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SUMMARY

Understanding the physics governing primary atomization of high pressirgprays is

of paramount importance to accurately model combustion in direct injection engiies.
small length and timecales of features that characterize this process falls below the
resolution power of typical grids in CFD simulations, which necessitates the inclusion of
physical models (sutmodels) to account for unresolved physidsifortunately current
physical modks for fuel spray atomizationsed in engine CFD simulatioase based on
significant empirical scaling because there is a lack of experimental data to understand
the governing physic3.he most widely employed atomization smodel used in current

CFD simulations assumes the spray atomization process to be dominated by
aerodynamicallydriven surface instabilities, but there has been no quantitative
experimental validation of this theory to date. The lack of experimental validation is due
to the high spatiaand temporal resolutions required to simultaneously to image these
instabilities, which is difficult to achieve.

The present work entails the development of a diagnostic technique to ligtaispatial

and temporal redution images of jet breakup amtiomization in the near nozzle region

of Gasoline Direct Injection (GDI) sprays. It focuses on the optical setup required to
achieve maximum illumination, image contrast, sharp feature detection, and temporal
tracking of interface instabilities for loagnge microscopic imaging with highspeed
camera. The resdion and performance of the imaging system is characterized by
evaluating its modulation transfer function (MTF). The setup enabled imaging of GDI

sprays for the entire duration of an injectioreetvGeveral milliseconds) at sigiaantly

Xiii



improved spatial and temporal resolutions compared to historical spray atomization
imaging data. The images show that low to moderate injection pressure sprays can be
visualized with a high level of detail andsal enable the tracking of features across

frames within the field of view (FOV).
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CHAPTER 1: INTRODUCTION

In recent years, the growing environmental concerns related to global warming
and climate change has focused the attention of researchibisdmvelopmenbf energy
efficient technologies to reduce greenhouse gases emission into the environment.
Governments across the world are also setting directives to facilitate the development of
efficient technologi es. Since b5béifgusedn t he
the transportation sectt], efficient combustion of liquid fuels in internal combustion
engines will have a significant contribution towards controlling the emission of
greenhouse gases.

Understanding the processes that goveencombustion of liquid fuels in internal
combustion engines is the first step in increasing their efficiency. The combustion of
liquid fuels starts with the preparation of an air fuel mixture. Although many mechanisms
exists for preparing this mixture, dhpredominant mechanism for diesel engines, and
recently for gasoline engines with GDI (Gasoline Direct Injection) technologies, involves
the injection of higkpressure liquid fuel sprays into a highessure gaseous
environment.However, he fundamental lpysics that govern the primary breakup and
atomization of these high pressure sprays into dense elilggnenvironmentsare poorly
understood because of the extreme conditions in which this process oCeasg
conditions are characterized by the injectof Hgh pressurdiquids, in the range of 100
3000 bayinto dense environments with gas density ranging frossKg/m?®, which
results in flows having liquid Reynolds numbéRe = Y.d/p.) in the range of 1810°

and Weber numbser(We = j U2d/() in the range of 191(P. The characteristic



dimension of interfacial instabilities and droplets formed from these flowty@ically in
the range of micronas shown irFigurel and they are moving at velocities of hundreds
of meers per second. These extreme spatial and temporal scales are challenging to

characterize both experimentally and computationally.
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Figure 1. Breakup scales for high pressure fuel sprays at engine relevant conditions predicted the
Kelvini Helmholtz breakup theory and Turbulent breakup theory.

The inability to form a comprehensive theoretical modebpfimary atomization
in fuel sprays despite numerous experimental and theoretical studees.,
[2][3][4][5][6]), also arises from the fact thaspray atomization has been shown
qualitatively todepend on darge number of parametersncluding nozzle flow [7],
nozzlecavitation[8], ambient condition§/], fluid physical propertief9] , and the effects

of liquid turbulence[10]. Without experimental data tguantify therelative importance



of these parametera robust physical description of fuel spray atomization has yet to be
developed Current theoretial modelsfor diesel spray atomization are based on the
premise that aerodynamicaityduced instabilities dominate the procgs$] As shown

in Figure 2, this theory is based on linear instability analysis, where the fastest growing
surfa@ wave, with wavelength, leads to droplets with characteristic sizes that scale
with L. The influences of nozzle internal flow is only included empirically in such
models, but these effects doeown to be important for highressure spray$loreover,

the effectof liquid flow turbulence has been shown qualitativElp][12][13], but its

guantitative contribution is yet to be determined.

