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ABSTRACT

Void fractionis anessentiaparametefor understandinghe interfacial structure@ndheat
andmasdgransfermechanism# variousgasliquid flow systems.It becomes critically important
to accurately measur®id fraction as advanced high fidelity tvpthase flow modslrequire high
guality validation data. However, void fractiomasurementemains a challenging tasi date
due to the complety andrapid-changing characteristaf the gadliquid boundary flowstructure.
This studyaims to develop an advanced void fraction measurement system basety@ng fast
line detector technologiesThe dissertation has covered the major components necessary to
develop a complete measurement syst8pectral analysis of-xay attenuatiom two-phase flow
has been performed@nda new void fraction model is developed based on the analyssiewly
developedpixel-to-radial conversion algorithm is capable of converting measured void fraction
along with the detectaarrayto the radial dstributionin a circular pipe for avide range ofvoid
fraction conditions The x-ray system attains the radial distributions of key measurable factors
such as void fraction arghsvelocity. The data areompared with the doubkensorconductivity
proke and gas flowmeter for various flow conditions. The results show reas@gabkEments
between the xay and the other measument techniques Finally, various 2-D tomography
algorithms areimplementedfor the noraxisymmetric two-phase lbw reconstrgtion. A
comprehensive summanyf classical absorption tomography for the tplmase flow study is
provided. An indepth sensitivity study is carried out usingynthetic bubblg, aiming to
investigate the effect efriousuncertainty factorsuch as background noise,-oéinter shift, void
profile effect, etc The sensitivity study provides generalguideline forthe performance of

existing2-D reconstructioralgorithrs.
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GENERAL AUDIENCE ABSTRACT

Gasliquid flow phenomenon exists innaextensiverange of natural andengineering
systems, for exampléydraulic pipelines in a nuclear reactor, heat exchanger, pump cayitation
andboilers in the ga$ired power stations Accurate measurementthievoid fractionis essential
to understand thdehaviors of the twphase flow phenomenonHowever, measuring void
fraction distribution in twephase flow is a difficult task due to its complex and-&tnging
interfacial structure. This study developed a comprehensive suitéhef nonintrusive x-ray
measuremertechniqus, anda pixel-to-radial conversion algorithm to process the-liard time
averaged void fraction information. The newly developed alguritfalledthe Area-based Onion
Peeling (ABOP) methqaan convert the pixel measurement to the radial void fraction distribution
which is more useful for studying and modelasgsymmetric flove. Variousflow conditionsare
measured ancevaluatedfor the benchmarking of the algorithm Finally, classical 2-D
reconstruction algorithms are investigatedtfa void fraction measurementnonaxisymmetric
flows. A comprénersive summary othe performance of thesdgorithmsfor atwo-phase flow
study isprovided. An in-depth sensitivity studusing synthetic bubbles has bgerformedto
examine the effect of uncertainty factors artd benchmark thealgorithns for the non

axisymmetric flove.
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1 Introduction

1.1 ResearcBackground

Measuring the @id fraction ina gasliquid two-phaseflow system isan important but
challengingtask due tothe complexand fastmoving interfacial structurs. The void fraction
measurementis becoming progressively critical as the advancement dhe highfidelity
Computational Fluid Dynamics (CFD) modadt.is sufficient enough to develop the conventional
two-phase flow models and codes with the-direensional twephase flow parametersiowever,
CFD modelsfrequentlyrequire localinformationsuch agwo-dimensionabr threedimensional
void fractiondistribution Advancedcomputationamodels cannadbecritically evaluate without
high-quality datg thus, their applicatiors in realistic engineering problems will beruelly
restricted1,2].

Both intrusive and norrintrusive techniquetave been developer two-phase flow
measuremest Known intrusive techniquescludelocal multisensor probg3], optical probe[4],
wire-mesh sensorn®i 7], and constant temperature anemomé@tyA) [8]. Severakechniques
such adour-sensor probel®,10], conductivity probegll1], and optial probed11,12]have been
widely used tomeasurdocal void fraction or gasselocity of two-phase flowg3,4,13,14] These
local measurement techniques have shewtellentmeasuremenprecisiondue to micro size
sensor tip whichis about10e m o r  sHowdvdr, docal measurement techniques are not
efficient because it only measures a single point at a time. Also, the local measurement method
requiresan extendedsamplingperiodto acquire the timaveragednformation The wiremesh
sensof]5i 7] is anotler known intrusive method foroid fraction measurementThe wire-mesh
techniqueis capable obbtaining alimited number of discreteneasuremenpoints in a cross
sectionalareasimutaneou$y at a high frame rate However, theelectrical wirescould cause
unwanted substantial flow interference in the flow fieldhich ismuch higher when compared to
the four-sensor probesAlso, the local void fractioninformationis sensitive tasignalmagnitude
whichis subject tovariousnoisesin a two-phase flow

Norintrusive techniquecan bedivided intoaninvasive or nofinvasive methodA well-

known nonintrusive but invasive technigue electrical capacitance tomography (EJID].



Other variations arelectrical resistance imaging (ER)electrical restance tomography (ERT)
[16]. These nofintrusive but invasive techniquearry a limited number of electrodeBherefore,
measurement resultsve a relatively low spatial resolution, and th@easurement accuracy is
highly dependent on the flow regime. The higpgeed camera &snimagingbased measurement
technique which is nonintrusive and noiinvasive The imagingbased method has been
establishedn recent yeardor atwo-phase flow measuremefit7]. High-speed imaging has
substantialbenefit from the highpixel resolutionand fast frame rate However, high-speed
imagingtechniquesirerestrictedo low void fractiorflows, such as bubbly flowsAn dternative
methodfor two-phase flow measurement is thediation attention technique.The radiation
measurement technique is a fintrusive and nofinvasive method.Gammaray systens often
transmitmuch higherradiationenergy therefore, suitable for the complex flow systems with a
high-pressure flow such as a heated-bohdle georetry setting[18,19] However,significant
drawbacksexistin gammaray systemsuch adow spatialresolution andglowerdata acquisition
ratethananequivalentx-ray based systerfi8i 21].

Depending on the-ray source and detector array arrangemerdykasedystems deliver
substantl advantagesvhencompared with the measuremenéthodsdescribed aboveX-rays
arenortintrusive and notinvasive technigug thus, the measuremeeliminatesundesired flow
disturbance to individual bubblesSince x-ray based measuremetibes not require physical
contact with the flowit is insensitive to the temperature or pressurénakphase flows In
contrastwith the highspeedcamerathe xray measurement is not restricted by thst section
geometry theoptical properties aothe wal| or fluid. The xray attenuation technique shows less
dependence on flow regimes than the ECT or ERT,; therefore, it covers a wide range of flow
regimes. The wide selection of thepay tubes and radiation detector sensors also provides many
flexible designs for different research applicagon

Typically the xray beam forms either a cabeam or farbeam projection.From the x
ray projection, the lin@veraged information is recorded by individual pixels on the detector
screen.With this line averaged data, one may extracesentiauantitiessuch awoid fraction
or bubblevelocity, whichareessentiaparametesto studytwo-phaseflow behavior. A nontime-
resolvedx-ray system is capable of measuritigie and lineaveragedvoid fraction but not
instanaineousvalues [18]. This line-averagedvoid fraction does not contaimformationabout

individual bubbles For examplea series of line projections do not provide sufficient dstail



the bubble information unless the system contains multiple sources and utilizes the tomography
setting [19,20].Also, most of the xay systera are not capable oésolvingthe energypectrum

of the xray beam. In general,an x-ray systemnvolves the conversion from-pay photons to

visible photons, and from visible photons to elecsignak. The detaiéd conversion process

must be investigated for measurement accuracy.

In the case of a complex flow systeitihe operating power of theray source requires a
high photon energy sourcgypically 150 KeV or higher Suchpowerful xray sources produce
high-level radiationwhichrequires a significant shieldiregound the systemas well as shielding
around the measurement portThis configurationis often nonportable which limits the
availability or flexibility of the system if varioubcations need to be measurelligh power
systems often have large system dimerssiarerelatively heavy due to the shielding material
Thus, this limits the mobility of the system and makes it impractical to relocate to various
measurement locatigmo performdetail twophase flow measuremerilso, the photon detectors
equipped in the high power systems oftemmposedof crystatbased scintillators or the
combination of both higlspeedimaging deviceand image intensifier, whicfurther limitsthe
mobility and flexibility of the measurement units.

Additional challengesre involved in using thex-ray based systenfer void fraction
measurement in twphase flow applicatia Typical xray source generates a polychromatic
beam which is a wide range of energy spectrum [2The conventional log model is a known
void fraction formulation used for the-ray attenuatiormeasurement techniqueHowever,
measurement resulted from the polychromati@ayx may cause significant uncertainty, sitice
conventional log modelssumed constantray energy and constant attenuation coefficidde
to the x-ray's polychromaticharacteristis, one must thoroughly analyze the ranges of thayx
energy used in the measuremebiepending on the detector screen arrangement -tag Beam
illuminates a form of a conbeam or farbeam However, brward projection onlyneasures the
time andline-averaged attenuation value; thus, measured information does not provide local void
fraction information.One must further process the pixel measuremeobtainthe local or radial
void fraction distribution of the flow field.

In the case of the neaxisymmetric flow geometrysuch as aectangular test sectipthe
void fraction or velocity distribution is no longer axisymmetc2-D tomographic reconstruction

method is a stable choice for reconstructing the void fraction distributioaunh systems



In the tomography imaging application, one can reconstruct the flow field from the multiple
projections where signalcquisition is obtainetom various angular directior{22]. For atwo-
phase flow application, one can reconstruct the flow field distribution without measuring the
extensive viewing angle if the projection data set is substantial en@ayheof thetomography
applicaton fortwo-phase flowsretomographic PIV for flow velocity23], andx-ray imaging for
void fraction or gas velocity distributioff6,17,19,2427].

To overcome many challenges described abois, dissertationpresents a relative
compact and fast-ray systendesignwith the xray tube at 50k\and1mA. The photadetector
arraysusedin the system consist of a thin scintillator layer and photodiatich captures the
attenuated xay photon and converts into alectron for voltage generation. Thigay detector
unit is capable of adjusting the sensitivity level and amplification of voltage output. All of the
measurement components are assemblexd ansingle enclosurewhich makes ita relativeéy
compactand lightweighted system Thus, the systens capable omeasuring thevarious port
locationof a two-phase flomoop. A polychromatic xray energy measurement model has been
integrated for the twghase flow measuremeim,which thealgorithmtakes account of thHeeam
hardening effect and modi¢he energy spectrum of-ray photonsafter penetratingestobjecs.

The xray system islso capable of rotating arourinonaxisymmetric flow geometry
after it is mounted on high precision turntableWith the single source projection and the linear
detector arrangement, the system is capable of capturing theatichéne averaged projection at
a given viewing angleThe sinogram data set arranged from the multiple angular projectons
be further processetb reconstructhe 2-D flow distribution ina rectangular test sectionThe
existing CTreconstruction algorithnmshould besuitedfor recoveig the void fractiordistribution
in a rectangularcrosssectional planeThis dissertatiorwill investigatethese algorithmsand

provide general guidelindsr two-phaselow measurement.

1.2 Dissetation Objective

The presented research in this dissertation aims to develop aadgbriths for various
void fraction measuremestusing the x-ray attenuation techniquélhe presented algorittem
consist of thregarts and theirprimary objectivesre described belaw

Part 1: ForwardProjectionProcessing



a) Improve measurement accuracy usihgspectral modetleveloped by Song and Liu
[28];

b) Evaluete the forward projection algorithm withe prediction model and experimental
data;

c) Investigate measurement accuracy usimgproposed algorithrandthe existing log
model.

Part 2: Pixel to Radial Conversion Algorithm

a) Develop aconversion algorithm capable of convert the lamel timeaveragedixel
measuremerto radial void fraction or gas velocity distribution;

b) Conduct thesensitivity studyusing synthetic bubblesnderthe various uncertainty
factorsand analyze the conversion performance,

c) Evaluate theadial conversiomesultwith the actuabxperimental data;

Part 3:2-D Tomography Algorithm

a) InvestigateabsorptioAbased tomography imaging technique for the-phase flow
application angberform acomprehensivaensitivitystudy usinga synthetic bubblg

b) Evaluate the reconstruction algorithm widyntheticimage and experiment dataa

nonaxisymmetric geometry setting

1.3 Dissertation Outline

In Chapter 2, thepectral model, calibration testnd conversion factor are described in
the measurement methodology section. Thayxenergy spectrum study, photon to electron
conversion and detector conversion efficiency will be addressedabgalibration test. The
performance of thepectial model isassesselly the predictiomesultand the measurdado-phase
flow data. The newly developed pixel to radial conversion algorithm is proposed to reconstruct the
fanrbeam projection measurement. The proposed algorithm comiimeespectral model,
calibration test, and conversion factotyield robust and improve the measurement accuracy. The
developed algorithm is extended to the pixel to radial gas velocity distritagiomll.

Followed by Chapar 2, the spectral modeléextendedo estimate the void fraction in the
two-phase flows with various liquid and gas flow rates in Chapter 3. Thephase flow

experiment is performeth a circular testsection withan inner diameter of 25.4mm. In this



experiment, the test facility runs awater vertical flows. The compact and fastray system is
used to record the twphase flow at a rate of 1068@. The line and tim@&veraged information of
various flow conditions are anakyd with the spectral model. This forward projection data is then
converted to radial void fraction distribution using a newly developed algorithihe radial
conversionparametergrecompared with thelouble sensor probmeasuremerand flow-meter
reading

In Chapter 4, th@-D CT method areintegratednto the twophase flowmeasurement
There are two general classes of algorithms to perforrdimensionaleconstructioneither by
analytical or algebraiteration methods.In this chapter, th@-D reconstruction algorithms are
integratedo deliver a comprehensiweid fraction distribution irtwo-phase flovs. VariousCT
algorithmshave beewstudiedfor thetwo-phase flowimagereconstruction.

The contents in Chapter 2 are based on the published work done by the author in the Ph.D.

period

K. Song, Y. Liu,iAiA compact xray system for twgphase flow measuremeniMeas. Sci. Technol.
29 (2018) 02530828].



2 Polychromatic X-ray Energy Measurement

2.1 Introduction

X-ray based densitometry or tomography system has dsdensivelyused inextracting
the twophase flowparametersuch assoid fraction orbubblevelocity [6,24,29 31]. The xray
based measurement methods are-inthusive and noinvasive thus will not cause anffow
disturbance Compared withoptical imagingsystens, the xray is restriced by thetest section
material composition, the shape of the test seatialis, or the optical quality ofluids. The
measurement accuracy of theay system shows less dependence on flow regtimves the
electrical capacitance tomography or electrical resistance tomograpby.elated researches are
listed inTablel.

