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ABSTRACT 

 

Liquid metal fast reactors often use a tightly packed triangular lattice of fuel pins 

that are helically wrapped with a wire spacer, enclosed in a hexagonal duct. These 

reactors are thought to suffer from partial or total flow blockage of coolant in various 

subchannel locations throughout the fuel assembly. These blockages can result from a 

large range of causes including debris accumulation and cladding deformation, or the 

combination of the two. Flow in these reactor fuel assemblies are complex, and the 

addition of a blockage increases that complexity as well. The effect of blockages on flow 

behavior in liquid metal fast breeder reactors is relatively unknown, especially 

experimentally, with only one recent study exploring the subject. This absence of 

information has motivated researchers globally to begin investigations to explore the 

effects of blockages on these geometries.  

The matched index of refraction 61-pin wire-wrapped experimental fuel bundle 

at Texas A&M, with the optically clear and accessible test section was designed with the 

express purpose of exploring flow behavior for this geometry of fuel assemblies. The 

experiments carried out on this facility are high-fidelity velocity and pressure 

measurements. High spatial and temporal-resolution particle image velocimetry 

measurements were conducted in this experiment to explore the flow behavior and 

effects of two blockage cases in a wire-wrapped bundle.  

Time-resolved particle image velocimetry measurements were conducted at two 

vertical planes in the facility, Center 2 and Exterior 1. Two blockage types were also 



 

iii 

 

explored, a single subchannel at Center 2, and a larger edge subchannel blockage at 

Exterior 1. Instantaneous velocity fields obtained from these measurements lead to the 

production of first and second order flow statistics such as the mean velocity, root-mean-

square fluctuating velocity, and Reynolds shear stress. These experimental results 

provide a greater understanding of the flow behavior of a subchannel under a blockage 

scenario, while providing data available for validation of advanced CFD simulations 

using RANS or LES with unique experimental data sets. As this work continues more 

blockages geometries are expected to be explored, paired with friction factor 

experiments to examine the effect of a blockage on those parameters.  
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1. INTRODUCTION  

 

Fast spectrum reactors have been an area of interest in the field of nuclear 

engineering for over 60 years. This interest was driven by the comparatively high 

resource efficiency of a fast spectrum breeder reactor and a seemingly limited uranium 

reserve estimate expected to be depleted by 2020. The efficiency of a fast spectrum 

breeder reactor lead to this reactor type being considered a possible solution to the 

uranium supply issue. The Atomic Energy Commission (AEC) steered reactor research 

to focus on liquid metal fast breeder reactors (LMFBR) rather than other thermal and 

fast breeding systems in 1967. Specifically, the sodium fast reactor (SFR) LMFBR was 

the design investigated the longest during this time when the breeder reactors initially 

were researched. Between the late ‘70s and early ‘90s the United States uranium 

reserves expanded, and a general decline in demand for nuclear power was experienced 

which lead to the end of the Integral Fast Reactor program essentially leaving the SFR 

development in a stasis until relatively recent efforts to again explore the potential of a 

LMFBR SFR reactor.  

An LMFBR fuel assembly usually consists of triangular lattice arranged fuel rods 

in a hexagonal duct. Each rod is wrapped helically with a stainless-steel wire spacer. 

This geometric complexity and difference from other fuel types leads to difficulty when 

looking at analytical solutions for thermal-hydraulic analysis of a core with this fuel 

type. This lack of analytical solvability results in the need of computational fluid 

dynamics (CFD) as a tool for empirical analysis of the coolant flow behavior. Analysts 
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using CFD are employing Reynolds Averaged Navier Stokes (RANS) and large eddy 

simulation (LES) to liquid metal fast reactor assemblies with the purpose of reducing the 

conservatisms that currently exist in thermal-hydraulic analysis codes when considering 

liquid metal as a coolant. Thermal-hydraulic behavior in the past was examined through 

experiments; however, the collected data was not of a high enough temporal or spatial 

resolution to be of use by CFD analysts working with RANS or LES validation for flow 

behavior at exterior, corner, or edge subchannels. This is due to the invasive 

measurement techniques used such as intrusive thermocouple probes.  

LMFBR fuel assembly experimental flow loops that have used particle image 

velocimetry (PIV) and laser Doppler velocimetry (LDV) in the past and attempted to 

quantify flow behavior utilizing these measurement techniques. Those experiments 

suffered from a low rod count of 7 and 19 which Brockmeyer [1] found to be too few to 

neglect the effects of the hexagonal wall. A demand for finer spatial and temporal 

resolution PIV and LDV data has begun to increase with the advent of more powerful 

computing and the desire to more closely examine the behavior of larger bundles which 

are believed to behave closer to the industry standard 217-rod assemblies. 

The U.S. Department of Energy funded a joint project in order to generate CFD 

validation data for reference with the final objective of extending the lifetime of 

hexagonal fuel assemblies. The team members of the project included FRAMATOME 

(previously AREVA), Argonne National Lab (ANL), TerraPower, and Texas A&M 

University (TAMU). In this team FRAMATOME gathered temperature and pressure 

measurements on a 61-rod heated assembly [2] [3] and TAMU performed velocity and 
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pressure measurements on a 61-rod isothermal assembly. Each facility had very similar 

pitch-to-diameter ratios (P/D) in the effort to achieve similar flow behavior. ANL and 

TerraPower performed LES and RANS simulations on both the FRAMATOME and 

TAMU experimental assembly geometries.  

The initial research conducted at Texas A&M University by Nolan Goth and 

Phillip Jones began to satisfy that demand by focusing on several components. The first 

was a literature review, then material testing, designing, and building a facility to study a 

61-pin wire-wrapped bundle under isothermal and under steady state flow. The second 

objective was to shakedown the facility and calibrate\install the instrumentation utilized 

by using first water to eliminate leaks and vibration, then later the working matched 

index of refraction (MIR) fluid para-cymene (p-cymene). Finally, the last objective was 

to operate at those isothermal and steady state conditions and collect TR-PIV and 

pressure measurements for an unblocked wire-wrapped bundle and create a database of 

information. These efforts of collecting the time resolved particle image velocimetry 

(TR-PIV) measurements and pressure measurements throughout the facility have been 

completed, resulting in flow field calculations and friction factor calculations completed 

and disseminated from this first phase of research through journal articles and 

conference proceedings.  

This thesis work begins at the second phase of this project where the main 

funding source shifted from a joint team project to a grant supplied by the Nuclear 

Engineering University Project (NEUP) funding opportunity awarded in October of 

2017 under the project number DE-NE0008652. This project has since been broken up 
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into three major sections. The first being exploring the different options to complete a 

novel concept for a top down imaging technique completed by Nolan Goth for his PhD 

dissertation work and disseminated in the 2018 ANS Winter and 2018 ICONE 

conferences. The next phase of this project is the basis of this thesis, the implementation 

of subchannel blockage geometries and analysis of flow behavior induced by those 

blockages by the usage of TR-PIV measurement techniques. This current phase is also 

still in progress as there is pressure data being examined and new blockage geometries 

being considered for the next steps in the project. The next phase will include more 

blockage investigation and possibly a heated bundle component.  

This thesis provides the information on the approach and conditions that were 

used to implement a core blockage into the current existing 61-pin wire-wrapped facility 

at Texas A&M University and the collection and methodology used for acquisition of 

data on those core blockages.  
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2. OBJECTIVES 

The primary objective of this research is to examine the effects of subchannel 

blockages inside of a wire-wrapped fuel bundle and provide the resulting data to further 

the application of CFD codes in nuclear safety and modeling issues when various 

blockage scenarios are considered that could occur during operation of a LMBFR with a 

wire-wrapped fuel type. The blockage effects will be examined through the collection, 

processing and analysis of PIV data.  

As of yet there is no other experimental data available, aside from what has been 

collected under the work of this project, on the effects of a blockage in a wire-wrapped 

61-pin fuel bundle, specifically flow field data collected through a MIR TR-PIV 

measurement technique.  

  



 

6 

 

3. LITERATURE REVIEW 

 

A literature review was performed here to explore the available literature for 

flow behavior of a 61-pin wire wrapped fuel assembly both without and with a blockage, 

along with MIR experiments and their success and shortfalls. This review covers what 

has been previously covered when this project began and bleeds into the current 

available literature. 

3.1. Last Century Research 

Liquid metal fast reactors that use sodium as a coolant typically contain a tightly 

packed triangular lattice fuel pin geometry enclosed within a hexagonal duct. The fuel 

pins are often wrapped helically with a stainless steel wire that acts as a spacer 

maintaining the gap between the fuel pins along with mitigating vortex-induced 

vibrations and enhancing subchannel mixing with the ultimate goal of increasing 

convective heat transfer [4].  

LMFBRs are very dependent on the cooling capability of the liquid metal 

working fluid to transfer heat away from the fuel operation. Blockages within the core 

prevent the flow of liquid metal coolant and subsequentially the reactor fuel rods and 

surrounding materials develop hotspots where flow is reduced. Saxena found using large 

eddy simulations that hot spots and a cyclical temperature variation can appear and 

adversely affect the cladding properties due to thermal stripping [5]. Although, Pointer 

has shown that helical wires in these bundles inherently induce traversal flow, thus 

enhancing the heat transfer [6]. Both authors agree that the wire does create a wake 
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behind it and that the wire does increase pressure drop and turbulence in the assembly. 

