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ABSTRACT 

In 2004 the Global Threat Reduction Initiative (GTRI) was established by the National 

Nuclear Security Administration (NNSA) to quickly identify, secure, remove and/or 

closely monitor nuclear and radiological materials that pose a high-risk threat to the 

United States and the international community. Part of GTRI’s mission is to convert high 

performance research reactors and isotope production facilities from their current High 

Enriched Uranium (HEU) fuel to Low Enriched Uranium (LEU) foil based fuel. In 

compliance with the conversion portion of the GTRI’s mission, the University of 

Missouri Research Reactor (MURR) is currently trying to convert its reactor fuel.  

The proposed fuel uses a monolithic U-10Mo foil meat with a zirconium barrier between 

the aluminum cladding. This is different than the current HEU fuel meat which is 

comprised of Uranium dispersed in an aluminum matrix in an aluminum cladding.  In 

addition to a change in the physical structure of the fuel, the fuel plate thickness has been 

significantly decreased.  The fuel plates in the MURR reactor are subject to high velocity 

coolant (water) flow. A decreased thickness in the fuel plate suggests that the rigidity of 

the fuel plate will decrease as well. With concerns about the hydro-mechanical stability 

of the newly designed fuel plate being exposed to the high velocity flows in the reactor, 

there is a need to characterize the structural response of a very thin plate in presence of a 

velocity flow.  

Fluid structure interaction (FSI) simulations have been developed to analyze all of the 

characteristics of a thin fuel plate as the velocity of the water increases across the fuel 

plate. These models are developed by coupling CFD software, STAR CCM+, with Finite 
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Element Analysis (FEA) software, ABAQUS, to determine the magnitude, location and 

direction of the deflection of the fuel plate along with other useful metrics to characterize 

attributes of the flow and movement of the plate.  

The FSI simulations were designed to replicate the plate thickness, fluid channel 

geometry and velocities of the experimental set up. The experimental set up consists of a 

flow loop and curved test section have been constructed for studying plate deflection and 

channel pressure drop under a variety of fluid flow velocities. The test section consists of 

two concentric steel cylinders bolted together with spacers between the two to form a 

fluid channel. The fuel plate inside the test section is clamped at the edges to maintain the 

axial location of the plate in the fluid channel. The aluminum fuel plate in the test section 

is 25.5 inches long, 16 mils (0.016 inches) thick and has an arc of 45 degrees. The outer 

cylinder of the test section has five plexi-glass windows that allow deflection data to be 

collected at various locations by the laser measurement system. The laser measurement 

system was fixed at the leading edge of the fuel plate because that is where the maximum 

deflection has been shown to occur. Since the focus of this study is on the maximum 

deflection of the fuel plate, the laser measurement system was fixed at that point.  

The FSI simulations were based on seven different geometries. The first consideration 

was an ideal geometry that the test section was designed to reflect. This consisted of a 

130 mils thick inner fluid channel and a 78 mils thick outer fluid channel. Because the 

test section was assembled at Argonne National Laboratory (ANL) and then shipped to 

the University of Missouri, the dimensions of the test section fluid channel geometry was 
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altered during transit. This change in the shape of the fluid channels lead to the need to 

characterize the shape of the fuel plate and fluid channels again. 

Since it is physically impossible to characterize the geometry of the entire fuel plate and 

the azimuthal geometry of the fluid channels of the test section without disassembling it, 

several geometric options were considered. Three geometries for the shape of the fuel 

plate were considered. The three fuel plate shapes were based on the distance of the plate 

based on the distance between the inner radius of the outer cylinder and the location of 

the fuel plate in the fluid channel. These measurements were obtained by measuring the 

outer channel gap thickness with a depth micrometer at the pressure tap locations that 

coincide with the location of the plate. Although this was helpful, it only helped to 

characterize the shape of the plate between the leading and trailing edges of the plate. 

This left about eight inches of the fuel plate (4 inches at each end) uncharacterized, 

leading to the three geometric considerations. 

The three geometric considerations were combined with two geometric considerations for 

the fluid channels. An azimuthally constant and varied geometry was considered. This 

was prompted by the inability to measure the distance of the fluid channels in the 

azimuthal direction due to the design of the test section. This lead to developing a 

geometry for the fluid channels that was constant along the azimuthal direction of the fuel 

plate and another where the fluid channel decreased in thickness as the azimuthal location 

progressed from the middle of the test section to the edges where the spacers are located.  

The FSI simulations and the experiments produced deflection results for the 16 mils 

(0.016 inches) thick fuel plate at velocities ranging from approximately 2 m/s to 4 m/s. 
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Because the fuel plate is so thin, it has been decided that the velocity in the FSI 

simulations and experiments should be kept relatively low to avoid permanently 

damaging the aluminum plate in the test section. 

The As-Built numeric models have been shown to compare well with the experimental 

results. The As-Built numeric model results also show that the constant azimuthal fluid 

channel geometry produces a smaller magnitude of deflection for all three fuel plate 

shapes considered when compared to the models with a varying azimuthal geometry. the 

FSI simulations “crashed” for all models ran with a velocity beyond 4 m/s. The 

experimental results showed that maximum deflection results can be obtained beyond 4 

m/s. This provides the opportunity to investigate the differences between the 

experimental and modeling geometries and recalibrate the model to obtain maximum 

deflection results through the FSI simulations.
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CHAPTER 1: INTRODUCTION 

1.1: History and Background 

In the early part of 1938, two Austrian physicists, Lise Meitner and Otto Frisch, led a 

small group of scientists who were interested in the fission process of natural elements 

[1]. At the time, this type of research was being spearheaded by an Italian physicist who 

was the greatest expert on neutrons at the time, Enrico Fermi. He developed experiments 

where he discovered that if a natural element was exposed to neutron bombardment then 

nuclear transformation would most likely occur. Fermi continued to conduct these 

experiments and was eventually able to conclude that if uranium was exposed to neutron 

bombardment, then the nucleus would produce lighter atoms of different elements that 

were about half the mass of uranium [2]. German chemists, Otto Hahn and Fritz 

Strassman, collaborated with Lise Meitner on experiments that eventually determined 

that the bombardment of uranium by neutrons produced new lighter elements, barium and 

krypton and also expelled additional neutrons as depicted by the diagram in Figure 1.1. 

 

Figure 1.1. Neutron bombardment of U-235 resulting in new elements 
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Following the explosive discovery of what is now known as nuclear fission, Hahn and 

Strassman informed Meitner of their findings. She was able to support the experimental 

results through physics calculations and theory with the help of Otto Frisch [3]. In 

addition, her theoretical calculations not only supported the findings of the experiment, 

but also showed that there was a large amount of energy disbursed during this process. 

Otto Frisch suggested that the process be named “nuclear fission”, based on a similar 

fission process observed in biology [4]. These findings supported Albert Einstein’s 1905 

publication which suggested that there is a direct correlation of mass and energy [3]. 

These groundbreaking discoveries of 1939 led to a further understanding of fission of 

uranium [5]. More specifically, the fission process of Uranium-235 was of particular 

interest due to Niels Bohr proposal that the fission process was more likely to occur with 

this particular isotope. U-235 is one of the two radioactive isotopes contained in natural 

uranium. Based on collaborative work with other physicist, Bohr proposed that U-235 

would yield more energy during the fission process than the other uranium isotope, 

Uranium-238 [5]. Although this proposal was shown to be true, getting the U-235 isotope 

by splitting natural uranium into two isotopes, U-235 and U-238, proved to be an arduous 

task because U-235 is only about 0.7% of natural uranium, while U-238 is approximately 

99.3% of natural uranium. To remedy this problem, natural uranium was put through a 

process in which the amount of U-235 was increased from approximately 0.7% to about 

90%. The process of increasing the amount of U-235 found in uranium became known as 

uranium enrichment. Figure 1.2 shows how the percent amount of U-235 increases after 

the enrichment of natural uranium 
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Figure 1.2. Percent amount of U-235 and U-238 in uranium before and after enrichment 

Now that it was widely known and accepted that the splitting of U-235 produced a large 

amount of energy, Leo Szilard introduced the concept of a self-sustaining chain reaction 

that would occur at the critical mass; the amount of material needed to sustain nuclear 

fission [6] [1]. As the scientific community begin to collaborate and work towards this 

idea, a primary model was presented by the French physicist, Francis Perrin. Figure 1.3 is 

a depiction of the self-sustaining chain reaction proposed by Francis Perrin. 
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Figure 1.3.  Illustration of a chain reaction nuclear fission process 

Along with this concept and the theory that slower neutrons would be absorbed better 

than those that moved faster would create a more efficient fission process, Fermi 

provided tangible proof of both his and Szilard’s concepts through experiments. Fermi 

achieved this by constructing the world’s first self-sustaining nuclear reactor named 

Chicago Pile-1 (CP-1) at the University of Chicago [7] [8]. Both Perrin’s and Fermi’s 

concepts were strongly supported during a nuclear reactor experiment on December 2, 

1942 when CP-1 reached criticality and produced the first man-made self-sustaining 

nuclear chain reaction. Figure 1.4 is an artist’s rendering of Chicago Pile-1 [8]. 
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Figure 1.4. Artist’s rendering of the world’s first nuclear reactor, Chicago Pile-1 

Fermi was able to introduce a flow of slow moving neutrons to the uranium target by 

placing 45,000 graphite blocks around the target to moderate the speed of the neutrons 

being directed towards the uranium. Meanwhile, inside the pile, some of the free neutrons 

produced by the fission process of the natural uranium were absorbed by the other 

uranium atoms which in turn produced another fission process of each atom and released 

additional neutrons and the process repeated autonomously, providing great support and 

credibility to Szilard’s discovery [9]. 

1.2: Global Threat Reduction Initiative (GTRI) 

This breakthrough in nuclear science was a compliment to collaboration, innovation and 

diligent research. On the other hand, this new technology would go on to support the 

development of atomic bombs during World War II and change the world forever. On 

August 6, 1945, President Harry S. Truman ordered that a five-ton atomic bomb be 

dropped over the Japanese city of Hiroshima. Three days another atomic bomb was 
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dropped over another Japanese city named Nagasaki. These two devastating military 

strikes by the United States killed more than 120,000 people combined and left the 

country polluted with nuclear radiation, forcing Japan to surrender and marking the end 

of World War II [10].  

Since the conclusion of World War II, nine countries, which include the United States, 

Russia, the United Kingdom, France, China, India, Pakistan, Israel and North Korea, 

possess approximately 16,000 nuclear weapons [11] [12]. The United States and Russia 

have the ability to launch a nuclear weapon within minutes of receiving the order from 

their respective leaders [11]. When reflecting on the damage done by two atomic bombs 

in 1945, it is evident that an arsenal of approximately 16,000 nuclear bombs that are more 

technologically advanced than those used in World War II could do severe damage if 

used [13] [14]. 

Fortunately, the U.S. Department of Energy (DOE) and National Nuclear Society 

Administration (NNSA) have developed a program in hopes of plateauing the number of 

nuclear weapons being produced. This program is the Global Threat Reduction Initiative 

(GTRI) [11]. The mission of the GTRI is to closely monitor, remove, eliminate and 

minimize the use of nuclear and radiological materials that pose a high risk threat to the 

United States and the international community at large. The GTRI is working towards 

fulfilling its mission by removing and disposing of excess nuclear and radiological 

materials, securing sites where nuclear and radiological materials are stored to prevent 

theft and sabotage and converting research reactors and isotope production facilities from 
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their current weapons grade High Enriched Uranium (HEU) fuel to reactor usable Low 

Enriched Uranium (LEU) fuel [15]. 

THE GTRI has already successfully converted 20 reactors to licensed LEU fuel in the 

US. While this is a great achievement, there are still 5 high performance reactors that 

operate by using HEU fuel. The GTRI would like to convert these high-performance 

reactors to LEU fuel. The five research reactors that are currently focusing their efforts 

on converting their reactors from HEU to LEU to comply with the GTRI’s mission are: 

The University of Missouri Research Reactor (MURR), MIT Reactor, National Bureau of 

Standards Reactor (NBSR), High Flux Isotope Reactor (HFIR), and the Advanced Test 

Reactor (ATR) [16] [15]. These five high-performance research reactors have yet to be 

converted from HEU to LEU because the proposed LEU U-10Mo monolithic fuel is not 

yet qualified as a primary fuel in research reactors [17]. Figure 1.5 shows the 

geographical location of the reactors and the universities and national laboratories that 

provide specialized expertise and consultation during the process of converting their 

reactor fuels. 
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Figure 1.5. Location of reactors and the entities assisting in reactor fuel conversion 

1.3: University of Missouri Research Reactor (MURR) 

MURR is in Columbia, Missouri on the main campus of the University of Missouri. It 

has been in service for more than 50 years, with its inaugural year of service in 1966. 

Initially licensed to operate at 5 MW, it was uprated to operate at 10 MW in 1974. 

MURR is a multifunctional research reactor that has become one of the most reliable 

sources in the US for research, commercial radioactive products and education. This high 

reliability status and demand for services from all over the country is why MURR 

operates 6.5 days per week; 52 weeks per year [18]. With concerns similar to those of the 

NNSA, MURR is participating in the GTRI’s conversion program to convert from HEU 

to LEU without jeopardizing its performance standards and productivity [12]. 
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MURR is a light water moderated and cooled, pressurized, open pool-type reactor. Its 

core consists of 8 HEU fuel elements that are the source of the reactors operation. The 

core is submerged in water to provide an efficient method of cooling, but the water also 

serves as a moderator that slows down the speed of the neutrons traveling towards the 

target. The reactor also utilizes a beryllium reflector to provide a critical core and to 

achieve desired power distributions by directing neutrons back towards the core [19]. 

Figure 1.6 shows an overhead view of a detailed drawing of the core [19]. 

 

Figure 1.6 Overhead view of the MURR core assembly 

1.4: Current MURR HEU Fuel Plate Design 

The 8 fuel elements, shown in Fig. 1.6, surrounding the core each consists of 24 HEU 

fuel plates. Between each fuel plate is a gap of approximately 2.032 mm (80 mils) to 

create a narrow channel for water to pass through as a means of not only cooling, but also 
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moderating the flow of the neutrons during the fission process. Maintaining the narrow 

channels between each fuel plate is essential to maintaining a safe and efficient operation. 

Therefore, to keep the plates in their respective positions a comb is placed at the top and 

bottom of the fuel element. Each fuel element consists of a maximum of 775 grams of 

highly enriched U-235. The entire fuel element is assembled for use with an end cap on 

the top and bottom of the element. Figure 1.7 shows a fuel element with all 24 fuel plates 

(right) and a technical drawing of a fully assembled fuel element (left) [19]. 

 

Figure 1.7 Actual fuel element (left) and a full-length fuel element (right) 

Each of the 24 HEU fuel plates is approximately 1.27 mm (50 mils) thick. The current 

fuel plate assembly consists of a matrix of uranium dispersed through aluminum (UAlx) 

that is 0.51 mm (20 mils) thick. This fuel meat is enclosed in 6061-T6 aluminum 

cladding that is 0.38 mm (15 mils) thick on either side of the plate (a total of 30 mils 

thick). Because the 24 plates in the fuel element are concentrically shaped to adhere to 

the shape of the fuel element, the radius of curvature of the fuel plate is approximately 45 

degrees. Although this design consists UAlx, it is common to model this design as an 

isotropic aluminum plate because the design is mostly aluminum. Figure 1.8 is a cross 

sectional view of one of the HEU fuel plate assemblies [19]. 
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Figure 1.8 Cross sectional view of a HEU fuel plate assembly 

1.5: Proposed LEU Fuel Plate Design 

The proposed design for the LEU fuel plate is like the current HEU fuel element design 

with respect to its dimensions, but it differs a great deal in terms of the fuel plate 

structure. Maintaining similar dimensions of the fuel element during the conversion is 

essential to minimizing potential changes to the core of the reactor. As for the fuel meat, 

the proposed LEU fuel meat design is a monolithic uranium fuel with 10% molybdenum 

(U-10Mo). The proposed design will replace the 93% enriched U-235 with a U-10Mo foil 

that consists of an approximate 19.8% enriched U-235. The LEU design will also 

maintain the 6061-T6 cladding that surrounds the fuel meat, but there will also be a 0.025 

mm (1 mil) layer of zirconium surrounding the fuel meat to form a barrier between the Al 

6061-T6 cladding and the U-10Mo meat. Both the fuel meat and the cladding thicknesses 

have been reduced in the LEU design which decreases the overall plate thickness causing 

an increase in the water-to-metal ratio within the core consequently. These changes are 

necessary for this proposed design as the necessary reactivity could not be obtained 

without them due to the reduced U-235 enrichment. Figure 1.9 shows a cross sectional 

view of the proposed LEU foil design [19]. 
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Figure 1.9 Cross sectional view of the proposed LEU fuel 

The proposed LEU fuel design was uniquely constructed for MURR’s highly compact 

core which requires a much higher loading density of U-235 relative to previous reactors 

that have converted to LEU fuel. Knowing that MURR required a specialized type of 

LEU fuel to achieve conversion from HEU fuel, the GTRI Reactor Conversion Program 

at Argonne National Laboratory (ANL) of Chicago, Illinois partnered with MURR in 

2009 to generate a feasibility analysis for the U-10Mo design. Before the analysis was 

conducted, a set of 5 major concerns were established that had to be addressed for MURR 

to continue to thrive while operating with the new LEU fuel. The 5 major concerns were: 

(1) matching the performance capabilities of the current HEU fuel element, (2) not 

increasing the MURR’s fuel storage requirements, (3) having sufficient excess reactivity, 

(4) maintaining or enhancing neutron flux, and (5) preserving operation costs compared 

to the current HEU design. After the feasibility study, the LEU design that incorporated 

the U-10Mo fuel meat met all the 5 major concerns and in some cases, exceeded 

expectations [19]. 

As is the case for all scientific studies, there are iterations of designs associated with any 

project. The same was true during the development of the LEU fuel design for MURR. 
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The Fuel Fabrication Capability (FFC) and Fuel Development (FD) groups of the GTRI 

determined that some of the initial assumptions used in the 2009 design of the U-10Mo 

fuel plate design were either inaccurate or required slight modifications. Amongst a host 

of other adjustments, the FFC and FD groups determined that the thickness of the 

aluminum cladding in the initial design was too thin and an increase of 0.055 mm (2 

mils) was needed to properly manufacture the U-10Mo fuel plate. Another major change 

that coincided with increasing the thickness of the aluminum cladding was a decrease in 

the number of plates from 24 to 23 to accommodate the change in overall plate thickness 

that occurred during the 2012 redesigning of the fuel plate by the Reactor Conversion 

(RC) group of the GTRI [20]. The fuel plate parameters for the 2009 design and the 2012 

redesign are shown in Table 1.1 and Table 1.2, respectively.  