For the twephase flow application, theray attenuation measurement methods are widely
used. Asanx-ray beam penetrates through the test objedyphotons are attenuated, scattered
or absorbed in the test object, therefore, resultant phdeemmeless[32]. This behavior is
known agheattenuation of xayand mathematically formulated by Bdeambert[33]. One can
expresghex-ray beamintensity after itpenetrateshrougha homogeneous objettith anoverall
depthL in thefollowing equation:

I(L)=1ge " (2.1)
Here, |, is theinitial intensityand r7is the attenuation coefficient of tledject The attenuation

coefficient isenergydependenin general However, this equation is valid only witonstant
energy or with a constant attenuation coefficient.ln general, the xay energy exhibits
polychromaticcharateristics, which is a wide range of energy spectid#,35]. Unless one use
beam synchronizer @ignificant prebeam hardenindheabove equationan not be used directly
for estimating the attenuatedlychromaticx-ray beam Other challenges are involved witkray
energy detectionincemost ofthex-ray detectors are nenhergyresolved Many detector systems
are photedetector units, which means the detector system captures attexwaygxhotons This
photodetector systernonvertscaptured photoimto a visible light then generates the electrons

which finally outputs voltage signaénd displagthe signalsn the user interfaci the operating



workstation unit The concept of theverall xray photorto voltageconversion process is shown
in Fig. 2-1.

Initial X-ray
photon Test object
¢ e —>¢—> 5| ac [ > paals| pc
0

Attenuated X-ray photon = Photon capture = - Transport = Electron - Voltage

Fig. 2-1: Overall process of-ray photon attenuation and energy conversion procdbg in
typical xray measurement system

In the literature, Inouet al.[36] used both an-xay densitometer and array Computed
Tomography (CT) scanner to measure the void fraction distribution in a simulatestéigl
Boiling Water Reactor (BWR) fuel assembly. It takes 15 seconds and 60 seconds for the CT
scanner ad densitometer, respectively, to perform one measurement. Therefore, these systems
can measure the tir@veraged void fraction, but not the instant valueghe literature o€outier
Delgoshaet al.[37] used the Advanced Photon Source (APS) at Argonne National Laboratory
(ANL) to measurecautation flows. The detector contains a scintillator which converrigyxto
visible light and a higtspeed camera. With a higfitensity xray source (1% photons/s on the
test sample), the authors could take kaglkeed images of the flow at 10,000 fpgludde [38]
designed a system consisting of threeax tubes and three correspamg scintillator detector
arrays. Using this system, bubbles larger than 2.5~3 cm in a 23 cm diameter flbelizeduld
be measured, with a frame rate of 250 fps. Fisehal.[39] have developed annay CT system
using a scanning electron beam and a circular detector. The system could meaphiastnftow
at 1000 fps or higher with a spatial resolution of about 1.5 mm. Makieagu[40] used a 150
kV x-ray tube, an image intensifier, and a hgjieed camera to measure a 21 cm thick wataetun
The systenachieves a spatial resolution of 0.46 mm per pixel and a frame rate of 1000 fps.

It is noted thatin the researches described above, theyx source has relatively high
photon energy in the range of 150 keV or higher. Thesednghgy xray sources are capable of

apply prebeam hardening andnly usea high energy range Therefore, one can assume the



attenuation coefficient is linear or constant in the Hefel energy spectrum intervahlso, the
detectors usenmh the above studigsuch as large scintillation crystal, or the combination of image
intensifier and higtspeed camera limits the mobility and flexibility of the measurement systems.
Also, these powerful-xay sources require a significant shieldinguard the test section and the
measurement system.

To overcome these challengesp@el measurement model has been established for the
systemwhich takes account of the polychromatic energy spectrunray photons and the beam
hardening effect An improved measurement accuracy has la@eomplishedvith the proposed
modelwhencompared with the conventional log model that has been widely used in the literature.
With a fast xray system and newly developed spattmodel, void fraction and velocity
distributions are measured for a bubbly and slug flow in a 25.4 mm |-lvasér twephase flow
test loop. The measured superficial gas velocities are then compared with the gas flowmeter for
both conditions.

In thefollowing, the experiment setup consisting of a ropipe andthex-ray systenwill
be described. Then the desaif thespectral model will be presented.

Tablel: Summary otwo-phase flow measurement usingay densitometry or CT imaging
method in the literature.
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2.2 Experimental Setup

The schematic of the twphase flow test loop is shownkhig. 2-2. The facility is designed
for air-water twephase uglow at room temperature and atmospheric pressure. The 3 m tall
circular test section is made of transparaamylic pipes. The test section has an inner diameter
(1.D.) of 25.4 mm and a wall thickness of 6.35 mm. A variable speed centrifugal pump (Grundfos
CRNE 1012) is used to deliver the desired water flow rate to the circular test section from a water
storgge tank. Airflow is supplied by the building compressed air line and regulated by a pressure
regulator. Airwater mixture leaving the circular test section is separated by gravity in the storage
tank. The water circulates through the loop and air isaeetotheatmosphere. The loop also has
a bypass line to provide additional control of the flow rate, and it also helps stabilize the flow rate
in the test section.

Fig. 2-3 shows the schematic of the bubble injector design, at which air and water are
mixed before entering the test section. The injector consists of a sparger tube which has a porous
metal section (1:0nicron pore size) near thegd. Air is injected from the inside of the sparger
tube. Secondary water flow is sent to the annulus region between the sparger tube and the outer
Acrylic tube as shown in the figure. This water flow is used to shear off the bubbles generated on
the oder surface of the sparger tube. The secondary water flow rate can be controlled by a ball
valve and a flow meter to ensure tlia¢ desired bubble size is generated at the test section inlet.
The twophase mixture then enters a larger chamber whereésmwith the primary flow. The
primary water flow enters the chamber through three branch pipes separateddngleX) This
bubble injector design can provide symmetric and uniform bubble distribution at the test section
inlet. The total water flowate in the test section is controlled by the valves located on the primary
flow line. Two-magnetic water flow meters (Toshiba Model LF654, 12.7, amd 50.8 mm) are
used to measure the total water flow rate entering the test section. This combination could provide
an accuracy of less thanl % of the actual readirayer a wide range of flow rates up to 288M.

Four gas flow meters based on theilzan differential pressure flow technology (Cdétarmer EW
series), are used to measure the airflow rate entering the test section. These flow meters can
measure airflow from-®00 standard liter per minute (SLPM) with an accuracy of £ 1% of the

actual rading. The test section is also equipped with other instrumeciteding pressure gauges,
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thermocouples, and a high precision differential pressure transducer (Yokogawa EJA110A).
Various flow regimes spanning from bubbly to annular could be mddainthe test section by
controlling the air and water flow rates. In this study, bubbly and slug flows will be measured by
the xray system.

Fig.224shows the schematag dénshtometmpyucsy xt em
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Fig. 2-2: Schematic of the 25.4 mm I.D. airater twephase flow test facility.
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Fig. 2-3: Schematic of the bubblejector design.
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Fig. 2-4: (a) Schematic of the-ray system; (b) picture taken from the outside with a test pipe

inserted; (c) detector array arrangement.
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2.3 Measurement Principle

In this section, the measuring principle of theaay densitometry system with a
polychromatic xray source is introducedrig. 2-5 illustrates a typical experimental arrangement
of two-phase flow measurement with a linear detector array. A circular pipe of wall thitkness
is placed between theray source and the deter array. The source can be considered as a point
in this study due to its relatively small focal spot size‘(5). For the sample beam showrFig.
2-5(b), it forms an arbitrary angléwith thex-axis. To simplify the discussion, it is assumed that
there is only one bubble in its path. Once it is generated, the beam will penetrate the air between
the source and the pipe, front pipe wéibnt liquid section, gas bubble, rear liquid section, rear
pipe wall and the air space between the pipe and the detasfore it reaches the detector array.
The attenuated-ray beam is then detected by the detector pixel.

(a) (b) Detector
Two-Phase Flow 5. Amay
Test Section Ougl o i
X-ray O Detector X-ray Mon B oner
Source () Array Source
@ ° () I @ ——=—-.--. L'_'_d ______ EhegiUa. _ .
o e 2 o aho
\ B 4
L
Bubbles N Pipe Wall

Fig. 2-5: (a) Front and (b) top view of typical void fraction measurement usingray x

densitometry system with a linear detector array.

Over the xray energy range considerbdre (0~50keV), the attenuation coefficients of
water, air, and acrylic show significant variations with photon enagghown ifFig. 2-6. It can
also be seen that the attenuation coefficient of air is smalleativater or acrylic wall by about
three orders of magnitude over the entire energy range concerned here. Therefore, the attenuation
in the air space can be neglected in this worksdl on the Bedambert layj44], one can estimate

the photon flux at the pixel location as follows:
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where,f'0 is the incident photon flux (or fluence rate) generated by tray>tube;f0(E, qdE
represents the number of photons within energy inteB/gE+dE], passing through a unit area
that is 1 m away from the source along dkhengle direction per unit timef,z,(E, § is the photon
flux at the pixel locationg2, is the Inear attenuation coefficient of twghase mixtureg, is the

linear attenuation coefficient of thestsection wallj2- is the chord length along the beam, which

is also the overall transmitted depth in the qpi@ase mixturelan is the wall thicknesalong the

beam; and. is the distance in meter from theay source to the detector pixel.
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Photon Energy [keV]

Fig. 2-6: Linear attenuation coefficients of air, water, acrylic, and aluminum ovay energy
up to 50 keV. Data from the National Institute of Standards and Technology (NIST) are used to
generate this figurgt5s].

The linear attenuation coefficient of the twbase mixture can be given by:

m=adm@ Ya, (23)
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Herg Uis the lineaveraged void fraction along the beais the linear attenuation coefficient of
liquid, andgg is the attenuation coefficient of gas. The distance between the source and detector
pixel L can be expressed as:
L= d (2.9)
cosg

Here,d is the distance between theay source and the center of the detector array.
Combining Eq(2.3) with Eq(2.4), one can express the photon flux after penetrating thehsse
mixture as:

: Fo(E, JC05  Qugnio(a o+t 04 2 (@ §

f,,(E, y="TolE: dC0S d‘Z Brow o Q@ o (25)
The number of photons within energy intenia) E+dE] received by the pixel in a single exposure

can be given as:
J/2f(E: q: .fo(E’ )’%xm Cos tq d

_ fo(E, JA;eCOS ¢ %ga 109 S +)E ) § M (B Dy
d? '

(2.6)

Here at is the exposure timépixelis the effective detection area of a single pixel.

In general, xay photons are produced by bombarding an anode target metadigith
speecklectrons accelerated by high voltage catijd@¢ When incident electrons are decelerated
near the target atoms (also called Bremsstrahlung interaction), the loss of kinetic energy is emitted
as photons of equal energy. If the bombarding electronsshdfieient energy, they can eject an
electron out of thennermostshell of a target atom. As a consequence, electrons from higher
energy states drop down to fill the lowemergy vacangyand xray photons with characteristic
energies determined by thaexgy level difference are emitted. Typically photons generated by
an xray tube exhibit polychromatic characteristics,, the xrays have a wide range of energies
including the continuous spectrum generated by Bremsstrahlung and sharp spikes due to
characteristic emissions.

After x-ray photons are generated in the target material, they have to go through the tube
window, Acrylic pipe wall, and water in the test section before they reach the detector. These
materials have different attenuation coménts for different energiess illustrated irFig. 2-6.

The xray spectrum will be modified every time the photons go throwsgleeificlayer of material.

Fig. 6a shows the sample spectrum coming out of a 50 kV tube and that after going through acrylic
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with various thicknesseskig. 2-7 shows the spectrum with different thickees of water up to
50 mm. Here the-ray spectrum is generated using Spec@4i¢, and a 128 nthick barium
window is assumed at the exit of the tube. For both acrylic and water, it is seen that as material

thickness increases, photon counts decrease over the entire spectrum. However, lower energy
photons are attenuated at a faster rate dueetdnitther attenuation coefficient. This uneven
attenuation has resulted in a change of the shape of the spectrum, also known as the beam

hardening effect. In general, the peak energy and the average energy becomes higher as material

thickness increases.
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Fig. 2-7: Polychromatic xray emission spectrum of a tungsten anode target, with 1 mA filament
current, 50 kV tube voltage, at 0.25 m from the sourcdn{il spectrum and those after

penetrating various Acrylic thicknesses; and (b) spectra with different water thicknesses.

A typical non-energyresolvingdetector such as the one used in this work does not measure
the photon fluence or energy intensiglues. Instead, the detector system converss yhotons
into visible light for detection by the photodiode embedded in the detector. Makétadjj40]

proposed that the signal level of awray intensifier system is proportional to the total energy

deposited in the

det ector

pi xel

| magoem i nt en

this calculation. In general, detection efficiency has a strong dependenaapenergy and is
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very difficult to obtain. The detector used in this work has a scintillator layer which converts x
ray photons into a visible range. Then visible phetare converted into electric signals by the
complementary metalxidesemiconductor (CMOS) detectors. To accurately determine the
overall energy conversion efficiency, one needs to know not only the efficiency of the scintillator
but also the efficiencyf the CMOS detector, as well as the noises or signal losses introduced
during photon transport from the scintillator to the CMOS pixel.

It is reported in the literature that the &dS:Tb scintillator used in this work has an
average conversion efficiency of around 1B#,49] However, the variation with photon energy
has not been reported. The efficiencytbé CMOS detector varies with the frequency or
wavelength of visible light photons. Such data is not available for the detector used in this work.
Therefore it is generally not practical to establish a detector response model based on the total
energy deposition and the energy conversion efficiency of the detector. Note that even though
Méakiharju et al. [40] has proposed a model based on energy conversion efficiency, they did not
use the model to perform the calculation as such information is not ldgailanstead, they
assumed that the error induced the x-ray spectrum can be neglected by-paedening the
polychromatic beam.

In this work, to obtain a relation between the detector responser@ydpkoton fluence,
the scintillator efficiency, detgor efficiency and photon transport process are lumped into one
parameter, the detector conversion faéigy. This parameter represents the number of electrons
generated in the CMOS detector for eaglayxphoton received. It should depend enayxenergy
as both scintillator and CMOS efficiencies are phetoargy dependent. Considering @),

the total electric charge generated in the CMD&I can be calculated as follows:

1 Eax )
Q= oz 15 Vo (E 9%, (E) dE
. (2.7)
:%ﬁwﬁ(a g 6190 B0 00 € 200 P8 0 B gE

Here Qs the electric chagymeasured in coulomBinaxis the peak voltage of theray tube. The

final voltage output by the detectdrcan be given by:

=~ (2.8)
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Here,C:is the charge amplifier feedback capacitance. Combinin@EpandEq(2.8), the output
voltage of the pixel can be written as:

0 COSq U £ . o a100 L)) (S )
_62212; e D FL(E, qp¥'09 HOIH) @ 2@ 08 8 9 p gE 2.9)
' f

Here, mte that the attenuation coefficientg, m and m, all depend on xay energy. |If these
values are relatively uniform over the energy spectrum of consideratig@,9rqan be simplified

as:

ApaCOS G 8 w105 pa k) & mau(@ P o p "
- € ( E! &Ofconv( E) dE (210)
6.242¢ 10°d°C, °

In another case, if photons have a narrow spectrum, or being hmonwatic (such as gamnnay),
Eq.(2.9) can be simplified as:

,cosqg t/
— Aplxel 8q2 fconv
6.2423 10"°d°C,

In either case, one can derive the following equation for the void fraction measured by the pixel:

_ InV,, - InV,, (2.12)
InV,, - InV

fo

where, V., is the voltage output foa two-phase mixturels is the voltage output for the test
section full of liquid, or whet)= 0, andVq. is the voltage output for the test section full of gas, or
whenU= 1. The above equation has been widely used to estimate the void fractienayoand
gammaray CT/densitometry systenis8,27,39,40,5Q]

The xray beam generated fromray tubes exhibits polychromatic characteristics. The
detector system used in this study does not resolve the polydiv@margy spectrum. It is also

noted that the attenuation coefficientg, m and m, show a strong dependence on photon energy

over the energy range studied here. Under these camglitit may introducesignificant
uncertainties if Eq§2.12) is directly used to calculate void fraction. To investigate this effect,
Eq.(29) should be analyzedand the photon to electron conversion factgr, should be

determined for various energy levels.
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2.4Photon to ElectronConversion

The detector conversion factd¢ny lumps together the effect of three light transport and
conversion processes including the conversion frkeray photon into a visible photon, visible
photon transport, and conversion of a visible photanantelectron The conversion factor should
be a function of xay energy as the efficiencies of these separate prodgpsesly depend on
energy. A calibration experiment is performed to quantify the overall conversion efficiency and
its dependence on photon energy. In this experiment, an acrylic container (115 rdbmm
W x 65 mm H) is placed between theay source and detector arraghich ae arranged vertically
as illustrated irFig. 2-8. The water of known volume is injected into the container with a syringe
to achieve the desid water depth. Then, theray system is turned on, and the voltage signals
from the detector array are recorded for the given water volume. The water depth can be calculated
based on the injected volume and the csEsgional area of the containerhel'same process is
repeated for water depths ranging from 8 mm to 38 mm avithmm increment. This thickness
range could cover the total depth of the Acrylic wall and water when the 25.4 mm I.D. test section

is full of air or water.

