation

zone, the other one far downstream. The stronger decay of the ACF at the blockage ratio

BR = 0.89 indicates the increased existence of smaller structures (eddies) when compar¬

ing to the ACFs at BR = 0.50. At the high blockage ratio, the ACFs can be approximated

by Eq. 4.9, in contrast to the profiles at the low blockage ratio, which probably exhibit tur¬

bulence with structure. On the other hand the comparison of the two ACFs at the same

blockage ratio reveal that the disturbances last longer at the location in the recirculation

zone, which applies to both considered blockage ratios.
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Figure 4.31: Autocorrelation function on the symmetry axis at selected locations and

blockage ratios (Re = 4400 ).

The integral time scale Tj results from the integration of the autocorrelation function and

represents the largest structures of the flow:

JRTdx (4.11)

The integral time scale depends on the shape of the ACF but also on the upper integration
limit. Obviously, the upper integration limit amounts to infinity. The calculated ACFs do

not equal to zero even at large times x, but fluctuate around the abscissa. Hence, a upper

integration limit must be found. Having in mind that short signal intervals may end in the

under-representation of slow fluctuations, the upper integration limit is set to the first inter¬

section of the ACF with the abscissa. The accuracy of this method is estimated to 15%.

The evolution of the integral time scale Tt of the axial velocity component on the symmetry

axis at two different blockage ratios is plotted in Fig. 4.32. Note that the ordinate is loga¬
rithmic. The scales of the higher blockage ratio are much larger than the ones of the lower

blockage ratio. Also the shape varies. The integral time scale at BR = 0.50 exhibits two

peaks where one is located in the recirculation zone and one close above its top. The values

of the integral time scale at the higher blockage ratio increase at first with downstream dis¬

tance until z/Lr = 1.3, where it strongly decays. At further downstream positions the val¬

ues remain at a level of around xl
= 10ms. Hence, the turbulence structures of the two

flows along the symmetry axis are completely different, which is probably due to the vari¬

ation of the flow pattern.
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Figure 4.32: Axial profiles of the integral time scale of the axial velocity component at two

different blockage ratios (Re = 4400).

4.3.5.7 Spectral analysis

The turbulent motion of a fluid is considered as a superposition of eddies featuring variable

size and frequency. The investigation of the distribution of the turbulent kinetic energy is

done by means of the energy spectra E. There are two possibilities for the calculation of the

spectra from a velocity component. Either it is computed from the temporal autocorrelation,

where one obtains a spectrum depending on the frequency f Or the Fourier Transformation

of the spatial autocorrelation results in a spectrum depending on the wave number k.

The resulting spectra are only one-dimensional though the fluctuations are three-dimen¬

sional. And due to the directional dependency ofthe wave number the spectra should be cal¬

culated for each spatial dimension. According to the law of Kolmogorov it is valid for high
wave numbers (or frequencies) to assume local isotropy (Friedlander and Topper, 1962).
Hence, the directional dependency of the wave number is negligible.

With the present measurements, the one-dimensional spectrum is calculated from the tem¬

poral autocorrelation:

E(f) = 4uf JRTi(T)
-i2itfx

,

e dx. (4.12)

satisfying the normalization
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JE(f)df = u'f (4.13)

The power density spectra at selected positions on the symmetry axis and at two different

blockage ratios are depicted in Fig. 4.33. The Reynolds number is Re = 4400
.
The spectra

are calculated for the axial velocity component. The plots a) and c) are taken at positions
inside the recirculation zone whereas b) and d) are shown for locations far downstream.

The spectrum reflects the energy transfer of the eddies with frequency starting at the cut-off

frequency fg. In this range the spectrum decays in the log-log plot (the theoretical gradient
3E/3f = -5/3 is also plotted in Fig. 4.33). This decay is continued until dissipation of

the smallest eddies at the frequency f^, where the spectrum vanishes. Obviously, this fre¬

quency is not reached in the plots in Fig. 4.33.
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Figure 4.33: Power spectral density functions of the axial velocity fluctuations at various

positions and operating conditions (Re = 4400). With BR = 0.50: a)

z/Lr = 0.45 and b) z/Lr = 2.12; with BR = 0.89: c) z/Lr = 0.50 and

d) z/Lr = 2.17.
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The spectra reveal that the cut-off frequency approximately remains for a given blockage

ratio, but f0 is elevated with the higher blockage ratio of BR = 0.89. Coinciding with the

conclusion of the last section, the turbulence structures are larger at the lower blockage ra¬

tio. The small differences of the structures between the positions in the recirculation zone

and the ones downstream are not observable from the corresponding plots at the same

blockage ratio a) and b) respectively c) and d). It is covered by noise. Predominant frequen¬
cies are not observable which agrees with the conclusion of section 4.3.5.5.

4.3.6 Variation of the Reynolds number

The following investigations consists of centerline profiles of annular jets for various Rey¬
nolds numbers in the transitional and in the fully turbulent regime (800 < Re < 6000 ). First,

the influence ofthe initial velocity U0 on the mean flow field and its symmetry shall be clar¬

ified. Further, the general behavior of flow and mixing is characterized. The measurements

have been carried out at three discrete blockage ratios of 0.50, 0.68 and 0.89. In the last

chapter it was shown for Re = 4400 that the flow field at the latter two ratios was approx¬

imately symmetric whereas at the last one asymmetry was observed.

4.3.6.1 Mean velocity profiles on the symmetry axis

In the following, the profiles of the mean velocities along the centerline are presented. The

axial distances on the centerline from the disk, z, are normalized by the individual inversion

lengths Lr. They will be dealt with later in chapter 4.3.6.2. On the ordinate, the mean veloc¬

ities are normalized by the individual bulk velocities Uq. For improving clarity, the results

of each blockage ratio are presented in a separate graph. Hence, the profiles of one velocity

component at the same blockage ratio but for various Reynolds numbers appear in one plot.

The mean axial velocity profiles along the centerline for various Reyolds numbers and at

the three blockage ratios mentioned are depicted in Fig. 4.34. All profiles exhibit the same

characteristics, which was already observed and described in section 4.3.5.1. At the lowest

blockage ratio BR = 0.50, the profiles for the Reynolds numbers Re = 4400 and

Re = 6000 obviously coincide corresponding to the finding of Durao and Whitelaw

(1978), where in the fully turbulent regime the normalized axial mean velocity profile is in¬

dependent on the initial velocity.

When the Reynolds number decreases towards the transitional regime, the peak values of

the profiles in the recirculation zone are also reduced. For positions after the inversion

point, the profile runs at increasing normalized velocity magnitudes for decreasing Rey¬
nolds numbers. We shall see later in section 4.3.6.2 that this change of behavior in the flow

field is also represented in the inversion length Lr.

The mean axial velocity profiles in Fig. 4.34b (BR = 0.68) exhibit a similar behavior as

the profiles in Fig. 4.34a (BR = 0.50 ). The flow field still features radial symmetry for the

range of the investigated Reynolds numbers. Hence, the conclusions drawn above for the

lower blockage ratio are believed to be valid until breaking of symmetry occurs.

Figure 4.34c depicts the axial velocity profiles for various Reynolds numbers at the block¬

age ratio BR = 0.89. We know from chapter 4.3.5 that the general flow characteristic at

Re = 4400 is different due to the occurrence of symmetry breaking. Similar to the sym¬

metric range, the profiles for the fully turbulent regime coincide. For further decreasing

Reynolds numbers within the transient regime, the peak values in the recirculation region



74 4 Annular jets at high blockage ratios

increase, which is in contrast to the symmetric range, even though the increase is marginal.
For positions downstream the inversion point, decreasing Reynolds numbers increase the

deflection, which is in general agreement to the symmetric range.

The normalized mean radial velocity profiles along the centerline are depicted in Fig. 4.35

for the same operating conditions as in Fig. 4.34. It was already shown in section 4.3.5.1

that the radial velocity profiles are not vanishing for blockage ratios BR < 0.68 but never¬

theless the general flow character was described to be approximately radially symmetric.

The profiles at the blockage ratio BR = 0.50 in Fig. 4.35a are also not vanishing for all

considered Reynolds numbers. Their magnitudes are similar to the one at the Reynolds
number Re = 4400, where it was shown that the general flow field behaves approximately
radial symmetric. Hence, this conclusion is also applied to the full range of the considered

Reynolds numbers, which comprises the transitional and the fully turbulent regime.
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Figure 4.34: Mean axial velocity profiles along the centerline for various Reynolds num¬

bers and blockage ratios: a) BR = 0.50, b) BR = 0.68, c) BR = 0.89.
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Figure 4.35: Mean radial velocity profiles along the centerline for various Reynolds num¬

bers and blockage ratios: a) BR = 0.50, b) BR = 0.68, c) BR = 0.89.

For the elevated blockage ratio of BR = 0.68, which is depicted in Fig. 4.35b, the normal¬

ized mean radial velocities along the centerline do also not vanish. Their values are even

higher than at the blockage ratio BR = 0.50 and are peaking around the inversion point.
This characteristic was already observed in section 4.3.5.1, where the Reynolds number was

kept at Re = 4400
. Nevertheless, the general characteristic of the flow was described to

be approximately symmetric.

All profiles in Fig. 4.35 exhibit similar shape and magnitude. Therefore, the flow at all con¬

sidered Reynolds numbers at the blockage ratio BR = 0.68 is characterized to be similar

to the one at Re = 4400, which was considered to be symmetric. Hence, an influence of

the Reynolds number on the mean radial velocity could not be elucidated. The same con¬

clusion was already made at the blockage ratio BR = 0.50.

Now, elevating the blockage ratio to BR = 0.89, a different evolution of the profiles is ob¬

served (cf. Fig. 4.35c). Similar to Fig. 4.35b, the profiles all peak close before the inflection
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point. The minimum peak value amounts to (vr max) > 0.38
. Hence, it is concluded that

the flow field at all considered Reynolds numbers behaves asymmetric. Any influence of

the Reynolds number (for the considered range) on the symmetry breaking at this high

blockage ratio is not detectable.

Nevertheless, there is a dependency on the Reynolds number of the deflection peak of the

profile. The peak value increases with declining Reynolds numbers until Re = 1000. With

the next profile at Re = 800, the peak value jumps to an even lower value than for the low¬

est measured one at Re = 6000. This behavior does not agree with the previous results

found for the mean axial velocity profiles and can not be explained.
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Figure 4.36: Velocity magnitude along the centerline for various Reynolds numbers and

blockage ratios: a) BR = 0.50, b) BR = 0.68, c) BR = 0.89.

The conclusions made in this chapter are also supported from the plots of the normalized

velocity magnitude profiles along the centerline (cf. Fig. 4.36), which reveal the flow char¬

acteristic even more clearly than in the last two figures. The conclusion of radial flow sym¬

metry for blockage ratios BR< 0.68 is supported by the fact that the velocity magnitude
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strongly drops towards the inversion point, which is easily observable in Figs. 4.36a and

4.36b. The magnitudes are close to vanishing values at the inversion point. Hence, the re¬

circulation region is clearly distinguishable from the transition and established flow zone

(according to Davies and Beer, 1971). Also the Reynolds number dependency ofthe spread¬

ing in the transient range is clearly reflected.

On the other hand, the velocity magnitude profiles at the blockage ratio BR = 0.89 do not

exhibit this large drop towards the inflecion point for all considered Reynolds numbers (cf.

Fig. 4.36c). Although local minima around z/Lr = 1.15 are detectable, the normalized ve¬

locity magnitudes are far from vanishing. The distinction of the first two zones according
to Davies and Beer (1971) from the development ofthe profiles is unfeasible. Any Reynolds
number dependency of the symmetry behavior at this blockage ratio is not detectable and

supports therefore the findings above where asymmetric flow was detected for all Reynolds
numbers considered.

There exists a dependency of the velocity magnitude values on the Reynolds number. Fig¬
ure 4.36c depicts the situation. For positions z/Lr = 0.50, the profile at Re = 2000 runs

at highest values. The magnitudes decrease therefrom with in- or decreasing Reynolds num¬

ber. For positions after z/Lr = 1.40, the dependency of the magnitudes on the Reynolds
number agrees with the findings for the axial velocity, which is the dominant contributor at

these positions.

4.3.6.2 The inversion length

The definition made in section 4.3.5.3, which concerned the behavior of the inversion

lengths by variation of the blockage ratio BR, is fully valid in this section, too. Hence, the

term 'inversion length' will be used further on, also in the symmetric range, where it corre¬

sponds to the recirculation length.

Figure 4.37 plots the experimental data from literature together with the data of the present

measurements for the variation of the Reynolds number. The present measurements com¬

prise Reynolds number series at three discrete blockage ratios: BR = [0.50, 0.68, 0.89].

The data of the present measurements mainly run at three individual levels, where each cor¬

respond to one blockage ratio. This represents the already described crucial dependency of

the inversion length on the blockage ratio (cf. section 4.3.5.3). For the two blockage ratios

in the symmetric range, the normalized inversion length asymptotically decreases with Rey¬
nolds number, approximately remaining constant for Re > 2000. The data series at the

blockage ratio BR = 0.89 starts similar to the symmetric range, but the inversion length
at Re = 6000 is enhanced to the one at Re = 4400, which is in contrast to the series of

the previous considered blockage ratios.

The shape of the normalized inversion lengths of the present measurement data along the

Reynolds number is similar to the one of Li and Takin (1987) in the transition range

(Re < 2500 ) and to the one of Durao and Whitelaw (1978) in the turbulent range. Note that

the data of Li and Takin have been captured at a blockage ratio of BR = 0.52. It was

shown in section 4.3.5.3 that the normalized inversion length is crucially sensitive to the

blockage ratio, which probably explains the gap between the data. Additionally, the setup

of Li and Takin used a bluff-body cylinder, which is in contrast to the present setup using a

bluff-body disk. This item is sensitive to the spreading of the recirculation bubble and,

hence, influences therefore also the inversion length.
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Nevertheless, our data at BR = 0.50 do not agree with the data of Durao and Whitelaw

(1978), who provided measured data at the same blockage ratio and who were also using a

bluff-body disk. The gap in the data is probably due to different initial velocity profiles,
which was found to be sensitive to the downstream flow properties (Pope and Whitelaw,

1976).

Li and Takin (1987) presented an analytical expression for the normalized recirculation

length. Thereby, the dependence on the Reynolds number was captured. Unfortunately, nei¬

ther the influence of the blockage ratio BR nor the one of the opening half angle a on the

bluff-body was accounted. There exist two expressions: one for the laminar and one for the

transient and turbulent regime. The latter one will be applied to our measured data since

they range within the transient and fully turbulent regime. It is given by

Lr C/
— = C9 + —,

D 2
Re

' (4.14)

where Cj and C2 are adjustable constants. The authors claim that Cj is a function of geom¬

etry, whereas C2 is a function of the blockage ratio BR and the opening half angle a. It was

shown in section 4.3.5.3 that the normalized inversion length exhibits some proportionality
to the blockage ratio. Hence, the expression is extended such as

Lr

D
3

ci
(4.15)
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The measurement data which will be used for fitting the parameters Cj to C3, are limited to

the symmetric range and to Reynolds numbers Re > 2000 .The analytical expression of Li

and Takin (1987) is inapplicable due to the increase of the normalized inversion length with

Reynolds number in the turbulent regime. The resulting constants amount to 271 for Cj ,

1.97 for C3 and 1.89 for C4. Figure 4.38 depicts the comparison of the measurement versus

the calculated data. Note that only the data for blockage ratios BR < 0.89 have been regard¬
ed. The peak deviation of the calculated to the measurement data amounts to 2.6%.

The applicability of the analytical expression to data of the symmetric range is demonstrat¬

ed in Fig. 4.39, where the normalized inversion length is depicted versus the Reynolds num¬

ber. The data agree excellently for the this range (BR = 0.50 and BR = 0.68) and for the

transient and fully turbulent regime (Re > 2000 ). Although the expression was derived for

the radial symmetric range, the data for Re > 2000 featuring an asymmetric flow field (at
the blockage ratio BR = 0.89) agree surprisingly well with the calculated ones.

