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ABSTRACT

Atomizers are used in many engineering applications including spray combustion in
furnaces, diesetnginesdirect injection petrol engesandgas turbine engines. They are
also commonly used in applying agricultural chemicals to crops, painyirsgpraood
processing and cooling of nuclear cores. Pressure swirl atomizers occupy a special position
amongst other atomizers because theyediih quality of atomization, simplicity of
construdion, reliability and lowpumping power requirementsTurbulent mixing of the
liquid and gas inthese atomizers isndispensableconsiderationin the process of
atomization This thesis presentsa recentEulerian modelling of two-phase flowin a
pressure swirl atomizarsing Computational Fluid Dynamics (CFSTAR-CD codeand
assesss its capabilities and validationin this novel 9 atomisation model, an
Eulerian description is applied to solve theo-phase flow assuming both liquid and gas
phases as single continuumwith high-density variation at large Reynolds and Weber
numbers The tansport equationsor the liquid mass fractionand interfacial surface
densityas well as the average density thfe liquid andgas phaseare modelled,liquid
dispersioncorrectly capgured and their mmerical resultgpresentedThe results also show
atomization characteristicsuch as droplevelocity and prediadd droplet SauterMean
Diameter (SMD) with reasonablerderof-magnituds. The predictions showgood
agreement with experimental resultbtained froma laserdiffraction-based drop ize
analyser (Malvern Sprayted)ifferent RANS turbulence models are evaluated in order to
achieve the best configuration in comparison with experimental measureamehtise
standard KJturbulencemodel has shown the best performan&arametric stdies were
conducted to analysine influence of the liquidiscosity, surfacetension,liquid and gas
velocities liquid and gas densitieand pressure othe spraydroplet SMD at different
locations onthe spray centre lineand radialdistances from thesymmetry line of the
atomizer A combination of CFD modeling and the sséiial Design of Experiments ([E)
technique knownas modified Latin Hypercube Designs (LHDY applied in orderto
improve SMD predictionsfrom 9 atomisation modelWith 4-factor DoE eighty-
seven (87) casewere simulated withthe variations and combinations inthe design
variables such dguid viscosity0.31to 200 mPa.ssurface tension 2@ 75 mN/m nozzle
exit orifice diameterl.5 to 3.5 mm andtquid velocity from1 to 6 m/s.The resultdor the
SMD at the axial distanceslamg the spray centreline were obtained Combinatorial
optimization was performed to identify and obtain theoptimal nozzle eix orifice
diameters, operating conditiomsdfluid properties thatgive themost minimum droplet
(SMD) at thespray centrine. The results showemarkablemprovement SMDand new

SMD correlatiorfor the model.
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CHAPTER 1 INTRODUCTION

1.1 General introduction

Atomizers are used in many engineering applications including spray combustion in
furnaces, diesel and direct injection petrol engia@sigas turbine engines. They are
also commonly used in applying agricultural chemicals to crops, paint sprayidg,
spraydrying of wet solids, food processing and cooling of nuclear cores. Atomizers are
special nozzles designed to produce adrdgpeakdown of liquid in a twephase flow.

They are used to increase the specific surface area of the fuel and thereby achieving
high rate of mixing and evaporation. In most combustion systeedaction in mean

drop size leads to higher volumetric heat release easier ignition, a wide burning
range and lower exhaust concentrations of the pollutant emissions. Atomizers are
known to affect combustion stability limits, combustion efficiency, smoke generation
and carbon monoxide and unburned hyéregarbon levelfl, 2].

There are different types of atomizers. Generally, they are classified based on the
source of mergyused for atomization. Thes®zzles includget, swirl and jetswirl
atomizers. Pneumatic atomizers use gas energy for atomization while rotary atomizers
break the liquid sheet into particles using mechanical energy. At@usag vibration

or electric @ergyincludeacoustt, ultrasonic an@lectrostati@atomizers Within these
pressuredriven swirl atomizers ocqoy a unique operating space due to tuality of
atomization, simplicity of construction, relidiby of operation, low cloggingand low
expenditure of energy3]. They ae also the most common type found in the industry

[4]. However, the greatest disadvantages of these atomizers are that they require very
high injection pressure and consequettly discharge coefficient owing to the fact the

air core covers the majority of the atomizer orifice.

Horvay and Leucke[5] credited the invention of pressure atomizers to Korting in
1902. The atomizer designed by Korting was for use in an oil burner but it could also
be used in other applications, such as fire suppressicfiresilcombustors, such as
those used in power stations, aerosol nozzles for pharmaceutical and cosmetics,
agricultural to administer chemicals such as fertilizers, pesticides and herbicides, spray
drying such as in the production of powdered milk, fuel injection systems, and many
chemical processes. By now these nozzles have been manufactured from a wide range

of materials depending on the applications. These materials include plastics such as



nylon, PVC and Teflon, metals such bmss, stainless steel, tungstesrbide and

aluminium, and ceramics such as silicon carbide.

Pressure atomizers have different designs such as plain orifice, simplex, duplex, dual
orifice, fan spray and spill returrPressure swirl atomizers also called simplex
atomizers are the most versatile amamgm. Thebasic principle of fluid w through

the swirl atomizer as shown inFigure 1.1 is that, the liquid is introduced through
tangential or helical passages into a swirl chamber from which it em#rgrigh an

exit orifice with tangential velocitycomponentsAs a result of the vortex div, a
hollow air core is formedvhich isconcentric with tle nozzle axis. The outflowing thin
conical liquid sheet attenuates rapidly becoming unstable and disintegrates into

ligaments and then drops in the form of a vaglfined hollow cone spray.

\J/

A7

Air core

Tangential Inlet Ports

Swirl chamber X N
Exit orifice

Figurel.1 Schematic of pressure swirl atomigir

Dombrowski and Hassd@], Wang and Lefebvrg7] indicated that the motion in the
swirl chamler is complex and the mechsms of flow within the chambeand the
resultant sprayputsideare not fully understoodnd therefore further researnbed to

be conducted on this atomizdrhis unsatisfactory situatiois due to several causes
suchasthe great complexity ahe atomisation procesdifferences ithe design, size,

and operating conditions of the nozzles tested and the inaccuracies andolsitati
associated with drepize measurement teclques However, he impact of certain
geometrcal dimensions of swirl nozzles on the sprays prodinaesdbeen studiedy

Rizk and Lefebvrd8] andindicatesthatthe pressurswirl atomizer essentially consists

of three main elements inlet tangential ports, swirl chamber and exit orifice. The exit

orifice is preceded by a swirl chamber with a certain contraction or convergence. The
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inlet is one or more cylindrical or rectangulchannels positioned tangentially to the
swirl chamber.The circular grooves are easier to drill to within specified limits of
accuracy, this advantage is outweighed by the practical difficulties in obtaining holes
which are truly tangential to the chaertitherefore noncircular grooves are preferned
some atomizer$4d]. The groove length to width ratio must be sufficiently large to
ensurethat the liquid enters the chamber tangentially and not as a diffuse flow.
However,it must also not be too larggnce the gain in circulation may be offset by
frictional losses. Thewirl chamber contains a strosgvirl motion of the liquid fuel

and thecentral air coreStudy of the swirl effect on the atomization of a liquid sheet
has been performed by Rho e{gl. In the chamber, a portion of the swirl energy is
converted into aal velocity and thdiquid flows out of the nozzle in the form of a
hollow cone The exit orifice serves as the discharge outlet for the atomizer and
contains holes in whicthé liquid is discharged. The size of the hole is usually of the

order d a tenth of millimetre or less.

Some of the mosimportant parameters in pressure swirl atomizer are the pressure
exerted by the fluid on the walls, the axial and the tangential components of the
velocity and air core characteristics. These characteristics significantly influence the
discharge coefficiat at the exit orificethe mean drop sizes and distribution, sipeay

cone angle and the liquid filnhickness. Thenfluence of injection pressure on spray
angle has been investigated by several workers including, De Corso and KgtGjedy
Neya and Safd1], Ortman and Lefebvrgl2], Dodge and Biaglow13]. The results
obtained byDe Corso and Kennedy and Neya and Satmw thabver a wide range of
injection presures from 0.17 to 2.7 MPa, tleguvalent spray anglés aninverse
function ofthe change in pressur@rtman and Lefebvralso showthat startingfrom
atmospherigressure, increases in liquidgssurecause the spray angle first widen

and then contract. The most common research a pressurswirl atomizer is the
influence on the mean drop sif&everal researchers inding LefebvreandWang|[7],
Belhadef et a[14] and Emekwurtet al[15] did extensive works in thieegard. They
show that thenean drogsizes emanatinfyjom the pressurswirl atomize decrease with
increasing pressurd@he pressure on the internal walls of the atoma&so influences

the swirling motion and the initiation of the central air core. Horvay and Ld6&kel
experimentalf observed that the pressure isvairl atomizer is almost constant in the
swirl chamber, dropsharply in the contraction zone and further decreasesiexh
orifice. Theliquid velocity is an essential factor that affects the degree of atomization
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and primarily degends on the injection pressure and has tbhoesponentsthe axial,

tangential and the longitudinal

The formation of aentral air core is one of the important charastes of the flow in

a simplex nozzle. The size of the air core determines the effective flow area at the
discharge orifice and thus controls the coeéffit of dischargeSom et al[16]
determine the influences of nozzle geometry and nozzle flow on the size of the fully
developedair core and recogniziat below a certain Reynolds numlagthe inlet to

the nozzle, liquid flows full through the nozzle withiadhe formation of an air core
while above a certain Reynolds numbertla inlet to the nozzle, the formation of a

fully developed central air core of cylindrical shape takes platteeinozzle

The internal characteristics and the nozzle dimensions are not the onlysftwor
govern atomization performance.iduid properties and ambient gas properties can
significantly alter the mean droplet size and distribution. The liquid caitinsion and
viscosity tend to prevent breakup and instabilities, whereas the gas density will promote
instability and breakup due to aerodynamic interactidme aniient gas into which

liquid sprayis injected can varwidely in pressure and temperatuiéhis isespecially

true for liquid fuelired combustiorsystemg17]. The ambiat gas density has strong
influenceon the mean drop sizes producedtbg pressureswirl atomizer Not only

that it affects the spray angle too such that the spray angle decreases sharply with
increase in the ambient gas density until a maximum value of spray angle is reached
beyond which ay further increase in the ambient gas density does not affect the spray
angle. Liquiddensity, while having a smaller overall effect on the flow can also alter
performance as the higher inertia of the liquid phdsefact, a modest amount of
availabledata on the effects of liquid density on the mean drop size suggests that the
influence is quite smajll]. In many respects, the liquid viscosity is the most important
liquid property. As pointed out by Lefebvre althoughamabsolute sense its influence

on atomization is no greater théhe surface tension, its importance stems from the fact
that it does not only affect the drop semeddistributions but also the nozzle flow rate

and the spraypattern.An increase in viscosity reduces the Reynolds number and also
prevens the development of any natural instability in the jet or sheet. The combined
effect is that it delays the disintegration of the liquid sheet and increase the size of the
droplets in the spray. Howeven a hollowcone nozzle, a modest increase in the

viscosity can actuallyncreasdhe flowrate.It does this by thickening the liquid film in



the discharge orifice, thereby raising the effective flow area. At high viscosities,

however the flowrate diminishes with increasing liquid viscodity.

In addition to fluid properties, differennstability mechanisms are paramount to the
atomization process. These instability mechanisms include the Kééimholtz
instability arising from the interfacial shear across the liggsideous boundary and the
Rayleigh Taylor instability that forms due the different densities of the two fluids.
The KelvinHelmholtz instability mechanisms are prevalent mostly in the primary
atomization process while the Rayleiaylor instability model is suitable for
predicting the secondary breakup regime. Thougtsedhmodels in some aspects
provide reasonable predictions of the liquid atomization, they do not account for the
liquid turbulence motion observed in certain spr&ecent experimental investigations
and physical modelling studies have indicated ti@abulence behaviours within a
liquid jet have considerable effects on the atomization process. Such turbulent flow
phenomena are encountered in most practical applications of common liquid spray
device$1§].

In Computaibnal Fluid Dynamics (CFD), twphase flows are commonly modelled
using two different approaches: The Eidarmethod where the spray is considered a
continuum across the whole flow domain and the Lagrangian method where the paths
taken by the droplets are tracked through the dom&inombination of an Eulerian-k

U turbulence modeto describe the interactidmetween droplets and gas phase in the
secondary brealip with the Lagrangia method to model the disperse droplet phase
was carried ouby Lin et al[19] and Xiong et al[20] in a nonswirling effervescent
atomisation spray. In these related works, the droplet velocity is finally calcutated i

the spray far field by a orghase model initially developed for variable density jets.

Within Eulerian methods, the twghase model solves staquations foeach fluid and
takes intoaccountthe interactions betweephase$21, 22]. Drawbacks of this method
include the interfacial termsrequiring complex modelling andhe high number of
equationsas each fluid igransported. This work focuses dme entirely onefluid
Eulerianmodel and potentially bringsthe advantage to compute only the trans$puir
one single fluid witha high-density variation[14]. This entirely Eulerianand general
mathematical modedeveloped angresented by Vallet et §23] called the 9
atomization modehas the potential for all the bagiecessary capabilities. It describes

the atomization from tharst principle. Howeverits validation is insufficient and has
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not been demonstrateeell enoughin the pressure swirl atomizet the time beingnd

thereforeneeddurther research and improvement

1.2 The objectives of the research

The aim of thisresearch isto validate and assedbe capabilities of the
9 atomisation model ithe pressure swirl atomizand study thespray parameters,

turbulence fields red effects arising in these twghase flow. This will be achieved

through the following objectives

a. To performnumerical studies using STARD codein order to model the effects of

spray parameters amarbulence occurring inside the liquid jet toat®mization.

b. To model the interfacialsurface density forthe liquid and gas for

9 atomisation model in the STARD code

c. To evaluateghe transport equation for the liquid mass fraction and average density

for liquid and gas phase faurbulenceand flow fields to be generated.

d. To perbrm qualitativecomparisons ofhe spray parametere turbulence antiow

fields under varying conditiorfer the 9 atomisation model

e. To measure thaelropet Sauter Mean Diameter (SMDit different axial distances
from the hollowcone nozzle and different radial distances from the spray centreline
usingalaserdiffraction-based drogizeanalyser (Malvern Spraytec)

f. To compare the measured dropdétes to the predicted valuekthe droplet Sauter

Mean Dameter(SMD) in order to validate the 9 atomisation model.

g. To perform parametric studies in order to assess the capabilities of the

9 atomisation model

h. To performoptimizationtechniquen orderto identify theoptimal nozzle it design
parameter, operating conditioasd fluid properties that perform at or gitlee most

minimum drop sizes (SMDgt the spray centre line

i. To establish aSMD correlaion for the model and compaiié to the existing

correlations.



1.3 The thesisoutline

This thesisis organized ito eightchapters. The introdtion, which is the subject of
chapter one, consists of the background, the specific objeatifiezh the research
seeks to achievand the organization of the repo@thaptetwo contains the reegiw of
atomization mechanisms, numerical atomization modgetechniquestheoretical and
experimentalresearch into pressure swirl atomizas well aghe tubulence modelling
techniquesThe atomization model and computational fldighamics techniques used
in modelling spraysin the StaftCD software codeare described irchapter thre.
Chapter four presents the expeental methods and technegifor measuringmean
drop sizes inthe sprays emanating fronpressureswirl atomizer using Mlvern
Spraytec.Chapterfive focuses orthe computationaknalysis of theeailts where the
qualitative comparisons of flow and turbulence fields are evalu@tad chapter also
presents theaumericalprediction of the drplet Sauter Mean Diameter on the spray
centre line and radial position¥he exgrimental result analyses are performed in
chapter six and chapter seveampares thaumerical and experimentadsultsin order

to validate the 9 atomisation modelParameaic studies are alsondertaken in

chapter seven in ordéo assess theapabilities andnfluence of spray parameters,
operating and fluid properties ae droplet Sauter Mean Diameter (SMD)his
chapter also presents the optimization techniques carried out on the aodzthe
model in orderto identify the most minimumand optimd droplet Sauter Mean
Diameterat the spray centre linén addition, his chapter also undertakes ardepth
description ofthe reationship betweernthe Design of Experiments (DoE) and the
resulting droplet Sauter Mean Diaeter (SMD. Chapte eight gives the detailed
discussions andonclusions of the studynd also summaris¢he overd assessment of
the model



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Atomizers have many applicable uses in internal combustion engines, agricultural and
chemical processes. Most of thesgineeringapplications and processes requwe-t
phase flow and thus require ttspersion of liquidinto a gaseous mediurfihe liquid

fuels used in these processes have relatively low volatility and therefore could not
achieve the required combustion in theseesyst Therefore atomizers are required to
break the liquid fuels into fine droplets in erdto achieveeasierevaporation and
efficient combustion as well as redutiee pollutants in the exhaust emissi¢rls Most
atomizers achieve these througdrious complex cesses and stages bugkly it is

due to a highrelativevelocity or the interetion between the liquid ansurroundinggas
phase Numerous atmizers are in use but the masidely used is the pressure swirl
atomizer which is designed to produce a hollow cone dptay

2.2 Atomizer classification

Many types of atomizers are used in practice such as pressure atomizers, rotary
atomizers and twifluid atomizers. Others are electratst, acoustics, ultrasonic
atomzers[24]. Lefebvre[17, 25 summarized that theled atomizer should possess

the following characteristicd.Ability to provide good atomization over wide ranges of
fuel rates, 2. Provide rapid response to changes in fuel flow rates 3. Freedom from flow
instabilities, 4. Low powerequirements 5. Capability for scaling to provide design
flexibility 6. Low cost, light in weight, ease of maintenance, and ease of removal for
servicing, 7. Low susceptibility to damage during manufacture and installation, 8. Low
susceptibility to blockge by contaminants in the fuel and to carbon build up on the
nozzle face 9. Low susceptibility to gum formation by heat 10. Uniform radial and

circumferential fuel distribution.

2.3 Pressure atomizers

Pressure atomizengtilise the pressure energy in the lidg and convert it into the
kinetic energy by subjecting the liquid to a high applied pressure through a small
orifice. This creates a relatively high velocity between the liquidl the surrounding

gas and makes the liquid sheet disintegrates ligamens and then to dropletdn

terms of the directiorto which the liquid is fed into the swirl chambemregsure



atomizerscan be classified asxial and tangential flow designghe tangential design
arealsocal | ed t he ft rheawe o waeal ihseriaig usedndzliguid
flows directly into the swirl chamben the other handthe axial desigrrequires the
swirl insertfor the liquid flow so that swirling motion cédre created in the chamber
The schematic diagrams for botlesigns are shown ikigure 2.1(a) and(b) [26].
Pressure atorrers include plairorifice, pressurewirl (simpleX, square gray, duplex,
dual aifice, spill returnand fan praynozzlesas shown irFigure2.2 [17]. Plainorifice
atomizer shown in Figure 2.2a discharges liquid from a circular hole into the
surrounding air andhas narrow spray cone angles of about 10° which are
disadvantageous for many spraying applicatidine difficulties in keeping liquids free
from impurities limit the minimum exit orifice to arour@3mm and the maximum
dependson the applicationsThe pressure swirl nozzMhich has mch wider cone
angles of between 30° to 15@thieve these spray anglbg imparting a swirling
motion to the liquid in the swirl chambeAs the centrifugal forcencreass, it
discharges from the exit orifice as annularliquid sheetandspread radially outward

to form a conical sprayhich isdisintegrated into ligamestand then into dropleté&

full cone design can also be achieved by either using axial jet or otheesldo
introduce droplets intthe core of the conical sprays. The hollow cone spray is more
often used than the full cone because of its ability éater finer and small droplets.
Pressureswirl atomizers(PSA) shown inFigure 2.2b have the following advantages
inter alig they are simply constructed, low cost, require small amount energy for
atomization and &ve high reliability. A problem with this nozzle is that it lsawide
dispersion of dropletize[1, 26].

a) b)

ﬂ”:”lh

o)

Figure2.1 a) Schematic ofa) axial and (byangential flow atomizei{26]
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Another disadvantage @n exponential relation between the liquid flow rate and the
injection pressure. That is before the liquid flow rate t& doubled it requires a
fourfold increase in the injection pressure. Howewancepressure swirhozzles are
designed to operate within certain presstegimes this invariably affect the choice of
liquid flow rate fora givenpressure atomizeiThis basic limitationneesitated the
devel opment of wvarious fAwide rangeo of
maximum to minimum flow rateatio in excess of 20 with good quality atomization
without impractical limitations imposed by thejection pressureThe dualorifice
noz4e shown schematically ifrigure 2.2c, is one of the mostommonwide range
atomizers and are mostly usedamcraft and industrial gas turbineghis atomizer
basically consists of the combination of taimplex nozzles fitted concentrically inside
each other designated primary and secondary noZehesprimary nozzle which has
small flow passages allows low liquid flow rate throughnd givesetter and quély
atomization since igh injection pressure is require@hen amaximum pressure is
reached due to the increase in the flow eapeessurizing valvepers and allovs liquid
through the secondary nozzle. The liquid flow rate requires in the secanuaty is

high due to large orificesompared to the primary nozzle passaggisout excessively

usinghigh injection pressurd4].

10



(@) Liquid ——p Y Plain-orifice

Liquid —
Simplex
(b)  Primary >
Secondary — Duplex

Dual-orifice

(¢ Secondary —p
—>

Primary

(d) Liquid —p } @ Fan spray

Supply —pﬂ
© Spill — P Spill return

Figure2.2 Classification ofpressureatomizerd1]

2.4 Atomization mechanisms

This involves the process in converting a bulk liquid into either jet or sheet and its
disintegrating ito ligament and then into dropas well as the mechanisms
underpinning the growth of disturbances on the liquid sheet. This protests dhe
shape, sucture andoenetration of the resulting sprays as well aglibplet velocity

and size distribution The geometrical size, physical projpest of the liquid and
gagous mediumturbulencen the liquidand cavitationn the nozzleall have strong
influence on these atomization characteristihe relevant liquid properties to
atomization are surface tension, viscosity and def2i&y29]. The suface tensin and
viscosity tend to have a consolidating influence on the sprays as against the disruptive
actions of the various internal and extermalodynamidorces on the sprays. Basically,

atomization occurs when the disruptive forces jesteed the stabilizg surface

11



tension forcesThe initial large droplets produced at this stage are unstable and undergo
further breakups into small dropletsvhich is called secondary atomizatiohhus
atomization mechanism encompasses the prdeeskng tothe initial large droplet

which is theprimary atomization anthe secondary atomizati¢f].

2.4.1 Non-dimensional Parameters of Atomization
In order to analysdiquid flows having an interface between two fluidsome
parameters are used to define its nature and atomization properties. To predict the
influence of each atomization mechanism, it has been found that the momentum flux

ratio provides a good estimation for atomization [3G.

For incompressible flows the momentum flux ratio is written as

. n(b
0 —
()
where g and | refers to the gas dnd qui d respectivel vy, |

velocity.

Additional nordimensional parameters in the description of the primary atomization

are the fluids Reynolds number

7 @0
Yo ——

where O is the characteristic length and is usualketaas the diameter of the nozzle

and’ the dynamic viscosity of liquid.

The influence of the surface tension effects on the liquid surface also play an important
role in the atomization mechanics. Due to this, the Weber number is also commonly

employed:
" w0
wQ ——

whereO is the characteristic length and is taken as the diameter of the droplets for a

di spersed phase description and 0 is the

12



Ohnesorgeaumber (Oh) on the other hanelates the viscous forces to the inertial and

surface tension forces. It is given according to the relation as

2.4.2 Breakup of liquid jets
The phenomemru of jet break up has been a subject of research for decHdes.
earliest studies on f{edisintegratio. were those ofPlateau and Rayleiglat low
Reynolds numberf3l]. Rayleigh studiedtheoreticallythe breakup ofaminar liquid
jetsissuing from acircular orifice and concluded that all disturbances on theijét
wavelengths greater than the circumference will grow andbitestkupoccurswhen
the fastest growing giurbance attainsnaoptimumwavelengtht  of 4.51d, where d

is the initial jet diameteshown byFigure2.3 andFigure2.4a.

OSCILLATION
OF JET CAUSES
FORMATION OF
NECK

NECK BREAKS
DUE TO SURFACE
TENSION
“SATELLITE"}——e0
DROP (NOT
O'/ SPHERICAL

Figure2.3 Droplet breakup of plain circular jg17]

After breakup, the cylinder of length.51dbecomes a spherical drop, so that
T/ “JTQ “Jo O
andthe drop diameteD, is obtained as

13



O pY @
Weber[32] later examinetRa y | ei ghds work to include
disintegration of jets into drops and foutitht the airfriction reducesthe optimum

wavelengthl  and the minimmam wavelength for the drop formationFor zero
air velocity he foundhat} o® and} 18 Qand atrelative velocityof 15
m/s the optimumand minimum wavelagths were found tbe} ¢&'Qand}

¢&Q respectively with thelrop diameter reducinfjom p& i to the value of p& (82
Weber also examined liquid viscosign the jet break and foundthe maximum
wavelength  tobe

] 18 Qp o0'Q 8
where OhnesorgenumberOh ‘ = liquid viscosity,” = liquid density & = surface
tensiond = initial jet diameter.
In terms of relative velocity between the jet and the surrounding generating the
wave motion low relative velocities causthe droplets to disintegrate into a fairly
uniform drops which are far larger than the initial jet diameter as skayune2.4a. At
higher jet velocities, breakp is causd by the oscillations owaviness of thevhole jet
with respect to the jet axishown inFigure2.4b. At even higher velocitieglue to the
enhanced iteraction between the surface of the jet and the surrounding air, the waves
become detached from the surface to from ligament and subsequently intcaslrops
illustratedin Figure 2.4c. As the jet velocity increases, the diameter of the ligaments
decrease When they collage, smaller droplets are formead accordance with
Rayl ei ghH®|s theory
d

t ¥
(a) Rayleigh mechanism

+ e, 1
D

(b} Sinuous

(c) Surface breakup
Figure2.4 Breakup of liquid jet$1]
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2.4.3 Regimes of liquid jet breakup in pressureassisted atomisation
Four major different regimes for round liquid jet bragkin ambient or stagnhant gases
have ben considered which are normally referred to as (with increasing jet Reynolds

number from 1 to 4):

1. Rayleighbreakup regime

2. Firstwind-induced regime

3. Secondvind-induced regime
4. Atomisation or spray regime

The Rayleigh regime can be observed whdiquid jet of diametelD; and velocityus,

is injected into a stagnant gas, if the jet diameter is small and the jet Reynolds' number
YQ " 60jt is of the order 1 However, the maximum possible Reynolds
number for this regime is dependent upon the Ohnesorge nuitber j * ,O !

shown inFigure 2.5 Boundaries of four different jet disintegration regimes based on

Reynolds and Ohnesorge numbers according to IR&%zwhere' ,” and, are the

liquid viscosity, liquid density and the surface tension respectively. The drops formed
are larger than the jet dreeter. At larger Reynoldsnumbers thget shape becomes
irregular and wavy. This regime is known as the-agisymmetric Rayleigh breakp

or the first windinduced regime.These dop sizes equal approximately the jet
diameter.

Further increasing the Reynolds number leads to a stage where thetstssast the

liquid jet surface induced by mean velocity difference between the jet and the ambient
gas, and also by the turbulent eddiedoth the gas and the liquatart to detach some
droplets from the jet surfac&his regime is callethe secod wind-induced regime and
drops are smaller than Drhis is where brealp is taking place under the influence of
both &6éwaves and instabil it i eFurthermerghse’int ur b
Reynolds numbers around ®1@ads to full atomisation of the j¢83, 34]. This is
known as spray or atomisation regime. Drop sizes in this regime are much smaller than
Di. The limits and transition criteria for thesegimes based on ggnolds and
Ohnesoge numbers are given in g 2.5 from Reitzas straight lines in a lelgpg

scale of the parameter space of Ohnesorge and Reynolds numbers. Howeveld it shou
be noted that these limitseanot definitive and they are only indicatiagproximate

regions for the parameter space ofR& An illustration of the jet shape and the break

15



up process for each of the aforementioned four regimewésn gn the schematics of
Figure2.6.

10°

10 1

Ohnesorge number Z [ /]

10
Reynolds number Re [ /]

Figure 2.5 Boundaries of four different jet disintegration regimes based on Reynolds

and Ohnesorge numbers according to &%}

break-up length
Lp

S '-—- La(typlcal)

ﬁwoo

Raylcigh

first wind-induced

second wind-induced

exit velocity, U,

3% “'J'F¢} :...'.

o
e o ree

..#*.'.-l

. S .nr-‘ 2%
atomisation

Figure2.6 Liquid jet shape and glitive variation of the breakp length in the four
jet disintegration regimes with ineasing velocity35].
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The same classification of the regimes with their boundaries defined by Weber and
Ohnesorge numbers agesen inTable2.1 with the criteria for evaluating the nature of
cylindrical liquid jet breakup regimes The values of thgaseous Weber number, ¥/e
liquid Weber number, We and Ohnesorge numbe@h, should becalculated to
evaluate the Rayleigh and fiistduced regimes. However, the gaseous Weber number,
the liquidto-gas density ratio, and the Taylor parameter, T, arelved in the second

wind-induced and atomization regimes. These numbers are as follows

- ” c’) ’Ov' ) R )
WwQ —hhQ T
” ” ” ” ’O w Q

is the liquid dynamic viscosityy is the liquid average velocity, is the surface
tension coefficientO is the nozzle diameter, aid and” are the liquid and gas

densities respectively.

Table2.1. Criteria used in evaluating thegimes of cylindrical liquid jet breakuj35
39.

Break-up regime Criteria
Dripping regime wQ Y
Rayleigh regime wQ Ymw'Q méipg o8 p ES
First wind-induced regime pg o8 pEE wQ po
Second windinduced po wQ 1T ®
regime
Atomization regime T® 0w
. TP
M—(p_ p A@bp fiy

The boundaries are mostly straight lines of constant Weber numbers unless for
transition from Rayleigh to winthduced regime where according to two different
17



correlations two boundaries afQ T@orwQ p& o8 p EC with0'Q 18

can be considede According to Bestsdti [40] transition between the first and second
wind-induced regimes cannot be easily defined with these two parameters. Transition
to atomisation regime is gradual and according to two diffecentelations the

criterion for this transition i®n Q p Andw'Q 1 W.

2.4.4 Liquid sheet breakup
The basic mechanisms of shdeintegratiorare broadly the samnees thoseesponsible
for jet break up. According to Frazer et[4l] if the rdative velocity between the
liquid sheet and the surrounding air is fairly low, a wave motion is generated on the
sheet which causesigs of the liquido break away from its leading edge. Modume
of liquid contained in the rings can be estimated as the volume of a ribbon cut out of
the sheet with a thickness equal to that of the sheet at the breakup distance and a width
equaltoondh al f wavel engt hop/d). Thede bykndricas ligamkritsdht i o n
disintegrate into drops of uniform size accordingth@ Rayleigh mebanism as
illustrated inFigure2.7[17].

=
+

Figure2.7 The successive stages in the idealized bugaé&f a wavy shedt1]

For pressuraswirl atomizers (PSA)a corical liquid sheet is generategls shown in
Figure2.8. In contrast tahe plairorifice breakup, a wave motion is generated on the
liquid sheet, which causes the primary breakup. This processllisd classical
atomization With increasinginlet pressure and thus relative velocity, sheet breakup
occurs closer to the atomizer. At very high relative velocities, atomization starts at the
atomizer exit orifice. In this case, the liquid sheet has no time to develop a wavy

structure, but is immediely torn into ligaments. This mode is called prompt
18



atomization. For high Weber number prompt atomization is dominant whereas for a

low Weber number the classical model is domiraht

Liquid sheet

vy -‘.‘t.‘\l Primary atomization

R
R OA S B Secondary atomization
PRy Y

Final droplets

Figure2.8 Liquid sheet break up, generated by presswiel atomizef{42]

2.4.5 Break-up length and the liquid core length in round liquid jets

The breakup length or the intact lengtholis the length where break up begins on the
jet surface. The ehse spray region shawn Figure 2.6 in second wind induced and
atomisaibon regimes include a liquid core similar the potential core in singjghase
jets which is surrounded by a tvphase mixture of large droplets. The length of this
liquid core is called the liquid core length. It is also considered as the lengthttha
continuous liquid exists on the jet axis. This core lengtlequals the breakp length

0 in the Rayleigh regime but is much longer thianin the other three regimes and it
reaches in the atomization regime. A qualitative illustration of the hrpdkngth for
each of the four regimes of jet breag against jet velocity is showmdhe left hand

side ofFigure2.6.

2.4.6 Effect of density ratio and injection velocity on the liquid core
length

Grant & Middlemar]43] performed liquid core length measurements in the atomisation

regime with” j” v Tt and proposed a calation in the form of:

0jO ud poQ3
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Since the gas density is much smaller than the liquid density, the correlation only
depends on the ligd properties and the injection velgciHowever, other researchers,
Hiroyasu et al.[44], Chehroudi et al[45 and Andrews[46] have proposed the
following correlation for experiments whenj ” L TLTT

bjo & "j

with different values of 15.8, 7.0 and 5 for respectively. The wide range of values

for 6 , given by different researchers from different experiments, can be related to the
fact that the primary breakp is very much affected by the flow conditions in the
nozzle such as vorticity and turbulence which are not taken into account in these
correlatons. However, Chehroudi et 445] relate their much lower value @f to

some uncertainties in the measurements of Hiroyasy 4d4al.

This degendency of the liquid core orf j” j Is the same as predicted Hyet
theories based on the growth and instability of the surface waves withumsiable
wavelength47]. When the jet surface has becomavy orirregular typicalof the first
break up regira the pressure forces exatby gas as a result of the motion of the jet
on this irregulasurfaces which will be unequah each sidef the surfacdecause of
the different diameters and shapes that it attasus,causéurtherdisruption tothe jet.
These effects are generallgferred to as aerodynamic effects in the literature.
However, these effects are expected to beaxastent in the atomization regime since
the jet surface is subject to strong mean flow shear and-soaédl turbulent eddies that
do not leave much roofior waves or significant irregularities like the other regimes to

develop or remain on surface.

Tseng et aJ48] argue that the scalled aerodynamic effects are negligible for liquid to

gas density ratios of above 500 and become important only for values of this ratio
below 500. Hence they relate the lack of gas properties in the Grant & Middleman's
correlation tonegligibility of the aerodynamic effects because of very high density
ratios in their experiments and the rather strong dependency on the liquid to gas density
ratio in the other correlations to smaller densitiosain the related experiments
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2.4.7 Mean drop size
The men droplet diameter is a veiynportant parameteusedto characterize the
distribution of a sprayfFor most engineering purposele distribution of drop sizes
may be described in terms of two parameters, one of thetheisepresentative
diameterand the other one is a measure of the range of drop $izese are several
measures to define it, e.gnass median droplet diameterpd) arithmetic mean
diameter, Do, the surfaceareamean diameterDyo, the volume mean diameterzd)

the Sauter mean diameterzBtc

In combustion and fuel injectiont is only the mean or average diametand in
particular the most important Sauter mean diameter (SMD) named after Josef Sauter in
1924 which is used instead of the complete drop simgridution. Generally, a
combustor with larger SMD will produce more pollution (oxides of nitrogen, carbon

monoxide)[49]. Table 2.2shows théasic definitiondor theaverage diameteid].

Table2.2 Mean diameters

Common name Definition Used for
Arithmetic mean diameter o . General comparison and
O O 10 calculating evaporatio
rates
Area mean diameter - Monitoring surface
o) UE io applications
Arealength mean diamete , B 10 Absorption studies
© B 10
Volume mean diameter - Hydrology and mass flux
0 UB 10 application
Mean evaporative diameté B 10 ~ Evaporation and molecula
O 5 10 diffusion applications
Sauter mean diamet , B 10 Mass transfer and reactiol
(SMD) © B 10O
De Broukere diameter o B 10 Combustion applications
B 10




2.4.8 Drop size distributions
A critical parametein atomization study is thdistribution of droplet size withithe
spray. It is an essential element to understand the atomization process. Some of the
most widely use@mpiricaldroplet size distribution functions in spray atontiza are
the RosinRRammler volume distribution function, the logrmal distribution function

rootnormal, loghyperbolicand the Nukiyam& anasawa distribution functien

The RosiRRammler volume distribution function is widely used to expressitbplet

size distribution from nozzssespecially for pessure nozzie It is empiricaland relates

the volume percent oversize to droplet diameter. The atomization process produces
droplets with random and chaotic size. Usually, atomizers produce drioptats size

range from a few microns up to several hundred microns. A simple method of
illustrating the distribution of drop size in a spray is to plot a histogram, where each bin
represents count percent of droplets of a given size class. A histeginple is shown

in Figure 2.9 Because the graphic representation of drop size distribution is
experimental, several mathematic models were introduced in an attempt to reduce the
intensity of experimental measuremeritee Rosin and Rammlgib0, 51] expression

used to dscribe drop size distributias given by:
p 0 Aob - 2.1

where Q is the fraction of the total volume contained in drops of diameter less than D

and X and g are constants that are determined experimditally

100 20.00
2 <
= 15.00 &
L1
= o
2 @
o =]
; 50 10.00 §
3 :

500 =
o e
0 0.00
1 10 100 1000

Particle diameter (Lm)

Figure 2.9 Drop size distribution from pressusavirl atomizer, inlet pressure 10 bar,

axial distance from exit orifice 50 mm, in center line of spthy
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The problemwith this empirical approach is the difficulty of extrapolating the data to
operating regimes outi the experimental rangél/ithout additional experimentation,
one can never be certain whether the extrapolated empirical correlatibesap the
regime of interest. bfortunately, additional experimentatios often impractical,
impossible, or prohibitively expensiyg2].

Alternative to theempirical approach arsvo analytical approaches to the problem of
modeling drop size distributionThese aréghe maximum entropy (ME) method, and

the discrete probability function (DPF) method. The ME method, pioneered by Sellens
and Brzustowsk[53] and Li and Takin [54], views spray formation as a complgtel
nondeterministic process thatan be modétd using the principle of entropy
maximization subject to a set of global constraints. The ME method assumes that the
most likely drop size distribution is the one that maximizes an entropy function under a
set of physical constraints (e.g. conservatiorsfay mass, minimization of surface
energy, etc.). The most important part of applying the maximum entropy principle to
predict drop size distribution is the correct formulation of the constraints. After
approximately a decade of research, it appears vaabus formulations have
converged to a commonly accepted form. The constraints contain 'source terms', which
can be expressed in terms of representative diameters of the drossibation €g.

SMD, D»1, D3o, D10). It appears that at leasto suchdiameters are needed to predict

the drop size distribution. In principle, they candbtained by other means suchaas
instability analysis However, an instability analysis can provide only one such
representative diameter; at present, there are nosredasbtaining two or more. This
makes the maximum entropy method less useful for practical applications because at
present experimental measurement is the only way of obtaining more than one

representative diametgs?2).

The DPF metho@pplied to modeéing drop size distributions in Newtonian sprays by
Sovani et a[55, 56] and developed originally by Sivathanu and Gi&d divides the
spray formation process into deterministic and-deterministic portios. It is assumed

that spray formation involves a series of breakup stages of the initial fluid structure (flat
sheet, annular sheet, jet, conical sheet, etc.). A fhedhanic instability analyssuch

as the ones of Rayleigfb8], Weber[32], Sterling and Sleichef37], Goren and
Gottlieb [59], or Panchagnula et f80] can be used toedcribe the relevant breakup
processes. It is stated that the DPF method is not tied tganigular instability

23



analysis and thatny number of linear or néimear analyses that acceptably describe

the relevant breakup physics may be U&&ii.

2.4.9 Sauter Mean Dameter (SMD) predictions
Sauter mean diameter abbreviated SMD ey iB one of the most discussed atomizer
characteristics and plays an importaole in the combustion process. The goal is to
keep SMD as low as possible due to higher efficiency and lower production of
pollutions in combustion. A list of the best known empirical datiens of SMD is
shown inTable 2.3 ordered from the oldestthe newedtl].

Table2.3 SMD correlations

N Author Equation Yea | Liquid Comment

r

Ohnesorggsl] | YO O 1@ @ 8 yn 8 1936 | water

I Radcliffd62] | YO O 1960 1 =0.520
x& 8, 8a B8 Yy 8 mn¥/s
" =750
1600 kg/m
1] Jasuj§63] YO O 1979 | Kerosene
187 8, 8q ®yn 8 Gas oil
Residual
fuel oil
IV | Simmon$§64] YOO Y) 8 wQ 8 1981 | Water | We<1
o0 8 Kerosene

YOO p X@C‘f,hg—

Vv Baby 69 ™ O 1982 | Kerosene| Pressure uf
08 o8 to 27.6 bar
p wdpp 5 &y 8
YO O

\“lQ"W ’O 8 (b 8
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VI Kennedy66] YOO pm, ¢p p ™ ¢ | 1986| 25 types| We>10
zp WOU " of liquid-
080X O Kerosene
o 37'1_ ,oil etc
Y W
2p Tt Y
VIl | Lefebvrd67] YO O 1987 | Kerosene
cgovsd,8aq 8yy 8 Gas ol
n 8 Residual
fuel
oil
VIII | Wang, YO O 1987 | Diesel adl
Lefebvrd 68 ‘ & water
® c,,"yh 0AT-68
" 8
® (.QT 0AT-68
IX Coutd69 YO O 1997 | Water
g _ Diesel oil
P PAT-Oxs—— P
- i 8
R Ao ¥
X<
X Musemid¢70] Q 8 » 8 2011 | Water
YOO — —
wQ 7 Water
glycerol
~ 8 - . Y -
O o g5t : Y= Q -

The simplest correlations were empirical formulas in the general form

wherea, b, ¢, d are experimental constants. Due to a disparity in the listed formulas (I,
I, 1, VII), it is not possible to define one universal correlation based on this model.
The first correlation (I) in Table 2.3 was probably the first correlation ob3iMswirl

atomization. It was published by Ohnesofg# in 1936. He seBMD to be a function

YOO, T a4 Y
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of injection pressure and mass flow, but didt include any bthe liquid properties.
Further correlations were made WHyadcliffe [62] (II) and Jasujgs3] (Ill). They are

both very similar to each other. They put in the correlation liquid properties such as
viscosity and surface tension. According to the more convenient Lefebvre’s correlation
[67] (VII), they have a bigger influence on surface tension and do not involve liquid
and air density. These correlations are based on the model empirical formula in eq.
(2.2), their advantage is the simplicity of creation and application, but more complex
correldions VIII, IX, X) are more accurateSimmon$§64] in 1981 investigated six

swirl atomizers of small flow rates withater ad kerosene and correlated the=heér
number with inlet pressure. His correlation (IV) is valid only for small atomizers, with

a Weber of number less than 1. Bdb&] in 1982 used eight different atomizers for
pressure up to 27.6 bar, all with kerosene. He defined three equations (V), which are
based on the atomizers dimensions. He also edecktlequations forrpssure above

27.6 bar, but irhis thesis they are not classified. Kenn¢@§] derived his equation

(VI) using six different tomizers with 25 types of liquids. He correlated mass flow
rate, surface tension and inlet pressunder the condition that theabler number is
larger than 10The SMD was found to be independent of liquid viscosity. Probably one
of the most complex, semempirical correlation was introduced by Wang and
Lefebvrd68] in 1987. The correlation (VIII) was based on the theory

YOO YD O YO O 2.3

where"Y0 Orepresents the first stage in the atomization processSYanirepresents

the final stage of atomization. They used several liquids to provide a range of viscosity
from 1 mnf/s to 18 mmM¥s and range of surface tension from 27 to 73 mN/m.
Nowaday more than quarterentury later, it is taken as a reference for other
corrections. Coutet al[69] deriveda theoretical formula (IX) based on a hypothesis
regarding the thickness of a plane disintegrating liquid sheet. They compared their
results with other empirical correlations in their work. They correlated liquid properties
with atomizer dimensions and thiproperties of surrounding air. Recent investigation
was made by MusemiZQ] (X) by testing 20 atomizers with watglycerol mixture

with a dynamic viscosity of up to 5 mPas. He alwed that higher swirl ratio teto a
smaller drop size. A higher swirl ratio means a higher ratio of the tangential velocity

components to the axialelocity [1]. Apart from these gemal correlations some
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specific correlations are used for some specific atomi2exording to Elkotf71] the

SMD for plain orifice nozzles is determined using

YOO ostip & ,” 8 " 8yy 8

For pressuraswirl nozzles, mean drop sizes are usually correlated using empirical

equations of the form
YO O C&USI Sd 85’/'.] 8»n 8

For rotary atomizex any equation for mean drop size should take into acdbent
effects of variations in disc or cup diameter and rotational speed, in addition to liquid
properties andiduid flow rate. For atomization by direct drop formation, Tanasawa et
al. [72] obtaired a good correlation between their experimental data and the following

expression for mean drop size

Mmoo, B8 a
T o P TeTE

For atomization by ligament formation, these same workers proposed the following

YO O

equation

i ,Oniﬂ)n,, 8 g 8
VO — 4+ —
v @ t
An interesting feature of this equation is that it predicts the mean droplet size to

increase slightly with increase in liquid viscodity.