T «<— Detector Array

<— Acrylic Container

& X-ray Source

Fig. 2-8: Schematic of the calibration test to determine photon to electron conversiorfdactor
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To facilitate the discussion, the smallest and largest water depth8, mm and 38 mm
are used to represent 0 and 100% void fraction values, respectively. The other water depths
between these two can be normalized to obtain a void fraction valuechbeiveend 1. For a given
water depth, E¢2.12) can be used to estimate the void fraction based on the voltage output from
the detector. Fig. 8a shows the comparison between the void fraction calculated by the actual
water depth and that by ER.12) based on the measured voltage signals from the center pixel
(pixel #192). Fig. 2-9(b) shows the relative error of the void fraction predicted byZELp). As
can be seen in the figure, the log model presented in the equation ganedtahgstimates the true
void fraction. The relative error could be :
magnitude of relative error decreases with increasing void fraction. However, close to unity void
fraction, twophase flow is likely fding into the annular flow regime. In that case, theyx
system is essentiall y Une s thicknesswghich b an iniportigrd i d f r
parameter to characterize the annular flow. Though the relative error of void fraction igrsmall,
relative error of liquid fraction or film thickness could be very large at the unity void fraction end
since the absolute value of these quantities are small. It can be seen from Fig. 8b that the relative
e r r o rUreaches héarly 40% for void framh values of 0.9 or higher. From the above
discussion, it is concluded that the measurement uncertainty based(2dZrqould be very
large near té zero or unity void fraction values. Even at a void fraction of 0.5, the relative error

of void fraction is about 10%.

21



(a) (b)
1 | — —#— 40 prerrrrer e e
*s'-""'ﬁ E -+ Relative Error of rd ]
[ ) *:; e : -=Relative Error of 1-a ]
0.8} o - 30F / E
- ST - 4
- X & — g ]
< | W = 20F ng .
2081 r 1B é
= X =10 5
g i #£0 = E & ]
=04 #7 . = E eﬂ"”wﬁ ]
= ¥z = oo E
= A2 o 0¢ 7 o
£ X = A
2 il : *_;ﬂx"*'* * ]
021 4 ] -10:— **r'*"’**# .
& -*-Measured data o ™™™
¥ ~=-Estimated by Log model Er
0 l . L . L L _20 Coeoy i saleey saleosiny clesy
0.5 1 1.5 0 0.2 0.4 0.6 0.8 1

Voltage [V]

Void Fraction, « [-]
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In this study, various polynomial functions (linear, quadratic, and cubic) havedsted for the

detector conversion factéon. From EQq(2.9), one can predict the absolute voltage output from

the detector based on a given conversion factor model and measured void fraction values in the

calibration test. The difference between the predicted and the recorded voltages can be compared

to evaluatdhe accuracy of the given model. One can then vary the model coefficients and select

the best model that gives the smallest discrepancy between the predicted and recorded voltages.

From this optimization process, the following cubic function model haengie best prediction

of the test results for all the detector pixels:

(E)=a & brEOCE

fconv

(2.13)

where,E is the photon energy in ke, bandc are coefficients which should be determined for

each pixel based on the calibrat

ion data.

A sample result for the center pixel is providedrig. 2-10. In this case, the detector

conversion factor is given by:

fCOﬂV

(E)=0.09994> - 4.0E -80.
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As can be seen, the conversion factor increases monotonically with photon energy. When a higher
energy photon strikes on the detector, more electrons will be generated. Qualitatively, this i

consistent with the fact that a higher energy photon should deposit more energy in the detector
compared with a low energy photon. The results reveal that the conversion factor does not increase

linearly with photon energy. High energy photons tengktioerate more electrons per unit energy
deposited.

7000 prerrrrrr IRERARRRRE IRARRRRRRS IRAREERRRS RARRERES ]
E —a=0.09994, b=-4.09, c=80.2

N
S
[}
S

3000 £

2000

Conversion Factor, f [-]
conv

1000 E

0 10 20 30 40 50
Photon Energy, E [keV]

Fig. 2-10: The detector conversion factiasn for the center pixel obtained from the calibration

test.

Essentially, Eq2.9) and Eq(2.14) provide a ondo-one mapping from void fraction to
detector response. There are two applications of this mapping. First, one can calculate the voltage
response of the detector pixel for a given void fraction condition. The predicted voltage results of
the calibration test are shown in Fig. 10a, together with the recorded voltage values during the test.
As seen in the figure, the predicted voltage values show an excellent agreement with the
experimental data for void fraction ranging from zero to unitize other application of E@.9)
and Eq(2.14) is to predict void fraction based on measured voltage value$2.$davolves the

integration of a complex function of void fraction, thus an expéigpression of the void fraction
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may not be available. However, the conversion from voltage to void fraction can be done
numerically using a prgenerated curve such as that shown in Fig. 10a. Taking the measured
voltage in the calibration test as inptite corresponding void fraction can be predict&dy.

2-11(b) shows the relative error of predicted void fraction and liquid fraction. The relative error
of void fraction is within +2% for all data points. For liquid fraction, all points expect two are
within +2.5% error. The maximum liquid fraction error is 20.&henU= 0. 9U=0d.rThel T
meanabsolute percentage erfdAPE) is 0.49% and 0.99% for void fraction and liquid fraction
measurement, respectively. This is a significant improvement of the prediction accuracy compared
with the similar results predicted by the log mga@el shown irfFig. 2-9(b).

Considering that each detector pixel may vary slightly during the manufacturing process,
the above optimization steps have been carried out for each individual pixel in the detector. The
conversion factor for an individual pixel can be fitted with a similar polynomial funa®shown
in Eq.(2.13), with slightly varying coefficients. Once these conversion factors are obtained, the
void fraction measured by individual pixels can be predicted b{2E.following a similar
approach described above. The pixels that are relevant to the 25.4 mm I.D. test pipe ranges from
110 to 272. For these pixels, the maximum absolute relative @rvoid fraction measurement
is 4.39% among all the data points obtained in the calibration test. The overall MAPE is 0.28%,
and more than 96.8% of all data points have an exfdess than 2%. For liquid fraction
measurement, the maximum absoltive error is 7.09% among all data points. The overall

MAPE is 0.39%, and more than 95.7% of all data points have an error below 2%.
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Fig. 2-11: Forthe center pixel, (a) Comparison between the measured voltage and that predicted
by Eq.@-14) with a conversion factor given by E&.{4); (b) Relative error of the predicted void
fraction and liquid fraction based on Eg&:9) and @-14), and measuregbltage.

It is noted that the conversion facfesn is an intrinsic property of the detector pixels, and it does
not depend on the object placed in theay system. Therefore, the same conversion factor
obtained from the calibration test can be appigthe 25.4 mm circular test section as well. Since
the geometry of the circular test section is different from that of the calibration test, additional
steps should be taken to establish the relationship between the void fraction and voltage response
from the detector pixels. FroRig. 2-4, it can be seen that each pixel measures thalmreaged

void fraction along the chord length formed by theay beamand the inner pipe wall. For each
pixel, one can calculate the corresponding chord lelagind the wallengthlwar based on the
given locations of the-kay source, detector, and test pipe. The atipketween the beam and the
horizontal axis camlso bedetermined from these geometrical parameters. Usin@.Byg.one

can then predict the voltage response for various void fractions #ilengray beam. Fig.1la
illustrates the predicted results for three different pixels, the center one, and! e 1" pixels

from the center. As can be seen, each pixel shows a different widmed should be caused by

the difference in angld, chord length2., and the conversion factégn of these different pixels.
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For the circular test pipe, the voltage response at zero and unity void fractions can be obtained by
filling the test section with 100% water and air, respectively. Fig.shblws the comparison
between the test results and predicted voltage signals over the pixel range covered by the test pipe.
As can be seen, the prediction and experimental data agree with each other very well. This result
further demonstrates the appliddp of Eq.(2.9) for the prediction of detector response. It also
indicates that the conversion factor obtained from the calibration test will yielt@urate
measurement of void fraction in the 25.4 mm 1.D. circular test section. During the actual test with
atwo-phase mixture flowing inside the pipe, the measured voltage from each detector pixel will
be used to determine the corresponding-émerayed void fraction using the pgenerated void
fractioni voltage curves as those showrfig. 2-12(a).

(b)
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Fig. 2-12: (a) Relationship between the void fraction and detector voltage response for selected
pixels for the 25.4 mm 1.D. test pipe. (b) Comparison between the predicted voltage and

experimental data when the 25.4 mm |.D. test section is filled with wateirand a
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2.5 Sample twaephase flow result

Measuremerst of typical twophase flows are performed using theay densitometry
system in the test facility described in Section 2. Two flow conditions will be presented in this
section, one bubbly floyand one lsig flow. The superficial gas and liquid velocities pre 0.16,
jt = 0.69 m/s, for the bubbly flow condition, afgl= 0.30 m/sj: = 0.52 m/s for the slug flow
condition. These superficial gas velocities are determined based on the inlet gaseffoancht
the local pressure measured at thaylocation. During the test, voltage signals at every detector
pixel are recorded for 120 seconds at 1000 fps, which results in 120,000 voltage samples for each
detector pixel in a single flow condition.
Eachframe of xray image records a[ distribution of chordahveraged void fraction along the
x-ray beam path. One can stack consecutieftames together to generate a synthetfizithage
as shown irrig. 2-13. In this process, the bubble velocity information which is discussed later in
this section has been used to determine the traveling length of the recorded bubbles within each
sampling period.This length and the width of each pixel agequatly scaled in the 2D image
such that the shape and aspect ratio of the bubbles shdugn 2113 reflectsthe actual bubble in
the flow. Considering the high frame rate of theay system, a sufficient number of layers will
be recorded for each bubble. Therefore, the synthetic images should be able to approximate the 2
D x-ray image taken with a film or-R imaging sensor on a single exposure. FFgn2-13, it is
seen that flow structure in both the bubbly and slug flow conditions show great similarity with
conventional xray images. The shape of various bubbles including smaller distorted dabtle
large slug bubbkeare captured in the synthetic images. It should be pointed out that the intensity
of each pixel in the picture can be used to calculate ctierdalaveraged void fraction
corresponding to the pixel. This is different from the images obtained using visible light cameras,
in which the pixel intensity cannot be directly used to calculate void fraction due to highly non

linear reflection and rediction processes.
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Fig. 2-13: Synthetic 2D images from the-xay signals obtained from thell detector array for
(a) bubbly flow, jg = 0.16, jf = 0.681/s, and (b) slug flow, jg = 0.25, jf = 0.52 m/s.

Fig. 2-14 shows the void fraction distributions along the detector pixel for the bubbly flow and
slug flow conditions. The void fraction shown in the figure is obtained by averaging the
instantaneous void fraction data over the entire 120 second sampling penedm&averaged

void fraction for then pixel, &, can be given as follows:

— 1 . or
a,=2of) av) dt (219

Two methods are used to convert the recorded voltage dignab void fraction valued,,, the

conventional log model expressed by R€l@), and the newly developed spectrum model as given
by Eq.(2-9). Near the wall, the voltage change between full liquid to full gas is small due to the
short chord length in this region. The uncertainty of the void fraction measurement could be
significant. Therefore, a zero void fraction is assumdteavall boundary based on the typical
void fraction profile obtained using other measuring techniques such as image prdédgsiag

linear fitting is performed for the region between the wall and the third pixel to the wall. As seen
in the figure, the log model generally underestimates the void fraction, particularly in the central
region where the void fractiors considerably higher than zero. This result is consistent with the
calibration result obtained in the previous section, and it further demonstrates that the energy
spectrum must be considered to improve the measurement accuracy efatheystem. The
bubbly flow shows a slight wall peaking phenomenon commonly observed in the litdEdtlire

This wall peaking is generally attributed to the lift force effect, which acts to push small size

28



bubbles to the wall. The slugpWv shows a center peaked void profile which is also commonly

seen in the literature.
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Fig. 2-14: Void fraction distribution along the pixel location. @dbbly flow, jg=0.16 m/s,
jf=0.69 m/s. (b) Slug flow, jg=0.30 m/s, jf=0.52 m/s.

The crosssectional areaveraged void fraction can be calculated based on the pixel
distribution discussed above. Rigorously speaking, each detector pixel has a findedatieas
measures an areaveraged void fraction as illustratedHig. 2-15. The void fraction at a particular
pixel should be weighted by the coverage area of that pixel (red rediim 215b) to obtain the
crosssectional areaveraged void fraction. Several angles are definddgin2-15a to facilitate
the calculation bcoverage area. As shown in the figufeandd> represent the angles formed by
the line connecting the-pay source and the upper and lower edge of the pixel, respectively. These
angles can be calculated based on the location oftag source and a given detector pixel. The
intersection points ain xray beam with the inner perimeter of the test pipe can be determined by
solving the equations for the line and circle. In the figar@nds» represent the angles formed
by the radius connecting these intersection points and the center of fipaesdne can calculate

angles; based on anglé; as follows:
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X, = oS 189—2)% @irn(ql) (2.16)
Here, x. is the distance from the-nay source tdhe pipe center, and is the pipe inner radius.