4.3.6.3 Fluctuations on the symmetry axis

The plots in the following are built up similar to the ones in the previous section. The axial

distance from the disk along the symmetry axis is normalized by the individual inversion

lengths Lr whereas the fluctuations are scaled using the bulk exit velocity Uq.

The normalized axial velocity fluctuations along the centerline for various Reynolds num¬

bers in the transitional and fully turbulent range and at three discrete blockage ratios are de¬

picted in Fig. 4.40. For the lower blockage ratios at BR = 0.50 and at BR = 0.68, the

evolution of the profiles for all Reynolds numbers is similar (cf. Figs. 4.40a and 4.40b). The

fluctuation level is approximately constant along the centerline and for all Reynolds num¬

bers. At the inversion point, the profile peaks. And for positions approaching the disk, the

fluctuations slightly decrease.

In contrast thereto, the normalized axial fluctuation profiles at the blockage ratio

BR = 0.89 are divided into two levels (cf. Fig. 4.40c). For Reynolds numbers Re < 1000,

the fluctuation levels are higher than for the ones for Re > 2000
.
The further ones run sim¬

ilar to the ones at the lower measured blockage ratios. On the other hand, the latter fluctua¬

tions peak at the disk and also at the inflecion point. Hence, the profiles at the present

blockage ratio reveal a Reynolds number dependency, which was absent at the lower block¬

age ratios in the symmetric regime.

The evolution of the normalized effective radial fluctuation profiles along the centerline of

the same operating conditions as in the last figure are depicted in Fig. 4.41. The anisotropic
behavior is obvious at all Reynolds numbers when comparing to the corresponding axial

fluctuations of Fig. 4.40. The profiles exhibit a large peak at the stagnation point, where the

normalized fluctuation level climbs up to about vr = 0.50
.
Further downstream, the fluctu¬

ations drop simultaneously approximating the level of the axial fluctuations. Also for up¬

stream locations the fluctuations drop to the level of the axial fluctuations. Close to the disk

they reach the fluctuation levels of the axial component. In contrast to the transition zone,

the evolution of the profiles in the recirculation zone depend on the Reynolds number. The

profiles behave in the same way as already described in the last section for the mean axial

velocity component, i.e. the fluctuation magnitude decreases with declining Reynolds num¬

ber, but only within the transitional flow range. The profiles of the normalized effective
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radial fluctuations at the higher blockage ratio of BR

described at BR = 0.50.

0.68 exhibit similarly to the ones

This is not valid for BR = 0.89, which is plotted in Fig. 4.41c, although the general shape
of the profile is kept. The profile for the Reynolds number Re = 800 runs similarly to the

ones at the lower considered blockage ratios. Increasing the Reynolds number causes a

sharp drop of the peak value until Re = 2000. Elevating further the Reynolds number in¬

creases again the peak points.

Due to the dominating fluctuation profiles of the radial component, the evolution of the tur¬

bulent kinetic energy in Fig. 4.42 is similar to the one of the effective radial fluctuations

and, hence, similar observations can made. Again, the radial velocity component is the

dominating contribution to the turbulent kinetic energy.
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Figure 4.40: Axial velocity fluctuations along the centerline for various Reynolds numbers

and blockage ratios: a) BR = 0.50, b) BR = 0.68, c) BR = 0.89.
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Figure 4.41: The effective radial velocity fluctuations along the centerline for various Rey¬
nolds numbers and blockage ratios: a) BR = 0.50, b) BR = 0.68, c)
BR = 0.89.

4.3.6.4 Analysis ofthe probability distributions

According to section 4.3.5.5, the probability distribution of the velocity components is used

to clarify the presence of any discrete turbulence frequencies. A Gaussian distribution indi¬

cates the absence of discrete periodicities. Like in section 4.3.5.5, the distribution is char¬

acterized by means of the third and fourth moment, skewness and kurtosis, which amount

to S = 0 and K = 3 respectively at Gaussian distributions.

The skewness and kurtosis factors of the axial velocity component along the centerline are

plotted in Fig. 4.43. The operating conditions comprise a range of Reynolds numbers within

800 < Re < 6000 and three discrete blockage ratios BR = (0.50, 0.68, 0.89). Figure 4.44

presents the same results for one lateral velocity component.
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Figure 4.42: Turbulent kinetic energy along the centerline for various Reynolds numbers

and blockage ratios: a) BR = 0.50, b) BR = 0.68, c) BR = 0.89.

The presented skewness and kurtosis do not exhibit remarkably large deviations from the

Gaussian values, neither in the recirculation zone z/Lr < 1 nor downstream at positions

z/Lr > 1
.
The largest deflections of the characterizing parameters exist around the inflec¬

tion point, but are due to the large velocity fluctuations and its increased measurement un¬

certainty. Hence, this indicates the absence of discrete frequencies along the centerline,

which was detected in section 4.3.5.5 as well (but only for the variation ofthe blockage ratio

at Re = 4400 ) and is now extended to the Reynolds number range considered.
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4.4 Discussion

The present chapter dealt with the flow characteristics of annular jets at high blockage ra¬

tios. The flow in the near-field ofthe disk was analyzed predominantly by three dimensional

LDV measurements along the centerline in a field of operating conditions within

0.50 < BR < 0.89 and 800 < Re < 6000. The influence of blockage ratio as well as of the

initial velocity, expressed with the Reynolds number, was determined.

The LDV measurements performed at the slot confirmed the azimuthal independence of the

exit profiles of the axial and of the tangential velocity component, but not with the radial

component. In the numerical study of Del Taglia (2003), who used the same device as with

the present experiments and who investigated the flow at the operating condition

BR = 0.89 and Re = 4400, it was shown that this variation of the radial component is

due to the established asymmetric flow pattern.

The mean radial profiles also show that the position of the asymmetry relative to the device

is stable; otherwise, the asymmtry would not be observable from the mean velocity plots.
Most probably, this stable position is caused by the eccentricity of the disk to the tube,

which is due to the uncertainty of the experimental setup. The triggering of the symmetry

breaking was also found in the numerical study by Del Taglia (2003), but here, it is numer¬

ical. In Fig. 4.45, one can observe four peaks on the isosurface at the grid blocks interface

(t = 120ms). Hence, one can conclude that the multiblock grid introduces disturbances

which are amplified.

t = 120 ms t = 150 ms

Figure 4.45: Symmetry breaking mechanism. Time evolution of the azimuthal isosurface

at co0
= 300s

1

(Del Taglia, 2003).

Further it was shown that the measured data agree well with the ones from literature of

Stroomer (1995). Also reproducibility of the experimental results could be proved. The re¬

sults of the present measurements at blockage ratios BR < 0.68 confirm the findings of Du¬

rao and Whitelaw (1978), where the radial-symmetric flow pattern depends mainly on the

blockage ratio and only weakly on the Reynolds number. Due to the applied normalization,

self-similarity of the flow pattern could be proved for annular jets in the turbulent regime at
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equal blockage ratios. The observed behavior of the flow pattern was found to be reflected

in the inversion length, too. The flow is substantially anisotropic with the peak turbulence

intensity being located in the region of the stagnation point. The flow results along the cen¬

terline did not reveal bimodal velocity probability distributions and the calculations of spec¬

tra at specific locations on the axis confirmed the absence of predominant frequencies in

this region. The integral time scale was found to peak at about half inversion point distance

and downstream close the top of the recirculation zone.

With the variation of the blockage ratio a major change of the flow pattern was discovered

from radial symmetry to asymmetry. The breaking of symmetry occurred within the narrow

interval 0.68 < BR < 0.72 infering that this phenomena occurs with the exceeding of a crit¬

ical blockage number. Any dependence on the Reynolds number was not detected.

This result needs further discussion considering the literature. The observed phenomena of

an asymmetric flow pattern from a symmetric geometry and boundary is already reported
in literature (Cherdron et al, 1978; Restivo and Whitelaw, 1978; Pinho and Whitelaw,

1991; Goodwin and Schowalter, 1996; Drikakis, 1997; De Zilwa et al, 2000; Schreck and

Schäfer, 2000; Sotiropoulosand Ventikos, 2001; Gelfgat et al, 2001). Particularly with the

plane sudden expansion configuration, extensive experimental and numerical work has

been performed (Cherdron et al., 1978; Restivo and Whitelaw, 1978; Drikakis, 1997; De

Zilwa et al, 2000; Schreck and Schäfer, 2000). It was found that the flow pattern was asym¬

metric at high expansion ratios or at high Reynolds numbers. Pinho and Whitelaw (1991)

report about flow asymmetry with a confined annular jet geometry of blockage ratio

BR = 0.50. This behavior was observed in pure water flows at Reynolds numbers be¬

tween 400 < Re < 6000. It is in contrast to the studies provided with the plane sudden ex¬

pansion geometry, where the asymmetry persisted in the turbulent regime (Restivo and

Whitelaw, 1978).

Though the existence of the breaking of symmetry is well reported, the non-vanishing val¬

ues of the radial velocity component on the symmetry axis at the blockage ratios BR < 0.68

have to be discussed in more detail. One possibly argues that the observed breaking of sym¬

metry is due to misalignment or due to a non-uniform boundary. Durao and Whitelaw

(1978) established radial symmetry of the mean flow by measuring profiles 90° apart at

downstream distances. It is in contrast to the procedure of the present measurements, where

the centricity of the bluff-body disk in relation to the tube was controlled by aligning and

where the uniformity of the exiting annular jet was measured. This resulted in a larger un¬

certainty of the radial velocity on the symmetry axis, which lead to a certain radial asym¬

metry of the flow pattern at lower blockage ratios. Unlike in the report of Durao and

Whitelaw (1978), the established flow in our study is free from triggering the flow towards

an expected result. Though this elevated uncertainty, the increase ofthe radial velocity peak
value amounting to 128% within the narrow interval 0.68 < BR < 0.72 reveals the phenom¬
ena of the breaking of symmetry. This finding is supported by the numerical study of Del

Taglia (2003) and Del Taglia et al. (2004), who calculated the flow pattern for the operating
condition BR = 0.89 and Re = 4400 of the presently considered device. In agreement

with the present results, the author reported about the break of symmetry of the flow pattern

although exact symmetric boundary conditions have been applied.

In contrast to the symmetric cases, the flow patterns with broken symmetry developed only
a weak dependence within the zone of recirculation, on the blockage as well as on the Rey-



88 4 Annular jets at high blockage ratios

nolds number. The dependencies of the profiles at positions after the inversion point were

kept as in the symmetric cases. The flow remained strongly anisotropic and, like in the sym¬

metric flow fields, predominant frequencies could not be observed along the centerline. The

integral time scales at the blockage ratio BR = 0.89 exhibited a different behavior to the

one of the symmetric flow field at BR = 0.50. It increased continuously with downstream

distance decaying to a low constant level above the top of the recirculation zone.
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5 Turbulent partially premixed flames

5.1 Introduction

5.1.1 Overview

The present study investigates the characteristics of turbulent partially premixed flames.

This combustion type appears in turbulent non-premixed flames, as combustion may take

place not only at stoichiometric condition but also within the whole flammable range. Fur¬

thermore, it is believed that this flame mode features advantages in terms of flame stabili¬

zation and pollutant formation.

This study is divided into two parts: At first, turbulent partially premixed flames, whose

mixture were close to the flammability limit, were stabilized using the opposed jet config¬
uration. The defined turbulence was generated by means of perforated plates in the nozzles.

Flame appearance, its structure and flow characteristics were investigated with the fully

premixed flame as well as with the very rich flame at O = 5.0, which closely features the

characteristics of non-premixed flames. Additionally, the intensification of the bulk veloc¬

ity from Re = 4000 to Re = 5000 was investigated. The flow parameter profiles along
the symmetry axis of the turbulent opposed jet revealed that the axial mean velocity as well

as the fluctuations are mainly influenced by the transformation from the partially premixed
to the fully premixed type. On the other hand, the increase of the bulk velocity did not con¬

siderably alter the flow characteristics.

The second part deals with the pollutant formation reduction potential of turbulent partially

premixed flames, i.e. the NOx- and the CO-production level of a commercial gas household

burner operated at various partially premixed conditions were detected and compared to

their common operation levels of the non-premixed mode. The results exceeded the expec¬

tations: The NOx- and the CO-levels could be lowered simultaneously by 37% and by 60%

respectively for partially premixed flames beyond the flammable range of the fuel premix¬

ing. On the other hand, the premixing of the air flow did not reveal any pollutant reduction

potential.
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This report starts giving some theoretical considerations about opposed jet flows and com¬

bustion (section 5.1.2), goes on with the literature review (section 5.1.3) and formulates

therefrom the objectives (section 5.1.4). After describing the experimental object (section

5.2), the results of the LDV measurements are presented (5.3). At first, the free jet of one

nozzle is characterized (section 5.3.1) before investigating the inert flow field between the

opposed jet nozzles (section 5.3.2). The next section describes the appearance of the ob¬

served flames (section 5.3.3). The description of the flow characteristics of the flames due

to the variation of the mixture and of the strain rate is summarized in the sections 5.3.4 and

5.3.5, respectively. The first part closes with the discussion of the presented results (section

5.4). Finally, the applicability of the partially premixed concept and its pollutant reduction

potential are shown (section 5.5).

5.1.2 Definitions

A device for the investigation of turbulent partially premixed flames was selected by con¬

sidering the following aspects. One considers that the partially premixed combustion is lo¬

cated in the mid-range of the two classical modes, premixed and non-premixed combustion.

In this range the turbulence-chemistry interaction is not negligible any more, i.e. the fluid

dynamic strain and the reaction rate interact causing finite chemistry effects. This interac¬

tion is taken into consideration in sub-models (e.g. Ferreira, 1996), which have to be vali¬

dated experimentally. Therefore, local information on the flow, on strain rates, on species
concentrations and on temperature of specific, partially premixed flames have to be provid¬
ed.

The opposed jet configuration is favorable for studying the mixing and extinction phenom¬
ena in flames with finite chemistry. Two single, opposed gas jets impinge on each other at

the stagnation plane. Figure 5.1 sketches the arrangement. The flame is then stabilized in

the vicinity of the stagnation plane. This counterflow configuration features many advan¬

tages:

• all flame types can be stabilized within the same burner geometry, i.e. from the non-

premixed via the partially premixed to the fully premixed configuration.

• a simple flow field.

• a fixed localized reaction zone.

• the absence of walls, of contact to walls, of pilot flames and of flame holders.

• independently adjustable parameters like bulk flow strain, turbulent strain and integral

length scale.

• good optical access.

• damping of environmental disturbances by shielding the core jets with nitrogen co-

flows.

• reduced complexity due to the rotational symmetry of the device.

The downwards vectored jet exiting with the bulk velocity U0 \
and featuring the mixture

of Oj impinges on the upwards vectored jet of bulk velocity U0 2
and of mixture 02. The

nozzles exhibit the inner tube diameter D and are separated by the distance H. Assuming
the momentum balance between the upper and the lower jet, the stagnation plane establishes
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exactly mid-distance of the separation length and perpendicular to the jet exit planes, where

the two exit planes and the stagnation plane are parallel to each other. Obviously this con¬

dition is necessary to satisfy the aimed symmetries. The annular co-flowing jet is deter¬

mined by the tube outer diameter Dq of the inner tube and the tube inner diameter Dj of the

outer coaxial tube.

The opposed jet configuration is defined by the following parameters.

The momentum is balanced using

Pi -U0 i
= p2-U02 (5.1)

where p1 is the density of the corresponding jet (i e (1,2)).

Flame

Figure 5.1: Scheme of the opposed jet configuration and its flow field.

The Reynolds number being a measure for the flow strain is calculated using the properties
of the upper jet:

Re
DU

0,1

Vi
(5.2)

The bulk strain rate is defined as

U0,i+U0,2
H

whereby the residence time is given by

-1

(5.3)

(5.4)
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The mixture of the gas flow is characterized by the equivalence ratio, which is defined as

ratio of the mass flow of fuel to the one of air divided by this ratio at stoichiometric condi¬

tions:

(mF/mA)
st

Here, ml is the mass flow either of the fuel (F) or the air (A), the index st indicates at sto¬

ichiometric condition.

