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ABSTRACT

In nuclear reactor thermal hydraulics modeling, detailed coolant velocity fields are es-
sential to accurately anticipating flow induced vibrations and temperature distributions in
the coolant and pins. Predictive computational tools are under development to produce these
coolant velocity fields using computational fluid dynamics. Turbulence modeling validation
is a necessary remaining step in the development of such tools. Prior liquid metal fast reactor
experimental velocity field data is not suitable for computational fluid dynamics turbulence
modeling validation. Therefore, a demand exists for experimental data to be collected using
non-intrusive probes with sufficiently high spatiotemporal resolution and of a hydraulically
similar fuel bundle.

The primary objective of this research was to produce high spatiotemporal experimen-
tal velocity field data on a 61-pin wire-wrapped hexagonal fuel bundle such that commer-
cial sodium fast reactor core design and computational fluid dynamics turbulence modeling
validation may be performed. The primary phenomena of interest are the bulk swirl, local
swirl, subchannel mixing, and bypass flow. Flow statistics such as ensemble-averaged veloc-
ity, root-mean-square fluctuating velocity, Reynolds stresses, Z-vorticity, and integral length
scales were presented.

The methodology to meet the primary objective was the utilization of a matched-index-
of-refraction experimental flow facility with laser-based optical measurement techniques. A
total of 9 different measurement locations at various bundle-averaged Reynolds numbers
have been investigated to generate a total of 50 unique datasets.

The scientific value of this work is twofold. It benefits the grand effort of turbulence
modeling validation by providing new high spatiotemporal resolution experimental data for
which benchmark activities may be performed. It also furthers the research and development
of liquid metal fast breeder reactor core thermal hydraulics to progress the U.S Department

of Energy’s advanced reactor development agenda.
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Maybe you think you're fast enough to keep up with us, huh?

A lot faster than you’ll ever live to be.
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1. INTRODUCTION

This beginning section opens to six various concepts to establish a platform and direction
for the work compiled in this dissertation. Section 1.1 defines the market role of liquid metal
fast breeder reactor (LMFBR)s. Section 1.2 compiles a list of the global effort to develop
and deploy the reactor design and then discusses various studies quantifying the readiness
of the technology. The motivation and demand for modern experimental thermal hydraulic
data on the LMFBR fuel bundle is defined in Section 1.3. Research objectives and the scope
of experimental data analysis are presented in Section 1.4. Section 1.5 presents a timeline of
milestones achieved throughout this endeavor. The organization of the dissertation is given

in Section 1.6.
1.1 Market Role of Liquid Metal-cooled Fast Reactors

In the 1950s, well-known uranium resources were inadequate to support anticipated
growth of global nuclear power with estimated uranium ores lasting until 2020. At that
time, fast spectrum breeder reactors were considered the best solution to maximize resource
utilization. Shortly after, the U.S. Atomic Energy Commission (AEC) endorsed the LMFBR
over other fast and thermal breeding systems, and therefore directed significant amounts
of research funding in that direction. One specific type of LMFBR, the sodium fast reac-
tor (SFR), made substantially further progress during this time period of high demand for
breeder reactors. However, between 1970-1990, well-known uranium resources expanded
significantly, Three Mile Island and Chernobyl accidents caused a decline in nuclear power
demand, and the Integral Fast Reactor (IFR) closed fuel cycle program was canceled.

In the past decade, a resurgence of interest in developing advanced reactor concepts to
meet increasing global energy demand while avoiding an exorbitant increase in greenhouse
gas emissions. Another selling point of such development has been that such advanced

reactor concepts can utilize modern predictive computational tools to improve plant safety



relative to the aging nuclear fleet. It is important to note that well-known uranium resources,
consumed in an open fuel cycle manner at the rate equal to the year 2008, would last 100-115
years OECD-NEA (2010). High burnup fuels, breeding, reprocessing, and closed fuel cycles
are all techniques to drastically increase resource utilization and last hundreds of years, if not
a few thousand OECD-NEA (2008).

As previously mentioned, the LMFBR class of reactor excels at resource utilization in a
closed fuel cycle. However, efficient resource utilization is not a heavily marketed trait of
advanced reactors. Therefore, society must interpret the 100 to 1000 year supply of uranium
as sufficient. Today, highly marketed traits of advanced reactors include minimal capital
costs, the ability to produce economically competitive low-carbon electricity, process heat
for industry, hydrogen production, and desalination to increase the fresh water supply. Nev-
ertheless, the liquid metal-cooled reactor is regarded as the most technologically developed

advanced reactor design.
1.2 Technology Readiness Level

Table 1.1 contains an extensive, but not complete, list of experimental, prototype, and
commercial liquid metal-cooled reactors. Several of the first fast reactors were experimen-
tal systems to prove conceptual theory and were not focused on fuel performance metrics.
Clementine (designed by Los Alamos National Laboratory (LANL)) was the world’s first
fast spectrum reactor, and it was used primarily to quantify neutron cross sections and better
understand reactivity control. Experimental Breeder Reactor I (EBR-I) (designed by Ar-
gonne National Laboratory (ANL)), the first nuclear reactor to produce electricity in 1951,
was primarily designed to perform limited experiments with the smallest critical mass possi-
ble. These systems demonstrated metallic fuel elements could be utilized in a fast spectrum
system. They also highlighted the limitations of metallic fuel on burnup and temperature
requirements for viable commercial breeder reactors, as both systems had multiple fuel fail-
ures during their lifetime. In the UK, Dounreay Fast Reactor (DFR) fuel was designed

to mitigate the rod bow observed at EBR-I. It also featured refractory metal cladding, fis-



sion gas venting, and recriticality mitigation via a two-shell cladding design. However, ex-
cessive fuel-cladding mechanical interactions (FCMI) were seen at 0.1 at.% burnup. The
Experimental Breeder Reactor II (EBR-II) was an engineering demonstration reactor with
the primary objective of showcasing the closed-loop fast breeder infrastructure, including a
sodium-cooled breeder reactor power plant and co-located pyroprocessing and fuel fabrica-
tion facilities. It also tested a plethora of materials and fuel types, including oxide, carbine,
and nitrides of U and U-Pu. Per Chang (2007), over 40 different fuel types were irradiated
at EBR-II. The culminating discovery from EBR-II irradiations was that managing metallic
fuel swelling via allowing room to swell, rather than containment by the cladding, can enable
burnups above 20 at.%. Fifteen transient overpower tests were performed at Idaho National
Laboratory (INL)’s Transient Reactor Test Facility (TREAT). Fuel performance was hardy
with cladding (D9 and HT9) failure thresholds at 4 times the standard operating power level.
Failures occurred near the top of the fuel column. As suggested by Planchon et al. (1987),
thermal expansion and conduction phenomena matched the behavior seen during the EBR-II
inherent safety demonstration test, where pre-failure axial expansion was a significant safety
characteristic. The experimental database created by the previously mentioned efforts has
been summarized in Table 4.3 of Reckley (2012). The highlights are: 43,000+ driver fuel
pin irradiations; the qualification of SS-316, D9, and HT9 claddings in both EBR-II and
Fast Flux Test Facility (FFTF); the demonstration of burnup capability to 18.5 at.%; and the

excellent stability during run beyond cladding breach (RBCB) and transient testing.

Table 1.1: Liquid metal-cooled fast reactors of experimental, prototype, and commercial
design that have either operated or are in conceptual design space.

Reactor Fuel Form Coolant MW, First Criticality Location
Experimental

Clementine Pu Hg 0.025 1949 USA
EBR-I U, U-Zr, Pu-Al NakK 0.2 1951 USA

SRE U Na 20 1957 USA
BR-5/BR-10 PuO,, UC,UN Na 8 1959 Russia
LAMPRE-I Molten Pu-Fe Pu-Fe 1 1959 USA

Continued on next page



Table 1.1 — Continued

Reactor Fuel Form Coolant MW, First Criticality Location
DFR U-Cr, U-Mo Nak 60 1959 UK
EBR-II U-Fs, UPu-Zr, Na 62.5 1961 USA
Fermi I U-10Mo Na 200 1963 USA
BOR-60 MOX, UN, UC Na 55 1969 Russia
Rapsodie MOX, UN, UC Na 40 1967 France
SEFOR MOX Na 20 1969 USA
PEC MOX Na 120 Canceled Italy
KNK-II UO,, MOX, UC Na 58 1977 Germany
JOYO MOX Na 140 1977 Japan
FFTF U-Zr, U-Pu-Zr Na 400 1980 USA
FBTR UC-PuC Na 40 1985 India
CEFR U0, Na 65 2010 China
MYRRHA U-Pu-TRU Pb 100 Concept EU
Prototype

BN-350 U0, Na 750 1972 Russia
Phenix MOX Na 350 1973 France
PFR MOX Na 650 1974 UK
BN-600 UO,, MOX Na 1470 1980 Russia
CRBRP U0O,, MOX Na 975 Canceled USA
SNR-300 UO,, MOX Na 750 1985 Germany
MONIJU MOX Na 715 1994 Japan
PFBR MOX Na 1250  Construction India
BREST300 PuN-UN Pb 700 Construction Russia
CFR-600 MOX Na 1500  Construction China
ASTRID MOX Na 600 Concept France
SVBR-75/100 U0, Pb-Bi 265 Concept Russia
KALIMER-150 U-TRU-Zr Na 392 Concept Korea
Commercial

Superphenix 1 MOX Na 2990 1985 France
BN-800 MOX Na 2100 2015 Russia
CDFR-1000 U-Zr Na 3000  Concept China
EFR MOX Na 3600  Concept EU
Superphenix 2 ~ MOX Na 3600  Concept France
SNR-2 MOX Na 3420  Concept Germany
DFBR MOX Na 1600  Concept Japan
4S U-Zr Na 135 Concept Japan
JSFR1500 MOX Na 3500  Concept Japan
KALIMER600  U-TRU-Zr Na 1600  Concept Korea
KALIMER1200 U-TRU-Zr Na 3150  Concept Korea
PGSFR U-Pu-Zr Na 392 Concept Korea
AFR-100 U-Zr Na 250 Concept USA

Continued on next page



Table 1.1 — Continued

Reactor Fuel Form Coolant MW, First Criticality Location
ABTR U-Pu-Zr Na 250 Concept USA
ARC-100 U-Zr Na 260 Concept USA
IFR U-Pu-Zr Na 840 Concept USA
PRISM U-Pu-Zr Na 840 Concept USA
SAFR U-Pu-Zr Na 1200 Concept USA
SMFR U-Pu-Zr Na 125 Concept USA
TWR-P U-Zr, U-Pu-Zr  Na 1475  Concept USA
TWR-C U-Zr, U-Pu-Zr Na 2950 Concept USA
BN-1200 MOX Na 3150  Concept Russia
BN-1800 MOX Na 4000  Concept Russia
BREST1200 PuN-UN Pb 2800  Concept Russia

As can be seen, extensive R&D and operational experience has been gained on the SFR.
It is significantly more than a paper reactor, but the question regarding how technologi-
cally developed it is remains. To characterize such a status, The U.S. Department of Energy
(DOE) released a technical readiness level (TRL) guide in 2011 Sanchez (2011). The guide
is tailored from National Aeronautics and Space Administration (NASA) and U.S. Depart-
ment of Defense (DOD) technical readiness assessment (TRA) models. The models assist
in highlighting elements and processes required to ensure a project satisfies its objectives in
a safe and cost-effective manner. The research, design, and deployment process for a nu-
clear reactor power plant consists of the following steps Strydom et al. (2017): (1) R&D to
prove scientific feasibility, (2) engineering demonstration at reduced scale, (3) performance
demonstration to prove a scaled-up system, and (4) commercial demonstration. It is im-
portant to note that TRLs can be defined for specific systems and components of a given
reference plant. The two most relevant TRAs were performed by Reckley (2012) for metal-
lic fuel qualification (the USA’s selected SFR fuel form) and by Strydom et al. (2017) for the
entire plant.

Reckley (2012) combines TRLs 0-9 into four phases of fuel qualification: (Phase 1, TRL



1-2) fuel candidate selection, (Phase 2, TRL 3-4) concept definition and feasibility, (Phase 3,
TRL 5-6) fuel design and improvements evaluation, and (Phase 4, TRL 7-9) fuel qualification
and demonstration. Table 6.1 of Reckley (2012) provides visualization of the bounding
design space provided by the experimental efforts of metallic fuel irradiations at EBR-II and
FFTF. It also presents the operating conditions of 4S, PRISM, and ARC-100 as of 2010.
PRISM appears to align most closely with the experimental dataset, while fluence limits are
exceed (ARC-100), and fuel dimensions increase for other conceptual designs (4S, TWR).
The TRA concluded that the TRL for metallic fuel is Phase 2 (TRL 3-4). The defense of
"prototypic" geometry for fuel pins with large deviations from EBR-II/FFTF specifications
is expected to be most difficult during the licensing / qualification process.

An options study on demonstration and test reactors was performed jointly by INL, ANL,
Oak Ridge National Laboratory (ORNL) in 2017 by Strydom et al. (2017). The TRA utilized
the PRISM and AFR-100 for baseline standard and advanced SFR designs. The fuel element
subsystem for each design was evaluated at a TRL of 5 and 3, respectively. They recognized
the PRISM design selected fuel technologies demonstrated in EBR-II, but anticipated that
issues will emerge when scaling the core thermal output by a factor of 8. When analyzing
the AFR-100, the fission-gas vented fuel was evaluated at a significantly lower TRL.

Also in 2017, Kim et al. (2017) published an R&D roadmap and TRA for liquid metal-
cooled fast reactors. The report recognizes the prior conclusions of Strydom et al. (2017), but
revised the TRLs with the following additional criteria: (1) recommendations from indus-
try experts and (2) progress achieved post-EBR-II/FFTF operation, such as the Clinch River
Breeder Reactor (CRBR), Advanced Liquid Metal Reactor (ALMR), Advanced Fuels Cam-
paign (AFC), and Advanced Reactor Technologies (ART) programs. Including consideration
of said addition criteria, ANL revised the TRL of metallic fuel to 7-8 for standard SFRs. It
is suggested that the only remaining R&D needed for commercial demonstration is docu-
mentation of irradiation data and previous analyses. For evolutionary concepts (U-TRU-Zr)

and revolutionary concepts (sodium-free annular fuel, advanced steels), there is recognition



of a lower, but unquantified, TRL. Table 2 of Kim et al. (2017) summarizes overall design
TRLs for each of the six Generation IV advanced reactors. The PRISM SFR and steam cycle

high-temperature gas-cooled reactor (SC-HTGR) received the highest TRL of 5.
1.3 Motivation of This Work

As previously mentioned, the role of the LMFBR is less defined when the societal value
of maximum uranium resource utilization does not counter the potentially higher capital and
$/kWh price of electricity. Nevertheless, optimization of the standard SFR design is possible
at the expense of lower TRLs. Such optimizations involve passive safety systems, simplified
piping and components, as well as fuel performance. An example of fuel performance op-
timization is the goal to achieve extremely high burnups (>20 at.%). One aspect of such an
optimization involves accurately quantifying the thermal-hydraulic performance of the fuel
bundle from beginning-of-life (BOL) to end-of-life (EOL). Detailed descriptions of velocity
fields inside the fuel bundle are required to accurately predict flow induced vibrations and
temperature distributions in the coolant and pins. This information is crucial for Generation
IV LMFBR designs to achieve longer core lives with higher fuel burnups. Predictive com-
putational tools are currently being researched and developed utilizing turbulence modeling
methods through computational fluid dynamics (CFD). A necessary step in CFD turbulence
modeling development is the validation of computational physics models with experimen-
tal measurements. Prior LMFBR experimental velocity field data is not suitable for CFD
turbulence modeling validation because prior measurements were performed with intrusive
probes, poor spatiotemporal resolution, or contained an insufficient number of pins such
that wall effects of the hexagonal duct were significant on flow behavior in the subchannels
surrounding the central pin.

Therefore, a demand existed for experimental data to be collected using non-intrusive
probes with sufficiently high spatiotemporal resolution and of a hydraulically similar fuel
bundle relative to past and future designs such that CFD validation may be performed on the

LMEFBR fuel bundle. To collect the necessary experimental data, an isothermal experimental



flow facility was required. Major project activities are highlighted in Figure 1.1. Tasks up
to and including facility shakedown were discussed by Goth (2017). This dissertation will
cover the MIR experimental flow tests and analysis of experimental velocity data collected

from those tests.

Literature Review ‘

Analysis of
l Experimental Flow
Material Testing ‘ Tests

l i

o A MIR Experimental
Facility Design

Flow Tests
| i
‘ Procurement Effort ‘ Facility Shakedown
l (including
— - instrumentation)
‘ Facility Construction f
l Instrumentation
Facility Shakedown Calibration and
(hydraulics) Installation

Figure 1.1: Dissertation scope highlighted in red relative to the total project scope

1.4 Research Objectives

The primary objective of this research was to produce experimental velocity field data
on a 61-pin wire-wrapped hexagonal fuel bundle such that commercial SFR fuel design and
CFD turbulence model validation may be performed. Vertical and transverse velocity fields
were quantified using 2D2C PIV, 2D2C particle tracking velocimetry (PTV), and 2D3C
SPIV laser-based imaging techniques. The experimental facility and methods applied to
meet the primary objective are described in Sections 3 and 4, respectively. The primary phe-
nomena of interest were asymmetric flow, subchannel mixing and cross-flow, recirculation
regions, coherent structures, and preferential flow toward the exterior of the bundle (bypass
flow). The asymmetric flow is produced by the helical wire spacers. These spacers gener-

ate transverse velocity and pressure gradients, along with increased subchannel mixing and



cross-flow. The expected location of recirculation regions are downstream of the wire spac-
ers. This region may result in high local cladding temperatures. Analysis of experimental
data includes comparison of first and second order flow statistics for various Reynolds num-
bers, spatial cross-correlations, integral length scales, along with residual convergence of the

data sets.
1.5 Timeline and Milestones

Figure 1.2 presents a timeline highlighting project milestones and deliverables. The time-
line is split into six task types: construction, measurement, conference, journal, report, and
defense. The following pattern repeated throughout the project: perform a measurement,
analyze the collected data, write a conference or journal paper. A total of five journal articles
and eight conference papers were produced by Texas A&M University (TAMU)’s Nuclear
Engineering Thermal-Hydraulic Research Lab between 2015 and 2018 involving the Wire-

Wrapped Flow Facility.
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1.6 Dissertation Organization

The structure of this dissertation includes six sections. After this introductory section on
the LMFBR background and motivation (Section 1), Section 2 discusses the current state of
experimental measurements and simulations on LMFBR fuel bundles. Section 3 highlights
the design features of the experimental facility and characterizes the hexagonal duct test sec-
tion and fuel bundle. Section 4 defines governing equations, the experimental measurement
technique, and measurement uncertainties. Section 5 presents results and discussion of the
experimental measurements, where each subsection represents a different measurement lo-
cation inside in the fuel bundle. Finally, Section 6 summarizes the main findings of this work

and the direction of future work on the Wire-Wrapped Experimental Facility.
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2. LITERATURE REVIEW

A literature review was performed to understand the current state of velocity field exper-
imental measurements and computational simulations on LMFBR fuel bundles. The review
covers prior measurement techniques, the motivation for non-intrusive laser-based optical
measurements, literature on existing experimental LMFBR MIR facilities, and CFD simula-
tions that are relevant for turbulence modeling validation efforts.

Collingham et al. (1973) were first to present coolant mixing experimental results on a
217-pin wire-wrapped LMFBR bundle utilizing salt injection and conductivity monitoring
with over 400 probes. Next, Lorenz and Ginberg (1977) recognized that prior work primar-
ily focused on interior subchannel characterization. Therefore, their work focused on edge
subchannels and used electrolytic tracers and isokinetic sampling techniques on a 91-pin
bundle. Cheng and Todreas (1986) developed bundle and subchannel friction factor correla-
tions, along with subchannel mixing parameters. These quantities have been extracted from
the experimental work of this dissertation and can be compared to the existing literature.

Following those works came advances in digital cameras, laser-based optical techniques
for flow visualization, and computational performance for post-processing experimental data
and CFD simulations. Grant (1994) compiled the historical development of the modern PIV
methodology. The compilation includes the underlying works of Lourenco et al. (1989),
Willert and Gharib (1991), Adrian (1991), and Westerweel (1993). Woodhams (1980) and
Raffel et al. (2007) were major contributors to applied methods of laser Doppler velocimetry
(LDV), PIV, and PTV for flow characterization. With respect to correlation type, multi-pass
and multi-grid spatial discretization, velocity interpolation schemes, sub-pixel correlation
peak estimation, literature recommendations from Eckstein and Vlachos (2009a), Eckstein
and Vlachos (2009b), Westerweel (1994), and Westerweel et al. (1997) will be utilized to
justify the image processing methodology for each measurement location.

In 2008, McCreery et al. (2008) designed a 7-pin wire-wrapped hexagonal bundle to

12



place inside their MIR test section. This was the first experiment capable of measuring
velocity fields in interior subchannels of a LMFBR fuel bundle using laser-based optical
techniques. Nishimura et al. (2012) performed PIV on a 3-pin bundle to quantify interior
subchannel behavior. Sato et al. (2008) used both PIV and LDV to investigate the flow in
interior subchannels around the central pin of a 7-pin bundle.

With such a large discrepancy between experimental bundle size (3-,7-,19-pin) and prac-
tical bundle size (91- to 271-pin), Brockmeyer et al. (2017) performed a computational study
on the dependency of inter-subchannel exchange relative to bundle size. They performed
CFD simulations on 19-, 37-, 61-, and 91-pin bundles to estimate the extendibility of small
bundle flow behavior to large bundles. They concluded that transverse flow near the central
subchannel was very dependent on bundle size, while vortical structure size near the helical
wire spacers were nearly independent of bundle size. A recommendation for bundle sizes of

37-pin and greater was given for modeling and experimentation.
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3. EXPERIMENTAL FACILITY

This section briefly discusses the design and components of the experimental facility
containing a 61-pin hexagonal fuel bundle with helical wire spacers utilized to conduct MIR
isothermal flow tests. A detailed description of the experimental facility and lessons learned
has been discussed by Goth (2017). The prototypical SFR fuel bundle geometry is displayed

in Figure 3.1 as modified from Waltar et al. (2011).

8oTTOM PIN PINS  TOTAL
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\
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BOTTOM HONEYCOMB GRID

Figure 3.1: Highlighted are the selected spacer method (helical wire-wrap) and bundle size
(61-pin) with other spacing and bundle size options presented. Modified from Waltar et al.
(2011).

Figure 3.2 presents an overview of the experimental facility. The primary loop contained
a centrifugal pump with variable frequency drive (VFD), an in-line turbine flow meter, a
resistance temperature detector, an in-line surge reservoir, and a test section which housed
the 61-pin bundle. The secondary loop provided inventory control, particulate filtration,

and working fluid temperature control. All facility components were made of chemical-
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resistant materials, such as Viton seals, cross-linked polyethylene hosing, and 316 stainless
steel piping. The test section was structurally isolated from the primary loop utilizing support
structures, flexible hoses, and rubber dampeners to reduce the transmission of vibrations.
The experimental facility employed the MIR technique to allow for laser-based optical
measurements by matching the refractive index of the pins, wires, and hexagonal duct mate-
rial to the working fluid. A material’s refractive index is both temperature- and wavelength-
dependent. For isothermal experimental flow loops, it is beneficial to for the MIR condi-
tion to be achievable near room temperature at 295 K. The matching process must also
consider the monochromatic light source for the laser-based optical measurement. For PIV,
the 532 nm wavelength is most common. For facilities looking to achieve high Rep flow
conditions, it is paramount to consider fluids with low viscosities to avoid large pumping
and cooling requirements. Table 3.1 contains two promising solid-fluid pairs for isothermal
MIR PIV facilities, as suggested by Campagnole dos Santos et al. (2018) and Hassan and
Dominguez-Ontiveros (2008). Both pairs have equivalent potentials for well-matched re-
fractive indicies. However, the selection depends on the fabrication requirements of the solid
geometry. Poly(methyl methacrylate) (PMMA) is softer and easier to machine while borosil-
icate glass is more rigid and chemically compatible with its fluid pair. For the fabrication of
the helical wire spacer, PMMA was chosen due to its advantageous machining capabilities.

Specific experimental conditions for each measurement location are defined in Section 5.

Table 3.1: Promising solid-fluid pairs for isothermal room temperature (295 K) MIR PIV
using 532 nm wavelength light sources for high Rep applications.

Solid Refractive Fluid Refractive Reference

Index Index

(np) (np)
Borosilicate 1.4726 D-Limonene 1.4727 Works (1987), Arce et al. (2004)
PMMA 1.4908 p-Cymene 1.4912 Bardet et al. (2014)

15
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Figure 3.2: (a) An overview of the experimental facility primary and secondary loops, (b)
matched-index-of-refraction technique using PMMA and p-Cymene, (c¢) a fabricated pin,
and (d) fuel bundle test section half filled with p-Cymene.

Lower and upper guide plates established the triangular lattice and set the wire azimuthal
position, as seen in Figure 3.3. Figure 3.4 displays the hexagonal inlet and outlet plena were
located upstream and downstream the hexagonal test section, respectively. Flow enters and

exits each plena from opposite sides.
3.1 Test Section

Figure 3.5, as modified from Waltar et al. (2011), displays the typical driver fuel bundle
for a LMFBR, including the end caps, axial blankets, fission gas plenum, active fuel region,
and hexagonal duct enclosure. The experimental bundle in this dissertation only represented
the active fuel region of a prototypical bundle.

As seen in Figure 3.6, and as modified from Waltar et al. (2011), the wire wrap, staggered
grid, and honeycomb grid are three common methods of minimizing vortex-induced vibra-
tions and avoiding pin-to-pin contact. The experimental bundle in this dissertation only rep-

resented the wire-wrap method. The wire wrap method is preferable because it can minimize
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Figure 3.3: Top-down view of a typical core loading showing the lower and upper guide
plates used to establish the triangular lattice.

flow induced vibrations while also enhancing subchannel mixing to improve the convective
heat transfer ability of the coolant. It also achieves these functions while having a minimal
impact on the neutron absorption reaction rate and pressure drop through the core.

The test section housed the experimental fuel bundle, which consisted of 61 pins with
helically wrapped wire spacers enclosed in a hexagonal duct. The bundle was arranged in
a tightly-packed triangular lattice with the gap between adjacent pins set only by the wire
spacer. The triangular lattice is the typical configuration for LMFBRs. The tightly-packed
parameter is unique to the SFR, a type of LMFBR, where the pitch-to-diameter ratio (P/D)
is reduced to minimize the neutron absorption reaction rate in the sodium coolant.

Figure 3.7 shows a horizontal cross section of the test section. Primary dimensions are

presented in Table 3.2. The faces of the hexagonal duct are identified with letters A to Fin a
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Figure 3.4: (a) Test section of the experimental facility with hexagonal duct and (b) outlet
and (c) inlet plena, where fluid exited/entered the test section.

counterclockwise fashion. The flow inlet and outlet are located on Faces B and E. The wire
wrap direction is clockwise when looking from the bottom of the fuel bundle toward the top.

As presented by Waltar et al. (2011), the SFR fuel pin P/D typically ranges from 1.06 to
1.29. The P/D of 1.189 was chosen for this experimental investigation to align with the other
experimental and simulation efforts of the DOE joint project under DE-NE0008321. Based
on typical SFR fuel pin dimensions, the experimental bundle P/D was scaled up by a factor
of 2.5 from typical dimensions.

Entrance and exit lengths were selected based on preliminary CFD simulations. The
entrance length was 2.25 wire pitches long to achieve fully-developed flow conditions. The
exit length was 0.25 wire pitches long to minimize downstream affects. The bundle length
in the test section was 3.5 wire pitches. This configuration yielded a fully-developed region

with a length equal to 1.0 wire pitches. The wire pitch length compared to the total bundle
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Figure 3.5: Typical LMFBR fuel bundle configuration with axial discretization of the differ-
ent interior regions for a single pin. Modified from Waltar et al. (2011).

length is presented in Figure 3.4.
Figure 3.8 displays the hexagonal duct and fuel bundle illuminated by vertical and trans-
verse laser sheets. Also visible is an optical prism used to achieve an orthogonal orientation

between the vertical laser sheet and camera.
3.2 Volumetric Flowrate Hardware

Quantification of the volumetric flow rate was necessary to estimate the bundle-averaged
Reynolds number, which is defined in Section 4.5. Throughout this experimental endeavor,
three different instruments were employed to measurement the volumetric flow rate. For the
majority duration of the work, a Sponsler in-line precision turbine flowmeter, model SP3-
MB-PHL-D-4X, was connected to the data acquisition system (DAS) and its output recorded
using LabView. The uncertainty of the flowmeter analog output was 0.025% of full scale at
293 K. The full scale reading was 2271 L min~!. A Sponsler IT400 totalizer recorded the
analog output from the flowmeter with a digital uncertainty of £3.8 Lmin~—'. Figure 3.9

displays the meter and totalizer.
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Figure 3.6: The wire wrap, staggered grid, and honeycomb grid methods used to reduce flow
induced vibrations of the fuel pin. Modified from Waltar et al. (2011).

The turbine flowmeter was factory calibrated for use in systems with water as the working
fluid. Such a calibration was sufficient for water shakedown work conducted in Goth (2017),
but required correction when the MIR fluid p-Cymene was introduced. To perform the new
calibration, an Omega high accuracy pitot tube, model FPT-6130, was installed into the
primary loop of the experimental facility. The pitot tube was connected to three Omega
differential pressure (DP) transducers to measure pressure drop across the obstruction caused
by the pitot tube over a wide range of flow rates.

The p-Cymene turbine flowmeter calibration involved simultaneously recording the out-
put of the turbine meter and pitot tube at various primary pump speeds between 0% and
100%. Three DP transducers, specified in Table 3.3 were required to measure the range of
differential pressure encountered during the flow rate sweep. The sample rate and duration

for such recordings was equal to 250 Hz and 15 s. This process was repeated to generate
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Figure 3.7: Horizontal cross section through the test section and relevant dimensions of the
pins, wires, and hexagonal duct enclosure.

two datasets for repeatability analysis. A calibration curve containing 50 data points was
generated to applied to the turbine flowmeter output to correct for the different fluid density
and kinematic viscosity between water and p-Cymene.

The above mentioned methodology has been applied for all vertical plane PIV flow rate
data and subsequent bundle-averaged Rep number and bulk velocity calculations, which are
defined in Section 4.5.

During a restart of the experimental facility after a period of downtime of approximately
2 months, a worker noticed the turbine flowmeter output had drifted from the initial calibra-
tion, even though the calibration certificate had not expired. The two variables most likely
to influence the turbine flowmeter’s behavior were (1) the chemical incompatibility of all
wetted surfaces of the turbine meter and (2) the impact of seeding particle deposition in the
meter. The manufacturer stated stainless steel was the only wetted surface of the turbine
flowmeter. However, p-Cymene is a strong solvent and fabrication tolerances may allow

fluid into the bearings of the instrument which could modify its rotational characteristics and
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Table 3.2: As-built dimensions and tolerances of the fuel pins, wires, and hexagonal duct
used in the experimental facility. The bundle hydraulic diameter, D}, is equal to 7.728 mm.

Variable Description Value (mm) Value (D)
FTF Flat-to-flat 154.000 £ 0.20 19.93 £ 0.03
P Rod Pitch 18.875 £ 0.10 2.44 £ 0.01
Dypin Rod Diameter 15.875 £ 0.10 2.05 £0.01
Dyire Wire Diameter 3.000 £+ 0.05 0.39 £ 0.01
Dy, Hydraulic Diameter 7.728 £ 0.10 1.00 + 0.01
AW Edge Pitch 19.625 £ 0.10 2.54 +£0.01
H Wire Pitch 47625 +£2.00 61.63 +0.26
CTC Corner-to-Corner Distance 177.824 £ 0.70  23.00 £ 0.10
Gapyay  Wall Gap Size 0.750 £ 0.10  0.097 £+ 0.01
L Bundle Length 1857 +£2.00 240.30 4+ 0.26
L;s Bundle Length in Test Section 1667 £2.00 215.71 +0.26
H/D Helical Pitch to Pin Diameter Ratio 30 N/A N/A N/A
P/D Rod Pitch to Pin Diameter Ratio 1.189 N/A N/A N/A

Table 3.3: Differential pressure transducers utilized with the Omega model FPT-6130 pitot
tube.

Brand Model Pressure Accuracy (kPa)
Range
(kPa)
Omega PX409-10WDWUV 0-2.49 + 0.02
Omega PX409-001DWUV 0-6.89 + 0.06
Omega PX409-2.5DWUV  0-34.47 + 0.28

result in an out-of-calibration condition.

The corrective action involved replacing the turbine flowmeter with a Sierra InnovaMass
2401 in-line vortex shedding flowmeter. Accuracy of the instrument is 0.7% of the volumet-
ric flow rate reading. It also includes a static pressure transducer (£ 3.5 kPa) and resistance
temperature detector (RTD) (£1 K). The vortex shedding meter has no moving parts and
instead utilizes a pressure transducer to measure vortex shedding frequency caused by a

triangular wedge obstruction. Another advantage of the vortex shedding meter is that the
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Figure 3.8: (left) Vertical laser sheet and optical prism without MIR conditions. (right)
Transverse laser sheet with MIR conditions.

vortex shedding frequency is not fluid density or viscosity dependent. Therefore, no cali-
bration curve using the Omega high accuracy pitot tube was required, thus reducing another
experimental effort and subsequent error propagation. Nevertheless, a primary pump flow
sweep from 0% to 100% pump speed was performed while simultaneously recording output
from the vortex shedding meter and pitot tube. The two instruments were in agreement with
overlapping error bars through the entire measurement range. A summary of volumetric flow

rate hardware and instrument accuracy is provided in Table 3.4.

Table 3.4: Volumetric flowrate hardware with DP designating a limit or accuracy dependent
on the differential pressure transducer used to perform the measurement

Meter Type Model Range Accuracy
(Lmin™!)

Turbine Sponsler SP3-MB-PHL-D-4X 150 - 2271 1% FS

Pitot Tube Omega FPT-6130 DP -2090 1% reading + DP

Vortex Shed  Sierra InnovaMass 2401 80 - 2340 0.7% of reading
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Figure 3.9: Sponsler SP3-MB-PHL-D-4X turbine flowmeter and IT 400 totalizer initially
used to quantify the volumetric flow rate.

3.3 Temperature Hardware

An RDF Corporation RTD was utilized to measure the fluid temperature during all ex-
perimentation. The accuracy of the device was £ 0.3 K at 273 K with an operating range of

77 K to 753 K. The RTD was connected to the DAS and its output recorded using LabView.
3.4 Fuel Bundle Fabrication

Due to the chemical incompatibility between the working fluid, p-Cymene, and PMMA
pins, wires, and hexagonal duct, several experimental bundles were fabricated to address
optical and mechanical degradation issues. Cast PMMA pins were procured from PolyOne
with a specified cast diameter and fabrication tolerance of 15.875 mm =+ 0.254 mm, respec-
tively. Extruded PMMA pins were procured from Wuxi YanYang International Trading Co.
Ltd for the wire spacers with a specified extruded diameter and fabrication tolerance of 3.000
mm = 0.15 mm, respectively. Once received by the distributor, pin and wire diameters were
quantified at three different axial locations (bottom, middle, and top). Those with the small-
est standard deviation about the nominal value were selected. Table 3.5 contains the mean
and standard deviation of the pin and wire diameters for Bundles 1 and 2. A total of 5 bun-

dles were fabricated. Bundles 3, 4, and 5 were fabricated with mean and standard deviations
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bound by the lower and upper limits of Bundles 1 and 2.

Table 3.5: Experimental fuel pin and wire spacer mean diameter and standard deviation

Mean Drod (mm) O rod (mm) Mean Dwire (mm) O wire (mm)

Bundle 1 15.92 0.015 2.97 0.03
Bundle 2 15.88 0.036 3.0 0.03

3.4.1 Wire Attachment Techniques

A thorough pin fabrication process describing the wire attachment technique was out-
lined by Goth (2017). Bundle 1 wires were attached only to the bottom and top of the rods,
similar to how LMFBR fuel pin fabrication is performed. Due to chemical interactions be-
tween the p-Cymene and PMMA, the wires began to elongate slightly and become brittle
over time. Chemical interactions were more severe with the extruded PMMA used for the
wire spacers than the cast PMMA used for the pins. This interaction prompted a more robust
wire attachment technique for Bundle 2. Using a small amount of water-thin cyanoacrylate,
the wires were fully adhered along the entire length of the rod. It is important to recall the
design requirement of MIR throughout the entire bundle. Therefore, cyanoacrylate adhesive
with a very similar refractive index was specified.

The fabrication process for Bundles 2-4 required two people and took approximately two
hours per rod. The process was identical to that of Bundle 1 (Goth (2017)), except for the

following additional steps:

1. With the pin laid horizontally, the wire was tacked with single drops of adhesive at

eight different axial locations spaced by 0.5 wire pitches.

2. The pin was then rotated vertically.
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3. Single drops of adhesive were then applied from the top of the rod to the bottom. The
low very viscosity of the adhesive allowed it to run in the joint created by the pin and

wire surfaces.

Fabrication tolerances on the wire clocking angle were determined after the bundle was
loaded into the facility using a transverse laser sheet. By taking an image of the cross-section
and using a centroid estimating algorithm inside ImageJ processing software, the tolerance

was calculated as -3 degrees.
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4. EXPERIMENTAL METHODS

This section includes the governing equations, measurement principles, workflow, prac-
tical issues, and measurement uncertainties of the experimental methods utilized to quantify
flow behavior in the 61-pin hexagonal bundle. The methods used in this work include PTV,
PIV, and SPIV. All approaches are MIR, non-intrusive, laser-based optical measurement
techniques to quantify velocity flow fields in exterior and interior subchannels of the fuel
bundle. As suggested by Raffel et al. (2007), the measurement concept appeared 34 years
ago and has proliferated throughout the fluid mechanics sector. The key attributes to the tech-
nique’s success are the large amount of data that can be obtained relative to the setup and
implementation effort (whole-field methodology), the non-intrusive nature, and the output is
instantaneous flow fields rather than averaged quantities. Advances in digital image record-
ing and computational processing power have given these techniques the ability to capture
high spatiotemporal resolution image sets and process them with today’s modern desktop in

reasonable time periods.
4.1 Governing Equations

Claude-Louis Navier and George Gabriel Stokes introduced a system of conservation
equations to describe viscous fluid flow via the application of Issac Newton’s second law.
Conserved quantities in this system are mass, momentum, and energy. Four necessary as-

sumptions for the system include:

e The fluid is continuous for the physical scale of interest

e The flow is steady

e The flow velocity, pressure, temperature, and density are weakly differentiable

e No mass sources or sinks exist in the system
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Derivations of the system in the Eulerian reference frame can be found in the works of
Temam (2001) and Stokes (1851). Therefore for an incompressible fluid system with the

above assumptions, mass conservation may be expressed as,

dp du  dv  dw
E—I—V-(pu(x,t))%—S—V-u(x,t)—%+d—y+%—0 4.1)

(4.2)

where p is the fluid density, ¢ is time, and u(x, t) is the flow velocity vector defined in the

Cartesian coordinate system as,

u(x,t) = (u(x,t),v(x,t), w(x,t)) = (d:l: dy dz)

—_—, — 4.
dt’ dt’ di 4-3)

The general momentum conservation equations simplify significantly for the special case
of steady state, viscous, incompressible, Newtonian fluid flow relevant in this dissertation.

