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SUMMARY

Primary atomization, the process of formitigpples from ahigh-pressurget, is
not a well understood phenomena because it is difficult to study experimeRtaihary
atomization occurs on the micron scale over the course of nanoseddiriisnumerous
experiments have attempted to image primary atomization, they all lack thd apdtia
temporal resolution to visualize droplet formatido. studydroplet formatiornin primary
atomization a high-performanceColor-Coded Pulsd@urst (CCPB) Microscopy system
was designed and implemented. Thia isovel experimental method for obtainimigh-
speed (20 Million fps), highesolution(24MP, 1.2 daresolving powerimages These
imagesareused to study the evolution of flugfructuresn an enginerelevant sprayand

evaluate assumptions mnodels of primaratomization.
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CHAPTER 1. INTRODUCTION

While it is a highly politicizedissue the development of the Internal Combustion
Engine(ICE) is crucial for the future of transportatiand mobility Unfortunately some
physics in a moderlCE arenotwell understoogdlimiting scientific developmen®rimary
atomizationi where dropletareformed froma high-pressurespray- is one ofthe less
understood physical phenomena in an.ICkrrent model®f primary atomization were
developedfrom macrogsopic imagingand scaled spraysind thesehave been used to
predictand modekprayperformancehroughout the industrAs diagnostictechnology
hasimproved experimentsuch as ultramallangle Xray scatteringhave shown that
thesemodels fail to prdict drop size distribution and liquid mass dispersion in engine
relevant conditiondHowever,thesediagnostics capabilities are limited: since tldeynot

image primay atomizationtheyprovidelittle suggestioafor model improvement.

To this end, &igh-performanceColor-Coded Pulsd@urst Microscopymaging system
has beerdeveloped The systenmhas framing rates on the order 1 Million fps, a
resolving power ofl.2* & andan imageresolution of 24VIP. This can imageprimary
atomizationin a real diesel spraymagesfrom this systenshowligament brekup and
droplet formation on the micron scabé diesel spraysluring steadystateflows. These
imagesare thenused to critique current models of primary atomizatiynevaluating

underlying assumptions



CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

2.1 Importance of Internal Combustion and Direct Injection Research

With the everincreasingthreatof climate change, thinternal CombustionEngine
(ICE) has found itself in the legisige firing line. In the last decadéechnological
developmentfor Battery Electric Vehicles (BEV) have maderthanattractive option for
consumerdecause thepromisetransportation with zero emissions. Howeube well-
to-wheel impact of BEVs shows that thidas from the truttj1]. While BEVsdo not emit
on the road electricity generatiomnd BEV manufacturingcause a significant amount of
emissions Electricity to powerthe BEVsusually comes from coal, natural gas, &
renewable energgepending on the locatiohe breakdown of electricity sources for
select first world countries is shownFigurel[1].For BEVO6s t oeleotecitynet z e
must come from aenewable sour¢dut often this is not the casA.significant portionof
electricity in the EU and USAs generated icoal power plantsCompared t@ modern
ICE, EVsin regions whereoal power plantare dominanemit up to three times more
particulate matter per mil§2]. It 6 s no't j ust the BEV that
transportation solutiarHybrid Electric Vehicles havenade similar promises, bthese

incorporatethe ICE

Hybrids represent an attractive option for the environmentally consStubes have
shown thatin some casethe wellto-wheel emissions of hybrid vehiclesless thana
BEV[3] [4]. This in part comes fromessenergy required to produce thmallerbattery as
well as the energy source for charging. Despite what many sayténealcombustion

engine has an importanble in anet zeroworld.



100% -

80% -

60% -

40% -

20% -

0% -

Germany France Austria Sweden EU Mix USA

M Geothermal = Hydro Solar W Wind ™ Biomass ™ Nuclear = NaturalGas ®mOil mCoal

Figure 1: Electricity generation source by country[1].

It @Ilsoimportant to considegheeconomic aspects dffferenttransportationThe
cost of manufacturing a battery is high, dhid is reflected in the final cost of the vehicle.
This economidriverwill continue topushconsumers towardbe ICE. Recentpredictions
by Bloombergshown inFigure2, suggesthatby 2040the ICE will occupy40 percent of
the market share for passenger car vehi@gsEven the most conservative predicton
show thaHybrid and ICE powered vehicles will remain a cornerstufrtbe transportation
industry, so esearch into ICElevelopment and improvement is needed now more than

ever.
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Figure 2: Projected global passenger vehicle sales by drivetra[B].

Though internal combustion engines havenbaeund for over a century there are
still majorimprovementdeing investigatedRecent advancements such as variable valve
timing (VVT) andtheSpark assiste@harge Compression Igniti@mging(SPCCl)are two
exampleg6]. However manyin-engine processeare not well understood and present

opportunites for improvement.

A recent advent in engindesign directinjection allows engineers thave more
refinedcontroloverthefuel-air preparatiorior both diesel and gasoline enginkkdern
directinjection systemsallow variable injection rates, multiple injections, amdlti-fuel
combustion However, the underlying physics of atomizatisnnot well understood

therefore injector design is not fully optimizedA better understanding gbrimary



atomizationin fuel sprays couldlead to significant advancements in injector desagging

in reducecemissions.

2.2 Atomization Background

Fuel injectionahigh-pressurespray ina high-pressure (up to 100 bahvironment
exhibits a break up mechanism knownaemizationIn atomiation,a liquid jet evolves
into a droplet fieldn a chaotic and stochastic mannEnere are many nedimensional

parameters involved with atomizaticand the mostommononesaregiven in Eq.(1) -

(4).
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The Reynolds number (Eql)) represents the ratio of internal forces to viscous
forces in a fluidand is often used to quantifyhethera spray is turbulenfThe Weber
number (Eq(2)) is the dimensionless ratio of momentum forces relative to surface tension
forces, and the Ohnesorge Number (B)) is the dimensionlegsitio used to indicate jet

stability [7]. The Sauter Mean Diameter (SMD) is the ratio of volume of a fluid to the



surfacearea of a fluid ands a characteristic diameter fa group of dropletd8].
Atomization modelsused in CFD simulation of engine combustitypically create
correlationswith these quantities determine jet breakupehavior which ardarge scale
fluid phenomendo describe droplet formatiomhe fourcommonbreakup regimefor a
cylindrical jetare shown irFigure3 [9]. Atomization, the breakup phenomena of interest
in this work shownn Figure3, is where liquid breakup occurs at the nozzle exit of a spray

and creates droplets much smaller than the nozzle diameter.

While Rayleigh, FirstWind, and SecondWind breakup are well understood,
atomization is notThis is due to the experimental difficulty in studyitig high-pressure
microscopic spraythat undergo atomizatioAs such, current models for atomizatieare

developed from either macroscopgijaray image§l0] or from scalel sprayq11][12].
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Figure 3: The four major jet breakup regimes as illustrated by Faeth9].

2.3 State of the Art Models for Primary Atomization

The most widely-adopted atomization model for engine CFD simulations
atomization model, the Kelwvirlelmholtz model (KH) proposed by Reitz et .flO],
theorizes that aerodynamic surface instabilities lead to droplet formation, with drop sizes
comparable to the instability wavelengthhe underlying idea for the -K theory is
illustrated inFigure4 [12]. This posethatsurface instabilitiesdevelopingnthe injected
liquid jet core,createand shedlropletswith diameters on the order of the wavelength
the fastest growing wavand thereby causing a breakup of the intact liquid dMigh

sufficiently high-resolution and higtspeed imaginghis assumptions testable.
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Figure 5: Experimental images of atomizationfrom Wu and Faeth [11]. Diameter of
the reference pin is 0.9 mnand nozzle diameter is 3.6 mm.

Another significant effort iunderstandingrimary atomization was performed by
Wu and Faetlil1]. Unlike Reitz and Bracco, who developed a theoretical mddeland
Faeth formedempirical SMD correlations by imaging nesimensionally scaled sprays
with nozzle diameters on the order of mm. One image from their work is shdviguire
5[11]. Since their models are derived framazzles with diameters on the order of mm,

there areguestions tahe scalability of their models realdiesel sprays.



Other researchers haveodified the kH model by incorporating other fluid
phenomena. Oneéevelopment ofthe K-H model by Som and Aggarwal introduced
cavitation physic$13]. Their modelincreased accuracy prediding the projected mass
density of a referenadata set, bubwered accuracy ipredicing spray properties such as
the liquidlength Even with a more refined theorgccurateprimary atomizatioormodels

remain elusive

Many of theseatomization modeltave not stood the test of timRecentultra-
small angle xray scatteringexperimers disagree withthe liquid length and drop size
guantities predicted from the-H model[14]. Improved atomization models ameeded to
better predict spray performandeor a more accurate atomizatiamodel, the features

listed inTablel need to be imaged and quantified.



Table 1: Features to be imaged to aid in understanding of primary atomization

Features

Droplet Sze and &ape

Initial Droplet Formation

Ligament Size and Shape

Surfacelnstabilities

Intact Liquid Core at Nozzle Exit

2.4 State of the Art Experiments in Primary Atomization

Experimentationon primary atomization is notoriously difficult for the reasons
outlined previously. While novel technigues such as t8irzall Angle XRay Scattering
(USAXS) use advanced optical theoryn@asuredroplet size in a spray they fail see
which type of flid instability forms a droplet[15]. To this end, high performance

microscopy has been usedimage primary atomization.

New technology like higtspeed cameras and highd scientific lenselsavebeen
instrumental in imaging primary atomization. Zaheer used aspgled camera and a long
distance microscopic lens to visualize droplet formation in a GDI spray at low fuel
pressure$l6]. Using thehigh-speedcamera, Zaheer was limited to either low framerates

or low image resolution.
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An attempt to overcome thiimit was performed by Kim, where the initial concept
of Color-Coded Pulsdurst Microscopywas used17]. Kim attempted to use an Infinity
K2 long-distance lens and thréggh-speedpulsedLEDs butfound that the Infinity lens
exhibited crippling chromatic aberration. Histup has high resolving power, but only
captured two useful frames and could not image high pressure sprays due to temporal limit

on the LEDs.