Turbulence is generated by using perforated plates, which are defined by the two parame¬

ters solidity S0, which corresponds to the blocked area, and hole diameter d.

5.1.3 Literature review

5.1.3.1 Background

Studies on opposed jet flow flames have gained importance since researchers are interested

in studying the finite-rate kinetic effects of chemistry including extinction. These phenom¬
ena are caused by flame stretch, which is defined as the fractional rate of the increase of the

flame area (Mastorakos, 1993). In certain flows, the stretch rate is found from the velocity

gradient, e.g. where the stretch rate equals the strain rate. Such flows are experimentally re¬

alized in flows stagnating on solid plates or in opposed jet flows. These configurations al¬

low the quantitative investigation of the straining on the chemistry progress and on the

extinction.

Both phenomena have been investigated for many years by stabilizing laminar flames in op¬

posed jet flow burners and are still an important research objective of the combustion com¬

munity. The research is presently focused on the topic of the improvement of the prediction

capability of chemistry mechanism data bases, like e.g. GRI (2003). Therefore, experimen¬
tal studies provided scalar data for the diffusion flame case, e.g. by Ravikrishna and Lau¬

rendeau (2000a), Lim et al. (2000) or by Naik and Laurendeau (2002), as well as for the

partially premixed and premixed flame case, e.g. by Li and Williams (1999), by Ravikrish¬

na and Laurendeau (2000b), by Waly et al. (2001), by Barlow et al. (2001) or by Wehrmeyer
et al. (2002).

In turbulent non-premixed flames one observes not only the finite-rate chemistry and ex¬

tinction phenomena but also reignition. In this case partially premixed combustion takes

place and refers to a non-uniform mixture of fuel, air and products, which may have signif¬
icant influence on the stabilization of turbulent flames. For studying the effect of extinction

and the subsequent reignition of local flame zones, the successful configuration of the lam¬

inar opposed jet flow was extended to the turbulent case. By inserting perforated plates at

the nozzle exit, defined turbulence intensity and hence, straining, is applied to the flow,

which causes the desired effect of local reignition after extinction. Due to the defined

boundary conditions, this burner configuration permits the detailed studying of the extinc¬

tion and reignition phenomena.

In the following sections, a review of previous research on flames stabilized in stagnating
flows is given. It starts with premixed flames stabilized by a solid plate. Then, the review
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is continued by the turbulent opposed jet flow configuration for premixed, partially pre¬

mixed and non-premixed flames.

5.1.3.2 Premixedflames stabilized by solid plates

With this configuration a turbulent jet of reactants impinges on a solid plate. Thereby, a

stagnation region is formed, where a premixed flame can be stabilized without any flame

holders or pilot flames. The mean flame is steady, almost adiabatic and planar. Additional¬

ly, the mean velocity and the turbulence is uniform over a wide area of the flame, and one

is able to control turbulence and mean velocity independently. These features simplify the

theoretical analysis to a large extent, which made this configuration attractive for investiga¬
tions of the flame-turbulence interaction.

Several authors used this configuration for investigating the influence of the variation of the

velocity fluctuation on the turbulent flame speed (Cho et al, 1986; 1988; Liu and Lenze,

1988). From these measurements, new correlations were derived. Further on, the variation

of the turbulent burning velocity was related to the change of the equivalence ratio (Cho et

al, 1986) and of the laminar flame speed (Liu and Lenze, 1988). Turbulence generation in

the flame was detected by analyzing the statistics of the velocity conditional in the products
and in the reactants, but flame turbulence production could not be observed (Cho et al,

1988). Further experimental work was done on flame extinction by Liu and Lenze (1988)
and Yahagi et al. (1992), where the latter one showed that the Lewis number of the mixture

affects extinction the same way as in laminar flames. Theoretical studies have been per¬

formed in a series of publications by Bray et al. (1991, 1992, 1998, 2000, 2001).

Yahagi et al. (1992) looked at flame brushes at low burning velocities approaching the stag¬

nation plate and at flames close to extinction. He found that these cases may result in down¬

stream heat loss to the plate, in increased complexity of the flow field due to interaction of

the momentum boundary layer with the stagnation plate and in affected chemistry if the

flame contacts the plate. Removing these disadvantages by preserving the benefits of the

stagnating flow was achieved by changing the setup configuration to the opposed jet flow,

which will be reviewed in the following sections.

5.1.3.3 Premixedflames in opposedjets

Twin premixed flames formed in the stagnation region of two identical, turbulent opposed

jets have been examined by Kostiuk et al. (1989, 1993a, 1993b). The velocity field of the

methane-air and propane-air flames were investigated by laser Doppler velocimetry. Laser

tomography was used to detect the reaction progress variable. When the flames were forced

to extinction, the twin premixed flames moved towards stagnation to form a single brush

flame, and the flow field was then similar to the non-reacting case. The measured extinction

limits were correlated to the estimated total stretch rate, which is the sum of the bulk strain

rate and the small scale turbulent strain rate being identified as the inverse of the Kolmog¬
orov time scale. Therefore it could be shown that the flame extinguishes if this sum exceeds

a critical value, and this combination of bulk flow and turbulent strain rate was identified to

be responsible for extinction.

The bouncing of twin premixed flames in opposed jets, which was observed in the experi¬
ments of Kostiuk (1993b) for axial nozzle separations larger than two nozzle diameters,

could be eliminated by Moinaïm-Rousselle and Gökalp (1994). They shielded the opposed
flow by means of coflows, which resulted in the elimination of the low-frequency peaks in
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the velocity spectra on one hand and, as a beneficial side-effect, in the elimination of the

stabilization of flames on the burner rim by using inert gas for the coflowing streams. The

latter phenomena may occur for rich premixed flames. The applicability of the opposed jet
flow configuration of rich mixture versus air, where both streams are shielded by coflows,

was shown by Mastorakos and Taylor (1992).

In the studies of Sardi and Whitelaw (1999) and Sardi et al. (2000) symmetric twin brush

premixed methane-air flames with oscillations imposed on the opposed flows were investi¬

gated in terms of extinction. It was concluded that extinction is a process that requires the

application of the strain rate for a specific time and for a number of cycles. Measurements

of the duration for forced extinction of lean twin flames showed that the extinction times

increased quasi-exponentially from less than 5 ms to more than 100 ms by decreasing the

forcing amplitude and by increasing the equivalence ratio to (f> = 0.9
.

The spatial progress of extinction in single brush lean methane-air flames with small nozzle

separations was investigated by Korusoy and Whitelaw (2001). They observed the local

quenching at the edge of the impingement region with increasing bulk strain rate. The

quenched area grew towards the axis for a further increasing strain rate until complete ex¬

tinction. In contrast to the latter observations are those of Kostiuk et al. (1993b), who

showed that the flame was quenched at random positions at first before a locally quenched
area close to the stagnation point grew radially outwards until complete extinction occurred.

Korusoy and Whitelaw (2002) investigated the extinction and reignition phenomena.

Therefore, lean premixed flames stabilized in forced and unforced opposed jets have been

investigated. It was found that the strain rates at the stagnation plane were at least 40% high¬
er with combustion than with non-reacting flow. These high values were identified to cause

incomplete combustion, lower temperatures and non-linear dependence of the local strain

rate on bulk velocity and on nozzle separation and, hence, are responsible for the local in¬

termittent extinction and relight phenomena due to the fluctuating strain rates around the

critical strain rate.

5.1.3.4 Partially premixed and non-premixedflames in opposedjets

The stabilization of a flat rich or a non-premixed flame in the opposed jet configuration of

Kostiuk et al. (1989) was impossible due to the self-stabilization of the flame on the fuel jet
rim. The introduction of a coflowing stream of inert gases at both jets (Moinaïm-Rousselle
and Gökalp, 1994) removed this stabilization difficulties.

A first detailed study of partially premixed and of non-premixed flames stabilized in op¬

posed jets was provided by Mastorakos et al. (1992a, 1992b). The authors detected the ex¬

tinction behavior for turbulent non-premixed flames and found that the critical bulk velocity
decreased with tube separation, with initial premixing and with decreasing turbulence in¬

tensity. The data of the critical bulk strain rate where extinction occurred lay within 20%

deviation at the same equivalence ratio, concluding that the critical strain rate depends only
on the equivalence ratio. Numerical analysis for the estimation of the scalar dissipation rate

at extinction of flames of different bulk and of turbulent strain rates showed that the scalar

dissipation rate remained constant and increases only with premixing of the fuel stream,

which supports the theory of Peters and Williams (1983), whereby the flame extinguishes
when the mean scalar dissipation rate, estimated at the location of the mean stoichiometric
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mixture fraction, exceeds a critical value, which is equal to the scalar dissipation rate at the

extinction of laminar counterflow diffusion flames (Peters, 1984; Seshadri etal., 1985).

The experimental investigations ofKitajima et al. (1996) comprised the individual variation

of the turbulence of either the fuel or the air jet in non-premixed methane/air flames formed

in opposed jets. The authors observed that the extinction limits were mainly affected by the

air stream turbulence due to the flame located in the air stream flow. Observations of the

flame structure indicated that stretch caused by flamelet curvature has a major influence on

the extinction condition. The total stretch rate, derived as the sum of the individual stretch

rates due to mean flow and due to flamelet curvature, is identified being a reasonable esti¬

mate for the extinction limit. Further experiments in non-premixed, nitrogen diluted meth¬

ane versus opposed air jet flames found that the mixture fraction fluctuation, characterized

by the initial turbulence, is independent of the bulk velocity gradient and that the mean sca¬

lar dissipation rate of the turbulent non-premixed flame, specified by the initial turbulence

of the air jet without regarding the bulk velocity gradient, decreases with the Damköhler

number of the air flow (Kitajima et al, 2000). The authors concluded from their study that

the total scalar dissipation rate equals the sum of the individual strain rates caused by tur¬

bulent strain rate and derived from the bulk strain rate, whereby both individual rates are

almost the same. Therefore, the authors made the similar conclusions as Mastorakos et al.

(1992b), who ascertained that extinction in turbulent non-premixed flames formed through

opposed jets is explained by estimates ofthe total scalar dissipation rate, which is consistent

with the laminar flamelet concept.

In the experiments of Tsuji et al. (1994) and Yoshida et al. (1997) the turbulent non-pre¬

mixed flame was established in the forward stagnation region of a porous cylinder. Propane

or methane was exiting from a porous cylinder of 30mm diameter. A counterflowing air

stream, whose turbulence was generated by perforated plates, was directed perpendicular to

the symmetry axis of the cylinder. They observed that local extinction near the stagnation

region always led to global extinction of the whole flame. The critical total stretch rate at

extinction being the sum of the stretch rates due to the mean flow and due to the turbulence,

was detected as nearly constant for each fuel and for all turbulence conditions and coincided

with the critical value of the laminar opposed jet flame. The authors suggested therefore that

small scale eddies ofKolmogorov scale do not affect the chemical reaction occurring at mo¬

lecular scale and that the large scale eddies are not responsible for extinction. Temperature

measurements in non-premixed flames close to extinction revealed the importance of the

high frequency component of the fluctuations, which is supposed to dominate the extinction

in turbulent non-premixed flames. This agrees with the suggestions of Kostiuk et al.

(1993b) for the extinction behavior of turbulent premixed opposed jet flames.

A first detailed insight into the physico-chemical processes of highly strained, partially pre¬

mixed flames in opposed jets is given in the study of Geyer et al. (2002) by applying one-

dimensional Raman/Rayleigh scattering, OH laser-induced fluorescence and laser Doppler

velocimetry. There, the scalar and velocity field were measured. The observation of Koru¬

soy and Whitelaw (2002) about local extinction are confirmed by the temperature measure¬

ments of Geyer, who also observed that the scalar dissipation rate at stagnation is increased

by an order of magnitude due to combustion. The authors explain this increase by the strong

increase of the molecular diffusion coefficient. More data of premixed and partially pre¬

mixed flames are proposed for the future.
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5.1.4 Objectives of the study

The scalar and the vectorial quantities of turbulent flames, i.e. species concentrations, tem¬

perature, density, velocity, are subjected to strong and permanent fluctuations, which fea¬

ture statistical behavior. The description of turbulent reacting flows is thereby possible by
means of statistical methods. On the other hand direct numerical simulation of this flow

type, where the smallest length and time scales are resolved by solving the Navier-Stockes

equation, remains to limited Reynolds numbers, which is due to the limited computer res-

sources. Therefore, at higher Reynolds numbers the governing equations are treated statis¬

tically where unclosed terms have to be modeled by known quantities. Models are

developed performing dimensional analysis or experimental observations. The model as¬

sumptions, like e.g. local isotropy or Kolmogorov's first and second similarity hypothesis,
which are generally made for turbulent flows, have to be validated. The experiment is a tool

for validating the numerical results and hence, there is a demand for measurement data of

scalar and vectorial quantities, particularly in complex turbulent flows.

Now, the objectives are defined due to the conclusions from the presented literature. Most

of the studies have been performed in the range of premixing, i.e. for flammable mixtures,

and it is evident that studies on turbulent partially premixed opposed jet methane/air flames

are rare. All the studies deal with the extinction behavior, but there are few complete de¬

tailed scalar and vectorial data sets available for gaining deeper insight into the physico-
chemical interaction of partially premixed flames. Therefore, a turbulent opposed jet flow

device was developed and constructed. Due to the complexity of non-intrusive measure¬

ment methods, this study is restricted to the elucidation of the flow field behavior. An iden¬

tical device was built for the measurement of the scalars. This work has been provided by

Prospero (2005).

Hence, the objectives of this study are formulated as follows:

• At first, the turbulent free jet flow produced by one of the opposed jet nozzles is inves¬

tigated in terms of his effectiveness of the perforated plate, which produces the defined

turbulence, and of his radial symmetry.
• Secondly, the features of the non-reacting flow field within the opposed jet nozzles are

visualized not only along the axis, but also on its radial extent.

• Now, the observed flames are visualized at their operating conditions. Their appear¬

ance and first characteristics are described. The operating conditions comprise a par¬

tially premixed flame close to the flammability limit (O = 1.7), a premixed flame at

O = 1.0 and a close to non-premixed flame at O = 5.0.

• The variation of the mixture is supposed to reveal the possibility of the proper compar¬

ison of the flame types and their dominant mechanisms and influences on the flow

field.

• The increase of the bulk velocity is investigated to study the effect of increased bulk

strain rate.

• Finally, a separate study is launched to show the applicability of the partially premixed

concept to commercial gas burners and to discover the pollutant formation reduction

potential of turbulent partially premixed flames.
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5.2 The experimental object

The present burner is similar to the one of Kostiuk et al. (1989). Figure 5.2 depicts the geo¬

metrical arrangement of the opposed jet burner producing an axisymmetric free stagnating

point flow. It consists of two identical, vertically opposed nozzles.

The construction of one burner nozzle was designed for providing a uniform axial velocity

profile at the exit. The contraction section of 9:1 accelerated the flow which then traversed

a 10mm long tube of 30mm in diameter before meeting the turbulence generator. This was

actually a perforated plate having a blockage ratio of S0 = 0.45 and a thickness of 1mm.

The holes were arranged hexagonally and had a diameter of d = 4mm. After passing this

turbulence generator the flow was able to evolve in a tube of D = 30mm in diameter and

of L = 50mm in length before exiting the nozzle.

The two nozzle tips were separated constantly at a distance of H = 30mm, which equals
the tube diameter D. The inner jets were surrounded by nitrogen coflows, which shielded

the jets from the surroundings, avoided the flame being attached to the fuel nozzle rim and

prevented the reactants from recirculation. The outer tube diameter was DQ = 64mm and

bulk velocity of the nitrogen coflow was set to one third of the inner bulk velocity of the

fuel/air mixture.

During operation the upper nozzle was always fed with air whereas a pure air stream or a

fuel/air mixture emerged from the lower nozzle, depending on the desired operating condi¬

tion. The flow rates were established regarding the momentum balance (cf. Eq. 5.1). Due to

the symmetry condition in the opposed jet flow, stagnation was expected to be stabilized at

half the nozzle distance.