2B,A

Figure 2: Schematic diagram showing surface waves and breakup a cylindrical liquid jet [14]

Current computer modeldor engine combustion mussolve conservation
equations for the transient dynamics of vaporizing fuel spraysch interact with
multicomponentgasesand undergo mixing, ignition, leemical reactions, andheat

transfer in arbitrary shaped (moving) geometri@ge to the wide range of length and
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time scales that characterizhese processeand limitations of current computing
capabilities many of the governing physics fall in the syiid scaleFor example, in a-3
dimensional finitedifference computation, to begin to resolve the ffeeid around
10um diameter drops (typical of the drop Sauter mean diameter in combustion
applications) in a 10 cm diameter combustion chamber reqairest 162 grid points
(seeFigure 3). Due to limitations of computer storage and run times, a practical-upper
limit for current supecomputers is about $Qgrid points. The missing 7 orders of
magnitude will notbe realized in the next decade, even with the most optimistic
projections about computer power increas€his necessitates the inclusion af
theoretical modelor submodel, to describe the unresolved spa&ymizationphysicsin
engine CFD simulationswhich inherently brings empiricism into the simulation and

limits its predictive capabilityl11].

- 10 cm -
dz 1D104grid points
Z_[—dy
| | 12
3-D 10 grid points
dx
10 pm

Figure 3: Accurate submodels are needed for detailed spray processes since dgipes are much
smaller than practical computer numerical grids[14]
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The experimental data on whiaturrent submodels[2] have beerbasedare
significantly lacking n quantitative resolutiorHistorical imaging data ardemited by the
imaging technology of that timeesulting in underesolvedspatial resolutiomnd single
shot still frame imagethat greatly limit the ability to quantifyinterfacial instabilities
their growth historiesandthe resulting atomizatiooutcomesFurthermore, the region of
primary breakup for higipressure sprays is optically very densehich limits the
penetration of light through it using conventional lightening temies Hence
guantitativedrop sizing measurement techniques are not feasible in these relgesent
advancs in high-speed imaging technology conjunction with longrange microscopy
and short pulsed LEDIumination, providesnewtools to image spiys at the extremely
challengingmicrometerspatial scales and nanosecond timdescalhe present work
develops a transient microscomfagnostic technique to imagéDI sprays at the
maximum spatial and temporal resolution possible using-statee-arttechnologiesand
also determines thepray operating conditions where the primary breakup process can be
temporally and spatially resolved with the desigmadging systemThe aim of this
diagnostic development effort is tenable the quantitative desdrgn of interfacial
instabilities, how they evolve with timeand how itresults in primary atomization
Resolution of these processes shdahitl to thereduction orelimination ofempiricism
from submodels in CFD simulationswhich will greatly increasetheir predictive
capability Accurate predictiorof direct fuel injectionfor engine CFDsimulationswill
enable a broaderinvestigation of new highefficiency leanburn low temperature
combustion strategieand also givebetter insight into using biduels, which have

significantly different physical properties as compared to conventional fossil fuel.

5



CHAPTER 2: LITERATURE REVIEW

Theformation of liquid sprays haseen classically theorized to follcavsequence
of the following three stepgi) ejection of liquid flow into a gaseous environment (ii)
primary breakup and (iii) secondary breakup. The intermediate step of primary
atomization, which constitutes initial flow deformations and the subsequent production of
liquid fragments from these deformations, isremely importanto understandbecause
it provides a link between the flow issuing from the atomizer and the spygyhology
For highpressure fuel sprayshis step plays a vital role in combustion process and
emission formations since these processeshighly dependent on the -&irel mixtures
thatare governed by the primary atomization mechanWidely used heoreticaimodels
of the initial breakup of liquid sprayis high ambient density environmertiave been
based on thaypothesis thatinstabé waves develop and grow on the liggas interface
and dominate its breakup@5]. However a coupling of the processes upstream in the
nozzle with the wave development phenomenon downstream is also required as it has
been shown to play an important role in the primary atomization mechanism ef high
pressure spray2]. Unfortunately, there has been no consensus on the correct theoretical
description of atomization for highressure spraydue to a lack of resolved experimental
data. The experimental verification of these theoretical models have been Ijone
comparisorwith measurements dérge scale spray characteristics (cone angle, breakup
length and mean drop diameter) where the prynadgomization process unresolvediue

to the inability of the employediagnostics t@uantify it.



High-pressure fuel sprays fall under the broad category of cylindrical liquid jets
which are defined as sprays produced by forcing a liquid throughiradgal tube of
diameterd and lengthL. These sprays can be further divided into-sedgpmes based on
the disintegration mechanism obseryvadich can be expressed as a functionthad
liquid Reynolds number and Weber numbé&rjet stability curve is ammonly used to
categorize these sulgimes based on the liquid breakup lengtuy, and the average exit
velocity of the liquid UL [15]. The breakup length is the length of the continuous jet
attached to the nozzle and the average exit velocity of the liquid is defined as the volume
flow rate of the liquiddivided by the crossectionalarea of the nozzle orifice. Based on
the above criteria of classification, five breakup regimes have been iderkii@an as
the dripping regime (region A), the Rayleigh (region B), the first vinthiced (region
C), the second winthduced (region D)and the atomization (region E) regimes

shown inFigure4.

Lé |

Figure 4: Cylindrical jet behavior. Top stability curve, bottom example of visualizations (from left to
right): Rayleigh regime (region B) Re = 790, Wes = 0.06; first wind-induced regime (region C)
ReL = 5,500, We = 2.7; second windinduced regime (region D) Re = 16,500, We = 24; atomization
regime (region E) Re = 28,000, We = 70[15]
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High-pressure fuel sprays lie in the atomization regimdich has been
characterized byhe observation ofomplete jet thruption at the nozzle exiproducing
average drop diameters much less than the jet diameter. didmdseen shown thahe
onset of breakup in this regime is strongly influenced by the degree of flow development,

turbulence and cavitatidi 3].