The contributions of helical wires in a fuel assembly are contested, therefore numerical 

and experimental investigations of the flow in the wire-wrapped fuel assembly are 

essential.  

The first experiment presenting coolant mixing results in a full-scale model of a 

wire-wrapped LMFBR was performed by Collingham where the facility was a 217-pin 

fuel bundle [7]. The facility was monitored with over 400 probes and the resulting data 

were proposed as two models for turbulent mixing and cross flow within the bundle. In 

1977 Lorenz and Ginberg addressed that prior work had been focused on interior 

subchannel characterization and decided to base their work on the characterization of 

edge subchannels [8].  Electrolytic tracers and isokinetic sampling techniques were used 

on a 91-pin assembly, and those same techniques were also applied to the measurements 

taken by Collingham to reduce the uncertainty of those measurements. Experiments 

examining pressure drop have been conducted extensively to study the thermal-hydraulic 

characteristics of these wire-wrapped fuel assemblies.  

In 1972 Novendstern developed a semi-empirical model predicting pressure loss 

in a hexagonal wire-wrapped array of fuel pins in the turbulent flow regime [9]. In 1973 

Rheme proposed pressure drop correlations for an expansive range of geometric 

parameters, such as P/D between 1.125 and 1.417, lead-to-wire diameter ratio between 6 

and 45, and a pin count from 7 to 61 [10]. Cheng and Todreas released their 

hydrodynamic models for subchannel friction factors and mixing parameters in a 37-pin 

fuel bundle, covering the laminar, transition, and turbulent flow regimes [11].  
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3.2. Twenty-First Century Developments 

3.2.1. Computational Techniques and Methods 

As computational capabilities have increased over time, CFD has become an 

increasingly opportune method to validate these older correlations, along with 

investigating the phenomena in these subchannels at a scale previously inconceivable. 

Numerical studies of the wire-wrapped fuel assembly have been performed, mostly 

Reynolds Averaged Navier-Stokes (RANS) simulations with an assortment of turbulence 

models. Ahmad and Kim completed RANS simulations of 7 and 19-pin bundles using 

the k-ω SST turbulent model, and Rolfo examined the heat transfer in 7, 19, and 61-pin 

bundles also using RANS [12] [13]. Utilizing RANS and the k-ε model, Gajapathy 

examined the behavior of a 7-pin fuel bundle as well [14]. Mezari discusses a benchmark 

of RANS calculations for a 7-pin fuel bundle conducted among several groups and 

examined the differences between those findings [15].  

RANS calculations using k-ε and k-ω turbulence models for 37-pin fuel bundles 

have recently been presented by Rasu and Jeong [16] [17]. Fischer has performed LES 

calculations on a wire-wrapped fuel bundle to collect higher-resolution numerical 

subchannel behavior data for transient behavior in those subchannels [4]. Brockmeyer 

has conducted a study on the dependency of the inter-subchannel flow exchange on a 

wire-wrapped fuel assembly’s size utilizing RANS CFD. Brockmeyer focused on 19-, 

37-, 61-, and 91-rod assemblies, concluding that the a minimum of a 37-rod assembly 

would be necessary to mitigate the effects from the wall, but a 61- or 91-rod assembly 

would be closer to an ideal scenario for an experiment [1].  
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3.2.2. Experimental Optical Techniques 

Optical techniques of visualizing flow have been increasingly popularized with 

the advent of advances in charge-coupled device (CCD) cameras, computational 

performance, and non-intrusiveness inherent of the technique. Laser Doppler 

Velocimetry (LDV) was one of the first visualization techniques to gain momentum. 

LDV uses photon fringe interference patterns to be able to quantify a velocity vector 

around a single point in a very small volume. PIV was the next technique to surface and 

is able to produce vector fields that are in two and three dimensions depending on the 

specifics of the camera setup. The increased interest in LMFBRs and the inherent 

difficulty of measuring the internal phenomena within these bundles has led to 

applications of these non-intrusive visualization techniques on scaled facilities with the 

intention to reach similar flow conditions and then measure the behavior in these scaled 

facilities.  

Idaho National Lab INL designed a 7-rod wire-wrapped hexagonal fuel assembly 

in 2008 with the intention of being the first experiment capable of measuring and 

recording velocity fields for interior subchannels of a LMFBR assembly [18]. The 

matched index materials that INL chose were a well-known and tested combination of 

mineral oil and quartz tubes and rods. This choice of materials began the limitations of 

the performance of the facility. The higher viscosity of mineral oil meant that the pump 

required to reach higher Reynolds numbers (Re #) would also generate heat in the 

facility. The target Re # for INL was 22,000, so the assembly size was chosen to be a 7-

pin facility in order to achieve those higher Re # and still be able to pump and reject heat 



 

10 

 

at a rate that kept the materials well within matched index. This facility ended up with 

very large rods and wires with diameters of 85 mm and 25 mm respectively. The rods 

were made of quartz tubes, and wires of quarts rods. The inlet ends of the tubes were 

sealed and the rods were heated to a softening point and the wrapped around the tubes 

and attached at the ends similar to how a typical wire wrapped fuel rod is manufactured 

in practice. Additionally, Nishimura conducted PIV measurements on a small 3-rod 

bundle to attempt to quantify the interior subchannel behavior [19]. Sato used PIV and 

LDV both to examine the interior subchannel flow around a central rod within a 7-rod 

bundle while also investigating the impact of a deformed bundle where the central rod 

was subject to a bowing deformation [20].  

3.2.2.1. MIR Facilities  

Visualization of flow within these wire-wrapped fuel assemblies requires the 

materials to fall into the category of MIR materials. MIR facilities are applied in a larger 

range than only the wire-wrapped assembly geometry. A few of these facilities only at 

TAMU are the pebble bed, Westinghouse 5 x 5 assembly, and helical coil steam 

generator MIR experimental facilities.  

Dominguez and Hassan constructed and developed an experimental MIR facility 

in 2009 to examine the flow behavior in a 5 x 5 rod bundle, a prototypical geometry for a 

Westinghouse pressurized water reactor (PWR) [21]. The pairing of materials for this 

facility was water as a working fluid and fluorinated ethylene propylene (FEP) for the 

rods. The index for these materials was at 1.33 for each at room temperature. This 

facility was constructed where the majority of the rod length was comprised of not FEP, 
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but polycarbonate until the visualization area, where the FEP tubes can be found and 

spacer grids are installed to observe the flow behavior around those grids.  

A pebble bed facility headed by Nguyen also was also designed as a MIR 

facility. The materials chosen here were picked out of a review by Hassan and 

Dominguez where three material pairings were explored, FEP with water (1.33), PMMA 

with p-cymene or 60% volume aqueous sodium iodide (1.4873 and 1.49) [22]. While 

each of these parings are MIR, they optical clarity of the materials rely on more than just 

the index matching, but the homogeneity of the materials among other variables. This 

led to the choice of PMMA and p-cymene as the manufacturing process of PMMA can 

be well controlled, and the quality of p-cymene from suppliers is very pure and 

accessible [23]. 

The largest MIR facility in the world is the aforementioned facility housed at 

INL at the size of 0.6 m x 0.6 m x 2.5m. That facility uses the pairing of quartz and 

Drakeol 5 light mineral oil. The facilities size was determined for not only the current 

usage, but as a flexible size capable of future assemblies of various geometries, so long 

as they would fit inside of the facility. This versatility allows the facility to exist as a 

long-term solution for matched index experiments without massive overhauls for the 

facility to accommodate the new experiment specifications. This MIR facility also is 

equipped with a secondary loop where the temperature of the working fluid is controlled 

with a 20-ton glycol chiller and 8.5 kW heater, depending on the necessary conditions. 

This loop provides the capability of altering the fluid temperature at the inlet at a very 

fine control of ±0.05 ℃. The measurement techniques used on this facility are PIV and 
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LDV and the equipment used to collect that data is focused on double exposure cameras 

and double pulsed neodymium-doped yttrium aluminum garnet lasers with optics that 

allow for laser sheets to be cast at 1 to 3 mm in thickness. That measurement hardware is 

mounted around the facility on three-dimensional traverse systems allowing for a wide 

range of measurements to be possible. Some difficulties with this facility are the inherent 

cost for quartz and large volumes of mineral oil, the leakage that can occur with mineral 

oil and the various seals around the facility, and lastly, as discussed before, the large 

amount of pumping power required to reach target Re #s that would be considered 

turbulent and representative of most operating flow conditions.  

3.2.2.2. TAMU 61-Pin Wire-Wrapped Fuel Assembly 

The facility constructed under the first round of research and funding by the DOE 

and partnerships with TerraPower, ANL, and FRAMATOME (AREVA) took many 

considerations from past MIR experiments and applied those to what exists now. The 

search for a suitable MIR compatible material pair began with the consideration of water 

and fluorinated resins. Casting the rods and wires out of a fluorinated resin Mexflon-

DC™, used in Japan, was considered [19] [20]. However, discontinuation of the once 

commercially available resin made it unfeasible. FEP tubes similar to the ones used by 

Dominguez and Hassan were also considered, but the high flow rates expected for the 

facility brought up concerns of vibration in the bundle, and fabrication of the helically 

wrapped wires was determined to be unfeasible. Other fluoropolymers do exist; 

however, they do not possess a shear modulus that would be capable of withstanding the 

2 m spans required for this facility.  
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A past experiment at TAMU considered the application of quartz and Drakeol 5 

light mineral oil, but the prohibitive cost of using quarts for the solid components of any 

test section, along with the high viscosity of the fluid required significantly more 

equipment to reach desirable turbulent Re # and maintain the coolant temperature [24]. 