Table 1.1 Fuel plate parameters from the 2009 feasibility study of the U-10Mo Foil design [19] 

Plate/ Channel 

Number 

U-10Mo Foil 

Thickness 

mm (mils) 

Cladding 

Thickness 

mm (mils) 

Overall Plate 

Thickness 

mm (mils) 

Channel 

Thickness 

mm (mils) 

1 0.299 (9) 0.508 (20) 1.24 (49) 2.41 (95) 

2 0.305 (12) 0.330 (13) 0.965 (38) 2.34 (92) 

3 – 23 0.457 (18) 0.254 (10) 0.965 (38) 2.34 (92) 

24 0.432 (17) 0.407 (16) 1.24 (49) 2.34 (92) 

25 - - - 2.41 (95) 
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Table 1.2 Fuel plate parameters from the 2012 redesign of the U-10Mo Fuel design [20] 

Plate/ Channel 

Number 

U-10Mo Foil 

Thickness 

mm (mils) 

Cladding 

Thickness 

mm (mils) 

Overall Plate 

Thickness 

mm (mils) 

Channel 

Thickness 

mm (mils) 

1 0.229 (9) 0.445 (17.5) 1.12 (44) 2.43 (95.5) 

2 0.305 (12) 0.406 (16) 1.12 (44) 2.36 (93) 

3 0.406 (16) 0.356 (14) 1.12 (44) 2.36 (93) 

4 - 19 0.508 (20) 0.305 (12) 1.12 (44) 2.36 (93) 

20 – 22 0.508 (20) 0.305 (12) 1.12 (44) 2.36 (93) 

23 0.432 (17) 0.406 (16) 1.24 (49) 2.36 (93) 

24 - - - 2.43 (95.5) 

Although a basic design for the LEU fuel plate has been established, the US Nuclear 

Regulatory Commission (NRC) must validate the U-10Mo foil based fuel design before it 

can be used at MURR or any other high performance research reactor. To assist in 

providing data to support the validity of the U-10Mo foil based fuel design, a variety of 

research at several universities and national laboratories is currently being conducted to 

assess the stability of the U-10Mo fuel plate design under conditions similar to those it 

will be exposed to in a high-performance research reactor [21]. 

The University of Missouri is one of the universities participating in the research of the 

U-10Mo fuel plate design. More specifically, the research being conducted at the 

University of Missouri focuses on determining the hydro-mechanical stability of the U-
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10Mo fuel plate design. Since the U-10Mo fuel plate assembly is anticipated to be 

slightly thinner than the current design, it is necessary to evaluate how this design will 

react in conditions like those observed while in the MURR reactor. The major focus of 

the material presented here is on the deflection of the fuel plate. 

1.6: Purpose of Study 

A portion of the deflection of the fuel plate is based on the manufacturing characteristics 

of the fuel plate, but a great deal of the deflection is attributed to the pressures imposed 

on the fuel plate by the water that passes through the narrow fluid channels on either side 

of the fuel plate [22]. The water flowing through these narrow fluid channels imposes 

pressure on both sides of the fuel plate. After a short period, the pressure on one side of 

the fuel plate is greater than that on the opposite side, resulting in a pressure differential 

and ultimately a deflection of the plate. Although the combs at the top and bottom of the 

fuel element provide a great deal of rigidity to the fuel plates, the pressure on the fuel 

plate created by the high velocity water flowing through these narrow channels causes the 

plate to deflect towards one of the channels [22]. Deflection of a single plate, changes the 

flow of the water and affects the pressures on the other 22 plates stacked in the fuel 

element with it. Too much of a deflection of any single fuel plate could result in a 

channel being choked off which would restrict the water flow. Restricting water flow 

could result in a failure in the reactor due to overheating during the fission process 

because the water serves as a coolant as well as a moderator [20]. Therefore, it is 

necessary to understand the deflections that this type of U-10Mo foil-based fuel plate 

design will be under. 
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This study is an effort to forecast the magnitude of deflection the fuel plate is likely to 

encounter while in use at MURR. To forecast deflections at a variety of velocities, the 

fuel plate was modeled in asymmetric fluid channels as a way to induce deflection of the 

fuel plate. To achieve this goal, computational fluid dynamics (CFD) and finite element 

analysis (FEA) software have been coupled to produce fluid structure interaction (FSI) 

simulations. The simulations use the CFD capabilities of the STAR CCM+ to produce 

fluid flows that interface with the structural FEA capabilities of ABAQUS where the 

deflection (and other metrics) of the fuel plate is computed [23] [24]. The maximum 

deflection results from these FSI simulations are then compared to the experimental 

maximum deflection results.  

The experimental results are a product of an experimental set up that places a curved 

0.4064 mm (16 mils) thick aluminum pseudo fuel plate in a flow loop with narrow 

channels on either side of the plate to mimic the probable conditions in the reactor. A 

curved 0.4064 mm (16 mils) thick plate was selected to be used in the FSI simulations 

and in the experiments to evaluate if there is a possibility of large deflections in such a 

thin plate. The magnitude of deflection observed with this thin plate can be used to 

predict the magnitude of deflection that can be anticipated in the actual LEU fuel plate 

assembly which will be thicker than the 0.4064 mm (16 mils) thick plate used in this 

study. Essentially, the magnitudes of deflection produced from the use of this thin curved 

plate will likely be greater than those observed in a thicker curved fuel plate assembly. 

This study will serve as an upper limit of possible deflection magnitudes for the in-

reactor fuel plate assembly. The concepts and tools and methods of investigation used in 
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this study are based on a great deal of prior research conducted at the University of 

Missouri that focused on simulations and experiments of a flat fuel plate. The previous 

research results suggest that curved fuel plates provide much more hydro-mechanical 

stability than the flat fuel plates. Building upon these previous findings, this study will 

present findings based on a parametric study of the 0.4064 mm (16 mils) curved fuel 

plate under likely in-reactor conditions [22]. 
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CHAPTER 2: HYDRO-MECHANICAL STABILITY AND ANALYTIC MODELING 

The previous chapter introduced the motivation and purpose of this study. This chapter 

presents the hydro-mechanical stability of reactor-like curved fuel plates. This chapter 

will also present analytic fluid and deflection models. The analytic fluid model will 

explore the method of calculating pressure drops through unequal fluid channels to reflect 

the geometry in this study with an outer fluid channel of 78 mils and an inner fluid 

channel of 130 mils. In addition, the analytic models that explore the deflection of a 

curved fuel plate will utilize a curved beam theory. Finally, to characterize the 

importance of the shape of the leading edge, the calculation of entrance loss coefficients 

will be introduced. 

2.1: Hydro-Mechanical Stability 

In 1958, Miller developed an analytic model that aimed to predict the flow velocity at 

which a parallel plate assembly collapses due to cross-plate pressure differential caused 

by an imbalance in coolant flow surrounding the fuel plate [25]. The velocity at which 

this occurs is known as Miller’s critical velocity. Miller’s 1958 paper investigated the 

critical velocity of flat and curved plate models and how these models can be applicable 

to reactor fuel plate assemblies. 

The analytic models for flat and curved fuel plates were developed by coupling simple 

wide beam theory with cross-plate coolant pressure difference using Bernoulli’s equation. 

Following the development of the models, a perturbation analysis was conducted by 

defining the ratio of the change in area-to-original channel area and taking the 
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mathematical limit as the channel area change begins to diminish. Although Miller 

developed models for flat and curved fuel plates with a variety of boundary conditions, 

this study will focus on Miller’s work on curved plates with built in edges. Miller’s 

derivations of all the models asserts the following assumptions: 

• The plate is homogeneous, isotropic, elastic, and initially flat or uniformly curved, 

uniform in spacing and dimensions, and free of unidentified sources of deformation. 

• Deflections are small enough such that wide beam theory is valid. 

• The coolant is incompressible and steady with equal flow throughout the channels 

in the direction of flow. 

• The plates are wide enough (in comparison with their thickness) and long enough 

(in comparison to their width) that shear is assumed to be negligible.  

• The length of the plates is long enough where local deformation is assumed such 

that flow distribution can be ignored. 

• The fluid channel gaps are equal (while the fluid channel gaps used in this study 

use fluid channels that are not equal)  

• Lastly, the edge supports are all assumed rigid. 

Equation (2.1) represents Miller’s prediction of the critical velocity for a single curved 

plate with fixed edges 
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𝑽𝒄 = [
𝟐𝜷𝒉𝒂𝟑𝑬𝐬𝐢𝐧𝟓𝜶

𝟑𝝆𝒇𝒃𝟒(𝟏 − 𝒗𝟐)(
𝟏
𝟔 −

𝐬𝐢𝐧 𝟐𝜶
𝟖𝜶 +

𝐜𝐨𝐬 𝟐𝜶
𝟏𝟐 )

]

𝟏/𝟐

 (2.1) 

where 

𝜷 =
𝑨𝑹𝟐

𝑰
𝒇𝟐(𝜶) + 𝒇𝟏(𝜶) (2.1a) 

𝒇𝟏(𝜶) =
𝟏

𝟐𝐬𝐢𝐧𝟐𝜶
(
𝜶

𝟐
+

𝐬𝐢𝐧 𝟐𝜶

𝟒
) 

(2.1b) 

𝒇𝟐(𝜶) = 𝒇𝟏(𝜶) −
𝟏

𝟐𝜶
 

(2.1c) 

and E is Young’s modulus of the plate, a is the thickness of the plate, h is the thickness of 

the fluid channels on either side of the plate, ρf is the fluid density, b is the arc length of 

the plate, α is one-half of the curved plate arc, and ν is Poisson’s ratio of the plate. In 

equation (2.1a), R is the initial mean radius of curvature of the curved plate, I is the 

moment of inertia of the beam cross section per unit width of the beam and A is the cross 

sectional area of the plate per unit width [25]. 

Miller’s critical flow velocity is commonly used to determine the velocity at which plate 

deflections can be sustained by the cross-plate pressure created by the coolant flow as it 

separates between the channels that surround the fuel plate [26]. However, one of 

Miller’s colleagues, Johansson, was the first to improve on his work by including flow 

redistribution as the channels expand and contract because of the deflection of the fuel 

plate. At the inception of Miller’s model, he assumed that flow redistribution was 
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negligible. Johansson maintained the basic assumption of anticipating small deflections, 

but he could modify Miller’s derivations to include flow redistribution and linearize 

Miller’s formulas [27]. 

Following the advancements made by Johansson, many analytical and experimental 

studies have been conducted that focus on Miller’s critical flow velocity for curved 

plates. In 1963 Ferris and Jahren conducted a study on an individual curved fuel plate 

utilizing an extension of Miller’s model. They compared the experimental data to their 

theoretical model that employed static equilibrium and wide beam theory. The theoretical 

results agreed with the experimental results in the case of small deflections [28]. On the 

other hand, the results diverged under large deflection situations. In 1990 Swinson and 

Yahr developed a method, like Miller’s, to calculate plastic deflection of curved fuel 

plates. After the study, they could compare their mathematic model to their experiment 

results and showed that for small deflection cases their model was quite accurate [29]. 

The studies mentioned above, serve as an encouragement to the efficacy of the results 

presented in the study conducted in this thesis because the theoretical models have 

aligned well with the experimental results for cases when the deflection is small. In this 

study, it is anticipated that small deflections (on the order of thousands of an inch) will be 

observed in the FSI models and in the experiments. 

2.2: Analytical Fluid Model 

The analytic fluid model for calculating the pressure drop through the geometry shown in 

Fig. 2.1 was developed to match the pressure profiles through each fluid channel in the 



22 

 

numeric model. This model utilizes Bernoulli’s equation as a starting point for deriving 

the appropriate model. 

 

Figure 2.1 Minor and major losses through the flow geometry 

The minor losses in this model are a result of the contraction and expansion of the flow at 

the leading and trailing edges, respectively. The areas where the flow contractions and 

expansions occur are denoted as ΔPcon and ΔPexp in Fig. 2.1. The major losses in this 

model are attributed to the frictional losses that occur in the fluid channels and in the 
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areas leading up to and after the fuel plate. The areas where major losses occur in the 

fluid channels are denoted ΔPouter and ΔPinner in Fig. 2.1. Starting with Bernoulli’s 

equation and assuming the following: 

• The flow splits at the centerline of plate at the leading and trailing edges 

• All walls are rigid and smooth 

• Gravity is ignored 

 Eq. (2.2) can be derived as 

∆𝑷𝒊𝒏−𝒐𝒖𝒕 = 𝑷𝒊𝒏 − 𝑷𝒐𝒖𝒕 = ∑ ∆𝑷𝒎𝒂𝒋𝒐𝒓 + ∑ ∆𝑷𝒎𝒊𝒏𝒐𝒓 (2.2) 

To calculate the minor losses, it is necessary to calculate the contraction and expansion 

loss coefficients, k. Figure 2.2 focuses on the leading and trailing edges where the minor 

loss coefficients will be calculated. 
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Figure 2.2 Parameters for computing contraction and expansion losses 

The minor loss due to contraction at the leading edge as seen in the image on the left in 

Fig. 2.2 is calculated as 

𝒌𝒄𝒐𝒏𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏 = 𝟎. 𝟒𝟐 (𝟏 −
𝒅𝟐

𝑫𝟐
) (2.3) 

where D is the flow diameter before the contraction and d is the flow diameter after the 

contraction. Equation (2.3) was found in the textbook Fluid Mechanics written by White 

and was theoretically derived as detailed in [30] and assumes flow is through a 

rectangular duct, therefore the hydraulic diameter used is 

𝑫𝒉 =
𝟒𝑨

𝑷
 (2.4) 

where A is the flow area and P is the wetted perimeter at any cross section of the flow. 

Unlike the contraction loss coefficient, the expansion loss coefficient is developed 
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empirically. The expansion loss coefficient seen in the figure on the right in Fig. 2.2 is 

calculated as 

𝒌𝒆𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 = (𝟏 −
𝒅𝟐

𝑫𝟐
)

𝟐

 (2.5) 

where d is the flow diameter before the flow expansion and D is the flow diameter after 

the expansion. Much like Eq. (2.3), Eq. (2.5) was also found in Fluid Mechanics by 

White. Equations (2.3) and (2.5) were used to estimate the pressure drop as 

∆𝑷𝒎𝒊𝒏𝒐𝒓 =
𝟏

𝟐
𝝆𝒇𝑽𝟐𝒌𝒍𝒐𝒔𝒔 (2.6) 

where ρf is the fluid density and V is the fluid velocity through the smaller portion of the 

contraction/expansion geometry.  

The major losses attributed to the flow through the fluid channels are also known as 

frictional losses and they cause the largest amount of energy loss. The major pressure 

drop due to frictional losses occur in the areas denoted as ΔPouter and ΔPinner in Fig. 2.1 

and are calculated as 

∆𝑷𝒎𝒂𝒋𝒐𝒓 = 𝒇
𝝆𝒇𝑳𝑽𝟐

𝟐𝑫𝒉
 (2.7) 

where f is the Darcy friction factor and L is the length of the duct. The Darcy friction 

factor depends on the Reynolds number, Red, and the wall roughness height. The 

Reynolds number is calculated as 
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𝑹𝒆𝒅 =
𝝆𝒇𝑽𝑫𝒉

𝝁
 (2.8) 

where μ is the fluid’s dynamic viscosity. Reynolds number is used to help predict flow 

patterns in different fluid flow situations. The flow in this particular situation is turbulent 

which implies that the Darcy friction factor should be calculated as 

𝟏

𝒇𝟏/𝟐
= −𝟐𝒍𝒐𝒈 (

𝜺/𝒅

𝟑. 𝟕
+

𝟐. 𝟓𝟏

𝑹𝒆𝒅𝒇𝟏/𝟐
) (2.9) 

per the details in [31], where ε is the wall roughness height [31]. Equation (2.9) does not 

have a trivial solution because it is transcendental which required an iterative technique, 

such as the Newton-Raphson method to solve for 𝑓 . 

The solutions outlined above are the basis for calculating the pressure drops through the 

pressure drop through a geometry with equal fluid channel thicknesses. However, that is 

not the case in this study. Figure 2.2 shows that one channel (the outer channel) is 78 mils 

thick and the other (the inner channel) is 130 mils. Given the geometry of the curved 

plate model, it is necessary to develop equations that can determine the pressure and 

velocity through each channel because with the channels being unequal, these parameters 

will differ from the equal channel configuration. To obtain solutions for the pressures and 

velocities in each channel can be calculated by starting with the assumption that the 

pressure drop through the inner and outer channels are equal such as 

∆𝑷𝒐𝒖𝒕𝒆𝒓 = ∆𝑷𝒊𝒏𝒏𝒆𝒓 (2.10) 
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This assumption will allow the overall pressure drop through either channel, ΔPchannel, to 

be obtained by considering the contraction, friction and expansion losses through each 

channel as 

∆𝑷𝒄𝒉𝒂𝒏𝒏𝒆𝒍 = 𝒌𝒄𝒐𝒏𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏 (
𝟏

𝟐
𝝆𝒇𝑽𝒄𝒉

𝟐 ) + 𝒇𝒄𝒉

𝝆𝒇𝑽𝒄𝒉
𝟐 𝑳𝒄𝒉

𝟐𝑫𝒄𝒉

+ 𝒌𝒆𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 (
𝟏

𝟐
𝝆𝒇𝑽𝒄𝒉

𝟐 ) + 𝝆𝒇

𝟔𝑽𝒄𝒉
𝟐

𝑳𝒄𝒉
 

(2.11) 

where Vch is the fluid channel velocity, Lch is the length of the fluid channel, Dch is the 

hydraulic diameter of the fluid channel and fch is the friction factor of the fluid channel 

and the last term of Eq. (2.11) calculates the how the pressure is affected by the 

acceleration through the fluid channel. The terms kcontraction and kexpansion are displayed in 

Eq. (2.3) and Eq. (2.5), respectively. By substituting Eq. (2.11) for each channel into Eq. 

(2.10), a resulting equation is derived that has an unknown velocity for each fluid 

channel, Vouter and Vinner. With two unknowns and only one equation, an additional 

equation is required to solve for both velocities. The second equation can be developed 

through the conservation of mass. 

The conservation of mass equation can be used to equate the summation of the mass flow 

rates through both channels to the incoming mass flow rate, resulting in 

�̇�𝒊𝒏𝒍𝒆𝒕 = �̇�𝒐𝒖𝒕𝒆𝒓 + �̇�𝒊𝒏𝒏𝒆𝒓 (2.12) 

where m ̇_inlet, m ̇_outer, and m ̇_inner are the mass flow rates in the inlet, outer fluid 

channel and inner fluid channel and 
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�̇� = 𝝆𝒇𝑽𝑨 (2.13) 

Since the fluid is incompressible, the density in each mass flow rate can be ignored and 

the outer fluid channel velocity can be solved by moving the inner fluid channels to the 

other side of the equation and dividing by the area of the outer fluid channel, resulting in 

the following: 

𝑽𝒐𝒖𝒕𝒆𝒓 =
𝑽𝒊𝒏𝒍𝒆𝒕𝑨𝒊𝒏𝒍𝒆𝒕

𝑨𝒐𝒖𝒕𝒆𝒓
−

𝑽𝒊𝒏𝒏𝒆𝒓𝑨𝒊𝒏𝒏𝒆𝒓

𝑨𝒐𝒖𝒕𝒆𝒓
 (2.14) 

where Vouter, Vinlet and Vinner are the velocities of the flow through the outer fluid channel, 

inlet plenum and inner fluid channel and Aouter, Ainlet and Ainner are the areas associated 

with the outer fluid channel, inlet plenum and inner fluid channel. 

By combining Eqs. (2.10), (2.11) and (2.14) the velocity of the flow in the inner fluid 

channel can be solved for with  

𝟏

𝟐
𝝆𝒇𝑽𝒊𝒏𝒏𝒆𝒓

𝟐 (𝒌𝒄𝒐𝒏,𝒊𝒏𝒏𝒆𝒓 +
𝑳𝒊𝒏𝒏𝒆𝒓

𝑫𝒊𝒏𝒏𝒆𝒓
𝒇𝒊𝒏𝒏𝒆𝒓 + 𝒌𝒆𝒙𝒑,𝒊𝒏𝒏𝒆𝒓)

=
𝟏

𝟐
𝝆𝒇 (𝑽𝒊𝒏𝒍𝒆𝒕

𝑨𝒊𝒏𝒍𝒆𝒕

𝑨𝒐𝒖𝒕𝒆𝒓
− 𝑽𝒊𝒏𝒏𝒆𝒓

𝑨𝒊𝒏𝒏𝒆𝒓

𝑨𝒐𝒖𝒕𝒆𝒓
)

𝟐

(𝒌𝒄𝒐𝒏,𝒐𝒖𝒕𝒆𝒓 + 𝒇𝒐𝒖𝒕𝒆𝒓

𝑳𝒐𝒖𝒕𝒆𝒓

𝑫𝒐𝒖𝒕𝒆𝒓

+ 𝒌𝒆𝒙𝒑,𝒐𝒖𝒕𝒆𝒓) 

(2.15) 

Although this equation can be used to solve for the velocity of the flow in the inner fluid 

channel, it will require an iterative method to do so because the friction term, f, makes 

this equation transcendental like the friction factor in Eq. (2.9). the Newton-Raphson 

method was used to numerically solve Eq. (2.15) for the flow velocity in the inner fluid 

channel. Now that a solution for the flow velocity in the inner (130 mils wide) fluid 
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channel has been obtained, that value can be substituted into Eq. (2.14) to solve for the 

fluid velocity in the outer (78 mils wide) fluid channel.  