In the most general form, the momentum conservation equations are,

Du
— =V .o +f 44
4.5)
where % is a nonlinear operator referred to as the material derivative, o;; is the tensor of

normal and shear stresses, and f(x, ¢) represents applied body forces. When the material

derivative and the stress tensor are expanded, we have the following,

Ozz Toy Tzz

p{@%-(u-V)u}:V- T +f (4.6)

vz Oyy  Tyz

Tex Tzy Ozz

Customarily, the stress tensor is split into the sum of its constituent components of volu-
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metric stress (pressure or p) and deviatoric stress (shear or T°) as,

Ozx Txy Tz b 0 0 Oz + p Txy Tez
Tye Op Ty| =— |0 p O+ | 7o op+p 7. | =-—2+T
Tox Tay Ozz 00 p Toa Tey  Owe+ D

After substitution we have,

p{g—?—l—(wV)u} =-Vp+V -T+f

4.7)

(4.8)

To progress further with the derivation, it is necessary to assume fluid incompressibility,

a constant kinematic viscosity, and neglect the second viscosity effect and body forces. Also,

it is relevant to connect fluid shear, 7;;, to the deformation rate of fluid elements using the

kinematic viscosity, (i, as a proportionality constant. This expression is known as Newton’s

law of viscosity where,

ou ou dv  Ou ow
oy o 25: oy ter 9T o
U; U
S i — | ou o v ow

du ow v ow ow
0z + oxr 0z + dy 2 0z

4.9)

Now the divergence of 7" can be taken and the term reduces to the vector Laplacian,

V- T =pVu

(4.10)

After making such simplifications and assumptions, the Navier-Stokes equations for in-
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compressible, viscous flow may be expressed in expanded and expanded Cartesian form as,

<8u ou ou au) op (
p\ o7 tus: tvo- =5 T PG+

L2 0*u N 0*u N 0*u
ot ox dy 0z ox

2 Y2 )
P\ ot ox y dz) Oy Py T H\ "2 y? z2

a—w+ua—w+va—w+wa—w ——@—I— + O 82w+82w
P\ ot ox 0 92 ) " 9. P T2 y? 22
0
p{ﬁ—ltl + (u- V)u} = —Vp + pg + uVu (4.11)

where g is the gravitational acceleration constant.

With today’s computational processing capabilities, it is common practice to perform
design and analysis of fluid systems with time-averaged velocity fields. Therefore to discuss
time-averaged quantities, it is important to introduce the Reynolds decomposition proposed
by Reynolds (1884). The technique separates the instantaneous fluid velocity into mean

(time-averaged) and fluctuating components as,
u(t) =u+u'(t) (4.12)

where u denotes the time-average of u(¢) and u’(¢) denotes the fluctuation about the time-
averaged component. The time average of the velocity in a statistically steady flow may be

expressed as,

1 /7
u(x) = ?/o u(x,t)dt (4.13)

As is the case for all experimental fluid dynamics studies, only a subset of the to-
tal chaotic flow behavior may be sampled. Therefore, a differentiation between the full

time-averaged population and the subset ensemble-averaged sample is made by defining an
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ensemble-average as,

= iZu“ (4.14)

where N is defined as the number of instantaneous velocity fields measured by an exper-
iment. Therefore, it is important to demonstrate that the N-sized subset of experimental
velocity fields is a sufficiently large sample such that its difference from the full population
set is statistically insignificant. This demonstration is presented in Section 5 by visualizing
the residual convergence of fluid flow variables as a function of subset size for each mea-
surement location.

Now, the definition of Equation 4.12 may be substituted into Equations 4.1 and 4.11 and

results in the Reynolds-averaged equations of mass and momentum conservation,

V-u=0 (4.15)

X-component (4.16a)
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y-component (4.16b)
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Z-component (4.16¢)
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The above component equations of momentum conservation can be simplified utilizing a
notational convention suggested by Einstein (1916), where summation over a set of indices
is implied by the use of subscripts. This notation introduces significant brevity and will be
used henceforth. Therefore, u;, u;, and w, denote the instantaneous, mean, and fluctuating
velocities. The resulting Reynolds-averaged Navier Stokes (RANS) conservation equations,
expressed using Einstein notation are,

LT Quu o, 0w
p ot P jﬁxj P 8@ (%zzz u@xj(?xj

4.17)

These equations yield time-averaged approximate solutions to the Navier-Stokes equa-
tions. Before applying the Reynolds Decomposition, the system contained four equations
(one mass conversation and three momentum conservation) and four unknowns (pressure and
the velocity vector). After the decomposition, the system contains four equations, but now
with the introduction of fluctuating velocities has a closure problem. CFD has addressed the
closure problem with a plethora of solutions that range from 1 equation to 7 equation turbu-
lence models with various amounts of coefficient tuning and physics-based approximations.
This issue is the motivating piece for the generation of high spatiotemporal resolution ex-
perimental velocity fields such that turbulence model validation and benchmarking exercises

may occur on the LMFBR fuel bundle.
4.2 Experimental Measurement Principles

The basic experimental measurement principle revolves around quantifying the displace-
ment, Ax, of seeding particles in the fluid between consecutive images. The velocity, u, may
then be calculated using such displacement and the known time interval, At, between con-
secutive images. The primary components required to perform the measurement technique
include: highly reflective seeding particles, a photon source, photon optics, and a photon de-
tector. In most applications, the photon source is a monochromatic, visible wavelength laser

and the photon detector is a digital charge-coupled device (CCD) / complementary metal ox-
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ide semiconductor (CMOS) camera. A pulsed or continuous laser can be used to illuminate
the seeding particles. Reflected light is then captured by digital camera sensors to create an
image. Figure 4.1, as modified from Dynamics (2018), contains a process flow diagram of
the method utilizing a dual-head pulsed laser. A collimator and beam-splitting optics are
used to focus and direct the laser beam into a thin sheet, which defines the measurement
volume. Only tracer particles within the laser sheet are illuminated. A series of images will
then be collected and processed to generate instantaneous velocity vector fields. The three
types of laser-based optical measurement techniques used in this work were PIV, SPIV, and
PTV. Each technique has similar hardware setup and data acquisition requirements, but each
utilizes a different processing ideology that will be briefly discussed below. For further dis-
cussion regarding these techniques, refer to the works of Westerweel (1993) and Raffel et al.
(2007).

2D2C PIV is the most commonly employed laser-based optical measurement technique,
as it can be performed with minimal hardware and can cover relatively large measurement
regions. Additional cameras may be added to the setup to increase the measurement field of
view. SPIV utilizes 2 cameras with an off-normal viewing angle relative to the laser sheet.
The images of each camera can be mapped into a single plane to produce 2D3C vector
fields. Yet another extension of the measurement technique is called tomographic particle
image velocimetry (Tomo-PIV), where a minimum of 4 cameras and a thick laser volume are

required. This method produces three-dimension three-component (3D3C) vector volumes.
4.2.1 Cross Correlation

The displacement vector between consecutive images, or image pair, is estimated by
a spatial cross-correlation suggested by Keane and Adrian (1992). The process involves
discretization of the images into grids of interrogation windows. Discretization criteria is
based on rules of thumb specified in Section 4.2.2 and vary based on the flow fields under
investigation. Inside each interrogation window of an image, the number and position of

particle-images is unique. The objective is to locate the identical particle-image pattern, a
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Figure 4.1: PIV measurement principles from imaginag hardware, data acquisition, dis-
cretization, cross-correlation processing, and post-processing analysis. Modified from Dy-
namics (2018).

fingerprint of sorts, in consecutive images. The first identification step is to interpret each
image as an intensity field 7, (z), where each pixel has an intensity range between 0 and
2 bit depth of the imaging device. The spatial cross-correlation can be represented generally
by Equation 4.18, where ¥/} and W5 are the physical domains of the image pair interrogation
window, [; and I, are the intensity fields of the image pair interrogation window defined by

Equations 4.19 and 4.20, x is the interrogation window position vector, and s is the separation

vector.

R(s) = /Wl(x)ll(x)WQ(x+s)12(x+s)ds (4.18)

B 1 B, By
L=2— > Lk (4.19)

7Y k=1 1=1
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I = Z Z L(k,1) (4.20)

yk:lll

The spatial cross-correlation is typically decomposed into the three components of Equa-
tion 4.21, where R (s) is the constant background correlation, Rp(s) is the mean and ran-
dom fluctuation image intensity correlation, and Rp(s) is the displacement correlation of
particle-images in the first exposure interrogation window to the second exposure interroga-
tion window. Therefore, the field maximum of Rp(s) occurs where s = dx and corresponds to
the most probable displacement of the particle-image pattern in a specific interrogation win-
dow for the current image pair. Such a search process is typically performed in the frequency

domain after an fast Fourier transform (FFT) is applied.

R(s) = Rc(s) + Rr(s) + Rp(s) (4.21)

It was shown by Raffel et al. (2007) that Equation 4.21 reduces to Rp(s) when sub-
tracting the mean image intensities from /; and I, respectively. Therefore, Rp(s) may be

represented by Equation 4.22.

Roli, ) = it o (Ta(hk ) = L) To(k + i1+ ) — T) @22

S S Lk, 1) = L) o0, S (T + i, 1+ ) — w]

4.2.2 Rules of Thumb

Several aspects of the imaging hardware setup and processing parameters can influence
the resulting velocity vector fields. Rules of thumb for various parameters will be discussed
in this section. Their associated uncertainties will be discussed in Section 4.4. Assumptions
and rules of thumb to reduce measurement uncertainty have been compiled from the the

works of Westerweel (1993) and Raffel et al. (2007) and are listed below:
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e Seeding particles do not perturb flow behavior
e Seeding particles do not interact or collide with each other

e Initial interrogation window size should be approximately eight times particle image

displacement to avoid velocity gradients and large displacement errors

e With a negligible velocity gradient, all particle images in an interrogation window are

assumed to have uniform displacement

e Final interrogation window size should be equal to or larger than four times particle

image displacement

e Interrogation window particle image density should be at least 10 to ensure an adequate

signal-to-noise ratio (SNR)

e Seeding particle diameter should be minimized and density similar to fluid density to

ensure particle response time is equivalent to fluid response time, see Section 4.4
e 2.2 pixels is the optimal particle image diameter

e Laser sheet thickness should be minimized to reduce uncertainty of physical laser po-

sition for CFD turbulence model validation

e A minimum laser sheet thickness is also set by keeping out-of-plane motion less than
25% of the sheet thickness while having a sufficiently long At for detectable in-plane

motion

e Camera aperture should be nearly open to shorten the depth of focus and only resolve

particle images within the laser sheet
e Vector validation is crucial to eliminate spurious vectors from the field

To accurately assume that fluid element motion may be approximated by seeding particle

motion, the seeding particle diameter must be minimized and density matched to the fluid
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density. However as seeding particle diameter is minimized, the amount of reflected light is
reduced, requiring highly reflective coatings and increased laser light intensity. In the image
plane, an optimal particle image diameter exists for each phase algorithm. This optimal
diameter must be known and anticipated during the imaging hardware setup, as particle
image diameter is a function of both camera resolution and optical magnification. For all
measurements in this work, imaging hardware setups were optimized to achieve particle
image diameters between 2-3 pixels. The theoretical optimal particle image diameter is
approximately 2.2 pixels per Westerweel (1993); Raffel et al. (2007).

An important justification for many assumptions of this measurement technique involves
determining the difference between seeding particle response time relative to fluid element
response time. The following process was used to select an appropriate seeding particle with
deviation of particle motion relative to fluid element motion less than 1% as suggested by
Tropea and Yarin (2007). The first step of the process is to calculate the particle Reynolds

number as,

_ pfurele

Re
g fig

(4.23)

where p; is the fluid density, u,; is the relative velocity between seeding particles and
fluid elements of the bulk flow far from the particle, D, is the particle diameter, and 1 is the
fluid dynamic viscosity. If IZe, is less than unity, the particle exists in the Stokes flow regime.

Once confirmed, the dimensionless Stokes number is applicable and may be calculated as,

Stk =12 (4.24)
Tf

where 7, is the particle response time and 7; is the fluid response time. Stokes num-
bers less than one represent configurations where particle response time is less than fluid

response time and thus yields better tracking fidelity. The particle and fluid relaxation times
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are defined as,

D2
=" (4.25)
181y
l
Tp= —— (4.26)
Urel

where p, is the particle density and [, is the characteristic dimension chosen as the hy-
draulic diameter in this application.

Many different types of phase algorithms exist to calculate the cross-correlation plane
and estimate the displacement vector. Each algorithm has strengths and weaknesses for
various types of fluid flow and quality of raw image. Nevertheless, the majority of phase
algorithms have similar requirements to minimize uncertainty associated with the quantifi-
cation of the displacement vector. The majority of processing parameters revolve around the
size of the interrogation window from which the original image was discretized into.

Hence, it is also important to realize a single displacement vector is quantified per inter-
rogation window and that multiple particle images exist per interrogation window. There-
fore, it is crucial that uniform particle displacement occurs in each interrogation window.
This assumption can be better met by choosing sufficiently small interrogation windows to
minimize gradients of translation, rotation, or shear of the seeding particle motions.

One might consider the smallest size of interrogation window, where each window con-
tains only one seeding particle. However, the SNR of the PIV FFT cross-correlation plane
for such a small interrogation window size proves to be insufficient to accurately determine
the displacement vector. The works of Keane and Adrian (1992) helped quantify an accept-
able lower limit to the seeding particle concentration. To achieve a sufficiently high SNR,
a minimum of 10 particle-images per interrogation window is required. The upper limit on
seeding particle concentration is such that overlap, or self-shielding, between adjacent par-
ticle images does not occur and thus incorrectly influence the cross-correlation calculation.

As can be seen, seeding particle density during the image acquisition step plays a major rule
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in the final velocity vector field density.

Regarding the selection of interrogation window size, another competing parameter is
the particle image displacement. In a multi-pass, multi-grid processing scheme (discussed
further in Section 4.3.4), the initial pass (coarsest vector grid) interrogation windows must
be sufficiently small to produce a quality initial guess of displacement vectors. It has been
found that the initial pass window size should be no larger than eight times the particle image
in-plane displacement. Also, the final pass interrogation window size should be no smaller
than four times the particle image in-plane displacement. This is set to minimize the in-plane
loss of particle images from the interrogation window, which could reduce the accuracy of
the cross-correlation. Also, a minimum detectable in-plane displacement vector for most
phase algorithms using sub-pixel estimators (Section 4.3.4) is approximately 0.2 pixels.

Out-of-plane displacement should be limited to 25% of the laser sheet thickness. Similar
to maximum in-plane displacement, this rule of thumb is ensures that a sufficiently similar
particle image pattern is recognizable for the cross-correlation algorithm. The uncertainty of

this motion is expanded upon in Section 4.4.
4.2.3 Variations of Standard PIV

Three variations of standard PIV were utilized in this dissertation: time-resolved particle
image velocimetry (TR-PIV), PTV, and SPIV. Each will be introduced in the following

subsections.
4.2.3.1 Time-Resolved PIV

Typical PIV imaging hardware setups involve dual-head pulse lasers and digital cam-
eras (CCD) with double exposure sensor capabilities. This methodology typically has short
time intervals between images of a pair and long time intervals between the acquisition of
subsequent image pairs. A standard setup utilizing a Nd:YAG laser may output roughly
400 mJ per pulse and operate with an image pair frequency (repetition rate) of 1-30 Hz.

At these frequencies for most turbulent flows, the time interval between subsequent pairs is
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sufficiently long such that pairs are nearly statistically independent. This implication lim-
its the measurement technique to statistically steady flows. Therefore, transient or unsteady
flows have been unmeasurable in the past. Technological advances in high speed lasers and
cameras (CMOS) have allowed for the development of TR-PIV, where the repetition rate
may approach 80 kHz or greater. These rates are approaching those required to resolve even
the smallest time scales of turbulence for most flow conditions. Drawbacks of TR-PIV sys-
tems involve lower resolution images (memory bandwidth limitations) and longer laser pulse
widths which may present an issue for high-speed flows.

Both standard PIV and TR-PIV methodologies were employed in this dissertation. Due
to hardware availability, 1 megapixel TR-PIV setups were employed for the vertical plane
measurements, which occurs chronologically first. An 8 megapixel standard PIV setup was
utilized for the transverse plane 2D2C measurement. Both imaging hardware setups inves-
tigated statistically steady flows with near constant flow conditions and not transient flow

conditions.
4.2.3.2  Particle Tracking Velocimetry

For several vertical plane measurements, standard PIV was not applicable due to the
small subchannel physical size and lower particle image density. It was therefore necessary
to apply the PTV post-processing methodology to the measurement locations of 5.1.2. As
discussed by Adrian (1991), PTV was formerly known as low particle number density PIV.
While standard PIV estimates the mean displacement of a group of particle images, PTV
tracks each individual particle separately through a process involving particle identification,
sizing, and tracking.

With this method, the distance between neighboring particle images should be signif-
icantly larger than mean displacement. This requirement lends to a much lower particle
image density per interrogation window. With such large gaps, consistent identification of
particle images in image pairs is possible. The implication of this lower particle image den-

sity is that the spatial position of displacement vectors cannot be estimated on the basis of
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random choice. They must be estimated where particle images exist.

Some search criteria must be specified for particle image identification based on the im-
age parameters. These typically involve thresholding of particle image radius and intensity.
Once identified, particle image sizing occurs by calculating the diameter and uses sub-pixel
estimation of the particle image to determine the centroid location. Thresholding can be uti-
lizing on the search space to eliminate particle images with areas below a specified value.
Commonly used sizing functions include: intensity weighted centroid, three-point Gaussian,
four-point Gaussian, and least squares Gaussian fit.

Particle image tracking inputs are the particle image centroid, diameter, peak intensity,
and ID number. Control parameters include the search radius, importance weighting of the
displacement, size, and peak intensity, along with vector validation similar to PIV. Hybrid
PIV-PTYV can increase the computational efficiency of the particle image tracking algorithm.
Standard PIV instantaneous velocity fields are generated and subsequently used as a dis-
placement estimator or initial guess to bias the initial search space and inform the search
radius. The result is an acceleration of the tracking algorithm. This is similar to the Discrete
Window Offset (DWO) of interrogation windows for multi-pass PIV, which is discussed in
Section 4.3.4.

PTV statistical analysis is typically performed by discretization of the the flow area into
region of interest (ROI)s and sampling PTV vectors inside each ROI for the duration of the
image set. Once samples of each ROI have been collected, ensemble-averaged statistics may

be calculated.
4.3 Workflow

The workflow process of experimental PIV will be outlined in this section. The process
for each measurement location began with the acquisition of data in the form of an image set
of size IV, which is detailed in Section 4.3.1. Next, a calibration procedure was executed to
generate a mapping function between the image and object planes, as discussed in Section

4.3.2. Section 4.3.3 includes the first manipulation of the image set called pre-processing.
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This manipulation includes a sequence of steps to increase the SNR of the particles images
from the background noise of scattered light from nearby structures. The use of interroga-
tion window pass schemes, cross-correlation algorithm, and displacement vector estimation
occur in the PIV processing step (Section 4.3.4), which generates a set of V-1 instantaneous
vector fields. Finally, post-processing of the instantaneous vector field set involves calculat-

ing derived quantities and analysis of flow behavior (Section 4.3.5).
4.3.1 Data Acquisition

Laser-based optical imaging systems for measuring fluid motion typically consist of a
laser, reflective seeding particle, camera, and synchronizer. Various laser sheet and camera
setups are possible to measure two-component or three-component velocity vectors. The
measurement regions can consist of 2D fields or 3D volumes. Several different imaging
setups were utilized for this work. Therefore, each setup will be discussed in each relevant
Imaging Settings subsection of Section 5.

All but one measurements in this dissertation utilized TR-PIV methodology. This data ac-
quisition process used high speed CMOS cameras that operated in the single-exposure mode.
Based on on-board random access memory (RAM) limitations, the Phantom Miro M310
TR-PIV camera is able to acquire approximately 8,300 images at a resolution of 1280 x 800,
maximum sample frequency of 3200 Hz, and bit depth of 12. To ensure residual conver-
gence of the measurement, more than 8,300 images 1s required for flow condition inside the
61-pin fuel bundle. Therefore, multiple runs per measurement were required. Specifically,
three runs were needed. Refer to the corresponding residual convergence subsection for
each measurement location of Section 5 for discussion. After a run, the images were trans-
ferred from the full on-board RAM to the on-board solid state drive (SSD). This process
took approximately 1 minute. Afterwards, the subsequent runs would be performed until a
sufficient number of images was captured. The monochromatic collimated light source for
this technique is typically a single head continuously wave laser.

Standard PIV operation was performed for the Transverse Plane 1 measurement, Sec-
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tion 5.2.1. This data acquisition process require CCD cameras that operated in the double-
exposure mode. The Imperx Bobcat M3340 does not have an on-board RAM and instead
immediately transfers the double-exposure information to a frame buffer (PCI-e interface)
or the RAM / SSD / hard disk drive (HDD) of the control computer running the acquisition
software. The camera is able to acquire images up to the available control computer memory
specifications at a resolution of 3312 x 2488, maximum double-exposure frequency of 8
Hz, and bit depth of 12. The monochromatic collimated light source for this technique is
typically a dual head pulsed Q-switch laser.

As each measurement setup was unique, a series of parameters were optimized for each
condition. To achieve an optimal particle image diameter of roughly 2 pixels, various lenses
were required to adjust the magnification for the given working distance. The most com-
monly used lenses were the 50 mm Zeiss Makro-Planarf/2 ZF lens and 100 mm Zeiss
Makro-Planarf/2 ZF lens. The use of the aperture on these lenses for PIV is typically {/4
or {/5.6, as these settings decrease the depth of focus, ensuring that only particles within the
laser sheet are captured in the image, while avoiding the slight vignetting can occurs with
the largest aperture. An optimum exposure is a function of the laser light intensity, aperture
setting, and relative velocity of seeding particles one is trying to photograph.

Beam shaping with cylindrical lenses is necessary to convert the laser beam into what is
typically referred to as the laser sheet. The first step is to collimate the raw beam output,
which may be elliptical due to the laser diode, into a circular beam. Next, the circular beam
must be expanded in a single dimension, which is where cylindrical lenses are advantageous
for this application. A plano-convex cylindrical lens placed downstream of the collimator
expands the circular beam at the half angle relative to the circular beam radius and focal
length of the plano-concex cylindrical lens. A second plano-convex cylindrical lens placed
yet again downstream and rotated 90 degrees from the first cylindrical lens yields the desired
manipulation and generates the laser sheet. The focal length of the upstream cylindrical

lens determines the expansion angle from collimated beam to sheet. The focal length of the
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downstream cylindrical lens determines the distance of thinnest possible sheet. A thin sheet
is extremely important if the goal to use the experimental data to make comparisons with
CFD simulation results. Figure 4.2, as modified from EdmundOptics (2018), displays the

collimation and expansion steps.

PCX
\N ; =
Cylinder
\ Collimated Light Input

Vertically and
Horizontally
Diverging Output

\

Focal Paint

(b) Expansion of the collimated circular beam
(a) Collimation of the raw ellipsoidal beam. into the laser sheet

Figure 4.2: Beam shaping ray diagrams using cylindrical lenses for laser sheets. Modified
from EdmundOptics (2018).

Intra-frame time delay between images is defined by ensuring out-of-plane particle dis-
placement is less than 25% of the laser sheet thickness, while also allowing for sufficient in-
plane particle displacement, which should be greater than 1 pixel. These recommendations
were given by Adrian (1991) and Raffel et al. (2007). Based on the optimizations discussed,
the resulting measurement FOV 1is defined. Additional cameras may be placed adjacent to
one another with overlapping views. The resulting vector fields from each camera can be
combined to increase the total FOV of the measurement.

Seeding particle usage was consistent for all measurement locations. Potters Industries
Conduct-O-Fil SH400S20 silver-coated hollow glass spheres were selected as the ideal seed-
ing particle based on an optimization of the reflectivity, diameter, and density. The selected
particles had a mean diameter of 16 ym and a density of 1.6 gcm 3. The Stokes number

can be used to estimate seeding particle fidelity with fluid element motion and select an
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appropriate seeding particle given a few parameters regarding the experiment. This calcula-
tion is discussed in Section 4.4. The seeding particles were injected into the primary loop

downstream the primary pump via the particle injection manifold, Figure 4.3 .

Figure 4.3: Seeding particle injection manifold can be operated with the facility online to
ensure a well-mixed distribution and allow for real-time concentration control

When applicable for vertical laser plane measurements, correction boxes were utilized
to achieve orthogonal alignment for the laser sheet and cameras. Because of the hexagonal
duct geometry, the most commonly used correction boxes were 30-60-90 triangular prisms
constructed from PMMA. Placement of such optical prisms can be seen in Figures 5.4, 5.16,
and 5.21.

A data acquisition process involved the following steps:

1. At the beginning of each test, written procedures were followed to verify equipment

functionality.
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2. The primary pump VFD was configured to achieve the desired volumetric flow rate for

the given test.

3. Initial conditions of temperature and volumetric flow rate were established and recorded
after maintaining pump speed for a sufficiently long period of time to guarantee statistically-

steady flow conditions.

4. While maintaining pump speed and recording temperature and volumetric flow rate at
10 Hz, three consecutive runs fluid velocity measurements were performed at various

frequencies that will be defined later.

4.3.2 Calibration

Calibration is defined as the mapping of the image space to an object space. This process
allows a relevant scale to be applied to the images, such that the displacement vector, initially
in pixels, can be convert to a unit of length based on some object. Both linear and nonlinear
mapping functions can be applied. For all PIV measurements, linear mapping functions
were generated. For all SPIV measurements, nonlinear mapping functions were generated
using the reconstruction technique suggested by Soloff et al. (1997). For all measurements,
a single-sided, dual level calibration plate from LaVision, model 106-10-SSDP, assisted in

the mapping process. Dimensions of the plate are listed in Table 4.1

Table 4.1: LAVision dual level calibration plate model 106-16-SSDP dimensions

Value (mm) Tolerance (= mm)

plate height 106 0.02
plate width 106 0.02
dot diameter 2.2 N/A
dot spacing 10 0.02
level separation 2 0.01
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4.3.3 Pre-Processing

Before processing an image set, noise reducing pre-processing steps were always em-
ployed. The first step of pre-processing involved calculating the mean image intensity for a
given image set. Once quantified, the mean intensity field was then subtracted from each im-
age in the given image set. The result is a background-subtracted image set with a drastically
improved SNR. Figure 4.4 presents a raw intensity image, the mean background intensity im-
age, and a background subtracted image of Transverse Plane 1 to demonstrate the result of
pre-processing to increase the SNR. Appendix E and Appendix F contain example scripts to
calculate the mean image intensity of an image and also pre-processing for both single chan-
nel B&W and triple channel RBG images. The final step of pre-processing is to define the
ROI relevant to processing by defining a static or dynamic mask that delineates each image
into active areas considered for PIV processing and inactive areas ignored for PIV process-
ing. Static masking in this dissertation always defined the physical boundary between solid

and fluid structures.

(a) Raw image (b) Mean background subtracted image

Figure 4.4: Pre-processing result by subtracting the mean image intensity from a raw image
to increase the SNR of particle images.
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4.3.4 Processing

The PTV, PIV, and SPIV PRANA codes developed by Eckstein and Vlachos (2009a,b)
were the primary PIV processing algorithms for this dissertation. PRANA is an open-
source, GUI-based, MATLAB program developed for calculating instantaneous velocity
fields. The latest release may be found at the Github repository, https://github.
com/aether—-1lab/prana. Each measurement location utilized the advanced multi-pass,
multi-grid processing scheme with the DWO robust phase correlation (RPC) algorithms of
Westerweel et al. (1997) and Eckstein and Vlachos (2009b). The increased efficiency of the
window offset allows for the initial pass to be quite coarse relative to the final pass, which
greatly reduces the computational cost. Three interrogation window passes were performed
for each location. The interrogation window size overlap fraction were specific to each mea-
surement and are therefore defined in the relevant subsections of Section 5. Pass 1 generated
the coarsest vector field, while Passes 2 and 3 were refined fields. The Pass 1 coarse field
was operated on by a bi-cubic interpolation scheme to generate an initial guess vector field
for Pass 2. This guess is used by the DWO algorithm to increase computational efficiency
of the search space and can lead to accuracy improvement by increasing the probability of
selecting the most appropriate correlation peak. The process was also repeated for Pass 3.
The RPC algorithm of Eckstein and Vlachos (2007) functions by operating on each interro-
gation window with an FFT to transform into the spectral domain. To increase the SNR of
the correlation plane, a phase transform filter is utilized. Next, the cross-correlation is per-
formed and followed by an inverse FFT. Afterwards, sub-pixel resolution of the correlation
peak centroid is achieved using a three-point Gaussian estimator in both X and Y directions.

After each pass, the UOD method of Westerweel and Scarano (2005) was utilized to
detect and eliminate spurious vectors via vector validation before moving to the next pass.
The method compares each displacement vector to the median value of the adjacent eight
vectors in a 3x 3 grid. If the first correlation peak displacement vector is outside the residual

threshold criteria, it is replaced by the second correlation peak displacement vector. If the
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second peak is again outside the residual median threshold criteria, it is replacement by the
third peak. Finally, if the third peak is again outside the residual median threshold criteria,
the vector is replaced by the median of the adjacent eight vectors in the surrounding 3x3
grid.

An output file is generated for each correlated image pair. By defining the total number
of images as NV, standard PIV processing would result in N/2 output files, while TR-PIV
would result in N-1 output files. The output container from PRANA PIV is a MATLAB
file structure containing arrays of the two in-plane coordinates of the vector field (X,Y), the
two in-plane components of instantaneous velocity(U, V), the statistical validation and vector
replacement results (Eval), the primary peak cross-correlation plane (C), and, if specified,

secondary and tertiary peak cross-correlation planes.
4.3.5 Analysis

After generating PRANA output files, post-processing and subsequent analysis was per-
formed on the set of instantaneous velocity fields. The first step of analysis was to determine
an overall level of confidence in the dataset. To do so, the first PRANA output parameter to
investigate was Fval, which is included with each instantaneous velocity field output. This
array tracks the results of the UOD vector validation success. It is therefore easy to calcu-
late a mean field to shows the validation failure and subsequent vector replacement. The
simplest of the fields to analyze is the mean replacement field. The interpretation is simply
the replacement frequency for each vector. In this instance, replacement was defined any
instance a validation threshold was not met, either by correlation peak 1 failure, correlation
peak 2 failure, or correlation peak 3 failure. Visualization regions with low seeding density,
shadows, and extraneous scattered light produce regions of high vector replacement and thus
regions of lower confidence. In this dissertation, vectors with replacement frequencies above
40% were deemed questionable and discarded.

Now with modified instantaneous velocity fields, flow characterization began. The first

task was to split the instantaneous datasets into ensemble-averaged and fluctuating compo-
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nents by performing the Reynolds decomposition specified in Equation 4.12. This results in
a single ensemble-average field and a number of fluctuating velocity fields equal to the size
of the dataset. Next, it is customary to calculate an RMS field from the set fluctuating fields.
It is important to note the RMS of the fluctuating component is equivalent to the standard
deviation of the ensemble-average. A mean Reynolds shear stress field can be generated
from the instantaneous fluctuating velocity fields. For 2D2C PIV, single component instan-
taneous and ensemble-averaged vorticity fields and may be calculated. For 2D3C SPIV,
all three components of vorticity can be determined. Appendix G and Appendix H contain
example scripts to calculate these quantities from the instantaneous velocity fields.
Turbulent kinetic energy, two-point spatiotemporal and spatial velocity-velocity cross-
correlations, integral length scales, and vortical reconstruction are but a few of the quantities

that can be derived from each experimental measurement location for each Reynolds number.
4.4 Measurement Uncertainties

Sources of velocity vector field uncertainty come from six primary categories, which
are: magnification factor, displacement vector estimation, laser sheet positioning, as-built
dimensions, experimental conditions, and intra-pair time delay. Sources within each of these
categories will be discussed further. Methodologies for PIV uncertainty quantification are
presented in thorough detail in the works of Sciacchitano and Wieneke (2016) and Sabhar-
wall et al. (2013).

When employing best practices of imaging hardware setup, the magnification factor typ-
ically accounts for 10% of the total measurement uncertainty. Magnification factor sources

of uncertainty include:

e Image plane distance of calibration dot positions
e Camera sensor distortion
e Optical lensing configuration distortion

e Orientation angle between camera and laser sheet
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e Orientation angle between camera and calibration plate

When employing best practices of noise reduction and cross-correlation algorithm se-
lection, the displacement vector typically accounts for 90% of the total measurement uncer-

tainty. Displacement vector estimation sources of uncertainty include:

Particle image diameter

Particle image density

Particle image uniformity

Particle response time relative to fluid response time

Laser light intensity fluctuation

Phase cross-correlation algorithm of displacement vector

Sub-pixel correlation peak estimation

Convergence of residuals related to size to image set

Laser sheet positioning sources of uncertainty include:

Goodness of refractive index matching of solid / fluid pair

Laser sheet thickness

Zero position of laser sheet

Traversal equipment

As-built dimensional sources of uncertainty include:

e Tolerance of rod diameter

e Tolerance of wire spacer diameter
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e Tolerance of wire spacer clocking angle

e Tolerance of hexagonal duct test section
Experimental condition sources of uncertainty include:
e Fluid temperature

e Fluid density

e Fluid viscosity

Intra-pair time delay includes all of the analog and digital timing hardware of the camera,
laser, and synchronizer. The uncertainty of this categories is typically deemed as negligible.

4.5 Bundle-Averaged Reynolds Number

At each measurement location, image sets were collected for various bundle-averaged

Reynolds numbers. The bundle-averaged Reynolds number, Rep is defined by,

wr

Rep 4.27)

where p; is the fluid density, w is the bulk axial velocity, D), is the hydraulic diame-
ter, and sy is the fluid dynamic viscosity. The bulk axial velocity was estimated for each

measurement by,

Q
Aflow

W= (4.28)

where () is the volumetric flow rate recorded by the volumetric flowmeter and Ay, is

the flow area of the bundle.
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5. MEASUREMENTS*

This section includes discussion regarding all performed measurement setups and loca-
tions. A total of 9 different measurement locations were investigated to quantify the turbulent
behavior of the bulk swirl and local swirl around pins in the corner, edge, and interior sub-
channels of the 61-pin hexagonal fuel bundle. Figure 5.1 highlights the 7 vertical plane and
2 transverse plane measurement locations of this dissertation. For each location, flow behav-
ior at 3-5 different Rep was captured. In total, 50 unique datasets were generated from this
work. Table A.1 of Appendix A contains an experimental test matrix of completed measure-
ments. Figure 5.2 displays the flow regime map of Cheng and Todreas (1986) overlaid with
experimental runs completed in this study for the fuel bundle’s P/D of 1.189. Most measure-
ments have been performed in the turbulent regime, along with a few measurements in the
laminar and transition flow regimes. The following measurement locations will be discussed
in further detail in this dissertation: PIV Vertical Plane 1, PIV Vertical Plane 2, PIV Vertical
Plane 6, and PIV Transverse Plane 1.

This section is organized first by the measurement plane orientation, which was either
vertical or transverse, then by the physical location of the measurement plane (exterior, inte-

rior, or central subchannels), and finally by the Rep of the experimental test.
5.1 Vertical Plane Measurements

Vertical plane measurements are highlighted in Figure 5.1. All PIV vertical plane mea-
surements utilized 2 synchronized high speed cameras with overlapping FOVs. This config-

uration nearly doubles the measurement window for a given experimental test. Vertical plane

*Part of the data reported in this chapter is reprinted with permission from PTV/PIV measurements of tur-
bulent flows in interior subchannels of a 61-pin wire-wrapped hexagonal fuel bundle by N Goth, P Jones, DT
Nguyen, R Vaghetto, Rodolfo, Y Hassan, N Salpeter, E Merzari, 2018. International Journal of Heat and Fluid
Flow, 71, 295-304, Copyright [2018] by Elsevier and from Comparison of experimental and simulation results
on interior subchannels of a 61-pin wire-wrapped hexagonal fuel bundle by N Goth, P Jones, DT Nguyen, R
Vaghetto, Rodolfo, Y Hassan, A Obabko, E Merzari, and PF Fischer, 2018. Nuclear Engineering and Design,
338, 130-136, Copyright [2018] by Elsevier.
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Vertical Planes Horizontal Planes

M PIV(2D2C) W Stereoscopic PIV (2D3C)

Figure 5.1: Planned vertical and transverse (horizontal) plane measurement locations for
both 2D2C PIV and 2D3C SPIV imaging techniques.

measurement windows span roughly a vertical distance of 0.25 wire pitches. Measurement
planes in this section include PIV Vertical Plane 1, PIV Vertical Plane 2, and PIV Vertical

Plane 6.
5.1.1 PIV Vertical Plane 1 (Exterior-1) (2D2C)

PIV Vertical Plane 1 (Exterior-1) is the measurement plane nearest and parallel to hexag-
onal duct wall F and parallel to the axial flow. Figure 5.3 shows a computer-aided design
(CAD) rendering of a typical 2D2C PIV vertical plane measurement setup for the fuel bun-
dle. Three-axis traversing systems were used to align the cameras and laser. Beam com-
bination optics formed the laser sheet. A 30-60-90 optical prism was utilized to guide the
laser sheet into the test section to achieve the normal viewing orientation between laser and

camera. For further flow behavior analysis on this measurement location, please refer to the
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Figure 5.2: Flow regime map by Cheng and Todreas (1986) with experimental runs com-
pleted in this study denoted along P/D = 1.189.

works of Nguyen et al. (2017).

Shown in Figure 5.4, the measurement was performed on the set of exterior subchannels
formed by the exterior row of pins 1-5 and hexagonal duct wall on Face F. The partial wrap of
the helical wire spacer denotes the wire’s path from the bottom of the measurement window
FOV to the top. This is also highlighted by areas 1 and 2 for each camera. The height of
the total measurement region is 0.25 wire pitches. The physical gap size between the pins or
wires and hexagonal duct wall varied between 0.75 mm and 3.75 mm. An X-Y coordinate
system was defined to represent the horizontal (transversal) and vertical (axial) directions,
respectively. The system origin is at the intersection of the laser sheet and inner surface of the
hexagonal duct wall and at the elevation of 2.25 wire pitches from the test section entrance.

