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ABSTRACT

Study of primary breakup of liquid jets is importdmecause it is motivated by the
application to gas turbine fuel injectors, diesetlfinjectors, industrial cleaning and
washing machine, medical spray, and inkjet printarsong others. When it comes to
good injectors, a liquid jet has to be disintegiateo a fine spray near injector region
during primary breakup. However the dense sprajoregear the injectors is optically
obscure for Phase Doppler Interferometer like PlRaggpler Particle Analyzers (PDPA).
Holography can provide three dimensional imagehef dense spray and eliminate the
problem of the small depth of focus associated wiiladowgraphs. Traditional film-
based holographic technique has long been useithfee dimensional measurements in
particle fields, but it is time consuming, expemsichemically hazardous. With the
development of the CCD sensor, holograms were decoand reconstructed digitally.
Digital microscopic holography (DMH) is similar tdigital inline holography (DIH)
except that no lens is used to collimate the oldpeetm. The laser beams are expanded
with an objective lens and a spatial filter. Thigninates two lenses from the typical
optical path used for in-line holography, whichules in a much cleaner hologram
recording. The DMH was used for drop size and aiglaneasurements of the breakup
of aerated liquid jets because it is unaffectedtiy non-spherical droplets that are

encountered very close to the injector exit, whiculd cause problems for techniques

Xiv



such as Phase Doppler Particle Analyzer, othenkisge field of view was obtained by
patching several high resolution holograms. Dropédocities in three dimensions were
measured by tracking their displacements in theastivise and cross-stream direction
and by tracking the change in the plane of focusth@ spanwise direction. The
uncertainty in spanwise droplet location and véjooneasurements using single view
DMH was large at least 33%. This large uncertaintthe spanwise direction, however,
can be reduced to 2% by employing double view DNdduble view DMH successfully
tracked the three dimensional bending trajectarfgsolymer jets during electrospinning.
The uncertainty in the spatial growth measuremeaitthe bending instability was
reduced using orthogonal double view DMH. Moreowecommercial grade CCD was
successfully used for single- and double-pulsed Ddfllshicro liquid jet breakup. Using
a commercial grade CCD for the DMH, the cost of C&8dhsor needed for recording

holograms can be reduced.
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CHAPTERI|

INTRODUCTION

1.1 Background

In the field of atomization and spray, imaging diagtics are very useful in obtaining
visualizations and measurements of drop sizestitosa and velocities. They offer
many advantages over traditional diagnostics dubdin simplicity, flexibility, and non-
intrusiveness. However, the field of view, the dept focus, the frequency of taking
photographs, and the tedium of the direct measurerok sizes of individual drops
should be considered carefully in order to obtaighhquality flow visualization and
measurements. Shadowgraphs and holograms were sieelgn used for flow
visualization and to provide measurements of licatimmization and spray systems (Wu
et al., 1997; Mazallon et al., 1999; Burke et 2003; Sallam et al., 2004; Miller et al.,

2008, among many others).

1.2 Problem Statement
The breakup of liquid jets is three-dimensional their very nature, and important
properties such as drop sizes and drop and jetcitiely and rates of primary and

secondary breakup are difficult to measure with &2€hniques such as shadowgraphy



(e.g. Sallam et al., 1999, 2002) because only dl smaber of droplets will be in focus

in each individual image. Holographic techniquesiriraran, 2002) on the other hand,
can be utilized to obtain three dimensional imafythe spray with almost every drop in
focus. Moreover, because it provides the phasenrdtion, holographic techniques can
be automated to find the location, size and vejocit every droplet in the measuring
volume. A digital holographic based diagnostic dtiotherefore be developed for

investigating the dense spray near injector region.

1.3 Previous Studies

1.3.1 Digital Holography

Holography relies on the interference of two wawesoherent light: 1) the object wave,
which is diffracted by the object being recordedl &) the reference wave, which
represents the status of the object wave befavastaffected by the object. As the object
wave comes in contact with the object, the phastheflight wave is changed. Later
when it meets the reference wave an interferentterpas formed which can be recorded
as a hologram on the CCD sensor. This interfergattern (hologram) has information
of both the phase and the magnitude of the objegew If the original reference beam is
shone onto the hologram then a 3-D image is repexihaving the same characteristics
of the original object. This technique was firstented by Gabor (1948) and later it was
made practical with the use of off-axis referenearh (Leith and Upatnieks, 1965),
which separated the real and virtual images. Wit &dvancements in computer

technology, Goodman and Lawrence (1967) found hb&dgrams could be recorded on



film and reconstructed digitally. Later with thewelopment of the CCD sensor, Schnars

and Juptner (1994) recorded and reconstructed taotegentirely digitally.

Two light waves are still needed in digital holggng, but they can be included
within the same laser beam since the portionsefaker beam that are unaffected by the
object can serve as the reference wave. This stalenated beam setup is preferred
over other possible holographic recording methodsabse of its simplicity and its
favorability to digital recording. The inline arg@ment (e.g. Meng and Hussain, 1995,
Xu et al., 2001, 2002) reduces the spatial resmutequirements on the CCD sensor
which typically has an order of magnitude lowerotagon than a holographic film. The
interference of the object and reference wavesteselight and dark fringes, and
according to the sampling theorem each fringe lmasali across two pixels to be
resolved. The frequency of these fringes increasethe angle between the object and
reference beam increases. Therefore, the in-linengement is the most suitable for
present-day CCD sensors. In addition to its lovesolution requirements, the in-line
arrangement does not require the matching of thieadgaths of the two waves and this

simplifies the experimental setup.

The principal drawback with this single beam setuthat resolution decreases in
a dense spray because there is not enough of #m thet passes through the volume
unaffected by particles to serve as a referenceew@lie Royer criterion (Jones et al.,
1977) quantifies this amount of obscuration bagetsbhadow density.” According to the

Royer criterion, hologram quality can be defineda®ws: a shadow density less than



1% produces a "good" hologram, between 1% and 1@dupes a "marginal”-quality
hologram, and greater than 10%, a "bad" holograddidg a separate reference beam
solves the beam obscuration problem. However, &p kbe low fringe frequency both
the object and reference beam are combined witeaanbsplitter and sent to the CCD

with in-line configuration.

The addition of a separate reference beam solves ptioblem of beam
obscuration, but it does not solve all the problassociated with recording dense sprays.
Another problem is intrinsic speckle noise. Mengakt(1993) describes this speckle
noise as the interference of the scattering waves fmultiple particles. When the
scattered light waves interfere with each otheeytlappear as a random pattern of
speckles when the hologram is reconstructed. Taiseas a problem with automatic
particle measurement because it becomes diffiouttigtinguish a focused droplet from
the speckles. Meng et al. (1993) offers two wayisnorove this problem: 1) suppress the
undiffracted reconstruction wave (a.k.a. DC termjl 2) separate the virtual and real
image through an off-axis setup. Schnars and dae2005) offer two simple ways of
suppressing this DC term: 1) subtract the averagensity from the hologram or 2)
measure the intensities of the reference beam lajedtdoeam separately and subtract the

intensities from the hologram before reconstruction

Digital microscopic holography (e.g. Garcia-Sucéa@006, Garcia-Sucerquia et
al., 2006) is similar in setup to standard in-ldhgital holography except no lens is used

to collimate the beam. This method eliminates tkednfor a relay lens to introduce



magnification because the expanding beam providesntagnification needed. This
eliminates two lenses from the optical path, whiekults in a much cleaner hologram
recording and reconstruction. The expanding beaw ialcreases the system resolution
because the fringes that are needed to reconsiiei@inage are expanding with the laser
beam. This allows for recording distance to be t&m@d which results in higher
resolution. Sheng et al. (2006) suggested thaterndigital microscopic holography is
useful for measuring three dimensional particldriistion and motions. Miller et al.
(2007) investigated the secondary breakup of agrageid jets in subsonic crossflow
using holographic techniques. They compared twoodraphic methods: digital
microscopic holography (DMH) and digital inline bgraphy (DIH). The two methods
were useful for probing the dense spray regiorechtad liquid jets. They concluded that
DMH is better due to the ability to resolve the #eradroplets in the spray. However,
their setup was limited to single pulsed digitaldgpam and therefore did not permit any
velocity measurement of liquid jets. Palero e{(2007) used digital holography for micro
droplet diagnostics. They suggested that digitahgen plane holography (DIPH) can
overcome the drawbacks of inline digital holograpsych as low particle concentration
or low resolution in spanwise distance. However,ewht comes to the cost of
holography, the research grade PIV CCD is stillezgive. In view of the rapid progress
in commercial grade CCD, the objective of this gtigito develop a cheap technique that
provides visualization, size and velocity measum@sef liquid jet breakup in the near
injector region. One constraint, however, is thdtgtal camera with a removable lens is

required for holography. Although a typical doublése Nd:YAG system is still



expensive, the advent of Diode Pumped Solid SRRSE) lasers would offer similar

possibilities on the illumination side.

1.3.2 Electrospinning of Polymer Jets

Electrospinning method is capable of producingrBbeith the diameters ranging from
sub-microns to nanometers using electrical foreenéker and Chum, 1996). The basic
electrospinning experimental setup is relatively@e as shown in Figure 1-1 (Shin et al,
2001). The minimum requirements include a polym&utgon, an electrode which is
inserted into the polymer solution, a high volt&@ source connected to the electrode,
and a grounded collector (Andrady, 2008). Elegirosing is a special case of
electrohydrodynamic atomization. Jaworek and Kr(##99) studied various modes of
droplet formation (dripping mode, micro-dripping d& spindle mode, and multi-spindle
mode) and liquid jet formation (cone jet mode, l&ttng jet mode, precession mode, and
multi jet mode) by electro-hydrodynamic instabégi as shown in Figure 1-2. The
dripping mode can be observed when electric patkebétween the nozzle tip connected
to the high voltage source and the grounded eléeti® very weak. With the increase in
the applied voltage, the dripping mode is changed micro-dripping mode or spindle
mode. An axisymmetric Taylor cone is formed atribezle tip in the cone jet mode. The
liquid jets ejected from the Taylor cone experieagesymmetric instability and bending
instability (also known as whipping instability)h& subsequent modes are the oscillating
jet mode and multi jet modes. The oscillating jetda is similar to the cone jet but the
Taylor cone at the nozzle tip is deformed. Precessiode is the oscillating jet mode

with a bending instability. Finally multi jet modman be observed at low surface tension



and high applied voltage. The multiple jets ejechenn a Taylor cone experience a

bending instability.