Work by Crua et alused a high speed SHi6 camerdhat recorded 16 higbpeed
frames atl Mp resolution, but &d aresolutionlimit of 3 * awith images exposures of
20ns [18]. These made micron scale features in a steady state spray exhibit significant
motion blur, greatly limiting the applicability of their worleurther opportunities to

improve this experimental setgprtainly exist.

Kirsh and Reddemann used a long distance microscopic lens, custom window, and
pulsed Laser based illumination source to achieve an Abbe resolution afr2th 10ns
exposure time§l9]. They used a dual frame PIV camera withilinter frame spacing.
These limitations decreased the applicability of their work for analyzing droplets and
micron scale ligament3he high inter frame spacing ensured that temporal information on
a single structure was impossible to obtain. Even with most advanced technology,

experimental microscopy is unable to image primary atomization.

While researchers have used sirgf®t imaging and macroscopic properties to form
models of primary atomization, none of these have visualized a droplet beimegffrom
a jet.This is because the length scales (O&-and timescales (O ~ ns) required to image

primary atomization presents immense technical challenge=zioBs experimental

11



imaging usal off the shelf cameras and lenses, the tesolution limg of highspeed
cameras and the temporal limitation of a PIV camera limit the experintap@abilityfor
studying primary atomizatioA summary of current performance for these researchers is

given inTable2.

Table 2: Performance metric obtained by other state of the art high speed
microscopy systems for spray research.

Exposure Image Size Frame Rate Resolution
Zaheel[16] 20 ns 128 x 48 px 480 kfps 9.8' &
Kim [17] 33 ns 6000 x 4000 px 1 Mfps 214" a
Crua et al[18] 20 ns 1280 x 960 px 200 Mfps 23" &
Kirschetal[19] 10ns 1024 x 1280 px 1 Mfps 2° &

12



2.5 Experimental Requirement for Imaging Primary Atomization

Although there is uncertainty about the droplet formation mechanism in an-engine
relevant spray, there is consensugxperimental resultthat droplet diameters in these
sprays are on the order‘ofa[14][15][20]. The second important paratar in imaging is
droplet velocity. For the sake of understanding length and time scales, the Bernoulli
velocity of a spray is used for an estimation of flow velocity. The Bernoulli velocity
assumes a frictionless nozzle, incompressible flow, and stetdycenditions. It is useful
for analyzing the order of magnitude of spray velocities. For the fuel used in this work, n
dodecane, the Bernoulli velocity with respect to fuel pressure (injecting into air at STP) is

shown inFigure6. Note that the units iRigure6 are* dof¢ i.

1

2
€
=
> 0.1
‘O
o
2

0.01

0 500 1000 1500 2000 2500

Fuel Pressure [bar]

Figure 6: Bernoulli velocity of an n-dodecane spray as a function of fuel pressure,
assuming it is injected into ambient air at STP.

The hardest features to image are the fastest and smallest droplets theoretically 1
‘ ain diameter and travelling at speeds of 600 m/s. To deterimterframe timing, it

must be determined how far the object should move between fravhés.a large inter

13



frame timing would give a longer time history, it would be more difficult to reliably track
thefluid features and droplet#\ short interframetiming would make features easier to

track but would reduce the time histoiior illustrative purposes, to reliably track an
indistinguishable car in traffic, videos need frames showing the car moving less than a car
length. The same is true for microsmpprays- it is important to capture movement on

the scale of an objectds size. For objects
velocities between 0.1 and 16#¢ i interframe timing will need to be on the order of 10

100 ns. This is equiV@nt to frame rates of 2000 Million fps (Mfps).

Another technical challenge in imaging primary atomization is digital image
resolution. Digital image resolution sets a limit on the field of view or the magnification of
the system in* &ff) @ For exarple, on a 1 MP image sensor 1000 pixels wide, a
magnification of 0.5 &I dwould have a FOV of 500 microns. This limits the information
on ligament structure evolution as features will quickly travel out of this FOV. If the
magnification is increased 0.2 Gft] ao give better reconstructing of droplet diameters,
the FOV would be 200 dand unable to see the full height of a spray. To study primary
atomization with* dascale ligaments moving at supersonic velocities, image resolutions
on the orer of 10Megapixels are needed. A summary of the performance goals for the

diagnostic system is given irable3.
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Table 3: Diagnostic performancegoals to study primary atomization

Metric Goal

Image Size > 2000 x 2000 px

Frame Rate > 10 Mfps

Resolution <2 &

Exposure Time <10 ns

15



CHAPTER 3. DESIGN OF A HIGH -PERFORMANCE COLOR-

CODED PULSE-BURST MICROSCOPY IMAGING S YSTEM

3.1 Spectral Microscopy

Color-Coded Puls@urst Microscopyshown inFigure7, is a concept developed in
the SPhERe Lab at Georgia Td&f]. It overcomes the limits of higépeed cameras and
still images by capturing high resolution and high framerate im&ygsr-Coded Pulse
Burst Microscopyaccomplishes this by usingNikon D5300color camera angulsed,
temporally colorcoded imagesvhere the colors align with théetection bands on the
Bayer filter Since the color component of an image is stored with respect to three
components (Red, Green, and Blue), three separate images can be stored intoéthree
channels and linear algebcan be used to extract the three images. While the concept of
color coding images has been implemented in the litertdufelV and lowspeed flows

[21][22][23], it hashot been applied to higépeed, higiresolutionmicroscopy.
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. Encoding (¢) CFA Data (d) .

Optical Image (b) CFA Channels () Digital Image (g)

Figure 7: Color-Coded PulseBurst Microscopy encodes three frames in a single
image file. The optical image (b) is encoded with the Bayer Filter (c) arstored on
the Color Filter Array (CFA) (d). The CFA is then demosaiced into three images.

3.2 Optical Design
3.2.1 Optical Background

3.2.1.1 ResolutionLimits

The Abbe diffraction limit arises due to diffractions thatcur as light waves pass
through & apertureAs an image passes through an apertheediffraction of rays at that
aperture causes a diffraction pattern, transforming an imaged point into a series of bright
and dark ringsThe imagecaptured by the caerais comprised oiry diskswith diameter
of thesedisks afunction of theaperture geometry and light wavelengtiis minimum
airy disk diameteris the Abbe diffraction limit, given in Eq(5) [24]. For visible light
microscopic application, the wavelength of light is between 400780 ¢ and the
Numerical AperturéNA) of the systenimitstheopticalresolving powerThe Numerical

Aperture of a lens is the ratio of its radius to the distance to the object.
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_ " a (5)

The other limitofas y st emés resol vi ng powastwica s t he
the sampling frequendy G Qin Eq.(6). While commonlyused on 4D data sets, it also
appliesto 2-D images.This limit can bechangedy increasing thénagemagnification,
but thisreduces the incident light per pixel ath@éreby decreas@mage quality Thereare
many tradeoffs when designing an optical imaging system, and it is necesdaindo

system requirementnd constraints

Ca Q — 6)

3.2.1.2 Modulation Transfer Function (MTF)

Quantifying theresolving powenf an imaging system isecessary to understand
its capabilities andimitation. Resolving powegoes beyond Gft) amagnification and
includes factors likethe quality of lensesnd optical limits. While there are multiple
methods for quantifying image resolution such as imagrajibratedchart[25], the most
versatileand accepteresolutionquantification's theModulationTransfefFunction(MTF)

[26]. The MTFanalysesa slopedknife edge in arimage to quantify resolving powéry
determining contrastdnsfer of an image with respect to resolving power in line pairs per

millimeter (LPMM). An example otalculatingthe MTF is given irFigure 8.

There aremultiple steps in alculating the MTF. First, aarea ofa slanted knife

edgeimage is selected as showrHigure 8 (a). In this exampleéhe edge of an etched line
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pairon a slanted USAF targestused To dbtain the edge spread function showirigure

8 (b), theperpendiculadistance from each pixel to the edge is calculated,mhtensity

is plottedwith respect to distandeom the edge. The line spread functidiigure 8 (c)) is
obtained by taking the derivative of the edge spread funetiwhapplying acentered
hamming windowwhichisolatesthe signal from the edgén Figure 8 (c) the peak in the
LSF correlatewith the highest slopef the ESFn Figure 8 (b). The MTFshown inFigure

8 (d) is thencalculatedwith aFag Fourier Transform of the LSR5]. In order todefine

a single value ofesolution the 10 percent criterid 0% of the contrast transfes) used
shown as a dashed lina Figure 8 (d) [26]. In the example shown, the MTF is
approximately 600pmm, which is equato 083 & Ipmm can be converted to & by
dividing 500° &by thelpmm measuremenithe MTF in this work is calculated using the
prepackaged esfrmat3 code from the ISO standard 12233, and the 10 percent criteria is

interpolated in MATLAB[25].
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Image of Edge (a) Edge Spread Function (b)

Line Spread Function (c) M?dulation Transfer Function (d)

0 500 1000
[LPMM]

Figure 8: The four steps in computing theM odulation Transfer Function: The

original image (a),Edge Spread Function (b), Line Spread Function (c), andthe
Modulation Transfer Function (d).

3.2.1.3 Camera Gain and ISO

An important camera control thaffectsimage quality is the camera gawhich is
known as the IS@or the organization that standardiZédh sensitivity. TheNikon D5300
used in this work is aonsumer grade DR with an ISO range from 100 to 25600 gHer
ISO helps imaging in darker conditioas the expense of image qualityr image taken at
high 1ISO has a very grainy appearance. To sthdyeffect of ISCon image qualitythe
averageMTF was measurealt 30 locationof a USAF test chaxthile the ISO and shutter
speed wergaried The resolutiorwith respect to ISO is shown gure10, with the 95%
confidence interval shaded ift.is important to note that the reported value for MTF
changed based on locationthe test target imagep to 5 to 10% of the reported value.

This would be a function of either spatially varyiregsolving powenr noise in the image
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affecting the MTFcalculation This must beconsideed for reported MTF values in this
paper as theruevaluecould changeip to 5 to 10% from the reported value dending

on location and noise factors.