Now that the flow velocity of the fluid through both channels is known, Eq. (2.11) can be 

used to calculate the pressure drop through each channel. Although, the model outlined 

above aligns well with the flat plate fuel plate model, it can be modified for the curved 

plate model as well by the addition of multiplicative constants. The multiplicative 

constants used to modify the pressures at the inlet and outlet. These constants are 

empirically determined based on the increase in pressure through the larger and smaller 

fluid channels seen between the flat plate and curved plate models. 

 A script used to calculate the full pressure profiles for the curved plate model can be 

found in Appendix A. Figure 2.3 shows an example of a full pressure profile for the outer 

(78 mils) channel and the inner (130) mils channel for an inlet velocity of 2 m/s using the 

analytic curved plate model. Figure 2.4 shows the full pressure profiles for the outer (78 

mils) channel and the inner (130) mils channel for an inlet velocity of 2 m/s from both the 

analytic and numeric curved plate model. The trailing edge of the fuel plate is at the axial 

location of 0 m and the trailing edge is at ~ 0.6477 m. 
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Figure 2.3 Pressure profiles using analytical fluid model at 2 m/s 
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Figure 2.4 Pressure profiles using the numerical and analytical fluid model at 2 m/s 

While the pressure profiles generated by the numerical and analytical models in Fig 2.4 

are agreeable, there is a small deviation that occurs towards the velocity inlet. The 

deviation between the numerical and analytical model near the inlet is not substantial 

because the maximum difference between the two models is less than 1 Pascal. This 

analytical model will serve as a good estimation to compare to the numerical model while 

a more accurate model is being developed. 

The pressure at the outlet is assumed to be zero which is why that is where the pressure 

profile for both channels begins. The pressure profile of both channels is identical in the 

areas before the trailing edge (location < 0 m) and just after the leading edge (location > 

~ 0.6477) because these are the pressures calculated at the outlet and inlet where there is 
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no plate. The pressure profile supports the assumption that the pressure in the outer 

(smaller) channel would be greater than that of the pressure in the inner (larger) channel. 

This implies that the modeling results should produce a deflection of the fuel plate into 

the inner (larger) channel at the leading edge, where the pressure in the outer fluid 

channel is the greatest, and taper off towards the trailing edge. 

2.3: Entrance Loss Coefficient 

Characterizing the fluid flow around the fuel plate and the effect it has on the fuel plate is 

important to explore, but it is just as imperative to focus on the shape of the leading edge 

of the plate. The shape of the leading edge of the plate plays a crucial role in how the 

fluid flow is distributed between the two fluid channels [32]. To emphasize the 

importance of how the leading edge of the plate is shaped during the manufacturing 

process, the entrance loss coefficient, KL, will be used as an indicator of how the pressure 

profiles in each fluid channel changes with different leading edge shapes and can be 

calculated as: 

𝑲𝑳 =
𝟐𝒈∆𝑷𝒊𝒏−𝒐𝒖𝒕

𝑽𝒄𝒉𝒂𝒏𝒏𝒆𝒍
𝟐  (2.16) 

Where 𝑔 is the acceleration due to gravity and ΔPin-out and Vchannel are the change in 

pressure through the fluid channel and the velocity of the fluid in the fluid channel, 

respectively [33]. The entrance loss coefficient in Eq. (2.16) is related to an irreversible 

loss calculated at the inlet where the flow is separated by the fuel plate into two fluid 

channels. This value will serve as an indicator of how the shape of the leading edge 

changes the pressure. For example, a higher KL value should correspond to a higher 



33 

 

pressure throughout the fluid channel and a lower KL should correspond to a lower 

pressure throughout the fluid channel. 

2.4: Analytical Fuel Plate Deflection Model 

The analytical model to predict the deflection that is likely to occur at the leading edge of 

the curved plate is explored in this section [22]. Since the highest deflection is expected 

to occur at the leading edge of the plate, the analytic model will focus on that area of 

deflection [22]. The analytic model uses a horizontally curved beam fixed at both ends 

under uniform loading to model the deflection of the curved fuel plate. Fig. 2.5 shows the 

loading and boundary conditions of the horizontally curved beam used in the analytical 

model based on the boundary conditions used in the experiment [34]. 

 

Figure 2.5 Horizontally curved beam under uniform loading [34] 
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In Fig. 2.5, w represents the magnitude of the uniform load applied to the curved beam, r 

represents the radius of curvature of the beam, ∅ represents the arc of the curved beam 

between the two supports and θ represents half of the arc of the curved beam (or ∅/2) 

between the two supports. Meanwhile, Tb, Mb, Fb, Tθ, Mθ, and Fθ, represent the torsional 

moments, bending moments and vertical forces at support B and at the radial center of the 

beam (θ), respectively. 

By the moment-area method, the radial deflection can be calculated as 

𝜹𝒎𝒂𝒙 =
𝟏

𝑬𝑰
∫ 𝑴𝜽 𝐬𝐢𝐧 (

∅

𝟐
− 𝜽) 𝒅𝒔 +

𝟏

𝑮𝑱
∫ 𝑻𝜽(𝒅𝒔)𝒓 (𝟏 − 𝐜𝐨𝐬 (

∅

𝟐
− 𝜽))

𝜽

𝟎

𝜽

𝟎

 (2.17) 

where E is the Young’s modulus of the beam, I is the moment of inertia of the cross 

section of the beam about the centroid’s axis, J is the polar moment of inertia of the cross 

section, G is the modulus of elasticity in shear and 

𝑴𝜽 = 𝑴𝒃 𝐜𝐨𝐬 𝜽 + 𝑻𝒃 𝐬𝐢𝐧 𝜽 − (
𝐰𝒓𝜽

𝟐
) 𝒓 𝐬𝐢𝐧 𝜽 + 𝐰𝒓𝟐(𝟏 − 𝐜𝐨𝐬 𝜽) (2.18) 

𝑻𝜽 = 𝑻𝒃 𝐜𝐨𝐬 𝜽 − 𝑴𝒃 𝐬𝐢𝐧 𝜽 +
𝐰𝒓𝟐∅

𝟐
(𝟏 − 𝐜𝐨𝐬 𝜽) − 𝐰𝒓𝟐(𝜽 − 𝐬𝐢𝐧 𝜽) (2.19) 

Under uniform loading, w, the maximum deflection occurs at the center of the curved 

beam (or when θ=∅/2). Substituting Eqs. (2.18) and (2.19) into Eq. (2.17) yields the 

maximum deflection as: 
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𝜹𝒎𝒂𝒙 =
𝐰𝒓𝟒

𝑬𝑰
[𝐬𝐢𝐧

∅

𝟐
{(∅ + 𝐬𝐢𝐧 ∅)

(𝒄𝒎 − 𝟏)

𝟒
+ (𝒄𝒕 −

∅

𝟐
)

(𝟏 − 𝐜𝐨𝐬 ∅)

𝟒
+ 𝒎

−
𝒎(𝟏 − 𝐜𝐨𝐬 ∅)

𝟒
}

− 𝐜𝐨𝐬
∅

𝟐
{𝒄𝒎(𝟏 − 𝐜𝐨𝐬 ∅)

(𝟏 + 𝒎)

𝟒
− (𝟏 − 𝐜𝐨𝐬 ∅)

(𝟏 − 𝒎)

𝟒

+ (𝒄𝒕 −
∅

𝟐
)

(∅ − 𝐬𝐢𝐧 ∅ + 𝒎∅ + 𝒎 𝐬𝐢𝐧 ∅)

𝟒
+ (𝟏 − 𝐜𝐨𝐬

∅

𝟐
) (𝟏 + 𝒎)}

+ 𝒎 {(𝐜𝐨𝐬
∅

𝟐
− 𝟏) (𝒄𝒎 − 𝟏) +

∅𝟐

𝟖
}

+ 𝐬𝐢𝐧
∅

𝟐
{𝟏 − 𝒎 + 𝒎(𝒄𝒎 − 𝟏)

(∅ − 𝐬𝐢𝐧 ∅)

𝟒
}] (2.20) 

where cm and ct are bending and torsional coefficients, respectively. The values of cm and 

ct are based on the arc of the curved beam, which is 45° in this model, and can be 

calculated as  

𝒄𝒎 =
𝑴𝜽

𝐰𝒓𝟐
 (2.21) 

 

𝒄𝒕 =
𝑻𝜽

𝐰𝒓𝟐
 (2.22) 

Equation (2.20) can be reduced to 

𝜹𝒎𝒂𝒙 =
𝐰𝒓𝟒

𝑬𝑰
𝒄𝒅 (2.23) 

where cd is the deflection coefficient for uniformly loaded curved beams. The deflection 

coefficient, much like cm and ct, is based on the arc of the curved beam and an m value 
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[34]. The m value, which depends on the material properties and the shape of the shape of 

the beam, is calculated as:  

𝒎 =
𝑬𝑰

𝑮𝑱
 (2.24) 

Since the value of cd for a plate with an arc of 45° is so small, a digitally enhanced 

version of the plot was created and values between zero and the first measurement marker 

were assigned to increase the resolution of the plot and estimate the value of cd. The plots 

for cd, cm and ct are shown in Appendix B and the script used to calculate the maximum 

deflection of the beam is in Appendix C. 
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CHAPTER 3: NUMERICAL MODELING  

To accomplish the goals of this study, a process has been established that is both reliable 

and consistent. The CFD code, STAR CCM+, models the fluid around the structure while 

the FEA software, ABAQUS, models how the stresses, pressures and deflections act on 

the fuel plate model [23] [24]. The two software iteratively communicate with one 

another until the FSI model converges to a solution. 

3.1: Code Coupling Process 

The code coupling process that facilitates the communication between STAR CCM+ and 

ABAQUS is essential to having a reliable FSI model. STAR CCM+ is always the starting 

point for the FSI models presented in this study. By starting there, a flow is developed, 

calculates characteristics of that flow, such as static pressure and wall shear stress, and 

are submitted to the solid model in ABAQUS. This process completes 15 iterations in 

STAR CCM+ to develop a fluid flow that has reliable characteristics before passing those 

values on to ABAQUS to calculate structural characteristics of the fuel plate, such as 

deflection and stress amongst others [32]. Once all the structural characteristics are 

calculated in ABAQUS, the nodal displacement values of the plate mesh are submitted to 

STAR CCM+ to update the characteristics of the fluid flow based on the new position of 

the fuel plate. Each time this process is completed, the equivalent of 0.01 seconds is 

simulated for the FSI model. Figure 3.1 shows a diagram of the FSI process mentioned 

above that occurs at each time step [22]. 
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Figure 3.1 FSI Co-Simulation Process 

This process continues to repeat until the CFD code and FEA code converge on a 

solution. There are several criteria that must be satisfied before the process is stopped. 

These include values such as deflection, wall shear stress and pressure to name a few. 

The following sections provides greater details on how the fluid and solid models satisfy 

the stopping criteria and ultimately converge to a solution [35]. 

3.2: STAR CCM+ Fluid Modeling Process 

Because of the previous research conducted at the University of Missouri, this study can 

use a mesh, as well as other fluid model parameters, that have been determined to be 
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reliable for a curved fuel plate FSI model. The geometry values of the fluid mesh were 

based on the length width and height of the inlet and outlet plenums, the fuel plate and 

the fluid channels. Figure 3.1 shows a generic diagram of the fluid geometry for the fluid 

surrounding the fuel plate. 

 

Figure 3.2 Center cut view of a generic fluid geometry model (not to scale) 

The basic fluid geometry based on uniform fluid channels for the curved plate model was 

developed in ABAQUS, but then altered in STAR CCM+ to tailor the dimensions to fluid 

channel changes that will be discussed in detail in Chapter 4. The variables ‘a’, ‘b’ and 

‘c’ in Fig. 3.1 denotes the thickness of the fuel plate, outer fluid channel and the inner 

fluid channel, respectively. The values ‘Linlet’, ‘Lplate’ and Loutlet denote the length of the 
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inlet plenum, fuel plate and outlet plenum. These dimensions remain constant at any 

point along the 45° arc of the fuel plate. Table 3.1 lists the values of the variables shown 

in Fig. 3.1. 

Table 3.1 Dimensions used to create the Ideal fluid geometry in ABAQUS 

Parameter Design Value 

a 0.4064 mm (16 mils) 

b 1.9812 mm (78 mils) 

c 3.302 mm (130 mils) 

d (into the page) 45° arc (0.7071 radians) 

Linlet 190.5 mm (7.56 inches) 

Lplate 647.7 mm (25.5 inches) 

Loutlet 76.20 mm (3 inches) 

The ‘Velocity Inlet’ at the top of the diagram in Fig. 3.1 is the target average fluid 

velocity through the fluid channels, Vavg,ch, that is separated by the ‘Voided Region’ that 

represents where the solid model would be. Since the flow is incompressible and the 

conservation of mass is being used in this study, the ‘Velocity Inlet’ can be calculated as 

𝑽𝒊𝒏𝒍𝒆𝒕 =  
𝒃 + 𝒄

𝒂 + 𝒃 + 𝒄
𝑽𝒂𝒗𝒈,𝒄𝒉 (3.1) 

Any reference to ‘fluid velocity’ or ‘fluid channel velocity’ will be referring to the target 

average fluid velocity, Vavg,ch. The pressure outlet at the bottom of the diagram in Fig. 3.1 

will initially be set at 0 Pa to create a vacuum to encourage the water to flow through the 

fluid channels.  
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The modeling of the fluid begins with constructing a fluid geometry (or domain). This 

fluid geometry is created and meshed in ABAQUS and then imported to STAR CCM+. 

Building a mesh that works well with the physics models used in STAR CCM+ is an 

arduous task that requires several trials and errors before a proper one can be selected. A 

full fluid mesh study that incorporated a litany of physics model options, mesh sizes, 

computational efficiency analyses and turbulence models was conducted in previous 

University of Missouri studies [32] [22]. This study will utilize a fine mesh density that 

was developed for curved plate models in previous research. The cells in the fluid 

channels need to be meshed finely, especially near the wall (or voided region) to produce 

reliable. This type of mesh density in combination with a k-omega, Standard (Wilcox) 

turbulence model has proved to produce reliable results for FSI fuel plate simulations that 

use wide, thin fluid channels [36]. Figure 3.2 shows a truncated view of the meshed fluid 

channels and leading and trailing edges of the fuel plate. 
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Figure 3.3 Truncated view of meshed fluid channels 

The ‘outer channel’ refers to the fluid channel that on the outer radius of the curved fuel 

plate and the ‘inner channel’ refers to the fluid channel on the inner radius of the curved 

fuel plate. The leading and trailing edges of the voided region are where the top and 

bottom of the solid model would be. The dark regions before the leading edge and 

following the trailing edge are highly meshed areas that have 30 cells through the 

thickness of the voided region representing the fuel plate. The mesh bias towards the 

voided region helps to create a y+ value below 5 that is likely to produce good results 

Leading edge 
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with the Table 3.2 lists the number of cells through the channel gap thickness of each 

fluid channel, the length of the plate, Lplate, inlet plenum, Linlet, outlet plenum, Loutlet, and 

the total number of cells in the meshed fluid model. In CFD simulations, the accuracy of 

the solution is closely tied to the wall shear stress, and the rate at which the velocity 

profile develops from the wall outward.  This is measured through the non-dimensional 

wall y+ calculated as  

 
𝒚+ =

𝒚𝒖∗

𝝂
 (3.2)  

where y is the axial (or vertical) direction along the plate and channel length, u* is the 

friction (or shear) velocity that is useful as a method in fluid mechanics to compare true 

velocities, such as the velocity of a flow in a stream, to a velocity that relates shear 

between layers of flow and 𝜈 is the kinematic viscosity of water. 

Table 3.2 Number of mesh cells for specified areas of the fluid geometry 

Location Number of meshed cells 

Thickness of outer channel 41 

Thickness of inner channel  55 

Lplate 255 

Linlet 75 

Loutlet 30 

Total cells in fluid model 2,451,150 

Once the meshed fluid geometry is imported into STAR CCM+ physics and turbulence 

models are selected that best serve the curved plate FSI models. Table 3.3 displays all the 

physics and turbulence models selected in STAR CCM+ for the purposes of this study. 



44 

 

As stated above, these models have been selected based on previous research of curved 

fuel plates at the University of Missouri. 

Table 3.3 Physics models used in STAR CCM+ 

Physics Model Category Selected Parameter 

Space Three Dimensional 

Time Implicit Unsteady 

Material Liquid 

Flow Segregated Flow 

Equation of State Constant Density 

Viscous Regime Turbulent 

Turbulence Models 
Reynolds-Averaged Navier-

Stokes* 

Reynolds-Averaged Turbulence 

Models 

K-Omega Turbulence 

K-Omega Turbulence Models Standard (Wilcox) K-Omega 

K-Omega Wall Treatment All y+ 

Optional Models Co-Simulation 

Co-Simulation Abaqus Co-Simulation 

Using these physics models has produced a fluid model that allows the regions 

surrounding the curved fuel plate to maintain a y+ value less than 5. These models were 

run until a steady state solution was obtained at average channel velocities ranging from 2 

to 4 m/s. Although the y+ values in regions near the leading and trailing edges of the fuel 

plate were not consistently less than 5, this is not a cause for concern as these areas 

consisted of stagnation points and areas of fluid separation. The turbulence models used 

in this study utilized the ‘All Y+’ wall treatment, as shown in Table 3.3, which 
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incorporates the blended wall law that allows it to obtain reasonable solutions when y+ 

values are within the buffer region (y+ values between 5 and 30) of the velocity profile. 

Figure 3.4 shows the complete fluid geometry in the STAR CCM+ environment. The 

darker area in the middle of the fluid geometry corresponds to the voided region where 

the solid model would theoretically be placed. All the surfaces in this region correspond 

to a surface on the fuel plate in the solid model. All the surface have been set up as walls 

with a smooth surface and no slip condition as the shear stress specification. 

 

Figure 3.4 Fluid geometry in STAR CCM+  

Now that the fluid geometry has been created, meshed, imported into STAR CCM+ and 

has the appropriate physics and turbulence models applied to it, reports to be used as 
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stopping criteria can be created that will stop the FSI model when the specified criteria 

have been satisfied. Pressures, nodal displacements (or deflections) and wall shear 

stresses on the surfaces of the voided region were used to create reports. These surfaces 

are the areas of interest because this is where the fluid model will ultimately be coupled 

to the solid model in ABAQUS. The data collected at these surfaces will be exchanged 

with the values at the data at the same locations in each model. The maximum, average 

and minimum values of each parameter made up separate reports which resulted in a total 

of nine reports. Once these reports were created, nine monitors were set up to keep track 

of the calculations in each report as the simulation progresses. These monitors were then 

used in setting up stopping criteria for the entire model. Nine different criteria were 

created for each monitor. All of the criteria must be satisfied before the simulation can 

move on to the next step. To satisfy the pressure and wall shear stress criteria, the 

solutions must not change within 1 Pa for 25 consecutive iterations. The nodal 

displacement criterion is satisfied when the displacement values of the top, bottom or 

edges of the voided region do not change more than 0.00127 mm (0.05 mils or 5e-5 

inches). The latter stopping criteria will stop the entire FSI simulation because the 

simulation has converged on a stable solution. 