Re[-] 4000 6000

<&[-] 0 1.0 1.7 5.0 1.0 1.7

vA [ms"1]

mA[kg/s]

2.05

1.61 • 10~3

3.07

2.42- 10~3

vmix [ms_1]

mmix[kg/s]

2.05

1.61 • 10~3

2.09

1.58- 10~3

2.12

1.56- 10~3

2.22

1.48- 10~3

3.14

2.37- 10~3

3.18

2.34- 10~3

vco [ms"1]

mco[kg/s]

0.68

1.77- 10~3

0.70

1.81 • 10~3

0.71

1.84- 10~3

0.74

1.93- 10~3

1.05

2.72- 10~3

1.06

2.76- 10~3

Table 5.1: Operating conditions of the opposed jet burner.
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Fueî-Âir Mixture

Figure 5.2: Schemata of the opposed jet burner
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The operating conditions comprised the Reynolds numbers Re = [4000, 6000] for the air

flow rates and the equivalence ratios O = [ 1.0, 1.7, 5.0] for the fuel/air mixtures. The de¬

rived quantities, bulk velocities and mass flows for the four streams and for each flame, are

summarized in Table 5.1.

The origin ofthe coordinate system was set on the symmetry axis and mid-distance between

the nozzle rims, where the stagnation point was expected to appear. The axial respectively
the lateral axis were denominated by z respectively x and y, whereby the axial coordinate

was defined positive upward. The axial velocity component is defined as w. The radial and

the tangential components are denominated as u and v, respectively.

5.3 Results

5.3.1 Characterization of the nozzle j et

The flow of the nozzle jet is described by plotting the radial profiles of the flow parameters

of the exiting jet which was produced by one of the depicted nozzles in Fig. 5.2. The appro¬

priateness of the turbulence generating grid is shown by comparing the features of the lam¬

inar and the turbulent jets. The term 'laminar' is used in the following for jets produced of

the nozzle missing the turbulence generating grid in Fig. 5.2. On the other hand the term

'turbulent' is related to jets originating from a nozzle represented in Fig. 5.2. Finally, the

radial uniformity of the turbulent jet is described.

Within this section, the origin of the coordinate system is defined in the center of the exit

plane of the nozzle tube. The center of the tube was found by measuring four perpendicular
radial profiles of the axial velocity component. The profiles were taken at the height of

z/D = 0.05 above the tube exit plane. Consequently, the center was found by matching
the four axial velocity profiles at the edge of the jet.

Generally, the radial coordinate ofthe nozzle tube is normalized by the nozzle radius R. The

depicted flow parameters are scaled by the bulk velocity Uq of the exiting jet, where the

bulk velocity is calculated from the mass flow m, the density p and the cross section A and

results in U0 = rh/(p • A).

5.3.1.1 Mean velocity profiles ofthe laminar and the turbulentjet

The normalized mean velocity profiles of the laminar and the turbulent jets are depicted in

Fig. 5.3 along the radial direction, which is normalized by the nozzle radius R. The Rey¬
nolds number of the jets are Re = 2000 in the laminar and Re = 6250 in the turbulent

case. The axial distance from the exit plane is z/D = 0.05
.

The axial velocity profiles of both cases are approximately uniform within 60% of the radi¬

us in the laminar respectively within 80% in the turbulent jet. The velocity values continu¬

ously drop with further advance of the jet edges indicating the boundary layer. Due to the

larger extent of the uniform area in the turbulent jet, the normalized axial bulk velocity in

the uniform range is elevated by 17% when comparing the laminar jet to the turbulent one.
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The radial and the tangential velocities range within 3.5% of the axial bulk velocity, but

only within 1.4% if limiting the radial extent to the uniform domain of the axial velocity.
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Figure 5.3: Mean velocity profiles of the laminar (a) and the turbulent jet (b). The axial

distance from the exit plane is z/D = 0.05
.

5.3.1.2 Fluctuation profiles ofthe laminar and the turbulentjet

Similar to the previous section, the normalized fluctuation profiles of the laminar and the

turbulent jets are depicted in Fig. 5.4 along the normalized nozzle radius. The Reynolds
number of the jets are the same as in the previous section: Re = 2000 in the laminar and

Re = 6250 in the turbulent case. The axial downstream position of the depicted profiles is

z/D = 0.05.

The fluctuation profiles of the laminar jet are at much lower values than the ones of the tur¬

bulent jet. In the former case, the fluctuations are approximately constant across all radial

positions and do not exceed 1.4% of the axial bulk velocity. Hence, the boundary does not

affect the fluctuation profiles. The level of the axial component averages 50% higher than

the ones of the radial and of the tangential velocities, which run at similar levels. Generally,
the fluctuation intensity across the uniform domain of the jet approximately corresponds to

the experimental uncertainty and therefore, the measured fluctuation level is caused by the

noise of the applied measurement equipment.

In the latter case, the profiles exhibit variations due to the boundary layer. While the profiles
of the radial and the tangential components are continuously decreasing with advance to the

edge of the jet, the fluctuation values of the axial velocity approximately doubles before

dropping at the edge. Within the uniform domain (r/D < 0.80), the fluctuation levels are

approximately constant. In contrast to the laminar jet, the turbulent jet fluctuations of the

radial and of the tangential velocity are higher than the one of the axial component (average

15%).

A second difference between the jets is obvious when comparing the fluctuation levels of

the axial component in the uniform range: the one of the turbulent jet is 6.8 times higher
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than the one of the laminar case. This conclusion of highly increased turbulence levels of

the turbulent jet is also observable in Fig. 5.5, where the turbulent kinetic energy and the

axial turbulence intensity are depicted along the nozzle radius. The presence of the two do¬

mains is also reflected in the profiles of this figure, particularly by the axial turbulence in¬

tensity.
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Figure 5.4: Fluctuation profiles of the laminar (a) and the turbulent jet (b). The axial dis¬

tance from the exit plane is z/D = 0.05
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Figure 5.5: Turbulent kinetic energy and turbulence intensity of the laminar (a) and the

turbulent jet (b). The axial distance from the exit plane is z/D = 0.05
.

Hence, due to the turbulence generating perforated plate, the fluctuation levels of all com¬

ponents were highly increased. The flows of both jets exhibit anisotropic behavior. Note
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that the lateral components run approximately at the similar level. In central range of the

laminar jet, the axial fluctuations are highest, which is is in contrast to the turbulent jet,
where the lateral components run at higher levels than the axial one. And with the central

domains of both jets, approximately uniform flow features are present.

Finally, the turbulence characteristics were investigated varying the bulk velocity of the tur¬

bulent jet. The observed range of bulk velocities comprises 2500 < Re < 7000
.
The presen¬

tation of the tangential component was neglected due to the lateral isotropy. Figure 5.6 plots
the flow results sampled at the position (r/R = 0, z/D = 0.05). The fluctuations ofthe ax¬

ial component continuously decrease by 10% with increasing Reynolds number, while the

lateral fluctuations evolve to the axial component within experimental uncertainty for

Re < 4500. A further increase of the bulk velocity results in inclining lateral fluctuations,

which reach at Re = 7000 the same level as at Re = 2500.

Concluding the observations it is shown that the development of the turbulence properties
are non-linear. For Re < 4500 the turbulence is roughly isotropic whereas for higher bulk

velocities, the flow becomes anisotropic.
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Figure 5.6: Fluctuation profile for varying Reynolds number of the turbulent jet. The po¬

sition is (r/R = 0, z/D = 0.05).

5.3.1.3 Azimuthal uniformity ofthe turbulentjet

The azimuthal uniformity of the turbulent jet is crucial not only for a symmetric pattern of

the opposed jet flow but also for its stable turbulence development and the homogeneous
flame stabilization in the stagnation region of the opposed jet flow.

Figure 5.7 depicts the mean velocity and the fluctuation profiles of the axial component

along the nozzle radius for four perpendicular traverses at the azimuthal positions 9

(0,k/2,k,3k/2) .
The profiles were sampled at the axial downstream position of

z/D = 0.05
.
The agreement of the profiles is generally good, which is true for the mean

velocities as well as for the fluctuations. Particularly within the radial uniform domain (see
sections 5.3.1.1 and 5.3.1.2) (r/R < 0.8, the azimuthal uniformity is within the experimen-
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tal uncertainty. This conclusion is supported by the plot in Fig. 5.8, where the normalized

maximum difference of the axial mean velocity is depicted. Obviously, it is below 2% for

positions within 60% of the radial extent of the nozzle tube. Hence, this central region of

the jet can be considered to feature high uniformity (radial and azimuthal).
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Figure 5.7: Axial mean velocity (a) and its fluctuation (b) profiles of the turbulent jet. The

axial distance from the exit plane is z/D = 0.05
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Figure 5.8: Azimuthal uniformity of the turbulent jet.

5.3.2 The turbulent non-reacting opposed jet flow

This section deals with turbulent non-reacting opposed jet flows. The turbulence is gener¬

ated by means of turbulence plates described already in section 5.2. At first, the initial con-
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ditions of a jet and the opposed jet are compared. Then, the flow behavior between the two

opposed nozzles is described.

5.3.2.1 Initial conditions

The axial and the radial mean velocity profiles across the jet are plotted in Fig. 5.9, together
with the corresponding profiles of the single jet. The axial distance from the exit plane is

for both cases z/D = 0.05 and the bulk velocity at the exit plane corresponds to the Rey¬
nolds number Re = 4000. Obviously, the axial velocity profile of the opposed jet is not

uniform (cf. Fig. 5.9a). The velocity is increasing from the center of the jet towards its edge
and peaks next to the wall. This finding is in contrast to the profile of the single jet, which

exhibits a uniform domain at the center of the jet.
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Figure 5.9: Comparison of the axial (a) and radial (b) mean velocities along the radial ex¬

tent of the nozzle jet. The axial distance from the nozzle exit plane is

z/D = 0.05 and the bulk velocity is Re = 4000.

The effect was investigated by Korusoy and Whitelaw (2001). They showed that the static

pressure and the velocity profiles are mainly affected by the separation of the opposed noz¬

zles at heights H/D < 0.8, which is in contradiction to the present finding, where the effect

was already obvious at the separation distance H/D = 1
.
Minor influence was found with

the bulk velocity. Korusoy and Whitelaw (2001 ) were able to show that the reduction of the

axial mean velocity in the center of the jet with its increase close to the boundary is caused

by the increase of the static pressure in the center, which simultaneously generates radial

flow from the axis. The production of the radial flow was also found with the present inves¬

tigation and is visualized in Fig. 5.9b. The decrease of the velocity profile at the jet edge is

caused by the boundary.

The fluctuation profiles of the axial and the radial component for the opposed and the single

jet are depicted in Fig. 5.10. The plots reveal that the fluctuations of the opposed jet remain

uniform within 80% of the radial extent. The deviation of its level from the one of the single

jet is within 5% and therefore within the experimental uncertainty. The increase of the axial

fluctuations of the opposed jet towards the jet edge is damped when comparing to the one
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of the single jet. On the other hand, the radial fluctuation profiles are equal within the ex¬

perimental uncertainty. This finding is consistent with the one of Korusoy and Whitelaw

(2001).
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Figure 5.10: Comparison of the axial (a) and radial (b) fluctuations along the radial extent

of the nozzle jet. The axial distance from the nozzle exit plane is z/D = 0.05

and the bulk velocity is Re = 4000.

5.3.2.2 The meanflow field

All three velocity components have been simultaneously measured in the inert flow field

between the nozzles of the opposed jets. This section presents the effect of stagnation on the

mean flow field and consists of the profiles on the symmetry axis as well as six radial pro¬

files. The bulk velocity is equal at each opposed jet and corresponds to the Reynolds num¬

ber Re = 4000.

The mean velocity profiles on the symmetry axis are depicted in Fig. 5.11. The axial com¬

ponent decreases continuously to zero, where the stagnation plane is located. This point is

near the midway between the nozzles, which is indicated by the dashed line, and hence,

meets the expectations. In Fig. 5.12 the measured axial mean velocity profile is compared
to the bulk velocity gradient and to the model of Champion and Libby (1993). As the mod¬

els assume plug flow at the nozzle exit plane, the measured data on the symmetry axis have

been adapted using the relation:

w* = w/0.85. (5.6)

The bulk velocity gradient is close to the value of the potential flow model

(ab = -2U0/H), but the measured profile is curved and therefore, the axial velocity gra¬

dient is not constant along the axis. Although the effect of curvature is included in the theory
of Champion and Libby (1993), the data of the present measurements do not agree with this

prediction. This is consistent to the finding of Kostiuk and Libby (1993). They found that

satisfactory agreement between experiment and prediction was only achieved in flow fields



106 5 Turbulent partially premixed flames

whose jet separations range within 1.5 < H/D <2.0. The lateral mean velocity compo¬

nents are all vanishing along the symmetry axis, as expected (cf. Fig. 5.11).

-o
Q

o,'Or

u u/U0
0 v/U0
O w/U.

0.25 0.5

Figure 5.11: Mean velocity profiles on the symmetry axis of the non-reacting opposed jet
flow (Re = 4000).
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Figure 5.12: Comparison of the axial mean velocity profile with theoretical predictions.

The mean axial velocity profiles follow their radial distributions at the exit plane of the jet
at the subsequent axial positions (cf. Fig. 5.13a). With their approach to the stagnation re¬

gion, the curvature of the profiles are damped and reach uniform radial distribution. The ra¬

dial velocity profiles along the radial extent increase linearly towards the jet edge (Fig.

5.13b) and increase in magnitude with approximation to the stagnation plane. The agree¬

ment of the profiles according to their distance from the stagnation plane is within experi¬
mental uncertainty and hence, fulfills the expectation of the symmetry condition. The radial
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profiles of the tangential velocity (not shown here) were uniformly distributed across the

radius and feature vanishing values according to its profile on the symmetry axis.

a)

1 5

05

-0 5

A z / D = -0.45

z / D = -0.25

T z / D = -0.07

<] z/D = 0.07

O z/D = 0.25

[> z/D = 0.45

b)

A A À A A A

>[>
'

0

Dft>>>>>>>>>>>>

-0 5 0

r/R

^ [>C0

08.-

06 -

04 -

02

0

-0 2

-0 4

-0 6r-'

05 1
-0 8

F
ii

a. ft £%

A z/D = -0.45

z/D = -0.25

T z/D = -0.07

<] z/D = 0.07

o z/D = 0.25

[> z/D = 0.45

-0 5 0

r/R

05
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Figure 5.14: Fluctuation profiles (a), turbulent kinetic energy and turbulence intensity (b)
on the symmetry axis (Re = 4000).

5.3.2.3 Thefluctuations

The presentation of the fluctuation profiles follows the same paths as the ones of the mean

velocities in the past section.

The fluctuations as well as the turbulent kinetic energy and the axial turbulence intensity on

the symmetry axis are plotted in Fig. 5.14. The axial fluctuations increase with their axial

distance from the nozzle (cf. Fig. 5.14a) and peak at the stagnation point, which is close to
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the midway between the nozzles (indicated by the dashed line). This observation coincides

with the conclusions based on arguments of vortex stretching in a straining field of an op¬

posed jet flow (Tennekes and Lumley, 1972).
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Figure 5.15: The axial (a), radial (b) and tangential (c) fluctuation profiles in radial direc¬

tion.

The lateral fluctuations feature a local minimum located close to the middle between the

stagnation and the nozzle exit plane before peaking near its original level at the stagnation

point (cf. Fig. 5.14a). Although the lateral fluctuations slightly vary at the inlets, their am¬

plitudes asymptotically merge with downstream positions. On the other hand, the flow field

strongly elevates its axial-lateral anisotropic behavior with approximation to the stagnation

point, where the axial fluctuation is about twice as the radial one.

The profile of the turbulent kinetic energy exhibits the shape similar to the axial fluctuations

(cf. Fig. 5.14b), which is the dominating amplitude. The axial turbulence intensity increases

with axial distance from the nozzle and goes for infinity at the stagnation point, which is

due to the vanishing axial velocity magnitude at the stagnation point on the symmetry axis.
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The radial distribution of the axial, radial and tangential fluctuations at six axial locations

are plotted in Fig. 5.15. The radial profiles of the axial component (cf. Fig. 5.15a) are uni¬

form for axial locations close to the nozzle, but with decreasing axial location the fluctua¬

tion amplitude increases with radius. On the other hand, the radial (cf. Fig. 5.15b) and the

tangential fluctuation profiles (cf. Fig. 5.15c) are approximately uniform across the radial

extent (with exception of the boundary layer effects close the edge of the jets).