Figure 9: USAF target used for measuring the MTF as a function of ISO. Red stars
denote centers of the interrogaiton areas (black rectangles). None of the rectangles
interfere with the artifacts from dust, absent in all experimental images

As ISO increases therg anincrease in the average and standard deviation of the
MTF, seen irFigurel0. This increaseé MTF aboveahe Abbe limit and is nqiossible One
hypothesized cause of this is constructive interference between the noise addehe

Regardless,images capturedabove 1SO1000 are unusable asthe r esol uti ond
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measurements vary significantly and repegluesabove the Abbe limibf approximatef

625 [pmm.
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200 | 2um

102 108 10* 108
ISO []

Figure 10: System resolution (MTF) as a function of ISOThe lens (10X+700mm,
discussed later) has Abbe limit of 625 Ipmm with 450nm light.

To evaluate this assumptiomet effect of ISO on the signal to noise rdBNR)
was measured. As the ISO increased, the SNR of the image decreased. Tleidth#ect
edge quality and thus the MTF measurement. The average SNR for a row ofp@igels
calculated for each interrogation region showRigure9 of eachimage inFigure10, and
is shown inFigurel2as a function of ISO. IRigurel2the shaded region represetvisce
thestandardieviation As SNR deaases, the quality of the MTF measurement decreases
because thquality of thederivative approximatiofor the LSFdecreases. MTF plots at
these high ISO / low SNR conditions are noisy themselves, so the 10 percent criteria
becomes unreliabl&Example MTFcalculations from a low ISO and high ISO edge are
shown inFigurell (a) and (b) respectively to show the emdren using thd0% criteria.

At high ISO, the initial bpes of theMTF curveare consistent with the Abbe limit, but the
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10% intercept point and returned MTF valueyaignificantly due to the noise in the
computed MTF curveThis phenomenoris the main reason thadITF measuremest
increasedat high ISO inFigure 10. It is concluded thafor this lens (10X+700mm,
discussed later) and a properly exposed image with similar backlit illumination

characteristics, thmaximum carara ISOfor scientific images is 1000.
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Figure 11: Example of MTF calculation at a) ISO 100 and b) ISO 2560@olored
dashed lines show the Abbe limit, and the 10% criteria ishownwith a black line.
The lens (10X+700mm, discussed later) has an Abbe limit of 625 lpmm with 450nm
light. Images were taken using constant a LED backlight.
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Figure 12 Measured SNR of an image as a function of ISO
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3.2.2 One Piecd.enss for Imaging

In most photography settinga singlecamera lens iattached to the camera body.
A typical photography lens is 5®00mm focallength Focal length is directly related to
the viewing angle of the leristhe longer the focal length, the narrowlee Angular Field
of View (AFQV) is. The AFQV is directly related to the camera sensor siyarid the

focal length of the lend | in Eq.(7) [27].

6 "00 cOAT —

Q (7)
¢'Q

Given theAFOV, the effective magnification of a single lesysstem(D  can be

solved forby introducingthe distance to the objecb, in Eq. (8)

0 "Jw (8)

If a 50mm lens and a 20im lens are bothsed to imagan objectat a distance
ofw pd&, theimagewill have higher magnificatiomith the 200mm lens.This relies
on the assumption that both artn and 200nm lens have the same minimum focal
distanceputthe 50mm focugscloser than the 20@mlens,so it is not necessarily lower

magnification

Primary atomization of engine relevant sprays occurs on the micron scale, with
features moving between 300 and 600 [283. A microscopic lens is necessaryésolve
these features. Most primary atomization imaging utilizes a specially designed long

distance microscopic or macro camera lens with extension tiyg 6][29][30].

24



Unfortunately, data from these studies is limited, as these lenses have an Abbe diffraction

limit of three microns or more larger than theoretical droplet sizes.
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Figure 13 Performance diagram comparing the Abbe and Nyquist limit of standard
macro lenses and three microscopic camera lenses.

Two popular long distance microscopic lenses, the Infinity K2S (With CF1B
Objective) and Questar QI00, arediffraction limited to 4 &amd6‘ dat a working
distance of 300mm and 600mm respecti8j[32]. It is possible to use the Infinity K2S
with the CF4 or a scieific 10X objective, but this limits the maximum working distance
to 50mm. A comparison for these lenses and other consgraele macro lenses used on
a Nikon D5300 is shown ifigure 13. All lenses inFigure 13 have either low working
distance (they cannot be used outside of the-prgesure chamber and cannot study engine
relevant sprays) or are limited to at least & resolving power To overcone this

limitation, a custom tw4gpiece lens is designed using an objective lens.
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3.2.3 Two Piecd_erses for Imaging

A multipiece lens design both lowers working distance and increases resolving
powercompared to a single lef$9]. This desigrplacesan objective lens closer to the
objectincreasing the maximum numerical aperture of the syslenreasing the minimum
focusing distance, andproving thesystem resolving powef he Infinity K2S uses this

solution withits objectives.

Due tothe optical prperties of objective lenses, they aaparabldrom themain

lens. This allows them the mounted remotely inside tepraychamberMounting them
remotely has a negligible effect oresolving poweras the objective lens projects the
magnified image to ifinity, sothe distance between the objective and main terssa
negligible effect The drawbacks of thidesignare increased difficultyn lens alignment

and an increase irambient light entering thenain lens. These can be overcome with
meticulousalignmentand turning the lights off in the room, respectivéthile it should

be easy to use the Infinity K2S lens by separating the objective and main lens, it has been

shown to exhibit other problems.

As docunented by the SPhERe Lagverdongitudinalchromatic aberration from
the Infinity K2Slensand Infinity objectiveamakes it irrelevant fo€olor-Coded Pulse
Burst Microscopy[17]. This aberrationprompted a reverse engineering process to
understandhe function ofeachoptical componentn the lenslit was determined thdlhe
Infinity lens usesan objective lenJCF1B, CF4, etc) a main lens (approximately
700mm), and éns doublers (NTX tubed)lsing a selection aised optical components

similar lens could be designéal a costaround $1,000much lower than thapproximate
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$10,000cost of a Infinity K2S. While this custom lens would need to be scientifically
verified, itstheoreticallow cost and lack of longitudinal chromatic alaion make it

worthwhile to pursue.

3.2.4 Objective Lensefr Magnification

Objective lensesreate an image of an jelt and transmit that image infinity.
When usingan objective lensthe distance between the camera sensor and the object
imaged,w in Eq.(8), becomeghe distance from the camera sensor tcetiteance of the
main lens The total system magnificatidior a two-piece lens0 is given by Eq.(9),
where it is ado written as a ratio of the focal lengths of the two lersesq. (9), 0  is
the rated magnification of the objective atd is the focal length of the objective lens.

Thelnfinity CF4 objective is approxiately a 70mm focal length lengiving an effective

10X magnificatiorwith a 700mm lens

o @ — — (9)

The twapiece lenglesignenablegheobjective and maitenses to be separatéal
Figure 14, an objective lens is placed remotely in a hpglssure environment, and it
transmits the magnified optical image to the camera Tresobjective lensanwithstand
higher pressures thanetttameraenablinghigh pressure and high temperature imaging
with increased resolving powerompared toa single lens systerdue to its higher

Numerical Aperture.
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Figure 14: A multi-lens setup for maximum resolutionin a high-pressure
environment.

3.2.5 Diffraction Limit in a Two-PieceLens Asembly

A multi-lens assemblglacesthe first kens closer to the object ilmcreae the NA.
The effect of thesecond lensn the diffraction limitis not as straightforward o explain
this, the systems modelledas twoseparate imaging deviceach withan aperturevhere

diffraction occurs(red circle$ shownin Figure15.

) I
/ oy \ ()

LAbbe’Obj - 2(N Aoywy) L avberain = 2(NApain)(Magos;)

Figure 15: The diffraction from by each component in the MultiLens Assembly

The diffracton limit of the objective lenss only a function of the NA of the
objectiveand the wavelength of lighlt is proposedhat the diffraction limit for thenain
lens iscalculated the same wayut the diffraction occurs on the magnified imager an

exampleatypical 200mm lenswith a 0.1NA would have a diffraction limit of 3.5 aat
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the intermediate object plar®jt since it is viewing a 10¥hagnifiedimage the diffraction
limit from the200mmlenson theimaged objecis 0.35 & In this example, the objective

lens(diffraction limit of 1.2 @) is the limiting optic.

3.2.6 Total Magnification ofa Two-Lens §stem

The total magnification of the twpiece lens is a function of the objective
magnification and the lens focal lengtfio validate Eq. (9), a relationship was
experimenally determinedby measuring bars on a USAF target varyingin lens focal
length The total magnification of the system as a function of focal length and objective

magnification is given ifrigure16.
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Figure 16 Total system magnification as a function of lens focal length and
objective magnification.

Knowing the pixel pitch of the Nikon D530B89° ¢, the Nyquist resolution

limit (Eqg. (6)) and the Abbe limit (Eq(5)) can besolved for as a function of lens
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configuration For the hfinity main lens,c =350mm, and’Q= 700mm. The Abbe and

Nyquistlimits are given in Eq(10) and Eq.(11) for a twopiece lens design

5 GL ® ¢ Q (10
D Q Q
5 = (11)
c00

The impact of main lenfocal lengthon the two limits is shown irrigure 17,
assuminga constanto of 350mm. Because of ithigh NA, the 10X objective has the
lowestAbbelimit, and the longer focal length lenses increas@lgtggiistlimit. For a given
objective there is a point where the two lines nstect. Thisis where each pixel has the
most illumination withoutheoreti@l loss of datahowever this does not account fod2
image reconstruction. In reconstructing the -aligk profile, itis beneficial to have the
nyquist Imit lower than the Abbe limit, as this gives a bettadial reconstructionof

droplet diametefrom animageusing wavelet based algorithif83].
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Figure 17: Nyquist and Abbelimitsfor selectedens and objective combinatios.
Based on these calculations and the diagnostic goals outlisedtions3.2.6and
Table32.5respectively, twanulti-lens configurationareused in thisvork. For phase 1,
a 5X 0.21NA objective lens was used in conjunction with anZ00mm f/5.6 Nikkor lens
(w=128mm) giving a 1.4 & Abbe limit and a 2.8 & Nyquist limit. Forphase 2, a
700mm lens (@ =350mm) is used with a 10X 0.28A objective, resulting in a 1.2 &

Abbe limit and a 0.4 &Nyquist limit.