The mean drop sizes produced by #flind atomizers are usually correlated in terms
of the Weber and Ohnesorge numbers anditfiiquid mass ratio (ALR), as illustrated

below

3 - .
3-% &7 A8 "g Ep Iiz

where A, B, and C are constants whose values depend on atomizer design and must be
determined experimentally. Lc is a characteristic dimension of the atomizer. For
prefilming types of airblast atomizer the correlatiofd§]

3.8 = i 8 » g s 8
'O 0” '?'Y 'O ” T[@ l‘IJu /(’O p | 2

where DB is the hydraulic mean diameter of the atomizer air duct at its exit plane, and
Dy is the prefilmer diameter.
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2.5 Theoretical studies on pressure swirl atomizer

Early studies of simplex atomizers employed analytical and/or experimental methods to
predict theinternal and external spray characteristics of the atomizer {32R8raylor

in 1948 did the earliest work on the internal analyses of the simplex atomizer. He
proved that there is a difference between the values of titeraradii at the top of the

swirl chamber and in the outlet and in 1950 investigated the growth of the boundary
layer adjacent to a cone which represented the convergence of a swirl atomizer from
the edge of the cone to the vertex. He also investigated the velocity distributiam withi
the boundarylayer. Giffen and MuraszeW/4] undertook treatments of the inviscid
theory of the pressure swirl atomizZ@SA). It was a classical quasnedimensional
inviscid analysis that may be used by those wishing to design swirl atomizers. The
analysis of Giffen and Muraszew has beerpnesented in the major works on
atomization by Lefebvr§l]. The purpose of the analysis was to develop expression
terms of the atomizer dimensions only for: (a) thecane radius in the outlet, or
discharge orifice, (b) the discharge coefficient and (c) the spray cone angle. Bayvel and
Orzechowski [3] also did andlgal analysis on the atomizeimilar to Giflen and
Muraszewbut in addition gave a novel analysis of the axial and tangential velocities
along with the ahcore radius at the exit cressction where the static pressure is zero
throughout. The boundary layer analysis to determine thepedrdiamegr in the outlet

was undertaken bom and Biswa$75]. They made it clear from the outset that the
flow was analysed according to threetitist zones of flow: (a) a central apre near

the axis (b) a boundary layer near the surface of the nozzle (c) an inviscid zone between
the latter two zones where the tangential velocity behaves in the manner of a free
vortex. Rizk and Lefebvre [8, 33hvestigated the internal flow characteristics of
simplex swirl atomizers using approximate analytical treatment of the flow. They
investigated the effects of variation of the individual swirl atomizer geometrical
dimensions on the thickness of enularliquid film at the nozzle exit and the effects

of the variation of the fluid properties on the values of the discharge coefficient, the
spray angle and the liquid film thickness. They developed a general expression for the
liquid film thickness at the ekiof the swirl atomizer and stated that the-care
diameter increases with increasing pressure, decreasing inlet area, increasing swirl
chamber diameter, decreasing swirl chamber length, increasing orifice length,
decreasing liquid viscositand decreasg liquid density Moradi [76] developeda

theoretical model for pressussvirl atomizer using integratonservation meth@dto
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predict the SMD for fully developed atomization conditions. The results showed the
model predicted the droplet sizes with high accuracy for wide range of operating
conditions. However, the model overestimateale SMD for very low injection
velocities, Weber numbers and cone angl@heoretical model such as the semi
empirical model developed from the surface wave breakup theory was also established
by Xiao and Huang77] to predict the SMD for combustors. Thegncluded that three
geometrical parts such as tangential inlets, swirl chamber and the discharge orifice have

significant effect on the SMD for pressure swirl atomizer.

2.6 Experimental studies on pressure swirl atomizer

One ofthe earliest pioneers who studied experimentally the velocity profiles within a
pressure swirl atomizer was Horvay and Leug¢kgl The experiments were conducted
using three different convergence configurations (standard, concave, and plain conical)
and two different inlet/swirl chamber configurations (four 20 x 10 mm and four®0 x
mm rectangular inleslots). The atomizers were manufactured from Plexiglas(Perspex)
andshared many of theverall dimensions: radius of swirl chamber 50 mm, length

of swirl chamberd= 25 mm, radius of orifice; = 10 mm and length of orificke = 20

mm as shown ifrigure2.10.
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Figure 2.10 The different atomizer designs and dimensions employed in the velocity

measurement experiment of Horvay and Leuggl

The measurements of the liquid velocity components within the atomizer were carried
out usng the 'no contact' method of Lad@oppler Anemometry (LDA). The refractive
index of the operating liquid was adapted to that of the perspex by the use of mixtures
of tetraline, turpentine and castor dihe seeding particleseeded to scatter the laser
light were small air bubbles that were entied at the intake pump that supplied the
operating liquid to the experimental rigRadial profiles of the axial and tangential
velocities were taken at six different cresections through the atomizebe
Keukelaere[78] conducted tests on a large perspex atomizer using water as the
operating liquid. The flow rate was measured for different inlet pressures. Static
pressure measurements were conducted on thmah walls of the atomizer using an
electrical transducer providing wall pressure profiles for different inlet pressures.
Measurements of the aipre diameter were undertaken employing a video system
providing a clear view of the agore topology withi the convergence and outlet of the
atomizer.To observethe velocities and nature of flow occurring withan atomizer
Hsieh and Rajamaipv9] investigated the flow in the body of gdrocyclone separator
which bears close similarities with that of a swirl atomiZérey suggested that the

flow may be turbulent but admitted thHathe correlation between the turbulence and
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the Reynolds number has not besstablished for vortical flowyet it is generally

believed that turbulent conditions exist within the body of the hydrocyclone especially

as the Reynolds number is as high astadf or most pr ac tQtheral ap
numerous experiments have been performed in order to determine a functional
relationship between the SMD and the relative parameters such as surface tension, film
thickness, viscosity, discharge coefficient, spray angle and liquid andegagieq8,

67, 80]. Rizk and Lefebvrd80] explained usind-igure 2.11 that the film thickness t
increases with increasing kinematic viscosityfer any given pressurehile it does

appear to decrease with liquid depdiut stated that the effect wasnimal and that

the influence of pressur ewadmofefprenownced i al ]
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Figure2.11 Variation of film thickness t with kinematic viscosity and liquid density
Z4 observed byizk and Lefebvrg¢80Q]

Rizk and Lefebvrg8Q] alsopresented graph of variation oflischarge coefficientp,
cone angld)  wkinerhatic viscosity, as shown irFigure2.12 and explained thahe
maximum value ofdischarge coefficientvas reatied when the aicore disappeared

entirely and the flow becamaredominantly axial. Further increase in viscosity then
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has a retarding influence on thaxial velocity which thencauss the discharge
coefficient todecrease They alsonoted that there was a sharp decline in spray cone
angle withan increase in viscosity and th#te increase in the pressudifferential
acrossthe nozzle tended to widen the spray angle to the extent that the value of
viscosity @ which the swirl component becaraeffectively zero was almost doubled for

a fourfold increase in pressure differential
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Figure 2.12 Variation of discharge coefficient, coragle with kinematic viscosity
observed byizk and Lefebvrg¢380]
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Wang and Lefebvf€&8] conducted an experiment in which they utilized two pressure
swirl atomizers with different flow numbers to determine the proportionality of the
SMD with the surface tensiod of the liquid. They discovered that SMD scales
pr opor t % Sinalar resutts wére found by Jorf@d] and Simmong82] with

slight variation in the constant power. Saha ¢83].attempted to quantify the average
droplet diameters and velocities due to the breakup and subsequent coalescence of the
droplets from two different simplex atomizers utilizifghase Depler Particle
Analyzer(PDPA) and shadowgraph techniques. They disoed¢hat regardles of the
injector diameter usedhe droplet diameters and velocities all converged to the same
value at axial distances far from the injector orifice. The filnaplet velocities seem to

vary only with respect to the injection pressurear the nozzle; however, far enough
downstream all the droplet velocities converged to the same value along the center axis.
They also discovered that even though the simplex nozzles were of the-botiew
type, they still had significant number of dlefs along the center axis. This was
attributed to the fact that smaller droplets are going to be carried inwards by the
entrained gasvhereas the larger droplets would continue along their path at the sheet
breakup point. They also observed appreciabtdesaence féects downstream of the
nozzle.Muhammadat al[84] experimentally study the effect of geometric parameters
on the spray cone angle and the SMD for twelve (12) atomizers for three geometrical
ratios of O¥O, 0 YO and0 7O varied from 3 to 7.5, 0.81 to 2.69 and 1.25 to 5.0
respectively vaere’O is the diameter of the swirl chamb@, diameter of exit orifice,

0 height of exit orifice,0 combined vertical height ofontraction part and swirl
chamberThe experiment was performed at two injection pressures of 0.8 and 1.2MPa
using Malverninstruments and water as the test liquid. It was observed that the spray
cone angle continuously decreasath the increase in rati® 7O , however, optimum

value of 3.75 was obtained for the measurement of SMD. It was also shown that the
SMD continwusly increase with increase in 7O while 1.44 optimal value was

obtained for the measurement of the spray cone angle
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2.7 Numerical studieson pressure swirl atomizer

Computational fluid dynamics (CFD) research has been developed to produce
simulations of spray characteristics in pressure swirl atomttenn et al.85], Cooper

et al.[86] and Yule and Chinf87] are pioneers in the simulation of typhase flow in

the simplex atomizers. They predicted numerically the air core shape pressure

swirl atomizer Belhadefet al[14] performed numerical studies using FLUENT to
model the sprays characteristics within and outside the pressure swirl atomizer. He
developed ondluid Eulerian model to mdict liquid sheet atomization with high
Weber and Reynolds numbers. The model considered a single phase cehdsguid
mixture to represent the turbulent mixing of the liquid sheet with the ambient gas. As
the flow was highly swirled and highly anisotropiice Reynolds stress model was used

for the turbulence. The mean liqughs interface density balance equation was solved
to get the Sauter Mean Diameter of droplets. Experimental data was obtained using
Phase Doppler Anemometry (PDA). Atomization charastics such as the axial
velocity and droplet Sauter Mean Diameter were determined experimentally and were
compared with the modeling result3he agreementwas reasonably goobetween
predictions and measuremeatsshown irFigure2.13,
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Figure 2.13 Validation of numerical results in terms of axial mean liquid velocity and
Sauter Mean Diameté¢t 4]
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Numerical simulation of laminar and turbulent tgbase flov in pressureswirl
atomizerswas also carried out byouri-Borujerdi [88]. He coupledthe laminar and
turbulent NavieirStokes equations witthe explicitalgebraic Reynolds stress modsl
well the levé set model to simulate the airater twephase flow inside the pressure
swirl atomizer.Applying a highorder compact upwind finite difference scheme with
the level set equation culminated to capture therfiace between aliquid two-phase
flow and decreasing the mass conservation error itetred set equatioshowed that
some recirclation zones werebserved close to the wall inetlswirl chamber and to
the axis The proposedmodel showed that some pmovements wereobtained
compared with the previous numerical solutions, especially in the laminar flow, so that
the discharge coefficient, film ttkness, and spray cone angle weaéisfactory with

the previous experimental dada slown inTable2.4

Table 2.4 Comparison of air core diameter, discharge coefficient, and spray cone angle

Author Type of data | dair/do | Cp d
(Laminar flow) Numerical 0.70 0.388 | 68.22
(Turbulent flow)[88] Numerical 0.64 0.428 |71.23
Datta[16] Numerical 0.45 0.448 | 74.30
Taylof89] Analytical 0.632 |- -

Rizk [8] Experimental | 0.59 0.39 -

Rizk [8, 90] Experimental | - - 69.63
Suyari & Lefebvrd91] Experimental | 0.697 |- -
Jone§8]] Experimental | - 0.382 |-

He alsoshowed the result ofturbulent kinetic energy versus the radius cross section at
the locations of =z 6.13 mm, ¢&=1.8 mm, and z = 138 mm, =1 mmrespectivelyas
shownin Figure2.14a, b and indicates thahe intensity of the kinetic energy increases
drastically near the interface between the air core and the liquid. The comparison
between the two figures indicates that the maximum turbulent kinetic energgses

as the flow approackethenozzle outlet, i.e., when the fluid flows from z =6.13 to
12.58 mm.
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Figure 2.14 Turbulent kinetic energy in the cone region at different axial locations of

the nozzle

Hansen[92] also studied andsimulated the flow in a scaled model of a Danfoss

pressureswirl atomizer through commercially available CBX3 code.The main

objective of hiswork was to investigate whether it wpsssible to model the internal

gasliquid flow of an atomizer by use ahe commercial code CFA.3. Special

emphasis was given to the flow of the liquid phdseo approaches were used in the

simulations A Large Eddy Simulation (LESpased on the work of93]

and a

simulation where the flow was modelled as being laminar. Jihalaions were

performed in a thredimensional curvilinear grid representing the swirl chamber of the

atomizer and managed to capture the overall flow characteristics of a pressure

atomizer with the formations of an @oreand a thin liquid film in the exit region of

the swirl chamberThe results from LES and simulations assuming laminar flow were

verified against experimental findings from LDA and pressure measurervergsand

Chinn [94] conducted a numerical study pressure atomizdny treating the entire

compuational domain as single phaaed then guessing the interface bynijng grid

points where pressure is found to be atmosphg&he. ®lution was recalculated by

creat.

slipo

ng a new grid

boundary.

us.i

However

ng

t he
t he

cal cu-l at ed

capplietiattthe o n o

interface. The velocity and @ssure distribution in the atomizesere calculated and

discharge coefficient and spray angle were predic8dinthorsson and Lef95

conducted thredimensional simulations of internal, frearface flow in a pressure

swirl

atomizer via commeral
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simulations is a largecale atomizer. The Volume of Fluid (VOF) method was adopted
to capture the formation of the aore and Reynolds Stress Turbulence model was
used to model the effects of turbulenceeTiesults were compared to experimental
datagiven by Wang et a[96]. They concluded that the effect of the discrete inlet slots
disappears before the liquid enters the orifeakman et gl97] studied the effcts of
simplex nozzle geometry on its performance numerically. They coedltitht when
designing a nozzlgatticular attention should be giveto optimum values of the
performance variables like the local maximofrspray cone half angle at D36 = 4.1

and extreme caution should be taken when designing a simplex nozzle. The
performance variables are dependent on the actuahydical dimensionsince these
may determine whethereéfflow is laminar or turbulerdnd may change the trends of

the performane parameters.

The numerical simulation of twphase bw was also undertaken by Saéinal [98]

whose research involves modelling the internal and-nezzle flows in theGasoline

Direct Injection (GDI) injector. The Engine Combustion Network (ECN) Spray G
condition and Spray G injector were considered for the simulation of thehase

flow. The results showed that the predicted mass flow rate reasonably agreed with the
experimental data available in the ECN database for peak needle lift and was also
observed that the flow patterns and vapour formation were largely affected by very low
needle lift for both flashing and ndlashing scenarios. A comprehensive review of
varous models for Sauter Mean diameter (SMipgdiction wasalso undertaken by
Vijay et al[99]. They revealed that the IMwas greatly influenced by the breakup
mechanism and that the droplet size was minimized as the perforated instability
converted into a surface wave breakup mechanism due to higher inertia collisions. They
also indicated that viscosity downplayed the aceftension force and supported larger
sized droplets and suggested experimental validation for SMD findings for higher
ambient conditions. When the influence of fuel injection pressure and fuel temperature
on SMD were analysed, it was observed that tmepézature effect dominaten
reducing the droplet size. Since spray flow fields are difficult to predict due to the
topology and irregularities of the dense breakregion, Gin and Loth10Q used

inflow boundary condition approach to characterise it where the droplets are
computationally injected at 9 mm downstream of the orifice and combined this with
empirical relations for turbulent kinetic energyd dissipation. The approach described
the spatial distribution of the gas and the droplet velocity and found the droplet velocity
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to be consistent with the turbulent diffusion theory based on the local Stokes numbers
and turbulent kinetic energy. In thecent works by Stevenin at [d01] to model the
atomizaton and dispersion of an irrigation water jet from the nozzle outlet to the region
of the full development of the spray, an Eulerian model developed for large Reynolds
and Weber numbers was used to treat the two phase mixture as a single continuous
processThe mean velocity, turbulent kinetic energy, liquid volume fraction and Sauter
Mean Diameter (SMD) were determined numerically and compared to experimental
measurements. It was observed that the madetessfully predictedhe volume
fraction and mean dplet size profiles but overestimated the decrease of the

longitudinal velocity on the axis.

2.8 Turbulence modelling

A turbulence model is a computational procedure to close the system of mean flow
equations so that a more or less wide variety of flowslenod can be calculated. For
most engineeringroblems itis unnecessary to resolve the details of the turbulent
fluctuations. Only the effects of the turbulence on the mean flow are usually analysed.
For turbulencemodel to be useful in a geneq@lrposeCFD code it must have wide
applicability, be accurate, simple and economical to run. The most common turbulence
models are classified below. The classical models use theoRisyAveraged Naviér
Stokes RANS) equationswhich was proposed by Reynolds in 18pE)Z which
provided an approximate tireveragd solution method to the Naviedtokes (NS)
equationsand form the basis of turbulence in currently available commercial CFD

codes.
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Table2.5 Classification of turbulence models

Classical models Based or(timel averaged) Reynold equations

(RANS)

1. Algebraic models or zero equation models

2.0neequation modelsPr andt | 6s

model

3.Two equation model&k-U , -¥ rkodel

4.Reynolds stress model (RSM)

5.Algebraic stress model

Large eddy simulation (LES) Base on spaefitered equations

Direct Numerical Simulation (DNS) NavierStokes equations are numerically sol

without any turbulence model

Detached eddy simulation (DES) | Combine the best aspects of RANS and L

methodologies in a single solution strategy

The three different tweequation turbulence models commonly used in RANS
modellingare briefly described belojit03-105.

2.8.1 Standard k-Uturbulence model
The standardX) i s a cl assi cal mo d e | which is
turbulence kinetic energy) and its dispation rate {}: The k Umodel is the most
widely used and validated turbulence model. It has achieved notable successes in
calculating a wide variety of thin shear layer and recirculatingslwithout the need
for caseby-case adjustment of the modelnstants. The model performs particularly
well in confined flows where the Reynold shear stresses are important. This includes a
wide range of flows with industrial applications which explains its popularity. In spite
of the numerous successes the stanlakdmodel shows only moderate agreement in
unconfined flows. The model is reported not to perform well in weak shear layers and
spreading rate of axisymmetric jets in stagnant surroundingsasebgwverestimated

A summary of performance assessmerthefstandard-epsilonmodel is given below

Advantages
1 Simplest turbulence model for which only initial and/or boundary conditions
need to be supplied
1 Excellent performance for many industrial relevant flows

1 Well established; the most widely validatedbulence model
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Disadvantages
1 Most expensive to implement than mixing length model (two extra PDES)
1 Poor performance in a variety of important case such as
I.  some unconfined flows
i. flows with large extra strains(e.g. curved boundary layers, swirling
flows)
iii.  rotating flows

iv.  fully developed flows in nowircular duct§103

For turbulence kinetic energl)(and its dissipation rat&)(

TT_(‘)” Qg® " — Qi dno -

_‘ ” - rl '} rl 15 - "Q ’Q lr_' n 7_
o g o - I WQ o QO o] )
wherethe turbulent (or eddy) viscosity, , and the poduction of turbulence kinetic
energy, O, are given as
1 ” b4 !Q
O_

0 B 1o
0O —
Tw

The model constanté B 6 and the turbulent Prandtl numbess and, are

determined as follow to accommodate a variety of fiwablemy106-10§].

6 p& 0o poid Tm@rd, p8t and, PD

2.8.2 Renormalization Group (RNG) k-U mo d e |
RNG kUis a more refined model than tistandard KJ model , devel ope
statistical technique. The differences between the two models are:
1 An additional term is introduced in the dissipation equation to improve the
accuracy in rapidly strained flows.
1 The accuracy of the swirl flow ismproved.
1 An analytical formula for turbulent Prandtl numbers (inverse effective Prandtl
numbers,, and, )is added where the standartlk us es adj ust abl e
1 Effective viscosityget is also analytically derived to hadedthe lowReynolds

number case
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The equations forthe RNGlk model ar e:

- . ‘ Q.
Lo Lo Lo 1o g g0
T o Tw To . TO Q Q
where
6" 0 L—LJ‘Land’r_ YR, Y Y'Y ) with the turbulent viscosity

£
being calculated in the same manner as with the stanegpdilon model.
The model constants of the RNGk mod &l 6 h, h, ht handf aregiven

below

~

6 p8 &6 pHHS mWYhy TWpoOr T pdbr &G
T8t p[409.

2.8.3 Standard k-¥ turbulence model
The standarck-y mo d e | i s -eqaatian tRANSturbuiemce model which
replaces the rate of dissipation ibulent kinetic energy in the-0 mo d e | by
turbulence frequency (or specific dissipation rate), = . Thé dquations havlerms
similartothe k0 mo d e |

Kinematic Eddy Viscosity

Turbulence Kinetic Energly

rQ,r1Q 16 . ) , 17

T—o 6] m T m Q] m ~ w ~ T_
Specific Dissipation Rafe

| N 1 To ) T

= o) m | ~,~—QT m 1 m ~ e m

Closure oefficients andauxiliary relations
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In aaplying these variants ofkl t ur bul ence models to the
pressure swirl stomizeBaharanchet al[11Z] investigated the influence of variants of

K-e turbulencemodel and Reynolds Stress Model (RSMip the atomization
characteristics and swirl strength of the internal fldva pressure swirl atomizer. They
used the Volume ofl&id (VOF) multiphasemodelin Fluent 6.3 tesimulate the flow in

the atomizerand used the implicit scheme to calculate the interface between the two
phases. The results showed that RN&pkilon turbulence model performed
satisfactorily with the experimental data when an effective inlet Weber number was
introduced into the flow ahalso reduced the computational cedten compared to
SSTKky and RSM.

2.8.4 Direct Numerical Simulation (DNS) atomization modelling
The only means to exactly describe the atomization process numerically is through the
use of Direct Numerical Simulation (DNShere the full NavieStokes equations are
solved exactly for all relevant length and time scales. For a fully turbulent multiphase
b o whis involves discretizing the domain at a resolution on the scale of both the
smal |l est tur bul e rmé Komegbrovdengthyscale)uandtthe srallestn  (
't qui d st r uct[elkdeGonakhdvikiiamd HerimarfiB|swmmarize the
challenges involved in applying this strategy to study primamnegation as

1 Spatial and temporal scales span many orders of magnitude.

I n addition to resolving the Kol mogorov
the length scale of the smallest liquid structures. As topological change occurs, this
length sale approaches zero as the liquid structure undergoes -gancihis

necessitates a model to track topological changes.
1 Discontinuities in material properties at the interface must be resolved

Whil e some methods are abl e prdapetieawelp(foo ac h
example a | evel set met h o d )aerence method wilp r 0 a c

introduce numerical smearing along the interface.
1 Surfacetension presents a singular force at the interface.

Surface tensiondects are crucial taccurate resolution of breakup in the case of small
local Weber number. A typical approach to this problem is the continuum surface force
method in which a local point force is applied proportional to the interfacial curvature.
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1 Both turbulence and turbuleratomization are inherently 3D rendering 2D
simulation inaccurate.

1 The interface undergoes rapid topological distoriershown irfFigure2.15

Although DNS remains the only true way to resolve all atomization processes exactly
its prohibitive cost restricts its use to primarily academic applications. Nonetheless,
DNS results provide an invaluable tool for verifying models of primary atomization
phenonenon for which no experimental data is availdhts4].

Figure 2.15 Direct Numerical Simulation (DNS) liquid structures downstream of
injector[113

2.8.5 Large Eddy Simulation (LES)
Large Eddy Simulation (LES) is an approach in which the larger -thireensional
unsteady turbulence is explicitly resolved while the small scale eddies are modeled.
The smaller eddies which are responsible for the majofitiie energy dissipation but
contain only a small amount of energy are assumed to have a more universal isotropic
character making them easier to model than the large eddies which are diecthda
by the pow geometry and rnlhiy eatesa theeturbalent un s
resolution restriction signiycantly and

phase pow. Current LES approache¢ldq to r es
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1 Incorporate a coupled LES/DNS technique, performing a DNS calculation in
regions containing multiple phases and LES in shpdlase regions. This
technique reduces the computational demand of DNS but is still expensive.

1 Develop a sugrid scale atomizaan model. Several attempts have been made
to couple a near DNS scale Eulerian simulation to a Lagrangian droplet
formulation removing strippeda ligaments from the domain and replacing
them with Lagrangian droplets with appropriate secondary atomizatioels.

1 Neglect subgrid atomization terms.

2.8.6 Turbulence model for two-phase flow
Elgbobashi et a]115 developed a twaquation tuoulence modelor predicting twe
pha flows. Histwo equations described the conservation of turbulence kinetic energy
and dissipation rate of that enerfpyr the carrier fluid in a twgphase flow. Thee
equationshave been derived vigorously from the momentum equatibmiseocarrier
fluid. Closue of the timemean equations waachieved by modeling the turbulent
correlations up to third ordeThe new model eliminatesdémeed to simulate in adhoc
manrer the effect of the dispersed phase on turbulence structure. Pagjinsting
indicates that the model is successful in predicting the main features of egemewlis
jet laden with uniforrrsized solid particlebowever the model is not implemented in

most of the available commercial CFD codes.

The model conservation egtions of the turbulence kinetic energy and the dissipation
rate of that energy for thearrier fluid in a steady incompressible turbulemb-phase

round jet are presentéelow.
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(i) Theturbulent dissipation rat¢éequation
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The subscripts 1 and 2 denote thed and dispersed phaseespectively 5 = the
velocity components of the fluid, = velocity components of the dispersed phéase,
material densityy) = is the pressureg = volume fraction the symbol j means

T 71 ocand, j means! 7T | where x and rarethe distances along the axial and

radial directions respectively.
The values of the constants are

6 p& &6 pRotd  pRh# ™K  p8hA plwk  p8r[115
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2.9 DesignOptimization

Optimization is a tool used to obtain the optimum value of a certain function. For a
given application and models, several engineering projects are possible. However, due
to economic costs and input requirements, it is important to findesteconfigurabn,

which represents the optimuniihe basic concepts of optimization are the objective
functions and theonstraints The objective functions define a mathematical expression
of some value to be optimizetl can eithebe maximizedr minimizeddependingon

the goal. As indicated by mamgsearches, in real engineering problems there will
always be costraints There are equality and inequality constrairit$g which are
embodied in the deterministic and stochastic metlhddptimization.In generating the
design variables and the distributiors statistical Design of Experiment®dE)
technique known as Latin Hypercube Designs ([ Hihich is used in this worko
obtain an optimum set glarameter$or the models alsodiscussed.

2.9.1 Deterministic methods
These are methods with strong mathematical backgraumg, it is possible tprove
that the minimum of a function under centatonditions was found. Becausigey
require the computation of the gradient of theteecwhich is the ector of thefirst
derivatives of the object function, this is also called graehasted methodsSteepest
descent method, the conjugate gradient method, the NieRagphson, and the quasi

Newton method are examples of deterministic metibal§ .

2.9.2 Evolutionary and stochastic methods
Evolutionary methods, in contrast to the deterministic methgelserallydo notrely
on strong mathematical basis and do not made of the gradient nor secoderivative
of the objective function as a direction of descent. €kelutionary optimization
algorithms attempt to mimic nature imder to find the minimum of thebjective
function However, there is norpof of convergence to a globalinimum, although
they usually converge. Thesmethods require more functiavaluations than the
gradientbased ones. Genetic alghm, differential evolution, particlswarm and

simulated annealing are examples of evolutionary metfidds 117).

2.9.3 Hybrid optimization
A hybrid optimization is a combination of tteeterministic and the evolutionary or

stochastic methods, in the sense that lizes the advantages of eachtloése methods.
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The hybrid optimiation method usually employs an evolutionarstmchastic method
to locate a region where the global extreme p@rHocated and then automatically
switches to a determiriis method to getto the exactpoint faster. The hybrid
optimization method is quat simple conceptually, althouglts computational

implementation is more involvgd 1§).

2.9.4 Response surface methods
A statistical Design of Experiments (DoE) technique known as Response Surface
Method (RSM) is used in order to obtain an optimum set of findgarameters. The
design of experiments (DoE) methodology has been applied to different knowledge
fields becausef its high reliability and accuracy in the resulisl9-1227]. The other
great advantage of this statistical analysis is the huge reduction in the number of
simulations needed to achieve the optimum sevabdfies for the input parameters,
which predefine exactly the number of iterations, in comparison with evolutive
methods in which the number of iterations is unknown forehand since the termination

pointis arbitrary in ordenot to obtaira local optimunj123.

Responsesurfaces methal significantly accelerate the entire design optimization
process andire often used to replace very complicated physical models, to generate
correlations of experimental data and to reduce the computational cost injtidkd
Regonse surfaces are mathemati¢ahctions used to simulate the behavior of
proesses, experiments, and complexgineering analysis techniques. They allow
optimization techniques to be feasibbpplied to classes of problems outside of
computer evaluated objective functions. This occurs because a properly constructed
response surface that captures the behavior of a complex, computationally intense
objective can beused to speed up the optimization process. Also, a properly
constructed response surface can be used to optimize a process, or experimental work,
where only discrete, empirical sampl es o
parameters can be evaled [117, 125. There are aadt of different methods for
generating response surface modélgpopular, rapid, and accurate response surface
method is to use Radial Basis Functions (RBF) as the foundation of cr@a@sgonse
surfacgl1€. It construcs an interpolation scheme with favorable pedpes such as

high efficiency,good accuracy, and capability of dealing with scattered data, especially
for higher dimension problemgl17. Anotherresponse surface modelhich uses

interpolation method is Kriging andrepresents a relationship between objective
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function (output) and desigvariables (input) using a stochastic process. The Kriging
model drastically reduces the computational time required for objective function
evaluation in the optimization (optimum searching) prdde&. This method is based

on the assumption that the parameter being interpolated can be treated as a regionalized
variable. A regionalized variable is intermediate between a truly randoablaand a
completely deterministic variable in that it varies in a continuous manner from one
location to the next and therefore points that are near each other have a certain degree
of spatial correlation, but points that are widely separatedtatitically independent

In optimization, this method is very accurate when the number of design variables is
smdl [11§.

2.9.5 Latin Hypercube Designs
Latin hypercube desigrabbreviated LHDs a rich class of designs that are suitable for
computer experiments and numerical integration. They are easy to generate and achieve
maximum stratification in each of the univariate margins of the design {&gidn
McKay et al[127 and Iman and Conovdd2§ proposed Latirhypercube designs.
These authors and Stdih29 showed that.HD is generally useful and efficient for
computer experiments. It has some advantages in that it is caiopatly cheap to
construct and covers the design region well without replicati@ns.other good reason
is that it allows the creation of experimental designs with as many points as needed or
desired. Another good reason for the Latin hypercube populariflexibility. For
example, if few dnensions have to be dropped the resulting design istill a Latin
hypercube designThis is because in Latin hypercube samples arecobtiapsing i.e
orthogonality of the sampling pointé&lthough Latin hypercué designs have good
uniformity with respecto each dimension individually,olvever, desirable properties
such as space filling, or colunwise orthogonality come at the cost of very expensive
optimization[130, 131].

In a computeexperimental design withy points in' Qdimensions is written asga Q

matrix
® wowEw
where each column regsents a variable and each raw & ® E o

represents aample A Latin hypercube design is constructed in such a way that each of

the dimensions is divided into equal levels and that there is only one point (or sample)
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at each level. As originally proposed, a random procedure is used tmitete¢he

point locations.

Figure2.16 shows two examples of Latin hypercube designk gaiodand poorspace
filling properties.A better choice is shown fFigure2.16 (a) where the points are more
uniformly distributed over the domajt32.

T T T T T T T T T T T T T T
1 lol 1 1 ' ' ' ' ' ' ' 1 | '
1 1 1 1 1 ' ' ' [ ' ' ' [ | ' '
1 1 ' 1 ' ' ' ' ' ' ' ' [ | | @
' 1 ' \
.---J----*----'.---J---.*----*.---J----* ........ .{----*----}---.{----*----r---)----.’----
1 1 1 1 '@ ! ' ' [ ' ' ' [ 1 ey !
[ 1 i 1 ' ' ' ' ' ' ' ' [ i ' ¥
1 1 1 1 ' ' ' ' ' ' ' ' [ | ' '
(AR - P S S R S S " P — e e e s it
' 1 ] ! [} ] ! : ' ' ' ] 1 SRy '
[ 1 ' ' ' ' ' ' ' ' | ' '
1 1 1 1 1 ' ' ' w ' ' ' ' 1 1 v '
1 [ [ 1 [ [ [ i [} [ ' [} [ | [} '
- g o gy g g g S T T
[ 1 ] ] ' 1 ' ' [ 1 ' ' | o | ' '
1 1 ] 1 ' ' ' ' ' ' ' ' 1 | ' '

1 © 1 ] 1 1 ' ' ' ' ' ' ' 1 @ | ' '
.---J‘----’----'.---.{----*----}.---J'----* ........ J.----’----k.--+---f-..-'.---.{----*----
1 1 1 1 1 ' ' ' [ ' ' ' ' | ' '

1 ' ' 1 9 ' ' ' ' ' ' ' 1 i ' '

[ 1 ] 1 ' [} ' ' ' ' ' ' 1 | ' '

e e e S o e o e - - -
1 1 1 1 1 ' ' ' ] 1 ' ] 1 ' ] '

1 1 1 1 1 1 ' ' ' ' ' 9 [ | ' '

' 1 1 ] ' ' ' ' ' ' ' ' [ 1 ' '

1 1 1 1 1 1 i i [} [ ) [} [ | [} [
T . B T T B T SR B
1 1 1 1 1 ' ' 1 [ ' ' ' 1 1 ' '

1 1 1 ] ' ' ' '

L T T R T A A S F5, % J Y N Y S
..---.:----{----l._-_.{-_-_*----’._-_J.----{---- ,_-_+__-{_--_,.---.:_-_-*-_-_',---.:----{----
' 1 ' ' ' 1 ' ' I ! ' ' ' ' ' '

1 1 1 @ ] 1 ' ' 1§ ' ' ] 1 ' '

1 1 1 | ' ' ' ' ' ' 1 | ] '
e e e e ol e S e el o e el S S
[} 1 ] [} [} ] 1 ' ' ' 1 | 1 '

1 1 1 1 1 1 1 1 | ' ' ' 1 | ' '

1 1 1 1 1 1 ' ' L ' ' ' ' i ' '

1 1 i 1 [ 1 i I [ ' i ' 1 | i [

aDesign wih goodspace filling propertiesb.Design with poospace filling properties

Figure2.16 Latin hypercube designgith good and poor space filling properties
Modified Latin hypercube @signsusedin this workis a modification of the Matlab
Statistics functiorlhsdesign(code) for LHDwhich provides a htin hypercube sample
of n values beach of p variables aritie variables can range between any minimum
and maximum numbsispecifiedby the user, wheesthe originalLHD only provide
data between 0 and 1 whidck not very helpful in this practical problemwhere the
designrange is not bound to 0 and To identify the number design points be
generated-elipeet al[133 presentedn Table 2.6a set of configurations that covers

the typical applicatiomange of the LHD.

Table2.6 TableLatin hypercube design configurations

No. of No. of points

variables Small Medium Large
designs designs designs

2 12 20 120

4 30 70 300

6 56 168 560

8 90 330 900

10 132 572 1320

12 182 910 1820
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Rajaramet al.[134] carriedout a study on the optimization of spray characteristics of
biodiesel using response surface method of Design of Experiments (DoE). They
considered three influencing factors such as the injection pressure, fuel temperature and
fuel blends and indicatedahthe injection pressure and fuel temperature are the most

I mportant factors affecting the spray ti
mean diameter (SMD) since they have greater influence in the shie¢gltation and
atomization. Thy chosethree levels of factors for fuel injection pressure varies from
180 to 220 bars, fuel temperatures®8) 60°C and 70C and biodiesel fuel blends
namely KB20, KOME and COME for the three levels respectiatiiough the
constituents of these blends were specified. With these parametegy design of
experiment points were developed using full factorial design approach. The spray
emanating from the muttiole nozzle of diameter 0.33mm was captured using a high
speed digital camera and the spray cone angtel the spray penetration tip were

measured from the images captured by the camera for each respective DOE point. The

SMD was calculated usiny0 O v ™@8 87w andw ¢YOT, whereD=
diameter of orifice of nozzle, V= kinematic visdgsof fuel @ = fuel injection

velocity, YO = (injection pressuré atmospheric pressuré),= density of fuel. When

the SMD was considered for finding the optimized conditions, it was realised from the
response surface methodology that KOME 0¢iR&0 bar injection pressure and 62°C

fuel temperature were the optimized conditions and these conditions were used to test

the engine performance and calculate the pollutants in the emission.

52



2.10Summary

This chapter covers amy types of atomizersised in practice such as pressure
atomizers, rotary atomizers and twlnid atomizers.Atomization processes such as
break up of liquid jets and sheets well adts break up regimes were discuss€de
Sauter Mean Diameter (SMD) whichthe main fousof this work was also described
along aside the best known empirical SM@rdations for pressure swirl nozzléghe
current state in the theoretical, experimental and numerical studies of flow inside and
spray charateristics outside the pressure sworhaer were thoroughly reviewetdhe
variousgeneralturbulence models currently availableaammercial CFD codes were
also looked atand in particular the Reynolds Averaged Navi€tokes (RANS)
equationswhich provided an approximate tiraeragedsolution method to the
Naviefl Stokes (NS) equationsA brief review of variants of depsilon turbulence
models on the spray characteristics in the pressure swirl atomizer were also presented.
The designoptimization techniquewerealsoreviewed n order 6 identify the optimal
nozzle exit design parameter, operating conditions ard firoperties thagive the

most minimum drop sizes (SMD) at the spray centre lineorder to select the
appropriate techniqudo geneate the design variables a statistidaksign of
Experiments (D&) techniquesknown as Latin Hypercube Designs (LHD) which is
used in this work to obtain an optimumt s§ parameters for the model wasso

adequatelyliscussed.
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CHAPTER 3 COMPUTATIONAL FLUID DYNAMICS (CFD) CODE
SELECTION

3.1 Introduction

This section gives a brief overview of the CFD solver used in this .sitthre are
several major commercial CFD software packages available now incl&JiAdR-
CCM+ 135, ANSYS FLUENT[136, CFX[137, OpenFOAM13g, STARCD[139],

etc. Generallythese packages can provide basic functions about flow calculation, two
phaseflow, and other applications based on different mathematical models and mesh
generation strategie®n commercialSTAR-CD code is usedn this studybecause it
provides a wide range of mathematical models for different physical transport problems
like sprayand atomizationdroplet evaporation, combustion, hdeansfer particle
mixing, etc., andcan be applied in various categories ligatomotive (internal
combustion engines)mechanical, nucleaand demical, etc. The flow in STARD

study can be compressible or incompressible, laminar or turbulent, single phase or
multiphase, and the geometry can be a simple dulzecomplex domain. In additioit,
makesuses of various types of boundaries such as porous medid,wall, moving or
periodicin steadyor unsteady flow fields. STARD also provides a powki set of
mesling, pre and postprocessinglatatools toanalyseinterested physical paramete

on certain locations in the simulatedogeetry which can enhance the understanding of

complex physicaphenomenon.

3.2 Basic conservation equations

An essential tasin CFD is to resolve ta conservation equations ofassflow and
momentum to obtain theelocity and pressuraelds in the domain. After thaither
models can be started using this basis of velocity and pressure distriioutibffierent

applications.

The mass and momentum consStoaesoén egqgad
[14Q solved by STARCD for general incompressibland compressibl#uid flows in

Caresian tensor notation aseown inequations3.1 and 3.2respectivel{139 :

— — "0 Y 3.1
— — 700 T — Y 3.2
where 0 d0 time

54



() 0 Cartesian coordinate (i=1, 2, 3)

0 0 absolutdluid velocity component in directiot
n 0 piezometric pressumg " "Q w wheren is static
pressure,” is reference density, th&Q are gravitational

acceleratiorcomponents and the are coordinates relativi® a

datum wiere is defined

” 0 density

T d stress tensor components

Y d mass source

Y 0 momentum source componentnd repeated subscripts

denote summation.
The specialisation of the above equations to a particular class of flow involves

1 Specification of a constitutive relation connecting the components Gitrides
tensorf to the velocity gradients.

T Speci ficat i onY,alich tepresentd the sum ofetlée,body and
other external forces, if present

1 Application ofensemble or time averaging if the flow is turbulent

For Newtonian turbulent flows
T ¢ Y =" — "Do 33

where the6 are fluctuations about the ensembleerage velocity and the overbar
denotes the ensemble avergpprocess. The rightrsbterm in the above represetiie
additional Reynolds stresses due to turbuleotion. These are linked to theean
velocity field via the turbidncemodels. Inprinciple, STARCD can accommodate any
form of userspecified momentm source field, but it does contain builh provision

for two common kinds of body forces, arising from buoyancy and rotation,

respediely[139. The relevant expressionse:
Buoyant forces
“Y “Q ” ” 3.4

where "Q is the gravitational acceleration component in directionand ” the

reference density.
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Rotational forces
'Y 6h R 35
where is a function involving components of the rotation vettor and radius

vectori about a usespecified axigl39.

3.3 Thermophysical properties

The modelling frameworkof STAR-CD provides for variations of allthe
therma@hysical properties of fluid(s), namely density, viscosity, thermal conductivity,
species diffusivities and specific heats, as functions of temperature, mass fraction and
other variables. In some casepfional bult-in dependencies are provided.dll cases,
facilities are available for usapecified property functions to be inserted. Théuit
function relevant to this research for the equation of state (defwmityjcompressible

multicomponenmixtures is given by
” B — 3.6

where®w and ” are the mass fraction and density of component m, respectively

[139.

3.4 Generic variables

STAR-CD offers an additional facility for solving an arbitrary number of transport
equations for usedefined variables needed for spegatpose applications as well as
solving the basic flow equations. The generic form of the transport equation for these

variables can be written as:

~

— 4nAe6 _# nO O3 _# nO O83_ $ COAAS3

3 A6 3.7

where « is a transported scalar or vector component, u the fluid velogitiiewcontrol
volume surface velocity (grid velocity). The second convection term in the above
equation allows for the possibility that the generic variable property is convected by a
velocity wc different from the fluid velocity, wheregtlis specified bythe user. Th
userspecified coefficients T, C«1, Ce2, Dcand S can be either constants or arbitrary
functions defined via user subroutinéxistence of any of the transient, convection,

diffusion or source terms is optiorfal39.
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3.5 Turbulence modelling options inSTAR-CD

STAR-CD offers a wide variety of turbulence mddej capabilities. These may be
subdivided into four categories addy Viscosity modelsReynoldsStress models
Large Eddy Simulation modetsidDetached Eddy Simulation models

It is generally recognised that all existing turbulence models, including those
mentioned here, are inexact representatiof the physical phenomenatafbulence.

The degreeof approximation in a givemodel depends on the naturetbé flow to
which it is being applied, and the chasatsation of the circumstancesdich give rise

to 6good?éo a n d nced oustd dnfortynatelyf ber bageahainly on
experiencgl39.