Once the coordinates of the intersection pointsandagee ar e det er mined, one
area of the arc segment formed by theax beam and theest section. The coverage area of a

pixel (ABCD) can be calculated as the difference between the two arc segment area calculated
from the lower edge angJé (Area bcc) and upper edge angle (Area AGB). The coverage

area of then" pixel shown inFig. 2-150 (ABCD) can be expressed as:

ér? . g re .
A =é=(2¢ sin(2 ) —23 2 ,x sin(2, i (2.17)
&2 u 28
The crosssectional areaveraged void fraction is then calculated as:
1 ..
ay=—— & 2.18
(a)=2-8 aA (218
The above summation should be made over all the detector pixels that haveesaanoaverage
area.
a b
y (@) Detector Pixel y (b) Detector Pixel
Amhpixel
5 Mip pixel B Ny pixel
A C A C

2
X Source

Fig. 2-15: (a) definition of the angles for the nth pixel. (b) coverage area (in red) of the nth pixel.

The xray detector system used in this work features two parallel linemysaalong the
flow direction. When bubbles pass each detector array, a characteristic signal will be registered.
Due to the finite distance between two linear arrays, there will be a time delay for each
characteristic bubble signal. Sample signals ftbemupstream and the downstream arrays are
shown inFig. 2-16 for both the bubbly and slug flow conditions. It is seen that the delay of the

bubble signals in the downstream detector array is obvious, especially for the large slug bubbles
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shown inFig. 2-16b. The crosgorrelation from the upstream and downstream signals can be used
to determine the average time it takes for bubbles to travel from onecddtetite other. Then

the gas velocity can be calculated frardistance between the two detector arrays and the time
delay obtained from crossorrelation.
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Fig. 2-16. X-ray signals obtained from upstream and downstream detector arrays, (a) bubbly

flow; and (b) slug flow.

Fig. 2-17 shows the gas velocity measured at each pixel for both the bubbly and slug flows.
As seen in the figure, a center peaked velocity profile appears in both flows. However, the velocity
in the bubbly flow decreases faster towards the pipe wall comparethatitin the slug flow. The
latter has a nearly flat velocity profile in the center region of the pipe. This is anticipated for slug
bubbles since each bubble occupies nearly 90% of the pipe radius and every part of the bubble
moves at the same velocitynlike the typical neawall velocity profile in singlephase flow, it
is seen that the bubble velocity profile has a-mero value near the wall. This indicates that

bubbles have finite slip velocity near the wall, and the typicaslippwall bounday condition
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cannot be applied to bubble velocity. Similar results have been obtained in the literature using

other measuring techniques such as the-Bgged image processing technifR@).
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Fig. 2-17: Gas velocity distribution along the pixel, (a) bubbly flow; and (b) slug flow.

Since the voltage signal of each pixel reflects the void fraction in the coverage area, the

velocity obtained from the abowverosscorrelation method should be considered as a-void

weighted bubble velocity in the coverage area. Based on its definition, theseobissal area

averaged superficial gas velocity can be given as:

<jg>:#a av.A,

(2.19)

Here the v, stands for the velocity for th&" pixel. The void fractiorth and coverage ares, is

given by Eqs(2-15) and (2-17), respectively. The void weighted ar@eeraged gas velocity

<< vg>> can be expressed by:

<Jg> aa_nvnph

(@)
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The areaaveraged quantities fromray are listed iTable2. Thesuperficial gaselocities
have also been measured by gas flow meters which have an accuracy of +1.0% of the actual reading.
Therefore, these flowmeter readings are considered to be fairly accurate and can be used to assess
the measuremeraccuracy of the xay system. The last column of the table shows the relative
error of the superficial gas velocity measured by thayxsystem, which is 3.43% ar8l70% for
the bubbly and slug flow, respectively. It is not shown in the table, bukthative errors of j&
will be -6.42% and8.73%, if the void fraction is calculated using the log model shown inZq. (
12).

Table2: Areaaveraged data from theray and flowmeter measurement.

</> < <gp > <jl>by <j]>by X-r a.<yj]>
[ [ m/ s ] X-r ay fl owme err ol

[ m/ s ] [ m/ s ] [ %]

Bubbly 0140 1211 0.7D 0164 3.43
Slug FH 042 1202 0291 0302 3. 70

2.6 Summary

In this chaptey the Spectral model isntroduced for twephase flow measurement. The
system employs a relatively low voltage and low poweaytube, and high sensitivity linear
detector array based on CMOS technology. The system can measyntestseoflow with a spatial
resolution of 0.4 mm per pixel and a frame rate of 1000 Hz. The small form factor of the system
allows for a fast and flexible measuramheat various locations in different test facilities. It is
shown that a strong beam hardening effect may arise for this low eneagysystem, due to the
strong variation of attenuation coefficients in the energy range of interest. To accounbéarthe
hardening effect, a spectral model is proposed to predict the detector response for given void
fraction values. A calibration test is performed to determine the photon to electron conversion
factor, which depends on photon energy and plays an inmadk in predicting the detector
response. The newly developed spectral model has resulted iimprcved prediction accuracy
compared with the conventional log model, which can only be valid when attenuation coefficients

are constant or when theray beam is monochromatic.
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The xray system is used to measure the void fraction distribution of a bubbly and slug
flow in a 25.4 mm I.D. test pipe. With the high frame rate, tievbid distribution measured by
the system can be used to generaf® @/nhetic bubble images. These images could provide
additional information such as bubble size, frequency, and separate distancEye twolayer
detector design also enables the measurement of bubble velocity, and thus the superficial gas
velocity. Boththe void fraction and velocity distributions are qualitatively consistent with the
literature data measured by other techniques. Thesarraged superficial gas velocity measured
by the xray system shows a good agreement with the gas flowmeter reaiegrelative error
is within £4% for both the bubbly and the slug flow.
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3 Pixel to Radial Conversion Algorithm

3.1Introduction

The xray based tomography or densitometer systems are widely used-jphwge flow
measurement due its reasonable penetration capabiléyd insensitiity to theflow conditions
i.e., temperaturepressure, et¢27,52,53] However, in theonedimensional1-D) densitometry
systemthe measurement obtained from they projections are linaveragedralue weighted by
the absorption lengttwhich requires further processing for the radial or loctrmation The
concept oftypical x-ray measuremenis shown inFig. 3-1, here,the sanple axisymmetricflow
systemusing the x-ray densitometeris illustrated. Thetotal absorption length weights the
measured value at a pixebntributed by the test object placed on the path of line sight of the
measurement (LOS)This 1-D tomography of axisymmetric objects has been a recurring topic
amongthe 1-D absorption spectroscopyoblem especially in the twghase flow measurement
application. This problem has been analytically solved by Algl] in the early 1% century and
becamea useful method for reconstructing the axisymugetflow distribution in many
measuremerdpplicatiors such as flow analysis, combustion problem, or holographid2&&4
58]. For the axisymmetric flow system, the Als#convolution(threepoint, twopoint Abel
method)[59i 63], onionpeelng [54,64i 67], and filtered baclprojection method27,68 70] are
often used for reconstructirige radial distribution ofvoid fraction or gas velocity The related

researches are listedTiable3.

35



Detector
Bl Array

X-ray
Source

Fig. 3-1: Concept ofl-D line-averaged measurementthe axisymmetric flowsystem The
absorption length weights the measured vatugributed by the test object placed on the path of
line sight of the measureme(htOS).

In the literature, Swanteét al. [59] useda monochromaticsynchrotron xray sourceto
measurethe flow distributionin a pressurized chamherThis system captures timean flow
distributionat variougransversdocations This lineaveraged measurement is converted to radial
distribution using the Abel inversion method. Liu and [X]] used theonionpeeling method to
convert the pixetlistribution from thefan-beamprojectionto radial densitylata This workfirst
converts the fafbeam projection to paralldleam equivalenthen, axisymmetric distribution is
reconstructed using the onipeeling method. Wit al. [61] investigatel axisymmetric twe
phase flows witta 150 kV farbeam xray source using a Norel®dG 150/130 generator. In this
study,the authorsusedA b e | 6 s o nonvertthe pixelnmedsurement to radial distribution
In the study of Saito et &§0], the twephase flow gperiment is conducted withigh framerate
radiographyThis work reconstructs local void fraction distributiopapplying the axisymmetric
Abel inversion from the rbinned parallebeam data. Cai and Kamingk2] reviewed various
beam arrangemeswvith the CAT algorithm andinvestigated the phase distribution of the liguid
fuel using the tomographic absorption spectroscopy (Ti&é)hod.During the reconstruction

process, théan-beam projections re-sorted intoparallelray equivalent The measured pixel
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values ardransformed into radial density distributiasing the oniofpeeling, twepoint, and

threepoint Abel method.

Table3: Summary of pixel to a radial flow distribution for tvpihase flow application in the

literature
Reference Radiation Source Test Section | X-ray Beam | Reconstruction
Geometry M ethod
Duke et al. The monochromatic| 0.36, 0.90 mm| Parallelbeam | Abel inversion
(2018)[73] x-ray beam, 42.5 ke\, nozzles re-binning
Swanteket al. Synchrotron xray 5 mm Parallelbeam | Abel inversion
(2017)[59] source, re-binning
8 keV
Cai and - - Parallelbeam | Abel inversion
Kaminski re-binning Onion-peeling
(2016)[72]
Liu et al.(2014)| Tunable diode laser 500 mm Parallelbeam | Onionpeeling
[66] absorption equivalent
spectroscopy
(TDLAS)
Wu et al.(2008)| X-ray, 120150 kV 50 mm Parallelbeam | Abel-inversion
[61] re-binning
Saitoet al. Neutron beam 24 mm Parallelbeam | Abel inversion
(2005)[60] re-binning
Schwierz - 60 mm Parallelbeam | Onionpeeling
losefzonet al. re-binning
(2001)[67]
Verra (2000) Gammaray, 20 mm Parallelbeam | Abel inversion
[62] 85.2662 kV re-binning

From thepixel to radialconversion there are fewhallengesassociated witlthe Abel

inversionbeforethe deconvolution of the projection data set. Ihagedthat Abel and onion

peeling methods armtendedfor datathat are sampled aéqualintervak. Most xray tubes

generag aconebeamilluminationwhere typical xray projections are itheform of the farbeam

projectionfor a lineardetectorarray Thesefanbeam projections cmot be directly integrated

into an Abel or oniofpeeling method. In such a case, thesebfeam projectionsequirea re-

binning process to be converted ttoe paralletbeam equivalent. However, theb@ning often

reduces theesolution ofthe measureélow field; thus proper interpolatioris neeagd Fig. 3-2
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illustratesthe concepof there-binningprocess to covethe fanbeamprojectiondatato parallel

beam equivalent

(a ) y . Detector Pixel ( b) y X Detector Pixel

Projected

Pixels
Measured Measured Projected
Flow filed Flow fie Pixels
x . X
U Re-binning v

—)

Fan-beam Parallel-beam

Fig. 3-2: lllustration of fanbeam to parallebeam rebinning. (a) projected region resuftedn
the fanrbeamprojection (b) Rebinned parallebeamraysand the equivalent projected

resolution

To overcome thehallengesliscussed above and extend pireel to the radial conversion
method to the fan-beamdatg an efficient and robustonversiontechnique is proposed to
reconstruct the radialistributionin the axisymmetric flovsystem The proposed algorithimas
several importanteaturesas describeth thefollowing:

1. Direct conversion from the fabeam projection dataithout rebinning process,

2. The aresbased measurement utilizes thealarea information in order to differentiate the
specific partitioned regiofrom the 1-D measurementhis presergs the most accurate
information associated with the measured area frima lineaveraged void fraction
information,

3. The algorithm is capable of controlling the desired radial distribution intevighbut
interpolation

After obtaining the radiadlistribution, the reconstructed result is compared to the existiead
and onionpeelingalgorithnms for conversionaccuracyand computational efficiency. A general
overview of the proposed methajprovided inFig. 3-3. The gal ofthe newly developethethod

38



is to reconstruct the accuratadialdistributionand investigate theehavior of thalgorithm under

the various uncertainty factors

Parallel-beam

Apply:
Fan-beam -Abel three-point
to -Abel two-point
Parallel-beam -Onion-peeling
Re-binning
Fan-beam Radial Distribution

Apply:
-Fan-beam Onion Peeling
-Area-based Onion Peeling

Fig. 3-3: A general overview of the proposed method.

In the following, the experimeal setupof thetwo-phase flow facility isdescribed. Then
the details of themewly developed algorithm talreabaséd oniofpeelingd (ABOP) algorithm
will be presented Also, the fanbeam based oniepeeling (FBOP)which is a modified version
of the onionpeeling method is discussed.he newly developedilgorithm is benchmarked by
generating synthetioid distributiorswith added uncertainty factofise., background noiseixel
resolution off-centershift, or conversion oflifferent void profiles). For the experimental result,

the double sensor probe measuremeobimpared with the ABOP conversion result.

3.2 Experimental Conditions
Fig. 3-4 shows a schematic of the vertical tpbase test loapThe facilityis designedo
operate thadiabatic akwater twephase flow at room temperature and near atmospheric pressure.

The test section is 3 m tall, with a circular crgsstion. The inner diameter (ID) of the test section
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is D, =25.4mm. A variable speed centrifug@ump (Grundfos GRNE 102) is used here to

deliver water to the test section from a water storage tank. The building compressed airline is used
to supply the airflow, which is regulated by a pressure regulator. Agadér mixture leaves the

test sectionwater is drained back to the storage tamidtheair is vented to the atmospherEhe

test loop also has a bypass line which provides additional control of the flow rate, and helps
stabilize the flow in the test section.

The total water flow rate isontrolled and monitored by the valves and two magnetic water
flow meters (Toshiba Model LF654, 15 mind 50 mm), respectively. This combination can
measurehe water flow rate with an accuracy of less than +1% of the actual reading over a wide
range of fbw rates up to 3 L/s. The gas flow is regulated by four gas flow metersP@oieer
EW series) with different spans (from 0 to 640 standard liter per minute) for the accuracy of less
than £1% of the actual readingecondary water flow is used to she#irtmbbles generated on
the sparger tube in the twahase flow injector. This flow can be controlled by a ball valve and a
rotameter to ensure thiite desired bubble size is generated at the test section inlet.

Three instrumentation ports are located@imalized axial distances af D, =14.5, 51.5

and 88.5from the twephase injector, where measurements of conductivity pesioeX-ray
densitometersystemare performed. The test section is divided inta total of threesegment
sections, each section contains a measurement port and pressure tajs egnciectedvith a

high precision different pressure transducer (Yokogawa EJA110A) to measure local pressures at
each instrumentation port. By controllingethir and water flow rates in the test section, various

flow regimescan bemeasuredn this facility.
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Fig. 3-4: (a) Schematic of theertical twophase flowtest facility, (b) Two-phase flowinjector
design gassparger and watenjector at the bottom of the test loop.

The X-ray densitometry system used in this work consists of-aayXube (Jupiter 5000
93089 manufactured by Oxford Instruments), amoHine detector arrays (XB8804 manufactured
by X-scan Imaging) In each detector systeapstream and downstreatatector arrays agdaced
2.54 cm apart along the flow directiofhe line detector arrays havespatialresolution of 0.4
mm per pixel vidth, and a total of 384 pixels for the center detector and 256 pixels for the
t ube hhksberglium Zindowanah

5 0 foaal spot size.The x-ray tube operated at maximumvoltage of 50kV and a maximum

downstream detectoiThe tungsten anode-X a y

beam current of 1 mA. This output level provides sufficiently high photon flux needed to pass
through the test section pipe and tplease mixture.At the same time, the adequate contrast in
the image can be obtained due te significantdifference in attenuation coefficients of air and
water. The data acquisition frequency is fixed at 1000 Hz for each detector during the test. Further
details about the Xay system can be found in refereifi28].