2.1 Experimental Investigation of High-Pressure $rays

Reitz and Bracc2][7] conductedan extensiveexperimental validation of tlre
unstable wave growttheory for the primary atomization of thigpressure fuel sprays.
The theory and models developed from that Watk7] are nowused in nearly akngine
CFD codes to model the primary atoatinn of directinjection fuel spray$l11]. Images
wereobtained using shadowgraphwhich is ae of the most popular flow visualization
techniques for sprayslt uses the principle thatvhen backlluminating a flow,
disturbances in the medium refra@ed scatterdight rays castng shadowsthat are
imaged as dark objects against an illuminated backdroe.images obtained by Reitz
and Braccowere limited in their spatialesolution(O[100 um]) and had no temporal
resolution as shown irFigure5. They validatedther primary breakupmodelindirectly
using largescale spray parametersuch as spray spreading angfeom ensemble
averaged datf/]. Another indirect quantitative validation of the unstable wave growth
model was performedia drop size measuremenfar downstream of the jedxit [3].
Since these validations were based on indirect measurements, they required empirical
scalingto match the predictions of thbeoreticalmodel. It was concluded from these

validations that the aerodynamic surface wave growth mechanism cannot fully explain



the process of primary atomization and the contributions of other fastock as nozzle

internal flow, turbulenceand cavitationshould also be taken into account

L/d=85 L/d=101 L/d=0.5

Figure 5: Shadowgraphic imageshowing effectof nozzle passage lengtlon steady state jet breakup
forwater jets in a nitrogen envir (escludom®O[10aum]))2]0 0 psi a

More recerly, Wu et al [5] and Sallam et a[13][10] investigated the formation
of ligaments and dms at the liquid surface during primary brealafpturbulentliquid
jetsusingsingle and doublepulse shadowgraphy and singlalse offaxis holographws
shown inFigure6. Shadowgraphy was performed using Iasevhich gave the capability
of a 7ns exposure separated by 100 ns. The single pulse resulted in still images whereas
the doublepulse yielded two images 108 apartThe spatial resolution they achieved in
the shadowgraphy images allowed objects aslsmsdabum to be observed and as small
as 10um to be measured with 10% accuradpwever the formation and growth history
of the ligamentscould not bewell evaluated becae of thelimited temporal data
available with this technique. Shadowgraphy wasdue flow visualization and to
measure liquid surface velocities, properties at the onset of ligament and drop formation,

and drop and ligament properties along the liquid surface



Initial x/d=10 x/d=50
breakup
Diameter of refernce pin = 0.9 mm

Water u=35m/s; d = 3.6 mm

Figure 6: [Top] Pulsed Shadowgraphs of flow near the liquid surface at various distances from the
jet exit for water injection into still air (resolution O[10 um]) [5] and [Bottom] Typical shadowgraphs
of turbulent breakup [10]

Single-pulse offaxis holographyyielded still holograms (no temporal resolutions)
of the liquid surface with spatial resolutions capable of observimg Sliameter drops
and measuring 10m diameter drops with 10% accuracy. These hologrsnshown in
Figure 7 were used to measure drop liquid flux distributions along the liquid surfaces
Their conclusions suggested that the onset of ligament formation was associated with the
convection of turbulent eddies within the liquid jet aldhg liquidgas interface, which
stands in contrast to the principles of the wave growth model of Reitz and Bracco.
However, the liquicto-gas density ratios at which these experimentsewperformed
(e.g.4/ ¢=690t0 860) are significantly higher thahdse at engine relevant conditions

( &/ ¢<60), which restricts the applicability of these results for fuel injection processes.

1C



Figure 7: Hologram reconstruction of flow near the liquid surface at various relative velocities for

' U =81m/s
Diameter of reference pin =0.9 mm
Water; d = 6.4 mm; x/d = 10

water injection into still air (resolution O[10 um])[5]

The develoment of longrange microscopyas enabled researchers to achieve
imaging resolution close to the diffraction limit. Crua ef#] and Shoba et diL7]
combined high speed imaging with lergge microscopysing pulsed lasets achieve

submicron spatial resolution. Howevdre temporal data for this imaging technique was

limited to stild!

limitations restricted their work to éois on theelatively slowinitial transient phase of

injector openingas shown inFigure 8 and they did not focus on imaging primary

atomization.