3.5.1 The k-U turbulence models
The main options currently available in STAFD for the weltknown kU model s f
geneal applications ard h e 6 s k-(a nndcptPgdldl, 144,t he O6Renor mal i
Gr o (RNG) version of the4J mo[1D® 143,thedr e a | i-& aded144p In k
these models, k and t u r Kinetit enegy and its dissipation ratere chosen as
typical turbulent elocity scale and length scalespectively. The options differ from
each othern one of tle following respects such aket form of the equationghe
treatment of the neawall regionor the relation between Reynolds stresses and the
rates of strainThe Standardk) mo d e | i s e mplbecayse ik the mostt hi s
widely used, one recommended fo the atomization maddl validated turbulence

model with varied applicatiofs0].

3.52Standardk-U mod e |
The O6standar dwhimohdetthe high Reynolds nu
equations are useth STAR CD in conjunction with algebraic |laawf-the-wall
representations ofdiv, heat and mass transf@hetransportequationgor standard kU
modehre as follows

Turbulent kinetic energy k

- " —"6"Q * — — 0 L T - —  TO— D
3.8
where
o o)
V] 'YT—,
Tw
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0 mtfor linear models angl is the turbulent Prandtl number. The first term on the
right-hand side of equatioB.8 representsurbulent generation by shear and normal
stresses and buoyancy forces, the second viscous dissipation, andirthe t
amplificationeffects The last term accounts for the Alamear contributions.

Turbulentdi ssi pation rate U

6 "— 6" — 6 -0 3.9

where, is the turbulent Prandtl number abdd h6é h and 6 arecoefficients
whose values argiven in Table 3.[l0§. The first term on theight-hand side of
equation (3.prepresents the otribution to the production aissipation due to liear
stresses and dilatatigifects, the second tre®ntribution due to buoyancy, the fourth
the contribution due ttemporal mearensity changes (of importance in comins
models), and the fifth theontribution due to notinear stresses. The thirdre in the

equation accounts fahe dissipation destructiqd39.

Table3.1 Coefficients of the Standardk Tur bul ence Model

6 ” ” ” ” 6 6 6 6 K E

0.09 |10 1.22 | 0.9 099 144 192 |1.44 |-0.33 |0.419|9.0
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3.6 SIMPLE algorithm

The SIMPLE (Simple Implicit Method of Presstitenked Equation) algorithm gives a
method of calculating pressure and velocities. The method is iterative and when other
scalars are coupled to the momentum equations, the calculation need to be done
sequentidly. The sequence of operations in CFD procedure which employs the
SIMPLE algorithm is given ifrigure3.1.

> L Imitial guess p*, u*, v*, ¢*

STEP 1: Solve discretised momentum equations
ﬂ'f.ju:, = Z anbuib + (p:—l.j - pf;] A[,_;l' + bf,j

ﬂi.jvfu, = Zanb'ﬁ"'ib + (p::.f-l — p:}} "4':,[ + bj

lu',v‘

STEP 2: Solve pressure correction equation

P r ' ' ' ]
QB = Q-1 Pi-1,) T Qi+1,iPivry T Gij—1Pij-1 T Gijealijer T Dy

E

STEP 3: Correct pressure and velocities
Set =pf 4+
P =put =u Pij Pij Py
vt = 1;_1¢' = ¢ Up; = ujy + df-f(pg-l-: - FE-J}
v = vy tdi (pi.}-l - F’f.;}

l mu, v, gt
3

STEP 4: Solve all the other discretised transport equations

;@i = Qi—1,j@i—15 T Apr1;Pivry T Quj-1Pij—1 + Qi jraPijrr + 0y

No Convergence?

F 9

Figure3.1 Flow chart of the SIMPLE algorithiii03 108
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3.7PISO algorithm

PISO algorithm (Pressure implicit with splitting of operator) was proposed by Issa in
1986 without iterations and witlarge time steps and a lesser computing effort. It is an
extension of the SIMPLE algorithm used in CFD computational fluid dynamics to
solve the NavieStokes equations. PISO is a pressweiocity calculation procedure

for the NavierStokes equations delped originally for nosterative computation of
unsteady compressible flow, but it has been adapted successfully to-sisady
problems. PISO involves one predictor step and two corrector steps and is designed to
satisfy mass conservation using préalicorrector stepgl03 145 as shown irFigure

3.2

start

Stepl: sahe discraticsd momentim Stepl: solve pressure correction equation
equation

Step4: Solve second pressure correction Step3: Correct pressure and velocities
equation

Step6: Solve all other discretised
Steps: Correct pressure and velocities transport equations

Figure3.2 Flow chart of PISO algorithfi45

PISO gnerally gives more stable results and takes less CPU timmeobatitable for

all processd445. For laminar backward facing step PISO is faster than SIMPLE but
it is slower conerning flow throgh heated fin and imomentum and scalar eafion
have weak or no couplirthen PISO is better than SIMPLEDJ.
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3.8 Geometry and computational mesh capabilities

The versatility and accuracy of an industrial continuum mechanics analysis system are
very much tied to the flexibility of the computatidmaesh structure it employs hi
determines both the level of geometrical complexity it can handle and the degree of
control it offers over resolution of flow features. The function of the mesh is to fit the
boundary surface of the computational domain and subdivide its volume into
subdomai ns or o6cel |l sb, used in the numeri c:
equations of the mathematical model. SFER employs a highly flexible mesh
system that is probably unique in its combination of feafi8. At its heart lies the
STARRCD solverdés ability to perform a num
arbitrary polyhedral cells, which may be used for fitting local geometrical features to a
high degre of fidelity or for facilitating further mesh generation or optimization.
Special cell shapes within this general category include hexahedra, tetrahedra,
triangular prisms and pyramids, all of which may be generated usifg prd R6s b a s i
meshing capabiiies. More complex, polyhedral cells may be created bySpfoA R 6 s
advanced Auto Meshing module of the same volume. Further still, grids containing
cells of arbitrary shape may be created in Hpiadty packageand then imported into
STAR-CD. The 3D modelgeometry shown ifrigure 3.3 which isused to perform full

3D steady state simulationdias 100mm by 150mm for the diametard vertical

height of the computational domai®ther important geometrical parameters are exit
orifice diameter 3.5 mm, diameter of swirl chamber 12 mm, exit orifice height 8mm
and vertical height of contraction portion 3mm. These dimesions were chosaih to s
the nozzle used in the experimental validation emdccommodate all the axial and
radial distances considered in the sprajie mesh imported into STARD is shaevn
andFigure3.4. The mesh sizes were varigmldetermine whether the stion was grid
dependent or not singehas been showthat a fine mesh produces better or accurate
results and predictions than a @ mesh though a fine grid increases the
computational time. Therefore, an optimal mesh configuration is required that provides
a balance between computational time and solution accuracy. lreabzed after
various refinements of theesh in relatiorto the simulationresultsthat a final non
uniform mesh grid composed @{894,340polyhedralcells with base size 0.03mm
produced better resultean the base size of 0.05mihe distribution of the mesh was
done such that thswirl chamber and theniddle of thecylinder have finecells and

coarse meshesn the remaing part of the cylindeihe refined gridspacing on the
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swirl chamber wagsbout 0015 mm and coarse mesh 0.03 mm on the computation

domain with a growth factor of 2.0his is to redce the computational time

Inlet 2 (air)
Ng\\ﬁ Inlet1 (liquid)
Y
g
=
X E
z o
=
=
Outlet +
-— 100mm ~

Figure3.3 The computational domain and boundary conditions

Figure3.4 Mesh on vertical and cross section planes throughttimaizer model
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3.9 Discretization practices inSTAR-CD

The differential equations governing the conservation of mass, momentuqy,este.

within fluid systems are discretised by the finite volume (FV) meftid@, 147]. Thus,

they are first integrated over the individual computational cells and then approximated
in terms of the celtentred nodal values of the dependent variables. This approach has
the merit, amongst others, ansuring that the discretised forms preserve the
conservation properties of tiparent differential equatioris. STAR-CD, only implicit
schemes for time advancement are used. This means that diffusive and convective
fluxes and sourceerms are computeat each time steplfwo options for approximating

the time derivative are offered. The choice depends on the solution algorithm used. In
the case of SIMPLE, predominantly used for steadwdl but under some conditions

also recommended for transient flow siafidns. The available options arket first

order, fullyimplicit Euler schemeand the second order, fulymplicit scheme with
threetimelevela | so cal |l ed 0 gu a dindhe case obPASOkwhiahr d i
is optimized for transient flow simulatis, no choice is available: a special implicit
scheme is used, based on the fuifyplicit Euler scheme and explicit deferred
correctors, which results in a formal accuracy lying between first and secondlorder.
terms of spatial discretizatiothe differencing schemesvailable in STARCD for all

types ofmeshare the upwind differencing (UD) linear upwind differencing (LUD),
central differencing (CD) schemenonotone advection and reconstruction scheme
(MARS) andblended differencingThe upwind differencing (UD) whictmay below
(first)-order scheme or secowtder scheme selects the nearest upwind neighbour
value for the transpoguantityand alsgprevens the formation of artificial maxima in

the solution This form of interpolation presves the correct physical bounds on
transport quantity under all conditions, but can lead to numerical diff{is#g) 149 .

Linear upwind differencing (LUD) which is theecondorder accurate scheme
formulated for norstructuredmeshesand derived from a scheme originally proposed

for structured meshes. It results in less numerical smearing than the UD scheme, but
can produce solutions that are outside the physical bounds on transport quantity (i.e.
numerical dispersionand central differencing (CD) scheme, which is also second
order, simply interpolates linearly on nearesighbar values, irrespective of flow
direction. This scheme also produces less numerical diffusiorabube dispersivet

is particularly recommended farse in direct and largeddy simulation of turbulent
flows [103.
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3.10Boundary conditions

STAR-CD contains buiin boundary condition options that cover the majority of
practical situations. These options are selected usingpAd&R which provides a level

of spatial selection resolution ranging from individual cell faces through to entire
surfaces. Any physicalkgonsistent mix of boundary conditions is admissible. The
available options used in thesearch are inlet (prescribed flow) boundawytlet
boundary,jmpermeable wall boundary and the symmetry plane. The (jpitescribed
flow) whichisatan i nl et or o6freed boundary, wher
fluid properties are knownThe outlet boundary treatment is suitable for locations
where the flow is everywhere outwardsected, but the conditions are otherwise
unknown They are, of course, mainly determined by what is happening upsttaam.
impermeable wall the usuaho-slip prescriptions for velocitys either applied directly

or, in the case of turbulent flow calculations with certain turbdencnod el s, vi a
f u n c t Thesa& alsinclude provision for wall roughnesSymmetry plane denotes a
surface such that all field quantities on one side of it are a mirror image of thtise on
other side. The various boundary locations and conditianthéomodel are shown in
Figure 3.3. The following quantities and values are defirrmdmaterial properties for
the inlet boundary region&iquid of density(” woH QI flows through the
velocity inletl of 3./nm diameterwith air of density (" p® TQTH  passing
through tle other 3hm diameteinlet2. The inlet boundary conditions used to perform
the calculations for the liquid are one (1) for liquid mass fracti®&p for turbulence
intensity, 0.005 for turbulent length scale and®dm/s for the veldty magnitude. The

air inlet conditionsremain the same except for twelocity magnitude and mass
fractionwhich are 1 m/s and zero respectivélze outlet boundargonditions are 0%

for turbulent intensity, mass fraction of orge both liquid and air and 0.0024 for the
turbulent length scale. Thevalls represent the solid walls of the nozzle and the
computation domain andtandard wall functions are used to motled neawall

regions withno-slip conditions.
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3.11 Atomization modelling

Spray and atomization madiag refers to a subset of discrete phase particle Hiode

that describes the breakup of a continuous liquid into droplets. A number of industrial
processesand applications such the internal combustion engines retumeng of
quantities of liquid into vapouiTo burn such stable liquid fuels in an engitine fuel
droplets must be finer for intimate mixingaocur between the fuel and the oxidizer in

a gaseous state. This gaseous mixing entails turning the liquid into ar vaapd
promoting mixing of the resulting gaseBhere are twogeneralcategories bspray
moddling and these are primary atomization and secondary atomization. Primary
atomization makes assumptions about the physics inside the nozzle and computes an
initial drop size in the region near the nozflé(. On the other handsecondary
atomization models droplets that traverse the domain where thepmbe
hydrodynamically unstable and break into smaller droplets. Droplets can interact with
each other directly through collision, creating larger droplets and changing the
dynamics of the spray plunj&, 7]. There are a number of mixed approaches used to
characterise thepsay in the primary and the secondary atomization regions. Spray
atomization models such as the Langragian or Discrete Droplet Model (DDM),
Eulerian Model, Euleriafitulerian model and Euleridrangrangian Spray Atomization
(ELSA) models are briefly reviewlewith special focus and 4depth review of the

entirely Eulerian model proposed by Vallet et al caiéidy’ atomization modef23)].

3.11.1 Lagrangian atomization model
Lagrangian spray method also called Discrete Droplet Model (DDéfived from
stability analysis of the Kelvidelmholtz and Rayleigh instabilities have been in use
for the past twenty yearand used to characterise the spray in the secondary
atomzation regime These methods have achieved this popularity due to their
computational &ciency and ability to match experimental spray angles and
penetrations[15]]. The assumption is typically made that the liquid phhas
negligible volume fraction in comparison to the gas phase rendering such simulations
to be accurate only in predicting secondary breakup inthe®&al d of t he pow.
many applications require tuning of model constants based on empiridigmain
drawback of this method is that it requires the first cell to be two or three times bigger
than the nozzle diameter and makes the profile of the velocity at the inlet to be lost

[152 There have been signiycant attempts tao
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accommodate accurate resolution of primary atomization. Gorokhovski Et58).
generalized the stochastic approach traditionally used to model secondary atomization

to predict primary atblast atomization.

3.11.2 Eulerian modelling
Vallet et al[23] proposed an entirely Eulerian model calfed Yatomization model
which treats two phase flow assiangle continuous flow with variable density at high
Reynolds and Weber numbers. This model which is analogous to the model used in
calculating the flame front in combustion captures the features of primary atomization
and mainly characterise the dropleauer Mean Diameter (SMD) and the number
density. The model makes assumption similar to Kolmogorov hypothesis of turbulence
that at large Reynolds and Weber numbers the flow is independent of surface tension
and viscosity. To capture the rate at which sheface energy is created the transport
equation for the interfacial surface density is developed. This equation contains the
production and destruction terms accounting for the physical phenomenon of interface
stretching and collapse. The second transpqgtation for the liquid mass fraction
controls the liquid dispersion and models the turbulent mixing of the liquid. The mean
density of the two fluids is linked to the liquid mass fraction. With the knowledge of
the interfacial surface density, liquid nsaBaction and the mean density the droplet
SMD is then determined for the primary atomization. This will then be used as an input
for the secondary break up in thagrangianformulation and will in turn be used to
predict liquid vaporization and subsequén the combustion calculatiof$13 154.
The & 1Y model has been successfully aptg

and diesel jet type injectof4Q].

3.11.3 Governing equations
An entirely Eulerian approach proposed by Vallet ¢2d).treats a tweophase medium
as a single continuum where the dense phase is described similarly to a species in a
multi-component reactive mixture.
Let @ be the liqguid masfaction per unit mass of the twahase medium, then
Conservation equation for liquid mass fractjdf]

" 1T"'bo T O 1w

1O 3.10
o To o Yoro ¢
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where " [is the Reynoleaverage density) is the Favreaveraged velocity of both

phases,

The mean density[is related to the Favre averaged liquid mass frachibg

Tll— ” ” 3.11

where” and” are the constant liquid and gas densities respectiitely.assumed

that the pressure acting upon both phases is equal.

a is the mean rate of vaporization per unit surface of the liqu&the mean
surface area of the g#iquid interface per unit of twsurface media. Dispersion of the
liquid by the turbulence is expressed in the equation by using the turbulent diffusivity
'O and the turbulent Schmidt number as constaftb T

Let be the average surface area of the liegad interface per unit mass of tphase

medium. The transport equation for thecan be written agiQ]

I R @ T ,0O1 "T
- I'_T(:)_Q) T_p S 3.12

0 T Tw

where O is the turbulent diffusivity,"Y@is turbulent Schmidt number and is a
constant'Y® "Yo Tmh T is the rate of surface production and is proportional to

turbulence time scale given by

t 0 - 3.13

is equilibrium interface area and is related to equilibrium dropi siZ@3, 40] by:

j .
_ 8 ! 3.13

! J J

where 0 is a constant is the surface tension of the liquid.

The atomization model e@8.10 and (3.12)require a turbulent diffusivity and an
integral scalet and the standard-k turbulence model was used to calculate these
variables as well as providing closure of the fluid dynamics transport eqiia&éns

Once is calculated, the Sauter mean diameter (SKID)and the number density

can be found as:

Q —_— g — 227
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3.11.4 Evaluation of € T YModel
Beheshti et a[40) assessed €& 1Y model 6s ability
properties and injection regimes on the atomisation quality Hasaisted atomizer.
Air-assisted atomisation for which extensive experimental data are available was
chosen as a test casewas shown that a good agreement was observed between the
predictions and the experimefotr awide range ofiquid properties suchsadensity and
surface tension fothe variousinjection regimes defined for the liquid and gas
velocities. They noted howevwthat the model is limited in the fact that it only attempts
to resolve the Sauter mean diameter (SMD) and as such is uonaf@solve effects
caused by the droplet size distributionpolydispersed sprays such as ballistic drop
spreading. They concled that this is acceptable in the current application because
existing experimental data for gaseous and aerosol jets show a lower spreading rate for
an increasingly heavy central jet suggesting that variable density effects are more
dominant than ballistispreading40, 113 156].

Figure 3.5 and Figure 3.6 show two of their results that predicted SMD along the
symmetry axis ofthe airassisted atomizer for a range of gas velocities. The only
discrepancy they noted was that below a critical momentum ratio a recirculation zone

was formed and within this raadhe model undgpredicted the&SMDs[40].
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Figure 3.5 Spray SMD along symmetry axisrfalifferent liquid jet velocities and a
fixed gas velocity of 140 m/giQ]
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3.11.5 Eulerian-Eulerian atomization models

EulerianEulerian models is originally devolved for internal duct flows, mdrsperse

liquid-gas fows and for solid particle laden twahase flows. They are classified based

on atomization modellinfg0, 157):

1.

Models(type 1)with two continuity and momentum equations, one for gas and
one for liquid and with single constant droplet size. These are normally used for
internal dilute twephase flows or monodisperse laden flows.

Models(type 2)with different size groups, each gmhaving its own

momentum equation and velocity field. A droplet number balance equation for
each group size containing source terms for production and destruction of
droplets due to brealp and coalescence accounts for secondary tueakd

its coalesence. This requires sthodels for these two processes. Models of
Luo and Svends€i57)]

Model of type 1 above with addition of a model for calculation of the mean
drops 31D and distribution at each numerical element. Model of Platzer and
Sommerfeld 158 which uses this approach to calculate the droplet size and its

distribution.

The major challenge in using the Euder-Eulerian model is that it is not good in

predicting the spray parameters in the dilute region where the spray liquid tends to a

completely a dispersed ph§sg9. This rises basically from the nature of the

Eulerian momentum equations tlaaé accurate only for a continuous ptidse

Capability of Eulerian-Eulerian (E-E) model in providing the spray characteristic

parameters
1 These models have the ability to predict the following parameters
1 Mean droplesize or distribution
1 Spread angle
1 Velocity profile
1 Penetation depth with time
Advantages
1 Can deal withprimary breakup and the flow inside the nozzle
1 Economic in computation time
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Disadvantages
1 Inaccurate in dilute spray region

1 Computationally expensive for the model types 1 and 2

3.11.6 Eulerian-Lagrangian Spray atomization (ELSA) model
In this model, the Eulerian and the Lagrangian viewpoints are combined in modelling
the atomization and separate the spray into the dense and dispersed regions due to the
difference in its structure and atomization. The dense region is near the nozzle with
complex and irregular topology of the spray and the dispersed phase-iselifaf the
spray with a collection of droplet§16(. Since Lagrangian approach is more
appropriate in the dispersed region of the spray and Eulerian modelling has been
applied to the nedield by several researchers a combination of the two approaches
have been used to resolve or model the primary and secondary atomization. The main
assumptn in this model is that the flow must be highly turbulent with high Reynolds
and Weber numbers and Hoyas et[Hb]] indicate that the Reynolds and Weber
number should be greater than 1500 and 350 respectively. The second assumption is
that the liquid and #gas mixture is modelled as a single flow with mean properties.

The three distinct zones for ELSA model such as Eulerian mixture, transition and

Lagrangiarzone are shown iRigure3.7.

Lagrangian zone

Figure3.7 Three spray zones in ELSA mod&bZ]

A drawback of this model is that the grid resolution close to the nozzle is sensitive and
difficulty in adequately representing this near dense zone to capture the primary
atomization as well as a serious imbalance load caused by large droplets created clo
to the near field152.



3.11.7 Model selection
Since the cost of performing simulation wEINS/LES models is very expensive and
Lagrangian approach is also very effective in predicting secondary atomizatién the

TY model has been selected for use withi.

1 It allows the use of standard numerical proceduresdan a single continuity
equation without source terms. The momentum conservation equation in this
model is written in terms of a single velocity field which is the velocity of the
centre of mass within a computational cell. In this way, one avoidsttessity
to calculate the momentum exchange between the phases and uncertainties
related to such calculatida62.

1 Evenin its original form, the model is capable of predicting droplet size and
distributions with ordepf-magnitude accuracy.

T There have b e en pablicgtions yretating ttd this moadel e
suggesting that the model shows promise to many researchetaaras the
model matures results will continue to increase in accuracy.

1 The fully Eulerian formulation is naturally implemented in STER

3.11.8 Model limitations
The following are the limitations of tt& Y atomisation model
T The atamisation model in itenly form can only predict the droplet Sauter
Mean Diameter (SMD) and droplet number density in the primary atomization
regime

1 The model cannot characterise the dkbpize distributions for polydispersed

spray
1 The model is applicable to sprays wilige Reynolds and Weber numbpts,
163.
f The modéuses standard-k t ur bul ence model whi ch i

fluid flow though attempts have been made to extend the nmdearge Eddy
Simulation (LES)164]. Butinreality, k-0 t ur bul ence model i s
in predicting turbulence in twphase flows. However, due to the absence of
generally acceptable turbulence model for the-plhase flow standdr k-0

turbulence model is widely used in spite of its inadequacies.
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3.12Summary

This chaptereviews the computational numerical methods used in the STAR CD code
and discussehié basic conservation equations of mass flow and momentum to obtain
the velocityand pressure fiels in the sprayThe additional facility in STAR CDfor

solving anarbitrary number of transport equations for useiined variables needed for
specialpurpose applications as well as solving the basic flow equations sas al
reviewed.Brief accouns of turbulence modelling techniquesthe STAR CDsuch as

the kepsilonmode,lRenor mal i sati onr@mo i gl bnfoRddeI Kk an
alsopresentecindthe governing equations of ttetandard kepsilonturbulence model
analysed In order to solve the basic conservation equations two pregslaety
coupling SIMPLE and PISO algorithms were compaifiéds chapter also reviews how

the geometry fothe nozzle was designed athe type of mesh anghrameters useor

the computationin addition, thediscretization practices in the STABD suchupwind
differencing (UD), linear upwind differencing (LUD), central differencing (CD)
scheme, monotone advection and reconstruction scheme (MARS) and blended
differencingwere also discusse@he various boundary types employed in the STAR

CD and the specific boundary locations and conditions were also analysed and
discussedThe review was also done on the two categories of spray modelifigasuc
primary atomization and secondary atomizatMhilst primary atomization modelling
makes assumptions about the physics inside the nozzle and computes an initial drop
size in the region near the nozzecondary atomizatiomodels droplets that traverse

the domain where they become hydrodynamicallgtainle and break into smaller
droplets. Other types of atomization modetlsias Lagrangian atomization model,
Eulerian model, Euleriakulerian model and Euleridragrangian modelvere also
revi ewed. The @&71Y at theninanariodebsadtompedicethe wh i ¢
Saute Mean Diameter (SMD) was also thoroughly analysed the meris and

drawbacks of the modelaluated
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CHAPTER 4 EXPERIMENTAL ANALYSI S

4 .1 Introduction

The experimental studies involved using a hollow cone nozzle to produce a spray in
order to assess and validate entirelyEulerian model involving mainly modelling of

the liquid mass and surface density to predict the mean drop sizes. -Alifasetion-

based drop size analyser (Malvern Spraytec) was used to obtain drop size dalte from t
free spray. The hydrodynamics structure was characterized by the spray drop size
(Sauter Mean Diameter, SMD), number density and size distribution, and this was
measured at various axial distances from the tip of the nozzle and radiatesteom

the spray centreline.The influence of injection pressure, volume flow rate and
geometrical sizes on the mean drop sizes were also investiJdted.iquid sheet

break up process was also visualised and analysedaisigg speed camer&praytec
software (‘ersion3.30) was used to analyse the raw data obtained from the experiments

and convert them to drop size (SMD) values and size distribution information

4.2 Apparatus

The apparatus was designed with the purpose of producing a continuous spray and to
examire the spray characteristics quantitatively and qualitatively. The experimental
layout is shown in Fig.1l. Water, which was the working fluid,as initially collected

in a 0.4 container and fed into the main line by armgu(A TCS Micro pumpR pump

(S/N: 16062755 TCSgontrolled by24V power supply. A 300W triple power source by

TTiR (EX354Tv) was used to control tipemp speed by varying ttseippliedvoltage

The resulting pressure drop across the apparatus was measured using a pressure
transducer ifmR (P5414) which has a range of 0-46 bar (164000kPa). The
pressure sensor detected the pressure in the system and converted it to an analogue
signal which was read by a digital multimeter later converted to pressure. Jupecfet

the pressure measuremeatgvice was that of a typicat2ZDmA circuit setup with a

500Y resistor. In order to atomise the f
atomised downwards into the laser beam as illustratdeigare 4.1. The stand was

built to allow for variation in the axial distance above the laser beam as well as in the
other two perpendicular directions. A clamp was used to hold the nozzle to the stand
allowing for the nozzle to be changed quickly. A plastic container was used to collect

the fluid from the spray. Deflection of the sprayed liquid from the container back to the
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measurement regiomitially caused problemsluring atomisation which affected the
drop size measurement. In order to solve this prolabsorbant tissue papers at the

base of the collection chamber prevented splash. back

I

Figure4.1 Photographs of the experimental setup
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4.3 TheAtomizer

The atomizers used for this study were pressure swirl nozzles PFS 1392B1 and RXT
0250TI manufactured by PNR Ltd which produce hollow cone sprays. This company
manufactures various types of quality nozzles to precisidre tangential kilow

nozzle is made of AISI 303 stainless steel and in particular, the nozzle exit diameter is
3.5mm, the nominal spray angle is 70 degrees, the inlet diameter is 3.7mm, the nominal
flow rate at 3.0 bar gauge pressure is 3.90 litre per minute. The othercgtienié of
PFS1392B1 and RXTO0250TI are shown in Table. The reason for selecting these
particular nozzles is primarily because of the computational model developed by the
researcher and to assess and validae 9 atomization model dr further
improvement. In this nozzle, liquid under pressure is formed into finely atomized
droplets and work on the tangential flow principle. Inside the nozzle, there is an axial
groove that injects the liquid tangentially into the vortex chamber where the strong
centifugal force produces a high rotational velocity and generates a finely atomized
liquid hollow cone sprays. The relevant characteristics which determine the

performance of these nozzles are the following
1. The liquid flow delivered as a function of thee#l pressure
2. The opening angle of the produced spray

3. The nozzle efficiency as the ratio between the energy of the spray and the energy

used by the nozzle
4. The evenness of the flow distribution over the target and
5. The droplet size distribution of the spray.

Figure4.2 shows schematic drawings of the atomizers used~ande4.2a shows the
nozzle thawill produce conical spray pattern at 900 with respect to feed pipe axis and
Figure 4.2b showing the nozzle that will produce the hollow cone sprayménwith

feed pipe axis. The physical measuratsef the nozzles are shownTiable4.1[165.
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Figure4.2 Schematic and pictorial drawing of the nozzle (dimensions in millimetres)

Table4.1 Physical parameters of the nozzle

(a) Nozzle with tangential flow

Material | Nozzle length L | Height H Nozzle exit Liquid inlet diameter,
(mm) (mm) diameter (mm) | (mm)

Stainless| 34 24 3.5 3.7

steel

(b) Nozzle with in-line flow

Material | Nozzlelength L | Height H | Nozzlediameter| Liquid inlet diameter
(mm) (mm) (mm) (mm)

Brass 6.35 24 1.500 3.0
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4.4 The Test Liquid

The test liquid used for the spray experiment was soft tap vedtem average
temperature 013 degree€elsius The test liquid property parameters are presented in
Table4.2.

Table4.2 Test liquid properties

Property Mass density Viscosity Surface tension

Test liquid(water) | 1000 0.001 0.072

Units kg/m? kg/ms kg/s

Symbol JL L Ot

Source Crowleyet al Emekwuru et a]15] | Emekwuru et al
[166 [15]

4.5 Spray Measurement Methods

The spray characteristics were measured using a Malvern Spraytec whiahois
intrusive, lasediffraction-based drop analyser designed to continuously measure drop
sizes and distribution information for continuous spraiggire 4.3. This instrument is

one of the most convenient and reliable spray analysers used in examining the global
characteristics of spraji67]. However, Hirleman et 4ll6§ and Dodgd169 exposed

some of the limitations of the instrument while several researchers have indicated that
the variation in mean drop size and size distribution can be influenced by the effects of
drop acceleration and decelerat{@h. The Malvern Spratec instrument is based on the
Fraunhofer diffraction theory of a collimated laser beam scattering by moving drops.
Light from the laser (1) is scattered by the spray droplets (3). The laser ibeam
expanded by the collimated optics (2) to provide a wide range parallel beam. The
scattered light is focussed by a focusing lens (4) in a Fourier arrangement and picked
up by the detectaarray (5). Unscattered ligig focused by the focusing lens (4) that

it passes through the pinhole at the centre of the detector array. This is measured by the
beam power detector to give the light transmis§ioi®, 171].
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Figure4.3 Measurement saip of the Malvern Spraytec systghi(]

The optical head had a He Ne 5 mW diode laser. To prevent particatgsmination

of the optical apertures, there was a long base bridge with a 500 mm internal span
between the transmitter and receiver optiEgyre 4.3), and a flow control panel
provided clean and pressurised liquid to the centrally positioned nozzle between the
transmitter and receiver optics. The electronics interface powered the optical head,
acquired the raw scattering data, and processed arsitgad the signal information

to the computer. The processed scattered data from the Spraytec was saved to the hard
drive ofa personal computer which had Spraytec software (version 3.30) installed on it
and this software converted the raw data into usegan drop sizes and distribution
data[172. The principles of laser diffraction drop size analysers have theenssed
extensively (Lefebvid]; Malvern Spraytec Manugll7(; Emekwuru,[173). When a
parallel beam of light interacts with a drop, a diffraction pattern is formed such that
some of the light is diffracted by an amount depending on the drop size. In general,
large drops scatter light at small forward angles and small dicadter light at large
forward angleg170. A lens focuses the diffraction pattern onto a photo detector,
which measures the scattérght intensity. A curvditting program is used to convert

the scattered light intensity into an empirical drop size distribution function, and this is

displayed instantly.

The need to avoid making drop size measurements close to the nozzle has=bsed st

by Wittig et al[167] and Lefebvrgr]. The rapid deceleration of the smallest driops

the spray in this region gives rise to readings of SMD appreciably lower than the true
value. Chin et aJ174 recommend a downstream distance B€rf at air pressure of

100kPaas being the ideal plane at which to make the drop size measurements.
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Lefebvre [7] indicated that their calculationtake no account of evaporation and
suggested that to minimize errors arising from this effect it is desirable to keep the
distance as short as possible and estimated that 15cm was the best downstream distance
atthepressure of 0.1MPaFor the nozzleize and the liquid used in tlexperimentof

Lefebvre [6],50 mm was the best minimum axial position beyond which the results
were consistent and below which no meaningful information was obtained for mean
drop size ad size distribution and this also agrees with the downstream distance used
by Emekwuru[172 at the atomizing air pressure of 138kRd measurements were

taken with the laser beam passing through the centreline of the spray. The problems
associated with such measurement have been discussed by various workers including
Dodge [169 and Chin et al[174. However, Lefebvrd7] indicated that centre
measurements are generally preferred because they encompass both the smaller drops
in the core of the spray as well as the larger drops at the gerghery.Figure 4.4

shows the different distances from the nozzle dipliuid sprays. The readings were
takenonly when the spraywerefully developed. The vertical and horizal intervals

between the measurement points were 20 and 5mm respectively.

Spray nozzle

Spray centreline

K 60mm
Hollow
cone spray
— %
/ W L x\ 12013]111

Radial distance

Figure4.4 Measurement points relative to nozzle tip

Assuming that the sprays were almsgmmetrical, measurements were conducted for
only half portion of the spray$n using the Spraytethe liquid was sprayed at various

flow rates and drop sizes measured. Since the flow rate supplied by the pump could not
be directly controlled, the poweupplied to the pump was controlled by varying the
voltage instead. All samples were sprayed at voltages of (0.5, 1, 1.5, 2 and 2.5)V. The
flow rate was measured by timing how much time 0.4ml takes to spray. The pressure

drop measured by the transduceaswalso recorded in volts to be later converted to

80



pressure units. Spraytec was operated at 2.5 kHz for 10s per measurement. The
parameters used during the experiment for the Malvern Spraygearsare presented
in Table4.3.

Table4.3 Drop analyzer system paramefé&d]

Parameter Units Value

Transmitting optics setup

Laser power mwW 5
Beam waist diameter mm 10
Laser wavelength nm 632.8
Path length mm 30

Receiving optics setup

Drop size range mean diametes{D pm 0.1-2500
Lens focal length mm 300

Particle refractive index - 1.334 (water)
Medium refractive index - 1.000 (air)
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To visualize he liquid film break up, a higbpeed resolution camera was utilized.
Initially, a minimum exposure time and automatic flash were used to obtain the best

possible instant picturgs shown irFigure4.5.

Figure4.5 Imagefrom fastshutter camera

4.6 Hydrodynamics Analysis

The hydrodynamics features tife spray were analysed using the drop size and the
distribution. The results for spray in close proximity are usually difficult to measure.
The nconsistencies of the results this region can be due to possibly multiple
scattering from the dense spfdy 3. In this studyonly measurements beyond 50 mm
along the spray centre lirod the nozzle are found to loensistent. Measurements were
taken at axial distances of 830 mm in 20 mm increments along the atomizer centre
line. Also at the radial distances 6t50 mm measurements were taken at radial
distanceincremens of 5 mm.

Measurement of dropletize on spray centrelirenabés insight into theistribution of

drops along the nozzle symmeand helps to validattheoretical studiesr relatiors

for determinirg droplet sizes which is easigr develop on this axigl73 175. The
symmetrical pattern observeldiring the experimentsanalsobe explained in terms of

the balance of forces acting in a spray during the operating conditions. There is a
vertical effect due to the aerodynamic and gravity forces, and these forces act the same
on mirror drops on eitheside of the nozzle ax{g]. Figure4.6 and~igure4.7 show the
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uncorrected light scattering data and alignment of the laser beam for corrections before
capturing the raw datd.he Malvern Spragc softwareprovides means for correction

of the effects of multiple scattering during the experimeantsases where the particle
concentration is high, the measurement process is complicated by scattered light being
re-scattered by other particles befat reaches the detectdihese multiple scattering
errors are corrected by a light scattering correction algorithm and the correction effects
during the expriments are seen in the smoother transmission signal curfgure

4.7 compared tdrigure4.6 [170. Figure4.8 shows the dp size andransmission level

time historywhich showshow the spray developed over tirmed plots the values of all
derived parameterfor each record against tim&he illustrdion in Figure 4.8 was
obtained when the spray was directdnlough the Malvern Spraytec measurement

volume over a 10 second window.

20000 10000

10000 —— 5000

0 5 10 15 20 25 30 35

Detector Number

Figure 4.6 Uncorrectedlight scattering data. On transmission signal scale 1000

represents 1mw
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Figure4.7 Correctedight scattering data. On transmission sigsedle 1000 represents
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Figure4.8 Drop size/transmission level time history
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4.2 Summary

This chapter describes how laserdiffraction-based drop size analyser (Malvern
Spraytec) was used to obtain drop size data from the free Jprayapparatus was
designed with the purpose of producing a continuous spray and to examine the spray
characteristics quantitatively andaliiatively. The atomizers used for this study were
pressure swirl nozzles PFS 1392B1 and RXT 0250TI manufactured by PNR Ltd which
produce hollow cone spray$he test liquid usedand its property parameters were
presented. Thepray measurement methddr Malvern Spraytectwhich is mainly

based on the Fraunhofer diffraction theory of a collimated lasam scattering by
moving dropswvas also described@he various locations whetke droplet Sauter Mean
Diameter (SMDs) and its distributions were meadufor research ark carriedon

hollow cone nozzle were evaluated and it was stateditthpimeasurements beyond 50

mm along the spray centre line of the nozzle are found to be consistent. Measurements
were taken at axial distances of-B80 mm in 20 mmncrements lang the atomizer
centre lineas well asradial distanceincremens of 5 mmfrom the spray centreling

this study
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CHAPTER 5 COMPUTATIONAL RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents the modelling resultsthierflow fields on thecross section and
vertical plane as well as the prediction of the Sauter Mean Dia($NHD) at the spray
centerline and radial positions for the 9 atomisation modelln order to have a
better understanding of the flow and turbulence fields, thediwmensional vertical
plane is cut through the atomizer at 480d 3D view of the nozzle for the pressure
distribution is shown irrigure5.1. The two inlets or holes are symmetrically located at
the side andn the middle of the atomizer so that the spray emerging fremozzle
can be adequately captured and analysed on the.plae nozzle exit is located at the
centre of the computational domain omaxisymmetric study to be carried out in the
computational domain on the plaréquid through the outside jet and air through the
middle jet are injected at a steady state antulstions were carried out using the
Eulerian singlgphase modelling methodology for the injected fluids with fdghsity
variation, high Weber and Reynolds numbers. This Eulerian approach treats the liquid
and air as a single continuous phase with lsgme features of the flow dependent
only upon density variationThe Standard kepsilon turbulencenodel was used to
model the turbulence effesince it provided the best match in the validation after
analysing other variantsf k-epsilon turbulence meids. The invesigation of the

turbulence models are presented in Chapter 6.
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Figure5.1 Vertical section planend 3D plot of pressure distribution
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The flow simulations were carried out witthe boundary condition for the liquidnlet
taken to be a specified velocity flow ratermal to the vertical planand airvelocity

inlet paralel to the plane. The outletff the computationatiomainis set toatmospheric
pressure boundaryAll wall boundaries are taken as-sip. For gasand liquid
respectivelythe densities are 102and 997.%g/n. In order to comparéhe resultsof

the flow and turbulence fielddwo simulations were run for two pressweocity
coupling algorithms (SIMPLE and PISO) and SIMPLE algorithm was used to enforce
mass conservation and to obtain the pressure fidtdse simuldions were run at
steady statewith maximum residual tolerance ofx10* for convergenceto be

achieved.

5.2 Grid independence test

Figure5.2 presents the grid independence test using variation of pressure profile with
cell sizesin the swirl chamber, contraction zone and exit orifice of the atomizer
pressure variations arekiEn on the symmetry linmside the atomizeshown on the

vertical plane inFigure 5.1 and the xaxis values are the positions on the symmetry

line.
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Figure5.2 Grid independence test usingriation of pressure profile with grid sizes
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One significant obseation with this result is that the pressure in the sehdmbeis
almost constantdrops sharplyin the contraction zone and furthggcreases in the exi
orifice which is consistent wh the experimentalobservation madéy Horvay and
Leukel [5] on the gauge pressure at the internal walls of the pressure swirl atomizer.
The pink, blue and retines representhe variation of pressur@ the nozzleon the
symmetryline for cells from coarse to fine gridvith base sizes of.08 mm, 005 mm

and 003 mm respectively. With simulain of cell size @8 mm the presserprofile

has maximum value of 0.Bhars the 0.05 mm cell size the maximum pressure peofi
corresponds t®.308 bars and0.330 bars was the maximum value for the pressure
profile when the mesh basdze was reduced to @3 mm. It was observed after
carrying outthis series of grid independentsstsshown onFigure5.2 that increasing

the number ofcells beyondl,894,340with a base size of 03 mm did not alter the
pressve profile Thus the numerical simulations are grid independent beyond
1,894,340 cellef base size 03 mm on the symmetry line. The discretisation error for
the maximum pressure profilé using the Grid Convergence Index (GCI) was

calculated with these relations. The relative efidretween successive grids is found

by

where'Q is the fine grid anQis the coarse grid

For each pair of successive grids, GCI is found from

08 "0 i .

where’O p& vis the factor of safety recommended for three grid studieghe grid
refinement ratio ofl.6 , p is the order of discretisation assumed to be 2. The two errors

for the three grids are shown imfle 51

Table5.1 Grid statistics, pessure data and discretisation error estimates

Grid size (mm) [0  (bar) e 06 1®
0.08 0.266 - -

0.05 0.308 0.1579 19.74

0.03 0.330 0.0714 5.72
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From Table 5l the results show that Grid Convergence Index (GCI) tremaoarseto

thefine grid is relatively lonand therefora grid independent solution &chieved.

5.3 Comparison of SIMPLE and PISO algorithms results

Figure5.3 shows the contour plot for density with 15 levels on the colour mdpo n e
fluid-two-p h a s e ® atomization model, high mean density variation is an
important parameter and depends on the Favre averaged liquid mass fraction. Flow and
turbulence fields depend heavily on the mean density variation and as such to get a
comgete picture of the model for further analysis to be conducted density variation for
the two fluids treated as a single phase fluid must first and foremost be achieved for the
simulation. From the figure, the blue colour corresponds to the lowest demdithea

red colour representing the maximum value for the density distribution can be observed
in the vicinity of the liquid entry into the atomizer. The density variation can be seen in
betwesn these two limits and large in relation to the maximum andnimum values

of the density distributions. This is expected due to large density difference that exits
between liquid and gas¢$76. As can be seen in the spray the density variations
effect is stronger upstream and becomes less extreme in the downward stream. This
density variationrmay be due to the compressibility effects induced by-kgbcity

flows between the two fluidsn this model temperatures of the liquid and gas are not

considered so the density variations cannot be related to temperature variations.

In orderto assessvhether or not these numerical results can be trusted for the density
distribution, simulations were performed for two algorithms for presseiecity
(SIMPLE and PISO) coupling. The residuals for the main parameters calculated, such
as: continuity equ#éon, momentum and turbulence model were compared for both
algorithms. Under the same conditions, and low undexation factors to avoid
divergence of the iterations, the two algorithms showed appropriate convergence with
the maximum residuals for contiity being 1x10% With regards to computational

time, the PISO case expends less CPU time than the SIMPLE case and has greater
stability. The results show that the maximum local density value is 997.5 ko/m

both algorithms and minimum values of 1.1&#m® and 1.205 kg/ffor SIMPLE and

PISO simulations respectively. The average density in the distribution is in the range
between 499.3 and 570.5 kg/mit can, therefore, be sity seen that there are
negligibledifferences in the two resulisdicating the result for the density is good and
acceptable since SIMPLE and PISO algorithms tend to produce almost the same results
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under the same conditions, the only difference being the procedures for coupling the

pressure and velocity are differg3.
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Figure5.3 Comparisorof densityvariationsfor (a) SIMPLE and(b) PISO algorithms
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Figure 5.4 presents the velocity magnitude on the vertical planetHerPISO and
SIMPLE algorithms. The blue colour on both results represents the lowest values on
the velocity distribution, which also implies that outside the spray there is only air. The
minimum \alues of the velocity magnitude for the SIMPLE and PISO simulations are
0.56 m/s and 0.5#n/s respectivelyThe red colour indicates the maximum values for
the velocity on both contours and has values of 7.85 m/s and 7.6iespsctively.

