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Abstract

This thesis presents an investigation of efferveiseprays and their application to spray
combustion with emphasis on large-scale combudBath aspects — modelling and experiment —
are addressed.

The thesis contains a general introductory parterehunderlying phenomena of spray
forming and turbulent combustion are explained effiérvescent atomization is presented. Then,
adopted experimental approaches are described fbotthe spray measurement and for the
measurement of wall heat fluxes during combustiapeements. In the following chapter
numerical models and their philosophy is discushéatlels for spray formation, turbulence and
combustion adopted during the research are intextlaod explained.

The actual results of the thesis are presentecim fof separate papers (published or
accepted for publication) with an additional settievoted to unpublished relevant results. It is
found that standard spray models can to some estpnesent effervescent sprays. However, in
order to predict a spray flame more detailed sprepdels are needed in order to describe
accurately radial and axial variations of drop sizRBumerous experimental measurements of
effervescent sprays are performed using a propossttiodology. Drop size data are analysed
with emphasis on radial and axial drop size evohgiand some new phenomena are described.
The inverse relationship between gas-liquid-ratimd anean diameter has been confirmed.
Moreover a complete reversal in radial mean diante¢eds for various axial locations has been
described. Finally, a result summary is put forwtrat recapitulates the main accomplishments
and conclusions. In the closing remarks possiligréuresearch is outlined. Experimental data for
future effervescent model validations are disclosed

Keywords

Effervescent atomization, spray combustion, contmral fluid dynamics, experiment, mean
drop size, drop size distribution



Abstrakt

Tato prace se zaffuje na oblast effervescentnich sprej jejich aplikace na kapalné
spalovani s@tazem na pmmyslové spalovaci komory. Oba aspekty — modeloaé&periment —
jsouteSeny.

Prace obsahuje obecny Uvod, ve kterém jsou &gsw zakladni jevy rozpadu kapaliny
a vitivého spalovani a dale jequstavena effervescentni atomizace. Poté jsou pppsduzité
experimentalni postupy jak pro éfeni spreje, tak pro &eni tepelnych tok do stn pri
spalovani. V nasledujici kapitole jsou popsany mické modely a jejich podstata je vy¢élena.
Jsou zde uvedeny modely pro rozpad spreje, turbidespalovani pouzité&hem vyzkumu.

Vlastni vysledky prace jsou uvedeny formou samogtditélanka (vydanych neboifjatych)
s dodaténou c¢éasti wnovanou nepublikovanym relevantnim vyslédk Bylo zjiS€no, Ze
standardni modely spfejsou do jisté miry schopny popsat effervescerpngje. Nicmén aby
bylo mozné predikovat plamen kapalného spreje, impotebi detaildjSi modely sprej, které
dokézi gesre zachytit zndnu priméra kapek v radialnim a axialnim sm. Experimentélni
meéreni effervescentnich spiiepylo provedeno pomoci navrhnuté metodiky. Vyslediteni
byly analyzovany sittazem na radialni a axialni vyvojipnéri kapek a skteré nové jevy byly
popsany. Nefima ungrnost mezi gas-liquid-ratio aistdnim péimérem kapek byla potvrzena.
Dale by popsan jev, kdy prézané axialni vzdalenosti které dojde k uplnémevpaceni zavislosti
sttedniho piméru na axiélni vzdalenosti. V z&w je uvedeno shrnuti, které rekapituluje hlavni
vysledii a zaery. V zawrecnych poznamkach je nastin mozny budouci postup.
Experimentalni data pro &kovani budoucich effervescentnich madsbu poskytnuta.
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velikost kapek, velikostni rozloZeni kapek
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1 Introduction

Liquid breakup, or atomization, is a complex practmat transforms bulk liquid into a spray
and thus increases its surface area. It is a kgngdient in many industrial applications ranging
from pharmaceutics, fire suppression, spray coaging spray cooling to diesel engines and —
significantly for the present thesis — liquid (sgraombustion. Liquid fuels have been, and still
are, one of the main resources in the process awdrpgndustries. Spray combustion is therefore
a crucial and essential process in achieving thal foroduct - heat. A great deal of effort is
constantly being put into understanding the fund#alephenomena and processes governing
spray formation. In many industrial burners, sp@mbustion is accompanied by another
complex phenomenon: swirling flow. The swirling asp of combustion is essential as it
enhances the mixing of reactants and stabilizeflahee. These efforts are motivated by the need
to achieve better performance, lower emissionsl@amger lifetime of furnaces and combustors in
various industrial applications.

In the last few decades Computational Fluid Dynan@€FD) tools have been employed to
facilitate the designs of combustors and furnattsyvever, the modelling of an atomization
process presents a formidable challenge. Sincehtormajority of industrial applications it is
prohibitively expensive to model these problemsngsistate-of-art approaches, careful
compromises must be made and appropriate modetstodee applied for various stages of the
atomization process as well as turbulence, cheynistrradiative heat transfer.

Despite the importance of liquid breakup (or atatian), its principles are not yet fully
understood. Moreover, the behaviour and local ptaseof sprays are not always fully known,
specifically in the case of effervescent atomizatiohe deficiencies of published experimental
spray characteristics are aggravated in CFD spm@ybastion simulations by additional
assumptions and simplifications. In order to enkamwr ability to model swirling spray
combustion it is therefore necessary to addresaray of problems. And the purpose of this
work is to help in this effort.

1.1 Objectives and Thesis Overview

This dissertation thesis aims to investigate a hepeay forming approach - effervescent
atomization, with emphasis on atmospheric spraybemtion. The long term goal toward which
this research is aimed is to improve the predititahuf swirling spray combustion, with focus on
the distribution of heat loading (wall heat flux@s)the combustion chamber of a fired heater. In
order to contribute to the accomplishment of tlialgnany partial tasks were carried out.

» Literature review of the current state of the arthe area of effervescent sprays
« Experimental investigation of effervescent sprambastion
« Validation of current spray models against avadabiop size data

« Evaluation of effervescent spray combustion sinmiaind comparison to experimental
data

« Detailed experimental investigation of multipleegffescent sprays

The subject of the research is very broad and ¢search was occasionally strayed into
unexpected directions. Firstly, current spray medekre tested and compared to available
experimental data of effervescent sprays (5.1}histpoint the first shortcomings of current spray
models have been discovered, but their effect vaenestimated. It was only after the model’s
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application to the large-scale combustion simufadad comparison with experimental data (5.2)
that these shortcomings were fully recognized. hdeo to make sure the cause of the
discrepancies lied in the spray model as opposedther aspects of the simulation (mainly
turbulence, chemistry and radiation) a comparatively on gas combustion has been performed
(5.3). Moreover a review on swirling flow modellimand its validation has been performed (5.4).
The focus of the research has therefore been ghifte better understanding the effervescent
spray formation, which of course necessitates éxpetal data. According to the methodology
presented in chapter 5.5 extensive experimentaumements of effervescent sprays have been
performed. Analysis of the results presented irptédra 5.6 and 5.7 shows dependencies that, to
the author's knowledge, have not yet been publishédapter 5.8 contains additional
experimental results that were not published yattalbe deemed useful to fellow researchers.

1.2 Thesis Structure

The presented thesis is written in a form of anosatied collection of research articles. The
text is composed of 6 chapters. Chapters 1-4 forintaoductory and unifying part which aims to
provide a description of the phenomena involvedpray combustion, as well as methods and
tools that were used in the course of this workagér 5 contains the collection of published
articles and represents a mapping of the autha@iearch findings. Finally, summary and
conclusions are provided in chapter 6.

Chapter 2 first covers the underlying phenomenanggllace during spray combustion,
namely factors influencing atomization (2.1), prigng2.2) and secondary (2.3) atomization
principles and basic ideas behind turbulence (@) combustion (2.5). In the section (2.6) the
reader can familiarize himself with the notion &feevescent atomization. Experimental methods
both for spray and combustion measurement are idedcin chapter 3 and the numerical
approaches to the problem are explained in chdpt€he results in the form of research articles
are presented in chapter 5 and an overview andhesist of all results is presented in
chapter 6 along with a discussion and future wanbppsals. The experimental data obtained
during the research of effervescent atomizationdiselosed in the thesis’ appendixes in full
detail in order to facilitate future research anoMvile validation data for spray models.



2 Underlying Phenomena

Spray combustion is a very complex process whenrerak physical and chemical
phenomena occur simultaneously. Moreover it iseqsignsitive to physical properties of the
fluids involved. The scope of the following sectois to describe and explain the phenomena
involved and to clarify the impact of physical peotes.

2.1 Factors|Influencing Atomization

The outcome of the atomization process dependshersize and geometry of the used
atomizer and on the physical properties of the &ednliquid and the fluid in which the resulting
spray is issued (usually gas, i.e. air). An ovewdd atomizer types and their dimensions can be
found in (Lefebvre, 1989), the physical propertséshe atomized liquid and ambient conditions
are discussed in the following sections.

2.1.1 Liquid Properties

The atomization process of most atomizers is styomgfluenced by the liquid density,
viscosity and surface tension. The significanceleisity is diminished due to the fact that most
of the atomized liquids have more or less similaug of density. Moreover, a great amount of
experimental data indicates, that the influenceeofsity is quite small (Lefebvre, 1989).

On the other hand, the effect of surface tensiosigaificant. It represents the force that
resists formation of a new surface area. Whenet@niaation occurs under conditions where
surface tension forces are important, the Webereupwhich is the ratio of the inertial force to
the surface tension force, is a useful dimensienpegameter for correlating drop size data. For
most pure liquids in contact with air the surfaeesion decreases with the increase of temperature
(Bayvel and Orzechowski, 1993).

Viscosity is also a very important liquid propesiyce it does not only affect the size of the
drops, but also the flow regime in the atomizer #mel resulting spray pattern. The effect of
viscosity on the nozzle flow is very complex antbsgly depends on the type of atomizer in
question. In general, viscosity increases the diigp and delays jet disintegration (Lefebvre,
1989). The viscosity of liquids generally decreaseth increasing temperature (unlike gas
viscosity, which exhibits the opposite effect).

2.1.2 Ambient Conditions

Sprays usually issue into a gaseous environmergt tyyically air. However, the state of the
gas can vary immensely in terms of temperaturepsesisure. This is especially the case of spray
combustion systems. In gas turbines the fuel sigraften injected into highly turbulent swirling
flows and in recirculating flue gases. Moreoverpesgritical gas conditions can be encountered
during internal combustion processes. The influesfcembient conditions vary according to the
specific type of atomizer in use; more details barfound in (Lefebvre, 1989).

2.2 Primary Atomization

The primary atomization is a process in which thekdiquid disintegrates into drops
(ligaments, filament usually appear as intermedtelucts of the disintegration process). This
process can be understood as a disruption of theotidating influence of the surface tension by
the action of internal and external forces. In #iisence of such disruptive forces the surface
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tension tends to pull the liquid into the form af@here, since it has minimal surface energy. The
liquid viscosity acts as a damping force tryingotevent deformations of the system geometry,
while the aerodynamic forces promote the disrupfivecess by distorting the bulk liquid.
Breakup occurs when the disruptive forces exceed dbnsolidating surface tension forces
(Lefebvre, 1989).

Different mechanisms are responsible for the digireition depending on the nature and also
shape of the flow of the bulk liquid. In the followg sections mechanisms for jet breakup and
sheet breakup will be described.

2.2.1 Jet Breakup

When liquid emerges from a circular nozzle as atinapus body in cylindrical form,
oscillations and perturbations occur as a resuti@fcompetition between disruptive aerodynamic
forces and damping cohesive forces representediyrtaynsurface tension and liquid viscosity.
Under certain favourable conditions the instale$itcan resonate leading into the disintegration of
the liquid body into drops (Lefebvre, 1989).

The phenomenon of jet breakup has been studiedsxédy in past decades and centuries,
both theoretically and experimentally. A comprelenseview of jet flows has been performed
by Krzywoblocki (1957). One of the first theoretieaalyses was performed by Rayleigh (1878).
His jet stability analysis employed the method wfall disturbances to predict the conditions
necessary to collapse a liquid jet dischargingnaalisvelocities (laminar flow of a non-viscous
liquid). He compared the surface energy of theudisd configuration with that of the
undisturbed column and he stated that a liquidhat is affected by surface tension forces only
will become unstable to any axisymmetrical distadewhose wavelength > 7d , whered is
the jet diameter. Furthermore, his results showdha class of disturbance will grow fastest and
eventually control the breakup. Although Rayleigtt®ory is based upon laminar and non-
viscous flows that are not subjected to surroundiimgnfluence, his conclusions are generally
accepted and are often used as valid first appetiams (Lefebvre, 1989). An example of
Rayleigh’s approximation can be seen in Figure 2-1.

~dp

5
O o

O
OO 0+

(@) (b)

Figure 2-1 Comparison of (a) idealized and (b) actual jebkup (Lefebvre, 1989)
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Figure 2-2 (a) Jet with rotationally symmetric disturband®), et disturbance causing wave formation
(Lefebvre, 1989)
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Figure 2-3 Mechanisms of drop formation (Haenlein, 1932)

Weber further extended Rayleigh’s theory by takimigp account viscous liquids (Weber,
1931). In his work he assumes that any disturbaaceses rotationally symmetrical oscillations
(see Figure 2-2a). If the wavelength of the initaturbance is small, the surface tension forces
will manage to damp out the disturbance. But whenwavelength exceeds a critical value, the
surface tension forces will tend to increase thstudbance eventually leading to breakup and
disintegration of the jet. The critical wavelengtbmputed based on Weber’s theory is very close
to the value based on Rayleigh’s approach. Welrdrduexamined the influence of aerodynamic
forces on the critical wavelength. He concluded tha effect of relative velocity between the
liquid jet and surrounding air leads to decreagedfitical wavelength. Weber also investigated
the possibility of wave formation induced by air oo and showed this can occur only above
a certain minimal value (Lefebvre, 1989). Haenldgih932) consecutively presented an
experimental validation of Weber's predictions adentified four distinct regimes of liquid jet
disintegration.

» Drop formation without the influence of air. Radljadymmetric waves, as seen in Figure
2-3a, are formed by interaction between primaryudiEnces in the liquid and surface
tension forces.



Drop formation with air influence (Figure 2-3b). Ake jet velocity increases, the
aerodynamic forces are no longer negligible angt tead to accentuate waves formed

under regime 1.

This regime is associated with the increasing @rfie of the aerodynamic forces in
contrast to the less important surface tensioruf€i@-3c).

Complete disintegration of the jet. The liquid i®ken up at the nozzle in a chaotic and
irregular manner

These four regimes can be easily identified, betelis no sharp border between them. Also,
the fourth regime, which is the standard operategime in industrial applications, is not easily
described.

The most commonly quoted disintegration regimesevpeoposed by Ohnesorge (1936). His
work was based on photographic records of jet digitation where he focused on the relative
importance of gravitational, inertial, surface tensand viscous forces. He expressed the breakup
mechanism in three stages, each of which is claraet by Re and Oh, which is obtained as

JWe H
Oh=—-=—H—_.
Re (0_ ldO)O.S (2'1)

10!
OHNESORGE (1936)
\ \/—wessa (1955}
10°—
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~
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? \\
-
I O”/ \
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Figure 2-4 Classification of breakup modes, courtesy of (Glonge, 1936)

Ohnesorge managed to show, that the various jekbpemechanisms can be divided into

three regions (Figure 2-4) according to the rapidftdrop formation (Lefebvre, 1989).

At low Reynolds numbers, the jet disintegrates latge drops o fairly uniform size. This
is the Rayleigh mechanism

At intermediate Reynolds numbers, the breakup ised by oscillations with respect to
jet axis. A wide range of drop sizes is produced.

At high Reynolds numbers, atomization is compleithiw a short distance from the
discharge orifice.



There are many other classifications of jet digirations based on different criteria, but due
to the very complex nature of the problem theyamost exclusively of empiric nature. For an
overview see (Lefebrve, 1989; Bayvel and Orzechqwi€o3).

2.2.2 Sheet Breakup

Similarly to the jet breakup, disintegration ofUid sheets depends on liquid discharge
velocity. Common to both processes is loss oftgbibty, since the sheet disintegrates initiatly t
jets and subsequently to drops (Bayvel and Orzeskiod993).

(a) (b) (c)

Figure 2-5Drop development in swirl atomizer: (a) sheetrdagration due to perforation; (b) sheet
disintegration due to wave phenomena; (c) liquairatation, courtesy of (Bayvel and Orzechowski,3)99

The two mostly encountered sheet types are flatcamital. Flat sheets can be a result of
two impinging jets or specific types of atomize@nnical sheets are more often encountered in
industrial applications and produced by rotary wirleng atomizers. Three basic modes of
disintegration are typically observed. Figure 2ebsplays a discharge with low velocity where
with increasing distance from the nozzle, the slsetomes thinner and perforations begin to
appear. These perforations grow in size and whenrteighbouring perforations meet a jet is
formed, which subsequently disintegrates into detspas it loses its stability. When the discharge
velocity is increased wave disturbances begin toeap (Figure 2-5b). Circumferential waves
dominate the disintegration and breakup the smetjet annuli, which further disintegrate into
droplets. For the case of high discharge velocitiely short waves develop and drops form
before the annuli are separated from the wavesase of very high discharge velocities the
surrounding medium causes immense disturbancesahabt even allow the waves to be formed
and droplets are formed almost instantly (FigucR-This phenomenon is referred to as liquid
atomization.

The theories behind sheet stability have been esudktensively with diverse degree of
success. While stability theories for planar shbatse reached good agreement with experimental
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measurements, theories for conical and cylindrifa¢éets still need further research effort
(Sirignano and Mehring, 2000).

2.3 Secondary Atomization

When primary atomization occurs, a great varietyaps is produced. Some of them are
still susceptible to further breakup dependingl@irtsize and the nature of the surrounding flow.
The process during which these drops break up sintdgrate into smaller drops is called
secondary atomization.

2.3.1 Drop Breakup

When drops are exposed to the surrounding flowanh tead to further atomization.
A rigorous solution of the breakup result would @eich exact knowledge of the aerodynamic
pressure distribution on the drop. However, as sothe drop is deformed by these pressures,
the pressure distribution around the drop changdse#ther a state of equilibrium is reached or
further deformation follows leading to possiblediep (Lefebrve, 1989).

The influence of pressure variations on the drop waamined extensively by Klisener
(1933). He assumes, that under equilibrium condditithe internal pressure of the drop at any
point of the surface, , is just sufficient to balance the external aeradyic pressurp, and the

surface tension pressuysgso that
p, = p, + p, = constant. (2.2)

Furthermore, for spherical drops the following fold

Po 23' (2.3)

A drop will remain stable as long pgis able to compensate changeg,iso thatp, remains
constant. However, when the change pjisuch thap,cannot compensate it to
maintainp, constant, the external presspgecan deform the drop to such extent, that breakup

occurs. The newly formed drops have smaller diarsetban the original one, therefore
theirp, increases. The breakup can occur further ppig large enough to compensate for the

changes i, .

In general, drop breakup in a flowing stream istagled by the dynamic pressure, surface
tension and viscous forces. In case of low visgpsiite deformation of the drop is determined by
the ratio of aerodynamic forces and the surfacsidenforces. By opposing these two forces we
get the Weber number.

2
we= 24P (2.4)
g

The larger the Weber number, the larger the defagraerodynamic forces compared to the
surface tension forces. The initial breakup cooditfor any liquid is achieved when the
aerodynamic forces are equal to the surface terfeimes. One can then define critical Weber
numbers, drop diameters and velocities at whichkaue will occur.

2.3.2 Drop Collisions

During primary atomization the drops are unlikedycbllide with each other because of the
different trajectories. However, further downstreéime trajectories might intersect or faster-
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moving drops can catch up with the slower onesaandllision takes place. Based on the size of
the drops involved and on the nature of the collisseveral outcomes might arise: bouncing,
coalescence, momentary coalescence or further Uppeakhe Weber number is generally
acknowledged as the determining factor (Bayvel @mdechowski, 1993; Pazhi and Galustov,
1979).

2.4 Turbulence

Turbulence is a physical phenomenon the fundanendél which are not yet fully
understood. It is a quasi-chaotic time dependehaweur seen in many fluids that causes the
formation of swirling eddies of different length adges. We can mathematically describe
turbulence only in a phenomenological sense — vee rent talking about causes but about
consequences. Turbulent flow arises in all kindspafblems when the Reynolds number
surpasses a certain critical value. Turbulent flamescharacterized by fluctuating velocity fields.
These fluctuations mix transported quantities s momentum, energy, and species
concentration, and cause the transported quantiiélsictuate as well. Since these fluctuations
can be of small scale and high frequency, theya@re&omputationally expensive to be simulated
directly, at least in all practical engineering kgaiions. Instead, the instantaneous (exact)
governing equations are averaged, in order to rentlo® small scales, resulting in a modified set
of equations that are computationally less expengivsolve. However, the modified equations
contain additional unknown variables, and turbutemoodels are needed to determine these
variables in terms of known quantities (Warnatalgt2001).

2.5 Combustion

Combustion is a chemical process, where a sequeh@xothermal chemical reactions
occurs between a fuel and an oxidant. The reactdnét and oxidizer) are conversed into
products (flue gasses) and due to the exotherntaren@f the process heat is released. The
production of heat can result in a visible flambéeTkey process in combustion is mixing of the
reactants and oxidizer. If the fuel and oxidizex ar a turbulent region of the flow, the mixing
process is enormously enhanced. This in turn leadguicker combustion, shorter and more
controllable flames, minimization of pollutants tlaaise as a result of imperfect combustion. It is
therefore evident that the vast majority of indiastcombustion applications heavily rely on
turbulent flow fields.

2.6 Effervescent Atomization

Sprays are produced in a variety of ways. Thereaaneimber of nozzles, in this context
referred to as atomizers, which facilitate the arammon process using different mechanisms.
Conventional atomizers disintegrate the liquid lbgating high relative velocity between the
liquid and gaseous phase. This can be achieveer dithejecting the liquid at high velocity into
quiescent air (pneumatic or pressure atomizerssspre-swirl atomizers) or by exposing the
liquid to a high-velocity gas stream (airblast aizers). Due to the need to fulfil specific industry
requirements other atomizers using different meishashave been devised, such as electrostatic,
ultrasonic or vibrating atomizers. One of the mostent spray formation mechanisms is
effervescent atomization, which was pioneered bfglheae and his colleagues (Lefebvre et al.,
1988) and is gaining popularity especially for carstion purposes ever since.

Effervescent atomization is often confused witlstilatomization. Unlike flash atomization,
where an atomizing gas is dissolved in the lignglde the nozzle, effervescent atomization does
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not require solubility of the atomizing gas. Inste¢he principle of effervescent atomization is
based on the formation of a two-phase flow insidertozzle. A small amount of gas (usually air)
is introduced in the liquid before it exits the rteer and a two phase flow is formed (Figure
2-6). When the mixture exits through the nozzlegspure suddenly drops. The pressure drop
causes fast expansion of gas bubbles, which inlaads to the disintegration of the atomized
liquid into drops. The spray formation process fier@escent atomizers therefore does not rely
solely on high liquid pressure and aerodynamicdsr@ his breakup mechanism allows the use of
lower injection pressures and larger nozzle diamsetgithout compromising the drop-size
distribution and preventing clogging and fouling.dontrast to airblast atomizers the amount of
atomizing air is minimal (Babinsky and Sojka, 2Q0@n the other hand the atomizer body is
guite complicated and usually consists of multipéets, whose structure, size and dimensions
have an effect on the resulting spray (Jedelsky.e2009a).

Rapidly

Exit orifice expanding
phase flow bubbles

Atomized Atomizi Bubbly two-
liquid omizing gas

Figure 2-6 Schematics of the effervescent atomization proaeastesy of (Jedelsky et al, 2007)

Effervescent sprays often suffer from unsteadintss;involved spray forming process is
after all inherently unsteady (Luong and Sojka, 999 his phenomena has been thoroughly
investigated in many research papers, such asl¢Bgdet al., 2009b; Luong and Sojka, 1999;
Gadgil et al.,, 2011; Liu et al., 2011). The mospariant conclusion in terms of industrial
applications is that the unsteadiness can be nueihiby carefully choosing the operating
conditions.
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3 Experimental Methods

Experimental measurements are arguably the mostrtengt part in the process of model
development. Regardless of how carefully the maésleleveloped, without proper validation it
cannot be employed in industrial applications. @yethe scope of measurement is to obtain as
much relevant data as possible without compromismgasurement accuracy and while
minimizing measurement errors. Two types of expenital measurement are essential in case of
spray combustion: measurement of the spray chaistate and measurement of the combustion
characteristics. The present chapter provides anvimw of experimental approaches employed
within the dissertation.

Figure 3-1 PDA setup

3.1 Spray Measurements

When setting up a spray measurement, the soughdbles are usually drop size (drop
diameter) and drop velocity. The following paradrsyprovide the reader with an overview of the
most used measurement with emphasis on the PhageéDdParticle Analyser (P/DPA) or
sometimes also called Phase Doppler Anemometry {PDA

3.1.1 Phase Doppler Anemometry

The Phase Doppler Anemometry is an extension of_Ltser Doppler Anemometry used
mainly to study local velocities (up to 3 comporsgrin fluid flows. The extension lies in the
ability to measure diameters of particles (botldfland solid) present in the fluid flow (bubbles in
liquid, droplets in gas, etc.). The PDA is a notrdsive optical technique, on-line and in-situ
(Albrecht, 2003) Due to the nature of the technjoqugtical access to the measurement area is
needed, which can be sometimes limiting for on-sitkistrial measurements. Since the method
requires particles to be spherical (or only slighdbformed), measurements must be taken at
a sufficient distance from the discharge orificésdh the method is not suitable for very dense
spray regions. The measurement device consistslasea based optical transmitter, an optical
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receiver, a signal processor and a software fax datlysis. The two laser beams emitted by the
transmitter intersect, creating a small sample meluWhen a droplet passes through this laser
intersection the scattered light forms a fringetgvat As the drop moves, the scattered
interference pattern is registered by the receatethe Doppler difference frequency, which is
proportional to the drop velocity. The droplet detar is then inversely proportional to the spatial
frequency of the fringe pattern. Due to the puighical nature of the measurement process, no
calibration is required and since the sampling nmalus usually very small (1 minhigh spatial
resolution can easily be achieved.

This technique is ideal for high precision measwei® of liquid sprays and its results can be
used to perform detailed validation of numericaldels. Although it gives excellent qualitative
representation of the spray (local drop size ahacity distributions), quantitative results, such a
mass concentration, can be misleading as repoytéBabinsky and Sojka, 2002, Broukal et al.,
2010). This is most probably the result of the ¢radf for high spatial resolution and possibly
also due to rejection of non-spherical droplets.