Ultimately this method is more suitable for an application such as the facility operated at 

INL where adequate funding and personnel is available.  

3-D printing was explored by Scholz for PIV applications where Somos 

WaterClear® Ultra 10122 and RenShape® SL 7870 were used [25]. However, for those 

materials to become transparent a coating needed to be sprayed on the piece, as the part 

was opaque out of the printer. A low viscosity fluid was also difficult to find to match 

that index of the printed materials, where the closest would be either a 62.5% weight 

sodium iodide aqueous solution or a high zinc iodine concentration aqueous solution. 

The high zinc solution resulted in the solution being colored red and the sodium iodide 

solution suffered from yellow discoloration over time exposed to air, both discolorations 

impeding the clarity of the fluids. 

The review by Hassan and Dominguez was consulted again and the materials 

examined were further examined resulting in PMMA being chosen as the solid. 

Choosing the optimal liquid between the 60% aqueous sodium iodide and the p-cymene 

was ultimately decided by a minimized level of discoloration. Goth examined the 

discoloration of sodium iodide when exposed to air in his thesis, and the choice to 

continue with p-cymene was explained there as well [26]. 
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The choice of PMMA and p-cymene has been replicated in experiments by 

Nguyuen and has continued to be used for this project as it has continued. However, a 

new paring of materials have been explored by dos Santos where borosilicate glass, 

known as Pyrex commercially, was chosen and paired with D-limonene at a matching 

index of 1.47 at a much closer matching index at room temperature than PMMA and p-

cymene where PMMA and p-cymene had a difference of index of 0.0004 the Pyrex and 

D-limonene matching difference is 0.0001 [27].  

It was initially considered when this round of funding was obtained to possibly 

convert the facility over to a Pyrex and D-limonene pairing, when various glassblowing 

artists and professionals were contacted, many were not willing to attempt the complex 

wire-wrapped geometry and those that were willing to take on such a task were asking 

for amounts above $50,000. Due to the relatively rapid changing of the test section with 

various additions and high flow rates it was decided that replacing the PMMA rods and 

wires with Pyrex would not be cost effective and would ultimately overspend the budget 

on an option that may only marginally improve the facility while also increasing the 

fragility of the assembly as a whole.  

Pressure and flow behavior measurements have been collected from this facility. 

Vaghetto discusses the pressure measurements obtained in the 61-pin wire-wrapped rod 

bundle, and those results were then compared and evaluated by Chen, eventually leading 

to the updating of Chen’s CTD correlation [28] [29]. Two-dimensional two-component 

(2D2C) velocity measurements in axial planes, characterizing the flow in regions near 

the enclosure wall and interior subchannels were discussed by Nguyen and Goth [30] 
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[31]. Two-dimensional three-component (2D3C) stereoscopic PIV velocity 

measurements for the cross-flow area near the wall including some interior 

measurements were completed by Nguyen [32]. Goth also conducted a comparative 

study where Nek5000 numerical simulation results were compared to PIV experimental 

results, which found that maximum relative error between experiments and simulations 

were favorable at less than 10% [33]. 

3.3. Subchannel Blockage 

Experimental and numerical studies by Chen, Merzari, Brockmeyer, Nguyen, and 

Goth show that  the flow characteristics within the wire-wrapped fuel assembly are 

significantly complicated and strongly influence the flow mixing and heat transfer 

phenomena between the coolant fluid and fuel rods [34] [29] [35] [1] [30] [31] [26].  

The hotspots, mentioned previously, when flow is impeded can lead to damage, 

component failure, and an overall reduced lifespan of the structural materials of the 

liquid metal flow loop. The materials that are damaged can erode away and collect inside 

of the fuel bundle creating these core blockages [36]. Some system codes were improved 

to acknowledge porous blockages in the 1990s such as the code by Oshima, ASFRE-III, 

but largely research on blockages has been almost wholly absent from wire-wrapped fuel 

assemblies. This could be in part from the generally complex flow of a wire-wrapped 

assembly, along with the previously incapable computational power that is now 

available to CFD users.  

The local effects of these blockages are interesting to the research community as 

an anomaly from the traditionally considered unblocked assembly as the primary 
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operating condition of a reactor. However, that ideal condition in reality may be less of a 

reality and a case where various blockages do in fact exist in a reactor may be far more 

common. Due to the nature of a LMFBR having an opaque coolant and in a case in 

which it is virtually impossible to actually know what is exactly happening inside of the 

reactor it can be a very good approximation of reality when having some idea of the 

effects of the blockages on a reactors thermal-hydraulic behavior. Han comprehensively 

studied and postulated the effects of these blockages in his work at Oak Ridge National 

Lab in 1977 [36]. The lodging of debris and/or foreign material from broken wires or 

even failed pins are considered the most important causes of these blockages.  

Pacio [37] has examined the effects of a solid blockage in an experimental setting 

at SCK CEN in Belgium using the MYRRHA facility in a 19-pin bundle and has found 

that temperatures did increase downstream from a blockage when compared to an 

unblocked subchannels of the same geometry. Outside of a wire-wrapped facility Piro 

has experimentally gathered three-dimensional, three component velocity fields in a 

CANDU reactor where the subchannels were blocked [38]. Piro did this utilizing 

magnetic resonance velocimetry (MRV), a relatively new and very different technique 

when compared to the PIV techniques commonly used. MRV does require the 

experimental facility to be composed of compatible materials similar to the necessity of 

MIR PIV, but does not require the use of tracer particles [38].  

Unsteady RANS simulations by Di Piazza were used to examine blockage effects 

both locally and globally [39]. Jeong developed a model using a subchannel code to 

examine the effects of blockages in 2005 to examine the peak cladding temperature and 
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flow distributions in that scenario [40]. Chai [41] conducted CFD simulations exploring 

the effects of porous blockages that also supports the idea that a blockage would indeed 

increase the temperatures downstream from a blockage compared to an unblocked 

subchannel.  

Overall there are limited experimental studies aside from Pacio and the studies 

completed recently that I did participate in by Nguyen that explore the effect of 

blockages on flow behavior in a wire-wrapped fuel assembly, and that lack of available 

data is what this work is focused on changing [42] [43]. 
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4. FACILITY DESCRIPTION AND ALTERATIONS 

 

The facility used here was originally designed and built by Nolan Goth and 

Phillip Jones during the first round of funding for research and development also funded 

by the DOE with teamwork with ANL, FRAMATOME, and TerraPower. The facility 

developed from this funding and effort is illustrated in Figure 1 (a) [26]. The facility is a 

MIR 61-pin wire-wrapped fuel assembly in a hexagonal test section all of which are 

made of poly (methyl methacrylate) (PMMA) utilizing p-cymene as a working fluid seen 

in Figure 1 (b). The index of refraction for PMMA and p-cymene is matching at about 

1.49 for both at 20 degrees Celsius, with a difference of only 0.0004, an extremely small 

amount that is essentially negligible. An example of the matching index can be seen in 

Figure 1 (c). P-cymene has been a proven combination as a MIR fluid combination with 

PMMA and has been utilized in several other experimental facilities at Texas A&M 

University [7-15] [26] [30] [32] [22] [31] [33] [23] [44] [45] [42] [43].  

 

4.1. Overview 

The facility consists of three loops, a primary, secondary, and tertiary. The 

primary loop consists of a tank, pump, flow meter, PMMA central test section 

containing the PMMA 61-pin fuel bundle, upper and lower PMMA plena, and 

downcomer. The secondary loop also consists of a tank and pump along with a brazed 

plate heat exchanger that is the interface between the primary and tertiary loop. The 

tertiary loop consists of a pump and large cooling water tank that feeds into the cold side 
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of the heat exchanger. The primary and secondary loop pumps are controlled using a 

variable frequency drive (VFD) while the pump on the tertiary loop is operated at full 

frequency when in use.  

 

Figure 4.1 Overview of the test facility and example of MIR effect. 

 

4.2. Materials 

The majority of the experimental loop is constructed with stainless steel, whether 

that be the piping, fittings, or the tanks. There are three hoses that use cam-lock style 

connections and those hoses are flexible ultra-high-molecular-weight polyethylene 

(UHMWPE) which is known to be chemical resistant against organic solvents such as p-

cymene. The test section is unlike the rest of the experimental facility as it is almost 

completely made of PMMA with the only pieces of a different material being the 
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stainless-steel nozzles for the cam-lock fittings. Surrounding the test section is an t-slot 

aluminum sub structure that the test section sits inside of allowing for quick 

modifications to be performed as needed. Outside of that aluminum substructure is a 

steel superstructure which provides a sturdy mounting point for the aluminum 

substructure to be anchored to as well as the upper plenum.  

The test section contents of 61 wire-wrapped pins seen in Figure 4.1 (b) are 

fabricated in house using cast acrylic rods and extruded acrylic wires. The behavior of 

extruded and cast acrylic rods is discussed by Goth [26] and it was determined that cast 

acrylic was preferred due to the minimized impact of p-cymene on the structural 

integrity and characteristics of the acrylic. Extruded acrylic tends to absorb acrylic and 

deform over time. Due to the limitations associated with manufacturing these raw 

materials the best that can currently be done is purchasing the rods as cast acrylic and 

settling for extruded wires as they are too small to be cast.  

