ABSTRACT

YAO, SHANSHAN. Liquid Breakup and Atomizatioaf Pressure Jet and Swirl Atomizer
(Under the direction of Dr. Tiegang Fang).

Liquid spray and atomization systems are widely used in industrial, commercial, and
household applications. For examppeessure jet and swirl atomizer are foundliquid
dispensingystemdrom fuel injectors inlarge scale power generation engiteesmall scale
liquid sprayersmainly due to their good atomization characteristics, low costs, and simple
geometries. Thefore, it is of practical importance to understand the breakup and

atomization process@s these systems

The liquidair interaction, surface tensioand viscous forces are the primary factors
that govern the liquid breakup processes. The stabilitiieokjected liquid sheet from swirl
atomizers plays an important rale spray development, liquid breakup, and atomization.
Liquid properties directly influence the surface stabilityigfiid sheets, which consequently
affectsthe downstream atomizatioguality. The effect of fluid viscosity and surface tension
on spray structures, cone angle, and breakup length were studied experimentally in this work.
High speed visualization was applied to capture the spray images. A MATLAB image
processing program wasleveloped to analyze the spray characteristics. The wave
frequendes for fluids with arange of differentiscosities were calculated by Fast Fourier
Transform (FFT) in order to study the temporal wave propagation characterstiaser
diffraction tecmique was used to measure the droplet size igmdistribution at different
locations along the spray developing trajectd®gsults showhat liquid viscosity play an
important role on the spray primary breakup process. Spray coneisriglend to deciEse

as the viscosity increases, while the breakup leggtbs an opposite trendFluid surface



tension is not a critical parameter that determines the primary breakup process, but it affects
the downstream droplet size and distribution significantly, mamthe secondary breakugy

atomizationprocess.

Liquid film thickness inside the swirl atomizer nozzle plays an important role in
controlling the initial sheet thickness and primary breakup. In order to study the internal flow
of swirl atomizers, a trapsrent swirl atomizer was designed. The liquid film thickness was
measured using a high speed camera under different injection pressures. Fluids with different
viscosities were applied to study their influences on the film thicki®ssults show that
higher pressures lead to thinner initial film thicknessd as the viscosity increases, film

thickness becomes thicker.

In addition, there are many practical processes involving liquid evaporation during
the breakup and atomization procdssorder to studyhe effect of evaporation on liquid jet
breakup,experiments were conducted usicigcular and rectangular orifice nozzlesder
low pressuresFive ambient temperatures and ten injection pressures were used to study the
liquid jet breakup length and waeelgth on the jet surface. Correlations between- non
dimensional number and liquid jet characteristics vdeneeloped This work reveals that the
ambient temperature has a strong influence on liquid jet breakup length under low jet
velocity conditions. Butsthe jet velocity increases, its influence becomes wideksurface
wavelength was foundh a linear relatioship with jet velocity under different ambient

temperatures.

In summary, the external and internal characteristics of low pressure jets aysl spra

were studied in this dissertation. The quantitative measurements contribute valuable



experiment data to support further understanding of the fundamental physical processes of
liquid breakup and atomization. The results in this dissertation also pnowde accurate

initial inputs for spray model validations.
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1. INTRODUCTION

1.1. Motivation

Many industrial applications rely on spray systems to transform continuous liquid
flow into discontinuous liquid droplets in order to effectively deliver the workiumg in a
larger space and shorter time. These spray systems are foundaire bot limited to spray
drying [1], cooling 2, 3], painting, cleaning, drug deliveryaternal combustion enginedi|
6], aircraft turbine enginesr{ 9], sprinklers and fire suppression systems. The length scales
of the formed dbplets span from micrometers to centimeters. The time scales are from
milliseconds to seconds in transient operations. Steady state operations are also normally
found in spray systems. This variety results in a wide range of spray system designs. In
addiion to the spray system design, the characteristics of sprays are mainly governed by a
few physical parameters, including spray injection pressure, ambient thermal conditions,
such as pressure and temperature, and the physical and chemical propergesakiing

fluids.

As such, spray has been a century long research subject in the area of fluitcslynam
There are many pioneering wortkeat have led to a general conclusion that the liquid surface
instability plays a critical role on spray developmémeakup, and atomization. Despiteat
have been many studies on the instabilities of the freesmiting atomizers, investigations
on spray structures and instabilities in swirling atomizers are still lacdmaginsufficient
Although swirling atomizes represent a simple spray system design. The characteristics of

the resultedspray can nevertheless represent those found in complex spray systems. The



simplicity of the pressure swirl atomizer design also offers flexibility in terms of the
experimental dsign. It is generally agreed that thenezle flow characteristics are very
influential to spray developmenCompared to the relatively bettemderstood surface
instability, howeverthe influence of the upstream-mozzle flow on the spray developnmen

is still being very actively explored mainly due to the lack of good experimental
measurement approaches. With ewereasing computing power, computational fluid
dynamics (CFD) has become an indispensable tool to study spray and atomization
phenomenaThe high fidelity of the computer modeling relies on reliable quantitative
experimental measurements. But such quantitative data are difficult to find, or if any, they

usually subject to large uncertainties and are inconsistent in different literature.

Al | these facts have motivated the authi
atomization phenomena. Consequently, the author has conducted several research projects
that were particularly designed to address the aforementioned problems. Thede plegec
reveal that with the advancements in high speed image capture and the associated high
qguality image processing and analytic tools, quantitative measurements of spray
characteristics can be achieved. The experimental approaches and results & irepiog

rest of this thesis.

1.2. Research objective and approaches

As stated above, this work primarily focuses on experimental research. Spray
characteristics and inozzle liquid film thickness are analyzed using image processing tools

developed by thauthor. The measured data can be directly used to validate computational



models. Furthermore, Fast Fourier Transform (FFT) anddnoensional analyses both lead
to quantitative and conclusive results that can be used to compare similar experiments
condwcted by other research groups in a consistent manner. To describe the designed

experimental projects and the associated outcomes, the thesis is organized as follows.

Chapter 2 reviews a number of research papers that are relevant to the present work.
The dapter starts from introducing the definitions of the commonly used terminologies for
spray characterization, including atomization, spray cone angle, breakup length, penetration,
and film thickness. This is followed by a discussion on liquid instabihty its effects on
spray development. Several classical papers and their conclusions are also briefly discussed.
The chapter includes some details on the experimental methods for droplet size and
distribution measurements, as well as the underline priscigfiehe experiment apparatus.
Previous research on evaporating sprays is also a subject of the present chapter. Note that
Chapter 2 is only a brief summary of several classic studies. More detailed reviews on the
studies that are closely related to thet duor 6 s research projects

introduction sections of Chapters 4 to 7.

Chapter 3 mainly describes the experimental equipsnesetd in this study, including
a high speed camera, data acquisition system, software environments, and gpet\sidi
measurement system. Detailed experimental setup and configurations are the subjects of

Chapters 4 to 7 for different research projects.

Chapter 4 investigates the effect of liquid viscosity on spray characteristics in swirl

atomizers. The fluidaanples were made by blending water and glycerol in different ratios to



simulate fluids with different viscosities while keeping other physical properties relatively
constant. This allows the experimental results mainly reflect the contributions dueido liqu
viscosity. The effects of liquid viscosity on the spray global structure and droplet size are

discovered in this chapter.

Chapter 5 studies the effect of liquid surface tension on spray characteristics in swirl
atomizers. Similar experimental approsgleenployed in Chapter 4 were used in the research
project described in Chapter 5. But different from Chapter 4, the fluid mixtures were made
by blending ethanol and water in different ratios to simulate fluids with different surface
tension while keep othdluid properties relatively unchanged. In this way, the experimental
measurements mainly reveal the contributions due to liquid surface tension. Conclusions are
also made regarding to the relative importance of liquid viscosity and surface tension in
different sprayer configurations in this chaptéowever, evaporation of ethanol is found to

influence the breakup and atomization process, which further mdtiwasrk in Chapter 7.

Chapter 6 mainly focuses on the study of liquid film thickness in spoayles. A
transparent nozzle was designed in order to visualize thezne flow. Different from the
previous two studies, the liquid flow and spray were maintained at steady state. The image
processing methods used in Chaptdr and 5 for transient spracharacterization are
modified in this chapter in order to capture the surface of the liquid film formed on the

nozzle orifice wall. This is critical for reporting liquid film thickness accurately.

Chapter 7 explores the effect of ambient thermal camdii specifically heating

evaporation, on the primary breakup process of spray development. A heat source with



temperature control igsed to provide proper thermal conditiofe main purpose of this
project is to investigate whether the evaporation &asimportant impact oriquid jet
breakup If so, in which region the evaporation effect is the most influenfiak two
guestions are addressed by using-donensional analysis on the measured data. Similar to

Chapter 6, this study also works on stestdyejets

Chapter 8 highlights the important findings from the research projects conducted by
the authors. The chapter also integrates the conclusions that have been drawn in Chapters 4 to
7. Based on the results and findings in this warkoutlook tothe possible future directien

is also provided.



2. LITERATURE VIEW

2.1. Atomization process

Atomization isthe processin which a liquid jet or sheet is disintegrated by kinetic
energy. It transforms bulk liquid into spray and other plajgiispersions of small drops or
droplets. The resultant suspension of fine droplets in a surrounding gas is termed spray, mist,
or aerosol. This process can be createddppsuing to high velocity air or gas, or as a result
of mechanical energy appliegkternally through a rotating or vibrating device. Numerous

spray devices have been developed and designed as atomizers or nozzles.

There are many industgprayapplicatiors, such as spray drying, spray cooling , and
powdered metals in processing appima; humidification and misting, evaporation and
aeration in treatment application; surface treatment and spray painting in coating application;
spray combustion used in oil burners, rocket, gas turblinect inject or port fuel injected

engines.

Most practical atomization processes for normal liquids incluf®: pressure
atomization, (b) tweluid atomization, and (ckotary atomization. Many other useful
atomization processes farormal liquids have been developéat special applications,
including: (a) effervescent atomization, (b) electrostatic atomization, ultjasonic
atomization, (d) whistle atomization, etc. These processgsbe classified into two major
categories in terms of theelative velocity between the liquid being atomized and the
surroundingambience. In the first category, a liqudth high velocity isdischarged into a

still or relatively slowmoving gas (air or othegases). Notable processes in this category



include pressure atomization and rotary atomization. In the secdedocg a relatively
slow-moving liquid is exposed to a stream of gat high velocity. Two-fluid atomization

and whistleatomizersareusually consideretb bethe secondategory

At a low injection pressure, the liquid emerges &w velocity as ahin distorted
pencitshaped stream. For injection pressures in excess of the ambient pressure by
approximately 150 kPa, the liquid issuing from the orifice forms a hkglbcity jet and
disintegrates rapidly into droplets. Increasing the injection pressan enhance the flow
velocity of the liquid jet, leading to an increase in both the level of turbulence in the liquid jet
and the aerodynamic drag forces exerted by the surrounding medium, and thereby promoting

the disintegration of the liquid jet.

There are many higlpressurenozzles used in combustion. Thieyect liquid fuels
into diesel engines, spark ignition engines, gas turbines, rocket engines, and industrial
furnaces.Most combustion systems require smhlel dropletsto achievehigh volumetric
heat release rate, wide burning range, and low pollutant emisgioredfective atomization
procesdgncreass the specific surface area thfe injectedfuel andthus enablesigh rate of
mixing and evaporationOne of these high pressure atomizers isnpbaifice atomizers.
They are widely used for injecting liquids into a flow stream of air or gas. The injection may
occur in a celow, a counterflow, or a crosslow stream. The best known application of
plain-orifice atomizers isdiesel injectors This type of injectors is designed to provide a
pulsed or intermittent supply of fuel to the combusttbamberfor each power stroke of the

engine As the air in the combustiathambelis compressed by the piston to a high pressure,



a very high pressure80MPa) is required to allow the fuel to penetrate into the combustion
chamberand disintegrate into a weditomized spray. One of the limitations of plairifice
atomizers is the narrow spray cone generated. For most practical applications, large spray
coneangles ar@lesirable To achieve a wide spray conepr@ssureswirl (simplex)atomizer

canbe used.

2.1.1. Swirl atomizer

A swirl atomizer (simplex) has a swirl chamber with a number of tangential inlets
(holes or slots) and a circular outlet orifice. Durthg operation, a liquid is introduced into
the swirl chamber through tangential ports and allowetbtate If the liquid pressure is
sufficiently high, a high angular velocity is attained and arcaiied vortex is created. The
swirling liquid then flows hrough the outlet of the swirl chamber and spreads out of the
orifice under the action of both axial and radial forces, forming a-shigped or conical
sheet beneath the orifice. The sheet subsequently disintegrates into droplets. Tkaarliquid
interacton, liquid surface tension and viscous forces are the primary factors governing the

liquid breakup process

There are two basic types of swirl atomizer. One is smlite spray atomizen
which the spray is comprised of drops that are distributed faimformly throughout its
volume. The other atomizer produces a hollmme spray in which most of the drops are
concentrated at the outer edge of a conical spray pattern. The liquid emerges from the

discharge orifice as an annular sheet, then spreadsligaiatward to form a hollow conical

spray.



Various hollowcone swirl atomizers have been developed for combustion
applications. In these atomizers, swirl chambers may have conical slots, helical slots or
tangential slots. Using thin, removable swirdfgls to cut or stamp the swirl chamber entry
ports leads to economies of the atomization systems if spray uniformity is not a primary
concern. Large simplex atomizers have found applications in utility boilers and industrial
furnacesZhao et al[10] concludedhat swirlatomizes have been dominantly used direct
injection (DI) gasoline engindsecause ofhe enhanced atomization characteristics through
the breakup of a cacal liquid film, which is intially formed inside he nozzé. Zhao et al.

[11] also sumimarized the researches on DI gasoline engines and revealed that the DI gasoline

engines require a weltomized andvell-stratified mixture near the spark plug.

2.2. External spray characteristics

The spray characteristics of the swatbmizer such asspray cone angle, breakup
length,spatial velocity distribution, spray robustness and static air pressure inside the spray,
should be controllable. There have been many researches related to ithepsay
development and atomization process. Lefelpt& reviewedstudiesabout the swirl spray
development concerning the effect of nozzle geoyraatd injector operating cortatins, and
the experimental and computatiorgalalyses were developed based on this re{i&ivl5].
Furthermoremany breakup models for liquidheetshave been suggest¢t6, 17] and tre
linear instability analyses are based on these mddeadgplorethe atomization preess of

swirl spray.These characteristiesereviewed in the following sections.



2.2.1. Spray pattern

Spray pattern (mass distribution) is an important parantleé¢raffectscombustion
efficiency and pollutant formation. Studies on spray pattern are useful in identifying the
uniformities of spray. Cohen and RosfiodB] and Santolayal[9] studied thespray pattern
reaulting from swirl atomizers and concluded that the regime of spray evolution dictates the
mass distribution. It was found that under Ifb@w rate conditions the spraywasa collapsed
single and coarse jet with thenaximummass fluxin the center. At higheflow rates the
sprayrevealeda welldeveloped and symmetric hollesone structureSantolaya et al.20]
found a sharp rise in the axial volumetric flux along the radial direction, which indicates
liquid distribution in an anular region and formed a fully devetgphollow cone.The
maximum axial flux was found to decrease with increasing pressure die pgoogressive

spatial distribution of the liquid droplets.

2.2.2. Spray angle

Spray angle is an important characteristic to descpray performanc&pray angle
is usuallydefined as the angle formed by two straight lines drawn from the discharge orifice
to the spray contours at a specific distance from the atomizer face. The spray angles produced
by swirl atomizer are importarmh many applicationsin combustion systesyspray angle
has a strong effect on ignition performance, flame blowout limits, and the pollutant emissions
of unburned hydrocarbons and smok&rmally, a wide spray angle leads to improved
atomization qualityand better fuehir mixing. While narrow spray angle canreduce spray

impingement it also reduce the covering aregr&y angle cannot be inferred precisely
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without an experimental investigation into the specific configurat8®veralstudies have
shown that the nozzle dimension and fluid properties hiwrge impactson spray angle.