3.1.2 Other Measurement Techniques

An alternative to PDA is provided by the so calletiole-flow-field techniques, like
Particle/Droplet Imaging Analysis (PDIA) or Paréclmage Velocimetry (PIV). These non-
intrusive techniques were originally devised to suga velocity fields of seeded flows. The basic
principle of these methods is to take two consgelthages of an illuminated cross-section of the
flow and by comparing the displacement of the pbasi compute the velocity vector field.
However, information about drop diameters can bihegad as well by employing advanced
image processing algorithms (Avulapati and Ravikrgs 2012; Wang et al., 2002).

To remedy the potential inaccuracy of mass conagalr measurements in the PDA
measurements, Planar Laser-Induced FluorescendE)(Pan be employed (Jedelsky and Jicha,
2012). During the measurement, a spray cross-serstishortly illuminated by a laser sheet and
after some time (in the order of nano or microsdspthe droplets de-excite and emit a portion of
the light which is captured by a camera. The eunhiliight intensity is proportional to the liquid
concentration.

3.1.3 Methodology of Spray Characterization

This section will aim at providing guidelines foatgering ideal experimental data of
effervescent sprays to be used for validation aherical spray models. From the previous
section it is evident, that in order to get higlsaletion drop size and velocity measurement
together with accurate mass concentration infoimmativo measurement techniques need to be
employed. However, in this part emphasis will beguthe PDA measurement technique.

For the purpose of model development and validatibe primary breakup region of the
spray is the most important. Unfortunately, dughtlimitations of the PDA technique we cannot
measure the spray at its origin, since the dropletsfar from being spherical and also the liquid
density might be too high. The goal then is toagetlose to the spray nozzle as possible. In (Li et
al., 2012) it is demonstrated that PDA measuremeatsbe taken at distance from the spray
origin x* = x/dp = 3.3 (wherex is axial distance andy is the discharge orifice diameter), which
can still be regarded as area dominated by primEmyization. Data collected here can be a good
starting point for the model validation and canrel® used as boundary conditions for CFD
simulation if needed. After the closest possibleatmn to the spray nozzle has been identified,
the set of measurement points should be then erplaimdthe radial direction to the spray edge
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using at least two new locations. If the drop silistributions or SMD measurements vary
substantially between these points, additional omessent locations should be introduced. To
understand the axial evolution of the spray, thiscess should be repeated at least once more
further downstream. The number of radial measurémemts should be increased since the
spray cone naturally widens. The radial measuresreani be taken in multiple directions to check
the symmetric behaviour of the spray.

For the current research, experimental measuremeants performed at three axial locations
— 5, 10 and 15 cm. Measurements performed at ctisimces yielded no results (probably due
to high spray density). At each axial distance,esalv radial measurements points were
established. First, equidistant radial measurerpeintts 1 cm apart were chosen — a total of 3, 5
and 6 radial measurement points for distances Bnt015 cm respectively. In order to increase
the measurement resolution, at axial distance Shenrespective distance of radial points was
lowered to 0.5 cm, which finally yielded 6 radiaéasurement points. This division proved to be
adequate as it captured well the drop size vanatand no major fluctuation between adjacent
radial points was observed.

When performing a PDA measurement the user habdose a receiver mask based on the
expected range of drop diameters. If the rangeeokerpted droplets does not fall in the range
specified by the mask, a part of the drop sizeitigion will be trimmed. It is therefore advisable
to perform measurements with multiple masks andtenadly merge resulting distributions. In
such case the distributions must be weighted plppeior to merging and also, attention must be
paid to whether the mask ranges overlap.

One of the parameters influencing the quality ofasuged data is the number of sampled
droplets. It is reasonable to expect, that theadciop size distributions are smooth, including th
peripheries or so called tails, where the dropiettfon is small. To obtain such distribution it is
important to sample a sufficient number of dropl®&arious sampling numbers are adopted, form
2,000 (Li et al., 2012), 10,000 (Panchagnula arjle54999), 20,000 (Jedelsky et al., 2009) up to
50,000 and 100,000 (Liu et al., 2010). There isuniversal rule to determine this number, but it
can be derived during the measurement itself bginglon the convergence of the drop size
distribution. In some cases the smoothness of ttap cize distribution might be also
compromised by a wrong choice of mask, or by higlse The latter case can be remedied by
shielding the measurement area from any other $ghtces and/or by increasing the PDA lasers
power.

During experimental drop size measurements perfdiméehe current research (5.5, 5.6 and
5.7) the goal was to collect ideally 20,000 samp¢seach location. At certain operating
conditions and spray locations it was not possibleeach this number due to local spray
properties (spray density) and therefore less sssnplere collected. The average number of
samples collected was 10,000. Seven measurementsf(b36) yielded less than 1,000 samples.

3.2 Combustion Experiments

Wall heat fluxes in combustion chambers, furnaceskeilers are one of the most important
parameters in process and power applications.thieiefore very important to be able to predict
them and to have experimental data for model vadidaThe distribution of local heat flux across
heat exchanging areas is of special interest dusaterial strength and durability implications. In
the last two decades, a number of research paperde found where wall heat fluxes are
investigated either experimentally (Hayes et @01) or numerically using CFD tools (Vondal
and Hajek, 2009). Measurement of local heat loadsdustrial conditions is however possible
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only using special heat flux probes that cannovidereliable detailed data covering the whole
heat transfer area, but only a limited number scidite points. Additionally, industrial units
typically have only rough estimates of the instastaus total heat transfer rate, etg4 % in
(Valero and Cortés, 1996)

| 4

Figure 3-2 Combustion test facility

The measurement of wall heat fluxes was traditigrainnected mainly to the identification
of fouling and slagging, especially in pulverisexhkt boilers. Therefore many of the existing
probes are designed to operate in harsh envirosméniaboratory experiments the measured
heat flux data are naturally more reliable thamdustrial combustors. Even though, the accuracy
of available measurement methods is on the ordesestral percent. For instance, for the
measurements of thermal irradiation flux ellipsbidadiometers (accuracy 5 %) and water-
cooled circular foil heat flux radiometers (accyrac2 %) (Hayes et al., 2001) are often used.
Thex 2 % accuracy is about the best one can achievehedt flux metering probes. However, as
reported in (Hayes et al., 2001), differences dfi®s measured by these two methods may reach
up to 12 %, thus decreasing the credibility of pdieat flux measurements. On the other hand,
the measurement of heat transfer rate in a segmexp&rimental combustion chamber with
water cooling is able to provide appreciably marecise values (with average error below 3.2 %)
as shown in (Vondal and Hajek, 2009).

The aforementioned segmental experimental chamhbsrused in this work to obtain wall
heat flux measurements (Figure 3-2). This wateltembdorizontal combustion chamber (1 m
internal diameter and 4 m length) is located in thstitute of Process and Environmental
Engineering of Brno University of Technology. Theel of the chamber is divided into seven
sections; each of which has a separate water ami¢toutlet and is equipped with a water flow
meter and temperature sensors, allowing for acedogil heat transfer rate measurement along
the flame. The experimental facility is describaddetail in (Kermes et al., 2007) and (Kermes
and Belohradsky, 2008).

In order to reduce liquid fuel consumption (dudinaited storage capacity), the combustion
chamber is usually preheated using natural gagnidiaeluty in the experiments can be set up to
2 MJ. In Figure 3-3 is a simple sketch of the buraed combustion air supply duct. The
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stabilization of the experiment is judged accordinghe stability of local wall heat fluxes in all
sections of the furnace, which are monitored cowtirsly. After reaching a steady state, the
measurement procedure begins and data are colleetatbout 30 minutes. The results are post-
processed and used as reference when evaluatingricahtomputations.

Combustion
air
Swirler
/ } /
=1 i -~/
rg N (I |

Fuel spray
nozzle

Figure 3-3 Cross-section of the burner

References
Albrecht, H.-E., 2003. Laser Doppler and Phase Dmg@easurement Techniques. Springer.

Avulapati, M.M., Ravikrishna, R.V., 2012. An Expmental Study on Effervescent Atomization
of Bio-oil Fuels. Atomization and Sprays 22, 6635680i:10.1615/AtomizSpr.2012006482

Babinsky, E., Sojka, P.E., 2002. Modeling drop siistributions. Progress in Energy and
Combustion Science 28, 303—-329. doi:10.1016/S026®%(D2)00004-7

Broukal, J., Hajek, J., Jedelsky, J., 2010. Effscemt atomization of extra-light fuel-oil:
Experiment and statistical evaluation of spray ab@ristics, in: Proceedings of 23rd European
Conference on Liquid Atomization and Spray SysteRresented at the ILASS-Europe 2010,
Brno, Czech Republic, pp. 1-10.

Hayes, R.R., Brewster, S., Webb, B.W., McQuay, MQuber, A.M., 2001. Crown incident
radiant heat flux measurements in an industriajemerative, gas-fired, flat-glass furnace.
Experimental Thermal and Fluid Science 24, 35-4616.1016/S0894-1777(00)00055-8

Jedelsky, J., Jicha, M., 2012. Spatially and TealpoResolved Distributions of Liquid in an
Effervescent Spray. Atomization and Sprays 22, 628-—doi:10.1615/AtomizSpr.2012006055

Jedelsky, J., Jicha, M., Slama, J., Otahal, J9.2D@velopment of an Effervescent Atomizer for
Industrial Burners. Energy & Fuels 23, 6121-613: $0.1021/ef900670g

Kermes, V., Blohradsky, P., 2008. Testing of gas and liquid tuginers for power and process
industries. Energy 33, 1551-1561.

Kermes, V., Skryja, P., Stehlik, P., 2007. Up ttedexperimental facility for testing low-NOx
burners. Chemical Engineering Transaction 12, 589-5

Li, Z., Wu, Y., Cai, C., Zhang, H., Gong, Y., TakerK., Hashiguchi, K., Lu, J., 2012. Mixing
and atomization characteristics in an internal-ngxiwin-fluid atomizer. Fuel 97, 306-314.
doi:10.1016/j.fuel.2012.03.006

17



Liu, M., Duan, Y., Zhang, T., 2010. Evaluation dfeevescent atomizer internal design on the
spray unsteadiness using a phase/Doppler partrdé/zer. Experimental Thermal and Fluid
Science 34, 657-665. doi:10.1016/j.expthermflu€iv12.007

Panchagnula, M.V., Sojka, P.E., 1999. Spatial @rtopélocity and size profiles in effervescent
atomizer-produced sprays. Fuel 78, 729-741. ddidl®/S0016-2361(98)00192-6

Valero, A., Cortés, C., 1996. Ash fouling in coaédl utility boilers. Monitoring and optimization
of on-load cleaning. Progress in Energy and Conrru&cience 22, 189-200. doi:10.1016/0360-

1285(96)00004-4

Vondal, J., Hjek, J., 2009. Experimental and nigakmnalysis of wall heat transfer in non-
premixed gas combustor. Chemical Engineering Tiiwses 18, 587-592.

Wang, X., Wu, X., Liao, G., Wei, Y., Qin, J., 2002haracterization of a water mist based on
digital particle images. Experiments in Fluids 387-593.

18



4 Numerical Methods

The problem of spray combustion is a highly complee. Different phenomena (turbulent
flow, atomization, evaporation and combustion)riat¢ with each other causing the solution to be
very sensitive. The turbulent swirling flow is ddffilt to model even alone and when chemistry
and radiation are added, the resulting problem nesovery complex. In the present, proven
approaches that can deal with these complex flowisidle LES or DNS coupled with advanced
chemistry models, e.g. (Sadiki et al., 2006). Thusey detailed results come at a price of
extremely high computational demands, which areegidly unacceptable in industrial
applications. That is why even authors of theseaaded LES studies are unsure whether the use
of LES strategy will in the future prevail over teasdy RANS approach (Sadiki et al., 2006).

More research is therefore needed to find simphee-effective numerical models from the
RANS or unsteady RANS class for the prediction wirlsng nonpremixed flames that would
yield practically relevant results. The issue otdbwall heat flux prediction in swirling
combustor has been recently investigated for tee chmethane swirling combustion in (Vondal
and Hajek, 2009) and it has been shown, that lwallheat flux predictions are very sensitive to
the choice of models used to describe the physicdlchemical processes occurring in flames.
Results in (Vondal and Hajek, 2009) provide guitkdi for the selection of several sub-models in
computations of swirling nonpremixed gas flames.

The solution in this case is sought using CFD faadys Fluent, which employs the iterative
Finite-Volume Method to evaluate the problem eaquresi The numerical approaches discussed in
the following sections will focus on industrial digptions. In other words, emphasis will be
placed on relatively simple yet sufficiently acaeranodels which can give reasonable results in
a realistic time period. Currently there are verguaate models than employ highly sophisticated
methods, but their demands in terms of computatiefiart and time are far out of reach to be
applied to real-life problems.

As mentioned earlier, turbulent spray combustioasents a formidable challenge due to
many phenomena involved. Swirling combustion aldgaseous) still represents an uneasy
problem (Vondal and Hajek, 2009; Vondal et al., @0and the presence of spray drops further
increases the complexity of predicting such flan@early, to minimize the uncertainties and
errors that are caused by numerical representafisprays, appropriate atomization models need
to be found and validated.

The following sections discuss numerical approaciuepted in the current work. Additional
information about models and approaches are oataigorovided in order to demonstrate the
state-of-the-art. Details about the setup procediare individual models is provided in
corresponding sections of chapter 5.

4.1 Governing Equations of the Fluid Flow

Before focusing on more detailed aspects of thepghase flow problems in question, it is
helpful to review the governing equations of fldgiow, the so called Navier-Stokes equations.
These equations are fundamental to almost any fimblem imaginable and the engineering
world relies heavily on them when looking for awmn. A peculiar thing about the Navier-
Stokes equations is that we expect them to giva selution that is unique. However, this has
only been proven for two-dimensional flows, not f@t three-dimensional flows. According to
the Clay Mathematics Institute this is one of thddvinium Prize Problems.
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4.2 Turbulence

As mentioned in paragraph 2.4, turbulence is a gergplex phenomenon which causes the
flow properties fluctuate. However, when dealinghaindustrial turbulent flow problems the
main interest is usually not in the instantaneorspgrties, but in the mean values. We can
therefore use certain averaging techniques whichirete the fluctuating components from the
governing Navier-Stokes equations, thus gettingsthealled RANS equations. Nevertheless, this
approach introduces new variables called Reynotdssses which need to be modelled in
addition the filtered governing equations.

Turbulence models generally differ in the way thaeydel the Reynolds stresses. A variety of
models has been developed ranging from the simplgsbraic models, through one and two
equation models to more complex Reynolds stresselmod@he most common models used in
industrial applications are the two equation modelainly k-e and k-w and their variations.

A detailed comparison of two equation turbulencedet® for gas combustion can be found in
(Broukal et al., 2012). Over the past few yearsemigdeal of research is being performed around
the LES models. These models represent an integebtibrid combining DNS, where all the
fluctuations are resolved, with the RANS modelswdeer promising LES surely is, at the
present time it is still not ready to be widely éayed in real-life applications.

4.3 Spray Representation

At the present time, two predominant methods fanewical spray representation are used:
the Euler—Euler and Euler—Lagrange approach. Treedpproach is handles both the liquid and
gaseous phase as impenetrable continua and tfaiksnterfaces. Therefore two sets of Navier-
Stokes equations (one for each phase) need to leedsalong with the coupling interface
equations. However, this approach is computatipnddmanding and so far is used almost
exclusively for spray formation investigations wvathi combustion as for example in (Riber et al.,
2009; Shinjo and Umemura, 2011). The latter apprason the other hand less demanding since
only the gaseous phase is treated as a continudil® thib liquid (or dispersed) phase is handled
in a discrete fashion. Only one set of Navier-Sso&guations needs to be solved and the discrete
particles (drops) are tracked in a Lagrangian frafneeference using a set of relatively simple
ordinary differential equations. The coupling bedweghases is represented by source terms in the
Navier-Stokes equations.

Due to its simplicity the Euler—Lagrange approadloves employment in combustion
applications as for example (Yan et al., 2008; kitdde e al., 2010). However, the simplicity and
low computational costs of the Euler—-Lagrange apgmcaare compensated by the need to find or
develop appropriate sub-models for primary breafopdetermine initial drop parameters like
diameter and velocity and their angular variaticans) secondary breakup (breakup of drops that
occurs further downstream from the nozzle) as waslifor all other processes concerning the
drops, like momentum, heat and mass transfer iretfa@orating spray. Even when taking into
account the aforementioned simplification, the pgob would still be complex due to the
enormous number of particles to track. Another &itoption is therefore made which consists in
introducing parcels. Parcels are objects that &soparticles with similar location, diameter,
velocity and other variables of interest. In thecking algorithm parcels are being tracked instead
of individual particles, which greatly reduce tremputational time. The concept of parcels also
applies to other submodels (secondary breakupisioois). In the following paragraphs the
Euler—Lagrange approach will be discussed in maild This approach is adopted in the
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numerical analyses performed in this work. A corhpresive overview and review of the spray
modelling area can be found in (Jiang et al., 2010)

4.3.1 Particle Tracking

Ansys Fluent predicts the trajectory of a discy@tase particle/parcel (in this case a drop) by
integrating the force balance on the particle, WHiges in a Lagrangian reference frame. This
force balance equates the particle inertia withféinees acting on the particle, and can be written
(for thex direction in Cartesian coordinates) as

du 9.0 - p,)
e = Foluu )= (4.)
wheregy is gravity inx direction and-p(u-w,) is the drag force per unit particle mass.
_ 181“ch Rerel
D~ 24pg DZ (42)

where Cp is the drag coefficient (will be defined in parggma5.3.5) and Re is the relative
Reynolds number defined as

pD|up —u| .
Hq

Re. =

rel

(4.3)

In order to take into account the turbulent floeefs on particle motion, the Discrete
Random Walk (DRW) can be applied. The DRW modelutites interactions of a particle with
a succession of discrete stylized fluid phase fertiteddies (Gosman and loannides, 1983).

4.3.2 Primary Breakup Models

The most crucial step when modelling a spray in Eader—Lagrangian framework is the
primary breakup. The model responsible for thiscpss should ideally provide us with an initial
drop size distribution, velocity distribution andass flow rates, all dependent on spray angle.
Available advanced methods that try to approacs ithéalized model include for example the
Maximum Entropy Formalism (MEF) or Discrete ProtigpiFunction (DPF) method. These two
methods are able to provide us with drop size aldcity distributions (in the case of DPF only
with drop size distribution) and can also, to soex¢ent, predict multimodal distributions, as
demonstrated for example by Chin et al. (1995). ddohately both have also significant
drawbacks. MEF requires two representative dromeiars and good predictions are achieved
only after adjustments of the model parametersriteroto fit experimental data. In the case of
DPF, probability density functions of the fluctuagi initial conditions are needed. Such
fluctuations can be caused by a number of factmsie of which are vibrations of the atomizer,
fluctuations in liquid delivery rate, fluctuations liquid properties (in the case of non-
homogenous liquids), fluctuations in exit velocigtc. However, at the present time we are not
able to measure these functions (Babinsky and $S@j#@2). So far these drawbacks disqualify
such methods from being widely used in industripplizations, although they represent
a promising research direction.

Since advanced models able to predict the wholgeraif diameters are not applicable at the
moment, simpler primary breakup models are beingdushese models usually focus on
predictions of a single representative diametgpePacan be found, e.g. (Qian et al., 2010; Wu et
al., 1992), where authors propose empirical cdiogla between the representative diameter and
various physical conditions based on measured &ateh correlations are unfortunately valid
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only for a small range of atomizers or even fomals range of operating conditions. In industrial
combustion applications, operating conditions ave aonstant, therefore more flexible models
need to be employed. To overcome this obstacldytaors formulas derived from first principles
are needed.

Jet breakup in simple plain orifice atomizers ienfmodelled by introducing large droplets
of the size of the nozzle orifice (Ashgriz, 2010ne of the analytical approaches to describe
primary atomization was performed by Senecal €t18199). He relates to the pioneering work on
jet disintegration by Weber (1931). In his work imvestigates liquid sheet atomization and
develops the so called LISA (Linearized InstabilBheet Atomization) model. This model
predicts the maximum unstable growth rate and wergth, the sheet breakup length and the
resulting drop size for pressure-swirl atomizense Bpproach of Lund (et al., 1993) is, similarly
to the previous case, based on Weber's work (WelsE1), but when formulating the model
a simpler instability analysis is used to prediahean drop size of effervescent atomizers. An
improvement of Lund’s model is proposed by Xiongale, 2009), by applying the more rigorous
Senecal’s instability analysis. As Xiong pointed,dn numerous experimental observations of
effervescent atomizers it was concluded that timagy atomization of the liquid undergoes three
stages. First, assuming that the two phase flofhennozzle is annular, an annular sheet forms
and breaks up into cylindrical filaments. Secord filaments break into ligament fragments.
Finally, the ligament fragments stabilize to forndividual drops. The model assumes that the
annular liquid sheet breaks into several cylindritaments with almost the same diameter as the
thickness of the annular sheet (Figure 4-1). Tlaamints then break into ligament fragments at
the wavelength of the most rapidly growing wave aadh fragment only forms one drop. The
predicted SMD is later used as the initial diametérinjected drops during the numerical
simulation.

The initial particle velocity is yet another unknowwvhich has to be approximated. One of
the possible approximating formulas was derivedAppendix 2 of (Jedelsky et al., 2009).
However, such formulas only give us a single va&jyoealue and for the sake of precision angular
dependency might be necessary.

Figure 4-1 Simplified model of effervescent atomization, desy of (Schroder et al., 2010)

4.3.3 Secondary Breakup Models

Once the initial drop diameter (or diameter disttibn) is obtained, we are interested in how
will the drop size change in space and time. Whemary breakup model provides a single
diameter, the expectation from the secondary breakodel is to create an approximation of the
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actual drop size distribution. There are two masmbhes of secondary breakup models. The first
branch is based upon Taylor's analogy between aiffati®g and distorting drop and a spring
mass system (Taylor, 1963) and it is called Taylaalogy Breakup (TAB) model, used for
example in (Senecal et al., 1999). The second mwaelch is based on the wave breakup model
of Reitz (1987). Here the drop breakup is consuldae be induced by the relative velocity
between the liquid and gas phase. The relativecitglcauses the growth of Kevin-Helmholtz
instabilities which are responsible for the finaédkup. By using this model it is assumed, that
atomization occurs only in the region close to speay nozzle, since further downstream the
relative velocity decreases due to drag and theeinmal longer predicts any breakup. The model
was used for example in (Park et al., 2009) irudysbf biodiesel fuel injector.

There are also other approaches to secondary lpeakadelling. Xiong (et al., 2009)
employs Cascade Analogy Breakup model proposedabyndr (2004) to simulate an effervescent
atomizer. The secondary breakup model based onelFekRlanck equation proposed Apte (et al.,
2003) is adopted by Vuorinen (et al., 2010). Thessent models however have yet to be
extensively validated and thus have not reached aideptance.

4.3.4 Drop Collision Models

There are different models that handle drop coltisi One of the most employed is the
algorithm of O’Rourke (1981). Rather than using metry to see if parcel paths intersect,
O'Rourke's method is a stochastic estimate ofsiofis. Two particles can collide only if they are
in the same computational cell. Once it is decithed two parcels of drops collide, the algorithm
further determines the type of collision. Only @saence and bouncing outcomes are considered.
The probability of each outcome is calculated fittwn collisional Weber numbé¥e and a fit to
experimental observations. Here,

We, = pu(f' . (4.4)

whereU is the relative velocity between two drops andis the arithmetic mean diameter of
the two drops. The O’Rourke algorithm does not tiake account the shattering outcome of the
collision, which occurs at high Weber numbers. Tdhiswback does not necessarily need to be
significant if the collisions are expected in aioegof low Weber number.

New models are being proposed to address the dckal O’Rourke’s algorithm. Most
recently, Taskiran and Ergeneman (2014) proposadva collision model taking into account
parcel location and velocity data to derive the aestpparameter. Their model is therefore no
longer mesh dependent but suffers from dependengyaccel number used in the calculations.
The authors argue that this drawback could easlsdived in the near future as advances in
computer technology will enable us to abandon Hregd approach and track individual droplets.

4.3.5 Drop Drag Models

Accurate determination of drop drag coefficientsnscial for accurate spray modelling and
therefore every computational software has a wideyaf models to choose from. Ansys Fluent,
for example, provides a variety of methods thaedeine the drop drag coefficient ranging from
simple models (Spherical drag law) to dynamic medBlynamic drag model), where variations
in the dropt shape are taken into account. Theeshfgrops is often assumed to be spherical, but
in the case of high Weber numbers, this assumgaordistort the final results. The dynamic drag
model accounts for the effects of drop distortibnearly varying the drag between that of
a sphere and a value of 1.54 corresponding toka Tiee drag coefficient is given by
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CD = CD,sph(1+ 2'632y) ’ (45)

where Cpspn IS the drag coefficient of a sphere apnds the distortion, as determined by the
solution of

ﬂ - CFpgu2 _Cyo _Cyu dy

dt?  Gpar®  pgr*  pr?dt

whereCg, G, Gy, Gy are dimensionless constants (O’Rourke and Amsd#gy))1

(4.6)

4.4 Combustion

The challenge of modelling turbulent reacting floasnsists of two interrelated parts,
namely the representation of chemical reaction misim and its coupling with turbulence. The
basic and simple model is Eddy-Dissipation piongdng Magnussen and Hjertager (1977). This
model assumes that combustion is “mixing limitettiis means that turbulence slowly mixes fuel
and oxidizer into reaction zones where they burnckdyn Due to the Eddy-Dissipation
assumption, the model cannot predict intermediabelycts (e.g. radicals) and can therefore be
used only with one-step or two-step global reactivechanisms. An ignition source is not
required, since combustion occurs wherever turtogés present (Broukal, 2009).

Eddy-Dissipation Concept can be viewed as an extens the Eddy-Dissipation Model that
allows the use of detailed chemical mechanismgsatigerefore able to model phenomena such as
local extinction and flame lift-off. This advantagemes however with a great computational
price.

A compromise between detailed chemistry and contipat time may be found in the use
of models based on the mixture fraction concepe pbower of the mixture fraction modelling
approach is that the chemistry description is reduto two transport equations. Under the
assumption of chemical equilibrium, all thermocheshiscalars (species fractions, density, and
temperature) are uniquely related to the mixtueetion. When taking into account adiabatic
systems, the instantaneous values of mass fractiemsity and temperature depend only on the
instantaneous mixture fraction. The turbulent nenpred flame problem is now reduced to
tracking the turbulent mixing of the mixture framti This tracking can be done from wide variety
of levels including DNS, LES and RANS.