The poor coincidence of all the profiles close to the stagnation plane (z/D = 0.07) is

caused by the large fluctuations of the flow, by the low seeding density, which heavily in¬

creases the measurement uncertainty, and by misalignment of the opposed nozzles. The ob¬

servation of the mean and fluctuation features lead to the conclusion that the flow can be

assumed uniform in the vicinity of the center of the jet.

5.3.3 The appearance of the turbulent opposed jet flames

The turbulent opposed jet flames are visualized in Fig. 5.16 at their individual investigated

operating conditions. A methane/air mixture is impinging from the bottom nozzle onto a

pure air jet from the top nozzle. A flame is stabilized around the stagnation region. The stag¬

nation plane establishes mid-distance between the two nozzles due to the momentum bal¬

ance of the impinging jets. The turbulence of the jets is generated using perforated plates

according to the description in section 5.2.

Re O = 1.0 O = 1.7 O = 5.0

4000

5000

Figure 5.16: Photographs of the various investigated flames at their operating conditions.

The flames appear blue and extend in radial direction far beyond the nozzle radius R. At

about the radius of the annular tube the flames are quenched by dilution with the nitrogen
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coflow, which is not shown here. Insufficient quenching would give raise to flame frag¬
ments outside the stagnation region, which is inconvenient for the integrity ofthe top nozzle

as well as for the exhaust piping.

In contrast to laminar partially premixed flames at moderate strain rates, which may form

two reaction zones (cf. Fig. 5.44a), the present turbulent ones do not feature this double

structure. Although the mixture condition is the same as in Fig. 5.44a, the strain rates in the

turbulent flames exceed the critical value where a double structure is able to establish.

The appearance of the flame mainly depends on the mixture formation. The premixed flame

at O = 1.0 is more voluminous and is located closer to the bottom nozzle. The reaction

zone is far from the pure air jet, which hence serves only for stagnation of the premixed jet.
On the other hand the partially premixed flames at O = 1.7 and at O = 5.0 all lie at the

interface between the air and the partially premixed jet. Oxygen mass is exchanged at this

interface and, hence, in the reaction zone, which is, due to the under-stoichiometry of the

bottom jet, necessary not only for the completion of the combustion process but also for the

further existence of the flames.

Thus, Fig. 5.16 showed that the general appearance of the flame is hardly changed by the

variation of the strain rate.

5.3.4 Turbulent opposed jet flames: Variation of the mixture

5.3.4.1 The meanflow field on the symmetry axis

The results presented in the following deal with the axial mean velocity profiles on the sym¬

metry axis of opposed flows, where a methane/air jet of mixture O impinges on a pure air

jet. As indicated in Fig. 5.17, the mixture exits at the position z/D = -0.50 whereas the

air jet leaves the nozzle at z/D = 0.50
.
The premixed jet consists of the conditions of a

stoichiometric mixture corresponding to the equivalence ratio O = 1.0, a partial premix¬

ing of O = 1.7, which is close outside the flammability limit, and finally a rich partial pre¬

mixing of O = 5.0, where the flame characteristic is assumed to approximate the non-

premixed type. The data of the inert opposed jet are simultaneously plotted using the equiv¬
alence ratio O = 0.0 of the mixture jet. The Reynolds number of the pure air jet amounts

with all mixtures to Re = 4000.

In Fig. 5.17, the axial velocity component is depicted for the various mixtures O. Note that

the velocities are normalized using the bulk velocity of the inert jet. The velocity magni¬
tudes of the inflammable premixed jets (O > 1.7 ) closely coincide thereby with the values

of the inert flow. The presence of a flame near the stagnation is not obvious from these pro¬

files. Note that the deviation of the profile O = 5.0 at negative axial values is due to the

increased bulk velocity of the premixed jet. This is required by the momentum balance and

by the decreased density of the jet because of its premixing. With the lower equivalence ra¬

tios, this effect is marginal.

In contrast to the above described profiles of the inert and the rich premixed jets, the mean

velocities of the fully premixed jet (O = 1.0) exhibits a large hump. This effect is due to

the heat release of the premixed flame causing a high expansion, which even shifts the stag¬

nation point from the mid-distance towards the air jet, which looses ground.
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According to the results in section 5.3.2.2, the mean lateral velocities were also vanishing

along the axis, and hence, these profiles will not depicted in the following.
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Figure 5.17: The normalized mean axial velocity profiles along the axis for various mix¬

tures (Re = 4000).

5.3.4.2 Radial profiles ofthe mean velocities

Six velocity profiles in radial direction are available for each flame. The same axial distanc¬

es have been used as the ones with the inert flow depicted in section 5.3.2.2. For clarity rea¬

sons the presentation is restricted to a member of representative profiles.
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Figure 5.18: Radial profiles of the normalized axial velocity at selected axial distances for

various mixtures. Axial positions: a) z/D = -0.45
, b) z/D = -0.07.
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The axial velocity profiles are displayed in Fig. 5.18. The results are plotted at two different

axial distances: close to the exit plane of the premixed jet at z/D = -0.45
,
and in the vi¬

cinity of the stagnation plane at z/D = -0.07. The shape of the profiles of the reacting
flows do not remarkably differ from each other. The difference in magnitude in Fig. 5.18a

is explained with the various inflow volume rates. As already shown in section 5.2, the bulk

velocity of the premixed jet varies with its equivalence ratio. Elevating the methane part of

the premixed jet increases its bulk exit velocity, which is due to its decreasing density and

the balanced momentum of the impinging jets (cf. Eq. 5.1). The profiles at the axial down¬

stream position which are presented in Fig. 5.18b, principally vary within a narrow band¬

width (including the inert flow) except for the fully premixed jet O = 1.0. The velocity

profile for this operating condition is shifted to higher magnitudes, which is due to the flame

location (obvious from the axial velocity profile along the symmetry axis in Fig. 5.17) and

its high heat release rate. Nevertheless, the shape of the profile is not changed.
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Figure 5.19: Radial profiles of the normalized radial velocity for various flame modes. Ax¬

ial distances: a) z/D = -0.45, b) z/D = -0.25, c) z/D = -0.07 and d)
z/D = 0.07.
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Figure 5.19 tracks the radial profiles of the radial velocity component at discrete axial po¬

sitions from the premixed jet towards the air jet of the opposed jet flow. The profiles close

to the exit plane of the premixed jet at z/D = -0.45 are similar in shape and value. The

minor differences arise due to the increasing bulk velocity with inclining equivalence ratio

O and due to the elevated heat release rate of the fully premixed flame (O = 1.0 ). At the

downstream position z/D = -0.25 the decreasing velocity values close to the jet edges
vanish. The profiles increase linearly with radial distance. It remain the small differences in

the velocity values with equivalence ratio.

With the subsequent downstream position at z/D = -0.07, the region close to the stagna¬

tion is reached. The velocity magnitudes of a profile still increase linearly with radial dis¬

tance from the center. This observation is also true for the profiles at z/D = 0.07 (cf. Fig.

5.19d). In contrast to the upstream axial positions, the gradients of the profiles at the axial

positions close to the stagnation plane strongly differ with equivalence ratio. The largely
increased gradient of the reacting flow profiles in comparison to the inert one is due to the

heat release of the flames, which are located in the vicinity of the stagnation plane, and its

subsequent decrease in density. According to the observations in section 5.3.4.1, the heat

release is highest for the fully premixed flame at O = 1.0 and hence, the gradient is largest
for this operating condition, which is obvious from Figs. 5.19c and 5.19d. On the other

hand, the gradient is lowest for the inert flow.

5.3.4.3 Thefluctuations on the symmetry axis

According to the previous section, the corresponding fluctuations of the axial and the radial

component are depicted. The axial fluctuations (cf. Fig. 5.20a) of the fully premixed flame

((f) = 1.0 ) exhibit two high peaks at the flame location in the premixed jet and at its stag¬

nation point, which is shifted away from the mid-distance towards positive axial coordi¬

nates. In between these peaks, the fluctuation level drops approximately on the level of the

inert profile.
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Figure 5.20: Fluctuation profiles of the axial (a) and the radial (b) velocity on the symmetry

axis for various mixtures (Re = 4000).
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The axial fluctuations of the partially premixed flame (O = 1.7) exhibit a different devel¬

opment. In contrast to the premixed flame profile, it decreases at the flame location, which

is close before the stagnation point. At stagnation, the values re-increase, but the level of

the inert flow is not reached. On the air side, the fluctuation profile reveals a plateau just
before stagnation, which is also observable at the fully premixed flame.

This behavior is probably due to a re-laminarisation of the flow due to presence of hot prod¬
ucts causing a jump in temperature and hence, a local drop of the Reynolds number. This

effect is strongly obvious with the rich premixed flame (O = 5.0 ), where the values even

drop just before the stagnation point on the air side. On the reactants side, in contrast, the

profile does neither exhibit the behavior of the premixed nor of the partially premixed

flame, it continuously increases until peaking at stagnation, similarly to the inert flow.

The radial velocity profiles of the various flame types feature similar shape, but are different

to the one of the inert flow (cf. Fig. 5.20b). The presence of a flame is revealed in the con¬

tinuous increase of the fluctuations from the nozzle exit to the stagnation, where the values

peak. This behavior is not obvious with the inert flow, where the level of the lateral fluctu¬

ation is approximately constant along the axis. The peak at stagnation is highest for the fully

premixed flame, and for the other flames, they approximately agree. This behavior is prob¬

ably linked to the heat release of the flames, which is, according to the previous section,

highest with the fully premixed flame. The "bump" at the reactant side of the premixed
flame profile is most probably caused by this high expansion.

The turbulent kinetic energy profiles along the symmetry axis reveal the additional turbu¬

lent energy caused by the combustion (cf. Fig. 5.21a). The difference ofthe reacting profiles
to the inert one is highest for the fully premixed flame (O = 1.0). The other flames exhibit

similar shape and insert much less turbulent energy then the fully premixed one. This is due

to the incomplete combustion of the products at the stagnation point due to limited diffusion

across the stagnation plane.
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Figure 5.21: The turbulent kinetic energy (a) and turbulence intensity (b) on the symmetry

axis for various mixtures (Re = 4000 ).
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The turbulence intensity plot along the axis (cf. Fig. 5.21b) visualizes the largely increasing,
relative turbulence level at the stagnation. Also obvious is the shift of the stagnation point
for the fully premixed flame towards the air nozzle. In contrast thereto, the partially pre¬

mixed and the rich premixed flame profiles do not largely deviate from the inert one.

5.3.4.4 Radial profiles ofthefluctuations

According to section 5.3.4.2, the selection of radial profiles is chosen at the same axial dis¬

tances.

Figure 5.22 displays the radial profiles of the axial velocity fluctuations in the premixed jet.
The fluctuation profiles are approximately constant along the radius for all premixing con¬

ditions with exception at the jet edge where boundary effects are present. Small differences

arise from the varying bulk velocity U0 and from the experimental uncertainty.

Downstream, at z/D = -0.07, the shape of the profile depends on the presence of the

flame mode. The fully premixed fluctuations are increased with radius, which is due to the

large amount of heat release. In contrast thereto one observes an approximately constant

fluctuation level for O = 1.7, which is probably due to the low heat release rate and the

large decrease in the Reynolds number in this zone.
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Figure 5.22: Radial profiles of the normalized axial velocity fluctuations for various mix¬

tures. Axial positions: a) z/D = -0.45, b) z/D = -0.07.

Figure 5.23 presents the radial profiles ofthe radial velocity fluctuations. At z/D = -0.45
,

the shape and the magnitude ofthe fluctuations are approximately the same for all mixtures.

Moreover, these profiles are similar to the ones of the axial component. At the subsequent

position z/D = -0.25
,
the profiles did not remarkably change their magnitudes nor their

shape with exception at the jet edge, where the boundary effects vanish.

The profiles close to the stagnation plane, taken at the axial positions z/D = -0.07 and

z/D = 0.07, reflect the presence ofthe various flame modes and the proximaty to the stag¬

nation plane. The fluctuation profiles of the reacting cases increase with radius, where its

rate depends on the heat release and its subsequent expansion ofthe gas present in this zone.
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The differences are well observable for the reacting in contrast to the inert case as well as

for the various flame modes.

Obviously from Fig. 5.23b, the curvature of the profile depends on the distance to the reac¬

tion zone. At the position z/D = -0.07, the curvature of the profile O = 1.7 is larger
than of the one O = 5.0, indicating that the expansion is higher. At the opposed side of the

stagnation plane, at z/D = 0.07, the radial profile of the richer flame is more curved,

which is an indication for the more immediate vicinity to the reaction zone. This conclusion

coincides with the observations made on the symmetry axis.
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Figure 5.23: Radial profiles of the normalized radial velocity fluctuations for various mix¬

tures. Axial distances: a) z/D = -0.45
, b) z/D = -0.25

, c) z/D = -0.07,

d) z/D = 0.07.

The additional turbulent kinetic energy due to the combustion process is observable from

Fig. 5.24. At the position close to the nozzle exit (z/D = -0.45 ), the differences of the re¬

acting profiles to the inert one are marginal. Close to stagnation at z/D = -0.07, the radial

profiles are affected due to the combustion process. The additions of the turbulent kinetic
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energy on the symmetry axis are small with exception of the one ofthe fully premixed flame

(O = 1.0). In radial direction, the gradients of the reacting profiles increase whereas the

inert values are approximately constant along the radius. This reveals that the turbulent ki¬

netic energy profiles of the combustion cases are mainly affected in radial direction.

a)

0.2

0.15

CM O

3
0.1

0.05

A 0=0.0

D 0= 1.0

O 0= 1.7

o 0=5.0

AAAAAAAaAAA

-0.5 0

r/R

0.5

0.2

0.15

CM O

3
0.1

0.05 -

b)
A O=0.0

D 0= 1.0

o 0= 1.7

o O=5.0

n
u n

U0 n
0

D D

O

A4

^ ° 0 â 0 0
AAAAAAAAAA

@@

o°

-1 -0.5 0

r/R

0.5 1

Figure 5.24: Radial profiles of the turbulent kinetic energy for various flame modes. Axial

positions: a) z/D = -0.45, b) z/D = -0.07.

5.3.4.5 Analysis ofthe probability distributions

As already discussed in section 4.3.5.5, the result of one laser Doppler measurement is a

randomly sampled time series of each velocity component. The analysis of the data de¬

mands a data reduction, which is done by the statistical treatment. Beyond the calculation

of the moments, the series were also transformed to probability density functions (pdf). The

velocity distribution provides information about the turbulence behavior in a flow, e.g. dis¬

crete turbulence frequencies of a flow result in non-Gaussian pdfs. Further, the distribution

can be skewed and/or show non-lepto- or platykurtic behavior due to the presence of reac¬

tion zones

This latter phenomenon is well developed at the operating condition O = 1.0 and is doc¬

umented in Fig. 5.25. The pdfs of the axial velocity component are plotted at selected axial

distances on the symmetry axis. Obviously, the pdfs at locations before and after the reac¬

tion zone (z/D = -0.2667, z/D = -0.0333 ) are well Gaussian shaped. Within the flame

the pdfs are bimodal distributed which is probably due to passing hot and cold fluid. On the

other hand, the radial velocity pdfs do not exhibit bimodal shape (cf. Fig. 5.26). This result

is similar to the findings of Mastorakos (1993) in opposed jet premixed flames and of Liu

and Lenze (1988) in stagnating premixed flames on solid plates.

The enriching the mixture stream to the equivalence ratio O = 1.7 cause the vanishing bi¬

modal distribution of the axial velocity component. The pdfs at selected axial distances on

the symmetry axis are depicted in Fig. 5.27. All distributions show approximate Gaussian

shape. In contrast to the mixture of the fully premixed flame, the spontaneous self-ignition
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of the present gas due to hot products is not possible any more. Further mixing with air orig¬

inating from the impinging jet is necessary and hence, the reaction is dominated by the mix¬

ing process at the stagnation.