Stabilization of the Taylor cone is imperative fttre generation of uniform
nanofibers during the electrospinning process ksxdhe unsteady deformation of the
Taylor cone can prevent the stable polymer jetenfimeing ejected from the cone.
Rutledge and Fridrikh (2007) explained the elegiusing process with five operational
components: fluid charging, formation of the coeg-thinning of the steady jet, onset
and growth of jet instabilities, and collectiontbk fibers. A nozzle (or capillary tube)
including a polymeric solution keeps a distancg.(20 cm) from a grounded collector,
which connects to an electrode of high voltage po{@hin et al., 2001). Initially a
droplet forms at the tip of the tube due to thaisoh surface tension. However, with the
increase in the electric potential between the tidygaining the polymer solution and the
grounded collector, the charge repulsion generateslectric force overcoming the
surface tension of the solution. When the eledbice defeats the surface tension, the
droplet on the nozzle tip becomes distorted fornanigaylor cone. At a critical voltage, a
charged polymer jet ejects from the tip of the Baytone and moves toward the
grounded collector. The diameter of the cone jet fignction of distances from the apex
of the cone due to the evaporation of the solvBaishi & Renerker, 1999, and Shin et
al., 2001). The straight cone jet starts to cuave critical distance due to the non-

uniform distribution of surface charges (i.e. begdinstability).



The different jet instability modes during elecprmsing process have been
studied by many (Shin et al., 2001, Yarin et @02, Hohman et al., 2001, and Reneker
et al., 2000). There exist three different indtads during electrospinning process: the
Rayleigh instability, the axisymmetric conductimgtiability, and the bending conducting
instability (Shin et al., 2001 and Hohman et aD0P). The Rayleigh instability is
axisymmetric and dominated by the surface tendmom,the axisymmetric conducting
instability is sensitive to fluid conductivity much more than the
surface tension. In axisymmetric instability modé#se cross sectional area of the
polymer jets is modulated along the constant cknéeof the jets. High applied voltage
suppresses the axisymmetric instability but fatbesbending instability (Hohman et al,
2001). The typical bending instability is shown kigure 1-3. The bending instability
results from the increase in the surface chargdabefet, and results in a complicated
three dimensional motion (Yarin et al.,, 2001). eTdiameter of the jet is maintained
constant but the center line of the jet is modulgtédohman et al., 2001). Consequently
the bending instability drastically increases theace area of the jet and decreases the
surface charge density of the jet as shown in Eidu4 (Shin et al., 2001). The bending
instability can be dampened using an electrostiatis element and biased collection
target (Deitzel et al., 2001). Wannatong et 0@ reviewed the different forces acting
on the bending instability. The forces include gfatwonal force, electrostatic force,
coulumbic repulsion forces, viscoelastic forcestfasie tension force, and frictional
forces between the surface of the jet and the arhlgas. The jet diameter and the
direction of the motion are determined by the sunthe forces. The jet becomes bent

apparently due to the interaction of the differ@etturbations. Many studies for the



development of numerical models and theoreticalyaigato predict the trajectories of
the jet have been made (Shin et al., 2001, Reretkal, 2000 and Yarin et al., 2005).
Another concern is most studies have been limiesvb dimensional trajectories due to
their optical setup. Thus, tracking the three disn@mal motion of polymer jets is still

needed to validate the computational models of #lectrospinning process.

Experimentally it has been very challenging to meashe trajectory using photography
due to the small depth of field encountered athiiga magnification necessary for such

small objects and the three dimensional motiomefttajectory.

Zuo et al. (2005) experimentally studied the relahip between jet instability
and bead formation of nanofibers. They concludedt thxisymmetric instabilities
promote the elongation of the polymer jets to acomaiate surface charges and result in
the formation of beaded polymer nanofibers and that axisymmetric instabilities
including the Rayleigh instability and the axisymreeconducting instability influence
the bead formation of the electrospun nanofibers.observe the morphology of the
polymer jet at different distance from the nozife they moved a glass slide into the
bending envelope region and examined the slidegusiscanning electron microscope.
They observed smooth fibers on the glass slideleatetl near the nozzle region, but
wave-like and dumbbell-like fibers on the glassledi collected away from the nozzle as
shown in Figure 1-5. Dumbbell-like fibers featurteeb or three beads on the elongated
thin fiber. The beaded fibers can be produced whth increase in the axisymmetric
instabilities, whereas the continuous uniform fdoean be generated by the decrease in

axisymmetric instabilities. They also found thajter applied voltages and the increased



fluid conductivity favor uniform smooth fibers, bhigh solution feeding rates and high
surface tension promote the formation of the beddets. A concern, however, about
their findings is the effect of evaporation and tmgt of the samples they examined on
the SEM and whether these collected fibers reptabemnature of the polymer solution
jet near the nozzle. An experimental technique ihaapable of probing the polymer
solution jet in-flight is needed to reveal the temwgd and spatial growth of the

axisymmetric instability.  An experimental techrneque.g. digital double view

microscopic holography, is needed to measure ttee tdimensional trajectories of the
polymer jets and to examine the spatial and temhggmawth rate of the bending and

Rayleigh instabilities during the electrospinnirrggess of beaded nanofibers.

1.3.3 Aerated Liquid Jets

A good understanding of the phenomena of liquidbjetakup is essential for successful
design of gas turbine fuel injectors, ramjet anthisget engines, diesel fuel injectors,
medical sprays, and inkjet printers, among oth&ng major objective of most injectors

is to atomize a liquid jet into a fine spray. Ptesesatomizers, such as plain orifice nozzle
injectors, accomplish this objective by using venyall orifice diameter and/or very high

injection pressure. In many applications this soluts not feasible, because small orifice
diameters tend to get clogged easily and high figegressure is not always available.
An aerated liquid injector (also known as an eféscent atomizer), on the other hand,
can easily provide dense sprays of fine dropleth Vaiw injection pressures and large
orifice diameter by introducing gas bubbles inte flquid stream inside an injector.

Aerated injection is similar to the flash atomipatibecause it produces gas bubbles
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inside the injector for promoting atomization. Haeg unlike flash atomizers, aerated
injection can easily control the amount of bubblesd their sizes without the
complications of dissolving gas or heating the iligto its boiling point. The aerated
liquid injector allows large exit orifice diametbecause atomization quality depends on
liquid sheet thickness rather than the orifice diten Moreover, the aerated atomization
generates fine spray at low injection pressuresl@andyas flow rates for a wide range of

operating viscosities.

The dense spray region near the injector is opgicgdaque for Phase Doppler
Interferometry, e.g. Phase Doppler Particle Analyz¢PDPA). Moreover, two-
dimensional methods, e.g. shadowgraphy, have lrdepth-of-field that renders them
impractical for measuring droplet sizes and velesitof three-dimensional spray
structure. Miller et al. (2008) have successfulsed digital holography to probe the
droplet sizes of an aerated liquid jet in crossfeivdownstream distances between, x/d
25 and x/d = 50 using a single laser beam. They used two adsthdigital inline
holography (DIH) and digital microscopic holograpf@MH) (also known as digital
holographic microscopy), and demonstrated that tthe methods are suitable for
measuring the properties of the dense spray regnohinsensitive to the non-spherical
droplets. They concluded that DMH is the best metHor providing valuable
information about the small droplets encounteredhm spray because of its ability to
resolve very small details. In spite of their ef§ophowever, there is still a lack of data on
droplet velocities in the near field. There is askack of data on droplet sizes and droplet

velocities very near the aerated injector {®5).
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Kim and Lee (2001) studied the two phase interloa pattern inside the aerated
injector for different GLRs (Gas Liquid Ratio) bging a transparent aerated injector and
pulsed shadowgraphy. The flow patterns inside #ratad injector could be classified
into three regimes as follows: bubbly flow reginm@ermittent flow regime, and annular
flow regime. When the GLR is small, the flow patténside the injector becomes bubbly
because small bubbles are distributed through@uligiid. However, at a large value of
GLR, a liquid layer is formed along the wall of timpector exit passage and the internal
flow pattern becomes annular. At the intermediateRGthe internal flow pattern

randomly wanders between the bubbly flow and anrfldes regimes.

Lefebvre et al(1998) investigated the influences of nozzle geomelesign on
atomization performance. They concluded that exiice diameter has little effect on the
mean droplet sizes. Buckner and Sofld®91) investigated effervescent atomization of
high viscosity fluids in the annular flow regimehdy concluded that mean droplet
diameter is sensitive to GLR but nearly independ#nliquid viscosity, fluid supply
pressure, and mixture mass flow rate as shown gar&i1-6~1-8. Lund et a{1993)
reported the influence of surface tension on effecent atomization. They found that

drop size decreases with an increase in surfasgteas shown in Figure 1-9.

Santangelo and Sojka (1995) investigated the nezzl@& spray structure of an

effervescent atomizer using focused image holographey divided the spray structure

into three flow regimes based on the GLRs. In bybldw regime, GLR < 2%, the
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breakup process is governed by individual bubblpagagion. A cylinder of liquid (a
trunk) breaks up into ligaments and droplets duadwidual bubble expansion as shown
in Figure 1-10. In transition flow regime the trun&came distorted and was replaced by
a ring of limbs, which formed a tree as shown igue 1-11. In the annular flow regime,
the trunk is greatly reduced in length, and a smathber of large limbs break up into a
higher number of thinner limbs and branches. Slahdr et al. (1996) reported
entrainment of ambient air into the spray produbgdigament controlled effervescent
atomizer. The advantage of this atomizer is tongean drop sizes below 70 um, and to
reduce atomizing air consumption by less than 0.00%y found that entrainment
number which is function of steady entrainment eatd momentum rate is insensitive to
liquid physical properties but increases with GMRade et al(1999) reported that the
spray characteristics of an effervescent atomiperaiing in the MPa injection pressure
ranges. The Sauter mean diameter (SMD), an indicditaneter of the drop whose ratio
of volume to surface area is the same as that efetitire spray, decreases with the
increase in injection pressure. Spray cone angke mad influenced by the exit orifice

diameter but increased with the increase of GLRthadnjection pressure.