4.4.1 Drop Evaporation

As the droplets are heated up by the reaction hesds transfer occurs between the discrete
Lagrangian entities (fuel droplets) and the cortimsl gas phase. To take into account such
interaction between phases, mass source termsteyduced to the gas phase in appropriate cells,
whereas the mass and temperature of droplets argted simultaneously. The evaporative mass
fluxes are governed by gradient diffusion, with fhex of droplet vapour into the gas phase
related to the difference in vapour concentratibtha droplet surface and the bulk gas. No flow
inside the droplet is considered and droplet ptiggersuch as temperature and density are
considered to be uniform over the droplet volume.
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5 Results
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atomization and its application to modeling of egéascale furnace. Applied Thermal
Engineering 31, 2153-2164. doi:16/j.applthermal2dgl.04.025
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Wall Heat Fluxes in a Gas Fired Furnace: Practedibdels for Swirling Non-premixed
Combustion. Chemical Engineering Transactions 29, 39911404.
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Czech Republic, pp. 1-8

e Broukal, J., Héjek, J., Sojka, P.E.,idoa, T., 2013. Drop Size Distribution in
Effervescent Sprays: An Experimental study UsingAPLchnique, in: Proceedings of
6th European Combustion Meeting. Presented attth&@ropean Combustion Meeting,
Lund, Sweden, pp. 1-6.

» Broukal, J., Hjjek, J., 2014. Experimental analydispatial evolution of mean droplet
diameters in effervescent sprays. Chemical Engimgdiransactions, Accepted, awaiting
press

» Broukal, J., H3jek, J., Vondal, J., 2014. An expental study of effervescent sprays:
axial evolution of mean drop diameter, 26th Europ@anference on Liquid Atomization
and Spray Systems. To be published

The last section (5.8) contains additional resthtst have not yet been published. These
results are not in a form of a scientific artid@ce their meaning is to complement the published
results and provide additional information to teeder.
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5.1 Effervescent Atomization of Extra-light Fuel-oil: Experiment and
Statistical Evaluation of Spray Characteristics

Abstract

This paper presents an experimental and statistiwalysis of an effervescent atomizer. The
spray data were obtained from experimental measmtnby means of a Dantec phase/Doppler
particle analyser (P/DPA) and analytical and diatis analysis was performed using MATLAB
software. The main goal of this work was to analyise spray characteristics and to find
analytical functions that would fit the experimdhtabtained drop size distributions. The fitted
distributions were then discretized for modellinggoses and the modelled spray was verified
against the experimental data. The discrete sgrasacteristics will be later used for combustion
modelling.

5.1.1 Introduction

Liquid sprays can be generated by various atomiZays combustion purposes, as in this
case, effervescent atomizers are gaining on pdpuldihe effervescent atomizer is a twin-fluid
atomizer with internal mixing, which means that ides the liquid there is one more fluid,
typically air, that mixes with the liquid beforeading the atomizer body. This type of atomizer
was first introduced by Lefebvre and his colleagimreshe late 1980s (Lefebvre et al., 1988).
Unlike other twin-fluid atomizers, which usually eushe air stream to shatter the liquid, the
mechanism of drop formation in the case of the redéfgcent atomizer is rapid air bubble
expansion at the atomizer nozzle due to pressue dhis mechanism makes it possible to use
lower injection pressures and larger exit orificengeters without compromising the drop
distribution and has many advantages comparedngectional atomizers (Sovani et al., 2001).

In general, the atomization process is divided imtimary and secondary break-up. The
primary breakup occurs when the fluid flow exit® tbrifice and besides being dependent on
properties of the fluids involved, it is also stghndependent on the atomizer type, inner structure
and geometry. Secondary atomization is a processgdwhich droplets further break up or
collide leading to various outcomes (reflectionalescence, breakup, etc.). Unlike primary
atomization, secondary atomization depends onlproperties of the atomized liquid (viscosity,
velocity, temperature, surface tension, density) @nd the surrounding fluid (typically air).

Recently, several studies appeared, e.g. (Ramanetiréh, 2009; Jiang et al., 2010; Riber et
al., 2009), where the atomization process is meddirectly, meaning that both the internal and
external flows are resolved using a single approggically the Euler-Euler approach, where the
atomized liquid and surrounding air are treatedtws continuous impenetrable continua.
However, this approach has little applicability j[mactical applications and although such
computational models are emerging, they are notbleiain most applications due to
extreme computational requirements.

Another approach that is less computationally defimg and therefore acceptable for
industrial combustion applications is the Eulerdzame approach. In this case the gas phase is
modelled as a continuum but the liquid phase & as a system of discrete particles (droplets)
that are tracked in the gas flow field. It is tHere necessary to use appropriate models for
primary and secondary breakup (to determine indialplet parameters like diameter, velocity
and direction) as well as for all other processexerning the droplets like momentum, heat and
mass transfer (evaporation). This is the approdolptad in the present work.

29



This work concentrates on empirical modelling andharical representation of the primary
break-up process. A strongly simplified approachaswork with only a few representative
parameters (e.g. Sauter mean diameter, mass ndidiaeter), but if one wishes to represent the
spray more precisely it is necessary to charaetdhie entire drop size distribution. This method
has been developed and studied in numerous papevani et al. (2001) and Jedelsky et al.
(2004) suggest that Rosin-Rammler distribution pprapriate for effervescent atomizers. The
Rosin-Rammler distribution function reads

Q ::I__e—(D/X)q ,

whereD is the drop diameter ar@ represents the mass of drops whose diameter isesisan
D. The parameteX corresponds to the drop diameter for which 63.2fthe drops’ mass is
smaller, while the parametgris a measure of uniformity of the diameters (R@sid Rammler,
1933).

Moreover, Jedelsky et al. also uses log-normatidigion to fit the experimental data.
Calay and Holdo (2008) and Cleary et al. (2007) theetwo above mentioned distributions to
model flashing jets. Ayres et al. (2000) presentsagie theoretical approach by predicting joint
distribution for both size and velocity of the dietg in sprays using the maximum entropy
formalism. A comprehensive list of drop size diasitions can be found in (Babinsky and Sojka,
2002).

Modern CFD software codes often allow users to sedoom predefined atomizer models
and thus avoid laborious manual setting of theyspigction. These models (mostly empirical)
use physical atomizer parameters to calculatealnitiop sizes, velocities and positions. In the
case of Ansys Fluent, a model for the presentdfament atomizer is not available and therefore
it is necessary to use a simpler approach (for pl@cone injection) and to set it up carefully to
obtain the spray characteristics as required. Alfihoa great deal of research has been made in
CFD modelling of internal combustion engines (Sheaal., 2009a, 2009b) many papers deal
with CFD modelling and numerical studies of non-baostive sprays. Xiong et al. (2009)
performed a three-dimensional simulation of anrgéfecent atomizer. They developed a model
for primary and secondary break-up based on theehwfd_und et al. (1993). Qian et al. (2009)
continued in the footsteps of Xiong et al. and dgyed a model for effervescent atomizers with
an impinging plate. Calay and Holdo (2008) used G&d@s to predict dispersion of flashing jets
and a review of physical models and advanced methsdd in CFD of sprays can be found in
(Jiang et al., 2010).

The scope of this work is to develop a softwaredioalysis of the experimental data and to
verify the Fluent's ability to represent effervestsprays. The software will be used firstly to
analyse the raw data obtained from measuremenalando find the best possible analytical fit.
The fitted data will be discretized and used awtiripr the CFD software Ansys Fluent, where
spray simulations will be performed. Simple modell be preferred in order to focus on the
injection models. Finally, the computed data wéldbmpared with the experiment and the results
will be discussed.

5.1.2 Measurement and Data Processing

The measured spray of extra-light fuel-oil was gateal using the effervescent atomizer and
operating conditions described in (Jedelsky et20Q9) as configuration E38. Drop sizes and
drop velocities were measured using a Dantec pbapeler particle analyser (P/DPA) in
6 radially equidistant sampling points at 150 momnfrthe atomizer orifice. The angle depicted in
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Figure 1 represented the spray half-angle and atamated as the angle between the axis and the
farthermost measurement point. A detailed desonptf the measurement can be found in
(Jedelsky et al., 2009).
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Figure 1. Schematics of the spray measurement
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Figure 2. Overview of the developed software
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For the purpose of data analysis a software wittplgical user interface using MATLAB
programming environment (see Figure 2) has beeatene The software is able to load
experimental data from multiple measuring pointgyeserated by the measuring device and to
display frequency and mass histograms together rweiliesentative diameters (SMD, MMD,
D10, D20, etc.). For simplicity it was assumed taray properties are piecewise constant in the
radial direction, i.e. that a parameter measured gertain sampling point is the same for the
annular area with radiuses-d/2 andx-d/2, wherer is the radial distance of the sampling point
andd is the distance between two adjacent samplingtpoifhe user can then choose from
a variety of analytical functions to fit the expméntal data. So far the following distributions
were implemented: log-normal, root-normal, upperitj Rayleigh, Rosin-Rammler, Nukiyama-
Tanasawa, Beta and Gamma. To calculate the empdcameters, the software uses the Nelder-
Mead simplex algorithm (Lagarias et al., 1998)pider to accommodate nonlinear regression.

Two cases were studied in this paper. In the fieste (A) the spray was considered as
a whole and the best Rosin-Rammler fit was foundhé second case (B) the data from the first
four sampling points (starting from the centrelingre analysed separately as well as the two
remaining sampling points. This separation wasqoered due to large qualitative differences
observed in the three datasets. Best Rosin-Ranfitddrave been found for each of these three
datasets. Despite of not giving the best approxanatthe Rosin-Rammler distribution was used
in the fitting procedure due to the fact, that Am&juent (used for flow modelling in this work) is
equipped with a pre-prepared procedure to diser¢tis particular distribution function. The best
fit in terms of number distribution was the log-m@i distribution and in terms of mass weighted
distribution the root-normal distribution

A similar discrepancy, as seen in the work of Bskirand Sojka (2002), has been found
between measured and calculated mass flow ratéseafitomized liquid. The calculated mass
flow rate did not agree with the measured one dratefore needed to be corrected. Such
behaviour is probably caused by the low accuradyearor rate of the measurement technique.

0.2 -2rop number distributio 0.1Mass weighted drop digttidn
' —x=0mm ' —x=0mm
—x=10 mm —x=10 mm
0.15! —x=20mm 0.08 —x=20mm
—x=30mm —x=30mm
—Xx =40 mm 0.06¢ —Xx =40 mm
0.1t X =50 mm X =50 mm
— overall 0.04! -==-overall
0.05¢
0.02¢

% 50 100 150 200 % 50 100 150 200

Figure 3. Frequency and mass distributions at different mreasent points and average overall
distributions, x represents the radial distancéhefmeasurement point

Measurement results

The drop size distributions (notably frequencyriisitions) in several of the sampling points
in the measured spray were bimodal. The distribstiobtained from the measurement points
close to the atomizer centreline exhibited unimdmddaviour, but bimodality manifested itself as
the distance from the centreline increased (sear&ig). The overall frequency distribution is
slightly bimodal (the second peak is aroundui).
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The mass distributions for respective measuremeintgon the other hand do not display
bimodality, but they generally exhibit discontineg in the large drop size end of the distribution.
These discontinuities might be caused most probdapthe measuring technique.

5.1.3 Modelling

The goal of the modelling part of this work wasverify the ability of commercial Ansys
Fluent software to re-create a spray accordinggpeemental measurements. This naturally does
not mean only the possibility to create suitablarsary conditions, which is a matter of course.
The goal was rather to perform a computationalugirtexperiment repeating the original
measurements in which data on the spray were tetledhe subjects of evaluation thus include
the way how spray boundary conditions are set ap, diroplet motion is simulated and how the
interaction of the droplets with air deforms theagpon its way from nozzle orifice to the
measuring location.

A three-dimensional cylinder-shaped domain wastetean Gambit software. The diameter
of the domain is 400 mm and it is 2200 mm long. Wesh consists of nearly 80000 hexahedral
cells. The domain was filled with air and the sposiginated on the centreline 200 mm from air
inlet base of the cylinder. The spray was injedtech a small circular area of diameter 2.5 mm
representing the actual nozzle orifice. In the tasiof measuring location 150 mm downstream
from the injection a series of concentric annulamtml surfaces has been set up that enabled the
virtual measurement. This model served as a taaddior evaluation of the capabilities of the
flow solver.

In order to keep the model as simple as possibéjty was neglected. Turbulence has been
accounted for by th& — ¢ realizable turbulence model with the default sgti (Ansys Fluent,
2009). The spray itself has been modelled as afdeigrangian entities using the Discrete Phase
Model (DPM). Ansys Fluent offers a variety of atast models and injections. Unfortunately
none of the implemented atomizer models does quoresto the specific measured effervescent
spray; therefore it was chosen to use dajextions instead. In the case A only one injattieas
created to represent the whole spray, namely akedcsolid cone injection, which means that
the spray with a specified half-angle is at théia¥ihomogeneous with respect to drop size. In
case B one solid cone injection and two hollow ciofections were created. The Rosin-Rammler
distribution parameters for each injection whenenfi using the previously described MATLAB
code. It was also necessary to input the minimal aaximal drop diameter and number of
diametersI{l) included in the simulations. Each of the drogsis in the simulation represented
by a specified number of particle streams. Flueehtchoosed diameters equidistantly from
between the minimal and maximal diameter and coegpubr them the Rosin-Rammler
probability density using the specified empiric&8F? Then to each stream a different mass flow
rate is assigned depending on the computed valtiee d?DF.

A separate computational analysis was performedetermine the minimal amount of
particles that can realistically represent a spide criterion used for the evaluation was of the
symmetry of temperature distribution in a simpleagpcombustion problem. The numerical
configuration described above is the result of #8sisessment. The simulations were carried out on
the same grid and with the same inlet conditionim @asises A and B. The combustion model was
based on a single-step global chemistry with reactate controlled by turbulent mixing (so-
called eddy dissipation model). Radiative heatdf@nhas been included using discrete ordinates
method to obtain more realistic temperature fi€ldses with 500, 2000, 4000, 6000, 8000 and
12000 particles were tested by qualitative comparisf temperature contour plots (see Figure 4).
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The smallest number of particles using which theperature field was still appropriate was
found to be 6000.
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Figure 4. lllustrative demonstration of temperature contplats. The contours are displayed on cuts
perpendicular to the spray axis at 200, 300, 400,ahd 1100 mm from the spray origin. On the ledré
are 500 particles while the picture on the righkgt 6800 particles

The total number of streams both in the case afiglesinjection (case A) and in the case of
three injections (case B) was 200. In the lattesecdnis number has been divided among the
injections depending on the area ratios represebtecdtorresponding measurement points.
Together with 30 discreet diameters per streanvéisg000 computational particles.

Another input in the injection definition is thesdharge velocity, which was approximated
using a formula derived by Jedelsky and Slama ipehglix 2 of (Jedelsky et al., 2009). In the
case B it was necessary to divide properly the rflagsrates of the three injections. This was
done by analysing the partial mass flow rates gpeetive sampling points and relating them to
the total mass flow rate. See Table 1 for injecharameters of the cases A and B.

Although flow in the problem was treated as steallysys Fluent enables to track the
particles either as steady (Steady Tracking — SifQnsteady (Unsteady Tracking — UnTr). To
predict the particle trajectory, one has to integrdne force-balance equation, which can be
written (for thex direction in Cartesian coordinates) as follows:

du 9,\0, — P
¥ @

wherevu, is the particle velocityy the surrounding air flow velocitysx andgx is an additional
acceleration irx direction and gravity respectivelifo(u- W) is the drag force per unit particle
mass (Ansys Fluent, 2009). The shape of dropssisnaesd to be spherical and the drag force was
calculated using the formula that reads

18u C, Re
| = O GoRe 2)
p,d- 24
whered is drop diameteyy is the molecular viscosity of the fluid (air) and
C,=a+2+ X 3)

Re Re*’
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The constantsy, a, a apply to smooth spherical particles over seveaagjes of Re given
by Morsi and Alexander (1972). Ansys Fluent nunadlycsolves the integral by choosing a time
step which can be defined using the so calledlstegih factor (SLF). It allows Fluent to compute
the time step size in terms of the number of tineps required for a particle to traverse
a computational cell (Ansys Fluent, 2009):

At*
SLF’

whereAt* is the estimated transit time. All units in theeyibus equations are Sl units. In this
study two different SLF have been tested: 5 and 15.

At =

(4)

In order to take into account the turbulent floweefs on particle motion, the Discrete
Random Walk (DRW) model has been applied. The DR@deh simulates the interaction of
a particle with a succession of discrete stylizaaifphase turbulent eddies.

The discrete phase exchanges only momentum witkkdhtnuous phase. Mass and energy
exchange (due to evaporation) has been neglectetheasanalysed cases did not include
combustion and the ambient temperature was aro0A@. Z-or such conditions the region of
interest is sufficiently small, so that the diameté drops does not change considerably before
reaching the sampling plane. Due to the naturdefstudied problem, where we want to model
a spray using experimental data at 150 mm fronatbmizer orifice, secondary atomization (drop
collisions, break-up and coalescence) has not inetrded.

Sampling in the computational spray was performgdabuser-defined function (UDF),
which monitored drop parameters at annuluses qunekng to each measuring point 150 mm
from the spray origin. After a particle travelsthar than 250 mm from the spray origin it is
deleted in order to decrease computational costs.

Table 1.Injection parameters for cases A and B

Case A Case B
Injection type Solid cone Solid cone Hollow cone lIBy cone
Half-angle [deg] 18.44 11.31 14.93 18.44
Mass flow [g/s] 21.8 11.3 6 4.5
X[um] 106.4 103.5 106.7 107.5
q 2.85 2.29 3.56 3.94
measuring points included 1-6 1-4 5 6
# of streams 200 81 53 66
# of diameters (N) 30
Discharge velocity [m/s] 156.72
Fuel-oil density [kg/m3] 874

In the simulation a small air co-flow (h/s) was introduced. The co-flow was used in order
to improve solution stability. On the opposite sidkethe domain was used pressure outlet
condition. The cylinder’s lateral surface was tegats a wall with no slip conditions. This
boundary condition deviates from the experiment, dince the volume of interest is relatively
small in comparison with the domain dimensionshauld not affect the solution significantly.

35



Convergence of the simulation was proclaimed upbilization of instantaneous flow
velocities in various points and total mass of foiein the computational domain.

5.1.4 Results and Discussion
Discussion of Case A

In this case the whole spray was substituted bpglessolid-cone injection. Different cases
were studied depending on the tracking scheme tmdlength factor. The results showed that
there is almost no difference between the two wabfestep length factor (SLF = 5 and SLF = 15)
both in the partial and in the overall drop digitibns. Such small significance of the SLF is
probably induced by the simplicity of the model.the case of a stronger coupling between the
phases (mass and energy exchange, combustionythigcance of SLF would probably increase.
Nonetheless future investigation in the area of Sighificance is needed.
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Figure 5. Comparison of steady and unsteady tracking resuttase A

On the other hand the tracking scheme has a reblarkdfect on the drop distributions.
From Figure 5 it is clear that the unsteady traglsoheme gives superior results when compared
to steady tracking. Despite the fluctuations ofsteady tracking scheme both results are close to
the input drop distribution up to the fourth measnent point (at x = 30 mm). In the last two
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measurement points the calculated distributiorferdifom the input distribution; the steady case
differs more significantly. This shift is probaltgused by the smaller particles being entrained in
the spray core. The last two measurement poini&gare 6 show that in the case of unsteady
particle tracking, the calculated drop distribusarpresent surprisingly well the (local) RR fit of
actual drop distributions in the respective measerg points. The slight under prediction of
smaller diameters in these last two points might cheised by the absence of secondary
atomization, which is responsible for the creattbsmaller drops in the peripheral regions.

In Figure 6 it can be also clearly seen that clasehe spray core the input distribution is
conserved well, however the Rosin-Rammler fitsha individual measurement points (green
curves) differ heavily. This is a clear evidencehifh complexity of the drop formation process,
which cannot be simply replaced by an overall dtgribution when trying to model the spray
accurately.
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Figure 6. Drop mass PDF for case A, x represents the rdditdnce of the measurement point

Discussion of Case B

In the second case the whole spray was modelled) usie solid cone and two hollow cone
injections. The inner solid cone injection averatexdspray cone up to the fourth measuring point
(starting from the axis) and each of the two hollogne injections represented spray sections
relative to the last two measurement points. Atheprevious case the step length factor did not
act as a major deal breaker. Unfortunately thedgtétacking results were not examined due to
unresolved issues in the user defined function ésedumerical spray evaluation. Therefore all
results for the case B were produced with the aadistéracking option. In Figure 7 is evident, that
starting from the first measurement point a smadlkpis building up around the value ih and
it reaches its maximum in the fourth measuremeintgat x = 30 mm). A possible explanation of
this behaviour is a large entrainment of smallepdrat the interface between the inner solid cone
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injection and middle hollow cone injection due e ttoarse spatial angle discretization. It is also
not possible to exclude the possibility that thetipke tracking model gives unsatisfactory results
when dealing with multiple concentric injectionshel peak vanishes almost immediately when
moving to the spray outer regions.

An interesting observation can be made when comgdhie last two measurement points in
case A (Figure 6) and case B (Figure 7). In caskeAcalculated drop distributions are closer to
the Rosin-Rammler fits in the individual measuretmgmoints than the calculated drop
distributions from case B. This might be again ealsy the coarse spatial angle discretization.

Similarly to the previous case A (single cone itigt) the calculated distributions in the
spray core show good preservation of the inputridigion (omitting the measurement point
x = 30 mm) while in the last two measurement ponhift is observed. The reason of this shift
is identical to the shift discussed in case Ahla tmeasurement points x = 40 mm and x = 50 mm
the green curve is missing because in this casedéntical to the red curve.

IS Unsteady Tracking e
0.15 \ 015 \
0.1 L 01)-- S o y i
0.05 i 0.05 ‘ i

Dron di 100
rop mmeter;ﬁm]zoo 0

200 30

—Fluent results —Fluent input —Matlab RR fits
Figure 7. Drop mass PDF for case B, x represents the rdditince of the measurement point

Overall drop distributions of both studied cases loa seen in Figure 8. Concerning the case
A, according to Figure 8, it might seem that thesr@lmost no difference between steady and
unsteady tracking. However, differences pointedioydrevious paragraphs would probably play
a much more important role when dealing with mommplex flow problems (i.e. spray
combustion). A more noticeable difference is foimdase B.

In terms of convergence and solution stability tinsteady tracking scheme behaves better
than steady tracking scheme in both cases. Theabwdrawback of unsteady tracking is higher
computational demand, which is in terms of timeragpnately two to four times higher.

5.1.5 Future Work

The software used for the scope of this work offenty basic fitting procedures at the
moment. A bimodal approximation, more accurate ti@nstandard unimodal approximations of
the effervescent spray, was investigated as a patt@mprovement, but has yet to be assessed
similarly as the two cases reported in this wankthle future research will be employed also other
methods, which do not depend solely on experimemslilts (Maximum Entropy Formalism
(Babinsky and Sojka, 2002), variations of Lund’sd@io(Xiong et al., 2009), etc.).

The developed spray model will be used to modelyspombustion of vegetable oils in large
scale combustors. The computed results will befiedriin terms of wall heat fluxes with
experimental results from a large scale experiméatdity (Kermes and Blohradsky, 2008).
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Case A - Unsteady Tracking,

Case A - Steady Tracking
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Figure 8. Overall drop mass PDF and distribution functions

5.1.6 Conclusion

Raw data from experimental spray measurement wealysed and fitted using a software
tool developed in the MATLAB programming environmenThe obtained distribution
characteristics were used as input in Ansys Flteset up appropriate injections. The spray was
properly discretized and represented by a suffiidarge number of computational droplets. The
spray simulation was finally validated by compariihg computed data with the experimental
data.

It has been shown that Ansys Fluent is able toesat reasonably well sprays in terms of
overall drop size distribution. However, in caseeds interested in a more detailed spray
description then more sophisticated atomizer moolet®mplex injections may be necessary.
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5.2 Validation of an Effervescent Spray Mode with Secondary
Atomization and its Application to Modeling of a Largescale
Furnace

Abstract

The present work consists of a validation attemfptuo effervescent spray model with
secondary atomization. The objective is the sinmtabf a 1 MW industrial-type liquid fuel
burner equipped with effervescent spray nozzle. @&tepted approach is based on a double
experimental validation. Firstly, the evolution rafdial drop size distributions of an isothermal
spray is investigated. Secondly, the spray modwdsted in a swirling combustion simulation by
means of measured wall heat flux profile alongftame.

In the first part of the paper, both experiments described along with the measuring
techniques. Drop sizes and velocities measuredywsiDantec phase/Doppler particle analyser
are analysed in detail for six radial positions.céloheat fluxes are measured by a reliable
technique along the furnace walls in a large-sea®r-cooled laboratory furnace.

In the second part Euler — Lagrange approach idiegpgor two-phase flow spray
simulations. The adopted spray model is based an ltest industrially relevant (i.e.
computationally manageable) primary and secondaepkup sub-models complemented with
droplet collision model and a dynamic droplet dragdel. Results show discrepancies in the
prediction of radial evolution of Sauter mean ditaneind exaggerated bimodality in drop size
distributions. A partial qualitative agreement ieud in radial evolution of drop size
distributions. Difficulties in predicting the fomtion of small drops are highlighted. Comparison
of the predicted wall heat fluxes and measured loads in swirling flame combustion simulation
shows that the absence of the smallest dropletesaisignificant elongation of the flame.

Keywords: drop-size distribution, effervescent atation, modelling, spray combustion

5.2.1 Introduction

Spray combustion is one of the main ways to gaiargynin the power and process
industries. A great deal of effort is constantlyngeput into understanding of the fundamental
phenomena and processes governing spray formataswirling combustion. These efforts are
motivated by the need to achieve better performaloveer emissions and longer lifetime of
furnaces and combustors in various industrial appbns.

For combustion purposes, effervescent atomizergaréng on popularity. They were first
introduced by Lefebvre and his colleagues in the 1080s (Lefebvre et al., 1988). The spray
formation process in this type of atomizers does nety solely on high liquid pressure and
aerodynamic forces, instead a small amount of gasafly air) is introduced in the liquid before
it exits the atomizer and a two phase flow is falm@igure 1). When the mixture exits through
the nozzle, pressure suddenly drops, which caastskpansion of gas bubbles and breakup of
the liquid fuel into droplets. This breakup meclsamiallows to use lower injection pressures and
larger nozzle diameters without compromising thepesize distribution (Babinsky and Sojka,
2002).
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Wall Heat Flux Distribution

When designing a furnace or combustor one of thetnmoportant parameters is the
distribution of wall heat fluxes, especially on amwalls (heat exchanging areas). In the last two
decades, a number of works can be found where hedf fluxes are investigated either
experimentally, e.g. (Hayes et al., 2001), or nuicadly using computational fluid dynamics
(CFD) tools, e.g. (Vondal and Hajek, 2009a). Meament of local heat loads in industrial
conditions is however possible only using specesthflux probes that cannot provide reliable
detailed data covering the whole heat transfer, dngaonly a limited number of discrete points.
Additionally, industrial units typically have onlpugh estimates of the instantaneous total heat
transfer rate, e.g: 4 % in (Valero and Cortés, 1996).