Chen P1] found that the spray angle increases continuously at low injection pressure and
reaches a maximum at high injection pressures (0.234Mpl.72Mpa) Ramamurthi and
Tharakan 22] found that increasing swirl number leads to an increase in the sprayirangle

an experimental study. Spray anglproduced by higher swirl number atomizers are found
almost independérof injection pressure Jeng et al. studied the liquid sheet emanating from
simplex fuel nozzleusing both computational and experimental methods. They found a
increase in the length/diameter ratio of the final discharge orifice reduces the spray cone
angle. They alsorevedled that iquid viscosity reduces the spray cone anglantitatively

[23.

2.2.3. Breakup length

Breakup length is the length of continuous portion of jet measured from nozzle exit to
the point (location) where lveakup occursin pressure swirl atomizgr breakup length is
defined as the distance from nozzle exit to the point where the first ligal#ankes from
the liquid sheetArai and HashimotoZ4] studied the breakup length ifjuid sheetsusing
optical measurementThey found that the breakup length decreases with inogeedative
velocity between the air and the liquid. They also found that breakup length isaedbe
liquid sheet velocity increases or as the liquiscesity decrease&im et al. 5 showed
that the aerodynamic force significantly affects the breakup of the swirling liquid sheets. The
breakup length decreaswith increasing aerodynamic force as the ambient gas density an

Weber numbeincrease
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2.3. Internal flow characteristics

Film thickness is the thickness ah annular liquid sheet as it discharges from the
atomizer. In pressurswirl atomizers, the liquid emerges from the nozzle as a thin conical
sheet that rapidly atteiates as it spreads radially outward. The liquid sheet further
disintegrates into ligaments and then drops. In pressuréatomizers, the thickness of the
liquid film in the final nozzle exitis directly related to the area of the air core. It has been
recognized that the thickness of the annular liquid film produced at the nozzle exit has a
critical effect on the mean drop size of the spré@p][ Rizk and Lefebvre 36] used a
theoretical approdrcto investigate the internal flow characteristics of swirl atorsiZEney
studied the effestof atomizer dimensions and operating conditions on spray cone angle,
velocity, and the film thickness of the annular liquid film formed at the discharge orifice
Their theoryand experiment both indicate that a higher pressure drop produces a thinner
liquid sheet. Increasing the inlet area raises the flow rate through the nozzle, which results in

a thicker film.

2.3.1. Measurement methods ofifuid film thickness

The characterization othe thin liquid film in the orifice is important tomany
applications, such as in steam power generation, oil delivery and refinement, chemical
processing, and refrigeration systems. Accurate measurements of the thickness of the thin
liquid films are crucial to study the heat and mass transfer characteristitteese

applications

Many methods for measuring the thickness of thin liquid films have been developed
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These measurement techniques can be categorig#d intrusive and nofintrusive
measurements. The intrusive methadsluding electrical conductance techniguasd the
norrintrusive  methods including optical, laseinduced fluorescence, ultrasonic and

capacitance techniquese reviewed in thisection

2.3.2. Conductance method

The use of contact needles and paralleé probes are currently the most popular
method to measure the liquid film thickness. The method uses the conductance probes to
correlate the film thickness to the electrical resistance between two electrodes. éérakv
[27] used this method to measure the liquid film thickness in aligag flow. The
conductance between two electrodes immersed in an electrolyte reaches a constant value and
the phase of the impedance goes to zerenmte frequency of the applied ac signals is
sufficiently high. Then, the conductance between the two pavéllelprobes varies linearly
with the film thickness. However, this conductance method has sederabacksBecause
the probes are insertedarthe liquid film, they may disturb the film flow and produce vortex
shedding, which leadto vibration of the probes. This causes fluctuations in the electrical
resistance and therefore produces noise in the output signals. In addition, when the liquid
thickness decreases in a wavy film, a higher liquid thickness may be obtained and a certain
amount of lag may be introduced in the probe dynamic response. Another restriction of the
conductance method is that it only calibrates steady state flows, butity treasient flows

may not have the same characteristics of the ststady cases.
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2.3.3. Optical method

Optical methods used to measure liquid film thickness includerautot limited to
laser scattering and laser shadow methods. Bbthese methods use a single light source.
With the laser scattering technique, the measured liquid with seeded patrticles is illuminated

The amount of the light scattered by the partidigggend®on the film thickness.

Salazar and Marschal2@] used a laser beam to illuminate a liquid seeded with latex
particles in their studyThe light intensity scattered from the liquid film was measured using
photodiodes. The laser shadow technique illuminates the liquid interface tbdaser is
both reflected and refracted. A variation in the light intensity is created and measurable. This
method was employed by Zhang et @B][who measurethethicknesof falling liquid films
between 0.m and 0.9mm.In their experiments, a laser light sheet was reflected and
refracted by a liquid flmwhich generated a shadow region. The liquid film thickness
determined by measuring the light intensity using camera and photodiode. The variation of
the amplitudeof the film waves can be measured from the output of the photodidae
average film thickness can be measured from pictures of the shadow using computer aided
image analysis. Comparéd thepopular conductance probe method, the optical method has
the adiantages of convenience, noninvasiess higher spatial and temporal resolutiamd

smaller hysteresidMore importantlyjt does not disturb thiquid surface.

Shedd and Newell 30] developed a nonintrusive, automateahd optical film
thickness measurement technique which can be used for a wide range of fluids and flow

measurements, as shownFigure2.1. In this method, the light is reflected from the surface
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of a liquid film flowing over a transarent wall. The reflected light generates an image on the
outside of the wall which is captured and digitized using a charge coupled (€@dcy
camera. The image is processed to determine the positions of the reflected light rays with
which the film thckness is calculated. An automated calibration procedure allows for the
determination of the necessary physical parameters. The advantage of this method is the

index of refraction of the test fluid or the test section wall need not be known.

2.3.4. Laser-inducedfluorescencéplanar laserinducedfluorescencemethod

Another optical method is to trace fluorescent dye in liquids. The fluorescent dye
presents at a known concentration in the liquid forming the film and emits visible light when
it absorbs UV lightFigure 2.2 shows that the visible light is captured by a camera and the
varying intensity of the fluorescence signal is recorded across the whole area of interest.
Smart and Ford developedcorrelationbetween the brightness of tflaorescent film and
the film thickness[31]. And the brightness was represented in grey levethanfilm
visualization. They first discussed the principle of this method in 1974. They also used it to
measure the thickness thfe lubricant films on a rotating cylinder. The test lubricants were
either naturally fluorescent or doped with fluorescent dye. Because the limitation of their
apparatus, they could only determine the thickness at a single spot. Makarytchev et al
measurd the thickness of liquid films flowing on a rotating conical surfg@d. Their
experiments were performed with a strongly fluorescent dye with emission at a wavelength
of 521 nm and the film thicknesses between @u®&nd 1.5 mm were measured. Calibration

of the measuring system was performed with stationary liquid films of known thickness.
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Using digital methods to capture amhalyze optical images have largely improved
the reliability and repeatability of laserduced fluorescence methods. For example,
Schubring et aldeveloped a planar lasgrduced fluorescence method to determine the film
thickness distributions in upward vertical annular 80\83], as shown irFigure 2.3 and
Figure 2.4. An advantage of this method is that the variation of the film thickness can be
determined instantaneously over a wide aosathe optical images. The fluorescence
intensity increases with liquid filmhickness at a fixed dye concentration. Therefore, it is
possible to calibrate the light intensity change by viewing the film at the wavelength of the

fluorescence related to the film thickness.

Comparing to the conductance method, optical and lasduced fluorescence

techniques have several major advantages:

1) It is able to visualize the thin film of annular flow based on the produced images.
Conductance probes produce no data beyond aswmes of conductivity or a related

parameter.

2) Unlike the implicitly spatially-average conductance probe data, high axial

resolution can be obtained in images.

3) Small scale measurements are impossible with conductance probe, while optical
and lasefinduced fluorescence techniques can detect very small angobittveen the base

films. Flow waves can be observed directly from the images.

4) With enhancement of the quantification of errors and improvement of image
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processing algorithms, the processed results can be compared to raw images in optical
methods. Howeer, with the conductance probe method, it is not easy to identify the errors in

the results and is not possilitereprocesshe data

5) Optical and laseinduced fluorescence are nromnrusive methods. They do not
require the installation of a probe anthe flow. Thus they do not disturb the film flow and

produce vortex that may possibly lead to ee@umsresults.

However, careful calibration and accurate images processing are very important in

order to achieve acceptable precisiaasgoptical method.

2.3.5. Ultrasonic methods

The propagation of sound has been used as a diagnostic tool to measure and
characterize a variety of thin layers and films, such as oil films on lubricated components and
thin plates of polymers. Many of these investigations are ateduby examining the
reflection of an ultrasonic pulse generated and received by the same transducer in-a normal
incidence fashionThe ilm thicknessesre determined using both time domain and Fourier

analysis techniques.

The ultrasonic technique has dre applied successfully to several different film
configurations. These include both static and growing-cwrdensing films, a nen
condensing film with surface waves. The ultrasonic technique for liquid film layer thickness
measurement usually uses theutseinduced resonance method. High frequency acoustic

waves are attenuated and reflected at discontinuities in a medium at eghguad liquid
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solid boundary. The transit time of a pulse is used to measure the film thickness. As a result,

such techrgue is applicable to a large range of film thicknesses.

Chang et al. first showed that an ultrasonic transducer can be used to measure film
thicknesq34]. Theyreported the use of an ultrasonic transducer to identify theréégwnes
in two-phase flows in 1982. Lu et al. used an ultrasonic transducer to measure the condensate
film thickness on the horizontal lower surface of a rectangular [B%ft The liquid film
thickness was determined from theduct of the transit time and the sound velocity in the
liquid phase. With such measurements at five different locations on the condensing surface,

both the local and average convective heat transfer coefficients were obtained.

Chen et al. developed fulseecho ultrasonic system to measure the thickness of
condensate liquid films in real tinj86], as shown irFigure2.5. The reflected energy due to
the broadband ultrasonic el falls in equally spaced narrowband frequency ranges where
the spacing depends on the film thickness. Because the echo received by the transducer from
the copper/liquid interface is much larger than the filtered signal of interest from the fluid
layer, he signal must be normalized by subtracting the effect of the copper/liquid interface

echo before this analysis can be performed.

2.3.6. Capacitance methods

The capacitance method, as ado@st and high precision naontact measurement
method has been used teasure film thickness by Klausner et &7][and Thorncroft and
Klausner R.29. When an alternating voltage is applied between two opposed conducting

plates, a capacitance is measurable and depends on the dielectric congtantmedium
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between the plaseand the distance between the plates. So the value of the capacitance
directly indicates the film thicknes3.his method requires electrical isolation of the contact
elementsotherwise itwould give a composite film thiclass value over the whole surface. It

also requires the positioning and alignment of small surfiamented sensors.

2.3.7. Liquid film thickness inside swirl atomizer

Among thediscussedmethods, the electric conductivity method and photography
technique have baadlominantly employed for the liquid film thickness measurement in swirl
atomizes. In the conductance method, an electric potential is appliteelectrodes which
enclose the test liquid film and the current between them is measured. Because the
condctivity is correlated to the film thickness, the resulted current or voltage can therefore
be used to quantify the film thickness. Suyari and Lefebvre used this miethedim
thickness measurement inside an atomi{B8]. They produced flow water through the
atomizer and measutdahe electrical conductanc&he conductivity of water betweethe
two electodesis known. This measurement provided a direct indication of the average liquid
thickness in the flow path between theotelectrodes. The system was calibrated by flowing
water through the nozzle and measuring electrical conductance with a plastic rod of low
electrical conductivity inserted along the axis of the nozzle discharge orifice. By repeating
this measurement witlhods of different diameter, a calibration curve was obtained to

correlate the voltmeter reading to the film thickness.

Kim et al. used a similar electrical conductance method to study the effect of

geometric parameters on the liquid film thickness and@ie formation in a swirl injector
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[40]. However, they designed a transparent injector that enables them to visualize the in
nozzle flow and to reveal the relation between variations of the air core in the swirl chamber
and tre liquid film thickness. This provides a more accurate measurement technique to
calibrate various liquid film thicknesses. In their experiment, the injector parts were

changeable in order to investigate the variation of liquid film thickness with the ge&ome

parameters of the injector.

However, it is noted that the electrical conductance meithodrusive and is only
suitable for conducting liquids. Consequently, mosthaf experiments using the electric
conductivity method were performed in large nes due to the difficulty in electrode

installation within the very limited imozzle space.

The spray structure outside the nozzle orifice is relatively easy to measure but the air
core inside the swirl chamber and liquid film thickness inside the eamfiice are more
difficult to visualize. The application of optical methods requires either that one of the
contact elements is transparent or that it contains a transparent window. In the direct
photography, the error associated with different refractidices of transparent nozzle,
liquid and air, was not considered in previous studids42]. This uncertainty in the liquid
film measurement should be reduced by error analysis. Moon et al. theedirect
photography method to measure the liquid film thickness inside transparent neatgs
pulsed light sourcd43], as shown inFigure 2.6. The backillumination technique was
adopted inorder to capture the microscopic imagesthd# film flow inside the nozzle. A

CCD camera was used to capture the blgkinated images. A pulsed light was projected
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to the verysmallarea ofthefilm flow inside the nozzle and a coppdiffuserwas insélled to
distributethe light uniformly. The error in liquid film thickness measurement estsmatel

and then corrected based on the geometric optics.

Instead of measuring the liquid film directly, many researchers also designed
experiments with indireahethods to measure the air core diameter. In these experiments, the
liquid film thickness was determined by the air core formed in the swirl chamber because the
difference between the measured air core diameter and the nozzledafieer is equal to
twice of the film thickness assuming the symmetry. Kutty used an indirect measurement

method to study the influence of liquid pressure on air sizeg44].

The images of the upstream liquid through the nozzle orifice were recorded by a camera. A
transparat window at the rear of the swirl chamber was installed in order to achieve enough
illumination The air core diameters were then measured by enlarging them in a microfilm

reader.

2.4. Droplet sizeand distribution

Spray is considered ascallectionof dropsimmersed in gas phase. Most atomizers
generate drops in the range from a few micrometers up to around 500 micrometers. Droplet
size is one of the mosiportant parameters to evaluate spray atomization quakty.
example, m mostcombustionsystems, r@uction in drop size leads to higher volumetric heat
release rates, a wider burningnge, and lowepollutant emissions. In other applications,
however, small droplets must be avoided because their settling velocity is low and, under

certain meteorologi¢aconditions, they can draft too far downwind. Drop sizes are also
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important in spray drying and must be closely controlled to achieve the desired rates of heat

and mass transfer.

2.4.1. Measurement methods

There are numerous methods applied in measuring dsipketand distribution, and
they can be divided into three categories: mechanical, electrical and optical methods. The
mechanical methods involve the collection of a spray sample on a solid surface or in the cell
containing a specific liquid. After that,dlsizes of the droplet impressions are measured by
using photograph, or with the aid of microscope. This methosiniple and has many

variations, and now been replaced by photographic and optical methods.

Electrical methods basically measure droplet giiribution via detection and
analysis of electronic pulses produced by spray. Charged wire and hot wire are two normally
sed techniques. Charged wire methagbsthe principlethat a droplet impinges on an
electrically charged wire, and the droplet slz@s a relation of the amount of charge it
removes. Gardinedp] pointed outhatthe limitation of the charged wire probe depeod a
combination of electrical conductivity of liquid and the droplet fldxliquid with lower
conductivity produce pulses of lomgduration, andesultin higherprobability of counting
errors. The hot wire method is based on the principle that when a liquid droplet attached to a
heated wire, and the local cooling by the drop reduces the resistarproportion to the
droplet size. This method also has many limitations. It can only measure large drops under
low flow speed, as a result of drop shattering on the Wil the liquid residue on the wire

will affect calibration.
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Optical measuremertan be divided into imaging and nronaging methods. The
imaging methods usuallyse high speed photography and holography, but have the
limitation of detectable droplet sigelue to the resolution of high speed camera. -Non
imaging methods can be divideato two classesOne is counting droplet size individiyal
while the other is measuring large number of droplets simultanedtstir methodhas its
own advantages and limitations, but the most important advanttgetise opticalmethod

do not needhe insertion of a physical probe into the spray.