Experimental results for a total of five different Rep are presented in this section. The

set of Repg include 3410, 10410, 12370, and 19760. For each Rep, three measurement runs
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Figure 5.3: Imaging setup for the 2D2C Vertical Plane 1 PIV measurement containing test
section, laser, camera, and traverse systems

were performed generating total image set sizes of 24,927 images.
5.1.1.1 Imaging Settings

The monochromatic collimated light source was generated using a 10 W continuous
wave laser at 532 nm. Beam combination optics included a focusable collimator, 15 mm
cylindrical plano-concave lens, and 25 mm cylindrical plano-convex lens. The resulting laser
sheet had a thickness of 1.5 mm 40.5 mm. Two Phantom Miro M310 cameras captured the
laser light with a resolution of 1280 x 800 and bit depth of 12. Each camera was paired to
a 100 mm Zeiss Makro-Planarf/2 ZF lens with the aperture set to f/4. The camera image
sample rate and exposure were unique for each Rep being investigated and is defined locally
in the following subsections.

Laser alignment consisted of first revolving the laser base until the sheet was parallel with
the inner surface of the wall forming Face F. A parallel orientation was achieved by revolving
the based until equal light intensity was achieved for the two corners of Face F. Next, the
laser sheet was laterally traversed until the vertical sheet’s inner wall began intersecting

the exterior row of rods. The parallel orientation was checked again by visual inspection,
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aser sheet

Figure 5.4: (Left) Top-down cross section of the fuel bundle denoting wire position and laser
sheet illuminating the set of exterior subchannels. (Right) Side view showing the measure-
ment window FOV and wire spacers intersecting the laser sheet from adjacent pins.

as the laser sheet would simultaneous illumination rods 1-5 as the sheet began to intersect
them. Finally, the laser sheet was laterally traversed back into the exterior subchannels. The
distance of the laser sheet center from the tangent plane along the exterior rods was 1.125

mm +0.5 mm.
5.1.1.2 PIV Processing Settings

PIV images were processing using the PRANA code introduced in Section 4.3.4. More
information regarding processing settings can be found there. Table 5.1 contains the PIV

processing parameters for Vertical Plane 1.
5.1.1.3  Vector Validation and Residual Convergence

This section included the discussion regarding UOD vector validation results and resid-
ual convergence of first and second order flow statistics for Rep = 19,760 only. As can be
seen in Figure 5.5, an approximate four vector thickness of high replacement occurs at the

FOV edge. These regions are not compared when performing CFD comparisons. The values
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Table 5.1: PIV processing settings for PIV Vertical Plane 1

Parameter Pass 1 Pass 2 Pass 3
Multigrid method Bi-cubic Bi-cubic Bi-cubic
Searching window size (pix) 128 x 128 64 x 64 32 x 32
Interrogation window size (pix) 64 x 64 32 x 32 16 x 16
Interrogation window overlap ~ 50% 50% 50%

Grid buffer 8 x 8 8 x 8 8 x 8
Correlation type RPC RPC RPC

Subpixel peak location 3 Pt. Gaussian 3 Pt. Gaussian 3 Pt. Gaussian
Vector Validation UOD median  UOD median ~ UOD median

have been incorrectly modified by the UOD process, where the edge-most vectors had an
insufficient number of neighbors to perform an acceptable nearest neighbor median compar-
ison. This is also typical when near the edge of any solid structures, such as the hexagonal

duct wall, pin, or helical wire spacer.

10 1.0

Validation Replacement Frequency

—

Validation Replacement Frequency
F )

0.4

Y coordinate (mm)
Y coordinate (mm)

20 40 60 80 100 20 40

60 80 100
X coordinate (mm) X coordinate (mm)
0.0 0.0
(a) Camera 1 replacement frequency heatmap (b) Camera 2 replacement frequency heatmap
from UOD vector validation checks from UOD vector validation checks

Figure 5.5: Vector replacement frequency

A 40% replacement threshold from the UOD vector validation was chosen as delineate

between easier and more difficult regions for the PIV cross-correlation. Figure 5.6 highlights
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each vector location with a replacement frequency greater than 40%.
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Figure 5.6: Bad vectors identified via UOD validation check threshold

For all analyzed statistical quantities, the residual convergence of the absolute relative
difference was calculated comparing various subsets of the total image set. A total of 40 sub-
sets were generated by randomly selecting instantaneous velocity vector fields from 5% of
the total dataset and increasing logarithmically until the total dataset was selected. Presented
in Figure 5.7 are the residual convergence plots for seven first and second order statistical
quantities of interest. Absolute relative differences were averaged over two vertical and two

horizontal lines spanning the measurement FOV.
5.1.1.4 Results at Reg = 19,760

Experimental conditions for this measurement are defined in Table 5.2. The calibration
scale for this measurement was equal to 0.0837 mm/pixel. The vector spacing for this
measurement was equal to 0.6695 mm /vector.

Note only Camera 1 FOV is presented for the ensemble-averaged and RMS fluctuating

components of velocity for PIV Vertical Plane 1 at Reg = 19,760. Note the helical wire
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Figure 5.7: PIV Vertical Plane 1 residual convergence along two vertical and two horizontal
lines spanning the measurement FOV

spacer position is on the right side of each pin at the bottom of the field. It then curls behind
the pin in the positive Y-direction. Flow pattern streamlines occur at an angle within 1 to
2 degrees of the helix angle of the wire spacer. Note a positive gradient in the X-direction
exists, capturing the bulk flow in a low pressure region immediately downstream the wire
spacer.

The Ensemble-averaged u component contour displays bands of positive and negative
transverse velocity. The negative bands are positioned immediately in the positive X-direction
to each pin. The angle of such bands is 8 degrees off-vertical, coinciding exactly with the
helix angle of the wire spacer. The ¥ component contour highlights the flow restrictive re-
gions where lower velocity regions along the Y-direction spatially match where the exterior
subchannel flow area is reduced between the exterior row of pins and the hexagonal duct

wall. Peaks of v/ms occur at the elevation where the helical wire spacer has revolved and

60



Table 5.2: PIV Vertical Plane 1 experimental conditions for Rep = 19,760

Variable Value Uncertainty Unit
Temperature 24.7 0.6 °C
Viscosity 790 50 uPas
Density 853.0 3.8 kgm™3
Flow rate 1133 19 L min~!
Bulk velocity 2.368  0.06 ms~!
Rep 19,760 350 N/A
Intra-frame time delay 357 N/A us

closed the gap between adjacent pins, thus blocking flow in the exterior subchannel from
moving toward the interior. The single component Z-vorticity, &, contour showed that the
near-wall flow contains vortical structures with a very similar elongated shape, width, and

off-vertical orientation to that of the helical wire spacers.
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5.1.1.5 Results at Reg = 12,370

Experimental conditions for this measurement are defined in Table 5.3. The calibration

scale for this measurement was equal to 0.0837 mm/pixel. The vector spacing for this

measurement was equal to 0.6695 mm /vector.

Table 5.3: PIV Vertical Plane 1 experimental conditions for Rep = 12,370

Variable Value Uncertainty Unit
Temperature 22.3 0.6 °C
Viscosity 820 50 uPas
Density 8549 3.8 kgm™3
Flow rate 735 12 Lmin~!
Bulk velocity 1.536  0.03 ms~?
Rep 12,370 220 N/A
Intra-frame time delay 526 N/A us
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5.1.1.6 Results at Reg = 10,410

Experimental conditions for this measurement are defined in Table 5.4. The calibration

scale for this measurement was equal to 0.0837 mm/pixel. The vector spacing for this

measurement was equal to 0.6695 mm /vector.

Table 5.4: PIV Vertical Plane 1 experimental conditions for Rep = 10,410

Variable Value Uncertainty Unit
Temperature 21.7 0.6 °C
Viscosity 820 50 uPas
Density 8544 3.8 kgm™3
Flow rate 618 10 Lmin~!
Bulk velocity 1.292  0.02 ms?
Rep 10,410 166 N/A
Intra-frame time delay 625 N/A us
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5.1.1.7 Results at Reg = 3,410

Experimental conditions for this measurement are defined in Table 5.5. The calibration
scale for this measurement was equal to 0.0837 mm/pixel. The vector spacing for this

measurement was equal to 0.6695 mm /vector.

Table 5.5: PIV Vertical Plane 1 experimental conditions for Rep = 3,410

Variable Value Uncertainty Unit
Temperature 20.8 0.6 °C
Viscosity 830 50 uPas
Density 856.1 3.8 kgm™3
Flow rate 205 3 Lmin™!
Bulk velocity 0.428 0.01 ms?
Rep 3410 50 N/A
Intra-frame time delay 2000 N/A us
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5.1.2 PTYV Vertical Plane 2-4 (Interior-1 to 3) (2D2C)

The PTV Vertical Plane 2 measurement was executed on four interior subchannels (ISC1-
ISC4). The subchannels were between the row of pins closest to Face F. A vertical light
sheet illuminated seeding particles, and it is denoted by a green line crossing the row of pins
near the hexagonal duct wall. This configuration is show in Figure 5.16. The wrap of the
wire spacer in the figure highlights the spacer’s sweep from the bottom of the measurement
window to the top. An X-Y coordinate system was assigned to each subchannel (ISC1-4).
The X-origin of each subchannel was set at the right edge of the corresponding pin (1-4). The
Y-origin of each subchannel was defined as the elevation where the wire spacer faces directly
into the corner formed by hexagonal duct faces A and F. The domain size for each subchannel
was 3 mm X 132 mm. The wire position at the bottom of the measurement window was 19°
revolved counter-clockwise (CCW) relative to the wire position at the origin. The origin for

ISCI is shown in Figure 5.16.
5.1.2.1 Imaging Settings

Imaging settings were identical to the description given in Section 5.1.1.1. PTV instan-
taneous velocity vector fields were calculated by diving the measurement FOV into spatial
regions of 5 x 50 pixels (0.44 x 4.4 mm). The vector spacing for the last pass of the hybrid
PIV-PTV method was equal to 2.5 pixels (0.22 mm) in the X-direction and 5 pixels (0.44

mm) in the Y-direction.
5.1.2.2 PTV Processing Settings

The hybrid PIV-PTV approach was employed to improve the tracking efficiency of the
PTV algorithm. Table 5.6 contains the PIV processing parameters for Vertical Planes 2-4 that
were used to generate initial fields for PTV. The selected PTV algorithms were based on the
multi-parametric particle tracking techniques of Cardwell et al. (2011). These methods have
been implemented in the PRANA code discussed in Section 4.3.4. The algorithm utilized the

particle intensity, particle size, prior approximate position, and current approximate position
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Figure 5.16: The PTV Vertical Plane 2 measurement location, with (left) a top-down cross
section of the fuel bundle denoting wire position and laser sheet illuminating ISC1-4, and
(right) a side view showing the measurement window, wire position, and origin of ISC1.

to classify particle matching. Particle images were identified with a dynamic threshold of
pixel intensity to 10 values greater than background. Particle image size was then approx-
imated using a continuous Gaussian least squares method proposed by Brady et al. (2009).
The technique had a minimum area of 3x3 for particle image identification. Tolerance on
the particle image diameter was set to 2 standard deviations. Particle image tracking utilized

a searching radius of 20 pixels and matching weight values of 0.5 for both intensity and size.

5.1.2.3 PTV Vertical Plane 2 (Interior-1)

This section contains parts of previously published material from the article written by
Goth, Jones, Nguyen, Vaghetto, Hassan, Salpeter and Merzari (2018). Specifically, it pulls
from the PTV Vertical Plane 2 (Interior-1) results at Rep = 19,200. Experimental conditions
for this measurement are defined in Table 5.7.

Flow field statistics were calculated from sets of PTV velocity vectors divided into con-
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Table 5.6: Hybrid PIV-PTV processing settings for PTV Vertical Plane 2

Parameter PIV Pass 1 PIV Pass 2 PIV Pass 3
Multigrid method Bi-cubic Bi-cubic Bi-cubic
Searching window size (pix) 64 x 64 32 x 32 16 x 16
Interrogation window size (pix) 16 x 32 8 x 16 4x8
Interrogation window overlap ~ 50% 50% 50%

Grid buffer 8 x 8 8 x 8 8 x 8
Correlation type RPC RPC RPC

Subpixel peak location 3 Pt. Gaussian 3 Pt. Gaussian 3 Pt. Gaussian
Vector Validation UOD median  UOD median ~ UOD median

Table 5.7: Experimental conditions of PTV Vertical Plane 2

Variable Value Uncertainty Unit
Temperature 22.3 0.6 °C
Viscosity 820 50 uPas
Density 8549 3.8 kgm™3
Flow rate 1141 18 L min~!
Bulk velocity 2.383  0.06 ms~!
Rep 19,200 310 N/A
Intra-frame time delay 357 N/A us

stant spatial regions of 5 x 50 pixels (0.4 x 4 mm) using the full 24,930 instantaneous velocity
vector field dataset. PTV was used instead of PIV in these subchannels due to the small phys-
ical width (3 mm) and subsequently low seeding particle density in the small interrogation
windows required.

Velocity field statistics include ensemble-averaged and RMS fluctuating axial velocity
fields generated using PTV. Figure 5.17 presents the ensemble-averaged velocity field in
the axial direction for Rep = 19,200. Velocity vectors were not quantified between Y = 60
mm and 100 mm, where helical wire spacers intersected the laser sheet and blocked seeding
particles. The axial velocity decreases abruptly once the fluid is within 10 mm upstream of

the wire spacer as it is forced into the interior of the bundle. The lowest axial velocity can be
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found immediately downstream of the wire spacer, which agrees with the direct numerical
simulation (DNS) iso-contour mean velocity results of Ranjan et al. (2011). This indicates
that sufficient crossflow exists in a wire-wrapped hexagonal bundle to generate recirculation
regions downstream of the wire spacer. In each subchannel, the maximum velocity was
typically near the center of the subchannel, except when in close proximity of the wire spacer.
A positive gradient of the axial velocity is visible in the X-direction, indicating the presence
of the bulk swirl generated by the helical wire spacer. This gradient was also captured in
the set of edge subchannels near the hexagonal duct wall and discussed in Nguyen et al.
(2017). Figure 5.19 (left) presents normalized ensemble-averaged axial velocity profiles
(V/V,,) along X = 1.5 mm located at the midpoint of the subchannels. Axial velocities
upstream the wire spacer have similarity of +0.1 ms™! between Y = 25 mm and 50 mm.
The difference increases when downstream to £0.2 ms~! between Y = 100 mm and 130
mm. Above 130 mm, the axial velocities are converging to a value slightly higher than the
upstream value at Y = 25 mm. The deceleration of the fluid upstream the spacer is similar
for each subchannel. However, the rates of fluid acceleration downstream the spacer are
different, with the fluid in ISC1 accelerating the slowest, followed by ISC2 and 3, with ISC4
accelerating the fastest.

Figure 5.18 presents the RMS fluctuating velocity field in the axial direction. Axial ve-
locity fluctuations are positive and are largest in proximity to the helical wire spacer. Peaks
of the contour occur just upstream of the spacers. The X-direction positive gradient is also
visible in the RMS fluctuating field. Figure 5.19 (right) presents normalized axial veloc-

ity fluctuations (v.,,,,/V;») along X = 1.5 mm located at the midpoint of the subchannels.

!/
rms

Magnitudes and accelerations of v/, ./V;, are very similar for each subchannel.

5.1.3 PIV Vertical Plane 6 (Center-2) (2D2C)

Figure 5.20 presents the PIV Vertical Plane 6 (Center-2) measurement configuration. The
configuration required the 30-60-90 optical prism be mounted onto Face F of the hexagonal

duct and the laser sheet was aligned normal to the exterior wall of the duct.
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Figure 5.17: PTV Vertical Plane 2 ensemble-averaged axial velocity (ms™!) at Rep = 19,200
for (a) ISC1, (b) ISC2, (c) ISC3, and (d) ISC4.

Figure 5.21 presents a cross-section highlighting the ROI, which was the set of two in-
terior subchannels (CSC1-2) created by a pins row perpendicular to Face A. The fractional
wrap of the wire spacer denoted the wire’s path from the bottom of the measurement window
FOV to the top. This is also highlighted by areas 1 and 2 for each camera. The height of
the total measurement region was 0.25 wire pitches. A magnified view of CSC1 and CSC2
shows the wire spacers of pins 1, 2, and 3, accompanied by spacers from adjacent pins that
cross into the laser sheet. These regions were denoted as dark grey arcs across the light grey
subchannels. Each of the subchannels (CSC1-2) was assigned its unique X-Y coordinate
system. The X-direction was in the transversal direction and the Y-direction was in the axial
direction. The X-origin of each subchannel was selected to be the right surface of the cor-
responding pin (1 or 2). The Y-origin of each subchannel was selected to be the elevation
where the helical wire spacer faces into the corner formed by faces F and A of the hexagonal
duct. The size of the physical domain for each subchannel was 15 mm x 126 mm. The

wire position at the bottom of the measurement FOV was 21° revolved CCW relative to the
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Figure 5.18: PTV Vertical Plane 2 RMS fluctuating axial velocity (ms™!) at Reg = 19,200
for (a) ISC1, (b) ISC2, (¢) ISC3, and (d) ISC4.

position at the origin. The origin for CSC1 is shown in Figure 5.21.
5.1.3.1 Imaging Hardware

Imaging hardware was identical that used in Section 5.1.1.1 for the PIV Vertical Plane 1
measurement. A 10 W continuous wave laser at 532 nm with laser sheet thickness of 1.5 mm
40.5 mm and two Phantom Miro M310 cameras were the primary hardware components.
Each camera was paired to a 100 mm Zeiss Makro-Planarf/2 ZF lens. The camera image
sample rate and exposure were unique for each Rep being investigated and is defined locally
in the following subsections. After calibration, the resulting magnification factor was equal

to 0.084 mm/pixel
5.1.3.2 PIV Processing Settings

PIV images were processing using the PRANA code. Table 5.8 contains the PIV pro-
cessing settings for this measurement location. The final pass vector spacing was equal to

0.67 mm/vector. More information regarding processing settings can be found in Section
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Figure 5.19: Interior-1 (PTV) (left) ensemble-averaged and (right) RMS fluctuating axial
velocities (m s~ 1) at ISC1-4 midpoints along X = 1.5 mm for Rep = 19,000

4.3.4.
5.1.3.3 PIV Vertical Plane 6 (Center-2)

This section contains parts of previously published materials from the analysis article of
Goth, Jones, Nguyen, Vaghetto, Hassan, Salpeter and Merzari (2018) and the CFD compar-
ison article of Goth, Jones, Nguyen, Vaghetto, Hassan, Obabko, Merzari and Fischer (2018)
for Rep = 18,810. Experimental conditions for this measurement are defined in Table 5.9.

Figure 5.22a presents the ensemble-averaged axial velocity for Rep = 18,810 for CSC1-
2. The upper zero velocity region in each subchannel was formed by the intersection of the
laser sheet and wire spacer, such that no seeding particles could exist in that space and no
PIV post-processing could occur. The lower left zero velocity region in each subchannel
was from the laser sheet intersecting the wire spacer of the central pin of the bundle. The
lower right zero velocity region is due to excessive reflection of the laser light. Therefore,

it is a non-physical zero velocity region where PIV post-processing could not be performed.
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Figure 5.20: Imaging setup for the 2D2C Vertical Plane 6 PIV measurement containing test
section, laser, camera, and traverse systems

At any XY-coordinate, the magnitude of the axial velocity is smaller in CSC1 than CSC2,
indicating lower velocities in the central region of the bundle relative to the periphery. Figure
5.23 (middle) shows the normalized ensemble-averaged axial velocity profiles (v/v) across
the subchannel along Y = 75 and 110 mm. Comparing CSC1 and CSC2 at Y = 75 mm,
axial velocities are greater than the bulk mean velocity and increase as the distance from the
recirculating region increases. Comparing CSC1 and CSC2 at Y = 110 mm, axial velocities
decrease below the bulk mean velocity in the center of the subchannel. v/7 in CSC2 is
always larger than in CSCI, presenting the amount of preferential flow toward the exterior
of the fuel bundle.

Figure 5.22b presents the RMS fluctuating velocity field in the axial direction for CSC1-
2. Maximum fluctuation velocities are within 10% of maximum ensemble-averaged values.

Similar to PTV Vertical Plane 2, peaks in the axial velocity fluctuation are found nearby the

/
rms

helical wire spacers. Figure 5.23 (right) shows the normalized v/, ../ across the subchannel
along Y = 75 and 110 mm. Fluctuations are always less at Y = 75 mm and the relative

magnitude of v/, /T is 5% of v/T in both subchannels.
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Figure 5.21: PIV Vertical Plane 6 measurement location, with (/eft) a top-down cross section
of the fuel bundle denoting wire position and laser sheet illuminating CSC1-2, and (right) a
side view showing the measurement FOV and wire spacers crossing the region from adjacent
pins.

Figure 5.24a presents the ensemble-averaged transverse velocity (U/7) for Rep = 18,810
for CSC1-2. Similar to Figure 5.22a, three zero velocity regions exist that are due to the inter-
section of the laser sheet with wire spacers. The transverse velocity is an order of magnitude
less than the axial velocity with a maximum value of 25% the bulk mean velocity. Between
Y =30 mm and 70 mm, the transverse velocity is primarily toward the bundle periphery,
with the magnitude of the crossflow in CSC1 being approximately double that in CSC2. A
region with physical dimensions similar to the wire spacer diameter and negative transverse
velocity exists between Y = 70 mm and 130 mm, indicating the presence of a flow struc-
ture that continues axially after the wire spacer sweeps out of the subchannel on its helical
path around the pin. These regions highlight the complex flow in subchannels containing

wire spacers of adjacent pins forming the subchannel. The profiles from Figure 5.23 (left)
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Table 5.8: PIV processing settings for PIV Vertical Plane 6

Parameter Pass 1 Pass 2 Pass 3 Pass 4

Multigrid method Bi-cubic Bi-cubic Bi-cubic Bi-cubic

Search window 128 x 128 64 x 64 32 x 32 32 x 32
Interrogation window 64 x 64 32 x 32 16 x 16 16 x 16
Interrogation overlap  50% 50% 50% 75%

Grid buffer 8 x 8 8 x 8 8 x 8 8 x8
Correlation type RPC RPC RPC RPC
Subpixel estimator 3 Pt. Gauss 3 Pt. Gaussi 3 Pt. Gauss 3 Pt. Gauss
Vector Validation UuOD UOD UOD UuOD

Table 5.9: Experimental conditions for the Vertical Plane 6 measurement

Variable Value Uncertainty Unit
Temperature 20.1 0.6 °C
Viscosity 830 50 uPas
Density 8559 3.8 kgm™3
Flow rate 1143 22 L min~!
Bulk velocity 2.387  0.05 ms~!
Rep 18,810 335 N/A
Intra-frame time delay 357 N/A us

are similar in shape but present CSC2 with larger negative values just downstream the wire
spacer at Y = 75 mm and with larger positive values for CSC1 at Y = 110 mm.

Figure 5.24b presents the RMS velocity field in the transverse direction. Maximum fluc-
tuation velocities are within 40% of maximum ensemble-averaged values. Peaks in the con-
tour appear near the helical wire spacers and adjacent pins which form the subchannels,
where local maxima and minima exist.

Figure 5.25 presents the Reynolds stress, u'v/, for Reg = 18,810 for CSC1-2. For these
subchannels, the momentum transfer is positive downstream the wire spacer between Y =
140 mm and Y = 160 mm and where axial fluctuations are greatest. These high shear re-

gions highlight the effectiveness of the helical wire spacer to assist in fluid mixing and thus
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(a) Ensemble-averaged axial velocity (b) RMS of the fluctuating axial velocity

Figure 5.22: PIV Vertical Plane 6 velocity fields in the axial direction at Rep = 18,810 for
(a) CSC1 and (b) CSC2.

heat transfer in the fuel bundle. Another region of significant momentum transfer is along
the shear layers of high and low axial and transverse velocities, which is especially visible
between Y = 90 mm and 130 mm before the fluid impinges upon the wire spacer near the
top of the visualization window.

A two-point spatiotemporal velocity-velocity cross-correlations is defined by Equation
5.1. The ensemble-averaged operator is denoted with () and the fluctuating velocity compo-
nent is u;, the difference between the instantaneous and ensemble-averaged velocity. The
spatial reference points are x,, the spatial separation between reference points is 7, the
time is ¢, and the time delay is 7. When 7 = 0, the two-point spatial velocity-velocity

cross-correlations can be calculated as suggested by Kerhervé and Fitzpatrick (2011). This

cross-correlation is defined as R;jo.
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Figure 5.23: Center-2 (PIV) (left) ensemble-averaged transverse, (middle) ensemble-
averaged axial, and (right) RMS fluctuating axial velocities at CSC1-2 midpoints for Re
= 18,810 along lines Y =75 and 110 mm.

<u;(w,,, t)u;(wr +n,t+ T)>

(W@, )/ (W2 (@0 1))

From R,,o and R,,q, the integral length scales may be calculated using Equations 5.2

Rij(xr,m, 7) = (5.1

and 5.3, where L, and L, are the axial and transverse integral length scales, respectively.
L, and L, represent the characteristic length scales of turbulent eddies when the separation
lengths of R, and R, is equal to 1/e ~ 0.37, as suggested by Falchi and Romano (2009).

R,,0 and R, were calculated at four points in each subchannel and then averaged to
condense the result for Reg = 18,810. The coordinates of the selected points were X = 2.9,
5.0, 7.2, and 9.3 mm along the line Y = 110.6 mm. These points were selected due to the
number of interesting phenomena occurring along the line Y = 110.6 mm, such as the shear
layers visible in Figure 5.22a around X = 7.2 mm and mixing highlighted by positive and

negative velocities in Figure 5.24a. As shown in Figure 5.26, the R, longitudinal spatial
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Figure 5.24: PIV Vertical Plane 6 velocity fields in the transverse direction at Rep = 18,810
for (a) CSC1 and (b) CSC2.

cross-correlations have longer separation distances over which the fluctuating velocity field is
correlated for both CSC1 and CSC2. Comparing R,,o and R, between subchannels yields
that longitudinal cross-correlations are nearly identical with CSC1 having a slightly longer
separation distance than CSC2. It is noted that negative minima exist in CSC1 of a larger
magnitude than CSC2. It is important to note the triangular shape of R,,, and R, near
zero, as this indicates future results will benefit from the use of higher resolution imaging

equipment to achieve higher resolution instantaneous velocity vector fields.

Lyz/ Ry (., m, 0)dn. (5.2)
0

Lm:/ Ryu(x,,m, 0)dn, (5.3)
0

The axial integral length scale ranged from 1.9 mm in CSC2 to 2.3 mm in CSC1. The
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Figure 5.25: PIV Vertical Plane 6 Reynolds shear stress at Rep = 18,810

transverse integral length scale was equal to 1.5 mm in both CSC1 and CSC2. Near-wall
region integral length scales presented by Nguyen et al. (2017) state axial scales of 1.7 to
2.8 mm and transversal scales of 1.2 to 1.5 mm. When comparing PIV Vertical Plane 6 sub-

channel integral length scales to the near-wall region, integral length scales are very similar.
5.2 Transverse Plane Measurements

5.2.1 PIV Transverse Plane 1 (2D2C)

PIV Transverse Plane is a measurement plane perpendicular to the axial flow. Several
complications arose when attempting flow visualization on the transverse plane that were
not encountered during the vertical plane measurements. The 2D2C PIV technique requires
a top-down viewpoint normal to the fuel bundle cross section.

A total of three imaging configurations were tested to achieve optimal results. Each

configuration and results of such will be discussed in Sections 5.2.1.1, 5.2.1.2, 5.2.1.3, re-
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Figure 5.26: PIV Vertical Plane 6 (a) CSC1 and (b) CSC2 two-point spatial velocity-velocity
cross-correlations, R0 and R0, averaged over 4 spatial points (X = 2.9, 5.0, 7.2, and 9.3
mm along Y = 110.6 mm) for Rep = 18,810

spectively. The only constants throughout the testing of these imaging configurations were
the traversing system and camera leveling system. The traversing system consisted of four
motorized Velmex BiSlide linear stages. The two parallel and vertical linear stages were con-
figured to operate simultaneously to increase or decrease the distance between camera and
measurement plane. This made for convenient testing of various conventional planar lenses
when optimizing the measurement FOV and particle image size. Horizontal axis movements
for alignment with the fuel bundle were made using two perpendicular linear stages. These
provided the ability to quickly view different regions of the transverse plane, as none of the
imaging configurations had wide enough fields of view for the entire bundle cross section.
Newport three-axis finely tunable dovetail stages acted as the leveling system to minimize
error associated with off-normal viewing of the laser sheet. Figure 5.27 shows a CAD ren-
dering of the second imaging configuration, which was the selected configuration for the
presented measurements of Section 5.2.1.7.

As outlined in Section 4.4, out-of-plane particle motion must be limited to 25% of the
laser sheet thickness. With nuclear fuel bundles, the axial velocity component will be sig-
nificantly larger than the two transverse components. Therefore, it can be difficult to capture
transverse particle image displacement (in-plane motion) when the axial velocity compo-

nent (out-of-plane motion) is nearly an order of magnitude larger, as is the case in the wire-
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Figure 5.27: Imaging setup for the 2D2C Transverse Plane 1 PIV measurement containing
test section, laser, camera, and traverse systems

wrapped fuel bundle. A small increase in the volumetric flowrate yields a significant increase
of the camera capture frame rate to limit out-of-plane particle displacement. An increased
camera capture frame rate also decreases the in-plane displacement, of which is there a lower

limit that PIV cross-correlation algorithms cannot detect.
5.2.1.1 Transverse Imaging Configuration 1 (Conventional Lens)

Imaging configuration 1 consisted of all hardware visible in Figure 5.27 minus the planar-
convex lens and four aluminum support beams. A single digital CMOS Phantom M310
camera was utilized and operated in single-frame mode with a full resolution of 1280 x 800
pixels and 12-bit image depth. It was not possible to position two Phantom M310 cameras
adjacent to one another and maintain a perpendicular alignment with the laser sheet, because
of the thickness of the camera housing. Three types of conventional lenses were tested. They
were a 50 mm Zeiss Makro-Planarf/2 ZF lens, a 100 mm Zeiss Makro-Planarf/2 ZF lens,
and a 200 mm Nikon /4 ED-IF AF Micro-NIKKOR lens.

Perspective error, or parallax, was anticipated prior to this measurement. Therefore, the
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first parameter of interest was to determine the maximum depth into the test section that could
imaged. The conclusion of this effort was simple. The maximum FOV with a conventional
lens was approximately equal to 2 rod diameters. This limitation would require a massive
experimental effort to scan and measurement an appreciable fraction of the entire bundle
cross section. The maximum working distance into the bundle was less than 100 mm. This
working distance placed the laser sheet within the last 0.25 wire pitches of the test section,
which is an unacceptable region classified as a no-measurement zone due to the expectation
of downstream effects from the outlet plenum.

The lazing system consisted of a 20 W continuous wave 532 nm laser, focusable colli-
mator, 15 mm cylindrical plano-convex lens, and 25 mm cylindrical plano-convex lens. The
resulting laser sheet had a thickness of 2 mm. For high Rep flow conditions (above 10,000),
the camera capture rate needed to be a greater than 5000 Hz. At this rate, exposure setting,
and lens setup, the 10 W continuous wave laser was insufficient to appropriately illuminate
the seeding particles.

Figure 5.28 shows sample images using the 200 mm Nikon Micro-NIKKOR lens at a
Rep of 4,000. The left image is taken at 3.25 wire pitches into the test section (pressure
tap 7), which is a working distance of 0.46 wire pitches deep into the rod bundle from the
top. The right image is taken at 3.5 wire pitches into the test section (flange interface with
the outlet plenum), corresponding to a working distance of 0.21 wire pitches deep into the
rod bundle from the top. The imaging quality increases substantially as the working distance
through the bundle is decreased. This is attributed to less perspective error and smaller
fraction of incident laser light being attenuated by the bundle. Therefore, it was clear that

the necessary steps forward were to:
e Minimize perspective error
e Increase laser light intensity

e Increase FOV if possible, but would require higher resolution camera
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(a) Working distance of 220 mm or 0.46 wire  (b) Working distance of 100 mm or 0.21 wire
pitches (PT 7) pitches (test section upper flange)

Figure 5.28: Raw result of imaging configuration 1 with conventional lens setup

5.2.1.2 Transverse Imaging Configuration 2 (Conventional Lens + Planar-Convex Lens)

Imaging configuration 2 involved a different camera, lens, and laser hardware than imag-
ing configuration 1. Also, modifications to the fuel rod tops and upper support plate were
made.

The first improvement focused on minimizing the perspective error, or parallax. The
optical configuration that achieves this effect is know as a telecentric configuration. The
effect results in constant magnification regardless of the distance. Per ThorLabs (2018), all
chiefs rays must be parallel to the optical axis for either (object- only or image- only) or
both the object- or image-space. Most commercial products are configured for both and call
the setup a bi-telecentric lens. The goal is to set the front lens focal plane at the aperture
stop. The result is an image only using the chief rays parallel to the optical axis and sets the
entrance pupil and infinity, as can be seen in Figure 5.29 for conventional, object-telecentric,
and bi-telecentric lenses provided by ThorLabs (2018).

Figure 5.30 highlights the magnification differences between a conventional lens setup
and a telecentric lens setup provided by ThorLabs (2018). Figure 5.31 highlights the per-
spective differences between a conventional lens setup and a telecentric lens setup provided

by OptoEngineering (n.d.).
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Figure 5.29: Ray diagrams of conventional, objective space telecentric, and bi-telecentric
lenses.

Several optical manufacturers offer these types of lenses, such as Edmund Optics, Thor-
Labs, Moritex, and Opto. However, most products in their catalogs had very short working
distances (less than 100 mm) and very small fields of view (less than 50 mm x 50 mm). A
few companies offered products that would meet the FOV and working distance requirement
for the Transverse Plane 1 measurement, but cost approximately $10,000 and were custom
built with 60 to 100 day lead times. Both of these issues resulted in an in-house investigation
of ray diagrams and subsequent development of the telecentric apparatus (Figure 5.32).

Four aluminum support beams and a lens holder were added to the initial configuration.
An additional lens was added between the conventional lens setup and the laser sheet. The
additional lens was a 200 mm diameter, 400 mm effective focal length (EFL), spherical
plano-convex condensing lens. The diameter was selected based on the size of the bundle

cross section of 178 mm and off-the-shelf availability. A large lens is required, because the
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(a) Conventional setup at 45 mm depth offset (b) Telecentric setup at 45 mm depth offset

Figure 5.30: Comparison of conventional and telecentric lens setups to highlight the constant
magnification.

maximum FOV a telecentric lens can achieve is no larger than the largest diameter lens fur-
thest from the aperture. Also, it was expected that the spherical plano-convex condensing
lens would have a non-zero magnification, thus reducing the final FOV further. The tele-
centric apparatus also consisted of a mounting system to attach to standard linear traversing
stages, a camera holder that is easily adjustable to fit various camera enclosure sizes, and a
Newport three-axis finely tunable dovetail stage to not only align the perpendicular orienta-
tion of camera and laser sheet, but also align coaxially the conventional lens setup with the
200 mm plano-convex lens at the end of the apparatus.

The working distance, or distance between camera sensor and laser sheet, of configura-
tion 1 was approximately 220 mm. With the additional lens, the new working distance was
expected to be nearly 620 mm. This increased distance meant the particle images would
be too small based on the methodology of Section 4.4. Therefore, an 8 megapixel Imperx
Bobcat B3340 was installed. The Bobcat had a maximum resolution of 3312 x 2488 and
maximum capture rate of 17 Hz single-exposure or 8 Hz double-exposure.

The next optimization from configuration 1 involved switching to a Spectra-Physics
Quanta Ray PIV-400 dual head pulsed laser with 300 mJ per pulse per head output at 532

nm. After maintenance, mirror alignment, and constructing a mobile cart, the laser system

92



(a) Conventional lens setup normal to extruded  (b) Telecentric lens setup normal to extruded alu-
aluminum rail minum rail

Figure 5.31: Comparison of conventional and telecentric lens setups to highlight the elimi-
nation of perspective error or parallax.

was installed with identical beam combination optics for the laser sheet. One aspect of this
older model laser was a fixed repetition rate of 30 Hz, which would not be suitable for the
Bobcat B3340. Therefore, a bypass jumper inside the Quanta Ray PIV-400 was relocated
and the final solution involves pulsing the lamps at the fixed 30 Hz while only triggering the
Q-gate switches at the desired integer divisor of 30.

Two final modifications to the facility were the polishing of machined surfaces on the
upper support plate and rod end at the top of test section. These two steps were not re-
quired but performed for good measure, as the test section was drained and open during this
optimization process.

This imaging setup effectively minimizes parallax and the pin shadow, while maintaining
excellent light transmission and a large field of view that is difficult to achieve with commer-
cial telecentric lenses. The improvement can be seen in Figure 5.34 when comparing the
imaging configuration 1 to imaging configuration 2.

Nevertheless, minor radial pincushion distortion was detected during the calibration pro-
cedure. This distortion was the result of a spherical lens being used instead of an aspherical

lens for the forward lens. The spherical lens was procured first for two reasons. One, the
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Figure 5.32: Simplified ray diagram with the telecentric apparatus made to mount to existing
3D traversing systems while position conventional camera setups coaxial to the 200 mm
planar convex lens

telecentric apparatus had not been proven as a working concept. Two, no off-the-shelf large
diameter (>100 mm) aspherical lens with a 400 mm EFL could be procured.

Two undistortion techniques were applied to the calibration image. Both require a set of
object points, detect image points based on the supplied inputs, and calculation non-linear
mapping functions to undistort or reconstruct the original image. The first method utilized
the OpenCV library, developed by Bradski (2000), and its camera calibration workflow to
calculate distortion coefficients, intrinsic parameters of the imaging setup, and extrinsic pa-
rameters relative to a specific calibration image. The OpenCV developers suggest using
multiple calibration images at various camera / plate orientations, as seen in Figure 5.35.
However, a single image calibration was the only option for the telecentric apparatus, due to
the constant magnification eliminating the depth perception required to generate the optimal

multi-image calibration.
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Figure 5.34: Top-down view of the fuel bundle utilizing (left top) conventional lens and (left
bottom) conventional lens + plano-convex lens configurations. The pin shadow and parallax
are effectively minimized and image quality of the seeding particles in the subchannels is
greatly improved. right Background subtracted image ready for PIV processing.

To improve the single-image calibration, a 17x 19 object points checkerboard grid was
employed. Figure 5.36 presents the original distorted image and subsequent undistorted
image. The increased grid density allowed for a better mapping function and undistortion.
A better mapping function was determined using two criteria applied to the undistorted,
or reconstructed, image. The first criteria was to calculate the adjacent dot-to-dot spacing
distance and determine the standard deviation of the entire grid. The second criteria was to

calculate the R? value for the linear regression of each rod and column of the grid. Example

95



Figure 5.35: Example of the OpenCV multi-image camera calibration procedure.

scripts can be found in Appendix I. Results of the OpenCV single-image calibration are

presented in Table 5.10.