The measurement of wall heat fluxes was traditigradnnected mainly to the identification
of fouling and slagging, especially in pulverisaxht boilers. Therefore many of the existing
probes are designed to operate in harsh envirosméniaboratory experiments the measured
heat flux data are naturally more reliable thamdustrial combustors. Even though, the accuracy
of available measurement methods is on the ordsewral percent. E.g. for the measurements of
thermal irradiation flux are often used ellipsoidafliometers (accuracy5 %) and water-cooled
circular foil heat flux radiometers (accuraty? %) (Hayes et al., 2001). The2 % accuracy is
about the best one can achieve with heat flux nmgtgarobes. However, as reported in (Hayes et
al., 2001), differences of values measured by thesemethods may reach up to 12 %, thus
decreasing the credibility of point heat flux measoents.

On the other hand, the measurement of heat tramaferin a segmental experimental
combustion chamber with water cooling may provigpraciably more precise values, as shown
in (Vondal and Hajek, 2009a). This is also the modthdopted in the present work.

Swirling Nonpremixed Combustion

The problem complexity is further enhanced wheringknto consideration, that the vast
majority of power burners use swirl stabilizers, discussed in (Kermes et al., 2007). The
turbulent swirling flow is difficult to model evealone and when chemistry and radiation are
added, the resulting problem becomes very comphethe present, proven approaches that can
deal with these complex flows include Large Eddyn@ations (LES) or direct numerical
simulations coupled with advanced chemistry modelg, (Sadiki at al., 2006). Those very
detailed results come at a price of extremely ldgmputational demands, which are generally
unacceptable in industrial applications. That ig/\welien authors of these advanced LES studies
are unsure whether the use of LES strategy withan future prevail over unsteady Reynolds-
averaged Navier-Stokes (RANS) approach (Jiang,e2@10).

More research is therefore needed to find simptee-effective numerical models from the
RANS or unsteady RANS class for the prediction wirling nonpremixed flames that would
yield practically relevant results. The issue otdbwall heat flux prediction in swirling
combustor has been recently investigated for tke chmethane swirling combustion in (Vondal
and Hajek, 2009a) and it has been shown, that \eakilheat flux predictions are very sensitive to
the choice of models used to describe the physicdlchemical processes occurring in flames.
Results in (Vondal and Héjek, 2009a) provide guieks for the selection of several sub-models
in computations of swirling nonpremixed gas flames.
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Spray Modelling

The presence of spray droplets in swirling spraylmastion further increases complexity of
predicting these flames. Clearly, to minimize thecertainties and errors that are caused by
numerical representation of sprays, appropriataysprodels need to be found and validated.

At the present time, two predominant methods faneiical spray representation are used:
the Euler — Euler and Euler — Lagrange approadmn@liet al., 2010). The first approach is
computationally demanding and so far is used almastlusively for spray formation
investigations without combustion as for examplgRiber et al., 2009; Shinjo and Umemura,
2011). The latter approach is less demanding dodslkemployment in combustion applications
as for example (Yan et al., 2008; Nieckele et 2010). The relative simplicity and low
computational costs of the Euler — Lagrange appr@ae compensated by the need to find or
develop appropriate sub-models for primary breaktapetermine initial droplet parameters like
diameter and velocity and their angular variatioss)l secondary breakup (breakup of droplets
that occurs farther from the nozzle) as well asafbother processes concerning the droplets, like
momentum, heat and mass transfer in the evaporsiray.

The most crucial step when modelling a spray inEhker — Lagrangian framework is the
primary breakup. The model responsible for thiscpss should ideally provide us with an initial
drop size distribution, velocity distribution andass flow rates, all dependent on spray angle.
Available advanced methods that try to approacs ithéalized model include for example the
Maximum Entropy Formalism (MEF) or Discrete ProigpiFunction (DPF) method. These two
methods are able to provide us with drop size aldcity distributions (in the case of DPF only
with drop size distribution) and can also, to soextent, predict multimodal distributions, as
demonstrated for example in (Chin et al., 1995)fodonately both have also significant
drawbacks. MEF requires two representative dromeiars and good predictions are achieved
only after adjustments of the model parametersriteroto fit experimental data. In the case of
DPF, probability density functions of the fluctuagi initial conditions are needed. Such
fluctuations can be caused by a number of factmsie of which are vibrations of the atomizer,
fluctuations in liquid delivery rate, fluctuations liquid properties (in the case of non-
homogenous liquids), fluctuations in exit velocigtc. However, at the present time we are not
able to measure these functions (Babinsky and $S@j#@2). So far these drawbacks disqualify
such methods from being widely used in industripplizations, although they represent
a promising research direction.

Since advanced models able to predict the wholgeraif diameters are not applicable at the
moment, simpler primary breakup models are beingdushese models usually focus on
predictions of a single representative diametepePacan be found, e.g. (Qian et al., 2010),
where authors propose empirical correlations batwtbe representative diameter and various
physical conditions based on measured data. Suchlatons are unfortunately valid only for
a small range of atomizers or even for a small €anf operating conditions. In industrial
combustion applications, operating conditions ave aonstant, therefore more flexible models
need to be employed. To overcome this obstacldytared formulas derived from first principles
are needed.

One of the analytical approaches to describe pyiratymization was performed by Senecal
et al. (1999). He relates to the pioneering worletrdisintegration by Weber (1931). In his work
he investigates liquid sheet atomization and deeetbe so called LISA (Linearized Instability
Sheet Atomization) model. Primary atomization deefescent atomizers has been assessed by
Lund et al. (1993). The approach of Lund is, simhildo the previous case, based on Weber's
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work (Weber, 1931), but when formulating the moddimpler instability analysis is used. An
improvement of Lund’'s model is proposed by Xiongket(2009), by applying the more rigorous
Senecal’s instability analysis.

Once the initial drop diameter is obtained, weiaterested in how will the drop change in
space and time. When primary breakup model providsmgle diameter, the expectation from
the secondary breakup model is to create an appadixin of the actual drop size distribution.
There are two main branches of secondary breakugelnioThe first branch is based upon
Taylor's analogy between an oscillating and distgrtiroplet and a spring mass system (Taylor,
1963) and it is called Taylor Analogy Breakup (TAmBpdel used for example in (Senecal et al.,
1999). The second model branch is based on the r@akup model of Reitz (1987). Here the
drop breakup is considered to be induced by thativel velocity between the liquid and gas
phase. The relative velocity causes the growth eWikHelmholtz instabilities which are
responsible for the final breakup. The model wasider example in (Park et al., 2009).

There are also other approaches to secondary lpea&delling. Xiong (Xiong et al., 2009)
employs Cascade Analogy Breakup model proposedabyndr (2004) to simulate an effervescent
atomizer. The secondary breakup model based oneFekRlanck equation proposed Apte et al.
(2003) is adopted by Vuorinen et al. (2010). Theseent models however yet have to be
extensively validated and thus have not reacheé aodeptance.

Spray Model Validations

In the area of combustion, spray models are usualigated based on their ability to predict
the Sauter Mean Diameter (SMD). This is a very hoagproach as follows from the discussion
in the preceding section. Significantly more dehiinformation would be needed to make really
sensible validations. Namely, data about radial €quivalently depending on spray angle)
distribution of droplet size and velocity would besirable, especially for the case of large
nozzles in industrial burners.

Currently, spray model validation studies compatemerical results with experiments
usually only in terms of axial SMD evolution. Thialidation concept is adopted for example in
(Qian et al., 2010; Xiong et al., 2009; Apte et2803; Aliseda et al., 2008; Tembely and Lecot,
2010). Apte predicts axial SMD evolution in a diesegine using a proposed hybrid particle-
parcel model coupled with a LES solver, but onkirggle experimental SMD value is used in the
comparison. A model for atomization of viscous ammh-Newtonian liquids in an air-blast
atomizer is described by Aliseda et al. (2008). el was validated in terms of axial SMD
evolution and good agreement has been achievéu ispray region farther from certain distance
downstream from the nozzle. Tembley and Lecot (200€ed MEF to predict drop size
distribution in ultrasonic atomizers. He developgdmodel able to predict initial drop size
distribution as well as how does the distributiblarge along the spray axis. However, this model
only predicts the overall drop size distribution @fspray cross-section at a specified axial
distance.

Recently, few papers can be found that addresisshe of radial drop size distribution and
radial SMD evolution. Park et al. (2009) employda: twave breakup model to investigate
biodiesel spray in various fuel and ambient condgiin terms of axial and radial SMD evolution.
Along with axial SMD evolution, also radial SMD dution was reported. Unfortunately, only
three radial SMD were disclosed. In (Pougatch et28l09) a new Euler — Euler spray model is
presented and applied to water air-assisted atbimizaRadial drop diameter evolution is
predicted at various axial positions, but regrdytabo comparison with experimental data has
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been made. This illustrates the pressing need &tidated spray models that would include
sufficient information for an informed choice of dels by CFD analysts in the industry.

Although many research papers have been publishedt @tomization and drop breakup,
only little attention is given to radial SMD or neordetailed spatial drop-size distribution,
especially in effervescent atomizers. The presamkwuggests that the drop diameter evolution
in radial direction plays an important role in cambon applications and spray models should be
able to predict this feature.

The approach adopted in the present work is therEulLagrange with improved Lund’s
model (according to Xiong et al. (2009)) appliedatcount for primary breakup. The secondary
breakup is then governed by Reitz's wave modelt@Rdi987). The motivation of the current
study is the prediction of radial drop-size diattibns and double experimental validation by
isothermal spray measurement and precise local ket flux measurement in a large-scale
laboratory combustion facility.

5.2.2 Experiments

This work reports data obtained from two differerperiments. In the first experiment the
effervescent atomizer was analysed in terms ofatattop-size distribution. The purpose of the
second experiment was to collect local wall heax flata in a large-scale combustion chamber
(for duties up to 2 MW). Both experimental reswdte later compared with data obtained from
numerical simulations.

Spray Measurement and Data Processing

The measured spray of extra-light fuel-oil was gatesl using the effervescent atomizer in
a vertical position described in (Jedelsky et @09 as configuration E38. The atomizer had
a single orifice (2.5 mm in diameter) and consisiéd cylindrical body with an inserted aerator
tube. The aerator had 80 holes, each 1 mm in demirough which the air entered into the
liquid. The volume of the mixing chamber inside therator tube is given by the length
downstream of the last row of air holes (35 mm) dredinternal diameter of the aerator tube (14
mm). The oil density, dynamic viscosity and surféeesion was 874 kgfn0.0185 kg/ms and
0.0297 N/m respectively. The atomizing pressure @asviIPa which corresponded to an oil mass
flow rate of 21.8 g/s and atomizing air mass flaterof 2.18 g/s (gas-liquid ratio of 10%). Drop
sizes and drop velocities were measured using seDanthase/Doppler particle analyser (P/DPA)
in 6 radially equidistant sampling points at 150 rfmom the atomizer orifice. The drawing in
Figure 2 shows the measurement points in a haltaofythe spray (between the axis and the
farthermost measurement point). A detailed desoripof the measurement can be found in
(Jedelsky et al., 2009). At each of the six measarg points more than 30,000 particles were
sampled, leading to a total of approximately 200,88mpled particles.

For the purpose of data analysis a software witplgical user interface was created using
MATLAB programming environment. The software wassideed for the processing of
experimental data from multiple measuring pointsgeserated by the measuring device. The
spray cone was supposed to be symmetrical. Thalaircross section of the spray cone at the
measurement distance was divided into annular are@ssponding to each measurement point
(clearly, for the innermost measurement point tiea avas circular). The drop-size distribution in
each measurement point was assumed to be idefutichle whole corresponding area (piecewise
constant). From the analysis detailed data wereigsztjabout the total drop-size distribution as
well as about the radial evolution of the drop-giribution as shown in Figure 3.
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A similar discrepancy, as seen in the work of Bskirand Sojka (2002), has been found
between measured and calculated mass flow ratéseafitomized liquid. The calculated mass
flow rate was approximately 60% smaller. Such bahais probably caused by a non-zero error
rate of the measurement technique causing rejecfiparticles.

The number-based drop-size distributions in sevafréthe sampling points in the measured
spray were bimodal. The distributions obtained ftbemmeasurement points close to the atomizer
centreline exhibited unimodal behaviour, but bimigananifested itself as the distance from the
centreline increased (see Figure 3). The overathbrar-based drop-size distribution is slightly
bimodal.

The volume-based drop-size distributions for reipeameasurement points on the other
hand do not display bimodality, but they generaliibit discontinuities in the large drop size
end of the distribution. These discontinuities milh again caused by the rejection of particles
during measurement or by insufficient sampling tillbe second option would mean that the
number of sampled particles is not high enoughréwige statistically meaningful results. Cleary
et al. (2007) and Jedelsky et al. (2004) both sarg2pl000 particles per measuring point while
Liu samples 50,000 to 100,000 droplets per meagupmint (Liu et al., 2010). A definitive
answer to this issue is unfortunately unavailablg @ more detailed experimental study would be
necessary to provide it.

Large-scale Combustion Facility

Wall heat fluxes in combustion chambers, furnacestmilers are one of the most important
parameters in process and power applications. Té$tebdition of local heat flux across heat
exchanging areas is of special interest due to mahtrength and durability implications. It is
therefore very important to have experimental datavalidation of computational predictions. In
this work local wall heat flux data were obtaineahnf a swirling spray combustion experiment in
the test facility located at the Institute of Prexeand Environmental Engineering of Brno
University of Technology (Figure 4).

The combustion experiment has been performed iraterveooled horizontal combustion
chamber (1 m internal diameter and 4 m length). gl of the chamber is divided into seven
sections; each of which has a separate water amie@toutlet and is equipped with a water flow
meter and temperature sensors, allowing for acedoatl heat transfer rate measurement along
the flame as described in (Vondal and Hajek, 2008hg¢ experimental facility is described in
detail in (Kermes et al., 2007; Kermes an&loBradsky, 2008). The fuel was atomized using
a single nozzle effervescent atomizer describethénprevious section. In Figure 5 is a simple
sketch of the burner and combustion air supply.duct

In order to reduce liquid fuel consumption (dudinated storage capacity), the combustion
chamber was preheated using natural gas. The lipgt and air operating parameters and
properties are reported in Table 1. Thermal dutth@experiment was set to 928.7 kW; HHV of
the liquid fuel was 42.6 MJ/kg. Stabilization oktlexperiment was established with respect to
local wall heat fluxes in all sections of the fureawhich were monitored continuously. After
reaching a steady state, the measurement procbdges and data were collected for about 30
minutes.

5.2.3 Modelling

This section outlines the models applied in the matational part of this work. The objective
is to evaluate models that are routinely applietheindustrial practice due to their computational
manageability. This implies that trade-offs betweeguracy and computational demands were
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required in the selection of all sub-models (fabtience, chemistry, radiation, spray formation
and secondary breakup).

The modelling work includes two separate simulaidrirst is a validation of the primary
and secondary atomization model in a setup that igrintonditions during the spray
measurements. Numerical drops are sampled in 6s aremesponding to the experimental
measurement points and emphasis is placed on #akcpon of drop size distributions in those
radial locations and their comparison with experitaeéresults. In the second simulation the same
spray model is used to compute the reacting flow large-scale oil-fired combustion chamber,
focusing on wall heat flux predictions.

The computations were performed in Ansys Flueneogkhsys Fluent, 2009). To track the
liquid particles Discrete Phase model (DPM) hasnbased, which is based on the Euler —
Lagrange approach. The particles were tracked imnateady fashion. The particle time step size
was set to 0.0001 s and Step Length Factor (SLEpt@he SLF controls the accuracy of particle
trajectory computation and the chosen value is lefughat recommended in (Broukal et al.,
2010).

To predict the particle trajectory, one has todgnage the force-balance equation, which can
be written (for thex direction in Cartesian coordinates) as follows:

du, __ . glo-p,)
dt _FD(U up)+ 0 ’ (1)

whereu, is the particle velocityy the surrounding air flow velocitygy gravity in x direction,p
andpg are the densities of the liquid and gaseous plage- W) is the drag force per unit particle
mass.
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whered is drop diameteyy, is the molecular viscosity of the fluid (aip is the drag coefficient
(will be defined in the following sections) and.&&s the relative Reynolds number defined as
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In order to take into account the turbulent floweefs on particle motion, the Discrete
Random Walk (DRW) model has been applied. Timeescahstant in the DRW model was set to
0.15, which is appropriate for thes turbulence model according to (Ansys Fluent, 208}
references therein. The DRW model simulates intenag of a particle with a succession of
discrete stylized fluid phase turbulent eddies.

Spray Model

Ansys Fluent offers a variety of atomizer modeld @&jections. Unfortunately, it does not
offer any atomizer model that corresponds to tleengter used in the experiments; therefore it
was decided to use a so-called solid ciofection instead. The spray is axially symmetriaatl
therefore, to reduce computational costs, only & &0inder section has been meshed using
15,720 hexahedral cells, with approximately 50,a#@ 8 grid nodes in the axial, radial and
tangential directions respectively. The dimensiohghe cylindrical computational domain were
as follows: 800 mm height and 400 mm diameter. dbmmain was filled with air and the spray
originated on the centreline 200 mm from the dietitbase of the cylinder (see Figure 6). The
spray was injected from a small circular area afrédter 2.5 mm representing the actual nozzle
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orifice. In the position of measuring location 1M downstream from the injection a series of
concentric annular control surfaces have been gahat enabled the virtual measurement of
droplets. A small air co-flow (0.5 m/s) was intraed to improve solution stability, periodic
boundary condition was enforced on the sides of3@® cylinder section in order to obtain
meaningful results for the whole cylinder and fipa pressure outlet condition was used for flow
exit. A porous zone was introduced at the end efdbmain to prevent possible backflow. The
backflow would not have any effect on the sprathm analysed locations due to the large size of
the domain, but it is undesirable as it causeslpnabin simulation convergence. Turbulence was
modelled usingk-¢ realizable model (Shih et al., 1995) with the i@ values of model
constants, namely:Cand G equal to 1.44 and 1.9 respectively, and turbuRrandtl numbersy
ando. equal to 1 and 1.2 respectively.

The spray measurement was performed in verticahd@rd configuration and the influence
of gravity on drop velocity in the sampling locatiwas therefore negligible.

Primary Breakup

As pointed out in (Xiong et al.,, 2009), in numeroagperimental observations of
effervescent atomizers it was concluded, that ttwgry atomization of the liquid undergoes
three stages. First, assuming that the two phaseifi the nozzle is annular, an annular sheet
forms and breaks up into cylindrical filaments. @st; the filaments break into ligament
fragments. Finally, the ligament fragments stabiltz form individual droplets. In this work,
a one-dimensional breakup model based on Lund (laina., 1993) and further developed in
(Xiong et al., 2009) is used to predict the sprdDSafter primary breakup. The model assumes
that the annular liquid sheet breaks into seveydihdrical flaments with almost the same
diameter as the thickness of the annular sheetfilBingents then break into ligament fragments at
the wavelength of the most rapidly growing wave aadh fragment only forms one drop.

Regrettably, the model does not give any infornrmaabout the initial droplet velocity nor
about the spray angle. These parameters there¢ee to be estimated alternatively. The initial
particle velocity was approximated as 154 m/s usegormula

K-1

K K
W, = 2xplvg1K—_1 1‘(%} + 2(1‘ X)V| (pl - pz) + W (4)
1

derived by Jedelsky and Slama in Appendix 2 ofélsg et al., 2009), whens, is the discharge
velocity, w; is the velocity of the two-phase mixture in theximgj chamberp, is the pressure at
the discharge orificgy: is the pressure inside the mixing chambeis the specific volume of the
liquid phaseyg: is the specific volume of the gas phase insidenthéng chamberx is the gas-
liquid ratio andK is the isentropic exponent of the two-phase métlihe spray angle 18.44° was
determined from the experimental measurement (Bi@)r Lund’'s model is entirely based on
first principles and its variations are often a@abtdue to its simplicity and satisfactory
predictions ((Xiong et al., 2009; Schroder et 2010). The predicted SMD is later used as the
initial diameter of injected droplets during thenmerical simulation.

Secondary Breakup

Secondary breakup was taken into account by inotuthe wave model by Reitz (1987).
This model was developed for high-Weber-number $land considers the breakup to be induced
by the relative velocity between the gas and ligphdises. The model assumes that the time of
breakup and the resulting droplet size are relatedhe fastest-growing Kelvin-Helmholtz
instability. The wavelength and growth rate of thistability are used to predict details of the
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newly-formed droplets. This model is also oftendusethe area of internal combustion engines
(Fu-shui et al., 2008). The wave model requires paameters. The first paramet€x)(affects
the radius of the child droplets and has beencs6t&l based on the work of Reitz (1987). The
breakup time scale is governed by the second pa&ean®), which can range from 1 to 60
depending on the spray characteristics. The paer@ieis a measure of how quickly the parent
droplet will lose mass. A larger value means thaakes longer for a droplet to lose a given
amount of mass. In their work Liu et al. (1993)amenended 1.73 as a default value. In this
work, together with the default value, two othelues are tested, nameBs = 2.5 andC, = 10.

By using this model it is assumed, that atomizateoours only in the region close to the
spray nozzle, since farther downstream the relatélecity decreases due to aerodynamic drag
and the model no longer predicts any breakup. dfitye secondary breakup occurs even further
downstream from the nozzle. However, for the curoase a reasonable assumption is made that
the highest rate of drop breakup is concentratethénregion close to the spray nozzle and
therefore breakup in low-velocity regions is netgelc

Droplet Collision

The algorithm of O’'Rourke (1981) was used to debeenthe outcome of drop collisions.
Rather than calculating exact trajectories to $qmicel paths intersect, O'Rourke's method is
a stochastic estimate of collisions. Two particts collide only if they are in the same
computational cell. Once it is decided that twocpls of droplets collide, the algorithm further
determines the type of collision. Only coalesceand bouncing outcomes are considered. The
probability of each outcome is calculated from todlisional Weber numbeiYe) and a fit to
experimental observations. Here,

’D
we, =202, (5)

whereU is the relative velocity between two dropldisis the arithmetic mean diameter of the
two dropsyp is the liquid density ane the surface tension.

The O'Rourke algorithm does not take into accobmetgthattering outcome of the collision,
which occurs at high Weber numbers. This drawbassdot necessarily need to be significant,
as the Weber number is expected to decrease rgidin et al., 2010). However, this can cause
absence of small droplets in the region closeéactiray nozzle.

Droplet Drag Model

Accurate determination of droplet drag -coefficients crucial for accurate spray
modelling. Ansys Fluent provides a method that mheitees the droplet drag coefficient
dynamically, accounting for variations in the detpthape. The shape of drops is often assumed
to be spherical, but in the case of high Weber rarsibthis assumption can distort the final
results. The dynamic drag model accounts for tfexesf of droplet distortion, linearly varying the
drag between that of a sphere and a value of hfésponding to a disk. The drag coefficient is
given by

Cp =C pepnll+ 2632y), (6)

where Cpsph IS the drag coefficient of a sphere apds the distortion, as determined by the
solution of

dzy_CFpgu2 _Co  Cyy dy
dt? C,por® pr®’ pr?dt’
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wheret is time, r the undisturbed drop radius, the drop viscosity andC, Ci, G, Gy are
dimensionless constants equal to 1/3, 8, 0.5 amdspectively, as determined by O’Rourke and
Amsden (1987).

Combustion Model

The swirling combustion simulation was performedngscommercial CFD code Ansys
Fluent as well. The main goal of these simulatiaf@s to predict heat fluxes absorbed by the
cylindrical water-cooled combustion chamber walar the purposes of numerical analysis
a mesh was constructed in the software Gambit (Eig). The total number of computational
cells (97 % of which are hexahedral) was nearl¥Q,@00, with approximately 200, 65 and 135
grid nodes in the axial, radial and tangential dioms respectively. Four boundary conditions
were applied — mass flow inlet (for combustion @ee Table 1), pressure outlet, prescribed
temperature on the water-cooled walls (80°C (Vo Hajek, 2009b)) and adiabatic condition
for the remaining walls.

The flow field was obtained by solving the unsted®igynolds-averaged Navier-Stokes
equations together with turbulent mixing controlleddy breakup model (Magnussen and
Hjertager, 1977) to account for turbulence chemistieractions. Turbulence was modelled using
the k-¢ realizable model used for the isothermal sprayukition. In combustion chambers, the
main mechanism of heat transfer is radiation. Aswsh by Baek et al. (2002), the discrete
ordinates model offers good results and reasonablaputational demand. The absorption
coefficients were obtained using the domain-baggaach of the weighted sum of grey gases
model, which reportedly gives good prediction feahtransfer according to (Stréhle, 2004). The
fuel droplets were modelled as discrete Lagrangiatities — particles. The atomized fuel was
modelled using the models specified in section35.2he operating conditions were identical to
the combustion experiment (Table 1) and gravity veken into account, since the combustion
chamber is in horizontal position.

Evaporation

As the droplets are heated up by the reaction hesds transfer occurs between the discrete
Lagrangian entities (fuel droplets) and the cortimsl gas phase. To take into account such
interaction between phases, mass source termsteyduced to the gas phase in appropriate cells,
whereas the mass and temperature of droplets arsted simultaneously. The evaporative mass
fluxes are governed by gradient diffusion, with flex of droplet vapour into the gas phase
related to the difference in vapour concentratibtha droplet surface and the bulk gas. No flow
inside the droplet is considered and droplet ptiggersuch as temperature and density are
considered to be uniform over the droplet volume.

5.2.4 Results and Discussion

In the following subsections results will be praseinand compared with experimental data.
Shortcomings will be mentioned and their sourcels @ discussed. First, the results of the
isothermal effervescent spray simulation will beeggnted and discussed, followed by the
combustion simulation of large-scale combustor.

Spray Simulations

The initialization, motion and breakup of dropletsd their interaction with the gaseous
phase were governed by sub-models presented ilmrsécR.3. For this isothermal non-reactive
simulation the sub-model for droplet evaporationswiisabled. The initial droplet diameter
predicted by the primary atomization model was 2.
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Data on the resulting numerical spray were coltkciie a similar manner as in the
experiment. The only difference was that data veslected from concentric annular areas and
not points as in the physical experiment. The rata dvere imported into Matlab environment
and further analysed and visualized in the same agathe experimental data. The objective was
to investigate predictive capabilities of the stddcspray model in terms of radial and overall
drop size distributions.

