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Abbreviations

3D

CCD

DD

DNS
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RAM

RR
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\

threedimensional

charge coupled device
datadata particle pairs
direct numerical simulations
datarandom particle pairs
fast Fourier transform

laser Doppler anemometry
Natioral Instruments
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particle image velocimetry
particle size distribution
particle tracking velocimetry
radial distribution function
random access memory
randormrandom patrticle pairs
signatto-noise atio

virtual instrument



Mathematical symbols

Le

Na
Ng
Nc

N

N

N

constant, from the scaling argument method

first frame of doublepulsed holographic imaging
spatial spectrafiltering function

second frame of doubleulsed holographic imaging
pixel intensity

reconstructed wave signal intensity

hologram intensity

Fourier transform of the diffraction kernrel

depth of sample volume

large eddy length scale

number of points for the Fourier transform of the velocity vector field
number of particle extracted from A hologram
number of particles extracted from B hologram
collision frequency

number of particle pairs iff'ishell

total number of particles in a field

total number of random particles in a field
number of PIV vectors ithe x direction

number of PIV vectors in the y direction

amplitude of object wave (spherical wave)



P(w|r) probability density function ofw, conditioned on the particle pair
separation distance
Pxx(r) probability density function for pairs particl@ip separations in the Monte

Carlo RDF method

R amplitude of reference wave (plane wave)
Re. Taylor microscale Reynolds number
St Stokes number

Te large eddy time scale

Vv volume of the particle field

at time separation between laser pulses
a(r) radial distribution function

h; Fresnel diffraction kernel

j V=T

k wave frequency

Ke turbulent kineic energy

it

two-particle separation vector

t, Kolmogorov time scale

U, reconstructed wave front

U PIV velocity vector

u’ root mean square of the velocity fluctuations
uy, Kolmogorov velocity scale

individual particle velocity vector
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W two-particle relative velocity vector

W, radial component of the relative velocity between two particles
X PIV vector location

Xp position of a particle in the x direction

Yo position of a particle in thg direction

z distance from the hologram to the reconstructed plane

Z normal distance of the particle to the hologram

Zy position of a particle in the z direction

"window" size over which velocity field is spatial averaged

Ay PIV vector spacing in x direction

Ay PIV vector spacing in y direction

Accp CCD camera pixel size

ARDF bins width used in calculating the RDF
0 hologram angular aperture

o proportionality costant for the Lin spectrum
1) particle image deptbf-focus

g turbulent kinetic energy dissipation rate
¢ phaselag of spherical wave front

n Kolmogorov length scale

A wavelength of laser light

% kinematic viscosity



s

scattering angle between the incideaselr light and the hologram

recording plane
fluid density
particle density
particle diameter

particle response time
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Abstract

Quantification of he inertial particleclusteringandthe dispersion andollisionprocesses
is of fundamental importece to the validation of our theoretical understanding of the
dynamics of inertial particles both natural and industrial turbulent flowshe particle
collision kernelontains two important parameters, thdial distribution function (RDF)
and the mean inward radial relative velocity(Sundaram and Collins 1997)he
sensitivityof these parameters on tharticleinertia or Stokes numbemdthe turbulence
characteristic namely the Reynolds number based on the Taylor microsgasekdy to
advancing our understanding of the phenoména to the complicateghysicsof the
particle collision proess it istypically studiedusingdirect numerical simulation (DNS)
There is a pressing need to experimentally validate the DNS sesulvell as to extend
the data to Reynolds number beyond what is currently possisiag the hybrid digdl
holographic system as a tothie particle inertialeffect on both RDF andwo particle
radial relative velocityPDF was studiedin a stationary, &imogenous and isotropic
turbulent box experimentally and compared with DN'&e optical setvas modified to
improve the quality of the hologramand then optimizetb minimize the error in the
depth posttion accuracy @snono dispersed particles scattei@d the glass plate. By
analyzing the angular aperture theoretically and experimentalgas determined to be

limited by thelong focal length microscopic lens system.

Three inertial particleswere employed to obtaid different Sbkes numbes. ThePDF
and RDF were quantified using two ifferent particle matchingand two calculation
methods tocompare their performance. Finally tB#okes numbeeffectson the two
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particle radial relative velocitf? DF and RDF werecomparedwith DNS resultsunder

similar flow and particleéStokes numbeconditions.
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CHAPTER1-INTRODUCTION

1.1 Particle Collision Frequency Kernel

The motion of discrete particles in turbulent flow is of great importance to a broad range
of natural as welindustrial flows. For examle there is an unresolvequestion
concerning the rate at which clouds develop in the atmosp@éreds are observed to
develop faster than the standard microphysical models préghetrd and Ochs 1993)

The discrepancy has been linked to the turbulent motion of the water dr(phets,
Reade et al. 1998; Shaw 2008nothe example is the spatial-inomogeneities inside a
diesel enginavhich lead to the local formation of soot particles that grow by coagulation
and are consumed by oxidation at rates that are controlled by mixing. The spatial
uniformity of spray injectors isontrolled by the turbulent breakup processes that sccur
outside the liquid core. Theommon physics irthese processes governed bythe
motion of either physical particles or chemical species driven by turbulent fluctuations
Here in lies the motivatin of thisstudyof the turbulent collision process for particles
laden turbulentlow.

There are two distinct regimes of particle motiofigeneral interesfThe first being the
motion of particles with densitiegnatching the fluid phase which arsignificantly
smaller than the smallest length scales of the flow (Kolmogorov scHiese particle
follow the motion of the fluid. Our study foceson the second regime in which there is a
particle to fluid density mismatghsuch as solid particles or liquitoplets ina gas,
which exhibit so-called inertial effects. Even when the particle is smaller than the
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smallest scales of motion of the fluid, these inertial particles will no longer precisely
follow the motion of the fluid They are expelled from vortitaegions of the flow and
collect in regions of high straffsquires and Eaton 1991; Elghobashi and Truesdell 1992;
Eaton and Fessler 1994Jhe resulting phenomenon, known as particle 'clustering’ or
‘preferentiatoncentration’, can profoundly imparosoprocesses such as gravitational
settling (Maxey 1987; Wang and Maxey 1998hd turbulence modulatiof®quires and
Eaton 1990)

As a new approach tanodel the evolution othe phenomenon mentioned above,
Sundaramintroduced the collision frequency kernel for monodisperse partiofes
diameterc (Sundaram and Collin997) it was later modified by Wangt al (2000)

resulting in the following kernel.
N, = 470°g(c) [(-w ) P wlo) dw (1.1)

Here thecollision kernelis related toonly two particle statistigsthe raidal distribution
function (RDF) g(r), which accounts for the enl@ement due to particle clusteriragd
theradial component of the relative velocity between two partiwleznd its probability
density functionP(w|r) conditioned on the particle pair separation distancehich
controk the rate particles are brouginto contact.Extensions of the collision kernel to
systems of bidispers€Zhou, Wexler et al. 2001; Zaichik, Simonin et al. 206y
polydispersgDerevich 2007 particlessize distributions (PSD) lead to similar functional

dependences on tiwo unknown parameterg(r) andP(w|r).