The xray densitometer system records different-ptase flow patterrend shown irFig.
3-5. These images are recordsdthe xray densitometesystemat thethreeinstrumentation port
locatiors. Typical flow regimes, bubbly, slug, chuturbulent and annular flow are recorded.
The development dhetwo-phaseflow pattern from bottom portl to top port3 can be identified

by referring to the threport images recorded for each flow regime.
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Fig. 3-5: Typical airwater twephase flow images recorded by theay system. From top to

bottom, the bubbly, slug, chuannular, and annular flow regime are visualized.
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3.3 Methodology

3.3.1 Areabased oniofrpeeling

The line-averaged void raction can bedeterminedby the total absorption length
contributed by the test object placed on its projection. p&tbwever rigorouslyspeaking xay
projectionis not a line projectiobecauseach detector pixeletects th&-ray photoswith afinite
measurement area. Thereforegdetectorpixel measuresraareaweightedvoid fractionat a
specific pixel locationthis concept idlustrated n Fig. 3-6. Therefore ameasuredine-averaged
void fraction at aspecificpixel locationis weighted by thecanned xtayarea of that corresponding
pixel (the yellowshaded area illustrat@uFig. 3-6). Here, xray source and detector pixel locations
are assumed to be fixednd thecircular system is placed in the global coordinate system with
cener position ,k). Eachray connecting the sourgaint and the uppeedge UE), and lower
edge LE) of the pixel haa generic line equation for tiepixel as ax+ by +c &. This line beam

has aslope where,m_=(y_ -¥)/(X_ %) andm_=(y_ -¥)/(X_ %). Herethex-ray

source is assumed to be fixed @t ¥o)=(0,0), andc=0. Formulationof thisiw projectionis:

ix - yx-xy 6 (3.1

)g a b

y:

As shown in the figuref; _andl; represent the normal distance from the pipe center location

(h,K to the lower and upper edge line beam, respectively.fdllo&ing equation can determine
the normal distangevhich is the overall distandgetween the center of tlnércular-pipe and the

ith projectionray.

_|ah+ bk +¢ inUEh+ XUE% r |_ah bk b- bﬁLEh-'- XLEK

r = ! .

i ’ i

* o Ja?+b? y 2?2 " J2 ¥ y 2 ox?
lue lue LE LE

The interaction points between egbjectionray and the circular test sections can be determined

(3.2)

by implemening the equations for the circle and the line in the global coordinate systefmg. In

3-6, the variablebiLE and biUE indicates the segment angles formed by the line connecting from

the center of the circular test sect{brk) to the interaction points between the line formed by each

projection ray and the circular test section. Vasgablenormal distance; and pipe inner radius
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R can determine the segment angtfk‘s*E and biUE. This equation can be expressed in the

following equation:

. .ar Lar
b, =2 Cpst o b 2 cc@;w_E
G ¢R (33)

With thesegment ang(s) and interaction points formed by the circular system and each projection

1 ©: Ot

ray, one can determirthe portion ofthesegment area alie circle formed by each projection ray
and the circular test sectiohe scanned-kay area, which israindication of the actual-ray
projected area of a specific pixdlBCD) can be formulated by calculating the difference between

the segment area formed by lowieme edge OGC) and segment area formed the upperline

edge (AGB), respectively.The xray scanned pixel are&RA for theiwm pixel can bedetermined
by the difference between the segment area formed by lower and upper edge beam, this can be
expressed in the following equation

eR? : Ré :
SPA:§7(QLE sin( p,)) ’gz( b osin(, ) (34)
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Fig. 3-6: Definition ofthe segmendingles and the-ray scanned pixel area (SPABCD for the

ith pixel location.

Up to this pointthe equatiorizq.(3.4) can obtain thentireSPAassociated wittheiw pixel
measurementocation resulted from the forward projectionThe next step is to definthe
radial/localpartitionedareaassociated withinknownradial/localvoid fraction value.lllustration

of this localarea (partitioned area) withpartitionedcircularring hasaradiusr; areshown inFig.

3-7. Here,the weighted area of thecalvoid fraction ata specificjw radiuscanbe determinedy

the formulating thepartitioned areaRA) of that specificjw ring (shadedred area of aspecific

circular ringin Fig. 3-7). As shown in the figurel; ; andr; _; represent the normal distance

y y
from the pipe center locatior,K) to the lower and upper edge line beam, respectivélye
intersection pointsesultedfrom each projection rgyand theinner circular ringof eachjn radius

can be determinday implemening the equations for the circle and the line in the global coordinate

systemfor each circulaisectorwith the ji radius In the figure,biUE and biLE representshe

N i

segmentnglesthat areformed by thespecificradiusf; ; thatlinking intersection points and the

45



center of thecircular test sectianThe nextstep is tocalculateeach segmerdngle 5, ; with the

samestepfor segment angleofmulaion by usingthe Eq.(3.3). This segment angl®rmulation
is expressed in the following equation:

.. éI’i .2 T e
b ;=2 €s'é= 4 b, 2cod & (3.5)
eR, ¢

Here, thepartitioned circularadius; ; should be a range withia<r, R .

Up to here, theoordinates of the intersection poifitsmed by each projection rand
every circular sectoandsegmentanglesare determined With the calculated parameters in the
circular system, oneandeterminethe partitioned area formed by tfegward projectiorand the
jin circularradius. The coverage area for thepixel at thejn circular radiugA;B;;CiiDj) can be

calculated by subtractirigetween theoveragearea calculated from thadiusr,; (Area A GR )

andr ., (Area D,GG ). Thepartitioned are®A (red zone shown ikig. 3-7) for theiwn pixel and

jin radiusis:
PA«J' = SPA’ - SI:i)'|jA‘+1
e 2 a2 ‘ a
RZI ( iLg s |n( pE J ) \ %( iUQi S-In(l UEP ) l:l' (36)
e ¢
R |
@ J21 (b'LE j+1” Smb it ) m% ¥ SIr](JEp 1+))

From the above equation, one can determin®tor every partitioned radiug .
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Fig. 3-7: Definition of the partitioned ared® ) for theiw pixel andjw partitioned circularing.

Formulation from thé=q.(3.6), one can determine th¥A for everyiwn pixel associatedvith every

circular sectoassociateavith r;. Here, me cardenotetheweighted are&oid fraction measured

by theiw pixel andjn radiusin the following equation

aa(r) S’;’A = @37)

One may rearrange the above equation in the form of a matrix array for everlpgat@nand

reshape thealculatedmatrix ariy into a form of an upper triangular matnixthe following form
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ePA;, PA, PA, 56 LA, PR o
e A\ 4
"SPA SPA SPA SRA SPH

e
g PA2,2 P’A?,a loXe) P%n 1 P%n ea(r) 2 %
> SPA SPA " SPA SBAJ U
é gan) y &
Q 0 P%,a A6 P%n 1 PAé,n u a( ) U _@
¢ SPA SPA U= 8 (3.8)
2 : : e u €
z ea r U =
g 0 0 0 O OFf)'\Aﬁln 1 PAﬁ }n \ a((: 1)) U ﬁl
& SPA-1  SPAa o @
é i F>Ahn
¢ 0 0 0 OO0OO0O0 —u
e SPA
For the convenience rewrite above equation areduced form:
et § &) gFa 39
QSPAS i's e '
. e PA, . o .
The partitioned area eIeme@tSPT’J denotes the contribution d@he unknown local void
@ i's,j's

fraction a(r;) to themeasured void fractioy theim pixel location[&;] . The radial void fraction

can be solved as following back substitution or using Gaussian elimimagithod

ASJS é 310
a(ry)= mu[@] (310

Through the use of E@.10), the radial void fraction profile can be obtained.

3.3.3 Modified fanrbeam oniorpeeling method

In the fanbeamorierntation,the overall cordength cannot be mathematicafiglved bya
single spatial variable (i.edata spacinge). In the farRbeam geometry, theordlength resulted
by the LOS beanto eachiw pixel locationss not equivalent to theneasuregixel position in the
paralletbeam. Thereforehe overall cordengthfor associatedlOS beammeeds to be calculated

that varies along the fapeam radial distance (normal distance fromh(K)) for its specificim

pixel location. The concept of specific cofldngth contributed by thepecificfan-beamprojection

is illustrated inFig. 3-8. Here, an overallcordlength for the specific segment intervals are
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determined byadial distance, at eachiw pixel location. A normal distance can describe this

radial distributiorfrom the center of the circular systemi to theiwn pixel projection

First, one needs to calculate the radial distapder each ith pixel center and both end
edges.The adial distance, is the normal distance between the pipe center point (h,k) and the ith

projection line. Herethe x-ray source point and the detector pixel locations are assumed to be
fixed in the global coordinate system. Egmbjection rayconnecting the xay source and the
upperline edge (UE), centerline (CL), and lowkme edge (LE) of the pixel have a generic line
equation for the ith pixel location asx+by +¢ & . This line beam has a slgpe

mUE :(yUE -x)/()'(UE %() andmCL:(XCL -x)/( )l(CL %()
Here,the x-ray source is assumed to be fixed»t ¥0)=(0,0), andc=0. Formulationof theiw

projection is:

yzix - YyX-xy 6 (3.11
%

The normal distance betweerthe centerof the systenth,K) to theiw projection is:

_lan+bk +¢ ]y h+x, K ah bk |y bk

r.i [ ’ i
" a2 + b2 V y'UE ’ +)|(UE ’ " \/ a2 .IBZ \/ XL ’ ')g_ ’

One camrearrangeabove calculated arrays the form of n by n uppertriangular matrix in the

(3.12)

following matrix form:

glcl_ M, Mo T ‘3 rjug Fae 7 Toge Mo
éo Mo, P P Oe M e Fooge Tige
el : Qe = g : (3.13)
20 0 Mo (o 3 Osé 0 Mo Mo
6 0O O 0 " 0 % 0 0 r,.
Cordlength brthe specific partitioneg ring at everyin pixel is:
CL,;, =2 M ° r:° (3.14)

Here, @ch partitionedw ringd s r rpislequalsto the radial distané®m thecenterpoint (h,K)

to the upper edge of thg pixel line beam. The radius for thepartitioned rings:
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i = Tie (3.15)
Cordlength for each partitiongeh ring at everyix pixel location carbe rewritenas:
CL,;, =2 % r-? (3.16)

Jth e

Overall cordlength (total penetration depth) for the circular pipe measured by averixel

CLim.sum =2 ¢ Rsz r'ng (317)

Here,Rsis theinner piperadius.Rearrange thiﬁll_ith_sum into n by onematrix form:

é CLl.sum ﬂ '
éCLZsum ez RS ZCL
éC Q/
CL, am=8 L?S”m (3.18)
&
YR’

location is:

q: Ln- 1.sum Q’
g CLn.sum u ’—

Cordlength difference between theandj.1 partitioned ring at everiy pixel location is:

CI"-Jdiffef :2\/rich -r;CLZ 2\/rjth-12 riC-LZ (319)

jth jth—l

Rearrange above calculation intdy n upper triangular matrix:
&Ll,ldiffer CLl,Zdiffer CI‘l,wiffer O O OLJn Idiffer CL]n differ

é o
é 0 CLz,z.differ CL2,3differ 00 Ol—zn 1differ CLG differ

CI—i’jdiﬁer — g 0 0 CLS,;S.differ O O OLSn 1differ CL3n differ (320)
é . . . . .
g O 0 0 O O@'h— 1,n 4.differ CI‘n 1,n.differ
é O O O O O O 0 CLh,n.differ

With variables obtained from tlboveequations, ne cardescribehe void fraction measurday
theiw pixel locationas:
aa(r)OLudlf‘fer %

CL|h sum (3.21)
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Rearrangehe calculated array the form ofanuppertriangularmatrix array
é,CLl,ldiﬁer CLl,zuiffer CLl,Bdiffer O O (QLln differ CLln differ ?

g Clisum Cli.sum CLu1. sum CLu. sum CLi sum 3
2 0 CCLZ,Zdiffer C(I;Z,Sdiffer O O 8'(‘32& 1differ CCI:‘Zn differ Eéa(l’l) . él
é L2.sum L2.sum L2 sum L2 sum Qéa(rz) l:'l %,2
(? CL3,4differ nLSn 1 differ CI-3,n.differ l“g l(j
¢ 0 0 —2T 000 ea(r,)u @,
é CLS.sum CLS.sum CLS sum @ . l]: é: (322)
é : - : : ©e - u €
é ea(r u a_é
é A A CA‘h-l,n 41.differ C:I‘n 1,n.differ Cé ( n-l) l;l _nél
¢ O 0 0 O 0o ga(,) gu &é
é CLn 1.sum CI‘n—l. sum l‘J
e i s s C : u
é 0 O O O O O O Ln,n.dlf‘fer I:J
é CI‘n.sum u
Rewrite theEq(3.22) into areducedorm:
eCLl iffer
éa( ) gFal (329

é C:I‘| sum

Here,[a_i] is the measured pixel data(rj) whichisthe unknown radial voiftaction

The reconstructed radial void ftan profile from the farbeam projection can be solved as

following back substitution or using Gaussian elimination:

e L|J.d|f'fer _

CL| sum [m] (3.24)

ar) ges
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Fig. 3-8: Definition of the modified farbeam oniorpeeling(FBOP)method.

In the following sectiona synthetic bubble sensitivity study is presentidtie ABOP

method is performedndervariousmeasuremenincertainty factors.The principal objectiveof

this sensitivity study is t@nalyzehow different factors of an independent variable affect the radial

reconstructiorguality under a given set of assumptionshe feasibilityand advantages afie
ABOP methodarediscussed over thexistingmethod.

3.4 Algorithm Benchmark with Synthetic Bubble Sensitivity Study

In order b determinethe uncertainty of t& proposedmethod various void fraction

functionsare generatedithin the innertest sectiorboundary condition, which ithe identical

dimensiorused irthe experimental setup for bémarking purpose Line-averaged void fraction

information is determined based on the detector pixel response resulted from -tearfan

projection geometry.n this sensitivity studyseveral uncertainty factors are used to account for
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the detectopixel responsethese factors ar€l) pixel resolution (2) mesksizeeffect (3) added
background noise effect, (4) edenter shift effect, and (4) different void profile.