3.3 Extracting Temporal Information from a Color-Coded PulseBurst Microscopy

Image
3.3.1 PostProcessingProprietary Nikonlmage Files

Most amateur photographerse.JPEGfiles thatcamera record by default, but these
files have significant data compression and data MA4sle images in this format are
compatible withmanyprograms, they undergo a proprietary and undocumented processing

algorithm to maximize artistic appealhis algorithm uses demosaicing and color
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correction thatinhibits the usability of a Color-Coded Pulsdurst Microscopyimage
becausat is far from the desiged use caselt alsocausegjuality lossandmeasurement
error in the final imagedemonstrated ifigurel18, where the MTF frona .JPG imagéa)
is compared to th#ITF from aprocessed .RAWmMage(b). In this example, the .RAW
imagehashigheredgequality. The .RAW images filesNEF proprietaryformat) must be
processed with a custom algorithonmaximize the capability @@olor-Coded Pulsdurst

Microscopy

0 50 100 150 200 0 50 100 150 200
Resolution [lp/mm] Resolution [lp/mm]

Figure 18 Modulation Transfer Function comparing a.jpg image from the Nikon
proprietary algorithm (a) and a postprocessed .NEF image file (b).

3.3.2 Correcting for Demosaicing Errors

To procesgshe.RAW images from the camerdneimage filesvereconverted from
the proprietary Nikon .NEfle typeto amore widely used Digital Bgative (DNG) format
using afree program from AdobeThe DNG file was then imported into MATLARISINng
built in toolboxes[34]. The imported.DNG file contained the CFA data, dstree
monochromatiémages weredemosaicedrom theCFA asshown inFigure7 (d). While
MATLAB has a builtin demosaicing algorithmt references theolor in other channels
during image reconstruction, so a green edge is used to infer a red edge in the red channel.
While under taditional color imaging this woultinprove edge qualityit would degrade

edge qualityn Color-Coded Puls@urst Microscopy35].
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To account for this, @D linearinterpolation demosaicing algorithm weeated
Thepattern that the Bayer filter uses to encode the data on the Nikon CFA is known to be
RGGB, shownin Figure 7 (c), so the three channels were eassigparatedThe empy
pixels in eachcolor were then interpolated from their nearest neighbours. The three

channels were then overlaid on each otbdorm a three colamage.

One potential drawbackof Color-Coded PulsdBurst Microscopyis that the
demosaicingausesmages to be¥% of theresolution of themage sensorbut thiscan be
corrected for by leveraging signals framlor cross talkTo usecolor cross talkko increase
image quality information from all channelandthus alllocationsis usedto reconstruct
the imageln fact, color cross talkanenhance image quality in a color coded sysf@m

this very reasof36].

3.3.3 Correcting for Color Cross Talk

Designing aColor-Coded PulsdBurst Microscopysystemrequiresoptimizing the
spectral sensitives of the camera with the light emisserelangthsto controlcolor cross
talk. The Nikon D5300 records color with red, green, and blue filtered pixast is
pertinent touse backlights that produce linearlpdependentesponses from ththree
different colored pixelsWhile multiple linearlyindependent setof wavelengthexist that
meet thisthe simplest approach is to use red, green, and bluethgioigh some argue that
different colors produce higher quality imagg36]. To determine the optimum
illumination wavelengths anonochromatowas used tdy Kim to measure the spectral
sensiivity of the D5300 image sens@ndthis result is replicateth Figure19[17]. The

spectral sensitivity curves demonstratiedtthe wavelengths with the least channel cross
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talk are 450, 550, and 650nm for red ,green, and blue respectiwdlich corroborates

measured Nikon image sensor spectral sensitiroty the literaturg37].

p—
1

Sensitivity [A.U.]
)
()}

0 L 1 | | J
350 400 450 500 550 600 650 700

Wavelength [nm]

Figure 19: Spectral sensitivity of a Nikon D5300 measured usingraonochromator,
from Kim (2013)[17].

With the spectral respong# the cameraguantified, it was necessary to select
backlight illumination corresponding to these wavelengths. A laser dye illumination
systemwas chosen, and the specteatissionof the selected dyes is given kilgure 20
[38]. The peakred, green, and blugye emissionslign with the spectral sensitiv®f the

D5300 image sensor.
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Figure 20: Emission spectra of the designed backlight illumination syster§38].

Even withthesespecially designed backlighitse images exhibit color cross talko

account for this, a calibration was performédince the final imaging system was
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constructedlmages were taken with a singlleminationcolor and the average red, gre
and blue pixel response to eattimination color were measured. The measuvatlies
areshown inFigure 21, where the bars represent thermalizedresponse of a pixedr

sensoto that baklight wavelength

—_
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Blue Sensor Green Sensor Red Sensor

o

Figure 21: Average red, green, and blue pixel response to thelscted illumination
wavelengths. In this setup, thgreenlight source excitedall pixels.

Linear algebra cabe used to corredor color cross talkf the pixels response to
the backlight colorss known [39][40] . The equation for converting the imageorded
on the camerdY B HO, seeFigure7 (e)) to the optical image’Y RO , seeFigure?
(b)) is given in Eq(12). In Eq.(12), ® represents the amountgreenlight captured on
theredpixel relative to the amount gfeenlight captured on thgreenpixel. For the case
shownin Figure21, & hd hd & @ usln Eq(12), 'Y is the ambientlight
incident on the red pixel, incluty bothdark-noiseandroomlighting. Since this system is
running at low repetition rates (~ 0.25 Hm)an ambient environmenthe temperature

dependence afark noise is neglected.

Y p O ® vy Y (12
O O pd O O
0 ® ® p O o)
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3.4 Tricolor lllumination System Design

Theimportance and difficulty of photographimgicroscopic spray ligamenis best
appreciated by analyzing spray velociti€or fuel sprays, aeasonableestimation of

velocityistheBer no u |l | i [@63 Highgpressure desel injections occur with fuel
pressure on the order of 182000 bar, with fuel density of 788, into ambient conditions

of 10-60 bar. The graph d&ernoullivelocity with respect to fuel pressure is givefigure
6. For the cases in this studyhe spray moves betwe&0 and 600 m/s, or 8.and

0.6 oft i To freeze a micron scale droplaflash duration on the order of isgrequired.

3.4.1 Capability of High-Speed LEDs

Used by Kim in earlyColor-Coded Pulsd@urst Microscopywork, high speed LED
driverssuch as théightSpeedHPLS-36 DD18B advertise emittetight pulses less than
100 ns[41]. The response ahe HPLS36 DD18B was measured with a photodiode
(Thordabs DET36A2, 14ns rise time), and found toBBasFWHM, shown inFigure22.
With a 50ns FWHMexposure duration, features on a sprggcted at 1000 bar would

move ajproximately25 microns during thexposurevhich would result in motion blur
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Figure 22 Temporal responseof the LightSpeed HPLS36DD18R

3.4.2 Laser Inducedrluorescentllumination

The motion blur obtained from imaging wipulsedL ED6s on t he micr
does not meet the diagnostic targets outlindable 3, so a shorterillumination pulse
length isnecessary. Another solutidar illumination isa nanosecond pulsed PIV Laser
Theselaserspulse an order of magnitude fas(éms instead of 5@s) than an LED and

they haveorders of magnitudmorepowerthananLED.

One problemwith laser illunination is the speckle effect frobeamcoherence
[42]. Toovercomehis, LaserinducedFluorescent (LIFYlyesin cuvettes were excited by
the Lasers, and these dye cells replaced the LED heads. The dymotielisinimize the
speckleeffect by making the subsequent illumination incoherand inducea Sokesshift
to change the illumination wavelength.Stokes shifoccurswhen a particle absorbs the
energy in a photoandexcites an ekctron to a higher energy staldne electrorthenfalls
to alower energy stat¢hanthe ground statandemitsa photonwith longerwavelength
corresponding to the energyrop. The three LIF dyes wereselectedso the emitted

wavelength wouldhestmatch the D5300 image sensor sensitisgefigurel9andFigure
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20) [38]. A 355nm laser is used to excite the Stilbene 420 dye whiclsédigit at 4500m,
a 532nm laser excited the Rhodamit@0 dye which emits light at 560m, and a 53am

laser is used to excite the LD 690 dye which emits light an@0

LED 300ns ISO1600 Laser 7ns ISO200

Figure 23: Comparison of the LED backlight and the LASER backlight. Image FOV

width is approximately 500H, 0. Sprays arefrom the ECN Spray D injector at 200
bar fuel pressure injecting intoair at STP.