Three additional stopping criteria that manage the time of the simulation are also used in 

STAR CCM+. The maximum inner iterations stopping criteria regulates the number of 

iterations completed in STAR CCM+ before the pressure, nodal displacement and wall 

shear stress values are passed on to ABAQUS. This stopping criteria is set at 15 

iterations. The maximum iterations stopping criteria is set at 1000. This stopping criteria 
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allows us to stop the simulation if it does not come to a converged solution in the ample 

amount of time given. Lastly, the maximum physical time set to 4 seconds. This stopping 

criteria, much like the previous one, will stop any simulation at 4 seconds, but if this 

criterion is reached it is likely that the solution has diverged and is not useful. 

The last part of the setting up the CFD code to be coupled with the FEA code is 

determining a time step that will allow the user to capture enough useful information in a 

given range of time; 4 seconds for this study. The time step is the physical time being 

simulated for every exchange between the CFD code and FEA code. In other words, for 

every set of parameter values from the CFD code after 15 iterations that is communicated 

to the FEA code, a physical time of 0.01 seconds is being simulated. The time step of 

0.01 seconds is used because it proved to be a duration long enough to capture the 

parameters of interest, but also long enough to avoid capturing initial vibrations and 

diverging solutions that would have taken an exorbitant amount of time to reach a 

solution. 

3.3: Modeling the Curved Fuel Plate in ABAQUS 

Modeling the curved fuel plate in ABAQUS was done in a manner similar to the fluid 

geometry. A three-dimensional solid model of the curved fuel plate was built and meshed 

in ABAQUS. The fluid geometry and curved fuel plate were created together to assure 

that the surfaces in the voided region of the fluid model would match the surfaces of the 

solid model.  
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The solid model uses an SC8R continuum shell element to mesh the curved fuel plate.  

This type of continuum shell element was used because the plate used in this study was 

extremely thin and SC8R elements are great for use in modeling structures that are 

slender. Figure 2.4 shows an example of one of the SC8R elements [35]. 

 

Figure 3.5 SC8R shell continuum element used to build the solid model in ABAQUS. 

The SC8R shell element in Fig. 3.5 is an 8-node hexahedron element that is ideal for 

capturing the deflection of the fuel plate in this thesis. This type of element is ideal for 

capturing deflections because it is deformable and can capture deformation on a 

microscale which is what is anticipated for FSI simulations with a curved fuel plate. A 

python script was used to create and mesh the fuel plate. The meshing process provided 

the locations for the nodes by seeding the edges and then a mesh was generated. A 

boundary condition that clamped the edges of the plate is used to mimic the conditions of 

the curved plate in the experimental set up. The mesh is a bit coarser at these locations 

because the large magnitudes are anticipated to occur at or near the center of the fuel 

plate. Figure 2.5 shows how the mesh transitions from dense to coarse as it reaches the 

side edges of the plate where the clamped boundary condition is applied. 
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Figure 3.6 Meshed curved fuel plate with coarse mesh on the edges and dense mesh towards the 

center. 

The fuel plate shown in Fig. 3.6 is used in the FSI models of the ideal case and is altered 

to match the shape of the fluid geometry for all “As-Built” models that incorporate the 

actual geometries measured in the experimental set up.  
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CHAPTER 4: FLOW LOOP AND CURVED TEST SECTION 

This chapter describes the experimental set up used in this study. The experimental setup 

utilizes a flow loop to create approximate in-reactor conditions in the test section in the 

middle of the flow loop. The curved test section contains the fuel plate. Depth 

micrometer measurements of the outer fluid channel gap thickness of the experimental 

test section provided a shape profile of the fuel plate in the test section. The depth 

micrometer measurements taken at the pressure tap locations on the curved test section 

ultimately lead to three different shapes of the fuel plate which will be presented in the 

next chapter. As shown in the second section of this chapter, the curved test section has 

plexi-glass windows that allow deflection measurements to be taken of the fuel plate by 

the laser measurement system. The plexi-glass windows are sources of error in the 

deflection measurements. Because of the refraction of the laser while passing through the 

plexi-glass windows, the measurements taken in the experimental set up will need to be 

accompanied by error bars that represent a 95% confidence interval.   

4.1: University of Missouri Flow Loop 

The construction of the University of Missouri flow loop has been designed, built and 

modified multiple times. The original design was created by Dr. John Kennedy, Dr. Kyler 

Turner, Philip Makarewicz and Robert Slater; researchers at the University of Missouri. 

The flow loop was designed to be able to test various test sections. Initially, the flow loop 

was occupied by a flat plate test section, but with some modifications to the inlet and 

outlet plenums, the curved plate test section was placed in the flow loop.   
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The flow loop can control the speed of the flow going to the test section. The flow loop is 

driven with a Sta-Rite Max-E-Pro P6E6F-207L 230 V pump. This pump is equipped with 

a pneumatic “flow control” valve that allows the researcher to control the speed of the 

flow. When the valve is fully closed, the flow is at its lowest possible speed through the 

test section and when it is fully opened the flow is at its maximum speed through the test 

section. Setting the flow valve at the correct position is imperative to controlling the 

amount of flow going to the test section. Figure 4.1 shows how the flow to the test 

section nonlinearly increases as the bypass valve “% open” decreases and vice versa. 

 

Figure 4.1 Flow rate to the curved test section as a function of the bypass valve position 

The nonlinear fitted line from 0 to 80% open, are likely to be fairly accurate, but the 

section of the nonlinear fitted line would likely produce a more accurate fitted line by 

using a linear fit. After removing the previous flat plate test section from the flow loop, a 

flow meter calibration was completed before the curved plate test section was put in 

place. The flow plays a pivotal role in recording the accurate mass flow rate of the water 
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flowing to the test, which is used in determining the inlet flow velocity in the test section. 

Figure 4.2 shows a drawing of the flow loop and where the “flow control” valve and the 

flow meter are located. 

 

Figure 4.2 Drawing of University of Missouri Flow Loop 

The flow meter was calibrated by a fellow researcher in the TherMec research group at 

the University of Missouri, Gerhard Schnieders. The plot in Fig. 4.3 is the calibration 

curve for a range of mass flow rates as the frequency of the flow meter increases. This 

calibration curve was first created for flow meter frequencies between 5 and 15 Hz in the 

first calibration. As the experiments begin to focus on lower mass flow rates, a second 

calibration was needed for frequencies between 2 and 5 Hz. 
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Figure 4.3 Flow meter calibration curve 

The flow meter calibration produced a linear calibration curve that can be used to 

determine the mass flow rate of at a chosen flow meter frequency. The mass flow rate can 

then be used to calculate the inlet velocity to the test, V, section as: 

𝑽 =  
�̇�𝒕𝒆𝒔𝒕

𝝆𝒇𝑨𝒕𝒆𝒔𝒕,𝒂𝒗𝒈
 (4.1) 

where �̇�𝑡𝑒𝑠𝑡 is the mass flow rate flowing to the test section and 𝐴𝑡𝑒𝑠𝑡,𝑎𝑣𝑔 is the average 

flow area, calculated as: 

𝑨𝒕𝒆𝒔𝒕,𝒂𝒗𝒈 =  
𝜽𝒕𝒆𝒔𝒕

𝟐
[(𝑹𝒄

𝟐 − 𝒓𝒄
𝟐) − (𝑹𝒑

𝟐 − 𝒓𝒑
𝟐)] (4.2) 

where 𝜃𝑡𝑒𝑠𝑡 is the angle of the flow channel of the test section, 𝑅𝑐 is the outer radius of 

the fluid channel, 𝑟𝑐 is the inner radius of the fluid channel, 𝑅𝑝 is the outer radius of the 



54 

 

fuel plate and 𝑟𝑝 is the inner radius of the fuel plate. Figure 4.4 shows a drawing of the 

parameters used to calculate the average flow area in Eq. (4.2). 

 

Figure 4.4 Overhead view of test section with parameters used to calculate average flow area 

Table 4.1 displays the values of the design parameters in Fig. 4.4 used to calculate the 

average flow area in Eq. (4.2). The values assigned to the variables in Fig. 4.4 are the 

values of the ideal geometric model created in ABAQUS. These values were used to 

calculate the best estimate of the average flow area of the curved test section. 
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 Table 4.1 Values for parameters used to calculate average flow area of curved test section 

Parameter Design Value 

Rc 146.85 mm (5781.5 mils)  

rc 141.36 mm (5565.167 mils) 

Rp 145.31 mm (5720.944 mils) 

rp 144.91 mm (5704.944 mils) 

𝜽𝒕𝒆𝒔𝒕 45° (0.7071 radians) 

 

4.2: Test Section 

The test section was jointly designed by the University of Missouri (MU) and ANL. The 

goal of creating the cylindrical test section is test a curved fuel plate and determine if any 

noticeable deflections can be observed as was the case in previous experiments at MU 

that used a flat fuel plate. Knowing that the curved plate inherently offered more stability 

than the flat plate because of its design, a very thin curved plate of 16 mils is used in the 

test section. The 16 mils thick plate offers a better possibility of observing measurable 

deflections than using a thicker curved fuel plate that is likely to be used in the reactor.  

To conduct accurate experiments, the test section was designed to mimic the conditions 

in the reactor as closely as possible. The design of the test section needed to be designed 

to allow flow through 2 fluid channels at a specified velocity and clamp the edges of the 

fuel plate to maintain its position all while allowing experimental measurements, such as 

pressure through the fluid channel and deflection at the leading edge of the plate, to be 
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collected. Because the inlet and outlet of the test section need to remain unobstructed to 

allow the continuous flow of water throughout the test section, the comb that provides 

added rigidity to the fuel plate in the actual reactor environment is not included in the 

curved test section.  With all of this (and more) taken into consideration, the test section 

design in Fig. 4.5 was developed and ultimately built at ANL. 

 

Figure 4.5 Curved Plate Test Section 

The test section consists of two concentric steel cylinders bolted together. Spacers 

between the two cylinders creates a fluid channel. The fuel plate is made of 6061-T6 

aluminum and held in the channel by the spacers and the space left on either side of the 

fuel plate create the inner and outer fluid channels. The eight pressure taps, seen in the 

exploded view of the test section in Fig. 4.5, on the outer cylinder allow pressure 

measurements to be taken during experiments. The pressure taps numbered 1 through 6 
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are located on the fuel plate and the remaining two pressure taps, are axially located 

before and after the fuel plate. The plexi-glass windows were strategically placed in the 

design of the test section to allow the deflection of the fuel plate to be observed using a 

Keyence brand laser during the experiment at various axial locations along the plate, but 

most importantly at the leading edge. The flow enters through the top of the test section 

through channel created by the spacers, flows across the fuel plate in the two fluid 

channels and exits through the bottom. 

The assembled test section design in Fig. 4.1 is placed in a flow loop where the velocity 

of the flow can be controlled and deflection and pressure data can be collected while 

water is flowing across the fuel plate. Figure 4.6 shows the actual test section in the flow 

loop along with the PVC piping and laser positioning system to capture plate deflection. 
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Figure 4.6 Curved test section in flow loop 

The laser positioning system is described in detail in Chapter 4 in [32]. It is capable of 

collecting plate deflection data at any of the plexi-glass windows of the test section, but 

for the purposes of this study, the laser positioning system will be fixed at the leading 

edge of the plate. Fixing the laser positioning data at this point will allow the maximum 

deflection of the plate to be captured. The reasoning behind this decision is based on the 

FSI simulations completed before the experiments were conducted. All the FSI 

simulations, conducted before the experiments began, indicated that the maximum 
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deflection of the fuel plate would occur at the center of the leading edge for any velocity. 

Capturing the maximum deflection data at this point in the experiments will allow proper 

comparisons to be made to the FSI data. 
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CHAPTER 5: CURVED PLATE GEOMETRIES 

This chapter will present a variety of curved plate models that include an ideal case based 

on the geometry of the test section after it had been assembled and three theoretical 

geometries that are based on depth micrometer measurements. The ideal case and the 

additional three theoretical geometries are needed because it is not possible to capture a 

complete shape of the fuel plate due to the construction of the curved test section. Depth 

micrometer measurements were taken at all eight pressure tap locations at the University 

of Missouri after the test section had been shipped from ANL to MU. These 

measurements provided an idea of how the fuel plate had situated in the test section after 

the transit from ANL in Chicago, IL to MU in Columbia, MO. Because the locations of 

the eight pressure taps do not allow depth micrometer measurements to be obtained at the 

leading and trailing edges of the fuel plate, it is useful to consider a variety of plate 

shapes that could be possible.  

5.1: Ideal Curved Plate Geometry 

The ideal curved fuel plate geometry is based on the ideal geometries of the test section. 

The original design of the test section aimed to produce a test section that had fluid 

channels of different gap thicknesses that were uniform in the axial direction, but after 

construction of the test section, the thickness of the fluid channels varied along the axial 

direction. The ideal dimensions of the test section are shown in the drawing of the cross-

sectional view in Fig. 5.1. 
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Figure 5.1 Curved plate model for a 16 mils thick plate with an outer fluid channel thickness of 78 

mils and an inner fluid channel thickness of 130 mils 

This model assumes that the thickness of the fluid channels surrounding the curved fuel 

plate in the test section are perfectly uniform in the axial direction. 

5.2: Measuring the Outer Channel Gap Thickness 

After receiving the test section at MU, channel gap thickness measurements were taken 

through the 8 pressure tap holes seen in Fig. 4.5 in chapter 4 (Pressure tap numbers 2 – 7 

on the plate and Pressure tap numbers 1 and 8 above and below the plate, respectively) on 

the outer cylinder of the test section by using a depth micrometer to determine if the plate 

had been displaced from its original position during transport from ANL.  

The depth micrometer measurements taken at pressure taps where the plate is located are 

measured from the outer radius of the outer cylinder to the outer radius of the plate. The 

thickness of the fluid channel gap between the inner radius of the outer cylinder and the 

outer cylinder of the plate, g, is calculated by subtracting the thickness of the outer 

cylinder, t (a defined design parameter of the test section), from the measurement. Figure 
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5.2 is a drawing of the overhead view at pressure tap number 2 depicting the outer 

cylinder, fuel plate and the channel gap thickness between the two. 

 

Figure 5.2 Overhead view of test section at pressure tap number 2 

The depth micrometer measurements taken at the pressure taps above and below the fuel 

plate (pressure taps 1 and 8) were taken in the same way as the measurements where the 

fuel plate was located. However, since there is no fuel plate at these pressure tap 

locations, the measurements were taken from the outer radius of the outer cylinder to the 

outer radius of the inner cylinder. From this measurement, the fluid channel gap 

measurement, h, is calculated by subtracting the thickness of the outer cylinder from the 

measurement. Figure 5.3 is a drawing of an overhead view of the test section at pressure 
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tap number 8 (the pressure tap located below the fuel plate) depicting the outer and inner 

cylinders and the channel gap, h, between the two. 

 

Figure 5.3 Overhead view of test section at pressure tap number 8 

After taking measurements and calculating the channel gap thickness at each pressure tap 

location, it was determined that the plate had indeed been slightly shifted. The plot in Fig. 

5.4 display the outer fluid channel gap thickness measurements taken at ANL after the 

test section was assembled and at MU after it was shipped from ANL. 
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Figure 5.4 Outer channel gap thickness measurements taken at ANL and MU 

Table 5.1 displays the numerical values of the outer channel gap thickness measurements 

taken at ANL and MU shown in Fig. 5.4. 

Table 5.1 Outer channel gap thickness depth micrometer measurements taken at curved test section 
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4 75 60.7 

5 75 54 

6 70 49 

7 67 38 

8 (Below the plate) 216 210.7 
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Since the measurements taken at MU were the most recent, the As-Built models 

presented in this study will use those measurements to shape the fuel plate and fluid 

channels. To do this, a fifth order polynomial fit for the depth micrometer measurements 

taken at MU were used to develop a model geometry that mirrors the depth micrometer 

measurements taken on the plate and at the pressure tap locations above and below the 

plate as well. 

Since it is physically impossible to measure the outer channel gap thickness at the leading 

edge with a depth micrometer, given the way the test section is designed, the shape of the 

fuel plate at the leading edge is unknown. Unlike the measurements taken at pressure taps 

at different axial locations along the plate that provide an idea of the shape of the plate 

when those six measurements are combined as is shown in Fig. 5.4, there is no pressure 

tap at the location of the leading edge. Without knowing how the shape of the plate 

(based on the outer channel gap measurements) transitions from the measurement 

location below the leading edge up to the leading edge, it is necessary to consider a few 

possibilities. The fuel plate considerations presented in this study, aim to provide a 

bracketing case for the likely shape of the fuel plate. The theoretical plate geometries 

presented in this chapter should not be viewed as the actual shape of the plate, but they 

represent the extreme cases of a spectrum of possible shapes that the fuel plate is likely to 

be represented within. 

5.3: As Built – Leading and Trailing Edges Theory 1 

The as-built model presented in this section, referred to as “AB1” from here forward, is 

the first fuel plate geometry consideration. AB1 assumes that the remainder of the fuel 
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plate above pressure tap number 2 (the pressure tap below the leading edge) is parallel to 

the outer cylinder and does not carry any additional channel gap thickness measurements. 

Simply put, the remainder of the fuel plate above pressure tap number 2 is the same 

channel gap thickness measurement as that recorded at pressure tap number 2. In this 

model, pressure tap number 7 (the pressure tap above the trailing edge) makes a similar 

assumption. AB1 also assumes that the remainder of the fuel plate below pressure tap 

number 7 is parallel to the outer cylinder. In other words, the remainder of the fuel plate 

below pressure tap number 7 is the same channel gap thickness as that recorded at 

pressure tap number 7. Figure 5.5 shows a drawing of the AB1 model at the center of the 

test section (θ = 22.5°) with the direction of the flow going from right to left and the 

measurements in Table 5.1 shown at their approximate locations. 

 

Figure 5.5 Drawing of model AB1 shaped by fifth order polynomial fit that assumes leading and 

trailing edges are parallel to the outer cylinder 

The measurements shown on the fuel plate in Fig. 5.5 are within a half mil of the actual 

measurement taken at a given pressure tap. The outer wall of the test section in this 

Pressure Tap Locations 
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model is completely straight and the inner wall is slightly slanted to create the necessary 

channel gap thickness measurements recorded above and below the fuel plate. The angle 

of the face of the leading edge, relative to the inlet flow velocity, is maintained at 90° in 

this model. 

5.4: As Built – Leading and Trailing Edges Theory 2 

The second fuel plate theory shapes the portion of the plate between pressure tap numbers 

2 through 7 the same way as AB1. However, outside of this region of the fuel plate, the 

shape of the plate leading up to the leading and trailing edges is dictated by the slope of 

the plate created by implementing the depth micrometer measurements taken at the 

pressure taps located on the plate; pressure tap numbers 2 – 7. Simply put, the same fifth 

order polynomial used to create AB1 is linearly extrapolated outside of the measurements 

taken at the pressure tap locations used to create it to shape the fuel plate leading up to 

and including the leading and trailing edges. Figure 5.6 shows a drawing of the shape of 

the plate and test section walls for this theory. This as-built plate theory will be referred 

to as AB2 from here onward. 
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Figure 5.6 Drawing of model AB2 with plate shape using a linearly extrapolated fifth order fit 

The angle of the face of the leading edge, relative to inlet flow velocity, in this model is 

at 90° much like the angle of the face of the leading edge in AB1. Model AB2 also 

maintains a completely straight outer wall and allows the inner wall to be slightly slanted 

to reflect the channel gap thickness measurements taken at the pressure taps above and 

below the fuel plate.  