The results intate that the average velocity in the distribution is in the range of 3.905
m/s to 3.924 m/s. The high values of the velocity in close proximity to the liquid entry
into the atomizer are expected since the liquid velocity is high. The results also show
that the spray is symmetrical on the vertical plane and therefore thédloaviour can

be evaluated on the spray centrelif@@onical spray is clearly visible and the minimum
values are found downstream of the spray for both simulations. This is in cagform
with the theory thathe liquid sheet emanating from pressswirl atomizer outlet
widens in the form of a cone after leaving the nozzle and disintegrates downstream into
droplet$177] and are mostly confined in the core regions of the spray. It can also be
found that the velocity in the centre spread of the liquid is greater than the speed of the
droplets at the periphef the spray. This is especially true because at the centre axis
the air will drag the smaller droplets towards the centre while the larger droplets will
remain at the outer periphery and as such the velocity distribution across the plane can
vary apprecialy from the centre to the outer radius. The phenomena at the tip of the
spray may represent the break process of the spray sheet into droplets which may be
induced by turbulent behaviour in the spray since in turbulent flows the turbulent
transport tems are dependent on the mean velocity field. It can be observed that at the
same colour locations for both the SIMPLE and PISO results, the velocity field values
are slightly higher for SIMPLE thdor PISO. These small discrepancies are acceptable
since t lies within 1% and 3% as indicated by Bar{d7§ in his study to compare
SIMPLE and PISO type algorithms for flow fields.
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Figure 5.4 Comparison ofvelocity magnitudes on the verticplane for(a) SIMPLE
and(b) PISO algorithms
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Figure 5.5 shows turbulent kinetic energy on the vertical plane when the simulations
for the SIMPLE and PISO algorithms were compared. The turbulent kinetic energies
are colour coded such that the vasocolours represent localised turbulent kinetic
energy at various locations in the spray. As can be seen from the two results high
turbulent kinetic energy increases in the vicinity of the atomizer exit and may be due to
low liquid density at those locatis. It can also be observed that low turbulent kinetic
energy is found in the downstream of the spray which may be due to decrease in liquid
velocity and high density variation. From the results, turbulent kinetic energy for PISO
is slightly higher thanhte SIMPLE case when compared at the same colour locations
with the maximum turbulent kinetic energy being 1.90%/sfmnand 1.814 s’
respectively and the least turbulent kinetic energy values of 0.6/ and 0.0072

m?/s” respectively. The results indite that the average turbulent kinetic energy values

in the distribution corresponding to the light yellow in the SIMPLE and PISO cases are
0.908 ni/s’ and 1.06 /s’ respectively. The very low turbulent kinetic energy
observed in the centre spread of #t@mizer may be caused by large liquid to gas ratio
and may also be attributed to the inadequacies in stanegpdilon turbulence model

in predicting better turbulent kinetic energy in two phase flow. Turbulence fields
depend on density variation in tragomization mode]40] and as the density variation
decreases greatly the standardpsilon turbulence model may not adequately capture
this effect and might have accounted for some of these distortions or fluctuations in the
turbulent kinetic energy. The fact is turbulencedelbng, even for single phase flows,

is an active area of research and the modelling of variable density flows particularly

flows with large density ratio is currenthn unsolved problefQ].

The results also show that some recirculation zones are observed close to the walls in
the swirl chamber and again standardpsibbn turbulence model may not be good in
predicting variable density flows which experience recirculation zones. However, as
indicated by Pandal et &ll23 in optimizing diesel spray breakp usi ng t hi !
atomization model and Beshesti ef40] i n a s s e s-¥ inodg in witassisted &
atomisation, most applied numerical works aii lsased on this turbulence model due

to its robustness and accuracy in modelling shear driven flows with minimally curved

streamlines but recirculation flows are challenging for any turbulence model.
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Figure 5.6 Contour plot of surface density for SIMPLE and PISO algorithm, axial
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Figure5.7 Contour plot of surface density for SIMPLE and PISO algorithms, radial at y
=60 mm
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Figure5.6 andFigure5.7 show the comparison of the contour plot predided surface
density br SIMPLE and PISO casat y = 60 mm for the radial case and axial profile
resulting from the locations dhe spray centre line. The results show that the surface
densityis almost 2800 m for both SIMPLE and PISO at axial location x=0 and for the
other locations the SIMPLE predicted surface density is slightly higher tha?i $i@

for the radial caselt can be observed from the radial results that thet maface
density values are 480 and 505m™ for PISO and SIMPLE respectively. The axial
result also shows that tteurface density decreasksearly on the gray centreline.
These two resultarere used in thepredicton of the Sauter mean diameter (SMD) on
both axial and radial pdsins of the spray plume in the computational donvaiiti

SIMPLE algorithm used iall predictions
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5.4 Flow fields on the crossection plane

Figure 5.8 shows the predicted velocity magnitudes on the nozzle cross seaions
shown ornFigure5.8a. The velocity magnitudes were generated in the sprays across the
swirl chamber, contraction zone, mid section of the exit orifice and the tangential port
into the swirl chamber. It was observed that the liquid velocity was very high in the
tangential inletto the atomizer as well as in the core of the exit orifieigure 5.9

shows the velocity distribution across the spray in the computational domamtia
transport equation for the liquid mass fraction, interfacial surface density and average
density were modelled. It was evaluated at the sections for y = 60, 80 100 and 120 mm
from the tip of the nozzle. Hollow cone spray formation can be observethesngets

wider at the distance increases with the entrained air. The flow fields for the velocity
magnitudes indicate that regions of relatively high velocities in the liquid were found to
be in the atomizer compared to the velocity in the computatasrakin.Figure5.10

shows the contour plots of pressure distribution, mean mass fraction of liquid, mass
fraction of air and turbulent quantities suas turbulent viscosity, turbulent kinetic
energy and its rate of dissipation at entry into the atomizer-pghase flow can clearly

be seen between the mass fraction of liquid and air in the atomizer as shenguren

5.10b and Figure 5.10c and liquid dispersion is correctly captured. It can also be
observed that turbulent kinetic energy was very higher near the internal walls in the
swirl chamber and pressure was also sed toigh near the internal walls as well. The
maximum value for the density distribution can be observed in the vicinity of the liquid

entry into the atomizer.

o

il ol i
S Tangential inlet

Swirl chamber

Contraction zone

Exit orifice

a. Crosssection through the centres of gat thenozzle
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c. Contraction zone
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d. Nozzle exit orifice
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Figure5.8 Velocity magnituds at variousozzlesections
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Velocity = 60 mm
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Figure5.9 Contour plot of velocitynagnitude at various crossctions in the
computational domain

Velocity = 120 mm
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b. Mass fraction of liquid
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Figure5.10 Contour plotsof scalar quantities on the cross section plane at the entry
into the nozzle

f. Turbulent dissipation rate
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Figure5.11 Mass fractiorof liquid on various cross section planes at y=60, 80, 100 and
120mm
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Figure 5.11 presents the liquignass fractiorfield & at y=60, 80, 100 and 120 mm
across the sprayestions where droplé@MDs will be measured for validation of SMD

at the radial positiond heseresultstogether with the correspondimgterfacial suréce
density presented iRigure5.12 wereused to prdict theSMD atradial locations in the
spray. $rayspreading in radial directias clearly observednd minimum values were
found downstream the spraphis is because the mass fraction of tlggill decreases
inside the spragsthe liquid penetrates the air. The evolution of the interphase liquid
surface density habe same behaviour as the méignid massfraction. The minimum

and maximum values of average interphase surfacetge&osrespond to the locations
where the avege liquid mass fraction is also minimum amdximum This means the

more liquid there is & moreliquid and gasinterface therés.
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Figureb5.12 Surface density on various cross section planes at y=60, 80, 100 and 120
mm
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5.5 Flow fields on the vertical plane

Figure5.13a shows the axial profile ahe droplet velocity obtained on the spray axis.
The values on the-gxis represent the positions on the spray centre axis from the
nozzle exit to the downstream the computational domain. The vertical axis represents
the velocity magnitude of the droplets at the various axial positions on the symmetry
axis away from the nozzle exit. It can be seen that the maximum velocity at the vicinity
of the nozzle exit i$.5 m/s. The liquid velocity decreases quite sharply from the nozzle
exit up to 20 mm to approximately 1.5 m/s. It further reduces to a low value and
remains almost constant in the downstream part of the .dpigayre 5.13b shows the
radial profile of the dropletelocity at the axial positiog = 60mm. The result shows
that higher mean velocity can lobservedat the centre spread of the sprand it

decreasetowards the periphery of the spray.
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Figure5.13 Droplet velocity on th€a) spary centrelinand (b) radial positionsaty =

Q&STAR-CD

pro-STAR 4.22

60mm

Mass_fraction_liquid

LOCAL MX= 1.000
LOCAL MN= 0.9262E-09

1.000
0.9286
0.8571
0.7857
0.7143
0.6429
0.5714
0.5000
0.4286
0.3571
0.2857
0.2143
0.1429
0.7143E-01
0.9262E-09

Figure5.14 Contour plot oflquid mass fraction on the vertical plane
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Figure5.16 Mass fraction of liquidbn thespray radiapositionsat y= 60 mm
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Figure5.14 illustrates theé2D field of the liquid mass fraction on the vertical plane. The
liquid mass fraction lies between 0 andThe liquid mass fraction is 1 (in red) at the
liquid phase and 0 ahe air phaselnside the domain of the atomizer, there is only
liquid and as the liquid moves through the gas phase, the liquid mass fraction in the
centre spread decreases. Outside the spray indicated by tlzolblueit is surrounded

by only air.Conical spray is clearly visible angh the spray axithe meariquid mass
fraction decreases downstream the computational dantagure 5.15 presents the
graph ofthe liquid mass fraction othe spray centre axi¥he xaxis values represent

the positios as shown on the proliee 1 in Figure5.1. The liquid mass fraction on the
vertical axis has a maximum value bfAs can be seen frofigure5.15 the value of

the mass fraction of the liquits high at the nozzle exitat x=0 and decreases
downwards withthe lowest value 00.1 Figure 5.16 shows the liquid mass fraction
distributions on the spray radial positicatsy=60 mm which shows higher liquid mass
fraction d the centre spread and decreasing sptawsrds the atomizer aills. The

high value of the liquid mass fraction at this locatay be due tohe initial impulse

and high energy in the liquid as it leaves the exit orifice of the nozzle and attempting to
penetrate the ailLiquid dispersion into their maygive rise to thedecrease irthe

value of the liquid mass fraction.
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Figure5.17 Predicted surfacdensityon radial position at y =66m
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The interfacial surfacedensity being the key quantity characterising the atomization
quality and droplet diameten this model is predictedlong and across the atomizexr
shown inFigure5.17, Figure5.18 and Figure5.19. In Figure5.17 the radial positions
aretaken at y=60 mm from the tip of the atomiz&€he vertical axis values represent
the values of thenterfacial surface densifyredicted on theadial positions The axial
position x=0 corresponds to a positi@n the spray centre axi$he y=60 mm is
located with reference tilie minimum distanceaway from the nozzle exitom which
meaningfuldata can be obtained fgpray drop sie¢ measuremenfhe results show

tha theinterfacialsurface density has the same shape profile as the mass frddtien
liquid. The mnimal and maximum values of the surface density respectively are also at
the point where the mass fraction values are also minimal and maxiesyectively.

This means that the more the liquid at a position in the field the more the surface
densityand viceversa. Thanaximum vale for the surface density is 2860" at axial
position x=0. This increase in the surface area density may be dtle toulk
turbulence of the liquid. lis supportecby Beheshti et al [40] that therate of liquid

surface area increase is a weighted sum of rates determined by the bulk turbulence and

C& STAR-CD

pro-STAR 4 22

the drop collision.
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Figure5.18 Contour plot of interfacial surface density on the vertical plane
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Figure5.19 Predicted interfaciasurface densitpn the spray centre line

Figure 5.19 shows pedicted interfacial surfacelensity on the spragentre line
evaluated from the contour plot sfirface densityshownin Figure 5.18. It can be
observedthat the surface area density the atomizer decreasesharply along the
symmetry line(between axial position y=0 and 30nm from 16000m™ to 4000 m™,
The coordinatedx,y = 0,0) is located at the tip of the nozzle exinside the
computational domajnand on the spray centre linéhe valueof the predicted
interfacial surfacelensitydecreases slowly as almostconstaniaxial positions y = 30
mm andy = 120mm) with a value o2000m™. This resultis used to predict the Sauter
Mean Dameter(SMD) on the spragentreaxis.
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5.6 Prediction of Sauter MeanDiameter (SMD)

Figure 5.20 presents the radial profile of numerical predicted Sauter Mean diameter
(SMD) at axial positions y = 60 mm from the nozzle exit. The result shows that the
SMDs are smaller in the vicinity dfie spray centre axis (axial position = 0) and higher
droplet SMD values can be seen at the periphery of the spray. Thus it can be deduced
that the SMD depends on the radial distance. This may be due to the large droplets
experiencing less drag than the adler droplets andcan also be due to droplet
coalescence which is accounted for by the model. Outside the liquid sheet, the mass
fraction andliquid surface density are zerand so the SMD calculated does not
represent any droplet diametdihe result adlo shows thathe droplet size has been
predicted with correct ordef-magnitude when compared to the works of

Behesh{i40] and Vallet et 4l14] when assessjthe same model
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Figure5.20 Sauter mean diamet€8MD) on radialpositiors at y= 60nm
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Figure5.21. Spray Sauter mean diameter (SMidgdictedon thesymmetry axis

Figure5.21 shows the Sauter mean diameter predicted on the sprdeaxis. The y
values are the positions on the symmetry axis awasn fthe nozzle exitin the
computational domainThe curved line shows the Sauter mean diameter (SMD)
predictedat the various locations on the spray centre line. The results show that the
Sauter mean diametSMDs) close to the noze exit are smallethan otherpositions

on the symmetry line downwards the domadihus, it canbe dedued that the SMD
increases with increasing downstream distance. giemomenon may kettributed to
droplets collisionsvhich may result in droplet coalescenttecan al® be concluded

that these SMDralues werepredictedwith correctorder of magnitudend therefore

wascompared withthe experimental results.
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5.7 Summary

The findings from this chapteshowthat acrosshe various sections of the nozzlee
pressuren the swirl chamberis almost constant, drop sharply in the contraction zone
and further decreases in the exit orifice which is consistent with the expeilimenta
observations of mey researchersThe flow fields for the velocity magnitudes indicate
that regionf relatively high velocities in the liquid were found to be in the atomizer
compared to the velocitgnagnitude downstream the sprdtywas deduced thahe
mass fraction of the liquid decreases inside the s dlyealiquid penetrates the air and
that the evoldion of theliquid surface density has the same behaviour as the mean
liquid mass fractionThe findings show that the SMDs are smaller in the vicinity of the
spray centreline and higher droplet SMD values ara ae¢he periphery of the spray
Thusthe SMD depends on the radial positioimsthe spraylt was also observethat

the SMDsclose to the nozzle exit are smaller than other positionthe symmetry line

downsteamthe spray.
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CHAPTER 6 EXPERIMENTAL RESULTS AND VALIDATION

6.1 Introduction

This experimetal and validation section undertakb®e measurements ofdtdroplet
SMD at different axial distances for the hollmene nozzle and different radial
distances from the spray centreline using a {dgé&action-based dropize analyser
(Malvern Spraytecand also investigasetheinfluence of injection pressure and liquid
flow rateon the SMD In addition,the geometrical exit orifice diametes§3.5mm and
1.5mm ofthe nazle on the SMDarealsoanalysed The drop size distributions along
the nozzlecentreline60, 80, 100 and 120mms well as the radial drop distributions
from spray centrelinet 10, 15, 20 and 25mrare also discussedhe liquid film
breakup as a function of the pressure differeingialso preented For the validation to
be carriel outvariants ofdifferent turbulence modetn the SMDswere first evaluated

and the valiation of SMDat spray centre axis and radial positions performed.

6.2 Spray symmetry andmean drop sizes

Figure 6.1 shows axial profiles of the arithmetic mean diametgr 8auter mean
diameter, SMD ¢b, De Broukere diametersgland mass median diameter (MMDyd
evaluated at axial positions of y = 6@, 800, and 120 mm for injection pressure of 3.0
bars. Since droplet sizing can only be made after the disintegration of the liquid sheet,
measurements can only be taken at a certain distance from the liquid sheet breakup.
Therefore comparisons at closexiad distances are meaningless and in particular
measurements below 60 mm from the tip of the nozzle are neglected. The diameters d
and do correspond, respectively, to drop diameters that encompass 10% and 50% of
total volume of drops below the drop uaie considered. It can be observed that the
characteristic drop sizes increase in the axial direction downstream the nozzle.
Arithmetic mean diametenglshows the least drop size and lower than the Sauter mean
diameter & which is expected in most drop size distributions. De Broukere diameter,
dsz records the highest drop size values. The Sauter mean diamgtehich is
described by Chin and LefebW&79 as the best measure of the fineness of sprays and
mass median diametesodall in within this range with the Sauter mean diametefat

lower than the mass median diametes. d’he relative pasons of the different

diameters as shown figure6.1 also conform to the observations made by Williams

[18Q where the Sauter mean diametes,d i s 18 em and damday ot he !
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are 5.5 em and 2 EBigureé? the mBupneecof pressere pn mednn
drop size e was analysed at the locations on the spray centreNseexpected, it is
observed that an increase in the injection pressure of liquid leads to a decrease in SMDs

on the spray centreline.
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Figure6.1 Drop size parameter profile along the spray centre line at atomizing pressure
of 3.0bars experimental The error bars indicate the standard deviation of three
measurements
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Figure 6.2 Sauter Mean Diameter (SMD) along the spray centre line at two different
injection pressuregxperimental
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Figure6.3 RadialSauter Mean diameteBKID) at axial positions y&0, 80,100 and
120 mm from the nozzlexit at injection pressure of@bars The error bars indicate

the standard deviation of threeeasurements

Figure 6.3 show the experimeral resultsof Sauter Mean diameter (SMD) eddial
positions10, 15, 20 and 25mm from the spray centreline for axial positien60, 80,

100 and 120 mnfrom the nozzlexit at injection pressure of.@ bars. It is found that

the radial drop size profile fromthe spray center line shows arcrease in the drop

sizes as theaxial distance increases from the agprcentdine. At 60 mm from the

nozzle, however, the drop sizes asehigh as 402p. The radial variation of the drop

sizes is found to be dependent on both the injection pressure conditions and the spray
measurement positions. It is evident that the higher the injectessymes, the smaller

the drop sizes. From these spray profiles, it is also seen that larger sized drops occupy
the spray periphery compared to those occupying the spray core. This is because they
are less affected by the airflow entrained in the spoagtbat carries smaller drops.
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6.3 Variation of inlet pressure on the Sauter Mean Diameter (SMD)

Figure 6.4 presents the influence of injection pressure on the Sauter Mean Diameter
(SMD) at y = 90 mm. It can clearly be seen that the increase in pressure leads to a
decrease in the mean drop size (SMD) and is due to the combined effect of stronger
liquid sheet istability and the maximum growth of the surface wave as the pressure
increases. This makes the liquid sheet breaks up more easily and produces smaller
droplets. Flow rate as the only parameter concerning the quantity rather than quality of
an atomised ligd is shown inFigure 6.6 and its influence on the droplet SMD is
analysed. It can be seen that the droplet SMD also decreases with increasingplquid f
rate Figure6.5 shows the flow rate and the injection pressure and it can be observed
that the flow rate and injection pressure increase in exponential form which is
consistent with the flow rate calculation formuldis also agrees wth the findings by
Emekwuru and Watks [177 that an increase in liquid flow rate would usually
decrease the drop siZEhis can be jusfied with the explanation thajreater flow rate
indicates greater velocity of the liquid and hence the relative velocity between air and
the droplets is reduced. This helps in reducing the drag work required and thus a greater
part of knetic energy is available for the creation of new surfaces and consequently

more droplets.
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Figure6.4 Influence of injection pressure on the Sauter Mean Diameter (SMD)
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Figure6.5 Liquid flow rate versus injection pressure
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Figure6.6 Effect of liquid flow rate on the Sauter Mean Diameter (SMD)
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6.4 Influence of geometrical dimensions on the Sauter Meadiameter (SMD)

Figure 6.7 shows the influence of nozzle exit orifice on the Sauter Mean Diameter
(SMD) and can be observed that the nozzle exit orifice diameters 3.5 mm and 1.5 mm
for big nozzle and small nozzle respieely have different SMD at the axial positions
with small nozzle showing smaller SMDs than the big nozzle. Another significant
observation is that breakp lengths are different for the two nozzles. When the 3.5 mm
nozzle has droplet formation beyondn® and the 1.5mm exit orifice nozzle has

droplet SMD measured above 30mm.

85 T T T T T T T R T
| PNR nozzle Cone angle=80°70° Liquid=water
0 P=3.5bar = smalinozzie, D,=1.5mm ® Big nozzle, D,=3.5mm i ~ 380
] ] L
757 ; } 360
__ 701 } I .
E T - 340 E
O 654 )
S =
) 0p}
60 - 320
55
1 - 300
50 - .
45 T T T T T T T T T 280

0.04 0.06 0.08 0.10 0.12
Axial Position(m)

Figure6.7 Effect of geometrical dimensiomd the nozzleon the Sauter Mean Diameter
(SMD)
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6.5 Drop size distributions along the nozzle centreline and from spray centreline

The drop distributions ohistogram displays theprayr e sul t s i n t he for
percentages. Each bar in the grappresents a size band of drogletnd its height
represents the percentagetloé spray that is within that size barfithe Figuredelow

showsthe histogram and graphs which are generated fiteennumeric valuesshown

in Appendix 1.The cumulative undersize or result less than displays the percentage of
the spray which is belowertain siz§17(.
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Figure6.8 Drop size distributions for injection pressure value of 3.5bars at axial
distance y= 60, 80, 100 and 120 mm along the 3.5mm exit orifice nozzle logeatre
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Figure6.9 Particle Size @erlay(PSO)evaluated at axial sectioatong the3.5mm exit
orifice nozzle centre linéor injection pressure value of 3.5bars

Figure6.8 andFigure 6.9 present radts of thedrop size distributiomand size overlay

at various axial distancesf 60, 80, 100 and 120 minom the nozzleexit with the
injection pressure value of 3.5 baltsis observed thain increase in droplet formation
through the spray downstream distances causamsincrease in the drag force on
droplets so t he di st r i bsizeheaome none flat and its mdximahr o p |
value decreaseand moves to bigger drop sizedence, droplet sizalistributions
become more homogenoukhis could be explained by tworimary processes. The
first is the coalescame of the drops due to collisions. Small drops can merge to create
larger droplets. The second reason isGhe e | e c t 160 rp r A2 €l@lls hagge
droplets suffer less brakirtgan the smaller drops and hence there is a tendency to have
more of them downstream. Thereaisoa possibility of smaller droplets positioned far
away from the nozzle evaporatinigus shifting the measurespectum towards the
larger droplets[187. In Figure 6.10 and Figure 6.11, it is seen that monomodal
distributions have been observed anlbt of largesized dropsare present at the outer
edges of the sprayd.his happens because further downstream of the slaaer
drops experience less dragthe spray is more dilute and thus travels further outward

A study of hollow cone nozzles with water as the spraying fluid also observed this
trend as the drop dislution was described as havirtggo peaks with one higher than
other[1, 173.
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Figure6.10 Drop size distributions fanjection pressure of 3.5 bar at various radial
positions and 80 mm axial distance from exit orifice
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6.6 Liquid film breakup

The liquid film breakup as a function of the pressure differential cansumalhided in
the shortexposuretime pictures presented iRigure 6.12. It wasobserve in all the
experments carried out that smooth liquid film around a hollow core wismed
immediately after the atomizer nozzle exit orifice, ending in a ragged edge, and after
that a welldefined hollowcone spray was established. It can alsodigced from the

picturesthat the spray angle increases when the pressure differentedses; and the

liquid film length is reduced.

4bar Sbar

Figure6.12 Liquid sheet break up images from flast shutteicamerdor different

injection pressures
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6.7 Validation of f atomisation model

In order to establisthe performance of the 9 Eulerian atomization modéh terms
of Sauter Mean Diameter (SMD) predictionvalidation is carried ouby comparing
modeling resultso Malvern Spraytemeasurementshich provided uniqueSsMD data
within near dense spray region of the nozzlEo enable the bestomparisons of
simulatedSMD predictions against experiments to be achiewdterent turbulence
models werdirst evaluated in order tohoose an@chievethe bespossible match with
measurements fothe spray droplet Sauter Mean Diameter(SMDs). The RANS

turbulence modelmvestigatedn the prediction oEMD predictionsverethe Standard
k-URNGKkU and &epsilon zusbblénce models and tiigestigation also
helpsto draw a more accurate conclusion about turbulence nfodethe 9

atomization modelThe predicted Sauter Mean Diameter (Mf the liquid watemat

different axial distanceslong the nozzle ancdial positions from thepray centreline
and their corresponding data ftre same locatia and operating conditions from

measurements wetsed forthevalidationas discusselater.
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6.7.1 Effect of variants of k-epsilonturbulence modelon the Sauter
mean diameter

Figure 6.13 shows the graph of turbulent intensity decays along the axial position by
comparing the standard-dpsilon and RNG 4epsilon turbulence meads. It can be
observed that the standarekgsilon model predicted a higher decay in the average
turbulent intensity as compared to RN&silon. Turbulent intensity is defined as the
ratio of the rootmeansquare turbulent velocity fluctuations to thean flow velocity
(0D2), and is expressed aspercentage. The turbulent intensity is also related to the
turbulent kinetic in the flow a&® o "Y'O¥¢ where | is the turbulent intensity. The
turbulent kinetic energy and the mean flow velocity can edslgomputed from the
flow. In comparing the twoQ - turbulence models, the inlet turbulent intensity was
kept constant. In theory, turbulence is affected by swirl in the mean flow. Since the
RNG model accounts for this rotational motion appropriateyy nbodifying the
turbulent viscosity, larger decay could be counted for and therefore the turbulence in
the flow gets uniformly distributed in the swirl chamber and the computational domain
as compared to standar® - model. InFigure 6.14, it can be seen thadt0% of
turbulent intensityis closer to the experimental data poiatsd standard -kpsilon
model utilize in this atomation is the best because it tends to produce the smallest
SMD and the best match and configurations with the experimental results when
compared to the RNG and Realizableepgslon turbulence modeld={gure6.15). It can

also be observed th#éte turbulent intensity is higher in the outside spray ttemn
center spread of the nozzle and this in conformity to the observation made by Yoon et
al [183. The reason is that the droplet which decreases momentilm outside spray
makes a great impact by the inflow of surrounding air. The turbulent intensity is getting
smaller towards the dowmsam because the momentum of relative velogsty
dramatically fallen and there is less actions of air current forlelreyhich is related

with the highly small amount of air brought by its surroundings. However, there was no
significant changes in the droplet velocity when the three turbulent models were

compared as shown Figure6.16.
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Figure 6.13 Turbulent intensity decays along the axial position by comparing the

standard lepsilon and RNG4epsilon turbulence models
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Figure6.14 Effect of turbulent intensity on the Sauter mean diameter (SMD)

131



420 T T T T T T T

—— Realizable k-e 7

,g 400 — RNG k‘e i a
= —— Standard k-e
% = Exp-y=60mm
_% 380 - .
e
C
«s
()
% 360 - i
()
5
©
N

340 .

T T T T T T T
0.00 0.01 0.02 0.03
Radial Position (m)

Figure 6.15 Effect of turbulence models on the Sauter mean diameter (SMD)
y=60mm

1.2

1.0 4 — Standand k-e
— RNG k-e
0.8 — Realizable k-e

Velocity (m/s)
o
~

©
N
1

0.0

T T T T T T T T T T T T T T T
-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Radial position(m)

Figure6.16 Effect of turbulence models on the mean liquid velocity, modgl

132



6.7.2 Validation of Sauter Mean Diameter (SMD) at radial positions
Figure6.17 shows the comparison of the model with measurenfentdroplet Sauter
Mean Diameter (SMD) at y=60, 80, 100 and 120 mm. The agreement between the
model and experimental radial profiles at ®@ downstream of the nozzle is good.
The trend shows that the Sauter mean diameter SMD increases with increasing radial
distances which igjualitatively correct but the rate of changesmall with the mean
diameter of the large droplets found on the pgearip of the spray undepredicted and
the small mean drop size at the vitrof the spray centreline perfectpredicted. At
axial position of 80 mm from the exit of the nozzle, the agreement between the
@ atomisation modeand experimentaladial droplet mean diameter distributions is
satisfactorywith good prediction of thelroplet sze at the spray periphery bhigher
than the value predicted at position 60 mm axial distance from the nozzle exit. The rate
of increase of droplet size wittadial distance is coect and the size of the largest
dropet at the spray peripheryvgell predicted. There ialsoa good agreement between
the radial positions at 100 mm downstream of the nozzle for the model and th
measirement with the droplet SMDaving slight undeprediction of less thanan
average of3%. Theresults at this axial position alstows hat most of the predicted
SMDs neathe inner region of the spray are below the experimenta¢saln addition
the SMDincreases at similar rg with radial distaneefor both results at this axial
position. The radial profiles for the mean drig sizes (SMDs) between the
calculations and the experimerds the axial position 120 mm from the exit of the
nozzle are closer with theMD being smdlnear the centtme of the sprayand SMD
reasonablyprediced The trend of increasing droplet size with radiastaice is
observed and agrees with the worknoény researchers in predicting the mean drop
sizes from a pressure swirl atomizgf, 15. The mean drop diameter of the
experimental results of the lagjelropletat the periphery of the spray is highthan its
predicted values. Heever, the SMDat radial distancanear the spray centreline
closelypredictedin relation tothe measurements. The more onifi and continuously
increasing Sautamean diametewith radial disancemay be attributed to the farthest
axial distance from which the drop sizes were snead and may alsdue to the
coalescence odmaller droplets and this have besmttounted foin the model. The
small drop sizes observed around thprag symmetry axis may be attributed to
collisions between the liquid droplets and by aerodynamic drag interactions with the
entrained air as result of the hollow cone spray pattern emanating from the [Tbzzle
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The collisions result in unstable interactions between the drops and in turn lead to
breaking down of droplets smaller than their original sizes. This is also supported by
the observation made by Yoon et 883 that the separation of small droplets near the
centrdine arises due to the competition between turbulent dispersion and entrainment
of air by the spray and that droplets that are dispersed by turbulent eddies or
fluctuations will move outwards from the inner region, but their outward motion will be
opposed by th ar entrainment. Thair entrainment causes a radially inward velocity in
conjunction with the spatial acceleration of the liquid jet. Small droplets will follow the
mean gas motion whictirives them to the spray cerline. Larger droplets are less
affected by the air entrainment and will follow more ballistic trajectories subject to
initial velocity vectors arising from the jet breakup process tanoulent dispersion.
Further downstream the nozzle, the inward entrainment velocities are reduced to the
point where smaller droplets are substantidlilypersed from the centre lin@verall,

the computational predictions of SMD for @ atomisation modeshowsa very

good agreement with most the experimental measements in the radial positions
when standard -k turbulence was used. However, more divergence was observed
between the predictions and the experimental measurements wheRNtBek-0
turbulence modednd Realizable kb turbulence modelvere used in the predictions as
shown in Figure6.18 andFigure6.19.
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Figure6.17 Validation ofdroplet Sauter MeaDiameter (SMD)model with

experimentstandard 0 turbulence model
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6.7.3 Validation of Sauter Mean Diameter (SMD) at spray centre

axis
Figure 6.20 illustratesthe validationof Sauter mean diameter (SMD) ftre model
with the experimentresults on the spray cenliree. It can be observed that the model
has good agreement with the measurements percentage error okess tha an
average ob5% between the model and the experiemexttaxial distance60mm and
120mm and bettgorediction at axial distaneeBdnm and 100mmFigure 6.21 shows
more clearly how sensitive SMB to pressure differentialdhis is because as pressur
increasedaster maximum growth rate of the liquid filoccursand will lead to the
linear stability of the surface wave of the thread film getting worse. So the interaction
between the liquid phase and the gas phase becomes stronger and the filralcap bre

more easily. This will make the droplet SMjets smaller.
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Figure6.20 Validationof Sauter Mean Diameter (SMD) at spray centre axis, model and

experiment
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Figure6.21 Influence of pressure on Sauter Mean Diameter, model and experiment

6.8 Summary

This chapter performed the validation of the model tredcomputational predictions
of SMDs for @ atomisation modethowed a vergood agreement with most o
the experimental measurements on the radial positions and the spray cewttelthe
percentage error of less than 5%ne resultsalso showed thahe standard Jepsilon
turbulence model utilized in this model was the Ipestlel when compared to the RNG
and Realizable kepsilon turbulence models since it teidsproducethe best match

with the experimental results.
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CHAPTER 7 PARAMETRIC STUDY AND CFD-BASED DESIGN
OPTIMIZATION

7.1 Introduction

These prametric studis investigatehe dependencef the Suter Mean Diameter
(SMD) under various operating conditions fluid properties and geometrical
dimensions The parametervaried are pressure, liquid and gas velocities, liquid and
gas densities, liquid viscosity, surface tensiod #re geometricabrifice size of the
nozzle and their effects on & SMD at axial positionsalong the spray and radial

distances from thepraycentre line othe pressure swirl atomizer

The objective of th&€€FD-based design optimizatios to obtain thenozzle exit orifice
parameters, operating conditions and fluid properties that perform or giveaste m
minimum droplet (SMD) at axial distances along the spray centerline. The design
variables (DVs) used are liquid viscosity (D\V0.00031 to 0.2 Pa.s, face tension
(DV2) 0.02 to 0.075 mN/m, nozzle exit orifice diameter @p0.0015 to 0.0035 m and
liquid velocity (DVs) from 1 to 6 m/s.The design cases were generated using a
statistical Design of Experiments (DoE) technique known as Latin HypercubgnBesi
(LHD) using Matlab

In order toestablish relatinship between asignof experimentsDoE) variables such
asliquid viscosity* , surface tension, liquid velocity 0, and nozzle exit diamet&
and the resultig droplet SMD,and obtaina usable SMD correlation for the model,
surface fitting of the data was carriedt.olihe result was compared to tweaisting
SMD correlationsuch as Jasuj®3] andRadcliffe[62] based on four design variables

considered in their correlations.

To further analyse the meSMD correlation for the mode8D surface pla of SMD
againstvarious combinations of liquid properties aogerating conditionsvith hold
valuesfor the existing and th@ew SMD correlationsvere shownusing meshgrid
surface plot code in MatlaliThe kinematic viscosity ranges from 1 Atsnto 1000
mm?/s and the continuous variables for surface tension is between 20! ahin75
mNm?! to cover wide rangef liquids propertiesThe pressure valuesre generated
between 0.5 and 10 bars based on the operating conditions of pressure swad nozzl
indicated by PNR Ltd in the user manuBhe minimum and @ximum values for mass

flow rate are 0.0017 kg/s and 0.1667 kg/s respectively and were taken from the user

manual fomozzles by PNR Ltd at constgmtessure of 3 bars
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7.2 Dependency of Sauter meadiameter on radial distances

The Sauter Mean Diameter (SMD) of the liquid mass fraction predicted at the radial
locations in the spray (i.e. between, x = 0 and 32 mm) is preserftgglire7.1 and the
corresponding interfacial surface density at the same positions is shéugure 7.2.

The axial distance was taken at 60mm, 80mm, 100mm and 120mm below the nozzle
exit. These were used torapute the SMD shown iRigure7.3. It can be seen from the
results that the SMD is smaller in the centre spread of the spray and increases with
increasing radial distances which is consistsith the observation made ilan[7,

42]. However, there is a critical value of SMD where the rate of increase chdinges.
relatively larger mean drop sizes were observed at increasing radial distances because
larger droplets tend to travearther due to their greater momentum. A change of
droplet sizes in the radial direction as seen in all locations were due to different
dynamic behaviour of small and large liquid droplet sizes. Large Sauter mean diameters
(SMD) are dispersed by the sprantial cone angle and subsequent interactions with
smaller droplets by coalescence and also with turbulent eddies in the entrained air. The
smal l er SMD6s are generally increasingl
aerodynamic drag interactions withetBntrained &ji7]. The result clearly demonstrates

that the farther the distance from the exit of the nozzle the larger the SMD on the spray

centre line although the relaéispan is small.
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Figure7.3 Predicted Sauter mean diameter (SMD) at various axial positions

7.3 Dependency of Sauter mean diameter on symmetric axasd pressure

The influence of pressure on the SMD at various axial positions was presented in
Figure 7.4. The two injection pressure values were 3 and 4 bars an®GMD was
analysed at these two values on the symmetry axis. It is very important to understand
how the SMD emanating from pressiswirl atomizer performs or behaves at different
axial distances sincthis interalia is critical in combustion applicationsspecially in

the internal combustion engines where space is limited and the atomizer needs to
perform well at very short distances. The results show that the SMD decreases with
increasing pressure but increases with axial distances. This has beeneg|tihait
higher injection pressure leads to higher velocity of the liquid sheet and thus causes
decreases in the droplet qiz4 as shown inFigure 7.5. It can also be observed
clearly on the radial profile of Sauter mean diameter on radial positions at y= 60 and 80
mm for two injection pressures shown kigure 7.6 that the higher the pressure the
smaller theSauter mean diameter (SMD) and produeeger droplet velocity as shown

in Figure7.5. This result is consistent with Ma[y#2] where for 5, 10 and 15 bars the
SMDs of 54.1um, 46.1um and 41.6pm were obtained respectiVéky.influence of
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pressuralifferentials on the Sauter mean diametey = 50, 60, 70 and 80mhas also
been presented iRigure 7.7. This resultshowsthat the pressure differentisicreases
with decreasing mean driap size SMD.However, the SMD decreases sharply at the

critical pressure value of 0.35bars.
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7.4 Dependency of Sautemean diameter on liquidvelocity

Figure7.8 shows the effect of liquid velocitgn the Sauter mean diameter on the spray
centre axis. The liquid velocity values used are 1, 2, 4 and 6 m/s and are evaluated on
the downwarddistance from the nozzle. The results show that the increase in liquid
velocity leads to the increase in the droplet Sauter mean diameter (SMD). This is
because when liquid velocity increases the total free surface energy increases making

droplet coalesaee into bigger droplet.
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Figure7.8 Dependency of Sauter mean diameter on liquid velatiy = 1.5 m/s
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7.5 Dependency of sauter mean diametesn the gasvelocity

Gas velocity was varied from 1 m/s to 5m/s with an increment of 1m/s as shown in
Figure 7.9. The SMD was calculated on the spray centre axis with the axial distance
interval of 20 mm to 120mm away from the nozzle exit. Plotting the predicted SMD
values against the variations of dxpsitions for the various velocities show that the
droplet SMD decreases with increasing gas velocities. This is because when gas
velocity increases the total turbulent kinetic energy increases making droplet breakup

into smaller droplets.
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Figure7.9 Dependency of &uter mean diameter on the gas veloatty, : 35m/s

7.6 Dependency of &uter mean diameter on the liquid density

Figure 7.10 shows the results of simulations for the dependency of Sauter mean
diameter (SMD) on the liquid density. The densityigfiid was varied from the range

of 1000 to 50 kg/mwith theintermediate values of 600, 300, 150 and 100 Rgfthe
simulations were run for each value and the results of the SMD were evaluated on the
spray symmetry axis at different positions of 0, 70, 80, 90 and 100 mm

downstreanthe nozzle exit orifice shawin Figure 7.10. The general profile of the
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results shows that faa particular position on the sprayxis the SMD is lower for
smaller liquid densyt value ad increases withigher liquid density values as shown in
Figure7.11. Additionally, at y=50mm and = 1000 kg/n? the SMD is 47.08m ard

for the same liquid densityand at y=60mm the SMD is184.90um highethan the
previous position. This clearlyanbe observed for the remaining cases and thus for the
same liquid density value éhSMD ircreass with increasing downstream distance
below the tip of the nozzle exit on the symmetry axis.
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Figure7.10 Dependency of Sauter mean diameter on the liquid density

When the logog scale was analysed for the SMD and the liquid densityder to
establish a correlath between these two quantitiesth other variables remaining
constant, a line with a slope of 0.20 fits very well with tlesultsat y =50mm
Maximum dependency of 0.9CY0 O ” 8 ) was found for the resulit y = 100
mm. The observed expents are good agreement amithin the range ofcorrelatiors
established by efebvre et al [7]. Another observation was that for various liquid
density values the liquid core lengths are different thus for higher liquid dehsity
length is longer and the vieersa. In order to show thegke contours of the average
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density of the liquid md air superimposed with strelnes were plotted for the near
and far felds for the liquid density at 10000@and 3@kg/n® shown inFigure7.12.
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7.7 Dependency of &uter mean diameter on gas density

One of the important air properti@sluencing atomizabn is its densityand as such
the effect of the gas density on the SNt the modelwasanalysed as shown in Fig
Figure 7.13. The gas density was varied from 0.6 k§tm the original value of 1.2
kg/m® andthento the highest value of 10 kg#nin order to analyse thBMDs before
and after the value of 1.2 kginirhe air density valuebetweerthese limitswere 2, 4,

6 and 8kg/m?. The analysis was done at the &xiasitions on the spray centre 5,

60, 70, 80, 90rad 100 mm downstream the nozzlkes can be seen from the figure, the
depenéncy of SMD on the gaslensity inceasses with the droplet Sauter Mean
Diameter This is also in line witlihe observation made Behesht{40] and Lefebvre

[1]. It can also be deduced from the graph that the SMD valoesasewith increasing
axial distance on the spray symmetry axis and this is also in conformity to the
observation made by Beheghli] in assessing this same atomization model. The
variation of the gas density also has effect on the liquid core length as shbigara
7.14 and can b observed that the liquid core lergtilecrease with increasing gas

density.
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7.8 Dependency of Sauter mean diameter on the liquid viscosity

Figure 7.15 shows the variation of Sauter mean diameter (SMD) in relation to liquid
viscosity on the axial positions. Three liquid vistties of 0.001 Pa.s, 0.005 Pa.s and
0.009 Pa.s were selected and analysed beyond 50mm downstream of the nozzle. The
results confirm the adverse effect of an increase in liquid viscosity on atomization
quality in particular on the SMIand thus increase it. This also agrees with the
observation maal by Lefebvrgl] that an increas@n the liquid viscosity will usually
increase the Sauter Mean Diameter of the dréps.influence of liquid viscosities of
water at various temperatgris shown more directly oRigure 7.16 which illustrates

the dependency of SMD on the liquid viscosity and ataldéal positions for pressure

swirl nozzle It can clearly beseen that at the temperature 9 °C for water its
viscosity is smaller than its corresponding viscosity at the temperature °af. Athis
invariably affects the SMD and thus decreases the SMD at high temperatures for liquid
water.When various percentages of glycerol were added to ligaier the viscosity

also changes and shownkigure 7.17. When this is plotted against the flow energy,

the results show that viscosity witthagherpercentage of glycerahcrease the SMD at

most flow energies. This result is also in agreement with the observation made by
Eggers and Villermaux whdowever indicated that the increase in the SMD is more
significant by adding viscoelasticity. In addi, all fluids produce finer droplets with
higher flow energy. This is due to the high relative ambient gas speed which produces
finer droplet§184].
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7.9 Dependency of &uter mean diameter(SMD) on the surface tension

The effect oftwo surface tensioforceson the Sauter mean diameter (SMD) is shown

in Figure7.18. The results show that higher surface tension values lead to larger value
of the SMD. The sdace tension coefficient shows up in the destruction term of the
transport equation for the mean interfacial surface density. Theréfereeduction of

the surface tension force will cause destruction reduction in the mean liquid and gas
interface densyt and as a result reduce the Sauter mean diameter (SMD) of the
droplets. This result is also in agreement with the findings obtained by Belhadef et al
[14] in assessing this model that the Sauter mean diameter is lower with a weaker
surface tension. And this also agrees with the conclusions drawn by Lefépthat

the higher SMD values exhibited by water compared to most liquids are due entirely to
the hgher surface tension of water.
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values at y = 60 mm and y = 80 mm

7.10Effect of nozzleexit orifice diameterson SMD at axial locations

One of the most critical geometric featsiref pressure swirl atomizer is the final
discharge orifice since this is where the liquid attains its maximum velocity before it is
ejected from the nozzle into the computational domain in the form of a conical spray.
As viscous losses tend to be high mstregion of maximum flow velocity, normal
design practice is to make the length to diameter ratio of the final discharge orifice as
small as possible without creating a sharp edge that would be difficult to manufacture.
In addition to charaatrise the ige of a fuel nozzldor most modelling purposethe
dimensions normal to the axi$ the nozzle and combustor are considered anten t
pressure swirl atomizer the exit orifice diamatethe basic one considkl by Giffen

and Murasjew|[74, 185. The influence of final discharge orifice 1.5, 2.5 and 3.5 mm
on the mean drop sig€SMD) is presented iRigure7.19. It is evident from the result

that the SMD also tends to increase noticeably with increasing atomizer diameter. This

result is expected because the larger the exit otifiedarger the initial sheet thickness

156



will be and SMD for pressurgwirl atomizers will tend to scale with the initial sheet

thickness and therefore an increase in the discharge orifice increases the mean drop size

(SMD) in the spray and reduces the spaagle.
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Figure7.19 Axial variation of SMD for different exit orifice diameters
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7.11Sauter mean diameter (SMD) variation with injection velocity and density

ratio

In Figure7.20 andFigure7.21 larger droplet velocities are seen in the centre spread of
the spray than the concentration of droplets in the outer radial locations and this is
generally due to the fact the larger sizepliets are less affected by the air flow and
tend to follow a more independent path, whereas smaller size droplets tend to follow
the air flow field. The mean velocity profiles reveal the effect of air entrainment into
the spray core and the resulting tiams of small droplets. This entrainment causes the
high droplet velocities on the spray centerlifggure 7.22 presents the distribution of
SMD for the injection velocity and density ratio. It is seen that the SMD decreases
rapidly with increasing injection velocity. This behaviour is exhibited by all the density
ratios. The rate at which the SMD drops is very small initially, but the values of 6 m/s
tend to drop sharply for very high injection velocities. If the injection velocity is
increased to even higher values, the flow will become highly turbulent and contain
recirculation zones that will alter the droplet behaviour drastically. Based onahis, t
utilize this model for very high injection velocities proper physics must be accounted
for. Another observation that is evident figure 7.22 is that as the gas density is

i ncr easg/d, tiiel SMW is grastically reduced. This may be attributed to the
fact that with higher gas densities, the interaction between the drapktthe air is

much higher, therefore the air does more work on the mean drop sizes and breaks the
droplets apart.
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7.12Effect of liquid densityratios on turbulent quantities

The graphs irFigure 7.23-Figure 7.27 show the influence of changes in tlikensity

ratios on the turbulent quantities for the model aerdical secton plane for the liquid

and gagnodelled as a single multicomponent species when all the trdrespuations

and variables defined Threkensity ratios ar€l) when” " (2) when”

¢ 't and (3) when’ Y 't were compared with all other flow variables
remaining constant. It can be observed that the turbulent intensity increases with
increasing density ratios but the turbulent length scaleraticreases with decreasing
density ratios. Large density variations on the length scale can be seen downstream of
the spray on the spray centre line. The turbulent kinetic energy also shows increases
when the liquid density varies from 1.30 kd/to 1040kg/m?®. These high values of
turbulent kinetic energies can be seen in the atomizer and low turbulent kinetic energies
are noticeable few millimetres from the atomizer exit. The increase in density ratios
also give rise to significantly increase in thebuwlent viscosity as shown iRigure

7.26. High rates of dissipation of the turbulent kinetic energy are higher in the atomizer

than the computation dwain in relation to variations in density ratios. It can be
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deduced clearly from the results that the increase in liquid density reveals changes in

individual turbulent parameters and the changes are disproportionate.
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7.13Comparison of Sauter mean diameter(SMD) of diesel, gasoline and

kerosene

Figure 7.28 shows the results of the comparison of SMDs for various liquids such as
gasoline, diesel and kerosefw internal combustion engines apations with their
properties shown in Table 2.The experimental study of sprays of liquid fuels such as
gasoline and diesel can be hazardous and costly. This is tleereason liquid spray

with nonflammable in nature such as water was used in thdataln process and to
reduce these problems However, by modelling these liquid fuel sprays these problems
are also overcome and the spray characteristics can easily be studied. Owing to a small
disparity in liquids density of these fuels, it is assumed ¢mly viscosity and surface
tension are responsible for changes in SMD and axial velocity. Gasoline with the
lowest viscosity has the highest axial velocity in the spray centre. On the other hand,
diesel oil with the highest viscosity has the smalleslaselocity on the centre spread

of the spray and the mean velocity of kerosene was found tothe middle of the two
liquids. Table 7.1 showthe level ofdependence of SMD on three different liquidssas

more clearlyshown inFigure 7.29. Kerosene and gasoline both with low viscosities

have significantly smaller SMD while more viscous diesel oil has considerably larger
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SMD. This is also in conformity with the observation made by M4R} which shows

a dependence &MD on different liquidsas shown on Table 7.2.