A‘ 1

The shorter pulsé ns)and higher energfr100 mJ/pulsedf theND:YAG Laser
illumination increased image quality by reducing motion blur and requiring lower camera
ISO. A samplamagecomparing the LIFacklightto the LEDbacklightis shown inFigure
23, where the togdgeof a spray is showrmThe image taken with the laser backlight has
lower gain and considerably less motion bkor the 5X + 200nm lens combinationsed
to image thisthe dye emissioproduced enougiiumination for imagng at ISO 200The
LED using a300nspulse requiredSO 1600for enough illuminationwhich is above the

maximum acceptable ISO of 1088d produces considerable motion blur

The imaging systemfor the phase 1 data collectiarsesunfocused LIFdye
illumination and the 5X+200mm lens combinatemshown irFigure24. Color cross talk
is minimized by using platglass filters after the dye cell to match the Bayer filter spectral
sensitivity, and spatial illumination variation is controlled with ground plate diffusers after
the dye cell. The filters and diffusers are showikrigure 24. Images from thiglata set

exhibita fewissuesloss of light through the systemower resolving powerand speckle
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effect from lasers passing through the dye telthe cameraAll of these isues are

accounted fom the phase 2 system

2x Dichroic
beamsplitters

' l_ ECN Spray D Injector

LD 690 o
l 5X Objective
I\M _|': / - = gsggg -
' aset T 7 NG~ 1 Nikon D5300
532 nm,7 ns

Rhodamine 560

High Pressure (<=100 bar)

High Temperature (<= 950 K)
Nd:YAG Laser Constant Pressure Test Vessel
355 nm, 7 ns

Nd:YAG Laser
532 nm, 5 ns,

Figure 24: Experimental setup used for phase 1 data collection, with unfocused LIF
illumination and a 5X + 200mm lens combination

3.4.3 Focused LIF lumination System

While theLIF illumination works well withmagnificationsof 1.4* 6] higher
magnifications of 0.2 &I 10X + 700mm lenshequire highetight flux to capture the
same number of photons per pix@ased orpixel area alonethe magnificationncrease
reducesight per pixelby a factor of 49. A imagetakenwith the5X+200mm lensat1SO
600 would need $O (600*49) or 1ISO29400 if imaged with the 10X+706nm lens
combination.This isabove h e ¢ a mMmeximard ISO of 25600 and far above the
acceptable criteria of ISO 10000 image at the higher magnificatican opticalsolution

is requiredto optimize the light throughpuihis is done usingollecting and focusing
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lenses in thé&lF setup shown inFigure25. For the setup used in the experimeng, téd

and greenil g ht  u diaendter & 322ntn lens for focusing, and the green light used a

2 a@iameterf = 50 mmlens.Capturedight was transmitted throughel 6 di c hr oi ¢ mi
and focused ttheimagea r e a u sdiameterf =a50 r@no lens.This focusing system
increasedllumination by a factor of 32allowing fully exposed images at ISO 8@a@h

the 10X+700mm lenscombination

To address theesidualspeckle effectthe phase 2lighting systemincorporated
spatial filtering of the laser beams. This is shown with the UV laser pdtlgime 25,
wherethe laser is at an oblique angle to teesso light from the laser is natirectly
transmittedto the cameraBy combining these improvements with the 10X+7H0f lens
combination, the system is capable of imaging at 0T cwith 5ns exposures at ISO

800.
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2x Dichroic

Beamsplitters l_ ECN Spray D Injector
LD 690 _l 10X Objective
Nd:YAG Laser g%é
532 nm,7 ns ) Nikon D5300
I*I l*‘ Infinity K-2 Lens
NAd:YAG Laser 700mm Focal Length
Rhodamine 560 355 nm, 7 ns
Stillbene 420

High Pressure (<=100 bar)
High Temperature (<= 950 K)

Nd:YAG Laser Constant Pressure Test Vessel

532 nm, 5 ns,

Figure 25: The phase 2Color-Coded PulseBurst Microscopy imaging system The
lenses in the light traincapture the emitted light from the dye celland focus the light
to the imagearea. The oblique positioning of the lasers spatially filtes the laser
beam from the dye cellight.

3.4.4 Multicolor Illumination Equalization and Power Control

One challenge with a tricolor system is equalizing the illumomadif thecolors The
D5300 uses ondynamicrangeperimage, so intensity had to be comparable in the three
colors. This was accomplished with multiple power controls: the power level on the laser,
diffusers, and €witch timing. An incremental process svperformed to equalize the
exposures. Coarse contropgacingdiffusersto reduce lightindadjustingpower settings
on the lasedsweredonefirst, and fine controls (g switch timing) were adjusted next. The
laser exciting the green dye had the higlpester, so it was run ale lowespower with
a diffuser between the dye cell and the mirig@re 25) and a longer focal length
collecting lens (narrower light collection angle). The laser exciting the blue dye was the

least powerful, so the red and grédh outputwastuned to matclits illumination power.
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3.5 Imaging SystemPerformance

3.5.1 ResolutionChart Images

To demonstrate systerasolving power, images of a USAF target were taken with
both the 5X+200nm lens and the 10X+70@m lens. Theimage taken with the
5X+200mmlensanda 560nm backlight is shown iRkigure26, and théamage taken with
the10X + 700mmlens anda 450nm backlight is shown iRigure27. Note the scaling of
group®6, 7, 8, and 9 for ease of readabilityRigure 27 as compared t&igure 26. The
smallest bars resolvahlgth the 5X+200 mm lens(group?7, elementl) are3.9‘ dawide.
With the 10X+700mm lens, the smallest resolvalblarsare last two elements in group 8,

correspoding to line widths of 1.2 and 1.1 &

Figure 26: Image of a USAF target taken with the X objective and f=200mm
Nikkor lens with a 450nm backlight. All images are cropped from full frame photo
(left) and scaled for visiblity.
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Figure 27: Image of USAF test chart with the 10X objective and infinity K&
700mm lens. All images are cropped from full frame photo (left) and scaled for
visibility.

The 5X+200mm lens useduring phase 1o demonstrate thaitial concept of a
multipiecelens andwvas laterrefined with the 10X+708nm combinationin phase 2The
images takermn phase lwith the 5X+200mm lens and unfocused LIF illuminaticstill
contain useful informatigrand larger featuresithin the resolving power of the system

these imageareanalyzed.

3.5.2 Effective Frame Rate

Consistentmagetiming is necessarfpr scientifically relevantemporal information
To measure inteframe timing, a Thorlabs DET36A photodiode with aGBm shunt
resistor was used, which had a 14ns rise time. Triggering the Lesiegsthebuilt-in g-
switch timing madenter-frame spacingepeatabldéo approximately 30@s (~ 3 Million
fps). Controlling both the lamp and-gwitch from a Berkeley Nucleonics mobl&75
controllermadetheinter-frame spacing repeatable to approximately. Wigh this setup,
300ns interframe spacing was used for phase 1 imagimgj75nsinter-frame spacing~
13 Million fps)was used for phase 2 imagifidhis timing change was performed because

the higher magnification needisgher frame rateto track fluid featuresThe measured
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timing for the phase 1 system is showirigure28, and the measure timing for the phase

2 system is shown iRigure29.
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Figure 28 Phase 1liumination timing recorded with a Thorlabs DET36A
photodiode (14ns rise time)
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Figure 29: Phase 2llumination timing recorded with a Thorlabs DET36A
photodiode (14ns rise time)

3.5.3 Optical Resolving Power

The MTF for theboth phase 1 and phase 2 systewsmpared to the systensed
by Zahee(Figure30(a))[16], shown inFigure30(b) and (c)The QM1 has a limit around

75LPMM which is equivéent to 7° @& the phase 1 system has a resolution of
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approximately 13QPMM or 3.8° & and the phase 2 system has a resolution of

approximately 500PMM, or 1.0° &
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Figure 30: Measured MTF of the optical system with the (a) Questar QM1, (b)
5x+200mm lens, and (c) 10X+70@nm lens.

3.5.4 Depth of Field

The depth of field decreases with a high numeparture andlecreases clarity

in out of focus regionsThe system used in pha8€10X + 700mm lens)has a high NA

of 0.28.Since the NA of the phase 2 system is higher than the phase 1 system, the depth of

field was only quantified for the phase 2 system where it would be wiarsguantify the

depth of field, he MTFas a function obbjectdistancerom the focal plangvas measured

in 10* dincrements. Thiss shown inFigure31. Thefull resolving powers only achieved
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for 10-20* a&of depth in each channehakingthe imaging systerdifficult to focus The
system has at least 10dresolution for the spyawidth of 180° & Figure31 also shows
that despite using thenfinity K2S main lens, the phase 2 system exhibits negligible
longitudinal chromatic aberration which is aplem when the ES lens is used with the

CF4of CF1Bobjective[17].
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Figure 31: MTF for the phase 2 systenmas a function of focusing distance
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Experimental Spray Setupand Test Conditions

Enginerelevant atomization occum high pressures (> 10 bar), so an optically
accessible vessel capable of high temperature and high pressures was used. The capabilities
of this vessel are further detailed [#3]. Thewindowson this vessel alséimit optical

access.

The injector used in this study (ECN Spray D No. 88) has a 180 d&diameter
nozzle and is supplied with-adodecane fuel at pressures from 200 to 2000 bar. It is a
scientific grade research injector used to standardize data collection. A schematic of the
experimental setup including injectand fuelis shown inFigure32. At a fuel pressure of
1500 bar, the fluid is travelling at Ma ~ 0.5, and undergoes as 12% expansion in density as

it exits the nozzle.

n-dodecane fuel supply
200-2000 bar

g «== ECN Spray D Injector
Constant Pressure Test Vessel —m um nozzle diameter
High Pressure (1 -100 bar)

High Temperature (298 - 950 K)

Figure 32 Experimental setup for studying atomization in engine relevant
conditions.

Atomization in the Rayleigh, first wind, and second wind rednaneall beenwell
studied in the literaturdyut sprays in the atomization reginaee rot as well understood

and are thus the subject of this wotll. experimentsn this workwere performed with a
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180° d&nozzle diameter and room temperatw@odecane fuel, so tl@hnesorge number
is constant aD.021. The Reynolds numbers changedy with fuel pressureand air
pressure andanged from 31000 to 63008l data was obtaineavith air at standard
temperaturg298 K) but varying pressured hedifferencesbetween phase 1 and phase 2

datasets excludinglens design previousligetailed are detailed ifTable4.

Table 4: Operating condition difference between phase 1 and phase 2 data.

Data Set Fuel Pressurgbar]  Air Pressurdbar] Inter-framedelay[ns]
Phase 1 500,1000,1500 2,6,20 300
Phase 2 350,500,1000,1500 1 75

In Figure33, theoperating conditions for both sets of data are shasvplack circles

on theregime diagranfrom Reitz[45]. All test conditions are in the atomization regime.