.
n
)
"
.v.
.
gj:
.

(a) Raw distorted image with corner detection  (b) Undistorted image with corner detection grid
grid overlay overlay

Figure 5.36: Original and undistorted images of a checkerboard pattern using camera param-
eters determined through OpenCV'’s single-image calibration process.

The second undistortion method utilized the geometric reconstruction built into the PRANA
SPIV package which uses the Willert (1997) method and includes additional angle calcula-
tions recommended by Scarano et al. (2005). The same two quantifying criteria were applied
to this method’s undistorted image output, as well. Table 5.10 contains a comparison of the

standard deviation of adjacent grid point distances and mean R? value for rows and columns
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of the grid for four images: (1) the raw calibration image without the spherical plano-convex
forward lens, (2) the raw radial pincushion distorted image, (3) the undistorted image us-
ing OpenCV radial distortion coefficients, (4) and the undistorted image using the PRANA
SPIV Willert and Scarano dewarping algorithms. The first image contains none of the ra-
dial distortion that was attempted to be eliminated by the two undistortion methods. Results
of the PRANA SPIV calibration are presented in Table 5.10. The PRANA SPIV Willert
and Scarano dewarping best achieves the raw undistorted grid. Therefore, this method was

selected to reconstruct the images of Transverse Plane 1.

Figure 5.37: Original, OpenCV undistorted, and Willert dewarped images of an LA Vision
calibration target.

Table 5.10: Summary of undistortion results achieved using OpenCV and PRANA Willert
methods relative to the conventional lens setup (minimal radial distortion) and the telecentric
lens setup (with radial distortion).

Image Std. Dev. (pixel) R?

Imaging Configuration 1 0.9 0.996
Imaging Configuration 2 4.7 0.764
Config 1 + OpenCV Undistort 2.1 0.970
Config 1 + Willert Dewarp 1.2 0.989
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5.2.1.3 Transverse Imaging Configuration 3 (Telecentric Lens)

Imaging configuration 3 initially started as replacing the spherical plano-convex forward
lens with an identical aspherical design. However, this product could not be procured in a
reasonable time frame (100 days) and would have cost approximately $2000 - $2500. Con-
sidering the expense of the single aspherical lens, the commercial telecentric products were
not far off. Therefore, Imaging configuration 3 involved replacing the spherical plano-convex
forward lens with a commercial telecentric product. The Edmund Optics TECHSPEC Ti-
tanTL model 34-012 was selected due to its off-the-shelf availability. The lens had an FOV
of 146 mm horizontal, a working distance of 286 mm, and a depth of field of £73 mm.
Figure 5.38 presents the lens installation on the end of the telecentric apparatus.

The initial concern with the TitanTL model 34-012 was a lack of sufficient laser light
intensity for quality images. However, the Spectra-Physics Quanta Ray PIV-400 was suf-
ficient. The resulting images showed no measurable radial distortion compared to the raw
undistorted results of Table 5.10. One overlooked aspect of this configuration was the depth
of field and its implications for PIV. The extremely deep depth of field allows for reflected
light both upstream and downstream the laser sheet to be in focus and therefore part of the
measurement. This differs from configurations 1 and 2, where the depth of field is less than
the laser sheet thickness.

In conclusion, this commercial product was not applicable for PIV. Therefore, a custom-
built apsherical plano-convex forward lens is currently being constructed for the telecentric
apparatus. A 200 mm diameter lens was not practical for many lens manufacturers. There-
fore, a 140 mm diameter lens was selected. Results taken with it will be compared to the
results produced using the spherical forward lens of imaging configuration 2. However, that

comparison is not part of the scope of this dissertation.
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Figure 5.38: Edmund Optics TECHSPEC TitanTL model 34-012 mounted to the telecentric
apparatus

5.2.1.4 Imaging Settings

Imaging configuration 2 was used to produce the following results. The monochromatic
collimated light source was generated using a Spectra-Physics Quanta Ray PIV-400 dual
head pulsed laser with 300 mJ per pulse per head output at 532 nm. Beam combination
optics included a focusable collimator, 15 mm cylindrical plano-concave lens, and 25 mm
cylindrical plano-convex lens. The resulting laser sheet had a thickness of 2 mm. An Imperx

Bobcat M3340 captured the laser light with a resolution of 3312 x 2488 and bit depth of
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12. It was paired to a 50 mm Zeiss Makro-Planarf/2 ZF lens with the aperture set to /4.
The intra-frame time delay, At, was set to 332 us to meet the average desired particle image
displacement of 4 pixels while ensuring the out-of-plane displacement remained less than
25% of the 2 mm thickness of the laser sheet. Pairs of images were collected at a frequency
of 6 Hz. The calibration scale for this measurement was equal to 0.039 mm/pixel. The

vector spacing for this measurement was equal to 0.157 mm /vector.
5.2.1.5 PIV Processing Settings

PIV images were processing using the PRANA code introduced in Section 4.3.4. Table

5.11 contains the PIV processing parameters for Transverse Plane 1.

Table 5.11: PIV processing settings for PIV Transverse Plane 1

Parameter Pass 1 Pass 2 Pass 3
Multigrid method Bi-cubic Bi-cubic Bi-cubic
Searching window size (pix) 64 x 64 32 x 32 32 x 32
Interrogation window size (pix) 32 x 32 pixels 16 x 16 16 x 16
Interrogation window overlap ~ 50% 50% 75%

Grid buffer 8 x 8 8 x 8 8 x 8
Correlation type RPC RPC RPC

Subpixel peak location 3 Pt. Gaussian 3 Pt. Gaussian 3 Pt. Gaussian
Vector Validation UOD median  UOD median  UOD median

5.2.1.6  Vector Replacement and Residual Convergence of Datasets

This section included the discussion regarding UOD vector validation results and residual
convergence of first and second order flow statistics for Reg = 13,500 only. As can be
seen in Figure 5.39a, an approximate four vector thickness of high replacement occurs at
the FOV edge and near the pin and wire solid surfaces. These regions are not compared
when performing CFD comparisons. The values have been incorrectly modified by the UOD

process, where the edge-most vectors had an insufficient number of neighbors to perform an
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acceptable nearest neighbor median comparison. This is also typical when near the edge of
any solid structures, such as the hexagonal duct wall, pin, or helical wire spacer.

A 40% replacement threshold from the UOD vector validation was chosen as delineate
between easier and more difficult regions for the PIV cross-correlation. Figure 5.39b high-

lights each vector location with a replacement frequency greater than 40%.

Validation Replacement Frequency
/ \ / A\ \

o \QK\JC} S o-
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X coordlnate (mm) 0.

Y coordinate (mm)
Y coordinate (mm)

500

500 1000 1500 2000 2500 3000
X coordinate (mm) 0.

(a) Replacement frequency heatmap from UOD

T (b) Highlighting specific vectors above the 40%
vector validation checks

of frames replacement threshold

Figure 5.39: Vector validation checks

For all analyzed statistical quantities, the residual convergence of the absolute relative
difference was calculated comparing various subsets of the total image set. A total of 40 sub-
sets were generated by randomly selecting instantaneous velocity vector fields from 5% of
the total dataset and increasing logarithmically until the total dataset was selected. Presented
in Figure 5.40 are the residual convergence plots for five first and second order statistical
quantities of interest for the exterior, corner, and central interior subchannel types. Absolute

relative differences were averaged over lines spanning each subchannel.
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5.2.1.7 Results at Reynolds Number = 13,500

Experimental results are presented on a transverse plane perpendicular to the axial flow
of the fuel bundle at Rep = 13,500. This Reynolds number corresponds to the turbulent
flow regime. These results were generated using imaging configuration 2. Experimental

conditions for this measurement are defined in Table 5.12.

Table 5.12: Experimental conditions for the Transverse Plane 1 measurement

Variable Value Uncertainty Unit
Temperature 19.3 0.6 °C
Viscosity 840 50 uPas
Density 857.3 3.8 kgm™3
Flow rate 838 16 L min~!
Bulk velocity 1.739  0.04 ms~!
Rep 13,500 240 N/A
Intra-frame time delay 332 N/A us

The direction of the wire wrap is clockwise (CW) when viewed from the top-down per-
spective. The wire position of an upstream plane would be rotated CW from the present wire
position. The wire position of a downstream plane would be rotated CCW from the present
wire position. Two observed phenomena were a bulk swirl around the bundle and a local
swirl around each pin. Each statistical quantity will be discussed in the following order:

corner subchannel behavior, exterior subchannel behavior, and interior subchannel behavior.
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Figure 5.41 presents the ensemble-averaged and RMS fluctuating components of velocity
in both the X- and Y-direction. For , the corner subchannels contain very little motion. The
exterior subchannels are not restricted by the helical wire spacer and therefore present a flow
path for the bulk swirl. However, slight expansions and restrictions occur as the distance
between the pins and hexagonal duct wall change. These restrictions assist in generating
four high shear regions. Also, negative gradients of & exist for both periphery-to-center and
left-to-right flow paths, with the latter highlighting the propensity of fluid flow toward the
bundle periphery. For v, the corner subchannels contain very little motion. The exterior
subchannels also highlight the four high shear regions. Again, a negative gradient exists for
the periphery-to-center flow paths. However, a positive gradient highlighting the bulk swirl

! and v’

rms ™ms?>

encountering the right hexagonal duct wall and reorienting as required. For u
field values are nearly identical for both components. Fluctuations are largest in the four high
shear regions and also at 10:30 relative to each pin. These fluctuations occur approximately

120° CCW of the wire spacer. Each fluctuating region has a unique shape.
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Figure 5.40: PIV Transverse Plane 1 residual convergence in the exterior, corner, and central
interior subchannels.
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Figure 5.42: PIV Transverse Plane 1 ensemble-averaged single component z-vorticity for
Rep =13,500.

Figures 5.43 and 5.44 present vertical and horizontal profiles through the center of the
22 subchannels. Most subchannel behavior exists within a band of 50% the mean value
for both w and v. However, subchannels 1-8 deviate significantly from this band. These
eight subchannels represent the exterior two rows of the 61-pin, 5 row, bundle. Their unique
behavior supports the conclusions of Brockmeyer et al. (2017), where a 37-pin, 4 row, bundle
or larger is necessary to mitigate the exterior subchannel wall effects on the bundle central
subchannel.

Figures 5.45, 5.46, and 5.47 are included to display the magnitude of the ensemble-

averaged vector fields for the exterior, corner, and central subchannel types.
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5.2.2 SPIV Transverse Plane 2(2D3C)

SPIV Transverse Plane 2 is another measurement plane perpendicular to the axial flow
using 2D3C SPIV. The 2D3C SPIV technique does not require a top-down viewpoint normal
to the fuel bundle cross section. Instead, it utilized the configuration of Figure 5.48. The
measurement region FOV is smaller than Transverse Plane 1, but capturing the third velocity
component provided significantly more information and analytical paths. However, due to
imaging hardware limitations, the maximum Rep achieved with this technique was 6,300.

The results of this measurement effort can be found in the works of Nguyen et al. (2018).

Fuel bundle | ‘

TR-SpIy 'eStSCCton \ — " Laser
cameras [1]-]2] k; T Il / sheet
> Flow

1 direction

Traverse
systems

Figure 5.48: Imaging setup for the SPIV 2D3C Transverse Plane 2 measurement containing
test section, laser, camera, and traverse systems
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6. CONCLUSIONS

The primary objective of this research was to produce experimental velocity field data
on a 61-pin wire-wrapped hexagonal fuel bundle such that commercial SFR core design and
CFD turbulence model validation may be performed. The primary phenomena of interest
are the bulk swirl, local swirl, subchannel mixing, and bypass flow. Flow statistics such
as ensemble-averaged velocity, RMS fluctuating velocity, Reynolds stresses, and Z-vorticity
were presented. Contours of these statistical quantities were utilized to understand the flow
behavior in the corner, exterior, and interior subchannels. Of interest was the flow behavior
around the restriction caused by the wire spacer and hexagonal duct wall.

The methodology to meet the primary objective was the utilization of a MIR experimen-
tal flow facility with laser-based optical measurement techniques such as 2D2C PIV/PTV
and 2D3C SPIV. A total of 9 different measurement locations at various bundle-averaged
Reynolds numbers have been investigated to generate a total of 50 unique datasets. The
small subset of that data, specifically PIV Vertical Plane 1, PIV Vertical Plane 2, PIV Verti-
cal Plane 6, and PIV Transverse Plane 1 were discussed in this dissertation.

The scientific value of this work is twofold. It benefits the grand effort of CFD turbulence
modeling validation by providing new high spatiotemporal resolution experimental data for
which benchmark activities may be performed. It also furthers the research and development
of LMFBR core thermal hydraulics to progress the U.S DOE’s advanced reactor development

agenda.
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APPENDIX B

EXTERIOR SUBCHANNEL TEST SUMMARY

This appendix summarizes the conditions of the experimental test PCM-11-E, and pro-
vides instructions for reading the associated pressure and velocity data produced by the ex-
perimental test. This test summary was produced as part of the work under Project DE-

NEO0008321.
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®

1.0 INTRODUCTION AND SCOPE

This test summary provides information about the experimental setup, boundary conditions, and data sets
for the experimental test PCM-1| performed on June 27, 2016. The experimental setup describes the
data acquisition, temperature, flow rate, pressure, and imaging hardware utilized to collect data. The
boundary conditions are the fluid temperature, centrifugal pump rotational frequency, and volumetric flow
rate during the experimental test. The data sets contain the instantaneous and time-averaged flow rate,
pressure (axial and azimuthal), and velocity measurements, along with the particle image velocimetry (PIV)
statistical analysis.

2.0 TEST DESCRIPTION

An isothermal experimental flow test was conducted utilizing the 61-pin Hexagonal Wire-Wrapped Flow
Facility. The test was performed to generate high spatial and temporal resolution data sets of the velocity
in a vertical plane and wall pressures through the fuel bundle. The working fluid in the experimental test
was p-Cymene. The bundle utilized in this test was the Second Non-Deformed Bundle, with geometric
parameters defined in [I]. The measurement process was repeated three times, generating three sets of
data. Each set contains time-synchronized PIV and gauge pressure measurements, along with a unique set
differential pressure measurements that were not time-synchronized. Both of the PIV and gauge pressure
measurements can be averaged over all three sets. The differential pressure measurements in each set
correspond to a unique lineup as described in Section 3.3. The measurement length and frequency of each
set is provided in section 3.0.

2.1 Experimental Setup

The experimental facility contains two loops. Figure | displays a computer-aided design (CAD) model of
the experimental facility. The primary loop performs the experimental function. The primary loop includes
the following components:

e The hexagonal test section containing the 61-pin wire-wrapped experimental fuel bundle

e The primary tank is used as storage between experiments and as an inline surge volume. The
primary pump and associated variable frequency drive (VFD) to control the flow rate in the test
section

e Aninline turbine flow meter

e A resistance temperature detector (RTD)

¢ Nine pressure transducers and two differential pressure transducers

The secondary loop performs volume control, temperature control, and filtration. The secondary loop
contains the following components:

e The secondary tank
e The secondary pump and associated VFD
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e A heat exchanger supplied with chilled water to control the primary loop temperature
e Afiltration system

The test section can be divided into three distinct sections can be identified in the test bundle:

e The lower (inlet) plenum located at the bottom of the bundle
e The central section (test section) where the flow measurements will be conducted
e The upper (outlet) plenum located at the top of the bundle.

T

I
|
|

|
I

Figure |. CAD rendering of the experimental facility

2.1.1 Data Acquisition Hardware

The data acquisition hardware consisted of equipment manufactured by National Instruments. The chassis

used was a 4-slot model SCXI-1000. The input cards were 32-channel analog input modules, with model
numbers of SCXI-1100 and SCXI-1102.
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2.1.2 Temperature Hardware

An RDF Corporation resistance temperature device (RTD) was utilized to measure the temperature of
the p-Cymene during the experiment. The accuracy of the device is £0.3°C at 0°C with an operating range
of -196 °C to 480°C.

2.1.3 Flow Rate Hardware

A Sponsler in-line precision turbine flowmeter was utilized to measure the volumetric flow rate of the
working fluid. The Sponsler flowmeter used was a SP3-MB-PHL-D-4X. The uncertainty of the flowmeter
analog output is 0.025% of full scale at 20 °C. The full scale reading is 600 gallons per minute (GPM). A
Sponsler 1T400 totalizer recorded the analog output from the flowmeter with a digital uncertainty of 1|
GPM.

2.1.4 Pressure Hardware

High accuracy pressure transducers were utilized to measure the wall pressure on Face F at various axial
locations. Specifications can be found in Table I.

Table I. Pressure hardware used in the experimental test

Positi.o.n In Model Number Device Description Accuracy
Facility

OF PX309-030G5V 30 psi Gauge Pressure < 4% FS
IF PX309-030G5V 30 psi Gauge Pressure < 4%FS
2F PX419-030G5V 30 psi Gauge Pressure <0.1% FS
3F PX419-030G5V 30 psi Gauge Pressure <0.1%FS
4F PX419-030G5V 30 psi Gauge Pressure <0.1% FS
5F MMGO|5V5PI DOT4A6CEPS I5 psi Gauge Pressure <0.1% F.S
6F PX419-030G5V 30 psi Gauge Pressure <0.1% FS
7F MMGO|5V5P I DOT4A6CEPS 15 psi Gauge Pressure <0.1% F.S
8A PX309-015G5V 15 psi Gauge Pressure < 1% FS

5 D/E/FIA P55D-4-N-20-S-5-A 5 inch H,O Differential Pressure | < 4.28% FS

6 D/E/FIA MMDWBI0WBIV5P2D0T2A2CE | 10 inch H,O Differential Pressure | < 0.1% FS

2.1.5 Imaging Hardware

The PIV system consisted of a |0 W continuous laser at a wavelength of 527 nm and two digital CMOS
Phantom M310 cameras. The laser beam was adjusted by beam combination optics to form a 1.5 mm thick
laser sheet for the PIV measurements. The laser position was adjusted with three motorized linear
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translation stages. The high-speed Phantom M310 cameras have a full resolution of 1280 x 800 pixels, a
pixel size of 20 x 20 pm? and 12-bit depth image capturing. Seeding particles were silver-coated hollow
glass spheres with a mean diameter of 16 ym and a density of 1.6 g cm-3.

2.2 Pressure Measurement Location

The locations of the pressure measurements are defined in [1].

2.3  Velocity Measurement Location

The location of velocity measurements was in the set of exterior subchannels near the wall of Face F,
Figure 2. The vertical laser sheet used to illuminate particles for the PIV measurements is represented by
the green line (a) (data will be on the plane x-y). The PIV measurement window for each camera is
represented by the green rectangles (b). An X-Y coordinate system was assigned to represent horizontal
and vertical directions in the laser sheet. The origin of the X-Y coordinate system is shown in Figure 2.
The origin is selected as follow:

= x =0 at the midpoint of face F (inner side)
= y =0 at centerline of PT#5 (corresponding to the axial location of 2.25 pitches, as defined in [, 2])
=z =0 at face F (inner side)

The positive direction of each axis is also shown in Figure 2.

The minimum and maximum X-Y coordinates of the visualization region are Xmin = -35.50 mm, Xmax =
40.35 mm, Ymin = 107.70 mm, and Ymax = 229.18 mm. The x-y plane is located at a z = -1.88 mm.
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Camera (2)

aser sheet 1

Prism PTS

it

Figure 2. (a) Top view of the fuel bundle denoting the laser and camera positions. (b) Side view of the PIV
measurement windows for Camera | and 2.

2.3.1 Laser Alignment

A three-dimensional traversing system was utilized to perform fine spatial adjustments of the laser sheet
within the test section. The laser alignment process started by adjusting the base of the laser until the
laser sheet was parallel with the inner surface of the wall forming Face F. A parallel orientation was
confirmed by visual inspection. The relative intensity of the laser sheet in the two corners of Face F was
monitored until equal. Next, the laser sheet was laterally traversed until it intersected the exterior row
of rods. Again, by visual inspection, the laser sheet was confirmed to simultaneous intersect each rod in
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the plane parallel to face F. The laser sheet had a thickness of 1.5 mm +0.5mm!. The distance of the laser
sheet from the tangent to the exterior rods was .88 mm +£0.5mm?2.

2.4 Boundary Conditions

This section describes the environmental conditions that existed during the experimental test. The
quantities of interest were the fluid temperature, the pump frequency, the volumetric flow rate, and the
Reynolds number.

2.4.1 Temperature

The temperature was monitored near the pump outlet using a resistance thermometer detector (RTD).
The RTD had an uncertainty of + 0.3 °C. Table 2 contains the temperature of the working fluid measured
at the beginning of each data set.

Table 2. Working fluid temperature measured at the beginning of each run

Fluid Temp (°C)
Set | 233+03
Set 2 23.7+03
Set 3 242 +0.3

242 Pump

The centrifugal pump driving the working fluid was operated at a frequency of 51.5 Hz for all three data
sets. The frequency was controlled by a variable frequency drive (VFD)

2.4.3 Volumetric Flow Rate

The average volumetric flow rate for the three sets recorded by the flowmeter for each data set is
presented in Table 3. This average is the arithmetic average of the data points recorded during each set.
More information is provided in Appendix .

" The thickness of the laser sheet was estimated by measuring the thickness of the projected laser sheet on a flat
surface using a ruler of 0.5 mm precision.

2 Error in the laser sheet location is based on the precision of the ruler used to identify the laser sheet position on
the traversing system
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Table 3. Averaged volumetric flow rate of each run

Flow Rate (gal min-')
Set | 300.06 + 1.3
Set 2 300.15+ 1.3
Set 3 30037 + 1.3

2.4.4 Reynolds Number

The bundle-averaged Reynolds number for each set was calculated and shown in Table 4. The bundle-
averaged Reynolds number was calculated based on the bulk velocity, along with the as-built bundle
hydraulic diameter. The pin diameter, wire diameter, and flat-to-flat dimensions used in the hydraulic
diameter calculation are the average values from the 6l-rod, 6l-wire, and 3 enclosure FTF
characterizations provided in [I]. The bulk velocity was defined by the averaged volumetric flow rate.
Appendix Il shows the equations used to calculate the as-built flow area, hydraulic diameter, and wetted

perimeter.

The bundle averaged Re number was calculated from Equation |. Temperature-dependent density and
viscosity values of the fluid were linearly interpolated based on the measured temperature of each set,
Section 2.4.1 [3]. These values are presented in Table 4.

R =PUmDH 1
e = 2inli @

Table 4. Bundle-averaged Reynolds number

Fluid Density Bulk Hydraulic Dynamic Reynolds
Temperature Velocity Diameter Viscosity Number
¢S (kgm?) | (ms) (m) (Pa sec)
Set | 23.3 854.58 2.358 7.728 E-3 8.094 E-4 19,239
Set 2 23.7 854.18 2.359 7.728 E-3 8.040 E-4 19,362
Set 3 24.2 853.86 2.360 7.728 E-3 7.999 E-4 19,471
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3.0 DATASETS

This section provides information on the contents of the data files and instruction on how to read them.

Three data sets were generated for this experimental test. Each set contains associated flow rate,
pressure, and velocity files. Further description of each subset is provided in Sections 3.2, 3.3, and 3.4,

respectively. A list of electronic attachments is included in Section 3.1

Table 5 defines the measurement duration and sampling frequency of each measurement in the following

data sets.
Table 5. Measurement duration and sampling frequency for each data set
PIV Gauge Pressure Differential Pressure
Measurement | Sampling | Measurement | Sampling Measurement | Sampling
Duration Frequency Duration Frequency Duration Frequency
(sec) (Hz) (sec) (Hz) (sec) (Hz)
Setl F-E ~3 2800 5.36 2800 9.90 1000
Set2 F-D ~3 2800 5.99 2800 10 1000
Set3 F-A ~3 2800 4.67 2800 10 1000
3.1 List of Electronic Attachments

The following files are submitted as electronic attachments. The files are archived into a .zip file named
REV2-TAMU-WW-TEST-PCM-| |-E-DATA zip. The file is uploaded into the TerraPower ftp server under

the folder DOE Grant | 1 63/TAMU/IPCM-1 |-E.

The file contains the following data (time stamp is reported next to the file name).

Volumetric Flow Rate Data

REV2-TAMU-WW-TEST-PCM- | | -E-FLOWRATE-SET l.csv 12/12/2016 10:05AM
REV2-TAMU-WW-TEST-PCM- 1 | -E-FLOWRATE-SET2.csv 12/12/2016 10:06AM
REV2-TAMU-WW-TEST-PCM-| |-E-FLOWRATE-SET3.csv 12/12/2016 10:07AM

REV2-TAMU-WW-TEST-PCM-1 | -E-FLOWRATE-AVERAGE.csv

Pressure Data

12/12/2016 10:04AM

REV2-TAMU-WW-TEST-PCM-1 |-E-PRESSURE-SET |-F-E.csv 11/21/2016 2:15PM
REV2-TAMU-WW-TEST-PCM-1 | -E-PRESSURE-SET2-F-D.csv 11/21/2016 2:16PM
11/21/2016 2:14PM

REV2-TAMU-WW-TEST-PCM-1 | -E-PRESSURE-SET 3-F-A.csv
REV2-TAMU-WW-TEST-PCM-1 | -E-PRESSURE-AVERAGE.csv
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Velocity (PIV) Data

REV2-TAMU-WW-TEST-PCM-1 |-E_Inst_Vel-SET | zip (all files with time stamp 12/07/2016 5:16PM to
10:39PM)

REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_Mean-SET |.dat 12/11/2016 2:59PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_RMS-SET |.dat 12/11/2016 2:59PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_UV-SET |.dat 12/11/2016 2:59PM

REV2-TAMU-WW-TEST-PCM-1 |-E_Inst_Vel-SET2.zip (all files with time stamp 12/07/2016 5:17PM to
10:42PM)

REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_Mean-SET2.dat 12/11/2016 3:46PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_ RMS-SET2.dat 12/11/2016 3:46PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_ UV-SET2.dat 12/11/2016 3:46PM

REV2-TAMU-WW-TEST-PCM-1 |-E_Inst_Vel-SET3.zip (all files with time stamp 12/07/2016 5:18PM to
10:44PM)

REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_Mean-SET3.dat 12/11/2016 3:49PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_ RMS-SET3.dat 12/11/2016 3:49PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_UV-SET3.dat 12/11/2016 3:49PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_Mean-combined.dat 12/11/2016 4:00PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_ RMS-combined.dat 12/11/2016 4:00PM
REV2-TAMU-WW-TEST-PCM-1 |-E_Vel_Stats_UV-combined.dat 12/11/2016 4:00PM

3.2 Volumetric Flow Rate Data

Three files are provided containing the instantaneous volumetric flow rate for each set:
REV2-TAMU-WW.-TEST-PCM- 1 |-E-FLOWRATE-SET | .csv
REV2-TAMU-WW.-TEST-PCM- | |-E-FLOWRATE-SET2.csv
REV2-TAMU-WW-TEST-PCM- | |-E-FLOWRATE-SET3.csv

A summary file is included, which contains the arithmetic average, standard deviation, and k-factor
conversion for each set.

REV2-TAMU-WW-TEST-PCM-1 | -E-FLOWRATE-AVERAGE xIsx

The summary file contains the calculation to convert the raw flow meter output (working fluid = water)
into the actual flow rate (working fluid = p-Cymene). More information on data conversion is provided in
Appendix Il.
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3.3 Pressure Data
Three files are provided containing the instantaneous pressures for each set:

REV2-TAMU-WW-TEST-PCM-1 | -E-PRESSURE-SET I -F-E.csv
REV2-TAMU-WW-TEST-PCM-| |-E-PRESSURE-SET2-F-D.csv
REV2-TAMU-WW-TEST-PCM-1 | -E-PRESSURE-SET 3-F-A.csv

Each file contains a unique pair of letters at the end of the filename. This corresponds to the two faces
being measured by the azimuthal differential pressure (DP) transducers. Set | contains the DP data
between faces F and E. Set 2 contains the DP data between faces F and D. Set 3 contains the DP data
between faces F and A.

The pressure data from PTO — PT8 were recorded during the same time interval as the velocity
measurements using an electronic pulse to trigger the start of the data acquisition. The DP data was
recorded immediately after recording the data from PTO — PT8.

The signal output from the DP transducers was factory calibrated in inches of water. The provided files
contain the raw DP data in inches of water, along with a column containing the conversion into psi using
the following conversion factors from [4] in Equation 3.

2.4884x102 Pa ] [ 1 psi ]

Pressure (inch Water) = [ -
1 inch water at 60 °F] 16.894757x103 Pa

©)
A summary file is included, which contains the arithmetic average and standard deviation for each set.

REV2-TAMU-WW-TEST-PCM-1 | -E-PRESSURE-AVERAGE.xIsx

NOTE: PTS5, PT7, and PT8 were off-scale for this test, as the maximum reading of these transducers is 15
psig.

3.4 Velocity (PIV) Data: Instantaneous, Mean, rms, and Reynolds stress.

The velocity data provided represents a two dimensional array, but is presented in a one dimensional
vector. The vector field consists of |14 point on x-direction, and 178 points on y-direction. Notes on
calibration and error estimation are provided in Appendix lIl.

All data are stored in .dat format. These files contain multiple columns without headers.

Each set is identified in the file name (SET I, SETE2, SET3). File naming is consistent within the sets. As an
example, contain for SET| is described below:

REV2-TAMU-WW-TEST-PCM-11-E_Inst_Vel-SET | .zip:

This file contains 8308 .dat files of the instantaneous velocity. The structure of each file is described in
Table 5.
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Table 6. Instantaneous Velocity .dat File Structure

Column # | 2 3 4 5 6
Parameter X Y Z u v w
Unit mm mm mm m/s m/s m/s

REV2-TAMU-WW-TEST-PCM-1|-E_Vel_Stats_Mean-SET | .dat:

This file contains the time-averaged velocity for set |. The structure of the file is shown in Table 6.

Table 7. Mean Velocity .dat File Structure

Column # | 2 3 4 5 6
Parameter X Y Z u v w
Unit mm mm mm m/s m/s m/s

REV2-TAMU-WW-TEST-PCM-11-E_Vel_Stats_RMS-SET | .dat:

This file contains the root mean square (rms) fluctuating velocity. The file structure is described in Table
7.

Table 8. rms File Structure

Column # | 2 3 4 5 6
Parameter X Y A u'_rms vV_rms w’_rms
Unit mm mm mm m/s m/s m/s

REV2-TAMU-WW-TEST-PCM-1|-E_Vel_Stats_UV-SET | .dat

This file contains the Reynold Stress u'v’. The file structure is described in Table 8.

Table 9. Reynolds Stress File Structure

Column # | 2 3 4
Parameter X Y z uv
Unit mm mm mm m2 s-2

NOTE: in all .dat files, z is constant and equal to the laser sheet location (1.88 mm). The velocity
component along the z-direction and all related parameters are 0.

The .dat files marked as “combined” contain the same information and structure of the files described
above for set |. However, the statistical values are computed based on the total number of instantaneous
velocities (3 x 8308 = 24924).
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APPENDIX I: TURBINE FLOW METER CALIBRATION FOR P-CYMENE

Since the flow meter was originally calibrated with water as the working fluid, the data presented in the
output file is the flow rate of the fluid if it was water. Because the working fluid, p-Cymene, has a different
density and viscosity than water, it was required to generate a new calibration of the turbine flow meter
with p-Cymene as the working fluid.

This was achieved using an Omega FPT-6130 high accuracy pitot tube with an Omega high accuracy
differential pressure transducer. The Omega FPT-6130 high accuracy Pitot tube had an accuracy of < 1%
of the volumetric flow rate. Three different Omega differential pressure transducers were utilized, because
the range of DP measured by each transducer is small relative to the total span of DP required to fully
calibrate the turbine flow meter. Each Omega differential pressure transducer had the following maximum
pressure reading, associated accuracy, and flow meter frequency range in which each differential pressure
transducer was used, Table 109.

Table 10. Differential pressure transducers utilized in the p-Cymene k-factor calibration

Differential Maximum Accuracy Flow Meter
Pressure Pressure Frequency Range
Transducer (psi) (% Full Scale) (Hz)
Omega 0.36 <0.1%FS 0-100
MMDWBI0WBIV5P2D0T2A2CE
Omega 1.0 <0.1%FS 100-160
MMDWBO001BIV5P2D0T2A2CE
Omega 5.0 <0.1%FS 160-300
MMDWBO005BIV5P2D0T2A3CE

The rate meter determined the volumetric flow rate by multiplying the turbine rotational frequency by a
multiplication factor, the factory calibrated k-factor. A new p-Cymene k-factor was calculated from the
pitot flow, turbine meter output, and the factory k-factor. Presented in Figure 3 is a plot of the p-Cymene
k-factor as a function of turbine flow meter frequency. The factory calibrated k-factor for water was
43.2411. The p-Cymene volumetric flow rate is calculated by Equation 4.

Flow Rate,, = Indicated Flow Rate (’;{H—Zo) 4

pey
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Figure 3. p-Cymene k-factor plotted versus the turbine flow meter rotational frequency
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APPENDIX Il: BUNDLE GEOMETRY CALCULATION

From [5], the following expressions describe the variables used in the bundle geometry calculation. The
subscripts one, two, and three correspond to the interior, wall, and corner sub channels respectively. P
is the rod pitch, D is the pin diameter, D,, ;.. is the wire spacer diameter, D}, is the hydraulic diameter, W
is the edge pitch, N; is the number of each sub channel, and H is the wire spacer lead or axial distance
required for the spacer to complete one revolution around the pin. D, D,,;e, and Ware from the rod,
wire and flat-to-flat characterization performed in [I]. The cosine term takes into account the elliptical
projected area of the wire due to it not being parallel to the flow.

Parameter Value Unit
N, 96 n/a
N> 24 n/a
N3 6 n/a
P 1.8878 E-2 m
D 1.5880 E-2 m
Duire 3.0000 E-3 m
w 1.9548 E-2 m
FTFenciosure 1.5400 E-1 m
FTFoundie 1.5266 E-I m
A 5.1747 E-5 m?
A, 1.1661 E-4 m?
A; 43637 E-5 m?
A Bundle 8.0281 E-3 m?
Pwet,| 2.9688 E-2 m
Pwet2 4.8564 E-2 m
Pwet,3 23302 E-2 m
Pwet.bundle 4 I 554 m
H 47625 E-1 m
W =D+ Gyau

Gwan = FTFenciosure = FTFpunate

8PV3
FTFpunate = T + D+ 2Dype

A1 _ <\/§> PZ _ TIDZ TTD‘f/ire

4 8 8 cos(6)
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A _( D)P nD?  mDZ,.,
2= 8 8 cos(6)

DA2
(W ~ 7) ”Dz 7-L-D\f/ire
3 24 24cos(6)

Apundate = N1A; + N2Ap + N34

nD TDyire

P =
wetl = 5 + 2 cos(6)

nD TDyire
P, =P+—+——=
wet,2 Tty cos(6)

D
p =E+2(W_7)+”Dwire
wet3 ™ ¢ V3 6 cos(0)

Pyet,pundie = N1Pwet1 + NaPyer2 + NaPyer s

Dh — 4 ABundle
Pwet,Bundle
H
cos(0) =
JHZ +(n(D + D))
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APPENDIX Ill: NOTES ON PIV SYSTEM CALIBRATION AND ERROR
ESTIMATION

The system was calibrated using LaVision ® calibration plates. The methodology adopted followed the
guidelines published and described in [A-llI-1].

The software used for the PIV imaging post-processing is the PRANA code developed by Virginia Tech.
Performance and uncertainty of the PRANA RPC algorithm have been previously accessed (A-lll-2, A-lll-
3, A-lll-4, and A-lII-5).

The analysis described in this report analysis was limited to estimate the overall uncertainty in the PIV
velocity measurements. This was estimated to be approximately 0.1 pixels which yields to an uncertainty
of less than 3% of the mean axial velocity.

[A-1lI-1]. Wieneke, B. “Stereo-PIV using self-calibration on particle images”. Experiments in Fluids (2005)
39: 267-280 DOI 10.1007/s00348-005-0962-z

[A-11I-2]. Timmins, B. H., Wilson, B. W., Smith, B. L. and Vlachos, P. P. ,“A method for automatic
estimation of instantaneous local uncertainty in particle image velocimetry measurements”.
Experiments in Fluids 53(4): 1133—1147.

[A-111-3]. Wilson, B. M. and Smith, B. L., “Uncertainty on PIV mean and Fluctuating velocity due to Bias
and Random Errors”, Measurement Science and Technology 24(3): 035302.

[A-111-4]. Charonko, J. ). and Vlachos, P. P.,”Estimation of Uncertainty Bounds for Individual Particle

Image Velocimetry Measurements from Cross-Correlation Peak Ratio”. Measurement Science
and Technology 24(6): 065301.

[A-11I-5]. Boomsma, A., Bhattacharya, S., Troolin, D., Pothos, S. and Vlachos, P., “A Comparative
Experimental Evaluation of Uncertainty Estimation Methods for Two-Component PIV”.
Measurement Science and Technology 27(9): 094006.
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APPENDIX C

INTERIOR SUBCHANNEL TEST SUMMARY

This appendix summarizes the conditions of the experimental test PCM-14-INT1, and
provides instructions for reading the associated flowrate and velocity data produced by the
experimental test. This test summary was produced as part of the work under Project DE-

NEO0008321.
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Acronyms and Definitions

Acronym Definition

TAMU The Texas A&M University
CAD computer-aided-design

CFD computational fluid dynamics
DP differential pressure

FS full scale

FTF flat-to-flat

GPM gallon per minute

PTV particle tracking velocimetry
RMS root-mean-square

RTD resistance thermometer detector
VFD variable frequency drive
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1.0 INTRODUCTION AND SCOPE

This test summary provides information about the experimental setup, boundary conditions, and data sets
for the experimental test PCM-14-INT| performed on August 2nd, 2016. The experimental setup
describes the data acquisition, temperature, flow rate, and imaging hardware utilized to collect data. The
boundary conditions are the fluid temperature, centrifugal pump rotational frequency, and volumetric flow
rate during the experimental test. The data sets contain the instantaneous and time-averaged flow rate,
instantaneous velocity measurements, along with the particle tracking velocimetry (PTV) statistical
analysis.

2.0 TEST DESCRIPTION

An isothermal experimental flow test was conducted utilizing the 61-pin Hexagonal Wire-Wrapped Flow
Facility. The test was performed to generate high spatial and temporal resolution data sets of the velocity
in a vertical plane. Pressure measurements were not recorded during this test. The working fluid in the
experimental test was p-Cymene. The bundle utilized in this test was the Second Non-Deformed Bundle,
with geometric parameters defined in [1]. The measurement process was repeated three times, generating
three sets of flowrate and velocity data. The PTV measurements can be averaged over all three sets. The
measurement length and frequency of each set is provided in section 3.0.