Form Figure 8 it is apparent that the model irttaibe cases (as defined in section 5.2.3) fails
to predict drop diameters smaller than approxingaddlpum and on the other hand the maximal
predicted diameter is greater (24) than the maximal experimentally measured diam@te4
um). This may be caused by the wave model, whicls da¢ predict any breakup at low Weber
numbers. Additionally, drop coalescence is not dighied in these conditions, thus increasing the
drop diameter in spray regions with low Weber numBdso, for all the three cases the maximal
diameter decreases while moving radially to theygperipheral region, which is contradictory to
the experimental results.

The overall SMD obtained from simulations (6%r6) under predicts the experimental value
(83.2um). This mismatch is opposite than the one reparig&chroder et al., 2010), where the
simulated SMD over predicted experimental SMD.

The radial evolution of predicted and measured SM&hown in Figure 9. The experimental
measurement shows that SMD is smallest at the spey and then increases when moving
radially to the edge of the spray. The predictedD&&olution is however different. At the spray
core the biggest SMD value is predicted and SMiEh&rrdecreases. After the third measurement
point it remains almost constant. This discrepadiearly shows the poor prediction of radial
spray drop-size distribution regardless of @agarameter value.

The comparison of radial evolution of the numbesdsh drop-size distributions at the
sampling locations 150 mm downstream from the atemisame as in the experiment) are shown
in Figure 10. In the first three measuring poinsht towards the right hand side of the predicted
distribution is observed for all thré& parameters. In addition, bimodal behaviour is joted in
all measurement points for the c&%e= 1.73 and in the last two measurement pointshiercase
C> = 10. The predicted drop sizes in the periphesdions are also smaller than the
experimentally measured values.

In Figure 11 are presented volume-based drop-$stebditions corresponding to appropriate
measuring points at the same locations as in tbéqus paragraph. Except for the measurement
point on the spray axis (r=0mm), all three casge gery similar results and are relatively closer
to the experimentally measured distribution thathim case of number-based distributions. In all
measurement points the caBe = 10 has the “heaviest” tail, meaning it preditie largest
droplets. This is expected, since as mentioneceatian 5.2.3 the higher the value ©f, the
slower the atomization process is.

Figure 12 reports the comparison of overall drage-dlistributions based on number and
volume. Similarly as in Figure 10, bimodality isedicted in the cas€, = 1.73 and also the
“heavy” tail in the cas€; = 10 is again apparent. The deficiency of numeériesults is marked
by the absence of small numerical drops.

The phenomenon of bimodality manifested itself othbexperimental as well as in the
simulated drop size distributions (mainly in thee&2 = 1.73). Such behaviour is not uncommon
in spray applications and it would be a significaiat to be able to predict it. Bimodality, in some
cases even multimodality, also raises the questbout legitimacy of using a single
representative diameters (e.g. SMD) to representithp size distributions.
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For a really detailed analysis of the quality of tkecondary breakup model, more
experimental data at different axial locations wiolle desirable, but are unfortunately not
available.

Combustion Simulation

This section presents a comparison between expat@theobtained local heat transfer rates
and numerical prediction. Although none of the ¢hcases discussed in the previous sections can
be claimed to be superior, in the combustion sitiariathe caseC; = 1.73 has been used. The
reason is that it captured the bimodality phenomegtéer with respect to the other cases. The
numerical results are also compared with the resoit authors' previously proposed model
(Broukal and Héjek, 2010), where no breakup waertakto account and the particle diameters
were initialized with a Rosin-Rammler drop sizetidlition, which was based on experimental
results. The previous spray model was thereforeagriory on experimental data, which is not
the case in this study. Despite the older resutaa present a better alternative, they have been
compared with the current simulation in order tsmpout some interesting consequences.

Numerous experimental measurements have beenpedadn the last few years for the case
of natural gas combustion in the same testingifagVondal and Hajek, 2009a; Vondal et al.,
2010). Repeatability of the applied heat flux measwents and accuracy of the method that
measures heat extracted in individual sectionb@furnace has been addressed in (Vondal et al.,
2010). Overall, the method provides highly reliabiel accurate data, unlike point measurements
using heat flux probes as discussed in the Intribauc

In Figure 13 it can be seen that the wall heateffugbtained from simulations do not agree
well with the experimental measurements. The sitimapeak occurs between th& &nd &'
section while the experiment suggests the peakasna the # section. The simulation also
under predicts the maximal wall heat flux. Onehs teasons of these discrepancies is clearly the
representation of the effervescent spray, whoseltheks were discussed in the previous section.
The figure suggests that the smallest drops mighnissing and therefore it takes longer for the
spray to evaporate and subsequently to burn, tlowveign the flame farther downstream.

It is interesting that the predicted wall heat #axare quite close to the results obtained using
author’'s previous model (Broukal et al., 2010) daesgsignificant differences in the spray
representation. This may be caused by the fact hb#t spray representations suffer from
significant deficiencies. At this point it is difflt to tell the reason of this occurrence, sinse a
other phenomena involved in the simulation (turbake radiation, chemistry) present a great deal
of uncertainty. Further examination is needed iteoito determine the nature of this behaviour.
Related work focusing on the case of natural gasberstion as documented e.g.in (Vondéal and
Hajek, 2009a) shows these effects of other modgbiptions. Swirling combustion applications
clearly present a very complex task for numericatleiling.

Another possible cause could be the simplificatbithe effervescent atomizer model. The
simulations did not take into account the atomizangexiting the atomizer nozzle together with
the liquid drops. Although the flow rate of the miring air is very small compared to the
combustion air (0.5 %), it might have importanteeté6 on the mixing process of the evaporated
fuel with air. This issue is closely related tobwlence modelling, which has major effects on the
predicted wall heat fluxes as observed in the itiga8ons concerning natural gas combustion
(Vondal and Hajek, 2009a; Vondal and Hajek, 2009b).
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5.2.5 Conclusions

The present work provides a detailed analysis andirssuccessful validation attempt of

a modern industrially relevant (i.e. computatiopathanageable) effervescent spray modelling
approach. The investigated application is a 1 MViflsig flame of light fuel oil in a large-scale
water-cooled laboratory furnace. Data for validatioclude spray characteristics in six locations
along the spray radius at 150 mm axial distanam fitee nozzle and distribution of local heat flux
along furnace walls. The following conclusions &vdrawn:

The measured number-based drop size distributiomfi@rvescent spray is unimodal
around the axis and bimodal in the external pathefspray. Volume-based distributions
are much less smooth and rather than bimodality thieplay irregularities among the
larger drops. The volume-based distributions agarty much more sensitive to the number
of measured drops.

The measurements prove that in effervescent spraydnsufficient to measure a single
total drop size distribution for a given axial gam, as the distributions change very
significantly in the radial direction. Single SMDalue that is often provided in the
literature is even less representative.

Comparisons between predicted and experimentalbsared radial drop size distributions
show that the spray model implemented in this weaked on Lund’s primary breakup
model (Lund et al., 1993) and secondary breakupemloyl Reitz (1987) is insufficient to

describe the formation of effervescent spray.

The computational model does not predict the foienabf small drops below 3@m,
which is in contrast with drops down tquB observed in the measurements.

Comparison of the predicted and measured heat lmadsrnace walls shows that the real
flame is significantly shorter. As predictions faatural gas combustion in the same furnace
with a similar gas burner do not display this dipamcy (Vondal and Hajek, 2009a), it may
be attributed to the deficiencies of the spray rhodwinly to the missing small drops
below 30um.

Drop dynamics at the atomizer exit seems to bergoitant factor that should be reflected
by the primary breakup model. Drop size, velociyd mass flow rate should be functions
of the spray angle.

TheC; parameter value in the secondary breakup sub-niBedéiz, 1987) is shown to have
only little effect on the drop size distributiortsdied in this case.

The proposed method of spray model validation bglyaing radial (i.e. depending on
spray angle) drop size distributions provides Maleiansights and indeed seems to be
necessary for effervescent sprays.
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Figure 2. Schematics of the spray measurement (dimensiorsxaressed in mm)
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Figure 3. Drop-size distributions based on number and volatarious measurement points and overall
distributions;r represents the radial distance of the measurepaémit form the spray centreline at 150 mm
downstream from the spray nozzle.
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Figure 4. Combustion test facility
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Figure 6. Geometry of the cylindrical computational domain

60



Minimal diameters

35f
P ® ——— —
30} B 2
E
'g 251 — — — Experiment |
g —9—02=1-73
s 00 Cx .. C,=25
°© —
5 15l .—@—-C,=10
a
10
5.
0 . . . .
0 10 20 30 40 50

Radial position [mm]

0400 (m)

[

Figure 7. Geometry of the combustion chamber with air duct amdletail of the mesh in axial cut

0.100 0.300

Maximal diameters

250|:|J
— — — Experiment
2401\ = 1
.\ —— C2 =173
230 R X (32:2_5
\ -
2200 . .—@—C,=10
A \
210f
200
0L — N——= e~~~ T T T 77
wol & T
170
160}
150 ) ) ) )
0 10 20 30 40 50

Radial position [mm]

Figure 8. Minimal and maximal drop diameters (at axial dis@d50 mm)

1209 ]
o N\
N\
lO(k T
— 80
€
=
a
S 60
7
40 ~ — — — Experiment
—— C2= 1.73
201 -x--- C,=25 ]
—@—-C,=10
0 . . . .
0 10 20 30 40 50

Radial position [mm]

Figure 9. Comparison of measured and computed radial SMDuéwgol (at axial distance 150 mm)

61



r=0mm

0.5

Number fraction [-]
o o
w ~

o
)

0.1p

— — — Experiment
—o—C,=173
X CZ: 2.5
— 00— CZ =10

r=20mm

Number fraction [-]

0.35} r=40mm

Number fraction [-]

0 50 100
Drop diameterfim]

0.5

0.45p

0.4}

0.4}

r=10mm

r=50mm E

Drop diameterfim]

Figure 10.Plots of numbebased drop-size distributions at various radiehtmnsr (at axial distance 150

mm)

62



Volume fraction [-]

Volume fraction [-]

Volume fraction [-]

0.2}

0.16

— — — Experiment r=0mm % r=10mm
— o6 C,=173 /5] | 0.14} T x
C =25 o .
2 |
—@—-C,=10 d

r=20mm r=30mm

0 50 100 150 200 250 0 i 50 100 150 200 250
0.3f
r=50mm
0.2}
0.25f
0.2 0.15f
0.15f
0.1}
0.1f
0.05f
0.05f
=~ ~
o ? . > 0 . 2
0 50 100 150 200 250 0 50 100 150 200 250
Drop diameterjim] Drop diameterim]

Figure 11.Plots of volumebased drop-size distributions at various radieatmnsr (at axial distance 150

Number fraction [-]

mm)
Overall number-based drop-size distribution Overall volume-based drop-size distribution
0.3} F — — — Experiment | 02} « — — — Experiment |
\x —— 02 =173 . —— 02 =173
n o~
x .. C =25 0.18f o2 x .. C,=25
0.25} . 2 1 N 2
L —o—-C,=10 0.16} |- —@g—-C,=10
§ T R AN
= 0.14
02 5°
g 0.12
0.15f g 0.1
=
- S 0.08
’ 0.06
o0.05l 0.04
0.02f (==
- i R
0 3 0 . . .
0 50 100 150 200 250 0 50 100 150 200 250
Drop diameterjim] Drop diameterjim]

Figure 12.Overall drop-size distributions (at axial distard&® mm)

63



60 I}

50t
40p
30t

20

Wall heat fluxes [KWIf]

— © — Experiment
—%— Simulation — Current
++ B -+ Simulation — Broukal and Hajek [46]

10

0 0.5 1 15 2 25 3 35 4
Axial distance [m]

Figure 13.Comparison of measured and computed wall heatdluxe

Tables

Table 1.Experiment parameters

Fuel mass flow 78.48 [kg/h]
Atomizing air mass flow 7.85 [kg/h]
GasLiquid ratio (GLR) 10% [-]
Combustion air mass flow 1280 [m3/h]
Global air equivalence ratio 1.46 []
Fuel density 820.7 [kg/m3]
Combustion air temperature 4 [°C]

Fuel temperature 32 [°C]
Atomizing air temperature 20 [°C]
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5.3 Experimental and Numerical Investigation of Wall Heat Fluxes in
a Gas Fired Furnace: Practicable Models for Swirling Non-premixed
Combustion

Abstract

Natural gas combustion and combustion of othetrt liglirocarbon gases is still one of the
primary means of gaining heat. This applies esfigdar process and energy industries, where
gas combustion is used as heat source for varimeegses. It is therefore of crucial importance,
that the combustion chamber is designed properbyrdier to optimize the heat transfer process.
Recently, CFD (Computational Fluid Dynamics) tdmdse proved themselves as a great potential
aid for designers and engineers. These tools gli@alicting of various phenomena of practical
interest.

The main focus of this study is to validate a nuoarmodel for swirling combustion in
terms of wall heat fluxes using reliable measurathdThe first part of this study deals with the
experimental measurement of wall heat fluxes. Twmér duties are taken into account: 745 kW
and 1120 kW. The second part consists in a nunteieysis of the problem. The simulations
are performed using unsteady RANS with four différéurbulence models coupled with
chemistry and radiation models. Boundary conditimresset identically to the experiment.

Two simulations are performed (one for each budugy) and finetuned. The measured and
simulated wall heat flux profiles are finally compd and shortcomings if the numerical model
are reported and discussed.

5.3.1 Introduction

The study of flame structure is the subject of Kagljing interest within the combustion
modelling community. Detailed in-flame measuremeotstemperature, velocity and species
concentrations have served as validation of manphefexisting combustion models. Unlike the
in-flame properties, wall heat fluxes have beerduse model validation only rarely. Heat flux
measurements reported in the literature are efiber measurements or global heat transfer rates.
Spot measurements however mostly provide just tieemal irradiation flux, not the actual
radiative or total heat transfer rate as demorestrat some studies of industrial furnaces and
boilers (Hayes et al., 2001; Strohle, 2004). Likeyiglobal heat transfer rates calculated from the
total hot water (steam) production are insufficimtthe validation of detailed predictions.

In contrast to that, the interest of engineeringucmnity focuses primarily on local heat
fluxes and pollutant emissions. Emissions are etlidiamely to ensure compliance with
legislative regulations, while heat fluxes are iegflito check proper furnace design and to ensure
safe operation and durability. It is thus appatbat the correct prediction of local heat fluxes on
heat transfer surfaces is one of the most impowiapects of practical combustion simulations
that should receive adequate attention.

Swirl-stabilised non-premixed flames are frequenthed in industrial burners, but at the
same time they present a huge challenge, since riaaherediction of swirling flows is very
difficult. Only with the advances in large eddy siations (LES), successful predictions of in-
flame properties were reported (Fureby et al., 20@mes et al., 2007; Sadiki et al., 2006).
However, the LES approach is still too computatignexpensive for the simulation of large-
scale fired heaters due to their huge dimensianthé order of 10 m) and the need to resolve fine
features like gas nozzles with diameters on theroadl 1 mm. The only viable alternative for
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practical predictions in the present as well asadarmumber of years to come thus consists of
models based on first or seceodler turbulence closures.

5.3.2 Experimental Measurement
Experimental Facility

The wall heat fluxes measurements were performetth@nexperimental facility located at
Brno University of Technology. The chamber hasranfof a water-cooled horizontal combustion
chamber with 1 m internal diameter and 4 m lengte(Figure 1). The shell of the chamber is
divided into seven sections; each of which haspars¢e water inlet and outlet and is equipped
with a water flow meter and temperature sensorewalg for accurate heat transfer rate
measurement. The experimental facility is describe@ermes and Bohradsky, 2008; Kermes
et al., 2007) and details about the measurementspya can be found in (Vondal et al., 2010).
A low-NOx staged-gas burner with axial swirl gerteravas employed and fired by natural gas.
Flame ignition and stabilization is performed bymall (25 kW) premixed natural-draft pilot
burner. Its thermal duty was included in the ttit@rmal duty.

This facility has been used for several measuresnealthough with different scope
(Bélohradsky et al., 2008; Kermes anddhradsky, 2008; Kermes et al., 2008).

Figure 1. Testing facility

Table 1.Operating conditions

Case 1 Case 2

Thermal duty [kwW] 746.9 1119.6

Natural gas flow rate [kg/s] 0.0152 0.02278
Air flow rate [ka/s] 0.29 0.436
Natural gas temperatt  [°C] 16.31 16.83
Air temperature [°C] 11.75 14.54
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Wall Heat Fluxes Measurements

Two different burner duties were tested: 745 k\Wséca) and 1120 kW (case 2). The local
wall heat fluxes were measured based on the heatlzdx by the cooling water. Stabilization of
the experiment was established with respect td leal heat fluxes in all sections of the furnace,
which were monitored continuously. After reachingtaady state, the measurement procedure
began and data were collected for about 30 mindites.operating conditions for both cases are
presented in Table 1.

5.3.3 Modelling

For each of the two cases a combustion simulatias performed using commercial CFD
package Ansys Fluent. The problem was carefullyupetaking into account recent results of
arelated investigation (Vondal and Hajek, 2011)e Tmain goal of these simulations was to
predict heat fluxes absorbed by the cylindricalesaboled combustion chamber walls for two
different burner duties, namely 745 kW and 1120 kW.

Computational Grid and Setup

For the purposes of numerical analysis a mesh wastructed in the software Gambit. The
total number of computational cells (97% of whigle dexahedral) was nearly 1,200,000, with
approximately 200, 65 and 135 grid nodes in thealaxiadial and tangential directions
respectively. During the computations the mesh wadapted according to temperature and
vorticity gradients, leading to a total of approzi@ly 1,500,000 computational cells.

Four boundary conditions types were applied — nilasg inlets (for combustion air and
methane), pressure outlet, prescribed temperatutbeowater-cooled walls of 80°C (Vondal and
Hajek, 2009) and adiabatic condition for the renmgjrwalls. Boundary and operating conditions
were set identical to the experiment.

Turbulence and Chemistry

The flow field was obtained by solving the unsted®igynolds-averaged Navier-Stokes
equations. Four different turbulence models westete ke realizable, kk RNG (based on
renormalization group theory), d«-SST (Shear-Stress Transport) and RSM (ReynoldsssStr
Model).

To account for turbulence chemistry interactionsl aombustion the Eddy-Dissipation
model (Magnussen and Hjertager, 1977) has beenogethl This model falls into the family of
eddy breakup models and therefore combustion o@sigoon as fuel and oxidants are mixed.
Due to the simplifying assumptions only a singkepsteaction mechanism has been used.

Radiation

In combustion chambers, the main mechanism of theasfer is radiation. However, by this
time no generally accepted model has been develépedhis study the discrete ordinates model
has been used due to its reasonable computatienadrdi. A recent model for the absorption
coefficients has been implemented (Yin et al., 20Mbich is based on approach of the weighted
sum of grey gases model.

5.3.4 Results and Discussion

This section provides a summary of computed resaftd comparison of the various
turbulence models employed. Both comparisons of piteglicted local wall heat fluxes with
experimental measurement can be seen in Figured Zigure 3. The error bars in the figures
represent the standard deviation.
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Figure 3. Comparison of predicted local wall heat fluxesassn simulation and experiment — 1120 kW

Table 2. Total Wall Heat Fluxes
Case 1 [kW Deviation [%] Case 2 [kKW Deviation [%]

k-¢ realizable  426.8 2.59 595.3 0.19
k-¢ RNG 445.3 1.63 619.9 4.33
K-o SST 448.6 2.37 589.3 0.82

RSM 452.9 3.35 635.7 7
Experiment 438.2 594.1

In case 1 it can be said that good agreement ie\ah with all turbulence models (see
Figure 2). After a closer look the RSM model pr@ddhe best agreement (only in the last section
it is surpassed by the other models). Howeves, itnportant not to forget, that the RSM model is

by far the most computationally expensive amongatiher models. The &-RNG and ke SST
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models give very similar results, while the kealizable model, compared to the others, gives th
poorest predictions. Overall, the section wherdahst agreement is achieved is tHes@ction.

The comparison of case 2 is reported in Figure Becompared to the previous case, the
prediction is not as successful. Again, all modese only small deviations. In the first four
sections all models underpredict the wall heatdfyxwhile in the last two sections they are
overpredicted. Similar trends can be also founithéprevious case, but they are not as distinct as
in this case. It is also interesting to note, tmaist models predict an increase of wall heat flux
between section 5 and 6, while the experimenta Have the opposite trend. No model can be
clearly said to give best agreement. The fealizable and ks SST models give very similar
results similarly and a similar resemblance caffiobed among the k- RNG and RSM models.
The 7" section is, as in the previous case, where all aisodtruggle to give acceptable
predictions.

Although the only difference between the two sinedacases was the burner duty, in the
case 1 good agreement was achieved unlike in cd&se=R with the up-to-date radiation approach
(Yin et al., 2010) the simulation results in casea@inot be considered good. From Figure 3 it can
be seen that the predicted flame is longer, whielama that the mixing of fuel and oxidizer is
occurs at a smaller rate then in reality. This rtjeahows the difficulty of modeling swirling
flows. As the burner duty is increased, the gasorgés increase as well accentuating the role of
swirling in the mixing process. The swirling pheramon has not yet been fully understood and
current turbulence models are not able to captise complex flow structure properly
(Mitrofanova, 2003).

In general it cannot be said the RSM model is sapeompared to the two-equation models.
Although it gives slightly better predictions okl heat fluxes the growth of computational effort
is significant and is likely to disqualify this meldwvhen it comes to industrial applications.

An overview of total heat fluxes in the combustramber is reported in Table 2. In case 1
all models give reasonable agreement with only lsdifferences among them. In case 2 k-
realizable and ks SST give very accurate prediction of the totallvkalat flux while ke RNG
and RSM gives much worse predictions. It is worthing that the RSM model gives in both
cases the least accurate predictions.

5.3.5 Conclusion and Future work

This study addresses the issue of turbulent swidiais combustion. Two cases with different
burner duties (745 kW and 1120 kW) were addressé éxperimentally and numerically. Four
commonly used turbulence models were comparedrinstef local wall heat fluxes predictions
and confronted with experimental measurements. réhalts indicate that in the case of higher
duties (case 2) the used models struggle to cagierswirling effect, which results in slower
mixing of fuel and oxidizer leading to longer flasn@nd mismatch between predicted and
measured wall heat fluxes. It can be argued, theretare turbulence models able to overcome
these shortcomings, but unfortunately they arktstil computationally expensive to be employed
across the board. Furthermore it is shown that ddeanced RSM model has difficulties
predicting total wall heat fluxes as accuratelysemspler two-equation models. More research is
therefore needed to better understand the swidnogess and to find efficient ways to improve
current models or to develop new ones.
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54 Review on Validation of CFD Modes of Swirling Flows by
Experimental Data

Abstract

Efficient research and development of combustiopliegtions is not possible without an
experimental facility. Recently, development hasoabeen supported by Computational Fluid
Dynamics (CFD). CFD models, however, have to badatdd against experimental data to
become reliable tools for predictions. This artick¥iews available experimental data that are
necessary for validation of CFD models of swirltagbulent reacting or nonreacting flows. The
review is primarily concerned with measurements &fD model validations of swirling
turbulent combustion. However, swirling turbuleswthermal flows are included as well for sake
of completeness. Experiments under wagfined conditions are stressed. These experinaats
identified as popular with CFD modelers as thewg® for complete experimental data, that are
appropriate for validation.

5.4.1 Introduction

One of the most important components in industt@hbustion applications is a burner.
Since different applications may require more @slespecific designs of burners, numerous
special types of burners are developed and foumpaactice (Baukal, 2003). Beside experimental
methods, Computational Fluid Dynamics has also guoto be helpful in development and
optimization of burners. However, CFD simulation tafbulent combustion is complex as it
includes modeling of turbulent reactive flow withdrative heat transfer. There is no general
method or procedure that could be applied to modetif any kind of burner or combustion
system to correctly describe all features of theusated flow. For instance, Franzelli et al. (2012)
showed effects of perfect premixing assumption esults of Large Eddy Simulation (LES) of
combustion instabilities in swirl burners. Evercase of swirling turbulent flow without presence
of chemical reactions or additional radiation megdaiare must be taken when choosing an
appropriate turbulence model for the descriptiomain flow properties as demonstrated e.g. in
(Benim et al., 2007). From this point of view, mbidg of swirling flows is still challenging task
and further development and validation of compatati methods are needed.

There is a lot of published literature with measweats of turbulent flows under various
conditions. The range of investigated phenomenaide and covers, for example, studies on
recirculation and flow field regimes, thermo-acaaigtstabilities, vortex breakdown, the effect of
pressure on flow field, fuel-air premixing and flarshapes. A comprehensive review in the area
of development of low-emission lean-premixed gabife combustion systems with respect to
combustion instabilities can be found in (Huang afahg, 2009). Since not all experimental
studies are suitable for validation of CFD mode&lsy. due to incomplete description of the
geometry or ill-defined boundary conditions, mudifiot has been made to establish solid
databases of measurements, that can be accesssel amii provide for all data necessary for
proper definition and evaluation of the CFD modbls serving CFD analysts for the model
validation. Masri (2011) discusses six key issuwgsdesign of experiments that provide not only
a better understanding of studied physics, butalgoality base for validation of calculations.

Many studies have been done on validation of CF@eatmof turbulent flows (both reactive
and non-reactive) using the experimental data weeshiavailable either directly from TNF
Workshop web site (“International Workshop on Measient and Computation of Turbulent
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Nonpremixed Flames,” 2013), or web sites of laklmias, that have been involved in TNF
Workshop. During the last ten years, a number d& IdE turbulent flows has notably increased.
Gicquel et al. (2012) review advances in LES ofmiig in gas turbine combustion chambers.
More general review on LES validation from expenitseis provided in (Kempf, 2008) and ideas
and notes on experiments for LES validation of costilon models are presented in (BOhm et al.,
2008). In addition, correct representation of inbeundary conditions has also been widely
discussed topic as it plays very important role&$ to produce accurate results (Malalasekera et
al., 2007). Various methods to introduce turbulemtindary conditions at the inlet are reviewed
e.g. in (Tabor and Bab&hmadi, 2010). Finally, some research groups healdated their
models against data sets that are not includetianTtNF experimental data archives, but still
available elsewhere in published literature. Ifasnd, that some experimental setups are more
popular with modellers for validation. Thereforemso kinds of burners are studied more
frequently than others. Both experimental and thal (i.e. validation) works are subject of the
present contribution and are discussed in theviatig sections.

This article follows the work of Vondal (Vondal amthjek, 2011a). Their selection of the
most important experiments on confined swirlingmois extended. It is not intended to provide
a comprehensive review. The aim is to explore ttterg to which published experimental data
are used to validate CFD models.