1.2 Motivation

Digital holographic particle image velocimetry (HPIV) offers potentially the best solution
to volumetric measurements of theaddimensional velocity fields in complex flawv
(Meng, Pan et al. 2004)hanks to the simplicity of implementation and operation of
digital compared to filnrbased HPIVsufficient statistics can be obtainedpivide and
experimental investigation oh¢ RDF and PDF, heretofore quantifiedly through the

use of direct numericadimulations (DNS)YReade and Collins 2000 he digital HPIV
system enabled the preliminagyperimental measurementstbé full three dimensional
dense particle fieldadial distribution function (RDF|Cao, Pan et al. 200@ndthe two
particle radialvelocity probability density function (PDFjde Jong 2008)inside a
stationary, homogenous and isotropic turbulent flow. However, duéhé¢ spatial
limitations and uncertainties inherenttimre experimental measuremenggveralfactors
needaccounted for in order appropriately compare the experimentaDai®l resuls.
Theseincludea correction for the limited experimental volume, aypdisperse particle
size distribution, lower dimensional measurements and uncertainties in the measured
particle locations These limitations motivated the optimization of the particle position
accuracy by improvinghe quality of the raw hologramspaximizing the angular
aperture and theelection ofparameters used in the particle extraction proc&hks.
systemimprovementgustified this further incremental investigation ohertial particle

dynamics and comparisot DNSresults



1.3 Overview

This thesis describes thiurtherdevelopment of experimenteechniques used to quantify
the inertialparticle dispersion statisticeamely theRDF andthe two particle relative
velocity PDFin a homogeneous, stationary and isotropic turbulent fédmaity. Different
methods have been implementad calculate theRDF and perform frameto-frame
particle matching Thesedifferent methodologies wermmpared and theused to further
our understanding of the particle Stokes nunmibiects on both RDF anto partick
relative velocityPDF. A procedure for calibrating thparticle positiondepth accuracy
and angular apertureadsopresented.

Background information and literatusairveys ofligital holographic imaging, stationary
turbulent flow chambers, twpartick statistics from particle dynamic fields, amedated
comparison of experimental measurements to DN& presented in Chapter Ph
Chapter 3the experimerd! implementationis describedincluding boththe theoretical
and experimental analysis of thegalar aperture and the depth accuracy for the current
system, and the integrated experina¢ptocess for acquiring the 3particle coordinats
and velocity of the particles in thexperimental control volumeChapter 4 presents the
calculation angxperimental results of RDF aravo particle relative velocity? DF under
different Sbkesnumber and flow conditiorsnd their comparison with DNS experiments

Thediscussion, conclusions and future warle presented in Chapter 5



CHAPTERZ2-BACKGROUND

2.1Flow Facility and Calibration Result

The eightfan-driven cubicisotropic turbulencédox was builtin house by Pan and Meng
(Pan 2003) The exterior consists of acrylic walls of length 40 pen side, he interior
corners of the cube are blocketf by acrylic sheets inhe shape of equilateral triangles,
with the dual purpose of acting as mounting plates for the fans and shaping the interior
chamber into a more spherical geometry. Eight Fans (Comair Rotron, model number
MC12B7) are mounted inaehcorner of the box and icted toward the center tfe

flow chamber. de Jong later modified the box by moving the fans closer to the center in
order tominimizethe interaction between the individual return flow field sreffans.

The new fans provida tachometer TTL puls&ain output at a frequency of two pulses

per revolution. The tachometer pulses were fed into a National Instruments (NI) data
acquisition board (PG6621) and monitored via National Instrument LabVIEW software

to assess stability The power was supplied the fans by a GW Instek laboratory DC
power supply (model GPS 3030DD), with each fans supplied voltage adjusted by
individual potentiometers. This allowed the fans rotation rates to be balarit®d an
uncertainty of £3%in order to improvehe isotopy of the flow field Therotation rate of

each fan is variable ov@ range of 1400 to 4000 rpfake Jong 2008)



Figure 2-1: Top view of the stationary turbulence flow chamber

de Jong used &DA system(Dantec Dynamics)}o balance the fa\ orientationand
rotation rates in order to produce stationagtropic turbulent flow in the center of the
turbulence chambeHe then implementedRlV systento fully characterizd the flow in
the chamberThe isotropic turbulent flowparametersanside thebox under threelow

conditions ardisted in the table beloyde Jong, Cao et al. 2009)

Table 2-1: Turbulent flow parameters to characterize the flow chamber

Parameter I Il 1]
Fan rotation rate [rpm] 3250 [ 3550 | 3900
Turbulent kinetic energy, k [f15°] 0.578 [ 0.721 ] 0.954

Turbul ent intensi|0621 [ 0.693 | 0.798

Kinetic energy dissipation ratejm?/s®] | 5.90 | 8.29 | 12.0

Large eddy length scale, L ='Ke [cm] | 7.45 | 7.38 | 7.76
Large eddy time scalecE L/ u 6 | 0.120 | 0.107 | 0.097

Kolmogorov length scaleq [um] 155 142 129
Kolmogorov time scalent[10'3 s] 1.59 1.35 | 1.12
Kolmogorov velocity scale, u[m/s] 0.097 | 0.106 | 0.116
Taylor microscale,A [mm] 3.83 (361 |3.45
Reynolds number, Re 159 167 184




2.2 Development ofhybrid digital holographic imaging system

Holographyis ideally suited for studpf dynamic, hreedimensional particle fieldsand
its applications for this purpose avast(Trolinger 19%6). Holographic particle image
velocimetry (Holographic PIVor HPIV) is a welldocumented experimental technique
which enables the measurement ofthé spatial components of the velocity vectorain
3D volume(Hinsch 2002) However,the low signatto- noise atio (SNR)is a key issuén
holographic particleimaging system forgpplications involving dense particle fields.
SinceholographicPIV uses flowtracing particles to map thredmensional flow velocity
fields, it requires high seeding densities to resolve the ssoale flow structures in
turbulent flows.In holographicPIV, there are two traditional ways oélecity mapping
one isbased on particle group imagesppedvia correlations implemented withast
Fourier Transforms (FFT{Zhang, Tao et al. 1997}he other is basedn individual
particle imagematching(Pu and Meng 2000Both of the twomethods aresensitiveto

false particles resulting from imageise

Considerale efforts have beeexpended attemptintp solve the noise issua particle
holography and holographic Plfield. For example, severahodified optical recording
schemes based on-ine holography were dggnedto improve the particle signal
intensity(Royer 1977)Zimin and Hussain 1994 ff-axis holographyBarnhart, Adrian
etal 1994; Zhang, Tao etal. 1997; Pu and Meripé0r in-line recording offaxis view
techniques(Meng and Hussain 199%)ere proposedto avoid n-line superposivn of
coherent wave componentbe source of speckle noideappears that optical schemes in

particle holography have been thoroughly explofidéhsch 2002)and their increasing

7



sophistication has reached a point of diminished retdome @ta processing methods
have also been investigated to impethe SNR (Pan and Meng 2003; Xu, Jericho et al.
2003; Koek, Bhattacharya et al. 2005; Pu and Meng 2005; Asundiand Singh 2006; Yang,
Kostinski et al. 2006; Soulez, Fournier et al. 200Me older film-based recaling
techniqueand optical reconstruction of agesalthough capable of superior SNR is
poorly suited to thapplicaionof newer data processing methods

Digital holographic particle imging systermemploys a digital image sensor to record the
hologramand uses numerical algorithms to reconstruct the 3D image volume, it
eliminates the wet film processing that has long been the biggest barrier to entry for
researbers who are interested in thlographicPIV techniqug(Cao, Pan et al. 2008)
However, the low resolution of digital image sensors has restricted standard digital
particle holography to the line configuration (forward scattering). The narrawgular
spread of the wine hologram recating, along with the finite digital sensixel size
causes severe speckle noise and a large-adgtitus in the reconstructgmhrticle image.
Consequently, the current generation of digital holographic imaging systems is limited to
measurements at loparticle densities<(1per mnt) and small flow facilities <1 cmin

each dimensioiide Jong 2008)