5.5: As Built – Leading and Trailing Edges Theory 3 

The final theory considered for modeling the 16 mils thick plate in the test section, in 

regards to the shape of the leading and trailing edges, allows the leading and trailing 

edges to be dictated based upon the slope of the plate which is identical to the method 

used in creating AB2. However, in this theory, referred to as AB3 from this point 

forward, the model will assume that the angle of the face of the leading and trailing edges 

are dictated by the slope of the plate created by the fifth order polynomial fit. Figure 5.7 

shows a drawing of the shape of the plate and test section walls for this theory.  

Pressure Tap Locations 
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Figure 5.7 Drawing of model AB3 with plate shape and angle of the leading and trailing edges 

dictated by using a linearly extrapolated fifth order polynomial fit 

The process used to calculate the resulting angle of the face of the leading edge, after the 

use of a fifth order polynomial fit, was developed in collaboration with ANL and is can 

be found in Appendix D. 

5.6: Azimuthal Channel Gap Thickness  

As mentioned at the beginning of this chapter, an outer fluid channel gap thickness 

measurement cannot be obtained in the azimuthal direction of the fuel plate. However, 

based on the thickness and location of the spacers in the test section, it is reasonable to 

believe that there is possibly a thinning of the fluid channel from the center of the test 

section where the pressure taps are located to the edge of the fuel plate where the spacers 

are located. With this possibility in mind, each “As-Built” fuel plate geometry (AB1, 

AB2 and AB3) has an initial model that incorporates azimuthally uniform fluid channels 

as shown in Fig. 5.8 and then models with azimuthally varying fluid channels. 

Pressure Tap Locations 
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Figure 5.8 Fluid model with approximate location of pressure taps above and below the plate (left) 

and constant azimuthal dimensions of the fluid channel (right) 

In the case of a constant azimuthal channel gap measurement, the channel gap thickness 

at the pressure tap above the fuel plate will remain at 221 mils and the pressure tap below 

the fuel plate will remain at 210 mils as seen in Figs. 5.5 -5.7. The “constant” azimuthal 

channel gap measurement refers to the azimuthal channel gap measurement at a given 

axial location. The azimuthal channel gap thickness will increase from the pressure tap 

located below the trailing edge of the fuel plate to the pressure tap located above the 

leading edge of the fuel plate to accurately represent a smooth transition from 210 mils at 

the bottom pressure tap to 221 mils at the top pressure tap. The inner wall shown in Figs. 

5.5 - 5.7 represents how the inner wall is shaped to reflect the constant azimuthal 

measurements at both edges of the fuel plate.  

After each of the three theoretical As Built models, presented in the sections above, have 

been run through FSI simulations with constant azimuthal channel gap measurements 
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(referred to as “As-Built – Constant Azimuth” hereafter), the same three theoretical As 

Built models will have another set of FSI simulations conducted for the case where the 

channel gap geometry varies azimuthally (referred to as “As-Built – Varying Azimuth” 

hereafter). The As-Built – Varying Azimuth set of FSI simulations assumes that the depth 

micrometer measurements taken at pressure taps 1 and 8 (the pressure taps above and 

below the fuel plate, respectively) remain the same in the azimuthal middle of the test 

section (at approximately θ = 22.5°). However, at the azimuthal edges of the test section 

(at θ = 0° and θ = 45°) the channel gap thickness is reduced from 221 mils to 205 mils at 

the pressure tap located above the plate (pressure tap number 1) and reduced from 210 

mils to 202 mils at the pressure tap located below the plate (pressure tap number 8). The 

overhead cross sectional views shown in Fig. 5.9 is of the pressure tap located above the 

plate (pressure tap number 1) and the pressure tap located below the plate (pressure tap 

number 8). The overhead views in Fig. 5.9 are shown from the perspective of the inlet.

 

Figure 5.9 Fluid model with approximate location of pressure taps above and below the plate (left) 

and azimuthal varied dimensions of the fluid channel (right) 
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The azimuthal variation in the fluid channel shown on the right side of Fig 5.9 is a result 

of considering how the thickness of the spacers in the test section, shown in section 4.2, 

could possibly affect the channel gap thickness at the edges of the test section. Figure 

5.10 shows an example of how the thickness of the spacers between the fluid channels in 

the As-Built – Varying Azimuth set of models changes the longitudinal profile of the 

fluid channels at the edges (at θ = 0° and θ = 45°) when compared to a model from the 

As-Built – Constant Azimuth set of models. 

 

 

Figure 5.10 Longitudinal profile comparison of models at the edges with constant azimuthal channel 

gap thickness (Top) and varying azimuthal channel gap thickness (Bottom) 
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To reflect the channel gap thickness measurements at the pressure tap locations, above 

and below the location of the plate in the test section, the outer cylinder wall is still 

assumed to be vertical based on the experimental set up. By assuming the outer cylinder 

is vertical and does not contribute to the difference in measurements at the two different 

locations, it is implicitly assumed that the inner cylinder wall will be altered to produce 

the measurements at the edges of the test section shown in Fig. 5.9. 
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CHAPTER 6: CURVED PLATE FSI MODELING RESULTS 

This chapter will present the maximum deflection results for the curved plate design in 

the ideal case as well as the theoretical cases which include models AB1, AB2 and AB3. 

The results for each case will be presented in their respective sections. All of the 

maximum deflection results presented in this chapter are from the FSI modeling that 

couples the CFD code, STAR CCM+, with the FEA code, ABAQUS. Appendix E 

presents three tables that provide all the numerical values for all the modeling cases 

presented in this chapter. 

6.1: Maximum Deflection Results for the Ideal Case Model 

The drawing of the model and explanation for the ideal case of the curved fuel plate is 

presented in section 5.1. The ideal case assumes that the 16 mils thick fuel plate is 

situated perfectly between the two fluid channels so that the outer fluid channel is 78 mils 

thick and the inner fluid channel is 130 mils thick.  

The ideal case model had FSI simulations completed for average channel velocities from 

2 m/s to 9 m/s in increments of 0.5 m/s. FSI simulations were completed from 2 m/s up to 

and including 9 m/s to cover the possible minimum and maximum average channel 

velocities that the fuel plate in the curved test section could experience while in the flow 

loop. These limitations are prescribed to the fuel plate in the test section to safeguard 

against possibly permanently deforming the plate or breaking it. Since the fuel plate is 

only 16 mils thick it has been decided that the velocities used in this study should be kept 

low, relative to the velocities used in the flat plate experiments. The maximum deflection 
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results from the FSI modeling of the ideal case is presented in Fig. 6.1 along with a 

comparison of the analytical leading edge deflection model. 

 

Figure 6.1 Maximum deflection results for the ideal case and analytical deflection model  

The maximum deflection in the ideal case model is approximately 2.4 mils and occurs at 

9 m/s. All the maximum deflections shown in Fig. 6.1 for the ideal case and analytical 

model occurs at the leading edge of the fuel plate and steadily decrease towards the 

leading edge. The maximum deflection at the leading edge follows a trend that was 

expected because as the average flow velocity increased, the leading-edge deflection 

increased as well. The analytical model is based on the ideal case and compares well with 

the FSI results for this case. Figure 6.2 shows an example of how the deflection is 

distributed throughout the plate at a velocity of 9 m/s.  
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Figure 6.2 Example of distribution of deflection on the plate for the FSI simulations for the Ideal 

Case Model 

The contour plot of the curved fuel plate deflection shown in Fig. 6.2 is generated from 

conducting an FSI simulation at 4 m/s. The deflections shown in the legend are in units of 

meters. Figure 6.2 displays how the maximum deflection occurs at the leading edge of the 
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plate and the deflection tapers off towards the trailing edge. The maximum deflection at 

the leading edge is into the inner fluid channel. The isolated deflections near the leading 

edge are a result of the left and right edges of the fuel plate being clamped and the middle 

of the fuel plate deflecting into the inner (larger) fluid channel while the isolated areas of 

deflection are deflecting into the outer (smaller) fluid channel. The leading-edge 

deflection is into the inner fluid channel because as the flow straddles the fuel plate in the 

two fluid channels at the leading edge, the flow is contracting into the outer (smaller) 

fluid channel and expanding into the inner (larger) fluid channel. Because of the 

contraction and expansion of the flow into the outer and inner fluid channels, 

respectively, the pressure in the outer (smaller) fluid channel on the leading edge of the 

fuel plate is much greater than that in the inner (larger) fluid channel which causes the 

fuel plate to be deflected into the inner fluid channel. The large difference in pressure in 

the fluid channels observed in the FSI simulations can be seen in Fig. 6.3. 

 

Figure 6.3 Pressure profiles of the outer (smaller) and inner (larger) fluid channels 
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6.2: Maximum Deflection Results for the AB1 Model 

Section 5.3 presents the geometry and description of the AB1 model. This section will 

present the maximum deflection results from the FSI simulation for the AB1 model. To 

reiterate the information in section 5.3, the AB1 model consists of a fuel plate that is 

shaped by a fifth order polynomial at the locations of the pressure taps that coincide with 

the location of the plate in the test section. Outside of the pressure tap locations that 

coincide with the location of the plate in the test section, the leading and trailing edges 

are assumed to be parallel to the outer cylinder wall which is assumed to be perfectly 

vertical based on the experimental set up. This model has two considerations for the 

azimuthal channel gap measurements which are presented in section 5.6. The maximum 

deflection results from the FSI simulations of both azimuthal channel gap considerations 

for the AB1 model are presented in Fig. 6.4. 
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Figure 6.4 Maximum deflection results for AB1 with constant azimuthal channel gap measurements 

and channel gap measurements with azimuthal variation 

The FSI simulations that used the AB1 model with azimuthal channel variation as 

described in section 5.6, produces a slightly higher leading edge deflection at all the 

selected velocities. The increase in deflection at the leading edge in the azimuthally 

varied fluid channel models compared to the azimuthally constant fluid channel models is 

possibly contributed to a higher pressure in the outer fluid channel because of the 

contraction of the fluid channel geometry in the azimuthally varied model. However, 

there are not any noticeable differences between the metrics in the two models for this 

case. This small increase in deflection could also be contributed to numerical noise in the 

FSI simulations. All the leading edge deflections for each average channel velocity 

occurs at the center of the leading edge as shown in Fig. 6.5. The deflection shown on the 

plate in Fig 6.5 is similar to how the deflection is distributed at all velocities. 



80 

 

 

Figure 6.5 Example of distribution of deflection on the plate for the FSI simulations for AB1 

Figure 6.5 displays how the maximum deflection occurs at the leading edge of the plate 

and the deflection tapers off towards the trailing edge. The contour plot in Fig. 6.5 is the 

deflection that occurs at 4 m/s. The magnitude of the deflection shown in the legend are 

in units of meters. The distribution of the deflection is much more spread out than the 

contour plot for the ideal case in Fig. 6.2 in the sense that the deflection is continuous 

from the leading edge to the trailing edge. The isolated areas of deflection on the left and 

right near the leading edge that formed on the fuel plate in the ideal case because of the 
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left and right edges of the fuel plate being clamped and the middle of the leading edge 

deflecting into the inner fluid channel are also present in Fig. 6.5. However, the area that 

the isolated areas of deflection cover are larger in size and the magnitude of the 

deflection is slightly greater. The maximized view of the leading edge on the right in Fig. 

6.5 shows are the maximum deflection is into the inner channel and two small areas of 

deflection are into the outer channel. 

The discontinuity in deflection towards the middle of the plate has been labeled as a 

“Valley” in Fig. 6.5. The “Valley” occurs here because the deflection bends the leading 

edge into the inner channel at a sharper angle which does not allow the deflection to taper 

off smoothly towards the trailing, but instead creates a “Valley” about a third of the way 

down the plate. The “Valley” can clearly be seen in the ABAQUS generated plot in Fig. 

6.6 that plots deflection as a function of axial location for the deflection in Fig. 6.5. 

 

Figure 6.6 Centerline deflection of fuel plate at 4 m/s that creates “Valley” shown in Fig. 6.4 
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The “Valley” shown in Fig. 6.6 does not appear in the ideal case. This suggests that the 

change in the shape of the fuel plate from the ideal case to the AB1 model results in a 

different deflection pattern on the fuel plate. The deflection at trailing edge in Fig. 6.5 

shows two distinct areas of small deflection. These small areas of deflection can be 

attributed to a combination of the left and right edges of the fuel plate being clamped and 

the shape of the fuel plate in AB1.  

The distribution of the deflection shown in Fig. 6.5 is consistent for average channel 

velocities between 2 m/s and 4 m/s, but at any average channel velocity beyond that, the 

FSI simulation “crashes” because the flow is restricted in the inner (larger) fluid channel. 

This occurs because the fuel plate has deflected into the inner (larger) channel by such a 

large amount that the model is no longer able to continue to compute a solution. This 

excessive deflection has also been seen in curved fuel plate FSI simulations in [22]. This 

could be attributed to the fuel plate plastically deforming and being pressed against the 

inner wall of the test section in the model. To determine if this is a structural issue or a 

numerical issue, a study could be conducted to assess if the incremental increase of the 

flow velocity should be decreased to a value smaller than the current 0.5 m/s increment 

between velocity increases. A study of the time step in relation to the velocity has been 

conducted in [22] in terms of the Courant number to determine if this can be used as a 

stability parameter. The study of the Courant number in [22] could also be repeated for 

the As Built models in this thesis to determine if solutions above 4 m/s are achievable. 

Figure 6.6 shows the results of the excessive deflection of the fuel plate into the inner 

(larger) channel at velocities beyond 4 m/s. 
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Figure 6.7 Excessive deflection into the inner (larger) channel for average velocity beyond 4 m/s 

6.3: Maximum Deflection Results for the AB2 Model 

Section 5.4 presents the geometry and description of the AB2 model. This section will 

present the maximum deflection results from the FSI simulation for the AB2 model. To 

reiterate the information in section 5.4, the AB2 model consists of a fuel plate that is 
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shaped by a linearly extrapolated fifth order polynomial fit. The linearly extrapolated 

portions of the fit were used to create the shape of the leading and trailing edges of the 

fuel plate. The shape of the leading and trailing edge in the AB2 model is dictated by 

linearly extrapolating beyond the measurements taken at the pressure taps located on the 

plate (pressure tap numbers 2 – 7). Section 5.4 provides a detailed description for the 

AB2 model. Much like the AB1model, this model has two considerations for the 

azimuthal channel gap measurements as well. The maximum deflection results from the 

FSI simulations of both azimuthal channel gap considerations for the AB2 model are 

presented in Fig. 6.8. 

 

Figure 6.8 Maximum deflection results for AB2 with constant azimuthal channel gap measurements 

and channel gap measurements with azimuthal variation 
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The FSI simulations that used the AB2 model with azimuthal channel variation as 

described in section 5.6, produces a higher maximum deflection at all of the selected 

velocities. This is similar to the results presented above for the AB1 model. All of the 

maximum deflections for each average channel velocity occurs at the center of the 

leading edge. The deflection shown on the plate in Fig. 6.8 is produced from the FSI 

simulation deflection results at 4 m/s. The contour plot of deflection in Fig. 6.9 is an 

example of how the deflection is distributed at all velocities for this model. 
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Figure 6.9 Example of distribution of deflection on the plate for the FSI simulations for AB2 

The contour plot of deflection for the AB2 model in Fig. 6.9 shows that the maximum 

deflection occurs at the leading edge and the magnitude of deflection tapers off towards 

the trailing edge as is the case in the previous models. The contour plot in Fig. 6.9 is the 

deflection that occurs at 4 m/s. The isolated areas of deflection near the leading edge 

from previous models are also present in Fig. 6.9. The isolated areas of deflection near 



87 

 

the leading edge in the AB2 model cover a much larger area than the previous cases and 

the magnitude of the deflection has slightly increased as well. These isolated areas of 

deflection, much like in the previous cases are a result of the left and right edges of the 

plate being clamped and the leading edge deflecting into the inner (larger) channel. 

Figure 6.9 also shows that there is an area towards the middle of the plate that has an 

“hour-glass” shape. This area suggests that there is a “dimple” in this area where the 

deflection at the middle is slightly greater than the surrounding areas. This is most likely 

due to the shape of the plate and how is oscillates in the fluid channel as the FSI 

simulation converges to a solution.  

The distribution of the deflection shown in Fig. 6.9 is consistent for average channel 

velocities between 2 m/s and 4 m/s, but at any average channel velocity beyond that, the 

FSI simulation “crashes” which is also the same thing that occurs in the AB1 model. The 

FSI simulation “crash” is a result of the flow through the in the inner (larger) fluid 

channel being restricted because the fuel plate has deflected into the inner (larger) 

channel by such a large amount that the model is no longer able to continue to compute a 

solution. This results in the same excessive deflection of the plate as shown Fig. 6.7 for 

the AB1 model in the previous section. 

6.4: Maximum Deflection Results for the AB3 Model 

Section 5.5 presents the geometry and description of the AB1 model. This section will 

present the maximum deflection results from the FSI simulation for the AB3 model. To 

reiterate the information in section 5.5, the AB3 model is nearly identical to the shape of 

the fuel plate in the AB2 model. The only difference between the two is that the AB3 
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model has a fuel plate that has been shaped by a fifth order polynomial fit which also 

dictates the angle of the face of the leading edge. Unlike the angle of the face of the 

leading edge in models AB1 and AB2 which is maintained at 90°, this model has an 

angle of 89.8° relative to the incoming flow. The maximum deflection results from the 

FSI simulations of both azimuthal channel gap considerations for the AB3 model are 

presented in Fig. 6.10. 

 

Figure 6.10 Maximum deflection results for AB3 with constant azimuthal channel gap measurements 

and channel gap measurements with azimuthal variation 

The FSI simulations that used the AB3 model with azimuthal channel variation as 

described in section 5.6, produces a higher maximum deflection at all the selected 

velocities. This is similar to the results presented above for models AB1 and AB2. Also, 

much like the maximum deflection in the two previous models, the maximum deflection 
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for each average channel velocity in this model occurs at the center of the leading edge. 

The deflection shown on the plate in Fig. 6.10 is produced from the FSI simulation 

deflection results at 4 m/s. It should be noted that the deflections in Fig. 6.10 are identical 

in magnitude and how the deflection is distributed on the fuel plate. The contour plot of 

deflection in Fig. 6.11 is an example of how the deflection is distributed at all velocities 

for this model. 

 

Figure 6.11 Example of distribution of deflection on the plate for the FSI simulations for AB3 
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The deflection results in the AB3 model are virtually identical to the results in the AB2 

model. The virtually identical deflection results in AB2 and AB3 also extend to the 

results for attempting any FSI simulation with a velocity above 4 m/s. Any FSI 

simulation attempted with a velocity above 4 m/s “crashes” in this model as well. All the 

“as built” models in this chapter are unable to produce a converged solution beyond 4 m/s 

and result in a “crashed” FSI simulation due to the excessive deflection of the fuel plate 

into the inner fluid channel. Because of this commonality, all the models result in the 

same excessive deflection of the fuel plate as shown in Fig. 6.7 in section 6.2.  