I 40MPa-042ms
Qphevmdy cap
m <+— Stagnation point
\ Surface ripples

et

Figure 8: Example of the presence o& spheroidal cap and its evolution during the initial stage of fuel

mages or a

injection [16]
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The latest developmenin pulsed LEDR have enabledtheir use as a viable light
source fomigh-speed imagingThar high optical powe(1-2 W), combined witha short
pulse widh capability(10-20 ns), and a high repetition rat.@ to 0.5MHz), has enabled
the imaging otigh-speed sprays &igh temporal resolution for the entire durationaof
fuel injection event (23 ms) Recent work by Pickett et §l18] utilized pulsed LEDs as
the light source fodiffused back illuminationmaging, usindong-range microscopyof
the neaifield structure and growth of a diesel spraley achieved a spatial resolution of
47¢e m/ pi x el at an I mage acquisition speed
1.4mm long field of view (FOV). These achievements in spatial and temporal resolution
indicate new potential for resolving primaryebkup in practical fuel spray3.her
images(seeFigure 9) indicatethe presence of a pure liquid core immediately at the
nozzle exit suggesting that a finite time for interface instability growth is required to

completely disupt the issuing liquid jet

. 02
optical g,

wom[03] ©

 — |

0 02 04 06 08 1 1.2

-0.2

02 04 0
Axial distance [mm] Axial distance [mm]

Figure 9: [Left] Evidence of a liquid core immediately at the nozzle exit [RightOptical thickness
measured with backlit microscopy overlaid with aderived optical thickness from the radiography
measurementdn light blue [18].
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Manin et al.[19] used longrange microscopyo investigate primary atomization
of diesel sprays injected into high temperature and pressure conditions. Pulsed LEDs
were also used as the ligbdurce for thaliffused back illuminationmaging using long
range microsaoy in this work.Thar images as showm Figure10foundthe presence of
droplets and ligament dynamics at low pressurdtemperature ambient conditiqrizut
not at high pressure and temperature condittbasare relevanfor engine conditions.
They attributed the lackf observed droplet dynamics teducedsurface tension effects
at the gadiquid interface dueto the supercritical nature of the-firel mixturethatcould
be present at these high pressunel &emperature condition$lowever the lack of
evidence of droplets and ligamemigy also be attributed to the inability of the optical
system to resolve these featyré®th spatially and temporally. Theccurrenceof
supercriticalmixtures in engine fl spraysneeds to be verified further by completely

eliminatinguncertainties due to image focusing and resolution.

A- 0.5 MPa - 440 K (Normalized intensity) B- 6.0 MPa - 900 K
1 1 ' 1 1 1 L 1 1
-0.1 -
0 L
0.1 3
N ; I
01 | e Gas jet |
O b |-
0.1 + r
1 1 ¥ 1 1 1 : : : I : ;
-0.1 A -
0 = R T |
0.1 L
M
-0.1
0
0.1
-0.1

0
0.1

(Enhanced contrast)
1 1 1

e ——
0 02 04 06 08 1 12 0 02 04 06 08 1 12
Distance from outlet [mm] Distance from outlet [mm]

Figure 10: Diesel spray start of injection at low [Left] and high [Right] pressure and temperature
ambient condtions [19]
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Figure 11 showsthe location ofsprays that were investigatén literature on the regime

plot where the regimes are the same that were specifiedjume 4. It can be seen from

this figure that the highly resolved sprays by Sallam and Faeth are in the low pressure
sprays regime (¢ Wind induced regime) whereas the high pressure spray investigation
by Reitz and Bracco and Manin et al. is not highly resolved. Hence this is another proof
of the lack of high resolution data for highressure fuel sprays because of the

challenging temporal ahspatial scales required for these sprays.

1 3 N <
E \“ ]@ \\ \\‘ -
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o 001 7 5
] Eda
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] 2Reitz and Bracco
| Sallam and Faeth
1 °Manin et al.
0.0001 T
10 100 1000 10000 100000 1000000
Re

Figure 11: Location of sprays investigated in literature a the spray regime plot.
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CHAPTER 3: EXPERIMENTAL SETUP

The transient microscopy of primary atomization in GDI fuel spays was pedorme
in an optically accessible high pressure and temperature combustion vessel. The fuel
delivery and optical system was also designed to perform the microscopic imEgmg.

chapter describesach of these systems and equipment in detail.

3.1 Experimental Equipment

3.1.1 High pressure and temperature combustion vessel

The Spray Physics and EngirResearchlab at the Georgia Institute of
Technology is equipped with a state of the art optieatlgessible high pressure and
temperature combustion vessEigure 12 (a) shows the schematic of the whole vessel
with Figure12 (b) showing the closap of the combustion chamber and the location of
the spray.A wide range ofoperating conditiongan be simulated ithe vesse(up-to
100bar aml 900K) which includes most of the gasoline and diesel engine operating
conditions The vessel design consists of two concentric cylindrical chambers; the inner
chamber is insulated from the outer chambasolate the highemperature air flow from
the pressurbearing windows. Acontinuous flow of aipasses througthe vesselwith
pressurized ia fed to the vesselffrom the bottominlet, which passes through two
cylindrical 15kW heatersand a disc shape5kW heder in the chamber to raise its
temperature to the desired operating poiftte diffuser at the entrance of thener
chamber distributes the air to provide a quasform temperature environmenthe

velocity of the air flow in the chamber i®gligible as compared to the velocity of the

15



spray and thus the ambient environment can be assumed to quiescent. The temperature of
theinjector is kept constant by cooling water which circulates inside the injector holder.
The vessel is optically accesgilfrom the two sides, the front (not shown) and the top by

means of fused silica windows.