Lin et al.(2001 and 2002) studied the spray structure ofadrated liquid jet in
crossflow using PDPA and pulsed shadowgraphy. Tteported that as the GLR
increased, the droplet distribution in the spraynp changed from multi-dispersed to
mono-dispersed. They also suggested a correlaborthe penetration height of the
aerated liquid jet injected in crossflow. Sallanmak{2006) investigated primary breakup

of round aerated liquid jets in supersonic crossflasing single- and double-pulsed
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shadowgraphy and holography. For GLR greater #%anthe aerated liquid jet was in
the annular flow regime, and spray cone angle amthee breakup properties along
upstream and downstream of the liquid sheet wendasi indicating weak aerodynamic
effect as shown in Figure 1-12. They developedreetation for the aerated liquid sheet
thickness as shown in Figure 1-13. Miller et a0Q@) used two injector exit diameters of
1mm and 5mm, GLR of 4% and 8%, jet-to-freestreamrmerdum ratios of 0.74 and 4 to
investigate the spray structure at two location2®fand 50 jet diameters. The effect of
GLR on the mean drop sizes is shown in Figure 1Th. increase in GLR from 4% to
8% reduced the SMD probably due to the squeezifertedbf the liquid sheet. The
variation of the exit diameters influenced the nembf droplets produced but not the
droplet sizes. The jet-to-freestream momentum fato had an effect on controlling the
spray plume penetration. At the same GLR, the SMI3 mreduced between two different
downstream locations of /& 25 and x/gd= 50. They suggested that this effect was due
to the secondary breakup. However, they did ndbparany velocity measurements and
therefore could not measure the rates of breakuphennear field. A velocimetry
technique capable of probing the near-injectoraegs needed to measure the rates of

breakup in this region.

1.4 Specific Objectives

In view of the recent findings about digital holaghic diagnostics of near injector

region, the specific objectives of this study wasdollows:
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1. Develop an inexpensive DMH technique for the negector region using a

commercial grade CCD.

2. Decrease the uncertainty of spatial measuremergpanwise direction and increase

the spatial resolution in spanwise direction uslogble view DMH.

3. Find droplet velocities in three-dimensions by kiag their displacements during the
time interval between the double-pulses in theastrgise and cross-stream direction and

by tracking the change in the plane of focus ingb@nwise direction.

4. Validate that DMH is a robust tool for investigatithe dense spray near the injector
region of aerated liquid jet in crossflow that igtioally opaque to other non-imaging

methods such as PDPA.

5. Complete new measurements and construct a date sate dimensional maps of
the spray structure for aerated liquid jet in cfiossin the near-injector region (0 < %/d

< 25).

1.5 Organization of the Dissertation

This dissertation is organized into five chapter&l dwo appendices. The problem
statement, previous related studies, and spedjectves of the present study have been
presented in the first chapter. The second chagéscribes experimental methods

including the optical setups of digital holographitagnostics, validity of digital
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microscopic holography (DMH), and uncertainty meaments. The experimental results
are presented and discussed in the fourth chapteally, the summary and main
conclusions of the present investigation and recendations for future study are
presented in the fifth chapter. The two appendd=s with drop size distribution, and

provide high resolution reconstruction hologramshef electrospinning polymer jets.
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Figure 1-1 Schematic of electrospinning experimesgtup.
The polymer jet moves toward the plate and the ingndstability region
is indicated by the grey triangle (Shin, et. abQ2).
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Figure 1-2. Modes of droplet and liquid jet fornoais
in the electrohydrodynamic (EHD) spraying (Jawaaekl Krupa, 1999).
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Figure 1-3 Bending instability (Yarin et al., 2001)
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Figure 1-4. (a) Axisymmetric (b) non-axisymmetmstabilities. E is an external electric
field, A denotes perturbations of the surface charge gef3i{Shin et al., 2001).

Figure 1-5 Bead formation process at differenttioces from the needle tip. Images from
(a) to (h) correspond to 1, 3, 5,7, 9, 12, 15, 3Bidm (Zuo et al., 2005).
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Figure 1-7 Influence of gas liquid ratio on meaapdsize
for three mass flow rates (Buckner et al., 1991).
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Figure 1-9 Influence of air liquid ratio on mearmpksize
for two surface tensions (Lund et al., 1993).
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Figure 1-10 Sketch of bubbly flow regime near itpe¢Santangelo et al., 1995).
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Figure 1-11 Sketch of tree regime near nozzle straSantangelo et al., 1995).
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CHAPTERII

EXPERIMENTAL METHODS

Two different methods of digital holography wereasxned in the present study. The
first was digital in-line holography (DIH), whichelied on the use of either one
collimated beam falling directly on the CCD sengwriwo collimated beams which were
combined with a beam splitter and sent to the C&@n inline configuration. The two
beam setup can be used when the spray is densmaladblock potentially the majority
of the collimated beam passing through the sprByH could capture a large field of
view and its experimental setup is simple. Fohbrgmagnification, but smaller field of
view, digital microscopic holography (DMH) was usd2MH uses a single expanded
beam falling on the CCD. This method provides &rghesolution allowing smaller
droplets to be seen. This technique removes tvtbeofenses that were necessary in the
in-line setup which greatly reduces the aberrat{pa. an imperfection in image

formation by an optical system) introduced by #resks.

2.1 Optical Setup

2.1.1 Digital In-Line Holography (DIH)

The optical setup consisted of two frequency dalibld: YAG lasers (Spectra Physics
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Model LAB-150, 532 nm wavelength, 7 ns pulse dorati The beams were combined
using a polarized beam splitter cube. The regultiam then passed through another
polarized beam splitter cube, which only allow$eitthe horizontal or vertical portion of
polarized light to pass through while the othertiparis reflected and directed to a beam
dump located at the side of the cube. This contioimaof half wave plates and beam
splitter cubes controls the intensity of the beafe beam then passed through another
half wave plate and polarized beam splitter cubespbt the beam into object and
reference beams. The reference and object beamgp#ssed through a series of mirrors
for positioning, and then passed through two 20ealve lenses and 76.2 mm diameter
convex lenses with focal lengths of 150 mm. Thgdbbeam then passed through the
test section and fell directly on the CCD as shawhigure 2-1. The CCD that was first
tested was a cooled interline transfer CCD cam€@omoke, Model: PCO 2000) having
2048 x 2048 pixels that were 7.4n wide by 7.4um tall. The reference beam passed
under the test section and was then directed bpdk the CCD and combined with the
object beam by a beam splitter. The magnificati@s introduced by using a convex
lens with a focal length of 300 mm as relay lerterahe test section, and the magnified
hologram was then captured by the CCD. After théodram is recorded, it is
reconstructed using the convolution type approachichv solves the Rayleigh

Sommerfeld formula for reconstruction of a wavédfigkreis et al., 1997).

The method of average intensity subtraction is usedhe current setup to

suppress the DC term when reconstructing the hatogand the current setup neglects

the out of focus virtual image because its effegmall enough that droplets can still be
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resolved and measured accurately. When the snagtails need to be examined a relay
lens must be introduced to provide magnificatiohisTworks adequately for low levels
of magnification but aberrations in the relay ldegin to become a problem at higher
levels of magnification. A reconstruction of a riegion target that was recorded using
this method is shown in Figure 2-2 where the altierra introduced from the relay lens
can be seen clearly. The noise in this image pasasge problem for an automatic drop

detection algorithm which is based on the intengigdient within the image.

2.1.2 Digital Microscopic Holography (DMH)

For the digital microscopic holography (DMH) appzbamuch of the same setup as
described above was used except only one beamsedsthiat was expanded, and then it
passed directly through the test section to the GGSshown in Figure 2-3. Digital
microscopic holography can measure very small ¢bjdxy employing a spherical
reference beam instead of the collimated plane bdaon good resolution of holograms,
the distance between CCD and the object has toihenired. For good holograms of
high magnification, the objective lens should be& pear to the object and the CCD
sensor should be placed far from the object. Desthis relationship between
magnification and resolution of holograms, theltdiatance Ad) from the objective lens
to CCD sensor plays the primary role in reconstngcholograms. In this study the total
distance Ad) used for good focused holograms was 810 mm tlamdlistance between
objective lens and the liquid jet was 560mm, arel distance between the jet and the
CCD was 250mm. In the present experimental setup,Nd:YAG lasers are used to

generate two independent laser pulses. The ityeoStwo aligned lasers is controlled
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by two ¥2 wave plates, and the laser beams are dggdahrough an objective lens (M 5x)
and a 15 um pinhole. The two lasers are fired pylae generator with different delay
interval times At) to measure the jet velocity. Initially the hgtams were captured on a
cooled interline transfer CCD camera (Cooke, ModeCO 2000) having 2048 x 2048
pixels that were 7.4m wide by 7.4um tall. A commercial grade CCD (Nikon D-70 ~
$700) was then tested for holographic recordinggit@l magnification can be introduced
during the reconstruction after the hologram hasnbescorded. This is done by
manipulating the equations used in reconstructibhe manipulation comes in the form
of relocating the virtual source point used in restouction. However, this does not
improve the actual resolution of the image. Thwiacresolution is controlled by the
distance from the object to the CCD, the wavelewndgttne light, and the pixel size of the

CCD. The equation for the resolution is given loygars and Jueptner (2005) as:

AE =2d / NAX (2-1)

where A§ (um) is the resolution) (um) is the wavelength of the light, gn) is the
recording distance from the object to the CCD, Bhesnumber of pixels, antk (um) is
the pixel size. The setup used in this study lypttal resolutions on the order a =
10 um. Figure 2-4 shows the reconstruction of the saeselution target that was
recorded in Figure 2-2 using the DIH. The commaribetween the resolutions of the

two methods is in favor of DMH.
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2.1.3 DoubleView DMH

Double view digital microscopic holography (DMH) svaised to investigate the three
dimensional motion of the polymer jets. To redtive high uncertainty in the spatial
measurements of the three dimensional trajectampogonal double view DMH was
employed. The optical setup of the orthogonal é®ulew DMH is shown in Figure 2-5.
A pulsed laser (Spectra Physics Model LAB-150, 588 wavelength, 7 ns pulse
duration) was used as the light source and two Gé&i3ors (Nikon D-70, & D-80), were
used to record two orthogonal holograms as illtstian Figure 2-5. The laser beam was
split to construct double view DMH. The orthogordduble view holograms were
instantaneously recorded on the two commercialeg@@D sensors during the 7 ns pulse

duration, and reconstructed numerically (SchnadgsJareptner, 2005).