4.2.1. Specification and Fabrication 

The wire-wrapped assembly is scaled up by a factor of approximately 2.5. the 

P/D ratio was selected to be constant in the designation of the scaling of the assembly. 

The target P/D ratio was 1.189 previously determined by Goth. This P/D ratio lead to a 

full pitch of the wrapped rods being about 18.75 inches (476.3 mm) in length. The 

diameters of the rods and wires are 5/8-inch (15.875 mm) and 3 mm respectively. The 

wire-wrapped rods are fabricated individually by hand using cyanoacrylate based super 

glue as a bonding agent between the rods and wires.  
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The hexagonal enclosure has a wall width of 3.5 inches (88.8 mm), and with all 

61 pins installed the hydraulic diameter, 𝐷ℎ, of the bundle is 7.7 mm. The axial length of 

the test section is equivalent to 3.5 wire pitches (1667 mm), ignoring inlet and outlet 

plena. The visualization region exists from 2.25 wire pitches to 3.25 wire pitches, 

allowing for approximately 139 𝐷ℎ for flow to develop and 15.5 𝐷ℎ for the outlet effects 

to be dissipated. An example of the visualization region used for the center blockage can 

be seen below in Figure 4.2.  

 

Figure 4.2 Visualization Region for Center Blockage 

 

4.3. Blockage Fabrication 

The blockages designed by Pacio and simulated by Chai were both porous 

blockages [37] [41]. Pacio’s blockage was designed as a porous media surrounded by a 
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stainless-steel shell that would attach to the stainless-steel rods. Chai using a simulation 

decided to apply some porosity factor to the blockage geometries applied.  

Fabrication of a porous blockage using PMMA would be a very difficult task as 

the porosity would need to be uniform and quantifiable. After much discussion it was 

decided that for optical transparency and experimental viability a solid PMMA blockage 

would be the best baseline experiment moving forwards for this experiment.  

The blockages used in these experiments were taken from a decommissioned 

upper spacer plate that had been polished to be optically clear. The plate was cut using a 

Dremel tool and worked down to the dimensions to fit in an internal subchannel and 

another geometry for an exterior subchannel. An example of these blockages can be seen 

in Figure 4.3 below, along with the plate they were derived from.  

 

 

Figure 4.3 Interior Blockage and spacer plate to offer a visual of how the blockage 

will interface with rods. 

 

 The locations of the blockages can be seen later in another figure where the laser 

planes are shown as well as the subchannels of interest, CSC1 and CSC2 for the center 

subchannels and ESC and for the exterior subchannels. The center blockage is located 
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1,184 mm above the entrance of the test section. The dimensions of the blockage are 

12.7 mm in height, between 12.7 mm and 3.175 mm wide, and between 15.845 mm and 

19.05 mm in length. The exterior blockage is located 1,241 mm above the test section 

entrance, with a height of also 12.7 mm, width of 12.7 mm, and length of 38.8 mm. an 

image of this exterior blockage can be seen below in Figure 4.4 

 

 

 

 

 

Figure 4.4 Exterior blockage attached to the three rods at Exterior 1 

 

4.4. Alterations 

Upgrades completed during the period encompassed in this thesis include several 

alterations that have streamlined operation of the experiment. First was the inclusion of a 

high accuracy pitot tube from OMEGA, model number FPT-6130, located past the test 

section on the downcomer, paired with two USB powered differential pressure 

transducers mounted in parallel, a ±10 inch of H2O and ±2.5 PSI each with 0.5% 

accuracy of their respective range, to fully encapsulate the flow range of the facility. 
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Next was a replacement for the original it400 totalizer and turbine flow meter with an 

InnovaMass 240i vortex shedding flow meter from Sierra. That vortex shedding flow 

meter has an accuracy of 0.7% of the read value for flowrate and a 0.1 ℃ accuracy of 

the resistance temperature detector (RTD). Both the vortex shedding flow meter and 

pitot tube and transducers are capable of recording data for the flow rate of the facility. 

The flow meter wired directly to the DAQ used through a NI-9206 card using the 4-20 

mA connections and the transducers into a computer through USB with their own 

software from OMEGA. The flow meter setup is more streamlined as the readings are 

available with the axial pressure readings while the transducers output pressure readings 

that are then converted to flow rate through the provided equation provided by OMEGA. 

However, the flow meter is able to report values for flows only above 25 gallons per 

minute (GPM), while the pitot tube is capable of recording much lower flow rates as 

well as the highest flowrate capable for the facility.  
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5. TR-PIV METHODOLOGY 

PIV is a non-intrusive, laser based, optical measurement technique used to 

quantify velocity vector fields of a fluid of interest. The field is broken down into fluid 

elements where the displacement of a fluid element over a given time interval is the 

velocity of that fluid element. Capturing the displacement of these fluid elements is done 

by using highly reflective micro seeding particles that are neutrally buoyant with the 

fluid they are used in. The laser used reflects off of these particles and they stand out 

with high contrast with the rest of the fluid. This reflected light is captured by the CCD 

digital camera sensors to create an image. The cameras are capable of operating at 

various frequencies when capturing images, which allows the user to fine tune the 

displacement of the particles from image to image, with a desired displacement of no 

less than 5 pixels and no more than 15 pixels. Some assumptions necessary to be made 

for this measurement technique are that the seeding particles are homogeneously 

distributed throughout the fluid and that they match the behavior of the fluid perfectly on 

the scale of a fluid element.  

5.1. Experimental Setup 

The measurements acquired in this experiment are 2D2C measurements where 

the resulting data consists of flow fields in a two-dimensional plane. In previous 

experiments several planes were chosen to examine an unblocked 61-pin wire wrapped 

bundle, specifically what is referred to as Center 2 and Exterior 1. Center 2 bisects the 

center pin and two subchannels that are surrounded by four rods each and a total of 7 

rods. In Figure 5.1 below rods labeled 1-7 are the surrounding rods for the center 



 

26 

 

subchannels CSC1 and CSC2, while rods 8-10 are the rods in contact with the exterior 

blockages in the wall subchannel ESC. These two different subchannel types are interior 

and edge subchannels, which provide very different flow behavior due to the inherent 

geometrical difference of the locations. In Figure 5.1 below it can be seen that the laser 

plane for the center 2 measurements for CSC1 and CSC2 have little space occupied by a 

wire, and are accurate of the location of the blockage, the exterior subchannel shoes 

wires occupying space. The edge subchannel actually measured actually does not have 

wires where the blockages are located, but do have wires at some point downstream 

from the blockages. 

 

Figure 5.1 Center blockage and Exterior blockages and subchannels of interest 

with laser sheets for visualization. 
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The experiments conducted in the fulfillment of this thesis consist of 

measurements at three Re #, 4,000 and 17,000 for the exterior blockages and 4,000, 

17,000 and 19,000 for the center blockage. The 17,000 and 19,000 Re #s represent fully 

developed turbulent flow, while the 4,000 Re # is closer to a turbulent flow that is still 

close to a transitionary region. After conducting measurements at the center with a single 

blockage it was determined that the necessity of reaching the higher Re # of 19,000 was 

not necessary to experience the effects of turbulence in the assembly. The decision to 

choose the target Re # stems from the convention used in the past experiments on this 

facility along with the flow regime in Figure 5.2 below from Cheng and Todreas [11]. 

Overlaid in this figure is the specific Reynolds numbers that are targeted for this 

experiment. It can be easily seen that both of the high Re #’s are close to one another, 

and they fall well within the turbulent region for this type of fuel bundle. The lower Re # 

is closer to the transition turbulent region, suggesting that the results from this Re # will 

be indicative of the behavior near that flow regime region.   
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Figure 5.2 Flow regime chart for hexagonal fuel assemblies and Re #'s targeted in 

this experiment. Reprinted with permission from [11]. 

 

The center subchannels have a gap distance of 15.6 mm while the exterior 

blockages are located in the wall subchannels that effectively have no distinction 

between the subchannels. Therefore, a visual difference when observing the flow 

behavior in the wall subchannel will not be acknowledged. 

The equipment used for this are two high-speed CMOS Phantom M310 cameras 

with Zeiss 105 mm camera lenses with f5.6 apertures. The Phantom M310 cameras are 

equipped with 1-megapixel sensors that output images with a resolution of 1280 x 800 
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pixels with a 12-bit image depth. Those cameras also contain 12 GB internal flash 

memory drives that save the images for short storage. Paired with these cameras is a 20 

Watt continuous laser operating at a wavelength of 527 nm where the beam from the 

laser is passed through a collimator, 25mm, and 15mm optical plane lenses that narrow 

the beam down and then converts it to a plane of a thickness of 1.5 mm. Depending on 

the measurement either the camera side or laser side is passed through a correction prism 

that ensures that the laser plane and cameras are perpendicular to one another. An 

example of this can be seen below in Figure 5.3 for the center blockage. An overview of 

the   

 

Figure 5.3 Center blockage, laser, and camera geometry 

 

The laser and cameras are both mounted on traversing systems that allow precise 

movements of both the laser and cameras. The laser was mounted on a two-axis vertical 

and horizontal traverse system while the cameras were mounted on a three-axis travers 
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allowing for vertical, horizontal, and depth control rather than utilizing the camera focus. 