5.4.2 Structure and Classification

As it has already been mentioned, there are nuredyes of burners, only a few of which
have been studied both experimentally and theatstid=or the purpose of the article, the paper
is structured according to the type of flow - réapthon-reacting (isothermal) - and various
studies are classified according to a principleswofirl generation. Although the review is
primarily concerned with measurements and CFD moddidation of swirling turbulent
combustion, swirling turbulent isothermal flows émeluded for sake of completeness.

Several methods to generate swirling flows are ntedoin literature. These can be divided
into three groups (Vondal and Hajek, 2011a). Thassification is also adopted in the present
work.

Guide vanes (possibly adjustable) are typicallydusey. in industrial burners for process
engineering applications mainly due to operatioehhbility and simple design. The number and
design of vanes (i.e. shape, dimensions and arithe@gpect to the flow direction) are important
parameters influencing flow characteristics doweestn of the vanes. A study on the effect of
these parameters on the flow characteristics septed in (Raj and Ganesan, 2008).

Tangential inlet is probably the most often usedhoe to introduce turbulent component to
the flow. For example, Coghe et al. (2004) usexgpeemental configuration which is similar to
diffusive atmospheric pressure burners.

Direct rotation caused by, for instance, rotatmgets is not used in combustion applications.
It is found mostly in water systems. This kind efirk generator is applied e.g. in the work of
Liang (Liang and Maxworthy, 2005).

5.4.3 Isothermal Flows

There is a substantial amount of literature puklislon measurements and validation of
swirling turbulent isothermal flows. One of the m@opular measurements of such flows in
terms of the number of various validations wasiedrout and published by Dellenback et al.
(1988), who used a swirl generator with tangeniméts. The published experimental data

74



including both axial and tangential velocities avell-documented for flows with Reynolds
numbers ranging from 30000 to 100000 and swirl rensifrom zero to 1.2. These data have been
used for validation by many research groups. Comgedal. (2012) tested Raynolds-Averaged
Navier-Stokes (RANS) and LES models finding LESotdperform RANS model, Sentyabov et
al. (2011) compared RANS and Detached Eddy SinmiafDES) models and found DES to
predict tangential velocity component more acclydtean RANS. Chen (Chen and Chang, 1995)
modified the standar@ét-¢ turbulence model so that the hybrid one perforrbetter than the
original one. The problem of generating the inletifdary conditions for LES was examined by
Ahmadi (Baba-Ahmadi and Tabor, 2008), who developgutocedure for estimation of the inlet
profiles by applying a body force. There are matiyeo works referring to Dellenback et al.
(1988), most of which compare performance and aoguof various turbulence models, e.g.
(Kumar and Ghoniem, 2012; Nilsson, 2012).

Some examples of other validations of isothermak$él against experimental data are listed
in the Table 1. Turbulence models used in thedistadies (DNS — Direct Numerical Simulation,
URANS - Unsteady RANS) were exarad with respect to accuracy of predictions of eort
breakdown (VB), recirculation zones (RZ) and cohergtructures (CS). To the best author's
knowledge, no validation with experimental setupnidical to that of Escudier (Escudier and
Keller, 1985) has been carried out. Only qualimtoomparison of numerical results with the
experimental ones is presented in (Jochmann eR@D6). Although the list of works is not
complete, it can be concluded, that experimentafigorations with tangential inlets dominate
over others in validations of isothermal turbultotvs.

Table 1.Selection of Validations of Isothermal Flows

Type of Swirl Ref.to Ref.to Validation Turbulence Subject
Generator Experiment models of Study
Tangential inlet (Al-Abdeli and| (Malalasekera et al. LES VB, RZ
Masri, 2003) 2007)
(Al-Abdeliand | (Ranga Dinesh and LES VB, RZ
Masri, 2003) Kirkpatrick, 2009)
Rotating tube (Billant et al., (Gui et al., 2010) DNS VB, CS
(cylinder, 1998)
honeycomb, etc.)
Guide vanes (Escudier and - - VB
Keller, 1985)
(Benimet al., | (Benim et al., 2010) LES,
2010) URANS
(Lilley David (Lilley David G., k-g
G., 1985) 1985)

Finally, it is worth to note that certain studieavh also been extended for reacting flows
using the same geometry allowing for comparisobath cases of flows. This is an important
issue, because it is argued in one of the earleksvby Escudier (Escudier and Keller, 1985),
that isothermal flows might not be representativie reacting flows through the same
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experimental setup. Therefore care must be takenuansferring results from one experiment
to another.

5.4.4 Reacting Flows

As it is noted in (Vondal and Hajek, 2011b), mudhtlee research work in the area of
turbulent reacting flows has recently concentratednly on the flame itself. Flames have been
investigated mostly under welkefined conditions using laboratory-scale burnedetailed
experimental data sets have been obtained for fasheeveral specific types of burners, two of
which have become target of a vast number of CHdat#ons, namely Sydney burner (see, for
instance, experimental studies of Al-Abdeli (Al-Adddet al., 2006) and Kalt (Kalt et al., 2002))
and TECFLAM burner (see e.g. Schmittel et al. (Stieinet al.,, 2000), Landenfeld et al.
(Landenfeld et al., 1998), Meier. (Meier et al.0a)). While turbulent velocity components are
introduced by tangential inlets in Sydney burné&CFLAM burner has a movable block.

Several LES validations by data from Sydney burffemes experiments can be found in
literature. Three Sydney burner flames, namely Ismigthane flame SM1 and swirl methane-
hydrogen flames SMH1 and SMH2, were simulated byngfe (Kempf et al., 2008) using
different numerical techniques implemented in tlw@ides PUFFIN and FLOWSI. SMH flames
were found to be the most difficult to predict. iBt€Stein and Kempf, 2007) also reported
problematic capture of vortex breakdown in SMHImiga SM1 flame was examined by other
research groups as well, e.g. by Hu (Hu et al.8200ho tested different Smagorinsky subgrid-
scale (SGS) stress models in combination with tifferént combustion models (second-order
moment - SOM - and probability density function BF. Olbricht (Olbricht et al., 2010)
investigated a set of seven swirled/non-swirled aedcting/non-reacting Sydney flames
including SM1. In addition, instabilities of SM1 d&rSM2 flames were explored by Dinesh
(Dinesh et al., 2010). LES seems to be employeastiraxclusively in validations of Sydney
burners. However, other turbulence models have lzdsm tested. In order to study turbulence-
chemistry interactions, De Meester (De Meester.e2812) usedk-¢ RANS turbulence model
with transported scalar PDF approach in simulatmnSM1 flame. A good agreement of results
with experimental measurements was reported ang@ahble to those obtained by LES in earlier
works.

The effect of turbulence-chemistry interactionspoedictions of flow was also investigated
for the TECFLAM burner, however using Monte CarlofPmethod and presumed-PDF model
(Repp et al., 2002). A presumed PDF model for teatpee fluctuation was proposed and applied
to simulation of TECFLAM flame by Yang (Yang and &tty, 2009). One of the first CFD
simulation of TECFLAM burner flame was attempted l\eier (Meier et al., 2000) using
FLUENT 5 code. Since general behavior of the flomswot predicted correctly, the results were
considered unsatisfactory. Better results wererteddive years later in (Frassoldati et al., 2005)
(using FLUENT 6), which was attributed mainly tgoagpriate inlet velocity profiles as boundary
conditions and specific convergence strategy. Bin&kery recent investigation of TECFLAM
burner using LES is presented in (Ayache and Makts, 2013). All mentioned simulation
studies of TECFLAM referred to the S09C flame case.

Beside these well-known flames, there are alsorothal-documented experiments for
validation of CFD turbulent combustion models. Mdieier et al., 2007) and Lartigue (Lartigue
et al., 2004) carried out experiments on a gasrterbombustor, which is based on Turbomeca
design. Swirling flow is generated by guide vartes: this configuration, Franzelli (Franzelli et
al., 2012) studied combustion instabilities usingS.,. while Moureau (Moureau et al., 2011)

applied a methodology of successive LES with ingiregaresolution up to DNS.
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Experimental data for piloted Delft 1ll natural gasirner is available online at TNF
Workshop web site (“International Workshop on Measient and Computation of Turbulent
Nonpremixed Flames,” 2013). Data were applied fadstion of LES coupled with Conditional
Moment Closure, see (Ayache and Mastorakos, 20¥2aks fractions of major species were
captured reasonably well, however concentratioNOf was overpredicted. Some examples of
other validations of reacting swirling flows agdiegperimental data are listed in the Table 2.

Table 2.Selection of Validations of Reacting Flows

Type of Swirl Ref.to Ref.to Turbulence modelg Subject
Generator Experiment Validation of Study
Guide vanes (Petersson et (Karl-Johan et LES Flame
al., 2007) al., 2008)
(Mak and (Vondal and RNGk-¢, SSTk-o, | Grid sensitivity,
Balabani, 2007) Héjek, 2011b) RSM RZ
(Khezzar, 1998 - - Velocity
(Grinstein et al.| (Grinstein et al. LES Inlet conditions
2002) 2002)
(Wu, H.L., n.d.)| (Fudihara et all, RNG k-¢ Axial velocity,
2007) Rz
(Ballester et al., - - NOXx emissions
1997)

Recently, a number of studies on coal combustiamdig have increased dealing mostly
with pollutant emission levels, see e.g. (Chenlet2@11) and (Hu et al., 2013). Although CFD
results of such studies are compared to experitheata, the experimental configuration and data
are not well-documented (or well-defined) to sdoregeneral validation of CFD models.

5.4.5 Conclusion

The review has revealed, that quality experimeatah for validation of numerical models of
swirling turbulent reactive flows are available migifor gas swirl burner with tangential inlet
swirl generators such as Sydney burner. This ipated by a large number of validation reports,
in which LES and DES are the most often used methiod predictions. However, other
turbulence models are also tested as they stillimten in practical industrial applications due to
lower computational requirements. Other types offigoration (e.g. burners with guide vanes
swirl generators) seem to be less frequently stijdidnich is given probably by the fact that the
experimental database is not so extensive withemsip the number of different case studies.
Available documentation of such experimental setigrstests under well-defined conditions
includes description of TECFLAM burners (with molalblocks) and several gas combustion
turbine configurations (e.g. based on Turbomec#&gdesA set of measurements on burners with
axial guide vanes is very limited. To the best atghknowledge, no experimental measurement
for validation of CFD turbulent combustion modedsavailable for natural-draft burners, which
are typical in process engineering applications.
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5.5 Drop Size Distributions in Effervescent Sprays. An Experimental
Study Using PDA Technique

Abstract

Although effervescent atomizers (twin fluid atomiz&vith internal mixing) represent one of
the most recent atomization techniques, they héemady shown great usability especially in
combustion applications. Due to their different prfiormation mechanism they are able to
produce smaller droplets than many other conveatiatomizers at similar operating conditions,
thus making the combustion process more efficiétdwever, one of the shortcomings of
effervescent atomization is the complexity of thengization mechanism, which involves a two
phase flow. This complexity presents a challengibgtacle when trying to devise computational
models describing effervescent sprays. In the feagtyears many various models have been
proposed, but their verification and validationeoftrelies only on very limited data, such as only
few representative diameters or global drop sizdrilution. The purpose of this paper is to
review the previous experimental studies on effecgat atomization in order to identify areas
that need to be more deeply investigated. The pateamthat need more detailed analysis include
especially radially (or angularly) and axially dedent representative drop diameters or drop
distributions and mass fluxes. It is shown thaivijmes measurements did not collect sufficient
amount of data across the whole spectrum of dagssand thus parts of the previously measured
spectra might be unreliable. A methodology for eféscent spray measurement for verification
and validation of numerical models for combustipplacations is suggested. Preliminary results
are shown indicating the importance of appropmassk choice.

5.5.1 Introduction

Spray combustion is one of the main ways to gaiargynin the power and process
industries. A great deal of effort is therefore stamtly being put into understanding of the
fundamental phenomena and processes governing fgpnagtion. These efforts are motivated by
the need to achieve better performance, lower émnissand longer lifetime of furnaces and
combustors in various industrial applications.

For combustion purposes, effervescent atomizergareng on popularity. They were first
introduced by Lefebvre and his colleagues in the 080s (Lefebvre et al., 1988). The spray
formation process in this type of atomizers doet mty solely on high liquid pressure and
aerodynamic forces. Instead, a small amount of (ggscally air) is introduced in the liquid
before it exits the atomizer and a two phase fleviormed (Figure 1). When the mixture exits
through the nozzle, pressure suddenly drops, wbalses fast expansion of gas bubbles and
breakup of the liquid fuel into ligaments and supsntly droplets. As noted in (Babinsky and
Sojka, 2002), this breakup mechanism allows toloser injection pressures and larger nozzle
diameters without compromising the drop-size distibn.

Recently a great effort has been put into findiejable numerical models that would
describe effervescent spray formation. Many moftelsarious applications have been proposed,
however, before they can be successfully appligddostrial applications proper verification and
validation needs to be done.

In the area of combustion, spray models are usuallgated based on their ability to predict
the Sauter Mean Diameter (SMD). The Sauter MearmBiar is defined as a diameter of
a representative droplet having the same volunfekseiiarea ratio as the whole spray. As pointed
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out in (Broukal and Hajek, 2011a) and (Broukal at@ek, 2011b), this can be a very rough
approach, since even if the global SMD of the spgrayjuestion is in good agreement with
measurements, local SMD values might be differedtthus cause faulty numerical predictions.
Moreover, as shown in (Broukal and Hajek, 2011alidwet al., 1995), effervescent sprays often
exhibit multimodal behaviour in drop size distriloms, which further raises the question about
legitimacy of using a single representative diamétee Figure 2). To remedy this, more detailed
information would be needed to make really sensibledations. Namely, data about radial (or
equivalently depending on spray angle) distributmindroplet size and velocity would be
desirable, especially for the case of large nozmlé@sdustrial burners.

Rapidly

Exit orifice expanding
phase flow bubbles

Atomized Atomizi Bubbly two-
liquid omizing gas

Figure 1. Schematics of the effervescent atomization proeegsinted from (Jedelsky et al., 2007)
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Figure 2. Example of bimodality, reprinted from (Broukal aiHdjek, 2011)

5.5.2 Current Measurement Approaches

Currently, spray model validation studies compatenerical results with experiments
usually only in terms of global SMD or its axialadution. Apte et al. (2003) predict axial SMD
evolution in a diesel engine using a proposed lkyparticleparcel model coupled with a LES
solver, but only a single experimental SMD valueused in the comparison. A model for
atomization of viscous and non-Newtonian liquidsumair-blast atomizer is described by Aliseda
et al. (2008) and validated in terms of axial SMDIation. Tembley et al. (2011) predicted drop
size distribution in ultrasonic atomizers. His guaileveloped a model able to predict initial drop
size distribution as well as how does the distidduthange along the spray axis. However, this
model only predicts the overall drop size distribtof a spray cross-section at a specified axial
distance. In (Mandato et al., 2012) both single tavadfluid atomizers are examined. A model for
spray formation based on dimensional analysis \®ldeed, which is validated using a single
point measurement

In the last decade few papers can be found thatessldthe issue of radial drop size
distribution and radial SMD evolution. Park et @009) employed the wave breakup model to
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investigate biodiesel spray in various fuel and i@mbconditions in terms of axial and radial
SMD evolution. Along with axial SMD evolution, als@dial SMD evolution was reported.
Unfortunately, only three radial SMD were discloskd(Pougatch et al., 2009) a spray model is
presented and applied to water-aésisted atomization. Radial drop diameter ewvatutis
predicted at various axial positions, but no congoar with experimental data has been made.
Recently the situation has improved as more rekesdocus in more detail on a complex spray
measurement (Li et al., 2012). Lian-sheng et aD122 performs a detailed experimental
measurement of effervescent spray combustion. Tdr& veports various radial SMD and axial
drop size distributions. Also, a swirl effervescatamizer is employed and the influence of swirl
on spray angle is demonstrated. However, the liqmads flow rates are still in a lab-scale region
with a maximum of only 10 kg/h.

These examples illustrate the pressing need fadated spray models that would include
sufficient information for an informed choice of dels by Computational Fluid Dynamics (CFD)
analysts in the industry. Although many researgbeps have been published about atomization
and drop breakup, so far only little attentioniigeg to radial SMD or more detailed spatial drop-
size distribution, especially in large-scale eféaseent atomizers.

5.5.3 Measurement Techniques

In this section the main idea is to provide thedeszawith an overview of the most used
measurement techniques used in the area of sprasumsments, especially droplet size
measurements, with emphasis on the Phase/Dopptici®&nalyser (P/DPA) or sometimes also
called Phase Doppler Anemometry (PDA).

Phase Doppler Anemometry

The Phase Doppler Anemometry is an extension of_tteer Doppler Anemometry used
mainly to study local velocities (up to 3 comporgrin fluid flows. The extension lies in the
ability to measure diameters of particles preserthe fluid flow (bubbles in liquid, droplets in
gas ...). The PDA is a non-intrusive optical techeigan-line and in-situ. Due to the nature of the
technique, optical access to the measurement sireseted, which can be sometimes limiting for
on-site industrial measurements. Since the metleodires particles to be spherical (or only
slightly deformed), measurements must be taken atificient distance from the discharge
orifice. Also, the method is not suitable for vatgnse spray regions. The measurement device
consists of a laser based optical transmitter,pdital receiver, a signal processor and a software
for data analysis. The laser beams emitted by rdn@sinitter intersect creating a small sample
volume. When a droplet passes through this lagersiection the scattered light forms a fringe
pattern. As the drop moves, the scattered intaréerg@attern is registered by the receiver at the
Doppler difference frequency, which is proportiot@the drop velocity. The droplet diameter is
then inversely proportional to the spatial frequeotthe fringe pattern. Due to the purely optical
nature of the measurement process, no calibrasigequired and since the sampling volume is
usually very small (1 mi high spatial resolution can easily be achieved.

This technique is ideal for high precision measwet® of liquid sprays and its results can be
used to perform detailed validation of numericaldels. Although it gives excellent qualitative
representation of the spray (local drop size amalcity distributions), quantitative results, such a
mass concentration, can be misleading as repoytéBdbinsky and Sojka, 2002; Broukal et al.,
2010). This is most probably the result of the ¢radf for high spatial resolution and possibly
also due to rejection of non-spherical droplets.
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Other Techniques

An alternative to PDA is provided by the so calletioleflow-field techniques, like
Particle/Droplet Imaging Analysis (PDIA) or Paréclmage Velocimetry (PIV). These non-
intrusive techniques were originally devised to suga velocity fields of seeded flows. The basic
principle of these methods is to take two consgelthages of an illuminated cross-section of the
flow and by comparing the displacement of the pk$i compute the velocity vector field.
However, information about drop diameters can bihegad as well by employing advanced
image processing algorithms (Avulapati and Ravikrgs 2012; Wang et al., 2002).

To remedy the potential inaccuracy of mass conatair measurements in the PDA
measurements, Planar Laser-Induced FluorescendE)(Pan be employed (Jedelsky and Jicha,
2012). During the measurement, a spray cross-serstiehortly illuminated by a laser sheet and
after some time (in the order of nano- or microses) the droplets de-excite and emit a portion
of the light which is captured by a camera. Theteahilight intensity is proportional to the liquid
concentration.

5.5.4 Methodology of Spray Characterization

This section will aim at providing guidelines foatgering ideal experimental data of
effervescent sprays to be used for validation ahenical spray models. From the previous
section it is evident, that in order to get higlsalation drop size and velocity measurement
together with accurate mass concentration infoilgmativo measurement techniques need to be
employed. However, in this part emphasis will beguthe PDA measurement technique.

For the purpose of model development and validatibe primary breakup region of the
spray is the most important. Unfortunately, duéhlimitations of the PDA technique we cannot
measure the spray at its origin, since the dropletsfar from being spherical and also the liquid
density might be too high. The goal then is toagetlose to the spray nozzle as possible. In (Li et
al., 2012) it is demonstrated that PDA measuremeatsbe taken at distance from the spray
origin x* = x/dp = 3.3 (wherex is axial distance and, is the discharge orifice diameter), which
can still be regarded as area dominated by primEmyization. Data collected here can be a good
starting point for the model validation and canrel® used as boundary conditions for CFD
simulation if needed. After the closest possibleatmn to the spray nozzle has been identified,
the set of measurement points should be then erplaimdthe radial direction to the spray edge
using at least two new locations. If the drop silistributions or SMD measurements vary
substantially between these points, additional measent locations should be introduced. To
understand the axial evolution of the spray, thiscess should be repeated at least once more
further downstream. The number of radial measurérpemts should be increased since the
spray cone naturally widens. The radial measuresreari be taken in multiple directions to check
the symmetric behaviour of the spray.

When performing a PDA measurement the user habdose a receiver mask based on the
expected range of drop diameters. If the rangeeokerated droplets does not fall in the range
specified by the mask, a part of the drop sizeibtigion will be trimmed. It is therefore advisable
to perform measurements with multiple masks anditenadly merge resulting distributions. In
such case the distributions must be weighted plppeior to merging and also, attention must be
paid to whether the mask ranges overlap.

One of the parameters influencing the quality ofswred data is the number of sampled
droplets. It is reasonable to expect, that theadcitop size distributions are smooth, including th
peripheries or so called tails, where the dropittion is small. To obtain such distribution it is
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important to sample a sufficient number of dropl®arious sampling numbers are adopted, form
2,000 (Li et al., 2012), 10,000 (Panchagnula arjig5d999), 20,000 (Jedelsky et al., 2004) up to
50,000 and 100,000 (Liu et al., 2010). There isuniversal rule to determine this number, but it
can be derived during the measurement itself bgifgdon the convergence of the drop size
distribution. In some cases the smoothness of ttep ize distribution might be also
compromised by a wrong choice of mask, or by higlse The latter case can be remedied by
shielding the measurement area from any other $ghtces and/or by increasing the PDA lasers
power.

As mentioned above, accurate measurement of liguaisls concentration and mass flux are
a vital part for successful numerical validatiospecially in the area of spray combustion. The
PDA technique is known to have issues when meagumass concentration. However, in
(Dullenkopf et al., 1998) it is shown, that the DDA technique (an extension of PDA
combining conventional PDA and planar PDA) givescmbetter results. Dullenkopf compares
flux measurements of PDA, Dual PDA and patternasbgwing a noticeable improvement for
Dual PDA over the conventional PDA (see FigureHs.takes into account a pressure swirl and
airblast atomizer and there is no reason not tonassa similar improvement would be observed
in the case of effervescent atomizers. Naturalys heeds to be confirmed by dedicated
experimental measurement.
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Figure 3. Comparison of volume flux measurements for twasypf atomizer using different
measurement techniques, reprinted from (Dullenkod., 1998)

Table 1.Experiment details

Liquid Water
Gas Air
Liguid mass flow rate 31.2 kg/h
GLR 11%
Discharge orifice diameter 2.5 mm
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5.5.5 Results and Discussion

In this section preliminary results will be showrittwfocus on mask choice and its
implications. The experimental measurements aregbeionducted at Maurice J. Zucrow
Laboratories at Purdue University, USA using a DRBIA apparatus. The spray was generated
using the effervescent atomizer in vertical positadescribed in (Jedelsky et al., 2009) as E38.
Operating conditions and details of the measuresnarg noted in Table 1. As mentioned in the
previous sections, awrong mask choice can causeming of the resulting drop size
distributions and therefore loss of important ddimreover, it is often not obvious or easy to
notice that a wrong mask is being used.

Two sets of measurement of drop size distributltmge been performed (see Figure 4). Data
were taken 50 mm downstream from the dischargecerdt 4 equidistant radial positions. Two
different masks were employed. Mask B allows dataaf droplets up to 130m and mask C up
to 270um. At each measurement location, the same amoudropfets has been recorder for each
of the two masks.

From Figure 4a) alone it is hard to determine iy anmming is occurring. The most
suspicious measurement point is at r = 5 mm, big #till impossible to even approximately
determine the amount of trimmed droplets. Only whemparing with Figure 4b) the amount of
trimming can be fully seen. A detailed comparisbowging the substantial amount of trimmed
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droplets in the case of mask B can be seen in &igurEvidently it can be very misleading to
judge the mask choice based only on the distributzals. Even if these tails are very small, it
does not necessarily mean there is no trimmingshsvn in Figure 4 and Figure 5 even a rapidly
decreasing drop size distributions are not proofigtit mask choice. It is a question to what
extent the trimmed data can be used. Even if tresrhew rates were known, which as mentioned
before is a challenge on its own, it is unclear tivbethe merged distribution would be closer to
reality. Also, even with the seemingly convergeistribution in the case of mask C, it is still

impossible to rule out further trimming, since aghe case with mask B, the distribution curve
goes all the way to the maximal diameter the masible to detect.

5.5.6 Conclusions

The present work provides an overview of spray mmesents with emphasis on
effervescent spray formation and stresses the oéexkperimental data for verification and
validation of numerical spray models for combustmmposes. It is shown that a great deal of
available experimental results are insufficient f@lidation of numerical models, since only
a coarse and global representation of the sprgivén. Furthermore it is highlighted, that higher
spatial resolution of measurements is needed, wdthoecently detailed studies started to appear
(Li et al., 2012; Liarsheng et al., 2012).

Furthermore, a methodology for effervescent spraasarement using PDA technique is
suggested that produces experimental results siitabnumerical model validations. Ideally, at
least two sets of radial measurements points d@busraxial locations should be performed
focusing on drop size and velocity distributionsl @fso on mass flux distribution. Attention must
be paid to the mask choice in order to preventrtiimg of the drop distributions. The issue of
unreliable mass flux measurements using PDA isesd@d, but it is shown, that the Dual PDA
extension of the original technique is able toeaist partially overcome this problem. However,
a similar study to that of (Dullenkopf et al., 1998eceds to be performed for the case of
effervescent atomization.

In the last section experimental data are showhdémonstrate how a wrong mask choice
can greatly skew obtained drop size distributiddereover, such mistake might be hard to
notice, therefore a great caution should be adédetssthis issue.
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5.6 Experimental Analysis of Spatial Evolution of Mean Droplet
Diametersin Effervescent Sprays

Abstract

Effervescent atomization has established itsethenpast decade as a promising alternative
to conventional spray formation mechanisms. A greHort is currently being put into
understanding the involved phenomena and develapingerical models to predict outcomes of
processes relying on effervescent atomizers (peyscombustion, coating, drying). This still
proves to be a formidable challenge as effervesatmhization is a complex process involving
two phase flow.