High-speed visualization is often used to provide instantaneous images of the drops in
a spray for subsequent counting or analysis. The method is nonintrusieanhat show the
temporal distribution offte drop size directly. The spatial distributiondodp sizes taken by
instantaneous images can be converted into the true temporal distribution by multiplying the

number of droplets in any given size range by the average velocity for that size range.

Another modly used method for measuring droplet size and distribution is single
particle counters, which measure individual particles or drops that pass through a focused
laser beam. The size of the measurement volume sets the limitation on the drop number
densities, which is controlled by the diameter of the focused beam, the f number of the
receiver lens, lens angle to the transmitted beam, and the aperture of the photodetector.
Bachalo described the theory of diiglam light scattering that the spatialgwency of the
scattered interference fringe pattern is inversely related to the droplet dij4tgtete then
derived a method using pairs of detectors at fixed spacing in the image of the interface or

fringe pattern. The measement is relatively unaffected by the random beam attenuations
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provided the signal to noise ratio is sufficient. The instrument response is linear over the
entire working range and has a ladhyamamicsize range. The method has beaplemented
into aphase Doppler particle analyzer (PDPA). The various mean sizes, mass flux, number

density and mean velocity can all be measured using PDPA.

2.4.1.1. Light diffraction technique
The theory for the scattering properties of particles of arbitrary size and arbitrary

refractive index occurring irpolydispersionof finite optical depth was first derived by

Dobbins[47]. For a polydisperse system, the radiant intenkfty) scattered at a small angle
g from the forward direction due to an incident planar wave of irradi&jocean be written

as

I(

g) _D*f ,e2)(ays e 40* o | ]
E, 16178 ag HSmi-npmaf &

where E, is incident irradiance| (g) is radiant intensityg is scattering anglez is
sizenumbepd/ /, where/ is the wavelength ahcident light,m is refractive index,J, is

Bessel function of first kind of order unity.

The normalized integrated intensity of forwachttered lightl (¢), due toa poly

dispersiorof relatively large particles is

A [2%:@ 912\ () pUdD
l(q)=—-124

: (2-2)

ﬁ] N, (D)D*dD

where the integral of over a given diameter interval represents the probability of
occurrence oparticles within the specified interval.
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2.4.2. Representaive diameters

Droplet diameter is veryimportant parameter to describe a spray. The mean droplet
size and size distribution depend on many variables, such as operation conditions, liquid
properties, ath nozzle geometry. A high injection pressure, low ambient pressure and/or
small orifice diameter lead to small droplet sizes. The concepeofiean diameter has been
generalized and its notation standardized by Mugele and E4&ns |

/] D*(dN/ dD) dD

(Do) =—5— 2.43)
[ D°(dN/ dD) dD

wherea and b can take on any values corresponding to the effect investigated, and the
sum a+b is the order of the mean diameiguaton (2-3) represents a relationship between

the angular distribution of scattered light and the particle size distrib&osrexample D,,
is the linear average value of all the dsap the spray; Sauter mean diameter(SNAR)s

the diameter of a drop whose ratio of volume to surface area is the same as that of the entire

spray.

2.4.3. Mathematical distribution function

Because the graphical representation of drog digtribution is not easily related to
experimental results, many researchers have attempted to replace it with mathematical
expression. Many droplet size distributions in random drsgdldtow the mathematical
functionssuch asiormal, lognormal, NukiyamaTanasawa, RosiRammler, and uppdimit
distributions. Thee mathematical expressisman provide satisfactory &tto the drop size

data and allow extrapolation to drop size outside the range of measured values.
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2.5. Instability of liquid jet

The spraycharacteristicgliscussed in the previous sectiossch as spray angléhe
spray drop sizeandthe jet breakup length, have been related tarts&bility mechanism.
The instability and breakup of liquid jets into drops has been a subject of interesbri®
than 100 years. A liquid jet emanating from a nozzle into an ambient gas may breakup into
small drops when it is subjected to disturbances. These disturbances may be in the form of
surface displacement, pressure or velocity fluctuations in the ysggptem or on the jet

surface, as well as fluctuations in liquid properties ssshscosity

andsurface tensiodue to variation in thermal conditiorBressure disturbancase normally
attributed tosound wavson the jet. Surface disturbances carctsatedusing a piezoelectric
transducer at the nozzle which contracts and expands periodically by applying a periodic
voltage on it. Velocity disturbances can be applied by using an oscillating flow. Temperature
disturbances can be introduced by applyangeriodic heating on a jet. Temperature changes
the liquid surface tension, which affects the capillary actdnthe jet. Disturbances

introduced by adding surfactants to the liquid jetsam@lar to the effect dut temperature.

A classical study ofhe instability of liquid jets was published in the seminal works
by Rayleigh 9]. With the assumption of an inviscid liquid, he obtained an equation for the
growth rate of a given axisymmetric surface disturbance by equbgrngptential and kinetic
energies computed for the flow. Furtirere with the hypothesis that the disturbance with
the maximum growth rate would lead to the breakup of the jet, he obtained an expression for
the resulting droplet size assuming that it ldolbe of the order of the wavelength of this

disturbance.
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After numerousexperimental investigations and the qualitative descriptions obtained
from the linear stability theory, the disintegration of a liquid jet can be classified into distinct
regimes ofbreakup. The different regimes are characterized by the appearance of the jet
depending upon the operating conditions. The regimes are due to the action of dominant
forces on the jet, leading to its breakup, and it is important that these ¢ardes identified
in order to explain the breakup mechanism in each regime. As reviewed by Grant and
Middleman, four different breakup regimes weefineddepending on the interaction of the
liquid inertia, surface tension, and aerodynamic forces acting on tf&0jetn order to form
a jet, the liquid must have sufficient momentum else it is discharged in the form of dripping
drops. Once the initial momentum is gaintek jet breakup length increases linearly with the jet
velocity. This linear variatiorof the breakup length with jet velocity corresponds to the Rayleigh
jet breakup mechanism. This is caused by the growth of asymmetric oscillations on the jet
surface, induced by surface tension. Drop diameters exceed the jet diamerediated by
Rayleigh. Thereafter, the curve reaches a peak and then decreases. This regime is termed as the
first-wind induced regime. Here, the surface tension effect is augmented by the relative velocity
between the jet and the ambient gas, which yiced a static pressure distribution across the jet,
thereby accelerating the break up process. SimilRaideigh breakupegime, the breakup takes

placein many jet diameters downstream of the nozzle.

For higher jet velocities, the nature of the breakwpve remains controversial.
According to Haenlein, the breakup curve remains constant or decreases slightly with
increasing velocity and then it abruptly reduces to near[&djoThese two behaviors of the

breakup curve indate existence of two distinct regimes in the jet brealugeording to
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Reitz and Braccaod2], at sufficiently high jet velocities, jet surface disruption occurs prior to

the jet core. Hence, they defined two different bredkagths, the intact surface length and

the intactcore length, to clearly demarcate the two phenomena. In Rayleigh and first wind
induced regimes, the jet breaks simultaneously over the entire cross section and hence, the
two lengths coincideln the highjet velocity regime, where the jet disruption initiates at the
surface aneventually reaches the cotle intact surface length is different from the intact

core length. This regime is called the second wunaliced regime. Owing to high relative
velocity between the jet and the ambient gas, the jet is subjected to short wavelength and thus,
high energy surface waves. This wave growth is opposed by the surface tension. Jet
disintegrates several diameters downstream the nozzle and the average drop dianuete

smaller than the jet diameter. The regime where the intact surface length becomes zero is
identified as the atomization regime. The breakup curve follows the trend suggested by
Haenlein p1] that the breakup length alps to zero. Here, the jet disrupts completely at the
liquid-gas interface and the drops formed are much smaller than the jet diameter. So far, the
disruption of the jet at higher jet velocities has been attributed to the effect of surrounding

gas.

2.6. Instability of liquid sheet

In many spray nozzles, the bulk liquid is first transformed into a liquid sheettprior
the atomization process. The liquid sheet exiting a nozzleexsrienceertainoscillations,
which result in the formation of liquid ligamentEhe ligaments aréhen broken into small

droplets, forming the spray.he spray droplet sizes are generally in the same oifdire
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liquid sheet thickness. Therefore, by forming a thin liquid sheet one can generate small
droplets. Liquid sheet instaldyi is due to the interaction between the liquid and its
surrounding fluid. When the amplitude of a perturbation grows and reaches a critical value,
the sheet is disintegrated forming liquid ligamenkke linear and nonlinear instability of an

inviscid andviscous liquid sheeadrediscussed in this section.

There have beemanystudies on the temporal and spatial instability of liquid sheet.
Among these, Dombrowski and his coworkers conducted extensive studies on the factors
influencing the breakup of sées and obtained information on the wave motions of high
velocity sheet$53/ 56]. More recent analyses are provided by Senecal é&7J.gnd Rangel

and Sirignanod8].

In a twodimensional liquid sheet, the sheet instability is mainly due to the
aerodynamic interactions between the liquid and its surrounding gas. Contrary to the
cylindrical liquid jets, surface tension forces tend to siab# planar liquid sheet. Generally,
two modes of oscillations are considered: symmetric and antisymmetric. In the symmetric
mode, also referred to as the dilational mode or varicose wave, the middle plane is
undisturbed. In the antisymmetric mode, alstemred to as sinuous wave, the free surfaces
move in the same direction and with the same magnitude. S§Qjrarid Hagerty and Shea
[60] showed that fothe inviscid sheets, the antisymmetric neo the dominant mode of

disturbance.

2.6.1. Inviscid liquid sheet

Sirignano and Mehringrovidesd the growth ragdor various wave numbers for both
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sinuous (antisymmetric) and dilational (symmetric) wawaes well asfor different Weber
numbers and densitytias [61]. Thar results also showed that the varicose mode is more
unstable for density ratios near unity. It is clear that for the low Weber number case, the
growth of sinuous waves dominate the growth of varicose wavesodine tigher growth

rates throughout the range of instability.

Dombrowski and John combined a linear model for temporal instability and a sheet
breakup model for an inviscid liquid sheet in a quiescent inviscid gas, to predict the ligament
and droplet size after breakups6]. Their study showed that symmetrical waves are mainly

responsible for ligaments break down.

Ibrahim developed a power series mathematical solution for the problem of instability
of an inviscid liquid sheebf parabolic velocity profile emanated from a nozzle into an
inviscid gas [62]. The results show that for both antisymmetrical and symmetrical
disturbances departure from uniformity of the velocity profile causes the instabillie
reduced. It has been suggested that jet instability may be affected by the relaxation of the
velocity profile that takes place once the liquid exits the nozzle and is no longer constrained

by its wall.

2.6.2. Viscousliquid sheet

Linear instability analsis of viscous liquid sheet is not fourad many inviscid
liquids as in previous literatur8enecal et atoncludedhatliquid viscosity reduces both the
maximum growth rate and the corresponding wave nurf®@r In addition, the effect of

viscosity is minimal for Squirebs r eapnd me.

30



the fastesgrowing waves are short waves. The inclusion of the viscous temesessary to
accurately predict the wave growth of short waves. Migowavelengthis in the same order

of the sheet halthickness.

2.7. Evaporation effect

Evaporation is a phase transition process by which molecules in a liquid overcome
their intermolecular attraction forces and escape into the surrounding gas enviroffremt.
heat is supplied to a liquid, its temperature, and hence the kinetic energy of the liquid
molecules, are increased, which results in an increased evaporation activity. Also, a decrease
in the ambient pressure increases the chances of the liquid heslemar the surface to
overcome their intermolecular attraction potential, which results in an increased evaporation
rate. In this exposition, the evaporation process is discussed from a continuum point of view
using the conservation equations for massm@ntum and energy that take discontinuities in
the density at the phase boundary into consideration. A comprehensive discussion of droplet

vaporization can be found in tiseudies bySirignano B3], Crowe et al. §4], and Sazhing5).

2.7.1. Drop evaporation

The evaporation of drops in a spriayolvesheat and mass transfer processes. The
heat for evaporation is transferred to the drop surface via conduction and conveatiohefr
surrounding hot gas. The vapor is transferred by convection and diffusion back into gas
phase. The overall rate of evaporation depends on the pressure, temperature and the
properties of theliquid and gas. Experimental observations in moderate press

environments show that a drop is initially subject to a transient heating process until it
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reaches steadstate vaporization. The latter is described by the-wedhwn dsquared law,

which gives the square of the drop diameter as a function of timette relation:

d*(ty=d, -Ht (2-9)
whered is the drop diameted,is the initial diamedr, andb, is the evaporation

coefficient.

2.7.2. Liquid jet evaporation

The breakup of a liquid jet is known to be affectedvhyiousdisturbances such as
the surface displacementhe pressure or velocity fluctuations in the supplytsyn or on

the jet surface, as well as the fluctuations such as temperature, viscosity, and surfac

tensionon liquid properties. The instability and breakup of liquid jets into dhaps been a
subject of interest since the early nineteenth century asdchntinued to date6§i 68].
However, these numerous studies focused on the instability eévaporating jetsnajorly.
There are very limited studies addressing the instability of an evapojetiimgpecially the
effects on the primary breakufhis section reviewsthe previous studies on liquid jet

breakup and instability under evapiimg conditiors.

The cl assical breakup of | iquid jets is
which can be dated back to 1878. This is primarily due to axisymmetric capillary
disturbances which grow temporally and lead to pinching of the jet into a regular row of
droplets. In the Rayleigh regime which appliesow speed jet breakup, the drops are¢hef

sizes comparable to the jet radius. When a liquid is ejected from the nozzle into an
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unsaturated vapor pressure environment, the liquid flows can be treated as a superheated jet.
The superheated interface between the liquid jet and its surroundingals@mybecome
unstable. This instability cagreatly affect the hydrodynamic and thermal processes as well

as the geometry of the jet.

The existing theoretical considerations for evaporating |gjsdch as linear and
nonlinear approximationprovide us sane thoughd of the possible mechanism responsible
for the evaporationdriven surface instabilities. It has been found that the most important
element in the development of the instability is the variation in the mass flux caused by the
local change in théemperature gradients at the surfatke vapor fluxes from the liquid
crestwhenthe first surface instability appears. The thermal boundary layer is stretched and
decreased. And from the depression, the boundary layer is compressed and increased. At
leag three phenomena are considerethagpossible causes responsible for itmgtability of

the surface.

The first one is the vapor recoil mechanism, which results from the additional
pressure generated by the vapor leaving the surfaeeprélssure pushebe liquid surface
into the region of increased evaporation rate, thus the liquid is squeezedriginal
position into crests. The second mechanism is the moving interfdcesults from the
surface degradation. Rapid evaporation enhatim®movalof liquid from the depressions
which further increasstheir depth and amplésthe original disturbances. The last onéis
Marangoni effect. The temperature difference between depressions and crests causes changes

of the surface tension, which is aivilng force for the liquid flow from the hot spots
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(depressions) tthe cold crests. Sultan et atudied the stability of an evaporating thin liquid
film on a solid substratg69]. The stability depends only on two controlrgmeters, the
capillary and Marangoni numbers. The Marangoni effeet dstabilizing processwhereas

capillarity and evaporation are stabilizing processes.

Prosperetti and Plessét(], and Higueraql] studied the stability of an evaporating
horizontal planar surface of superheated liquid with infinite depth. They assumed that the
time scale for the development of the surface instability is much shorter than that for the
evolution of the basic cdiguration. The basic statetisen considered as quadeady It was
shown that in the absence of significant relative velocity between the liquid and the gas, the
development of the instability is due to the effect of vaporization on the pressurdfield.
evaporation flux and pressure at tiepressios were found to be higher than that at the
crests so that the liquidvas squeezed into the crests causing the crests to grow. They
considered both transfer ratecross the interface and diffusion of tregor in the gas phase

in order to predict the evaporation rgteantitatively

Lian and Reitz studied the effect of vaporization on liquid jet atomizg#i@h A
linear stability analysis is presented foreraporating jet. They focad on the stability of a
liquid jet, where the jet velocity is higher than the jet surface regression rate. Thewamade
assumption that the development of the surface hydrodynamic instability is much faster than
the surface evation due to the evaporation. Thus the breakup of the jet is dominated by the
aerodynamic interaction between the liquid and gas at the interface, rather than by thermal

instability as mentionetly Prosperetti et a[70]. Thisallows the process to be considered as
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guaststeady, and the normal mode method for the steady basic solution is applicable as an
approximation. They found that for low speed jets undergoing Rayleigh breakup, jet surface
evaporation is a destabilizing fac But for high speed atomizingets surface evaporation
becomesa stabilizingfactor. This is due to the fact that the evaporation flux distributions at
the depressios and crests of the waves on the surface of the liquid jet are different for these

two breakup regimes.