The reason for this three-axis system was to limit the change of field of view for the 

cameras as they change focal length inside of the fuel assembly. The orientation of the 

cameras is important as they need to have some overlap for the image captured by each 

camera. This is checked before data is acquired to ensure the run is of substance.  An 

example of this setup can be seen in Figure 5.4, where a correction prism can also be 

pictured.  

 

Figure 5.4 Experimental traverse, laser, and camera setup 

 

The seeding particles used for the PIV measurements are silver-coated hollow 

glass spheres that are pre-mixed in the primary tank and then circulated throughout the 

flow loop. This ensures that the seeding particles are entirely mixed and present in the 
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test section during experimentation. The particles are left in the flow loop for the 

majority of the time, including downtime and maintenance, but on occasion will be 

filtered out when the silver begins to tarnish and the fresh particles will be injected 

through a syringe port just past the pump.  

5.2. Data Acquisition 

The target Re #s do have corresponding primary pump frequencies that do 

recreate the same flow behavior so long as the facility is kept relatively similar. The 

pump frequencies used were 11.47 Hz, 51.5 Hz, and 58 Hz for the Re #s of 4,000, 

17,000, and 19,000 respectfully. The pump is brought up to this speed and the facility is 

allowed to run for approximately 10 seconds to ensure a steady state operation for the 

test. 

The phantom cameras use a proprietary software to control the recording of the 

cameras, and they are also triggered with a simple pulse generator. The pulse generator 

ensures that the measurements begin at the same time for both cameras. Simultaneously 

when the cameras are recording the flowrate, temperature, and pressure measurements 

are recorded using a data acquisition unit as mentioned before.  

The Re #s were calculated by taking the reading of the flowmeter and converting 

to a bulk mean velocity, 𝑈𝑚. Knowing the density of the p-cymene to have a nominal 

density, 𝜌𝑝𝑐𝑦, of 855 kg m-3 at 20℃ that can be adjusted by the recorded temperature, 

and the dynamic viscosity, 𝜇𝑝𝑐𝑦, of 8.1 x 10-4 Pa s, which was also adjusted for 

temperature, the Re # could be calculated with the below equation. 

𝑹𝒆 =
(𝑼𝒎𝒆𝒂𝒏∗𝑫𝒉)∗𝝆𝒑𝒄𝒚

𝝁𝒑𝒄𝒚
     (5.1) 
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The camera frame rate frequencies, 𝑓, used are different depending on the target 

Re #. The frequencies used were 𝑓 =  800 Hz for the 4,000 Re # tests, and 𝑓 =  2,800 

Hz for the 17,000 and 19,000 Re # tests. Fine tuning adjustments are made for each test, 

including exposure and gain of the cameras to ensure the best possible images. That 

frame rate is then used to calculate the interframe time delay by simply taking the 

inverse of the framerate as can be seen below. 

𝛿𝑡 = 1/𝑓     (5.2) 

This resulted in time delays of approximately 12.5 x 10-4 s and 3.6 x 10-4 s for the 

respective frame rates. This time delay allows for the seeding particles to displace 

themselves at a maximum of less than 15 pixels per image.  

During each measurement three videos were captured, where each video consists 

of 8309 frames. When a Re # was complete the files were offloaded from the flash 

storage on the cameras onto either an external HDD or onto a computer’s local storage, 

whether that be a HDD or SSD. The cameras operate on a network, so speed for transfer 

can reach the theoretical limit of 1 Gb/s, however, the read and write speeds of the drives 

they are saving to are the limiting factors. For this experiment an external HDD with a 4 

GB capacity was used to safely store the video files. After the files are transferred the 

camera flash storage can be cleared and more videos can be recorded.  

After image capture for the particular day a calibration image is needed, usually a 

short .cine file rather than a full-size measurement. A calibration image requires the use 

of a piece of equipment known as a calibration plate. The plate used here is from the 
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company LA Vision and has very tight tolerances for both the dot spacing and overall 

construction. The thickness of the plate is within ±0.02 mm, dot spacing within ±0.02 

mm, and level of separation between ±0.01 mm [46]. These high tolerances allow for the 

images taken for that particular experimental setup to have a known reference to 

compare the pixel sizes with known measurements. This is done by placing this 

calibration plate at the same distance of the laser plane from the cameras. Along with 

having the plate at the same distance away from the camera, it is essential to ensure that 

the same thickness of material between the cameras and calibration plate is achieved. 

I.E. if there is 5 inches of material between the camera and laser plane at an index of 

refraction of 1.49, such as PMMA and p-cymene, there needs to be 5 inches of material 

at an index of refraction of 1.49 between the camera and calibration plate. This should be 

the last thing done for a particular measurement set, however, this should be done after 

every measurement set if possible, as many factors can alter the exact setup of cameras 

and laser plane such as an accidental push or nudge when someone is walking past the 

experiment, or even movement when turning on and off the laser and cameras.  

5.3. TR-PIV Pre-Processing 

The cameras record a series of images as a .cine file for each run and that .cine 

file is extracted as a set of .tif files at a 12-bit depth for each image. Other image bit 

depths are options, but the coding software used, MATLAB, is capable of working with 

12-bit images, so the native depth of the cameras is preferred. An example of a raw 

image can be seen below in Figure 5.5. 
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Figure 5.5 Raw PIV image at a Re # = 4,000 

 

Once those images are extracted from the .cine files into .tif files, the next step is 

to perform a background mean. Each .cine file is treated as a separate directory and 

MATLAB is used to load in each image as a matrix. Each sequential image is added into 

that original matrix and once every file in that directory is loaded in and added, a mean 

is performed by dividing those images by the total number of images in that directory. 

That resulting matrix is then saved as another 12-bit .tif image file. A sample 

background mean is seen below in Figure 5.6. 
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Figure 5.6 Background mean image for the same camera and same Re # as the 

previous image (contrast and brightness altered for thesis). 

 

Those background mean images together with raw images are then used to create 

a static mask. Those masks are created using a software called Image-J. The usual 

process of this is drawing the shape of known objects in the view of the image and 

deleting them out of the image. Afterwards using a threshold adjustment tool in Image-J, 

erroneous parts of the image can more finely be eradicated and a static mask can then be 

formed as a binary image of values 0 or 255, masked or conserved respectfully. A static 

mask is seen below in Figure 5.7. 
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Figure 5.7 Static mask image generated using Image-J and the background mean 

image 

 

Those background mean images and static masks are then used to edit the raw .tif 

files for each directory. Each file is loaded in, the background image is subtracted out 

from the raw image and then the mask is multiplied out where the zero values override 

any values that may have been left over after background subtraction. Images at this 

point may be oversaturated, which can be corrected by dividing the image by a factor of 

2, as the photos operate on a binary scale. The resulting image can be seen below in 

Figure 5.8. 
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Figure 5.8 Background subtracted and masked image ready for PRANA processing 

 

After these steps the images are ready for processing using an in-house PIV code 

developed by Eckstein and Vlachos [47]. This code has been applied in several recent 

studies by Nguyen, Goth, and dos Santos [23,26,27,30,31,32,33,42,43,44,45]. [30] [45] 

[44] [23] [32] [43] [42] [31] [26] [33] [27].  

5.4. PRANA 

PRANA is an in-house PIV code that is an advanced multi-pass, multi-grid PIV 

code. Cross correlation between each frame is performed by using a robust phase 

correlations (RPC) algorithm. This algorithm substantially reduces bias errors and peak 

locking effects when high shear and rotational motion is present, when compared to the 

standard cross correlation algorithms.  
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The statistical cross-correlation between images is used to estimate particle-

image displacement. The reason for using this cross correlation is that attempting to 

track every particle instead would be computationally expensive, or even impossible. A 

method that does attempt to track every particle is particle tracking velocimetry (PTV), 

which is much more involved and was not used in this particular experiment. However, 

PTV has been used in the past by Goth and Nguyen in order to analyze the flow behavior 

in subchannels that were much smaller than the regions of interest in this experiment, 

where using a PIV approach would not be an appropriate method.  

Consecutive images in this method are treated as pairs, where the first image is 

discretized into several windows determined in the graphic user interface (GUI) of 

PRANA. These windows begin at relatively large pixel grids with the expectation that a 

particle would have a maximum displacement of 25% of this window. The search 

window in the second image in the pair is a larger size than the interrogation window of 

the first image. These sizes are determined by the gridding done in the beginning of the 

processing. In the first image there are unique particle-images that are captured and then 

searched for in the second image. The displacement of these particle-images is 

determined and used to create a vector. The number of vectors in the results is dependent 

on the grid chosen, where a finer grid will produce more vectors, however, the resolution 

of the grid is better small only when the particles have realizable movement between the 

pair of images. PRANA is able to locate these structures by taking the image pairs and 

converting them over to a spectral domain using fast Fourier transform (FFT). The 
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average intensity of an interrogation window can be calculated in the equation below. 

The figure of merit for the cross-correlation is found in the equation following. 