The presented paper focuses on mean droplet sizdshaw they vary throughout
effervescent sprays at different operating conagtiolhe experiment was performed using Phase
Doppler Anemometry (PDA) and the droplet data warkected in multiple locations varying
both axially and radially. At each measurement tiocathe Sauter Mean Diameter (SMD) was
computed. The preliminary results show that cldsethe spray nozzle the bigger droplets are
concentrated in the spray core, while the smalpldts are in the peripheral regions. However,
this trend is slowly reversing with increasing diste from the spray nozzle. Finally, from
a certain distance the initial trend is completelyersed with the small droplets being in the spray
core, while larger droplets are found closer todlge of the spray. Moreover, this phenomenon
seems to be independent of operating conditionasétes for such behaviour are suggested and
discussed. Furthermore, SMD sensitivity to opegationditions is analysed.

5.6.1 Introduction

In the field of spray combustion, especially in fiilnaces and combustors, effervescent
atomizers (twin fluid atomizers with internal mighintroduced by Lefebvre et al. (1988) are
quickly gaining on popularity over more traditiorfarms of atomization (Kermes et al., 2012).
The spray formation process in this type of atonsizibes not rely solely on high liquid pressure
and aerodynamic forces, instead a small amount&sf gsually air, is introduced in the liquid
before it exits the atomizer and a two phase fleviormed (Jedelsky et al., 2007). When the
mixture exits through the nozzle, the pressure dooges the gas bubbles to expand causing the
liquid to break up. This breakup mechanism allowesuse of lower injection pressures and larger
nozzle diameters without compromising the dsige distribution (Babinsky and Sojka, 2002).
The only obvious drawback of this method, apannfithe need to have a source of pressurized
gas, is its complexity originating from the two-gkaflow inside the nozzle. This complexity is
the major challenge in finding accurate mathembéiod numerical models that could be used as
an aid to designers of burners and furnaces. Bxeemxperimental research is ongoing in the
area of effervescent sprays aimed at providingdatitbn data for numerical models in terms of
Sauter mean diameter (SMD). The Sauter Mean Diamistedefined as a diameter of
a representative droplet having the same volunfekseiiarea ratio as the whole spray. As pointed
out in (Broukal and Hajek, 2011a), this can be g yeugh approach, since even if the global
SMD of the spray in question is in good agreematit measurements, local SMD values may be
significantly different and thus cause faulty nuitalr predictions. Moreover, as shown in
(Broukal and Hajek, 2011b) and (Juslin et al.,198p)ays often exhibit multimodal behaviour in
drop size distributions, which further raises thgestion abouegitimacy of using a single
representative diameter. To remedy this, more léetanformation is needed to make really
sensible validations. Namely, data about radidribistion of droplet size and velocity would be
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desirable (or equivalently depending on spray an@giepecially for the case of large nozzles in
industrial burners. In the last decade few papansbe found that address the issue of radial drop
size distribution and radial SMD evolution spragark et al. (2009) employed the wave breakup
model to investigate biodiesel spray generatednnygneumatic nozzles. He takes into account
various fuel and ambient conditions and focusesSMD evolution. Along with axial SMD
evolution, also radial SMD evolution was reportekhfortunately, only three radial SMD were
disclosed. In (Pougatch et al., 2009) an efferveisspray model is presented and applied to
waterair atomization. Radial drop diameter evolutiorpredicted at various axial positions, but
no comparison with experimental data has been niadeently the situation has improved as
more researchers focus in more detail on a comgifexvescent spray measurement (Li et al.,
2012). Lian-sheng et al. (2012) performs a detadggerimental measurement of effervescent
spray combustion. The work reports various radiDSand axial drop size distributions. Also,
a swirl effervescent atomizer is employed and th#uence of swirl on spray angle is
demonstrated. However, the liquid mass flow ratesséll in a lab-scale region with a maximum
of only 10 kg/h.

The purpose of this study is to perform an expemniadestudy with emphasis on SMD spatial
evolution (both axial and radial) at various op@gtconditions that can be regarded as large-
scale.

Table 1.Operating conditions

Measurement Mass flow rate [kg/h] GRL [%] Liquicepsure [kPa] Gas pressure [kPa]

#1 5 34.5 55.2

#2 31.2 10 89.6 144.1
#3 15 144.8 234.4
#4 5 72.4 103.4
#5 42 10 182.7 250.3
#6 15 289.6 386.1
#7 5 165.5 200

#8 o0 10 310.3 399.9

Table 2. Measurement points overview

Radial distance from spray axis [cm]
_ 5 0 0.5 1 15 2 25
Axial
distance 10 0 1 2 3 4
[cm] 15 0 1 2 3 4 5

5.6.2 Experimental Setup

The experimental measurements where performed afriddaJ. Zucrow Laboratories at
Purdue University, USA using a Dual PDA apparaflise PDA is a non-intrusive optical
technique, on-line and in-situ. Due to the natufetl® technique, optical access to the
measurement area is needed, which can be sometimiing for on-site industrial
measurements. Since the method requires particlé® tspherical (or only slightly deformed),
measurements must be taken at a sufficient distmosethe discharge orifice. Also, the method
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is not suitable for very dense spray regions. Tleasarement device consists of a laser based
optical transmitter, an optical receiver, a sigmalcessor and a software for data analysis.

The spray was generated using vertically positioaffdrvescent atomizer described in
(Jedelsky et al., 2009) as E38 with nozzle diam2t&rmm. As seen in Table 1, eight various
sprays have been measured varying in-ligasd-ratio (GLR) and mass flow rate. At each
operating condition data from 17 measurement pdiatge been collected. The measurement
points where divided among three planes perperatitalthe spray axis at distances 5, 10 and 15
cm from the nozzle tip. At each plane the pointeemghdistributed radially in an equidistant
fashion starting from the spray axis (see TablerBg working liquid was water and atomizing
gas air, both at room temperature.
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Figure 1. Radial SMD evolution at various axial distancessdperating conditions #1 to #8

5.6.3 Results and Discussion

For combustion applications it is general practweise SMD as a way of simplifying the
spray in question. As shown in the previous pamaggaa single value of SMD is not always
suitable for global spray description. However, Sk still be very useful to describe the spray
locally. And in order to get a global spray destwoip, multiple SMDs are needed.

The present work reports numerous measurementdhioh drop size data were acquired at
17 locations for each of 8 different sprays. Fowasurement points yielded no data due to the
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local spray behaviour and experimental setup (on#6i and three in #8). Figure 1 shows the
radial evolution of SMD at various axial distané@soperating conditions #1 to #8. In the region
close to the spray nozzle (axial distance 5 cm)SMD decreases monotonically with radial
distance. This trend is valid for all operating ditions with only few exceptions (#1, #2, #3),
which are exhibiting decreasing SMD nonethelessti@mother hand, SMD in the region further
downstream (axial distance 15 cm) follows almosbpposite trend, when SMD increases with
radial distance. The trend is fairly monotonoutat GLR (#1, #4 and #7) but with higher GLR
local minima and maxima start to appear, althobghaverall increase in SMD between the spray
core and rim is still obvious. Somewhere betwearsé¢htwo axial distances must lie a region
where the transition between the two aforementidnexds occurs. Again, at low GLR (#1, #4
and #7) the SMD evolution at axial distance 10 smuite flat, indicating the possible transition
between the decreasing and increasing SMD trendsnbre measurements would be needed to
confirm this hypothesis.
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Figure 2. Effect of mass flow rate on SMD at various axistahces and GLRs

One of the possible explanations for the changeMbD radial evolution is that downstream
in the spray rim region lower velocities favour pircoalescence. This could be supported by the
fact that the SMD in the spray core decreases aithl distance, similarly to the radial SMD
evolution trend in the clog®-nozzle regions. In both these cases relatilecitees are still high
preventing drop coalescence and promoting secondeggkup. On the other hand in the
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peripheral regions further downstream the velogitdecrease enough to allow droplets to
coalesce increasing the local SMD.

Data represented in Figure 2 show the effect ofsrflasv rates on local SMD values. Rows
represents axial distances and columns differef®<5In general it can be said that outside of the
spray core, increase in mass flow rate leads toedee of SMD. The situation in the spray core is
not as clear. In some cases (e.g. GLR 5% and aisi@nce 5 cm) the SMD in the core increases
with mass flow rate. In few other cases there iglear trend and it looks like mass flow rate has
only little effect on SMD (cases with GLR 5% and%d)5 One thing to note is that the SMD
values in the spray core have a peak for GLR 10Bts Points to a change in twihase flow
regime inside the atomizer and is also consistéttt thie findings of Ochowiak (et al., 2010),
where a transition between the bubbly and annelginte was found to be at approximately GLR
7% for water-air mixture.

The effect of GLR on local SMD at various mass flmtes is displayed in Figure 3. No
clear dependency can be inferred in the core regidhe sprays. This is partly due to the fact
pointed out in the previous paragraph, being thatcore SMDs are highest for GLR 10%. In the
spray rim regions however, the SMD gradually desesawith increasing GLR. This trend has
only few exceptions, most notably in the case aRXg/h and axial distance 5 cm, where the
SMD of GLR 10% is highest both in the core and ioet®f the core.
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Figure 3. Effect of GLR on SMD at various axial distancesd amass flow rates
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More detailed analysis of particle drop size dmttions instead of the local SMDs is
required in order to enhance the understandingn@ftechanisms that govern the behaviour of
effervescent sprays. Previous results of a studipipeed on a smaller scale have already shown
e.g. that multimodality of drop size distributioissquite common (Broukal and Hajek, 2011b).
An adequate method to represent effervescent spraymerical computations involving liquid
fuel combustion should resolve these featuresfiicgnt detail.

5.6.4 Conclusions

The present work discloses results of an experiahatidy focused on local SMD values in
industryscale effervescent sprays. The effect of mass fade and GLR on local SMD has been
investigated based on numerous experimental datmiging SMD values varying both axially
and radially has shown that while in the regiomser to the spray nozzle SMD decreases toward
the spray edge, in the regions further downstréamttend is completely opposite. This finding
holds true regardless of the operating conditigks.explanation is proposed to explain this
behaviour. The presented results furthermore acagnthe effervescent spray complexity and
can be used as a solid foundation ground on whittwrd numerical models for effervescent
sprays can be validated.
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5.7 An Experimental Study of Effervescent Sprays. Axial Evolution of
Mean Drop Diameter

5.7.1 Introduction

Effervescent atomization is a spray formation téqpie pioneered by Lefebvre and his
colleagues in the late 1980s (Lefebvre et al, 1988 idea behind this approach is to create
atwo phase flow inside the atomizer body by inticidg the secalled atomizing gas to the
liquid. Upon leaving the discharge orifice the atmng gas in the two-phase mixture expands,
thus aiding in the liquid breakup process. Suchr@ggh presents a very promising alternative to
conventional techniques as it offers many advastageluding lower operating pressures, larger
discharge orifices, lower sensitivity to viscosdand others (Babinsky and Sojka, 2002). It is
therefore no surprise that effervescent atomizatidiecoming more and more frequently used in
many industrial applications, ranging from pharma@als, spray drying and coating to both
internal and atmospheric combustion.

Such interest obviously necessitates developmempredictive models that would help us
gain insight into the complexities of effervesceatbmization and also help industry-based
engineers and designers with their decision-makihgs is especially true in the area of liquid (or
spray) combustion, where turbulence, chemistryraddtion play also a very important role and
in order to obtain relevant numerical results tdéamodels are needed. Broukal and Hajek (2011)
pointed out the need for effervescent spray mouetigke into account spatial drop size evolution
and in order to validate such models experimentdh ds needed. Although a great deal of
experimental research on effervescent sprays hass barried out, only a small portion of it
reports radial evolution of drop sizes. Panchagaulh Sojka (1999) reported radial Sauter Mean
Diameter (SMD) evolutions in their work. The repattdata surprisingly show almost no
influence of radial coordinate on SMD. This is pably due to the measurements being
performed more than 30 cm from the spray nozzleséth axial distance (considering the
operating conditions used) the effervescent sgajréady fully mixed due to its turbulent nature
(Panchagnula and Sojka, 1999). A more interestuoduéon of radial SMDs is presented in (Li
et al., 2012). Radial measurement at three axialtions are performed and display a very similar
trend of SMD increasing with radial distance. Sanimeasurements have been performed in
(Broukal and Hajek, 2014) but with very differenttcome, where closer to the spray nozzle the
SMD would decrease with radial distance, while Hartdownstream the trend was completely
reversed. Radial SMD evolution is also investigdigKu et al. (2012) for a case of multi-orifice
effervescent atomizer, but measurements are pegtbrh only one axial location. Axial SMD
evolution is a more commonly used criterion to dale spray models and therefore experimental
data are reported more frequently (Apte et al. 32@an et al., 2010). In his work Apte develops
an LES model for secondary atomization but thededibn in terms of SMD occurs only using
a single experimental value. Qian develops agttormula for axial SMD of effervescent sprays
based both on the results of the previously propposemerical model of Xiong et al (2009) and
on multiple experimental axial values of SMD.

The purpose of this paper is to perform a deepegsitigation of the axial evolution of SMD
in effervescent sprays. The influence of liquid snlsw rate and gas-liquid ratio (GLR) will be
taken into account both on cross-sectional SMDslezal SMDs.
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5.7.2 Experimental Apparatus and Data Analysis

The experimental results presented in this papemased on measurements performed at
Maurice J. Zucrow Laboratories at Purdue Univer8itiest Lafayette, USA). The drop size data
was collected using a Dual PDA apparatus, whiénsnintrusive laser based optical technique.
Due to the nature of this technique the particles assumed to be spherical (or only slightly
deformed). The spray was generated using a vdytigasitioned effervescent atomizer described
in (Jedelsky et al., 2009) as E38 (see Figure 1¢. Measurement operating conditions are listed
in Table 1. Measurements were taken at three &gakions 5, 10 and 15 cm from the nozzle.
Moreover, at each axial location multiple radialaserements were performed. The working
liquid was water and atomizing gas air, both atmraemperature. More information about the
measurement methodology and setup can be fourBraukal and Hajek, 2014; Broukal et al.,
2013).

Figure 1. Experimental setup

Table 1.0Operating conditions

Measurement  Mass flow rate [kg/h] GRL [%)] Liquicepsure [kPa] Gas pressure [kPa]

#1 5 34.5 55.2

#2 31.2 10 89.6 144.1
#3 15 144.8 234.4
#4 5 72.4 103.4
#5 42 10 182.7 250.3
#6 15 289.6 386.1
#7 5 165.5 200

#8 %0 10 310.3 399.9
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The drop size data were analysed using a custone ie&TLAB code. Three different
evolutions were examinedcross-sectional SMD, axial SMD (local SMD valums the spray
axis) and boundary SMD (local SMD values on thaggdge) evolution. The last two evolutions
are self-explanatory, but for the sake of clatitg tross-sectional SMD will be explained in more
detail. In this work the cross-sectional SMD valsieomputed using the approach of Jedelsky et
al. (2009) as the Integral SMD (). The IDs; is calculated using data collected at variousatadi
measurement locations. At each of these locatibesldcal SMDs are computed and they
contribute to the IBxbased on the ring area that they are representignass flow rate through
these areas.

5.7.3 Results and Discussion

A quite common understanding of axial SMD evolutioneffervescent sprays is that the
drop size initially rapidly decreases as large thispgenerated by the primary atomization
process disintegrate into smaller droplets. Thethasdroplets gradually lose their momentum
due to the drag force, drop collisions begin tailtas coalescence rather than further breakup and
the droplet size slightly increases. A typical epéarof this predicament can be seen for example
in Figure 2. However, in the experimental measuregmperformed in this work such behaviour
has not been confirmed. Figure 3 shows the depegdehlDs, on axial distance for various
GLRs and mass flow rates. According to the propmsimentioned in the beginning of this
paragraph we should see slight increase @, IBut we only do so in the case of 31.2 kg/h and
15% GLR. In all other cases there is no obviousdr the axial evolution, some cases even
show a further decrease insDOverall, for each of the operating conditions ifbe variability is
less than 10%, which would indicate that the sgayt dense and particle interactions are scarce
leading only to small fluctuations of i Figure 4 shows the influence of mass flow ratd an
GLR on IDs;. Each of the lines in a plot represents one of tliree axial distances of the
measurements. For GLRs up to 10% increase in nassréte results in decrease ofsiDFor
GLR 15% however, mass flow rate seems to lead rigetalDs;,. These findings agree with
previously published experimental results, (Jedetskal., 2009; Ghaffar et al., 2012) but some
researchers claim there is no substantial effentaxfs flow rate (or liquid pressure) ondQian
et al., 2010). The effect of GLR is similar. ltsciease leads to smaller 3D which is in
agreement with previously published results, égpaffar et al., 2012; Ochowiak, 2013).
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Figure 2. Axial SMD evolution, courtesy of (Qian et al., 2010
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Plots in Figure 5 represent the evolution of II8&IDs on the spray axis. Some of the plots
appear incomplete as only a single point is digday his is due to data unavailability caused be
local spray behaviour and experimental setup. atégure 5 display a clear trend, unlike the
previous case of ID32. It is apparent, that on spmy axis the SMD decreases as we move
further downstream regardless the operating camditi This can be explained by the higher
velocities in the spray core that support furthezakup (either due to high relative velocity
between droplets and surrounding air or as a re$dhtop collisions) rather than coalescence. It is
probable that at a point further downstream 8MD would cease to decrease and start to
increase. Figure 6 shows axial SMD as a functidigafd mass flow rate and GLR. For 5% GLR
increase in liquid mass flow rate results in inee=af axial SMD. In case of 10% and 15% GLR
the trend is completely reversed. This might paint transition in the twphase flow regime
from bubbly to annular flow inside the atomizer podchowiak et al (2010) reports this
transition occurs around 7% GLR, which would cooesl to the data reported in the present
work. The influence of GLR on axial SMD is non-ték The peak SMD values are often around
10% GLR which could again indicate towards a twag#hflow regime transition. Only for the
highest liquid mass flow rate the dependence isatomously decreasing.
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= \ /\ 100
g’ 110 100§ ————
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Figure 3. Plots of 1Dy, vs axial distance for different operating condito
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Figure 4. Plots of Iy, vs GLR and liquid mass flow rate at different &xistances
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Figure 6. Plots of axial SMD vs GLR and liquid mass flowerat different axial distances
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Figure 7. Plots of boundary SMD vs axial distance for diéfier operating conditions
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Figure 8. Plots of boundary SMD vs GLR and liquid mass fiate at different axial distances

In plots in Figure 7 we introduce the boundary SMiblution as the evolution of local
SMDs at the edge of the spray. Similarly to theaeyd8MD evolution, the boundary SMD
evolution also has a clear trend compared to the diolution, but also completely opposite
compared to the axial SMD evolution. As seen inuFég7, regardless of operating conditions,
SMD at the edge of the spray increases with axsahdce. This is probably caused by the rapid
deceleration of the droplets on the spray edgetheill subsequent coalescence. The effect of
liquid mass flow rate and GLR is shown in Figurdr&rease in liquid mass flow rate leads to
smaller SMDs except for the case of 15% GLR, wlteeetrend is reversed. This could again be
caused by the twphase flow regime transition. Interestingly, thiend is almost completely
opposite to the analogous one in the case with &WD. The GLR effect is in this case very
similar to the liquid mass flow rate effect as #mse in GLR leads to small SMDs. Only for the
highest liquid mass flow rate increase in GLR rissul larger SMDs. Once again, two-phase flow
regime transition might be the cause for this phes@on.

5.7.4 Conclusions

The present work investigates SMD evolution aldregygpray axis. Three different SMDs are
investigated - Il (or cross-sectional SMD), axial SMD (local SMD wes along the spray axis)
and boundary SMD (local SMD values along the smdge). It has been shown, that each of
these evolutions behave quite differently and dlage different dependencies on liquid mass
flow rate and GLR. In general it can be said thatlDs;>seems to be rather constant at any given
operating conditions. On the spray axis the SMDegally decreases, while on the edge of the
spray SMD increases. The effects of liquid mass flate and GLR seem to be dominated by the
transition in the two-phase flow regime inside #temizer body, although further experiments
would be needed to fully investigate this propositiHowever, in the majority of cases increase
of GLR leads to smaller SMD which is in agreemeithwprevious studies (Ghaffar et al., 2012;
Ochowiak, 2013). A similar, although less strongpehdency has been found also for the liquid
mass flow rate.
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5.8 Miscellaneous Unpublished Results

This section will disclose results that have ndt lyeen published. It is however believed,
that they may represent a meaningful addition ¢opthiblished results as well to other researchers
interested in the area of effervescent sprays.

5.8.1 Mean and Representative Diameters of Effervescenp&ays

An extensive drop size measurement has been peafonmsing a PDA apparatus with
emphasis on axial and radial mean drop size ewolutections 5.5 and 5.6 contain results of
these measurements but only in terms of SMD @). Dhis particular diameter was chosen as it
is traditionally used in evaporating or combustapplications. For the sake of completeness,
detailed data about other mean and representatimesters are listed in Appendix .

5.8.2 Drop Size Distribution Functions

Atomizers used in industrial applications almosvareproduce monodisperse sprays, i.e.
a spray with droplets of the same size. In factytproduce a whole spectrum of drop sizes.
Researchers therefore use various analytical fumetio describe the drop size distributions. For
effervescent atomizers the most commonly useddsRbsinRammler distribution (Rosin and
Rammler, 1933) or the Log-normal distribution. Toamer is usually used to model the volume-
based drop size distribution, while the latter todel the number-based (the number-based
distribution is based on the number of dropletsilevtihhe volume-based distribution is based on
the volume of droplets). Other distributions areoabccasionally used, for a comprehensive
overview see (Babinsky and Sojka, 2002).

A study has been performed using experimental aeg@ationed in the previous paragraph
(5.7.1) with a goal to compare the Rosin-Rammled drog-normal distributions. Both
distributions were fitted to experimental data &mel root square mean error (rmse) was used to
judge the fit quality. Two separate cases have latuated for each distribution. First, the
experimental number-based distribution was fitf€dis fit was then converted to the volume-
based distribution and was again compared to thkimesbased distribution obtained
experimentally. The second case is analogous,tbgl§itting procedure is applied to the volume-
based distribution and the fit is then convertethtonumber-based distribution.

Table 1.Overview of root mean square errors for Log-norerad Rosin-Rammler fits

Fit Distribution to rmse rmse rmse

fit (Number-based) (Volume-based) (Total)
Number-based 0.0021 0.0061 0.0082

Log-normal
Volume-based 0.0065 0.0023 0.0088
_ Number-based 0.0044 0.0118 0.0162
Rosin-Rammler

Volume-based 0.0399 0.0034 0.0433

A typical result of the comparison can be seeménfollowing two figures. Figure 1 displays
Log-normal and Rosin-Rammler distributions fitted the experimental number-based
distribution. Both fits are quite close to the enipental data, but when we convert the fits to get
the volume-based distributions, the Log-normaliditclearly superior. In Figure 2 we start by
fitting the volume-based distribution and then agabnvert the fits to the number-based
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distribution. Similarly to the previous case, theginormal distribution gives more accurate fits.
Very similar results were obtained at differentagpiocations and under various operating
conditions. It might be noticed that the experinatrblume-based distribution is not as smooth
as the number-based distribution. It was conclutied this is a common occurrence since the
tails of the volume-based distributions are vemysgése to diameter variations.

To get a more general idea of how the fits compiuey were applied to 132 experimental
drop size distributions (various operating condisi@nd locations in the spray, see 5.5 and 5.6 for
more details about the measurements) and the &veoaj mean square errors were computed.
The resulting errors can be seen in Table 1.dtdar that the Log-normal distribution is superior
when compared to the Rosin-Rammler distributiorscAlbest results were obtained when the
Log-normal distribution was fitted to the numbeséd experimental distribution.

Murnber-based digtribution Yolurme-based digtribution
0.014 0014
0.012 Exp. data 0012}
Log-Marmal

_om Rosin-Rammlar 4 0.0t ¢
£ 0.oos 0.008 t
E
_‘g" 0.006 0.006
© 004 0.004 |

0.002 0.002

D b L e B D L h
0 100 200 300 ] 100 200 300

Figure 1. Drop size distribution and fits based on the nuniizsed distribution, operating conditions:
water mass flow rate 42 kg/h, 5% GLR, 5 cm fromah@zon axis
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Figure 2. Drop size distribution and fits based on the vaddpased distribution, operating conditions:
water mass flow rate 42 kg/h, 5% GLR, 5 cm fromah@zon axis
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6 Summary and Conclusions

As stated in the first chapter, the long term goakhich this work tried to contribute, is the
predictability of swirling spray combustion, witbdus on the distribution of heat loading (wall
heat fluxes) in the combustion chamber of a firedtar. In order to achieve this goal much
ground needs to be covered and this work represangsfort in this direction. The thesis consists
of a general theoretic introduction into the aréaftervescent spray combustion and a collection
of published articles disclosing the author’s fimgk.

6.1 Results Summary

This section tries to summarize and mutually reflageresults contained in individual papers
from chapter 5.

The article in chapter 5.1 acts as a more rigoroweduction in the discussed area for the
reader. As a matter of fact, at the time of itstimg it was also an introduction to the doctoral
research for the author. The main aim was to agkessuitability of simple (readily available)
numerical spray models to represent effervescemiasition. Experimental data was used to set
up the primary atomization model in terms of a Résammler distribution of drop sizes. The
guestion was whether the radial change in the diog distribution found in the experimental
data will emerge in the relatively simple numericndation. Only partial agreement was
achieved. It was concluded, that more sophisticatedels need to be used in order to represent
adequately effervescent sprays.

A second attempt to model effervescent atomizaigodescribed in chapter 5.2. A spray
model comprising a primary atomization model detivieom first principles along with
a secondary atomization model was applied to &laogle swirling combustion simulation. First,
the spray itself was analysed and compared to empetal data. Although the predicted mean
drop sizes were in qualitative agreement, the spraglel was not able to predict droplets smaller
than 30 um as well as the radial evolution of SMiBayved in the experimental data. It was
concluded, that these two deficiencies are resplengor the poor predictions of the wall heat
fluxes. This further strengthened the opinion, thaingle SMD is not a sufficient representation
of an effervescent spray and spatial evolutionsirteebe accurately predicted in order to get
acceptable wall heat fluxes predictions.

A small detour from effervescent atomization hasrbtaken in chapter 5.3 where the goal
was to try and confirm the conclusions from chapté, that the failure to predict the wall heat
fluxes was indeed caused by the spray model. Aiogoas gas combustion simulation was
performed with identical turbulence, chemistry aadiation models and good agreement with
experimental measurements was found. The previonsesion was therefore confirmed as well
as the need of more complex effervescent spray Isollereover, an extensive literature review
on numerical approaches in swirling flow was perfed (5.4).