A dimensionless parameter Vaasv obtained by Lian and Reitp represent the
degree of surface evaporatipf?]. A larger value of Va indicates a stronger evaporation. As
Va increasesthe growth rate oflbathe unstable waves increases indicating that the surface
evaporation in the Rayleigh regime is a destabilizing factor. Interestingly, for high speed jets
in the atomization regime, the effect of surface evapordt&lps stabilizing the spray A
similar duatbehavior has been observed for the effect of surface tension in liquid sprays by
Lin and Lian[73]. For low-speed jets, the mechanism of jet breakup is capilenghing and
the surface tensiowontributesto destabilizhg spray However, the strong aerodynamic
interaction at the interface creagsapid formation of small dropleis the high-speed jets.

The surface tension fort¢kereforebecomes a stabilizing factor resisting the jet breakup.

Saroka et alnumericallyinvestigated the temporal instability of an evaporating liquid
jet by studying the effects of liquid Reynolds number, disturbance wave number, and the
surface evaporation rate on the growth rate of the instapily They @mpared the results
with linearanalytical solutios and showed that the evaporation increases the growth rate of

instability. For small evaporation rates the swell grows in the same manner as that for the
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nonrevaporatng case. As the evaporation ratereasesthe evaporation mechanism begins

to dominate The jet breakup time and the main drop sizes both decrease. The results show
that themain size decreases with decreasing Reynolds number and increasing wave number
and evaporation rate. For large evatimn rates thenaindrops become very small or even
completely eliminatedThe evaporation rate propagation of the disturbance is no longer

linear. Thus the linear analysgsnot able tgredict the growth accurately.

Despite the number of theoreticalidies oninstability of evaporating liquid film and
jet, very few experiments have been conducted. Stability of evaporating surfaces strongly
depends on vapor mass flux and surface temperature. Direct measurement of these values in
a jet is rather difficulbecausentrusive probes cannot be us&wr a dropletit is possible to
measurdts temperaturaising an indirect methodto correlateits surface tension usingeh
oscillating droplet method7p]. For a jet flow this methodannot be readily applied, and an

appropriate evaporation model must be used to estimate it.

The combinationof free-surface flow and heat and mass transfer equationsgesult
a strong nonlinearity which is difficult to describe both theoretically argeamentally. In
experiments the strong fluctuation of the breakup distance, which appears independently of
external conditionandindicates the existence of such nonlingaiih order to obtain a basic
understanding of the evapoxati process, Kowalewskt al built an experimental apparatus
anddesigneda novel measurement method to investigate the liquid evaporation from a small
diamete liquid jet flowing into a lowpressure chamb¢v6]. The processvasvisualized by

CCD cameras. The scheme of the experimental apparatus is shoviAigure 2.7.
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Experiments have been performed with pure ether or ethanol, and an equal volume mixture
of the two. In the higipressure neutral gas environment, the exatpmn process is relatively

slow, and itmainly controlled by the rate of vapor diffusion from the surface. The presence
of external gas additionally affects the evaporation rate due to a lateral gas flow close to the
nozzle. The growth rate of the insiiély waves may also be influenced by the aerodynamic
effects at the surface. In a low pressamérich vapor environment, the rate of evaporation is
only limited by the gag&inematic conditions at the surface. The influence of external gas on
the surfacenstabilities is not expected to be significant. However, the initial evaporation rate

near the outlet of the jefependprimarily on the heat flux at the surface.

The results ottheir observations indicate that the problem of evaporation induced
instablities of small liquid jets is very complex. Various forms of surface instability may

appear at similar experimental conditions. Stable cylindrical jet can also be observed a

low ambient pressures, which are more suitable for instabilities. In generdijgier the
evaporation ratethe strongerthe possibilityof obsering the first surface instabilities is. If
this instability is large enough, the cylindrical jet shape becodetached and the

theoretical models for regular surfaces can no longeséé. u

2.8. Summary

With a thorough review ofthe previous literaturg it is concludedthat the
transformation of bulk liquid into sprays and other physical dispersions of small drops in a
gas phase is important manyindustrial processedn the past decadgethere has been at

remendous interest in studying the science appulicationsof the atomization This growth
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of interest has drivera huge progress in spray measurement technology, as well as
mathematicamodel developmentr spraysystems It becomesnore and more important

for engineers to acquire a better understanding of the basic atomization procesésdt is
critical for engineerdo have the capability to select theost suitabldype of atomizer for

any given application. And the effect of thguid properties and operation conditions on the
performance of atomizer should also be vedlaracterizedThese are the main subjects of

the present work.
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2.9. Table and figures
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3. EXPERIMENTAL SYSTEM AND METHOD

3.1. Optical measurement system
3.1.1. High speed camera

A high speed imaging technique was used to visualize the spatial spray structure in
the neamozzle region during the liquid dispensing process. Images of thenoeze region
spray were acquired g a Phantom V4.3 digital higepeed CMOS video camevdth a
Nikon 50mm focal lens and a Nikon 60mm Micro lefike high speed imaging process was
synchronized with the dispensing process by using an external trigger signal from the trigger
sprayer actuar. The camera resolution was adjustedlitaina compromise between frame
rate and image resolutiolifferent regions of interest were applied due to the various
requirements over the coursetbé study These includehe near nozzle spray images used
for cone angle calculation and the global nozzle spray images for breakupdedgtarface

wave instability analysis

3.1.2. Backlit system

A backlit system is critical for image quality, and further detersithe accuracy of
image processing results. Asosfed inFigure3.1, a 1000W light source and a light diffuser
were used at the backside of the spray to maintain the uniformity of the light illumination in
order to capture high quality images. To get higher light collectioniefity,an optimized
optical system for baekluminated imaging was applied to low pressure[fefl. As shown
in Figure3.2, an engineered diffuser is used to distribute an extended light souraghtao

controlled range of angles, and a field lens is used to redirect the light to the camera.
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3.2. Data acquisition system
3.2.1. Sensors

The transient data of the liquid pressutes pressureforces on the pistqgrand the
displacement of the dispensing pistoa r@quired to analyzthe transient dispensing process
of the pressure swidtomizer To accomplish the simultaneous measurement of the three
important signals, three types of sensors were installed on the prassureer The sprayer
was fitted with adisplacement sensor and a pressure sensor, and the actuator arm was fitted

with a torque senspas shownn Figure3.3.

3.2.2. Hardware and software configuration

To synchronize the event and control data acquisiinoiNI PCI-6013boad andtwo
OMEGA OM2-162 boards were usebll PCI-6013is an analognput nmultifunction DAQ
(Data Acquisition)ooard. OMEGA OM2-162 is a complete signal conditing system on a
card designedor either half or full bridge transducers. It consists of & tpgrformance
instrumentation amplifier, a user adjustable active filter, high stability bridge supply and all
of the required circuitrytrim pots etc. A control box was customized to accommodate all the
datacommunication interfaces and trigger sigraa shown irFigure3.4. Amplify signal NI
LabVIEW 8.5 was used to code and realize functions of the systaminterface of

LabVIEW control panelis shown inFigure3.5 for the measurement dietriggersprayer.

3.3. Droplet size measurement system

Characterization of the droplet size and distribution is important to quantify the

atomization quality of atomizers. The laser diffraction techniqueussful for such

44



measurements, especially for the transieraysprrocess in the present study. In this work, a
laser diffraction technique wasedto measure the droplet size and distribution for different
fluids at different locations during the transient dispensing process. The equingent
SprayTe€ particle ske analyzer from Malvern Instruments Inc., which is able to achieve up
to 10kHz sampling rate for transient spray analysis. The SprayTec particle arsgisteen
wastriggered by the triggering pulse from the actuator. A sampling rate of 5kHz for rapid
meaurement and the measuring duration of 1000ms were irseithis work. The
measurement window of NMaern SprayTe€ is shown inFigure3.6. The detectable droplet

size range is from 0.1pm t800Lm.

The set up of droplet size measuent system is shown Figure 3.7. In order to
easily change the location of the laser beam relative to the sprayer nozzle, a translational
stage was used. The whole spray actuation system was installed on the translatienal stag
For each fluid,nine locations were measured, including three locations in the horizontal
direction, from 17.7&m (7 inch) to 22.86cm (9 inch) downstreanof the nozzle with a step
of 2.54cm (linch) Six positions tested in the vertical direction,nfre7.62cm (lower than
nozzle) to 7.62 cnfhigh thanthenozzle axis) with a step of 2.%4n. There were 1fepeated

runs for each fluid at each location

As showed inFigure 3.8, the transmitter side generat@a 1mm laser beamWhen
passing through a laser beahe particlescatter light at different angles. The diffractgles
are directly related to their sizes. As the particle size decreases, the observed scattering angle

increasesThe observed scattering intensity is atlgpendent on particleizes. Thus, large
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particles scatter light at narrow angles with high intenStgall particles scatter at wider
angles but with lower intensity. The focal plan wahdetectors is in the receiver side. Based

on the detectofsignal, transient droplet size and distribution can be measured.

3.4. Summary

The experiment facilitiesind technologiesdescribed in this chaptdrave facilitated
this research workSpray visualization technologyas used to provide thmstantaneous
images ofa spray, whictwererecordel for subsequent analysis. Laser diffraction technology
was used in simultaneous measurements of droplet size and distribution, which can detect a
wide range of drop size at a high data acquisition rate. The sensor signaiseasiged
using data acquisition boardehe measurement processscontrolled bya LabView code.
The experiment setup for each research project will be desarbeabre detailin the

following individual chapters.
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3.5. Tables and figures
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Figure3.3 Sensorsnstalled on drigger sprayer

Figure3.4 Signal conditioning moduleand data acquisition system
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Figure3.5 LabView interface
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Figure3.6 Measurement window @prayTecsoftware
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Figure3.7 Setup of droplet size measurent
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Figure3.8. Laser diffraction technolo@7]
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4. EXPERIMENTAL STUDY ON GLYCEROL -WATER
MIXTURES

4.1. Introduction

Liquid spray and atomization systems haveen found inmany applications
including processg industries(spraydrying, spray cooling), coating applicate(surface
treatment, spray painting), combustion (burners, furnangsnal combustion engineget
engine, and rocket motgrsand medical and printing alpgations. Pressure swirl atomizers
are widelyusedin these devicg from fuelinjection sprayin power generation enginés
various liquid dispensingsprayers used irpackaging applications, due to their good
atomization characterisscand geometricakimplicity. The operating principle of swirl
atomizers relies on the conversion of pressure into kinetic energy to achieve a high relative
velocity of the liquid with respect to the surrounding gas, by means of a nozzle. Thus, a
swirling motion is impartedo the liquid so that under the action of the centrifugal force it
spreads as a conical sheet as soon as it leaves the nozzle orifice. The immdrtaece
hydrodynamic behavioof the flow within a swirl atomizer has been recognized studied
by manyresearcher in the past decade$revious studies have analyzed experimentally and
theoretically the characteristics of the complex internal flowlifi€rent atomizers 78, 79].
To understand thgysay characteristics formed by swirl injectors, many investigations of fuel
liquid sprays have been carried out using several measurement techniques, such as laser
induced fluorescence (LIFB(-81], PhaseDopplerAnemometer (PDRA[82-87], and a laser

sheet method with a higpeed camera88-93].

51



The stability ofthe ejectediquid sheetfrom swirl atomizergplays an important role
on spray development, liquid breakup, and atomization. Detgitiact thathere have been
many studies on thgprayinstabiity of free non-swirling atomizers, investigations on spray
structure and instdiiy in swirling atomizers are still lacking. The instability causes the
liquid sheet to break into ligaments, and subsequently into drops, in the form of-a well
defined hollow cone spray. The atomization process which occurs in swirl injectors is driven
not only by the liquid sheet breakup but also by the collision between droplets and the

interaction between drops atite surrounding environmen9§-96.

A pioneering work of classical studies the instability of liquid jetsvasconducted
by Rayleigh 9]. Squire provideda furtherunderstanding of the atomization procbssed
on hisinstability analysis of liquid sheef87]. Ponsteirwas among the pioneers who carried
out an analysis ahe stability of an annular swirling liquid shel€t8]. He derived the general
dispersion relation for the growth of disturbances under the influence of poliewiiiswir
flow and the uniform axial mean velocity. Howevehjs researcmeglected the effects of
viscosity and the presence of two phaddw liquid swirl with nonaxisymmetricmodes is
more unstable thawith the axisymmetric mode. Theage complicate@ompeitions among
these forces which determine the stabilitytioé liquid sheets. Extensiveesearches were
conducted thereafter, for example Bgylor [99], Levich [100, Sterling and Sleich€gi101],
and Reitz and Braccd02. Forces such as the inertial force, surface tension, aerodynamic
force, viscous force, and centrifugal force are all involved irsghiaydisintegration process.

Some of hese factors suppress the disintegration process while the othersipgaimdt is
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generally agreed that the aerodynanmstability of the liquid sheet is responsible for the
disintegration proces3he breakup phenomenon has been extensively stydigda;ularly in

plane configurations. Lefebvre observed that a collapsed-dhéipe sheet changed to a
diverging wavy sheet as the liquid injection pressure increpg®. The effect of fluid
properties on the sheet chararstigcs was also examined through experimental meth@4 |

105. It was demonstrated that increasing the viscosity or the surface tension of the liquid

injected inhibits the growth of surface wave

Liquid viscosity directly influences the surface stability of spray shestsch
consequently affects downstream atomizagomlity. Therefore, itis critical to understand
its associated underlyingiechanismdor both atomizer design araptimization. Although
many researchers have docensiderableexperimers to study spray systers) the visous
flow characteristis in trigger sprayersieed more investigatiorFor exampleLiao et al.
studiedan inviscidandswirling annular liquid shedh orderto predict theperformance of a
constantressure swirl atomiz¢d06. However, it is very difficult to accurately predict the
atomization quality based on the empirical equations for different atomizer desigrier
viscous fluids, which renders design optimization impossibMehring and Sirignano
analyzed theonlinear distortion and breakup of a swirling axisymmetric thin inviscid liquid
sheet and at zero gravifg1]. By comparing with an amtar sheet which is stabilized by a
constant gasore pressurghey showed that is theswirl thatreducesreakup lengths and
times. They also showed thigquid swirl can enhance wave growth of thestable mode

resulting in shorter breakup length.
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The purpose of thistudyis to investigae the effects ofluid viscosityon the spray
instability and disintegration process during the transient operation of a swirl atomizer in a
trigger sprayerTo simulate fluids with a wide range of viscosities, waflgcerol mixtures
were used as working fluid& high-speed digital camera was used to visualize the- near
nozzle spray structure. The digital images of the sprays were further processed to analyze the
spray cone anglespatial spray structur@nd the tenporal waves at the cone surfabethis
chaptey experimental setupnd sample fluid properties afiest describé. This is followed
by s demonstration ofspray imagesobtained from a variety of fluids with different
viscosities.The wave frequenes for arange of differenviscosity fluid arethen calculated
by Fast Fourier Transform (FFT) to show the temporal wave propagation characteristics.