1
\ \ Atomization
0.1 First Wind
; Do
= 0.01

SecondWind

o

0.001 Rayleigh

0.0001
10 100 1000 10000 100000 1000000

" YQ
YQ —(—

]

Figure 33: Test conditions in both phase 1 and phase 2 data set plotted as black
circles. Regimediagram from Reitz [45].
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4.2 Sample Full Frame Images

The full frameresolution(6000 x 4000 pixelsandhigh repetition raté¢10-20 Million
fps) of this systentanvisualize spray phenomena previoustypossible to seesample
imagesfrom phase 1 and phase 2 are showFignire34 andFigure35, respectivelyFigure
34 andFigure 35 show the immense fieldf-view and resolving power thabth systems
are capable ofThe dhange in magnificatiobetween the twasetupschanges théeld of
view, and the changa lens desigrhangsthe resolving powefor the twospraysshown
in Figure 34 and Figure 35, the dange in spray angie attributed to the change in the
ambient densityThe blurfrom out of focus objectsisible in Figure 35 is due to the
narrower depth of field with the higher NA systerwhich isvisible only with higher

magnification.
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Figure 34: Sample full frame (6000 px wide, cropped heightdmage from phase 1.
Nozzle diameter of 18MH [, at 500 bar fuel pressure, 6 bar ambient pressure, 1ms
ASOI. Nozzle diameter is 18CH I for scale.
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Figure 35: Samplefull frame (6000 px wide, cropped height) imagefrom phase 2.
Nozzle diameter of 18 [J, 500bar fuel pressure, 1bar ambient pressure, Ims
ASOI. Nozzle diameter is 180H I for scale.
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4.3 Initial spray formation

One phenomenorstudied by manyexperimentalistss the shape ofinitial spray
formation. The mushroom shaped structuretioé initial low-velocity flow exiting the
injector has beenwell studied and imaged at high magnifications and resolutions
[18][46][47]. Images of this phenomena from the phase 1 data set are shbigarag36
andFigure37. The same featureted by others are visible hesach as the mushroom

shape, leading ligament, and drogt@mationunderneath the mushroom.

Figure 36: Initial spray formation from phase 1. Conditions are 500 bar fuel
pressure and6 bar ambientpressure Images aretaken 47(H YSOI, and nozzle
diameteris 180H O for scale.

Figure 36 and Figure 37 show a more chaotic structure compared to images by
others, andhis can be attributed ttuel property differencefl8]. There is also evidence
of a leading ligament devglment at the front of the sprapdergoing a Plateakayleigh
instability to form droplets. Unfortunately, the resoly power of this system doemt

visualize droplet shapeell so the phas2 system was used for further imaging.
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Figure 37: Initial spray formation from phase 1 images.Conditions are500 bar fuel
pressureand 2 bar ambient pressure Images aretaken 47(H WSOI, and nozzle
diameteris 180H O for scale.

One sample image frophase 2s shown inFigure38. In Figure38, an illuminated
areaof the sprayat nozzle exit is visibleOtherworks havenotedthe illuminatel area at
nozzle exitfrom backlit imaging configuratiorsnd hypothesized it om bothanintact
liquid coreanda lack of surface disturbancesthesewouldrefract the lighf48][49]. The
application ofColor-Coded Puls@urst Microscopyto quantify theintact liquid core is

discussed further in sectidn4.

A total of 120 images of transient spray formation were takg@hase 2, with 30
images distributed between four fuel pressufé® images shown iRigure 38 - Figure
40 demonstrate the typical range of features seen during this initial injection p&miod.
image obtained at 500 bar fuel pressure that shows the mushroom formation is shown in
Figure39. Another image taken at the same instance in time of another spray is shown in
Figure40. In Figure39, the formation of théeading ligament is visualizdalt the leading

ligament forms a seodl smaller mushroom shape.
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Figure 38: Initial spray formation from p hase 2 imagesConditions are 350 bar fuel
pressure injecting into STP air. Image aretaken 245H WASOI, and the rozzle
diameteris 180H .

Y 50 um Length

Figure 39 Initial spray formation from p hase 2 imagesConditions are500 bar fuel
pressure injecting into STP air. Image are taken 210H YASOI and the nozzle
diameteris 180H .

Figure39andFigure40also show ligament and droplet formation on the underside
of the mushroom shapes. Thesepdet formations are the earliest atomization imaged in
the sprays andappear to be cause by a Plat®ayleigh breakup from arelongated

ligament.
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Figure 40: Initial spray formation from p hase 2 imagesConditions are500 bar fuel
pressure injecting into STP air. Imagesar e t aken 210 o=z=leASOI, a
diameteris1 8 0 & m.

4.4 Evidence for an Intact Coreat Steady State Conditions

The existence of an intact liquid core at nozzle exit has been another area of research
with atomizing spraysSomehave proposed that there is evidence of an intact liquid core
at nozzle exif50]. Yon et al [49] noticed the illuminated comnd hypothesized that visible
streaks in the core came from cavitatiBitkett etal[48]i maged fibri ght 2z one
nozzle exit, and hypothesized that this was due to a lack of a mixing #igsving the
light to transmit through the liquid core uninterrupli&d a lensWith themulti-piecehigh
resolutionlens, thantact liquidstructurecannow bewell visualized.This was mosgasily
seenat low fuel pressure transient events such asigure4l. Note the iluminated core

and streak lines.
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Figure 41: Initial spray formation from p hase 2 imagesConditions are 350 bar fuel
pressure injecting into STP air. Image aretaken2® ¢e€¢s ASOIl ¢ozzlmnd t he
diameteris 180 m.

Though more visible at lower fuel pressure transient eyérgsstructure was also
noticed athigh pressuresteady state events. An image of the intact core at 350 bar fuel
pressure in a steady state event is showsigare42. Figure42 again showshe presence
of streaks along the flodirection at the nozzle exiindshowstheilluminated areaat the

nozzle exitindicatingan unbroken liquid core.

At higher fuel pressures the light passing through the intact core diminishes. This
is shown inFigure43. One hypothesis that aligns with
fuel pressures causes atomization to begin closer to #menexitso light doesnot pass
through the core. To better visualize thact core and initial atomization of the spray, a
novel illumination technique is needéthrly experimentation with the inclusion of a near
field diffuser has revealed structures of thhggrpressuranicroscopic sprays previous

hidden.This is discused in the following section.
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Figure 42: Spray formation from p hase 2 imagesConditions are 300 bar fuel
pressure injecting into STP air. Image are taken 1msASOI, and the nozzle
diameteris1 8 0 & m.

Figure 43 Spray formation from p hase 2 imagesConditions are 1500bar fuel
pressure injecting into STP air. Image are taken 1ms ASOI, and the nzzle
diameteris1 8 0 & m.

4.5 Visualization of Periodic Qurface Instabilities

The prevailing atmization treoly, the K-H breakup theorpy Reitz[45], suggest
that primary atomization occurs from surface Kelieimholtz instabilitiesthat form
droplets with diameters on the ordertbé fastest growingvavelength(Figure4). This

theory suggestmicron or submicron scale dropletexist in engine relevant conditigns
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andit has been difficult toalidatedue to optical thickness of the sprayslthe resolving
power ofhigh-speedmaging systemdHowever,at cetain conditionghe intact liquid core
discussedn the previous sectioaxhibited periodic surfacefeatures.Previous work by
Hoyt and Taylof51] showed these same structungth visible connectionso instabilities

on thespray periphery.

An exampe of these instabilities is shown kgure44. Here, the red, green, and
blue bandinghow the structure moving in timle Figure44there is amallblurry surface
disturbance at the togpray edgeThe size and spacing of this disturbancethe edge

correlatewith the disturbances on tlwnt of the sprayindicating hey may be linked.

Figure 44: Surface wavesat nozzle exit. Image taken at steady state conditions with
300 bar fuel pressure Images are taken with the phase 2 system 1ms ASOI,
injecting into air at STP.

The wavelegthsshown in these imagese on the order of 10 darather tharthe
order ofl* d&proposed by Reitf45]. While the image shown iRigure44 was takerin
phase 2nd is highly resolvab)earlier imagefrom phase 1 were used for analyassthey

were taken at varying air pressur@ssample imagéom phase 1 is shown iRigure4b5.
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Here the instabilities are stilésolveddespite the lowesystemresolving power of 3 @&

because the wavelengths are on the order-@010 &

Figure 45: Surfacewavesat nozzle exit taken with the fhase 1 setup. Image taken at
steady state conditions with 500 bar fuel pressure injecting into 6 bar ambient
pressure.

The surface wavelengths for each image weaauallymeasureat all $eady state
conditions for images fromhase 1. The averagasible surfacewavelength for each
condition was then compared tteeoreticalquantities. The first quantity to comafe the
measured wavelengths weasthe predictionby the KelvirHelmholtz model[52]. This

comparisoris shown inFigure46.
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Figure 46: K-H predicted wavelength relative to measted surface wavelength from
phase limages of steady state injections

In Figure 46, a linear relationship between the predictéaistestgrowing
wavelength and the measured wavelengtlevidentat a given ambient pressurd@he
correlation strength at 2 bambient pressure is thveeakest, whichs intuitive as lower
ambient pressurasould reduceaerodynamid-H breakup.The slope of the relationship
alsoincreases with ambient pressure, signifying there is a way to collapse these to one

correlation.

The measured wavelengths {@0-20° & arean orderof magnitude larger than
those predicted by the-KH model (O~ 1° @. One hypothesis for this ighat the
instabilitiesare notK-H surfaceinstabilitiesbut rathera different fluidinstability. This is
supported by thehape oftructures on the spray periphatyown inFigure42, which i
not resemble KH instabilitiesbut insteadappearto belong, stochastic ligamentwith
diameters not kengths,on the oder of 1' d&aspredicted by the KH model.Cavitation

could be theorized to be the source of these wavelengths, as streak lines on the surface of
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the jet could be indicative of internal cavitatipt®]. Another potential source would be
periodic expansion waves caused by fluid compressibility, but these would be travelling
down the jet at approximately twice the speed of the jet, and there is little evidence to
suggest this is occurrin§urther researchn the source of these disturbances is necessary

to quantify the sources.