In order to develop a new effervescent spray modbétiation data are needed. During an
extensive literature review it was found that weicumented experimental data are rarely
available, especially in the case of drop size daffervescent sprays. It was therefore essential
to perform experimental measurements. Due to arfate turn of events a possibility arose to
experiments and it was fully utilized. Chapter HBesents an overview of experimental
approaches and puts forward a measurement metlyydthiat is believed to be appropriate for
the present case, i.e. acquiring data suitablediidation of effervescent sprays.
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The work presented in chapter 5.6 aims to invetgtigadial variations of experimental SMD
at various axial distances and sensitivity to ojiegeconditions. It was observed that closer to the
spray nozzle the SMD decreases with radial distamb#e further downstream the relationship is
completely reversed. This phenomenon was presemegardiess of operating conditions. The
effect of GLR and liquid mass flow rate is more lgac. In the spray core the relationship was
difficult to determine, while in the outside spraggion their increase led to smaller SMD. This
investigation revealed complexities in the effecesd spray formation that have, to the author's
knowledge, not yet been published.

The investigation of the experimental data contthirea follow up study (5.7) where both
global and local axial evolutions of SMD were inigated. A technique for calculation of cress
sectional SMD was adopted @pand its axial evolution was compared to two agialutions of
local SMDs — one consisting of local SMD computedtbe spray axis and the other of local
SMD computed on the spray edge. It has been shioatreich of these three evolutions behave
quite differently. Irregularities in the effect @LR on individual SMD evolutions has been
attributed to change in the two-phase flow regimsde the atomizer body. In general however,
increase of GLR leads to smaller SMD and a sim#dithough less strong, dependency has been
found also for the liquid mass flow rate.

The final chapter (5.8) contains unpublished regeaesults. Mean and representative drop
diameter data obtained from the experimental measents are fully disclosed and a study on
analytical drop size distribution is performed.idtconcluded, that the Log-normal distribution
surpasses the Rosin-Rammler distribution whemgjtéxperimental data.

6.2 Conclusionsand Future Work
The main conclusions of this thesis can be summaids follows:

e Simple spray models contained in today’s commeroiahputational software products
are not able to represent effervescent spraysifdfiient manner.

e In order to predict wall heat fluxes in effervescepray combustion simulations, the
spray model needs to be able to predict radial dizpvariations.

* Experimental validation data for new spray modelssinreflect the model’s purpose.
Moreover, multiple radial and axial measurementiple valuable insight into the spray
formation phenomena.

A new phenomena was observed, where in the area tiathe effervescent spray nozzle
drop sizes decrease with radial distance, whilthnéurdownstream the trend is completely
opposite.

* The effect of GLR on drop sizes reported in numsraicles was confirmed.

* A new method in the investigation of axial dropesevolution was proposed based on
a comparison of cross-sectional, axial and boun8&#ps evolutions.

During this research it has been recognized thsigrificantly more detailed effervescent
spray model is needed instead of the commonly osed. The results put forward in this thesis
represent a solid foundation for development anilaton of such models with emphasis on
spray combustion applications. Implementation efdiven guidelines and ideas into a numerical
model is however a very challenging task that desea separate research of its own.
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Nomenclature and Acronyms

Physical constants
g

Latin letters
C
d
D
m
Oh
p

r
Re
t

u

We

Greek letters
Y7
yo,
g

Subscripts

T o6 T T QU >

Q—‘

Acronyms
CFD

DNS

LES
RANS
SMD

standard gravity (9.80665-87)

Coefficient [-]
Diameter [m]

Drop diameter [m]
Mass [kg]
Ohnesorge number [-]
Pressure [Pa]

Drop radius [m]
Reynolds number [-]
Time [s]

Velocity [m-s?]
Weber number [-]

Viscosity [Pa-s]
Density [kg-n¥|
Surface tension [N-m]

Aerodynamic
Drag

Gaseous phase
Internal

Liquid phase
Orifice

Particle
Relative
Surface tension

Computational Fluid Dynamics
Direct Numerical Simulation

Large Eddy Simulation

Reynolds-Averaged Navier-Stokes

Sauter Mean Diameter
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Appendix Il — Experimental Drop Diameters

This appendix contains experimental data from memsent of effervescent sprays in terms
of mean diamete®., and representative diamet&sg[um].

T N,D° 1/ (a—b)
¥ N.D?

Dnb -

Dx is a drop diameter, such that Xx100 % of totaliliqvolume is in drops of smaller diameter.
Dpeakis then drop diameter containing most volume. Migthds for water mass flow rate, GLR is
gasliquid-ratio of atomizing air andis the radial distance of the measurement poioftrin

MFR = 31,2 kg/h 5% GLR

axial distance =5 cm
r Do | Do | Dso | D21 | D31 | Ds2 | Da3 | Do.1 | Do.s |Do4632| Do.g |Do,99 |Dpeak |
0 |79,49 88,29 98,22 98,06 109,2 121,5 147,1 67,39 136,4 161,8 227,6 265,3 88,62
0,5 |81,28 90,36 100,3 100,5 111,5 123,7 147,8 69,69 140 163,8 223,2 259 95,98
1 182,88 93,13 104,4 104,7 117,1 131,1 157,6 72,5 152 175,5 236,6 267,4 164,5
1,5 |79,53 88,71 99,08 98,94 110,6 123,6 149,5 67,69 141,7 166,9 227,2 264,7 147,9
2 |76,26 84,13 93,26 92,81 103,1 114,6 138,7 62,2 129,1 152,5 216,8 259,4 125,3
2,5 |73,11 79,83 87,92 87,16 96,42 106,7 130,2 58,1 117,1 139,5 207,7 260,5 70,48

MFR = 31,2 kg/h 5% GLR
axial distance = 10 cm

Do | D20 | Dso | D21 | D31 | Ds2 | Da3 | Do.1 | Do.s |Do4632| Do.g |Do,99 |Dpeak |
74,52 82,02 91,25 90,27 101 112,9 140,3 60,14 127,8 156,2 225,4 267,1 71,22
81,64 89,65 99,29 98,45 109,5 121,8 148,8 66 137,4 168,8 231,6 264,1 89,71
91,26 99,89 109,7 109,3 120,3 132,5 157,2 73,57 150,8 177,4 234,3 262,6 135,6
94,75 102,2 110,8 110,3 119,8 130,1 152 74,58 144,2 168,5 226,4 263,6 81,49
97,55 104,3 112,3 111,6 120,5 130,2 151,6 76,35 140,9 168,6 228,9 265,8 97,84

AlWIN(FR|[O|S

MFR =31,2 kg/h 5% GLR
axial distance = 15 cm

r Do | D20 | D30 | D2; | D3; | D3, | Das3 | Do.1 | Dos |Do4632| Do.g |Do,99 |Dpeak |
62,38 67,79 75,1 73,68 82,41 92,16 119,7 49,85 94,9 124,7 215,1 260,9 61,38
65,8 71,64 79,26 78,01 86,99 97,01 123,9 53,14 101,7 128,8 218,7 260,8 71,58
77,93 85,13 93,84 92,99 103 114 139,7 63,34 124,8 153,5 226,2 262,5 81,25
86,19 93,99 103,1 102,5 112,8 124,1 149,2 71,02 137,9 164,1 234,2 263,5 89,16
96,42 104,2 113 112,5122,3 132,9 155,7 78,34 144,8 172,1 237,2 268,3 94,91
110,4 117 124,3 124 131,9 140,3 158,2 88,18 147,3 173,3 231 259,1 97,9

b wW|IN|FL|O

MFR =31,2 kg/h 10% GLR
axial distance =5 cm
r Do | D20 | D30 | D2; | D31 | Ds; | Das3 | Do.1 | Dos |Do4632| Do.g |Do,99 |Dpeak |
0 |128,9 137,2 145,3 146,2 154,3 162,8 178,4 108,1 172,1 193,4 243,8 270,7 164,8
0,5 |[131,2 139,7 147,8 148,7 156,9 165,5 180,9 109,7 176,8 197,8 241,1 269,5 224,1
1 118 125,9 134 134,3 142,7 151,7 168,8 96,33 162,2 183,6 234,5 266,4 163,2
1,5 |105,8 113,8 122,2 122,3 131,3 140,9 159,8 86,13 152 173,2 230,6 262,6 154,7
2 |92,94 99,76 107,3 107,1 115,3 124,2 143,1 74,38 132,7 153,4 212,7 264,3 99,4
2,5 |70,73 76,54 83,35 82,81 90,47 98,84 118,3 55,75 105,8 123,1 184,7 242,2 117,1
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MFR = 31,2 kg/h

axial distance = 10 cm

10% GLR

r

Do | D20 | D30 | D2; | D31 | D3, | D3 | Do.1 | Do.s |D0.632| Do.g |Do,99 |Dpeak |

AIWIN|-|O

MFR = 31,2 kg/h

100,3 111,3 1219
86,01 93,84 102,9
89,94 97,58 106,2
91,89 98,45 105,9
87,89 93,51 100

axial distance = 15 cm

123,4 134,3 146,3 166,9 90,74 161,3 183,3 236,3 267,4 144,5
102,4 112,5 123,6 147,6 69,8 136,6 162 227,7 263,9 109,6
105,9 115,4 125,8 147,8 72,41 137,5 160,3 226,4 263,2 145,2
105,5 113,7 122,6 142 72,62 130,4 153,1 215,7 251,9 108,6
99,5 106,7 114,4 131,8 68,91 120,7 139,9 202,1 242,4 82,33

10% GLR

r

Do | D20 | D30 | D2; | D31 | D3, | D3 | Do.1 | Dos |D0.632| Do.g |Do,99 |Dpeak |

unibfwWwN|IFR|O

MFR = 31,2 kg/h

83,58 90,69 99,27
78,17 83,54 89,97
81,09 87,41 94,75
92,18 99,63 107,8
106,6 114,2 122,1
105,9 112,4 119

axial distance =5 cm

98,4 108,2 118,9 144 67,69 127,9 158,8 229,8 264,5 83,89
89,27 96,52 104,4 123,7 62,03 106,5 126,7 197,8 253,8 81,86
94,23 102,4 111,3 131,9 65,41 116,8 138,9 209 255,2 89,66
107,7 116,6 126,3 146,7 75,22 135,3 158,2 221,9 261,6 108,1
122,3 130,6 139,5 157,3 86,42 148,6 171,2 224,6 257,9 127,1
119,2 126,2 133,6 148,6 85,05 139,4 159,5 210,1 249,9 113,4

15% GLR

r

Do | D20 | Dso | D21 | D3; | D32 | D3 | Do.1 | Do.s |DO.632| Do.g |Do,99 |Dpeak |

0

0,5

1

1,5

2

2,5

MFR = 31,2 kg/h

96,2 105,1 114,6
92,76 101 109,9
76,94 82,83 89,87
77,39 84,17 92,09
74,54 80,99 88,49
69,28 74,4 80,32

axial distance =10 cm

114,8 125 136,1 158,6 81,31 147 173,8 236,9 271,3 127,7
110,1 119,7 130,1 151,7 78,25 137,7 162,4 231,8 264,6 141,4
89,18 97,14 105,8 127,3 61,7 108,6 128,8 210,8 267,9 82,19
91,55 100,5 110,2 133 62,78 117,4 138,5 220 266,7 98,42
88,01 96,43 105,6 126,7 59,84 113 132,6 204,8 251,7 101
79,9 86,49 93,63 110,5 54,2 97,5 113,5 174,2 233,4 90,32

15% GLR

r

Do | D20 | D30 | D21 | D3 | D32 | D3 | Do.1 | Do.s |DO.632| Do.g |Do,99 |Dpeak |

HIWIN|F O

MFR = 31,2 kg/h

86,99 94,46 102,5
75,66 79,63 84,41
81,58 86,5 92,27
88,59 94,59 101,2
87,83 93,3 99,4

axial distance = 15 cm

102,6 111,3 120,8 140,7 72,87 127,5 150,1 217,3 256,3 128,2
83,82 89,16 94,83 109,8 59,64 92,11 107,8 176,4 245,5 86,68
91,73 98,13 105 121,8 64,34 105,6 123,2 191,6 254 86,75
101 108,2 115,9 132,5 69,96 121,8 139,3 196,7 247,6 109,3
99,11 105,7 112,8 128,9 69,02 116,9 133,9 192,6 250,4 101,1

15% GLR

r

Do | D20 | Dso | D21 | D3; | D32 | D3 | Do.1 | Do.s |DO.632| Do.g |Do,99 |Dpeak |

bW |IN|[FR | O

69,99 74,47 79,94
71,73 75,6 80,18
76,45 80,05 84,1
86,06 90,96 96,44
97,72 104,1 110,8
105,6 111,4 117,5

79,23 85,43 92,12 110 55,62 91,37 108,2 180,3 244,2 75,03
79,68 84,76 90,18 104,3 56,92 88,28 101,9 162,8 233,4 74,82
83,84 88,21 92,82 104,1 60,53 90,73 102,3 149,8 236,9 87,43
96,14 102,1 108,4 123,3 68,92 108,3 124,2 188,4 246,8 89,16
110,8 118 125,6 141,6 79,89 130,4 150,1 204,4 254 98,84
117,4 123,9 130,8 145,6 84,45 132,9 152,6 211,8 250,8 121
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MFR =42 kg/h 5% GLR
axial distance =5 cm

r D10 | D20 | D30 | D2; | D3 | D3 | D3 | Do.1 | Do.s |DD.632| Do.g |D0,99 |Dpeak |

0 192,71 102 111,7 112,2 122,5133,9 155,9 79,4 145,7 169,6 231,6 264,7 135,6

0,5 |91,43 100,7 110,6 110,9 121,6 133,4 156,2 77,71 148,8 173,1 230,4 266 174,5

1 88,27 97,57 107,6 107,8 118,8 130,8 154,3 75,44 146,1 169,8 232,6 266,5 129,2

1,5 |85,14 93,7 103,2 103,1 113,5 125 148,2 71,24 138,9 162,5 224,8 259,8 118

2 81,44 88,53 96,53 96,23 105,1 114,8 135,4 65,8 124,3 146,5 205 257,2 114,5

2,5 |74,46 80,91 88,45 87,93 96,4 105,7 126,7 59,29 113,9 135,1 199,9 260,7 89,3

MFR =42 kg/h 5% GLR

axial distance =10 cm
r D10 | D20 | D30 | D2; | D3 | D3 | Das3 | Do.1 | Do.s |DD.632| Do.g |D0,99 |Dpeak |
0 69,3 76,7 85,79 84,89 95,45 107,3 135 57,62 120,8 149,6 223,1 256,6 67
1 73,35 80,69 89,63 88,76 99,08 110,6 137,3 59,7 123,2 148,9 226,6 260,7 70,76
2 |83,39 91,04 99,93 99,39 109,4 120,4 144 66,61 135 159 219,2 262,3 71,64
3 |91,67 98,58 106,5 106 114,7 124,1 144,6 72,25 134,2 156,4 222,2 261,1 96,66
4 92,1 97,85 104,4 104 111,1 118,8 136,4 72,28 124,5 143,2 206,8 257,8 87,51

MFR =42 kg/h 5% GLR

axial distance = 15 cm

r Do | D20 | Dso | D21 | D31 | Ds2 | Da3 | Do.1 | Do.s |Do4632| Do.g |Do,99 |Dpeak |

61,53 66,61 73,23 72,11 79,89 88,5 112,3 49,25 90,61 114,8 199,7 246,2 64,57

68,97 73,57 79,24 78,49 84,94 91,92 110,5 54,33 90,95 108,8 182,2 255,4 77,36

78,31 83,96 90,69 90,01 97,6 105,8 126,1 62,51 108,2 130,3 202,2 262,7 82,45

93,35 100,8 108,9 108,8 117,7 127,3 147,7 75,85 136,6 161,7 222,1 260,6 91,48

107,5 114,4 121,8 121,9 129,7 138,1 155,3 86,23 145,5 167,9 224 260,5 107,3

i lwW|IN|F|O

112,8 119,4 126,4 126,3 133,8 141,7 158,2 89,83 149,1 171,5 227,2 265 125,6

MFR =42 kg/h 10% GLR
axial distance =5 cm

r Do | Do | Dso | D21 | D31 | Ds2 | D3 | Do.1 | Do.s |Do4632| Do.g |Do,99 |Dpeak |

0 108,8 116,4 124,1 124,6 132,5 141 157,590,79 147,5 167 227 259,1 130

0,5 |111,5 119,4 127,3 127,8 136 144,7 161,6 92,45 152,6 173,1 227,4 267,2 148

1 8502 92 99,63 99,55 107,8 116,8 136,2 70,23 124,3 142,7 210,1 257 98,25

1,5 (74,84 81,1 88,32 87,87 95,95 104,8 125,2 60 110,8 129,9 199 260,9 97,57

2 |73,73 80,14 87,72 87,11 95,67 105,1 127 58,87 112,7 134 204 258,3 90,82

2,5 |70,75 76,13 82,44 81,92 88,99 96,68 115,1 55,65 100,7 118,2 180,1 254,9 93,57

MFR =42 kg/h 10% GLR
axial distance =10 cm

r Do | Do | Dso | D21 | D31 | Ds2 | Da3 | Do.1 | Do.s |Do4632| Do.g |Do,99 |Dpeak |
103,4 111 119 119,2 127,6 136,6 154,4 86,81 145,4 170,2 225,4 251,5 116,4

85,74 91,63 98,46 97,93 105,5 113,7 133,2 68,49 115,7 136,7 213 269 99,52

87,82 92,99 98,97 98,47 105,1 112,1 128,8 69,02 113,9 131,9 199,3 258,5 98,82

94,77 103,2 112,2 112,5122,1 132,5 153,2 79,71 143,1 165,8 227,3 263,5 116,6

A IWIN|FL|O

85,14 90,48 96,49 96,15 102,7 109,7 125,5 67,06 114 131,2 186,2 237,5 95,2
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MFR =42 kg/h
axial distance = 15 cm

10% GLR

Do | D20 | D30 | D2; | D31 | D3, | D3 | Do.1 | Do.s |D0.632| Do.g |Do,99 |Dpeak |

86,21
84,65
85,81
96,38
108,9
112,8

85,63 92,29 99,47 117,6 59,7 100,8 118,3 183,5 264,3 87,63
84,21 89,01 94,09 107,1 60,6 91,73 104,7 163,3 238,9 79,11
85,54 88,8 92,19 100,8 63,91 88,67 97,85 139,6 221,8 82,06
95,99 100,4 105,1 116,7 70,66 101,8 114,9 171,8 240,6 85,71
108,5 114,2 120,1 134,4 78,34 120,2 137,6 199,1 257,5 97,91
112,8 118,8 125,2 139,6 81,32 126 144,2 207,2 254,5 114,1

15% GLR

Do | D20 | D30 | D2; | D31 | D3, | D3 | Do.1 | Do.s |D0.632| Do.g |Do,99 |Dpeak |

124,7
96,81
72,89
73,02
78,06

125 133,2 142 159,3 90,15 150,2 169,6 226,8 268,2 136,1
96,44 105,4 115,2 137,2 67,42 121,7 144,2 216,6 267,3 113,9
72,18 77,82 83,89 100,8 49,97 83,15 97,38 167,8 244,2 66,53
72,38 78,26 84,62 101,4 49,29 85,12 100,7 162 248,4 68,28
77,39 84,06 91,31 109,6 52,34 94,93 111,8 173,5 249,5 65,4

15% GLR

Do | D20 | D30 | D2; | D31 | D3, | D3 | Do.1 | Do.s |D0.632| Do.g |Do,99 |Dpeak |

88,01
84,89
78,58
87,64
89,57

B
0 75,22 80,26
1 76,55 80,29
2 80,13 82,79
3 88,74 92,29
4 99,1 103,7
5 101,7 107,1

MFR =42 kg/h

axial distance =5 cm
r
0 - -
0,5 |109,2 116,8
1 81,68 88,75
1,5 |63,96 67,95
2 63,58 67,84
2,5 (67,31 72,18

MFR =42 kg/h

axial distance =10 cm
r
0 71,6 79,71
1 75,93 80,01
2 71,74 74,87
3 79,67 83,35
4 79,09 83,8

MFR =42 kg/h

88,75 97,58 107,3 124,3 63,34 126,6 138,1 183 188,6 155,5
84,3 89,76 95,57 110,9 60,04 94,75 109,6 176,7 255,1 75,96
78,14 82,24 86,56 97,68 55,96 84,05 95,8 146,5 225 68,13
87,2 91,92 96,9 109,2 61,56 95,94 110,4 162 230,4 75,96
88,8 95,32 102,3 120,3 61,31 103,9 123,9 191,3 257,3 69,3

15% GLR

axial distance = 15 cm

r

Do | D20 | D30 | D21 | D3 | D32 | D3 | Do.1 | Do.s |DO.632| Do.g |Do,99 |Dpeak |

bW |IN|FR|O

77,44 83,23
72,09 74,76
72,62 75,04
75,8 78,56
85,07 88,73
92,18 96,69

MFR = 60 kg/h
axial distance =5 cm

89,9
77,81
77,77
81,62
92,94
101,9

5% GLR

89,44 96,86 104,9 123,5 62,52 109,2 130,1 193,5 250,8 102
77,54 80,84 84,29 93,26 57,24 81,01 90 129,6 224 72,71
77,54 80,47 83,51 91,21 58 80,31 88,3 124,8 210,6 76,08
81,42 84,69 88,1 96,52 61,62 84,5 94 137 209,2 78,88
92,55 97,14 102 114,3 68,49 98,13 112,3 169,9 253,3 86,37
101,4 107,1 113 128 73,59 110,6 127,8 199,3 248,9 86,49

r

Do | D20 | D30 | D21 | Ds; | D32 | D3 | Do.1 | Do.s |DO.632| Do.g |Do,99 |Dpeak |

0

0,5

1

1,5

2

2,5

108 116,5
109,4 117,2
94,57 102,5
82,51 90,04
81,7 88,74
77,72 83,59

125,2
125,1
110,9
98,69
96,76
90,35

125,6 134,8 144,6 163,6 90,44 154,6 176 236,1 268,7 154,8
125,5 133,8 142,7 160,4 90,84 149,4 171,7 235,5 263 125,44
111,1 120,2 130 150,2 78,66 137,2 160,4 226,2 265,9 128,2
98,27 107,9 118,5 141,7 67,56 128,8 151,7 224,1 260,8 106
96,39 105,3 115 136,4 65,89 123,8 145,2 213,4 261,4 125,9
89,91 97,41 105,5 124 61,53 111,9 130,4 191,6 237,3 117,7
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MFR = 60 kg/h 5% GLR
axial distance =10 cm

r D10 | D20 | D30 | D2; | D3 | D3 | D3 | Do.1 | Do.s |DD.632| Do.g |D0,99 |Dpeak |

82,27 90,64 99,79 99,87 109,9 121 143,8 70,42 132,1 154,9 222,3 262,6 99,04

84,08 91,77 100,2 100,2 109,4 119,5 141 70,29 127,7 149,7 221,7 260,2 116,3

79,89 86,26 93,79 93,14 101,6 110,9 132,7 63,89 116,5 138,9 213,7 262 89,13

84,97 91,38 98,86 98,28 106,6 115,7 136,4 66,92 123,4 143,8 213,7 260,5 89,03

A(WIN|FL|O

85,93 92,06 99,21 98,62 106,6 115,2 135,1 67,1 121,7 143,7 209,8 255,4 97,89

MFR =60 kg/h 5% GLR
axial distance = 15 cm

r D1o | D20 | D30 | D2; | D3 | D3 | Das3 | Do.1 | Do.s |DD.632| Do.g |D0,99 |Dpeak |

70,4 76,11 83,11 82,29 90,29 99,07 120,8 56,12 104,4 128,2 195,8 253,4 79,38

72,12 77,53 84,26 83,34 91,07 99,53 121,7 57,05 100,6 123,7 202,7 265,5 80,89

71,62 75,58 80,44 79,76 85,24 91,1 107,3 56,47 88,27 103,4 176 251,3 75,34

77,8 82,71 88,57 87,93 94,5 101,6 119,3 61,41 102,7 120,5 190,2 254,1 77,11

88,11 94,03 100,9 100,3 108 116,3 135,6 69,8 121 143,4 211,3 255,3 78,25

nniblwW|N |- |O

94,57 100,3 106,8 106,3 113,5 121,1 139 74,31 124,8 145 212,9 267,9 88,55

MFR =60 kg/h 10% GLR
axial distance =5 cm

r D10 | D20 | Dso | D2; | D3 | D3 | Das3 | Do.1 | Dos |DD.632| Do.g |D0,99 |Dpeak |

0 - - - - - - - - - - - - -

05 | - - - S ... -

1 103,6 111,6 119,8 120,2 128,8 138 156,1 87,34 146,8 167,6 227 262,1 124,4

1,5 |76,98 82,29 88,49 87,97 94,87 102,3 120,4 62,16 103,3 121,4 192,7 249,4 86,87

2 72,72 77,69 83,51 83,01 89,49 96,48 113,5 57,27 98,75 115,6 177,6 248,1 82,05

2,5 |71,88 76,69 82,26 81,83 88 94,64 110,2 55,72 97,67 113,3 167,8 239,5 85,25

MFR =60 kg/h 10% GLR
axial distance = 10 cm

r D10 | D20 | D30 | D2; | D3 | D3 | Das3 | Do.1 | Do.s |DD.632| Do.g |D0,99 |Dpeak |

95,26 103,1 111,2 111,5120,2 129,6 148,6 80,15 139,3 158,5 221,2 258,9 105,1

105,7 113 120,5 120,8 128,7 137 153,5 87,67 143,3 157,8 220,6 257,1 214,1

92,32 98,78 106,2 105,7 113,8 122,6 142,5 74,24 126,3 148,1 223 266,9 105,1

83,4 86,88 90,83 90,52 94,79 99,27 110,3 65,4 97,15 109,2 154,2 239,9 91,59

A IWIN|FL|O

78,22 81,73 85,92 85,41 90,05 94,94 107,5 60,46 93,69 106,8 162,7 242,9 74,97

MEFR = 60 kg/h 10% GLR
axial distance = 15 cm
r Do | Do | Dso | D21 | D31 | Ds2 | Da3 | Do.1 | Do.s |Do4632| Do.g |Do,99 |Dpeak |

76,03 80,32 85,36 84,85 90,45 96,43 111,4 59,92 95,06 111,3 172,8 239 82,01

75,71 78,8 82,43 82,02 86,01 90,19 101,2 60,33 87,07 97,59 150,5 218,6 76,69

76,25 79,41 83,14 82,69 86,82 91,15 103 60,22 87,33 98,06 151,7 250,9 70,79

82,87 86,58 90,94 90,45 95,26 100,3 113,4 65,14 97,91 112,2 168,6 242,7 79,64

bW |IN|F|O

88,34 92,48 97,32 96,81 102,1 107,8 122,2 69,44 105,7 122,7 184,3 270,3 80,07
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Appendix Il — Experimental Drop Data

All data obtained from the PDA spray measuremergsawaailable on the enclosed CD.
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