Finally, severalconclusions are summarized based on the resmutt®bservations

4.2. Experimental Setupand Fluid Samples

The experimental schematic is depictedFigure 4.1. In order to acquire detailed
information for the transient dispensing process of the pressure swirl atomizers in a trigger
sprayer, the transient data of the disphaert of the dispensing pistamere measuredThe
pressure swirl atomizer is inside a trigger sprayer. The nozzle diameter is 1mm with three
tangential inlets in the swirl chambém electronically controlled actuator was used to press
the trigger ofthe sprayer to initiate the liquid dispensing process. The use of this actuator
improves the repeatability of the present experimental study. In order to synchronize the
displacement measurement with the high speed spray images, the high speed camera and the

data acquisition systemwere triggered by a pulse from the sprayer actuator. The
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displacement data were sampled with a rated@tHz Nearnozzle regionspray wa
visualized usinghe high speed digitatamera (Phantom v4.3 from VisioResearch Inc.) at
a frame rate of 32000 frames/second with exposure timeof 7 microsecondsand a
resolutionof 112>96 pixels. This visualizedregion corresponds to a neawzzle regiorof

9Immx7.7mm.The spray was illuminated by a 1000W stage light source.

4.2.1. Fluid Samples

Theworking fluids with different viscositiesvere prepaed by mixing distilled water
and glycerolith differentvolumeratios from 0%to 90% with a step of 10%-or the vave
frequencyanalysesp0% to 74% glycerelater mixtures with a stepsize of 2% were used,
becaus@reliminary experiments showed that it was difficult to calculate the wave frequency
for fluids with glyceroloutside of this rangélhe experiment temperatuneas maintained at
theroom temperature (74F = 23.3C)The fluidviscosity islisted inTable4.1 for different
mixtures.The surface tension of water and glycerol @doseat the room temperature (water
is 72nN/m and glycerol is 681IN/m). So it wasdeterminedthat the surface tension of the
working fluids mixure did not vary too much (as compared to the viscosity) with the
glycerol ratio in different blenddt is seenin Table 4.1that the viscosity of the liquid

increasesharply when the percentage of glycerol in the mixture is high (e.g. >50%)

4.3. Sensordata comparison
4.3.1. Displacementcomparison

The transient displacements of the dispensing piston for fluidsB6P® glycerol are

shown inFigure4.2. The working process of trigger sprayer can be divided into three steps:
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the initialdispensing process, the maximum dispensing stroke, and the piston release process
In Figure4.2, it is observes that the trend of the displacensewery different for fluids with
different viscosities. With the increase of \sty, the evidence of a sharp drop and raise in
the displacement curves becomes more obvious at the maximum stroke. Viscosity also
affects the piston compression, release, and maximum stroke. Higher viscosity leads to
smallermaximum dispensing strok&he discharge valve opens later for more viscous fluid
mixtures. The reasors that with higher inrchamber pressure the chamber exganith a
smallerstroke. It is also seen Figure4.2 that the piston release process beessiover for

liquids with higher viscosity. This idue to the higher friction force during the piston release
process. For a very viscous fluid such as 80% glyegabér mixture the piston dispensing
curves show hesitation during the release process. Alsthéoinitial stage, the pressure
valve opens later for a higher viscosity fluid, which indicates that the pressure establishment

in the dispensing chamber is later for a more viscous fluid.

4.4. Spray spatial structure

Becauséhe near nozzle region is critida the liquid atomization for the downstream
sprays, the development procességhe spraysn this regionwere investigated inmore
detail from the spray images, naméig starting, developing, and ending stggesshown in
Figure4.3 to Figure4.5. In Figure4.3, it can be seen that the spray structure is similar for 0
to 40% glycerolwater mixtures, but the structure dramatically changes for &0 90%
glycerolwatermixtures. The cone of the spray for more viscous fluid is smaller than that of a

less viscous fluid. For the 90% glycerol fluid, the breakup is very wehich isdueto the
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effect ofvery high viscous forceAnd it is easy to understand thhe initial dispesed liquid

does not have enough momentanthe start stageas shown irFigure4.3.

The developing stage of the spray is illustrateérigure 4.4. When the fluid leaves
the nozzle, it forms a cone dwethe swirl motion in the swirl chambeand the surface wave
starts to propagate and grow spatially and temporally. As the liquid sheet becomes thinner
andthe surface wave oscillation magnitude incresase the surface of thespray, the sheet
begins to beak up and atomize to small droplets. The spray breakup lendéfined ashe
distance betweethe nozzle outlet anthe initial breakup poinbf liquid sheet ligament. The
breakup length i$ound to increase as the fluid viscosity increases. In atioeds, breakup
becomesnore difficult for high viscous flowsFor the mixturewith 90% glycerol, the fluid
only forms a spinning jet or streart does not break up in the neavzzle imaged region,
which is quitedifferent from that othe 80% glycerolwater mixture These resultgdicate
that viscosity plays an important role in determining the structure of the spray and the

atomization of the liquid.

The spray images near the ending stage of the fluid dispensing for different fluids are
shown inFigure4.5. Near the end of thimjection process, the cone continues to shrink and
collapses back to an onion shade due to the low fluid velocity. This stage is mainly
responsible for the poor atomization near the @ritie sprayWhen the volumenixing ratio
of glycerol is abovel0%, the fluid does not break up due to the loss of the pressure and flow
velocity. For 7690% glycerolwater mixture a fluid stream is observed at the end stdge.

global spray structurevelution with time is further illustrated iRigure4.6 for 80% and 90%
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glycerolwatermixtures. For themixture of80% glycerol, the fluid dispensed out at the very
beginning does not break up. As the spray dmsla cone is formed amustability begins

to take place when thet reaches a certain distance from nozzle. Beyond this distance, the
fluid breaks up into large droplets. When the velocity is high enough, the large droplets break
into smaller dropletsWhen the velocity is low, the large liquid blobs cannot be further
atomized due to weak interaction with the ambient air. At the end stage of the spray
development, tripldranched liquid sheets are observed. At this stage, again due to the lack
of momentim, the fluid cannot form small droplets. Rbie mixture of90% glycerol, an
interesting phenomenon that when the flowcomesout from the nozzle outletit forms

three liquid sheet branches moving downstredims is similar to the end stage of 80%
glycerol spray. During the dispensing process, the liquid comes out of the nozzle as a

spinning stream.

4.5. Spray coneangle analysis

It is agreedthat the combination of liquid inertia, surface tension and aerodynamic
forces affects the liquid breakup. Liquidelakup characteristics such as the spray drop size,
the breakup length, and the spray cone angle are related to the unstable wave growing
process.The e@ntrifugal force play a role in the breakup mechanism in pressure swirl
atomizerswhereliquid enters dngentially to create a swirling liquid sheet. These types of

atomizers usually result in wider spray cone angles than those cbplége nozzles.

The digital spray images were pgsbcessedusing MATLAB on a personal

computer for the measurementtbé spray cone angles. A representative spray cone @ingle
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a certainworking fluid is demonstrated idrigure 4.7. Figure 4.8(a)(d) demonstratethe
image processing procedure. The first step is to athesimage intensity values, and then to
convert the intensity image to a binary imagecausean the experiments there exiss
unavoidable reflected light that results in some dark gi@aseenn Figure 4.8(a)), these
area need to be filled. It is also necessary to ¢h@mage to a specifietectanglenearthe
nozzle regiorso thatall the edges areithin the imagesThen clear surface profilesan be

obtairedbased orhe gradientinformation, as shown iRigure4.8(e).

The transienthanges othe spray angle foeach fluidsample(shown inFigure4.9)
arethe averages of foundividual measurementé&ach cone angle line represents itiean
value of twenty pointsoverthe time. The trend otthe spray angle changing ovéretime is
clear It is observed thate spraycone angle formtheearliest for 0% glycerelvaterand the
last for 80% glycerelvater mixture. At the developed stagie spray cone angtechange
slightly. As the timeevolves, the cone angle becomes smaller dudedoss of momentum.

For 0% glycerolthecone angle desnot drop sharplycompaed tothe othermixtures

Figure4.10illustrates the mean spray cone angie@dunction othelogarithmof the
liquid viscosity. The error bars represent the standard deviaiothe four repeated
experimerdl observationsThe mean values de cone anglefor the fluid samplesre also
providedin Table 4.2. As observed irFigure 4.10, the spray cone angle decreases as the
liquid viscosity increasesrom 0% to 50%percentglycerotwater mixture However,the
cone anglenly slightly decreases abo@tdegree This should nobe unexpected, since it is

seen that inTable 4.1 the liquid viscosity does not increase too much in this
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range However, forfluids with higher viscositysuch as from 60% to 70% glycerdl,is
seen that the spy cone angle reduced dramatically compared thighess viscous fluidFor
the mostviscous fluid,80% glycerolwater mixture the cone angle is onBbouthalf of that

of thepure water

4.6. Instability of liquid sheet
4.6.1. Temporal structure comparison

For an usteady spray from a swirl atomizer, the surface waves propagate and grow
spatially with time, which are determined by the wave number and frequency in space and
time, respectively The Iquid sheet breakup is controlled by both spatial and temporal

instabhlities. The wave propagation of a liquid sheet surface can be expressed by

D=M 2 ex[(? (kx+20i))] 4-1)

where$ is the surface wave displacementjs the surface wave magnitudeis the
wave number in spacgis the imagery unit witle I p, and/s the oscillation frequency
in time. The surface wave propagation on the cone surface is very important in the spray
breakup and atomization process. Temporal surface wave oscillation can be obtained by
fixing a location and observing the wawhange as a function of time. In this way,
spatiotemporal diagrams can be obtained for frequency analysis. An example of the
spatiotemporal diagram is shownkigure4.11. These spatiotemporal diagrams provide very
important infemation for the cone surface displacement cirapwith time andtherefore

helpto identify the spray development in time domain.
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In order to show the temporal spray structure the spatiotemporal diagrams at

different locations are shown Figure4.11. The distances from the left image edge for the
four locations (No. 1 to No. 4) are 1mm, 4.17mm, 10mm, and 13.33mm. By comparing the
structure at different locations, the wave propagation and growth along the cone surface can

be clarly demonstrated.

These spatiotemporal diagrams at different spray stage for different fluids are shown
in Figure4.12 to Figure4.15. The temporal spray structure offers important information of
spraydevelopment in time. When spray reaches Location 1, fine droplets are generated for
most of the fluidsneasuredThe observed large liquid blobs on the head of the spray are due
to the fluid staying in the nozzle. At the developed stage, the surfaceustrieicomes
smoother for more viscous fluidghe nore fractured structuréndicates better liquid
breakup and atomization. Periodic fluid oscillation is observed for 70% and 80% fluids,
indicating a dominating frequency propagating along the cone suNaee.the end ofhe
spraying process, smaller droplets are observed for less viscous fluids.-&0%6fuids,
streamlike fluid blobs pass through Location 1. Compat@tlocation 1, Location 2 is more
upstream and closer to the nozzle. For the stastage, spray structure is similar to Location
1. During the developed stage, the spray temporal structure is also similar to Location 1, but
the surface becomes less fractured in taweomparedo Location 1.The gray dmensions
slightly smaller tharthat of Location 1. At Location 3he diameter becomes much smaller
than that of Location 2. Early development is similar for all the measured fluid samples. The
surface structure is quite rough but there is no void in the surface indicating no breakup a

this location.
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At the developed stage, the spray cone becomes smoother with a tubular structure in
time compared to that of Location 2. The time tube diameter becomes smaller with the
increase of viscosity. The oscillation magnitude is al®allerthanthat of Location2. 70%
and 80% glycerolwater mixtures showa very smooth structure with little oscillation.
Location 4 shows the spray cone for a nsazzle region. The head of the spray clearly
indicates the large droplets during the starting of spgagiue to fluids sitting in the nozzle.

Near nozzle cone structure shows fewer disturbances on the surface weihopeakup.

4.6.2. Analysisof surface wavefrequency

As mentioned in Egation D=M?=exp[(® (kx+20))]
(4-1) temporal surface wave oscillation can be obtained by fixing a location and observing
the wave change as a function of time. In this way, spatiotemporal diagrams can be obtained
for temporal frequency analysis this analysis, the locationumber increases in the picture
from the left edge to the right, as illustrated-igure4.16. Twenty locations are analyzed to
obtain the temporal oscillation. Locations 1 to 20 represent the distance from 0.45mm to
9mm from theleft edge of the image to the nozzle outlEhe developed temporal spray
structures of 0% to 80% glyceralater mixtureare showed ifFigure4.17. It can be clearly
observedthat the spray structure becomes smoother with threase othe fluid viscosity.
Becausethere is no regular surface wave structure observed for fluithsless than60%
glycerol, this study onlyfocuses on more viscous fluig from 62% to 2% glycerotwater

mixtures
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The spatiotemporal diagrams for sleeexperimentafluids are illustrated inFigure
4.18 at different tims after the start of the dispensing procdisis seen that theurface wave
characteristicccan beclearly obsened from the postprocessed imagesSince the liquid
viscosity plays an important role on the spratomizationprocess and the surface wave
growth rate, the figures are selectatddifferent time period for different viscousfluids
investigated in the present wolecause this clearly observed wanly occurs at a certain
time for a certainfluid. Table 4.3 summarizes the specified time corresponding to the

spatiotemporal diagrams kigure4.18.

Themethod used to analyzke domain wave frequeey on the spray cone surfaise
demonstraté in Figure4.19. Once the wave edge is detected and transformed as a function
of time, Fast Fourier Transform (FFT) was performed for this time function to calculate the
fundamental frguency, which is scaled to the actual frequency. The image at Lo&ation
with a time period of3364ms to 348ns after the start of spray serves as a representative
example to show how the edge is detected from a spatiotemporal diagram and how the

functionis constructed

In Figure4.20, 62% glycerolwater mixture is demonstrated as an example to show
the relationship between the location and wave frequency. Five differenpeinoel and ten
locations were considered for this puspo With the same viscosity, there is no change on
wave frequency at different locations. The surface wave frequency decreases as the spray
dispensing time increases, which indicates that waviés higher frequencyare more

influential on the instabilityat the early stage of spray dispensing and breakup processes.
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Towards the end of the spray development, the wave frequency becomed kerallisan
observabletrend of surface wave frequency chemgwith time for fluids with different
viscosities inFigure4.21. Each frequency is an averabealue from tendifferent locations

and five repeatable measuremeritee regular surface waveccursat the same timéor
different viscousfluids. As the viscosity decreasg the observedegularwave formsin a

longer time These results show that for a transient spray process, the surface wave instability
depends on both the fluid properties and the physical dispensing process such as the fluid
velocity and the chamber m®ure. The instability of surface wavés critical to the
atomizationprocessThisalso explainsvhy it is easierfor less viscous fluid tatomizewhen
comparing with moreviscousfluids of similar surface tensionThe standard eViation of
frequenciesdr each sample fluids in five repeatable measurements was found to be small,

which proved the repeatability of the experiment.

4.7. Droplet size distribution

To investigate the atomization quality of trigger sprayers for fluids with different
viscosities, thedroplet size and size distribution were measured using a laser diffraction
technique. For the measurements, fluids wiHB0®6 glycerol were used with a step of 10%
Fluids with higher glycerol concentration were not studied bectnesefluids could not
generate enough atomization ftre droplet size measurement. Tis¢gandard operation
procedure $OP for the SprayTet systemsetup and measurement includp 5 KHz
sampling rate for rapid measurementa)external sourc&igger (the actuator); 31000ms

measuring duration; 4) 10 runs for each fluid at each location. For each fluid, 9 locations
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were measuredncluding three locations in the horizontal direction, frdm.78cm (7 inch)
to 22.86 cm (9 inch) downstreamfrom the nozzle with a step &.54 cm (linch). Six
positions tested in the vertical direction, frem62cm (lower than nozzle) t@.62 cm(high
than nozzle axis) with a step ®/H54cm (linch). Since the refractive index of water (n=1.33)
and glycerol 1=1.47) is different, an approximatédear formula was used tstimatethe

refractive index ofhefluid mixtures,

n= nVi+n.Ve
Vi+V2 (4-2)

The refractive indices for the mixtures are shownTible 4.4. The SprayTec
software can directly give the results of Dv(10), Dv(50), Dv(90) and SMD (Sauter Mean
Diameter, D3,2). To illustrate the variation of droplet size with time, the time evolution of
droplet sizs of Dv(10), Dv(50), Dv(90), and SMD are discussed first using H7VO (means
horizontal 17.78cm and vertical O inch location) as an example, shoWwigune 4.22 to
Figure4.25. It is seen that these diameters change significantly with time. At the early stage
and the ending stage, Dv(10) Dv(50), and SMD show large droplet diameters due to the
observed poor atomization in the spray images. During the middle stage of thesidigpe
process, a local diameter peak is also observed. In general, higher viscosity fluids lead to
higher values of Dv(10) and Dv(90). But SMD and Dv(50) are quite similar for different
fluids. The variation trend with time of Dv(90) is very different frdme other parameters. A
general observation is that higher viscosity can lead to larger droplet size. The averaged

SMD for different fluids at this location is shown kigure4.26. The timeaveraged droplet
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sizedistributions for different fluids at the location of H7VO are showFigure4.27. With

he increase of fluid viscosity, the dominant diameter changes from a small value to a higher
value. For some viscous fluids, arhbde sizaistribution is observed. This may explain that
why the SMD increase with the increase of fluid viscosity. However, an important founding
in the experiments is that the measured particle size and size distribution significantly depend
on the location of He measurement. To illustrate this, the taveraged particle size
distributions and SMD data for different fluids at the Location HOVO are showvgure

4.28. 1t is found that the size distribution has only one peak. This pealrs at a larger
diameter value than that of Location H7VO for the same fluids. However, the averaged SMD
shows very different trend. The SMD increases with viscosity for 0% to 30% ghwatet

fluids.