𝐼�̅� =
1

𝐵𝑥𝐵𝑦
∑ ∑ 𝐼𝑎(𝑘, 𝑙)

𝐵𝑦

𝑙=1
𝐵𝑥
𝑘=1     (5.3) 

𝑅(𝑖, 𝑗) =
∑ ∑ (𝐼𝑎(𝑘,𝑙)−𝐼�̅�)(𝐼𝑏(𝑘+𝑖,𝑙+𝑗)−𝐼�̅�)

𝐵𝑦
𝑙=1

𝐵𝑥
𝑘=1

[∑ ∑ (𝐼𝑎(𝑘,𝑙)−𝐼�̅�)2
𝐵𝑦
𝑙=1

𝐵𝑥
𝑘=1

∑ ∑ (𝐼𝑏(𝑘+𝑖,𝑙+𝑗)−𝐼�̅�)2
𝐵𝑦
𝑙=1

𝐵𝑥
𝑘=1

]
  (5.4) 

There is an assumption that shear between adjacent fluid elements is ignored, and this is 

accomplished by ensuring the interrogation window is small. This is essential because 

the displacement resulting from the cross-correlation is actually an average of the group 

of particle-images within the interrogation window.  

 The interrogation windows of this experimental data set were started at 64 x 64 

pixels and end at 32 x 32 pixels. Three passes were iterated, and the initial and final 

iterations possessed 50% and 75% of window overlap respectively. Velocity vectors 

were calculated from the correlation maps, and subpixel displacements were obtained 

using a Gaussian peak fit [48] [49] [50]. Vector validation was completed using a 

universal outlier detection approach proposed by Westerweel was used to identify and 

replace erroneous vectors between PIV iterations [51]. By using velocity bicubic 

interpolation, those erroneous vectors were then replaced. The space for the final 

adjacent vectors was found to be 0.68 mm.  

 The static mask discussed before is used to also define a region of interest (ROI) 

in which the locations that are masked do not undergo a computational effort, therefore 

saving time and resources, and ultimately speeding the process up for both PRANA 

processing and post-processing of results.  
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Post-processing in PRANA involves three passes of decreasing the grid size 

using a Multigrid-Discrete Window Offset (DWO) and robust phase correlation (RPC) 

algorithm. The choice of three passes here align with the three passes for data 

disseminated from this project by Nguyen and Goth [42] [43] [32] [31]. A DWO 

increases the cross-correlation accuracy by offsetting the interrogating window between 

passes by an equal amount of integer-pixel-displacement [52]. Increasing the accuracy 

allows for the initial pass to be coarse compared to the final pass, reducing the total 

computational cost, thus speeding up the process.  This coarse first pass is operated on 

by a velocity interpolation function, bi-cubic interpolation, which develops the initial 

guess required for the next pass. This bi-cubic interpolation function uses a uniform grid 

and three points per polynomial, and then produces the smoothest result. That smoothed 

result is the superior result when compared to other built-in velocity interpolation 

functions. This smooth interpolation is essential for establishing the Multigrid-DWO 

method.  

A more detailed discussion of how the RPC algorithm works is necessary for 

understanding the principals behind the PRANA code being used in this research. RPC 

works by spatially discretizing each image into multiple interrogation windows and 

applying an FFT to each window to transform that window to the spectral domain. Each 

image pair are cross-correlated and a phase transform filter is applied to increase the 

amplitude of the correlation peak, while the product of that transform filter is multiplied 

by a weighted signal-to-noise ratio (SNR) in order to reduce the amplitude of the noise. 

This essentially defines the peaks more than would normally be noticed by simply an 
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FFT, or even an FFT and phase transform filter, and is similar to a background 

subtraction of raw images in lay-terms. After these things are applied an inverse FFT is 

applied to each interrogation window and the correlation peak is operated on by a three-

point Gaussian estimator to increase the probability of peak identification [52]. After the 

correlation peak is identified the displacement is only known as an integer pixel value, 

while the subpixel displacement is estimated by a three-point gaussian estimator, the 

most commonly used method. A correlation peak maximum is determined by using a 

Gaussian curve and passing the peak through three points in both the X and Y directions.  

A validation check is performed after each pass to eliminate vectors that don’t 

necessarily agree with the average behavior of the other vectors calculated. These odd 

vectors can be caused by in and out of plane loss of particle-image pairs, or even by 

steep velocity gradients. This validation check is the universal outlier detection, which 

operates by comparing the magnitude of a grid of vectors neighboring a selected vector, 

and examining the median value of those neighboring vectors. If the selected vector is 

outside of that median value, it is replaced. This process is done for every vector in the 

neighboring grid.  

5.5. TR-PIV Post-Processing 

The output files from PRANA are .mat files containing several variables. The 

variables of interest for this thesis were the X and Y values of the location and the U and 

V components of the velocity vectors. The output file from PRANA has only pixel 

values for the location values for variables X and Y, and the U and V components are 

reported as vectors in pixels as well. Converting these variables to usable information 
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requires a conversion from pixels to some unit of distance relevant to the experiment, in 

this case pixels to mm. This was done by taking an image where a known distance was 

available to observe in the image. The blockage in these images were of a known 

thickness of 0.5 inches or 12.7mm, and the length of the blockage was measured with 

Image-J and was found to be 151 pixels in height. A simple conversion of pixels to mm 

was done by dividing the width, 12.7 mm, by the number of pixels, 151, and multiplying 

both the location matrices, X and Y by that factor. Alternatively, and more universally 

excepted, a calibration plate such as the LaVision calibration plate mentioned before can 

be used, where the tolerances of the plate size and dot location is very tight and reliable. 

The velocity matrices, U and V, have to be multiplied by another factor that also 

includes the frequency of the camera, as U and V from the raw results only are the 

length of the vectors in pixels. This factor is the width, 12.7 mm, divided by the height, 

151 pixels, then multiplied by the camera frequency, either 800 or 2,800 Hz, depending 

on the target Re # of the particular experimental run.  

The utilization of two cameras stacked on top of one another allows for the total 

window to be increased. However, there is some additional processing necessary to 

make this choice useful. A calibration plate was mentioned before, and is very useful in 

this situation where mapping can be done between the two camera’s PRANA results and 

they can easily be remapped over each other. However, this was not the case for this 

experiment, and the remapping was done in another method. When looking at raw 

images from the two cameras at the same frame, a unique identifier in both images was 

chosen and the location was marked. The X and Y components for this unique identifier 
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are then adjusted so that in each image that identifier would share the same coordinates. 

This augmentation of the X and Y variables in the .mat PRANA output allows for the 

results from both cameras to be combined.   

Once the results are combined from the top and bottom cameras the next step is 

linearizing the data and creating a master matrix. This is done by taking each U and V 

matrix and linearizing it. This is done for all PRANA results in a directory, creating a 

large matrix, in this case a size of around 24,927 X 28,908 for both U and V each. This 

large matrix .mat file is around 10 GB in size, but is much more convenient to work with 

than having to access an entire directory of files. From this large matrix several 

statistical results can be calculated. These include ensemble-averaged vertical and 

horizontal velocity components, 𝑈𝑚 and 𝑉𝑚, the RMS vertical and horizontal 

components, 𝑢′𝑟𝑚𝑠 and 𝑣′𝑟𝑚𝑠, and the Reynolds shear stress, 𝑢′𝑣′̅̅ ̅̅ ̅.  

5.5.1. Ensemble Averaged U and V Components 

An ensemble averaged value is different than a time-averaged value. A time-

averaged component would be more impacted by the random nature of that specific 

measurement cycle. In this experiment three separate experimental runs were obtained 

for every Re #, and those three different runs are all averaged together, thus creating a 

sample size that is less dependent on time than a time-averaged sample group. The 

governing equation for this can be found below. 

𝜇𝑋(𝑡) =  ∫ 𝑥 ∗ 𝑝𝑋(𝑡) (𝑥)𝑑𝑥
∞

−∞
     (5.5) 
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Where 𝜇 is the mean of some component X, here either U or V, that changes with time, 

and 𝑝𝑋(𝑡)  is a probability density function. This can be accomplished by also using the 

equation for a simple average below, due to the inherent nature of the data used.  

𝜇 =  
1

𝑁
∑ 𝐴𝑖

𝑁
𝑖=1      (5.6) 

Where 𝐴𝑖 is either the U or V component from the PRANA results. When a component 

has gone through this process of averaging, a representative value of the waveform is 

seen for the ensemble averaged matrix.  

5.5.2. Root-Mean-Squared fluctuating U and V Components 

RMS is also known as the arithmetic mean of the squares of a set of numbers, or 

a quadradic mean. The Root-Mean-Squared fluctuating U and V components are similar 

to that of a standard deviation, even sharing in the same governing function overall for 

this data set as is seen below.  

𝑈′𝑅𝑀𝑆 =  √
1

𝑁−1
∑ |𝑈𝑖 − 𝜇𝑈|2𝑁

𝑖=1      (5.7) 

𝑉′𝑅𝑀𝑆 =  √
1

𝑁−1
∑ |𝑉𝑖 − 𝜇𝑉|2𝑁

𝑖=1     (5.8) 

The reason that this value is not referred to as a standard deviation is because it is used 

as a comparison to the baseline mean values found in the ensemble average, rather than 

some value independent of the actual mean. This value provides the insight needed to 

understand where in the flow behavior the average values are changing most often. This 

indicates the regions in which there may be more turbulence, and in further analysis 

possibly higher order flow structures.  
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5.5.3. Reynolds Shear Stress 

The Reynolds shear stress is calculated by taking the U and V components and 

subtracting from each value the mean component Um or Vm and then multiplying each of 

those instantaneous values together. A mean is then completed on those multiplied 

values to result in our average Reynolds shear stress. The equation that governs this can 

be seen below. 