The threecorrelations irFigure46 vary with ambient pressurand an attempt was
made to cdapse them onto a single relationsfripm known turbulence quantitiek.was
determinedhat the ratio of the Reynolds number toWieber number collapsede three
correlations This is shown irFigure 47, and a linear trend line was fitted to show the
strength of thecorrelation.This nondimensional quantity is only a function of the fluid
properties inchanged in the experimenénd velocityshownin Eq.(13). To validate this

model different fuels would need to be tested.
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Figure 47: Measured surface wavelength corpared to theReynolds number over
the liquid weber number
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The surface instabilities vary in predicted wavelength from the prediction by the K
H aerodynamic model, and the visualization shows longer ligaments rather than a
traditional K-H shape. This indicates the breakup may not be aerodynamically driven but
could be driven by turbulence, cavitation, or internal resonance in the injedernal
pressure variations have been measured previously to be on the orelD kifid [53],
while the waves nasured in this study have oscillation on the order elQ® MHz,

indicating they are not driven by pressure variations in the nozzle.

To bettervisualizethe surface instabilities, an imaging technigues used where
a diffuserwas placedlirectlyadjacent to anch proximitybehindhe nozzl e, call e
field dhelimharygmagesusingthe near field diffuseitluminatetheintactliquid
corebrighterthanimageswithout the diffuserA diffuser increasstheratio ofdiffuselight
to nonrefractedlight, thus redudng the effect of beam steering along edgéseatures
This in turnilluminates the spray coreshowingsurface instabilitie§urther downstream
than previous image#\n imagetaken with a near field diffuses slown in Figure48.
Figure48is notwell focusedasit wastakenwith a prototypdenssetup that was netell
aligned. In futurework, this systencould beimproved,and moredetailedimages of the

liquid core and surface instabilitiesuld be obtained
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Figure 48 Monochromatic image of a SprayD injection at 400 bar fuel pressure
injecting into ambient air, 1ms into a 2ms injection eventSome of the features on
the top of the spray near nozzle exit are in focugss are somdeaturesdownstream in
the center of the spray, but the lower edge of thspray isout of focus.

In Figure48, a fewfeaturesof the spray are noticed. Theaeethe intact core at
nozzle exitand the sinusoidal surface instabilities on the feantaceof the sprayThe
intact core protrudefurther downstream than previous images shieiyure42). Periodic
disturbancesseen botlon the topand on thefront of the spray, initiate at a point and
propagate along theylindrical stream axially and angularlyhe disturbance on the front

surfacehas a corresponding wavelengbm the order of 10 &

The distubance initiating at the topf thespray is likely from nozzle defects in the
ECN sprayD No. 133 injectorused in this experimentVork by Magnotti et alimaged
the injector used in thisxperimentvith x-ray tomographynd showda prominent ridge
in the nozzlewhich could cause this disturbani&el]. To validate this, He injector was
rotated and imageat 3 orientations, and this disturbance mowét the nozzlendicating

it is geometrically driven
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4.6 Droplet and Ligament Breakup in Primary Atomization

Primary atomization isdifficult to study because it is difficult toesohe the
microscopicfluid objectsat high framing ratesVork by Wu and Faeth resolved prima
atomization, bubbservedozzle diameters aratomization featuresn the mm scalgl 1],

[55]. While work has been done tbserveprimary atomizationn real engine conditions

[18], [19], these experiments have not had peeformanceequiredin Table3, limiting

the applicabilityof the resultsin this work, over250 imagesvereobtainedduring phase

2 with two spray timings gteady state and transienjection periodsand 4 fuel pressuse
(300,500,1000, and 1500 bar). This allows a qualitative analysis on the effects of varying

conditions on primary atomizatiand a discussion of the phenomena visualized

A set of sample images from the low fuel pressure (300 bar) case at steady state is
shownin Figure49. Here, the images fiaa 2 dsquareat the togeft andare taken 75
ns apartAnecdotally shown is that there were no discernable imaige K-H instability
on the spray periphewyithin six nozzle diameters downstream of the injector orifibest
images show drop formatioas secondary breakup from a long ligament. This is
exemplified inFigure49 (c) and (e). This breakup has been observed by othersywaasd

described as Cigahaped breakup by Hinze in 1956].

The scale of atomization is also another point of interestigure49 (a), (d), and
(e), most droplets are on the scale @i@microns, while the ligaments that form them are

similar diameter bubn the order of 1:30‘ d&long.
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Figure 49: Primary atomization on the periphery of the spray at 300 bar fuel
pressure, steady state conditiong he adjactent black and white squres visible at the
top left of each image are 2 0Ox 2 H Owide, and the images are takeat 0, 75, and

150 ns (left to right) after the first exposure

Figure49 (a) shows a ligament being ejected from the spray tlaeylbreak into
collinear ligamentand dopletsvia a PlateatRayleigh instability. Asimilar phenomenon
is shown inFigure49 (b). This was a commoabservatiorthrough the data sdtigure49

(c) shows thélateadRayleigh instabity on another long ligamenA typical droplet field
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on thesprayperiphery is shown ifrigure 49 (d) and (¢. The out of focus features are

prevakent behind thén-focusobjects.

Figure 50 showsmore images of primary atomizatiohut at fuel pressures of
500bar. Figure50 (a) shows a typical droplet/ligament field around the spray periphery.
Note the ligamenbeing ejectedrom the surface in the middle of the imadgeigure50 (b)
shows adroplet formation from a long ligament. The ligament (formed by an unknown
phenomenais undergoing PlateatRayleigh instability, andropletformation at the end

of the ligament is seen the threemages

Figure50 (c) showsa ligamentwith diameteron the order of 2 d&breaking off
perpendicular to the jet stream, with ted pinching off to forminga shorterligament.
Dropletsfrom secondary bréap arealso seen arourtthe ligamentFigure50 (d) shows
the formationof a doplet coming from a PlateatRayleigh instability on a ligament
breaking away from the sprajhedroplet diametehasdecreasedompared td-igure49,

aligning with prevailingatonizationtheories.
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Figure 50: Primary atomization on the periphery of the spray at500 bar fuel
pressure, steady state conditiong he adjactent black and white squres visible at the
top left of each imag are 2H Ox 2 H Owide, and the images are taken at 0, 75, and

150 ns (left to right) after the first exposure

Figure51 shows primary atomization at 1000 bar fuel pressurEigare51 (a), a
long ligament undergoin@latea-Rayleigh instabilityforms droplets duringhe three
frames Figure51 (b) shows multiple ligaments being ejected from the spray surface, and

these appeaimilar tothe ligaments imaged by Wu and Fafth].

Figure 51 (c) and (d) show ra interesting phenomenon noticed during

experimentatioroccurring at nozzle exiOn the bottom edge of the nozzle at higher fuel
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pressures, a long ligament tends to forra slight angle from the spray. This could be due
to a microscopic manufacturing defect in the nozzle. These long ligaments are initiated at
a similarlocationin everyinjection andresult in a neanozzle droplet generatioon the

ascale

(@)

(b) B ooum ons B ooum  75ns B oum  1s0ms

(d)

Figure 51: Primary atomization on the periphery of a spray at 100 bar fuel
pressure, steady state conditionsnjecting into air at STP. The adjactent black and
white squres visible at the top left of each imge are 2H Ox 2 H Owide, and the

images are taken at 0, 75, and 150 ns (left to right) after the first exposure

As fuel pressure increases above 1000 bar, the scatemization decreasesd
structures in the image are difficult to resolve. Of2@dull frame images taken at steady
state with1500 bar fuel pressure, the three clearesgtinces of drop formaticare shown

in Figure52. Most spray features were smaller than the resolving power of the syistem.
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Figure 52(a) and (b), the near nozzle droplet generation is visualized once again, but
droplets and ligament diameters amealler than the resolving powathe systemmaking

them appear as airy disksgure52 (c) shows a series of ligaments being ejetteah the

spray surface, but these are gisorly resolvedy the imaging systent.his could indicate

the presence of suficron droplets as theorized by Reitz ef%2].

(@)

Figure 52 Primary atomization on the periphery of the spray at1500 bar fuel
pressure, steady state conditions.
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CHAPTER 5. FUTURE WORK

5.1 Improved Test Conditions

One drawback of the image set is that phase 1 is that they were not taken at engine
relevant temperature, and phase 2 images were taken at neither engine relevant temperature
more pressure. To gather data on engine relevant camglithe spray must be imaged at
elevated temperature and pressure. While the remote objective concept has been used at
higher pressure, high temperature presents a new set of challenges. One of these is the
usage of the microscope objective outside off tthesigned case. It is unlikely that image
guality from the system will remain on the micronlecat the elevated temperatuchse
to component expansion and the effect of beam steering. One way to overcome this would

be to design a custom objective lemw/o opportunities for this are realized.

5.2 Optical System Changes

Having reverse engineered the Infinity K2S microscopic lens, a few
recommendations for future lens design and selection can be made. The remote objective
concept may not work at elevated fmrature. Two potential solutions exist for this. First,

a custom objective lens could be designed that could withstand high working temperature
and maintain focus. This could be done with a high temperature achromatic lens, but
guestions remain as to tlwailability of these lenses. To replicate the 10X objective, a

focal length of approximately 3m would be needed.

Another solution is the construction of a custom long working distance microscopic

lens. The performance of a custom lens is from thetgual the lenses, the focal length
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ratio of the main lens to the objective lens, and the numerical aperture of the objective lens.
A lens could be constructed that is optimized for the optical access in the vessel. To
optimize the numerical aperture ofetlhens, and effective focal length for the objective
would need to be approximately 3880mm, with a diameter as wide as the vessel window
(approx. 150 mm). This could be achieved with telescope objective lenses. Scientific grade
lenses that meet thessguirements exist for a price, and a eeff¢ctive solution exists at
websites such as Surplus Shed. To use the large numerical aperture of the objective lens, it
is theorized that a large diameter main lens is necessary. A Nikonm@02.8 lens would
provide nearly full field of view of the objective lens awthdow andcould be coupled

with teleconverters to increase the magnification as needéth a 400mm lens, a
300mm objective, and two 2X teleconverters, the Abbe and Nyquist limit would both be

approximately 1.4 &

5.3 Incremental System Improvements

While the Color-Coded Puls@urst Microscopysystem detailed here is high
performance and well optimized, there exist incremental improvements that could be made
to the imaging system. Two of thesaprovements are related to the imaging camera
system and the illumination power and pulse width. A Bayer filter array cameraosenc
early on for this projecand functioned well at high magnifications. However, recent
development with the Foveon imagisensor has made it practical for us€ator-Coded
PulseBurst Microscopy Foveon sensors utilizethreelayersensor, with red, green, and
blue pixels stacked on top of one another as opposed to side by side. This reduces
defringing aberrations, a qolem on the pixel scale ilColor-Coded Pulsdurst

Microscopy [57][58]. For higher magnifications above the Abbe limit (such as
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0.2° oMM § the defringing effect is less pronounced and the advantage of the Foveon
sensor is negated. A Foveon sensor waigd introduce the problem of lens compatibility

as they often use a proprietary and uncommon Sigma lens mount.