To apply digital holography to the measurement of timeensional dense particle
fields, ahybrid digital holographic imaging systeis developed by Cao and Pébao,

Pan et al. 2008)igure 22 shows the recording schenfepulsed laser beam is split into

a rderence beam and an object beallowing the selected volume of particles to be

imaged at angles greaitthan 0° The hybrid design offers @®verabenefits.
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Figure 2-2 Hybrid Digital Holographic Imaging Design
(side scattering with on-axis reference wave)(Pan 2003)

First, the unique hybrid design made the system very flexible in defining the
measurement volumerthugh controlling the size and location of the illumination beam.
For example, when higher spatial resolution is required, the size of the measurement
volume can be reduced so that particle seeding density can be increased without
scarifying the signatio-noise ratio in hologram reconstruction. Furthermore, the
dimension of the flow facility no longer determines the depth of the measurement volume,
making the technique more applicable to practicalGsm, Pan et al. 2007)

The second benefit e hybrid configuration avosithe excessive speckle noise from
particles along the illumination path that are outside the volumatereist, whictoccurs

in standard digital iine holography.The recombination of the object and reference
beams ofaxis minimizes the spatial frequency of the holographic fringes, such that these

can be resolved by the digital sensor. Such a desigrhbaadivantages of speckieise



suppression provided by edixis (side) scattering and the lower resolution requirement

provided by oraxis (inline) recordingde Jong 2008)

The3D dense particle field measurement capabdityhis hybrid digital systermakes it
anoutstandingechniquefor the study ofnertial particle dispersion in isotropic turbulent
flow. Heretofore experimental measurements of a tdisensional particle fields have
typically been limited to basic sparse particle field applicatiosg paticle tracking
velocimetry (PTV) (Cowen and Monismith 1997; Doh, Kim et al. 2002; Voth, La Porta
et al. 2002)tomographic particle image velocimetry (ToiRdV) (Elsinga, Scarano et al.
2006) and forward scattering holographic particle imag@gven, Zozulya et al. 2002;
Pan and Meng 2003pPwen, et al. 2002, Pan and Mer@03, Xu, Jericho @u, Jericho

etal 2001)

Digital holography provideaccess to the complex wave during holograoonstruction
The attribute can be exploitedo distinguish real particle images from spedkdgse by
identifying a unique particlesignature in the complex reconstructed fipigsent only in
real particle images. &ticle identificatioraugmented with the complex wave signature
consistently provides > 50% removal of 'bad' particles and < 8dte@bod particle fde

Jong and Meng 2007)

2.3 Particle Inertia Effects

Particle inertia is a requirement of collision and coagulation processessedtailows

particles to cross carrier fluid trajectoriesenabling collisions The most important
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parameter for evaluatingparticle's inertia is the Stokes number, which is the ratio of the

particle response time to the fluids response time, it ineéis

P 0°
St:i:l&of \% Pp (O

tl] (X)ll2 - 18pf 77
&

(2.1)

whe r gis the response time of a particle with diameseand densityp, in a fluid of

1/2

density pr, 7,=(v/¢)’* is the Kolmogorov time scale angl=(*/g)"* is the

Kolmogorov length scale, with being the kinematiwiscosity ande the turbulent energy
dissipation rateln the limitat St=0a particle will follow afluid element or is referred
to as a fluidtracer In the other limit atSt= oo denotes a heavy particle completely
unresponsive to the floy®undaram and Collins 19971)NS in(Reade and Collins 2000)
hasshown that theparticle Stokes number is a prary factor in determining the degree
of particle preferential concentraticand therefore the RDin particle laden turbulent
flows. In the context of experimental measurements, the Stokes number is sensitive to the
guantification of the particle's diametec and the flow dissipation rates. In our
experiment,mechanicakieving procedure of particlesas implemented tmarrow the
particle size distributiomhus providing a narrowerparticle diameterc, range.There is
no experimentally available direct methof measuring théurbulent energy dissipation
rate &, in the enclosed zeronean turbulent flow chambede Jong performed PIV and
LDA measurements and evaluatembrrection factorsin order to minimize the

experimentalerrors The Re/nolds numbecorrected, seconarder, longitudinal velocity

11



structure function methodias determinedb be the most robust methéde Jong, Cao et

al. 2009)of indirectly determining: in this flow facility. The results are shown in table 2

1. By usingdifferent particles and flow conditiorseveralSt number can be achieved in

this facility.

Preliminary measurements of tRF by holographic imagingCao 2007)showed that a
guasisteady state can be exped in the facilitywhen the RDFalculated atonsecutive
'‘phasespost particle injection varies minimallgle Jongde Jong 2008jurther refined

the steady stateRDF timing by synchronizinghe camera with the particle injection
process. While stationary turtemce chambers produce flows that are similahtse of
DNS fAboxo turbulence, the differences in thi
preclude comparing their evolving particle fields. So, to avoid any temporal dependence
of the measuremesithe DNS and experimental datsomparisonsat steady statare
necessarySalazar, De Jong et al. 2008)

Additionally, sufficiently resolvedDNS experimentsare not subject to the same degree

of errors that are inherent ithe experimental measurementidentifying, possibly
correcting or compensating forthese errorsis important to present a quantitative

comparison of the results obtained by each method.
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CHAPTER3-EXPERIMENRAL IMPLEMENTATION

3.1 Optical Setp for Hybrid Digital Holographic Imaging System

Slight modifications were made to the optical setup to improve the image quality and
ultimately improve the accuracy of the technigbgure 3-1-a-b showsthe sketch and

the corresponding picture of the olddathe new optics for the hybrid holographic
imaging systems.

99% 3x Beam
Reflectance  Expander
Beam Splitter / ________

\ :c ;n__ﬂ\ Variable

Spherical | pey ! EE}/Beam splitters
Beam : PN
Expander ; <= | L '

from laser

Cylindrical: .
Beam :m:

Expander }of Beam
Collimator
2 :.,°= 2 and 10x
A0 oo A2 Expander
oesg

=]

Beam [«
Combiner Camera

Turbulence Box
[ I——

Figure 3-1-a: Sketch of the old digital hybrid holographic optical setup with 90° light
scattering and an experimental flow facility (de Jong 2008)

99% )
Reflectance Variable
Beam Splitter,_Beam Splitters
from laser ; !
o [
Spherical " A R ‘
Beam ! :
Expander | == :
Cylindrical! f~—1 . ﬁ 3x Beam
Beam | ! Expander
Expander _ Beam
Collimator
and 10x
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IR -
£y Beam CcCD
Combiner Camera

Turbulence Box
e

Figure 3-1-b: Sketch of the new digital hybrid holographic optical setup
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After examination of thevariable beam splitters it was found that the polarization of the
object and reference beams was not the same. In this implementatiorattiEmmpt ube

beam splitter within the variable beam splitters reflect horizontally polarized light and
transmit vertically polarized light. This setup insures that the illumination beam and
reference beam are both horizontally polarized and thereforedgroptimal holographic
imaging. This improved the overall quality of the holograms recorded by the CCD
camera. Further adjustments were made to minimize any standing interference or
background image newmniformity. Figure3-2 shows the comparison of tbdd and new

raw holograms. The background of the new hologram is much more uniform with little
evidence of alow frequencyinterferencepattern The contrast of theparticle fringe

patterns was slightlenhancedas well. These improvements should resulairmore

accurate 3D particle position obtained from a cleaner hologram.