3.4.1:Pixel resolution

The pxel resolutioncandirectly influence thelata spacing If the distancdetweereach
adjacentdata pointis increaser decreasedand therelative difference between them becomes
relatively smallor large However, inthe case of dow-resolution detectoithe measured value
between the two adjacent pixels can be signific@mtesuch scenarids nearthe gasfilm interface
in the slug or annular flow In this sensitivity study, a clean function without asyded
background noise is usedl total of three different resolution modes are seledted0.1, 0.4, and
1.6 mm which generatd28, 108, and 28 projectionmespectively.Fig. 3-9 shows reconstructed
radial void fraction profile usinghe ABOP, FBOP, and existing Abel methodAs seen in the
figure, ABOP demonstratdabe best fit andis able toreconstruct thesharp transibn near the
bubble edge (trangitn from gas to liquidgphasg. The abilityto capture the shagrgehasresulted
from the directmatrix inversionoperation. In the Abel method, the void profile shows good
agreement witlihe synthetic bubble profitthowever, here isa significant fluctuationnear the
bubble edge for all threeesolution mode As expected, as resolution decreases Abel method
shows less accurate radial conversidmain this is due to the significant difference between the
two adjacent pixel valige In the case ad low-resolution detectoit is essentiato consider the

proper interpolatiofior more data points to eliminate thignificantuncertainty
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Fig. 3-9: Reconstructed radial void fraction profile for (a) 0.1mm mode; (b) 0.4mm mode; (c) 1.6

mm mode.
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3.4.2Mesh size effect

The ABOP method allow®r the controlof the desired number of partitioned ref the
flow field to be measured.This featurecan be used toedue@ the noise contribution in the
measured data in case of projection data are oversampteddstancebetween each mesh rings
are equally spacedndthe number of mess$ize carvaryup tothetotalnumber of projection data
points. In this sensitivity study, a clean function without any background noise isarsdal total
of three different resolution modes are selettegenerataletector response Thepixel size of
0.1, 0.4, and 1.6 mm ae®nsideredvith a total of 428, 108, and 28 projections are generated
respectively.Fig. 3-10showsreconstructedadial distributiorwith the different mesh size Since
the data point does not contain any background noise, the reconstructioneisact fit that
demonstrateshe inverse matrix operationThe mestsize effectwill be extenad to studythe
added background noise efféeta later sectionin conclusion, thABOP demonstratethie exact
fit and able toreconstruct theharp transibn near the bubble edgathout any filterfunction.
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Fig. 3-10: Reconstructed radial profifeom the different meskize interval(a) 0.1mm mode;

(b) 0.4 mm mode; (c) 1.6mm mode
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3.4.3 Added background noise effect

In this sensitivity study, radial reconstruction is implemenath two independent
variables: the mesh size and% addeebackgraind noise in the projection data set. In each
resolution mode, a total of 428, 108, ando2§ections are considered for the 0.1mm, 0.4mm, and
1.6mm pixel resolution moderespectively.

While considering the pixel size and mesh size only, the ABPpears to perform
outstandinty in apprehending the behavior of the inverse matrix operation. This result is similar
to the analytic functions and the thmeeint Abel operation performed by the Bracewé#] and
Dasch[54]. However,when considering the maximum mesh size during tbaversion the
ABOP method becomes highlynstable which impacted by theddedbackgroundnoise. This
behavior is similar to Albtegoidtsaredeecsampledoaseuof i on m
noisy data Whenmeshsizeis overdeterminedthe distance between each partitioned area is close
to each other, and the difference betwdenweighted projectiomalue between the adjacent area
may become signifiantdepending on thamountof the backgroundoiseimpacts thenagnitude
of projection data.Thereconstructed samppaofile with the maximum allowable partitioned size
is shownin Fig. 3-11(left column). If the background noisgauses instabilityif is recommended
to smooth the projection dataeforethe inversion or apply the filtefunction to enhance the
reconstruction qudly beforethe use of the Abel metho{4,59,64]

Insteadof noise filtering or smooth the projection datdath the ABOP method, one can
control thedesirednumber ofthe partitionedring in order to preventhe oversamplingeffect In
this sensitivity studyapproximately half of the maximuadlowablemesh size is chosen for the
reconstruction angompaed tothe maximum mesh settingFig. 3-11 (right column) shows
improvedradial reconstructioguality by reducing the partitionngs As seen in the figurehe
ABOP method is capable ofconstructinga smoothevoid profile by lowering the mesh number

only, without any noise filtering
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Fig. 3-11: Impact from the ddedbackgrounchoise effec{left column) vs. improved

reconstruction (right columr(a) 0.1mm mode; (b) 0.4 mm mode; (c) 1.6mm mode
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3.4.4 Of-center shift effect

In practical measuremerit is difficult to place the test section in the exact centereatth
ray measurementiomain it is crucialto investigate the reconstrumh qualityinfluencel by the
off-center shifteffect The fan-beam projections ar@ot symmetri@ally distributed when
considering theDff-centerorientation in the measurement domaifig. 3-12(a) illustratesthe
shifted location of the test sectionthe global coordinate systenfihe cetector response from the
off-center shifigeometryis shown inFig. 3-12(b). As seen in the figurene can observe nearly
20 projections are shiftedh(the 0.1mm pixelwidth sizg to the right sideof the detector pixels
even witha small shift o0.5mm If the exact locations not implemengd in the algorithm, the
difference in the partitioned areBA) calculation can be significant.

In this sensitivity studytheradial conversionhas been carried ousingdifferent input
data as follows

1. Inputtheright halfof the detectoresponsg

Inputtheleft half of the detectoresponse
Input the averageresponsdetweerthe left and righdetectors

Input thefull spectrum response withoaénter locatiorcorrection

a k~ 0N

Input the full spectrum responsand accounfor the center locatiororrection in
the algorithm

With the above conditions, thadialdistributionis computed usinthe ABOP methodandresults
areshown inFig. 3-13. If one only useshe right half of the detector response, the void profile
indicatedan underestimation On the other handhe left half of the detector responsausesan
overestimation Averagddetector response showignificantuncertaintybetweerthetransition
region near the bubble edgpeundary;the reconstruction fails tceconstructhe sharptransit
Therefore, averaging both sides of distribution is not a practical salutilsmg the fullspectrum
without the centerlocation correction shows d&airly reasonable radial profileHowever,
reconstruction still lacks accuracy astlowssignificant instahlity nearthe transitionregion.
Input the full detector response with cenrlwration correction shows exact void profile fit when
the locatiorcorrection ismplementedn the algorithm. Here, one can concluldattheoff-center
shift, evenas small as 0.5nm, plays a significantrole in the measurement resufhis sensitivity
study shows, the pipe centlecation must be identified and accofoitin the algorithmotherwise

theradial conversiomay causesignificantuncertainty.
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60



(a) 0.1mm mode (b) 1.6mm mode
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Fig. 3-13. Reconstructedadial profileinfluenced by theff-center shifteffect (a) 0.1mm mode;
(b) 1.6 mm mode.

3.4.5Investigate radial conversion withfterent void profile
In this section, five different void profiles are evaluated with ABOP, FBABI
deconvolution methaincluding
1. Single-step change
2. Gaussiarprofile,
3. Lineardecreamg profile,
4. Uniform profile, and
5. Wall peakng profile.
These profiles are computed directly from-fa@am projection data ®BOP and FBOP inversion
operation. For the Able deconvolution method-li@@am projections are converted to parallel
beam then radial profiles are reconstructed.
Fig. 3-14 showsradial reconstructionfrom the clean function Both ABOP and Abel
deconvolution techniquegppeato accomplishin apprehendinghe behavior of thewverse matrix
operation Table4 listedthe mearabsolute percentage eriareachcase othe five void profiles

In all five void profiles, ABOP and Abel thrgmint method performs the best. In flygire, one
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can observe the deviations in the void profitansition near the bubble edge for all Abel
deconvolution methods. The performance of
function but ABOP has advantages over the gradient capturing and stnaositionover the
steep void change. Timeean absolutpercent errors are listed Trable4 for all cases.

With the added random noise effect, the five void profiles are created wibo random
noise A +3% noise is the highest noise level from the experimental data. With the added random
noise effect ABOP shows théestperformanceamong differentimethods Table 4 showsthe
meanabsolute percentage erffor all threepixel resolution mode The least performing method
is the Abel twepoint and oniofpeelingmethod.
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Fig. 3-15. Reconstructed radial distribution for the various void profile with added random noise

effect.
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Mean absolute percent error

Table4: Mean absolute percent error

Mean absolute percent error - Added noise effect

Single Step Single Step
0.1mm |0.4mm Modd 1.6mm modé 0.1mm |0.4mm Modd 1.6mm modé
Mode [%] [%0] [9%6] Mode [%] [%] [9%6]
ABOP 0.00 0.00 0.0Q ABOP 1.36 0.48 0.83
FBOP 0.67 0.63 5.05 FBOP 5.79 2.46 5.88
Abel Three Point 0.20 0.50 4.10 Abel Three Point 2.99 1.01 4.45
Abel Two Point 0.25 0.77 5.10 Abel Two Point 4.46 1.46 5.67
Onion Peeling 0.19 0.49 4.06 Onion Peeling 5.36 1.51 4,71
Gaussian function Gaussian function
0.1mm [0.4mm Modd1.6mm modg 0.1mm [0.4mm Modg1.6mm modg
Mode [%)] [%] [%] Mode [%)] [%] [%]
ABOP 0.16 0.7Q 2.92 ABOP 12.1 4.46 9.57
FBOP 0.94 1.8(Q 1.52 FBOP 21.94 12.98 6.01
Abel Three Point 0.37] 0.37 3.95 Abel Three Point 16.57 9 4.2
Abel Two Point 0.57 1.12 3.37 Abel Two Point 24.33 14.22 4.59
Onion Peeling 0.58 1.09 3.14 Onion Peeling 26.99 15.71 5.37
Linear function Linear function
0.1mm [0.4mm Modd 1.6mm mods 0.1mm |0.4mm Modd 1.6mm mods
Mode [%] [%] [%] Mode [%] [%0] [%]
ABOP 0.43 1.69 2.99 ABOP 4.76 2.82 3.72
FBOP 0.80 0.44 1.12 FBOP 10.34 5.94 2.97
Abel Three Point 0.29 0.22 1.30 Abel Three Point 6.46 2.84 2.45
Abel Two Point 0.39 0.69 1.44 Abel Two Point 10.29 4.22 3.02
Onion Peeling 0.30 0.30 1.14 Onion Peeling 11.87 5.06 3.04
Uniform Distribution Uniform Distribution
0.1mm [0.4mm Modd 1.6mm modé 0.1mm [0.4mm Modd 1.6mm mode
Mode [%] [%] [%] Mode [%] [%] [%]
ABOP 0.00 0.00 0.00 ABOP 4.87 1.62 1.44
FBOP 0.00 0.00 0.00 FBOP 11.4 6.73 1.47
Abel Three Point 0.32 0.57 2.70 Abel Three Point 6.67 3.2 3.3
Abel Two Point 0.49 1.19 5.39 Abel Two Point 10.2 5.41 5.93
Onion Peeling 0.5]] 1.27 5.58 Onion Peeling 11.61 6.54 6.71
Wall Peak Wall Peak
0.1mm |0.4mm Modd 1.6mm mods 0.1mm [0.4mm Modd 1.6mm mods
Mode [%] [%] [%] Mode [%] [%] [%]
ABOP 0.36 2.18 5.43 ABOP 36.39 7.87 9.23
FBOP 1.00 2.78 7.09 FBOP 80.81 22.69 16.45
Abel Three Point 0.28 0.62 6.84 Abel Three Point 44,95 12.02 10.93
Abel Two Point 0.39 1.0Q 4.69 Abel Two Point 67.68 17.02 102.91
Onion Peeling 0.38 0.58 4.35 Onion Peeling 84.17 19.16 11.48

3.5Sample Twoephase FlowRadial Conversionresult and Probe Benchmark

3.5.1Flow measurement using theay densitometer system

Two-phase flow measurement is performed with thaysystem and the facility described

in the experimental setupA total of six flow conditions areneasured, and the flow rate for each
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conditionis listed inTable5. The inlet gas flow rates regulated by the flow meteand the local
pressure measuremtas accomplished by the DP transducer, wiiietermines the superficial gas
velocity and liquid elocity at the xray system location. Farachtwo-phase flowcondition a
total of 180 seconds at 1000 fps are sampled, which resulted in 18060k samplefor every
detector pixels useh the measurement.

Fig. 3-16 showsthetime- and lineaveraged void fraction distribution alotige pixelsused
for two-phase flow measuremenEquation(2-15) determines the tirr@veraged void fractiog,

for the it pixel. Conventional void fraction calculation asgectral modeare provided which
convers the measuredletectorsignalV(t) to a line-averagedroid fractionat a given pixel The

void fraction formulation byog model computed bthe proportionalenergyratio am spectral
modelis computed by Eq.Z9). Void fractionnear the pipe walls assumedo be zero. This
assumption is stated mainly duette significant voltage difference from liquid to gas phase
change thus, the uncertaintyof the measured voltage signedn be significannear the wall
boundary In the round pipe,erovoid fraction behavior near the wall boundary can be visualized
by armother measuring methpduch ashigh-speedmaging techniqu¢l?7]. Forthevoid fraction
profile near the wall boundarg total of three pixels in each end is replaced byitiear fitting
where tle void fraction is linearly interpolated from the pipe wall to the three pixels away from
the pipe wall.In theillustration thelog modelindicatesanunderestimationf the voiddistribution

in the centraregion wherethe void fraction ismore signifcantthan zerovalue This work is
shown in the Song and28]Lallwi& low comditionsindeatei tben met |
underestimation when using the log modet demonstratthe importanceof energy spectrum
analysisin order to improve the measurement accuracy fomteasurement system combined

with polychromatic xray source[28].
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Run 4; (e) Run 5; (f) Run 6.
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Table5: Flow Condition

jf [m/s] jo [m/s] Flow type
Runl 0.10 5.00 ChurnAnnular
Run2 0.51 0.20 Bubbly
Run3 0.51 0.50 Slug
Run4 1.52 0.05 Bubbly
Run5 1.52 1.20 Slug
Run6 3.88 0.05 Bubbly

3.5.2 Doublesensor Conductivity Probdgenchmarking

The multisensor conductivity probe technique has been widely used to ddataitime
averaged twegphase flow parameters in the past. The working principles are shdvign B:17.
As a bubble passing by a sensor tip, it woulddmstered as a voltage change, ideally a square

wave. As shown in the plot, the bubble passes by the leading sensdy frton, ., and it passes

o,r?

by the trailing sensor frorh ; to t,,. The bubble residence time can be calculated fignto t_
ort, tot,. The bubble velocity can be computed based on the time lag betetent, ; and

the distance between two sensors.

The ideal probe signal should have a significant voltage difference between the gas and
liquid phase, and an instantaneous transition from one phase to the other. However, actual signals
are different from the ideal ones due to issues like white noise, electromagnetic interference, cross
talk (or ghosting), and finite response time of the etettss, etc. Sample probe signals obtained
from the actual experiment are showrkig. 3-17. As can be seen, the signal transition from one
phase to the other is not instantaneous, and the exact time when the interface is at the sensor tip
should be determined from these signalen&ally, a sighal processing program is used to process
the raw voltage sighals to extract the time information needed to calculatav@reged two
phase flow parameters such as void fraction, velocity, superficial gas velocity, etc. In the signal
processing program, raw voltage signhals are converted to binary signals first, then the binary

signals of all sensors are input to a bubble pairing step. In this process, multiple processing
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parameters such as voltage threshold values can be adjusted tdgiblest processing results
(Kim et al., 20043], Liu et al., 207 [4]).

In actual twephase flow measurement, a doubénsor probe is placed on aelar stage
which could be traversed along the radius of the circular test phith axisymmetric gas and
liquid injections, it can be expected that the profiles of-pliase flow parameters are also
axisymmetric at the measuring planeherefore, a condttivity probe is capable of obtaining the

distribution of timeaveraged parameters over the entire measuring plane.