The same conclusion can be made for the flame O = 5.0, whose pdfs are displayed in Fig.
5.28. Here, the mixing process is even more dominated by the turbulence at the stagnation

plane.

z / D = -0.2667 z / D = -0.2000 Z/D = -0.1833

Z/D = -0.1667

0 05 1 15

w/U0
Z/D = -0.1167

0 05 1 15

w/U0

Z/D = -0.1500

0 05 1 15

w/U0
z/D = -0.1000

0 05 1 15

w/U0
z/D = -0.1333

rU—i
l

0 05 1 15

w/u0
z/D = -0.0333

0 05 1

w/U„

.Jk_
0 05 1 15

w/U„

Figure 5.25: Probability distributions ofthe axial velocity along the symmetry axis with the

premixed flame (O = 1.0).
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Figure 5.26: Probability distributions of the radial velocity along the symmetry axis with

the premixed flame (O = 1.0).
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Figure 5.27: Probability distributions of the axial velocity along the symmetry axis for the

flame (O = 1.7).
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Figure 5.28: Probability distributions of the axial velocity along the symmetry axis for the

flame (O = 5.0).



120 5 Turbulent partially premixed flames

5.3.5 Turbulent opposed flames: Variation of the bulk velocity

5.3.5.1 The mean profiles on the symmetry axis

The physico-chemical properties of the flames do not only change by the variation of the

mixture but are also influenced by the variation of the initial bulk velocity. The effects are

depicted in the following plots. The investigations comprise the full data sets for bulk ve¬

locities which correspond to the Reynolds numbers Re = 4000 and Re = 5000 for the

premixed at O = 1.0 and the partially premixed (O = 1.7) flames. Additionally, axial

profiles at the operating condition Re = 6000 and O =1.0 were sampled.

According to section 5.3.4.1, the lateral mean velocities are vanishing along the symmetry

axis. Hence, only the axial component will be depicted. Figure 5.29 plots the axial mean

velocities for the various flames and bulk velocities. Similar to section 5.3.4.1, the reactants

flow from the left border and the air jet impinges from the right border.

For the premixed flames (cf. Fig. 5.29a), the increase in the bulk velocity decreases the

height of the "hump". Note that the axes are normalized by the nozzle diameter and the ini¬

tial bulk velocity of the air jet. Nevertheless, the height of the 'hump' is a measure for the

intensity of the heat release, which is lowered with enhancing bulk velocity. As a higher
bulk velocity increases the strain rate, the drop of the peak is probably explained by the ex¬

tinction effectiveness, which is intensified with strain rate. On the other hand, hardly any

effect of expansion can be observed with the partially premixed flame (cf. Fig. 5.29b). The

deviation at the reactant side is probably due to unbalance of the opposed jet flows. Hence,

these profiles are similar to the corresponding inert one, which was already observed in sec¬

tion 5.3.4.1.

Figure 5.29: The normalized mean axial velocity profiles along the axis for various Rey¬
nolds numbers and for a) O = 1.0 andb)0 = 1.7.

5.3.5.2 Radialprofiles ofthe mean velocities

Radial profiles of the axial and radial velocity have also been measured for the higher bulk

exit velocity corresponding to Re = 5000
.
The profiles have been measured at four axial
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distances, which are z/D = -0.45, z/D = -0.07, z/D = 0.07 and z/D = 0.45. The

most interesting profiles in the premixed jet will be presented in the following.

The radial profiles of the normalized axial mean velocities are plotted in Fig. 5.30 for the

two premixing jets O = 1.0, O = 1.7 and for the two axial locations z/D = -0.45 and

z/D = -0.07
.
The increase in the bulk exit velocity, which intensified the strain, did not

change the normalized mean exit profiles at z/D = -0.45
.
The profiles in Fig. 5.30a+c co¬

incide well at both premixing conditions. This finding is consistent with the one of Korusoy
and Whitelaw (2001).
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Figure 5.30: Radial profiles of the normalized axial velocity at selected axial distances for

an increased Reynolds number. Premixing conditions and axial positions: a)
O = 1.0, z/D = -0.45, b) O = 1.0, z/D = -0.07, c) O = 1.7,

z/D = -0.45, d) O = 1.7, z/D = -0.07.

At the downstream position in the vicinity of the stagnation plane (z/D = -0.07), the

shapes of the profiles is kept with increasing bulk exit velocity U0 (cf. Fig. 5.30b+d). Ac¬

cording to the axial profiles in Fig. 5.29, the velocity magnitude is decreased with the higher
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bulk exit velocity and for the fully premixed case of O = 1.0, whereas at O = 1.7 the

variation of the profiles is marginal.

The radial profiles of the normalized radial velocity, located at the same axial distances and

conditioned at the same equivalence ratios as in Fig. 5.30, are summarized in Fig. 5.31. The

shapes of profiles close to the nozzle exit do not change their appearance by enhancing the

bulk exit velocity (cf. Fig. 5.31a+c). With the fully premixed case of O = 1.0, the influ¬

ence due to the boundary layer of the nozzle is increased, which is caused by the higher
flow. At O = 1.7 the differences in the profiles are negligible.
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Figure 5.31: Radial profiles of the normalized radial velocity at selected axial distances for

an increased Reynolds number. Premixing conditions and axial positions: a)
O = 1.0, z/D = -0.45, b) O = 1.0, z/D = -0.07, c) O = 1.7,

z/D = -0.45, d) O = 1.7, z/D = -0.07.

At z/D = -0.07, the downstream position, the agreement of the profiles for the fully pre¬

mixed flame at O = 1.0 is well observable (cf. Fig. 5.31b). With the richer mixture, the
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velocity magnitudes decrease by 15% by enhancing the bulk exit velocity. Simultaneously
their gradients are not affected.

The observation reveal that the increase of the bulk exit velocity Uq did not change the ap¬

pearance of the axial as well as of the radial mean velocity profiles. Thus, the characteristics

of the mean flow pattern is kept. Small variations in the velocity magnitude are present at

distinct axial locations which may arise from experimental uncertainty.

5.3.5.3 Thefluctuations profiles on the symmetry axis

The fluctuation profiles in the following are depicted for the axial and the radial component

and for the same flames as in the previous section.

The axial fluctuations of the premixed flames at O = 1.0 (cf. Fig. 5.32a) exhibit the com¬

petition between the fluctuations due to combustion and due to stagnation in an evident

way. The higher the bulk strain, the lower the fluctuation peak from combustion, but the

higher the peak due to stagnation. For Re = 4000, the peak level from stagnation is much

lower than the one caused by combustion. In contrast thereto one observes the profile at

Re = 6000, where this behavior changed to the opposite.
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Figure 5.32: Fluctuation profiles of the axial component along the axis for various Rey¬
nolds numbers and for a) O = 1.0 and b) O = 1.7.

The profile of the turbulent kinetic energy (cf. Fig. 5.34) displays these conclusion obvious¬

ly. In the premixed flame case (cf. Fig. 5.34a), the separate energy peak at the flame location

merges with the peak at stagnation when increasing the bulk velocity. At Re = 6000, only
a small "bump" remains. On the other hand with the partially premixed flame (cf. Fig.

5.34b), the peak is located at the stagnation plane, but is lower for the higher bulk velocity

indicating that the combustion is inhibited with the higher bulk strain rate.

This effect of intensified fluctuations due to stagnation with increasing bulk velocity is also

obvious from Fig. 5.32b, where axial profiles of the partially premixed flame are plotted.
The drop at the reactants side close to the stagnation point is less developed with the higher
bulk velocity indicating less re-laminarisation of the flow and hence, less heat release from
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the reacting zone. In contrast thereto one observes the peak level at the origin, where the

stagnation plane is located. It is higher for the elevated bulk velocity.
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Figure 5.33: Fluctuation profiles of the radial component along the axis for various Rey¬
nolds numbers and for a) O = 1.0 and b) O = 1.7.

The radial fluctuations, which are depicted in Fig. 5.33, support the found conclusions. In

case of the premixed flame, the shape of the radial profile gains symmetry with increasing
bulk velocity due to the shrinking rate of the fluctuation associated with the heat release (cf.

Fig. 5.33a). Nevertheless, the radial amplitude is larger than with the partial premixed flame

in Fig. 5.33b, where the reduction of the amplitude with increasing bulk velocity is appar¬

ent.
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5.3.5.4 Radial profiles ofthefluctuations

This section presents the radial profiles of the normalized axial and radial velocity fluctua¬

tions at two equivalence ratios O = 1.0, O = 1.7 and at two selected axial distances,

which are z/D = -0.45 and z/D = -0.07.

Figure 5.35 plots the normalized axial velocity fluctuation profiles for the two bulk exit ve¬

locities and for the above mentioned variations. Similar to the normalized mean velocity

profiles, the variations due to the higher bulk strain are minor except for the case 0=1.0

and z/D = -0.07
,
where the fluctuations shift to smaller magnitudes when increasing the

bulk exit velocity. This trend is already observable from the profiles along the symmetry

axis.

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

a)
Re=4000

Re=5000

b)

0.4

0.3

0.2 -

ftftftnnaçnnAftn ft^ 0.1 -

A Re=4000

Re=5000

.d
A
A A A A

D
d à

-0.5 0 0.5 1

r/R

5)
A Re=4000

D Re=5000

-0.5

0.41-

0.3

0.2 -

AAêAè^ôftAftAn' 0.1

0 0.5 1

r/R

i)
A Re=4000

D Re=5000

.^BiilHiiïâè*11

-0.5 0

r/R

0.5 -0.5 0

r/R

0.5

Figure 5.35: Radial profiles of the normalized axial velocity fluctuations at selected axial

distances for an increased Reynolds number. Premixing conditions and axial

positions: a) O = 1.0, z/D = -0.45, b) O = 1.0, z/D = -0.07, c)
O = 1.7, z/D = -0.45, d) O = 1.7, z/D = -0.07.
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The corresponding normalized radial velocity profiles are presented in Fig. 5.36. At the ax¬

ial location close to the nozzle (z/D = -0.45 ), the effect of higher bulk straining is negli¬

gible in shape and magnitude. For the downstream position at z/D = -0.07, the

normalized fluctuation profile is shifted to lower values for the higher bulk exit velocity si¬

multaneously keeping its general appearance.

This trend is also reflected in Fig. 5.37, where the normalized turbulent kinetic energy in

radial direction is depicted. At the position z/D = -0.45
,
the profiles coincide well. On

the other hand at z/D = -0.07, the profiles of both equivalence ratios shift to smaller val¬

ues when elevating the bulk exit velocity. Hence, the introduction of turbulent kinetic ener¬

gy due to reaction is decreased by increasing the bulk strain rate. The higher strain leads to

augmented local extinctions, which causes global extinction when the strain rate exceeds

the critical value.
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Figure 5.36: Radial profiles of the normalized radial velocity fluctuations at selected axial

distances for an increased Reynolds number. Premixing conditions and axial

positions: a) O = 1.0, z/D = -0.45, b) O = 1.0, z/D = -0.07, c)
O = 1.7, z/D = -0.45, d) O = 1.7, z/D = -0.07.
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Figure 5.37: Radial profiles of the normalized radial velocity at selected axial distances for

an increased Reynolds number. Premixing conditions and axial positions: a)
O = 1.0, z/D = -0.45, b) O = 1.0, z/D = -0.07, c) O = 1.7,

z/D = -0.45, d) O = 1.7, z/D = -0.07.

5.4 Discussion

The present investigation dealt with the flow features of flames stabilized within opposed

jets. The reactant flow comprised mixtures of fully (O = 1.0 ), partial (O = 1.7) and rich

premixing (O = 5.0) and impinged on a pure air jet. The bulk velocities were chosen ac¬

cording to the Reynolds numbers Re = 4000, Re = 5000 and Re = 6000. Flow data

sets of the axial traverse on the symmetry axis and of six radial traverses have been sampled
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for each operating condition, according to Fig. 5.16. The influence of the premixing as well

as of the bulk velocity was elucidated.

At first, the nozzle jet was investigated and it exhibited an azimuthal as well as radial uni¬

formity within 60% of the radial extent of the nozzle tube diameter. Also the effectiveness

of the perforated plate was shown, appreciably increasing the fluctuation level in compari¬
son to the jet without the turbulence generator.

Secondly, the inert flow data were reported. In contrast to the experiments with the free jet,
the initial radial profile exhibited non-uniformity due to increasing stagnation pressure with

advance to the jet center. The axial profile of the axial mean velocity run in between the

potential flow and the model of Champion and Libby (1993). The radial profiles of this

component showed that the non-uniformity can be tracked downstream at the subsequent
axial locations. Korusoy and Whitelaw (2002) and Mastorakos (1993) found that this uni¬

formity only depends on the nozzle separation, but not on the initial bulk velocity, initial

turbulence level or on the gas composition. Hence, the presentation of the result was limited

to the profiles on the symmetry axis.

The change of the reactant jet composition strongly influenced the mean and the fluctuation

levels at downstream positions of the jets. The premixed flame revealed the highest heat re¬

lease and was located closest to the reactant nozzle. The expansion therefrom altered the

axial mean velocity profile. Also the fluctuation profiles were increased at the location

where combustion took place. For the two richer cases of the reactant jets, the flame was

located close to stagnation. The turbulence peak at stagnation was damped at positions lo¬

cated before it, which was due to the hot products diffusing in this area. This effect was not

obvious with the radial velocity fluctuations. Nevertheless, these amplitudes were strongly
inclined due to the expansion.

The radial profiles at the specified axial locations revealed a minor influcence of the reac¬

tion zones on the mean velocity profile shapes at all premixing conditions. On the other

hand, the radial profiles of the flucutations of the reacting cases increased with radius,

where its gradients decreased with elevating equivalence ratio. This phenomenon was ob¬

served in the vicinity of the stagnation plane; the profiles close to the nozzle changed their

behavior only marginal.

An analyzis of the velocity distributions along the symmetry axis revealed in case ofthe ful¬

ly premixed flame at O = 1.0, that the pdfs are bimodal across the reaction zone. This ef¬

fect is not observable with the partially premixed flames. Thus, this effect is due to a

strongly fluctuating reaction zone caused by the spontaneous self-ignition due to backflush

of the fully premixed gas. The location of the partially premixed flames is more stable due

to the inflammable reactant stream. With these flames, the rest of the mixing and the reac¬

tion take place at the same location, in the vicinity of or in the stagnation plane.

This result is encouraging for the partial premixing concept. The stability of the partial pre¬

mixed flames is highly increased in comparison to the fully premixed ones because the

spontaneous ignition due to backflush is avoided. On the other hand, it is believed that the

flame temperatures of partially premixed flames are reduced in comparison to the non-pre¬

mixed ones, which is due to the shorter mixing time until full premixing is achieved. The

combustion type is more like the fully premixed one. Unfortunately, flame temperature pro¬

files at the same conditions, which have been provided by Prospero (2005), are not yet
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available. Nevertheless, the results of the experiment in the following section support this

assumption.

The increase of the initial bulk velocity had minor influence on the profiles. Generally, the

flames moved closer to stagnation and the expansion due to combustion was lowered, but

the characteristics of the profiles remained. The radial profiles of the mean hardly changed.

According to the axial profiles of the flucutations, its intensities decreased with inclining

Reynolds number. However, the shape of the profiles did not change.

5.5 Application of the partially premixed concept

This section is a copy of a paper published in Blum et al. (2000b).

5.5.1 Introduction

Due to safety reasons non-premixed combustion is typically found in most of today's tech¬

nical combustion devices such as domestic burners, industrial furnaces, etc. In this system

the chemical reaction takes place at stoichiometric mixture and at maximum temperature

condition. This results in the disadvantage of very high emissions of thermal nitric oxides

(NOx), a major toxic pollutant. A possibility to avoid these high temperature peaks and the

corresponding high levels of NOx-formation is to operate the device at lean fully premixed

condition, typically running at 15% excess air to ensure a complete combustion and hence

low carbon monoxide (CO) formation rates. However, controlling and stabilising a fully

premixed flame is difficult, because the flame propagates towards an unburned flammable

mixture possibly leading to an unwanted ignition in the supply system.