6.5: Azimuthal Geometry Maximum Deflection Results Comparison 

The deflection results of the As-Built – Constant Azimuth models compared to the As-

Built – Varying Azimuth models produced similar results at the same average flow 

velocities. Figure 6.11 represents the constant azimuthal channel gap geometry case for 

each as built model and Fig. 6.12 represents the varying azimuthal channel gap geometry 

case for each model.  
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Figure 6.12 Comparison of models with constant azimuthal channel gap distance for each case 

 

 

Figure 6.13 Comparison of models with varying azimuthal channel gap distance for each case 
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In the case of varying azimuthal channel gap geometry for every as built model, the 

maximum deflection was higher than the maximum deflection in the case of the constant 

azimuthal channel gap geometry. In the case of the AB2 model, the maximum deflection 

at 4 m/s for constant azimuthal channel gap geometry was 6.72 mils and 7.35 mils for the 

varying azimuthal channel gap geometry. This difference of 0.63 mils equates to an 

increase of almost 10%. Given the low velocities that the FSI simulations and 

experiments are being conducted at, this relatively small percentage may not be 

noticeable, but at higher velocities that could be used in the reactor, a 10% increase could 

make a significant difference. This is a parameter that should be of concern when 

designing the LEU fuel element because it could be a source of potential complications, 

if it is not given the proper attention. 

The increase in deflection is likely due to the pinching of the fluid channel at the left and 

right edges of the test section in the azimuthally varying channel gap geometry case. The 

pinching at the edges forces more of the flow towards the middle of the test section, 

impacting the middle of the plate more; specifically, the middle of the leading edge of the 

plate. The flow from the edges being forced to the middle of the test section increased the 

velocity in the middle of the fluid channel and increased the magnitude of deflection at 

the leading edge as a result. Figures 6.14 and 6.15 provide vector plots of the cross-

sectional views of the fluid channels and plate at the leading edge that show the 

magnitude of velocity for the AB1 model for both cases of the azimuthal channel gap 

geometries considered.  
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Figure 6.14 Vector plot of velocity near the leading edge near the leading edge for the azimuthally 

constant geometry of model AB2 

 

 

Figure 6.15 Vector plot of velocity near the leading edge near the leading edge for the azimuthally 

varied geometry of model AB2 
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When comparing the constant azimuthal channel gap geometry to the varying channel 

gap geometry, there is a noticeable increase in the velocity in the middle of the fluid 

channel in the azimuthally varied channel gap geometry case. This suggests that the 

increase in velocity caused by the change in the azimuthal geometry could be a 

contributing factor to the increase in deflection. This conclusion is plausible because, as 

seen in all the results presented thus far, as the velocity increases so does the deflection. 

6.6: FSI and Experimental Maximum Deflection Results Comparison 

The FSI simulations for all the models presented in this chapter were done at exact 

velocities. This can be achieved on the modeling side of this study because of the control 

provided by being able to specify any velocity in the CFD code, but this is not the case in 

the experiments. In the experiments a velocity is estimated based on several factors such 

as the “control” valve and pump introduced in section 4.1 and the computer software 

used to control these parts of the flow loop. For example, one of the modeling results may 

present a deflection result at 3 m/s while the experiment produces a result at 2.94 m/s. For 

this reason, it is not possible to make a direct comparison between the FSI and 

experimental results, but very close approximations can be made and trends in each 

method can be noted and compared. This chapter will present several plots that compare 

the maximum deflection results of each as built model to those recorded in the 

experiments to determine how well the modeling results compare with the experimental 

results and if the two methods display any similar trends.  
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6.6.1: Azimuthally Constant Model and Experimental Max Deflection Results Comparison 

Figures 6.16 – 6.18 compare the maximum deflection results of the azimuthally constant 

channel gap geometries for each as built model to the three latest maximum deflection 

experiments. The error bars on the experimental results are ± one standard deviation. 

 

Figure 6.16 Comparison of maximum deflection results for as built models with constant azimuthal 

channel gap geometries and 12-06-2016 experimental results 
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Figure 6.17 Comparison of maximum deflection results for as built models with constant azimuthal 

channel gap geometries and 02-01-2017 experimental results 

 

Figure 6.18 Comparison of maximum deflection results for as built models with constant azimuthal 

channel gap geometries and 02-15-2017 experimental results 
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Figures 6.16 – 6.18 show how the maximum deflection results from the as built models 

with constant azimuthal channel gap geometries and different experimental results 

display similar trends. In Fig. 6.16 the experimental results are very close to the results of 

the AB2 and AB3 modeling results. The results in Fig. 6.17 are closer to the AB1 

modeling results and the results in Fig. 6.18 fall between the results of all the as built 

models with constant azimuthal channel gap geometries. Because a small amount of 

movement of the test section after the water has begun to flow, the maximum deflection 

results vary between experiments. Although the movement of the test section is very 

miniscule, it effects the experimental results because the scale that the maximum 

deflection is being measured on is in units of mils (thousandths of an inch). Appendix F 

provides details on how the test section moves during the experiments after the water 

flow has been turned on. Figures 6.16 – 6.18 provide a comparison of how the 

azimuthally constant channel geometries compare to individual experiments, but it is 

important to show how all three of these experiments compare to all the as built models. 

Figure 6.19 provides a comparison of the three most recent experiments to the 

azimuthally constant geometries for all as built models. 
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Figure 6.19 Comparison of maximum deflection results for as built models with constant azimuthal 

channel gap geometries and all the three most recent experiments 

Figure 6.19 shows how all three of the experiments envelope and trace the azimuthally 

constant channel gap geometry models. The AB2 and AB3 models tend to be closer to 

the experimental results attained in the 12-06-2016 experiment, while the AB1 model 

results are closer to the 02-01-2017 and 02-15-2017 results. It should be noted that unlike 

the modeling results, the experimental results have deflection values at average channel 

velocities beyond 4 m/s. This shows that there is an opportunity to further investigate 

how the geometry of the models could be altered to produce results beyond 4 m/s. 

6.6.2: Azimuthally Varied Model and Experimental Max Deflection Results Comparison 

Although it is valuable to see how the as built models with an azimuthally constant 

channel gap geometry compares to the modeling and experimental results, it is equally 

valuable to see how the as built models with an azimuthally varied channel gap geometry 
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compare to the experimental results. Figures 6.20 – 6.22 compare the maximum 

deflection results of the azimuthally varied channel gap geometries for each as built 

model to the same three experiments that were used to compare the azimuthally constant 

channel gap geometry models. The error bars on the experimental leading edge deflection 

results in Figs. 6.20 – 6.22 are ± one standard deviation. 

 

Figure 6.20 Comparison of maximum deflection results for as built models with azimuthally varied 

channel gap geometries and 12-06-2016 experimental results 
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Figure 6.21 Comparison of maximum deflection results for as built models with azimuthally varied 

channel gap geometries and 02-01-2017 experimental results 

 

Figure 6.22 Comparison of maximum deflection results for as built models with azimuthally varied 

channel gap geometries and 02-15-2017 experimental results 
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Figures 6.20 – 6.22 show how the maximum deflection results from the as built models 

with azimuthally varied channel gap geometries and different experimental results 

display similar trends. In Fig. 6.20 the experimental results are very close to the results of 

the AB2 and AB3 modeling results, just as they were in the results in Fig. 6.16 for the 

other AB2 and AB3 model results. However, the results for AB2 and AB3 in Fig. 6.18 

are larger in magnitude than the AB2 and AB3 modeling results in the previous section. 

The modeling results in Fig. 6.20 intersect the experimental results around 3.5 m/s and 

have a higher deflection around 4 m/s. The experimental results in Fig. 6.21 are closer to 

the AB1 modeling results, but the results for the AB1 model are higher and are not as 

close as the modeling results were to the experimental results for the same model in the 

previous section, shown in Fig. 6.16. The results in Fig. 6.22 fall between the results of 

all the as built models after an average fluid velocity of 2.5 m/s. There is a noticeable 

decrease and sudden increase in the deflection results in Fig. 6.22 around 3.5 m/s. As 

mentioned in the previous section, this is likely attributed to movement of the test section 

while the experiment was being conducted. 

6.6.3: Comparison of all Modeling and Experimental Maximum Deflection Results 

The previous sections provided a variety of plots that displayed how the experimental 

maximum deflection results compared to the maximum deflection results of the as built 

models based on their azimuthal geometry. While this is important, it is also worth 

determining how all the modeling and experimental results compare on a single plot to 

provide a visual representation of how the experimental and modeling result trends 
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compare. Figure 6.23 provides this visualization by placing all three of the experimental 

results and all six of the FSI simulation results on one plot. 

 

Figure 6.23 Comparison of maximum deflection results for all as built models and all experiments 

The trends of the modeling and experimental results in Fig. 6.23 display similar trends. In 

the experimental and modeling results, it can be observed that the maximum deflection 

results increase as the velocity increases. There is a divide in the results between the AB1 

and the AB2 and AB3 models around 2.5 m/s, but this division begins to align with result 

trends from the experiments. The experimental results that tend to be larger in magnitude 

compare well with the 12-06-2016 experiment. On the other hand, the experimental 

results that tend to be smaller in magnitude do not compare as well with the AB1 model 

that displays lower magnitudes of deflection, but the modeling and experimental results 

do follow similar trends. In addition, while the experimental and modeling results of 
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lower magnitudes of deflection do not compare as well as the 12-06-2016 experiments 

and the AB2 and AB3 modeling results, the results near the same velocity tend to be 

within 1 mil of each other in the worst cases; approximately one thirtieth (1/30) the 

thickness of a credit card [37]. Once again, the experiments produced maximum 

deflection results at a velocity at approximately 4.25 m/s, but the current FSI simulations 

fail to produce results beyond 4 m/s so this will need to be further investigated by 

studying stability parameters such as the Courant number as was done for the curved fuel 

plate FSI simulations in [22]. Investigating smaller velocity increments and smaller time 

steps for each inner iteration in STAR CCM+ could also help to determine what 

adjustments can be made to the models to arrive at a converged, reliable solution at a 

velocity beyond 4 m/s.  
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CHAPTER 7: ENTRANCE LOSS COEFFICIENT RESULTS 

The entrance loss coefficient in this study is based on the geometry of the leading edge of 

the plate as the flow transitions from the inlet plenum to being distributed into the two 

fluid channels. The entrance loss coefficient based on the 𝐾𝐿 equation derived from 

Bernoulli’s equation that was presented in Section 2.3. All three of the models in the As 

Built – Constant Azimuthal set have entrance loss coefficients calculated for each fluid 

channel at an average flow velocity of 4 m/s. This chapter will only present the entrance 

loss coefficients for the constant azimuthal as built models because the results presented 

in this section will serve as a leading-edge geometry study that is independent of the 

azimuthal fluid channel gap thickness. The pressures and velocity values used in the 

calculations for all three as built models are an average of the velocity and pressure 

values from the constant azimuthal FSI simulations for each as built model. The data 

used is collected from the inlet to where the second pressure tap on the test section would 

be axially located in the models. The density of water at room temperature is also used in 

the calculations. 

7.1: Entrance Loss Coefficients for the AB1 model 

Figure 7.1 shows the location of the second pressure tap and the calculated entrance loss 

coefficient value for each fluid channel. The entrance loss coefficients calculated in Fig. 

7.1 are calculated by using Eq. 2.16 in section 2.3. 
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Figure 7.1 Entrance loss coefficients in each fluid channel of the AB1 model 

The entrance loss coefficient in the inner fluid channel of the AB1 model is 0.8285. 

While the entrance loss coefficient in the outer fluid channel is 0.6331. The entrance loss 

coefficient in the inner fluid channel of the AB1 model is much greater than the entrance 

loss coefficient in the outer fluid channel. This suggests that the pressure in the outer 

fluid channel is greater than that in the inner fluid channel. This is to be expected as the 

inner fluid channel is much less constricted than the inner fluid channel. 
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7.2: Entrance Loss Coefficients for the AB2 model 

Figure 7.2 shows the location of the second pressure tap and the calculated entrance loss 

coefficient value for each fluid channel. The entrance loss coefficients calculated in Fig. 

7.2 are calculated by using Eq. 2.16 in section 2.3. 

 

Figure 7.2 Entrance loss coefficients in each fluid channel of the AB2 model 

The entrance loss coefficient in the inner fluid channel of the AB2 model is 0.9440. 

While the entrance loss coefficient in the outer fluid channel is 0.7039. The entrance loss 

coefficient in the inner fluid channel of the AB2 model is much greater than the entrance 

loss coefficient in the outer fluid channel. Much like the entrance loss coefficients in the 

previous section, these results suggest that the pressure in the outer fluid channel is 

greater than that in the inner fluid channel, which is expected. On the other hand, the 

values of the coefficients in both channels are greater than those in the AB1 model. The 

shape of the fuel plate in the AB2 model produces higher entrance loss coefficient 
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because the energy from the flow is transferred to the fuel plate, causing a larger 

maximum defection result, at a given velocity, than in the AB1 model. 

7.3: Entrance Loss Coefficients for the AB3 model  

Figure 7.3 shows the location of the second pressure tap and the calculated entrance loss 

coefficient value for each fluid channel. The entrance loss coefficients calculated in Fig. 

7.3 are calculated by using Eq. 2.16 in section 2.3. 

 

Figure 7.3 Entrance loss coefficients in each fluid channel of the AB3 model 

The entrance loss coefficient in the inner fluid channel of the AB2 model is 0.9467. 

While the entrance loss coefficient in the outer fluid channel is 0.7258. The entrance loss 

coefficient in the inner fluid channel of the AB3 model is much greater than the entrance 

loss coefficient in the outer fluid channel which is consistent with the results in the 

previous two sections. The coefficient results for the AB3 model also has the same 

implications about the pressure in each channel as the previous two models. However, the 

AB3 model is different from the previous two models because it produces the highest 
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entrance loss coefficient values. This is due to the shape of the plate. Although the shape 

of the plate in the AB3 model is nearly identical to the shape of the plate in the AB2 

model, the small change in the angle of the leading edge produces higher entrance loss 

coefficients. This is significant because a change in the angle of the leading between AB2 

and AB3 by 0.2° increased the value of the entrance loss coefficient in the inner and outer 

fluid channels by 0.0027 and 0.0219, respectively. Seeing how this small change in the 

shape of the fuel plate can have an impact on the entrance loss coefficient, it is likely that 

other small changes or manufacturing imperfections in an actual reactor fuel plate could 

have effect on the fluid channel pressure as well.  
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 

8.1: Conclusions 

This study was conducted to assist in converting the fuel used for five high performance 

reactors in the United States from weapons grade HEU fuel to proliferation resistant LEU 

fuel. In accordance with the mission of the Global Threat Reduction Initiative to reduce 

and eventually omit the use of HEU, a concerted effort has been made to determine the 

best methods, designs and timing to convert the reactors mentioned above to an LEU fuel 

design. One of the five high performance reactors, MURR, was the focus of this research. 

MURR is highly valuable as it generates much needed commercial and research goods 

seven days a week. Because it is heavily relied upon, the proposed LEU design must be 

diligently researched and assessed to assure that MURR can continue to operate as 

efficiently and safely as it currently does. 

The LEU design consists of a uranium alloyed with ten weight percent molybdenum (U-

10Mo) fuel meat with a zirconium barrier between it and the aluminum cladding. To 

address concerns associated with converting the current HEU design to a new LEU 

design in the MURR reactor core, this study aimed to address one of the major concerns 

about the LEU design; hydro-mechanical stability. Fluid-Structure Interaction (FSI) 

models were developed to determine how the curved fuel plates in the reactor are likely 

to deflect into the fluid channels. The FSI simulations coupled the CFD code, STAR 

CCM+, with the finite element code, ABAQUS to analyze the fluid dynamics 

surrounding the fuel plate and the pressure, stress and deflection of the fuel plate, 

respectively. The deflection of the fuel plates is of high importance because of the small 
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thickness of the channel gap between each fuel plate in the fuel elements of the reactor 

core. A large fuel plate deflection could cause severe operational and safety issues.  

The FSI analysis used in this thesis is unique in analyzing curved fuel plate models. 

Previous studies of curved fuel plates in [26] and [25] have been based on analytical 

models. The analytical models are sufficient in providing a basic understanding of how 

the curved fuel plate will behave under flow velocity conditions. However, the FSI 

analysis provides the opportunity to analyze more metrics (such as velocity, wall shear 

stress, pressure, stress, 3D deflection results, etc) associated with the fuel plate and the 

flow surrounding it to provide a much more in-depth understanding of the variables that 

ultimately contribute to the deflection of the fuel plate.  

The FSI models used a curved 16 mils thick fuel plate in the models to see how it would 

deflect at different velocities. Three different geometries were considered in the FSI 

models. These three different geometries aimed to bracket the deflection results seen in 

the curved test section.  

The curved test section utilized a curved 16 mils thick plate inside of the University of 

Missouri flow loop to measure deflection of the fuel plate just as the FSI models did. The 

maximum deflection data from the models and experiments were compared and were 

agreeable. The modeling results displayed similar trends and magnitudes of maximum 

deflection to those observed in the experimental results. As the velocity increased, the 

maximum deflection of the plate increased as well in both sets of data.  
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The location of maximum deflection was found to be at the center of the leading edge of 

the fuel plate in both the modeling and experimental results. Although the maximum 

deflection results in the experiments and models were aggregable, direct comparisons at a 

given velocity could not be made because the experimental set up has limited control 

over the velocity and cannot prescribe an exact velocity as can be done in the models. 

However, the modeling and experimental data for maximum deflection were compared 

because the velocities at which data was collected in each method was very close.  

The experiments observed deflection results at the leading edge at average fluid velocities 

above 4 m/s, unlike the deflection results in the FSI models. The FSI models “crash” for 

simulations that are prescribed an average channel velocity above 4 m/s and produce 

excessive deflection of the entire plate that are physically impossible. This excessive 

deflection has also been seen in curved fuel plate FSI simulations in [22]. This could be 

attributed to the fuel plate plastically deforming and being pressed against the inner wall 

of the test section in the model which would prevent the simulation to converge to a 

steady state solution. To determine if this is a structural issue with the fuel plate or an 

issue of numerical stability, a study should be conducted to assess if the incremental 

increase of the flow velocity should be done in a value smaller than the current 0.5 m/s 

increment between velocity increases. A study of the time step in the FSI simulation in 

relation to the velocity has been conducted in [22] in terms of the Courant number to 

determine if this can be used as a stability parameter. The study of the Courant number in 

[22] could also be repeated for all models in this thesis to determine if deflection results 

above 4 m/s are achievable.  
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With the results of maximum deflection recorded by using a 16 mils plate in the FSI 

models and curved test section, it is plausible that lower magnitudes of deflection can be 

observed in the reactor. The anticipated design to be used in the reactor will be much 

thicker than 16 mils, thus providing more fuel plate rigidity and hydro-mechanical 

stability. The results presented in this study should be viewed as a set of results that 

provide the bounds to which the maximum deflection results obtained from the 

experiments using the curved test section with a 16 mils thick plate are likely be close to 

in order of magnitude. Finally, the comparison of results showed that the FSI models 

should be recalibrated to provide more accurate predictions.  

The entrance loss coefficient results show that the shape of the plate, especially at the 

leading edge, can have an impact on how the pressure is distributed between the two fluid 

channels. The difference in entrance loss coefficient results between the three as built 

model suggests that the shape of the leading edge (and plate in general) should be 

carefully monitored during the manufacturing process of the MURR fuel plates to avoid a 

source of possible disruption in flow through the fluid channels. The entrance loss 

coefficient results also suggest that the more uniformly the plate is shaped, from the 

leading edge to the trailing edge, the more even the fluid channels are which can then 

produce a more evenly distributed pressure between the two fluid channels. This even 

distribution of pressure in the fluid channels on either side of the plate will likely result in 

better hydro-mechanical stability of the fuel plate. 
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8.2: Future Work 

The comparison of the modeling and experimental maximum deflection results showed that 

the FSI models are most likely close to capturing what is happening in the curved test 

section, but more can be done to create a more in depth analysis. In the near future, pressure 

data will be recorded at each of the pressure taps on the test section. Collecting the pressure 

data from the test section will provide a pressure profile of each of the fluid channels. This 

will provide an opportunity to compare the pressure profiles of the test section to those 

collected in the FSI models. This comparison of the modeling and experimental pressure 

profiles can potentially highlight where the models can be improved geometrically. This will 

also provide a metric to compare over the entire length of the fuel plate instead of a single 

location. Pressure profiles of the fluid channels in the test section will ultimately lead to a 

recalibration of the models to match the test section more accurately and produce more 

accurate results.  