2.2 Experimental Apparatus

2.2.1 Microjets

The water was first filtered with 0.2m pores to prevent the 1Qdn orifice from
clogging before it was used to fill the injectosasbly. The internal geometry of the
micro liquid injector is shown in Figure 2-6. Twaashers are used to house the orifice
and the two rubber rings used for sealing purpodése water was injected through the
orifice using compressed air which was stored mamk upstream of the injector. The
injection pressure was measured using a presswgegaithin 2% uncertainty. To
measure the velocities of slow moving droplets diteYAG laser (Spectra Physics
Model LAB-150, 532 nm wavelength, 7ns pulse durgtiand an external shutter were

used. One laser can provide double pulses by tisenghutter. However, double pulses

31



from one laser were not suitable for measuring creés of fast moving droplets. The
reason is that the delay timat( between double pulses generated by one laser was
100ms limited by the laser repetition rate (10 HzZlhe 100 ms is too large for the
velocity measurement of the droplets resulting it breakup of 100um liquid jet. As

a result, two Nd:YAG lasers are needed for velogiBasurement of fast moving objects.
The exposure time of the commercial-grade CCD waat2 seconds, and the delay time
between the double pulses was controlled by a pygserator. When two Nd:YAG
lasers are controlled by using a pulse generdterQ-switch delay time of each laser
plays a role in determining delay timat) between the double pulses. The Q-switch

delay time was measured using an oscilloscope amdi@ detector.

2.2.2 Electrospinning of Polymer Jets

The schematic of experimental apparatus is showigare 2-7. A nozzle (capillary
tube) with 0.5 mm diameter was attached to a cyiltatl chamber (constructed of type
304 stainless steel) having the diameter of 100 amaeh the height of 300 mm. The
polymer solution is injected using air flow ratetlwconstant suitable injection pressure
controlled by a rotameter connected to the airquesline. A high DC voltage power
source (Glassman high voltage EL Series) was coatiéo an electrode attached to the
nozzle. Electric fields ranging from 5 kV to 15 kiére applied to make stable cone jets
at the nozzle tip and the distance between thel@@r the grounded collector was 105

mm.

32



2.2.3 Aerated Liquid Jetsin Crossflow

The aerated liquid jet breakup experiments werdopeed in a subsonic wind tunnel
with a test section of 0.3 m (length) x 0.3 m (h&igc 0.6 m (width). This test section
had float glass side walls and floor, and acrykdileg to provide optical access. The
range of air velocities was from 3 m/s to 60 m/a@imal temperature and pressure. The
wind tunnel’s contraction ratio is 16:1, and thdoeéy inside the test section has a
variation within + 1% of the mean free-stream vélocAir velocities in the wind tunnel
could be measured within = 2%. The test liquid wagplied from a cylindrical chamber
(constructed of type 304 stainless steel) havid@mmeter of 100 mm and a height of 300
mm, and the aerating gas for mixing with the liquids provided from a stainless steel
static pressure tank with a volume of 0.18and an air pressure limit up to 5000 kPa.
An aerated injector has been installed on the @mcegliling of the test section to provide
optical access. The exit diameteg)(df the aerated liquid injector used for this eesh
was 1.0 mm. Aerating gas supplied from the stotagk comes in to meet with the liquid
inside the nozzle by traveling through the inndret@nd passing through 10é holes
located near the end of the injector as shownguréi 2-8. The jet, at sufficient GLR (the
value of GLR at which the injector delivers an dandlow is design dependent), forms
an annular-type spray of two-phase flow composed ghs core surrounded by a thin
liquid sheet. Air pressures up to 1.1 Mpa was usdthe aerating gas, and water, also

pressurized to 1.1 Mpa, was used as the liquid.

The schematic diagram of experimental apparatukidimg optical setup is

shown in Figure 2-9. The flow rate of liquid andasng gas for effective GLR was
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controlled by a rotameter type flow meter. The neg@error of air flow rate was within £
3 cc/s, and that of water flow meter was within.82cc/s. Therefore, the gas flow rate
measurement has the maximum uncertainty of 28%theutmaximum uncertainty in the
liquid flow rate measurement is decreased to 6%n aluminum black breadboard was
installed under the wind tunnel test section fasyewmuting of the double pulsed lasers
from an optical table to the wind tunnel test settiMoreover, this breadboard has a rail
that can be moved horizontally. This was usedraeetse the CCD camera and the
objective lens and the spatial filter assembly witimm accuracy. The schematic of
double pulsed inline digital microscopic holograpkyshown in Figure 2-3. Two laser
beams were combined by a polarized beam splitteo. different beams, reference beam
and objective beam, are needed for the digitaldralghy. However they can be within
the same expanding beam as shown in Figure 2-3.inlime digital microscopic
holography, the portions of the beam which are fectfd by the object can be used as
the reference beam. The holograms were captured @ooke Corporation cooled
interline transfer CCD camera (Model : PCO 2000)img 2048 x 2048 pixels. Two laser
pulses were synchronized with the double exposare bf CCD by a pulse generator.
Two frequency doubled Nd:YAG lasers (Spectra Plsydviodel LAB-150, 532 nm
wavelength, 7 ns pulse duration, and up to 300 ptidad energy per pulse) that could be
fired with a pulse separation as small as 100 ne weed as the light source. The two
laser beams were aligned with a polarized beanttespbube, and their intensities were
controlled by two half wave plates as shown in Feg@-3. A photo detector and an
oscilloscope (Lecroy model 9314L, 300Hz bandwidtMpt memory depth, 100Ms/s

sample rate) were used to measure the separatien lietween the two pulses. An
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objective lens (M 5x) and a 15 um pinhole were useekpand the laser beam for digital
microscopic holography. The distance from the lightirce to the CCD was recorded
within 1 mm accuracy during the test since it i®ded for the digital reconstruction

process.

2.3 Instrumentation

When the digital hologram is stored on the CCD geriscan be easily reconstructed by
a numerical algorithm (Schnars and Jueptner, 208f¢r the reconstruction process,
three-dimensional volume information is expressgdrany reconstruction holograms
focused on each two-dimensional plane. In ordi2aBytechniques an image of an object
of known dimensions would be captured and a glaadibration could be applied.
However, this same technique can not be used éoDYiH because objects closer to the
CCD sensor appear smaller than those farther ageguse of the use of expanding laser
beam in the recording process. In the presentysfiodr pins with the same diameter
(dpin = 0.5mm) as shown in Figure 2-10 were used taapactalibrate the reconstructed
holograms. The spacing among four pins was reseéct5 mm in the spanwise
direction, i.e., laser beam direction. The holagrfar spatial calibration was obtained
with a distance of 550 mm between objective lend @D, and the Q-switch laser
energy used was 52.8 mJ/pulse. Figure 2-11(a) stimevoriginal hologram of four pins
and reconstruction two-dimensional image at thetldgp 76 mm. When a pin on the
original hologram is reconstructed in a two-dimensl plane, the others are out of
focus. The second pin in Figure 2-11(b) is veryuked, but the other pins are out of

focus because this hologram was reconstructedeatiepth of 76 mm. Four pins have
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been consecutively reconstructed with 3 mm distamegval of ranging from 70 mm to
79 mm as shown in Figure 2-11(b). In other woettsyal distance (the spacing of four
pins) is 5 mm, but each pin was reconstructed Wiéhdistance interval of 3 mm. The
spanwise actual distance was determined by this r&@ecause of expanding laser beam
diameter, the reconstructed image of each of tlemtichl four pins had different
diameter. Figure 2-12 shows the spatial calibratedationship used in the present study.

The linear correlation of Figure 2-12 is as follows

Y =-0.021X + 5.591 (2-2)

where Y is the ratio of pin diameters (um/pixelaflaX is the reconstruction distance
(mm). The streamwise actual distance and crosssattactual distance can be
calibrated with this equation by counting pixel ragnfor all reconstruction holograms.
Thus, this equation becomes very useful for gettthg actual distance in each

reconstruction two-dimensional plane.

2.4 Test Conditions

2.4.1 Microjets

A micro injection system which is flexible to thiemnation of different orifices with the
diameters of 10@m, 25um and 1im was designed and installed into the shock tubie te
section of 60mmx40mm. Jet exit conditions werdtéoh to jet exit Reynolds number
(Re)) of 2500~5800, jet exit Weber number (Mvef 900~4900, liquid/gas density ratio

of 690, liquid jet Ohnesorge numbers (QPlof 0.013, and gaseous crossflow Weber
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number (We) of 13. Ohnesorge number indicates the ratio ah#arnal viscosity force

to a surface tension force.

2.4.2 Electrospinning Polymer Jets

Two solutions with concentrations of 0.5% and 2.0Ppolyethylene oxide (PEO) with
an average molecular weight 9x105 g/mol in digtillevater were used at room
temperature. The surface tension and the dynanscosity of the solutions were
measured with the less than 10% uncertainty ustegsionmeter and a viscometer. The

test conditions used in this study are shown indahl.