To circumvent of the dilemma of high temperature peaks in non-premixed combustion and

stability problems in fully premixed flames, a possibility is offered for operating the device

in partial premixing mode. This condition is defined by a fuel stream mixed with air or an

air stream mixed with fuel not being within the flammability limits. Then the former stream

is called a rich mixture and the latter a lean one. Both streams improve the starting condi¬

tions for the mixing process in the pre-flame zone. In combination with an advantageous
flow characteristic one will achieve a nearly fully premixed mixture being burned. In such

a system one may reduce NOx emissions but still meet the flame stability requirements and

safety issues.

5.5.1.1 Previous studies

A few experimental studies of pollutant emission characteristics for turbulent, fuel side par¬

tially premixed flames have already been reported in the literature [1-6]. They demonstrated

that partial premixing probably affects NOx emissions either positively or negatively rela¬

tive to the non-premixed combustion.

Driscoll et al. [1] showed for turbulent partially premixed hydrogen/air flames that the EI-

NOx is reduced at a burner tube fuel equivalence ratio Ob = 2 of at least 60% compared
to the diffusion flame with Ob of infinity. Although a contrary effect of intensifying EINOx



130 5 Turbulent partially premixed flames

formation rates per flame volume for decreasing Ob is monitored, the net EINOx reduction

was attributed to the shortening flame lengths coming along with reduced residence times.

Turns et al. [2] studied turbulent partially premixed methane-, propane- and ethylene/air
flames. For burning propane and methane with a decreasing value of Ob, the EINOx is first

increasing and for smaller values of Ob decreasing again. This behaviour is believed to be

a consequence of the contradicting effects of decreasing radiative heat loss and declining
residence times as more air is added to the fuel owing the reduced soot formation.

Rokke et al. [3] varied the jet exit diameter and the exit velocities for turbulent partially pre¬

mixed propane/air flames. Converse to [1] and [2] the EINOx increased with adding air. The

explanation given was that this behaviour is caused by a broadening ofthe fuel consumption

zone, which also leads to higher levels of scalar dissipation.

Kim et al. [4] measured the EINOx for partially premixed ethane/air flames at constant fuel

rate. Within the range of 2.2 < Ob < 10, a diminishing Ob led to an EINOx reduction of

about 23% at Ob ~ 2.2 compared to the peak emission index at Ob = 10. From 2.2 to 1.3

the EINOx increased sharply as Ob reached unity. Kim et al [4] made the prompt mecha¬

nism responsible for the EINOx trend at Ob < 2.2 owing to peak at 1.3. For Ob > 2.2 ther¬

mal EINOx contribution accompanied by rising residence times are believed to play a major
role. The minimum EINOx at Ob « 2.2 was assumed to represent a compromise between

the prompt dominating at the inner premixed flame and the Zeldovich mechanism prevail¬

ing at the outer non-premixed flame.

Gore and Zhan [5] studied species concentration profiles for CO, CO2, H2, O2, N2, CH4,

C2H2 and C2H4 and the emission indices of NOx for laminar turbulent partially premixed
methane/air jet flames at a heat release rate of 2. IkW. The EINOx behaviour in the range of

4 < Ob < 00 remained almost constant. With adding more air the EINOx fell dramatically

reaching a minimum at Ob « 2
.

A further reduction of Ob resulted in a steep increase of

the EINOx finishing at Ob = 1.3. Radial profile measurements of the stable species
showed no significant change in the flame structure for Ob greater than 3.5 characterising
this range as similar to a diffusion flame. Only for the C2H2 and C2H4 mole fractions large

changes were observed. For the range of Ob < 3.5 a double flame structure was monitored.

The authors assumed that the emission index behaviour could be explained by the changes
in intermediate hydrocarbon chemistry.

An interesting study from Lyle et al. [6] about emission characteristics ofturbulent partially

premixed methane/air flames has been published recently. Emission indices for NO, NOx,
CO and HC were measured over a broad range of Ob from infinity to unity, which includes

both limiting cases of diffusion and fully premixed flames. The EINOx behaviour was di¬

vided into three sections for both confined and unconfined flames: (1) a constant EINOx for

a fixed fuel rate in the range of 5 < Ob < °o
5 (2) a decrease of the EINOx of about 25% for

the range of 1.5 < Ob < 5 reaching a minimum at Ob ~ 1.5
, (3 ) a steep increase for the EI¬

NOx at 1 0 < ^b < 1
•

5 peaking at Ob = 1, the fully premixed flame. Measurements of the

visible flame length showed that the residence time could not explain solely the EINOx
trend. A similar statement was given for the radiative heat loss fraction. Although measure¬

ments of temperature profiles give possible explanations for the ranges of 2 < Ob < °o and

1.0 < Ob < 1.5
,
the decrease in EINOx for reducing Ob in the range 1.5 < Ob < 2.0 can not

be explained by the above mechanisms. Lyle et al. [6] attributed this behaviour of the emis¬

sion index for changes to the contributions of either the prompt or the reburn mechanism.
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Studies about the influence of air tube partial premixing on NOx emission levels have not

been reported yet to the author's knowledge. The present work describes the experimental

investigation of the NOx reduction potential of a domestic gas burner at partially premixed
condition. The objectives are (1) to demonstrate a domestic burner operated at partial pre¬

mixing mode, and (2) to report measurements of pollutant concentrations for various fuel

tube, air tube and overall equivalence ratios at constant fuel rate.

Figure 5.38: Sketch of the burner and the air tube.

5.5.2 Experimental methods

5.5.2.1 Apparatus

A sketch of the burner is presented in Fig. 5.38. An ELCO low NOx gas burner of type

E01B.4G/F-T is used in the present study. This one stage, fully automatic burner includes

internal flue gas recirculation and low NOx combustion design [7]. Only the burner tubes

will be discussed here. A detailed description of the entire burner can be found elsewhere

[7]. The fuel and air are injected within concentric tubes. The inner fuel tube diameter is

0j = 20mm. At the tube tip are four nozzles of diameter 0 = 4mm forming a circle of

0 = 50mm and pointing parallel to the axis of fuel injection. Additionally, fuel is injected

through four nozzles of 0 = 1 mm at the tip pointing in radial direction. The concentric

air tube of 0j = 76mm is reduced to 0: = 64mm as shown in Fig. 5.38. This accelerates

the air and intensifies the internal flue gas recirculation (FGR) in the burning chamber. A

ring at the air tube tip of 0: = 58mm provides additional swirl and supports flame stabi¬

lisation. Air nozzles (slots) on a disc of 0 = 62mm in diameter perpendicular to the tube

axis provide a swirl effect to the air and hence improve mixing.

The methane (99.95%) and dry air flowrates were monitored using calibrated mass flow¬

meters. The burner and air tube equivalence ratios were established using the flowmeters
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and verified using C and 02 balances. The inlet temperature of the water cooling system

was set to 50°C and the flow to 26Nm3/h (cf. Fig. 5.39).

Methane

N

Water ^
Exhaust \j

Figure 5.39: Sketch of the experimental setup.

5.5.2.2 Pollutant emission measurement

For monitoring the flue gas emissions the following apparatus was used (cf. Fig. 5.39): The

sampled gas traverses first a filter, which is heated to 140°C. The following sampling tube

is also heated up to 120°C and is used to transfer the flue gas to a chemiluminescence based

NO and NOx analyser, a non-dispersive infrared based CO and C02 analyser and a 02 anal¬

yser based on the paramagnetic principle. Before and after the sampling series the analysers
were calibrated using span (40ppm NO, 270ppm CO, 14% C02 and ambient air) and zero

gas (N2). Because of the overall lean exhaust condition, effects of possible probe reactions

are neglected. Repeated measurements yielded an experimental uncertainty of 5% in the

concentrations. All measured data are calculated to an oxygen concentration of 3% and are

related to the volume of dry flue gas at normal condition (0°C, 1013mbar). NOx indicated

in ppm is calculated as the sum of NO in ppm and N02 in ppm and then converted to

mg/Nm indicated as N02.

5.5.2.3 Operating conditions

The operating conditions for the burner are summarised in Tab. 5.2. The heat release rate

of 20kW was employed for all measurements in this investigation. The fuel tube (rich), the

air tube (lean) and the overall lean equivalence ratio were varied between 1.5 and infinity

rsp. 0 and 0.4 rsp. 0.83 and 0.87. The flammable region (at room temperature and atmo-
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spheric pressure) is defined as the region where the methane equivalence ratio is between

0.46 and 1.64 [8]. Hence for the fuel tube the mixture was operated within the flammable

region and consequently we have to consider this. This type of burner allows also varying
the distance between the disk and the burner tube nozzle tip. By decreasing the disk-to-noz¬

zle-tip distance it is assumed increasing the air exit velocity which increases also the flue

gas recirculation rate. The distance was set to 25mm according to a stable operation within

the used parameter field.

Operating variable Range

Heat release rate 20kW

Overall equivalence ratio Oq 0.83,0.87

Fuel side equivalence ratio Ob 1.5 to oo

Air side equivalence ratio Oa 0 to 0.4

Disk-to-nozzle-tip distance 25mm

Table 5.2: Operating conditions.

5.5.3 Results and discussion

All concentration data plotted here are related to the concentration at a fuel tube equivalence
ratio of infinity, an air tube equivalence ratio of zero and an overall lean equivalence ratio

of 0.83. This condition represents the diffusion flame behaviour and a typical operating con¬

dition for a gas burner and is selected as the reference condition. Hence a concentration ratio

for a species i is defined as

CR,
Cl(oB, oA, 00)

cl(^l o, 0,0
o 0.83):

(5.7)

where cx indicates the measured concentration of a species i for a specific condition of

equivalence ratios indicated within the parentheses. If CRX equals unity, the concentration

of this specific condition for the species i is the same as for the diffusion flame operated at

the defined reference condition. For a CRt > 1, the concentration is higher than for the ref¬

erence condition an no reduction potential is present, whereas for a CRt < 1 the opposite is

true. The concentrations ofNO, NOx and CO for the reference operating condition are sum¬

marised in Tab. 5.3. The measured concentrations are within the limits of LRV '92 [9].

5.5.3.7 The effect ofvarying thefuel tube equivalence ratio

Figure 5.40 presents the NOx concentrations for different fuel tube equivalence ratios Oß.
The burner was operated at an overall lean equivalence ratio of 0.83. For the air tube the

equivalence ratio was Oa = 0
.
The left end of the diagram at Ob = 1 represents the fully

premixed mixture of the fuel tube stream. The right end, where Ob reaches infinity, repre¬

sents the pure fuel stream, which means that the burner is operated at the diffusion flame
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mode. At the ordinate one can see the CRNO defined above. Due to the definition above,

the concentration for the diffusion flame is found at CRNO = 1. Additionally the NOx
concentration for a fully premixed flame at 00 = 0.83 (from a different experiment [10])
is shown in Fig. 5.40. This data allow to set and to characterise our measured data in relation

to the limiting operating conditions; diffusion flame at one end of the range and fully pre¬

mixed flame at the opposite end.

NO [mg/Nm3] NOx [mg/Nm3] CO [mg/Nm3]

66.4 77.1 19.9

Table 5.3: Emissions of the reference operating condition.

Obviously from Fig. 5.40 as Ob decreases, NOx concentrations are reduced. There are two

ranges: above Ob ~ 5
,
the NOx level is nearly constant, about 4% below the NOx concen¬

tration at the reference condition. Below Ob ~ 5 the NOx concentrations start to decrease

having a minimum at Ob «1.5. This behaviour is in good agreement with Lyle et al. [6].
The reduction level at the minimum is about 37% compared to the measured NOx concen¬

tration at the reference condition. This is 12% more than Lyle [6] reported. One has to con¬

sider a more qualitative comparison because of the different flow characteristics of the

burners. The trends also agree with those observed in Ref. 4 for Ob > 2 even if in Ref. 4

the maximum reduction ofthe NOx concentrations is about 23%. A further comparison with

the laminar partially premixed flames of Ref. 5 shows the same trend for NOx concentra¬

tions, but the ranges are moved and the change in the level is observed at Ob ~ 4. The min¬

imum NOx emission in Ref. 5 is reported at Ob ~ 2, dramatically increasing for lower

values ofOb (compared to Ob ~ 1.5 for the minimum in the present study for turbulent par¬

tially premixed flames). Finally the NOx concentration of a fully premixed flame at an over¬

all equivalence ratio of 0.83 is compared to the concentrations achieved in the present study.
For the fully premixed flame the CRNO equals 0.50. This is even 13% lower than the min¬

imum at Ob = 1.5 and shows the potential which could be reached. The ratio of the NO

to the NOx concentration remains relatively constant at a level of 84% within 2% which in¬

dicates insufficient low temperature reaction zones for conversion of NO to N02 [11].

The CO concentration of the diffusion flame is already small but the CO formation is again

dramatically reduced for Ob < 10 (cf. Fig. 5.41). At Ob = 3.5 a peak can be observed.

This phenomena was not observed in Ref. 6. Probably due to an altered flow characteristic,

the C02 formation is quenched within this range. Also for Ob > 10 the CO concentrations

are higher than for the non-premixed flame. This can be explained by the same reasoning
as before. A reduction for the CO concentration of about 40% is achieved for higher levels

of partial premixing of the fuel tube.

Since for industrial applications it is important to keep the operating point far enough out¬

side the flammability region, a fuel tube equivalence ratio of Ob = 2 is chosen as refer¬

ence. Also the emission limits for NOx and CO set by the LRV '92 [9] have to be respected.
Since already the NOx and the CO concentrations for the reference condition are observed,

all the concentrations for the overall equivalence ratio of 00 = 0.83
,
the one for the air
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tube of Oa = 0.0 and Ob < 10 are observed as well (cf. Fig. 5.40 and 5.41). Moreover the

concentrations at Ob = 2 are further reduced by about 30% for the nitric oxides and by
more than 40% for the carbon monoxide.

j i i i i i i
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$o=0.83, $A=0.1
a $o=0.87, $A=0.0
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Figure 5.40: Concentration ratios for NOx plotted against the level of the fuel tube equiva¬
lence ratio for different air tube and overall equivalence ratios.
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Figure 5.41: CO concentration ratios plotted against the level of the fuel tube equivalence
ratio for different air tube and overall equivalence ratios.
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A combined partial premixing is obtained by adding fuel to the air tube. Figure 5.40 moni¬

tors the NOx concentration ratios for various fuel tube equivalence ratios at a constant air

tube equivalence ratio of Oa = 0.1
.
No significant altering to the non-partially premixed

case for the air tube is observed. The NOx level remains higher for declining burner tube

equivalence ratios until Ob = 2.5
, decreasing steeper afterwards. The deviation ofthe data

is explained by the changing flow behaviour due to altering fuel and airflow distribution to

the tubes. For the CO concentration ratios (Fig. 5.41) the data differ only within experimen¬
tal uncertainty except for the range of 2.5 < Ob < 5 where the data for Oa = 0.1 remain

nearly constant. Altering flow character probably causes the difference. To conclude the

NOx and the CO concentration ratios do not significantly differ with additional partial pre¬

mixing of the air tube.

5.5.3.2 The effect ofvarying the air tube equivalence ratio

The effect of partial premixing for the air tube is shown in Fig. 5.42 and 5.43. In contrast to

the previous section where the effects of the rich mixture were observed, the range of the

abscissa represents a lean mixture. Consequently, the fully premixed mixture for the air tube

is to the right at Oa = 1, whereas to the left (at Oa = 0 ) pure air is present. With increas¬

ing air tube equivalence ratios the NOx concentration ratios remain relatively constant at

CRNO ~ 1 for Oa = 0.1. For Oa > 0.1, a slight increase can be observed. This behaviour

is explained by a more pulsating and longer flame observed visually. The colour of the

flame root was blue indicating a lean combustion. Downstream the colour of the flame

changed monotonically to yellow denoting a rich or stoichiometric mixture being burned.