This study provided valuable information that can be used to determine the deflection of a 

single fuel plate in an experimental test section. However, the LEU fuel element in the actual 

reactor core will consist of at least 23 fuel plates. The tools used in this study will eventually 

be used to create an FSI model with stacks of plates. 

Finally, to determine if deflection results above 4 m/s are achievable in any of the models, a 

study, like the one conducted in [22], of the time step in the FSI simulation in relation to the 

velocity should be conducted. The study in [22] focused on the Courant number to determine 

if this could be used as a predicting stability parameter. A thorough study to determine a 

viable stability parameter, would be very beneficial in determining if a model at a given 

velocity is likely to converge to a solution even before the FSI simulation is ran.  
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APPENDIX A - MATLAB CODE FOR ANALYTICAL FLOW MODEL  

% This m-file calculates the pressure field for a flow field of 

parallel channels 
%   Written by Casey J. Jesse in January 2014 at the University of 

Missouri - Columbia 
%   Revisions: 
%           Multiplicative constants added - Jerome Rivers 
%         
% 
%  
function FluidSolidSolver(a, b, c, d, V_avg) 
fprintf('\n\nCurved %f mil plate at %f m/s with %f mil and %f mil 

channels\n\n', a/0.0254*1000, V_avg, b/0.0254*1000, c/0.0254*1000) 

  
k_losses = 'White'; 
%--------------------------------------------GEOMETRIC PARAMETERS------

-------------------------------------------- 
%a = 0.038*0.0254;                                % plate thickness, 

meter 
%b = 0.08*0.0254;                                % channel 1 thickness, 

meter 
%c = 0.1*0.0254;                                 % channel 2 thickness, 

meter 
%d = 4.342*0.0254;                               % width of plate, 

meter 
alpha = pi/8;                                   % half of the curved 

plate's arc 
R = d/(2*alpha);                                % radius of the curved 

plate 

  
A_in = (a+b+c)*d; 
A_ch1 = b*d; 
A_ch2 = c*d; 

  
D_in = 2*((a+b+c)*d)/(a+b+c+d);                 % hydraulic diameter of 

the inlet plenum, meter 
D_ch1 = 2*(b*d)/(b+d);                          % hydraulic diameter of 

channel 1, meter 
D_ch2 = 2*(c*d)/(c+d);                          % hydraulic diameter of 

channel 2, meter 

  
if strcmp(k_losses, 'White') 
    % Expansion and Contraction Coefficients from White 
    kc_ch1 = 0.42*(1 - (b^2/((b + a/2)^2))); 
    kc_ch2 = 0.42*(1 - (c^2/((c + a/2)^2))); 

  
    ke_ch1 = (1 - b^2/((b + a/2)^2))^2; 
    ke_ch2 = (1 - c^2/((c + a/2)^2))^2; 

  
elseif strcmp(k_losses,'Blevins') 
    % Expansion and Contraction Coefficients from Blevins 
    kc_ch1 = 0.5*(1 - b/(0.5*a + b)); 
    kc_ch2 = 0.5*(1 - c/(0.5*a + c)); 
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    ke_ch1 = (1 - b/(0.5*a + b))^2; 
    ke_ch2 = (1 - c/(0.5*a + c))^2; 

  
else 
    % Expansion and Contraction Coefficients from Blevins 
    kc_ch1 = 0.205; 
    kc_ch2 = 0.1275; 

  
    ke_ch1 = 0.1501; 
    ke_ch2 = -0.138; 
end 

  
L_in = 0.1905;                              % length of the inlet 

plenum, meter 
L_ch = 25.5*0.0254;                             % length of the plate's 

flow channels, meter 
L_out = 0.0762;                               % length of the outlet 

plenum, meter 

  
%----------------------------------------FLOW/FLUID/PLATE PROPERTIES---

-------------------------------------------- 
%V_avg = 8; 
V_in = V_avg*(b+c)/(a+b+c);                     % inlet fluid velocity, 

m/s 
rho = 997.561;                                  % fluid density, kg/m^3 
mu = 8.8871e-4;                                 % fluid dynamic 

viscosity, Pa*s 

  
E = 6.89e10;                                    % Young's modulus of 

the plate (Al 6061 T6) 
v = 0.33;                                       % Poisson's ratio of 

the plate (Al 6061 T6) 

  
%------------------------------------------PROPERTIES OF THE FLOW------

-------------------------------------------- 
Re_in = V_in*rho*D_in/mu;                       % Reynold's number 

through the inlet plenum 
L_e = 4.4*Re_in^(1/6)*D_in;                     % entrance length for 

fully developed flow (approximate), meter 
Re_ch1 = V_avg*rho*D_ch1/mu;                    % Reynold's number 

through channel 1 
Re_ch2 = V_avg*rho*D_ch2/mu;                    % Reynold's number 

through channel 2 

  
%------------------------------------------SOLVING FOR CH VELOCITES----

-------------------------------------------- 
i = 1; 
V_ch1 = V_avg;                                   % intial guess for 

Newton Raphson 
V_ch2 = V_in*A_in/A_ch2 - V_ch1*A_ch1/A_ch2; 
error = 1; 
for i = 1:10 
    V_prev = V_ch1; 
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    log_ch1 = log(6.9*mu/(rho*V_ch1*D_ch1)); 
    log_ch2 = log(6.9*mu/(rho*D_ch2*(V_in*A_in/A_ch2 - 

V_ch1*A_ch1/A_ch2))); 

     
    f1 = (rho*V_ch1^2/2)*(kc_ch1 + (-

log(10)/(1.8*log_ch1))^2*L_ch/D_ch1 - ke_ch1); 
    f2 = rho/2*V_ch2^2*(kc_ch2 + (-log(10)/(1.8*log_ch2))^2*L_ch/D_ch2 

- ke_ch2); 

  
    f = f1 - f2; 

     
    df1 = rho*V_ch1*(kc_ch1 - ke_ch1); 
    df2 = rho/2*L_ch/D_ch1*(3.27278*V_ch1/(log_ch1^3) + 

3.27278*V_ch1/(log_ch1^2)); 
    df3 = rho/2*(2*A_ch1*V_ch2*(kc_ch2 - ke_ch2 + 

1.63639*L_ch/(D_ch2*log_ch2^2))/A_ch2); 
    df4 = rho/2*(3.27278*A_ch1*L_ch*V_ch2/(A_ch2*D_ch2*log_ch2^3)); 
    df = df1 + df2 + df3 + df4; 

     
    % Computing the new velocity in channel 1 and channel 2 
    V_ch1 = V_prev - f/df; 
    V_ch2 = V_in*A_in/A_ch2 - V_ch1*A_ch1/A_ch2; 

     
    % Computing the error in the newly calculated velocity in channel 1 
    error = abs((V_ch1 - V_prev)/V_prev); 
    if error < 1e-10 
        break 
    end 
end 
fprintf('The velocity in (the smaller) channel 1 is %f m/s \n', V_ch1); 
fprintf('The velocity in (the larger) channel 2 is %f m/s \n', V_ch2); 

  
%---------------------------------------CONTRIBUTION FROM BERNOULLI----

------------------------------------------ 
% There will be a contribution from Bernouilli at the inlet and outlet 

of the channels from the area changes 
dP_B1 = 0.5*rho*(V_ch1^2 - V_in^2); 
dP_B2 = 0.5*rho*(V_ch2^2 - V_in^2); 

  
%---------------------------------------CREATING PRESSURE PROFILE PLOT-

--------------------------------------------- 
% Pressure drop through the outlet plenum  
f_out = (-log(10)/(1.8*log(6.9*Re_in)))^2; 
dP_out = f_out*L_out*V_in^2*rho/(2*D_in); 
fprintf('The pressure drop through the outlet plenum is %f 

Pa\n',dP_out); 

  
% Pressure drop from the sudden expansion from channel 1 
dP_e1 = 0.5*ke_ch1*rho*V_ch1^2; 
fprintf('The pressure recovery from the expansion from the (smaller) 

channel 1 is %f Pa\n',dP_e1); 
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% Pressure drop from the sudden expansion from channel 2 
dP_e2 = 0.5*ke_ch2*rho*V_ch2^2; 
fprintf('The pressure recovery from the expansion from the (larger) 

channel 2 is %f Pa\n',dP_e2); 

  
% Pressure drop from the friction in channel 1 
Re_ch1 = rho*V_ch1*D_ch1/mu; 
f_ch1 = (-log(10)/(1.8*log(6.9/Re_ch1)))^2; 
dP_ch1 = f_ch1*L_ch*V_ch1^2*rho/(2*D_ch1); 
fprintf('The pressure drop through (the smaller) channel 1 is %f 

Pa\n',dP_ch1); 

  
% Pressure drop from the friction in channel 2 
Re_ch2 = rho*V_ch2*D_ch2/mu; 
f_ch2 = (-log(10)/(1.8*log(6.9/Re_ch2)))^2; 
dP_ch2 = f_ch2*L_ch*V_ch2^2*rho/(2*D_ch2); 
fprintf('The pressure drop through (the larger) channel 2 is %f 

Pa\n',dP_ch2); 

  
% Pressure drop from the contraction into channel 1 
dP_c1 = 0.5*kc_ch1*rho*V_ch1^2; 
fprintf('The pressure drop from the expansion from the (smaller) 

channel 1 is %f Pa\n',dP_c1); 

  
% Pressure drop from the contraction into channel 2 
dP_c2 = 0.5*kc_ch2*rho*V_ch2^2; 
fprintf('The pressure drop from the expansion from the (larger) channel 

2 is %f Pa\n',dP_c2); 

  
% Pressure drop from the friction in the inlet plenum 
f_in = (-log(10)/(1.8*log(6.9*Re_in)))^2; 
dP_in = f_in*L_in*V_in^2*rho/(2*D_in); 
fprintf('The pressure drop through the inlet plenum is %f Pa\n',dP_in); 

  
% Total pressure drop through the model 
P_out = 0; 
P_chOut = dP_out; 

  
P_chExp1 = (P_chOut - dP_e1 - dP_B1); 
P_chIn1 = (P_chExp1 + dP_ch1); 
P_chCon1 = (P_chIn1 + dP_c1 + dP_B1); 

  
P_chExp2 = (P_chOut - dP_e2 - dP_B2); 
P_chIn2 = (P_chExp2 + dP_ch2); 
P_chCon2 = (P_chIn2 + dP_c2 + dP_B2); 

  
P_in1 =(P_chCon1 + dP_in); 
P_in2 =(P_chCon2 + dP_in); 

  
% Total pressure difference at the leading of the plate 
dP = P_chIn1 - P_chIn2; 
fprintf('The differential pressure at the leading edge of the plate is 

%f Pa\n',dP); 
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x = [-L_out, 0, 0, L_ch, L_ch, L_in+L_ch]; 
ch1 = [P_out, P_chOut*2.55, P_chExp1/4, P_chIn1/1.06, P_chCon1, 

P_in1*1.05]*1.42; 
ch2 = [P_out, P_chOut*2.55, (P_chExp2/4)+267, P_chIn2*1.09, P_chCon2, 

P_in2*1.05]*1.42; 
figure(1) 
plot(x,ch1, 'r-');hold on;grid on 
plot(x,ch2, 'b-'); 
xlabel('Distance from the Trailing Edge of the Fuel Plate (m)') 
ylabel('\DeltaP_{channel}  (Pa)') 

  
%legend('Channel 1 (78 mils channel)', 'Channel 2 (130 mils channel)', 

'Location', 'NorthWest') 
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APPENDIX B – PLOTS FOR DEFLECTION COEFFICIENTS  

 

Fig. B1. Plot for deflection coefficient, cm 
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Fig. B2. Plot for deflection coefficient, ct 
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Fig. B3. Plot for deflection coefficient, cd   
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APPENDIX C – MATLAB CODE FOR ANALYTICAL DEFLECTION MODEL 

% This m-file calculates the maximum deflection of a uniformly loaded 

horizontally curved beam 
%   Written by Jerome Rivers in December 2016 at the University of 

Missouri - Columbia 
%   Revisions: 

  
clear all;clc 
V_avg = input('Average Channel Velocity: '); % Average channel 

velocity, m/s 
w = input('Uniform load on the curved beam: ')/R; %Uniform load, 

Pascal/m 
a = 0.016*0.025;        % plate thickness, meter 
b = 0.078*0.0254;      % channel 1 thickness, meter 
c = 0.130*0.0254;      % channel 2 thickness, meter 
d = 0.1141918;         % width of plate, meter 
t = 0.0004064;         % thickness of fuel plate, meters 
width = 0.1141918;     % width of fuel plate, meters 
length = 0.6477;       % length of fuel plate, meters 
v = 0.33;              % Poisson's ratio 
E = 6.89e10;           % Young's modulus, Pascal 
beta = pi/8;           % Half of the curved plate's arc 
R = width/(2*beta);    % Radius of the curved plate 
arclength = pi*R;      % Arc length of the plate 
G = E/(2*(1+v));       % Modulus of elasticity 
I = (t^3)/12;          % Moment of inertia 
J = 2*I;               % Polar moment of inertia 
w = input('Uniform load on the curved beam: ')/R; % Uniform load for 

sloped plate, Pascal/m 
phi = 45;              % Span of the plate in degrees 
cm=0.08; 
cd = 1.6e-7; 
ct = 0; 
m = (E*I)/(G*J); 

  
deflect_max1 = ((w*(R^4))/(E*I))*cd; 
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APPENDIX D – CALCULATION FOR ANGLE OF LEADING EDGE FOR THE 

AS BUILT 3 MODEL 
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APPENDIX E – NUMERICAL VALUES FOR ALL FSI MODELS 

Table E1. Maximum deflection results for the Ideal Case 

Velocity (m/s) 
Max Deflection 

(meters) 
Max Deflection 

(mils) 

2 7.17E-07 0.028212598 

2.5 1.29E-06 0.050669291 

3 2.73E-06 0.107362205 

3.5 4.60E-06 0.180944882 

4 6.85E-06 0.269488189 

4.5 1.14E-05 0.448818897 

5 1.46E-05 0.573228346 

5.5 1.80E-05 0.707086613 

6 2.18E-05 0.858661416 

6.5 2.62E-05 1.03031496 

7 3.11E-05 1.224015747 

7.5 3.67E-05 1.443700786 

8 4.31E-05 1.698031494 

8.5 5.05E-05 1.988188974 

9 5.91E-05 2.326771651 
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Table E2. Maximum deflection results for models with a constant azimuthal fluid 

channel thickness 

 Model AB1 Model AB2 Model AB3 

Velocity 
(m/s) 

Max 
Deflection 
(meters) 

Max 
Deflection 

(mils) 

Max 
Deflection 
(meters) 

Max 
Deflection 

(mils) 

Max 
Deflection 
(meters) 

Max 
Deflection 

(mils) 

2 1.60E-05 6.30E-01 2.09E-05 8.21E-01 2.09E-05 8.22E-01 

2.5 2.66E-05 1.05E+00 3.50E-05 1.38E+00 3.51E-05 1.38E+00 

3 4.15E-05 1.63E+00 5.85E-05 2.30E+00 5.85E-05 2.30E+00 

3.5 6.54E-05 2.58E+00 9.06E-05 3.57E+00 9.28E-05 3.65E+00 

4 9.01E-05 3.55E+00 1.71E-04 6.72E+00 1.71E-04 6.74E+00 

4.5 No solution – Excessive 
Deflection 

No solution – Excessive 
Deflection 

No solution – Excessive 
Deflection 

 

Table E3. Maximum deflection results for models with azimuthal variation of fluid 

channel thickness 

 Model AB1 Model AB2 Model AB3 

Velocity 
(m/s) 

Max 
Deflection 
(meters) 

Max 
Deflection 

(mils) 

Max 
Deflection 
(meters) 

Max 
Deflection 

(mils) 

Max 
Deflection 
(meters) 

Max 
Deflection 

(mils) 

2 1.69E-05 6.66E-01 2.17E-05 8.53E-01 2.16E-05 8.49E-01 

2.5 2.88E-05 1.13E+00 3.70E-05 1.45E+00 3.66E-05 1.44E+00 

3 4.40E-05 1.73E+00 5.97E-05 2.35E+00 5.96E-05 2.35E+00 

3.5 6.66E-05 2.62E+00 9.65E-05 3.80E+00 9.64E-05 3.80E+00 

4 1.03E-04 4.04E+00 1.87E-04 7.35E+00 1.85E-04 7.28E+00 

4.5 No solution – Excessive 
Deflection 

No solution – Excessive 
Deflection 

No solution – Excessive 
Deflection 
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APPENDIX F – ISSUES THAT EFFECT EXPERIMENTAL RESULTS 

Figure G1 shows a plot of the mean distance from the laser measurement system and to 

the outer surface of the plexi-glass for the duration of a complete experiment conducted 

on February 1, 2017 (named Experiment 02-01-2017). 

 

Fig. G1. Mean distance from laser to outer surface of plexi-glass during experiment 

Position of Test Section vs Time 

Timeline: 
1. Experiment begins 
2. Test Section Filled with water 
3. Flow on and flow begins to increase 
4. Maximum valve position begins decrease the rate of flow 
5. Minimum valve position begins to increase rate of flow 
6. Maximum valve position begins to decrease rate of flow 
7. Flow is shut off 
8. Test section is drained of water 
9. End of Experiment 
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APPENDIX G – PYTHON CODE USED TO CREATE THE FSI MODELS 

The python code presented in this appendix can be executed by opening ABAQUS in the 
same folder as the code is saved in. This can be done by going to the folder and opening a 
command window by performing a Shift + Right Click operation and clicking on “Open 
Command Window Here” as shown in Fig. H1. 
 

 
  

Fig. H1. Opening a command window in the same folder as the saved python code 

Once the command window is open, type the command “abq6142 cae” into the 
Command Window to open ABAQUS as shown in Fig. H2. 
 

 
Fig. H2. Command to open ABAQUS 
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Once ABAQUS is opened, select “Run Script” on the opening menu and select the saved 
python code. 
 

 

Fig. H3. Click “Run Script” 

Once the fuel plate and fluid domain have been created in ABAQUS by successfully 
running the python code, create a job in ABAQUS, name it appropriately and right click 
on the job to write an input file. 
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Fig. H4. Right click on the job to write an input file 

Now that the input file has been created it is automatically saved in the same location as 
the python code. The user can now open STAR CCM+ and click File > New Simulation 
in the upper right corner of the STAR CCM+ viewport. Click OK in the dialogue boxes 
that pop up to create a new simulation as shown in Fig. H5. 
 

 

Fig. H5. Click New Simulation to create a new workspace in STAR CCM+ 
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Now the fluid geometry created in ABAQUS can be imported into STAR CCM+ by 
clicking File > Import > Import CAE Model as shown in Fig. H6 and select the input file 
that was created in ABAQUS. After selecting the correct input file click “Create New 
Region” > OK in the dialogue box that pops up. 
 

 
 
Fig. H6. Click Import CAE Model to import the fluid geometry into STAR CCM+ 

The result is a fluid geometry model that has all the parameters that are specified by the 
user in the python code shown below. 
 