2.4.3 Aerated Liquid Jetsin Crossflow

Operating condition for aerated liquid jet in sulisacrossflow is shown in Table 2-2. An
aerated injector with the exit diameter of 1 mm wested at the GLR of 8%. To
maintain a GLR of 8%, a water flow rate of 1.45cutsl an air flow rate of 103cc/s were
used. The injection pressure of 1.1MPa was usethéaerating gas and the liquid. The
properties of the water used for aerated liquidijete as follows: density = 999 kg/m
surface tension = 0.00734 N/m, kinematic viscosity.12 x 10-6 rffs. To hold the jet-
to-freestream momentum flux ratio,cat 0.74, the wind tunnel was set to a speed,of u
=61 m/s. The averaged jet velocity was 30.0 nmd,feee stream Mach number (M) was

0.18.

Holograms were digitally recorded at the range/d§x0 ~ 22.5 and yig 0 ~ 27

to probe the near injector region of the aerategdidi jet. The field of view of the
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holograms with high resolution was 9 mm x 9 mm.oMercome this limited field of

view, the dense spray region of y#d ~ 22.5 and yigk 0 ~ 27 was divided into several
investigation windows. At each of the investigatwimdows holograms were recorded
starting at the top of the test section and therimgothe CCD sensor and the objective
lens down in 9 mm increments which is the heighthef CCD sensor. The CCD sensor

continued to be lowered until no more droplets appe.

After the holograms were digitally recorded, thegrg then reconstructed at
spanwise distances at increments of £ 0.17 mm ¢haowt the spray volume. The
reconstruction range was determined such thatuiidcoover all the droplets in the spray
at that particular location. The maximum range @fonstruction depth of spanwise
direction was + 13mm. In each of the reconstructimlograms the focused droplets
were used to measure droplet diameters, locatantsthree-dimensional velocities. The
SMD was then calculated by averaging the dropleimeéiers over five spanwise

incremental distances equaling 0.83 mm.

2.5 Validity of theDMH in the Near Injector Region

2.5.1 Hologram Reconstruction

A single pulse hologram for 100 um liquid jet gexted with injection pressure of 345
kPa was digitally recorded by commercial grade C@likkon D-70) and numerically
reconstructed. Figure 2-13(a) shows the recoradogham which was obtained using a
5x objective lens and a pinhole of 15 um. Theatliseé from the light source to the micro

liquid jet was 550 mm, and the distance betweendhand CCD was 220 mm. The
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black area at the top of the hologram is the eddbeoinjector. Figure 2-13(b, c, and d)
shows the reconstructed two-dimensional imagesegthdof 301mm, 306mm, and
311mm, respectively. These images have been alofieclarity, but the original
images were squares with size of 20002000 pidéls.images reconstructed at 301mm
and 306mm are visible but out of focus. Howeverithage reconstructed at 311mm is
focused and the edge of the liquid jet is very gharThese reconstructed images
demonstrate how the droplets come into focus &réifit depths. In addition, the image
reconstructed at a depth of 311 mm shows thatdigtiis straight because the column as

a whole is well focused at a specific distance ftaenCCD.

2.5.2 Velocity M easurement

The reconstruction of a double-pulsed hologram wapt on the same frame using a
commercial-grade CCD camera is shown in Figure .2-THe time interval between the

double pulses was controlled by a pulse generatmaeasured by a photo detector and
an oscilloscope as 4 us. For velocity measuretherdisplacement of the drops between
the double pulses was determined with the centenads of drops, and divided by the
time interval between the pulses. The displacememhm was determined using the
scale calibration graph. The velocities of thepdravere measured with uncertainty of
less than 10% in all cases. The drop velocitiesemsed with the increase in injection
pressure as shown in Figure 2-15. Velocities meashy DMH were almost similar to

the assumed jet velocity given by the Bernoulliaen (2-3) (Munson et al., 2006):

V; = (2AP/p)*? (2-3)
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where AP is pressure difference across the nozzle mmsl the liquid density. The
assumption of Equation 2-3 are incompressible flwdry thin walled orifice, and

negligible viscous losses

2.5.3 Breakup of Liquid Jetsin the Near Injector Region

The different breakup modes of micro liquid jets fet exit Reynolds numbers (Re
ranging from 2500 to 5800 and jet exit Weber nun{bée.) ranging from 900 to 4900
are shown in Figure 2-16 (a~f). The breakup stmestwf micro liquid jets for the
variation of jet exit Weber numbers were differéine to the effects of increases in the
velocities of liquid discharge as shown in Figuré&(a~f). Figure 2-16 (a) shows the
capillary structure with axisymmetric wave. Theuiid| jets become more deformed with
the increase in jet exit Weber number. The breakumicro liquid jet in still air was
characterized by rapid fluctuations of the jet sresctional area as shown in Figure 2-16
(b~f). The bag breakup mode of macro liquid jegy@seous crossflow (We8) is shown

in Figure 2-17 (a). Present micro liquid jet in gasgs crossflow (We=13) experiences
bag breakup as shown in Figure 2-17 (b). This bagkup mode is similar to that of
macro liquid jets in crossflow with the formatioh lmag-drops with diameters 10% of

jet diameter for Wg>5.

2.6 Uncertainty Analysisof Singleview DMH
2.6.1 General formulation
There are four kinds of experiments for measureroanértainty analysis, which are the

single measurement measurand experiment (e.ggke simeasurement of pressure), the
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single measurement result experiment (e.g. a swelteity measurement of an object on
the basis of time and displacement measuremeh&sntitiple measurement measurand
experiment that determines averaged value with nmapgated measurements (e.g. the
mean pressure determined from the repeated measut®m and the multiple
measurement result experiment (e.g. the mean sutéasion of a liquid determined by
the repeated surface force and length measurem@&usj, 2005). In the present study,
all the measurements were conducted at least timess under the same operating
conditions. The uncertainties from the repeatedsuements were determined by the
analysis of Crow et al. (1960) on the basis of tHastribution. By assuming that the
sample is a random one with the measurements fiolgpw normal distribution, the

uncertainties can be calculated using the follovégqgation:

s
U==t,,., T (2-4)

where s is standard deviation, n is the numberaniptes of data, t denotes the t-
distribution, and (1) is the confidence level. All the uncertaintiepaged in the present

study are taken at 95% confidence level.

Uncertainties resulting from the image analysisezonstruction holograms have
been performed on the basis of the single measunteamalysis of Moffat et al. (1985).
In the analysis, variables Z consist of functiomsther independent variables, @s

follows;
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Z:f(zl, 2, 23,.)2 (2'5)

The uncertainty of the result Z is then given by fibllowing expression;

AZ |&f(onz . Y
7_[;( oz, Azij ] &9

whenAz; is the uncertainty value of a variable®he overall uncertainty of Z depends on
the individual uncertainty of each measured vaeabt;. All the uncertainties measured

in the present study are taken to be those fo@5€ confidence level.

2.6.2 Spatial calibration uncertainties

All the measured quantities should be compared \wittrue, known value for the
accuracy of the measurement. In the present stydyematic errors that arose from the
image analysis process could be reduced usingptteakcalibration. All measurements
of reconstruction holograms were at first perfornregixel dimension, but converted to
metric dimension using the spatial calibration. Teeonstruction distances could be
calibrated into actual distance in spanwise dioectoy the spatial calibration. Two
conversion factors are needed for the spatial rzdldn. A conversion factor, R, is given

by the following equation.

D,, (um)

"D, (pixely (2-7)
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where DOy, is the known pin diameter measured in metric dsrem and [Q is the
diameter measured by counting the pixel numbersabbration pin images focused at
each different spanwise distance. The factor,sRthé function of the reconstruction
distance (or spanwise distance) because of thefuiee expanding laser beams. The
uncertainty of the conversion factor, R, variedwhe different reconstruction distances
as shown in Figure 2-18. The uncertainties of tbeversion factor, R, for different

spanwise locations were determined by the follovaqgation.

AR/R=-0.0085X + 2.2366 (2-8)

where X is the reconstruction distance (mm). Theotonversion factor, S, is the ratio
of the gap distance between each pin to the difterdoetween reconstruction distances

where each pin was focused.

s G,,(mm)
G (mm)

(2-9)

Gn is the known gap distance between each calibragtiorand G is the reconstruction
distance difference between the planes where eaclwgs focused. The conversion
factor, S, resulted from the numerical reconstanctprogram. The distance from the
CCD sensor to the objective lens is used for thmerical reconstruction process.
Without the accurate measurement of the distancenilimeters, the reconstruction

distances produced during the numerical reconsbrugrocess would be incorrect. The
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factor, S, was used for the conversion of the rstrantion distance to actual distance in
the spanwise direction (normal to camera) and detexd the accuracy of measurement
of droplet locations in spanwise direction. Theemainty of R is estimated from 1.56 to
1.64% within the given reconstruction distance emnfyjom 70 to 79 as shown in Figure

2-16.

2.6.3 Spherical drop size uncertainties

The diameter of a spherical droplet is given byftlewing equation
dm [um] =f (dy, R) = ¢ [pixels] x R [um/pixels] (2-10)

where 6, is diameter in metric dimension, id the diameter in pixels. Applying Equation
2-6, the overall uncertainty of a spherical dromlah be obtained using the following

equation:

1
2

Ady, _|(2In(dn) , 4 2+[MARJZ (2-11)
dm aod P OR

p

The measurement error of +1 pixel on each boundaayg indicated with repeated
measurements of the size of a single drop. Thesettor results in an uncertainty of £2

pixels in the diameter measurement.
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Ad, _[{LZ] _,_(ﬁjzl (2-12)
d, |ld, R

The overall of uncertainty &fd,, then becomes:
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The uncertainty in size measurements of a dropffectad by the uncertainty of the
calibration measurement as shown in Equation 213 uncertainty given by Equation
2-13 can be used to calculate the volume-averagedrtainty of the spherical droplet

size measurements.