Exhaust

Insulated inner
chamber

Cooledinjector

5 kW heat
eater ~  holder

Outer

chamber Diesel Fused-silica

windows

15 kW Diffuser

heaters

T T Inlet
@) (b)
Figure 12 (a) Schematic of the high pressure and temperature vessel (b) clage of the combustion

chamber.

3.1.2 Fuel Pump gstem

GDI fuel sprays work at lower pressures @@MPa) as compared to diesel
sprays (~ 500/Pa), which enableshe use of a staticoump The advantage of using a
static design is that it eliminates pressure fluctuations which are inherent in a dynamic

system. The static fuel system was designed based on a bladder accumulator with a
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maximum operating pressure of 308 (~ 20MPa).Figure13 showsa schematic of the
fuel system. High pressure nitrogen framitrogen cylindeis fed to thenitrogen side of

the accumulatorwhich expands the diaphragm apdessurizeghe fuel side of the
accumulator. Isactane(CgHzg) is used as the fuel for adixperiments. Is@ctane was
selected as a representative liquidl fiee GDI spraysbecausgas a singleomponent
fuel, it haswell definedphysicalproperties It is also a representative component of real
gasoline fuelsThe diaphragm of the bladder is made of Viton and is fully compatible
with a wide range of fuelsThe inert nature of nitrogen made it the most suitable choice
for use as the pressurizing medium. A fuel charging tank is uddidthe fuel side of the
bladder using pressurized air. Using air in this part of the systacceptable since it

is at avery low pressure of around ®8i (~ 0.5 MPa) ands only used when the fuel

system requires refilling

Pressure Relief Valve vent

Ball Valve Needle Valve
(B1) (N1)

Pressure gauge

Gas Chuck
“T" handle
valve

Ball valve
(B4)
to injector

N

Drain
Bladder (Needle Valve)

Accumulator (N2)
U Fuel
Pressure Relief Valve Ball Valve
(B2) /

Drain
Pressure gauge X (Ball valve)

1 (B3)

Figure 13: Schematicof the bladder accumulatorfuel pump system for GDI sprays.
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3.1.3 GDlI Injector

A solenoidactuated MagnetMarelli GDI injector with 5 countebored nozzle
orifices was used to perform this study. The nominal diameter of the inner holes of the
counter bore is 125 microns. Four holes of the injector are arranged-ghapéd pattern
with the fifth hole athebp of t he 0VO0. The injector is
way that the jet from the fifth hole emanates horizontally whereas the other four jets
move diagonally upwardéeeFigure 33). This allows imaging ofthe fifth jet without
interaction from the other four. The injection pressures for the tests were varied from 1.4

to 21 MPa (200 to 3000 psi).

3.1.4 Optical system design and characteristics

The design of the optical system is the most critical part of theriexpaal
setup. As explained in the introduction, the spatial and temporal resolution required to
imagehigh pressure sprays are extremely challenging and the optical system needs to be
designedaccordinglyto be able to meet these extreme requirements. ieaearch on
primary atomization of spraylsas struggled to achievéhe high spatial and temporal
resolutions simultaneouslgs discussed in the literature review.

The optical system consists of three parts, (i) Camera for imaging the sprays (ii)
Long-range microscap lensto visualize the microscopic details of the spray and (iii) the

lighting system to illuminate the spray.

() High-Speed Camera
Past research on imaging of primary atomization has used botlfrastié and

high-speed camergd6][19]. The advantage of using stitame cameras is the higher
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imaging resolution that can be achievyedith current scientifigrade CCD cameras
offering resolutions as high as 16 megapixélat these camerasannot inherently
provide any temporal resolutiofi6]. High-speed cameras provide the capability to
temporally resolve the sprawotion, but at the expemsofimagingresolution[19]. The

latest technologies in higgpeed CMOS cameras only have a maximimaging
resolution of Imegapixel (MP) at a maximum framing rate af3,500 framegper
secondfps). In addition, he resolution decreases as the framing rate is increased to
higher values. Ithe currenbptical system desigaPhotron Fastcam SX2 high-speed
camerds usedo enable goodemporal resaltion ofthe sprayThe Phdron FastcansA-

X2 has a statef-theart 1-MP CMOS sensor with 26 m squar e phitxel s
recording capabilityThe SA-X2 can reach framing speed§up to a millionfps and a
minimum1-¢ s s hNote that at this imaging spedbdeimagingresolution isonly 128

x 8 pixels.The inherent tradeffs in temporal and spatial resolution when utilizing a

high-speed camera such as the-%2are discussed in further detail in Sect®R

(i) Long-Range Microscop Lens

The microscopic datls of the sprayre visualizedy QM 1 Short Mount Long
Distance MicroscopeThe QM1 has a working range of 5680n (22in) to 1520mm
(66in) and a clear aperture of 89 mm (81% The f/no (ratio of focal length to diameter
of the lens) of the QM1 varies from 8.7 atO56im to 16.8 at 1400 mm and has a

manufacturer specifieshaximumopticalresolution of 3 microns at d@ches.
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(i) Light sources