Table7.1 Influence of liquid properties on SMD

Liquid Formula | Density | Surface Dynamic SMD
kg/m3 | TensionN/m Viscosityu-10° Pa-s [ e m]
Diesel Ci2H2s 840 0.028 2400 400.0
Kerosene| Ci2H24 800 0.026 1600 363.3
Gasoline| CgH1s 750 0.025 380 352.6

Table7.2 Influence of liquid properties on SM[22]
Liquid SMD [ gn
Arctic diesel | 44.2

Kerosene 46.3
Winter diesel | 46.9

Kerosene + oil| 50.7

Biodiesel 50.7
Palm oil 52.6
Aged winter °3.1
diesel
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7.14CFD based design gtimisation

The objedwve of this study is to obtaithe optimal nozzleexit orifice parametes,

operating conditionand fluid properties thaperform or givethe most minimum

dropet (SMD) at axial distances along thepraycenterline Thedesignvariables DVs)
used ardiquid viscosity(DV1) 0.00031 to 0.2 Pa.s, surface tengibW>2) 0.02 to 0.075
mN/m, nozzle exit orifice diametgiDV3) 0.0015 to 0.0035 m anliquid velocity

(DV4) from 1to 6 m/s as shown imable7.3. Thedesign cases were generated using a

statistical Design of Experiments (DoE) technique knos/main Hypercubdesigns

(LHD) in Matlah This resultedn eighty-seven (87) design cases foFD simulations

shown in Table 8.1 in Appendix llIFelipe et al [133 indicate that for four (4)

variables for medium designgsing LHD a minimum of seventy (70) cases are

required A commercial Computational Fluid Dynamic§CFD) softwareSTAR-CD

codewas used to simulate the typhase flowfor theeighty-seven (87) design caskes

seventythree (73) different nozzlexit diametersThe standard KJ

turbul ence

was usedo capture the turbulerdtehavior in the flow The results werebtained for

the average densityliquid mass fraction andnterfacial surface density from the

simulations the

9 atomisation model was used to evaluate Sagter mean

diameter (SMD) at the axigbositions ofthe sprayat 20,40, 60, 80,100 and 120 mm
Combinatorial optimization was performed in ortterdentify andobtain theminimum
SMD at thesdocations.

Table7.3 Definition of design of experiment (DoE) variables for optimization

diameter(SMD) at the axial
positions

Design Description Symbol Range of values
parameters
Input variables Liquid viscosity DV: 0.31 to 200 mPa.s
surface tension DV:2 20 to 75 mN/m
Nozzle orifice diameter DVs 1.5t03.5 mm
Liquid velocity DV4 1to 6 m/s
Output variables | Average density distribution "I >0
at the axial positions
Liquid mass fraction 9 >0
distribution at the axial
positions
Surface density >0
Objectives Minimize the Sauter Mean d32 -
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In order to map and show unifordistributions between theedign variableas shown

in Figure 7.30 the modifiedLatin hypercubeMatlab code was used. Thiede can be
found in Appendix Il The originalcode was created to eperaterandom values
between 0 and 1 but with the modifiedde the extreme limits can be varied gnge
options to specify useatefined values.In running this code, a total of &lesign cases
were generated including the corner or factorial points for the correct combiraition
parametersuchas liquidviscosity, surface tension, nozzle orifice diameted liquid
velocity as shown inrable 8.1 in Appendix|Ill. It can be observethat the design
points are unifomly distributed among the design variabéeslcanaccommodatand
suffice fora wide range ofluid properties fordiquids such asvater, dieselgasoline

and keroseefuels.

In perfaming the combinatorialoptimization,eighty-seven (87) simulations were run
in Star-CD CFD code usingthe standardk-U turbulence model and theiesults for
average densitymass fraction of liquid andnterfacial surface density generated
analysed. These were used to compute fodtbpletSauter Mean Dianter (SMD) at
the axial positions on the spray centre liléith the 4factor design of experinme
(DoE) resulting in the simulimns ofeighty seven (87¢asesthe results showhe cases
with the most minimum droplet Sauter mean diameter (SMD)the various axial
locations along the nozzle on the spray cehive for the combinations ofiquid
viscosity, surface tension, nozzle exitameter andiquid velocity asshown inTable
7.4. The results show thatse 17generatedhe most minimum SMD aixial position
20 mm and 40 mnirom the nozzle exitCase lwas the most minimum SMD at
locations60 mm, 80 mm and 100 mmdm the nozzle exiand case4 givesthe best
minimum from the nozzleexit at axial distance 12 mm Figure 7.31 presers the
results ofthe besminimum Sauter Mean diame$g/SMDs) alongthe spray centre line

for cases 117 and 24espectively
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Table7.4 The bast minimum Sater Mean diameters (SMDs) time spray centre line faases 1, 17 and 24

Case | DV1 Dv2 DV3 Dv4 Sauter Mean Diameter, SMD (um)
Viscosity | Surface | Nozzle Liquid
tension | exit velocity . —
diameter Axial positions (mm)

20 40 60 80 100 120
1 0.00031 |20 1.50 1.0 22.41 | 23.15 | 23.53 | 24.09 | 29.32 | 33.34
17 0.00031 | 35.71 2.7 1.07 19.10 | 20.58 | 24.56 | 26.62 | 31.79 | 35.36
24 0.02028 |47.71 1.64 1.14 23.72 | 24.07 | 2549 | 2590 |29.89 | 32.79
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7.14.1 Optimization and evaluation of SMD for DoE variables
The optimiation of droplet Sauter Mean Diameter of@ray nozzle under different
spray conditions was investigdt@umerically using 9 atomization modelThe
optimal SMD was influenced greatly by the operating conditions, nozzle exit diameter
and fluid propetres as shown ifrigure 7.31. In order to identify and obtain the most
minimum SMDs,Figure 7.32 to Figure 7.35 present the bar charts for all the 87 cases
including the corner or factorial points. The black, red, blue and pink depict the first,
second, third and fourth cases respectively on a particular bar chart. The vertical axis
represents the axial positions the spray centreline and droplet Sauter Mean Diameter
(SMDs) evaluated at that locations shown on the horizontal @kese charts were
optimized to generate the best three cabesvn inFigure7.31. The resultant graph in
Figure 7.31 shows that the SMD increases with increasing axial distam¢beospray
centre line for all the best three cases. The curve up to 20 mm is considered the conical
liquid sheet for which no meaningful SMD can be predicted or evaluated. This
indication is also consistent with the experimental measurements obsermeahipy
researchers on pressure swirl nozde 7]. Beyond this point, atomization process
starts which may either be caused by the disintegration of the liquid sheet by
aerodynamic forces or turbulence forces within the liquid itself. This givesorige
formation of droplets beyond this point and subsequent smaller droplets collisions
resulting in coalescence downstne the sprayCoalescence results in one droplet of a
larger size than that of the peellision droplets. Since these phenomenaeappat low
relative velocity, it is expected that their effect is significant in-l@hocity regions of
the spray where this causes an increase in droplet Amsher possible outcome of
droplet collisions which may result in coalescence is wherrehtive velocity of the
droplets is higher and the collisional kinetic energy is sufficient to expel the intervening
layer ofgas If the collisional energy exceeds the value for permanent coalescence, then
temporary coalescence occurs. Temporary coaleseeageaesult in either disruption
or fragmentation. In disruption, the collision product separates into the same number of
droplets which existed prior to the collision. In fragmentation, the coalesced droplet
breaks up into numerous sat@lidroplets[186. Coalescence followed by disruption
does not have any significant influence on droplet size. Even if some mass transfer
occurs, the droplet diametease not changed in any observable wHyis model takes

coalescencato account
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One other observation with the spragmbination inputs with better performanice

these limitsby exhibitingmostminimum Sauter Mean diameter is that the low values

of opeating conditions, nozzle exit diameters and fluid properties play significant
effect in the remarkable improvement in the size of the droplet SMD at these positions.
But more dominant is the liquid viscosity and the operating conditions. The significant
reduction in size makes this atomization model more suited and applicable to a wide
range of spray application areas especially in the internal combustion engines where
small SMDs are desired and agricultural spraying where smallest droplets are essential

to good plant cover.
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7.15SMD correlation basedon 4-factor DoE

In the Design of ExperimentéDoE), the four (4) design variables diguid viscosity
‘ , surface tensiony, liquid velocity 0, and nozzle exit diameté® . In order to
establish riationship between these inputs and the resultimgpldt Sauter Mean
Diameter (SMD) andbtain usable SMD correlation for the mad®lrface fitting of
the data was cared out. The result was comparedtwo existing SMD correlations
such as Jasujg3] and Radcliffe[62]. The following relationsare used totransform
some of the DOEwtthe standard vables of kinematic viscosify, surface tensiop,

mass flow rated , and pressure differentia¥d in their correlatios. The kinematic
viscosityis obtained fromi  — where’ is the dynamic viscosity arid the density
v

of the liquid. The pressurdlifferential YO is derivedfrom 0 where is the

velocity. Themass flow rat& is alsofound from these relations
a

” yl')

"00

where flow numberOthin terms of amizer dimensions is defined Wyaly [42] as
00 T Y@ 6 80 8 whereO is nozzle exit diameter frorhe DoE, the inlet
aread0 from the geometry of the nozzle ai@l, the diameter of the swirl chamber

from the nozzle geometry.

Therefore SMD correlatiorbasedn 4factor DoEis formulatedas shown below
YOO 7, & Yi

where_, a, b, ¢ ad d areexperimentatonstants determinddom fitting the data.As
indicated, he data for dependent variable SMD andejpenént variables , ,,, & and
Y0 were generated from the DoE points showrppendix |l using the appropriate
relatiors demonstrated abové&Jsing Matlab Isqcurvefit code in the optimizatitool
box shown in Appendix \gives_ ¢81¢,60 T ¢, T8 X,4d T8t @ndQ

& cqwith the normal ofthe residuas (resnorm) of the data representing the measure
of thegoodhessof fit as 9.726dwhich is less thathe residual norm at the bad ending

point Hence the fit is extremely goodconsideringthe variatiors in the liquid

propertiesand operating conditions
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Therefore, the SMD correlation for model is

YOO cgtb 8, 8a 8yy 8
Comparingthis correlation and thexperimental constants the two existing SMD
correlations Jasuja "YO O 187 8 , 8& ® Y3 8 and Radcliffe "YO O
x& 8, 84 8 ¥ 8, showthat the modelinder predicts all theonstantsbut has
high dependency on the viscosity gm@ssuralifferential. In the Radcliffe caséhe
pressure differential ithe only variable that isver predictedn the new correlation.
The slight disparitiesn the experimentakonstantgredicted may be attributed tbe
range of values used for the kinematiscosity and the difficulty in adequately
capturingsurface tensionWanget al[7, 68] even assethatwithin the sare limits of
fluid propertiesand nozzle operating conditiorsnot possible to define one universal
SMD correlation based on thigormulation. To further analyse the new SMD
correlation surface plotdor various combinations of predictor variables against the

SMD with hold values were carried out

Surface Plot of SMD ¥ Kinematic viscosity andusface tension
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Figure7.36 andFigure 7.37 showthe 3D surface plot ofSMD against ligid properties
with constant operating conditions faxisting and new SMD correlations. The
kinematic viscosity ranges frolhmn¥/s to 1000 mn¥s and thecontinuous variables
for surface tension ibetween 20 mNmh and 75 mNrt to cover widerangeliquids
properties. The two operating conditions, pressure and mass flowaratéeld at
constant levels in order to estimate gpproximate SMI3 or response variabldsr the
correlations andlso observéhe relationship between these two predigtmiablesand
SMD based on thétted model SMD correlationln this casethe possible SMBare
known from these twdluid properties witin theseinput continuousvariablesand
consteints With meshgridsurface plot code in Btlah the two continuousariablesof
kinematic viscosit and surface tension as wel the fitted model SMD correlation

were definedvith built-in functionsandthe response surfagenerated

In order to analyséheresponse surfacaf the newfitted SMD correlation for the

@ atomizationmode] the result was compared two existing SMD correlations by
Radcliffe and Jasujabasedon the same four inputvariables The resul show the
response surfacer SMDs of the new model equatioexhibit similar trendand shape
with the existingcorrelationsand the SMB were smaller than those for théwo
existing correlationgor the same conditionand constraintsThis may be due to the
smallerexponentor dependency of surface téms and the mass flow rate the new
SMD model which means the model could not adeglyaaccount forthe surface

tension.

The response surfashownin Figure7.37 is curved because the new SMD correlation
contains quadratic terms that asgnificant. The highestSMD approximately 110um
of the surfacas seenin the upper leftcorner of the ploand corresponds withthe
combinationof highest values 0f1000 mn¥/s and 75 mNm for kinematic viscosity
and surface tension ggectively. The lowest values of SMPB for the surfaceare
observedn the lower &ft corner of the plot and thisorresponds with low values of
both kinematic viscsity and surface tensidhmn¥/s and 20 mNm respectively The
third and fourth predictor variablemass flow rateand pressure differentjahre not
displayed in thesurfaceplot since they are hold valueBhese resudt wereobtainedfor
the hold valuesfor mass flow rateof 0.0074 kg/s with its experimentapower constant
and presste at 0.93VIPa The significance othis result is that liquids with lower fluid
propeties will give small droplet SMBwith other conditions remaiing unchangd for

a particular pressure swirl nozzle
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Surface Plot of SMD vs Kinematic viscosity aneg$sure
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Figure7.39 Surface pbt of SMD against kinematic viscosity ampdessure witttonstant
mass flow rate anslurface tensiofor the new SMD correlation

Figure 7.38 and Figure 7.39 presentthe surface plot of SMD against kinematic
viscosty and pressure wittholding the parametersof mass flow rate anduface
tension in SMD correlationsconstant The continuousvariables for pressure are
geneated between 0.5 and 10 barsdahen the operating condition$ pressure swirl
nozzles indicated by PNR Ltoh the user maml and the kinematic viscosity lies
within 1 mn¥/s and1000 mn¥/s. The averageonstant surface tension valissaken as
47.5 mNm! and the holdvalue for the mass flow rate 0074kg/s. From thethree
plots simlar profiles were observed aride response surfader these predictors for
the newfitted model was less than thosetie existing SMD correlationsThe results
also show the peak SMD for this combination and conditiaasin the upper right
corner of the ploand occurs at lower W@ of pressureat 0.5 bar and highest value of
1000 mnd/s for the kirematic viscosity.With these results othese conditionsthe
local minimum SMDs are expected to emanate from pressure swirl nozzle with liquids

with higher viscosity operating undemwer pressure conditions.
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Surface Plot of SMD vs Kinematic viscosity ané$4 flow rate
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Figure 7.40 Surfaceplot of SMD against kinematic viscosity dnmass flow rate with
constanbperatingcondition andsurface tensiofor two existing SMD correlations
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Figure7.41 Surface plot ofSMD against kinematieiscosity and mass flow ratwith
constanbperating conditiomnd surface tensidior the new SMD correlation

Figure 7.40 and Figure 7.41 demonstratehe surface plot ofSMD against kinematic
viscosity andmass flow rate withlconsant pressureoperating condition and surface
tensionfor the newand existingSMD correlatios. The minimumand maximum values
for mass rate flonare0.0017 kg/s and 0.1667 kg/egpedively andwere taken from
the usemanual fornozzles by PNR Ltd at constant pressure of 3.[@drshold value
for the liquid propertyis assumed agt7.5 mNm! for surface tensiaand he boundary

for thedesign space fdiinematic viscosity rangdsom 1 mn¥/s to1000 mnd/s.

The dot in Figure 7.41 shows how theesponse variabléhe SMD, relates tatwo of

the four predictors ocomponents based on thew fitted model SMD correlatianAs
indicated,the surfaceplot can only showthree variable at a time, while holding the
othertwo components at a constant level. The SMD observedhenplots are only
valid for thesefixed levels of theeinput variables.The plots show the same geal
trends and profiles fothe existing and new SMD correlations and maximum droplet
sizes are expected from a nozzle of higher flow rate with déigséls based on these

input conditions
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SurfacePlot of SMD vs Surface tension andabs flow rate
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Figure 7.42 Surface plot ofSMD against surface teion andmass flow rate with
constant operating condition and kinematic viscolitytwo existing SMD correlations
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Figure 7.43 Surface plot ofSMD against surface tension and mass flow waité&
constanbperating coniion andkinematic viscosityor the new SMD correlation

The 3D sirface plotsof SMD against surface tension and mass flow rate with constant
pressureoperating condition anklinematic viscosity folSMD correlatiols are shown

in Figure 7.42 and Figure 7.43. The Figurs show a smooth curve response surface
which were generated from these continuous predicto@: Tt p X 1@ @ ofyr
mass flow rateg ™ , X ufor surface tension, b values of3 barsand 200 mrfis

for pressure and viscosity respectively. The maximum value for the response surface is
observedat theupper left corner of the pland correspads with hghest combined
input values formass flow rate and surface tensidime lowest viues ofmass flow

rate and surface tensiobased on the model constant parametsilt result in
producing smaller SMBby pressure swirl nozzlelhe resulting surface response for
the new fitted model is lower than the SMD for the existing correlatemexpected
and consistent with the previous results ah@ general shape of the new model is

similar tothe existing ones.
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Surface Plot of SMD vs Pressure andf&ce tension
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Figure 7.44 Surface plot ofSMD against surface tension apessure with constant
mass flowrate and kinematic viscositgr two existing SMD correlations

187



YOO cgtp 8, 8a 8y 8

Pressure (bar)

Surface tension (mNm‘1)

Figure 7.45 Surface plot ofSMD against surface tension apcessure with constant
mass flow ratand kinematic viscosity for theew SMD correlation

Figure7.44 andFigure 7.45 illustrate surface plot ofSMD against surface tension and
pressure with constant mass flow rate akidematic viscosity forthe SMD
correlations The baindaries of the design space a® Y0 p mbars andg Tt

, X umNn? for pressure and surface t@rsrespectivelyand 3D surface plot hows
how theresponse variable the dropaute Mean Diameter (SMDg¢lates tahesetwo
predictor variablesThe results show that the peaks of the SM&srespond with
combinations oflower pressure operating condition and liquid with higher surface
tension and verse versa fibre local minimum for theSMDs. These optimum results
wereobtained forthe fitted model equations with hold on valuesdwerage iscosity

andflow rateas200 mnt/sand 0.084 kg/s spectively,
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Surface Plot of SMD vs Pressure and3d flow rate
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Figure7.46 Surface plot of SMD against two operating conditions wahgantliquid
properties for two existing SMD correlations
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Figure7.47 Surface plot of SMD against two operating conditions with constgund
properties for the new SMD correlation

The surface platin Figure 7.46 and Figure 7.47 showthe relationship between two
operating conditionspressure andmass flow rate which are one of themost
parameters used in selecting a nozzld theoutput SMBs or the response surfaioe
theseSMD correlationsTheliquids propertiesuch as viscosity and surface tensioe
thehold valuesThese combinationare worth analysing because for a particular liquid
these liquid properties are knowihcan be observed from the @dhat high pressure
differentials and lowmassflow rates resulin lower droplet SMBs. However, higher
SMDs are expected at higher mmafow rates and lower pressure differentidle
maximumon the plos for the three cases are 150um, 130amd 5.3um respectively
for the two existing and new correlationspectively. The peak on the new correlation
correspondsvith the highest SMD vak and occurs at approximateass flow rate of
0.1667 kg/sand pressuref 3 bars These results are psible wth liquid properties

assumed &00 mnt/s and 47.5nNm* for viscosity and surface tension respectively.
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7.16 Summary

The findingsshowv that theSMD is smaller in the centre spread of the spray and
increases with increagjiradial distances. It was obsentbdt the SMD decreases with
increasing pressure but increases with axial distances. The r@solshow that the
increase in liquid velocityeads to the increase in the droplet Sauter mean diameter
(SMD). The variation in the gas velocities on #raal postions shows that the droplet
SMD decreases with increasingsgvelocities andof the same liquid density value the
SMD increases witlincreasing downstream distandéhe mean drdpt sizes(SMD)
arealsofound to increase with ambient air densitye influence of liquid viscosities
on SVID makes SMD exhibits decreasing tremdh decreasing liquid viscositgn the
spray centreline and dal position The results also show that higher surface tension
values lead tdhe larger value othe SMD. The influence of nozzttischarge orifice
1.5, 2.5 and 3.5 mm on the mean drop sizésFshows thathe SMD also tends to
increase noticeably witincreasing atomizeexit diameter.It was deduced from the
results that at low liquid density to gas density ratiol (o w | tha $MD}ig )
drastically reduced. When liquidiels wereanalysed the findirggyshowtha kerosene
and gasoline both with lowiscosities have significantly smaller SMD while more

viscous diesel oil has considerably larger SMD

When optimizationwas perforned in order to identify the optimal nozzle exit design
parameter, operating conditions and fluid properties that perform give the most
minimum drop sizes (SMD) at the spray centre lithe results show that case 17
generated the most minimum SMD at axial position 20 mm and 40 mm from the nozzle
exit. Case 1 was the most minimum SMD at locations 60 mm, 80 mm and 100 mm
from the nozzle exit and case 24 gives the best minimum from the nozzle exit at axial
distance 120 mniThe findings reveal thdbw values of operating conditions, nozzle
exit diameters and fluid properties play significant ffa the remarkable reductiom

the size of the droplet SMiat these positions. THendings also establishrrew SMD
correlation forthe model whichs found to be consistent with the existing etations

and has high dependencias theliquid viscosity and pressure differentidlhe results
alsoshowthat the response surfaz@f the newcorrelationexhibit similar trend and
shape with the existing correlatiof@ the various combinations of liquid properties
and operating conditionand thus theSMDs were smaller than those ftre two

existing correlations for the same conditions and constraints
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CHAPTER 8 CONCLUSIONS AND DETAILED ASSESSMENT OF MODEL

8.1 Introduction

In this chapter, aummary of the major points sesented and then thoroughly
discussed in more details.

8.2 Summary of the major points

In this work @ atomisation model habeenvalidated andapplied to sprays
from pressureswirl atomizerusingthe CFD commerciatodeSTAR-CD. This entirely
Eulerian modeproposed by Vallet et §23] hassome unique features andpabilities.

This model can characteriige atomization from the inside of the atomizer through to
its primary brealup and secondary atomization by providing information on the mean
velocities, fluid properties, turbulence properties droplet size droplet number
density liquid mass fractio and the interphassirface density between the liquid and
gas. These properties arachieved by using a single set of equaidor the
conservation of mass, momentum and turbulence model treating both phases as a single
continuum withhigh density variaon, large Weber and Reynolds numbers. Thhe
model isquite easier than the Lagrangian spray model which rexgtheeknowledge

and the input of velocity profile, droplet size and distributions of the spray before it can
be modelled for further atomitian espeially the secondary breakp to be analysed.
This means that Lagrangian model is not good in predicting the atomization
characteristics at the primary breal regime. In addition, the twituid Eulerian
Eulerian model where different sets of atjons are used to describe the continuity,
momentum and turbulence model both the dispersed and continhass s also
difficult to model and computationgl expensive.Therefore, the neetbr validation

and assessment of the atomization capabilitiéseof @  atomizationmodel

The model principally makes use of transport equation for the development of surface
tension density (&) to char amwmmegcieate. At he |
second transport equation tracking the transport of liquid mass fradgiionnjodels

the turbulent mixing of liquid. With knowledge of a local interfacial surface area and
liquid mass fraction, the Sauter mean diame3®iD is then characterizedThe
predictive potential of the model has been evaluated by performing simulatiens in
designedpressureswirl atomizer which showesuls for turbulenceflow fields and

droplet size (SMD) with reasonable ordgrmagnitude.
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In order to achieve the desired outcome for better understanding of the physics behind
the modelthe SIMPLE and PISO algoriths in theCFD codeto achieve appropriate
pressurevelocity couplingwereanalysed and theropertiesand scalarsuch asaverage
density, localvelocity andturbulence modelvere comparedThe sandard kepsilon
turbulencein the codewas also utilised since it gives the best match with the

experimentatesults.

The validdion of this model was performday the experimental data obtained from the
measuremestcarried out using the Malvern Spraytec for drop size measurement and
characterizationA very good agreementas achieved betwedhe model prediction

and experimental measurements of the droplees{EMD) at the neafield of the
nozzle. The validdions confirmed the model capéties of predicting the droplet

Sauter mean diameter (SM)th the correct ader of magnitudes

In addition, parametric studies were also carried out to exploreanalyse some
exponentl dependencynd the influence of Sauter Mean diameté&MD) on liquid
and gas densitiesglid and gas velocitie§.hesewere alsdound to be in reasonably
good agreement with some of the empirical correlations for Sauter Meaneer
(SMD) for pressure swirl atomizer along the spray céinige In addition, differem
liquid viscosities surface tensiorforces and nozzle exit orifice size were also
simulatel and analsed for the ® atomisation modein order toobservetheir
effects on theSMD. Typical range of values found ina wide range of spray
applicatiors or conditionswere usedit was notedhatthese three parametesiscosity,
surface tension and nozzle exit orifibave reductioneffecs on the SMD astheir
values decreased for the range of values considered.

There wasalso aalyss on variants of RAN®asedturbulence models such as the
standard, RNG, anckalizablek-epsilonturbulencemodels andt was observed that the
standard lkepsilon turbulencemodel has the best configuratioar matchwith the
experimental results. This also confirms the usage and adoption of this variant of k
epsilon turbulence model in developing this atomization mddehe same armgsis,

10% of turbulent intensity was uised after comparingt with the effectof 5% and

20% intensitieon the SMD at the axial positioatong the spray

Liquid core lengthswere also analysed to give tlg@alitative view of the breaup
length in the primary atomization regime and it was obsertret the corelengths

decreaseavith increasing liquiddensity for pressure swirl atomizer.
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To further assess the capabilities of this®  atomization model, optimization
technique was perfored on the model in the pressure swirl atomizer to achieve the
objective of the combination of geometrical dged variables, fluid properties and
operating conditionshat produce or give the most minimum Sauter Mean diameter
(SMD) at the axial position®n the spray centre linelhese 4-factor Design of
Experiments (DoE) pointarere mapped andniformly distributedusing tie modified
Latin hypercubelesigns (LHD)ode resultingn eightyseven 87) design caselt was
realised after simulatinthat lowerfluid properties and exit orifice diameterere the
designvariablestha produced the most minimum and remarkable reduction in the

SMD attheaxial locations downstream the nozzle.

In order to establish asable anchew SMD correlation for the modbhased oni-factor
Design of Experiments (DoEMatlab Isqcurvefit code in the optimizatiéool box was
used to fit the data witbxperimental constants approximatebtainedwith the normal

of the residual¢resnormyepresenting the measuretbé goochessof fit.

The SMD correlation for the modshowed that for given fluid properties and nozzle
operating conditions the SMD coudsily be computed and known. Thsuld also
serve as a referena# benchmarkor researchers workintp improveon this model
andwithin these fluid propertie®perating conditionand nozzle geometrical regimes
considered.
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8.3 Conclusions in d¢ail and Assessment of Model

In chapter5, ®  atomization model was applied to sprays emanating from
pressure \sirl atomizer usinginite volume method implemented in the S@D code

to capture the features and atomizatibraracteristicof the spray. It was shown that
high-density variation between the liquid and the,gakich is one of the critical
requiremerg of this modelwas achieved and the contour plots of these variations on
the vertical plane in the computational domain for the SIMPLE and RI§@ithms
showed negligible difference between & two results.It was also observed
qualitatively that thecontour plots of therelocity on the verticaplanein both cases
showed that the velocity in the centre spread of the spray demeagh the
downstream distancand variesappreciably from the centre to the outer radius of the
spray.It was also shown that the standardgsilon turbulence model was adequate for
this modelthough some recirculation zones are observed close to the walls in the swirl
chamber an@s such the turbulent kineticexgy resultedin verylow turbulent kinetic
energy observed in the centre spread of the sprhg. interfacial surface density
modelledacross four sections in the spray qualitatively shosiedlar scalar scenes of

the liquid mass fractioat the same axial locatioasid hollow cone sprays weresally
visible. It was observed on the spray axis that the mean liquid mass fraction decreases
downstream the sprays.

SMD on axial distances Many fedures of atomization characteristiespecially the

SMD which is the main output of this model was analya@ade its determination is an
important input parameterfor efficient combustion forinternal combustion engines
relatedapplicationsas larger SMD will produce more pollutant®xides of nitrogen,
carbon monoxidein the exhaust emissionssAuch wheithe SMDs were predicted at

the axial positios onthe spray centre line, it was observed that SMiDslose
proximity to the nozzle exit after the disintegration of the liquid sheet were smaller than
the ones neathe far field of the sprayThusit was delucedthatthe SMDs increase

with increasing axial distances on the spray symmetry line. This was attributed to the
collisions of smaller droplets giving rise to droplet coalescing at the downstream of the
spray whichwas accounted for in the modél. was also observed that the model

predicted dropletize withthe correct order ofnagnitudes.

SMD on radial positions In the case of prediction of SMbn the radial positions in

the spray, iwwas observedhat higher droplet SMDs were seen at the periphery of the

195



spray while the smallevnes wereanore dominant in theicinity of the centre portion of

the spray. It was concludehat SMDs vary with ta radial positions of the spry
emanating from the pres® swirl atomizerThis was attributed tohe aerodynant

force whichtends to drag the smaller droplets towards the aenthile the larger
droplets resulting from the droplet coalescence which are less affected by this force
remain at the outer peripheof the spray.

In terms of experimental measurement in ordeolitain unique datato validate the
numerical resultsthe findings showed after measurensemére taken beyond 50 mm
from the tip of the nozzle thatithmetic mean diametengshowedthe least drop size
and lowerthan the Sauter mean diametep @hile the De Broukere diametergsd
recorded the highest drop size values measured ifotineaxial distances consider in
the spray centre lindt was also noted in the mean drop size cttar&ation that the
Sauter mean diametds, wasfar lower than the mass median diametgiadd increae

with the axial positionsf the spray.

When the experimental data was obtained for the SMDs in the radial positions it was
also noted that the SMfdom the spray centre line showed an @age in the drop sizes

as the raml distance increases towards the periph&hys is becausensall droplets

will follow the mean gas motion whictirives them to the spray cerline. Larger
droplets are less affed by the airentrainmentIn terms of variation of injection
presure on the SMt the axial positionghe SMD was found to have deased with
increase irpressureThis wasdue to the faster maximum growth rate of the liquid film
asthe pressurancreases and which will lead to the linear stability of the surface wave
of the thread film getting worsé&his will eventually give rise t@tronger interaction
between the liquid phaseathe gas phasandtherefore makéhe film breals up more
easily. This will make the droplet SMBmaller.The same findingvas observed for the
increase in the liquid flow rate and was concluded tivate was dinear relationship
between the pressure and flav rate of the nozzle and the two habe same effect
onthe SMD.With regard to thexperimental observation tte effectof two different
nozzle exit orifice diametes on the SMD at the spray centridcations the findings
showedthat thenozzlewith smal orifice diameterexhibitedsmaller SMDs than the big
nozzle and the liquigheet lengths beyornwdhich meaningful drops measuremeatuld

be obtainedvere differentfor the twonozzles with thdength of thesmallerone far

below the big one
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In termsof drop size distributions at radial pogihs as masured angrocessed by
Malvern Sprayteclsoftware it was notedthat the drop size distribution showesh

increase in droplet formation through the spray downstreéstancesand becme

more unifoom. he di stri bution curves latfanddts opl e

maximum value decreased and moved to bigger drop sizes.

To enhance theinderstanding of the liquid sheet instability amglid film breakup
mechanisms against the pressure differgntialialisation was done usirigst shutter
camera and it was noted that a wadfinedhollow-cone spray was capturead that
the spray angle increasedhen thepressure differential increased and the liquid film

length wagseduced.

K-epsilon turbulence modek on SMD: It was observed that the stkamd kepsilon
turbulence model utilized in this model was the Ipestlel when compared to the RNG
and Realizable kepsilon turbulence models sinte¢ends to produce the smallest SMD
and he best matciwith the experimental resultslowever,when theturbulent intensity
decay was observed along the axial position by comparing the standpsildn and
RNG k-epsilon turbulence models, the standardpkilon model predicted a higher
decay in the average turbulent intensity as compared to RMsilon model In
addition it was roted however that the model could not show much difference in the

droplet velocity when the threedpsilon turbulence models were compared.

Validation of SMD: When thevalidation of Sauter Mean Diameter (SMD) at radial
positionswas performed at y=60 mm it was realised that a very good agreement was
achieved but the rate of change was small with the SM»f the large droplets found

on the periphery of the spray undpredicted and the small mean drop siaé the
vicinity of the spray centfime perfectlypredicted At axial position of 80 mm from the

exit of the nozzle, the agreement between the model and experimental results was
satisfactory witha good prediction of théroplet size at the spray periphefhere was

also a good agreement between the model and the measurement at 100 mm downstream
of the nozzle with tb predicted SMD having an average of 3% unmedictionat the

radial positionIn addition it was observed that thradial profiles for theSMDs at the

axial position 120 mm from the exit of the nozzle were closer between the calculations
and the experiments with the SMD being smaller neaspinay centrdine whichwas
attributed to the competition between turbulent dispersion and entrdiofren by the

hollow conespray
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It was alsodemonstrated andhownthat the model also agreed with measurements
when the validatiomf SMD wasevaluatecn thespray centrelinef the nozzleln all,
it was concluded that the computational predictions of SMD for the

® atomization model showed good validation wilile experimental measurements.

When the parametric study was perforntednvestigate and confirm thdependency

of SMD on radialdistances, it &s observed that the resultsSMD wassmaller in the
centre pread of the spray and increasedth increasing radial distanced his
observationwas consistent at the axial distancd@0mm, 80mm, 100mm and 120mm
downstream the nozzle exit. It was afsmed with the sameertical heights and at x =

0 that the farther the distance from the exit of the nozzle the larger the SMD on the

spray centre line

When the dependency of SMD wabserved on the vertical positions in the spray
since this is very critical in combustion applications especially in the internal
combustion engines where space is limited and the atomizer needs to perform well at
very short distances, it was obsenthdtthe SMD increasedvith axial distancedgut
decreasedwith increasing pressurand flow rate However, this higher pressure
producedor increasedhe droplet velocity.

Injection velocity on SMD: When theliquid velocity was incessed from 1 m/s to a
maximumof 6 m/s at a constant gas velocijti was found to have corresponding
increment inthe SMD evaluated in the spray centrelir@wever,the dependency of
SMD on the gas velocitwasobserved to be decreasing with increasing gas velocities.
This was because when gas velocity increases the total turbulent kinetic energy

increases making droplet breakup into smaller droplet.

Exponential dependency of SMD on fluid propeties: The density of the liquid was
varied from the range of 1000 to 50 kd/rihe general profile of the results showed
that for a particular pdason on the spray centrelintkhe SMD wadlower for smaller
liquid density value and increaedwith higher liquid densitieslt was alsonoted that
the calculated exponent was found tovéna reasonably close agreement with the
empirical correlations fothe pressure swirl atomizer e spray centre lind-or the
effect of gas density on SMDt was observed thahe gas densit increases with the
droplet Sauter Mean Diameter (SMBhd was this consisteh with the obseration
made byLefebvre in analysing this parameter centreline of sprayfrom pressure

swirl atomizers It was also founahat for various liquid densitieshe liquid core
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lengths waglifferentandthus for higher liqud density the length wasnger andvice

versa.

Dependency of Sauter mean diametefSMD) on the liquid viscosity. The results
confirmedthe adverse effect of an increase in liquid viscosity on atomization quality in
particular on the SMIxdnd thus decrease with decreasing SMIben te influence of
liquid viscosities of water at various temperasimeere observed, it was clearbgen

that at the temperature &0°C for water its viscosity was smaller than its
corresponding viscosity at@ltemperature of 2@C. Thisinvariably affected the SMD
and thus decreasdédat high temperatures ftineliquid water.

Dependency of Sauter mean diameter (SMD) on the surface tensiowhen the

effect of surface tension on the Sauter mean derm(@&MD) was observed, it was
found that higher surface tension valuesl fto larger value of the SMO5ince the
surface tension coefficient shows up in the destruction term of the transport equation
for the mean interfacial surface density the reductioth® surface tension force will

cause destruction reduction in the mean liquid and gas interface density and as a result

reduce the Sauter mean diameter (SMD) of the droplets.

SMD variation with injection velocity and density ratio: It wasseen that the SMD
decreasedapidly with increasing injection velocitior low density ratios. This was
attributed to the fact that withigher gas densitiethe interaction beteen the droplets
and the air ignuch higher, therefore the air does more kwon the mean drop sizes

(SMDs) and breaks the droplets apart.

SMD on nozzle exitdiameter: It was evident from th result that the SMD also tended

to increase noticeably with increase in atomizer exit orifice diameter. This result was
expected becausedHarger the exit orifice the larger thatial sheet thicknesand

SMD for pressurawirl atomizers will tend to scale with the initstheet thickness and
therefore increasine drople{SMD).

Effect of density ratios on turbulent quantities It was observed thathie turbulent
intensity increasedavith increasing density ratios but the turbulent length scale rather
increasedvith decreasing density ratios. Large density temes on the integral length

scale wereseen downstream of the spray on theayg centre line.

SMD of diesel, gasoline and kerosendt was noted thagasoline with the lowest
viscosity has the highest axial velocity in the spray eerdn the other hand, diesel

fuel with the highest viscosity has the smallest axial velocity ercéntre spread of the
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spray and the mean velocity of kerosene was found to be in the middle of the two
liquids. Kerosene and gasoline both with lowcesities have significantly smaller

SMD while more viscous diesel fuel has considerably larger SMD

Optimization for minimum SMD on spray centrdine: In achieving this resul#4-
factor design of exgriment (DoE) resulting ineighty-seven (87) casesere generated
using Latin HypercubeDesigns (LHD). When the combinatorial optimization was
performedin orderto obtainthe most minimum droplet Sauter mean diameter (SMD)
at the various locations on the spray centre lineafavide rangeof variationsand
combinations ofliquid viscosity, surface tension, nozzle exiiameter andituid
velocity, it was observedhat case 17generated the most minimum SM& axial
positiors 20 mm and 40nm from the nozzle exitcase 1 was the most minimum SMD
at locations 6Gnm, 80 mm and 100 mm frome&mozzle exit and case Bdvethe best
minimum from the nozzle exit at axidistance 1@ mm It was concluded thahis
optimization led tcsignificant reduction in theize of the droplet SMand makes this
atomization model more suited and applicable to a wide range of spray application

areas.

SMD correlation for A, .. atomisation model In order toestablish a noveSMD
correlation of the model armbmpare thexperimental constants in the correlatiaith
the existing SMD correlations such @&ssuja and Radcliffeasedon 4-factor design of
experimens (DoE), Matlab Isqcurvefit code in the optimization tool bwas used to fit
the data. The experimental constantsn the kinematic viscosity and pressure
differential were well predicted butlisparitieswere observedn the experimental
constant®n the surface tensioma mass flow ratevhencompared to the two existing
correlationsThese differences wesdtributed tathe range of values used for the liquid
properties and thdifficultiesin adequately capturing surface tensiothe model.

To further assess the neéSMD correlationfor @ atomisation modelsurface
plots of various combinations of the predictor variablagainst SMD with typical
values were performed. It was obsertidtin all cass the response variables for the

new SMD model weremaller when compared to the two existing SMD correlations.