2.6.4 Equivalent drop size measur ement

Most droplets are non-spherical in dense spray megear the injector. In the present
study, the non-spherical droplets were assumedcetellipsoidal droplets and measured
with major and minor axes in pixels. For the thoBmensional drop distribution the

spherical equivalent diameter was used. The eanvakpherical diameter was

determined with the diameter of a circle with tlaeng area as an ellipsoidal drop. The

equivalent diameter of a drop is given by the folltg equation

Geq.m[UM] = f(hp, Gop R) = R(d)p X Chp)™? (2-14)
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where dqm is an equivalent drop size in metric dimensiond ahy, and dn, are
respectively the major and minor diameters of diptel drop in metric dimension.
Applying Equation 2-6, the overall uncertainty dfetequivalent diameters can be

obtained using the following equation:

1
2

Adeq,m _[(aln(deqm) Ad ] _’_(MAR] ] (2-15)
d od P oR

eg.m p

The measurement error of +1 pixel on each boundeayg indicated with repeated
measurement of the size of a single drop. Thuseth@ results in an uncertainty of +2

pixels in the diameter measurement.

1
2

Adeq'm—l[ 1 ] J{ 1 ] +(ARJ ] (2-16)
degm d,, d,, R

The average uncertainty obtained by Equation 2-26 @.8% and the maximum and

minimum uncertainties in the equivalent drop sizeasurements were 36% and 3%,

respectively. The overall of uncertaintyade, mthen becomes:

d
Adgy = d—""pR2 +dﬂR2 +d,, - d,, -AR? (2-17)
1p 2p
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The uncertainty obtained by Eq. 2-17 was used ltulzde the uncertainty representative

(volume-averaged equivalent uncertainty) of thei\eadent drop size measurement.

z digAdeq..m.i
Adgg =" (2-18)

>
i=1

where n denotes total number of drops measured. Midemum volume-averaged

uncertainty calculated by Equation 2-18 was founde approximately 6 um.

2.6.5 Drop position uncertainty

The drop locations in streamwise and cross-streia@ctibns were measured relative to
the tip of the aerated liquid injector, and hawe same uncertainties as the spherical drop
diameter measurement. The maximum and minimum taicBes in drop location
measurement were 8% and 1.6%, but the average taimtgrwas 1.7%. The drop
locations in spanwise direction (normal to came&raje determined by the reconstruction
distance in which the drop appears in focus on rdgmonstruction hologram. The
uncertainty of drop location measurements in sps@wdirection is related to the
minimum reconstruction distance used in the prestaty for the drop position
measurements. The minimum change of the reconstnudistance was 0.167 mm. Thus,
the uncertainty of droplet locations in spanwisection would be at least £167 um and
the average error of the spanwise displacemertteofitops was found to be 33%. The
uncertainty of drop locations can be neglectedtdube large values of xJ@&mployed in

the present study.
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2.6.6 Drop velocity uncertainty
Three dimensional velocities of the spherical drgpgeamwise, cross-stream, and
spanwise velocities) were calculated by the follgywequation. The cross-stream velocity

was calculated by the following equation.

u (m/s):d—m = d, xR (2-19)
" At At

where y, is cross-stream velocity in metric dimension. Plése separation timat, was
determined with an oscilloscope and a photo detedioe error in measuring a pulse
spacing of 47us was negligible in the present nreasents. Therefore, the uncertainty in
measurements of the three dimensional velocitiethessame as the droplet position
uncertainty. The drop positions in the streamwise a&ross-stream directions were
measured relative to the tip of the aerated injeetod have the same uncertainties as the
spherical droplet diameter. The overall uncertaimty cross-stream velocity was

calculated by the following equation.

Au - (ij _,_(ﬁjz (2-20)
u, d, R

The maximum uncertainty of cross-stream velocity \2& and the average uncertainty

was 1.9%. The same process can be applied tortarsiise and spanwise velocities of
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droplets. The maximum uncertainty of streamwiseosiey was 7% and the average

uncertainty was 2.0%. However, the average uncgytaf spanwise velocities was 33%.

_[@):(d_pmj j 021)
At At

The volume-averaged uncertainty of the cross-streglocities was calculated by Eq. 2-
21. The volume-averaged uncertainty is the uncestaiepresentative of velocities for
the entire drop size distribution at a specificipos. The volume-averaged uncertainty
of the cross-stream velocities was found to be @pprately + 0.35m/s (8% max). The
same process applied to the streamwise velocitidsttze volume-averaged uncertainty

of streamwise velocities was found to be approxaiyat 0.38m/s (5% max).

2.6.7 Sauter mean diameter uncertainty
The SMD of a drop size distribution is a diametdriah is defined by the following

equation:

eqi eqi

SMD = Zn:d3 Zn:dz (2-22)
i=1 i=1

By Equation 2-7, the uncertainty of SMD becomes:
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5 1/2

ASMD o(InSMD)
= Ad,, (2-23)
SMD 0,
From Equation 2-23,
8(|n SMD) 3 n . / n ,
“smp 2 fen | 20ean 224
od eqp SMD ; eqpi ; eqpi ( )

The uncertainties from the image analysis couldjbantified at each position in the
spray, yielding a maximum uncertainty of the SMD agiproximately 20%. However
there exists another uncertainty source due tdefisample sizes. Thus, the overall

uncertainty of SMD becomes:

512

2
ASMD _|( 8(InSMD ASMD
|| & )Adeq_p + ( j (2-25)
SMD od SMD ) g

eqp

where ASMD/SMD)sampie iS the uncertainty resulting from the finite samgizes. To
guantify the uncertainty from the finite sampleesizthe SMD measurements were
repeated four times for the near-injector regiohe Thaximum uncertainty from four
samples was calculated by Equation 2-4. The maximuocertainty in the repeated SMD
measurements for the near-injector region was 8.I%us, the overall maximum

uncertainty of SMD was found to be approximately524.
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When it comes to the number density of the drogsnmeasuring volume, another
uncertainty source exists. The uncertainty redudt® the lack of data due to the limited
depth-of-focus (DOF) in spanwise direction. In thdiinline holography (DIH), the
depth-of-focus can be determined by the followiatationship, which is defined as the
distance in which the drop image would appear shampugh for a good size

measurement (Meng et al., 2004 and Vikram, 1992).

T~— (2-26)

where d and\ are the droplet diameter and the laser wavelengtpectively. For
instance, a droplet diameter of 50 um and a wagéheof 532 nm result im of ~ 4.7mm,

or 94d. The depth-of-focus, however, of the digtatroscopic holography (DMH) is at
least one order of magnitude smaller than thahefinline digital holography (Sheng et
al., 2006). They found that the depth-of-focus dased from 10 to 2 particle diameters
with the increase in the magnification using objexienses of 10x, 18x, and 40x. The
depth-of-focus decreased from 4 um to 2.5 um vhiéhdecrease in the particle diameter
for particle diameters of 3 um and 0.75 um at 4Ggmification. The smallest drop
diameter measured in the present study was 16 pthn avdepth-of-focus of 18Qm
using 5x magnification. Some of the drops with dééens less than 14 um could have
been measured incorrectly because their depthcoffoorresponds to the reconstruction
distance increments employed in the present stadgpanwise direction (167um).
However the present SMD measurements were scaaffedgted by such small drops

because the SMD for each location ranged from S0@um.
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2.7 Double view DMH

The single view DMH worked well for the measurenseott droplet sizes, locations, and
velocities in streamwise and cross-stream direstidout increased uncertainties in
measurements of droplet locations and velocitiespanwise direction. To reduce the
uncertainties which arise from the measurementspanwise direction, the depth-of-
focus of reconstructed objects should be decreasddmaller reconstruction increments
should be used in the spanwise distance. Accuratesunements of three dimensional

droplet locations and motions can be accomplislyedidoible view DMH.

In the present study, the double view DMH was usegkduce uncertainty in the
measurements of the spatial growth of the threeedsinal bending instability of
electrospinning polymer jets and to increase thaialpresolution in spanwise direction.

The spanwise uncertainty of single view DMH was paned to double view DMH.

Front views of the bending instabilities are showfigure 2-19 for the following
test conditions: (a) 0.5% PEO solution and (b) 2.P®O solution at 5 kV applied
voltage and zero injection pressure. The blackspaftthe (a) and (b) are the Talyor
cones on the nozzle tips, and the electrospin@tsgmove down. The original holograms
were recorded with the field of view of 9.35x9.3mfAduring the laser pulse duration of
10ns. The front views shown in Figure 2-19 are magl@atching many reconstruction
holograms focused at different spanwise distanthsee dimensional trajectory of the
polymer jet could be measured with the single vieogram as shown in Figure 2-20.

The uncertainty in the spatial measurements wasdfda be approximately 2% for the
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front view and 30% for the span view. To reduce timeertainty in the span view
direction, orthogonal double view holograms wemawtaneously recorded using the
double view optical setup shown previously in Feg@-5 at the conditions of 7 kV
applied voltage and zero injection pressure. Twd&ensors of Nikon D-70 and 80
were used to record the holograms. The originabdraims were recorded with the field
of view of D70 (11.36 x 11.36 nf) and 80 (12.25 x 12.25 nijrduring the laser pulse
duration of 10ns. Two reconstruction holograms otilWle view DMH are shown in

Figure 2-21. Three dimensional trajectories of pwy jets were tracked with double
view holograms and are shown in Figure 2-22. Theertainty in spanwise direction
could be reduced qualitatively as shown in Figur22 The uncertainty of the

measurement in spanwise direction was found tgopeoaimately 2%. Additionally, the

jet splaying due to the bending instability and bead formation of polymer jets in-flight

are shown in Appendix B.
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Table 2-1 Operating conditions for electrospinrnangcess.