Figure 3-2: Raw holograms using the old and new optical set up
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The laser isa SpectraPhysics PIV400 dual, injectionseeded Nd:YAG laser (400
mJ/pulse at 532 nm, &ncseond pulse width). The laser pulses are first split into two
separate beams, an object beam and a reference beam, by a 99% reflectance plate beam
splitter. (CVI Model; BS153299-101245P).

The object beam is radially expanded and collimated by a pair efging (Newport
KPCO079,-75, planeconcave) and converging (Newport KPX202, 250, plaoovex)
spherical lenses first, then further expanded in the vertical direction by a pair of diverging
(Melles Griot) and converging (CVI Model: SE%0.876.3C-532) cyindrical lens.

Before the object beam enters the turbulence chamber, a 7 mm wide by 4@alnm
aperturewas usedo remove the low intensity Gaussian tails expanded beam to provide a
more uniform particlaéllumination

The original laser is pureertically polarized light (green, wave length= 532nm) To

create the reference beam the remaining 1% of light transmitted through the first high
energy beam splitter is used. The two pairs of variable beam splitters, each consisting of a
guarter wave plate (CMModel: QWP0O53210-4-AS15) and a polarizing cube beam
splitter (CVI Model: PBS@532-100) are used to reduce the reference beam intensity to
less than 0.1% of the laser output. The arrangement of the polarizing cube beam splitters
insures that the objetteam and reference beam are both vertically polarizdue two
variable beam splitters provide a fine adjustment of the reference wave intensity needed
to matchwith the object wavescatteredlight intensity to maximize the fringe pattern
intensity. After passing through the variable beam splitters, the reference beam is

expanded, first by a>8 (CVI Model: HEBX-10.0-3X-532), then by a 10X (Newport

15



Model: HB-10XAR.14) beam expander. Before entering the camera lens optics system,
the reference beam is combthwith the light scattered by the particles by a 50/50 beam
combiner. Inthis hybrid system, we combine the light scattered by the particles (object

beam) at 90° with the reference beam to form the hologram.

___ s-polarized

. T Ny

.

Figure 3-3: PBSO high energy laser line polarizing beam splitter cubes (CVI)

The lens systernsed to move the imaging plane close to the illuminated control volume
in this experiment is a Model KS/2 Loiigystance Microscope system manufactured by
the INFINITY PhoteOptical Company. The lens systasnmade up of the main body,
two TR 2X amplification tubes and a €#B objective. This lens combination is capable
of producing linear magnifications between 2.0 of 3e largeformat CCD cameras a
pco.4000 (14 bit, 4008x2672,4n pixel array). Tie rame rate is directly related to the
number of active pixels along owBmension of the CCD.

In the temporal RDF experiment, to increase the frame rate, the CCD activeamea
limited to 3272x1224 pixels. To compensate for the redusumber of active pixels, the

lens linear magnification was set to 2.1, which produced an effective pixel size of 4.212
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pmand view area of 13.8 x 5.1 rinThe frame rate of the camera was also increased by
increasing the readout rate of the CCD to distést setting, 32 Mbit/s. Thaembination

of image size and readout rate enabled the camera to operate at/bddesteady state
condition we optimize the camera settings to maximize both the size and quality of the
recorded hologramshe CCDreadoutwas lowered to 8 Mbit/s, which maximizes the
signaito-noise ratio of the recorded images. Under these operating conditions, the
maximum camera frame rate became 0.33 Hz.

To synchroniz the laser and the cametao digital delay pulse generators from &tad
Research Systems, Inc (model DG53%¢ used The first pulse generator consdhe

firing of the lasers and-gwitches. The second pulse generator cositted mechanical

shutter (NM Laser Product, Inc model 0355S3W8) at the exit of the lasey eandt
triggers the camera image acquisiti@ynchronizatiorof the triggeringof the image
acquisition sequencandthe injection of the inertial particleis controlled by the digital

output of a National Instruments, Inc. (NI) R&@21 timing board. Th&ll board outputs

two TTL pulses, one to initialize the image acquisition sequence via the Acq. Enable
input on the pco.camera and a second to a solenoid valve that releases a compressed air
jet aimed at a know mass of particles. The control of the titmiregd was accomplished
through a simple LabVIEW virtual instrument (VI). Control of the image acquisition in

this manner enabled ensemble averaging of independent data sets, at any given time after

the particle injection, over multiple injection sequen@isJong Q08)
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3.2 Particle Positioning Accuracy

3.2.1 Theoretical Angular Aperture Analysis

Particle positioning accuracy and thereby velocity accuracy in velocimetry applications
depends on many factors in the system configurd@ao 2007) Angular apeure is the

most important factowhich affects the depth accuraay the hybrid digital holographic
Imaging system Reconstructed particles have a z depth that is longer than the actual
particle size for all but infinitely resolved holograms. A maxinimatof the angular
aperture produces theshortestavailabledepth of focudeadng to the most accurate z
position estimation

The angular aperture is a function of the camera pixel ¥izand the image size, a

function of the number of pixeldy. Given the systerparametersA =2um, N = 2650

new optical set umngular aperture can be quantifiethe angular aperture of eaxis

holograms is given byP@an 2003)

H if A<A,
Angular Aperture Q= 2; (3.2)
A if A>A,

where Ac is the critical pixel size This is defined as the point where the particle fringe

spacing is less than the pixel spacing. Taia be calculated by:

Ao =M =P (3.2)
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wherel is the wavelength of the laser ligltis the depth position of the particle axds
the image size in pixels. Ménthe pixel size is smaller thaxy, the fringes in theentire

image pologram can be resolved.

A new parameterH” is introducedwhich is theactualdiameterof the fringe patterned
observedon the raw hologramSince the size of the fringpatterned do nospanthe

entire hologram but only a smafortion a modified H” :1i0><H accounts for this

discrepancy. This new dimensional limitation was determined to be a function of the

diameter of the long distance microscopic lens system.

A critical plane z, can be defined as the depth where eitHepr the spatial resolution

limits the ability to resolve the particle fringe pattern.

_H _ 4 33)
2z, 2A
Z =2mir (3.4)

So when = 2mmtheangular aperture is always equaln= % =0.133ad = 7.624

When z> 2mmtheangular aperture is decreasingrfr Zi = % =0.133ad = 7.624
z

3.2.2 Particle Positioning Accuracy Calibration Expe riment

To quantifythe depthaccuracya series o€alibrationexperiments was performagsing
mono-dispersedparticles (Duke Scientific Diameter=10um) scattered on dlat glass
plate (Micro Slides) The monodispersed particiewere distributed on the micszope
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slidesin an alcohol solution which quickly evaporated. A suitable solution concentration
was found by trial and error. The particle coastide was subsequently placed in the
holographic imaging systermontrol volume The distance between camera and the
control volume was varied, holograms were imaged and the accuracy of the digitally
reconstructed particielocations determined.