In all based orcomputationalassesmentand experimental validatioperformed,the
@ atomisation modeis very good in predictingind capuring most important

features of therimary atomization such aroplet SMBs, mean velocities, turbulent

kinetic energy anélquid core length The modealso proves to be a versatdae since

200



it can accommodate a wide range of variations for spray input parametegysraatdte

any size ofthe output atomization characteristias particular SMDso desired and
required.The model is able to establish a usable SMD correlation which is consistent
with existing correlationsand will serve as a reference or benchmark for further

assessment oliis model by reearchers.
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a. Axial distance Drop size and DSD measurement at 60 mm

I Average Measurement Parameters
(average size distribution, weighted)

Example results555.smea\import\Averages\V6 1 1.psd

Sample : watersherry
Start+0.0004 (s) :: +0.3600 (s)

28 Oct 2016 - 11:06:24.3600

Standard Values:

Trans = 41.4 (%) Dv(10) = 229.5 (um) Span =1.051
Cv=12820 (PPM) Dv(50) = 485.1 (um) D[3][2] = 294.8 (um)
SSA=0.0204 (m?/cc) Dv(90) = 739.3 (um) D[4][3] = 483.6 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):
Source file: V6 1
868 Records Averaged

31 Records Skipped

Average Range = 28 Oct 2016 - 11:06:24.0004 :: 11:06:24.3600

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm

Particulate Refractive Index=1.33 + 0.000i
Dispersant Refractive Index=1.00
Particle Density =1.00 (gm/cc)

Residual =0.00 (%)

Extinction analysis = Off

Path Length =30.0 (mm)
Scatter start=1

Scatter end =36

Scattering threshold =1
Minimum size =0.10 (um)
Maximum size = 2500.00 (um)
Multiple Scatter = On

Identification
Operator = mnska
Serial Numbers: Instrument=MAL1118761

SOP Name = -MANUAL 4- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

S/W = v3.20.006
Detector = 10FT-CDL

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs

I'Low Light Transmission
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I Particle Size Distribution 16 - 11:06:24.0024
Example results555.smea\import\V6 1 1.psc

Sample : watersherry

Start+0.0024 (s)

100 : = 50.00
Rosin Rammler 7
D = 637.63 N = 9.30
0 - 100 % ?//
37.50
50 25.00
12.50
0] 0.00
200 1000
Particle Diameter (um)
Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.00 0.00
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.00 0.00
0.158 0.00 0.00 3.41 0.00 0.00 73.56 0.00 0.00
0.185 0.00 0.00 3.98 0.00 0.00 85.77 0.00 0.00
0.215 0.00 0.00 4.64 0.00 0.00 100.00 0.00 0.00
0.251 0.00 0.00 5.41 0.00 0.00 116.59 0.00 0.00
0.293 0.00 0.00 6.31 0.00 0.00 135.94 0.00 0.00
0.341 0.00 0.00 7.36 0.00 0.00 158.49 0.00 0.00
0.398 0.00 0.00 8.58 0.00 0.00 184.79 0.00 0.00
0.464 0.00 0.00 10.00 0.00 0.00 215.44 0.00 0.00
0.541 0.00 0.00 11.66 0.00 0.00 251.19 0.00 0.00
0.631 0.00 0.00 13.59 0.00 0.00 292.87 0.01 0.01
0.736 0.00 0.00 15.85 0.00 0.00 341.46 0.35 0.34
0.858 0.00 0.00 18.48 0.00 0.00 398.11 3.19 2.84
1.00 0.00 0.00 21.54 0.00 0.00 464.16 14.35 11.16
1.17 0.00 0.00 25.12 0.00 0.00 541.17 38.86 24.51
1.36 0.00 0.00 29.29 0.00 0.00 630.96 70.14 31.28
1.58 0.00 0.00 34.15 0.00 0.00 735.64 92.29 22.15
1.85 0.00 0.00 39.81 0.00 0.00 857.70 99.47 7.18
2.15 0.00 0.00 46.42 0.00 0.00 [ 1000.00 | 100.00 0.53
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I Average Measurement Parameters

(average size distribution, weighted)

Example results555.smea\import\Averages\V6a 1 1.psd
Sample : watersherry

Start+0.0004 (s) :: +0.3500 (s)

28 Oct 2016 - 11:08:25.3500

Standard Values:

Trans = 39.9 (%) Dv(10) = 233.8 (um) Span =1.073
Cv=23042 (PPM) Dv(50) = 474.6 (um) D[3][2] = 304.7 (um)
SSA=0.0197 (m?/cc) Dv(90) = 743.3 (um) D[4][3] = 481 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):
Source file: V6a 1
835 Records Averaged

39 Records Skipped

Average Range = 28 Oct 2016 - 11:08:25.0004 :: 11:08:25.3500

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm

Particulate Refractive Index=1.33 + 0.000i
Dispersant Refractive Index=1.00
Particle Density = 1.00 (gm/cc)

Residual =0.00 (%)

Extinction analysis = Off

Path Length =30.0 (mm)
Scatter start=1

Scatter end = 36

Scattering threshold = 1
Minimum size = 0.10 (um)
Maximum size = 2500.00 (um)
Multiple Scatter = On

Identification

Operator = mnska

Serial Numbers: Instrument=MAL1118761

SOP Name = -MANUAL 5- -IMPORTED MEASUREMENT-
Last Edited = Not Edited

S/W = v3.20.006
Detector = 10FT-CDL

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs

! Low Light Transmission
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Particle Size Distribution 16 - 11:08:25.1140
Example results555.smea\import\V6a 1 1.ps

Sample : watersherry

Start+0.1140 (s)

100 — 10.00
Rosin Rammler /
D=377.47 N = 1.27
0-100 %
7.50
50 5.00
/ 2.50
0 0.00
2 10 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.01 0.01 54.12 10.91 1.73
0.136 0.00 0.00 2.93 0.06 0.05 63.10 12.76 1.84
0.158 0.00 0.00 3.41 0.15 0.09 73.56 14.64 1.88
0.185 0.00 0.00 3.98 0.27 0.13 85.77 16.51 1.87
0.215 0.00 0.00 4.64 0.44 0.17 100.00 18.34 1.84
0.251 0.00 0.00 5.41 0.65 0.21 116.59 20.17 1.82
0.293 0.00 0.00 6.31 0.90 0.24 135.94 22.04 1.87
0.341 0.00 0.00 7.36 1.16 0.27 158.49 24.07 2.03
0.398 0.00 0.00 8.58 1.45 0.28 184.79 26.43 2.37
0.464 0.00 0.00 10.00 1.74 0.29 215.44 29.38 2.94
0.541 0.00 0.00 11.66 2.04 0.30 251.19 33.20 3.82
0.631 0.00 0.00 13.59 2.37 0.32 292.87 38.21 5.01
0.736 0.00 0.00 15.85 2.73 0.36 341.46 44.67 6.46
0.858 0.00 0.00 18.48 3.16 0.43 398.11 52.64 7.97

1.00 0.00 0.00 21.54 3.69 0.53 464.16 61.90 9.26
1.17 0.00 0.00 25.12 4.37 0.68 541.17 71.87 9.97
1.36 0.00 0.00 29.29 5.23 0.86 630.96 81.67 9.80
1.58 0.00 0.00 34.15 6.32 1.08 735.64 90.26 8.58
1.85 0.00 0.00 39.81 7.64 1.32 857.70 96.62 6.36
2.15 0.00 0.00 46.42 9.18 1.55 | 1000.00 | 100.00 3.38
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b. Axial distance Drop size and DSD measurement aD8mm

Average Measurement Parameters
(average size distribution, weighted)

Example results555.smea\import\Averages\v8 1 1.psd

Sample : watersherry
Start+0.0004 (s) :: +0.3000 (s)

28 Oct 2016 - 10:58:53.3000

Standard Values:

Trans = 65.9 (%) Dv(10) = 237.4 (um) Span=1.134
Cv=1677 (PPM) Dv(50) = 463.9 (um) D[3][2] = 364.7 (um)
SSA=0.0165 (m2/cc) DV(90) = 763.3 (um) D[4][3] = 481.6 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):
Source file: V8 1
749 Records Averaged

0 Records Skipped

Average Range = 28 Oct 2016 - 10:58:53.0004 :: 10:58:53.3000

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm

Particulate Refractive Index=1.33 + 0.000i
Dispersant Refractive Index=1.00
Particle Density = 1.00 (gm/cc)

Residual =0.00 (%)

Extinction analysis = Off

Path Length = 30.0 (mm)
Scatter start=1

Scatter end = 35

Scattering threshold = 1
Minimum size =0.10 (um)
Maximum size = 2500.00 (um)
Multiple Scatter = On

Identification
Operator = mnska
Serial Numbers: Instrument = MAL1118761

SOP Name = -MANUAL 2- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

S/W = v3.20.006
Detector = 10FT-CDL

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 10:58:53.0024
Example results555.smea\import\V8 1 1.psc

Sample : watersherry

Start+0.0024 (s)

100 T —T 20.00
Rosin Rammler| |
D=476.31 N=2.60
0 - 100 % | |
15.00
O
c
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.85 0.38
0.136 0.00 0.00 2.93 0.00 0.00 63.10 1.34 0.48
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.89 0.55
0.185 0.00 0.00 3.98 0.00 0.00 85.77 2.48 0.58
0.215 0.00 0.00 4.64 0.00 0.00 100.00 3.07 0.60
0.251 0.00 0.00 5.41 0.00 0.00 116.59 3.72 0.65
0.293 0.00 0.00 6.31 0.00 0.00 135.94 4.57 0.84
0.341 0.00 0.00 7.36 0.00 0.00 158.49 5.86 1.29
0.398 0.00 0.00 8.58 0.00 0.00 184.79 7.98 2.12
0.464 0.00 0.00 10.00 0.00 0.00 215.44 11.36 3.38
0.541 0.00 0.00 11.66 0.00 0.00 251.19 16.43 5.07
0.631 0.00 0.00 13.59 0.00 0.00 292.87 23.48 7.06
0.736 0.00 0.00 15.85 0.00 0.00 341.46 32.58 9.10
0.858 0.00 0.00 18.48 0.00 0.00 398.11 43.46 10.87

1.00 0.00 0.00 21.54 0.00 0.00 464.16 55.50 12.05
1.17 0.00 0.00 25.12 0.00 0.00 541.17 67.84 12.34
1.36 0.00 0.00 29.29 0.00 0.00 630.96 79.42 11.58
1.58 0.00 0.00 34.15 0.06 0.06 735.64 89.21 9.79
1.85 0.00 0.00 39.81 0.21 0.15 857.70 96.29 7.08
2.15 0.00 0.00 46.42 0.47 0.26 | 1000.00 | 100.00 3.71
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Average Measurement Parameters 28 Oct 2016 - 11:01:22.4004
(average size distribution, weighted)

Example results555.smea\import\Averages\vV8a 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 67.3 (%) Dv(10) = 243 (um) Span=1.115
Cv=1615 (PPM) Dv(50) = 469.7 (um) D[3][2] = 371.2 (um)
SSA=0.0162 (m?/cc) Dv(90) = 766.7 (um) D[4][3] = 486.6 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V8a 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct2016 - 11:01:22.1996 :: 11:01:22.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 34

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 3- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs
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Particle Size Distribution 16 - 11:01:22.1240
Example results555.smea\import\V8a 1 1.ps

Sample : watersherry

Start+0.1240 (s)

100 T —T 20.00
Rosin Rammler| |
D=525.92N=2.61
0 - 100 % | |
>S 15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.43 0.23
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.76 0.33
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.18 0.42
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.66 0.48
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.16 0.50
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.68 0.52
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.27 0.59
0.341 0.00 0.00 7.36 0.00 0.00 158.49 4.10 0.83
0.398 0.00 0.00 8.58 0.00 0.00 184.79 5.47 1.37
0.464 0.00 0.00 10.00 0.00 0.00 215.44 7.84 2.37
0.541 0.00 0.00 11.66 0.00 0.00 251.19 11.75 3.91
0.631 0.00 0.00 13.59 0.00 0.00 292.87 17.73 5.98
0.736 0.00 0.00 15.85 0.00 0.00 341.46 26.13 8.40
0.858 0.00 0.00 18.48 0.00 0.00 398.11 36.93 10.79

1.00 0.00 0.00 21.54 0.00 0.00 464.16 49.62 12.69
1.17 0.00 0.00 25.12 0.00 0.00 541.17 63.22 13.60
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.39 13.17
1.58 0.00 0.00 34.15 0.01 0.01 735.64 87.69 11.29
1.85 0.00 0.00 39.81 0.07 0.06 857.70 95.84 8.15
2.15 0.00 0.00 46.42 0.20 0.13 | 1000.00 | 100.00 4.16
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c. Axial distance Drop size and DSD measuremesiit 100mm

Average Measurement Parameters 28 Oct 2016 - 10:51:42.4004
(average size distribution, weighted)

Example results555.smea\import\Averages\V10 1 2.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =67.5 (%) Dv(10) = 245.7 (um) Span=1.104
Cv=1607 (PPM) DV(50) = 473.6 (um) D[3][2] = 371.5 (um)
SSA=0.0161 (m2/cc) DV(90) = 768.6 (um) D[4][3] = 489.4 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V10 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 10:51:42.1996 :: 10:51:42.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end =35

Particle Density =1.00 (gm/cc) Scattering threshold =1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 3- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 10:51:42.1000
Example results555.smea\import\V10 1 1.ps

Sample : watersherry

Start+0.1000 (s)

100 T —T 20.00
Rosin Rammler| |
D =538.45 N = 2.47
0 - 100 % | |
L 15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.59 0.30
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.99 0.40
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.46 0.47
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.94 0.48
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.37 0.44
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.76 0.39
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.19 0.43
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.86 0.67
0.398 0.00 0.00 8.58 0.00 0.00 184.79 5.12 1.26
0.464 0.00 0.00 10.00 0.00 0.00 215.44 7.47 2.35
0.541 0.00 0.00 11.66 0.00 0.00 251.19 11.46 4.00
0.631 0.00 0.00 13.59 0.00 0.00 292.87 17.60 6.14
0.736 0.00 0.00 15.85 0.00 0.00 341.46 26.17 8.56
0.858 0.00 0.00 18.48 0.00 0.00 398.11 37.07 10.91

1.00 0.00 0.00 21.54 0.00 0.00 464.16 49.79 12.72
1.17 0.00 0.00 25.12 0.00 0.00 541.17 63.34 13.55
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.44 13.10
1.58 0.00 0.00 34.15 0.02 0.02 735.64 87.68 11.24
1.85 0.00 0.00 39.81 0.11 0.09 857.70 95.83 8.14
2.15 0.00 0.00 46.42 0.29 0.19 | 1000.00 | 100.00 4.17
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Average Measurement Parameters 28 Oct 2016 - 10:54:59.4004
(average size distribution, weighted)

Example results555.smea\import\Averages\vV10a 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 66.0 (%) Dv(10) = 235.1 (um) Span=1.138
Cv=1655 (PPM) Dv(50) = 466.8 (um) D[3][2] = 361.2 (um)
SSA=0.0166 (m?/cc) Dv(90) = 766.2 (um) D[4][3] = 482.9 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V10a 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 10:54:59.1996 :: 10:54:59.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end =35

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 1- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs
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Particle Size Distribution 16 - 10:54:59.1000
Example results555.smealimport\Vli0a 1 1.t

Sample : watersherry

Start+0.1000 (s)

100 T —T 20.00
Rosin Rammler| |
D = 542.70 N = 2.54
0100 % 1
L 15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.52 0.27
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.89 0.38
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.34 0.45
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.82 0.48
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.27 0.45
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.66 0.39
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.05 0.39
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.62 0.57
0.398 0.00 0.00 8.58 0.00 0.00 184.79 4.69 1.07
0.464 0.00 0.00 10.00 0.00 0.00 215.44 6.74 2.05
0.541 0.00 0.00 11.66 0.00 0.00 251.19 10.38 3.64
0.631 0.00 0.00 13.59 0.00 0.00 292.87 16.17 5.79
0.736 0.00 0.00 15.85 0.00 0.00 341.46 24.49 8.32
0.858 0.00 0.00 18.48 0.00 0.00 398.11 35.34 10.86

1.00 0.00 0.00 21.54 0.00 0.00 464.16 48.23 12.88
1.17 0.00 0.00 25.12 0.00 0.00 541.17 62.13 13.90
1.36 0.00 0.00 29.29 0.00 0.00 630.96 75.65 13.52
1.58 0.00 0.00 34.15 0.01 0.01 735.64 87.28 11.63
1.85 0.00 0.00 39.81 0.08 0.07 857.70 95.69 8.42
2.15 0.00 0.00 46.42 0.25 0.16 | 1000.00 | 100.00 4.31
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d. Axial distance Drop size andDSD measuremeng at 120 mm

Average Measurement Parameters 28 Oct 2016 - 10:46:09.4004
(average size distribution, weighted)

Example results555.smea\import\Averages\v12 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 67.0 (%) Dv(10) = 250.3 (um) Span =1.086
Cv=1655 (PPM) Dv(50) =478.4 (um) D[3][2] = 376.7 (um)
SSA=0.0159 (m?/cc) Dv(90) = 769.9 (um) D[4][3] = 493.2 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V12 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 10:46:09.1996 :: 10:46:09.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 2- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs
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Particle Size Distribution 16 - 10:46:09.1000
Example results555.smea\import\V12 1 1.ps

Sample : watersherry

Start+0.1000 (s)

100 T —T 20.00
Rosin Rammler| |
D =551.98 N = 2.54
0100 % 1
S 15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.38 0.25
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.77 0.38
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.26 0.50
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.81 0.55
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.33 0.52
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.77 0.44
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.14 0.37
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.60 0.46
0.398 0.00 0.00 8.58 0.00 0.00 184.79 4.47 0.87
0.464 0.00 0.00 10.00 0.00 0.00 215.44 6.26 1.79
0.541 0.00 0.00 11.66 0.00 0.00 251.19 9.61 3.36
0.631 0.00 0.00 13.59 0.00 0.00 292.87 15.18 5.57
0.736 0.00 0.00 15.85 0.00 0.00 341.46 23.39 8.21
0.858 0.00 0.00 18.48 0.00 0.00 398.11 34.27 10.88

1.00 0.00 0.00 21.54 0.00 0.00 464.16 47.30 13.03
1.17 0.00 0.00 25.12 0.00 0.00 541.17 61.42 14.12
1.36 0.00 0.00 29.29 0.00 0.00 630.96 75.18 13.76
1.58 0.00 0.00 34.15 0.00 0.00 735.64 87.03 11.85
1.85 0.00 0.00 39.81 0.02 0.02 857.70 95.61 8.58
2.15 0.00 0.00 46.42 0.14 0.12 | 1000.00 | 100.00 4.39
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Average Measurement Parameters 28 Oct 2016 - 10:41:35.4004
(average size distribution, weighted)

Example results555.smea\import\Averages\v12a 1 1.psd

Sample : watersherry

Start+0.0696 (s) :: +0.4004 (s)

Standard Values:

Trans = 68.0 (%) Dv(10) = 262.1 (um) Span =1.048
Cv=1634 (PPM) Dv(50) = 488.9 (um) D[3][2] = 387.6 (um)
SSA=0.0155 (m?/cc) Dv(90) = 774.5 (um) D[4][3] = 502.4 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V12a 1

827 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 10:41:35.0696 :: 10:41:35.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 1- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs

233



Particle Size Distribution 16 - 10:41:35.1500
Example results555.smealimport\Vi2a 1 1

Sample : watersherry

Start+0.1500 (s)

100 T —TT 20.00
Rosin Rammler| | | || /
D =11780.57 N = 1.02 /
0-100 % -
R 15.00
>
(8]
c
)
>
50 5 10.00
i
)
1S
=
o
>
0] 0.00
1 10 100 1000 2000
Particle Diameter (um)

Size (um)] %V < % V Size (um)] % V< % V Size (um)] % V< % V
0.117 0.00 0.00 2.51 0.07 0.00 54.12 0.07 0.00
0.136 0.00 0.00 2.93 0.07 0.00 63.10 0.07 0.00
0.158 0.00 0.00 3.41 0.07 0.00 73.56 0.07 0.00
0.185 0.00 0.00 3.98 0.07 0.00 85.77 0.07 0.00
0.215 0.00 0.00 4.64 0.07 0.00 100.00 0.07 0.00
0.251 0.00 0.00 5.41 0.07 0.00 116.59 0.07 0.00
0.293 0.00 0.00 6.31 0.07 0.00 135.94 0.07 0.00
0.341 0.00 0.00 7.36 0.07 0.00 158.49 0.07 0.00
0.398 0.00 0.00 8.58 0.07 0.00 184.79 0.07 0.00
0.464 0.00 0.00 10.00 0.07 0.00 215.44 0.44 0.37
0.541 0.00 0.00 11.66 0.07 0.00 251.19 2.10 1.66
0.631 0.00 0.00 13.59 0.07 0.00 292.87 6.14 4.04
0.736 0.00 0.00 15.85 0.07 0.00 341.46 13.57 7.42
0.858 0.00 0.00 18.48 0.07 0.00 398.11 24.86 11.29

1.00 0.00 0.00 21.54 0.07 0.00 464.16 39.60 14.74
1.17 0.00 0.00 25.12 0.07 0.00 541.17 56.35 16.75
1.36 0.07 0.07 29.29 0.07 0.00 630.96 72.87 16.52
1.58 0.07 0.00 34.15 0.07 0.00 735.64 86.73 13.86
1.85 0.07 0.00 39.81 0.07 0.00 857.70 96.02 9.29
2.15 0.07 0.00 46.42 0.07 0.00 [ 1000.00 | 100.00 3.98
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Cumulative 9 Nov 2016 - 01:51:09

Example results555.smea\Overlays\V6a

100 /
/
50 //
| /
i /
0 Il
1 10 100 1000

Particle Diameter (um)

Date-Time File Sample Dx(10) |Dx(50) [Dx(90)
[V][28 Oct 2016..{V6a 1 1 |watersherry 49.98 379.47 [731.90
[V]]28 Oct 2016..|V8a 1 1 [watersherry 236.49 |466.16 [764.36
[V]1]28 Oct 2016..|V10a 1 1watersherry 247.88 |473.47 [768.78
[V][28 Oct 2016..{V12a 1 1|watersherry 320.12 [511.04 |770.51

[V]=Volume [N]=Number

Frequency 9 Nov 2016 - 01:51:09
Example results555.smea\Overlays\V6a 1 1 1.pso
20.00
/\
15.00
2 /D
=/
= \
@) \ 10.00

/'/ 5.00

0.00
1 10 100 1000

Particle Diameter (um)

Date-Time File Sample Dx(10) |Dx(50) |Dx(90)
[V]]28 Oct 2016..|V6a 1 1 [watersherry 49.98 379.47 731.90
[V]]28 Oct 2016..|V8a 1 1 [watersherry 236.49 [466.16 |764.36
[V]]28 Oct 2016..|V10a 1 1|watersherry 247.88 |473.47 [768.78
[V]]28 Oct 2016..|V12a 1 1|watersherry 320.12 |511.04 [770.51

[V]=Volume [N]=Number
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Cumulative 9 Nov 2016 - 02:00:13
Example results555.smea\Overlays\V6 1

6cm away
100
7/
50
0 —1 |
1 10 100 1000
Particle Diameter (um)
Date-Time File Sample Dx(10) |Dx(50) [Dx(90)
[V][{28 Oct 2016..{V6 1 1 |watersherry 441.02 |571.43 |717.72
[V]]|28 Oct 2016../|V8 1 1 |watersherry 204.06 [433.22 [746.86
[V]]|28 Oct 2016..|V10 1 1|watersherry 239.25 [465.25 |764.46
[V]]|28 Oct 2016../V12 1 1{watersherry 254.54 [478.18 |771.34
[V]=Volume [N]=Number
Frequency 9 Nov 2016 - 02:00:13
Example results555.smea\Overlays\V6 1 1 1.pso
6cm away
20.00
15.00
I
= / N
e
T —-10.00
5.00
< 0.00
1 10 100 1000

Particle Diameter (um)

Date-Time File Sample Dx(10) |Dx(50) [Dx(90)
[V]]|28 Oct 2016../V6 1 1 [watersherry 441.02 |571.43 |717.72
[V][{28 Oct 2016..{Vv8 1 1 |watersherry 204.06 [433.22 |746.86
[V]]28 Oct 2016../V10 1 1|watersherry 239.25 [465.25 |764.46
[V]]28 Oct 2016../V12 1 1|watersherry 254.54 [478.18 |771.34

[V]=Volume [N]=Number
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e. Radial distancesDrop sizes and DSDexperimental resultsat y=60mm,
x=10mm

I Average Measurement Parameters 28 Oct 2016 - 11:24:16.2400
(average size distribution, weighted)

Example results666.smea\import\Averages\VV6_R10a_Proper 1 1.psd

Sample : watersherry

Start+0.0004 (s) :: +0.2400 (s)

Standard Values:

Trans =44.9 (%) Dv(10) = 262.2 (um) Span =1.009
Cv=2966 (PPM) Dv(50) = 488.4 (um) D[3][2] = 341.7 (um)
SSA=0.0176 (m?/cc) Dv(90) = 755.1 (um) D[4][3] = 497.4 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V6_R10a_Proper 1

586 Records Averaged 13 Records Skipped
Average Range = 28 Oct 2016 - 11:24:16.0004 :: 11:24:16.2400

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length = 30.0 (mm)
Particulate Refractive Index= 1.33 + 0.000i Scatter start=1

Dispersant Refractive Index= 1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (pm)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument = MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 8- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs

I'Low Light Transmission
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Particle Size Distribution 16 - 11:24:16.2324
Example results666.smea\import\V6_R10a.

Sample : watersherry

Start+0.2324 (s)

100 20.00
Rosin Rammler
D =517.16 N = 2.37
- 0
0-100 % Y
50 10.00
5.00
0 0.00
5 10 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.77 0.15
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.97 0.20
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.21 0.24
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.44 0.24
0.215 0.00 0.00 4.64 0.00 0.00 100.00 1.64 0.20
0.251 0.00 0.00 5.41 0.00 0.00 116.59 1.79 0.15
0.293 0.00 0.00 6.31 0.00 0.00 135.94 1.93 0.14
0.341 0.00 0.00 7.36 0.00 0.00 158.49 2.21 0.28
0.398 0.00 0.00 8.58 0.00 0.00 184.79 2.91 0.70
0.464 0.00 0.00 10.00 0.10 0.10 215.44 4.47 1.57
0.541 0.00 0.00 11.66 0.47 0.37 251.19 7.49 3.02
0.631 0.00 0.00 13.59 0.50 0.03 292.87 12.58 5.09
0.736 0.00 0.00 15.85 0.50 0.00 341.46 20.24 7.65
0.858 0.00 0.00 18.48 0.50 0.00 398.11 30.63 10.40

1.00 0.00 0.00 21.54 0.50 0.00 464.16 43.47 12.83
1.17 0.00 0.00 25.12 0.50 0.00 541.17 57.85 14.38
1.36 0.00 0.00 29.29 0.50 0.00 630.96 72.37 14.52
1.58 0.00 0.00 34.15 0.50 0.00 735.64 85.31 12.93
1.85 0.00 0.00 39.81 0.54 0.03 857.70 94.95 9.64
2.15 0.00 0.00 46.42 0.62 0.08 [ 1000.00 | 100.00 5.05
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e. Radial distances Drop sizes and DSD experimental results at y=60mm,
x=20mm

Average Measurement Parameters 28 Oct 2016 - 12:06:33.4004
(average size distribution, weighted)

Example results666.smea\import\Averages\V6_R20 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 62.5 (%) Dv(10) = 286.6 (um) Span =0.9753
Cv=2016 (PPM) Dv(50) =497.5 (um) D[3][2] = 401.4 (um)
SSA=0.0149 (m?/cc) Dv(90) =771.8 (um) D[4][3] =513 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V6_R20 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:06:33.1996 :: 12:06:33.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length = 30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 4- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs
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Particle Size Distribution 16 - 12:06:33.0996
Example results666.smea\import\vV6_R20 1

Sample : watersherry

Start+0.0996 (s)

100 T —T 20.00
Rosin Rammler| |
D =584.94 N = 2.76
- 0
0-100% 4
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.29 0.13
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.44 0.15
0.158 0.00 0.00 3.41 0.00 0.00 73.56 0.58 0.14
0.185 0.00 0.00 3.98 0.00 0.00 85.77 0.66 0.09
0.215 0.00 0.00 4.64 0.00 0.00 100.00 0.69 0.03
0.251 0.00 0.00 5.41 0.00 0.00 116.59 0.69 0.00
0.293 0.00 0.00 6.31 0.00 0.00 135.94 0.78 0.09
0.341 0.00 0.00 7.36 0.00 0.00 158.49 1.19 0.41
0.398 0.00 0.00 8.58 0.00 0.00 184.79 2.30 1.11
0.464 0.00 0.00 10.00 0.00 0.00 215.44 4.62 2.32
0.541 0.00 0.00 11.66 0.00 0.00 251.19 8.70 4.07
0.631 0.00 0.00 13.59 0.00 0.00 292.87 15.00 6.31
0.736 0.00 0.00 15.85 0.00 0.00 341.46 23.80 8.79
0.858 0.00 0.00 18.48 0.00 0.00 398.11 34.98 11.18

1.00 0.00 0.00 21.54 0.00 0.00 464.16 48.02 13.04
1.17 0.00 0.00 25.12 0.00 0.00 541.17 61.93 13.91
1.36 0.00 0.00 29.29 0.00 0.00 630.96 75.43 13.50
1.58 0.00 0.00 34.15 0.02 0.02 735.64 87.08 11.66
1.85 0.00 0.00 39.81 0.07 0.05 857.70 95.59 8.51
2.15 0.00 0.00 46.42 0.16 0.09 | 1000.00 | 100.00 4.41
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f. Radial distances Dropsizes and DSD experimental results at y=60mm,
x=30mm

I Average Measurement Parameters 28 Oct 2016 - 12:09:22.3000
(average size distribution, weighted)

Example results666.smea\import\Averages\V6_R30 1 1.psd

Sample : watersherry

Start+0.0004 (s) :: +0.3000 (s)

Standard Values:

Trans = 84.6 (%) Dv(10) = 244 (um) Span =1.095
Cv=656.2 (PPM) Dv(50) = 479.3 (um) D[3][2] = 361.6 (um)
SSA=0.0166 (m?/cc) Dv(90) = 768.6 (um) D[4][3] = 491.8 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V6_R30 1

747 Records Averaged 2 Records Skipped
Average Range = 28 Oct 2016 - 12:09:22.0004 :: 12:09:22.3000

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length = 30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 5- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs

I Low Scattering Signal
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Particle Size Distribution 16 - 12:09:22.0996
Example results666.smea\import\vV6_R30 1

Sample : watersherry

Start+0.0996 (s)

100 T —T 20.00
Rosin Rammler| |
D =541.94 N = 2.49
- 0
0-100% 1/
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.42 0.26
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.81 0.39
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.32 0.51
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.88 0.56
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.42 0.54
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.91 0.49
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.37 0.46
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.97 0.60
0.398 0.00 0.00 8.58 0.00 0.00 184.79 5.06 1.09
0.464 0.00 0.00 10.00 0.00 0.00 215.44 7.16 2.10
0.541 0.00 0.00 11.66 0.00 0.00 251.19 10.91 3.75
0.631 0.00 0.00 13.59 0.00 0.00 292.87 16.90 5.99
0.736 0.00 0.00 15.85 0.00 0.00 341.46 25.48 8.58
0.858 0.00 0.00 18.48 0.00 0.00 398.11 36.56 11.08

1.00 0.00 0.00 21.54 0.00 0.00 464.16 49.55 12.99
1.17 0.00 0.00 25.12 0.00 0.00 541.17 63.35 13.80
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.59 13.24
1.58 0.00 0.00 34.15 0.00 0.00 735.64 87.83 11.25
1.85 0.00 0.00 39.81 0.03 0.03 857.70 95.90 8.06
2.15 0.00 0.00 46.42 0.16 0.13 | 1000.00 | 100.00 4.10
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g. Radial distances Drop sizes and DSD experimental results at y=80mm,
x=10mm

Average Measurement Parameters 28 Oct 2016 - 12:23:18.4004
(average size distribution, weighted)

Example results666.smea\import\Averages\V8_R10 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 68.5 (%) Dv(10) = 285.6 (um) Span =0.9809
Cv=1646 (PPM) Dv(50) = 496.9 (um) D[3][2] = 407.5 (um)
SSA=0.0147 (m?/cc) Dv(90) =773 (um) D[4][3]=512.8 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file:V8_R101

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:23:18.1996 :: 12:23:18.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 12- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 12:23:18.0996
Example results666.smea\import\v8_R10 1

Sample : watersherry

Start+0.0996 (s)

100 T T 20.00
Rosin Rammler| |
D=547.99 N =254
0 - 100 %
15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.50 0.24
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.81 0.31
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.16 0.34
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.49 0.33
0.215 0.00 0.00 4.64 0.00 0.00 100.00 1.76 0.28
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.00 0.24
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.31 0.31
0.341 0.00 0.00 7.36 0.00 0.00 158.49 2.92 0.61
0.398 0.00 0.00 8.58 0.00 0.00 184.79 4.20 1.28
0.464 0.00 0.00 10.00 0.00 0.00 215.44 6.66 2.46
0.541 0.00 0.00 11.66 0.00 0.00 251.19 10.86 4.20
0.631 0.00 0.00 13.59 0.00 0.00 292.87 17.26 6.41
0.736 0.00 0.00 15.85 0.00 0.00 341.46 26.11 8.85
0.858 0.00 0.00 18.48 0.00 0.00 398.11 37.26 11.15

1.00 0.00 0.00 21.54 0.00 0.00 464.16 50.12 12.86
1.17 0.00 0.00 25.12 0.00 0.00 541.17 63.70 13.58
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.72 13.02
1.58 0.00 0.00 34.15 0.02 0.02 735.64 87.85 11.13
1.85 0.00 0.00 39.81 0.10 0.08 857.70 95.88 8.04
2.15 0.00 0.00 46.42 0.26 0.16 | 1000.00 | 100.00 4.12
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h. Radial distances Drop sizes and DSD experimental results at y=80mm,
X=15mm

Average Measurement Parameters 28 Oct 2016 - 11:44:01.4004
(average size distribution, weighted)

Example results666.smea\import\Averages\V8_R15a_Proper 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 64.8 (%) Dv(10) =274.2 (um) Span =1.015
Cv=1870 (PPM) Dv(50) = 489.5 (um) D[3][2] = 397.1 (um)
SSA=0.0151 (m?/cc) Dv(90) = 771 (um) D[4][3] = 505.3 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V8_R15a_Proper 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct2016 - 11:44:01.1996 :: 11:44:01.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 10- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 11:44:01.0996
Example results666.smea\import\V8_R15a

Sample : watersherry

Start+0.0996 (s)

100 T —T 20.00
Rosin Rammler| |
D =558.74 N = 2.60
- 0
0-100% d
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.30 0.17
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.55 0.26
0.158 0.00 0.00 3.41 0.00 0.00 73.56 0.88 0.33
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.25 0.37
0.215 0.00 0.00 4.64 0.00 0.00 100.00 1.63 0.38
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.02 0.39
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.47 0.45
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.14 0.67
0.398 0.00 0.00 8.58 0.00 0.00 184.79 4.31 1.17
0.464 0.00 0.00 10.00 0.00 0.00 215.44 6.41 2.10
0.541 0.00 0.00 11.66 0.00 0.00 251.19 9.98 3.57
0.631 0.00 0.00 13.59 0.00 0.00 292.87 15.56 5.58
0.736 0.00 0.00 15.85 0.00 0.00 341.46 23.56 8.00
0.858 0.00 0.00 18.48 0.00 0.00 398.11 34.07 10.52

1.00 0.00 0.00 21.54 0.00 0.00 464.16 46.75 12.67
1.17 0.00 0.00 25.12 0.00 0.00 541.17 60.67 13.92
1.36 0.00 0.00 29.29 0.00 0.00 630.96 74.47 13.81
1.58 0.00 0.00 34.15 0.00 0.00 735.64 86.56 12.09
1.85 0.00 0.00 39.81 0.03 0.03 857.70 95.42 8.87
2.15 0.00 0.00 46.42 0.12 0.09 | 1000.00 | 100.00 4.58
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I. Radial distances Drop sizes and DSD experimental results at y=80mm,
x=20mm

Average Measurement Parameters 28 Oct 2016 - 12:05:02.4004
(average size distribution, weighted)

Example results666.smea\import\Averages\V8_R20 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans = 68.5 (%) Dv(10) =287.9 (um) Span =0.9735
Cv=1644 (PPM) Dv(50) = 498.8 (um) D[3][2] = 406.8 (um)
SSA=0.0147 (m?/cc) Dv(90) = 773.5 (um) D[4][3] = 514.3 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V8_R20 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:05:02.1996 :: 12:05:02.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 3- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 12:05:02.0996
Example results666.smea\import\vV8_R20 1

Sample : watersherry

Start+0.0996 (s)

100 — 20.00
Rosin Rammler| | | || /
D = 5206.34 N = 1.16 /
0-100 % —_
S 15.00
3
CIC.)
>
50 g 10.00
L
()
€
=]
S 5.00
0 0.00
1 10 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.04 0.00 54.12 0.11 0.00
0.136 0.00 0.00 2.93 0.04 0.00 63.10 0.11 0.00
0.158 0.00 0.00 3.41 0.04 0.00 73.56 0.11 0.00
0.185 0.00 0.00 3.98 0.04 0.00 85.77 0.11 0.00
0.215 0.00 0.00 4.64 0.04 0.00 | 100.00 0.11 0.00
0.251 0.00 0.00 5.41 0.04 0.00 | 116.59 0.11 0.00
0.293 0.00 0.00 6.31 0.04 0.00 | 135.94 0.11 0.00
0.341 0.00 0.00 7.36 0.04 0.00 | 158.49 0.11 0.00
0.398 0.00 0.00 8.58 0.04 0.00 | 184.79 0.22 0.10
0.464 0.00 0.00 10.00 0.11 0.08 | 215.44 0.98 0.76
0.541 0.00 0.00 11.66 0.11 0.00 | 251.19 3.07 2.10
0.631 0.00 0.00 13.59 0.11 0.00 | 292.87 7.33 4.25
0.736 0.00 0.00 15.85 0.11 0.00 | 341.46 | 14.47 7.14
0.858 0.00 0.00 18.48 0.11 0.00 | 398.11 | 24.89 10.43

1.00 0.00 0.00 21.54 0.11 0.00 | 464.16 | 38.40 13.51
1.17 0.00 0.00 25.12 0.11 0.00 | 541.17 | 54.01 15.61
1.36 0.04 0.04 29.29 0.11 0.00 | 630.96 | 70.03 16.02
1.58 0.04 0.00 34.15 0.11 0.00 | 735.64 | 84.31 14.29
1.85 0.04 0.00 39.81 0.11 0.00 | 857.70 | 94.79 10.48
2.15 0.04 0.00 46.42 0.11 0.00 | 1000.00 | 100.00 5.21
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j. Radial distances Drop sizes and DSD experimental results at y=80mm,
x=30mm

Average Measurement Parameters 28 Oct 2016 - 12:11:41.4004
(average size distribution, weighted)

Example results666.smea\import\Averages\V8_R30 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =75.9 (%) Dv(10) =251.8 (um) Span =1.082
Cv=1120 (PPM) Dv(50) =473.2 (um) D[3][2]=374.3 (um)
SSA=0.0160 (m?/cc) Dv(90) = 763.7 (um) D[4][3]=489.9 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V8_R30 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct2016 - 12:11:41.1996 :: 12:11:41.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 6- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16-12:11:41.0996
Example results666.smea\import\vV8_R30 1

Sample : watersherry

Start+0.0996 (s)

100 T T 20.00
Rosin Rammler| | | ||
D =6983.73 N =1.10
0 - 100 % —~
S 15.00
7
CIC.)
3
50 g 10.00
T
)
£
=
< 5.00
0 0.00
1 10 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.04 0.00 54.12 0.12 0.00
0.136 0.00 0.00 2.93 0.04 0.00 63.10 0.12 0.00
0.158 0.00 0.00 3.41 0.04 0.00 73.56 0.12 0.00
0.185 0.00 0.00 3.98 0.04 0.00 85.77 0.12 0.00
0.215 0.00 0.00 4.64 0.04 0.00 100.00 0.12 0.00
0.251 0.00 0.00 5.41 0.04 0.00 116.59 0.12 0.00
0.293 0.00 0.00 6.31 0.04 0.00 135.94 0.12 0.00
0.341 0.00 0.00 7.36 0.04 0.00 158.49 0.12 0.00
0.398 0.00 0.00 8.58 0.04 0.00 184.79 0.12 0.00
0.464 0.00 0.00 10.00 0.12 0.08 215.44 0.35 0.23
0.541 0.00 0.00 11.66 0.12 0.00 251.19 1.53 1.18
0.631 0.00 0.00 13.59 0.12 0.00 292.87 4.60 3.07
0.736 0.00 0.00 15.85 0.12 0.00 341.46 10.60 6.00
0.858 0.00 0.00 18.48 0.12 0.00 398.11 20.33 9.73

1.00 0.00 0.00 21.54 0.12 0.00 464.16 33.90 13.57
1.17 0.00 0.00 25.12 0.12 0.00 541.17 50.40 16.50
1.36 0.04 0.04 29.29 0.12 0.00 630.96 67.82 17.43
1.58 0.04 0.00 34.15 0.12 0.00 735.64 83.48 15.66
1.85 0.04 0.00 39.81 0.12 0.00 857.70 94.75 11.26
2.15 0.04 0.00 46.42 0.12 0.00 | 1000.00 | 100.00 5.25
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k. Radial distances Drop sizes and DSD experimental results at y=100mm,
x=10mm

Average Measurement Parameters 28 Oct 2016 - 12:20:16.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V10_R10 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =70.4 (%) Dv(10) =278.9 (um) Span =0.9982
Cv=1520 (PPM) Dv(50) = 497 (um) D[3][2] =400 (um)
SSA=0.0150 (m?/cc) Dv(90) = 775 (um) D[4][3]=510.8 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V10_R101

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:20:16.1996 :: 12:20:16.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 11- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 12:20:16.0996
Example results777.smea\import\v10_R10

Sample : watersherry

Start+0.0996 (s)

100 T —T 20.00
Rosin Rammler| |
D =563.70 N = 2.55
- 0
0-100% 4
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.35 0.21
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.66 0.31
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.04 0.38
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.45 0.41
0.215 0.00 0.00 4.64 0.00 0.00 100.00 1.84 0.39
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.19 0.35
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.56 0.36
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.10 0.54
0.398 0.00 0.00 8.58 0.00 0.00 184.79 4.12 1.02
0.464 0.00 0.00 10.00 0.00 0.00 215.44 6.10 1.97
0.541 0.00 0.00 11.66 0.00 0.00 251.19 9.59 3.49
0.631 0.00 0.00 13.59 0.00 0.00 292.87 15.17 5.58
0.736 0.00 0.00 15.85 0.00 0.00 341.46 23.24 8.07
0.858 0.00 0.00 18.48 0.00 0.00 398.11 33.88 10.63

1.00 0.00 0.00 21.54 0.00 0.00 464.16 46.66 12.78
1.17 0.00 0.00 25.12 0.00 0.00 541.17 60.65 14.00
1.36 0.00 0.00 29.29 0.00 0.00 630.96 74.49 13.84
1.58 0.00 0.00 34.15 0.00 0.00 735.64 86.58 12.09
1.85 0.00 0.00 39.81 0.03 0.03 857.70 95.43 8.85
2.15 0.00 0.00 46.42 0.14 0.11 | 1000.00 | 100.00 4.57
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|.  Radial distances Drop sizes and DSD experimental results at y=100mm,
X=10mm

Average Measurement Parameters 28 Oct 2016 - 11:50:09.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V10_R15c 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =72.5 (%) Dv(10) =281.3 (um) Span =0.9898
Cv=1408 (PPM) Dv(50) = 499.8 (um) D[3][2] = 404.2 (um)
SSA=0.0148 (m?/cc) Dv(90) = 776 (um) D[4][3]=513.7 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V10_R15c 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 11:50:09.1996 :: 11:50:09.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 13- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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m. Radial distances Drop sizes and DSD experimental results at y=100mm,
X=15mm

Particle Size Distribution 16 - 11:50:09.0996
Example results777.smea\import\V10_R15¢

Sample : watersherry

Start+0.0996 (s)