Solution Surface | Dynamic Tem Applied
PEO(g) | Water(g) . Tension | Viscosity o P- Voltage
Concentration(%) (dyne/cm)| (mm2/s) (°C) (k)
0.5 99.5 0.5 61.58 6.46 24 5~10
2 98 2 58.23 126 24 5~10

Table 2-2 Operating conditions for aerated liqeid |

do (mm) 1.0
M(-) 0.18
Qo(-) 0.74

GLR (%) 8

x/do (-) 0~225

yldo (-) 0~27
zldy (-) -13~13
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Table 2-3 Summary of test conditions for 0.5 mneatpr (Miller et. al., 2008).

do (mm) 05| 05| 05| 05 05 0p
M(-) 0.16 | 0.16| 0.07, 0.07 5 0.07 0.07
x/do (-) 25 25 25 25 50

Go(-) 0.74| 0.74 4 4 4

GLR (%) 4 8 4 8 4

QLinjected (CC/S) 0.33| 0.33 0.33 0.38 .33 0.33 33
QG njected(CC/S) 10.8| 21.7] 10.8 217 8 10.8 1.7

Table 2-4 Summary of present test conditions f@mim injector
(Present test conditions and (a) from Miller e28i08).

do (mm) 1.0/ 1.0/ 1.0 19¥|1.09|1.0?|1.09 | 1.0? 1.09 | 1.0%
M(-) 0.18/ 0.18{ 0.18| 0.18| 0.18| 0.0750.075| 0.18 0.0750.075
x/do ( -) 0| 9| 18| 25| 25| 25 50 50
d(-) 0.74| 0.74| 0.74| 0.74| 0.74| 4 0.7 4 4 4
GLR (%) 8| 8| 8 4 8 4 8
Quinjected (CC/S) | 1.45| 1.45| 1.45| 1.45| 1.45| 1.45 1.45 1.4 1.45 1.45
Qa.injected(CC/s)| 103 | 103| 103 49| 103 49 49 103
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Figure 2-1 Digital in-line holography (DIH) setuptivadditional reference beam.

Figure 2-2 Reconstruction of a resolution targ@gishe digital in-line
holographic method with magnification from a relags (PCO-2000).
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Figure 2-3 Digital microscopic holography (DMH) spt
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Figure 2-4 Reconstruction of a resolution targ@gisligital microscopic holography
method: (a) PCO-2000, (b) Nikon D-70.
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Figure 2-5 Optical setup of double view digital nescopic holography (DMH).
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Figure 2-6 Microjet injector
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Figure 2-7 Polymer jet during electrospinning pssce
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Figure 2-8 Schematic of an aerated injector
(inside out setup shown from Lin et al., 2001).
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Figure 2-9 Experimental apparatus.
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Figure 2-10 Schematic of four pins for spatial lwadtion.
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(b)

Figure 2-11 Hologram (a) recorded for spatial calilon and
(b) reconstructed at the spanwise depth of 76 mm fr@D Gensor.
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Figure 2-12 Spatial calibration between actualagisé and pixel numbers
for all reconstruction distances within the fieldvaew
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Figure 2-13 Digitally recorded holograms and retatsed holograms
at different depths. (a) Recorded hologram, (b)tBep01 mm,
(c) Depth: 306 mm, and (d) Depth: 311 mm.
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Figure 2-14 Double pulsed reconstructed imagesemsame frame with 4 ps delay
between the two laser pulses (The 100 um watés jabving from top to bottom).
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Figure 2-15 Experimental velocities measured by DiMéthod and
the theoretical velocities for different injectipressures.
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Figure 2-16 Breakup regime of micro liquid jet la¢ focation of x/g=1.5 ~ 4.0
(The 100um water jet is moving from top to bottom.): Imadaythrough (f) correspond
to We_ = 900, 3000, 3400, 3900, 4400, 4900 and
Re = 2500, 4600, 4900, 5200, 5500, 5800.
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Figure 2-17 Micro liquid jet breakup in gaseous $3ftow:
(a) Sallam et al. ref [13]:¢F 1 mm, We=8
(b) present: g= 100um, We,= 13, We= 900, Re=2500
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Figure 2-18 Maximum uncertainty of the spatial lodtion
for all reconstruction distances within the fieldveew
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Figure 2-19. Reconstruction holograms of electragptitrajectories with the single front
view for two different polymer concentrations, (8%% PEO solution and (b) 2.0% PEO
solution. Test condition: 5 kV applied voltage a®dlo injection pressure
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Figure 2-20 Three dimensional trajectory of thegtespun jet measured with the single
front view hologram of Figure 19 (b). The resuliy &nd (b) show the front and span
views of the three-dimensional jet trajectory, edjvely. The result (c) shows the three-
dimensional jet trajectory.

73



Figure 2-21 Reconstruction holograms of electrogptitrajectories with double view,
(a) front view (Nikon D-70) and (b) span view (Nik®-80) for 0.5%PEO solution. Test
conditions: 7 kV applied voltage and zero injectprassure
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Figure 2-22 Three dimensional trajectory of thetespun jet measured with the double
view holograms of Figure 21 (a) & (b). The resiésand (b) show the front and span
views of the three-dimensional jet trajectory, edjvely. The result (c) shows the three-

dimensional jet trajectory.
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CHAPTER 11

RESULT AND DISCUSSION

3.1 Aerated Liquid Jets

Double-pulsed digital microscopic holography (DM#as used for probing the dense-
spray near-injector region of aerated liquid jetiassflow. To overcome the limited field
of view, the dense-spray region has been dividéd mne investigation windows.
Droplet diameters, locations, and three-dimensiaedbcities were measured in these
nine investigation windows. For the flow visualipat of the dense-spray region the
spray structure map has been constructed by patdiin high resolution holograms
reconstructed at the same spanwise (distance tnencamera) depth. Droplet sizes and
three-dimensional velocities could be expressedttmy on the same plot. The majority
of the droplets in the near-injector region werkpetal, and they were characterized
using the equivalent diameter which is the diametea circle with the same area as an
ellipsoidal drop. Mass averaged velocities werecasssful to describe the structure of

aerated liquid jets.

3.1.1 Flow Visualization

A pulsed shadowgraph of aerated liquid jet in salisorossflow is shown in Figure 3-1.
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This shadowgraph was obtained at the test conditstrown in Table. 2-1. Despite the
high resolution achieved by using large format (h&¥<127mm) film, this shadowgraph
has limited depth of field, typical of large mageodgtion shadowgraphy. The
shadowgraph projects three-dimensional spray streighto two-dimensional spray with
many drops out of focus due to the limited depthiedfl. To overcome the limited depth
of field, digital microscopic holography (DMH) wassed for the visualization. United
States Air Force (USAF) resolution target was usedetermine spatial resolution of the
DMH. With the higher levels of magnification thergle bar pattern could be seen as
small as 5um. The dense spray region of the aerated liquidvge divided into several
investigation windows, and double-pulsed hologramese recorded for each window
with the double exposure CCD sensor. Hologramgaligirecorded on the CCD sensor
have complete three-dimensional information. Whie digital reconstruction process,
three-dimensional information can be easily exmesgith many two-dimensional slices.
Thus, the entire flow field for any spanwise distamrould be investigated by numerical
reconstruction of original holograms. The origihalogram and reconstruction hologram
focused at the injector center plane are showngarg 3-2. The entire spray structure of
the dense spray region of ¥d3.5 could be visualized with six high resolution
holograms reconstructed at the same spanwise dsghown in Figure 3-3. The aerated
jet was injected into subsonic crossflow and bentthe crossflow direction. Most
droplets detached from the liquid column of theatest jet were non—spherical. Non-
spherical droplet distribution near the injectorsisown in Figure 3-2(b). The non-

spherical droplet distribution explains why diagmslike PDPA were not successful in
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probing the dense spray region of the aerateddigets because the PDPA is usually

based on the assumption of spherical droplets.

3.1.2 Jet Surface Velocity

Streamwise liquid surface velocities, were measured at the test conditions shown in
Table 2-1. The liquid surface velocities were meaduwith several double-pulsed
holograms. The liquid surface velocities of aerateplid jets as the function of
streamwise distance from the injector exit are shawFigure 3-4. The first jet surface
velocity measurement was conducted at a distandebdf and was almost 0.6vThis is
plausible because the jet surface velocity immedtliafter the jet exit should be close to
zero due to injector wall effects. The liquid vetg@rofile inside the injector would have

a zero velocity near the wall due to the effechofslip condition between the liquid and
the injector wall, and reaches maximum near thecgas. The surface velocities increase
within the streamwise location of yfll.5~5.5 and then becomes nearly constant as the
jet approaches the location of y&.5. Liquid surface velocity obtained at y#8 was

taken as the jet mean velocity)(v

3.1.3 Drop Sizes

The spatial resolution of the current setup wasmbwhich allowed the size measurement
of most droplets in the dense spray region. Drogilets together with three-dimensional
velocities were plotted as function of x-y-z looatiwith different view angles. The
expanding annular spray structure along the cenéere (z/@=0) is illustrated in Figure

3-5. Many droplets are distributed at near-injeategion and the rim region of the
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annular spray structure. Few droplets are scdtteear the gas core further away from
the aerated injector. Non-spherical droplet diam@tethe near-injector region was
expressed by equivalent spherical diameter. Thevalgnt diameters were calculated as

follows:

deq = (Chnax X dnin)ll2 (3-1)

where 6¢hax and d,in, are the major axis and the minor axis for an &tigh droplet,
respectively. The sphericity for all droplets ir thear-injector region could be expressed
by dividing the major axis by the minor axis aswhan Figure 3-6. The droplets in the
near-injector region were mainly non-spherical whimakes them inaccessible for
techniques like PDPA. The sphericity is large rtbarinjector exit, but decreases in the
downstream region due to the aerodynamic effectsrebver, most droplets at the
downstream region have relatively small diametesspgaly due to the secondary breakup
effect. The SMD reduced with the increase in ddreasn distance as shown in Figure
3-7. The reduction of the SMD in downstream regoould have resulted from the
secondary breakup. At each vertical plane, the S¥4B observed to have smaller values
near the gas core and higher values near the oot@f the spray, following the annular

spray structure typical of the aerated liquid j@hv8% GLR.
Droplet sizes normalized by their mass median dieméMMD) satisfy

Simmons’ universal root normal distribution with MWSMD = 1.2 when plotted on a

root-normal graph as shown in Figure 3-8. Thismsaaat a complete description of the
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drop size distribution of aerated liquid jet in ssflow can be expressed by the SMD
alone. The present study’s data and previous afakdiller et al. (2008) are shown in
Figure 3-8. The majority of these points fall dre tline where the MMD/SMD = 1.2
(Simmons, 1977). This agreement helps to validaéepresent experimental method.
Other drop size distributions including Rosin-Rammi log-normal distributions were
tested but did not produce satisfactory descripdibtine spray. Those trials are shown in

Appendix A.