2.1 Experimental Setup

The experimental facility contains two loops. Figure | displays a computer-aided design (CAD) model of
the experimental facility. The primary loop performs the experimental function. The primary loop includes
the following components:

e The hexagonal test section containing the 6 |-pin wire-wrapped experimental fuel bundle

e The primary tank is used as storage between experiments and as an inline surge volume. The
primary pump and associated variable frequency drive (VFD) to control the flow rate in the test
section

e Aninline turbine flow meter

e A resistance temperature detector (RTD)

e Nine pressure transducers and two differential pressure transducers

The secondary loop performs volume control, temperature control, and filtration. The secondary loop
contains the following components:

The secondary tank

The secondary pump and associated VFD

A heat exchanger supplied with chilled water to control the primary loop temperature
A filtration system

The test section can be divided into three distinct sections can be identified in the test bundle:
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e The lower (inlet) plenum located at the bottom of the bundle

e The central section (test section) where the flow measurements will be conducted

e The upper (outlet) plenum located at the top of the bundle.

Figure |. CAD rendering of the experimental facility

2.1.1 Data Acquisition Hardware

The data acquisition hardware consisted of equipment manufactured by National Instruments. The chassis
used was a 4-slot model SCXI-1000. The input cards were 32-channel analog input modules, with model
numbers of SCXI-1100 and SCXI-1102.

2.1.2 Temperature Hardware

An RDF Corporation resistance temperature device (RTD) was utilized to measure the temperature of
the p-Cymene during the experiment. The accuracy of the device is £0.3°C at 0°C with an operating range
of -196 °C to 480°C.
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2.1.3 Flow Rate Hardware

A Sponsler in-line precision turbine flowmeter was utilized to measure the volumetric flow rate of the
working fluid. The Sponsler flowmeter used was a SP3-MB-PHL-D-4X. The uncertainty of the flowmeter
analog output is 0.025% of full scale at 20 °C. The full scale reading is 600 gallons per minute (GPM). A
Sponsler IT400 totalizer recorded the analog output from the flowmeter with a digital uncertainty of %I
GPM.

2.1.4 Imaging Hardware

The PTV system consisted of a 10 W continuous laser at a wavelength of 527 nm and two digital CMOS
Phantom M3 10 cameras. The laser beam was adjusted by beam combination optics to form a .5 mm thick
laser sheet for the PTV measurements. The laser position was adjusted with three motorized linear
translation stages. The high-speed Phantom M310 cameras have a full resolution of 1280 x 800 pixels, a
pixel size of 20 x 20 pm? and 12-bit depth image capturing. Seeding particles were silver-coated hollow
glass spheres with a mean diameter of 16 um and a density of 1.6 g cm-3.

2.2  Velocity Measurement Location

The location of velocity measurements was in the set of interior subchannels formed by the row of pins
nearest to Face F, Figure 2. The vertical laser sheet used to illuminate particles for the PTV measurements
is represented by the green line (a). The PTV measurement window for each camera is represented by
the green rectangles (b). An X-Y coordinate system was assigned to represent horizontal and vertical
directions in the laser sheet. The coordinate system is identical to the coordinate system used in [6]. The
origin of the coordinate system is shown in Figure 2. The origin is selected as follow:

= x =0 at the midpoint of face F (inner side)

= y =0 at centerline of PT#5 (corresponding to the axial location of 2.25 pitches, as defined in [, 2])
= z=0at face F (inner side)

Subchannel | (SCI)

Kmin = -29.7 mm, and Xmax = -26.7 mm.

Ymin= 25.7 mm, Yimax = 156.5 mm

Subchannel 2 (SC2)

Kmin = -10.8 mm, and Xmax = -7.8 mm.
Ymin= 25.7 mm, Ymax = 156.5 mm
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Subchannel 3 (SC3)
Kimin = 8.0 mm, and Xinax = 1 1.0 mm.
Ymin = 25.7 mm, Yax = 156.5 mm

Subchannel 4 (SC4)
Kinin = 26.9 mm, and Xpax = 29.9 mm.

Ymin = 25.7 mm, Ymax = 156.5 mm

The x-y plane is located ata z = -1 .69 mm.

@)
-0
29%
999
=

=

Figure 2. (a) Top view of the fuel bundle denoting the laser and camera positions. (b) Side view of the PTV
measurement windows for Camera | and 2.
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2.2.1 Laser Alignment

A three-dimensional traversing system was utilized to perform fine spatial adjustments of the laser sheet
within the test section. The laser alignment process started by adjusting the base of the laser until the
laser sheet was parallel with the inner surface of the wall forming Face F. A parallel orientation was
confirmed by visual inspection. The relative intensity of the laser sheet in the two corners of Face F was
monitored until equal. Next, the laser sheet was laterally traversed until it intersected the exterior row
of rods. Again, by visual inspection, the laser sheet was confirmed to simultaneous intersect each rod in
the plane parallel to face F. Finally, the laser sheet was traversed until equally bisecting rods of the first
row. The laser sheet had a thickness of |.5 mm +0.5mm!'.

2.3 Boundary Conditions

This section describes the environmental conditions that existed during the experimental test. The
quantities of interest were the fluid temperature, the pump frequency, the volumetric flow rate, and the
Reynolds number.

2.3.1 Temperature

The temperature was monitored near the pump outlet using a resistance thermometer detector (RTD).
The RTD had an uncertainty of + 0.3 °C. Table | contains the temperature of the working fluid measured
at the beginning of each data set.

Table |. Working fluid temperature measured at the beginning of each run

Fluid Temp (°C)
Set | 220+0.3
Set 2 224+03
Set 3 225+03

2.3.2 Pump

The centrifugal pump driving the working fluid was operated at a frequency of 51.5 Hz for all three data
sets. The frequency was controlled by a variable frequency drive (VFD)

' The thickness of the laser sheet was estimated by measuring the thickness of the projected laser sheet on a flat
surface using a ruler of 0.5 mm precision.
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2.3.3 Volumetric Flow Rate

The average volumetric flow rate for the three sets recorded by the flowmeter for each data set is
presented in Table 2. This average is the arithmetic average of the data points recorded during each set.
More information is provided in Appendix .

Table 2. Averaged volumetric flow rate of each run

Flow Rate (gal min-')
Set | 301.32 1.3
Set 2 301.07+ 1.3
Set 3 301.08 = 1.3

2.3.4 Reynolds Number

The bundle-averaged Reynolds number for each set was calculated and shown in Table 4. The bundle-
averaged Reynolds number was calculated based on the bulk velocity, along with the as-built bundle
hydraulic diameter. The pin diameter, wire diameter, and flat-to-flat dimensions used in the hydraulic
diameter calculation are the average values from the 6l-rod, 6l-wire, and 3 enclosure FTF
characterizations provided in [1]. The bulk velocity was defined by the averaged volumetric flow rate.
Appendix Il shows the equations used to calculate the as-built flow area, hydraulic diameter, and wetted
perimeter.

The bundle averaged Re number was calculated from Equation |. Temperature-dependent density and
viscosity values of the fluid were linearly interpolated based on the measured temperature of each set,
Section 2.3.1 [3]. These values are presented in Table 3.

_ pUmDy
Re = £m2u 1)

Table 3. Bundle-averaged Reynolds number

Fluid Density Bulk Hydraulic Dynamic Reynolds
Temperature Velocity Diameter Viscosity Number
Q) (kgm?) | (ms?) (m) (Pa sec)
Set | 22.0 855.63 2.368 7.728 E-3 8234 E-4 19,014
Set 2 224 855.31 2.366 7.728 E-3 8.191 E-4 19,091
Set 3 22.5 855.22 2.366 7.728 E-3 8.175 E-4 19,127
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3.0 DATASETS

This section provides information on the contents of the data files and instruction on how to read them.
Three data sets were generated for this experimental test. Each set contains associated flow rate and
velocity files. Further description of each subset is provided in Sections 3.2 and 3.3. A list of electronic
attachments is included in Section 3.1

Table 4 defines the measurement duration and sampling frequency of each measurement in the following
data sets.

Table 4. Measurement duration and sampling frequency for each data set

PTV
Measurement Sampling
Duration Frequency
(sec) (Hz)
Set | ~3 2800
Set 2 ~3 2800
Set 3 ~3 2800

3.1 List of Electronic Attachments

The following files are submitted as electronic attachments. The files are archived into a .zip file named
REVO-TAMU-WW-TEST-PCM-4-INT |-DATA zip. The file is uploaded into the TerraPower ftp server
under the folder DOE Grant | 163/TAMU/PCM-14-INT].

Volumetric Flow Rate Data
REVO-TAMU-WW-TEST-PCM-14-INT | -FLOWRATE-SET | .csv | 1/22/2016 2:54PM
REVO-TAMU-WW-TEST-PCM-14-INT |-FLOWRATE-SET2.csv | 1/22/2016 2:54PM
REVO-TAMU-WW-TEST-PCM-14-INT |-FLOWRATE-SET3.csv | 1/22/2016 2:54PM
REVO-TAMU-WW-TEST-PCM-14-INT |-FLOWRATE-AVERAGE.csv |1/22/2016 2:54PM
Velocity (PTV) Data
REVO-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats-Combined.dat 12/15/2016 3:53PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats-SET |.dat 12/15/2016 2:24PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats-SET2.dat 12/15/2016 2:32PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats-SET3.dat 12/15/2016 |:16PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats-Combined.dat 12/15/2016 3:59PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats-SET |.dat 12/15/2016 2:29PM
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REVO-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats-SET2.dat 12/15/2016 2:58PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats-SET3.dat 12/15/2016 3:03PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB3_Vel_Stats-Combined.dat 12/15/2016 4:15PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB3_Vel_Stats-SET |.dat 12/15/2016 3:03PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB3_Vel_Stats-SET2.dat 12/15/2016 3:11PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB3_Vel_Stats-SET3.dat 12/15/2016 3:19PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB4_Vel_Stats-Combined.dat 12/15/2016 4:15PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB4_Vel_Stats-SET |.dat 12/15/2016 3:20PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB4_Vel_Stats-SET2.dat 12/15/2016 3:47PM
REVO-TAMU-WW-TEST-PCM-16-C2_SUB4_Vel_Stats-SET3.dat 12/15/2016 3:51PM

3.2 Volumetric Flow Rate Data

Three files are provided containing the instantaneous volumetric flow rate for each set:
REVO-TAMU-WW-TEST-PCM-14-INT | -FLOWRATE-SET | .csv
REVO-TAMU-WW-TEST-PCM-14-INT | -FLOWRATE-SET2.csv
REVO-TAMU-WW-TEST-PCM-14-INT | -FLOWRATE-SET3.csv

A summary file is included, which contains the arithmetic average, standard deviation, and k-factor
conversion for each set.

REVO-TAMU-WW-TEST-PCM-14-INT | -FLOWRATE-AVERAGE xIsx

The summary file contains the calculation to convert the raw flow meter output (working fluid = water)
into the actual flow rate (working fluid = p-Cymene). More information on data conversion is provided in
Appendix Il.

3.3 Velocity (PTV) Data: Mean, rms, and Reynolds stress.

The velocity data provided represents a two dimensional array, but is presented in a one dimensional
vector. The vector field consists of 16 point on x-direction, and 328 points on y-direction. Notes on
calibration and error estimation are provided in Appendix lI.

All data are stored in .dat format. These files contain multiple columns without headers.

Each set is identified in the file name (SET I, SETE2, SET3). File naming is consistent within the sets. As an
example, content for SET| is described below:

REVO-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats-SET | .dat:

This file contains all velocity statistics for set | on sub-channel |. The structure of the file is shown in
Table 5.
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Table 5. Velocity Statistics .dat File Structure
Column # | 2 3 4 5 6 7 8 9 10
Parameter X Y V4 u v w u_rms | v_rms | w_rms | uv
Unit mm mm mm m/s m/s m/s m/s m/s m/s | m%/s’

NOTE: in all .dat files, z is constant and equal to the laser sheet location (-11.69 mm). The velocity
component along the z-direction and all related parameters are 0.

The .dat files marked as “combined” contain the same information and structure of the files described
above for set |. However, the statistical values are computed based on the total number of instantaneous

velocities (3 x 8308 = 24924).
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APPENDIX I: TURBINE FLOW METER CALIBRATION FOR P-CYMENE

Since the flow meter was originally calibrated with water as the working fluid, the data presented in the
output file is the flow rate of the fluid if it was water. Because the working fluid, p-Cymene, has a different
density and viscosity than water, it was required to generate a new calibration of the turbine flow meter
with p-Cymene as the working fluid.

This was achieved using an Omega FPT-6130 high accuracy pitot tube with an Omega high accuracy
differential pressure transducer. The Omega FPT-6130 high accuracy Pitot tube had an accuracy of < 1%
of the volumetric flow rate. Three different Omega differential pressure transducers were utilized, because
the range of DP measured by each transducer is small relative to the total span of DP required to fully
calibrate the turbine flow meter. Each Omega differential pressure transducer had the following maximum
pressure reading, associated accuracy, and flow meter frequency range in which each differential pressure
transducer was used, Table 69.

Table 6. Differential pressure transducers utilized in the p-Cymene k-factor calibration

Differential Maximum Accuracy Flow Meter
Pressure Pressure Frequency Range
Transducer (psi) (% Full Scale) (Hz)
Omega 0.36 <0.1%FS 0-100
MMDWBI0WBIV5P2D0T2A2CE
Omega 1.0 <0.1%FS 100-160
MMDWBO001BIV5P2D0T2A2CE
Omega 5.0 <0.1%FS 160-300
MMDWBO005BIV5P2D0T2A3CE

The rate meter determined the volumetric flow rate by multiplying the turbine rotational frequency by a
multiplication factor, the factory calibrated k-factor. A new p-Cymene k-factor was calculated from the
pitot flow, turbine meter output, and the factory k-factor. Presented in Figure 3 is a plot of the p-Cymene
k-factor as a function of turbine flow meter frequency. The factory calibrated k-factor for water was
43.241 1. The p-Cymene volumetric flow rate is calculated by Equation 4.

Flow Rate,, = Indicated Flow Rate (’;{H—Zo) 4

pey
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Figure 3. p-Cymene k-factor plotted versus the turbine flow meter rotational frequency
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APPENDIX Il: BUNDLE GEOMETRY CALCULATION

From [5], the following expressions describe the variables used in the bundle geometry calculation. The
subscripts one, two, and three correspond to the interior, wall, and corner sub channels respectively. P
is the rod pitch, D is the pin diameter, D,, ;.. is the wire spacer diameter, D}, is the hydraulic diameter, W
is the edge pitch, N; is the number of each sub channel, and H is the wire spacer lead or axial distance
required for the spacer to complete one revolution around the pin. D, D,,;e, and Ware from the rod,
wire and flat-to-flat characterization performed in [I]. The cosine term takes into account the elliptical
projected area of the wire due to it not being parallel to the flow.

Parameter Value Unit
N, 96 n/a
N> 24 n/a
N3 6 n/a
P 1.8878 E-2 m
D 1.5880 E-2 m
Duire 3.0000 E-3 m
w 1.9548 E-2 m
FTFenciosure 1.5400 E-1 m
FTFoundie 1.5266 E-I m
A 5.1747 E-5 m?
A, 1.1661 E-4 m?
A; 43637 E-5 m?
A Bundle 8.0281 E-3 m?
Pwet,| 2.9688 E-2 m
Pwet2 4.8564 E-2 m
Pwet,3 23302 E-2 m
Pwet.bundle 4 I 554 m
H 47625 E-1 m
W =D+ Gyau

Gwan = FTFenciosure = FTFpunate

8PV3
FTFpunate = T + D+ 2Dype

A1 _ <\/§> PZ _ TIDZ T[D\f/ire

4 8 8 cos(6)
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A _( D)P nD?  nDZ,.
2= 8 8 cos(6)

DA2
(W ~ 7) ”Dz 7-L-D\f/ire
3 24 24cos(6)

Apundate = N1A; + N2Ap + N34

nD TDyire

P =
wetl = 5 + 2 cos(6)

nD TDyire
P, =P+—+——=
wet,2 2 2cos(8)

D
nD 2 (W B 7) TDyire
Pyets = — + +
wet3 ™ ¢ V3 6 cos(0)

Pyet,pundie = N1Pwet1 + NaPyer2 + NaPyer s

Dh — 4 ABundle
Pwet,Bundle
H
cos(0) =
JHZ +(n(D + D))
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APPENDIX D

CENTER-2 SUBCHANNEL TEST SUMMARY

This appendix summarizes the conditions of the experimental test PCM-16-C2, and pro-
vides instructions for reading the associated flowrate and velocity data produced by the ex-
perimental test. This test summary was produced as part of the work under Project DE-

NEO0008321.
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Acronyms and Definitions

Acronym Definition

TAMU The Texas A&M University
CAD computer-aided-design

CFD computational fluid dynamics
DP differential pressure

FS full scale

FTF flat-to-flat

GPM gallon per minute

PIV particle image velocimetry
RMS root-mean-square

RTD resistance thermometer detector
VFD variable frequency drive
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1.0 INTRODUCTION AND SCOPE

This test summary provides information about the experimental setup, boundary conditions, and data sets
for the experimental test PCM-16-C2 performed on August 04, 2016. The experimental setup describes
the data acquisition, temperature, flow rate, and imaging hardware utilized to collect data. The boundary
conditions are the fluid temperature, centrifugal pump rotational frequency, and volumetric flow rate
during the experimental test. The data sets contain the instantaneous and time-averaged flow rate,
instantaneous velocity measurements, along with the particle image velocimetry (PIV) statistical analysis.

2.0 TEST DESCRIPTION

An isothermal experimental flow test was conducted utilizing the 61-pin Hexagonal Wire-Wrapped Flow
Facility. The test was performed to generate high spatial and temporal resolution data sets of the velocity
in a vertical plane. Pressure measurements were not recorded during this test. The working fluid in the
experimental test was p-Cymene. The bundle utilized in this test was the Second Non-Deformed Bundle,
with geometric parameters defined in [1]. The measurement process was repeated three times, generating
three sets of flowrate and velocity data.

2.1 Experimental Setup

The experimental facility contains two loops. Figure | displays a computer-aided design (CAD) model of
the experimental facility. The primary loop performs the experimental function. The primary loop includes
the following components:

e The hexagonal test section containing the 6 |-pin wire-wrapped experimental fuel bundle

e The primary tank is used as storage between experiments and as an inline surge volume. The
primary pump and associated variable frequency drive (VFD) to control the flow rate in the test
section

e Aninline turbine flow meter

e A resistance temperature detector (RTD)

e Nine pressure transducers and two differential pressure transducers

The secondary loop performs volume control, temperature control, and filtration. The secondary loop
contains the following components:

e The secondary tank

The secondary pump and associated VFD

A heat exchanger supplied with chilled water to control the primary loop temperature
A filtration system

The test section can be divided into three distinct sections can be identified in the test bundle:
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e The lower (inlet) plenum located at the bottom of the bundle
e The central section (test section) where the flow measurements will be conducted
e The upper (outlet) plenum located at the top of the bundle.

Figure |. CAD rendering of the experimental facility

2.1.1 Data Acquisition Hardware

The data acquisition hardware consisted of equipment manufactured by National Instruments. The chassis
used was a 4-slot model SCXI-1000. The input cards were 32-channel analog input modules, with model

numbers of SCXI-1100 and SCXI-1102.

2.1.2 Temperature Hardware

An RDF Corporation resistance temperature device (RTD) was utilized to measure the temperature of
the p-Cymene during the experiment. The accuracy of the device is £0.3°C at 0°C with an operating range

of -196 °C to 480°C.
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2.1.3 Flow Rate Hardware

A Sponsler in-line precision turbine flowmeter was utilized to measure the volumetric flow rate of the
working fluid. The Sponsler flowmeter used was a SP3-MB-PHL-D-4X. The uncertainty of the flowmeter
analog output is 0.025% of full scale at 20 °C. The full scale reading is 600 gallons per minute (GPM). A
Sponsler IT400 totalizer recorded the analog output from the flowmeter with a digital uncertainty of %I
GPM.

2.1.4 Imaging Hardware

The PIV system consisted of a 10 W continuous laser at a wavelength of 527 nm and two digital CMOS
Phantom M3 10 cameras. The laser beam was adjusted by beam combination optics to form a 1.5 mm thick
laser sheet for the PIV measurements. The laser position was adjusted with three motorized linear
translation stages. The high-speed Phantom M310 cameras have a full resolution of 1280 x 800 pixels, a
pixel size of 20 x 20 pm?2 and |2-bit depth image capturing. Seeding particles were silver-coated hollow
glass spheres with a mean diameter of 16 ym and a density of 1.6 g cm-.

2.2  Velocity Measurement Location

The location of velocity measurements was in the set of interior subchannels denoted in Figure 2. The
vertical laser sheet used to illuminate particles for the PIV measurements is represented by the green line
(2). The figure also shows the location of the prism used during the experiment. A closeup of the
subchannels of interest (SCI and SC2) can be seen in (c). The PIV measurement window for each camera
is represented by the green rectangles (b). In (b), pins are dark grey and the subchannels are light grey.
The wires of neighboring pins cross into SCI and SC2 at various axial locations. These wires are visible
as dark grey sweeps across the subchannels. An Y-Z coordinate system was assigned to represent
horizontal and vertical directions in the laser sheet. The origin of the Y-Z coordinate system is shown in
Figure 2. The origin is selected as follow:

= x =0 at the midpoint of face A (inner side)

= y =0 at centerline of PT#5 (corresponding to the axial location of 2.25 pitches, as defined in [, 2])
= z=0at face A (inner side)

The positive direction of each axis is also shown in Figure 2.

The minimum and maximum Y-Z coordinates of the visualization region are listed below:

Subchannel | (SCI)
Ymin= 28.0 mm, Yax = 154.4 mm
Zmin = -69.0 mm, and Znax = -53.2 mm.
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Subchannel 2 (SC2)
Ymin = 28.0 mm, Y. = 1544 mm
Zomin = -36.3 mm, and Z . = -20.5 mm.

The y-z plane is located at a x = 0 mm.

\
\
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Figure 2. (a) Top view of the fuel bundle denoting the laser and camera positions. (b) Side view of the PIV
measurement windows for Camera | and 2. (c) Top view close-up of SCI and SC2.
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2.2.1 Laser Alignment

A three-dimensional traversing system was utilized to perform fine spatial adjustments of the laser sheet
within the test section. The laser alignment process started by placing the laser perpendicular Face D and
Face A (opposite sides of the hexagonal enclosure). The laser sheet was then moved laterally until the
laser sheet intersected the horizontal midpoints of Face D and Face A simultaneously. The midpoints of
Face D and Face A were located using two rulers with 0.03125 inch markings. The laser sheet had a
thickness of 1.5 mm +0.5mm!'.

2.3  Boundary Conditions

This section describes the environmental conditions that existed during the experimental test. The
quantities of interest were the fluid temperature, the pump frequency, the volumetric flow rate, and the
Reynolds number.

2.3.1 Temperature

The temperature was monitored near the pump outlet using a resistance thermometer detector (RTD).
The RTD had an uncertainty of + 0.3 °C. Table | contains the temperature of the working fluid measured
at the beginning of each data set.

Table |. Working fluid temperature measured at the beginning of each run

Fluid Temp (°C)
Set | 19.8+0.3
Set 2 20.0+0.3
Set 3 203 +0.3

2.3.2 Pump

The centrifugal pump driving the working fluid was operated at a frequency of 51.5 Hz for all three data
sets. The frequency was controlled by a variable frequency drive (VFD)

' The thickness of the laser sheet was estimated by measuring the thickness of the projected laser sheet on a flat
surface using a ruler of 0.5 mm precision.
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2.3.3 Volumetric Flow Rate

The average volumetric flow rate for the three sets recorded by the flowmeter for each data set is
presented in Table 2. This average is the arithmetic average of the data points recorded during each set.
More information is provided in Appendix .

Table 2. Averaged volumetric flow rate of each run

Flow Rate (gal min-')
Set | 301.96 1.3
Set 2 302.09 +1.3
Set 3 301.81 +1.3

2.3.4 Reynolds Number

The bundle-averaged Reynolds number for each set was calculated and shown in Table 3. The bundle-
averaged Reynolds number was calculated based on the bulk velocity, along with the as-built bundle
hydraulic diameter. The pin diameter, wire diameter, and flat-to-flat dimensions used in the hydraulic
diameter calculation are the average values from the 6l-rod, 6l-wire, and 3 enclosure FTF
characterizations provided in [1]. The bulk velocity was defined by the averaged volumetric flow rate.
Appendix Il shows the equations used to calculate the as-built flow area, hydraulic diameter, and wetted
perimeter.

The bundle averaged Re number was calculated from Equation |. Temperature-dependent density and
viscosity values of the fluid were linearly interpolated based on the measured temperature of each set,
Section 2.3.1 [3]. These values are presented in Table 3.

_ pUmDyg
Re = = ()

Table 3. Bundle-averaged Reynolds number

Fluid Density Bulk Hydraulic Dynamic Reynolds
Temperature Velocity Diameter Viscosity Number
Q) (kgm?) | (ms') (m) (Pa sec)
Set | 19.8 857.41 2.373 7.728 E-3 8472 E-4 18,558
Set 2 20.0 857.24 2.374 7.728 E-3 8.450 E-4 18,610
Set 3 20.3 857.00 2.372 7.728 E-3 8.405 E-4 18,688
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3.0 DATASETS

This section provides information on the contents of the data files and instruction on how to read them.
Three data sets were generated for this experimental test. Each set contains associated flow rate and
velocity files. Further description of each subset is provided in Sections 3.2 and 3.3. A list of electronic
attachments is included in Section 3.1

Table 4 defines the measurement duration and sampling frequency of each measurement in the following
data sets.

Table 4. Measurement duration and sampling frequency for each data set

PIV
Measurement Sampling
Duration Frequency
(sec) (Hz)
Set | ~3 2800
Set 2 ~3 2800
Set 3 ~3 2800

3.1 List of Electronic Attachments

The following files are submitted as electronic attachments. The files are archived into a .zip file named
REVI-TAMU-WW-TEST-PCM-16-C2-DATA zip. The file is uploaded into the TerraPower ftp server
under the folder DOE Grant | |63/TAMU/PCM-16-C2.

The file contains the following data (time stamp is reported next to the file name).

Volumetric Flow Rate Data

REVI-TAMU-WW-TEST-PCM-16-C2-FLOWRATE-SET I.csv 10/21/2016 1:19PM
REVI-TAMU-WW-TEST-PCM-16-C2-FLOWRATE-SET2.csv 10/21/2016 1:19PM
REVI-TAMU-WW-TEST-PCM-16-C2-FLOWRATE-SET3.csv 10/21/2016 1:19PM
REVI-TAMU-WW-TEST-PCM-16-C2-FLOWRATE-AVERAGE.xIsx 10/21/2016 1:19PM
Velocity (PIV) Data — Subchannel |

REVI-TAMU-WW-TEST-PCM-16-C2_SUBI _Inst_Vel-SET | .zip 12/14/2016 6:57PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_Mean-SET |.dat 12/14/2016 |1:46AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_RMS-SET |.dat 12/14/2016 |1:46AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_ VW-SET | .dat 12/14/2016 |1:46AM
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REVI-TAMU-WW-TEST-PCM-16-C2_SUBI _Inst_Vel-SET2.zip 12/14/2016 8:34PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_Mean-SET2.dat 12/14/2016 |1:50AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_ RMS-SET2.dat 12/14/2016 |1:50AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_ VW-SET2.dat 12/14/2016 | [:50AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI _Inst_Vel-SET3.zip 12/14/2016 8:35PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_Mean-SET3.dat 12/14/2016 11:50AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_ RMS-SET3.dat 12/14/2016 | [:50AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_ VW-SET3.dat 12/14/2016 | [:50AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_Mean-combined.dat 12/14/2016 12:07PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_RMS-combined.dat 12/14/2016 12:07PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_VW-combined.dat 12/14/2016 12:07PM

Velocity (PIV) Data — Subchannel 2

REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_lInst_Vel-SET | .zip 12/14/2016 8:35PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats_Mean-SET |.dat 12/14/2016 |1:53AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats RMS-SET|.dat 12/14/2016 | 1:53AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats VW-SET |.dat 12/14/2016 |1:53AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Inst_Vel-SET2.zip 12/14/2016 8:36PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats Mean-SET2.dat 12/14/2016 | 1:56AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2 Vel Stats RMS-SET2.dat 12/14/2016 |1:56AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats VW-SET2.dat 12/14/2016 |1:56AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Inst_Vel-SET3.zip 12/14/2016 7:59PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats_Mean-SET3.dat 12/14/2016 |1:57AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats RMS-SET3.dat 12/14/2016 |11:57AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2 Vel Stats VW-SET3.dat 12/14/2016 11:57AM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats_Mean-combined.dat 12/14/2016 12:11PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2_Vel_Stats RMS-combined.dat 12/14/2016 12:11PM
REVI-TAMU-WW-TEST-PCM-16-C2_SUB2 Vel Stats VW-combined.dat 12/14/2016 12:11PM
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Three files are provided containing the instantaneous volumetric flow rate for each set:
REVI-TAMU-WW.-TEST-PCM-16-C2-FLOWRATE-SET | .csv
REVI-TAMU-WW.-TEST-PCM-16-C2-FLOWRATE-SET2.csv
REVI-TAMU-WW-TEST-PCM-16-C2-FLOWRATE-SET3.csv

A summary file is included, which contains the arithmetic average, standard deviation, and k-factor
conversion for each set.

REVI-TAMU-WW-TEST-PCM-16-C2-FLOWRATE-AVERAGE.xlsx

The summary file contains the calculation to convert the raw flow meter output (working fluid = water)
into the actual flow rate (working fluid = p-Cymene). More information on data conversion is provided in
Appendix |.

3.3  Velocity (PIV) Data: Instantaneous, Mean, rms, and Reynolds stress.

The velocity data provided represents a two dimensional array, but is presented in a one dimensional
vector. For each subchannel, the vector field consists of 23 point in the x-direction, and 177 points in the
y-direction. Notes on calibration and error estimation are provided in Appendix Ill.

All data are stored in .dat format. These files contain multiple columns without headers.

Each set is identified in the file name (SET I, SETE2, SET3). File naming is consistent within the sets. As an
example, content for SET | of subchannel | is described below:

REVI-TAMU-WW-TEST-PCM-16-C2_SUBI _Inst_Vel-SET | .zip:

This file contains 8309 .dat files of the instantaneous velocity. The structure of each file is described in
Table 5

Table 5. Instantaneous Velocity .dat File Structure

Column # | 2 3 4 5 6
Parameter X Y Z u Y w
Unit mm mm mm m/s m/s m/s

REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_Mean-SET | .dat:

This file contains the time-averaged velocity for set |. The structure of the file is shown in Table 6.

Table 6. Mean Velocity .dat File Structure

Column # | 2 3 4 5 6
Parameter X Y Z u v w
Unit mm mm mm m/s m/s m/s
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REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_RMS-SET |.dat:

This file contains the root mean square (rms) fluctuating velocity. The file structure is described in Table
7.

Table 7. rms File Structure

Column # | 2 3 4 5 6
Parameter X Y z u_rms v_rms w’_rms
Unit mm mm mm m/s m/s m/s

REVI-TAMU-WW-TEST-PCM-16-C2_SUBI_Vel_Stats_VW-SET |.dat

This file contains the Reynolds Stress u'v’. The file structure is described in Table 8.

Table 8. Reynolds Stress File Structure

Column # | 2 3 4
Parameter X Y V4 uv
Unit mm mm mm m2 s-2

NOTE: in all .dat files, z is constant and set to zero. The velocity component along the z-direction and all
related parameters are 0.

The .dat files marked as “combined” contain the same information and structure of the files described
above for set |. However, the statistical values are computed based on the total number of instantaneous
velocities (3 x 8309 = 24927).
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APPENDIX I: TURBINE FLOW METER CALIBRATION FOR P-CYMENE

Since the flow meter was originally calibrated with water as the working fluid, the data presented in the
output file is the flow rate of the fluid if it was water. Because the working fluid, p-Cymene, has a different
density and viscosity than water, it was required to generate a new calibration of the turbine flow meter
with p-Cymene as the working fluid.

This was achieved using an Omega FPT-6130 high accuracy pitot tube with an Omega high accuracy
differential pressure transducer. The Omega FPT-6130 high accuracy Pitot tube had an accuracy of < 1%
of the volumetric flow rate. Three different Omega differential pressure transducers were utilized, because
the range of DP measured by each transducer is small relative to the total span of DP required to fully
calibrate the turbine flow meter. Each Omega differential pressure transducer had the following maximum
pressure reading, associated accuracy, and flow meter frequency range in which each differential pressure
transducer was used, Table 99.

Table 9. Differential pressure transducers utilized in the p-Cymene k-factor calibration

Differential Maximum Accuracy Flow Meter
Pressure Pressure Frequency Range
Transducer (psi) (% Full Scale) (Hz)
Omega 0.36 <0.1%FS 0-100
MMDWB I 0WBIV5P2D0T2A2CE
Omega 1.0 <0.1%FS 100-160
MMDWBO00|BIV5P2D0T2A2CE
Omega 5.0 <0.1% FS 160-300
MMDWBO005BIV5P2D0T2A3CE

The rate meter determined the volumetric flow rate by multiplying the turbine rotational frequency by a
multiplication factor, the factory calibrated k-factor. A new p-Cymene k-factor was calculated from the
pitot flow, turbine meter output, and the factory k-factor. Presented in Figure 3 is a plot of the p-Cymene
k-factor as a function of turbine flow meter frequency. The factory calibrated k-factor for water was
43.241 1. The p-Cymene volumetric flow rate is calculated by Equation 4.

Flow Rate,, = Indicated Flow Rate (kH—ZO) 4

pey
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Figure 3. p-Cymene k-factor plotted versus the turbine flow meter rotational frequency
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APPENDIX Il: BUNDLE GEOMETRY CALCULATION

From [5], the following expressions describe the variables used in the bundle geometry calculation. The
subscripts one, two, and three correspond to the interior, wall, and corner sub channels respectively. P
is the rod pitch, D is the pin diameter, D,, ;.. is the wire spacer diameter, D}, is the hydraulic diameter, W
is the edge pitch, N; is the number of each sub channel, and H is the wire spacer lead or axial distance
required for the spacer to complete one revolution around the pin. D, D,,;., and Ware from the rod,
wire and flat-to-flat characterization performed in [I]. The cosine term takes into account the elliptical
projected area of the wire due to it not being parallel to the flow.

Parameter Value Unit
N, 96 n/a

N> 24 n/a

N3 6 n/a

P 1.8878 E-2 m

D 1.5880 E-2 m
Duire 3.0000 E-3 m
w 1.9548 E-2 m
FTFenciosure 1.5400 E-1 m
FTFoundie 1.5266 E-1 m
A 5.1747 E-5 m?

Az 1.1661 E-4 m?2
A; 43637 E-5 m?2

A Bundle 8028| E-3 m?2
Pwet 2.9688 E-2 m
Pwet,Z 48564 E-2 m
Pwet3 2.3302 E-2 m
Pwet,bundle 4 I 554 m
H 47625 E-1 m

W =D+ Gyau

Gwall = FTFenclosure - FTFbundle

8PV3
FTFpunate = T + D+ 2Dype

A = \/_§ pZ_n_DZ_L‘f’ire
4 8 8 cos(6)
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2 _( D)P nD? 7wD2,.,
2= 8 8 cos(6)

DA\2
(W B 7) nD? T[D\%/ire
NE 24 24 cos(6)
Apundte = N1A1 + NaAz + N34

nD TDyire
P, =—+—-—
wetl ™ 5 + 2 cos(6)

nD TDyire
Puerz = P+ — + ——re.
wet,2 2 2cos(9)
D
p _ E " 2 (W B 7) TDyire
wet3 ™ g V3 6 cos(6)

Pyet,pundie = N1Pwet,1 + NaPyer2 + NaPyer s

_ 4 ABundle

h =
P wet,Bundle

H

cos(0) =
JHZ +(n(D + D))
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APPENDIX Ill: NOTES ON PIV SYSTEM CALIBRATION AND ERROR
ESTIMATION

The system was calibrated using LaVision ® calibration plates. The methodology adopted followed the
guidelines published and described in [A-llI-1].

The software used for the PIV imaging post-processing is the PRANA code developed by Virginia Tech.
Performance and uncertainty of the PRANA RPC algorithm have been previously accessed (A-lll-2, A-lll-
3, A-lll-4, and A-l1I-5).

The analysis described in this report analysis was limited to estimate the overall uncertainty in the PIV
velocity measurements. This was estimated to be approximately 0.1 pixels which yields to an uncertainty
of less than 3% of the mean axial velocity.

[A-lll-1]. Wieneke, B. “Stereo-PIV using self-calibration on particle images”. Experiments in Fluids (2005)
39: 267-280 DOI 10.1007/s00348-005-0962-z

[A-111-2]. Timmins, B. H., Wilson, B. W., Smith, B. L. and Vlachos, P. P.,“A method for automatic estimation
of instantaneous local uncertainty in particle image velocimetry measurements”. Experiments in Fluids
53(4): 1133-1147.

[A-111-3]. Wilson, B. M. and Smith, B. L., “Uncertainty on PIV mean and Fluctuating velocity due to Bias and
Random Errors”, Measurement Science and Technology 24(3): 035302.

[A-111-4]. Charonko, ]. J. and Vlachos, P. P.,”Estimation of Uncertainty Bounds for Individual Particle Image
Velocimetry Measurements from Cross-Correlation Peak Ratio”. Measurement Science and Technology
24(6): 065301.

[A-1lI-5]. Boomsma, A., Bhattacharya, S., Troolin, D., Pothos, S. and Vlachos, P, “A Comparative

Experimental Evaluation of Uncertainty Estimation Methods for Two-Component PIV”. Measurement
Science and Technology 27(9): 094006.