Casing Binary signal
To DAQ system / =
- Leading sensor signal
Trailing sensor signal
Ly - &
Loy E | |
. " |
Leading sensor » & }
Trailing sensor——j——=1-_ ’oif
v o /L
dz
v Sampling Time [s]
log Lrlor Ty

Fig. 3-17: Working principles of aloublesensor conductivity probe.

3.5.3 Pixel to Radial conversion Result

Fig. 3-18 shows thepixel to radial void fractionconversionfor all six flow conditions
which initially measured by detector pixel showrFig. 3-16. The radial void fractiodistribution
is computed by théABOP, FBOP, andexisting Abel deconvolution method Doublesensor

conductivity pobedata isprovidedin the figure forthe void profile comparison
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Fig. 3-18 Reconstructed radial profile from the pixel measuremsintg ABOP, FBOP, existing

Abel deconvolution method, and probe benchmarking data.
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3.5.4 Gas velocity measurement
The xray detector arrangement features two horizontal paifadkdr arrays along the flow
direction. Each detector array records the characteristic signalsttdbuabble passes ke
detector. When characteristic signals are recorded, there is a time delay occurred in each
characteristic signalue to the distandeetweerthetwo parallel arrayupstream and downstream)
Sample characteristic signals of the typical bubbly and slug flows are shdwg 3-19. Time
delay of the twephase flow signals is noticeable between the upstream and downstream detector
array. The ime delay of registered signals is evident in the slug flow sighaie/n inFig. 3-19%.
For the gas velocity measurement, the caasselation from the upstream and downstream signals
isused to calculate the average time it takes for bubbles to passing by the upsteeton the
downstream detector array. With the averaged time delay information and distance between two
parallel array, one can calculate the line and-@weraged gas velociat each pixelocation
Thetraweling time of the gagphase betweenpstream and downstreaetectorpixelsis
indicated by detectingthe time lag,z,, wherethe crosscorrelation is maximum. Since the

distancebetween the top and center detector pixel is knathe bubble velocity Vs, can be

calculated by:

Vgas = @ (3_25)

The following equation can calculate time delay

t
f o= (3.26)

m

Here, ¢, is the number of data samples the downstream signal is delayed behind the upstream
signal, f which is the sampling frequency. Substitute B6) into equation Eq3.25), gas
velocity deermined by the two parallel linearrays along the flow direction is:

_z,-2,.)09

as
g t

(3.27)

sN
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Fig. 3-19: X-ray signals obtained from the upstream and downstream detector é8eayple

signals extracted frorfa) Run2 bubbly flow; and (b)Run3slug flow.

Fig. 3-20illustrates the time and lir@veragedjas velocity measurduy each pixebf the
flow condition listed inTable5 (Run 26: bubblyand slug flows only). In the annular flow or
churnannular condition, the void is propagated in the test sectimrefore, delay signals
(characteristic signal) from thapstream to downstreamhetector signals arehallengingto
differentiate this resultsn consideral®d uncertainty in velocity measurement in the annular flow
or similar flow condition. For this reason, annular, or chamnular flow is not suitable for the
velocity measuremeriy the currenix-ray system Radialgasvelocity distribution isconverted
by ABOP and Abel deconvolutiomethod shownn Fig. 3-21. The probe measurementare

providedalong the radial direction
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3.5.5 Areaaveraged quantities: superficial gas velocity

The voltage signal recorded bgpecific detector pixel mirrors the measured void fraction
of theSPA(pixel coverage arga The time and lin@veraged gaselocity of each pixel should be
considered as a voigeighted gas velocity of th8PA From the definition, the crossectional
areaaveraged superficial gas velocity resulted from the time, anealireaged informationan
be given as:

. 1 .. __
<Jg> :Wa ayv,SPA

Here,v stands for the velocity for the, pixel, g, is measured timaveragedsoid fraction and

(3.29)

SPA is the scanned pixel area for tlhgpixel, respectively

Similar, crosssectional areaveraged superficial gaglocity from the radial distribution

can be given as:

<Jg>:/%a arjvrj Aingj (329)

Here,V, stands for the reconstructed radial gas velodity reconstructed radial void fraction,

and A, is the area othecircular ring for then ring, respectively.

The areaaveragedvalues from x-ray measurement and radial conversiame listed in
Table6 for the flow conditiorlistedin Table5. Gas flow meter reading has an accurac¥0%
of the actual reading which indicates that flowmeter reading is highly accurate. For the
measurement referenddge flow meter reading is used to evaluate the measurement uncertainty.
Table6 shows the relative error of tlageaaveraged quantities from theray measurement and

radial conversion

Table6: Areaaveragedjuantity and the relative errof the xray measurementadial

conversion
: <jg> <jg> _ . Radial
b;foay by radial by X r2¥r31r9> conversion
[m/s] conversion| flowmeter [%] <jg> error
[m/s] [m/s] [%]
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Run2 0.189 0.197 0.179 5.52 9.9

Run3 0.468 0.483 0.463 1.07 4.25

Run4 0.047 0.046 0.046 2.38 0.89

Run5 0.954 1.042 0.923 3.36 12.9

Run6 0.036 0.036 0.03 22.16 22.1
3.6 Summary

In this chapter, the newly developed ABOP method is introducetidaonversiorof the
pixel to radial distribution. First, pixel measurement showed good symmetry Himodaxis,
thus, the axisymmetric flow assumption is reasonablBhe convertedadial void fractiondata
showeda reasonableagreementvhen compared with probe measuremene synthetic bubble
sensitivity study isperfarmedto understand the impact @riousuncertainty factorsThe alded
noiseeffect and offcentershift effect showed significantuncertaintyin the radial reconstruction
result. In order b deliver an accurate reconstructi@ptimal mesh size andctual pipe center
locationmust beaccounted foin the ABOPalgorithm The newly developed ABOP method had
resulted in an improved reconstnoct profile compared with the esting Abel deconvolution
method, which can bea usefultool for radial conversiommainy whenraw data containkigh
level background noiseln conclusion, the ABOP method is recommended for its robustness and

reconstruction quality.
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4 Non-axisymmetric GeometryReconstruction

4.1 Introduction

Classical computed tomography (CT) initially introduced in the biomedical indusizg

been presented to other engineering applicati@uch asnuclear energy, chemical, ocean

engineering, combustion system, and multiphase flow measurén@i7]. Thecomputerized

axial tomography(CAT) is a combined measurement technique of absorption spectroscopy with

classicalCT. The CAT is used in many practical engineering applicatiotich is capable of

reconstructing the local attenuation profile from the measured data set (forward projection data

set) which is taken at multiple angular views. The CAT is initially apptednvestigate the

axisymmetric flow systenfiv4,56,58,7880] and laterused in manycomplex flow systemsto

reconstructhe two- or threedimensionalistribution across &ransverseplane, i.e.gasfraction

distributon, local flow velocity, or temperature profile, e{69,71,81] The rdated twephase

flow researches amtimmarized antisted inTable7. Inthe CT methogdthere are two major steps

to reconstruct théwo-phase flow images. The first stemlstaininga series oéngular projection

data atmultiple angular directionghis sep is referring to th®adon transformThe second step

is to reconstruct thiecal voxel(or pixel) elements using amalyticalor algebraic iterative method.

Table7: Summary otwo-dimensionatomographic reconstructiaesearchefor two-phase
flow measurement

Reference Test section Source Detector Flow condition Void fraction Reconstruction Method
power

Prasseret al, Pump inducer Cs137, 64-scintillaion | 1500 rpm 6% Filtered backprojection
2003[27] 662 keV arc detectors (FBP)
Wu et al, 2007 Round ppe- 90 18 xray CdWO4 2-D N/A Bubble FBP, Algebraic
[69] mm inner sources plane detector column Reconstruction techniqug

diameter reconstruction | (ART)
Fischeret al, Vertical pipe 150 keV, 65 | circular CZT N/A N/A FBP
2009[82] 60mm inner mA electron | detector 240

diameter beam current| pixel

(1.5x1.5mm)

Bieberleet al, Vertical pipe 150 keV 256CZT Liquid : 201/min | N/A ART
2009[83] 38mm inner detector array | Gas: 2l/min

diameter
Wangetal, 2011 Horizontal pipe | 24, 200x200 Bubbly, slug, 60% ART
[84] 160 mm inner CdznTe annular flow

h gammaray
diameter photon

source

detector
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Zboray et al,,
2013[85]

Liu et al, 2014
[86]
Wu et al, 2014
[87]
Banowskiet al,

2015[88]

Schafer,et al,,
2016[89]

Viggiano et al.,
2017[90]

Lau et al, 2018
[25]

In the study performed byPrasseret al. [27], the local void fraction disbution is
reconstructed bfiltered backprojection EBP) with a modified SheppLogan filter function[22].
In this experiment, it took a total of 7 minutes to measuresitigde flow conditioninside ofthe

punp structure The detector systein this study is capable of obtaining the crssstional

BWR rod bundle

Horizontal pipe
500 mm inner
diameter
Horizontal &
vertical pipe
25.4 mm inner
diameter
Vertical pipe
54.8 mm inner
diameter
Multiple square
channel inside of
round pipe
Vertical pipe
100 mm inner
diameter
Vertical pipe
100 mm inner
diameter

Spallation
Neutron
Source
(SNS)
3-kW laser
beam

5 kHz pulse
laser beam

150keV
(max power
at 10kW)
150keV
(max power
at 10kW)

150 keV

1024x1024
pixels

8-photodiode
detector

750x400
pixels (max
resolution)

Immspatial
resolution per
pixel

1mm spatial
resolution per
pixel

Circular ring
detector 432
pixels

j=13.39
26.55m/s,
j#=0.130.64m/s

Turbulent flow
regime and
vortex flow
Total of 5 flow
rate condition

jg= 0.9 m/s,
jf: 1 m/s

jg= 0.037
0.22m/s,
j=0.0180.07m/s
jg= 0.9 m/s,
j=0.6 m/s

Bubbly flow

N/A

N/A

N/A

2.28%
11.8%
29.0%
N/A

N/A

10%

FBP,
ART

FBP

ART

FBP

FBP

Back-projection, POD

FBP

SART(Simultaneous

ART)

measurement at a rate of 100;fihais, 7 min or longer sampling time is required for the sufficient

flow information. Therefore the systenusedin this research provides time resolving garmana

tomography and capable of visualizing the tiaweraged void fraction distribution inside the

pump inducer and impellerln the study of Wu, et af87], afast xray computed tomography

system is used in the awater flowme asur e me nt

measurement is considered where tomography setting measured at eslegydd anglethus, a

n

Wu 6 s

exper

total of 24 projectionsremeasured. For the reconstruction algorithm, the genetic algorithm (GA)

and conventional FBP technique are ysatl reconstuction methodsare inter-compared for

saving the computational cosEischer and Hamp¢83] usedan ultrafast xray CT systemfor

adiabatic gadiquid flow measurement. In Fischer's reseattie detectorsystem is capable of

measuringwo-phase flow with amaximumdata acquisitiomate of 1 million fps. The system
arrangement with digh sampling rate and higtesolution photon detectds proficient in

deliveringhigh spatial resolution information of theo-phaseflow field. Lau [25], Wang[84],

and Wu[87] used iteration method (simultaneous multiplicative ART and SART) for the void

fraction reconstruction to identify the twahase flow regimeThe iteration method used in these
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studies generates augh better result than a minimum cresgropy algorithm.In the study of
Viggianoet al.[91], theproper orthogonal decomposition (PODgthodis used folinvestigating
phase fraction characterisifor the dspersed and slug flow.The phase fraction values are
reconstructed by bagbrojecting the temporal coefficients onto P@Ddes

In CT reconstructionthere aretwo essential variables which are required for the
approximating the flow field measurementhese variables are the projection angle and the
projection function (detector functipnIn CT reconstruction, many viewing angles are preferred
for reconstructing the local distribution along with multiple angular directibnsvo-dimensional
tomogaphy, the reconstruction of ttleeasuremenifield can be described byfanction of two
spatial variables. In gener&;D inversions can be classified into two categoréther byan
analyticalor algebraic iterative method. Here, the analytical method is a tranrbfsed inversion.
The filtered backprojection (FBP) is an analytical methdldat is broadly used in the-ray
tomography applicatio[92].

On the contrarythe algebraidgterative methoddiscretely formulatéhe inversion problem
and solve iterativdy. One ofthe nost widely usediterative method is called the algebraic
reconstruction technique (ART93]. Otherknownalgebraieiterativemethodsarethe Landweber
algorithm[94,95], andmaximum likelihood expectation maximization (MLEM) algorithm.

There are otherariationsof algebraic reconstruction methods availaleh as devel set
method[96], direct inversion methodbr frequency domaifi97], adaptivefinite domaindirect
inversion (FDDIyeconstruction metho®8], but are lessommonlyusedin image reconstruction
application In the following,the fundamentaFeaturesof most popular known algorithrmere

introduced.
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Fig. 4-1: lllustration of Radon transforifteft figure) and the sinogram in the Fourigomain

(right figure).

First,the FBP, whichis constructednthe analyticalapproachingf the Radon transform

[21,72,84,89]FBP isdefined as:
PG X) = [ 4% ) dl (4.0)

Here, p(q,,, X")is theprojectionfunction which isassumed it is line-averagedneasurement at
arotationalangle g, concerningthe rotational axisandlocatedat ax' (detector locationfrom
the center ofrotation. This concept igllustratedin Fig. 4-1. Here,variablel is the overall
attenuatiorlength and the variable is atwo-dimensionalprojectionfunction. The analytical
solutioncollectsall projection dataetinto atwo-dimensionaformat. Ths mappingproceduref
local distribution function/m from the projection functionp determines its classical linear
tomography character. THmsisof the FBP algorithntan be describe by the centralslice

theorem.
The centralslice theorenstatesthe Fourier transform of thepecific projectiondata set

that argorojected aaspecificprojectionviewpointis equalto asingle shotof thetwo-dimensional
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Fourier transform ofheidenticalangle lllustration of Radon transform and the sinogram in the
Fourier domain ishownin Fig. 4-1. From the basis ahe Fourier transforrtheorem, thé=-BP
methodcanbe employedinto two stages
1. First,one mustield the Fourier transform of each projectidata sett aspecificangle in
ascending ordeand re-organize theprojectionresults into &-D arrangementi.e. 2-D
matrix format) Ths rearrangeddata contains overall projectioninformation (i.e.
absorption length or attenuation coefficieotthetestobject inthe Fourierdomain
2. Secondpne mustake the inverse Fourier transform of tkarrange@-D data in order to
reconstructhe measureabject.
However there are few restrictiondinked with the analytical approachEvery detectopixel has
a finite dimensionthus,the projectionfunctionin which lineaveraged measurememds a finite
samplingsize This finite sampling size ultimately causeagnification ofreconstructedoxel
valueassociated withhe lowfrequency region in the Fourier domaifmplementing an inverse
Fourier transform typically causes blurring even if the projection data set does not contain any
background noise.In order to filteredout resultantimageblur in the reconstruetd image an
additional stepnust be implementedThis addedstep is referringd the filter function (iltering

of the original projection daja Thefollowing formulation denotes the entire FBP cgt@n

p+o +o

mx Ve =1 AP0 @ X) € dt

O0-o - @

W.| € dwd (4.2)

filtering function

FT of a projection

inverse FT

back-projection

Here,‘wfiIter is thehigh-pasdilter function tosuppressethemagnified lowfrequencyeffect The

FBP method performs great if many angulesjgction data sets are available. One of the most
significant drawbacks of the FBP is that the projections mustbened into a parallgbrojection
equivalent beforgerforning the Fourier transformatiori99]. Therefore, FBP isuggestedor
engineeringapplicationsin which the test objectis relatively simple and multiple projections
should beobtainablealong with any directions Known sample applicatios arelisted in the
following where the FBP method is widely used and founded in many refsrgecature[99i
105].