The glass jate is placed at amallangle (about 15 degredd the holographic recording
plane Three different locationgvere implemented at theconstruction planesf 1500
2500um, 45066500m and8500 10500.m respectively.The particls extracted from

the holograms should all be on an interpolatetual 2D plane representing the tilted flat
plate. The deviation of particks extractedpositions from this plane @ssumed to bthe
particle deptherror. Figure 34 showsthe particles'measured depth position®lue
dimonds)relative to the true depth posttidhlack line)and thestandard deviation (red

histogram3 of particle depth position errdor the three sets of the experiments
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Figure 3-4-a: Measured and true particle positions and the error distribution for
Reconstruction planes from 1500-2500Am. & = 79.8Am.
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Figure 3-4-b: Measured and true particle positions and the error distribution for
Reconstruction planes from 5500-6500Am. & = 92.1Am.
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Reconstruction Planes at 95aD500um
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Figure 3-4-c: Measured and true particle positions and the error distribution for
Reconstruction plane at 9500-10500Am. ¢ = 109.1Am.
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The standard deviation dhe error in the depth position for the 3 camera positions,
reconstruction planes &at5002500Am, 55006500Am and 9500 10500Am, increased
from 79.8Am to 92.1Am to 109.1Am respectively. Atdcations closer than 158t the

error (not presented here) also increasktue subjective quality of the holograms also
improved at closer distances. The dynamic range (higher contrast) of the images
increased which in turn improved the particle extractiapabilities of the software. The
number of particles extracted in each of the experiments went&&#to 618 to 567
respectively. The calibration experiment adequately captured the trend but did introduce
errors that could not be isolated and accaurfibe. Thelmm thick glass plate introduced
reflections off both the front and back surface resulting in overlapping fringe patterns
from the same particle. This exaggerates the depth error by an unknown arheungst
guality holograms taken at slighttlifferent locations on the plate resulteddepth erros

less tharbOAmM.

3.2.3 Telescojic Lens limited Angular Aperture

The raw holograms in the calibration experimesitere analyzed using equation 3.3 to

determinethe angular aperture at the threedtiors.
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Figure 3-5: Example hologram for reconstruction planes from 1500-2500mm.

The fringe patteraliameter in pixels fofigure 35 is approximatelyl00, resulting in an

angular aperturef Q, = ;'— = %0: 0.05ad = 2.9
z 2x
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Figure 3-6: Hologram for Reconstruction plane at 5500-6500 1M

Thediameter of thdringe pattern in figure-& is 300,resulting in arangular aperturef

*

Q-1 _30%2_,o5ad= 29
2z 2x 6000

Figure 3-7: Hologram for Reconstruction plane at 5500-6500 #M
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Thediameter of thdringe pattern in figure-¥ is 500,resulting in arangular aperturef

Q-0 _300<2 _405a4- 2.9
2z~ 2x10000 _

The diameterof the long distance microscopic lens systeaswetermined to bthe
critical factorlimiting the angular apertur@ our system

The inside diamer of the telescope is: 30mm

The distance between the light source and the inlet of the telescope is 300mm,

So the lens limited angular aperture is:

Q _ Dtelescope _ 30
elescope™ -
t P 2Ztelescope 2>< 300

=0.05ad=29=0,=0,=0Q,

The angular aperturesing this optical setupeaches a maximum &9 at 2mm. At

distances greater than 2mm the angular apergirémited by the lens system. At

distances less than 2mm it is limited by the camera pixel size

Theoretically if the angulaapertures for the three locations dhe same, the depth

accuracy should not change, however, when the cangermoved closer to the
measurement area the signal to noise rationgroved. The intensity of theparticle

scatered lightis stronger A spherically pr dapsaoffas squateg wavebobd
of the distance from the sourc@he improved contrast resulted in higher quality

hologramswhich in turn resulted in a larger number of extracted particle wikligher
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depth accuracyuture experimest using this optical setup should pla¢te tameraat

approximately 2 mm frorthe measurement area

3.3 Particle Information and Sieving Process

Three different particles are used in the experisment
Particle#1: Hollow7 Rotters Beads ConductO-Fil SH400S33),
Particle#2: Ploy50(DANTEC i 38A2121 PSF50),

Particle#3: Hollow44Potters Beads ConductO-Fil SH230S33),

More information is listed in the tab®1.

Table 3-1: Particle information and St Number

Type Particle#1 Particle #2 Particle #3
Name Hollow7 Poly50 Hollow44
Property Silver coated hollow Polyamid Seeding | Silver coated hollow
glass Spheres Spheres glass Spheres
Diameter(um) 7 30 25
Densitykg/nt) 1700 1030 500
St(Re=184) 0.23 2.58 0.87
St(Re=167) 0.19 2.13 0.72
St(Re=159) 0.16 1.79 0.60

All the particles are filtered with a mechanical ultrasonic sieving machine (Model:
GilSonic GA8) with stack of metal sieves with openings ranging fl®to 32um, see

the picture below.
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Figure 3-8: Sieving Machine

For Hollow7 and Poly5@he sieves fromgm, 10um, 15um and20um were used. /g
sample ofparticles is placed on the top most 20um sieve The default custom
programmedsieving sequence function of éhmachinewas run3 times for eachbatch.

The particles on both 16n and 1m sieves was collectefitr experimental use. For
Hollow44 particleswe used the Lom, 20um, 25um and 32um sieves anaolleced the
particles on both 20mand 2 m sieves

A sample of both the sieved and tsieved Hollow7 particles was sent to Particle
Technology Labs In€Electrozone process) to obtain and got their respective particle size
distributions (PSD) which are graphed below in figur®.3The width of the sieved

(filtered) particle PSD is much narrower than the unfiltered (Base) PSD.
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Figure 3-9: Initial and filter particle size distributions of

particle sample SH400S33 used in the experiments

The geving process removethe smakstpar ticl es which ¢teanoét be
imaging system but contribute to no&e well as removing tharge particles which will
scatter a | ot of | i ghtThanartbwedRED albo redlucdsdhe s ma | | ¢

demands on the numerical experiments used in the comparisons.

3.4 Expetiment Procedure

The optics forthe hybrid holographic imaging systewas setup as illustrated figure 3-

1-b. The hologram quality was initially tested by injecting 0.1g of filtered particles into
the turbulence chamber without turning the fans on. Tow settling of the particles
enabled the fine adjustment of the images to remoydaime (xy) position bias errors. It
also facilitated the sensitive adjustment of the taoable beam splitter® optimize the

clarity (contrast) and uniformity of tHeinge patterns.

30



A series of background images are then taken with the object beam blocked. These
images are then averaged and inverted using a Matlab (Mathworks Corp.) algorithm
(Make Background) developed by de Jong. The resulting image can then bet@dded
subsequent images which contain particles to remove illuminatiorumgormity and
improve the particle fringe pattern SNR.

An appropriate number of 0.1g filtered particle batches are produced to enable a
sufficient number of particles to imaged owem uninterrupted set of holograms. The
Hollow7 required 36 sets, the Poly50 and Hollow44 both required 200 sets of holograms.
Before each 0.19g injection of particles and
rate is checked by monitoring the buitt tachometer from each fan using a LabView
(National Instruments, Inc.) virtual instrument initially developed by de Jong and slightly

improved for this round of experiments.

3.5 Processingof Digital Hologram

To numerically reconstruct all the hologna a Matlab script ruen 8 Dell Precision
PWS 490workstationsconfigured with two duatore Intel Xeon 2.66 GHz processors
and 16 GB of RAM.Using the multiple processors in the systeand the Matlab
'matlabpool and parfor functionsthe time to compkely reconstruct a hologramwas
reduced by a factor of thremdmpared to running on only a single processor.cohe
time savings when processing thousands of holograms is significhete arethree

necessary stept process digital holograms in ordéo get the three dimensional
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coordinates of the particles inside the measurement area. Bigureahows the general

procedure.

Preprocessing

%

Numerical

Reconstruction a
Particle Extraction %

Figure 3-10 Digital Hologram Processing Flow Chart

3.5.1 Hologrampreprocessing

The preprocessing impres the quality of hdogramsby subtracting the background
image from the raw holograno remove somenhomogeneous illuminationn the

recording andany static fringe patterns from dirt on the opti€se preprocessing tool
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box in Matlab is used to improve the quality of thelogram through filtering and
exposure correction.