Another improvement to th€olor-Coded Puls@urst Microscopysystem would
be the usage of a picosecond laser. While the nanosecond ND:YAG prasated
sufficient power and was able to freeze structures on the periphery of the spray, there was
still motion blur in the smaller and faster features at higher fuel pressures and higher air
pressures. Other work in the literature has shown the adpaaofaa picosecond laser for
spray illumination as opposed to nanosecond illuminaf@®]. If this were to be
implemented witfColor-Coded Pulsdurg Microscopy the system would resolve clearer

images by reducing motion blur.

5.4 Data Processing

Further work could also be accomplished on jpwetessing the images obtained
in phase 2. One challenges to this is dropleing and tracking A machine learimg
program would be a solution tbis andcould be used to process hundreds and thousands
of images. However, machine learning takes considerable time and effort to train and

requires a very large data set. A traditional edge detection approach iscasibdef

Edge detection and sizing calculations benefit from magnifying the drops to appear
as airy disk. Techniques such as wavelet analysis could be used to interpolate an edge
location, where edge information is obtained from neighbouring pixels. mbisases
information available for an edge detection algorithm and has been shown to increase the

reliability of droplet edge detectiof89]. Once droplet size and position are determined, a
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tracking progam can be coded to analyse droplet velocities and acceleration. A prototype
for this code was constructed and used the lower resolution photos from the phase 1 data
set, but it showed velocities significantlywler than the Bernoulli velocityhich

guestoned the reliability of the program.

The images from phase 2 can size droplets larger than &.and could thereby
determine the Sauter Mean Diameter on the periphery of the spray. An attempt at
guantifying this was performed with the phase 1 databsitiue to relatively low image
resolution, the results were deemed irrelevant. Adapting this code to the images from phase
2 proved difficult as new challenges were encountered with high magnification droplet

identification.

5.5 Plenoptic Imaging as a Complinent to Color-Coded PulseBurst Microscopy

All previous improvements optimizedmensionalColor-Coded Pulsd&urst Microscopy

One beneficial and novel way to leverdagelor-Coded Puls@urst Microscopyis with a
Plenoptic camera, which requiredigih-resolutionimage sensor. Plenoptic cameras use

an array of microlenses to image an event from multiple perspectives. This opens up new
possibilities with post processifig0], [61]. Effects like changing perspective, refocusing
after imaging, increased depth of field, and measuring depth are possible withtielenop
cameras. Although microscopes using Plenoptic cameras have been[6&atbdy have

do not resolve the micron scaded have only been used on single shot,-moring
objects. More details on a Plenoptic Microscopy setup for studying primary atomizatio

with preliminary images can be found in Appendix A.
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CHAPTER 6. CONCLUSIONS

6.1 Imaging System Designand Performance

In this work, a high-performanceColor-Coded Pulsdurst Microscopyimaging
system isdesigned and implemented to study primary atomizafiooustan multipiece
imaging lens is designed and used to resolve objects on the scalé aiwith an image
resolution of 0.2 &) w This is coupled to a consumer grade Nikon D5300 DSLR color
camera, andwith a highspeed, higipower illumination system, captures three
24 Megapixel images fully exposed with 5ns exposure timeSolr-Coded Pulséurst
Microscopysystem was then designed around the color camera using tuned Laser Induced
Fluorescent dyes so that a 3 frameniion fps video can be taken with a single shot of
the system. Further work incorporating a near field diffuser and analysing its effects on

microscopic spray imaging was also accomplished.

A comparison of the system used in this work to systems used mstdbe of the
art high speed microscopy applications is givefable5. The highperformanceColor-
Coded Pulsdurst Microscopysystem has the largest image sizeprsdst exposure,
highest resolution, and can be adjusted to match or exceed the highest frawdoate.
Coded Pulsd@urst Microscopyhas the best performance of any imaging system and allows

the study of primary atomization in ways not previously possible
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Table 5: Comparison of microscopy capabilities ohigh-performance Color-Coded
PulseBurst Microscopy to other imaging technology used in the literature

Exposure Image Size Frame Rate Resolution
Zaheel[16] 20 ns 128 x 48 px 480 kfps 9.8' &
Kim [17] 33 ns 6000 x 4000 px 1 Mfps 214" a
Crua ¢ al. [18] 20 ns 1280 x 960 px 200 Mfps 23" &
Kirschetal[19] 10ns 1024 x 1280 px 1 Mfps 2° &
Phase 1 5ns 6000 x 4000 px 3 Mfps 3.8° a
Phase 2 5ns 6000 x 4000 px 13 Mfps 1.2° &

6.2 Critiques of Current M odels ofPrimary A tomization

The images shown irFigure 49 through Figure 52 show multiple noteworthy
featuresIn most cases, pnary atomization forms long ligaments rather than spherical
droplets, and these ligaments only turn intopdets upon secondary breakup, which was
commorty observed as Platedayleigh,sheet andbagbreakup. These longer ligaments
show that the assumph of spherical droplets in primary atomization needs to be
evaluatedThe intact liquid core of the spray was validated at fuel pressures of 300 bar,
which isin the atomization regimé/isualization of the intact corat 400 bawasthen
accomplishedusing a nea#field diffuser, and this shedight on the development of
periodic surface instabilities on the spriinally, images of potential sumicron droplets

potentially validate parts of the-K model.
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APPENDIX A. RUDIMENTARY HIGH SPEED PLENOPTIC

MI CROSCOPY

A rudimentary Plenoptic imaging setup was created and used for imaging the Spray
D injectorand a USAF test targethis setup is shown in Figure A.1, where a Lytro lllum
is the Plenoptic camera, and a relay lens (50mm f/2), is connected mditiity K2S lens
with the hfinity CF45X objective. The system shown in Figure A.1 was improved upon
in multiple ways. A 135mm /2 relajens replaced the 50mm /2 lets lower the
magnification to fit the spragiameter in the imageand to reduce the vignette on the
images. To correct for chromatic aberration, the 10X long working distance objective
replaced thénfinity CF4 5X objective. This system was then used with@oéor-Coded

PulseBurst Microscopysystem to obtain h e wo r high&esdutibni ligh speed

Plenoptic images.

Figure A.1 Early Plenoptic imaging setup using a Lytro Illlum, 50mm /2 relay lens,
and infinity K -2S main lens with the 5X CF4 objective.

The Lytro Illum outputs files that are a proprietary image format, bsetheve
been reverse engineeradd can be used with the Light Field Toolbox in MATLAG3].

This toolbox turns the Light Field images into @?2array of color images that can be

76



manipulated in MATLAB. This array stores the different smages (in the case of the
[llum, 15 x 15 subimages resulting in 225 different perspectives). A sample of this image
type is shown ifrigure A.2 which was imaged using thensconfiguration inFigure A.1

The highest exposed image is adiacenterposition, likely due to a miignment in the
multi lens system. There are also instances of iMf@ageationat sixcorners, likely from

the hexagonal configuration of the microlens array in the Lytro lllum. A sample image

from the array shown iRigure A.2that is offset from the center is showrHigure A.3

'

Figure A.2: The 225 different perspectives for imaging a USAF test chart. Therray
of 225 images (15 x 15) are 625x434px.
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Figure A.3: USAF test chart image with the Lytro lllum and the lens configuration
shown inFigure A.1. The smallest resolvable bars are on the order of 2 microns.

The Plenoptic imaging system was then useinage the ECN Spray D injector.
A sample light field image of a spray is showrrigure A.4 The decrease in image quality
with radial distance from the center is from the vignette effect and the ballistic light. An
image radially offset by onecationfrom the center is shown irigure A.5 The lower
image resolution (640 x 480 pixels) and change in effective magnification make this image
nyquist limited. The image processing algorithm prodsi@e seemingly checkerboard

appearance on the figungithpro bl emat i ¢ pi x e lFiguielAgit s pot so

Despite the numerous areas for improvement in this setup, a high speed Plenoptic
microscopy system has been demonstrated with a single shot image andGaeithr-a
Coded Puls@urst Microscopyimage (not shownfor the first time. Some areas for

improvement with thé&lenoptic system are as follows.
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Figure A.4: Light field image of a spray at 400 bar fuel injection, in the transient
regime of the spray

The vignette effect on the light field and lack of amguksolution (few images in
the light field areproperlyexposed) are due to a midictaof aperture throughout the four
lens system. To resolve this, a wider main lens and microscopic objective will be needed.
The relatively low F number of the infinityam body and the entrance pupil diameter to
the objective are the two causes of this effect. The custdr@lens detailed earlier would

be a potential remedy for this.

Further improvement could be made to the light field camera by using a different
micraens array and relay lens. Other w{8k], [62] has demonstrated this possibility. The
microlens pitch in the Lytro lllum is 14 ¢& and pixel pitch is 0.89 &) @wso 225

(15x 15) effective perspectives are obtained from each microlens. Scientific grade
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microlens assemblies are available from Thorlabs and other cpipgdiers buthave
pitches on the order of 100afor the microlenses, whiatepending o the posprocessing
algorithmwould eithethave moréow resolutionsub images, dravefewerhighresolution

sub images.

Figure A.5: Single shot image from the light shown irFigure A.4. Image resolution
is 625 x 434 px.
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