1. Water flux measurement in a scramjet combustor,

2. Liquid vapor distributionsvithin the fat flame chamber

81



3. Single and twephase pipe flow,
4. Measurement of thexhaust flows from scramjet comlibiosr-engire,

5. Reconstruction o temperaturelistribution of the flame.

In the iteration based algebraic tomography, the solution is formulatedsoratéiformat.
lllustration of discrete formulation for the CAT problesmshown inFig. 4-2. Due to discrete
format, the measurement domain is discretized anggoup of voxels which individual voxel
element representing the local attenuation value. Numerous line projectiondeamse these
voxels. In the figureasingle linebeam is representirggspecifigprojectionindexi is highlighted

in blug, and thevariable p is themeasuregbrojection Theattenuatiorcoefficientof thejw voxel

in the measurement domaiis denotedas 77/ and which contributesthe overall weighted

attenuatiorlength of theiw projection ray weighted bthe ji voxelasWj. Thetotal attenuation

lengthof every projectiomay contributed byveryvoxelis assembledhto aform of i3 j matrix

The following equation formulates this forward projection process
P =W, (4.3)
Here the projectiomay p isthe snogranvalue ataspecific pixel locatiomnd the?l representing

theoriginalcoordinateof theattenuatiortoefficients here both ofthesematrix arrays are arranged

in a vector format.In general, the algebraic reconstruction tomography is formed with the system
of equations. For a CAT solution, the solution can be obtained by the inverse matrix operation of
matrix arrayW or by the Gaussian elimination methodn the actual measuremecondition, the
number ofavailable projectiordataset isalways limited due to thiémited number of detector

pixels or due to thepixel resolutionsize In sucha case thesystens of the equation mdgad to

an undetermirgd  Also, background noises ian additional uncertainty factoduring the
measurementthus, weightedmatrix W is usuallyinfluenced bythe measurement uncertainty

factors

82



p,

Area of Interest }
1 Detector

/ Pixel

Sou:e/

Fig. 4-2: lllustration of dscrete formulatiorfor the CAT problemThe red square represerds
areaof interest. Thespecificattenuatioriengthof it projectionray (blueray) passing through

specificjm voxel denotedas 7y .

Algebraiciterativebasedeconstructiomlgorithm carprovide severadvantagethat may
be suitable for harsitonditioned of the tomographic problemhich can beencounteredn the
typical flow analysis or combustion application in the reference literdfigd@,107. Several
advantagesf iteration based algorithnase:

1. Less sensitivéo thepresence of the background noéftect[108],
2. Itis capable ofeconstrudhg a measured objedtom the limited number gfrojectionsin

the axisymmetricflow [109,110]

3. It is capable ofintegrating analytical information into the formulation teenhance

reconstructiomeliability [111,112]

4. The geometry of the projectiod®es not requiréo be arranged in an equiangufarmat
[52].
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The ART methodis consideredhe most suitableeconstructiormethodwhenthe projectiondata
setis rangel within 1061000 projectionsThe ART algorithmis adiscreteformat in generdll13],
and there aremany variationsavailable Known algorithms are including but namited to
simultaneousART (SART) [114] and multiplicative ART (MART)[115], and the simultaneous
iterative reconstructio technique (SIRT)[116]. These iterationbased method have their
advantagesand limitationsin specificresearclapplicatiors. Within many variationsthe ART is
the widely usedechnique

Step 1: Estimation Step 2: Error calculation in
beam (absorption) direction

Measured value

1 1

0 (error =11)

=

0 (error =15)

I

Step 5: Complete Step 4: Error calculation in  Step 3: Distribute the error
other direction evenly

= Y

13 13
(error =1) (error =-1)

Fig. 4-3: Simple 2x2 tomography problem of the ART algorithm with one iteration.

In Fig. 4-3, a sample tomographic problelustratesanoperatingprinciple of the ART algorithm
with a simpletwo by two matrix problem, which igrojectedwith two-line projectionsat two
different anglar view. In the upper leftbox (dotted red squarehe samplematrix problem

illustratesthe tomographic problentere, the resultant values indicétte lineaveraged value of
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a specificprojection In this example, one has determinethe individual valuesf each voxel
whichcontributes to overall projection measurement. The overall steps are listed in the following
order:
1. In the first step, the algorithm starts with the estimated value, here, assigning each voxel
value with zerovalue,
2. In the second step, tl@gorithmsubtractghe estimated valufom the measured value,
here, the algorithm calculates fan errorvalue ofthe entireprojection dataet,
3. Inthe third stepthis differencevalueis divided up and equally distributed to all voxels in
the path ofprojection This step is repeated for every LOS measureinethis direction
and update the distribution vaju
4. In Step 4 and Shesameprocess isomputedor the secongrojectiorraydirection. This
one cycle of the entire steps constitutes skitglation in the algorithm. The iteration

terminates when the iteration conditignis achieved For instanceiterationcan be set

to terminate whe theerroris within the acceptablievel

Here, the solution for a simple tomographic problem is fully determined. However, in practice,
the TAS measurement typically results in an underdetermined problem in some apglication
[108,110] The mathematicaformulation of the iterationbasedalgorithmis expressedn the

following equation{106]:

A=+ a 23R (4.4)

3. 7)
(4.9)

Here,the variable/i} is theapproximated/alueat ki currentiterationstep, and the variablé is
a relaxation factowhich regulateghe convergenceate () is aninner product operationp. is

the line-averagedttenuatiorof the i, projectionray and & is thei, row of the weightd matrix
W,,. The ART algorithm has been widelsedfor the systenwithin 100-1000 projectios are

obtainable A few example applications can be foundéfierence literatur§e2,104,117,118]
The major drawback of the ART algorithmlisted in the following

1. The algorithm is only sergonvergenf119],

2. The computation cost CT applications directly proportional téthe availablgrojection

data setand the total number of iterations constitute in the entire operation,
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3. TheART has capable aiccess close titne truevaluein thebeginningphasebut diverges

wheniteration steps increa$&20].

Alternatively, the Landweber algorithm isther variations on iteraton-basedmethod

commonlyusedin CAT problemg95,110,117,12{1123]. Thecalculatedsalues of/7f in Eq(4.4)
can beset to the initial value appropriate to the start of an operasimg the equatiomy =W P,

which mainly performs the ihear backprojection procedure The variable W' is usedfor
approximatesthe transposeof the W matrix array The following equation provideghe

subsequent steps of the Landweddgorithm[53]:
M= P +WTRCp W) (4.5
Here, the subscrifk refers to the current iteration stepe variable/ is arelaxation factor that

regulatesthe convergencerate the variableA is a function that implementsthe physical
constrains, such that project all negative values to zero in the voxel valleshe equation
Eq(4.5), the difference in the approximation p- W7 is the backprojected over matrix

multiplications[53]. Advantages of the Landweber algorithm ksted in the following

1. Usefulin the application where only a limited number of projectiays areobtainable

typically within 50-100 projection$53],

2. The algorithm is most suitable for an experimeatformed in severe conditigrsuch

as phase measurement in the pipmeasurementf theinnerchambef121].
However,the Landweber algorithitoo has its own drawbacks. The algorithm also disintegrated
due to semiconvegence,in order to improve the reconstruction quality, one requires to
implementinga practicalterminationstandard124].

Another known iterative algorithm is ¢adl the maximum likelihood expectation
maximization (MLEM) method. The MLEM has bedmequently used in thetomographic
application for thePIV experimen{125,126] This MLEM method is similar to the Landweber
and ART methodwheremeasured values are used for the correct initial estimated values of the
voxels. In MLEM operation, the voxéhformationis updated one at a tintroughouteach
iteration. Updating the correcteidformationfor thejn voxel duringks iteration can be writteim

the following equatiofl27]:
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A= B8 (46

Here, every projecticnay is implementedsimultaneouslyn each iterationn order to upate the
correctionassociated with theverall attenuation lengthwhich is an inputquantity for the
weightedfactors. Thesignificantadvantages of thelLEM methodarethat MLEM is capable of
determinng the unequaspacedorojectiondatapointsand produces significantly fewer artifacts
[128]. However, ssignificantdrawback with the MLEM method is its high computational cost,
time, andprolongedconvergence ratfl26]. From the medical imaging application, the MLEM
method demonstrated near equivalent reconstructed performancecompared with other
iteration method$127,129] However, in terms ofomputationakfficiency, the other available
iteration methods or FBRPnethod spendsmuch less computational cost at a fractional cost.
Therefore, the MLEM method seems suitable for the system with a large number of projections
(higher than 1000 projectiong)here a coputational cost is not limited. The example of MLEM
applications is presented in the reference literdtl26i 127].

Lastly, the KarhunLoeve basis (TRKB) algorithm ign alternativeiterationbased
technique used fathe TAS application130,131] For the diagnostic applications wighsmall
number of LOS measurements usualyises inversion problems to be underdetermined. In this
kind of scenario, the reconstruction method usiired RKB algorithm becomes a useful taathen
a limited number of projectiosido not contain enough spatial property of the measured domain
[130,131] In the TRKB algorithm there is a set of information proceeds frtra theoretical
deduction methgdwhich contains an extensive training set, for instance, the phase distributions
in the flow field measured from the alternative experiraktgchnique or recover from the CFD
simulationg130,131] TRKB only requires fewer projection data gmtthe reconstruction when
compared with the other iteratidrasedmethod This method takes advantage over where the
angular measuremeig limited, which makes the TRKB methad useful for whera limited
number ofprojection data setre available. However, the TRKB methbds significant
drawbacksthese limitations are:

1. The TRKB methodrequires extensive prior information from alternativgerimental
methods or simulation benchmarkiftg],
2. Information proceeds from the theoretical approach have limited usefulness due to the

theoretical limits on the maximuatceptableompressiofl32].
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Tooutling theanalyticalanditerationbasedalgorithms aremplementednethods folCAT
and TSAto present dateWhile these techniqudsaveappliedin manyengineeringapplications
wasselectednstead of another. [hable8, algorithms that arenplementedn the frameworkof

TAS, indicaterelatedliterature anda description ofts advantageand limitationsare listed

Table8: Summaryof know algebraic iteratichasedalgorithms

FBP ART Landweber MLEM TRKB

Advantages Analytical approach Most common Improved over the | Produces fewer Requiresa fewer

Efficient, Fast iterationbased ART method artifacts than FBP | measurement
method
Limits Requires extensive Fail to converge Requires longer Requires longer Requiresextensive

angularprojection with noisy data computational time | computational prior knowledge
sets time

Projection # Below1000 Within 100-1000 Within 30-100 Above1000 10-30

References [87,99 [86,92,104,118] [68,95,107,121L [1257127] [130,131]
101,104,105,133] 123]

In the following, thetwo-phase flowarrangementonsisting of a tomography settiing
described Then the detalil of the existir®yD reconstruction algorithm will bpresentedor a
two-phase flow application. THaD algorithm is then benchmarkég generating synthetioid
profile under thevariousuncertainty factorsnplemented into thalgorithmfor asensitivity study
The primary purposeof the sensitivity study is tanvestigate how eacfactor of an independent
(or dependentyariable afécts the 2-D reconstruction quality under a given set of assumptions.
Feasibility drawbacks,and advantages of each methaa compared and discussed fits

suitability inthe two-phase flow application.

4.2 Experimental Setup
The schematic of th@mography setting iatwo-phase flowfacility is shown inFig. 4-4.
Flow regimes in vertical, adiabatic twahaseflows spanning from bubblio slug flow, can be

generatedn the test facility at room temperature and near atmosppesgsure.The 195 m tall
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test section has gectangularcrosssection with an innedimensionof 10mm by 30mm The

hydraulic diameter ofthe rectangulatest ®ction is D, =15mm. The xray tomography

measurements performed at0.73m above the twphase injectqrwhich corresponds to a

dimensionless height af/ D, =47.4. A transfer pump (Hayward SP178B8)used to deliver

water from a water storage tank to the sesition through two major water inlets, and two water
flow meters (Dwyer RMA141 and RMA144) are used to monitdhe water flow rags for
different ranges.

The airflow is supplied by the building compressed air line and regulated by a pressure
regulator Two rotametergDwyer VA10423 and VA10417) are used to control the airflow rates
for different flow conditions.By controllingtheair and water flow rates, variotlso-phaseflows
with different void fractions can be obtained in the test section. Air and water are mixgdsat a
injector location as shown irFig. 4-4 (b), which consists of tw@asopposite facing aluminum
plates installed flush with the 30 mm wide walls. On esaminum gas injectoplate, there are
five 200¢ nholes from where the air is injectedarthe flow channel. This design can result in
symmetric bubble distribution at the test section inléte gravity separatestwo-phase mixture
leaving the test sectian the storage tank. The waterd aircirculate through the loop and vented
to thewater storage tank

For the tomographic measurement settanfigh precision turntable (SilverThin Model:
SK6-22PZ 083016) is mounteat 0.66m abovethe gas injectofair-inlet) location An enlarged
view ofthemeasurement location is showrFig. 4-5. The overall inner diameter of the turntable
is 434+0.8mmwhich is capable of rotate 360 degrees around the test se&uhematic of the
tomographic setting is illustrated kig. 4-6, thex-ray system is rotated around the test section and
capture the timaveraged void fraction information at a given andlae measured voltagignal
has a spatial resolution of 0.4mm per pixeé total number of detector pixefgyvarydepending
on the angle anthe distancebetween thesourceandthe center of rotatianThe data acquisition
is rated at 1006ames per secords), andthetotal sampling time is 60 secasir all measured

angle a btal of 37angulardirectionsareobtainedwith 5-degree increment.
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Fig. 4-6: Schematic othe xray system with high precision turntable tomography setting

4.3 2-D Reconstruction Algorithm

The wo-dimensional reconstructigegrocesgonsists o8 main partsas shown irig. 4-7.
In Stepl, the preprocessing step aims to obtain lihe andtime-averagedittenuation profildrom
thevarious viewingangle. Here, the integral transfqnwvhich is known as Radon transio takes
a projection function on the measurement plane t®tBefunction which defined on th&-D
space of lines in the plane. In thecondstep, theareaaveraged void fractiors computed from
the time and lineaveraged void fraction informatiarsing the Spectral Mod¢28] is provided
for thereferencadata for the averaged quantity. In the third step, the algorithm divides into two
groups for the2-D reconstruction that utilizes the-D void fraction mapping from the
reconstructed attenuation profil@hecomprehensiverocedures of theeconstruction process are

describedn thefollowing subsections.
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