To compare the SMD at different locations, theéada the horizontal direction is
shown inFigure4.29 for Locations H7V0, H8VO and H9VO. The trends for fluid viscosity
effects on the SMD values are very different in these locations. However, for each fiuid, it
seen that the droplet size first increases with the distance from the nozzle and then decreases.
This is probably attributed to the collision among droplets, which can lead to droplet
coalescence and secondary breakup. The dependence of SMD on Vecttiains for
different fluids is showrrigure4.30. Again, at different locations, the effects of viscosity on
the droplet size change significantly with locations. For the same fluid, it is seen that at a
very high location, the droplet size is small near the edge of the spray plume. Then with the

location moving down, the droplet size increases. And then it decreases again when the
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location moving down further close to the other edge of the spray. These refattsthe
complicated droplet interaction within the spray plume. With droplet collision, the initially
atomized droplets can coalesce to form larger droplets in the downstream as the droplets

travel. The averaged SMD over all locations for differentiluwas illustrates ifrigure4.31.

4.8. Summary

In this chapter, he near nozzle region of lmuid spray from a swirl atomizer for
fluids with different viscosities was investigated experimentally using a high speeera
with simultaneous measurement of the dispensing piston displacementresults of
displacement curves show significant effects of fluid viscosity on the transient liquid
dispensing procesd he spray cone anglevas calculatedfor 0% to 80% glycerbwater
mixtures to study the effects of fluid viscosities. Based on the experimental observations and
calculated spray characteristidss confirmed that liquid viscosity has a significant effect on
spray cone angle and breakup in swirl atomizers. étighscosity prevents fluid from
forming a large cone, which results in smaller angles in the liquid cone formation. The
breakup of high viscous fluid was found to be more diffiesitompared to the less viscous
fluid. The frequencies ahe temporal waes at the spray cone surfagere also calculated
for the liquid mixtures with different viscositiek was found thathte wave frequencgioes
not depend on the location on the liquid cone and the frequency decreases with time for all
the fluids. Dropletsize parameters and distribution in nine different locations were measured

using laser diffraction technology.
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4.9. Tables and figures

Table4.1 Theviscosity of glycerotwaterfluid mixturesat23C

Vol. Ratio of |50, | 1004 | 2006 | 30% | 40% | 50% | 60% | 70% | 80% | 90%
Glycerol
Viscosity 094 1.31| 1.89 | 2.85 | 4.53 | 7.83| 13.87| 29.94| 79.49| 251.84
(mPas)
S“rzf‘ncﬁla?s'on 72 | 71.14| 70.28| 69.42| 68.56| 67.7 | 66.84| 65.98| 65.12| 64.26
Density
(glcr?) 1 |1.026|1.052| 1.078| 1.104| 1.13| 1.156| 1.182| 1.208| 1.234
3
Table4.2 Mean value othespraycone angls
Vol. Ratio of Glycerol Cone Angle (Degree) StandDeviation
0% 59.67 1.46
10% 56.39 0.74
20% 55.70 053
30% 55.17 0.74
40% 54.35 1.58
50% 50.74 2.19
60% 42.46 2.06
70% 40.98 0.73
80% 35.57 1.93




Table4.3 Specified time period of wave frequency for different fluids

Vol. Ratio of Glycerol Time period
60% 324.8ns- 464ms
62% 324.8ns- 464ms
64% 324.8ns- 464ms
66% 324.8ms- 452.4ms
68% 324.8ms- 429.2ns
70% 3248ms- 394.4ns
72% 3248ms- 371.2ms

Table4.4 Refractive index fodifferentfluid mixtures

Vol. Ratio ofGlycerol | 0% | 10% | 20% | 30% | 40% | 50% | 60%
Refractive index | 1.33| 1.344| 1.358| 1.372| 1.386| 1.4 | 1.414
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Figure4.1 Schematicof theexperimentalketup

70



Water-Glycerol mixture
7 T T I

..... 0% glycerol
10% glycerol
.......... 20% glycerol
| ——30% glycerol
40% glycerol
——50% glycerol
—60% glycerol
—— 70% glycerol
.......... 80% g|ycer0|

a

I

w

Displacement (mm)

N

?00 200 300 400 500 600 700 ) 800
Time after Trigger (ms)

Figure4.2 Transient dispensing piston displacementditéérentglycerolwatermixtures

71



0% Glycerol
291.5625 ms

—
3mm

10% Glycerol |

285.3125 ms

3mm

20% Glycerol

286.5625 ms

3mm

30% Glycerol

288.1250 ms

—
3mm

40% Glycerol |

291.2500 ms

3 mm

50% Glycerol [

293.4375 ms

3 mm

60% Glycerol [

297.1875 ms

3 mm

70% Glycerol |

297.8125 ms

3 mm

80% Glycerol

302.8125 ms

3mm

90% Glycerol

325.0000 ms

3 mm
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Figure4.7 Global spray structure olfietrigger sprayandthe calculated cone angle

75



(@) (b) (©

(d) (e)

Figure4.8 (a)-(d) The image processirgieps (e) Clear surface profilesbtaired

76



65

S [$2) [$2] (2]
o1 (=] (521 o

Spray cone angle (Degree)

ey
o

35

[l LT, STy pu——

=-=-glycerol 0% |4
—glycerol 10%
—e—glycerol 20%
----- glycerol 30%)
—glycerol 40%
=== glycerol 50%
----- glycerol 60%) ]
—glycerol 70%
=== glycerol 80%

Time after Trigger (MS)

3 LI I I 1 I 1
gOO 320 340 360 380 400 420 440

480 500

Figure4.9 The transentchanges of spray angdd mean value over time for 0% to 80%

glycerolwatermixtures

65! h h L ] h -

Cone Angle (degree)

25I L

10° 10"
Fluid Viscosity (mPa-s)

Figure4.10 The calculated spray angle and the error farglycerolwatermixtures

80%

77



Loc:123%c T Yy ¢ wmn

Figure4.11 An example of spatiotemporal diagram focdl frequency analysis

0%

0-11.4 ms (0 ms
corresponding to 281.25 ms

after trigger)

10%

20%

40%

50%

70%

80%

0-11.4 ms

0-11.4 ms

0-11.4 ms

1114:22.8/ms

11.4-228ms

11.4-22.8 ms

R

within t = 11.6 ms

\4

Ty Oscillation

2mm

0% | 159.7-171:1 ms (0. ms
corresponding to 281.25 ms
after trigger)

110% 159,7:17.1.1'ms

20% 159.7-17

o

5096 159/7-171,1 s

vl

!
1

; 0% 228.1-239.5 ms (0 ms
corresponding to 281.25 ms

"after trigger)
10% 228.1-239.5 ms

20% 228.1-239.5 ms

30% 228.1-239.5 ms

40% 228:1-239:5 ms

50% 228.1-239.5 ms

60% 228.1:289.5 ms

70% 228.1-239:5ms

871-239:5'ms
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Figure4.27 The timeaveraged droplet size distributions for different fluids at H7VO0
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Figure4.28 The timeaveraged droplet size distributions for different fluids at HOVO
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Figure4.30 The timeaveraged SMD for different fluids at different vertical locations

97



I Average D[3,2]

Average D[3,2] of all positions

150 ]
140
130 127 1267 126 125
120
110
100
90
80
70
60 ]
50 -
40
30
20 -
10
0

121 126 128

Average DI[3,2]

T T T T T T
00% 10% 20% 30% 40% 50% 60%

Glycerol percentage

Figure4.31 The averaged SMD over all thacations for different fluids

98



5. EXPERIMENTAL STUDY ON ETHANOL -WATER
MIXTURES

5.1. Introduction

The key factors that affect the spray characterigticdsidethefluid viscosity, surface
tension and density In the previous chapterthe effect of fluid viscosity on the spray
structure, spatial and temporal instabilities on surface wané dropletsize were
investigated The spray cone angl@as also studiedsing high speed imaging technology.
The spray cone angle produced by pressure swirl atomizers is of particular importance in
their applicatios to trigger sprayersecausehe spray angle exases a strong influence on
atomization performance. During the transiftaid dispensingprocess from the appearance
of liquid at the nozzle exit to the fully developed spray, the injected fluid accelerates from
zero to its steady state velocity. Similphenomena are seen during the spray-effut
process when the@ispensingpiston in the trigger sprayreaches its maximum strokie. the
last chapter, spray cone angle and breakup length were considered as $wfclignid
viscosity Spray anglelecrases as the liquid viscosity increaseiile the breakup up length
increasewith viscosity It was demonstrated that fluid viscosity has a significant influence

on the near nozzle spray structure and breakup length.

The focus of thischapteris to provice a further understandingn surface tension
effect using ethanolwater mixtures. These mixtures haveery different sirface tensios
while with minor changes in viscosity and liquid densifaljle’5.1). Due to the low boiling
point of ethanol, it is expected that evaporation may also contribute to the breakup and

atomization.Experimens wereconducted to analyze trepray structuren the neamozzle
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region using a higkspeed cameralhe neamozzle and global spray structuresrgvboth
visualized. The sprafeatures, such as spray structure, cone aagl breakup lengtivere
calculatedand analyzedThen the atomization dhese sprays durinfe transient dispensing
process was measued using a laser diffraction techniqueThe percentiles diameter
parametersSauter Mean Diameter (SMD), and particle size distribution were measured and

analyzed for the fluid mixtures at differesgraylocations.

5.2. Experimental systemand techniques
5.2.1. Experimental setup

The same experimental setup in Figure 5.1 is used for this experimentAn
electronically controlled actuator was usedptessthe trigger of a sprayer to initiate the
liquid dispensing process. The use ok thctuator improves the repeatability of the
expermens. In order to synchronize thactuation processvith the high speedmaging
processthe high speed cameisacontrolled by atriggeringpulse from the sprayer actuator.
Similarly, the droplet size measurement system (Sprdyfrecn Malvern Instrumerst Inc.)
is also triggered by the same pulse during the transient operation of the atomizer in the
trigger sprayers. The pressure swirl atomizer inside the sprayers has a 1.0mm diameter

nozzle and three tangential inlets in the swirl chamber.

5.2.2. Fluid samples

As mentioned beforehe focus of thischapteris to investigate the effect of liquid
surface tension ospray characteristicAs such, the working fluids with different surface

tensionvalueswere prepared by mixing distilled waternth ethanolat different volume
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ratios from 0% to 100%by volumewith a step of 10%total 11 fluid mixtures) The
experiment temperature was maintained at the room temperature=P24K). The fluid
surface tensigrviscosity, and densityalues are listed ifiable5.1 for the mixtures.Because
the changes on fluids viscositiard densityarerelatively small, the effects oWiscosityand
density on the spray characteristics and atomization are expected to be minor. However, the
surface tension othese mixtures covers a wide range frégh75mN/m to 22.27 mN/m

Therefore, its effect on the spray characteristics should be dominant.

5.2.3. Spray visualization

A high speed imaging technique was usedistwmalizethe spatial spray structune
the neamozzk regionduring the liquid dispensing procesmages of the nearozzle region
spray were acquiredsinga Phantom V4.3 digital highpeedCCD video camera. A 1000W
light sourceand a light diffuser vere used at the backside of the spray tonaintain the
uniformity of the lightillumination. The high speed imaging process was synchronized with
the dispensingrocessby an external trigger signal from thegger spraer actuator. The
camera resolution was adjusted dbtain a compromise between frame ratedaimage
resolution.Two sets of spray images were taken in this work. One set was the near nozzle
spray images used for cone angle calculation. The other was a global nozzle spray images for
breakup length measurementhe near nozzlespray images were cptured with 32000
frames per secondnd an exposure timeof 7 microseconds, whiclwas short enough to
A f r etleetransientspraymotion Theimageresolutionwas 11296 pixels corresponihg

to a near nozzle region of 9mmx7.7mithe spray cone angle waalculated based on these

101



images. The global spray images were captured witt21000 frames per secondnd an
exposure timef 6 microseconds. Thanageresolutionwas 112392 pixels corresponding
to a near nozzle region of 9mx5.4mm. The breakup lengtha® calculated based on the

global spray imagedhere were five runs for each case.

5.2.4. Transient droplet size measurement

Characterization of the droplet size and distribution is important to quantify the
atomization quality of atomizers. The laser diffrantitechnique is a useful technique for
such measurements, especially for the transient spray process in the present study. In this
work, a laser diffraction technique wasedto measure the droplet size and its distribution
for different fluids at differat locations during the transient dispensing process. The
equipment was a SprayTeparticle size analyzer from the Malvern Instruments Inc., which
is able to achieve up tbOkHz sampling rate for transient spray analysis. The schematic of
the measuremestystem ighe same a#lustrated inFigure4.1. In order to easily change the
location of the laser beam relative to the sprayer nozzle, a translational stage was used. The
whole spray actuation system was installed on the aoshl stage. The SprayTec particle
analyzer system was triggered by the triggering pulse from the actuator. A sampling rate of
5kHz was usedor rapid measurementhe measuring duratiomas1000ms. For each fluid,
nine locations were measured, includitigree locations in the horizontal direction, from
17.78cm to 22.86cm downstream from the nozzle with a step of 2.54cm. Six positions tested
in the vertical direction, from7.6Zm (lower than nozzledo 7.62cm(high than nozzle axis)

with a step of 2.54cnThere were 10 runs for each fluid at each location.
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5.3. Nearnozzle pray structure

Becausehe near nozzle region is critical to the ligbitakup anétomization for the
downstream sprays, the development processes of the sprays in thsaegiinvedigated
in more detail from the spray images, namely the starting, developing, and ending stages, as
shown inFigure5.1 to Figure5.3. In Figure5.1, it is found that the spragone is relatively
smooth for pure distilled water. More surface wave structures begin to appear on the spray
cone with more ethanol in the mixturér thepureethanol fluid, the breakup is very fast
Because of the lower surface tension, the pure ethiggquid sheet can easily become
unstable It is also found irFigure 5.1 that, at the starting stage the initial dispensed liquid
does not have enough momentum with large liquid blobs seen in the spray images. This is
due to thdact that the liquid sitting in the nozzle does not experience an acceleration process

and is pushed out of the nozzle as the dispensing process starts.

The developdstage of the spray is illustratedkigure5.2. When the fluil leaves the
nozzle, it forms a cone due to the swirl motion in the noZmte surface wave starts to
propagate and grow spatially and temporallg.the coneshaped spray travels downstream,
the liquid sheet becomes thinner and the surface wave oscillatignitude increases on the
spray surfaceWhen the sheet becomes sufficiently thime sheet begins to break unpo
small fluid ligamentsand atomizanto small droplets. The spray breakup length, which is
defined asthe distance between the nozzldletuand theinitial surfacebreakup point, is
found to decrease as tlhanol volume ratiancreases. In other wordguid breakup

becomes easier fdluids with lower surface tension. There are more surface waueturs
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occuring for a fluid mixture with more ethanpwhich increasgthe instability of the liquid
sheet. The spatial and temporal instabilities e profoundfor the liquid with lower
surface tension. So the liquid sheet is easier to breakup into ligawteah further breaks

up into smaller droplets.