A powerful light source is required to meet the illumination challenges of high
speed imagingince higher imaging frametes provide less time fdight integration at
the camera sensowrhich reduces theecordedntensityof the imageHowever, pwer is
not the only requirement desiredartight source to be used faitra-high-speedmaging
applications such as the cumtevork As will be explained later, even the fastest shutter
speedhvailable with the SAX2 (1 ¢ »is not enough to freeze the tiom of high-pressure
fuel sprays in the frame. Thusa pulsed light source is required to freeze the spray by
acting as an dpal shutterLasers are by far the most powerhight sources availabje
but they aresomewhatlimited in their capacityto be repetitively pulsed.The fastest
repetition rate for commercialgvailable lasexis currently nead O kHz.

In the current wrk, newly available higipower pulsed LEDsare explored as
light source. They have the capability to be overdriven when being pylsadding
high optical powers in the range of115W, with pulses as short as B8 and pulse
repetitionrates rangingrom 0.1 to 0.9MIHz. The short pulse duratios on the order of
typical laser pulse durations (~10 nshpabing maximum potential tdreeze thenotion
of the spray in each framéut with the added benefit of a highlserepetitionrate to
enable the equisition of many frames throughotlte entire duration of a fuel injection
event(a few milliseconds)In the currentexperimeral setup,a high poweredpulsed
LED systemfrom LightSpeed &chnologiesis used The setup uses white LED
(5500K), which povidesanoptical powemnutput nead W. ThepulsedLED driver from
LightSpeed (HPLSDD18B) enabledpulsed flashes at 18mpsfor a maximum duty of

1% (e.g. a 10@s pulse can have a maximum MHz repetition rate) whereas the
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maximumcurrentthat can beusedin continuousillumination modeis only 0.5Amps.
Another advantage of usinga broadband LED over coherent and nardsow
monochromatic lasers is that thackilluminatedimages are free from specldetifacts

[20].

3.1.5 Synchronizabn

High speed imaging with camera framing rates in the range 6f@.3 MHz and

LED pulsing at the same rate requires precise synchronization of both systems. In
addition to this, the start of both systems needs to be synchronized with the injection
event. The Model 577 digital delay/pulse generator from Berkley Neucleonics
Corporation was used to perform this synchronization. The Model 577 has a 5 ns
resolution of the internal rate generator with a less than 500 ps RMS jitter and can
provide 250 ps resation for each individual channel. The signal for the start of injection
was recorded using a Pearson Model 110 current monitor and sent to the pulse generator

to trigger the camera recording and the LED pulsing.

3.1.6 Complete gperimentaketup

The schemat of the complete experimental setupsisown inFigure 14. The
design of the illumination system which includes the condenser lens and the fresnel lens
shown in the schematic is explainedsection3.3. The spray is illuminated using back
illumination whereit is imaged as a dark shadaw a bright background. The spray
refracts light differently than the ambient air in the chamber and hence casts a shadow
which can be visualized ageat an illuminated background. The fuel pump supplies
pressurized fuel to the injector and the operation of the injector is controlled by the

injector driver. An injection signal from the injector driver opens the injector and is
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simultaneously recorded llge current monitor which in turn sends a trigger signal to the
digital delay generator. The digital delay generator uses this trigger to activate the LED
pulsing andthe highspeed camera recording and the bidlokninated images of the

spray are obtairtk
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Figure 14: Complete experimental setup schematic

3.2 High Spatial and Temporal Imaging Tradeoffs

Even with stateof-the-art technologies for highpeed imaginghere are a number
of tradeoffs to consider in optimizing spati@mporal resolution and image quality
These tradeffs requireoptimization of the optical systenThis sectionoutlines and

explains the pertinent traddfs that have been considered in the optical system design.
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3.2.1 llluminationi MagnificationTradeoff

The rumerical aperture (NA) of a lens is a dimensionless number that specifies
the range of angles over which light enters or exits the lens. The maximum halfdangle
of thelight collectioncone (known as the acceptance cone) describes the maximum angle
at which the lens can accept light rays from a particular pamtshownn Figure 15.

This cone describes the ligigathering ability of the lens. Mathematically the numerical

aperture (NA) is defined as:

66 & 0 — (1)

Wheren is the refractive index of the space in which the source is locatedliand
the onehalf of the lens collectiorangle. The NA can also be expressed in terms of the
lensF/# (ratio of focal length and diameter of the lens, f/D) as:

v o p
o cﬁ_l (2)

Figure 15: The Numerical Aperture and F/# of a lenqd21]
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Figure 16: Questar QM1 Short-Mount Long-Range Microscope Numerical Aperture and F/# vs
Working Distance