Fig. H6. Fluid geometry created in ABAQUS and imported into STAR CCM+ 
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The python code used to complete the process described above: 
 
# Input File for running fluid structure interaction (FSI) simulations by 

coupling the codes Star-CCM+ and Abaqus 

# 

# This file must be in the same directory as the four following files 

#  FSI_Abaqus_StarCCM.py - This file runs both of them proceeding, 

run this file to start the whole thing 

#  FSI_GeometryBuilder.py - This file creates the geometry, and 

meshes for both the plate and fluid in Abaqus 

#  AbaqusMeshing.java - This file runs in Star-CCM+. It imports the 

fluid mesh created in Abaqus 

# 

#  Written by Casey J. Jesse in June 2013 at the University of Missouri - 

Columbia 

# Revisions: 

#  July 11, 2013 -  Plate mesh parameters were added to create biases 

in the plate's mesh  

 

####################FSI File Names and Simulation 

Parameters####################### 

abaqusModelName: string:  FSI_test: 'This is the name of the 

model in the Abaqus file 

runStar:   string:  yes:   

 'Switch for running Star-CCM+ after Abaqus 

saveCAEFiles:  string:  no:    

 'Switch for saving CAE files for the plate and fluid' 

createStarFile:  string:  yes:   

 'Specifies if the Star-CCM+ model is created' 

starProcesses:  string:  12:    

 'Specifies the number of processes to use in Star-CCM+' 

abaqusCPUs:   integer: 12:    

 'Specifies the number of CPU's Abaqus will be using' 

steadyStateOrFSI: string:  FSI:    'Specifies if 

the simulation will run in SS or FSI mode' 

numOfPlates:  integer: 1:     'Specifies 

the number of plates in the model' 

 

############################Plate Geometry 

Parameters############################# 

plateGeometry:  string:  Curved:   

 'This determines if the geometry is flat or curved' 

plateLength:  float:  0.6477:    'This is the 

length of the plate in meters' 

plateWidth:   float:  0.1141918:   'This is the 

width of the plate in meters' 

plateThickness:  float:   0.0004064:   'This 

is the thickness of the plate in meters' 

 

########################Fluid Channel Geometry 

Parameters######################### 

smChHeight:   float:  0.0019812:   'This is the 

thickness of the small fluid channel' 

lgChHeight:   float:  0.003302:   'This is the 

thickness of the large fluid channel' 

 

########################Fluid Plenum Geometry 

Parameters########################## 

inletPlLength:  float:  0.1905:    'This 

is the length of the inlet plenum' 

outletPlLength:  float:  0.0762:    'This 

is the length of the outlet plenum' 

 

#############################Plate Material 

Properties############################## 

plateMaterial:  string:  Aluminum:   'The 

material of the plate' 
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elasticModulus:  float:  68900000000:  'The elastic 

modulus of the plate material' 

poissonsRatio:  float:  0.33:    'The 

Poisson's ratio of the plate material' 

plateDensity:  float:  2700.0:    'The density 

of the plate material' 

pinOrCombBC:  string:  none:    '"pin", 

"comb", or "none"' 

 

#############################FSI Coupling 

Parameters############################## 

couplingScheme:  string:  Explicit:  

 'Specifies the coupling scheme for FSI' 

fluidSolver:  string:  Segregated:   'Specifies 

the fluid solver either Coupled or Segregated' 

numImplicitExch: integer: 20:     'Specifies 

the number of exchanges within a TS for Implicit coupling' 

iterPerExch:  integer: 250:    'Specifies the 

number of StarCCM+ iterations per exchange' 

iterPerTS:   integer: 250:    'Specifies 

the number of iterations in StarCCM+ per TS' 

plateUnderRelax: float:  1.0:    'Specifies the 

under relaxation factor for plate deflection' 

avgChVelocity:  float:   9.0:   

 'Specifies the average channel flow velocity' 

timeStep:   float:  0.1:    'Specifies 

the FSI coupling time step' 

minTimeStep:  float:  0.00000001:   'Specifies the 

minimum coupling time step for Abaqus' 

maxSimTime:   float:  4.0:    'Specifies 

the maximum time in the simulation' 

morphAtInnIter:  string:  no:    

 'Specifies if StarCCM+ morphs at inner iterations' 

fluidStopCriteria: string:  true:    'Specifies if 

the StarCCM+ stopping criteria is on or off' 

courantNumber:  float:  50:    

 'Specifies the Courant/CFL number in Star-CCM+ Coupled Solver' 

guessedAbaqusStep: string:  no:    

 'Specifies if the FSI model has steady-state Abaqus step initially' 

 

##############################Plate Mesh 

Parameters############################### 

elemType:   string:  SC8R:   'Specifies 

the element type to be Shell or Continuum' 

plateThickNodes: integer: 1:    'Specifies the 

number of nodes through the plate thickness' 

plateThickBias:  float:  1.0:   'Specifies the bias 

ratio through the plate thickness' 

 

plateLengthNodes: integer: 100:   'Specifies the number of 

nodes along the plate length' 

plateLengthBias: float:  1.0:   'Specifies the bias ratio 

along the plate length' 

 

plateWidthNodes: integer: 50:    'Specifies the 

number of nodes along the plate width' 

plateWidthBias:  float:  1.0:   'Specifies the bias 

ratio along the plate width' 

 

clampedWidthNodes: integer: 3:    'Specifies the 

number of nodes along the clamped width' 

 

##############################Fluid Mesh 

Parameters############################### 

flPlLenNodes:  integer: 255:   'Specifies the number of 

nodes along the plate length' 

flPlLenBias:  float:  4.0:   'Specifies the bias ratio 

along the plateLength' 
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flPlWidthNodes:  integer: 65:    'Specifies 

the number of nodes along the fluid plate width' 

flPlWidthBias:  float:  1.0:   'Specifies the bias 

ratio along the fluid plate width' 

 

flInletNodes:  integer: 75:    'Specifies the 

number of nodes along the fluid inlet length' 

flInletBias:  float:  4.0:   'Specifies the bias ratio 

along the fluid inlet length' 

 

flOutletNodes:  integer: 30:    'Specifies 

the number of nodes along the fluid outlet length' 

flOutletBias:  float:  4.0:   'Specifies the bias ratio 

along the fluid inlet length' 

 

chBiasDirection: string:  End:   'Specifies if the 

bias is towards the center or the ends' 

flSmChHeightNodes: integer: 41:    'Specifies the 

number of nodes through the small channel' 

flSmChHeightBias: float:   4.5:   'Specifies the bias 

ratio through the small channel' 

 

flLgChHeightNodes: integer: 55:    'Specifies the 

number of nodes through the large channel' 

flLgChHeightBias: float:   4.5:   'Specifies the bias 

ratio through the large channel' 

 

flPlHeightNodes: integer: 30:    'Specifies the 

number of nodes through the plate height' 

flPlHeightBias:  float:   1.0:   'Specifies 

the bias ratio through the plate height' 

  



134 

 

REFERENCES 

 

[1]  World Nuclear Association, "Outline History of Nuclear Energy," March 2014. 

[Online]. Available: http://www.world-nuclear.org/information-library/current-

and-future-generation/outline-history-of-nuclear-energy.aspx. [Accessed 10 Jan 

2017]. 

[2]  Nobel Prizes and Laureates, "Enrico Fermi - Biographical," [Online]. Available: 

http://www.nobelprize.org/nobel_prizes/physics/laureates/1938/fermi-bio.html. 

[Accessed 19 Jan 2017]. 

[3]  Chemical Heritage Foundation, "Otto Hahn, Lise Meitner, and Fritz Strassmann," 

11 Sep 2015. [Online]. Available: https://www.chemheritage.org/historical-

profile/otto-hahn-lise-meitner-and-fritz-strassmann. [Accessed 16 Jan 2017]. 

[4]  Wikipedia, "Otto Hahn," 23 Feb 2017. [Online]. Available: 

https://en.wikipedia.org/wiki/Otto_Hahn. [Accessed 10 Jan 2017]. 

[5]  International Atomic Energy Agency, "Pioneering Nuclear Science: The Discovery 

of Nuclear Fission," 24 Feb 2015. [Online]. Available: 

https://www.iaea.org/newscenter/news/pioneering-nuclear-science-

discoverynuclear-fission. [Accessed 21 Feb 2017]. 



135 

 

[6]  Wikipedia, "Enriched Uranium," 10 Feb 2017. [Online]. Available: 

https://en.wikipedia.org/wiki/Enriched_uranium. [Accessed 17 Jan 2017]. 

[7]  F. Gosling, The Manhattan Project Making the Atomic Bomb, Department of 

Energy, 2010.  

[8]  Wikipedia, "Chicago Pile-1," 22 Feb 2017. [Online]. Available: 

https://en.wikipedia.org/wiki/Chicago_Pile-1. [Accessed 10 Jan 2017]. 

[9]  Argonne National Laboratory, FRONTIERS Research Highlights 1946-1996, 

Chicago: Office of Public Affairs, Argonne National Laboratory, 1996.  

[10]  History.com, "Atomic bomb dropped on Hiroshima," 2009. [Online]. Available: 

http://www.history.com/this-day-in-history/atomic-bomb-dropped-on-hiroshima. 

[Accessed 18 Jan 2017]. 

[11]  G. T. J. Zubarev, "The Global Threat Initiative: Enhancing Radiological Security 

in the Russian Federation," May 2007. [Online]. Available: 

www.iaea.org/OurWork/ST/NE/NEFW/CEG/documents/ws052007_15E.pdf. 

[Accessed 22 Jan 2017]. 

[12]  J. Stillman, "Technical Basis in Support of the Conversion of the University of 

Missouri Research Reactor (MURR) Core from Highly-Enriched to Low-Enriched 

Uranium - Core Neutron Physics," Argonne National Laboratory, Chicago, IL, 

2012. 



136 

 

[13]  J. Varnum, "Nuclear Enginering International," 23 Jan 2014. [Online]. Available: 

http://www.neimagazine.com/features/feature60-years-of-atomsforpeace-

4164653/. [Accessed 17 Jan 2017]. 

[14]  Z. M. a. A. Glaser, "A Frightening Nuclear Legacy," Bulletin of the Atomic 

Sciences, vol. 64, no. 4, pp. 42-47, 2008.  

[15]  National Nuclear Security Administration (NNSA), "GTRI's Convert Program: 

Minimizing the Use of Highly Enriched Uranium," 29 May 2014. [Online]. 

Available: https://nnsa.energy.gov/mediaroom/factsheets/gtri-convert. [Accessed 

21 Jan 2017]. 

[16]  National Nuclear Security Administartion, "Nonproliferation," [Online]. Available: 

https://nnsa.energy.gov/aboutus/ourprograms/nonproliferation. [Accessed 21 Jan 

2017]. 

[17]  J. Stillman, E. Feldman, J. Stevens, E. Wilson, L. Foyto, K. Kutikkad, J. C. 

McKibben and N. Peters, "Irradition Experiment Conceptual Design Parameters 

for MURR LEU U-Mo Fuel Conversion," U.S. Department of Energy - Office of 

Scientific and Technical Information, Oak Ridge, TN, 2013. 

[18]  University of Missouri Research Reactor Center, "Operations & General," 

[Online]. Available: http://murr.missouri.edu/operations.php. [Accessed 20 Jan 

2017]. 



137 

 

[19]  D. Wachs, "Coneptual Process Description for the Manufacture of Low-Enriched 

Uranium-Molybdenum Fuel," Idaho National Laboratory, Idaho Falls, 2008. 

[20]  J. C. McKibben, "Feasibility Analysis for HEU to LEU Fuel Conversion of the 

University of Missouri Research Reactor (TDR-0125)," University of Missouri 

Research Reactor, Columbia, MO, 2011. 

[21]  L.P. Foyto, E. Feldman, K. Kutikkad, J.C. McKibben, J. Stevens, J. Stillman, N. 

Peters, "5th International Symposium on Material Testing Reactors," in The 

University of Missouri Research Reactor HEU to LEU Fuel Conversion Project 

Status, Columbia, MO, 2012.  

[22]  C. Jesse, Analysis of the Potential for Flow-Induced Deflection of Nuclear Reactor 

Fuel Plates Under High Velocity Flows, Columbia, MO: University of Missouri, 

2014.  

[23]  CD-Adapco, Star-CCM+ (Version 10.02.010-R8), Software, 2016.  

[24]  Simulia, ABAQUS CAE, ABAQUS/CAE 6.14 User's Manual, Providence, RI: 

Dassault Systèmes, 2014.  

[25]  D. R. Miller, "Critical Flow Velocities for Collapse of Reactor Parallel-Plate Fuel 

Assemblies," Transactions of the ASME Journal of Engineering for Power, vol. 

April, pp. 83-91, 1960.  



138 

 

[26]  W. R. Marcum, "Predicting Critical Flow Velocity Leading to Laminate Plate," 

Nuclear Engineering and Design, no. 278, pp. 50-63, 2014.  

[27]  E. B. Johansson, "Hydraulic Instability of Reactor Parallel-Plate Fuel Assemblies," 

United States Atomic Energy Commission, Schenectady, New York, 1959. 

[28]  H. J. a. G. Ferris, "Advanced Test Reactor Fuel Plate Pressure Deflection Tests," 

A.E. Commission, The Babcock & Wilcox Company, 1963. 

[29]  W. Y. a. G. Swinson, "American Nuclear Society Annual Meeting," in Dynamic 

pressure approach to analysis of reactor fuel plate stability, 1990.  

[30]  F. M. White, Fluid Mechanics, New York: McGraw-Hill, 2008.  

[31]  K. F. a. H. L. R. Courant, On the Partial Difference Equations of, New York City, 

NY: AEC Computing Facility, 1956.  

[32]  J. C. Kennedy, Development and Experimental Benchmarking of Numeric Fluid 

Structure Interaction Models for Research reactor Fuel Analysis, Columbia, MO: 

University of Missouri, 2015.  

[33]  Oregon State University, "Entrance Loss Coefficient," 2006. [Online]. Available: 

http://www.fsl.orst.edu/geowater/FX3/help/7_Culvert_Basics/Entrance_Loss_Coef

ficient.htm. [Accessed 02 Feb 2017]. 



139 

 

[34]  Y. Wong, Horizontally Curved Beam Analysis And Design (Thesis), Corvallis, OR: 

Oregon State University, 1970.  

[35]  J. C. Kennedy, Hydro-Mechanical Analysis of Low Enriched Uranium Fuel Plates 

for University of Missouri Research Reactor, Columbia, MO: University of 

Missouri, 2012.  

[36]  C. J. a. G. S. J.C. Kennedy, ASSESSMENT OF REYNOLDS AVERAGED NAVIER-

STOKES TURBULENCE MODELS, Columbia, MO, 2015.  

[37]  Wikipedia, "Thousandth of an inch," 11 Jan 2017. [Online]. Available: 

https://en.wikipedia.org/wiki/Thousandth_of_an_inch. [Accessed 25 Feb 2017]. 

[38]  International Atomic Energy Agency (IAEA), Management of high enriched 

uranium for peaceful purposes: Status and trends, Vienna: IAEA, 2005.  

[39]  K. a. A. D. Kramer, "ISIS Civel HEU Watch," Aug 2006. [Online]. Available: 

http://isisonline.org/uploads/isisreports/documents/civil_heu_watch2005.pdf. 

[Accessed 29 Dec 2016]. 

[40]  A. L. a. C. Hansell, "Leveraging U.S. policy for a Global Commitment to HEU 

Elimination," The Nonproliferation Review, pp. 159-183, 2008.  

[41]  International Atomic Energy Agency, "The Role of Research Reactors in 

Introducing Nuclear Power," [Online]. Available: 



140 

 

http://www.iaea.org/About/Policy/GC/GC56/GC56InfDocuments/English/gc56inf-

3-att5_en.pdf. [Accessed 21 Jan 2017]. 

[42]  International Atomic Energy Agency, "Research Reactors: Purposes and Future," 

IAEA, Vienna, 2010. 

[43]  World Nuclear Association, "What is Uranium? How Does it Work?," Jan 2016. 

[Online]. Available: http://www.world-nuclear.org/information-library/nuclear-

fuel-cycle/introduction/what-is-uranium-how-does-it-work.aspx. [Accessed 17 Jan 

2017]. 

[44]  Wikipedia, "Uranium Enrichment," Nov 2016. [Online]. Available: 

http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-

enrichment-and-fabrication/uranium-enrichment.aspx. [Accessed 17 Jan 2017]. 

[45]  Energy.gov, "U.S.-Origin Nuclear Fuel Removals," [Online]. Available: 

https://energy.gov/sites/prod/files/em/GlobalThreatReductionInitiative.pdf. 

[Accessed 19 Jan 2017]. 

[46]  T. Yahr, "Structural Response of Reactor Fuel Plates to Coolant Flow," in PVP, 

Flow-Induced Vibration and Fluid-Structures, 1993, pp. 21-33. 

[47]  H. M. K. a. R. S. Norris, "Worldwide Depolyments of Nuclear Weapons, 2014," 

Bulletin of the Atomic Scientists, 1 Sep 2014.  



141 

 

[48]  Nuclear Threat Initiative, "Understanding Nuclear Threats," [Online]. Available: 

http://www.nti.org/threats/nuclear/. [Accessed 27 Dec 2016]. 

 



 

 

 


	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	Nomenclature
	Abstract
	Chapter 1 : Introduction
	1.1 : History and Background
	1.2 : Global Threat Reduction Initiative (GTRI)
	1.3 : University of Missouri Research Reactor (MURR)
	1.4 : Current MURR HEU Fuel Plate Design
	1.5 : Proposed LEU Fuel Plate Design
	1.6 : Purpose of Study

	Chapter 2 : Hydro-Mechanical Stability and Analytic Modeling
	2.1 : Hydro-Mechanical Stability
	2.2 : Analytical Fluid Model
	2.3 : Entrance Loss Coefficient
	2.4 : Analytical Fuel Plate Deflection Model

	Chapter 3 : Numerical Modeling
	3.1 : Code Coupling Process
	3.2 : STAR CCM+ Fluid Modeling Process
	3.3 : Modeling the Curved Fuel Plate in ABAQUS

	Chapter 4 : flow Loop and Curved Test Section
	4.1 : University of Missouri Flow Loop
	4.2 : Test Section

	Chapter 5 : Curved Plate Geometries
	5.1 : Ideal Curved Plate Geometry
	5.2 : Measuring the Outer Channel Gap Thickness
	5.3 : As Built – Leading and Trailing Edges Theory 1
	5.4 : As Built – Leading and Trailing Edges Theory 2
	5.5 : As Built – Leading and Trailing Edges Theory 3
	5.6 : Azimuthal Channel Gap Thickness

	Chapter 6 : Curved Plate FSI Modeling Results
	6.1 : Maximum Deflection Results for the Ideal Case Model
	6.2 : Maximum Deflection Results for the AB1 Model
	6.3 : Maximum Deflection Results for the AB2 Model
	6.4 : Maximum Deflection Results for the AB3 Model
	6.5 : Azimuthal Geometry Maximum Deflection Results Comparison
	6.6 : FSI and Experimental Maximum Deflection Results Comparison
	6.6.1 : Azimuthally Constant Model and Experimental Max Deflection Results Comparison
	6.6.2 : Azimuthally Varied Model and Experimental Max Deflection Results Comparison
	6.6.3 : Comparison of all Modeling and Experimental Maximum Deflection Results


	Chapter 7 : Entrance Loss Coefficient Results
	7.1 : Entrance Loss Coefficients for the AB1 model
	7.2 : Entrance Loss Coefficients for the AB2 model
	7.3 : Entrance Loss Coefficients for the AB3 model

	Chapter 8 : Conclusions and Future Work
	8.1 : Conclusions
	8.2 : Future Work

	Appendix A - Matlab code for Analytical Flow Model
	Appendix B – Plots for Deflection Coefficients
	Appendix C – Matlab Code for Analytical Deflection Model
	Appendix D – Calculation For Angle of Leading Edge for the As Built 3 Model
	Appendix E – Numerical values for all FSI Models
	Appendix F – Issues that Effect Experimental Results
	Appendix G – Python code used to create the FSI Models
	References