The spray images near the ending stage of the fluid dispepsongsdor different
fluids are shown irFigure5.3. Near the end of thiuid dispensingprocess, thepraycone
continues to shrink and calpse back to an onion gieadue to the loer fluid velocity. The
onion shade spray leads to large droplets in this stdge may beresponsible for the poor
atomization near the end of the spray. When the volume ratio of ethanol in the mixture is
small, the spray cone is very smooth complr® the liquids with higher ethanol
concentrationsThe surface wavearestill observabldor liquids with low surface tensioat

the ending stage. Thisdicateshey have the potential to further breakup.

5.4. Spray coneangle analysis

The spray cone angle was calculated based on the near nozzle spray kitages.
5.4 demonstrates a representative spray cone angle of distilled water. The digital spray
images were pogirocessedy a computerprogramfor the computationof the spray cone
angles The time period used for cone angle calculation is from the initial dispensing process
(at about290ms) to the time when the piston reaches its maximum dispensing stroke (at
about460ms whenthe fluid dspensing process is finished he piston stays at its maximum

stroke for a while and then the piston release process starts. There is no conical spray formed
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after the fluid dispensing process is compldtee transient spray cone angle at each time
was first calculated. Then the spray cone angle was averaged over the whole calculation
period for each rurfigure5.5 illustrates theaveragespray cone angsdor differentmixtures

based on 5 repeated runknhe error bars repredethe standard deviation ovérrepeated
experiments. Thaveragedspray cone angle decreases as the liquid surface tension decrease
from 0% to 100% ethanah the mixtures. However, the cone angle only slightly decreases
about10.9 degreefor the whole rage as shown ifiable5.2 (from 57.71 degree for the pure
water to 46.81 degrees for the pure ethanidijs indicates that liquid surface tension may
have a minor effect on the formation of the near nozzle spray cone angleovs ishthe
previous work 107, fluid viscosity plays an important role in controlling the fluid flow
inside the swirl atomizer. The effect of surface tension becomes more profound only if there
is interaction between the liguiand the ambient gas (namely air in this work). The spray
cone angle at the exit of the nozzle is determined by the velocity components in the
tangential and axial directions. The flow inside the nozzle before existing is only affected
slightly by the intoduction of the air core. Therefore, surface tension only has a minor effect

in the near nozzle spray cone angle.

5.5. Breakup lengthanalysis

The breakup length is measured as the length from the nozzle tip toc#imn
wherethefirst liquid ligamentappears asshown in Figure5.6. The calculation is from the
initial dispensing process (about290ms) to the time when the piston reaches its maximum

dispensing stroke (about460mswhenthe fluid dispensing pr@ss is finished During the
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calculation period, the transient spray breakup length at each time was calculated. Then, the

spray breakup length was averaged over the whole calculation period for each run.

Figure 5.7 shows the comparison of the measurements on spray breakup length for
different fluid mixtures. Each result represents an average of 5 measurements with the
standard deviation illustrated by the error bars. As the ethanol volume ratio increases, the
breakup lengths become shorter from water to 50% ethaat#rmixture. For mixtures with
even lowersurface tension (i.e., higher ethanol volume ratio), the breakup lengths do not
change too much. The values of the breakup length are listeabie5.3. It changes from
10.72mm for pure water to 9.4¢hm for pure ethanol. It is concluded that the surface tension
may not have a significant effect on liquid breakup length. Similar phenomenon was also
observed by Chin108. When considering the air core in a swirl atomizer, the overall
effect of surface tension on the size of the air core is minimal. The surface tension effects on
the surface of the air core of a swirl atoarizan be safely be ignored. Thus the surface

tension is not a critical factor on liquid breakup length comparing with liquid visdd$igy

110).

5.6. Droplet size measurements
5.6.1. Percentilesparameter and Sauter M ean Diameter

To illustrate the variation of droplet siZeigure 5.8 (a)-(c) show the averagevalue
of the droplet sizewith the percentiles parameters D¥(10), Dv(50, and Dv(90). Dv(#)
means the particle size below which volume percentage (#) of the spray droplets.

notation of LxHy (x meanshorizontal distance from the nozzle imch, y is the vertical
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location in inch, and a negative value of y means the lasmbs belw the nozzle axisis
usedto show different locations between the nozzle tip and the laser betra figures.
From Figure 5.8, it is seen that these diameters change with locatBusthe trend is not
very clear fom the plots irFigure5.8. The variations of Dv(50) and Dv(90) among different
locations become smaller with increasing ethanol rakize average values of Dv(10),
Dv(50),andDv(90) over different locationsavea similar trendindicatingthat as the surface
tension decreasther values become smallefThismeans it is easier to breakup and atomize

for liquid mixtures withlower surface tension.

The Sauter Mean DiametgSMD) is theaveragedralues over 10 repeated runs. The
comparison otlifferentworking fluids at different locatiogsis shown inFigure5.9 to Figure
5.10. The averaged SMIn the samehorizontl location anddifferent vertical locationsis
shown in Figure 5.9. The resultsdemonstrate thaBMD decreases witlethanol ratio
increass. Relatively large droplets are observatithe L8H2 location for @o 30% fluid
mixtures.For the same fluid, it is seen from the results that at ahigbation(L8H3), the
droplet size is small near the edge of the spray plukii the location moving dovwmards
the droplet size increases, andrtliecreaseagain when the location moves down further
close to the other edge of the spyme (L8H3) These resultagain showcomplicated

droplet interactioawithin the spray plume.

The dependence of SMD on horizahtocations for different fluids is showm
Figure5.10. The droplet size changevith locations.The trends forliid mixture effects on

the SMD values are differet these locations. However, for each fluid, it is seen et

107



average SMD valudecreases with the increase in horizontal distance from L7HO to.L9HO
This is most likely affected by the collision amgndropletsin the upstreamspray plume

which @anlead to droplet coalescencEhe values of the averaged SMD are listed able

5.4 and it changes from 125.7 pum for the pure water to 38.9un for the pure ethanol. The
averaged SMDfor different fluids clearly shows the effects of fluid properties on the
atomization quality. For the pure ethanol fluid, the surface tension is much smaller than that
of pure water. A linearly correlation between SMD and surface tension value wasfdound
distilled water and ethanol. The SMD of ethanol is about one third of distiéel; and the
surface tension value of distilled water is about three times of pure ethraadtition tothe
surface tension difference, another possible redlancauses the dramatic reduction in
SMD is thatthe spray atomization process is transient. This transient process may result in
dropletsnot havng enough momentum to pass the laser beam and reduced the measured

droplets numbers.

5.6.2. Particle size distribution

The patrticle size distribution with volume frequency is shownFigure 5.11 and
Figure 5.12 for different locationsThe presented curves result frammean valuever 10
runs conductedfor different workirg fluids. The particle size distributions aifferent
vertical locations are compared kilgure5.11. It is observd that forthe same fluids, large
dropletsoccur at thelocatiors closer to the nozzle axis. Smalfarticles ardound atthe
locations further away from the nozzle axia vertical direction. For fluidswith lower

surface tension, the@eak values of therolume frequency shift t@ard smaller particle
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diameters The droplet size distributions in thepray plume appea relatively symmetric
about the nozzle axis in the vertical direction. It can be seen that tlaiation of the
measurement locatiomaffects the peak(maximum value)location in the particle size
distribution curvesbut the general shape of the curdesiot change much with the location

It is found that the peak values of the particle size distribution curves shift to smaller

diameter when the location moves away from the nozzle axis in the vertical direction.

Figure 5.12 illustrates the particle size distribution in different horizontal locations
and the averaged patrticle size distributions over the 9 locations for all 11 fluid miX&ares
the location moves downstream, droplet size becomes smaller with less large padisies s
in the size distributions. For the averaged particle size distribution over all loc@tignse
5.12 (b)), the peaklocation of the volume frequency percentage shifor different fluid
mixtures. With the increase in the volume ratio of ethanol, the large droplet distribution tails
begin to disappear. The particle size distribution curves shift toward smaller droplet
diameters.The effect ofthe gravity on the sprays also a possible cause that makes the

paticle size distribution sensitive to different locations.

5.7. Summary

In this chapter the spray characteristics and atomization of a swirl atomizee
studied Different fluids with very different liquid surface tensiorusing ethanolwater
mixtures (0100% ethanol) were used #se sample fluids Thespray atnear nozzle region
was visualized by using a high speed camera. Particle size parametedraptet size

distributionwerealsomeasured for all the fluids different locationsvithin the spray plura
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using a laser diffraction techniquehe spray cone angénd breakup length wepalculated

for all the mixtures Based on the experimental observations and calculated spray
characteristics, it i$ound thatsurface tensiomloes not have a major effeah spray cone

angle and breakufength in swirl atomizers in the near nozzle regi@pray cone angle
slightly decreases with the increase in ethanol volume ratio (about 10.9 degree decrease from
pure water to pure ethanolfhe breakup lengtls found to decrease slightlyas ethanol
volume ratio increases (about 1.28mm decrease from pure water to pure ethaweNer,

surface tension hassagnificant effect on the particle siaed distributionTheresults show
droplet size decreases with the increalsethanol volume ratio. In addition, the location for

size measurement also influences droplet size. Generally speaking, smaller droplet size is
found for a location away from the nozzle axis in the vertical direction. In the horizontal
direction, largedroplets are found for a location closer to the nozzle €rgether with the
conclusions drawn in the previous chapter, itoisnd that liquid viscosity has a significant
impact on the primary breakup of spray ejected from swirl atomizer, but liquidcsur

tension is more influential to the secondary breakup of the spray.
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5.8. Tables and figures

Table5.1.Fluid propertiedor ethanolwatermixturesat 21°C

Vol. Ratio of Ethanol| 0% | 10% | 20% | 30% | 40% | 50%

Surface Tension
72.75| 67.70| 62.65| 57.61| 52.56| 47.51

(MN/m)
Viscosity

0.937| 0.951| 0.964| 0.978| 0.992| 1.006
(mPas)
Density

997 | 976.2| 955.4| 934.6| 913.8| 893
(kg/m3)

Vol. Ratio of Ethanol| 60% | 70% | 80% | 90% | 100%

Surface Tension
42.46| 37.41| 32.37| 27.32| 22.27

(MN/m)
Viscosity

1.019| 1.033| 1.047| 1.060| 1.074
(mPas)
Density

872.2| 851.4| 830.6| 809.8| 789
(kg/m3)
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Table5.2 Average spray cone anglor ethanolwatermixtures

Vol. Ratio of Ethanol

0%

10%

20%

30%

40%

50%

Spray Cone angle
(degree)

57.71

55.16

54.93

54.96

53.47

52.69

Standard deviation

0.45

1.20

0.40

0.53

0.63

0.45

Vol. Ratio of Ethanol

60%

70%

80%

90%

100%

Spray Cone angle
(degree)

51.01

49.41

47.80

47.60

46.81

Standard deviation

1.24

0.82

0.40

1.43

0.63

Table5.3 Average breakup lengglior ethanolwatermixtures

Vol. Ratio of Ethanol

0% 10% | 20% | 30% | 40% | 50%
Breakup length
10.72] 10.39( 10.35| 10.24| 9.79 | 9.74
(mm)
Standard deviath | 059 | 0.51 | 0.57 | 0.41 | 0.47 | 0.52
Vol. Ratio of Ethanol 60% | 70% | 80% | 90% | 100%
Breakup length
950 ( 9.45| 952 | 946 | 9.44
(mm)
Standard deviation | 049 | 0.38 | 0.26 | 0.31 | 0.52
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Table5.4 Average SMD over albcations

Vol. Ratio of
0% | 10% | 20% | 30% | 40% | 50%
Ethanol
SMD
125.7| 118.6| 112.1| 97.2| 85.7 | 77.4
(kM)
Standard deviatiol
11.5| 10.7| 8.6 | 105 89 | 9.6
(bm)
Vol. Ratio of
60% | 70% | 80% | 90% | 100%
Ethanol
SMD
71.3 | 69.2 | 59.3 | 50.1| 38.9
(km)
Standard deviatiol
9.3 9.4 9.1 | 83| 7.5
(Lm)
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Figure5.6 Calculation of the brealp lengthin a dobal near nozzle spray image
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Figure5.7 Theaveragebreakup length and the error bars for different fluids
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6. EXPERIMENT STUDY ON LIQUID FILM THICKNESS
6.1. Introduction

As illustrated in the previous chaptettse breakup of thespraysheet into droplets is a
complex process. The majority of the breakup models use aerodynamics sheet instability
concepts forthe breakupof the sheet. In Chapter 4 and 5, the effects of fluid properties,
including viscosity and surface tension on the transient spray development process and the
overall spray structure from the trigger sprayer were studtieésl.known that e fluid film
thickness inside thswirl atomizemozzlealsoplaysanimportant role in controlling the sheet
thickness and primary breakup. Therefore, accurate measurements of the liquid film

thickness in swirl atomizers are of practicaerest

In pressureswirl atamizers, the liquid exits from the nozzle orifice as a thin conical
sheet. The liquid sheet spreads outward radially, and $rgaknto ligaments and then
droplets. Many researchers have conducted extensive researches on the liquid film thickness
characteration in pressurswirl atomizers. The annular liquid film formed inside the nozzle
and at the orifice exit strongly influences the liquid instability and breakup. Therefore,
accurate film thickness measurements in swirl atomizers are desirable b#uaudm
thicknessis an importantupstreamcontroling parameter for spragharactestics during
breakup and atomization processes, such as spray angle, breakup length, droplet sizes and
distributions. York et al. made a rough estimation of droplet siz@duced by a swirl

atomizer[11]]. They estimated the mean drop diamé&tdoea ratio of the square root tfe
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sheet thickness and tleavelength for the maximum growth ragut theyfound thatthe

agreement between theagd experiment was only qualitative.

The majority of the breakup models use aerodynamics sheet instability concepts for
the breakup of the sheet. These models assume that small disturbancedicpndtiseet
grow resulting in the breakup of the sheetwdver, experimentsaveshown the formation
of significant perforations on the sheet. The sheet and the spray havedakgeeriodic
features. Generally, three different mechanisms interact, resulting in a complex breakup
mechanism. These are aerodyimamstability, perforated sheet, and periodic fluctuations of
the air core. The latter affects the swirling liquid surface inside the nozzle. For instance,
studies using glass nozzles have revealed the existence of helical waves on the surface of the
liquid core inside the nozzle. This results in variations in the local film thickness profiles
along the sheetl[Ll7. The sheet perforation process is not well understood. Several different
causes are suggested for the onset dbparon, including impingement of small droplets on
the surface of the sheet, turbulent fluctuations inside the sheet, and small bubbles in some
cases, and disturbances in the air core of the nott@ 115. The mainapproachthat is

currently used to model swirling sheet atomization is based on the aerodynamics instability.

This chapterfocuses on the effexof the injection pressure and the fluid viscosity on
liquid film thickness in a swirl @imizer operated at steady statenditions High speed
digital camera and backlight illumination were used to measure the film thickness. Film flow
inside a micro scale nozzle orifice was visualizétrough transparent nozzleshd liquid

film thickness wa calculatedn post image processirgimilar to the methodologies used in
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the previous worksThe effects of pressure and viscosity on the film thickmese further
analyzed.The experimentesultsand estimated results frorpublishedequatiors were aso

compared.