For example, the toolbox ifilter" can remove low frequencyinhomogenous
illumination as well assomelow frequencynoise fringes caused by dust or other objects
along the optical path. The toolboxadaphisted’ can enhance the contrast of the
grayscale image by transforming the values using cosiinaiséd adaptive histogram
equalizationFigure 311 shows the raw hologramndthe hologram after preprocessing

procedure.

Figure 3-11 Raw Hologram & Hologram after Pre-Processing

3.5.2 Numerical reconstruction

Since the holograms are digital recorded the relatively simple numerical reconstruction
can be implemented as a posed to the tedious optical reconstruction required when analog
film based recaded is implemented. The fringe pattern on the hologram records the

pattern of interference between the object wave and a known reference wave. During the
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numerical reconstruction the reference wave are numerically propagated back through the
hologram to btain the complex wave front of the original object wave behind the
hologram.

To solve for the complex wave a convolution given in Eq. 3.5 of the hologram's intensity
and a diffraction kernel is performed. Since the convolution of two functions can be
represented by the multiplication of their respective Fourier transfaheasomplex field

behind the holograms is typically written as (Pan 2003),
Uy, 2=3{J L(& A1 Ky W

wherely is the hologram intensity ang,(u,v) is the Fourier transform of the diffraction

kernel
1 exp(kyx*+y*+ Z)
k(% ¥, )=— —— (3.6)
4 D+ Y+ 2
given by

k,(u,\) = exp[ jka/1- (L uf — @ V¥ ] (3.7)

The discrete form of Eq..3 can be used to directly multiply the trémsned digital

hologram to become,

2 2
K,(m, n)=exp - j27rZ 1- Am | _|_An (3.8)
A N, A, N,A,
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with mandn being the matrix indices\x andNy being the number gfixels andAx and

Ay being thepixel sizein thex andy directions respectively.

Given that the Fourier transfornf jy only needs to be calculated once, reconstruction of
the complex wave in a plane at any axial locatiocan be accomplished by carrying out
only one inverse FFT per plane. Also, because inverse Fourier transform is uniquely
dependent og, the calcudtions of successive reconstructed planes are independent. This
allows for the calculation of the entire reconstructed fielgk,y,2 to be easily
parallelized and thus greatly speed up the numerical reconstruction p{deekmg

2008)

3.5.3 Particle exraction

There are two methods for particle extraction, PEI (Particle Extraction using Intensity)
method and PECA methd@article Extraction using Complex Amplitugen the hybrid

digital holographic imaging system, only PElI method can be used due toigthly
irregular distribution of the scattered wave in side scattering.

Using the scanning approach, the 3D imaging volume is sampled on consecutive 2D
planes inthe hologram reconstruction. From the images on each scanning plane, objects
are identified ging standard image processing algorghifihese 2D objects are then
combined to form 3D bodies, of which the position and shape iafim can be
extracted by usingnformation processing gbrithms specially designed fatigital
particle holographyPan 2003)

The alvances irconputing capabilities allowshe entire reconstructed intensity field to

fit in a computers active memory, simplify the extraction3&f particle imagesand

35



greatly improving the processing speédstead of building regions in two dimensions

and correlatinghem across successive planes, regions can be built based on connectivity
relationships between adjacent foreground pixels in three dimensions. TheB&Hore,
particle images can be directly extracted from the reconstructed intensitydfelibng

2008) Once the particle image is extracted, initial estimates of3ihgosition of the
particle can be obtained by calculating its intensity based cer{fditl method,) The

intensity basedcentroid of the particlgxp,Yp,%) is calculated from the relationshijp

_ my — m)y/ — ”B}/ h
X = VAR ,Z = where a moment of orde +r) of the
T M T Mgy Mhec PAGH)

intensityl is given by,

mpquZZZiqukr' i j K (3.9)

—00 —00 —00

andi, j, k are the pixel coordinates of the foreground pixels in the particle image.
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CHAPTER 4-RESULTS

This chapter presents thadial distribution function (RDF) and the two particle radial
relative velocity probability density function (PDFased on theD coordinates of

particles extracted by digital holography inside the isotropic turlb blex

4.1 Radial distribution function

The RDF is one of the key parameter in the particle collision frequency kernel described
in Eq. 1.1, it was introduceby (Sundaram and Collins 1997)he RDF isa statistical
mechanical description of a particle fielhich is the ratioof the number of particles
found at a separation distancéo the expected number based on a uniform distribution
of particles(McQuarrie 1976)For a three dimensional particle field, it can be calculated
by the equation below:

N, / AV
g(ri)=N—/V (4.1)

WhereV is the total volume of the systemd,= ¥ANy(Ny-1) is the total number of particle

pairs, so N/V is the bulk particle pair number dendityis the number of particle pairs

found within the distance +Ar /2, AV;is the volume of the discrete shell located;at

The separatiom, is increased at step @f until the shell reaches its maximum which is
the inscribed spheref the test volumeSo the radial distribtion function becomes a

function of separation distanagg, it has the properties oftheggc = 0 and g( D)
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This means particles cannot be located less than one collision diameter apart and at large
separation distance theanpicle field appears random. Besides, the valuaromust be
carefully chosen, so the result can statistically converges at the minihuin certain

particle clustering conditions, DNS have shown thatRBd- can reach values in excess

of 100 at small separations distan¢Reade and Collins 2000, Wang, Wexler and Zhou

2000)

4.1.1 Reflected Boundary Condition

Equation 4.1 showthe RDF normalized by the average pair density in the experimental
volumeV. It is sensitive to the size and shape of the volume over which the particle field
measuredDue toclustering, the average pair density for a small sample volume will be
larger than the corresponding value in the thermodynamic Wit B . To compensat
for this the RDF is renormalize s that the average pair density ussdoased on the
equivalent sample volume measured in Kolmogorov (fitdazar, De Jong et al. 2008)

Some edge correctiormethodsare proposed for partidenear the boundary in small
sample valmes(Coleman, Pietronero et al. 1988; Lemson and Sanders 1991; Provenzale,
Guzzo et al. 1994 However, he limitation ofedge correctiors that for larger particle
separations, many fewer particles are used toule the RDFsince the maximum
separation is the radius of the largest sphere that can be enclosed by the sample volume
Thus, to oercome this limitatioran assumption of periodicitys usedto increase the
statistics at the larger particle separationgh this assumption, the particle field can be
reflected across eadt the volume boundaries so that at each particle location the same

number of shells can be used to calculate the RDF.
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4.1.2Monte-Carlo estimator

The radial distribution function RDEt larger separation distances can be obtained by
calculating the partial volumes of the shells located near the edges of the sample volume.
In even the simplest geometries directly calculating the particle volume of each shell that
crosses the boundarg an arduous computational ta@e Jong 2008)thus the partial
volumes are often estimated by means of a M@ado schemgDavis and Peebles
1983) The basic oncept for MonteCarlo scheme introduces additional set of random
data pants inside the survey volume which allows the actual data points to be compared
against a uniform distribution of particles. Using coordinates of points in the data set D
and points in the data set R thie randomly distributed particlebree different prticle
pairdistributions can be generated€ly are datalata pairs (DD), dateandom pairs (DR)

and randorrandom pairs (RR). Multiple combinations of these three distributions have
been developed such as Davis & Peebles, Hewett, Hamilton and Landyald&ySz
(Kerscher 1999; Kerscher, Szapudi et al. 20B00prder to estimate the partial shell
volumes and thus the radial distribution function.