187



(UseTs 3deq smoputm) ,\, ION (Ysels pIemioy Xnutf) ,/, HSN SHIVA #
joeI3gns punoxbyoeq yodoes I0J syjed JO ISTT SYJ SUTISp ATTenueu #

OT 210dwT ShPWTINS WOIJ
21 3xodwt

du se Adwnu 3xodwtT
goTbh 3xodwt

so 3xodut

[T TW)

PIEOPTTIM JTIJ x O3 oNp SabewT MeI oYyl 9 ATUO 3snu AIL 2dA3 JO SOTTA
SINAWNAIINOAYT

Ludobau :xoyaneyp

8T0C LE€:L€:72T L des Tad uo ps3jesi)d

—¥— g-J3n :DbUTPOD —x— #

‘sagewr yidap 319-9 10J pain3yuod APuarnd dre 3] ‘sagewr Ydap 319-91 1o ydap 31g-8 1oy
J03 paisnilpe oq ued 3dros sIy [, “(39s a8ewr HEY) S[EUUBYD ¢ JO (39S AeWI AIYM Pue JOe[q) [ JOYIIS Jo 93ewr 9[3uIs e s1IndIno Y[, ‘Moy

-yIom poyjow [ejudwiddxa ay) Jo dajs Surssadoid-aid oy Surmp pasn 3duds AJisudjulr punoi3yoeq uedw Ay} sureyuod xrpuadde sy J,

LAIIOS ALISNHLNI ANNOIDAOVE NVAN

d XIANAddV

188




obewT punoixbioeq uesw 923TNOTED #

SATI1DE obewtT + pbg sbewr = pbg sbewt
(p93eoT73°du)oadAase: ( (obewT)pea2IWT 'OT ) = SATIDER obruwT

T =+ I23Unoo

(z23unoo ‘4, = Joqunu obewT,)3uTad
!3STT STTJ SAT3IOE UT SbewTl I07F
0=I23Unoos

seobewT MeI wns #

(dwea ebewT) oI soxoz-du = pbg =2beut
(F93eoT3 du)adAlser ( ([0]3ASTT ©TTF SATIOR)pPELSIWT OT ) = duel abeuwt
pbq ebewT SZTTeTITUTH

[ ( (3ISTT STTF SATIOE <
yusT‘Q)ebuex ut welyT I0F (,/,’,\\,)o0eTdex" [WelT]ISTT ©TTF oAT3Id®] = 3ISTT ©TTJ oAT3O®
ATxedoad uoT3ouny 03 pPeSIWT ZAD JI0F / UITMm yized smoputm \\ =0eTdex #
((WITA *u+[ITP ©ATIOR]ATP OTTF)qOTH qOTH) Po3IO0S = IASTT ©TTJ =AT3O®

SobewT JO 13ASTT o3rvIauUu=b #

(ITP 30BIJQNS HJ) SITPOBRW ' SO
:(ITP 230orIAQNS HJ) s3sTXa2°yied: so 30U IT

,3oeI3qns b, + [ITP SATIDR]ITP STTF = ITP 2IdeIjqns bq

$((ITP ©TTF)uaT’p)obura UT ITP SAT3DE IOJF

] = ITP =113

189



(pbg obewT / sweuUSTTI uekdW b + ITP 2I0BIJIQNS HJ ) D2ARSWI OT
(e31ep ‘AX0309ITP) O3 SHEWT UPSW SAPS #

( [T]([0]3ASTT ®TTI @ATIO® <>
)3T1ds y3ed-so ‘,yT3‘uesw b , ‘,$ITI°T0000° ,)dnNS oI = sweusTTJ uesw bq

SweusTTJ uesw bg dniss #

(9T3utn-du)adAise: ( (3STT STTF oAT3IOR) UST / pbg obewr ) = pbq obewrt

190



[
] = ITPp =113
(UseTs 3oeq smopuTm) ,\, ION (YsSels pIemioy Xnutf) ,/, ESN SHIVA #
Axo3o09aTp 3oeIlQns punoxbydoeq yoes I0JF syjzed JO JSTT 99Ul SUTISp ATTenueu #

OT 2x10dwT SbPWTIYS WOIJ
du se Adwnu 3xoduwt
goT1b 3xodwt

so jxodwt

[T}
LuDbau :xoyaneyp

8T0Z 8T:2G:TT 0T deS UOK UuO ps3eaI)d

—¥— g-J3n :DbUTPOD —x— #

‘sodewr y3dap 11q-91 10} pAIN3yuod APUALIND A1k Ay, ‘sodewr yidap 11q-91 10 yadap 119-8
IoyIo J0J pasnlpe oq ued s3dLIos 9say [, JoInjorJnuUBW JOSUS BISWED ) AQ PIpIA0Id SJUSIOYJ0D JO[0D SUTBIUOD JI Sk 1as agewl (10[0D)
O gy ®© 10} 9eudoidde st 1d1xos puodas ayJ, 39S oFewl (UM pue JYor[q) [ouueyd J[3urs e 10J erdordde st 1duos 181y oy, ‘MopIom

poyiow [ejuowLddxa oy Jo days Surssaooid-axd oy) Suunp pasn s3dLds uordLINS pUNOISYORg UBIW 0M]) surejuod xipuadde siyj,

LATIOS NOILLOVILANS ANNOIDAOVE NVHIN

d XIANHddV

191



(z23Uunoo ‘, = Joqunu obewT ,)3uTad

1STT ©TT3 ©AT1IO® UT abewTl J0J

0=I223Unoo

SebewT poldoerIlgNS puUnoIboeq TTE 93TIM pue sobewT TTe ybnoayly dooT #

(p93eoT3-du)adAase: (([0]ITP uesW bJ)pPE2IWT"OT) = pbg =beut
F931BOTJ Se obewT uepsw punoibxdoeq peoT #

[ (<
ITP uesw bg)usaT‘Q)ebuex urt welT I0JF (,/,*,\\,)e0eTder" [WSIT]ITP ueswW DLJ] = ITP uesw bg
ATazsdoxd uoT3ouny 03 PESIWT*OT IO PRSIWT gAD JI0J / UITMm yied smoputm \\ o0eTdel #

( ,FIT3'uesw bgx, + ITP 23I0oeI3xQNs bg)goTbh: goTh = ITPp uesw bQg
1T PeOoT pue ShewT uesw punoxbydoeq Jo yied pPuITi #

[ ( (3ISTT STTF SATIOE <
yusT1‘p)ebuex ur welT I0I (,/,', ,)o0eTdaI [W2AT]ASTT ©TTF ©AT2ID0B] = 3STT ©TTF o2AT30®
0 ! ! / AN

ATaedoxd uoT3douny 03 PESIWTI OT IO PEaIWT ZAD I0F / UY3TM yjed smoputm \\ ooeTdsx 4

((WIT3 %, +[ITP SATJOR]ITIP OTTI)JOoTH qOTH)Po3I0S = JSTT STTF oATIOP
AI0309ITp °9AT3D0® IO0OJ sobewT JO IASTT S1vIsusb #

(ITP 230BIJQNS HJ) SITPaLeW: SO
P (ITP 3o0erI3Qgns HbQg) s3asTxayied: so 30U IT
ISTXS 30U S90p 3T JT AJOJOSITP 20eIgNS b 238210 #

,/30ea3qnsT ba, + [ATP 2AT3IOR]IATP ©TTF = ITP 3IdeIxlgqns” bq

C((ITP OTTF)UST Q) =obura UT ITP SAT3IDE JIOJ

192



21 jxodurt

du se Adwnu 3xodwt
qoT1b 3xodwt

so jxoduwTt

Ludobau :xoyaneyp

8T0Z 8T:ZG:TT 0T d®S UOW uo paj3esid

—¥— g-J3n :DbUTPOD —x— #

*9I9Y sur3aq 1duos joengns punoigyorq a3eWI J0[0d DY [QUUBYD ¢ Y,

( (913utn-du)adAase: (sAT30r obrwT)

‘1:01-]1[T]y3red sbewt oATIOR <—
+,30ex3gns bq ,+[0T-:][T]lyaed =sbewtl =SAT3O® + JITIP 230BIJIQNS b )SABSWTI OT
sbewtT psjoexigns bg saes #

(ebewT)3TTds yzed-so = yjed obewt oAT3O®
2In3onIx3s butweu Io0JF yied dnyooT #

(2AT30E obrwT)uTw ' du — SATIOR 2LPWT = SATIOR =beWT
sonTea oAT3eboU buTary pPTOAR 03 ArIJe STEOS #

PO obrwWT - SATIOR 9DHPWT = SATJOR obherwT
(p93eoT3 du)odAise: ( (2bepwT)pesIWT OT ) = SATIOE 2DhrWT

1 =+ I21Unoo

193



[ ( (
ITP uesw bg)usT‘Q)obuex urt wslT I0JF (,/,*,\\,)o0eTdex" [WSIT]ITP uesw DbJ] = ITP ueaw bg
ATasdoxd uoT3douny 03 PESIWTI"OT IO Pe3IWT ZAD I0F / UY3TM yjed smoputm \\ =oeTdsx 4

( ,FT3 uesw Dbgx, 4+ ITP 30BIONS D) goTbh-goTbh = ITP uesw bg
peoT pue obewT uesw bg JO yjzed putl #

[ ( (3STT STTF SATIOE <
yusT ‘p)ebuer ut we3T I0F (,/,',\\,)90eTdex" [WO3T]ISTT ©TTF ©ATIOL] = 3ISTT STTF SATIDE
ATaisdoxd uoT3douny 03 PESIWT OT IO PESIWT gAD I0J / UITM yied smoputm \\ S0eTdex #

((WFTA >, +[ITP 2ATIOR]ITP ©TTF)JOTHL"qOTH)PS3I0S = ISTT STTJ oATI0®
AI0309ITP SAT3OE JI0J SshbewtT JO JSTT S3BISUSD #

(ITP 30BI3QNS” HJ) SITPSIRW SO
:(ITP 30oeI3Qns Hg) s3sTxo-yjed: so 30U IT
1ISTXS 30U S20pP 3T JT AZOJ0SITP 30BIIANS DO 93B2I0 #

,/30eIaqnsTbq, + [ATP SAT3IOR]ITP ©TTF = ITP 3I0exiqns bq
SobewT poldorIIgNS punIobydoeq 93TaIm 03 AJIOJIOSITP SY3 SUTISP #

$((ITP ©TTI)uaT’p)=bura UT ITP S9AT3IDE IOJF
[
] = atp o113
(UseTs 3doeq smoputm) ,\, ION (UYsels pIemioy xXnutf) ,/, HSN SHIVA #

AZ0309ITP 30ePIJONS punoxbydoeq yodoes I0J syjed JO ISTT 9YJ SUTIsp ATTenueu #

OT 210dwT ShPWTINS WOIJ

194



obewT pojorIlgns Hg sarS #

(sbewT) 3TTds yaed- so = yaed sbewt oATIOE
2aIn3onI3s butweu I0JF yied dnyooT #

(2AT20E obrWT)UTW dU — SATIDE 2DPWT = SATIOE obeuwT
PO obrWT - SATIDOR 9HPWT = SATIOR obeuT
JJ200 onTg x [g':’:]oAT30e =obPUT <
+ JJS0D US2Ib x [T/:/:]DATIADE SDRWT + JIS0D pPaI x [Qf:/:]SATIDE obrWT = SATIOER obruWT
(p93eo0T3F du)adAise: ( (obewr)pesIWTI OT ) = SATIDE obeWT

T =+ I23Unoo
(z23unoo ‘4, = Isqunu =bewT ,)utad

!1ASTT ©TTI °AT3D® UT =bewWT IOJF

0=I23Unood

SseoberwT po3doeIIgNS punoibyoeq TIe 93TIM pue sabewT TTe ybnoayly dooT #

JJS00 onTg x [g':“':]ToUuryUD” ¢ pPbg =brwWT + JIS0D u=2Ib

¥ [T*:*:]T2uuryD” ¢~ pPbg 2brWT + JI200 paI x [Q‘:‘:]T2uueyd ¢ pbg sbewt = pbg =beut
(onTg ussIH ‘poyd = ISPIO XOPUT <4

UOTSUSWTIP PIE) IUSTOTIFS0D JIOTOD 9YU3l AQ TaUuuBUD UYdes IO0J SSOTJFTSUS]IUT 2DbBWT 99Ul STedS #

IT°0 = JF3I=00 =niq
6G°0 = JJIS0D u=2Ib
€0 = J3I=00 pax

JuswTiadxs SY3} UT PoasSn JOSUDS BIDWED 9Y3 JI0J SIUSTOTIID0D 2UOD JIOTOD SUTISP #

(p93eoTI-du)adAise: (([Q]ITP uesw bJ)pea2IWT "OT) = [2UURYD ¢ pbg obeut
FO31BOTI Se SbeuwT uepsw punoibxdoeq peoT #

195



( (913utn-du)adAase: (2AT3D0®R obrwT)
‘[:0T-]1[T]yzed sbewt oAT3IOE <
+,30e13qns” b ,+[0T-:] [T]y3ed obewt oAT3DE 4+ ITP 30IIANS™ B ) SARSWTOT

196



$(ITP 307d)s3sTxoyjzed so j0u JT
,ITP oTdwexs /1D, = ITP 30T1d

, CWeD 08¢ 9Tz080 T3IXe, = sweujotrd
, gssed AId, = SweusTTJ

[
1= ITPp STT3

s3oTd JI0J 2weu paITssp pue ‘sweu oT7TI 2ndano ATJ ‘AI03D9ITPp STTI SDUTIISP #

NOIIVTINDTIVD TVDILSIIVIS d0d SINdNI $%#

() uoyaxAdt 38b = uoylzAdr
uoyl1AdTt  39b 310dwT uUOUIAJI wOIT
so jxodwTt

Tou :Ioyaneyp

8T0Z 8T:9G:9T €z bny nyl uo pa3esi)d
—¥— g-JI3n :DUTPOD —x— #
cuoylAd aAus/utq/asn/ 4

"H x1puaddy ur paugep uonouny uonemoed [eonsnels Arewrad ay) sqped yeys yoop indur ojdwrexa ue surejuod xipuadde sy,

AO0HAd LOINI H'1dINVXH

D XIANHddV

197



andut

POATOSSI SWTIY SIRIAS SB POSATOSSI SwWTIY} siels 3xodut

S5 4
09 = CA 7 SsuTr3lISeA
0F = TA T SuTT3I=A
08 = X g SUTT3II=A
0F = ZA 1T SuTT3IeA
0¢ = TA T auTT3I=A
08 = X T SUuTT3II=A
0y = Az surTzaoy
09 = X g SUTTzaIoy
0F = IX ¢ SUTTzZaIoy
Gz = AT eutrizioy
09 = ZX T SUTTzZI0Y
0P IX T SUTTzI0Y

SOUTT TeOT3ISA g PpUB TBIUOZTIOY g I0F S3juTod 923LUPIOCOD 99Ul SUTI=pP 4

S0USDbISAUOD TenpIrsSal #

C—xxQT * LPIL°0 = Ap oords™ 0aA
C—xxQT * LPIL"0 = Xp oorvdS™ 08A

I932w UuT buroeds I03D09A SYl SUTISP #

08€°Z = ¥MIng A
(puocdoss / I232W) IS32WMOTIF WOIJ AJTOOTSA UEBSW YTNC 92Ul SUTISP #
T / ( (€=)**0T ) * GFIGEE680°0 = buTrTeds

,IToxTd/a938w, YiTm (s/w) 03 (sweaJ/sToxTd) WOIJ UOTISISAUOD Y3 SUTISP #

(ZHO08Z) # €PTLSEO00°0 = 3P
sebewtT ,/ sosTnd ISSeT USSMI1S( TPAISJUT SWT] 99Ul SUTISp 4

(ITP 30Td) SITPaRW"® SO

198



‘3p

(

ZAT 7z eutT3aea ‘TATZ ouTrT3IoA
‘X1 9uUITaIoA ‘ATz ouTTzZaoy

‘7XT T euTTzaoy ‘IX 1 SUTITzIoy
‘ITp 230T7d “‘sweuloTd ‘SweUSTTI

(,3- 239sox,)otTbew- uoylAdT#
J— 1°soIs#

‘X ZTOUTTIIOA ‘ZAT T DUIT3IIASA ‘TAT T SUTITIISDA
‘zX T z7OuTTZaIoy ‘IX g QUTITzaIoy ‘AT T SUTITZIOY <
‘ApTeoeds osa ‘xp o0vdS Doa ‘YTNg A ‘DUTTROS

‘ITP o113

) PSATOSSI SWTY SJ31PIAS PSATOSSI SWTIY sS3iels

199



sjuoy butjjord 3os #
(3Tneysgsweaedod - 17d) o3epdn - sweaedox - 3Td4

Adgy 3zodwt

gqrr3ordiew 3xodwt

wopuex 3xodwt

1T7d se joT7dAd-grT3oTdaerw jxodwt
goTbh 2axodurt

OTs se oT AdTos 3xodwut

ew se ew-Adwunu j3xodwt

du se Adwnu 3xodwtT

[T T

Ludbau :xoyaneyp

8T0C 2Z:6G:ZT 1€ AeW nyl uo pa3eaid

—%¥— g-J3n :DUTPOD —x— #

319y UoISSNISIp d1ow ppe ‘Indino

das moprom 3urssadoid YNV I Y} Woij sp[ay A100[dA snoduejueisul y) endruewr 0) pasn 3dids ayy sureyuod xipuadde siyj,

LAIIOS NOILLVIND TV SOILSLIVLS

H XIANdddV

200




0 = wns  Teas

([ ([T1[,0,]3ew dwusy peoT)u=aT ‘([,n,]3ew dusl peoT)uaT ])soisz-du = Unod ooeTdal Teas
19s obewT TR101 WOII PISTI [ead sbersaer 21TNOTED 29

(T'[,X,]3ew dwus] peoT) o2zTs° du = STOD wnu

(0/[,%X,]3ew dusy peoT) 2zTs du = SMOI~ Wnu

(,T0000, + SWeusTTI + [0]ITP °TTJ) IewpeoT 0Ts = jJew dwuel peoT
[ ((ITP ®TTI <

yusT‘p)ebuex ut T 103 ((,*, + dWeusTTI + [T]ITP STTF)qoTb gqoTb)usT ] = soTTI I2quWnu

ZAT 7z suTT3aoA

A~z 7 sutTzZaoy

(ITP STTJF)UST*[SUON] = SSTTI Isqunu
3dTI0s I0J SoInN3onIls SzTTeT3TUl #

(4

‘TATz7oUuTT3IoA ‘X g SUTT3IASA ‘AT T ouTT3IIoA ‘TAT T SUTTIISA ‘X [ SUITIISDA

4 <

‘17X z7ouTTzaIoy ‘IX g ouTllzaoy ‘AT T SUTTZIOY ‘zX T SUTITzIOYU ‘IX 1 SUITzZIOY

‘Ap eoords  Doa ‘xp ooevdsT DoA 4

‘STng A ‘butTeos ‘ap ‘aTp 30T7d ‘sweuloTd ‘SWRUSTTII ‘ITP oTTI )POATOSS2I 2WTIY S3BIS JoOp

"XT1S

01 butyazhkasas

(,${czT1){czIodvwayzew\s sa €Z10dV,I)ST3T3 " 307dAd grTioTdIews

,PTOQ:SuURS vISA WeaI3siTd, = [,I0°1IX23Yyleuw,]swuereddoI - grTioTdieus
,OTTP3T:ISUBS BISA WeaI3s3Tg, = [,3T°3IX93Ylew,]swereddoI qITioTdieus
,SUBS IS\ WEaI3s3ITg, = [,WI 3X23yjeuw,]sweredoI gqrrioTdieus
,uo3snd, = [,39S3U0J 3X93yleuw,]sweredox - gqrrioTdieus

11x9] JeTnbaIr oyl oTT YOOT 3IX21 3IX23Ylew/STA3S-x23 I0J #

(Jss{czTlo{czIoaviwayleuw\s sa ¢z10dV,3) 97313 30TdAd gqTrT30TdIeWH
,TRISUSDHKXILS, = [,ATTweI 3uo3 ,]swereddr -qrTioTdieus
,XT1S, = [,39S3U0J 3IxXs3yjeuw,]swuededoI qrriotdieus
1039 ‘syOT3 ‘soT3TI ‘sTegel 3093Fe ITTM STUL <
osbueyd ued nok ‘3xo] 3Ix93YUlew SUJ OTT YOOT 03 3IX2]3 Je[nbsi I0J #

201



PTSTF UT JuswedeTdal I0309A JO UOTJIDRIJ 93TNOTED #

T =+ 2uUunoo ssed TeaAd
SNOSULJIUL]ISUT [BPAS + WNS TeAS = WNns TeAS
XTIJeW Wns TeAs 23eTnoTed #

I =+ [L/’T]3unoo ooerdeaa TeAd

1z == [[‘T]snosuejuelsutr [eaAS JI0 T == [[‘T]snosuepjuelsul [ead JT
P (sToo wnu‘g)ebues ut [ J07

! (smoxTwnu‘p)sbuex Ut T I0JF

ssed yoes I0J sjusweoeTdal I03D09A TENPIATPUT JUNOD #

dwe1” S3UNOD” I02303A + SJUNOD JI02JD2A = SJQUNOD JI01D9A
dwus3 onbtun 4+ snbtun = snbtun
(onII=s3unod” uanjisl ‘snosuejueisul reas)snbrtun- du = dwejl” sjunod x0309a ‘dws3y snbTun

ssed juaIand JI0J JuswedeTdaI I0309A UNOD #

[,TeAd,]STTF SATIDOL = SNOSUPJIULISUT [BAD
(Foqunu ssed) 3ewWpPEOT*OTS = STTJ oATIO®
(,3ew" , 4+ xoqunu ssed <
% JPG0%, + SWeUSTTI + [ITP SATIOR]ITP STTJ) JPWPROT"OTS = STTJ SATIO® #
(3unoo~ ssed Teas’, ssed Aexxe TeAD,)3uTad
$31STT ©TTF 9AT1D0® UT Joqunu ssed Jo0J
P (T+[ITP 2AT3OR]SOTTI I2qunu‘T)sbuera uT Jaqunu ssed JOJ #
((y3ew: » ,+2WeUSTII+ [ITP 9ATIOR]ITD STTF)JOTHL qOTH)Po3a0s = 3ISTT STTF SAT3O®
$((ITP oTTF)usaT’p)obura UT ITP SAT3DE IOJF

T = 1unoo ssed Teas
0 = S23uUnod I03D03A
0 = snbTun

202



(,2ew", + Joqunu ssed <«
$ JPG0%, + SWEUSTTI + [ITP SATIDR]ITP STTJ) JWPROT"OTS = STTJ SATIO® #
(z23unoo” abewt ‘4, ssed Aexae AjToO0TSAa,)utad
P1STT ©TTI 2AT20® UT Jaqunu ssed J0J
$(I+[ITP 2AT30R]SOTTI I9quUnu’T)abura UuUT Joaqunu ssed J0J #
((W3BwW: ¥, +3WeUSTTI+ [ITP SATIOR]ITP ©TTF)JOTh qOTb)pPe3a0s = ISTT STTJF oATIO®
$((ITP oTTI)UuaT’p)obura UT ITP S9AT3D® IOJF

T = I93Unod obeuwt
([

([T1l.n,]13ew dwey peoT)usl ‘([,n,]3euw dus3 peoT)uaT ])soasz-du = s10309A” peq
([ (soT1T3 Foqunu)uns - -du <—

‘(IT11,0,]3ew dusy peoT)uaT “([,n,]3ew dwus]y peoT)uaT ])soxosz du = 303 SNOSURJIURISUT A
([ (soTT3 aoqunu)uns - -du <

‘([1]1[,0n,]3ew dusy peoT)usT “([,n,]3ew dwusy peoT)usT ])soasz-du = 303 SNOSURJIURISUT n

sAexxe usuodwlod AJTOOTSA S3eI2USD go#

(TEUTI SI0309A” padeTdsaa uoT3deaI‘,= SI0309A psdeTdax JO uoT3lOexI,)utad
( ( (T'[,Te0",]9TTF 2aT30R)S2zTs du x (Q'[,Tenrd,]STTF aaT30R)2zTs du ) / ( <
ooeTdea baxI UybTyY)usT ) — SIOQD9A podRTdSI UOTIDRII = TRUTF SJI031D9A” poadoeTdsal UuOTl1DRIT
(70 =< ( (SSTTF I=2qunu <
ywns*du / junod ooeldei” Teas ) )asxsymbie:du = soeTdaax baiJ ybTy
JuswedeTdsl I03DoA Adusnbsiay ybTy JO SUOTILOOT JO IJSTT #

([£]S3UnoD™ 10309A + [Z]S3Unod I0309A + [T] <+

S3UNoo” 10309A) / ( [€£]S3Unocd 103089A + [Z]S3UNOD” I0309A ) = SI03089A” pedeldel UOT10eIJ
pooeTdaad I0309A ‘pToOyUsSaIyl 9SOO0T 30U 3INg IYLTI UO UOTIRPPTIIRA POTTIBI = 7 #
pooeTdaa I0309A ‘PTOUSSIY] 2SOOT PUE JULTI UO UOTIEPTIIRA POSTIRI = T #

TTeJ UoI3EpPITEA OU = ( #

sysew = - TeAd #

203



(0=30pp ‘p9aeoTF du=adA3p ‘gz ‘3037 sSnosurlUER]SUT A)pis du = swuI A
(0=30pp ‘p9aeoT3I du=adAlp ‘gz ‘203  snosuerlurlsuTl n)pis'du = swI n
(z ‘3037 snosurjuelsut aA)uesw du = UeSW A
(z ‘3037 snosurjuelsuTr n)uesw 'du = Uuesw 0

19s oberwWT 00T WOIJ OTED SS8I3S AN pue ‘swuax ‘uesu g4

I =1 [T]1[:“T]o0erdaa baaxl ybty “[0][:‘T]ooeTdaa baag ybTy ]sIo03dan” peq
: ((soeTdaa basxy ybTy)usT‘Q) Sburx UT T IOJF

I=+ I923Unoo obewt
[T-I23UnoD” abewT’: /:]303 SNOSURJIURISUT A
[[-I23Unoo” 9bewT’: /:]3073 snosaurluUR]ISUT N

198 T°

SNOSURJIUL]ISUT A
SNOSULPJIUL]ISUT N

I=+ I923Unoo obewt
[0’:/:]7303 snosurjluULR]ISUT A

SNOSULIULR]ISUT A

sSnosurjluUR3ISUT N = [(Q’:/:]303 snosuerljuelsur n

:T == I93UNnoD sbewT IT

ueu*du = [ [T][:‘T]o0oeTdax baax3 ybty ‘[0][: ‘T]o0oeTdaa baxJy ybTy ]Snosurjueisutr A
ueudu = [ [T][:‘T]eoeTdax baxz ybty ‘[0l [: ‘T]o0erdaa baal ybTty ]snosueriuelsuTl n

:((eoeTdea baxz ybTy)usT/Q)ebura Ut T IOJF
SUOTJIBRTNOTRD TPOIJSTIJBIS ©I0J9( sI03don jJuswedeTdsa Aousnbexi ybTty 3ovajgns #

[,A,]STTI SAT3IDE = SNOSUPIURISUT A
[,N,]°TTT SAT3IDOE = SNOSULRJIULISUT N
(Foqunu ssed) 1ewpPeOT*OTS = STTJ oATIO®

204



ueu-du = [

ZxxIng A / (gxx23p / zxxDbuTTeds x uesw oawrtad Ap)
ZxxqIng A / (gxx3p / zxxDbuTTedos x uesw swrtad nn)
Zx¥xTNg A / (zxx1p / ZxxbuTTeds x uesw swtad An)

g A /  (3p / PurTeos x
ATng A / ( 3p / burTeds x
g A / ( 3p / burTeds x
g A/ (3P / burTeds x

SpToT3

000T »* butTeds » [ ]eTT3

Q==UPesW njuesw n

= uesw swrtxd AA
= ueawW owTad nn
= uesw swtad an

SWI A) = SWI A
SWI n) = SwI n
uesuw A) = UeawWw A
uesw n) = uUeswW n

A3T0o0ToA ©TeOS #

ToaT3or = sAuyd &

\%\
000T * butTedos x [,X,]9TT3F =AT30e = sAyd x
(2dTI0S geTlRW <4

PTO ©9S) WS3SAS 93RPUTIPIOOD TEOOT UO pased 39SFIJO UBD ‘I938WITTTW O
puooes ,/ I9jaw 03 aweaF ,/ ToxXTd woxF sAexxe A3TO

SWT

( z/(pwutad a “‘swtad o) A7dratnw-du ) uesw-du
( z*(swutad n “‘swtad n) Ardratnu-du ) uesw-du
( z/(swutad a ‘swtad n) Ardratnu-du ) uesw-du

([QUON‘:“:]Jupaw A ‘3073 snosueriluRISUT A)3doeIlgns - du
([QUON‘:“:]Jurpaw 1 ‘3073 snosurilurlsSuT n)1doerigns - -du

3 STX® J3I9AUO0D #
OT®A JIDAUOD L4

ad a‘swutad n Top
WY IeST10 #

#

= ueaW owTId AA
= uesw swrtad nn
= ueaw owTad an

swtad A
swrtad n

205



YyusT ‘([T1]1[,n,]23ew dusly peoT)uaT ‘([,n,]3ew dwus] peoT)uaT ])soxsz-du = ueawW N~ wWopuerl
sAexae SzZTTETITUT #

(auT=2dA3p‘ sad obI2AUO0D ToI J2qunu’ (QT) <+
pboT du/ (dojs ezTs™ Tox)bor du’(oT)boT du/ (3axe3s 22TS” [21)boT du)sdoedsboT du = 89zTSs™ a1
do3s xx oseg Y3Tm SpuS pue 3Ie]3S xx 9seg 3B s3aels oousnbes oyl ‘soeds IesUTT UL #

(soT113 aoqunu)uns-du = dols 2zTs 121

00T = 2I©e]Ss °SZTS T

S319se3ep TrUOTIIDRIF JI0J sasqunu dols pue 3aels AFTooads #
17 = sad sbIsaAuod” oI Ia2gqunu

S19S ®BlEP TRUOTJDEBIF JO IJoqunu AJtoods #
sj}oselep 309T9S 03 poylzaw do3s IeaUTT-UOU #
AONIDIHANOD TVNAISHI $%+#

ApTnp - xXp Ap = uesw AJTOTJ3IOA” Z

( Ap~ ooeds Doa ‘urow A)uaIprabrdu = Xp aAp ‘ApT Ap

( xp~ 2oeds Doa ‘urow n)juaIperibrdu = xXxp np ‘Ap np

Aexxze 3andut syl se adeys swes Syl SeY S0USY JUSTpeIb psuanisi syl #

MOJI Ude® DUOTE PpUODSS SY3 PUP UWNTOD Ydea DHuoTe UaIpeab syl IO0J sSpuels AeIIe 1ASITI #

sueTd Dzdz I0F A3TOTIIOA JusUOdWOD-T $%#

ueu- du = [(Q==uUrsW owWTId aAs]juesw swTad AA
ueu-du = [(Q==uerawW swTtad nn]uesw 2wtad nn
ueu'du = [(Q==ueawW swTtad anjuesw swTad an
ueu-du = [Q==SWI A ] SwWI A
ueu*du = [(Q==SWI n ] sSwI n

ueu-du = [(Q==UeaW A]UBRSW A

206



‘([1][.,n,]3ew dusy peoT)us]
‘([1]1[.,n,]3ew dusy peOT)UST
‘([t][.n,]3ew dwsy peOT)UST
‘([1][.,n,]3ew dusy peOT)UaT
‘([1]1[.0,]3ew dwus3 peoT)ual

‘([1]1[,n,]3ew dws3y peOT)UST

)usT

)usT

)usT

) usT

) usT

) us T

)usT

)usT

‘([1][.,n,]3ew dusy peOT)Ua]
‘([t][.0,]3ew dwsy peOT)UST
‘([1][.,n,]3euw dusy peOT)UaT
‘([11[.0,]3ew dwue3 peoT)usl
‘([1][.,n,]3ew dusy peoT)Uua]
‘([1]1[.,n,]3euw dusy peOT)Uua]
‘([t][.0,]3ew dwusy peOT)UST

‘([1]1[,n,]3ew dusl peOT)UST

‘([.,n,]3ew dusy peoT)usat
‘([,n,]rew dws]y peOT)UsT
‘([.,n,]3ew dwey peOT)UST
‘([,n,]3ew dwusy peoT)usl
‘([,n,]3ew dwus3 peoT)UST

‘([,n,]3ew dwsl peoT)usal

‘([,n,]3ew dwsy peOT)UST

‘([,n,]3ew dusl peOT)UaT

‘([.,n,]3ew dwsy peOT) U]

‘([.,0,]3euw dusy peoT)ust

‘([.n,]3ew dwsy peoT)ust

‘([,n,]3ew dwsy peOT)UST

‘([.,n,]3ew dwusy peoT)ust

‘([.,n,]3ew dwsy peOT)UST

([ 1-
])soxaz du

([ T-

])soxaz du

([ 1T-
1) soxsz-du

([ T-

])soxaz du

([ T-
])soxez-du

([ 1T-
])soxez-du

]) soasz

1) soxsz

1) soasz

])soxsz

1) soasz

1) soasz

1) soxsz

1) soasz

-du

-du

-du

-du

-du

-du

-du

-du

(2ZTS™ ToI) Ul +

swrtad nn Tenprsax

(ozTs7To1) UBT 4

swtad An” TenpIsol

([

([

([

(ezTsTToI) UST <

SWI AT Tenprsalx

(2zZ2TS™ T2I) Ul +

SWI N [enprsalx

(2ZTS™ ToI)UST <+

uesw A Tenprssx

(o215 ToI) UST -

uesw n- Tenprssa

(22Z2TS™ T2 <
swtxd AATwopueI
(9218”121 <
swtad nn wopuex
(9ZTS™ 19T -
swtad An wopuex
(92TSs T=2I <
SwI AT wopurx
(92T 9T <
SwI 1N wopuerx
(22Z2TS T2 <>
swtaxd AT wopuel
(92Ts™ 121 <
swtad n wopuex
(92TS™ 19T <
uesw A wopueI
(92Ts T°I <

207



~ o~~~ o~~~ ~ o~~~ o~~~
— —

—~ o~~~ o~~~
— — — — o/
—

‘([1]1[.0,]3euw dwusy peoT)usl

(zTS™
(szTs
(szTS™

9ZTSs
9ZTs
SZTS

SZTS™
9ZTSs
9ZTs

(ezTSs
(szTSs™
(szTSs™
(ozTS™
(szTSs™
(szTSs
(szTSs™

9ZTSs
9ZTs
SZTS

SZTS™
9ZTSs
9ZTs

(
(
(
(szTSs ™
(
(
(

(
(
(
(ezTSs ™
(
(
(

T92x1)uaT]) soxesz du
T2I)usaT]) soxaz du
T2I)usT])soxaz du

Tox)uaT1])soxsaz - du
T92x)uaT]) soxesz -du
T21)uaT]) soxsz -du

) 1)

) 1)

) 1)
T2I)usT])soxaz du

) 1)

) 1)

) 1)

T2I)usT])soxaz du
T2x1)usaT])soxsz -du
T92x)uaT]) soxez du
T2I)usT])soxaz du
T2I)usT])soxaz du
T21)usT])soxaz du
T92x)uaT]) soxez du
T2x1)uaT]) soxsz -du
T2I)usaT]) soxaz du
T2I)usT])soxaz du
T9x1)uaT])soxsz -du
T92x1)uaT]) soxesz du
T2I)usaT]) soxaz du

) 1)

) 1)

) 1)
T2I)usT])soxaz du

) 1)

) 1)

) 1)

T21)usT])soxaz du
Tox1)uaT])soaxsz du
T92x1)uaT]) soxez du

‘([,n,]3ew dus3 peoT)us|

Z SUTITJISA SwWI n [enprssx
Z SUTITQAISA uUkSW A Tenprssl
Z SUTITQAISA uUksW n Tenprssl

T SUIT3I9A” awtad AA [enpIrsald
T 2UIT3I2A awtad nn [enprsax
T 2UTIT3I2A 2wtad AN Tenprsal
T SUTTQAISA SWI A Tenprssl

T SUTIT2AISA SWI n Tenprssa

T SUTITQISA UBSW A [enprssx

T SUTITJISA UBSW N [enprssx

7 SUTTZIOY owTtad AA” TenpIsSsal
7 SUTTZIOoy owrtad nn [enpIrssl
7 2UTTZIOY owTtad AN [enpIrssal
7 2UTITZIOY SsSwiI A [enprssx

7 2UTTZIOY SswiI n [enprssx

Z SUTITZIOY ukawW A Tenprssl

7 SUTITZIOY ukswW n Tenprssi

T 2uTTzaoy swtad AA  [enpIrsalx
T 2uTITzIoy awtad nn [enprsal
T 2UuTTzaoy swrtad An TenpIrssaa
T SUTTZIOY SWI A Tenprssl

T SUTTZIOY SwWI n Tenprssl

T SUTITZIOY ukaW A [enprssx

T SUTITZIOY uUuekaW n [enprssx

([ T— (92ZTs T=I)UST <

])ysoaosz du = swrtad AA” Tenprsax

208



( z*/(swutad n wopuea ‘swutad n wopuex) ATdratnwu-du)ueswu-du
( z'(swtad a~wopuea ‘swutad n wopuex) ATdriTnw- -du)ueswudu

[T/:/:]owTad nn wopuex
[T:“:]swTad Aan wopuex

( [SUON‘T‘: ‘:]uedW A  WOPURI ‘3073 SNOSURIURISUT A~ WOpURI) 30rIIgNS - du swtad AT wopuea

( [PUON‘T‘:‘/:]urpsw n WOPUEBRI ‘303 SNOSURJIURJSUT N WOPUERI) 3oeridns - -du = swtad n- wopued
(p93eoT3 du=adA3p ‘z ‘703 snosaurlurlsurl A wopuex ) pas-du = [T‘:/:] swi A wopuex
(p93eoT73 du=adA3p ‘gz ‘230217 SNOSUPRJIURISUT N wopuea ) pais‘du = [T4:“‘:] SwI n wWoOpuerx

( Z ‘20217 SNOSURIURASUT A wopuea j)uesw 'du = [T‘:‘:]uesw A wWOpuUuRI
( z ‘3037 snosurjuelsSUT n wopueJ )uesw'du = [T‘:‘:]uesw n wopuel

[[C]3sTT uoT3oaT9s:/:]3073 snosaurluelsuTl A = [[/:/:]3037 sSnosaurluUR]ISUT A~ WOPURI
[[C]3sSTT uoT3oaTas’:/:]303 snosurjuelsul n = [[4:/:]303 snosurjuR3lSUT 1N~ WOpURI
t([T]=2zTs 12 ‘Q)obuex ut [ J03
([ [TlezTs 101 ‘([1][
0, 13ew dusy peoT)uaT ‘([,n,]3ew dwusy peoT)uaT ])soxoaz-du = 103 SNOSBURJURJISUT A WOPURI
([ [TlezTs 101 “([T][ ¢
,0,]3ew dusy peoT)uaT ‘([ ,n,]3ew dwus] prOT)UST ])soasz: du = 303 SNOSURJURISUT N WOPURI

dooT [ yoes JI0J SAvIIe 0OI9Z-9I PUB 23eDO0TTE-°2Id #

([T]22TS 123 ‘((soTT3 xoqunu)wuns-du ‘()sbuer)sTdwes wWOpURI = JISTT UOTIDD[SS
(T, UOTJDSTSS 39sSelp TRUOTIORII, ) JuTad

t(T—-(22TSs T=2a)Uu=aT“Q)=burx urt T IOF

19Se31Pp TBUOTIOBIJ YOS JIOJ UOTJDS[os IJTed osbewtT wopuey #

9ZTS ToI)uaT])soasz-du

[ ( ) ] Z 9UuTT3IoA awTId AA” Tenprsal
[ T- (92zTs T8a)usT]
[ ( ) ]
[ ( ) ]

soxaz du 7 9UuTT3IoA 2wWTId nn Tenprsal
soxaz*du 7 SUTT3I9A swtTad An [enpIssaa

soxsz du = 7 SUTITQAISA SWI A Tenprssa

SZTS TSI)UST
9ZTS TSI)UsST

)
)
)
)