Additionally the more yellow the flame got, the more intermittent it was. Apparently the

flame was not burning stably. For Oa > 0.4, a stable operation of the burner could not be

observed.
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Figure 5.42: NOx concentration ratios plotted against the level of the air tube equivalence
ratio for different fuel tube and overall equivalence ratios.
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Figure 5.43: CO concentration ratios plotted against the level of the air tube equivalence
ratio for different fuel tube and overall equivalence ratios.

The CO concentration ratios for various air tube equivalence ratios and a pure fuel stream

in the fuel tube are plotted in figure 5.43. It is obvious that the CO concentrations are lin¬

early reduced with increasing Oa (note the log representation of the abscissa). The reduc¬

tion is about 34% for the highest premixing level at Oa = 0.4
.

Analogously to the previous section, a partial premixed stream was injected into the burner

tube. Figures 5.42 and 5.43 show concentration ratios for varying Oa and for a burner

equivalence ratio of Ob = 1.5
.
For increasing Oa the NOx concentration ratios increase

starting at Oa = 0.02 at the level of Oa = 0.0 (cf. Fig. 5.40). Here one can observe the

gap between the curves for Ob = °o and Ob = 1.5, which shows clearly the NOx reduc¬

tion potential for the partially premixed fuel tube flow. The CO concentration ratios for var¬

ious Oa at Ob =1.5 are plotted in Fig. 5.43. For increasing Oa CRco decreases starting
13% above the level for Oa = 0.0

.
At the highest level of partial premixing (Ob = 1.5

and Oa = 0.4 ) the CO concentration ratio is reduced by 50%.

5.5.3.3 The effect ofvarying the lean overall equivalence ratio

The overall equivalence ratio was set to 00 = 0.87 compared to 00 = 0.83 in order to

detect the influence of changing the global fuel to air ratio. Assuming fully premixed com¬

bustion, the flame temperature is higher for the former than for the latter case, whereas for

a diffusion flame the flame temperature does not change markedly. Hence the flame tem¬

perature for partially premixed combustion is somewhere in the above range. Changing
flame temperatures will also alter the NOx formation but the amount is not known. For this

we expect slightly higher NOx concentration ratios for elevated lean overall equivalence ra¬

tios.

For the limiting case of the non-premixed flame, the NOx concentration for the richer mix¬

ture is 0.69% below the one for the reference condition at O
o

0.83
,
which is within ex-
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perimental uncertainty. In Fig. 5.40 the NOx concentration ratios for various burner tube

equivalence ratios and for 00 = 0.87 are plotted. The data show the same trend as for

00 = 0.83 but lying at a higher level. Above Ob = 5 the NOx level for 00 = 0.87 is

about 6% higher than those for 00 = 0.83
.

In the range of 2.1 < Ob < 5 the NOx concen¬

tration ratios are about 15% higher. The difference is smaller below Ob = 2.1. One con¬

cludes that for both overall equivalence ratios the NOx trend remains. In Fig. 5.41 one sees

the CO concentration ratios for various fuel tube equivalence ratios and for 00 = 0.87.

The CO trend (compared to the one at 00 = 0.83 ) does not change a lot although CO val¬

ues are slightly smaller for 00 = 0.87. Probably due to the higher flame temperature, the

CO to C02 conversion is less quenched.

Partial premixing at a higher level of the overall equivalence ratio was also carried out for

the air tube. Figure 5.42 shows that NOx data for 00 = 0.87 differ from the ones of

00 = 0.83 only within experimental uncertainty. The CO trend (Fig. 5.43) for

Or
o

start at

00

0.87 remains almost the same as for O
o

0.83
.
The CO values for O,

o
0.87

Oa = 0.02 at CRco ~ 1 decreasing steeper and merging with the data of

0.83 at higher partial premixing levels.

5.5.4 Discussion

Early discussions in the literature are based on correlation of residence time [1-2, 6], flame

radiation [1-2, 6] and the competing mechanisms of thermal and prompt NOx formation [5-

6]. Unfortunately, the explanation by these parameters was dissatisfying [5-6] and could not

explain the NOx behaviour at all values of burner tube equivalence ratios. Calculations of

laminar partially premixed counter flow flames at lower strain rates showed a double flame

structure [12-13], which was also experimentally detected in laminar partially premixed co-

flow flames [4-5].
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Figure 5.45: Species mole fraction and temperature profiles in the physical space for

Oa = 0.1 and Ob = °° (Fig. 5.45a), and for Oa = 0.3 and Ob = °o (Fig.

5.45b).

Figures 5.44 and 5.45 show temperature and species concentration profiles ofthe calculated

laminar partially premixed methane/air flames for a global strain rate of K = 20 s
.
The

detailed configuration of the counter flow burner and the chemistry are described elsewhere

[14]. The profiles in Fig. 5.44 are monitored for a rich mixture for the left inlet (Ob = 1.7

for Fig. 5.44a and Ob = 2.7 for Fig. 5.44b) and pure air for the right one. The double flame

structure with the rich premixed CH4/air flame on the left hand side and the non-premixed

H2/CO/air flame on the right hand side is easily visible for the lower equivalence ratio. For

the other equivalence ratio a merged diffusion flame is observed. The second CH radical

peak at the premixed CH4/air flame for the Ob = 1.7 mixture is an indicator for the exist¬

ence of a well separated rich flame. In the rich premixed flame, there is no oxygen available

for the NOx production due to the prompt mechanism. This leads to lower total NOx emis¬

sions in laminar flames with twin flame structure as compared to the merged diffusion

flames. A similar NOx trend appeared in the turbulent partially premixed flames, where the

fuel tube equivalence ratio was varied. The similarity of those trends may explain the spe¬

cific NOx behaviour in the turbulent partially premixed flames reported above. A similar

conclusion for the turbulent partially premixed flame is obtained if one considers the twin

flame structure as a staged combustion where at first the fuel is burned in a rich premixed
reaction zone at O ~ 1.7 followed by a lean combustion.

We have also performed numerical studies in order to investigate the NOx emissions in the

laminar partially premixed flames by varying the equivalence ratio on the lean side (cf. Fig.

5.45). On the left inlet pure fuel is injected whereas on the right side a lean mixture enters

(Oa = 0.1 for Fig. 5.45a and Oa = 0.3 for Fig. 5.45b). We are unable to observe a dou¬

ble flame structure in both the figures. It may appear that the prompt mechanism for the

NOx production does not change in these flames and no major differences are observed for

the emissions due to partial premixing on the lean side. Such type of NOx behaviour is also

observed in the turbulent partially premixed flames (as mentioned earlier), where the fuel/

air mixing is carried out on the lean side. This unique behaviour ofthe NOx emission is pos¬

sibly an explanation of the NOx concentration behaviour in the above reported turbulent

partially premixed flames.
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Since experimental data for laminar partially premixed counter flow methane/air flames for

lower equivalence ratios are missing, further work is needed to clarify the unique NOx
trends for turbulent partially premixed co-flow flames.

5.5.5 Conclusions

The present experimental study of a domestic burner operated at partially premixed mode

resulted in the following conclusions:

• The possibility of operating a commercial gas burner at partial premixing mode was

demonstrated.

• Increasing partial premixing of the fuel tube at fixed air tube and overall equivalence
ratio results in decreasing NOx and CO emissions. For lower levels of partial premix¬

ing (5 < Ob < »o ) the NOx concentrations are independent of Ob whereas for higher
levels (1.5 < Ob < 5 ) the NOx concentration decreases reaching a minimum at

Ob = 1.5
.
The reduction potential at this condition in comparison to the diffusion

flame is about 37% for the NOx and 60% for the CO concentrations for our specific
burner. At Ob = 2, which is far outside the flammable region and hence a possible

operating point for industrial applications, the concentrations are reduced by about

30% for the nitric oxides and by more than 40% for the carbon monoxide.

• No pollutant emission reduction effect was detected for partial premixing of the air

tube at fixed fuel tube and overall equivalence ratio.

• Slightly enhanced NOx emissions were observed for an elevated overall equivalence
ratio at various fuel tube equivalence ratios. The opposite effect is exhibited for the CO

emissions. No significant altering of the pollutant concentrations is noticed for the

increased overall equivalence ratio.

• Calculations for laminar partially premixed counter flow flames at a burner tube equiv¬
alence ratios of Ob = 1.7 show the existence of a double flame structure whereas for

the flame of Ob = 2.7 a merged diffusion flame exists. Since for the former case oxy¬

gen is missing in the premixed flame, the prompt NOx production rate is small and

leads to smaller total NOx emissions. Calculations for laminar partially premixed
counter flow flames for lean fuel/air mixtures do not exhibit a twin flame structure.

This fact explains the unaltered NOx trend for the turbulent partially premixed flames

when the lean air tube mixture is varied.

5.5.6 Nomenclature

Variables Indices

ci Concentration of species i [mg/Nm3] B Burner

CRX Concentration ratio of species i [-] A Air

EINOx Emission index of NOx [g/kg] 0 Overall

K Global strain rate [s"1] i Species
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Variables Indices

O Equivalence ratio [-]

0 Diameter [m]

Inner
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6 Summary and outlook

This work focused on the stability and on the NOx reduction of premixed and partially pre¬

mixed flames. As these items are strongly related to the fluid dynamics, three dimensional

Laser Doppler Velocimetry measurements were performed. The flow of two different ex¬

perimental objects have been investigated: At first, a bluff-body flow, and secondly, a the

fluid dynamics within two opposed jets.

6.1 Annular jets at high blockage ratios

Flue gas recirculation is a powerful tool for the stabilization and pollutant formation reduc¬

tion of premixed flames. Annular jets provide such recirculating flows, but the complexity
of the flow field and of the mixing process demands their full three dimensional informa¬

tion. The investigations comprised detailed measurements of the inert flow field at the orig¬
inal device of Stroomer (1995). The bluff-body diameter was varied within a region of

corresponding blockage ratios of 0.50 < BR < 0.89 as well as the initial bulk velocity rang¬

ing within 800 < Re < 6000.

The measured data at blockage ratios BR< 0.68 confirmed the findings of Durao and

Whitelaw (1978), where the radial-symmetric flow pattern varies with the blockage ratio,

but is hardly influenced by the Reynolds number. The applied normalization of the axis, the

inversion length for the axial distance and the initial bulk velocity for the flow variables,

revealed the self-similarity of the flow field of annular jets in the turbulent regime at equal

blockage ratios. This behavior was also found being reflected in the inversion lengths,
where the correlation of Li and Takin (1987) was extended to variable blockage ratios.

With increasing blockage ratio, it was found that the radial symmetry of the flow pattern

was broken. The symmetry axis of the recirculation torus, which coincided with the axis of

the burner in the symmetric case, was tilted when the flow pattern switched to asymmetry.

The investigations showed that the observed phenomenon appears within the interval

0.68 < BR < 0.72. This leads to the conclusion that symmetry breaks when a critical block¬

age ratio is exceeded. Any dependence on the Reynolds number was not detected.
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The phenomenon of breaking of symmetry was also confirmed in the numerical study pro¬

vided by Del Taglia et al. (2004), who studied the particular flow field at BR = 0.89 and

Re = 4400. Nevertheless, qualitative differences of the velocity profiles remained, and

hence, have to be clarified.

Possible contributions from the experimental side can comprise the following items:

• The sensitivity of the developing flow above the disk is large to uncertainties in the

geometry of the device. Hence, errors are supposed to be kept as low as possible. Any

excentricity or wryness of the bluff-body strongly affects the flow above the disk

resulting in a large measurement uncertainty.
• The initial flow has to be investigated more detailed. A deviation from the azimuthal

uniformity or local swirling falsifies the boundary condition and contributes to a larger
measurement error. Particularly the radial velocity along the bluff-body symmetry axis

can be affected, which results not only in qualitative deviations and hence, large mea¬

surement uncertainties, but also in the wrong prediction of the critical blockage ratio.

• The switching of the flow pattern from radial symmetry to asymmetry has been con¬

stricted to the interval 0.68 < BR < 0.72. More experiments within this range of block¬

age ratios are necessary not only to detect the critical value of blockage ratio but also to

determine the mechanism of the breaking symmetry.
• According to the theoretical considerations of Del Taglia (2003) the breaking of sym¬

metry depends also on the Reynolds number. Unfortunately, this critical range has not

been captured by the present study and therefore, experiments at operating conditions

Re < 500 are necessary.

6.2 Turbulent partially premixed flames

Turbulent partially premixed flames are believed to combine the advantages of the two lim¬

iting cases of 'fully premixed' and 'non-premixed' reaction zones by simultaneously sup¬

pressing their disadvantages. High flame stability and low pollutant formation rates are not

any more competing targets.

The turbulent partially premixed flames have been investigated in two different experimen¬
tal projects. In the first one, partially premixed flames were stabilized in a turbulent opposed

jet flow configuration and the flow parameters have been measured using LDV. In the sec¬

ond part, the partial premixing concept has been applied to a domestic gas burner of 20kW.

In the following, the CO- and NOx-concentrations have been measured in the exhaust for

various premixing conditions.

With the turbulent opposed jet configuration, a reactant jet of mixture O e [1.0, 1.7, 5.0]

impinged on a pure air jet. The bulk exit velocity at the air side nozzle corresponded to the

Reynolds number Re e [4000, 5000, 6000]. The effect of the mixture as well as the bulk

exit velocity variation on the mean flow and on the mixture behavior was investigated. The

measurements consist of profiles on the symmetry axis and of radial profiles at six different

axial distances.
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Flame visualizations revealed that the reaction zone ofthe fully premixed flame is the thick¬

est of all three investigated combustion types shifted already from the stagnation plane to¬

wards the nozzle. This thickness is also considered with the axial velocity profiles, where

not only high fluctuations but also bimodal distributions of the axial velocity have been

measured. This reveals the typical features of fully premixed flames: broad reaction zones,

high heat release and large fluctuations from local flashback. Hence, this combustion type

is locally hard to stabilize.

On the other hand, the partially premixed flames were located in the vicinity of the stagna¬

tion plane. The flame thickness was observed to decrease with further increasing the equiv¬
alence ratio as well as the peak fluctuations in the reaction zone. Obviously, these flames

were locally more stable due to the lack of oxygen of the mixture jet. The final mixing to a

flammable gas was done in the stagnation plane, where also the reaction took place.

In the second part, it was not only shown that a domestic gas burner can be operated in par¬

tial premixing mode, but also that partial premixing of the fuel stream simultaneously re¬

duced the pollutant formation of CO and NOx. Assuming in the present experiment that

NOx-formation was mainly dependent on the peak temperature in the flame, one concludes

that a decrease in the equivalence ratio decreased the peak flame temperature. Furthermore,

the production of prompt NOx is also inhibited due to the appearence of two reaction zones,

which is de facto a staged combustion.

Summarizing the conclusion of both experiments it is obvious that the partial premixing

concept works. This new flame type consists of the two classical limiting combustion types

by combining their advantageous features.

Unfortunately, the results are incomplete. A demand of further experimental data in the op¬

posed jet configuration, particularly of species concentration and of temperature profiles,
are necessary to get detailed knowledge of the new concept. Results of such measurements

are expected briefly by Prospero (2005).
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Appendix

A Data statistics

The velocity measurement of a LDV-channel yield a discrete velocity time sample, which

can be transformed to a probability density function (pdf). This function is described by sev¬

eral moments:

The first moment is the mean velocity:

N

U =

Sl> (L1)

1= 1

The second moment is the root mean square velocity or the fluctuation, which is a measure

for the width of the pdf:

(1.2)

The third moment is the skewness and characterizes the degree of asymmetry of the pdf:

N
3

1 (u -uy
s =

5ZlirJ (13)

i
= î

The skewness of a distribution features positive values if the pdf has a long tail in the pos¬

itive direction. Symmetric distributions show vanishing skewness values (S = 0).

The fourth moment is the kurtosis. It describes the flatness of the pdf relative to a normal

distribution:

N

K = 5ZtiH (14)

i
= i



156 Appendix

The kurtosis of a normal distribution equals to K = 3
.
For K < 3

,
the distribution is called

'platycurtic' and features small tails. On the other hand, where is K > 3
,
the pdf is denom¬

inated 'leptokurtic' and exhibits relatively large tails.
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