100 — T 20.00
Rosin Rammler
D =607.19 N = 2.30
0-100 %
15.00
50 10.00
5.00
0 0.00
50 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (UMm)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.00 0.00
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.00 0.00
0.158 0.00 0.00 3.41 0.00 0.00 73.56 2.14 2.14
0.185 0.00 0.00 3.98 0.00 0.00 85.77 2.14 0.00
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.14 0.00
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.14 0.00
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.14 0.00
0.341 0.00 0.00 7.36 0.00 0.00 158.49 2.25 0.11
0.398 0.00 0.00 8.58 0.00 0.00 184.79 2.82 0.57
0.464 0.00 0.00 10.00 0.00 0.00 215.44 4.42 1.60
0.541 0.00 0.00 11.66 0.00 0.00 251.19 7.76 3.34
0.631 0.00 0.00 13.59 0.00 0.00 292.87 13.54 5.78
0.736 0.00 0.00 15.85 0.00 0.00 341.46 22.19 8.65
0.858 0.00 0.00 18.48 0.00 0.00 398.11 33.69 11.50

1.00 0.00 0.00 21.54 0.00 0.00 464.16 47.38 13.69
1.17 0.00 0.00 25.12 0.00 0.00 541.17 62.05 14.67
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.10 14.05
1.58 0.00 0.00 34.15 0.00 0.00 735.64 87.89 11.79
1.85 0.00 0.00 39.81 0.00 0.00 857.70 96.09 8.20
2.15 0.00 0.00 46.42 0.00 0.00 | 1000.00 | 100.00 3.91
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n. Radial distances Drop sizes and DSD experimental results at y=100mm,
X=15mm

Average Measurement Parameters 28 Oct 2016 - 12:02:02.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V10_R20 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =73.1 (%) Dv(10) = 268.9 (um) Span =1.028
Cv=1345 (PPM) Dv(50) = 492.4 (um) D[3][2] = 394.2 (um)
SSA=0.0152 (m?/cc) Dv(90) = 775.1 (um) D[4][3]=506.1 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V10_R20 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:02:02.1996 :: 12:02:02.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 2- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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0. Radial distances Drop sizes and DSD experimental results at y=100mm,
x=20mm

Particle Size Distribution 16 - 12:02:02.1232
Example results777.smea\import\v10_R20

Sample : watersherry

Start+0.1232 (s)

100 T —T 20.00
Rosin Rammler| |
D = 605.22 N = 2.62
0-100 %
15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (UMm)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.30 0.20
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.62 0.32
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.02 0.40
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.43 0.42
0.215 0.00 0.00 4.64 0.00 0.00 100.00 1.77 0.34
0.251 0.00 0.00 5.41 0.00 0.00 116.59 1.97 0.19
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.02 0.05
0.341 0.00 0.00 7.36 0.00 0.00 158.49 2.03 0.02
0.398 0.00 0.00 8.58 0.00 0.00 184.79 2.25 0.22
0.464 0.00 0.00 10.00 0.00 0.00 215.44 3.18 0.92
0.541 0.00 0.00 11.66 0.00 0.00 251.19 5.52 2.34
0.631 0.00 0.00 13.59 0.00 0.00 292.87 10.10 4.57
0.736 0.00 0.00 15.85 0.00 0.00 341.46 17.57 7.48
0.858 0.00 0.00 18.48 0.00 0.00 398.11 28.22 10.65

1.00 0.00 0.00 21.54 0.00 0.00 464.16 41.68 13.46
1.17 0.00 0.00 25.12 0.00 0.00 541.17 56.88 15.19
1.36 0.00 0.00 29.29 0.00 0.00 630.96 72.12 15.25
1.58 0.00 0.00 34.15 0.00 0.00 735.64 85.48 13.35
1.85 0.00 0.00 39.81 0.01 0.01 857.70 95.16 9.68
2.15 0.00 0.00 46.42 0.10 0.09 | 1000.00 | 100.00 4.84

256



p. Radial distances Drop sizes and DSD experimental results at y=100mm,
x=30mm

Average Measurement Parameters 28 Oct 2016 - 12:13:02.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V10_R30 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =77.5 (%) Dv(10) = 255.5 (um) Span = 1.066
Cv=1051 (PPM) Dv(50) = 483.7 (um) D[3][2]=378.9 (um)
SSA=0.0158 (m%cc) Dv(90) =771 (um) D[4][3] = 497.4 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V10_R301

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:13:02.1996 :: 12:13:02.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 7- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 12:13:02.0996
Example results777.smea\import\v10_R30

Sample : watersherry

Start+0.0996 (s)

100 T T 20.00
Rosin Rammler| |
D =54453 N = 2.40
0 - 100 % | |
< 15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.54 0.30
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.94 0.40
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.40 0.46
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.86 0.46
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.27 0.40
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.62 0.35
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.01 0.39
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.67 0.66
0.398 0.00 0.00 8.58 0.00 0.00 184.79 5.00 1.33
0.464 0.00 0.00 10.00 0.00 0.00 215.44 7.54 2.54
0.541 0.00 0.00 11.66 0.00 0.00 251.19 11.86 4.32
0.631 0.00 0.00 13.59 0.00 0.00 292.87 18.44 6.58
0.736 0.00 0.00 15.85 0.00 0.00 341.46 27.49 9.05
0.858 0.00 0.00 18.48 0.00 0.00 398.11 38.79 11.31

1.00 0.00 0.00 21.54 0.00 0.00 464.16 51.69 12.90
1.17 0.00 0.00 25.12 0.00 0.00 541.17 65.12 13.43
1.36 0.00 0.00 29.29 0.00 0.00 630.96 77.81 12.69
1.58 0.00 0.00 34.15 0.00 0.00 735.64 88.50 10.69
1.85 0.00 0.00 39.81 0.07 0.07 857.70 96.12 7.63
2.15 0.00 0.00 46.42 0.24 0.17 | 1000.00 | 100.00 3.88
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g. Radial distances Drop sizes and DSD experimental resulis y=120mm,
x=10mm

Average Measurement Parameters 28 Oct 2016 - 12:17:39.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V12_R10 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =76.3 (%) Dv(10) =252.5 (um) Span =1.081
Cv=1129 (PPM) Dv(50) =478.8 (um) D[3][2] = 379.7 (um)
SSA=0.0158 (m?/cc) Dv(90) =770 (um) D[4][3] = 494 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V12_R101

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:17:39.1996 :: 12:17:39.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 9- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 12:17:39.0996
Example results777.smea\import\v12_R10

Sample : watersherry

Start+0.0996 (s)

100 T T 20.00
Rosin Rammler| |
D =508.56 N = 2.73
0 - 100 % | | A/
15.00
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.39 0.21
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.70 0.31
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.10 0.40
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.57 0.47
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.08 0.52
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.66 0.58
0.293 0.00 0.00 6.31 0.00 0.00 135.94 3.39 0.73
0.341 0.00 0.00 7.36 0.00 0.00 158.49 4.44 1.05
0.398 0.00 0.00 8.58 0.00 0.00 184.79 6.12 1.67
0.464 0.00 0.00 10.00 0.00 0.00 215.44 8.82 2.70
0.541 0.00 0.00 11.66 0.00 0.00 251.19 13.03 4.21
0.631 0.00 0.00 13.59 0.00 0.00 292.87 19.19 6.16
0.736 0.00 0.00 15.85 0.00 0.00 341.46 27.56 8.37
0.858 0.00 0.00 18.48 0.00 0.00 398.11 38.12 10.56

1.00 0.00 0.00 21.54 0.00 0.00 464.16 50.43 12.31
1.17 0.00 0.00 25.12 0.00 0.00 541.17 63.63 13.20
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.50 12.87
1.58 0.00 0.00 34.15 0.00 0.00 735.64 87.66 11.16
1.85 0.00 0.00 39.81 0.06 0.05 857.70 95.80 8.14
2.15 0.00 0.00 46.42 0.18 0.12 | 1000.00 | 100.00 4.20
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r. Radial distances Drop sizes and DSD experimental results at y=120mm,
X=15mm

Average Measurement Parameters 28 Oct 2016 - 11:55:08.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V12_R15b 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =74.7 (%) Dv(10) =270.4 (um) Span =1.023
Cv=1251 (PPM) Dv(50) = 493.7 (um) D[3][2] = 395 (um)
SSA=0.0152 (m?/cc) Dv(90) = 775.4 (um) D[4][3] =507.1 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V12_R15b 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 11:55:08.1996 :: 11:55:08.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 15- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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Particle Size Distribution 16 - 11:55:08.0996
Example results777.smealimport\Vli2_R15I

Sample : watersherry

Start+0.0996 (s)

100 —T 20.00
Rosin Rammler| | | || /
D =8413.00 N = 1.02
0 - 100 % ~| |
$ 15.00
B
CIC.)
3
50 g 10.00
o
()
IS
=]
< 5.00
0 0.00
1 10 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.06 0.00 54.12 0.18 0.00
0.136 0.00 0.00 2.93 0.06 0.00 63.10 0.18 0.00
0.158 0.00 0.00 3.41 0.06 0.00 73.56 0.18 0.00
0.185 0.00 0.00 3.98 0.06 0.00 85.77 0.18 0.00
0.215 0.00 0.00 4.64 0.06 0.00 | 100.00 0.18 0.00
0.251 0.00 0.00 5.41 0.06 0.00 | 116.59 0.18 0.00
0.293 0.00 0.00 6.31 0.06 0.00 | 135.94 0.18 0.00
0.341 0.00 0.00 7.36 0.06 0.00 | 158.49 0.18 0.00
0.398 0.00 0.00 8.58 0.06 0.00 | 184.79 0.18 0.00
0.464 0.00 0.00 10.00 0.18 0.12 | 215.44 0.23 0.05
0.541 0.00 0.00 11.66 0.18 0.00 | 251.19 1.00 0.77
0.631 0.00 0.00 13.59 0.18 0.00 | 292.87 3.50 2.50
0.736 0.00 0.00 15.85 0.18 0.00 | 341.46 8.92 5.42
0.858 0.00 0.00 18.48 0.18 0.00 | 398.11 18.25 9.33

1.00 0.00 0.00 21.54 0.18 0.00 | 464.16 | 31.77 13.52
1.17 0.00 0.00 25.12 0.18 0.00 | 541.17 | 48.59 16.82
1.36 0.06 0.06 29.29 0.18 0.00 | 630.96 66.58 17.99
1.58 0.06 0.00 34.15 0.18 0.00 | 735.64 | 82.83 16.26
1.85 0.06 0.00 39.81 0.18 0.00 | 857.70 | 94.54 11.71
2.15 0.06 0.00 46.42 0.18 0.00 | 1000.00 | 100.00 5.46
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s. Radial distances Drop sizes and DSD experimental results at y2mm,
x=20mm

Average Measurement Parameters 28 Oct 2016 - 12:00:31.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V12_R20 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =74.6 (%) Dv(10) = 268.2 (um) Span =1.03
Cv=1267 (PPM) Dv(50) =492.4 (um) D[3][2] = 395.5 (um)
SSA=0.0152 (m?/cc) Dv(90) = 775.3 (um) D[4][3] = 505.9 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V12_R20 1

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:00:31.1996 :: 12:00:31.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length = 30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 1- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay = 0.0 msecs
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Particle Size Distribution 16 - 12:00:31.0996
Example results777.smea\import\V12_R20

Sample : watersherry

Start+0.0996 (s)

100 ———— 20.00
Rosin Rammler
D =696.58 N = 2.32
0-100 %
15.00
50 10.00
5.00
0 % 0.00
50 100 1000 2000

Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (um)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.00 0.00
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.00 0.00
0.158 0.00 0.00 3.41 0.00 0.00 73.56 0.00 0.00
0.185 0.00 0.00 3.98 0.00 0.00 85.77 2.33 2.33
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.33 0.00
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.33 0.00
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.33 0.00
0.341 0.00 0.00 7.36 0.00 0.00 158.49 2.33 0.00
0.398 0.00 0.00 8.58 0.00 0.00 184.79 2.33 0.00
0.464 0.00 0.00 10.00 0.00 0.00 215.44 2.51 0.18
0.541 0.00 0.00 11.66 0.00 0.00 251.19 3.41 0.90
0.631 0.00 0.00 13.59 0.00 0.00 292.87 6.00 2.58
0.736 0.00 0.00 15.85 0.00 0.00 341.46 11.52 5.53
0.858 0.00 0.00 18.48 0.00 0.00 398.11 21.08 9.56

1.00 0.00 0.00 21.54 0.00 0.00 464.16 34.96 13.88
1.17 0.00 0.00 25.12 0.00 0.00 541.17 52.07 17.11
1.36 0.00 0.00 29.29 0.00 0.00 630.96 69.95 17.87
1.58 0.00 0.00 34.15 0.00 0.00 735.64 85.42 15.47
1.85 0.00 0.00 39.81 0.00 0.00 857.70 95.78 10.36
2.15 0.00 0.00 46.42 0.00 0.00 | 1000.00 | 100.00 4.22
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t. Radial distances Drop sizes an®SD experimental results at y=120mm,
x=20mm

Average Measurement Parameters 28 Oct 2016 - 12:14:42.4004
(average size distribution, weighted)

Example results777.smea\import\Averages\V12_R30 1 1.psd

Sample : watersherry

Start+0.1996 (s) :: +0.4004 (s)

Standard Values:

Trans =72.5 (%) Dv(10) =270 (um) Span =1.027
Cv=1386 (PPM) Dv(50) = 490.2 (um) D[3][2] = 394.8 (um)
SSA=0.0152 (m?/cc) Dv(90) = 773.2 (um) D[4][3] = 504.8 (um)
Notes:

using catheter nozzle

Average (average size distribution, weighted):

Source file: V12_R301

502 Records Averaged 0 Records Skipped
Average Range = 28 Oct 2016 - 12:14:42.1996 :: 12:14:42.4004

Measurement Values and Settings
Instrument = Spraytec - Open Spray

Lens =300mm Path Length =30.0 (mm)
Particulate Refractive Index=1.33 + 0.000i Scatter start=1

Dispersant Refractive Index=1.00 Scatter end = 36

Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =0.00 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)

Multiple Scatter = On

Identification

Operator = mnska S/W = v3.20.006
Serial Numbers: Instrument=MAL1118761 Detector = 10FT-CDL
SOP Name = -MANUAL 8- -IMPORTED MEASUREMENT-

Last Edited = Not Edited

Rapid Measurement
Trigger = Manual
Trigger Delay= 0.0 msecs
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u. Radial distances Drop sizes and DSD experimental results at y=120mm,
x=30mm

Particle Size Distribution 16 - 12:14:42.0996
Example results777.smea\import\vV12_R30

Sample : watersherry

Start+0.0996 (s)

100 T —T 20.00
Rosin Rammler| |
D =547.32 N = 2.50
- 0
0-100% g/
50 10.00
5.00
0 0.00
20 100 1000 2000
Particle Diameter (um)

Size (um)| % V< % V Size (um)| % V< % V Size (UMm)| % V< % V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 0.41 0.24
0.136 0.00 0.00 2.93 0.00 0.00 63.10 0.76 0.35
0.158 0.00 0.00 3.41 0.00 0.00 73.56 1.19 0.43
0.185 0.00 0.00 3.98 0.00 0.00 85.77 1.65 0.46
0.215 0.00 0.00 4.64 0.00 0.00 100.00 2.10 0.45
0.251 0.00 0.00 5.41 0.00 0.00 116.59 2.51 0.41
0.293 0.00 0.00 6.31 0.00 0.00 135.94 2.95 0.44
0.341 0.00 0.00 7.36 0.00 0.00 158.49 3.60 0.65
0.398 0.00 0.00 8.58 0.00 0.00 184.79 4.81 1.21
0.464 0.00 0.00 10.00 0.00 0.00 215.44 7.07 2.26
0.541 0.00 0.00 11.66 0.00 0.00 251.19 10.96 3.89
0.631 0.00 0.00 13.59 0.00 0.00 292.87 17.00 6.05
0.736 0.00 0.00 15.85 0.00 0.00 341.46 25.53 8.52
0.858 0.00 0.00 18.48 0.00 0.00 398.11 36.47 10.94

1.00 0.00 0.00 21.54 0.00 0.00 464.16 49.29 12.82
1.17 0.00 0.00 25.12 0.00 0.00 541.17 63.00 13.70
1.36 0.00 0.00 29.29 0.00 0.00 630.96 76.24 13.25
1.58 0.00 0.00 34.15 0.00 0.00 735.64 87.60 11.36
1.85 0.00 0.00 39.81 0.04 0.04 857.70 95.80 8.20
2.15 0.00 0.00 46.42 0.17 0.13 | 1000.00 | 100.00 4.20
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Appendix II Sample Raw datafrom computational
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wvelocity density fraction surface top bottom

0 753.323 O 0.404755 O 6439.69 1829.468 6100447 0.000299891
1 3.56E-03 754.159 3.56E-03 0.40249 3.56E-03 6403.39 1821.249 6066059 0.000300236
7.11E-03 761.038 7.11E-03 0.383639 7.11E-03 6102.41 1751.783 5780935 0.000303028
1.07E-02 771.091 1.07E-02 0.356492 1.07E-02 5668.83 1649.327 5370196 0.000307126
1.42E-02 780.424 1.42E-02 0.33177 1.42E-02 5273.68 1553.528 4995863 0.000310963
1.78E-02 786.421 1.78E-02 0.316246 1.78E-02 5025.32 1492.215 4760586 0.000313452
2.13E-02 790.134 2.13E-02 0.306962 2.13E-02 4876.24 1455.247 4619360 0.000315032
2.49E-02 791.701 2.49E-02 0.303219 2.49E-02 4815.86 1440.353 4562160 0.000315717
2.84E-02 792.81 2.84E-02 0.300627 2.84E-02 4773.74 1430.041 4522259 0.000316223
3.20E-02 793.524 3.20E-02 0.299065 3.20E-02 4748.05 1423.892 4497923 0.000316566

density fraction surface top bottom d3z2
2 O 874.861 O 0.195688 O 3134.06 1027.199 2968958 0.00034598
3.56E-03 876.486 3.56E-03 0.190746 3.56E-03 3055.09 1003.117 2894148 0.000346602
7.11E-03 886.858 7.11E-03 0.160536 7.11E-03 2571.34 854.2358 2435882 0.000350689
1.07E-02 901.595 1.07E-02 0.118736 1.07E-02 1901.4 642.3107 1801234 0.000356595
1.42E-02 914.687 1.42E-02 8.28E-02 1.42E-02 1325.11 454.5564 1255303 0.000362109
1.78E-02 921.805 1.78E-02 6.38E-02 1.78E-02 1019.45 352.9206 965745.4 0.000365439
2.13E-02 925.201 2.13E-02 5.51E-02 2.13E-02 879.673 305.9514 833331.8 0.000367142
2.49E-02 926.128 2.49E-02 5.29E-02 2.49E-02 843.88 293.968 799424.4 0.000367725
2.84E-02 926.675 2.84E-02 5.16E-02 2.84E-02 822.585 286.7485 779251.2 0.000367979
3.20E-02 926.968 3.20E-02 5.09E-02 3.20E-02 811.863 283.0849 769094.1 0.000368076

3 density fraction surface top botto

0 911.925 o 0.17304 O 2770.04 946.797 2624114 0.000360806
3.56E-03 912.789 3.56E-03 0.168287 3.56E-03 2694.18 921.6631 2552251 0.000361118
7.11E-03 918.896 7.11E-03 0.13672 7.11E-03 2189.35 753.7888 2074015 0.000363444
1.07E-02 927.802 1.07E-02 9.15E-02 1.07E-02 1465.56 509.2787 1388354 0.000366822
1.42E-02 935.988 1.42E-02 5.07E-02 1.42E-02 812.716 284.832 769902.1 0.000369959
1.78E-02 940.545 1.78E-02 2.84E-02 1.78E-02 454.209 160.0437 430281.3 0.000371951
2.13E-02 942.818 2.13E-02 1.75E-02 2.13E-02 280.225 99.13562 265462.7 0.000373445
2.49E-02 943.435 2.49E-02 1.47E-02 2.49E-02 234.51 83.207 222156 0.000374543
2.84E-02 943.83 2.84E-02 1.29E-02 2.84E-02 206.221 73.33389 195357.3 0.000375383
3.20E-02 944.017 3.20E-02 1.22E-02 3.20E-02 193.885 69.059 183671.1 0.000375993

density fraction surface top bottom d32
4 0 926.556 O 0.172752 O 2764.02 960.3864 2618411 0.000366782
3.56E-03 927.133 3.56E-03 0.167589 3.56E-03 2681.41 932.2638 2540153 0.000367011
7.11E-03 930.954 7.11E-03 0.134738 7.11E-03 2155.77 752.6093 2042204 0.000368528
1.07E-02 936.493 1.07E-02 8.76E-02 1.07E-02 1401.06 492.0668 1327252 0.000370741
1.42E-02 941.536 1.42E-02 4.51E-02 1.42E-02 721.355 254.7486 683354 0.000372792
1.78E-02 944.249 1.78E-02 2.25E-02 1.78E-02 359.255 127.2753 340329.4 0.000373977
2.13E-02 945.507 2.13E-02 1.22E-02 2.13E-02 194.555 69.04886 184305.8 0.000374643
2.49E-02 945.807 2.49E-02 9.79E-03 2.49E-02 156.435 55.5466 148194 0.000374824
2.84E-02 945.992 2.84E-02 8.37E-03 2.84E-02 133.786 47.51612 126738.2 0.000374916
3.20E-02 946.075 3.20E-02 7.77E-03 3.20E-02 124.236 44.12333 117691.2 0.000374907

density fractio surface top bottom d3z2
5 0 923.654 O 0.176788 O 2828.88 979.7457 2679855 0.000365597

3.56E-03 924.067 3.56E-03 0.174109 3.56E-03 2786.08 965.3303 2639309 0.000365751
7.11E-03 928.465 7.11E-03 0.141616 7.11E-03 2266.26 788.913 2146873 0.000367471
1.07E-02 935.054 1.07E-02 9.29E-02 1.07E-02 1487.31 521.3545 1408959 0.000370028
1.42E-02 941.028 1.42E-02 4.91E-02 1.42E-02 786.576 277.3804 745139.2 0.000372253
1.78E-02 944.141 1.78E-02 2.63E-02 1.78E-02 421.324 148.9656 399128.7 0.000373227
2.13E-02 945.485 2.13E-02 1.65E-02 2.13E-02 264.043 93.40049 250133.2 0.000373403
2.49E-02 945.741 2.49E-02 1.47E-02 2.49E-02 235.092 83.14652 222707.4 0.000373344
2.84E-02 945.834 2.84E-02 1.41E-02 2.84E-02 225.929 79.89044 214027.1 0.000373273
3.20E-02 945.828 3.20E-02 1.42E-02 3.20E-02 228.279 80.70996 216253.3 0.00037322
density fract surface top bottom d32
6 0 932.928 O 0.175136 o 2801.6 980.3357 2654012 0.000369379

3.56E-03 933.11 3.56E-03 0.1725 3.56E-03 2759.18 965.7689 2613826 0.000369485
7.11E-03 935.616 7.11E-03 0.140897 7.11E-03 2253.31 790.9529 2134606 0.000370538
1.07E-02 939.412 1.07E-02 9.33E-02 1.07E-02 1491.87 525.9646 1413278 0.000372159
1.42E-02 942.861 1.42E-02 5.01E-02 1.42E-02 800.377 283.4212 758213.1 0.000373801
1.78E-02 944.652 1.78E-02 2.76E-02 1.78E-02 440.749 156.5557 417530.3 0.000374956
2.13E-02 945.42 2.13E-02 1.79E-02 2.13E-02 285.161 101.4984 270138.7 0.000375727
2.49E-02 945.542 2.49E-02 1.63E-02 2.49E-02 259.367 92.3248 245703.5 0.000375757
2.84E-02 945.554 2.84E-02 1.59E-02 2.84E-02 253.162 90.11167 239825.4 0.000375739
3.20E-02 945.513 3.20E-02 1.62E-02 3.20E-02 258.743 92.06782 245112.4 0.000375615
density frac surface top bottom d32
7 0 931.831 O 0.176976 O 2831.51 989.4703 2682346 0.000368882

3.56E-03 931.814 3.56E-03 0.177013 3.56E-03 2832.05 989.6591 2682858 0.000368882
7.11E-03 934.402 7.11E-03 0.147118 7.11E-03 2353.72 824.8041 2229726 0.000369913
1.07E-02 938.547 1.07E-02 9.93E-02 1.07E-02 1588.84 559.2623 1505140 0.000371568
1.42E-02 942.501 1.42E-02 5.35E-02 1.42E-02 855.435 302.4122 810370.7 0.000373178
1.78E-02 944.681 1.78E-02 2.78E-02 1.78E-02 444.429 157.5223 421016.5 0.000374148
2.13E-02 945.814 2.13E-02 1.42E-02 2.13E-02 227.032 80.62024 215072 0.000374852
2.49E-02 946.109 2.49E-02 1.06E-02 2.49E-02 169.515 60.24236 160584.9 0.000375143
2.84E-02 946.293 2.84E-02 8.35E-03 2.84E-02 133.207 47.41274 126189.7 0.000375726
3.20E-02 946.406 3.20E-02 7.23E-03 3.20E-02 115.172 41.043 109104.7 0.00037618
density frac surface top bot d32
8 0 933.281 O 0.174703 0O 2795.19 978.2819 2647939 0.00036945

56E-03 933.239
11E-03 935.66
O7E-02 939.524
42E-02 943.194
78E-02 945.188
13E-02 946.214
49E-02 946.454
84E-02 946.652
20E-02 946.761

56E-03 0.175192
11E-03 0.144515
O7E-02 9.56E-02
42E-02 4.93E-02
78E-02 2.41E-02
13E-02 1.13E-02
49E-02 8.36E-03
84E-02 6.07E-03
20E-02 4.97E-03

56E-03 2803.13 980.976 2655461 0.000369418
11E-03 2312.43 811.3014 2190611 0.000370354
O7E-02 1530.47 539.0744 1449845 0.000371815
42E-02 789.581 279.0172 747985.9 0.000373025
78E-02 386.638 136.7054 366269.9 0.000373237
13E-02 181.811 64.11414 172233.2 0.000372252
49E-02 134.936 47.4726 127827.6 0.00037138
84E-02 98.4109 34.50461 93226.61 0.000370115
20E-02 80.664 28.23843 76414.62 0.000369542

WINNN B RN
WINNNE RN
WNNNE RPN

9 density fraction surface top bottom d32

o 933.36 o 0.17692 O 2830.62 990.7803 2681503 0.000369487
3.56E-03 933.138 3.56E-03 0.179811 3.56E-03 2876.98 1006.731 2725421 0.000369385
7.11E-03 935.421 7.11E-03 0.151005 7.11E-03 2416.21 847.5195 2288924 0.00037027
1.07E-02 939.247 1.07E-02 0.102757 1.07E-02 1644.39 579.0852 1557764 0.000371741
1.42E-02 942.989 1.42E-02 5.55E-02 1.42E-02 887.846 313.7681 841074.3 0.000373056
1.78E-02 945.117 1.78E-02 2.81E-02 1.78E-02 451.156 159.615 427389.1 0.000373465
2.13E-02 946.282 2.13E-02 1.29E-02 2.13E-02 207.986 73.44322 197029.3 0.000372753
2.49E-02 946.582 2.49E-02 8.91E-03 2.49E-02 143.613 50.58246 136047.5 0.0003718
2.84E-02 946.802 2.84E-02 6.02E-03 2.84E-02 97.5909 34.20701 92449.81 0.000370006
3.20E-02 946.906 3.20E-02 4.77E-03 3.20E-02 77.5849 27.10863 73497.73 0.000368836
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liquid
\Viscosity
axial
2
4
6
8
10
15

Visc

0 oA~ N

10
15

\Viscosity
0.000289
0.000489
0.000689
0.000889
0.001089
0.001589

denisty
0 939.221
0.01 946.857
0.02 949.804
0.03 954.619
0.04 955.593
0.05 958.226

density
0 943.693
0.01 949.167
0.02 951.082
0.03  954.539
0.04 955.037
0.05 956.783

density
0 926.366
0.01 934.649
0.02 938.08
0.03  943.707
0.04 944.863
0.05 947.999

density
0 931.342
0.01 939.704
0.02  943.11
0.03 948.306
0.04 949.393
0.05 952.217

density
0 935.691
0.01 942.322
0.02 945.177
0.03  949.82
0.04 950.831
0.05  953.43

density
0 936.146
0.01 942.922
0.02 945.541
0.03 949.875
0.04 950.711
0.05 953.088

0.05 6

0.000367 0.000366
0.000364 0.000364
0.000354 0.000353
0.000369 0.000367
0.000356 0.000356
0.000352 0.000351

367.2424 365.6048
364.3548 363.5737
354.3874 353.3652

368.604 366.7255
356.4373 355.5392
351.7912  351.294

0.000363
0.000363
0.000353
0.000366
0.000355
0.000351

363.3409
363.3409
352.9824
366.0511
355.1907

351.135

0
0.01
0.02
0.03
0.04
0.05

0
0.01
0.02
0.03
0.04
0.05

0
0.01
0.02
0.03
0.04
0.05

0
0.01
0.02
0.03
0.04
0.05

0
0.01
0.02
0.03
0.04
0.05

0
0.01
0.02
0.03
0.04
0.05

0.000362
0.000362
0.000351
0.000363
0.000354

0.00035

362.326
361.7577
351.1362
362.7339
353.5671
350.0963

fraction
0.194935
0.166941
0.156474
0.13941
0.136402
0.127617

fraction
0.194814
0.169664
0.160355
0.145312
0.142576
0.134827

fraction
0.209291
0.181237
0.170038
0.152152
0.148602
0.138968

fraction
0.209682
0.181181
0.170025
0.152896
0.149718
0.140888

fraction
0.210339
0.183386
0.172403
0.154718
0.151003
0.141314

fraction
0.20336
0.176509
0.166236
0.149848
0.146544
0.137592

0.000361
0.000361

0.00035
0.000361
0.000353
0.000349

360.7197
360.8548
349.9987
360.6741
352.5688
349.4763

269

0.1

0.000357
0.000358
0.000347
0.000356

0.00035
0.000348

356.8966
358.2398
347.2169

355.934
350.2542
347.7365

0
0.01
0.02
0.03
0.04
0.05

0.01
0.02
0.03
0.04
0.05

0.01
0.02
0.03
0.04
0.05

0.01
0.02
0.03
0.04
0.05

0.01
0.02
0.03
0.04
0.05

0.01
0.02
0.03
0.04
0.05

surface
3085.51
2635.66
2467.11
2192.82
2144.34
2002.79

surface
3086.66
2684.18
2535.68
2296.11
2252.61
2129.5

surface
3358.49
2910.99
2732.26
2446.66
2389.91
2235.92

surface
3299.99
2839.23
2658.88
2382.4
2331.26
2189.08

surface
3379.72
2948.04
2772.03
2488.47
2428.92
2273.54

surface
3292.84
2864.42
2700.41
2438.12
2385.38
2242.09

top
1098.522
948.4155
891.7178
798.5006
782.0688
733.7156

997.561
997.561
997.561
997.561
997.561
997.561

top
1163.28
1016.358
957.0555
861.5214
842.4512
790.4492

top
1171.714
1021.539
962.1137
869.9532
852.8473
804.9357

ton
1180.874
1036.852
977.7081
881.7255
861.47
808.398

top
1142.248
998.6053
943.0977
854.0212
835.926
786.8237

bot
3077984
2629232
2461093
2187472
2139110
1997905

top
1103.068
966.2368
915.0645
832.2358
816.9921
774.0011

bott
3350299
2903890
2725596
2440693
2384081
2230467

bot
3291941
2832305
2652395
2376589
2325574
2183741

bot
3371477
2940850
2765269
2482401
2422996
2267995

bot
3284809
2857434
2693824
2432173
2379562
2236622

d32
0.000357
0.000361
0.000362
0.000363
0.000366
0.000367

bottom
3079132
2677633
2529495
2290510
2247116
2124306

d32
0.000347
0.00035
0.000351
0.000353
0.000353
0.000354

0.000356
0.000361
0.000363
0.000366
0.000367
0.000369

0.00035
0.000353
0.000354
0.000355
0.000356
0.000356

d32
0.000348
0.000349
0.00035
0.000351
0.000351
0.000352



surface tension

y=60

y=60

y=80

40

72

72

density

0 939.704
0.003556  941.079
0.007111  949.687
0.010667 962.025
0.014222 973.322
0.017778 979.728
0.021333  983.003
0.024889 984.025
0.028444  984.731
0.032 985.139

density

0 939.704
0.003556  941.079
0.007111  949.687
0.010667  962.025
0.014222  973.322
0.017778 979.728
0.021333  983.003
0.024889  984.025
0.028444  984.731
0.032 985.139

density

0 948.306
0.003556  948.833
0.007111 952.828
0.010667  959.712
0.014222  967.205
0.017778 974.516
0.021333  978.83
0.024889 981.688
0.028444  983.197

0.032  984.26
density
0 948.306

0.003556  948.833
0.007111  952.828
0.010667  959.712
0.014222  967.205
0.017778 974.516
0.021333 978.83
0.024889  981.688
0.028444  983.197

0.032 984.26

fraction
0 0.181181
0.003556 0.176454
0.007111 0.147683
0.010667 0.107501
0.014222 0.072141
0.017778 0.052691
0.021333 0.043194
0.024889  0.04042
0.028444 0.038538
0.032 0.037491

density

0 0.181181
0.003556 0.176454
0.007111 0.147683
0.010667 0.107501
0.014222 0.072141
0.017778 0.052691
0.021333 0.043194
0.024889  0.04042
0.028444 0.038538
0.032 0.037491

fraction
0 0.152896
0.003556 0.151213
0.007111 0.137867
0.010667 0.115522
0.014222 0.091921
0.017778 0.069384
0.021333 0.056553
0.024889  0.04813
0.028444 0.043643
0.032  0.04045

fraction
0 0.152896
0.003556 0.151213
0.007111 0.137867
0.010667 0.115522
0.014222 0.091921
0.017778 0.069384
0.021333 0.056553
0.024889  0.04813
0.028444 0.043643
0.032  0.04045

270

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

surface
2839.23
2761.52
2295.28
1645.82
1076.46
765.045
614.903
572.748
545.104
531.157

surface
2839.23
2761.52
2295.28
1645.82
1076.46
765.045
614.903
572.748
545.104
531.157

surface

2382.4
2354.09
2137.91
1777.92

1399.5
1039.47
836.948
704.903
635.627
586.939

surface

2382.4
2354.09
2137.91
1777.92

1399.5
1039.47
836.948
704.903
635.627
586.939

top
1021.539
996.3429
841.5158
620.5119
421.3009
309.7371
254.7578
238.6475
227.6992
221.6007

lig dens
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561

top
869.9532
860.8553
788.1812
665.2071
533.4381
405.6961
332.1346
283.4889
257.4574
238.8781

d32

366.0511

366.579
369.5704
375.0638
382.0953
391.2455
397.8105
403.1506
406.0351
407.9848

bot
2832305
2754785
2289682
1641806
1073835
763179.1
613403.3
571351.1
543774.5
529861.5

bott
2376589
2348348
2132696
1773584
1396087
1036935
834906.7
703183.7
634076.7
585507.5

370.0511

370.579
373.5704
379.0638
386.0953
395.2455
401.8105
407.1506
410.0351
411.9848

d32
0.000361
0.000362
0.000368
0.000378
0.000392
0.000406
0.000415
0.000418
0.000419
0.000418

d32
360.6741
361.6772
367.5252
377.9447
392.3331
405.8511
415.3186
417.6898
418.7382
418.2238

0.000366
0.000367

0.00037
0.000375
0.000382
0.000391
0.000398
0.000403
0.000406
0.000408

360.6741
361.6772
367.5252
377.9447
392.3331
405.8511
415.3186
417.6898
418.7382
418.2238

364.6741
365.6772
371.5252
381.9447
396.3331
409.8511
419.3186
421.6898
422.7382
422.2238

366.0511

366.579
369.5704
375.0638
382.0953
391.2455
397.8105
403.1506
406.0351
407.9848



air density

0.8

1.3

@

10

0.6

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

density

0 929.571
1.00E-02 937.264
2.00E-02 940.559
3.00E-02 945.99
4.00E-02 947.127
5.00E-02 950.132

density

0 938.177
1.00E-02 945.216
2.00E-02 948.122
3.00E-02 952.728
4.00E-02 953.658
5.00E-02 956.208

density

0 928.114
1.00E-02 936.837
2.00E-02 940.207
3.00E-02 945.551
4.00E-02 946.477
5.00E-02 949.146

density

0 944.932
1.00E-02 950.958
2.00E-02 953.519
3.00E-02 957.538
4.00E-02 958.289
5.00E-02 960.371

density
945.091
950.545
952.615
956.204
956.842
958.763

density
931.309
939.327
942.569
947.714
948.706
951.403

density

0 931.82
1.00E-02 939.284
2.00E-02 942.365
3.00E-02 947.39
4.00E-02 948.396
5.00E-02 951.107

density
929.847
938.009
941.413
946.765
947.864
950.744

density
932.871
940.521
943.622
948.604
949.547
952.158

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

fraction
0 0.200054
1.00E-02 0.175675
2.00E-02 0.165883
3.00E-02 0.149896
4.00E-02 0.14662
5.00E-02 0.138006

fraction
0 0.211705
1.00E-02 0.184775
2.00E-02 0.173781
3.00E-02 0.156381
4.00E-02 0.152975
5.00E-02  0.14337

fraction
0 0.219453
1.00E-02 0.187082
2.00E-02 0.174307
3.00E-02 0.154829
4.00E-02 0.151262
5.00E-02 0.141529

fraction
0 0.203362
1.00E-02 0.176052
2.00E-02 0.164558
3.00E-02 0.146764
4.00E-02 0.14343
5.00E-02 0.134291

fraction
0 0.197388
1.00E-02 0.172056
2.00E-02 0.162346
3.00E-02 0.146645
4.00E-02 0.14353
5.00E-02 0.135064

fraction
0 0.201763
1.00E-02 0.173829
2.00E-02 0.162812
3.00E-02 0.145497
4.00E-02 0.142302
5.00E-02 0.133468

fraction
0 0.2043
1.00E-02 0.177425
2.00E-02 0.166618
3.00E-02 0.149302
4.00E-02 0.145843
5.00E-02 0.136597

fraction
0.206921
0.179113
0.16794
0.150356
0.146979
0.137804

fraction
0.207272
0.179205
0.167958
0.150189
0.146831
0.137617
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0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

0
1.00E-02
2.00E-02
3.00E-02
4.00E-02
5.00E-02

surface
3146.22
2757.02
2600.89
2346.19
2294.06
2157.03

surface
3388.12
2957.4
2781.51
2503.18
2448.65
2294.92

surface
3492.1
2974.93
2770.49
2458.65
2401.59
2245.75

surface
3278.68
2840.31
2655.32
2368.65
2314.94
2167.59

surface
3163.61
2756.57
2600.32
2347.67
2297.58
2161.37

surface
3240.73
2794.18
2618.01
2340.98
2289.91
2148.59

surface
3273.49
2843.55
2670.71
2393.72
2338.39
2190.51

surface
3299.99
2854.96
2676.27
2395.01
2341.04
2194.29

surface
3316.9
2867.55
2687.38
2402.68
2348.88
2201.2

top
1115.786
987.9231
936.1365
850.8007
833.2066
786.7435

top
1191.701
1047.914
988.5935
893.9313
875.315
822.5492

997.561
997.561
997.561
997.561
997.561
997.561

top
1152.98
1004.508
941.4551
843.1926
824.6843
773.8151

top
1119.298
981.2818
927.9194
841.3352
824.0132
776.9662

top
1127.422
979.6936
920.7693
827.3373
810.0166
761.8911

top
1142.225
999.9148
942.0898
848.6833
829.9015
779.5102

top
1154.429
1008.058
948.6054
854.1108
835.8966
786.098

top
1160.148
1011.276
950.9332
854.8193
836.5376
786.1988

d32
0.000356
0.000359
0.000361
0.000364
0.000364
0.000366

bottom
3138546
2750296
2594546
2340468
2288465
2151769

bot
3379856
2950187
2774726
2497075
2442678
2289323

d32
0.000353
0.000355
0.000356
0.000358
0.000358
0.000359

bottom
3483583
2967674
2763733
2452653
2395733
2240273

top
1222.064
1051.592
983.308
878.3923
858.996
805.9901

bot d3
3270683 0.000353
2833382 0.000355
2648844 0.000355
2362873 0.000357
2309294 0.000357
2162303 0.000358

bot
3155894
2749847
2593978
2341944
2291976
2156098

d32
0.000355
0.000357
0.000358
0.000359
0.00036
0.00036

d32
0.000349
0.000351
0.000353
0.000354
0.000355
0.000355

bottom
3232826
2787365
2611625
2335270
2284325
2143350

d32
0.00035
0.000353
0.000354
0.000355
0.000356
0.000357

bottom
3265506
2836615
2664196
2387882
2332687
2185167

bott
3291941
2847997
2669743
2389169
2335330
2188938

d32
0.000351
0.000354
0.000355
0.000357
0.000358
0.000359

d32
0.000351
0.000354
0.000355
0.000357
0.000357
0.000358

bottom
3308810
2860556
2680825
2396820
2343151
2195831



liquid
density

1000

600

300

150

100

50

density
01 968.732
9.00E-02  970.796
8.00E-02 971451
7.00E-02 972.879
6.00E-02  972.902
5.00E-02  973.484

density
0 56246
1.00E-02  566.747
2.00E-02 568472
3.00E-02  571.266
4.00E-02 571788
5.00E-02 573.258

density
0 219432
1.00E-02 281911
2.00E-02 282.924
3.00E-02  284.509
400E-02 284.813
500E-02 285.652

density
0 140171
100E-02 141376
200E-02 14185
3.00E-02 142618
4,00E-02  142.756
5.00E-02 143.159

density
0 934276
100E-02  94.2134
2.00E02  94.5216
3.00E-02 950213
4.00E-02  95.1089
5.00E-02  95.371

density
0 46,5502
1.00E-02  46.9328
2.00E-02 47.0811
3.00E-02 47.3234
4.00E-02 47.3621
500E-02  47.4869

fraction
0.1 0.206545
9.00E-02 0.180996
8.00E-02 0.170693
7.00E-02 0.154327
6.00E-02 0.151225
5.00E-02 0.142571

fraction
0 0.205866
1.00E-02 0.17853
2.00E-02 0.167666
3.00E-02 0.150481
4,00E-02 0.147216
5.00E-02 0.13825

fraction
0 0.211466
1.00E-02 0.18272
2.00E-02 0.171271
3.00E-02 0.153449
4.00E-02  0.1502
5.00E-02 0.141048

fraction
0 0.211285
1.00E-02 0.183537
2.00E-02 0.17271
3.00E-02 0.155392
4,00E-02 0.152273
5.00E-02 0.143256

fraction
0 0.213805
1.00E-02 0.186161
2.00E-02 0.175411
3.00E-02 0.158173
4,00E-02 0.155155
5.00E-02 0.146212

fraction
0 0.223157
1.00E-02 0.19605
2.00E-02 0.185655
3.00E-02 0.168866
4.00E-02 0.166151
5.00E-02 0.157581

surface

0.1 3317.43
9.00E-02 2907.85
8.00E-02 2742.29
7.00E-02 2479.09
6.00E-02 2429.17
5.00E-02 2289.81

0 3268.92
1.00E-02 2832.08
2.00E-02 2658.39
3.00E-02 2383.49
4.00E02 23313
5.00E-02 2187.89

surface

0 3363.69
1.00E-02 2905.89
2.00E-02 2723.58
3.00E-02 2439.62
4,00E-02 2387.82
5.00E-02 2241.98

surface

0 336291
1.00E-02 2917.67
2.00E-02 2743.73
3.00E-02 2465.53
4,00E-02 2415.54
5.00E-02 2270.76

surface

0 3425.03
1.00E-02 2980.21
2.00E-02 2807.22
3.00E-02 2530.03
4.00E-02 24815
5.00E-02 23378

surface

0 3575.52
1.00E-02 3141.02
2.00E-02 2974.24
3.00E-02 2704.58
4,00E-02 2660.93
5.00E-02 2523.12
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1000
1000
1000
1000
1000
1000