209




~ o~~~ o~ o~ —~
—/ o/ o/ /o

e = B = B W R

(( zxx([T*:/:]owtad an wopuex)unsueu-du ) / (gxx( [T-T’:‘:]swtad AA  WOPURI <

[T:“‘:]owTad aa” wopuex) wnsueu du x N ) )3xbs du = [[-T‘:‘:]swtad an” TenpIssl #
(( zxx ([T’ :]Jawtaxd nn wopuex)unsueu-du ) / (gxx( [T-T’:’:]swtad nn wopuel <
[T/:“:]owTad nn wopuex) wnsueu'du x J ) )axbs-du = [[-T‘:‘:]swtad nn [enpIrssaa #
(( zxx ([T’ :]owtad an wopuex)wunsueu-du ) / (gxx( [T-T’:’:]swtad An wopuel <
[T/:/:]owTtad an wopuex) uwunsueu-du x [ ) )3Tbs-du = [-T/:‘:]awtad an” Tenprsax #
(( zxx([T*:": swi n wopuex)wnsueu-du ) / (gxx( [T-T’/:”:] SWI N Wwopuel <—
[T/:":] SWI~ A~ wopurx) wnsueu*du x [ ) )3Tbscdu = [[-T‘:‘:] SWI~ A~ Tenprsax #
(( zxx([T*:": swiI n- wopuex)wnsueu-du ) / (gxx( [T-T’/:”*:] SWI N Wopued <—
[T/:7/:] sSwa n-wopuerx) wnsueu du x [N ) )3ATbscdu = [[-T‘:‘:] SWI 1N [enprsal #
(( gxx ([T " ueaw n- wopueIx)unsueu‘du ) / (gxx( [T-T':”*:] uesuw N WOPUBI <4—
[T/:“:] wuesaw A wopuex) wnsueu-du x Iy ) )3xbs du = [[-T“:“:] uUesaw A [eENPISSI #
(( zxx([T*:": uesw n- wopuex)unsueu-du ) / (gxx( [T-T‘:’:] uesw N WwoOpueI <—
[T/:“:] wuesaw n wopuex) uwunsueu'du x J ) )axbs du = [[-T“:“:] uUeaw n [eNPISSI #

( z'/(swtad A wopuex

]swtad AnT wopuRa
:]lowTad nn wopuea
:]lswtad An” wopuex
] SwI AT wopurx
0] SwWI n wopuex
N ueaw A wopuerx
N uesw N wopuex

UOT3DBIJ 2A3RTSI TENPISSI ‘poylswl WOpURI #

T+T/:/:]awtad aa  wopuex )sge du = [T/:‘/:]awtad An” TenpIsax
T+T/:/:]awtad nn wopuex )sge du = [T/:‘/:]awtad nn TenpIrsax
T+T/:/:]Jowtad an wopura )sge*du = [T’:“:]swTtad An TenpIrssax
T+T/: 7] SWwI A”wopuerIx )sge*du = [T‘:‘:] SWI A TenpIrsal
T+T/: 7] SwI n-wopuel )sge du = [T‘:‘:] SWI n [enpIrsaia
T+T/: 7] ueauw A~ wopueI )sge-du = [T’/:‘:] uUrkawW A Tenprsalx
T+T/: /1] ueaw n-wopuex )sge-du = [T’/:’:] uesw n- [enpIrssax

S0USISIJ TP ‘poylsw wopueI #

(T, 219Seaeg TRUOTADORIJ JIOJ o0uUsbIaAuO) Tenprsay, ) autad
t(I-(22TS” [2I)UuST ‘() oburea uT T IOJF

STOD WNUxSMOI WNU = [ #

PTSTF J0305A SITIUS JI0OJ UOTJIBTNDOTRD 90USDLHISAUOD Tenprssoay #

‘swtad A wopuera) ATdrarnu du)uesw du = [T/:‘/:]swTtad aAnA” wopurRI

210




([T-T* gX g ®UTTZIOU:IX g SUITZIOY <

‘ATz autTzaoy]awtad nn” renprsai)ueswuru du = [[-T]Z SUTTZI0Y swtad nn [enpIrssl
([T-T' ZX Z SUTTZIOU:TIX g SUITZIOY <
‘ATz 7 ouTTzaoylawtad An” Tenprsai)ueawurudu = [[-T]Z 2UTITZI0Y awTad AN [enprsal
([T-T' ZX T 9UITZIOY:IX g SUTITZIOY <
‘Kz 7auTTZaI0Y] sSwI A TenpIsax)ueswuru-du = [T-T] 7 2UTTZIOY SwiI A [enprssx
([T-T' ZX Z SUTTZIOU:IX g SUITZIOY <
‘K7z auTTZI0y] swa n- renprsai)ueswurucdu = [T-T] 7 OUTTZIOY SWI n Tenprsal
([T-T' Z¥X Z 9UITZIOY:IX g SUTITZIOY <
‘AT 7 auTTZI0Yy] uesw A~ TenpIssax)ueswueudu = [T-T] Z SUTITZJIOY uekaW A [enprssx
([T-T* Z¥X g 9UTITZIOY:IX g SUTTZIO0Y <>
‘K77 auTTZI0Y] uesw n Tenprsax)ueswuru-du = [T-T] 7 SUTTzZJIOY ueaWw n [enprssax

T SUTT TBIUOZTIIOY IOJ UOTIBRINOTED TEeNpIsSal #

([T-T* ¥ T ®UTTZIOY:TX T SUTTZIOY <

‘A1 7outTzaoy]awTtad aa” TenpIsal)ueswueu-du = [[-T] 1 SUTTZI0Y oWIId AA™ TENPTISSI
([T-T/ Z¥X T 9UITZIOY:IX T SUTTZIO0Y <>
‘AT autTzaoy]awtad nn” renprsai)ueswuru du = [[-T]T SUTITZI0OY swtaxd nn [enpIrssal
([T-T' ZX T SUTTZIOU:TX T SUITZIOY <
‘AT suTTzaoylawtad aAn” Tenprsai)ueawurudu = [I-T]T 2UTITZI0Y awTtad AN [enprsal
([T-T' ZX T 9UITZIOY:IX T SUTITZIOY <>
‘K17 eutTZaI0y] SwI A TenpIsax)ueswuru-du = [T-T] T SUTITZIOY SwI A [enprssa
([T-TY ZX T SUTTZIOU:TX T SUITZIOY <
‘AT auTTZaoy] swa N~ renprsaI)ueswurucdu = [T-T] T SUTTZIOY SwI n Tenprssl
([T-TY ZX T 9UTTZIOU:IX T SUITZIOY <
‘K17 sutTzZao0y] uesw A~ TenpIsax)ueswueudu = [T-T] T SUTITZIOY ukaW A [enprssx
([T-T/ Z¥X T 9UITZIOY:IX T SUTTZIOY <>
‘K17 eutTZaIO0y] uesw n TenpIsax)ueswueu-du = [T-T] T SUTITZIOY uUksW N Tenprssl

T SUTT TBIUOZTIIOY IOJ UOTIBRINO[ERD TEeNpISal #

211




([T-%*
tTATzZ auTT3a9a]lswTtad An Tenprsal) ueswuru-du =
([T-71*
:TATZ sutT3a9A] SWI A~ TenpIrssal) ueswueu-du =
([T-1*
:TATZ autTT3I9A] SwI N TenpIrsal) urswuru-du =
([T-71*
:TATZ7auTT3I9A] UBSW A TenpIrsal)ueswuru-du =
([T-1“*
:TATZ SUuTT3asA]  UBSW N TeENPISSI) upswuru dU =

Xz ouTT3Ion ‘zATZTouTTiIon
[T-T]Z SUuTIT3I=A swTad An Tenprsalx
X gz oUTT3I=A ‘zATz7ouTTlaSon 4

[T-T] 7 SUTITQAISA SWI A Tenprssa
Xz ouTT3Ion ‘zATzZToUuTTlIOAN
[T-T] Z SUTITJISA SwWI n [enprssx
X 7z ouTT3Ion ‘AT ZTouTTiIon
[T-T] Z SUTITQAISA uUksW A Tenprssi
X 7 oUTT3I=A ‘zA z7ouTTlaon 4
[T-T] Z SUTITQISA UkSW N [enprssx

Z SUIT TEOT3ISA JIO0J UOTJIRTNOTED Tenprsal #

([T-71*
:TAT T suTT3I9Aa]lswTad AA” TenpTrsal) ueswuru-du =
([T-1*
:TAT T autTT3asAa]lswTad nn TenpIrsal) ueswuru-du =
([T-%*
PTAT T auTT3I9Aa]lswTad An Tenprsal) ueswuru-du =
([T-71*
:TAT T sutTT3I9A] SWI A~ TenpIsal) ueswueru-du =
([T-1*
:TAT T 2utTT3IoA] SWwI N TenpIrsal) ueswuru-du =
([T-71*
PTAT T T suTTII9A]  UBSW A Tenprsal)ueswuru-du =
([T-71*
:TAT T SUuTT3aISA]  UBSW N TenpISSI) urswuru-du =

X T SUTT3IASDA “ZA T SUTTIISDA <
[T-T] T SuTT2I24a 2wTad AA” Tenprsalx
X T 9UTIT3IDA “ZA 1 9UTTIIDA <
[IT-T] T 2utT3I94a” awtad nn” [enpIrsax
X T oUTT3I=2A ‘AT TToUuTTIIOA
[T-T] T SuUuIT3I=A swWTad AN Tenprsax
X T SUTT3ISDA “ZA T SUTTIISDA <

[T-T] T SUTIT2AISA SWI A Tenprssl
X T oUuTT3I=A ‘AT TToUTTIISOA
[T-T] T SUTIT3ISA SWI n [enprssx
X T SUTT3IASA “ZA T SUTTIIASDA <
[T-T] T SUTITQAISA UkSW A Tenprssi
X T 9UTIT3IDA “ZA T SUTTIAIDA <
[T-T] T SUTITJISA UBSW N [enprssx

T SUTIT TEOT3IISA JIOJ UOTILTNOTRD TeNnpTISal #

([T-1°
‘ATz 7suTTzaoylswtad AA” TenpIrsal) ueswuru-du =

¢X 7 SUTTZIOU:TIX g SUTTzZI0U <
[T-T]Z SuTTzaoy swrtad AA” Tenprsax

212



(2103 snosurjluLR3ISUT A
(2103 snosuejue3lsSuUT n

1P ‘,103 SNOSURIURIAISUT A 19SPIEBpP, ) 19Sel1ep 231210
e3ep 4,303 SNOSURJURISUT I 19SPIEBP, ) 19Sel1ep o23esaI1d:
spTe2TtI AaTauenb psatasp pue A3TdDOoTSA
eaep ‘,sAyd AT 1eselep, ) 19SBIRD ©91B2ID"
elep ‘,sAyd x 3sselep,) 19selrp 9231e3ID°
ysaw 93BUTPIOOD J7

:J se (um, ‘,GIpy-sieas, + sweuloTd + ITP 20Td)=S7Td AdGYy yaTm

(sAyd &
(sAyd—x

SOUTT [ buoTe sdousbIiIsAuUOD Tenprsol #

( sxo3D09A PR = BIARPP / ,SI0JD9A peJ 19SPIiPpP, ) 19SBI1RD 2131B2ID°J
((soTTF oqunu)uwns - du / 3unod ooeTdal [eas = ejep ‘/ [, TeAS 38selep,) 39selep 21810 J
UOTJepTTen TeOTISTIARIS #

( uesw A3TOT3I0A” Zz = e3P ‘ L,AJTOT3IO0A  Z~ 39SEBlPpP,) 319SEBIPP 93B8I0°J
( ueaw swtad Aa = e3ep / ,UuekowW owTid AAT 39SeEIRD,) 39SBIRP ©3B2ID°J
( ueaw awtad nn = eiep ‘ ,Uueow owTid nn 32sel1rp,) 32SeIRP ©3B2ID " J
( uesw swtad an = elep ‘ ,ueswW swTad AN 319SeIRP,) I19SPIPP 931210 J
( swxI A = eaep ‘4 ,SWI A 19Se1PP, ) 19Sel1rp 212310 ]

( swx n = ejep ‘4 ,SwWI 1N 12Sel1eP, ) }9Selep 9232107

(uesw A = e3P ‘,UeSW A 19SP1eP, ) }9Selep 232107

(uesw N = B3P ‘,UeSU 1 329SP]PP,) I9SEJep 23eaId°J

7

7

#

F

F

#

SOTOERTIRA IESTD PUP SATUDIE I0J SOTTI GAJH 93ITIM 334

swtad AN wopuex ‘swTid AATWOPURI ‘sSwa A” wopuea ‘swrtaid A  wopura ‘ursw A wopued
\ ‘303 snosueluerilsSUT A~ wopuel ‘swtid nn wopuer <
‘swIT nTwopura ‘swTad nTwWopURI ‘uUursw N WOPURI ‘31037 SNIOSURJIURISUT 1 WOPURI TP
WYd 9YdaTD 234
([T-T/ X"z autT3lasa ‘gA7z 2UuTrlasn <
:TA Tz autrT3asa]lawTad AAT TenpISaI)urawurUdU = [I-T]Z SUTIT3IISA 2WTId AA TenpIrsal
([T-T/ Xz =2utrTlIsa ‘zA7Z 2UTT3I=A <>
tTATzZ ouTT3asa]lawTtad nn” Tenprsai) ueswurudu = [I-T]Z S2UTIT3ISA” awTad nn” [enprsal

213



1=Ja}=Je)

eaep

elep

eaep

e3ep

1=Ja}=Je)

elep

elep

eaep

elep

1=Ja}=Je)

eaep

elep

eaep

( zZ7outTzaoy awtad AA” TenpIsai <

WZ 2UTTzIOY swTaxd AA” TENPISSI 19SBIRP,) 19Selep 931eaI1D*

( Z7ouTTzZaoy 2wrtad nn [enpIrssi <

W2 RUTTZzIOY swTad nn [enpIrssal 19sei1ep,) 19sel1rp 21210

( zZ7outTzaoy awtad An” TenpIrsai <

WZ OUTTZIOY owTad AN TenpIrsal 319sSeiep,) 39Se3jep o3esI1d:*

( Z SUTITZIOY SWI A Tenprssi <—

W Z SUTITZIOY SWI A Tenprssal 31sselep,) 3sselep o31eaI10-

( Z SUTITZIOY SWI n Tenprssl <—

W C 2UITZIOY swiI n [enprssai 39selep, ) 1Seselrp 93eaId-

( ZSUTTZIOYU uUkaW A [enpIssi +

Wl SUTTZIOY UkSW A Tenprssl 3Sse]lep,) 3Ssselep 9o31eaI1d-

( Z7SUTTZaIOY uUekSW N TenpIsSsl <

w2 SUTITZIOY uUekSaW 1 Tenprsal 312selep, ) 3sselep 923esI10-

( T outTzaoy awtad AA” TenpIrsai <

WwI 9SUTTzZIO0OY swWwTad AA TENPISSI 19SBIRP,) 319Selrp o31eaI1d*

( T 2uTTZI0oy 2wTad nn [enpIrssi <

W1 2UTTZzI0oY swTad nn [enpIrssal 19sei1ekp,) 19Sselrp 21210 *

( T outTzaoy awtad An” TenpIrssai <

WI 2uTTzIoy swtad AN TenpIrsal 19Selep, ) 19Se31ep 23810

( T SUTITZIOY SWI A TenpIrssI <—

w [ SUTTZIOY SWI A Tenprssl 3sse]lep,) 3sselep o31esI1d-

( T SUTITZIOY SWI N Tenprssi <-

" T SUTTZIOY SWI n Tenprssal 39seliep,) 39Selep =231eaI1Id°

( T SUTTZIOY uUkSW A [enpIrssi +

W[ SUTITZIOY uUekaW A [enprsai 19sel1ep, ) }Sselep =23eaI1d°

( T SUTTZIOY ULSW NI TeNPISSI <

wI SUTITZIOY UkSW 1 Tenprssl 31Sselep, ) 3Sselep o3eaI10-

214



1=Ja}=Je)

eaep

elep

eaep

e3ep

1=Ja}=Je)

elep

elep

eaep

elep

1=Ja}=Je)

eaep

elep

eaep

ATANVXHE AdGH DNISN HTIA GAdH AVOT %S4

( Z7outTaron awtad AA” TeNpPISaI <

WZ SUTTAIaA swTaId AA” TEOPISSI 19SBIRP, ) 19Sel1ep 91eaI1D°J

( Z7ouTTaxonA” swtTad nn [enpISsaI <

W2 RUTT2IenA swTad nn TenpIrssal 19sei1ep,) 19sel1ep 21210

( Z7outT3gon swtad AN TenpIrsai <

WZ OUTT3I2A swTId AN TeNPISSI 319Seiep,) 39Se3lrp o31eaI1d:*

( Z7SUTT3ISn SWI A TenprssI <—

W Z SUTITJISA SWI A Tenprssal 31sselep,) 3sselep o31eaI10-

( Z SUTITJISA SWI N Tenprssl <—

W SUITJISA sSwI n [enprssai 39selep, ) 3Seselrp 93eaId-

( Z SUTT3I2A URSW A [enpIssI +

Wl SUTTIJISA UPSW A Tenprssal 3Sse]lep,) 3Ssselep 9o31eaI1d-

( Z7SUTT3Ion UPSW NI TENPISSI <4

w2 SUTIT3ISA UkSW 1 Tenprsal 312selep, ) 3eselep 93eaI10-

( T 2utT3IonA” awtad AA™ TENPISSI <

WwI SUTT3I2A swTaId AA” TEONPISSI 19SBIRP, ) 319Selrp o31eaI1d*

( T 2uTT3I2A” 2wTaId nn” [enNpISsSI <

WwI 9UTIT2Ion” swTad nn [enpIssal 19sSeiep,) 19sel1ep 21210

( T outT3Ion” swtad AN TenpIrssal <

ZwI 2UTIT3I2oA 2wtTad AN TenpIsSal 19Seiep, ) 19Se31ep 23810

( T SUTITQAISA SWI A TenpIrssI <—

W [ SUTITJISA SWI A Tenprssl 3sselep,) 3sselep o31eaI1d0-

( T SUTITQAISA SWI N Tenprssi <—

" T SUTIT2ISA SWI N Tenprssal 39seliep,) 39Sselep o231eaI10°

( T SUTT3ISA UBSW A [enpIssi +

W[ SUTIT3I2A UBSW A [enprsai 19sel1ep, ) }9selep 23210

( T SUTIT3ISA UPSW NI TENPTISSI <

LI eUTTAISA UBSW N Tenprseal 19sel1ep,) 19selep 21eaid"

215



()osot1o-31d
(000T=Tdp ‘,bud-iuswedoeTdai Tea2, + s2weujloTd 4+ ITP 30T7d)brFones-3T1d
() xegxoTo0 - 2T1d
(,Tenba,)10adse 195" () soxe-1T1d
(,(ww) ©3euTpIOOd X,) ToqeTx"3T1d
(,(uw) s3eutprood x,) ToqeTA-31d
([ (yxew sAyd A “()utw-sAyd A ‘()xew sAyd x ‘()utw-sAyd x])stTxe 37d#
( ,Aousnbaxj juswsoeTdey UOTIJIBPTITEBA,)ST3T3°3Td
(,pneanob ,=butpeys # (0° T =Xewa ‘Q°(Q =UTwa ‘,ouasIUuT,=dewd ‘(SSTTI Ioqunu <—
ywuns*du / junod eoeldea” Teas ‘[ ,X,]9TTF oATIO® ‘[ ,X,]STTIF =2AT30R)ysawroTood"  31d
()3ot1d-atd
FHHHHFH A A A H A HHAFH A A A A F SRS H S

(sebewtT Te303 AQ POSZITBWIOU) UOTIOBII JuswsdeTdsa Teas #

FHAHHAHAHAHAHAH A A AR AR AR AR AR A

(q ‘e)3ewxor- ,${{{}}}.,0T sowtl\ {}$,1 uanisx
(q)3uT = g
(,2,)3TTds" (%) 3ewxog” ,{az :}, = q ‘e
:(sod “‘x)wI Jop
soxe 30T7d IO0J UOT3IR3OU DTFTJUSTIOS #
Z2107Td %%
anTeAa” (,SI0]1D9A” PR 39sSelrp,) 38b elep GIPY = SITIO9A pPeq

snTea* (,uesaw swrtad An 39se3ep,) 39b° Bl1ep GJIPpY = uesw swtad an
onTeA* (,SwWI A~ 319selep,) 32beiep GIpY =

snTeA* (,SwI n 3oselep,)3s9b eiep ¢IPY = SwI n

anTeA” (,Uuesw n 319selep,)19b-elep GIPY = UBSW n

#
#
#
SWI A #
#
#
#

anTeA" (,uesw A 312selep,)19b " elep GIPY = UesW A
(,+X, *,GIPUrs3iels Twed (087 912080 TIXS <>
/S30Td/T easwe)/WdH08Z/AId/9TZ080 T WOd/IIOTISIXS/SUOTILOOT JUSWSINSEIUW <
/ouswAdd /elep TPUISIUT/TZER AN Hd paddeamsitm/:p,)oTTa"AdGy = e3ep ¢JIpy #

216



(,(uw) S3eutpaood x,) ToqeTA-31d
([ (Yxew sAyd A “()utw- sAyd A ‘()xew sAyd x ‘()utw-sAyd x])stxe- 17d
( ,pneanob ,=butpeys ‘4 ( (uesw n)xewueu- du =X°PUWA <
‘(ueaw n)uTtwueru-du =UTWA ‘,0oursJIut ,=dewd ‘ysew uesaw n ‘sAyd A ‘sAyd x)ysswaotrood:aTd
(,Axeutq ,=dewd ‘sao030oa” peq ‘sAyd X ‘sAyd x)ysswiorood-3Td
()3o1d-atd
(UesawW N)PITEAUT pPSYSEW PW = YSeuw uesuw n
uesuw #

FHEHHAHAH A A HAHAH A AR AR AR AR A

Jusuodwod AJTOOT9A N #

G R

SYNOINOD ALIDOTHA %%
() moys - 3Td4#
()osoT1o-31d
(000T=Tdp ‘,bud-szo030ea” quswsdoeTdax ybty, + sweujold + ITp JoTd)bTIeaes-3Td
() xeqIO0TOD " 2Td
(,Tenbs,)30adse 38s* () sexe-3T1d
(,(wur) S3eUTPIOCOD X ,) [2qeTx 3Td
(,(wu) s3eUTPIOOD 1 ,)IogeTL - 3T1d
([ (Yxew sAyd A “‘()utw-sAyd A ‘()xew sAyd x ‘()utw-sAyd x])stxe- 37d
(,pneanob ,=butpeys # <
(00Z°0 =xewa ‘0z 0- =utwa ‘4 (,Axeutq,=dewd ‘saxo3osa” peq ‘sAyd A ‘sAyd x)uysswaorTood-3Td
() 3o1d-31d
ueaw 4

G

SI0309A JusweoeTdal UbLTY #

igdssssstssisisdsdadadadadasaiasd sttt Rttt

() moys - 37d#

217



uesw #

FHAF A A A A A AR AR AR AR AR A AR AHA

Jusuodwod AJTOOT9A A #

FHEHHHHHHAHAHAH AR A AR S AR H AR A

()moys - 3Td#

()eso1o-31d

(000T=Tdp ‘,bud-swxi n, + sweujzold 4+ ITp 30Td)bTIones 3Td
(zO"T’0)wTTA 388 "X "(TD

(,${MTnA} " sm / g{swa} {swTad\},sn ,)2T3ITY 39S xXe- (Io
() aeqaoToo-31d = CT°
(,Tenba ,)10adse 1395 () sexe-21T1d

(,(wur) S3eUTPIOCOD X ,) [2qeTx"3Td
(,(wur) S3eUTPIOCOD Z,) [2qeTA-3Td
([ (Yxew sAyd A ‘()utw-sAyd A ‘()xew sAyd x ‘()utw-sAyd x])stxe-:371d
( ,pnexnob ,=butpeys ‘4 ( G°Ix (swa n)ueswueu-du =xewa ‘G- Qx <
(swa n)ueswuru-du =UuTwa ‘,ougsjut ,=dewd ‘ysew swi n ‘sAyd A ‘sAyd x)ysswaorood-aTd

(,Aaeutqg,=dewd ‘sxo030on” peq ‘sAyd A ‘sAyd x)ysswaoTood-:3Td #
()3o1d-31d
(SWI N)PITRAUT pPaYSBW PW = YsSew suwIi n

pbutiyenjonTy Jo swIx #

() moys - 37d#

()oso1o-31d

(000T=Tdp ‘,pbud-uesw n, + sweujold + ITP 30T7d)bTIsaes-3Td
(z0"T/0)wWTTA 39S X QT

(,${ATNq} $m / ${N}SUTTISAO\S ,)2T3ITY 39S xXe- gIo
() 3eqrzoTo00°3Td = gIo°
(,Tenbs ,)10adse  38s* () sexe 3T1d

(, (uu) s3euUTPIOOD X,) Toqerx-3Td

218



(000T=Tdp

(,${ATnq}gm / §{swa} {swTad\} A

4 ,bud-swa A, 4+ sweuloTd + ITP 30T1d)bTIsars-3Td
(20 T'0)WITA 39S Xe"CTD
,)OT3TY 3I8s°Xe (gITo

() IeqaoT0o0 3Td = QT2

(,Tenba ,)210adse  39s* () sexe-3T1d
(,(ww) S3euTpPIOOD X,) ToqeTx"31d
(,(uw) s3eutpaood x,) TeqeTA-3t1d

([ ()xew sAyd A ‘()utw:'sAyd A ‘()xew*'sAyd x ‘()utw sAyd x])stxe-37d

( ,pneanob ,=butpeys ‘4 ( ( €G- Tx(sSwa A)ueswueu du)punol =xewa ‘(£‘Gg Qx (SWI A <
) ueswueu - du) punox =utwa ‘,0uIsIuT ,=dewd ‘Iysew swi A ‘sAyd A ‘sAyd x)ysswaorood-3Td
(,Axeutq,=dewd ‘sxo0300Aa peq ‘sAyd A ‘sAuyd x)ysswaorood-3T1d #
jo1d-31d
(SWI™ A)PTITLAUT PSYSPUW PW = IYSPW SwWI A

(oo0T=Tdp

(,${MTNa} sm / g{A}SUTTISAO\SG

pbutjenionTy JoO swx #

() moys-21d #
()osot1o-31d

,Jpoud-uesw o, 4+ sweujord 4+ ITP 307d)brtgsaes:3Td

(Z0"T/0)wITA 398 xR TD
,)OT3ATY 39S xXe-gIo

() xIeqIO0T00"3Td = OT°
(,Tenbsa ,)10adse 139s- () sexe-21T1d
(,(uw) S3euUTPIOOD X,) ToqeTx"31d
(,(wur) S3eUTPIOCOD Z,) I2qeTA-3Td

([ ()xew sAyd A ‘(Y)utw'sAyd A ‘()xew 'sAyd x ‘()utw sAyd x])stxe-37d

( ,pneanob ,=butpeys ‘4 ( (uesw A)xewuru- du =XPUWA <
/(ueaw A)uTwueu- du =UuTwa ‘,0uJoJuTt ,=dewd ‘ysew ueaw A ‘sAyd A ‘sAyd x)ysswaorood-3Td
(,Azeutq,=dewd ‘sxo030oAa peq ‘sAyd A ‘sAyd x)ysawrogrood-3T1d

jotd-atd
(Uesw A)PTITEAUT pPSYSPUW PW = YSew uesw A

219



(,pneanob ,=butpeys ‘#( (uesw AJIDOTJIIOA™ zZ)Xewuru'du =xXxewa ‘(uesw AJIDOTJIOA” Z) <4
utTwueu du =UTwA ‘ ,uIemTo0D ,=dewd ‘ysew ueaW AJTOT3I0A” z ‘sAyd A ‘sAyd x)ysswaoTood-aTd
(,Azeutq ,=dewd ‘sxo030aa” peq ‘sAyd A ‘sAyd x)ysswaoTood-:3T1d
jotd-atd
(uesw AQTOTIIOA” Z)PTITRAUT POYSPW PW = SPW UueawW AJTOTIIOA Z
SEEEEEEE R SRR R E R R R Rk
A3TOT3I0A-7 #
FHAFHHFHHHHH A AR HHHF A AR

()moys - 3Td#

()osoT1o-31d

(000T=Tdp ‘,bud-uesw swtad an, + 2weujold 4+ ITIP 307d)bTIsaes-3Td
(zO"T’0)wTTA 388 "XR"(TD

(,S{z} {MTna} " sm / s{{awTad\} ,a{swTad\} ,n}SUTTISA0\S ,)OT3TY 39S xXe"JIo
( (Jw3F) I233PWIOADUNT " ISMOTI " ITI0Td3BW=3PWIOT) IRQIOTOD " 3Td = QI° #
(,Tenba ,)210adse 395" () sexe-23T1d

(,(ww) S3euTpPIOOD X,) ToqeTx"31d
(,(uw) s3eutTpPIOOD 1x,) ToqeTA-31d
([ ()xew sAyd A ‘()utw:'sAyd A ‘()xew 'sAyd x ‘()utw sAyd x])stxe-37d

(,pneanob ,=butpeys “‘#( (uesw swrtad aAn)xewueu-'du =xewa ‘(uesw swWTId AN <
yuTwueu- du =uTtwa ‘,0uIaJuT ,=dewd ‘ysew uesw oswWITxd an ‘sAyd A ‘siAyd x)ysswaoTood:-3Td
(,Axeutq,=dewd ‘sxo030oa peq ‘sAyd A ‘sAuyd x)ysswaorood-3T1d #
jo1d-31d
(uesw swTad AN)PITRAUT POYSPW ' RBW = Sew uesw swtad AN

FHHFHHHHAHAHEHAH AR H AR A AR A

SS913s Ieays spToulkay ,A,n #

R R i

() moys-31d4
()oso1o-31d

220



EaEEEEEEE

\} A}aUTTISAO\S =TT [6€:]T 2utTZza0y 2wtad aa” TenpIisai ‘[QF:T]2zTS T123)30T7d-31d
(G 0=MT *,——,=ST ‘g=9zTsxoyaew ‘,6<,=1xoyaew ‘,A,=10T700 ‘,s{{swtad\} n{swutad <

\} 01} SUTTISA0\S ,=T=aqeT [6€:]1T 2uTTzaoy swrtad nn Ttenprsax ‘[Qp:T]122TS T191)30T7d*a1d
(G 0=MmT ‘,——,=ST ‘g=9zTsxoyaew ‘,>,=1axdew ‘,u,=10T700 ‘,s{{swtad\}, ,A{swuTtad <

\},N}2UTTISAO\S ,=T20eT [6€:] T 2utTza0oy awtad an” fenpIisal ‘[QF:T]2zTs T123)30T7d-31d

(G 0=MT *,——,=ST ‘z=9zTsaoyqaew ‘6 A, =TIo3aIeW ‘,3 ,=I0T0D /S
{swa} {swtad\},$a,=TageT [6€:] T 9UTITZIOY sSwa A Tenprsal ‘[Qp:T]22TSs 19x1)30T1d-31d
(G*0=MT *,——,=ST ‘z=9zTsasyaew ‘’,, ,=1sjaewu ‘,6bO,=10T0D /S
{swa}™ {swTad\},¢n,=TageT [6€:] T 2UTTZIOY Swa n Tenprsax ‘[Qp:T]122Ts 191)30T7d:a1d
(G 0=MT *,——,=ST ‘z=9zTsisyqiew ‘,0,=I9yaew ‘,1,=I0T0D —
(S{n}surTasao\s ,=1qeT ‘ [6€:] T outrlzioy uesuw A” [enprsax ‘[Qp:T1]92Ts™ 121)3071d"3T1d
(G 0=MT *,——,=ST ‘z=9zTSaoyaew '’ ,6x,=Jo3IeW ‘,J,=10T0D <
,S{n}sutTIsnro\s ,=ToqeT [6€:] T 2UTTZI0OY UuekSW N [enpIrsax ‘[Qp:T]122TS T12a)307d 371d
jotd-atd

T SUTITZIOH #

—
FHHHFHHHAAHFHA S A A A A A A HHH AR F A A HA AR A A E A A A A A AR H ARSI R A
#
2ouabIsAUO) TeNpPpIsSay %%
() moys-31d4
()oso1o-31d
(000T=Tdp ‘,bud-ueow AQTOT3IOA” Z, + 2werulzoTd 4+ ITP 30T7d)br1Fones-3Td
(Z0"T/0)wWITA 398 "xXB"TD
(, s{yTng} " sm / ¢{{z} ebowo\ }SUTTISAO\S ,)STATY 218s "Xe g2
( (3JwJI) I933PWIOADUNT " ISYO T " ITIOTdIRW=3PWIOT) IRQIOTOD*3Td = QIO
(,Tenba ,)10adse 395" () sexe-21T1d
(,(uw) S3euTPIOOD X,) ToqeTx"31d
(,(wur) 23eUTPIOCOD Z,) [2qeTA-3Td
([ ()xew sAyd A ‘(Yutw:sAyd A ‘()xew 'sAyd x ‘()utw sAyd x])stxe-37d

221



((GT°0°0“zx“1x))stxe-31d #

()sTxe 31d = ZA/TA'zx ‘1%

()pusbsT-31d

(,saTRg 2bPWI JO ISqUNN,) IogeTx°2Td

(,¢ 3x9n\ {T1-u} Tyud\ - {u} Tyd\ 3JISDA\ ¢ ©SOUSHISAUO) Tenprssy,x) [eqeTiA-3Td
(G 0=MT *,——,=ST ‘z=9ozTsioxaew ‘,y,=1o3aeuw ‘,0,=10T700 ‘,s{{swtad\} a{suTtaid <«

\} A}SUTTISAO\S ,=T5geT [6€:]1Z 2uTtTza0y 2wtad Aa” TenpIisai ‘[QF:T]2zTSs T123)307d-31d
(G 0=MT ‘,——,=ST ‘g=ozTsxodaew ‘,6 < ,=1xoyaew ‘,A,=10T700 ‘,${{swtad\} ,n{swutad <

\} 01} SUTTISAO\S ,=T=qeT [6€:]17 auTTzaoy awrtad nn Tenprsax ‘[Qp:T]122TS 1921)30T7d:a1d
(G 0=MmT *,——,=ST ‘g=ozTsaoxaew ‘,>,=1a3aew ‘,u,=10T700 ‘,s{{swtad\},A{swutad <

\}on}eautTasnso\g ,=TaqeT ‘ [6g:]g 2utizaoy autad aAn  TenpIsax ‘[QF:T]9zTs 121)30Td 3T1d

(G 0=MT *,——,=ST ‘z=9zTSaoyiew ‘,6 A, =Jo3IW ‘,3,=I0T0D /S
{swx}™{swTad\}, s ,=T3qeT ‘ [6€:] ¢ euTTZIOY SswI AT Tenprssx ‘[Qp:T]9zTs  T9x)30Tdr31d
(G*0=MT *,——,=ST ‘z=9zTsasyaew ‘,, ,=1o3aewu ‘,6bO,=10T0D /S
{swx}™ {swTad\},sn,=ToqeT ‘ [6€:] ¢ eutTIzIOoY swI n [enprssx ‘[Qp:T]9zTs” [a1)30T1dr31d
(G 0=MT *,——,=ST ‘z=9zTSsasyxew ‘,0,=Io3aew ‘,1,=10T0D <
;S{A}oUTTISNAON\S ,=T=3qeT [6¢:] ¢ eutIzIoy uesw AT TenpIsai ‘[QF:T]e9zTs 191)30Td 3Td
(G 0=MmT ! ,-—,=ST ‘z=°zTsisyaew ‘,6x,=I9yaew ‘,q,=10T700 <
,S{n}suTtTIsnro\s ,=T=gqeT [6€:] 72 OUTTZIOY UuekaW n TenpIrssax ‘[Qp:T]122TS T12a)307d-3T1d
jotrd-atd

7 SUTTZIOH #

()osot1o-31d
(000T=Tdp ‘,bud: 1 SUuTTzI0y =2bLISAUOD TENPTISSI, 4+ 2weulold + ITp 30T7d)brIisaes-3Td
((GT°070‘zx’1x))stxe-31d #

()sTxe 31d = ZA/TA'zx’1X

()pusbat1-31d

(,8I1TRg 9bRWI JO Io2qunp,) TodeTx-21T1d

(,$ 23x9a\ {T-u} Tyud\ - {u} Tyd\ 3II°A\ ¢ BSDOUSLHISAUOD TENPTISSY ,I) TeqeTh -1Td
(G*0=MT ‘,——,=ST ‘g=9zTsxoyaew ‘,y,=1axaew ‘,0,=10T700 ‘,s{{swtad\}, ,A{swuTtad <

222



,${n}eutTasao\g ,=ToqeT ‘ [6€:] g SuTlT3laans uesw n [enptsax ‘[of:T1]92Ts” 121)3071d"3T1d
jo1d-31d
¢ SUTTIISA #

()oso1o-31d
(000T=Tdp ‘,bud- 1 SuTT3IoA” 2DISAUOD TeNnpPIsal, 4+ 2weuloTd + ITP 30T7d)brtIsaes-3T1d
((GT°070'zx’1x))stxe-31d #
()sTxe 2Td = ZA/TA‘zx'Ix
()pusbsT-31d
(,SaITRg °bPWI JO I2qUNN,)Togelx-2aT1d
(,¢ 3x9a\ {T1-u} Tyud\ - {Uu} Tyd\ 3JISDA\ ¢ ©SOUSHISAUO) Tenprssy,x) [eqeTA-3Td
(G 0=MT ‘,——,=ST ‘g=9zTsxoxaew ‘,y,=1axIew ‘,0,=10T700 ‘,s{{swtad\},s{swuTtad <

\} A}SUTTISAO\S ,=TaqeT [6€:]1T SuTTaI=2A swWTad Aa” Tenprsax ‘[Qp:T]122TS T12x)3o7d:a1d
(G 0=MT ‘,——,=ST ‘g=9zTsaoyaew ‘,6 < ,=1ayaewu ‘,A,=10T700 ‘,${{swtad\} ,n{swutad <

\} 01} SUTTISAO\S ,=ToqeT [6€:]T 2utT3IoAa” swtad nn” TenpIissax ‘[QF:T]2zTs T1=21)30T7d-31d
(G 0=MT *,——,=ST ‘z=9ozTsioxaew ‘,>,=1831eW ‘ ,u,=10T700 ‘,s{{swtad\} a{suTtid <+