6.2. Mathematical equations

The instability theories for the breakup of a liquid sheet are discussed iteChdp
computationamodels,liquid film thicknesscan beobtained based on the informatiohair
core diameter and the spray cone anghe swirling liquid exiting a nozzle forms a liquid
film, the thickness of which can be obtained based on liquid mass flow rate:

m=r up (6-1)
whereA is the cross section of the sheet at a certain distance from the nozzle and
is the mean velocity of the sheet at the same distance. The film thidknss$etermined

from conservation of mass:

urh = 4 h, (6-2)
wherer is the radius from the injector centerline to the middle of the sheet, and the

subscript 0 refers to the initial condition at the exit of the injector. The film thickness, right at

the exit of the nozzle can be determined from:
M =p (u(d -h (6-3)

And the initial velocityu, can be obtained based on mean flow velocity, which

depends on the injectigoressurg¢l14:
U=K 2bp (6-4)
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K, is an injectotspecific dimensionless velocity coefficient represented by

Co

K,=— o (6-5)
" (- X)coyy

C,i s t he f ueefficient ofdsahdrge rar@Xsis tleeaatioof the air core

area at the nozzle exit to the nozzle arex i§ known then thélm thickness is given by
— do 1/2
h= E(1 -X79) (6-6)

Schmdt et al. pointed outthat K, is about 0.7 based on the comparison with the

discharge coefficient of a shagolge nozzle foa singlefluid with aL/Dratio of 4 [117]. If

the cone angl&sg, then the axial velocity, at the nozzle exit is

U, =Ucosg (6-7)

6.3. Experimental setup

Figure 6.1 shows the schematic of experimental setup of the control thed
circulation system othe pressureswirl atomizer.A pump drawghe fluid from the tank to
supplyit to the sprayeat elevated pressure. A bypass valve placed after the pump is used to
control the pressure in the atomizer. When the valve is fully open, &k diuid flow returns
to the tank. When the valve is partially to fully closed, the ftate andthe pressuran the
atomizer increasdyut the return flowrateto the tank decreases. The tank is used as&oth
reservoir for the wateglycerin mixture anda container to catch the spray from the swirl

atomizer. The fluid then travels from the valve through the flow meter. The flow meter used
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is a high pressure variable area flow meter. A Bourdon pressure gauge placed after the flow

meter is used to measute pressure of the fluid flowing through the atomizer.

6.3.1. Nozzle structure

The geometry of pressure swirl atomizer is showirigure 6.2. Acrylic glass was
used to make the presswswirl atomizer, because its transparency allagsializing the
flow inside the nozzle. All parts of the swirl atomizer were sealediffigrent sets of @ings
The experiment was done under relatively low pressures, which does not present a
challenging sealing problem for this design. Thraengs ae adopted as sealing and prevent
leakage Table 6.1 lists the specifications of the swirl atomizer. There are three tangential

inlet porsin the swirl chamber witl 30 degree swirler angle.

6.3.2. Flow visualization

The flm flow inside the nozzle was visualized orderto measurehe liquid film
thickness. Phantom v4.3 from Vision Research wa&s used to take the digital imagés
was connected to a computer for triggering camera trigger shutter and for image gtorage.
backillumination technique was adopted by usenO00W stage light source tihluminate
the visualization area. A lighdiffuser was installed between the light atite nozzle to
ensure a uniform background light. Global spray includimg liquid film structure was
visualized at a frame rate of 3600 frames/second with an exposure time of 6 microseconds.
The resolution was set to 320400 pixelghich correspond to a 33.7mm>42.1mm imaged
region.Figure6.3 shows the global spray structued liquid film structure inside the nozzle.

The film thickness is calculated lpimage processing codsingMATLAB .
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6.3.3. Experimental conditions

In order to investigate the effect of injection pressure on liquid film, the injection
pressure was varied frol07MPa to 1MPa. Under 0.07MPa, the atomizer did not generate a
typical spray; only amoothonion shaped hollow corgheetwas formed, whichs not of
interest to this studyOn the other side, 1MPa was the upper limit due to the fact that the
main objetive of this work is focused on the low injection pressure. The ambient conditions
were atmospheric conditionBhe liquid mass flow raterasalso measuredkigure6.4 shows
the xperimental mass flow ratnd the fitting curve fopure water. It is plotteds a function

of thefluid pressurewhich ranges froml6.7g/s to60g/s.

The working fluids with different viscosities were prepared by mixing distilled water
with glycerolin different glycerol volume ratios from 0% to 70% thi astep of 10%. The
experiment temperature was maintained at the room temperatg2<2396 K). The fluid
viscosity is listed inTable 4.1 for different mixtures. The surface tension of water and
glycerol arerelatively close at room temperature (water is MR/m and glycerol is 63
mN/m), the variation of surfactension of the mixtures are less than 10%. In addition, the
density of the two fluids are close (water is 1000Kgand 70% glycerotwater is 1182
kg/m®), the density variation of the fluid mixtures are less tha®%. But the viscosity
variation for thedifferent mixtures is significant as shown Trable 4.1. Therefore, it is
expected that the viscosity effect dominates the results. The properties of the glaterol
mixtures are well documented in the literature by standdld tand these values were

obtained from the table and interpolated at the given room temperature and volume ratio.
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6.4. Results and discussions
6.4.1. Spray characteristics under steady state

In order to systematically study the external and internal spray chésacseFigure
6.5 illustrates the spray structufer water and 40%glycerotwater mixture.Three different
pressures, 0.07Mpa, 0.345Mpa and 1.0Mpaselected to cover a wide range of operation
conditions. When the injeabn pressure is lowthe jet first formsa closed rim sheet, and then
as the pressure become higher, the sfivayis an open conical sheet. When the spray sheet
is fully developed, an air core is formed inside the orifice resulting in a thin film of liquid
exiting the nozzleFigure6.6 shows the spray cone angle as a function of injection pressure.
The trend is clearly observedom the figurethat he spray angle becomdarger as the
injection pressure increase$he impact of presse is smallerunder higher pressure
conditiors. The effect of fluid viscosity on spray angle is showe8igure6.7. Spray angle
becomes smaller as fluid viscosity increasimfpich is consistentvith the results found in
Chapte 4. The breakup lengttof liquid sheetis calculated from the high speed images.
Figure 6.8 andFigure6.9 illustrate the breakup length as funcsmf injection pressureand
fluid viscosity, respectivly. It can be seen thahe breakup length becomes longer as the
viscosity increasesr theinjectionpressure decreaséhe changeon spray angle, as well as
breakup length becomes smaller as the injection pressure incrésgsindicates that
pressuremay only have a limited impacin the primary breakup proces$en it reaches a

certain level.
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6.4.2. Film thickness under differentinjection pressures

The measured film thicknessan beovervalued due to the curving of the nozzle

orifice and the differere in the refractive indices of the liquid, acrylic and air. W&k

uses aimilar analysis method proposed by Moon et@alcompensate the curving eff¢4f].

The backKight source used in this study is not coherent @amctravel to all directionsTwo
different methodswere applied tanalyzehow the light arriving at theall directions The

first method considers the light moving convergent from the liquid film to the center of the
camera front lenswhile the other mettod consides the light moving divergentlyThe
captured liquid film images in both cases sHawgerliquid film thickness than the actual
thickness. These two methogsovide two limit cases and carover the lights from all

directionsin practice

In order to obtain a clear boundary between liquid film and air core, images were
focused on therifice region of the swirl nozzlgrigure6.10 shows the captured liquid film
imagesinside nozzle orificat different injection presseswith 30% glycerolwater mixture.

It can be seen that as the pressure increases, the liquid film thickness becomeTthe&ker.
images inFigure6.10 show the boundary line between the liquid film and the air core. The
liquid film is detected by usingn edge detection MATLAB coddeveloped by the author

The liquid film thickness at any axial locations was obtained by calculating the distance
between the nozzle outer surface and the detected edge. The mean liquid film thiclleess u
each pressure was calculated by averaging the thickness over the whole nozzle length. Three
hundred images were captured and processed to reduce the possible error from variation in

time.
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Figure6.11 shows the measured filthickness obtained by image processing method
and the fitting curves using power law under different injection pressures. It can be seen that
the liquid film thickness becomes thinner wititreasednjection pressure for all working
fluids. When pressuréncreases, there is more momentum for the liquid for the same
viscosity fluid. The increasing liquid velocity at the swirl chamber inédtscts the film
thickness inside the nozzlBut it can be also observed th&idure 6.11) as the injection
pressurerises its effect on liquid film thickness becomdsss significant The balance
between centrifugal force generated from swirl chamber and the drag force from the liquid

contributego this trend.

6.4.3. Film thickness for different viscosity fluids

Figure6.12 shows the captured liquid film images at 0.2MPa wlifferent glycerol
water mixture. It can be seen that under the same pressure, the film thickness is thinner as
the fluid viscosity decreaseBhe ame edge detection method and MATLAB code were used
to process the film thicknessages The mean liquid film thickness under each viscosity
value was calculated by averaging the thickness over the whole nozzle length. Three hundred

images were capturedé processed to reduce the possible srror

Figure6.13 shows the measured film thickness obtained by image processing and the
fitting curves using power law under different fluid viscosities. The liquid thickness becomes
largeras the viscosity increases. The change is small for fluids of low viscosibebommes
large for fluids with higher viscosty. The balance betwedhe centrifugal force generated

from swirl chamber anthedrag force from the liquid forms the air cor&or more viscous
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fluids, the drag force from the liquid is larger than the centrifugal force generated from swirl

chamber, hence the air core becomes smaller and the liquid film becomes thicker.

6.4.4. Comparison betweenanalytical equationsand experiment

Seveal relations for thdilm thickness in terms of flow parameters atadied by
otherresearchersThese works concluded that the main parameteffecting the liquid film
thickness wereliquid properties, injection pressuyr@and nozzle diameterTable 6.2
summarizes the parameters considered as main factors affecting the liquid film thickness for
each analytical equation. The first three equations considered the injection pressure as a
crucial factor while the last three equaisdid not consider the injéion pressure as a main
parameterRizk and Lefebvre[12(, Suyari and Lefebvrg¢39], and Kim et al.[11§ all
applied the equations at relaly low injection pressure conditions, which are less than
3.0MPa. These low injection pressure conditions are commonly used in aeronautic
applications. Suyari antdefebvre measured the liquid film thickness using an electrical
conductance method in tltscharge orificd39]. They derived equatior6{2) by revising
the constant of Ri z&l)feom the experimerialdate. Equati@®)u at i o n
has been known to have a good agreement to some degree when thetragien film
thickness and orifice diameter is far less tharBased on these equations, the effect of
injection pressure on liquid film thickness becomes smaller as the injection pressure

increases

Q 025
_alsenm 1+ X O
0

h= :
¢ DP (1-X)° :

(6-8)
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h=3.660—-" 8 (6-9)

o . 025
ad,mm
¢ /DP -

0.6

amm 0 I|a
h=1l4dd, e 0 6 o (6-10)
¢/DPdy -+ dg

0,25

But since X is the ratioof the air core area at the nozzle exit to the nozzleaaréas

_&156anm 1+ X
¢ dDP (1 -XY

0
dependent on the  film  thickness Equaion h o

0,25
(6-8) involves some trial and error procedures. The measured liquid film thickness was

compared to the results from the analytical equations which take into account thefeffec

injection pressure.

Figure6.14 showsthe comparison between the measured liquid film thickime#ss
work and the calculated liquid film thickne§®om previous empiricagéquations 39,11§.
Film thicknesss of the 70% glyceralwater mixtureare calculatedinder different injection
pressure The experimera results and the estimated valuesimdlicate that a higher nozzle
pressure drop produces a thinner liqulthf The pressure drop is usually attributed to the
increase in liquid discharge velocity. The experirabrdsults shovthatthe film thicknesses
arethickener tharthe estimated results from both equasdB9, 118. The experiments have
larger film thicknesses than the estimated valGedculated thicknesses basedSuyari and
L e f e bstudyeademly half of thecurrentexperimenrdl results.Kim et al. gives a similar
value at very low pressern(0.07Mpa), but the decreasing rate of film thickness is faster than

the presentresults The disagreement between the experi@eand the estimated film
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thickness fronpublished empiricaéquations may due to the high viscosity of the liqueed

in this work The liquid drag force caused by viscosity ketma slower decrease as injection
pressure increaseBhe interaction between these two factoatrols thecomplex process in
forming the initial liquid film. But the improvement in atomization qigplcan bestill

realized by an increase in nozzle pressure drop.

6.4.5. Effect of fluid properties

The influence of liquid viscosity is cleariymajorfactor that controlshe atomization
process. The viscoudsrce affectghe atomization process in two wayse is by increasing
the initial film thickness and the other is by resisting the disintegration if the liquid sheet into
ligaments and small drops. The effect of liquid density on the liquid film thickness is quite
small. Thus its influence on atomizatiquality should also be smaRizk and Lefebvrg¢120
studiedthe spray characteristics of a simplex swirl atomizer and confirmed this conclusion
by measuring the mean droplet size using liquid with diffedentsities It is also notedhat
surface tension ds not appear in the above equasofl to 3) for the film thickness
calculation. Surface tension does play a major role in the subsequent bredkafiqfid
sheet into ligaments and further breakup into small dasspeown in Chapter,%ut its effect

on the film thickness is neglected based on the pregionsiusiong12Qq.

Figure 6.15 shows the comparison between the measured liquid film thickness and
the estmatedliquid film thicknessfrom previous equation-9) and (610) at 0.14 Mpa.
Both experimerdl and estimated results show the similar teeth@t film thickness becorse

thickener as fluid viscosity increases. The experiaderdgsults showedhe largr film
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thickness comparing to previous resulifie @lculated thicknesses based on Suyari and
Lefebvreds study are only half of thKmcurren
et al.gives a similar value for 70% glycerol/water mixture jethhas the most viscous fluid.

The increasing rate of film thickness is faster than the pressuits.

Quantitatively experiment results providea useful guidance on the effect of
atomizer characteristics and liquid flow properties, especially fisdosity on the film
thickness. Frictional losses are the major consideratidimeidesign of swirl atomizers. The
frictional losses represent a wasteful dissipation of atomization energy, which reduces the
effective pressure drop across the atomizer alsd the discharge coefficienEurther,
friction alsoreduces the diameter of the air core by impending the rotating flow in the swirl

chambemvith low fluid velocity, thereby decreastee discharge coefficient.

6.5. Summary

As discussedn Chapter 2 manytechniques have been developed to measure liquid
film thickness, but most of them are not suitable for pressuid atomizers. This is because
the nozzle orifices in swirl atomizers are usually ansmall meter. This requires the
measurement techniqueust be able to accurately determine the small amplitude and high

speed disturbances of liquid film inside the nomlsulbmicron meter scale

The liquid film thickness insidea transparent pressurewirl nozzle orifice was
measured and the measuremermrewas considered in order to obtain more accurate results.
Both injection pressure and fluid viscosity effects on liquid film thickness were analyzed by

postprocessing images. It has been found that measured film thickness decretses as
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injection pessure increases. While as the injection pressure rises, the effect of the injection
pressure on liquid film thickness becontess significantFluid viscosity plays a crucial role

in controlling theliquid film thickness. The liquidilm thickness beconselarger as the
viscosity increases and the change is small for low viscositysfiund much bigger fdiuids

with high viscosty But under the present experimental conditions,effiects ofinjection
pressure are more pronouncedhan the fluid viscosy. It is easy to observéhat there is

some oscillation wave between film and-eare interface.ldeally, it would be very
informative to analyzethe oscillation ofthe liquid film inside the nozzletherefore to
compare the domain frequency from theeinal to external wavésuch as the work done in
Chapter 4) Unfortunately, our image resolution was not high enough to capture the wave

instability in micro scale, which should be a focus of future work.
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6.6. Tables and figures

Table6.1. Atomizer specifications

Nozzle parameter

Nozzle orifice diameter (mm)

Nozzle orifice length (mm)

Swirl chamber diameter (mm)

Length /Diameter ratio

N[N

Swirler angle (degree)

30

Working fluid

Glycerolwatermixture

Table6.2. Analytical and empirical equations for the sheet thickness

Authors

Equations

Rizk and Lefebvré12(]

0,

_a1560nm X 6
- (0}
¢ dDP (1 -X)* =

Suyari and Lefevre[39]

Kim et al.[11§

Lefebvre[103

Badamieth[119

¢c2 + 1- k?
anb, & 18 "5

Moon et al. £3] h=0974 "> g S‘;‘e Bama °¥
¢/ + Dg =
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Figure6.1.Schematic of expanental setup
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Figure6.2 Geometry othe transparergwirl atomizer

.

Figure6.3 Global spray structure and liquiiéin structure inside the nozzle
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Figure6.11 Measured film thickness and fitting curves und#éferent injection pressures
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Figure6.13 Measured film thickness and fitting curves @tifferent glycerolwater mixtures
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Figure6.15 Comparison between measured liquid film thickness and estimated film
thickness previous empiricatjuationsn 0.14Mpa
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