𝑈′𝑉′̅̅ ̅̅ ̅̅ =  
1

𝑁
∑ (𝑈′

𝑖 ∗ 𝑉′
𝑖)

𝑁
𝑖=1     (5.9) 

Where 

𝑈′ = 𝑈 −  𝑈𝑚     (5.10) 

And 

𝑉′ = 𝑉 − 𝑉𝑚     (5.11) 

A Reynolds shear stress has the units of velocity squared rather than the units of stress in 

this case. The shear stress can help identify the regions in which there is large 

momentum transfer, suggesting a region that is undergoing a significant amount of 

turbulence. The contour plots of this are often well correlated with the regions of 

U’RMS and V’RMS components, dominated by whichever is having a larger effect. It 

should be noted for the flows seen in these experiments where flow has a dominant 

vertical direction, the shear stress is often the largest where the horizontal component, 

U’RMS, is the highest.  

 

 



 

46 

 

6. PIV RESULTS AND DISCUSSION 

The experimental runs completed for this thesis consist of two planes, the center 

2 plane and exterior 1 plane as seen in Figure 5.1. The general convention for these 

images is that the flow is positive in the y-direction and x-direction from bottom to top 

and left to right respectively. This follows a general quadrant 1 scheme on a 2-D plane. 

Three Re #s were targeted for the center plane, 4,000, 17,000, and 19,000, while two Re 

#s, 4,000 and 17,000, were targeted for the exterior 1 plane. The choice of these Re #s 

was discussed previously, but in short, the lower Re # represents a Transition-Turbulent 

flow behavior, while the 17,000 and 19,000 both represent fully turbulent flow 

behaviors. The data associated with these Re #s have been fully pre-processed, PRANA 

processed, and post processed. These results will be discussed in this chapter, beginning 

each section with the center 2 plane and ending with the exterior 1 plane for each 

component. First and second order statistics will be examined as the mean velocity 

vector fields and magnitude contours of the mean vertical and horizontal velocity, RMS 

fluctuating vertical and horizontal velocities, and Reynolds stress.  

6.1. Ensemble-Averaged Vertical Velocity Components 

Ensemble-averaged vertical velocity components are reported as velocities in 

m/s, representing the mean flow structures for a particular data set. In this case the 

vertical components are the primary flow direction, therefore the values here will be 

higher than the horizontal components discussed later. These mean contours provide a 

visualization of the major flow behavior in the primary flow direction, specifically the 

impact of the blockages on the bulk velocity in these subchannels. 
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6.1.1. Center 2 

The vertical component of the ensemble averaged velocity at the center 2 plane at 

various Re #s can be seen below in Figure 6.1. In this figure it can be seen that the 

maximum velocity vector values increase as Re # increases from 4,000 to 19,000. It is 

present in this figure that the flow patterns in CSC1 are altered when compared to CSC2 

by the blockage present in CSC1. The color contour shows that for all Re #s the flow is 

significantly lower in the axial direction in CSC1 than in CSC2. In CSC1 there is a 

stagnation region where the axial flow impinges upon the leading edge of the blockage, 

and a recirculation region downstream of that blockage.  The effect of the blockage is 

effectively the same between the Re #s 17,000 and 19,000 with the largest difference 

being the overall magnitude of the velocity, where the flow structure is very similar. The 

lower Re # does show some difference in flow structure, but there is still that stagnation 

region and recirculation. This reduction of the axial velocity demonstrates that the 

blockage does have a significant impact on the flow behavior in an interior subchannel. 

The reduction in velocity would indicate a lowered heat transfer rate at this location, 

coinciding increasing the temperature near the blockage. This behavior supports the 

findings of both Pacio and Chai [37] [41]. 
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Figure 6.1 Ensemble-averaged vertical velocity components for Center 2 plane, 

CSC 1 (left) CSC2 (right) 

 

6.1.2. Exterior 1 

The ensembled-average vertical velocity contours for the exterior 1 flow plane 

can be seen in Figure 6.2 below. The flow structures between the two Re #s, 4,000 and 

17,000 are very similar in overall shape. The main difference between the two is the 

significant magnitude increase form a maximum vertical velocity of just above 0.6 m/s 

and near 2.5 m/s in the positive y-direction for Re = 4,000 and 17,000 respectively. 

There are apparent stagnation regions on the sides of the blockage and right on the 

leading edge of the blockage. After the blockage and on the sides, there are recirculation 

regions that are significant in size. 
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Figure 6.2 Ensemble-averaged vertical velocity components for exterior 1 

 

With maximum recirculation of 0.1 m/s and 0.5 m/s in the negative y-direction for Re = 

4,000 and 17,000 respectively. This recirculation and overall reduction in velocity 

suggests that the heat transfer capability at this blockage would indeed reduce the heat 

transfer capability in this region resulting in a local hotspot. 

6.2. RMS Vertical Velocity Component 

The RMS vertical fluctuating velocity is the variation, in m/s, that each vector 

deviates from the mean velocity value in that direction, in this case the axial direction. 

This statistical value can help the observer understand how certain elements in the flow 

effect the behavior and impact the stability of the flow. 
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6.2.1. Center 2 

It can be seen in Figure 6.3 that as the Re # increases up to 19,000, the RMS 

fluctuating velocity becomes larger over all, with specific impact near the blockage. 

 

Figure 6.3 RMS vertical fluctuating velocity component for Center 2 plane, CSC1 

(left) CSC2 (right) 

 

Before the blockage, for Re = 4,000, the RMS value is larger than the other regions 

surrounding the blockage. The RMS also increases significantly after the blockage when 

Re = 19,000. RMS values are highest near the wire locations, most likely due to changes 

in direction near those locations, or possibly effects from interaction with the rods and 

wires behind the plane.  
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6.2.2. Exterior 1 

The RMS vertical fluctuating velocity contours, seen in Figure 6.4, for the 

exterior 1 plane is more interesting than the center 2 plane, specifically for the higher Re 

# of 17,000.  

 

Figure 6.4 RMS vertical fluctuating velocity component for Exterior 1 plane 

 

It is important to note that there are high fluctuations near the sides of the 

blockage and downstream as the flow would begin to return to normal. These large 

values suggest that there is a high level of impact from the blockage on flow structures 

near and downstream from the blockage, leading to very unpredictable and turbulent 

flow in those regions. 
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6.3. Ensemble-Averaged Horizontal Velocity Components 

The ensemble-averaged horizontal velocity components are similar to the vertical 

components, although are focused in the experiment as the less dominant flow direction. 

It will be seen that there is more of a variation with positive and negative values as the 

flow does go in both left and right directions and those directions don’t necessarily 

indicate a deviation from the main flow behavior in the vertical direction, but will exist 

on more of a dichotomy than the previously examined vertical flow path. Values of zero 

in these contours suggest that the flow is primarily in the vertical direction. Reynold’s 

stress will be discussed later and will pair the observations for the vertical and horizontal 

mean velocities together to have a greater understanding of the flow behavior. 

6.3.1. Center 2 

Throughout the majority of the contour areas seen in Figure 6.5 there is some 

horizonal component to the mean flow, however the maximum value in those contours 

has an absolute value of 0.5 m/s, significantly lower than the vertical flow component 

maximum of 3 m/s in the interior subchannel CSC 2 seen in Figure 6.1 for Re = 17,000. 

The bulk of the fluid can be seen in the contours to follow the direction of the wires. 

However, near the blockage there are structures in all Re #s that suggest some time of 

rotation that is occurring both before and after the blockage. This is not seen in CSC2, 

while in CSC1 it is very prevalent. The degree of this motion is very different between 

the high and low Re #s, as would be expected with significantly different flow rates, the 

more turbulent flows having higher values at a more concentrated area, while the lower 

Re # seems to have a larger region of less intense horizontal flow.  
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Figure 6.5 Ensemble-averaged horizontal velocity components for Center 2 plane, 

CSC 1 (left) CSC2 (right) 

 

6.3.2. Exterior 1 

The contours in Figure 6.6 demonstrate very predictable flow behavior where flow 

passing by the blockage would favor the paths of least resistance, negative in the x-

direction for the left side of the blockage and positive in the x-direction for the right side 

of the blockage. Aside from the immediate effects of the blockage there is a noticeable 

trend of the flow following the shape of the bundle, after flow has stabilized downstream 

from the blockage, where the flow begins to favor what would be a counter clockwise 

flow, following the clocking angle of the pins. This behavior is expected near edge and 

wall subchannels as there is less mixing and more of a bulk flow behavior.  



 

54 

 

 

Figure 6.6 Ensemble-averaged horizontal velocity components for Exterior 1 plane 

 

6.4. RMS Horizontal Velocity Component 

The RMS horizonal velocity contours are representative of the variability seen in 

the flow over time. A high value here would indicate that flow in this region is not 

predominantly favoring either the positive or negative x-direction, suggesting a large 

variability in the flow behavior. With lower Re #s these values are smaller as the flow 

behavior is more predictable, and with higher Re #s these values can increase 

substantially.  

6.4.1. Center 2 

There is a structure that is interesting in the contours seen in Figure 6.7 beginning 

after the blockage in CSC1 and following down the subchannel to the interaction of the 

wire. There seems to be a noticeably raised level of fluctuation near the wire for all Re 
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#s, but significantly more, by a factor of 5, for the higher Re #s than the lower Re #. It 

would be expected that as the flow becomes more developed the RMS values would 

reduce, and that is seen in CSC2 where the overall values are lower in that subchannel 

comparing the higher Re #s to the lower Re #. However, the introduction of the blockage 

introduces significantly more variability in the flow behavior relatively. This would 

imply that cooling in this region would not be consistent and could result in a hotspot 

downstream from the blockage, after the recirculation region. The recirculation region 

seems to be causing this based on the distance between the blockage and this region 

being past that region, and the recirculation region having a significantly lower RMS 

value.  