Kerscher et al(2000) compared several Mont€arlo estimators andkecommend using

Landy & Szalay1993)estimator since it contains the least biag defined as

DD() ,DR()

4.2)
RR(1)  RRy)

9(r) =

_ PDD(ri) _ PDR(ri) _ PRR(ri) P
where DD(ri)_—[Np(Np—l)]’ DR(r) NN, and RR r)_—[NR(NR—l)] , with Np and

Nr being the total number of particles and random points in the survey volume
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respectively;Pxy (ri) is the pair counts with a functiop that is symmetric, see below:

(Szapudi and Szalay 1998)

PXY(ri) = Z Z¢rl (X, y) (4-3)

xcX ycoY

where ¢ (X, y) =[r <d(x Y) < r+Agpe], d(x y)is the separation of the two particles and
the condition in brackets equal to onadifx, y) falls in a bin of widthdrpr betweerr; and

ri + Arpr, and equal to zero otherwise. The drawback of the MGatdo estimators is
that if the particle seeding denshi¢/V is not equal to the particle seeding density in the

thermodynamic imtvA B, t hen t he esbhawbiasat or s begin to

4.1.3 Transient Radial distribution function

Preliminary particle clustering experiments proved that the radial distribution function
RDF develops over time, the RDF was averaged over several 'phases’ following the
particle injection(Salazar, De Jongtel. 2008) Pseudesteady state is achieved when

RDF between consecutive '‘phases’ shows very little change, the period before the steady
state, when the RD#s developng, is called transient state. The physics behind the
procedure is very complex, $ir the particular phase is mixed by the lasgale flow
structures via transporting and dispersing, the so called ‘macro mixing' phenomenon tends
to be uniform due to the randomness of turbulent large scale structure. The phenomenon
of interest here is psent in the vortex structure at order of the viscous scales where

finite-inertia particles are centrifuged out of the vortex cores and accumulate in the low
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vorticity, highstrain regions, leading to the 'clustering’ which is most prominent at the
order d the smallest vortexe€ao 2007)

To determine the exact time when the steady state RDF is achieved following an injection
of particles, de Jong modified the experiment to synchronize the camera with the particle
injection process andontinuously recorded holograms at teraf 5 Hz for just over 60
seconds. This resulted in a total of 312 holograms per injection cycle. The particle
injection process was repeated 26 tintesultingin a total of 8112 particle holograms.

By dividing the holograms into 3 sections, 10 '‘phasdsl second, 10 '‘phases’ of 2
seconds and 3 'phases’ of 10 seconds each, and subsequently cotinp (RID& in each
phases temporal trend can be assessetieatly state condition approximately 5 seconds

after the injection of particleis achieved as skwn in figure 4.1(de Jong 2008)
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Figure 4-1: Transients of the RDF calculated with reflected boundary conditions. (a) O

to 10 s after particle injection (b) 10 to 20 s after particle injection (c) 30 to 62.5 s after

particle injection. Data averaged over the time windows shown in the figure legends.
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4.1.4 Steady stateradial distribution function

Figure 41shows thagfter the initial transient process is complete fREF remains at a
pseudesteadysteady state condition for the later period of the expentatelata set. fie
pseudesteadyis differentfrom a true steady state conditisimce at long timepatrticle

settling and adhesion to surfaces will alter the measured RDF.

Once the RDF reaches the psewteady state, it is no longer necessary to motiter

flow at ahigh temporal resolution (5 Hz).h€ camera can be adjusted to produce higher
quality holograms with less noise. We altered the zoom factor of the camera lens so the
maximum view area of the CCD becomes 7.7 x Budf. To increase the numberf
images thacould fit into the camera RAMhe number of active pixels in the horizaht
direction was reduced to thatthie vertical directiomesulting in aview areaof5.0 x 5.0

mnt. Recall the depth of the volume illuminated by the laser wais 3emm, however,

due to the small angular aperture we discussed in chapter 3, the depth accuracy of the
particles extracted on the edge of the vertical direction is less reliable than the central
area, so we limited the valid particle centroids to the aé®rO mm depth of the
illuminatedfield to make the RDF calculatiomsore accurateThe volume of the particle

field used to calculate the steady state RDF in the experiment is a cubemfis.0

The time separation between tfaser pulses was set at @ causinghe particle fields
extracted by the first and second pulse are very similar, however, bedawsse factors

such as speckle and image aberrations, distinct differences between the extracted particle
fields exist. Fortunately, the noise ihet reconstructed particle field inlikely to be
present in the same location in both images from depblised holography. de Jong
compared the RDF calculated only by particles validated between two images (A and B)
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and those by particles exttad fromsingle image (A or B) angroved that the RDF
obtained frommatched particles is more reliabl&pplying the particle matching
algorithm used to extract the particles velc
are significantly reducefe Jong 2008)

Section 4.1.1 and 4.1.2 introduced the two methenhployed in this investigatio for
calculatingthe RDF, reflected boundargonditionand MonteCarlo estimator. Thenain
advantageof the reflected boundary conditiomethodology lies in thedge correction
factorsappliedfor particles located near the bounda of the experimental volum&his

allows the inclusion of a significant number of particles at large separations that would
otherwise not be available thus improving the statistic at large pasaplerations. This
methodology is alsased to &tend the measured RDF to largest partidparations by
calculating the partial volume of spherical shells that cross the boundary of the
experimental volume. The benefit for Monte Carlo estimator is theinmam two

particle separation distance in RDF can be extended wigigenal of the cubic volume,
which is 8.7 mm. Salazar et §2008)point out that the RDF is independent of sample
volume in the thermodynamic limit a8 — o, or if particle seeding density becomes
uniform on the scale on the measurement volume. Since the particle seeding density in
our experiment is not perfectly uniform in part due to the Gaussian illumination profile of
the laser beam, extending the maximseparation distance in the RDF is critical to

realizing a large enough measurement volume to produce a volume independent RDF.
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Both methods of calculating the steady state RDF for the three different particles used
only the particles matched (validateid)an image pair. These results appear in figures

42,43 &4.4.

Hollow7 RDF (St=0.23)

I I I I I

1.15r

11

1.05

a(rim)

0.95
=©-RDF using Reflected Boundary condition%
09k =»-RDF using Monte Carlo estimator i |
0.85- a
0.8 | I I I I I L
"0 2 4 6 8 10 12 14 16 18 20

r/n

Figure 4-2: Steady State RDF for Hollow7 using reflected boundary condition and

Monte Carlo estimator
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Hollow44 (St=0.6)
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Figure 4-3: Steady State RDF for Hollow44 using reflected boundary condition and
Monte Carlo estimator
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Figure 4-4: Steady State RDF for Poly50 using reflected boundary condition and Monte

Carlo estimator
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The Hollow7 (St = 0.23) RDF in figure-2 has a markedly different trend at smalj

from the larger Stokes number particle shown in figu® a&nd 44. This is most likely
attributable to the weaker scattering and therefore poorer SNR of the smaller particles. At
small separation distances the overlapping fringe patterns become twmdeperly

reconstruct into valid particles thus biasing the RDF at sihall

4.1 5 Particle inertial effect on radial distribution function

Salazar showed using DNS experiments matched with prior experiments in our facility
that the RDF increases witokes numbe(Salazar, De Jong et al. 2008)his trend is

shown below irFigure 45.
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Figure 4-5: Steady State RDF for experiment and DNS(dc=8¢m) St=0.21 (solid square
for Exp., dot dashed line for DNS) St=0.4 (solid diamond for Exp., solid line for DNS)

St=0.6 (solid triangle for Exp., dashed line for DNS) (Salazar, De Jong et al. 2008)
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The experimental RDF for the three different particles fowndualitatively agree with

the DNS. Figure %6-ab shows the RDF comparison calculated by reflected boundary
condition and the Mont€arlo approach. The reflected boundary condition RDF exhibits
the expected increasing trend with increasing Stokes nuimbed in the DNS.