3.1.4 Droplet velocities

The droplet velocities in the streamwise and tlessftow direction could be measured
by observing the displacements of the center of elnoplet between the double pulses.
The spanwise velocity could be measured by obsgthie change of the planes of focus
measured between the double pulses. The time altbetween the two laser pulses was
controlled by a delay generator. An oscilloscoped anphoto detector were used to
measure the time interval between the double pulbgsical double-pulsed hologram
used for three dimensional velocities measuremershown in Figure 3-9. The time
interval between these two laser pulses was 47Ths.double-pulsed hologram was
obtained at the following location: x&4.5~13.5 and y/g#18~27. Three individual
droplets marked with three capital letters (“A,” ,"Band “C”) on two holograms
reconstructed at the different spanwise distan@ee Hdifferent displacements in the
streamwise and cross-stream directions. The doplaerked with the letter “C” and the
letter “C"™ were respectively focused at two diet spanwise depths of gd-1 and

z/d,= -1.167. Droplet spanwise velocities were obtaifydmeasuring the spanwise
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distance between the two focused planes and tleeititarval between the double pulses.
The droplet marked with “C” has negative spanwiséaity, because the droplet has
receded from the injector center plane during tbebte pulses. It is plausible because
the liquid sheet of the aerated jet with holloweéygiructure spreads toward both positive
and negative direction away from the injector cergtane. This three-dimensional
velocity measurement was performed for all indialddroplets in nine investigation

windows in the near-injector region.

The cross-stream droplet velocity distribution asction of droplet sizes is
shown in Figure 3-10. The cross-stream dropletoiglou, was normalized by the mass
averaged cross-stream velocity, and droplet sizes are normalized by the SMD. The
cross-stream velocities of smaller droplets aréhdrigthan the mass averaged cross-
stream velocity, and the cross-stream velocitidsigder droplets are lower than the mass
averaged velocity. This can be attributed to thecefof the mass of each droplet. The
relationship between the cross-stream velocitiemabzed by the mass averaged cross-

stream velocity and the droplet sizes normalizetheySMD is expressed as follows:

uti>1, for d/SMD > 0.8 (3-2)
uii=1, for0.8<d/SMD < 1.2 (3-3)
uli<1, ford/SMD > 1.2 (3-4)

The streamwise droplet velocity distribution noripadl by the mass averaged

streamwise velocityy , as the function of droplet sizes normalized ey $MD is shown
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in Figure 3-11. The streamwise droplet velociti®sy is unity for droplet sizes
normalized by the SMD greater than 0.4. Certaimg would expect the drop size effect
to be the same as both the horizontal and vertiekicities. Any difference between

Figure 3-10 and Figure 3-11 can be attributed drybadue to the sample size limitation.

Mass averaged velocities in the streamwise and@team directionsi and v,
have been measured within the spanwise distanezédgf -13~13. The mass averaged
cross-stream velocities normalized by the free sftow velocity, G /u., are shown in
Figure 3-12. The mass averaged streamwise velecitiemalized by the mean aerated
liquid jet velocity, v/v; are shown in Figure 3-13. The mass averaged sivisam
velocities decrease further away from the injeewit due to drag force acting on the
droplets causing them to lose their initial vedticeomentum. The mass averaged cross-
stream velocities increase with downstream distatige to the drag force of the
crossflow on the droplets. Those drops should ambrdhe crossflow velocity,..u and

lose completely the vertical momentum further advagn the injector.

The spanwise droplet velocities normalized by thassnaveraged spanwise
velocity,w, as function of droplet sizes normalized by thels&te shown in Figure 3-
14. The large scattering of the data is probably wuthe large uncertainty (33%) in the

spanwise direction typical of single view DMH.
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Figure 3-1 Pulsed shadowgraphy of aerated liquithjsubsonic crossflow (Test
condition: 1mm jet diameter, 8% GLR, ang-q.74).
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(b)

Figure 3-2 Hologram (a) recorded at the locatior/df = -4.5 ~ 4.5 and yid=0 ~ 9

(Test condition: 1mm jet diameter, 8% GLR, agd(y74) and (b) reconstructed at the

spanwise depth of 72 mm from CCD sensor: the sisetvs an enlarged image of the
small rectangular region.
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Figure 3-3 Aerated liquid jet spray structure riegctor region.
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Figure 3-4 Variation of surface velocity of liqustieet column ejected from the injector
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Figure 3-6 Sphericity of individual Droplets neary injector.
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Figure 3-8 Droplet size distribution plotted oroatrnormal scale.
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(b)

Figure 3-9 Double-pulsed reconstructed holografa)t= 0 and (b) t = 47 us. Test

conditions are GLR = 8%6 0.74 at x/d=9 and y/ = 22. The letters “A,” “B,” and

“C” refer to distinct droplets that are trackedveeen the two pulses to yield velocity
information.
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Figure 3-10 Cross-stream droplet velocities distign normalized by mass averaged
cross-stream velocity as function of droplet sizes.
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Figure 3-11 Streamwise droplet velocities distiitautnormalized by mass averaged
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Figure 3-12 Mass averaged cross-stream dropletiiel® for different x/glocations.
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Figure 3-14 Spanwise droplet velocities distribottmrmalized by mass averaged
spanwise velocity as function of droplet sizes.
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CHAPTER IV

SUMMARY, CONCLUSIONS AND FUTURE WORK

4.1 Summary

This study has managed to probe the spray genebgtdiduid jets using inexpensive
color CCDs available in a consumer grade digitainea. The rapid progress in
consumer grade digital cameras will allow largelogams to be recorded which would
possibly improve both the field of view and thealesion of the reconstructed hologram.
The near-injector regions of micro liquid jets aetated liquid jets in subsonic crossflow
were investigated by double-pulsed digital micrgscoholography (DMH). The
holograms were recorded with a spatial resolutibrb gum, and were numerically
reconstructed at different spanwise distances. viewszcome the limited field of view of
DMH, the near-injector region has been divided is¢weral investigation windows. To
visualize the entire structure of the aerated tqget, a spray map was constructed by
patching several reconstruction holograms with higgolution. Individual droplet sizes,
locations, and three-dimensional velocities wereasneed. Mass averaged velocities
distributions were obtained as function of dro@etes normalized by the Sauter mean
diameter (SMD). Three dimensional trajectories efding instability of electrospinning
polymer jets were tracked using orthogonal doukikewvDMH. The uncertainty in

spanwise jet trajectory measurements was reducéed dsuble view DMH.
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4.2 Conclusions

The conclusions of the use of DMH in the pres@&mdyswere as follows:

1. Digital microscopic holography (DMH) is a usefubtdor examining the spray in
the near injector region and can provide informatdher non-imaging methods
can not. This is due to the fact that it is insewvsito non-spherical droplets and
its inherent three-dimensional nature. This igipalarly useful for sparse but

spatially distributed sprays.

2. The cost of the DMH for liquid jets breakup canreduced using commercial
grade CCD. For the velocity measurement, doublesgoulholograms were
recorded on the same camera frame. To overcomenthé field of view of the
DMH, spray maps with the large field of view weigtained by simply patching

several high resolution holograms.

3. Droplet velocities in three-dimensions were measutey tracking their
displacements during the time interval between twmuble-pulses in the
streamwise and cross-stream direction and by mgdkie change in the plane of

focus in the spanwise direction using single viemHD

4. Single view DMH worked well for drop size, locaticand velocity measurements

in cross-stream and jet streamwise directions. [&lge uncertainty in spanwise

drop location measurement of single view DMH canréguced by employing
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double view DMH. Using two orthogonal CCD sensquantitatively reduced
the uncertainty and qualitatively increased thetigpaesolution in spanwise

direction.

The conclusions of the spray structure study wer®liows:

1. Most droplets in the probed region are non-spheridhe droplets were
considered elliptical in shape and were charaadrizy their equivalent spherical

diameter.

2. The distributions of the streamwise and cross-strgalocities were uniform in
the near-injector region and could be characteriaethe mass-average velocity

except for very small and very large droplets.

3. The drop size distributions of aerated liquid jetcrossflow for the present test
conditions (i.e., GLR 8%) followed Simmons’ univarsoot normal distribution

(Simmons13) and thus could be fully described leySMD alone.

4.3 Recommendation for Future Work
1. In spite of the reduced cost of hologram recordiggising an inexpensive CCD
sensor, DMH is still expensive due to the cost ofilde-pulse Nd:YAG lasers
typically used in the setup. A new DMH method ussngommercial CCD and

DPSS lasers has to be developed to reduce thefcbst system.
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2. The image analysis process of measuring the drédpbations and sizes from
many reconstruction holograms needs to be automdtedge processing
techniques finding the focused plane of drops aadking droplet sharp edges
should be developed for the accurate measurembgtailitomated DMH would

have a wide range of application to many sprayspamticle measurements.
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APPENDIX B

Figure B-1. Beaded and uniform fibers at differéistances from the nozzle tip. The
holograms were recorded in flight with the expoduree of 10ns. Images (a) through (c)
correspond to distances of 3, 12, and 30 mm (O&¥tisn, 7 kV and zero injection
pressure). Images (d) through (g) correspond tamiie of 3, 12, 30, and 42 mm (2.0%
solution, 7 kV and 21 kPa injection pressure). ®hginal images (a) through (g) were
cropped from the original hologram recorded witidiof view of 5x5 m
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Figure B-2 Jet splaying. The original hologram wesorded at the location of y = 37
mm from the Taylor cone and with the field of viei5x5mnf. This image was
obtained by cropping the original hologram, andjeteplaying was magnified in the
large rectangular box. Test condition: 2.0% sohuti7 kV and 21 kPa injection pressure.
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Figure B-3 Beaded fiber in-flight. The original bgkam was recorded at the location of
y = 37 mm from the Taylor cone and with the fiefdiiew of 5x5mnf. Beaded fiber is
shown in the large rectangular box with the higlgnifscation. Test condition: 2.0%
solution, 7 kV and 21 kPa injection pressure.
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