 

Figure 6.7 RMS horizontal fluctuating velocity component for Center 2 plane, 

CSC1 (left) CSC2 (right) 
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6.4.2. Exterior 1 

The exterior 1 U’ RMS values here in Figure 6.8 are on a similar scale to the 

center 2 values, however, they seem to be increased by about a factor of 2. The larger 

blockage size could account for this, however the majority of the area in these contours 

are of a lower magnitude, with the highest values existing on the lower corners of the 

blockage. At the lower Re # the behavior is similar between the left and right sides with 

a slightly higher variance on the right lower corner. The behavior at the higher Re # is 

significantly different where down steam of the blockage is highly variable, and the 

variance overall favors the right side near the blockage and downstream the left side is 

favored with higher RMS values.  

 

Figure 6.8 RMS horizontal fluctuating velocity component for Exterior 1 plane 
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While these values are high, they are somewhat expected after examining the 

behavior in center 2 at CSC1. The impact of the blockage seems to extend beyond the 

immediate recirculation region into the reconstruction of the flow into a fully developed 

flow. This would suggest that a blockage of this larger size at the exterior would have a 

significant effect on cooling, leading hotspots downstream from the blockage extending 

past a recirculation region, similar to the behavior seen in CSC1 in center 2.  

6.5. Reynold’s Shear Stress 

These Reynold’s Shear stress contours visualize the momentum transfer in the 

flow structures. Lower values are associated with less turbulent regions, and higher with 

more turbulent regions. It should be noted that the only truly zero regions in these 

contours are where no flow is occurring, I.E. the blockage or rods between subchannels. 

Other near zero regions simply have less turbulent behavior, there for less shear stress.  

6.5.1. Center 2 

The contours of Reynold’s shear stress for center 2, seen in Figure 6.9, the stress 

for the lowest Re # is over an order of magnitude lower than either of the high Re #s. 

This is relative to the overall turbulence in the flow, where the lower Re # falls closer to 

a transition turbulent region compared with the fully turbulent other Re #s. This pattern 

indicates the recirculation region downstream from the blockage, and the structures seen 

in these contours fall well in line with the same structures seen in the RMS contours of 

Figure 6.3 and Figure 6.7. The primary direction of this flow is in both the positive y and 

x directions, with only a small amount favoring the negative x direction and positive y 

direction.  
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Figure 6.9 Reynolds stress component for Center 2 plane, CSC1 (left) CSC2 (right) 

 

6.5.2. Exterior 1 

Reynold’s stress contours in the Exterior 1 edge subchannel can be seen in Figure 

6.10. These contours exhibit behavior similar to the RMS contours in Figure 6.4 and 

Figure 6.8 where the majority of the stress is located downstream from the blockages, 

and just before the blockages near the corners. The lower Re # has significantly less 

shear stress present, at around an order of magnitude gap between the high and low Re #. 

The high and low Re #’s shear stress contour peaks both at the lower corners of the 

blockage, and again downstream of the blockage, around the recirculation region. The 

recirculation region is similar to the single blockage in the CSC1 for the center plane, 

but is much larger. The shear stress contours also trend in the direction of the flow in the 

positive x and y directions.  
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Figure 6.10 Reynolds stress component for Exterior 1 plane 

 

6.6. Uncertainty 

The uncertainty and convergence studies were not completed by myself, however 

the data collected in this thesis was also analyzed by Nguyen and some of those findings 

will be mentioned and briefly discussed [42] [43]. It was found that for PIV processing 

of experimental runs, the percentage of vectors that would be considered bad, defined by 

the total number of vectors that failed validation in the final pass averaged over the total 

number of PIV velocity fields was between 3% to 4%. The lead to an uncertainty of the 

velocity measurements of about 0.1 pixel. PIV uncertainty propagation was carried out 

by using Sciacchitano and Wieneke’s method of uncertainty propagation to estimate 

uncertainties of computed PIV statistical results [53]. Those statistical results including 

mean velocity, room-mean-square (RMS) fluctuating velocity, and Reynolds stress. The 
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uncertainties shown here in Table 6-1 were calculated by Nguyen in a work 

encompassing the same data presented in this thesis for subchannels CSC1 and CSC2, 

however, for the exterior edge subchannel, ESC, uncertainty was not quantified [42] 

[43].  

Table 6-1 Estimated uncertainties eRe1 and eRe2, for statistical results of CSC1 and 

CSC2 

 

The values in Table 6-1 are maximal and are normalized by the mean velocity Um.  

Error is difficult to quantify in these measurements as experimental parameters such as 

processing algorithms, calibration, laser pulse delay, particle seeding density, out-of-

plane particle displacement, interrogation window, and cross-correlations algorithms are 

all subject to interrogation. Studies by Sciacchitano and Neal discuss this in length [54].  
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7. CONCLUSIONS 

An experiment exploring the impact of blockages on flow behavior within a 61-

pin wire-wrapped fuel bundle in a hexagonal duct, the prototypical geometry of an 

LMFBR nuclear reactor, was discussed in this thesis. The facility used in this experiment 

was the product of the first round of research for a MIR 61-pin wire-wrapped fuel bundle 

in a hexagonal duct, funded by the DOE and partnered with several nuclear industry 

leaders. That facility uses p-cymene as a working fluid paired with PMMA to reach a 

matched index operation. Some improvements were made on the facility in preparation 

for this experimentation with the intention of smoothing out the operation of the facility 

during experiments.  

The consensus of the effect of a blockage in an LMFBR prior to this work was 

that it will cause hotspots on the fuel pins downstream from those blockages. 

Experiments and CFD simulations were conducted by other authors in order to gain 

some knowledge for the impact of a blockage, however, a visualization-based 

experiment has not been attempted prior to the experiment that this thesis is composed 

around. Pacio found through experimentation with the MYRRAH facility at SCK-CEN 

in Belgium that there will indeed be hotspots downstream from the blockage [37]. Chai 

found similar results with their CFD simulations exploring the effect of various blockage 

geometries that were porous [41]. A decision was made to create blockages out of non-

porous PMMA, the same MIR material as the rest of the facility, to conduct baseline 

experiments and characterize the flow behavior with simple geometries for subchannel 
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blockage. Both blockages were manufactured by hand from an existing decommissioned 

upper plenum spacer plate. 

 Two vertical planes were chosen from the existing data collected for an 

unblocked wire-wrapped fuel bundle, Center 2, a plane passing through the center pin of 

the bundle, and Exterior 1, the plane passing through an edge subchannel near the wall. 

The Center 2 plane consisted of two subchannels, CSC1 and CSC2, while the Exterior 1 

subchannel is a large edge subchannel. The blocked subchannel in Center 2 was CSC1 

and CSC2 was left unblocked. Exterior 1 doesn’t necessarily exist as separate 

subchannels, so the blockage exists as two separate pieces that fit together to create the 

blockage used for this experiment.  

The Center 2 blockage case was completed first and videos were captured for 

three Re #s. After examination it was decided that only two Re #s were necessary so for 

Exterior 1, only two Re #s were captured. Those Re #s were 4,000 and 17,000 for 

Exterior 1 and 4,000, 17,000, and 19,000 for Center 2. Two Phantom M310 high-speed 

CCD cameras paired with a 30-Watt continuous laser were used to capture the PIV 

images in this experiment. Images at a 12-bit depth were extracted from the resulting 

videos. Those images were pre-processed with MATLAB and were analyzed using 

PRANA, an in-house software based in MATLAB yielding results that were ultimately 

plotted using MATLAB. First and second order statistics were resolved from these 

results including ensemble averaged velocities for the U and V components, RMS 

velocity components for U and V, and the Reynold’s shear stress.  
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The results from these measurements suggest that the effect of a blockage does 

align with the findings of Pacio and Chai, where a blockage does impede flow, resulting 

in what would be recirculation regions, allowing that fluid in that location to heat up 

more, creating a localized hotspot [37] [41]. The lower Re # for both the Center 2 and 

Exterior 1 experiments produced significantly smaller recirculation regions, and the flow 

seemed to be somewhat less impacted by the inclusion of a blockage. Although, for the 

higher Re #s, the blockage created significant recirculation regions and rotational motion 

downstream from the blockages, including significant shear stress at the edge of those 

recirculation regions. The Center 2 blockage had sizably smaller recirculation regions 

than the Exterior 1 blockage due to the significantly different size of the blockage. The 

exterior blockage also was less impacted by surrounding physical structures like rods 

and wires since it was along the wall.  

This experiments that this work was derived from has come to result in two 

publications where this author is listed as a second author, and future work is planned to 

continue with the application of blockages of various geometries and the effect they have 

on pressure drop. Accompanying those experiments will be PIV measurements for new 

geometries. A porous blockage may be explored at some point in the future as 3-D 

printing advanced. 

This work is expected to increase the data available as reference for RANS and 

LES CFD researchers to validate for flow behavior. As the database of experimental data 

grows this work will be added, with the ultimate goal of understanding the flow behavior 
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of LMFBR reactors to increase the life and safety levels required to advance energy into 

the next age of nuclear energy production.  
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