Figure 16 shows thaiNA increases with shorter working distances for the {ong
range microscope used in our imaging system (Questar QM1-Mbartt Long Range
Microscope).Thus, ncreasing the magnification tfie optical systenby decreasing the
distancebetween the lens arttie object planeincreases its NA. Thigs of benefit for
imaging objects at very high resolution sintgyher magnificationachieved by a shorter
working distanceresults in higherliumination at the image plandHowever, there is a
minimum working distance of 22 inches (~560 mm) for the dcamgge microscope used
in the current work Further increasein magnification requirethe addition of
intermediatelenses between the lomgnge microscope and the camera sengdrich
will expand the rays of light to ovéll the sensor. Part of the light is lost in the process
as shown irFigure17. Thelower illuminance realized at the camera senstrnesult in

degraded image contraemtd preventsmaging of the finer details of the spray.
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Figure 17: Effect of adding additional magnification lens to the longrange microscope

Figure18 shows the illumination intensity measured by the camera sensor before

and after adding the magnification lens. The images were taikemn LED pulse width

of 90ns. The illumination is measuredéounts andvith the 12bit formatof the SAX2
sensor, the maxinum intensity is 409@ounts Magnification is measured by comparing
the actual pixel siz€20 mm/pixel) to themeasured image resolution im/pixel. It can

be seen that the illuminatiantensity decreases by more thantithes (from complee
saturation at096 countsto 566countg as the magnification is increased from .46
12.6x. Thus, attempts tdfurther increase image magnificationsing intermediate

magnification lenseare accompanied by a significant degradation in image contrast

12.6

Magnification

I T T T T 1
0 1000 2000 3000 4000 5000

lllumination Intensity (counts)

Figure 18 Reduction in illumination intensity with increasing magnification
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3.2.2 Magnificationi Field of view (FOV)Tradeoff

The field of view of an imageefinesthe dimensions of the image in physical
units. As can be expecteithcreasing magnification of the optical system will result in a
smaller field of view. Highemagnificationreduces the spatial scale resolvedeagh
pixel, which results in an overall reduction of FOV. To investigate the development of a
feature of thespray(ligament or dropletith time requires tracking that feature across
successive frames. A larger FOV alloves that feature to remain in the image for a
longer duration hence providing the opportunityottserve its temporal evolution for a
longer period of time Thus increasing thenagnification (and spatial resolution) the
optical systermalsocompromises thability to track the temporal evolution af single
spray featurelFigure19 shows the abilityf theemployedoptical system to resolve finer
spray details with a higher magnificatiaand its effects on the FOV at framing rates of
200k and 480kA higher magnification allowsanresolve smaller objects in the image at

the cost of a smaller FOV.
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Figure 19: Reduction in FOV with increasing magnification
This effect of reduced FOV can also be viewed in terms of the maximum feature
velocities that can be imaged using the optical system. A spray feature with velocity
abovea certain limit will leave the FOV before its development can be trackeglre
20 compares the maximum velocity with which a feature can travel in order to get three
images of that feature before it leaves thamfe. We see that this velocity decreases

significantly at higher magnifications.
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Figure 20: Reduction in maximum feature velocity for capturing 3 frames in FOV with increasing
magnification

3.2.3 Framing raté Field of view (FOV) Tadeoff

Figure19 also $iows that the employed framing rate will affect the image FOV.
Current technologies imigh-speed imaging limit the number of active pixels in the
camera sensor at high framing rates. Timstation is due to the fact that the previous
image on sensor needs to be transferred to the memory and flashed from the sensor
before it is ready to take the next image. It becomes exceedingly difficult to perform this
process at higher framing ratesdas managed by reducing the number of pixels to be
flashed. As the FOV is dependent on the number of active pixels, imaging at higher
frame rates reduces the FOWhich has the same effect as explained abbigure 21

shows the reduction in the FOV (in pixels) with increasing frame rates for the Photron

28



Fastcam SAX2 High-Speed camera. The active pixels reduce from 1 megapixels (1024 x

1024) at 1000 frames per second to 6144 pide&l8 x 48)at 480,000 frames psecond.
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Figure 21: Reduction in FOV with increasing frame rate (the data labels show dimension of FOV in
pixels)

3.2.4 Light pulse widthi lllumination Tradeoff

As explained earlier, high pressufieel sprays require very high g and
temporal resolutions to image and track the features formed at the interface. Another
imaging system requirement is the ndeedreeze the motion of these features in each
frame to avoid blur. A featureill becomeblurred if it moves more thaneghength of a
single pixel within the exposuretime. Figure 22 shows the maximum possible exposure
time allowed, above which blurring will occur, for increasing feature velocities at
differentimagingresolutions A theoretical spray velocity has also been plotteddor
octane at room temperatuamd pressure witincreasing injection pressures. This figure

reveals the crux of imaging higiressurduel sprays. Assuming that the features move
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with mean Bernoullivelocity of the injected liquid we seet h a't f dpixel a  1e&em

resolution,even an exposure time as short and0s not fast enough fally freeze the
featurewithin a pixel Although these are ideal velocities and real feature velocities will
definitely be slower, this figureshows that imagig at submicron pixel resolution
requires exposure times faster thannsOeven for injection pressures low ass MPa.
Hence imaging highpressure diesel sprays (operation pressures ~ 500 MPa)-at sub
micron resolution is virtually impossible with cuntetechnologiesFor thisreason the
currentwork has focused oGDI spraysthat operate at 10 MPa injection pressures
and offer a better opportunitseeze the spray motion at high spatial resolutions