RDF Comparison for three particles (using reflected boundary condition)

=3¢ RDF for Poly50 (St=2.58)
~©~RDF for Hollow44 (St=0.6)
=&~ RDF for Hollow7 (St=0.23)

0 2 4 6 8 10 12 14 16
/I
Figure 4-6-a: Comparison for Steady State RDF for 3 particles using reflected boundary

condition
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RDF Comparison for three particles (using Monte-Carlo estimator)

RDF for Hollow44 (St=0.6)

=¥~ RDF for Poly50 (St=2.58)

=8~ RDF for Monte (St=0.23)

0 2 4 6 8 10 12 14 16
rin
Figure 4-6-b: Comparison for Steady State RDF for 3 particles using Monte-Carlo

estimator

4.2 Two-particle Radial Relative Velocity PDF
4.2.1 Particle matching and velocity extraction

Using the digital hologram processing procedure described in section 3.5 the 3D
coordinates of the particles in the measurement volume was obtained. The individual
particle velocity is then found using a neamsighbor particle matching scheme between
successive image pairs. The particle's displacement between imageB\davided by

the image to image time delagt gives the particle velocity. The optiméime delay
between image pains dependent on the leeity scale of the flow and the accuracy of

the particle position measuremetinlike conventional PIV image processing which

correlates multiple particle images in an interrogation cell to obtain an average velocity
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of a group of particle HPIV uses inddwal particle matching. There are two factors
driving the use of this methodology. First is the inability to seed the flow with sufficient
particles to allow multiple particle image correlation techniques to resolve the turbulence
scales of interest in Ehflow. Secondly is the overall objective of realizing individual
particle statistics. Particle matching techniques from only 2 successive images is easy to
implement but prone to significant errors especially as the frame to frame movement of
the particés increases. As the frame to frame displacement decreases the errors in particle
positioning begin to dominate the resulting velocity vedorall but the slowest flows,

the current generation of scientific digital cameras and lasers operate at tadrkme

rate to match particle imagégtween successive frames thus allowing more advanced
particle tracking algorithmgOuellette, Xu et al. 2006bhat track particle images over
three or more camera frames to be implemenidds limitation is especially true for
hybrid digital holographic imaging systems because the laser power required to
successfully eécord the side scattered light from particles limits the laser repetition rate to
the order of 10's of H&de Jong 2008and the image resolution needed for high quality
holographic imaging is not yet available in high speed cameras. For this reasost
traditional and holographic PIV systertise camera and laser apperated in doubile
pulsed mode utilizing @uatcavity laser head and a camera capable of acquiring two
successive images with an inteaming time on the order ofis. Optimal doublepulsed
imaging requires an a priori knowledge of the flow time and length scales of interest to
propelty setdt. The flowwas characterized using LDA and traditional P1V prior to using

HPIV to obtain the optimal frame to frame delay ubede of 75As.
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4.2.1.1 Nearest neighbor particle matching

The nearest neighbor algorithior particle matching between the extracted partieles

from the A and B images utilizes a simple distance matching scheme. The distance
between each particle moth the A and B images is stored inldnby Ng array where

Na andNg are the number of particles in each image fi€lk first particle match is then
made by finding the row and column of the minimum of the distance matrix. Once a
particle match is madehe columns associated with the particle in image A and the rows
associated with the particle in image B are removed from the distance matrix resulting in
a newNa-1 by Ng-1 matrix. The new minimum of the matrix is then found and a new
particle match isnade. The new match particles’' rows and columns are removed from the
distance matrix and the process continues until no row or column remains. This
procedure results in the number of matched particles equal to the mininNgraadNg.

This procedure mayesult in particles from one image being matched to particles in the
other image a large unrealistic distances. These particles are most likely matched
incorrectly and should be rationally removed from further consideration. The rationality
used to invalide matched particle pairs is based on our a priori knowledge of the flow
field characteristics. An objective maximum distance a particle is likely to move during
the doublepulsing of the particle field is set by multiplying the characteristic velocity

scde of the flow (4u’in our systephand 4t. Consequentially the particles that remain

after filtering have individual velocities between 0 asd (de Jong 2008)
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4.2.1.2 Relaxation method

The particle relaxation method is much more complex than the nearest neighbor method.
It is applicable if the local particle seeding denstty is large enough to resolve flow length
scales in which the particle motion is correlated. The basic concept of the relaxation
method used here was originally described in Beck and1926) and was later updated

by Barnard and Thompsdqh980) Pereira et af2006)has the most recent version which

incorporates a search radi® =4uAt for particlei in the first image to a number of

possible linksN, to the particles in the second image which satisfy the relationship
[y, -v<R (4.4)
At the same time, using a neighborhood radRy =27, to search for a number of
neighbor particlesN, , which satisfy
1% -x]<R (4.5)
Since the probability?; for particlei in the first image to match a particle in the

second image has to satisfy

Np
SR +F =1
E (4.6)

with P* being the probability of particle having no matching particle in the second

image. The match probabilitie3; are updated according to the criterion

Np k

Pi=PRl| A+BQ. > P Q)+ CFK (4.7)

k=1 1=1

S

52



Where N, is the nunber of possible links of a neighbor partiddeto the second image,
Q x, is the weight of judging whether the neighbor link satisfies the erigidity
condition, F, ; is the weight of t& flow estimate, they are functions df, =y, - x and
d,=Yy-%.

Image A: time t

Image B: time t + Az
Particle Number: N, Particle Number: N,

Figure 4-7: Relaxation Method

After a sufficient number of iterations the best matches will have the highest probabilities
and worst incorrect ones have st probabilities. Therefore, by searching for the
maximum value off ; while assuming similar displacement of its neighboring particles
the most probable link of particlean be found.

This version of the relaxation method ensufed if a particle has no neighbors, the no

match particle probabilityP” does not automatically increase to 1. In the event that two

particles from image A were matched to the same particle in image B with equal
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probabllities the particle in image A that resulted in a lower velocity magnitude was

consider the correct match.

4.2.2 Two-particle radial relative velocity PDF

Calculating twepatrticleradialrelative velocitystatistics requires a high quality particle

velodity realization.The two particle radial relative velocityy is the relative velocity of

two single particls, w=Vv, -V, times thaadialseparatiorvector r betweerthem

W, = w.L
r (4.8)

DNS results of the radial relative velocity PDF at con@eang, Wexler et al. 2000)
suggest that the PDF is positivelyesked and for low Stokes numbers. The positive talil
behaves like aaussian distribution, while the negatitail matches an exponential
distribution. At Stokes numbers near unity however, th& Bhows a higher peak at zero

while the tails decay more slowly than a typical exponential distribution.

Particle 1

Particle 2

Figure 4-8: Two-particle radial relative velocity
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Once theparticle velocity field inside the cubic measurement area has been extracted by

the two particle matching methods discussed above réleal relative velocities

between every particle pair can be calculated and binned accoditig t

separation distancé& . We compared the twparticle radial relative velocity PDF at
increasing tweparticle separation distance obtainedtbgtwo matching methods for all

3 particles in Figure-®. The relative velocitiesra normalized byheir road mean square,
<w?>"? so as to make a meaningfubndimensionacomparison. In ®-a the two
methods agree closely at all the tparticle separation distances tbe Hollow7 particle.
However in 49-b and 49-c the PDF resultsbtained from theelaxation methodhow
more scatter than thogem the nearest neighbor method. ThEsmost likelydue to the

uncorrelated motion of thgarticles in our experiment.
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(a) Hollow?, St=0.23
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