600
600
600
600
600
600

300
300
300
300
300
300

150
150
150
150
150
150

100
100
100
100
100
100

50
50
50
50
50
50

top
1200.521
1054.261
994.9193
900.849
882.7626
832.7435

top
694.7483
607.0881
571.8806
515.7881
505.0581
475.5175

top
354.5422
309.0647
290.7401
261.9457
256.6735
241.7439

top
177.6962
155.6864
146.9935
132.9702
130.4273
123.0503

119.8517
105.2332
99.48077
90.17882
88.53973
83.66631

62.32802
55.20705
52.44505
47.94788
47.21556

44.8982

bottom  d32

3317430 0.00036188
2907850 0.00036256
2742290 0.00036281
2479090 0.00036338
2429170 0.0003634
2289810 0.00036367

bottom  d32

1961352 0.00035422
1699248 0.00035727
1595034 0.00035854
1430094 0.00036067
1398780 0.00036107
1312734 0.00036223

bottom  d32
1009107 0.00035134
871767 0.00035453
817074 0.00035583
731886 0.00035791
716346 0.00035831
672594 0.00035942

bottom  d32
504436.5 0.00035227
437650.5 0.00035573
411559.5 0.00035716
369829.5 0.00035954
362331 0.00035997
340614 0.00036126

32
342503 0.00034993
298021 0.00035311
280722 0.00035437
253003 0.00035643
248150  0.0003568
233780 0.00035788

178776 0.00034864
157051 0.00035152
148712 0.00035266
135229 0.00035457
1330465 0.00035488
126156 0.00035589

361.882694
362.5569259
362.8060173
363.3788949
363.4009269
363.6736341

354.219101
357.2686573
358.5381616
360.6672524
3610703994
362.2344748

351.3425275
354.5266883
355.8307551
357.9050962
358.3093583
359.4201848

352.2666944
355.7321686
357.1621625
359.5445402

359.967285
361.2602953

349.9289878
353.1065413
352.6618546
356.4338151
356.7992274
357.8847973

348.6375011
351.5230889
352.6618546

354.568026
354.8801484
355.8942827



smd for

various

air veloicty
1

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

density
838.013
894.069
918.577
919.889
923.941
926.845
930.065
930.887
932.243
933.615

denisty

764.844

856.26

899.31
901.462
908.482
913.208
918.302
919.576
921.743

924.02

density
706.657
822.833
880.465
882.799
891.899
898.104
905.413
907.357
910.564
913.928

density

645.434
782.533
856.24
860
873.342
882.181
892.635
895.107
899.25
903.89

density

572.128

755.84

841.17
843.882
858.443
868.422
880.648
884.191
890.833
898.016

fraction

0 0.999821
1.33E-02 0.466615
2.67E-02 0.245178
4,00E-02 0.233043
5.33E-02 0.197798
6.67E-02 0.172896
8.00E-02 0.145569
9.33E-02 0.138629
0.106667 0.12728
0.12 0.115935

fraction

0 0.99976
1.33E-02 0.458865
2.67E-02 0.231971
4,00E-02 0.219264
5.33E-02 0.183591
6.67E-02 0.159769
8.00E-02 0.134746
9.33E-02 0.128719
0.106667 0.118563
0.12 0.108128

fraction

0 0.999572
1.33E-02 0.449593
2.67E-02 0.224982
4.00E-02 0.21427
5.33E-02 0.181009
6.67E-02 0.158794
8.00E-02 0.133925
9.33E-02 0.127053
0.106667 0.115971
0.12 0.104303

fraction

0 0.999462
1.33E-02 0.440709
2.67E-02 0.227103
4,00E-02 0.215439
5.33E-02 0.179695
6.67E-02 0.156033
8.00E-02 0.128957
9.33E-02 0.122176
0.106667 0.111152
0.12 9.88E-02

fraction

0 0.999297
1.33E-02 0.42519
2.67E-02 0.208907
4.00E-02 0.199941
5.33E-02 0.168556
6.67E-02 0.148555
8.00E-02 0.124848
9.33E-02 0.118358
0.106667 0.106105
0.12 9.27E-02
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0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

0
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

surface top

15997.2 5027.178
7466.31 2503.116
3923.32 1351.289
3729.08 1286.242
3165.05 1096.522
2766.68 961.4868
2329.46 812.3318
2218.38 774.2876
2036.76 711.9353
1855.43 649.4319

surface density C
15996.1  947.32
734168  947.32
371135  947.32
3508.05  947.32

29373  947.32
2556.14  947.32
21558 947.32
2059.45  947.32
1897.08  947.32
1730.19  947.32

surface top

15993.6 4238.127
7193.98 2219.64
3600.2 1188.533
3428.73 1134.944
2896.4 968.6505
2540.81 855.6812
2142.74 727.5446
2032.64 691.6946
1855.62 633.5941
1670.32 571.9526

surface top
15991.4 3870.521
7051.44 2069.216
3633.71 1166.728
3447.08 1111.665
2875.26 941.6111
2497 825.8961
2064.37 690.6692
1956.63 656.1636
1781.49 599.7206
1586.5 535.9236

surface top
15988.9 3430.355
6803.27 1928.254
3343.1 1054.358
3199.75 1012.36
2697.2 868.1743
2375.69 774.0506
1994.97 659.6828
1890.31 627.9065
1694.52  567.131
1480.8 499.2109

bottom

15154468
7072985
3716640
3532632
2998315
2620931
2206744
2101516
1929463
1757686

top

4587.963
2357.446
1251.683
1185.949
1000.735

875.414
742.4251
710.2014
655.7077
599.4746

bottom

15151057
6815001
3410541
3248105
2743818
2406960
2029860
1925561
1757866
1582328

bottom

15148973
6679970
3442286
3265488
2723791
2365458
1955619
1853555
1687641
1502923

bottom

15146605
6444874
3166985
3031187
2555112
2250539
1889875
1790728
1605253
1402791

ad32
0.000332
0.000354
0.000364
0.000364
0.000366
0.000367
0.000368
0.000368
0.000369
0.000369

bottom

15153425
6954920
3515836
3323246
2782563
2421483
2042232
1950958
1797142
1639044

d32

0.00028
0.000326
0.000348
0.000349
0.000353
0.000356
0.000358
0.000359

0.00036
0.000361

ad32

0.000255

0.00031
0.000339

0.00034
0.000346
0.000349
0.000353
0.000354
0.000355
0.000357

a32

0.000226
0.000299
0.000333
0.000334

0.00034
0.000344
0.000349
0.000351
0.000353
0.000356

331.7291071
353.8981227

363.578235
364.1030624
365.7127523
366.8492797
368.1132812
368.4424476
368.9809838
369.4812097

0.000302767
0.000338961
0.000356013
0.000356865
0.000359645

0.00036152
0.000363536
0.000364027
0.000364861
0.000365747

279.7248576
325.6991009
348.4879666
349.4173445

353.030194
355.5028391
358.4210007
359.2172589
360.4336895

361.462831

255.4972226
309.7642612

338.939874
340.4285361
345.6987116
349.1484837
353.1716527
354.0027957
355.3602799
356.5874951

226.4768125

299.191844
332.9215779
333.9812453

339.779422
343.9401412
349.0616342
350.6430378
353.2970339
355.8696226



smd on
symmetry
axis at
various
\elocities
6mis

density

0 848.634
1.33E-02 899.227
2.67E02 92165
4.00E-02 922.766
5.33E-02 926.446
6.67E-02 929.07
8.00E-02 931.912
9.33E-02 93261
0.106667 933.793
0.12 934.974

densit

0 792.695
1.33E-02 868,657
2.67E-02 904.682
4,00E-02 906.828
5.33E-02 912.818
6.67E-02 917.257
8.00E-02 921.906
9.33E-02 923.115
0.106667 925.101
0.12 927.045

density

0 707.328
1.33E-02 818.263
2.67E-02 868.573
4.00E-02 872.508
5.33E-02 88174
6.67E-02 888.934
8.00E-02 896.697
9.33E-02 898.999
0.106667 902.375
0.12 905.458

density

0 544727
1.33E-02 674.509
2.67E-02 728.266
4,00E-02 733.609
5.33E-02 744.306
6.67E-02 752.695
8.00E-02 761.605
9.33E-02 765.015
0.106667 769.542
0.12 773.152

fraction

0 0.999848
1.33E-02 0.470883
2.67E-02 0.244974
4,00E-02 0.233583
5.33E-02 0.197803
6.67E-02 0.17253
8.00E-02 0.145361
9.33E-02 0.13875
0.106667 0.127609
0.12 0.116577

fraction

0 0.999836
1.33E-02 0.474828
2.67E-02 0.246959
4,00E-02 0.232926
5.33E-02 0.197086
6.67E-02 0.170903
8.00E-02 0.143916
9.33E-02 0.136882
0.106667 0.125522
0.12 0.114551

fraction

0 0.999305
1.33E-02 0.459217
2.67E-02 0.254579
4,00E-02 0.238663
5.33E-02 0.204912
6.67E-02 0.179404
8.00E-02 0.152778
9.33E-02 0.144831
0.106667 0.133491
012 0.12337

fraction

0 0.999524
1.33E-02 0.579034
2.67E-02 0.425538
4,00E-02 0.411325
5.33E-02 0.385885
6.67E-02 0.367311
8.00E-02 0.348253
9.33E-02 0.341551
0.106667 0.332956
012 0.3265
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surface  constdens top

0 15997.6
1.33E-02 7534.19
2.67E-02 3919.64
4.00E-02 3737.39
5.33E-02 3164.96
6.67E-02 2760.69
8.00E-02 2325.94
9.33E-02 2220.01
0.106667 2041.24

0.12 1864.25

surface top

0 15997.5
1.33E-02 7597.28
2.67E-02 39513
4.00E-02 3726.75
5.33E-02 3153.27
6.67E-02 2734.35
8.00E-02 2302.74
9.33E-02 2190.38
0.106667 2008.81

0.12 1833.28

surface top

0 15988.2
1.33E02 735144
2.67E-02 4078.21
4.00E-02 3823.34
5.33E-02 3282.85
6.67E-02 2874
8.00E-02 2446.85
9.33E-02 2319.35
0.106667 2137.4

0.12 1975.06

surface top

0 15993
1.33E-02 9319.95
2.67E-02 68814
4.00E-02 6654.58
5.33E-02 6248.46
6.67E-02 5950.2
8.00E-02 5642.15
9.33E-02 5533.35
0.106667 5393.42

0.12 5289.76

947.32 5091.03
947.32 2540.584
947.32 1354.682
947.32 1293255
947.32 1099.523
947.32 961.7547
947.32 812.782
947.32 776.3978
947.32 714.9623
947.32 653.9788

hottom

4755.39 15154752
2474.776 7197055
1340516 3743146
1267.343 3530425
1079.422 2987156
940.5718 2590304
796.0621 2181432
758.147 2074991
696.7232 1902986
637.1636 1736703

hottom

4241018 15145942
2054562 6964166
1326.723 3863370
1249.412 3621926
1084.075 3109909
956.8699 2722598
821.9734 2317950
7812175 2197167
7227536 2024802
670.2381 1871014

hottom

3266.806 15150489
2343.382 8828975
1859.429 6518888
181051 6304017
1723.299 5919291
1658.839 5636743
1591.387 5344922
1567.75 5241853
1537.342 5109295
1514.883 5011095

hottom

15154846
7137289
3713153
3540504
2998230
2615257
2203409
2103060
1933707
1766041

32
0.000314
0.000344
0.000358
0.000359
0.000361
0.000363
0.000365
0.000365
0.000366
0.000367

d32

0.00028
0.000324
0.000343
0.000345
0.000349
0.000351
0.000355
0.000356
0.000357
0.000358

0.000216
0.000265
0.000285
0.000287
0.000291
0.000294
0.000298
0.000299
0.000301
0.000302

32
0.000335934
0.000355959
0.000364833
0.000365274
0.000366724
0.000367748
0.000368875
0.000369175
0.000369737
0.000370308

313.7887101
343.8595226
358.1255835
358.9774547
361.3544071
363.1124679
364.9264651
365.3736543
366.1210366
366.8811884

260.0102197

323.737492
343.4107295
3449579329
348.5872031
3514547519
354.6122506
355.5568021
356.9503238
358.2218938

2156238199
265.4194691
2685.2371733

267.199481

291.132686
294.2902989
297.7382072
299.0831283
300.8911928
302.3057772



petrol
fuel
Radial

diesel

kerose

Symmtery
Petrol

Kerosen

Diesel

Gasoline

696.135
696.135
696.135
696.135
696.135
696.135
696.135
696.135
696.135
696.135

786.088
786.088

786.088

745.756
745.756
745.756
745.756
745.756
745.756
745.756
745.756
745.756
745.756

o

3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

o}

3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

o

3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

745.
745.
745.
745.
745.
745.
745.
745.
745.
745.

786.
786.
786.
786.

axial velocity

Kerosene axial velocity

Diesel oil

axial
velocity

756
756
756
756
756
756
756
756
756
756

088
088
088
088

density
660.243
660.812
665.853
673.276
680.131
684.151
686.315
687.006
687.448
687.691

737.801
738.977
746.088
756.293

765.64
770.969
773.721
774.601
775.214
775.582

density
704.075
704.887
710.292
718.148
725.421
729.607
731.768
732.451
732.926
733.223

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667
0.12

density
534.375
610.763
647.861

670.259

kero

579.195

657.93
692.095
694.538
700.459
704.891
709.533
710.921
712.999
714.881

density
583.471

751.523

6.62145
2.89025
1.4671
1.41232
1.18984
1.03824
0.878122
0.846455
0.776184
0.705049

6.73353
2.89513
1.46739
1.41084
1.19199
1.04242
0.881629
0.844905
0.776463
0.719946

6.66167
2.90639
1.47293
1.41322
1.18655
1.0216
0.859777
0.831317
0.770896
0.71867

fraction

O 0.17474
56E-03 0.17127
11E-03 0.14388
0O7E-02 0.10442
42E-02 6.89E-02
78E-02 4.86E-02
13E-02 3.81E-02
49E-02 3.49E-02
84E-02 3.28E-02
20E-02 3.17E-02

WINININ RPN R

fraction

O 0.18243
56E-03 0.17733
11E-03 0.1475
O7E-02 0.10566
42E-02 6.85E-02
78E-02 4.78E-02
13E-02 3.74E-02
49E-02 3.42E-02
84E-02 3.21E-02
20E-02 3.09E-02

WNINN PR RN

fraction

O 0.18323
56E-03 0.1786
11E-03 0.14964
O7E-02 0.10847
42E-02 7.15E-02
78E-02 5.07E-02
13E-02 4.03E-02
49E-02 3.73E-02
84E-02 3.54E-02
20E-02 3.44E-02

WINININ R RPN R

symmetry below

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02

0.10667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02

0.10667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02

0.10667
0.12

radial o
velocity 3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

radial o
velocity 3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

radial
velocity

fraction
0.9994
0.46566

0.12047

fraction

0.99945

0.4592
0.25058
0.23594
0.20294
0.17898
0.15437
0.14719
0.13641
0.12659

fraction

1.05041
1.03396
0.82458
0.50975
0.23389
0.10543
5.83E-02
4.47E-02
3.60E-02
2.76E-02

1.05319
1.02584
0.80442
0.48132
0.20407
8.50E-02
5.07E-02
4.56E-02
4.40E-02
4.80E-02

o
3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02
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o
56E-03
11E-03
07E-02
42E-02
78E-02
13E-02
49E-02
84E-02
20E-02

WINININ R RPN 0

o
56E-03
11E-03
07E-02
42E-02
78E-02
13E-02

N
©
m
o
N

84E-02
20E-02

WINININE B R IN W

o
56E-03
11E-03
07E-02
42E-02
78E-02
13E-02
49E-02
84E-02
20E-02

WINININ RPN 0

1.04043

1.00016
0.772273
0.449882

0.17407
6.90E-02
5.90E-02
6.33E-02
6.85E-02
7.48E-02

surface

2781.22
2724.65
2282.75
1645.76
1071.79

743.91
573.253
520.831
487.377
469.714

surface
2933.33
2852.17
2376.23
1709.02
1117.3

518.449

surface

2939.14
2865.16
2402.38
1744.31

1152.8
820.566
654.727
606.294
574.923
558.478

1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667
0.12

o
1.33E-02
2.67E-02
4.00E-02
5.33E-02
6.67E-02
8.00E-02
9.33E-02
0.106667

0.12

692.237
679.056
574.818
421.821
281.196

199.65
156.847

143.68
135.244
130.791

143.699

774.063
755.336
637.712
467.372
311.079
221.927
177.137
164.052
155.638
151.291

surface
15990.7
7443.41
3911.54
3649.87
3099.28
2715.72
2330.62

1907.05

surface
15991.4
7350.47
4015.61
3781.68
3254.18
2871.14
2477.58
2362.75
2190.27
2033.06

surface
15992.3

2016.24

bot
1936105
1896724
1589102
1145671
746110.5
517861.8
399061.5
362568.7
339280.2
326984.4

2305856
2242057
1867926
1343440
878296.1
618642.6
488756.5
449220.2
422472.8
407546.5

bot

2191881
2136710
1791589
1300830
859707.5
611942
488266.6
452147.4
428752.3
416488.3

484.4806

3473.273
1812.717
1040.563
983.2283
852.9195
756.9726
657.1624
627.8342

583.544
542.9593

3498.515

563.6603

0.000358
0.000358
0.000362
0.000368
0.000377
0.000386
0.000393
0.000396
0.000399

0.0004

0.00035
0.000351

0.000353

d32
0.000353
0.000354
0.000356
0.000359
0.000362
0.000363
0.000363
0.000363
0.000363
0.000363

bot
11131686

1547355
1434734
1327564

11925682
5481657
2994665
2820211
2426824
2141170
1847670
1762035
1633407
1516167

12571355

1848124
1711211
1584942

357.5411477
358.0149859
361.7247451
368.1867036
376.8818763
385.5273884
393.0390002
396.2839724
398.6215513
399.9928406

350.2214601
350.6835246
353.4824005
356.8826253
358.3896202
357.1815621
355.1999392
354.0070819
353.2946647
352.5950757

353.1499972
353.5040648
355.9473829
359.2877479
361.8427714
362.6597676
362.7872326
362.8280123
363.0028582
363.2529105

0.000287855

0.000361142
0.000362061
0.000363505
0.000364939

0.000291243
0.000330688
0.000347472
0.000348636
0.000351455
0.000353532
0.000355671
0.000356312
0.000357256
0.000358113

0.000278293

0.000353683
0.000354702
0.000355635



2 Velocity

N

5V

6V

8v

oV

density

0 741814
2.00E-02 900.773
4.00E-02 924.162
6.00E-02 939.704
8.00E-02 948.306
01 952217

density

0 879.021
2.00E-02 957.837
4.00E-02 968.604
6.00E-02 975.624
8.00E-02 979.48
0.1 981.157

density

0 880.725
2.00E-02 958.455
4.00E-02 969.046
6.00E-02 975.945
8.00E-02 979.722
01 98136

density

0 904.935
2.00E-02  966.9
4.00E-02 975.256
6.00E-02 980.711
8.00E-02 983.664
0.1 984.896

density

0 913337
2.00E-02 969.477
4.00E-02 977.098
6.00E-02 981.979
8.00E-02 984.513
0.1 985.526

density

0 901.966
2.00E-02 963.522
4.00E-02 97246
6.00E-02 978,537
8.00E-02 981791
0.1 983.007

fraction
0 0.999561
2.00E-02 0.322559
4,00E-02 0.234907
6.00E-02 0.181181
8.00E-02 0.152896
0.1 0.140888

fraction
0 0.999824
2.00E-02 0.318608
4.00E-02 0.229813
6.00E-02 0.173739
8.00E-02 0.143604
0.1 0.131077

fraction
0 0.999822
2.00E-02 0.320637
4,00E-02 0.230839
6.00E-02 0.17446
8.00E-02 0.144426
0.1 0131873

fraction
0 0.999867
2.00E-02 0.320378
4,00E-02 0.230915
6.00E-02 0.174062
8.00E-02 0.143941
0.1 0131852

fraction
0 0.999874
2.00E-02 0.320676
4,00E-02 0.230114
6.00E-02 0.173078
8.00E-02 0.143929
0.1 0.132289

fraction
0 0.999863
2.00E-02 0.330659
4,00E-02 0.240162
6.00E-02 0.179483
8.00E-02 0.146713
0.1 0133742

surface top
0 15992.2 4448.93
2.00E-02 5120.68 1743315
4.00E-02 3707.33 1302.553
6.00E-02 2839.23 1021539
8.00E-02 23824 869.9532
0.1 2189.08 804.9357

surface top
997.561 0 15997.2 5273.198
997.561 2.00E-02 5097.74 1831.047
997.561 4.00E-02 3677.02 1335.587
997.561 6.00E-02 2779.83 1017.024
997.561 8.00E-02 2297.69 843.9435
997.561 0.1 2097.24 T771.6427

surface top
0 15997.2 5283.409
2.00E-02 5130.55 1843.897
4.00E-02 3693.81 1342.162
6.00E-02 2791.64 1021.58
8.00E-02 23109 848.984
0.1 2109.95 776.4893

surface top
0 15997.9 5428.888
2.00E-02 5125.87 1858.641
4.00E-02 3694.44 1351.207
6.00E-02 2784.73 1024.227
8.00E-02 2302.54 849.5375
0.1 2109.07 779.163

surface top
0 15997.9 5479.332
2.00E-02 5130.84 1865.328
4.00E-02 3681.81 1349.064
6.00E-02 2769.21 1019.754
8.00E-02 2302.8 850.1998
0.1 2116.48 782.2455

surface top
0 15997.4 5411.055
2.00E-02 5291.08 1911.583
4.00E-02 3843.29 1401.288
6.00E-02 2872.55 1053.785
8.00E-02 2349.13 864.249
01 2140.7 788.8159
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hottom

15953195
5108191
3698268
2832305
2376589
2183741

bottom

15958183
5085307
3668052
2773050
2292086
2092125

hottom

15958183
5118037
3684801
2184831
2305264
2104804

hottom

15958881
5113368
3685429
2171938
2296924
2103926

hottom

15958881
5118326
3672830
2162456
2297183
2111318

hot

15958382
5278175
3833916
2865544
2343400
2135479

32
0.000278874
0000341278
0.000352204
0.000360674
0.000366051
0.000368604

32
0.000330438
0.000360066
0.000364113
0.000366753
0.000368199
0.000368832

32
0.000331078
0.000360274
0.000364243
0.000366837
0.000368281
0.000368913

32
0.00034018
0.000363487
0.000366635
0.0003687
0.000369859
0.000370338

432
0.000343341
0.000364441
0.000367309
0.000369148
0.000370105
0.000370501

432
0.000339073
0.000362167
0.000365498
0.000367743
0.000368801
0.000369386

218.8739218
341.2783007
352.2042632

360.674087
366.0511117
368.6040393

330.4384848

360.066231
364.1133872
366.7527202
368.1988808
368.8320529

3310783842
360.2742542
364.2426637
366.8373838
368.2806318
368.9129181

340.1797294

363.486635
366.6350213
368.7004866
369.8587503
370.3376699

343.340581
364.4410462
367.3090099

369.147529
370.1053226
370.5010468

339.0728752
362.1674737
365.4977189
367.7432952
368.8012477

2R0 20R07R1



turbulent
intensity
02

0.05

viscosity 0
0.01333

0.02667

0.04

0.05333

0.06667

0.08

0.09333

0.10667

012

0.238
2 3107039
4 369.9858
6 369.377
8 369.0978
10 368.082
12 367.1033
14 365.7252
16 365.2742
18 356.6421
20 336.9887

QandP

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

Odeg
336.9887
356.6421
365.2742
365.7252
367.1033

368.082
369.0978
369.377
369.9858
370.7039

04
3705746
3700275

369.436
369.0823
367.9461
366.8899
365.5019
365.0367
356.7697
337.4461

density

972.765
973.306
977.753
984.425
990.672
994.083
995.702
996.059

996.23
996.246

density

977.994

978.52
982.217
987.619
992.487
995.013
996.093
996.302
996.405
996.431

20 deg
335.6467
356.0862
364.7548
365.2445
366.7104
367.7937
368.9885

369.351
369.9471
370.4944

0.55
369.6154
369.3351
369.0007
368.7849
367.7605
366.8075
3655178
365.1658

357.019
338.0476

48 deg
331.6081
353.8198
363.8227
364.3508
365.9947
367.1465
368.3737
368.6933

369.264
369.9142

0.6
369.6154
369.3351
369.0007
368.7849
367.7605
366.8075
365.5178
365.1658

357.019
338.0476

Fraction

0 0.174728
0.003556 0.171359
0.007111 0.140006
0.010667 0.093188
0.014222  0.05019
0.017778 0.027038
0021333 0.016281
0.024889 0.014012
0.028444 0.013016
0.032 0.013027

fraction
0 0.174832
0.003556 0.169942
0.007111  0.1365
0.010667 0.087915
0.014222 0.044334
0017778 0.02174
0.021333 0.012146
0.024889  0.0103
0.028444 0.009396
0.032 0.009168

90 deg
326.4109
351.6905
362.2942
362.7392
364.5096
365.6176

366.972
367.3525
367.9531
368.6889

0.67
369.1131
368.627
368.1205
367.8286
366.5889
365.4155
363.8062
363.3898
353.3401
329.8215
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surface

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

2196.88
214342
2042
1492.8
804.67
433.97
261.627
225.163
209.197
209.335

surface

0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444

0.032

turb models

2191.87
2119.72
2184.69
1407.34
710.048
348.527
195.017

165.48

151.01
147.345

constat
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561

top
1025.908
997.7499
804.4357
520.9574
264.0055
129.7871
72.58888
61.57326
56.17542
54.81299

d32sand d32RNG d32Rea

366.8374
366.9629
368.3691
370.4769
312.3123
373.1004
313.2012
373.1552

373.033
372.9397

366.3536
366.6964
368.8797
372.6332
318.1795
384.7203
390.5352
391.6598
392.3261
391.9642

366.5126
366.8289
369.3086
313.8087
319.8437
384.5633
385.7258
384.4988
383.0019
381.5263

top
1019.816
1000.708
821.3477
550.4172
298.3316
161.2693
97.26615
83.74127
77.79919
77.86798

hottom
2791046
2713087
2179362
1403907
708316.2
347676.9
1945414
165076.4
150641.7
146985.6

bottom
2790058
2736729
2236532
1489159
802707.4
4329115
260988.9
204613.8
208686.8
208824.4

32
0.000368
0.000368
0.000369
0.000371
0.000373
0.000373
0.000373
0.000373
0.000373
0.000373

32
0.000366
0.000366
0.000367

0.00037
0.000372
0.000373
0.000373
0.000373
0.000373
0.000373

367.5711
367.7545
369.1153
3110767
3121221

373.29
313.1283
312.9986
312.9075
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denisty fraction

60mm 0 975.945
3.56E-03 976.319
7.11E-03 980.151
1.07E-02 985.931
142802 99127
1.78E-02 994.126
213602 995.424
249E02  995.68
2.84E-02 995.769
3.20E-02 995.746

denisty 0 979.722 fraction

80mm  356E-03 979.737
7.11E-03 981438
LOTE02 984.72
14202 988.39
1.78E-02 991.963
2.13E-02 993.884
2.49E-02 995.009
2.84E-02 995.395
3.20E-02 995.59

density 0 981.36 Fraction

100mm  3.56E-03 98519
7.11E-03 983.012
1.07E-02 985.479
1.42E-02 988.135
1.78E-02 990.718
2.13E-02 992.973
2.49E-02 994.057
2.84E-02 994.936
3.20E-02 995.204

density 0 983.565 Fraction
120 3.56E-03 983.375
7.11E-03 984.151
1.07E-02 985.651
142E-02  987.85
1.78E-02 989.839
213602 9918
2.49E-02 993.251
2.84E-02 994.098
3.20E-02 994.606

0
3.56E-03
7.11E-03
L07E-02
142E02
1.78E-02
213602
2.49E-02
2.84E-02
3.20E-02

0
3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

0
3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
2.13E-02
2.49E-02
2.84E-02
3.20E-02

0
3.56E-03
7.11E-03
107E-02
142602
1.78E-02
213602
2.49E-02
2.84E-02
3.20E-02

0.17446 surface
0.171617
0.140484
9.37E-02
5.09E-02
2.82E-02
1.80E-02
1.60E-02
1.54E-02
1.56E-02

0.144426 surface
0.14452
0.130726
0.104152
7.46E-02
4,60E-02
3.06E-02
2.17E-02
1.86E-02
1.70E-02

0.131873 surface
0.130858
0.118973
9.91E-02
7.76E-02
5.68E-02
3.86E-02
2.98E-02
2.26E-02
2.04E-02

0.114866 surface
0.116469
0.110259
9.81E-02
8.02E-02
6.40E-02
4.81E-02
3.63E-02
2.95E-02
2.54E-02

0
3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
21302
2.49E-02
2.84E-02
3.20E-02

0
3.56E-03
7.11E-03
L.07E-02
142E-02
1.78E-02
2.136-02
2.49E-02
2.84E-02
3.20E-02

0
3.56E-03
7.11E-03
LO7E-02
L42E-02
L1.78E-02
2.136-02
2.49E-02
2.84E-02
3.20E-02

0
3.56E-03
7.11E-03
1.07E-02
1.42E-02
1.78E-02
21302
2.49E-02
2.84E-02
3.20E-02

2191.64 d32

2146.26

2248.21
1.50E+03
8.16E+02
4.52E+02
2.89E+02
2.57E+02
247E+02
2.50E+02

23109
2312.46
2091.88

1666.8
1194.17
736.033
490.899
347.608
298.168
212.664

2109.95
2093.79
1903.73

1585.4
1242.59
909.797
618.312
477.302
362.459

321.03

1838.07

1863.8
1764.58
1570.46
1284.05
1025.01
769.957
582.291
412.751
406.652
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top

1021.58
1005.318
826.1732
554.2786
303.0086
168.3678
107.4502
95.7191
91.80353
93.17195
0

top

848.984
849.5495
769.7968
615.3633
442.4431
213.5878
182.7174
129.4242
110.9834
101.4463

top

776.4893
710.6377
701.7113
585.7766
460.2814

337.7%
229.9368
177.6449
134.9241
121.7013

top

677.8691
687.1962

651.069
580.2494
475.3908
380.1689
286.0395
216.5637
175.9255
151.3649

DensityLi bottom

997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561
997.561

bottom

2305264
2306820
2086778
1662735
1191257
734237.8
4897017
346760.2
207440.8

271999

hottom

2104804
2088683
1899087
1581533
1239559

907578
616803.9
476137.9

361575
326232.4

bottom
1833587
1859254
1760276
1566630
1280918
1022510
768079.1
580870.8
471603.9
405660.2

2184831.19
2139561.872
2042786.469
1496122.037
813856.1516
451266.6696
287915.0583
256512.8355
246100.2938

249831172

0.000368281
0.000368277
0.000368893
0.000370091
0.000371408
0.000372615

0.00037312
0.000373238
0.000373128
0.000372966

0.000368913
0.000368959
0.000369499
0.000370385
0.000371327
0.000372195
0.000372869
0.000373096
0.000373157
0.000373051

0.000369696
0.000369609
0.000369868
0.000370381
0.000371133

0.0003718
0.000372409
0.000372826
0.000373037
0.000373132

0.000366837
0.000366963
0.000368369
0.000370477
0.000372312
0.0003731
0.000373201
0.000373155
0.000373033
0.00037294

368.2806318
368.2773604
368.8925315

310.091124
371.4084715

312.614641
313.1198494
313.2383636
3131275907
312.9655796

368.9129181
368.958616
369.49934
370.3852679
371.3266297
312.1950069
3712.8686408
313.0956075
313.1565537
373.0509829

369.6956202
369.6085346
369.8675438
370.3807043
3711328014
371.7996404
372.4089007
372.8259078
373.0365801
313.1322886



mass fraction radial

60mm

Surface densit radial

60mm

60 mm
mean drop
size SMD

0 0.17446
0.003556 (0.171617
0.007111 0.140484
0.020667 0.093698
0014222 0.050946
0017778 0.028227
0.021333 0.017991
0.024889 0.016022
0028444 0.015366

0.032 0.01559

surface
0 279164
0.003556  2746.26
0007111  2248.27
0.010667 1499.78
0014222 815.846
0017778 452.37
0021333 288.619
0024889  257.14
0.028444  246.702
0032 250442

032
0 366.8374
0003556 366.9629
0.007111 368.369L
0020667 370.4768
0.014222 372.3123
0.017778 373.1004
0021333 373.2012
0024889 373.1552
0.028444 373,033
0.032 3729397

radial

mass fraction

80mm

80mm

80mm

radia
0 0.144426
0003556 0.14452
0.007111 0.130726
0010667 0.104152
0014222 0074607
0017778 0045967
0021333  0.03064
0024889 0.021679
0028444 0.018583
0,032 0.016983

surface

0 2109
0.003556  2312.46
0007111 209188
0010667  1666.8
0014222 1194.17
0017778 736.033
0021333 490.899
0.024889 347,608
0.028444  298.168
0032 272,664

132
0 368.2806
0.0035% 368.2774
0.007111 368.8925
0010667 370.0911
0.014222 3714085
0.017778 372.6146
0021333 373.1198
0024889 373.2384
0028444 373.1276

0.032 372,965

radial

massfraction

100mm

100mm

100mm
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mass fraction

0 0.131873
0.003556 0.130858
0.007111 0.118973
0.020667 0.099068
0.014222 0.077635
0.027778 0.056827
0.021333 0.038602
0.024889 0.029785
0028444 0.022602

0.032 0.020381

0 2109.95
0.0035%6  2093.79
0.007111 1903.73
0.020667 15854
0.014222  1242.59
0.017778  909.797
0.021333 618312
0.024889  477.302
0.028444  362.459

0032 327.03

132
0 368.9129
0.003556 368.986
0.007111 369.4993
0.020667 370.3853
0.014222 371.3266
0.007778  372.1%
0.021333 372.8686
0.024889 373.0956
0.028444 373.1566
0032 373,051

rdaial

120mm

120mm

120mm

0
0003556
0.007111
0010667
0.014222
0.017778
0.021333
0024889
0028444

0.032

0
0003556
0.007111
0010667
0.014222
0.017778
0.021333
0024889
0.026444

0.032

radial
0
0.003556
0.007111
0.010667
0.014222
0.017778
0.021333
0.024889
0.028444
0.032

massfraction
0.114866
0116469
0.110259
0.0081161
00802063
00640119
00480674
00363392
0029495
00253643

srface

1838.07

18638
1764.58
1570.46
128405
1025.01
769,957
582.291
472,757
406.652

432
369.6956202
369.6085346
369.8675438
310.3807043
3711326014
371.71996404
372.4089007
312.8250078
373.0365801
313.1322686



Appendix II1 Modified LHD Matlab C odeand DoE Cases
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Modified Latin Hypercube Matlab code for Design of Experiment$DoE)

function
[X_scaled,X_normalized]=lhsdesign_modified(n,min_ranges_p,max_ranges_p)
%lhsdesign_modified is a modificatiaf the Matlab Statistics function Ihsdesign.

%It might be a good idea to jump straight to the example to see what does

%this function do.

%The following is the description of Ihsdesign from Mathworks documentation

% X = lhsdesign(n,p) returns ardy-p matrix, X, containing a latin hypercube sample
of n values on each of p variables.

%For each column of X, the n values are randomly distributed with one from each
interval (0,1/n), (1/n,2/n), ..., {1/n,1), and they are randomly permuted.
%lhsdesign_modiéd provides a latin hypercube sample of n values of

%each of p variables but unlike Ihsdesign, the variables can range between

%any minimum and maximum number specified by the user, where as Ihsdesign
%only provide data between 0 and 1 which might notdsg helpful in many
%practical problems where the range is not bound to 0 and 1

%Ilnputs:

% n: number of radomly generated data points

% min_ranges_p: [1xp] or [px1] vector that contains p values that correspond to the
minimum value of each viable

% max_ranges_p: [1xp] or [px1] vector that contains p values that correspond to the
maximum value of each variable

%Outputs

% X_scaled: [nxp] matrix of randomly generated variables within the

% min/max range that the user specified

% X_normalized: [nxp] matrix of randomly generated variables within the

% 0/1 range

% figure

% subplot(2,1,1),plot(X_scaled(:,1),X_scaled(:,2),™")

% titte('Random Variables')

% xlabel("X1")

% ylabel("X2")

% gridon

% subplot(2,1,2),plot(X_normalized(:,1),X_normalized(:,2),'r*")
% title('Normalized Random Variables')

% xlabel('Normalized X1')

% ylabel('Normalized X2

% grid on

p=length(min_ranges_p);

[M,N]=size(min_ranges_p);

if M<N
min_ranges_p=min_ranges_p";

end

[M,N]=size(max_ranges_p);
if M<N
max_ranges_p=max_ranges_p"
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end

slope=max_ranges-Ipin_ranges_p;
offset=min_ranges_p;

SLOPE=0ones(n,p);
OFFSET=0nes(n,p);

fori=1:p
SLOPE(:,i))=ones(n,1).*slope(i);
OFFSET(:,i)=ones(n,1).*offset(i);

end

X_normalized = lhsdesign(n,p);

X_scaled=SLOPE.*X_normalized+OFFSET;

Corner points
DOE2 =[];
for x4 = [min, max]
% the fouth parameter
for x3 = [min, max]
% third parameter
for x2 = [min, max]
% second parameter
for x = [min, max]
% first parameter
DOE2 = [DOEZ2; x,x2,x3,x4];
% the number of x should be equal to the number parameters
end
end
end
end

Intermediary points

steps =n

doe(:,1) = linspace(min, max, steps); %first parameter contains increment
% linspace(min value, max value, steps)

doe(:,2) = Ihsdesign_modified(steps, min, max); %second parameter random
distribution

%lhsdesign_modified(steps,mialue,max value)

doe(:,3)= Ihsdesign_modified(n, min, max);

doe(:,4) = Ihsdesign_modified(n, min, max);

%subplot creat figure matrix (mxn) figure number m columns, n rows
% subplot(m,n,figure number)

subplot(3,2,1)

plot(doe(:,1),doe(:,2),'b.")

xlabel('DV_1");ylabel('DV_2");

% Distributions
subplot(3,2,2)
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plot(doe(:,1),doe(:,3),'b.")

xlabel('DV_1");ylabel('DV_3";

subplot(3,2,3)
plot(doe(:,1),doe(:,4),'b.")
xlabel('DV_1");ylabel('DV_4";

subplot(3,2,4)
plot(doe(:,2),doe(:,3),'b.")
xlabel('DV_2";ylabel('DV_3");

subplot(3,2,5)
plot(doe(:,2),doe(:,4),".")
xlabel('DV_2");ylabel('DV_4";

subplot(3,2,6)
plot(doe(:,3),doe(:,4),'b.")

xlabel('DV_3");ylabel('DV_4";
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Table 8.1 4-Factor Design of Experiment(DoE) Points

DV1(viscosity) DV2(Surf.Tension) DV3(NozzleDia) DV4(Lig.Vel)

Design of Experiment (DoE) points for CFD Based Design Optimiza

1 0.00031 20 15 1
2 0.2 20 1.5 1
3 0.00031 75 1.5 1
4 0.2 75 1.5 1
5 0.00031 20 3.5 1
6 0.2 20 3.5 1
7 0.00031 75 35 1
8 0.2 75 3.5 1
9 0.00031 20 1.5 6
10 0.2 20 1.5 6
11 0.00031 75 1.5 6
12 0.2 75 1.5 6
13 0.00031 20 3.5 6
14 0.2 20 35 6
15 0.00031 75 3.5 6
16 0.2 75 35 6
17 0.00031 35.71429 2.7 1.07143
18 0.003163 49.07143 1.67143 4.21429
19 0.006015 27.85714 2.1 3
20 0.008868 30.21429 3.24286 3.14286
21 0.011721 61.64286 2.75714 2.28571
29 0.014574 50.64286 3.38571 1.21429
23 0.017426 45.14286 2.38571 2.35714
24 0.020279 46.71429 1.64286 1.14286
25 0.023132 37.28571 3.35714 2
26 0.025984 33 3.47143 3.71429
27 0.028837 42.78571 2.9 5.64286
28 0.03169 45.92857 2.35714 5.71429
29 0.034543 63.21429 1.95714 3.57143
30 0.037395 65.57143 3.32857 1.57143
31 0.040248 34.14286 2.01429 5.28571
32 0.043101 69.5 2.5 1.35714
33 0.045953 60.07143 2.04286 5.85714
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34
35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

0.048806
0.051659

0.054512
0.057364
0.060217

0.06307
0.065922
0.068775
0.071628
0.074481
0.077333
0.080186
0.083039
0.085891
0.088744
0.091597

0.09445
0.097302
0.100155
0.103008

0.10586
0.108713
0.111566
0.114419
0.117271
0.120124
0.122977
0.125829
0.128682
0.131535
0.134388

0.13724
0.140093
0.142946

22.35714
71.07143
34.92857

48.28571
21.57143
72.64286
60.85714
67.14286
24.71429
44.35714
52.21429
28.64286
57.71429
74.21429
33.35714
36.5
39.64286
255
56.92857
38.07143
20.78571
23.92857
59.28571
66.35714
58.5
75
32.57143
73.42857
70.28571
67.92857
53.78571
51.42857
56.14286
54.57143

285

2.32857
3.15714
1.75714

3.5
2.67143
1.87143
1.84286
2.44286
3.41429

1.5
2.87143
3.07143
2.41429
2.64286
2.72857
2.24286
3.44286
2.21429

3.3
2.78571
3.01429
1.92857
1.81429
3.21429

2.3
2.84286
3.27143
2.18571

1.7
3.04286
2.58571
3.18571
1.55714
1.52857

4.85714
3.35714
3.07143

5.57143
2.42857
4.57143
1.71429
5
2.85714
4.92857
15
1.42857
2.71429
2.21429
5.92857
4
3.78571
1.92857
2.78571
2.64286
3.92857
5.21429
6
5.5
1
4.42857
5.35714
5.07143
3.85714
3.5
5.42857
4.78571
1.85714
4.35714



68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

0.145798
0.148651
0.151504
0.154357
0.157209
0.160062
0.162915
0.165767

0.16862
0.171473
0.174326
0.177178
0.180031
0.182884
0.185736
0.188589
0.191442
0.194295
0.197147

0.2

68.71429
41.21429
29.42857
31.78571
23.14286
38.85714
26.28571
49.85714
27.07143

20
40.42857
47.5

64
43.57143
62.42857
64.78571
55.35714

42

31
71.85714

286

2.07143
1.9
1.58571
2.98571
1.72857
3.12857
2.81429
2.27143
2.12857
2.61429
1.78571
2.55714
3.1
1.61429
2.15714
1.98571
2.95714
2.92857
2.47143
2.52857

1.64286
5.78571
2.57143
3.42857
4.14286
1.28571
5.14286
4.28571
4.71429
3.21429
4.07143

2.5
2.14286
1.78571
2.92857
4.64286
3.28571

4.5
2.07143
3.64286
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MATLAB CODE FOR LSQCURVEFIT

function [x,resnorm,residual,exitflag,output,lambda,jacobian] =
ascona(x0,xdata,ydata,PrecondBandWidth_Data)

% xdatal Input : DV1viscosity

% xdata2 Input : DV2SurfTension

% xdata3 Input : DV3Massflow

% xdatad Input : DV4Pressure

% ydata Output : SMD

options = optimoptions('Isqcurvefit’);

%% Modify options setting

options = optimoptions(options,'Display’, 'off");

options = optimoptions(options,' PrecondBandWidtrecendBandWidth_Data);
[x,resnorm,residual,exitflag,output,lambda,jacobian] = ...

Isqcurvefit(@(x,xdata)x(1)*xdatal.”x(2).*xdata2.”x(3).*xdata3.”x(4).*xdata4.”x(5),x0
,xdata,ydata,[],[],options);

% x(1)= 9o, x(2)= a, x(3)= b, x(4)= c,
xdata = [xdatalxdata2, xdata3, xdata4];

ydata = [ydata];

% x = [x(1), x(2), X(3), X(4), x(5)]

X0 = [Initial point];

end
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