Even with this consideration, an exposure of dnger of 100ns is not possible
using the camera shutter. The Photron FastcanrK2A of f er s a f ast est
which is at least an order of magnitude more than the desired exposure times. This
problem is dealt with using pulsed LEDs as optical tehsit In the current system, the
LightSpeed LED can bpulsed as fast as 2. However the problem with usinguch
short exposure timeis the amount of illumination that can be obtained in the image.
With the pulsed LED illumination systemyen a 5¢ dong cameraexposurewill only
receive light forthe duration of the LED pulse (m20 ns), which reduces the image
illumination. Highpowered LEDs are ideal in this situation because they have the
capability to be overdriven when being pulsed and cametel0-15 times more power in
a short pulse as compared to the power they deliver in continuous Wabm pulsed
mode, ncreasing the pulse width of the LED will provide better illuminationger light
integration times)but at the expense of blung the spray features. Hence a compromise

has to be made betweéme requirements fatlumination (contrast)and the minimum
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pulse width of the LEDto resolve highvelocity features The comparison between
different pixelresolutionsis to show the effeabf magnification on exposure durations.
As the magnification increases, the pixebkolutiondecreaseswhich requires shorter
pulse widths to avoid blur.
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Figure 22: Maximum feature velocity for a given exposure duration to avai blur

3.3 lllumination system setup

The ideal design of the illumination systemvould result in collection o&ll the
light emitted fom the lightsource at the imageensoi(maximum throughput)This is the

ideal case and the setup we designed was basenhwlating the ideal case as closely as
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possible.The physical constraints in the desmjithe system are(i) the finite size of the
LED light source of Inm x 1mm; (ii) the 56cm distance from window to window in
the high pressure vessbketween whicno optical equipment can be placéd) the 56
cm minimum working distance of the lomgnge microscopewhich is the minimum
distance from the imaging plane (spray tip) to the lens of therlmge microscopeand
(iv) the size of themageFOV, whichis 1.77mm x 1.06 mm fora 2.9x magnification
and 0.37mmx 0.22mm for a 13.7% magnification at 200 kfps the calculation for
magnification andhe size of the FOWill be shownlater). In order to account for the
approximations and achieve a uniform ntitnation for the entire FOMhe illumination
spot sizeat the object plane was fixeéd a conservative value ofrim.

Figure 23 shows the viewing coner collection anglefor the longrange
microscope at a workg distance of560 mm. The principle for the design of the
illumination system is ta@ollect as much light as possible from the source and focus it at
the tip of thiscone which means that thigno of thecondensingensat the light source
should be as satl as possible and thepot size of the light at the tip of the cone should
be the size of the FOV.This enables the loagainge microscopéo view the highest

illuminance at the object plane

- 23A vy I ¢
08: tASEAY S gngzyéC
tf ko \
----------------------------------------- /fél. NJ!L‘:
ikKS tSya

22N] Ay3a 5Aad

Figure 23: Viewing cone of the Qeestar QM1 short mount longrange microscope
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The focal length and diameter of the lenses required to achmeuki@ination
spotsize of3 mmwere calculatedising the concept dhe optical invariant.The optical
invariant is a fundamental law of opticshieh states that in any optical system
comprising of only lenses, the product of the imageobjectsize and ray angle is
constant, or invariant, of the systefor a single lens, the optical invariance can be
proved usinghe ray diagram as shown kiigure24. Choosing the maximal ray, which is
the ray that makes the maximum angle with the optical axis as it leaves the object and
passes through the lens at its maximum clear aperture, we have for small angtes (usin

the paraxial approximation assumption)

Maximal ray X
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Figure 24: Optical ray trace for a single lens showing the maximal ray22]

w., . . w
— TwE o . (3)
And from the basic definition of magnification

b — - (4)

Combining equation (3) and (4) yields the proof of the optical invariance as shown in

equation (5)
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W— W— (5)
This result is valid for any ray traced franobject to the image arid also valid for any
number of lenses, as could be verified by tracing the ray through a series of2@hses

Our illumination system design required the use of two lenses because the

physical constraints of the system made it impossible to collect the maximum amount of
light from the source and focus it o spot the size of FOV at the imaging plaAe.
schematic of the twdens system is shown iRigure 25. The first lensis called the
condenser lens and the second lens is called the focusingMighghe light sairce at its
focus, the condenser approximately collimates the light which is then refocused on the
imaging plane by the focusing lens. Because of the finite extent of real light sdheces,
light canonly ever be approximately collimated, and the magseitoél divergence is
governed by the size of the source and the focal length of the condenser lens. From
Figure 25, the optical invarianfor the twelens systemcan be expresseds follows
(assuming small angles)

nQ QQ (6)
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Figure 25: Schematic for the two lens system for the illumination setup
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