\}.n}auTTIasno\g ,=TogeT [6€:]T 2uTT3I29A 2wtad An” TenpIsai ‘[QF:T]2zTSs T123)30T7d - 31d
(G 0=MmT ! ,——,=ST ‘zg=°zTsasxaew ‘ ,6 A ,=J93a1euw ‘,3y,=10T700 /S

{swx} {swTad\},$a,=TogeT [6€:] T 2UTT3IDA” SWI A” Tenptrsax ‘[Qp:T]122Ts 191)30T7d:a1d
(G 0=MT *,——,=ST ‘z=9zTsaoyaew ‘,, ,=19aew ‘,D,=10T0D ' /S

{swa}  {owTad\},¢n,=TsgeT [6€:] T 9UTIT3ISA” swa n [enprsad ‘[Qp:T]922Ts [9x)3o0T7d-31d
(G Q0=MT *,——,=ST ‘z=9zTSaoyaew ‘,0,=Io3yaew ‘,1,=10T0D e

,S{n}ouTTIsnro\S ,=ToqeT [6€:] T 92UTIT2ISDA URDW A TenpIsax ‘[gp:T1]22z2Ts 121)30T7d 2Td
(G 0=MmT ' ,——,=ST ‘zg=°zTsasyaew ’,x,=I9yaew ‘,q,=10T700 —

,s{n}surtasao\g ,=1°qeT '’ [6€:] T ouTI3ISA UESW N~ Tenprssax ‘[Qp:T]9zTs” 121)30Td"31d

jo1d-31d

T SUTT3IISA #

()®so1o-31d
(000T=Tdp ‘,bud-z =suTTzI0oy =2bIsAUOD” TENPISal, + sweujoTd + ITpP 30Td)brTIsaes-3Td

223




UT X JI0J (X)usaT)wns‘t ) ‘I,n,19TT3 =oaT30r)adeysar-du = Snosaur3lUR]ISUT N
A\umE.~+H®QEsclmm@Qw~Umow\+®E@:®HHM+MHUI®Hvap©EU®0H.OHmHmﬂﬂwlm>ﬂuom

SNWNTOD Y SHINIAVD IOVWI TVYIINANOAS SI MOY HOVH) SAVIYY ININOJWOD XILIDOTHA AIVIIANED

(zequnu ssed) qutad
:(SeTT3 Ioqunu‘T)ebura uTr Jsqunu  ssed IOJF
(Aexxe NxW TeUDTIO UT SHIVNIAYOOD TVIIVAS HYVY <

#
#
#
#

S5 #
(HAOEGY NVHI ¥dMOTS) WHIIYHOOTVY ALIDOTHA INAIDIAAT XJOWHAN HIOW %%+#
swtad an” Tenptrsax ‘swrtad aa” Tenprsax ‘swTad nn [eNpISSI <
fSWIT AT TenpIrsSaI ‘uesw AT [ENPISSI ‘sSwa N [enpIsal ‘uesw n [enpIrsSai 9P
SAVIYY AYVSSHDHENNN HIHTHA %%
()oso1o-31d

(000T=Tdp ‘,bud-z suTT3IoA 2DISAUOD TeNPISaI, 4+ 2weuloTd + ITp 30T7d)brtIsaes-aTd

((GT°0‘0'zx’1x))sTxe"31d #
()sTxe 2aTd = ZA/TA7x/IX
()pusbat-a1d

(,8a1TRg °9bPWI JO I2qUnN,) [odeTxX23T1d

(,¢ 3ax9a\ {1-u} Tyud\ - {Uu} Tyd\ 3JISA\ ¢ ©SOUSHISAUO) Tenprssy,x) [oqeTA 21Td
(G 0=MT ‘,——,=ST ‘g=9zTsxoxaew ‘,y,=1oxaew ‘,0,=10T00 ‘,s{{swtad\},s{swutad <

\} A}SUTTISAO\S =TT * [6€:]17 2uTTlI2a awTad AA™ TenpIssax ‘[Qp:T]922Ts T[ax)30T7d-3T1d
(G 0=MmT ‘,——,=ST ‘zg=ozTsxoyaew ‘,6 < ,=1ayaewu ‘,A,=10T700 ‘,s{{swtad\} n{swutad <

\},N}SUTTISA0\S ,=T2qeT [6€:]Z 2uTtT3I0ona” awtad nn” TenpIisal ‘[QF:T]2zTs T123)30T7d-31d
(G 0=MT *,——,=ST ‘z=9ozTsaoxaew ‘,>,=1o31ew ‘ ,u,=10T700 ‘,s{{swtad\} a{suTtad <

\} n}suTTIasno\g ,=TageT [6€:]Z 2uTT3I9A” awtTad AN TenpIsai ‘[QF:T]2zTSs T12x)307d-31d
(G 0=mT ! ,——,=ST ‘zg=°zTsasxyaew ‘6 A ,=J93aew ‘,3y,=10T700 /S

{swa} {swTad\},sa,=TageT ‘ [6¢:] 7 2UTITAIDA” SWI A” Tenptrsax ‘[QF:T]122Ts 1921)30T7d:a1d
(g 0=mT ‘,-—,=ST ‘z=ozTSaoadaew ‘,, ,=x93xew ‘,b,=10T00 /S

{swx} {swTxd\},¢n ,=T2geT [6€:] 7 9UTIT3ISDA swa n [enprsal ‘[Qp:T]22Ts 19x)3o0o1d-31d
(G 0=MT *,——,=ST ‘z=9zTSaoayaew ‘,0,=Io3Iew ‘,1,=10T00 4+

,S{n}ouTTI=nO\S ,=TogeT ' [6€:] 7 OUTT3ISA” URSW A TenpIsax ‘[Qp:T]122TS T12a)307d-3T1d
(G 0=MmT ' ,——,=ST ‘z=°zTsaoyaew ‘,x,=I9yaew ‘,J,=10T700 —

224



yozTs - du ) 0’ (sutad a

A,]19TTI 2aT3OR)92Ts du

n,]e113 =2aT30®)9zTs du

/(SnoSsuUP]3URISUT A ‘3103 SNOSUBRJIURISUT A) )S3RUS3IBOUO0DdU

‘(snosurlurlsSUT n‘303 sSnosurjluLlISUT n)

‘(0’[,n,]12TTF =2aT30r)ozTs-du ) ‘4 (0‘303 snosuejuelsuT n)pis-du )adeyssa-du

UT X JI0J (x)usT)wns‘t )

(

(

(

(

= swI n#
#
( ( (1‘[.,n,)9TTI oaT30e)0zTs du ‘(0‘[,n,]9TTI 9ATIO® <
‘swtad n) Ardrarnuw-du ) uesw-du )osdeysosa-du = uesw owtad Ang
#
( (. (T'[, ¢
‘(0'[,A,/]9TTF oaT30ev)9zTs du ) ‘ uesw n )odeyssx-du = uesw A4
uesw A — 30317 SNOSUPJURISUT A = SwWTiad A#
(0 ‘3037 snosurluURlSUT A)Uesw du = UeSW A#
#
( C (T[, ¢
‘(0'[,n,]9TTF =aT30rv)ozTs du ) ‘ uesaw n )odeyssx-du = uesw n4
uesw n — 3037 SnosuP3UPISUT N = swrtad ng
(0 “303 snosurluelsSuUT n)uesw du = UeSW n#
OTeD SS8I3s AN pue ‘swx ‘uesw SLH##
#
(0 = STX® <>
= 13073 SnosurjluUR]lSUT A #
(0 = STXE 4>
) ©@3rU23EDUO0D"dUu = 203 SNOSURIURASUT 1 #
:9STo #
#
SNOSUPJIULR]ISUT A = 303 SNosUrjuULRISUT A #
SNosuUrlUL]ISUT N = 303 SNosuejlue3lsuT n #
(uFTu)3utad #
:T == Joqunu ssed JIT #
#

([ ,A,]13TTT =ATO® 4

‘T ,A,]19TT3F =2aT30r)adeysax-du = SNOSURJIURISUT A #

([,A,]STTT =SATIDOE ¢

225



‘(0'[.,A,]19TTF oaT30R)92ZTSs du )

1

(

(

(T'01./A,]19TTF 2AT30R)22TS dU <

(0 ‘303 snosuejuelsur A)p3is-du )asdeyssa-du = swx aA#

(

(

(T‘l/n,]9TTF 2aT30®)92Ts dU <

226



(0’G*9) === (0’0'2) ‘(0‘0‘T) “(0‘0‘0) ®¥TT ‘s3jurod 30oslqgo saedsad #

(TOO0"0 “00€ “¥HIT XYW VIMHLIYD WIHIL ZAD + SdH VIMHIIYD WYHL ZAD) = BTISATIO
PTIS]TIO UOTJIRUTWIS] #

#

o\°
o\

TweA 3xodwut

17d se jo0T7dAd-grr3ordaew 3xodwt
qoTb 3xodwT#

zAD jaodut

du se Adwunu 3xodwt

[Tl

LudDbsu xoyaneyp
8T0C 6T:LI:ET L ABW UOW UO pa3eaId

[T}

—¥— g-JI3n :DUTPOD —x— #

1198 93ewr payroads Ay} SM0ISIPUN PUB SIUSIOYJI0D UONIBIQI[ED BISWED YY) Speo] 1dLIOS puodas ay ], "UonJIoISIp [BIpel Ay} J0J 1091100
0] SJUAIOYJO0D UONRIQI[BD BIWED AU} Jururejuod o[y juwd e st ndjno 9y, "puy 0} WLIo3[e U01d)ap Iouiod ay) 10 (sid 3109[qo) pud

Pa10adxa oy pue preoqIaydyd arenbs e jo aewr uoneiqred ndur ue saxnbax 3dos 3s1y oy, ‘s1duos om) sureyuod xipuadde siyy,

LATIOS NOILJIOLSIANN "TVIAVY ADNHdO

I XIANHddV

227



() STXRA 3I9AUT " XPE
() saoTdans-37d = xe ‘D13
SISUIO0D pIeogsssayd 30Td #

PUTTEOS*SISUIOD = SIDUIOD
UOT3NTOS2I TRUDTIO 03 SISBUIOD DZTSSI #

(SUON‘ (G “p) ‘STEOSUMOP DLWT) SISUIOCDPIROJSSSOYDPUTT *ZAD = SISUIOD ‘391
SIS2UIO0D PILOJ SSaUDd 9Yyl} PUuTd #

(PSOZONVT dHAINI <
*zad=uoT3eTOodIS]3uT ‘DbuUuTTeos/T =AJ ‘DutTeOS/T =xXJ ‘(0‘0) ‘DWT)SZTSSI'ZAD = STEROSUMOD bWT
z = butTeds

(%0G) O sem ppgIxX <
9G9T ‘sobewWT 88y ZXZISE YIATM SNSST) SobewT uoTINTOSDI YDTY JI0J I030eI oTedsumop AJtoads #

[z:]adeys- -but = m ‘Uy
[zg’:“:]bo  but = but
(,IT2 "IeP 2ASBIQUOD p dIeys usAdS oATI o23eTd UOTIRIQITRD <

/USASS ©ATJI/UOTIRIQITeRD/sabewT /paddeimsITm/:J,)PESIWT " gAD = bo  but
(,IJT21°9G9ToOZTSUMOD JUbTaIg g daeys usass oATJ o3BTd UOTIRIQITED <
/USASS ©ATJ/UOTeI(qITrO/sobewT /paddeamaITm/:(J,)PeSIWT ' ZAD = DO but#

("0 sem ppZIX9G9T ‘SoHeWT g8KZXZTEE UITM SNSST) 2HPWT pIeodssayd peoTl 4

coueTd sbewt ut sijutod pz # [] sautodbut
ooeds prTaom Tesax utr jutod p¢ # [] = s3utodlLgo
‘sobewT oyl TTe woxF sijutod obewT pue sjutod 309[q0 21031s 03 SAeIay #

(z‘1-)odeysaa-1-[G:0’'p:0]lpTabu-du = [z:‘:]dlgo
(zgaeoTzdu “(ggxy))soasz-du = dLgo

228




[1-:

pIeoqssayo 3I03SIpuUn #

((U’m) “74(Yy“’m) “2sTP “X3W) XTIFCWRISWEDOMONTRWT 3080 ZAD=TOI ‘X3jWeIswedmMau
(TIAOW TYNOILIVY dITVD"ZAD=sbelJ‘# (SUON‘SUON <-
:]odeys-but ‘sjutodbwT ‘sjutod([do)eIswe)S3RIJITRD " ZAD = SDO9A] ‘sDoal “‘3sTp ‘x3jw ‘381

(sxo3sweaed UOTIIOISTIP S3BWIISD) UOTIRICITED #
S %4
(PWT /,JT3°UMBIP IBP ISBIJUOD § dIrUS USASS oATIF o23eTd UOTJIRICITED <
/USASS ©ATJI/UOTeIqTIeD/sabewT /paddeamsITm/:d,) 9FTIMWT * ZAD
() SMOPUTMTTYAOIZSOP * ZAD
(0) AoyaTEM" ZAD
(9zTSo1 bwt’ ,bWT ,) MOYSWT * ZAD
AeTdsTp I0F obewT ozTssy # ((00L “T¥ZTI) ‘[z’:’:]1bo bwT)ozZISSI " ZAD = DZTISSDI bWt
SISUIOD U3Tm SHBPWT MSTA #
(321 /7sa2ux00 ‘(G‘y) ‘DO HWT) STISBUIODIPIROJSSOYDMRIP*gAD = DO™ bwt
SI2UuI0D 9yl AeTdsTp pue meaq #
(zsasuxoo)puadde  sjutodbut
(eTIo3TID ! (T-'T-) “(TZ’T7) “SISUIOD ‘PWT) XTJONSIDUIOD * gAD = ZSIDUIOD
(dCgo) puadde - sjutodlLgo
19NII == 2393 IJT

(weyl buTtutIysx Ixo33Fe) siutod sbewr ‘sjutod 309[go ppe ‘punoy SISUIOD JT S%#

(00c=Tdp "’ ,JT3 SI2UIOD 9GQ9TOZTSUMOD IUYbLTIg g daeys usass oATJ o23BTd UOTIRIQITED <
/USASS ©ATJI/UOT3RICITRD/SabewT /paddeimaItm/:q,)bTFoaes  aTd#
(,2uou ,=oT7&3sautTT ‘,3¥,=I0T0D ‘ ,+ ,=7o3aeWw ‘[T‘Q‘:]sasuxod’[p“‘p*:]sasux00)3oTd x®E
() doq DT STXEX "' XP

229



{
()2sTT03* (3sTp) Aeaaese du :,JI200 2ASTP, ‘()3ASTTO* (x3w)Aexaese-du : ,XTIJeUW eBISWED,} = BIEP
*3STT 03 XTIJ3ewW oYyl wirojsueal o3 juejxodwt Axsa s ,3T #
sioloweled UOTIRPICITRO BISWED 9OABS %#

( (sjutodlfgo)usT/a0aas uesw ‘, :J10I1I2 TR1031,) 3Jutad

I0IID =+ JOIITID ULDUW

(zsautodbwTt)usT/ (2T WION'ZAD ‘gzsiutodbwT’/[T]sS3UTOdbWT)WIOU® ZAD = IOIIS

(3sTP “‘x3w ‘[T]sosa] ‘[T]sooax ‘[T]sautodlgo)sjurtogiosload-zad = — ‘gsjutodbut
! ((sautodlfgo)uaT)ebuex ut T I0J
0 = IOIXIIS uesuwW

UuoTjewT3ss J0oxxs uoTiosloxdsx g

(3sp” Te2’,3T3 paduUado” 3I03STPUN I23SeW oATIAJUaM] INOJ 23eTd UOTIRIQITRD <
/oATIA3Uusm] INOJ/UOTleIqTTRD/SsabewT /paddeamaITm/ i ,) OFTIMWT * ZAD

(XJweIsweomau ‘SUON ‘3STPp “‘xX3w / DbwWT TeED) 3I03STpUn®zAD = ISP D
(,IT2 "pow Io23sew o2ATFA3UusM] InoJ 2231eTd UOTIARICQITRD <—
/OATJIAJUSM] INOJ/UOTIeIqTITrRD/sabewT /paddeimaITm/:(,)PROIWT ' ZAD = DWT TeD

©3eTd UOT3IRIQTITED UOTSTA VYT 3IO03ISTpUn §

o\

#

[M+xX:X ‘U+A:A]3sSp = 3sSp#
TOI = U’‘Mm‘R'x4
obewT oyl doxo #

(ISP *,ITI°3I0ISTPUN FIRP ISBIJUOD § dIBYUS USADSS oOATI 23BTd UOTIRIJITED <
/P23I03STPUN/USASS SATJI/UOTARICITRD/SabewT /paddeimaITm/:J,) @3 TIMUT * ZAD
(XjueIsweomau ‘SUON ‘3STPp ‘X3w ‘DwWT) 3I03STPUN ZAD = 3SDP

230



3 se (yaed uoTiragITeDd eI=2wedD)uado YiTm
siojsweied UOT3RICTIIERD BISWED PeOT #

t(yaed uoT3eagITeD” BIBWED ‘yjed oberwT ‘SwrUSTII obrwT) ssbewT 3I03sTpun Jop

Twek 3xodwt

37d se joT7dAd-grr3ordiew j3xodwt
gqoT1b 3xodwt

zAD 1xoduT

du se Adunu 3xodwt

[T

LuDbau :xoy3neyp
8T0C €T:GT:9T TT ABW TIJ uUO pa3eaId

[TV

—%¥— g-—J3n :DUTPOD —x— #

"Jos 9SewI UR 1I0ISIPUN pue dA0qe woif Indino ay) peoy 01 1d1Ids puods SIY s

(,3390073STpP,) 390" 30TPPOPLOT = POPEROTISTP
(,XTIjew BISWED,) 39D 1DTPPSPEROT = POPrOTXIU
(F)peoT TwehA = 3IDIPPSPEOT
:J se (,JTWeA*UOTARIQITERD eIawed,)uado YaTm
LsTweA-uoTaeIqITED, ©TTI UT ®IPP 92Ul PROT O3 9PO0D JO SBUTIT § DPUTIMOTTOI 22Ul SSn UBD NOX

s

(3 “eaep)dunp-* Tuek
tJ se (uM, ‘,TweA:padusdo” UOTARIQITERD eBISWED,)uado yiTm

231




( ,TUeh <

*du gAdUSdOT UOTIRITITED BPISWRD/UOTJI03STP/s3dTaos /paddeamasatm/:q, *,/30eI13qns b <—

/uss33ybTe” UuselaTyly Inoj/e tox/ssbewut/peddeamsaTm/:q, ‘,IJTI'x 3oeI3qNSs pbg e TOI,
) SObPWT 3I0ASTPUN = PSPEROT ISTP ‘POpPeo] XJWeISWEOMBU ‘poprol xX3ju
uoT3iouny TTed #

(pepeOoT 3ASTIP ‘pepero] XjweIsaweoMau ‘papeoT XJjw) uInisl
(sweug’,= 2319T7dwoo obewrt,)3utad
(3Sp ‘sweul SABS)SJYTIMWT " ZAD

(,po221I02STPUN 2D0BIJQNS pPbg,’ ,10eI3gns” pPhbg,) soeTdaI 2WRUI = SWrRUJ oOALS
(POPEOT XJWRISWEOMBU ‘SUON ‘pSpeoT 3ISTIP ‘POPrROT X3w ‘DWT) 3I0JISTPUN ZAD = ISP
[z':':]bo but = but

(sWeuy)pesJwT " zAD = DHO™ but

po3I03sSIpun o 03 2bewT pPeoT #
:3STT obewT UT Sweuj IOJ
SOTI0302ITp =Sbewt sTdraiTnw ybnoayl dooT #
( sweusTTI obewrt+yied sbewT )goTb gqoTb = 3ASTT obeuwr
1STT obewt 39b #

(,3320073sTp,) 326 30TPPOPEOT = PIPLOT 3ISTP
(,XTI3eW BIDWED MBU,) 32D 1D0TPPOPEROT = POPeOT XJWeISWeOMau
(,XTI3eW BISWED,) 190 1D0TPPSPEROT = PSPROT XJjuw

(F)peoT Twed = 3DTPpPopPeO]

232



APPENDIX J

POSTERS

This appendix contains various posters generated as part of this dissertation.

233



| SPONSORS | Toward a Longer Life Core: Thermal-Hydraulic CFD
.- e | Simulations and Experimental Investigation of Deformed Fuel [gENCINEERING

ENERGY Assemblies
PAN

AREVA

Tm

WIRE-WRAPPED 61-PIN HEXAGONAL FUEL BUNDLE

Air

INSTRUMENTATION
= 9 Axial Pressure Transducers
= 6 Azimuthal Differential Pressure Meas.
= Flow Meter and Flow Control
= Temperature Measurement and Control

STATE-OF-THE-ART
FLOW MEASUREMENTS
= Matched Refractive Index (MIR)
= Particle Image Velocimetry (P1V)
= Stereoscopic PIV
= Laser Doppler Velocimetry (LDV)




@NERGY HIGH RESOLUTION FLOW MEASUREMENTS IN A
A 61-PIN WIRE-WRAPPED HEXAGONAL BUNDLE

AREVA

Argonn a

NATIONAL IAHDRAYORV

T@

THE LARGEST WIRE-WRAPPED MIR ASSEMBLY IN THE WORLD
FULLY ACCESSIBLE OPTICALLY || STATE-OF-THE-ART LASER-BASED TECHNIQUES || AXIALAND AZIMUTHAL PRESSURE
CLEAR TEST SECTION FOR VELOCITY MEASUREMENTS DROP MEASUREMENTS

ES’ A=
Al R e

‘ E i~
/%

~ ¥
(

NUCLEAR
ENGINEERING

—-—- Laminar Transition
— -~ Turbulent Transition

Friction Factor

PIV Plane Locations
STEREOSCOPIC PIV | |

@A

l-l
' '1

0,010 -0.005 0.000 0.005 0.010 0015 0.020 0025 0.030 0035 0.040

Vertical Velocity

25 - ,
20 4 ' ‘ ,H
15k
S » \ JOURNAL PUBLICATIONS:
E sk = D.T. Nguyen, N. Goth, P. Jones, S. Lee, R. Vaghetto, Y. Hassan, “PIV Measurements of Turbulent Flows in a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle.” International
= l Journal of Heat and Fluid Flow, 65 (2017) 47-59.
or = R.Vaghetto, N. Goth, P. Jones, M. Childs, S. Lee, D.T. Nguyen, Y.A. Hassan, “Pressure Measurements in a Wire-Wrapped 61-Pin Fuel Bundle™. Submitted to Journal of
5 Fluids Engineering (under review).
10k b | CONFERENCE PROCEEDINGS:
= N.Goth, P. Jones, S. Lee, D.T. Nguyen, R. Vaghetto, Y.A. Hassan, “Time-Resolved PIV/PTV on Interior of a Wire-Wrapped 61-pin Hexagonal
15205 10 5 0 5 10 15 20 25 30 Fuel Bundle,” 2017 American Nuclear Society Annual Meeting, San Francisco, CA, June 11-15, 2017
X (mm) = R. Vaghetto, N. Goth, M. Childs, P. Jones, S. Lee, D.T. Nguyen, Y.A. Hassan, “Flow Field and Pressure Measurements in a 61-Pin Wire-Wrapped Bundle”. American
[ . | Nuclear Society Winter meeting, Las Vegas, NV, 2016 November 6-10, 2016
~0.005 -0.0035 0.002 -0.0005_0.001_0.0025 0.004 = N. Goth, P. Jones, M. Childs, S. Lee, D.T. Nguyen, R. Vaghetto, Y.A. Hassan, “Pressure in a Wire-Wrapped 61-Pin Hexagonal Fuel Bundle.” American
Nuclear Society Winter meeting, Las Vegas, NV, 2016 November 6-10, 2016

Horizontal Velocity

= N. Goth, M. Childs, P. Jones, S. Lee, D.T. Nguyen, R. Vaghetto, Y.A. Hassan, “Particle Image imetry in a Wire-Wrapped 61-Pin Hexagonal Fuel
Bundle.” American Nuclear Society Winter meeting, Las Vegas, NV, 2016 November 6-10, 2016

= N. Goth, P. Jones, S. Lee, D.T. Nguyen, R. Vaghetto, and Y.A. Hassan, ““Velocity and Pressure Measurements in a Wire-Wrapped 61-Pin Hexagonal Fuel Bundle”.
ETMM11 - ERCOFTAC SYMPOSIUM, September 21, 2016.

235



1 1 NUCLEAR
High Resolution Temperature and Flow Measurements | _ “““-=08

Noceor Energy

U.S. Department of Energy I n WI re-WrapDEd Fuel Assem bl |eS

)

TerraPower.

SCK+C

THE LARGEST HEXAGONAL WIRE-WRAPPED MIR ASSEMBLY IN THE WORLD

COMPARISON OF EXPERIMENTAL RESULTS WITH STATE-OF-THE-ART LASER-BASED VELOCITY
NEK5000 LARGE EDDY SIMULATIONS MEASUREMENT TECHNIQUES

3
. | ( 2K~
> ‘ - =
<! 9 ®)
2
N3
579,61 I
m ) 0 A -
 Experiments e
— Nek5000 Simulations PIV Measurements Location

| TELECENTRIC | STEREOSCOPIC PIV

30

-10

-30

-10 0
New Bundle Featuring Fully Polished Pins Re = 6300 X (mm
Normallzed velocity vectors and normallzed gnitude contour

/ Normal Lens \

10 20

Conventional Configuration

PCX Lens

(200mm }

= -
JOURNAL PUBLICATIONS:

« Thien Nguyen, Goth, Nolan, Philip Jones, Saya Lee, Rodolfo Vaghetto, and Yassin Hassan. “PIV measurements of turbulent flows in a 61-pin wire-wrapped hexagonal fuel bundle™. In: International Journal of Heat and Fluid Flow 65 (2017), pp. 47-59.
« Thien Nguyen, Goth, Nolan, Philip Jones, Rodolfo Vaghetto, and Yassin Hassan. “Stereoscopic PIV measurements of flow in a complex geometry of a tightly packed rod bundle with wire spacers™. In: International Journal of Heat and Fluid Flow (2017).

« Rodolfo Vaghetto, Goth, Nolan, Philip Jones, Mason Childs, Saye Lee, Duy Thien Nguyen, and Yassin A Hassan. “Pressure Measurements in a Wire-Wrapped 61-Pin Hexagonal Fuel Bundle™. In: Journal of Fluids Engineering 140.3 (2018), p. 031104.

+ Goth, Nolan, Philip Jones, Thien Nguyen, Rodolfo Vaghetto, and Yassin Hassan. “PTV/PIV Measurements of Turbulent Flows in Interior Subchannels of a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle™. In: International Journal of Heat and Fluid Flow (2018). (under review)
CONFERENCE PROCEEDINGS:

" Goth, Nolan, Mason Childs, Philip Jones, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Particle Image Veloci ina Wrapped 61-pin Hexagonal Fuel Bundle™. In: American Nuclear Society Winter Meeting. 2016.

Goth, Nolan, Philip Jones, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Velocity and Pressure Measurements in aWire- ‘Wrapped 61-Pin Hexagonal Fuel Bundle™. In: Engineering Turbulence Modeling and Measurements 11. 2016.

Goth, Nolan, Philip Jones, Mason Childs, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Pressure Measurements in a Wire- Wrapped 61-Pin Hexagonal Fuel Bundle™. In: American Nuclear Society Winter Meeting. 2016.

Rodolfo Vaghetto, Goth, Nolan, Mason Childs, Philip Jones, Saya Lee, D.T. Nguyen, and Y.A. Hassan. “Flow Field and Pressure Measurements in a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle™. In: American Nuclear Society Winter Meeting. 2016.

Goth, Nolan, Philip Jones, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Time-Resolved PIV/PTV on Interior f a Wire-Wrapped 61-pin Hexagonal Fuel Bundle™. In: American Nuclear Society Annual Meeting. 2017.

Goth, Nolan, Philip Jones, D.T. Nguyen, Rodolfo Vaghetto, Y.A. Hassan, Aleksandr Obabko, Elia Merzari, and Paul Fisher. “Comparison of Experimental and Simulation Results on Interior Subchannel of a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle™. In: 17th International
Topical Meeting on Nuclear Reactor Thermal Hydraulics. 2017.

+ Goth, Nolan, Philip Jones, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Turbulent Transverse Plane PIV Measurements on a Wire- Wrapped 61-Pin Hexagonal Fuel Bundle™. In: 26th i C Nuclear Engineering. 2018.

Telecentric Configuration

Re = 6300
Reconstructed vortical structures by applymg Taylor s hypothesis

236



Education

Nolan £. Goth

NUCLEAR ENGINEER
1521 Wolf Run, College Station, Texas, 77840
0417-425-9810 | S&negcm7@tamu.edu | @ nolangoth | U.S.Citizen

“The glass is twice as big as it needs to be.”

Texas A&M University
PHD IN NUCLEAR ENGINEERING

MS IN NUCLEAR ENGINEERING

Missouri S&T
BS IN NUCLEAR ENGINEERING
BA IN ECONOMICS

MINOR IN MATHEMATICS

Skills

College Station, Texas
2018

Rolla, Missouri
2012

Thermal Hydraulics (Sim)
Thermal Hydraulics (Exp)
Neutronics (Sim)
Neutronics (Exp)

Reactor Operations
Programming

Modeling

Experience

BISON, Ansys, COBRA-TF, OpenFOAM, StarCCM+

Test Loops, Optics, Instrumentation, Sensors, LDV, PIV, SPIV, PTV

Serpent, MPACT, MCNP, SCALE/ORIGEN, Homemade Diffusion/Transport/MOC Codes
Shielding, Dosimetry, Directional Detectors

Senior Reactor Operator, Fuel Movement, Power Maneuver, Operator Training
Python, MATLAB, KTEX, C++, SQL

Solidworks, AutoCAD, Tecplot, Paraview, Gmsh

Texas A&M University

GRADUATE RESEARCHER, FAST REACTOR FUEL ASSEMBLY FLOW CHARACTERIZATION

+ Group leader of a six-person team with $1.2M budget

« Designed, procured, constructed, and operated an experimental flow facility

« Performed PIV, SPIV, and PTV laser-based measurement techniques to quantify fuel assembly flow behavior
+ Collaborated with NASA on the design of a compact reactor module for Martian surface fission power

The Babcock & Wilcox Company, mPower SMR

OPERATIONS ENGINEER & PROJECT MANAGER

+ Performed system design reviews of mPower SMR systems
+ Managed the DCD schedule for Chapter 18 - Human Factors Engineering using Primavera P6
+ Developed budget trends, tracked critical paths, and formulated weekly plans

Missouri S&T

SENIOR REACTOR OPERATOR & OPERATIONS INSTRUCTOR

« Conducted reactor startups, power maneuvers, and shutdowns
+ Supervised fuel movements, material irradiations, and handling activities
+ Taughtintroductory reactor operations classes

Smith-Goth Engineers, Inc.

AUTOCAD TECHNICIAN

+ Designed and drafted HVAC, lighting, and fire protection systems

SEPTEMBER 6, 2018

NOLAN E. GOTH - CURRICULUM VITAE

237

College Station, Texas
2015 - PRESENT

Lynchburg, Virginia
2013-2014

Rolla, Missouri
2010- 2012

Springfield, Missouri
2006 - 2008



Certifications and Awards

2018  Innovations in Nuclear Technology R&D Award - 2"“ Place, U.S. Department of Energy
2017  Workshop and First Place Poster, Consortium for Advanced Simulation of LWRs (CASL) Summer Institute
2012  Magna Cum Laude, Missour S&T

2011-12  Senior Reactor Operator License, Nuclear Regulatory Commission

2008-12 Bright Flight Scholarship, Missouri Dept of Higher Education

2008-12 NRC Scholarship, Nuclear Regulatory Commission

Publications

JOURNAL
[1]  Thien Nguyen, Goth, Nolan, Philip Jones, Saya Lee, Rodolfo Vaghetto, and Yassin Hassan. “PIV measurements of turbulent flows in a 61-pin
wire-wrapped hexagonal fuel bundle”. In: International Journal of Heat and Fluid Flow 65 (2017), pp. 47-59.

[2] Thien Nguyen, Goth, Nolan, Philip Jones, Rodolfo Vaghetto, and Yassin Hassan. “Stereoscopic PIV measurements of flow in a complex
geometry of a tightly packed rod bundle with wire spacers”. In: International Journal of Heat and Fluid Flow (2017).

[3] Rodolfo Vaghetto, Goth, Nolan, Philip Jones, Mason Childs, Saye Lee, Duy Thien Nguyen, and Yassin A Hassan. “Pressure Measurements in
a Wire-Wrapped 61-Pin Hexagonal Fuel Bundle”. In: Journal of Fluids Engineering 140.3 (2018), p. 031104.

[4] Goth, Nolan, Philip Jones, Thien Nguyen, Rodolfo Vaghetto, and Yassin Hassan. “PTV/PIV Measurements of Turbulent Flows in Interior
Subchannels of a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle”. In: International Journal of Heat and Fluid Flow (2018).

[5] Goth,Nolan,P Jones, DT Nguyen, RVaghetto, YA Hassan, A Obabko, E Merzari, and PF Fischer. “Comparison of experimental and simulation
results on interior subchannels of a 61-pin wire-wrapped hexagonal fuel bundle”. In: Nuclear Engineering and Design 338 (2018), pp. 130-
136.

CONFERENCE

[1]  Goth, Nolan, Mason Childs, Philip Jones, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Particle Image Velocimetry Measure-
ments in a Wire-Wrapped 61-pin Hexagonal Fuel Bundle”. In: American Nuclear Society Winter Meeting. 2016.

[2] Goth, Nolan, Philip Jones, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Velocity and Pressure Measurements in a Wire-
Wrapped 61-Pin Hexagonal Fuel Bundle”. In: Engineering Turbulence Modeling and Measurements 11. 2016.

[3] Goth, Nolan, Philip Jones, Mason Childs, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Pressure Measurements in a Wire-
Wrapped 61-Pin Hexagonal Fuel Bundle”. In: American Nuclear Society Winter Meeting. 2016.

[4] Rodolfo Vaghetto, Goth, Nolan, Mason Childs, Philip Jones, Saya Lee, D.T. Nguyen, and Y.A. Hassan. “Flow Field and Pressure Measurements
in a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle”. In: American Nuclear Society Winter Meeting. 2016.

[5] Goth, Nolan, Philip Jones, Saya Lee, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Time-Resolved PIV/PTV Measurements on Interior
Subchannels of a Wire-Wrapped 61-pin Hexagonal Fuel Bundle”. In: American Nuclear Society Annual Meeting. 2017.

[6] Goth, Nolan, Philip Jones, D.T. Nguyen, Rodolfo Vaghetto, Y.A. Hassan, Aleksandr Obabko, Elia Merzari, and Paul Fisher. “Comparison of
Experimental and Simulation Results on Interior Subchannel of a 61-Pin Wire-Wrapped Hexagonal Fuel Bundle”. In: 17th International Topical
Meeting on Nuclear Reactor Thermal Hydraulics. 2017.

[71  Goth, Nolan, Philip Jones, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “Turbulent Transverse Plane PIV Measurements on a Wire-
Wrapped 61-Pin Hexagonal Fuel Bundle”. In: 26th International Conference on Nuclear Engineering. 2018.

[8] Goth, Nolan, Lance White, William Headley, D.T. Nguyen, Rodolfo Vaghetto, and Y.A. Hassan. “High Resolution Transverse Plane PIV Mea-
surements of a 61-pin LMFBR Fuel Bundle”. In: American Nuclear Society Winter Meeting. 2018.

THESIS & DISSERTATION

[11  Goth, Nolan. “Design and PIV Measurements on a Wire-Wrapped 61-Rod Hexagonal Fuel Assembly Experimental Facility”. MA thesis. Texas
A&M University, 2017.

Professional Service

2016  Session Chair, American Nuclear Society Winter Conference

2014-18 Reviewer, Nuclear Engineering and Design Journal
2012 Vice President, Alpha Nu Sigma Nuclear Honor Society
2008-18 Member, American Nuclear Society
2009 Member, Kappa Mu Epsilon Mathematics Honor Society

SEPTEMBER 6, 2018 NOLAN E. GOTH - CURRICULUM VITAE 2

238



	ABSTRACT
	ACKNOWLEDGMENTS
	CONTRIBUTORS AND FUNDING SOURCES
	NOMENCLATURE
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	INTRODUCTION
	Market Role of Liquid Metal-cooled Fast Reactors
	Technology Readiness Level
	Motivation of This Work
	Research Objectives
	Timeline and Milestones
	Dissertation Organization

	LITERATURE REVIEW
	EXPERIMENTAL FACILITY
	Test Section
	Volumetric Flowrate Hardware
	Temperature Hardware
	Fuel Bundle Fabrication
	Wire Attachment Techniques


	EXPERIMENTAL METHODS
	Governing Equations
	Experimental Measurement Principles
	Cross Correlation
	Rules of Thumb
	Variations of Standard PIV
	Time-Resolved PIV
	Particle Tracking Velocimetry


	Workflow
	Data Acquisition
	Calibration
	Pre-Processing
	Processing
	Analysis

	Measurement Uncertainties
	Bundle-Averaged Reynolds Number

	MEASUREMENTS
	Vertical Plane Measurements
	PIV Vertical Plane 1 (Exterior-1) (2D2C)
	Imaging Settings
	PIV Processing Settings
	Vector Validation and Residual Convergence
	Results at ReB = 19,760
	Results at ReB = 12,370
	Results at ReB = 10,410
	Results at ReB = 3,410

	PTV Vertical Plane 2-4 (Interior-1 to 3) (2D2C)
	Imaging Settings
	PTV Processing Settings
	PTV Vertical Plane 2 (Interior-1)

	PIV Vertical Plane 6 (Center-2) (2D2C)
	Imaging Hardware
	PIV Processing Settings
	PIV Vertical Plane 6 (Center-2)


	Transverse Plane Measurements
	PIV Transverse Plane 1 (2D2C)
	Transverse Imaging Configuration 1 (Conventional Lens)
	Transverse Imaging Configuration 2 (Conventional Lens + Planar-Convex Lens)
	Transverse Imaging Configuration 3 (Telecentric Lens)
	Imaging Settings
	PIV Processing Settings
	Vector Replacement and Residual Convergence of Datasets
	Results at Reynolds Number = 13,500

	SPIV Transverse Plane 2(2D3C)


	CONCLUSIONS
	REFERENCES
	APPENDIX Experimental Test Matrix
	APPENDIX Exterior Subchannel Test Summary
	APPENDIX Interior Subchannel Test Summary
	APPENDIX Center-2 Subchannel Test Summary
	APPENDIX Mean Background Intensity Script
	APPENDIX Mean Background Subtraction Script
	APPENDIX Example Input Deck
	APPENDIX Statistics Calculation Script
	APPENDIX OpenCV Radial Undistortion Script
	APPENDIX Posters

