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Project Title 1 : Monte Carlo Simulations Using a Benchmark Full-Core Pressured Water Rector Model  
Advisor: Prof. X. George Xu (JEC 5003; Tel: 518-276-4014; Email: xug2@rpi.edu) 
 
Monte Carlo simulation provides the most accurate solution for the Boltzmann neutron transport 

equation in inhomogeneous, 3D media such as a nuclear reactor assembly.  However, the large 

computation time that is required to obtain results of acceptable precise has been a bottleneck for 

wider and more routine applications in the design and analysis of nuclear reactor systems.  One of the 

most desirable modeling and simulation capabilities is to perform Monte Carlo calculations of a full-size 

Pressured Water Rector (PWR) core with minimum uncertainty and computing time. The so-called “Kord 

Smith Challenge” was originally proposed in an invited lecture at the 2003 ANS Mathematics & 

Computation conference that formulated future role of Monte Carlo simulation in nuclear reactor 

design and analysis. The number of fuel pins in a fuel assembly of a PWR core is about 300 while the 

number of fuel assemblies is around 200. With 100 different nuclides for which the reaction rate is to be 

calculated for 10 depletion regions and 100 axial segments for each pin, the total number of 

computational tallies is 6 billion. To achieve a statistical uncertainty in each local power region of 1% or 

less, there are challenges in CPU time and memory for Monte Carlo calculations. Smith predicted that 

the calculation would take 5,000 hr on a 2 GHz PC, and based on Moore’s law, a full-core Monte Carlo 

calculation could not be performed in less than 1 hour until the year 2030. Dr. Bill Martin re-analyzed 

the topic in his invited lecture at the 2007 ANS Mathematics & Computation conference. Assuming that 

Moore’s law manifests itself as only more cores in a desktop computer, Martin estimated that it would 

be 2019 before such a full reactor core calculation could be accomplished in 1 hour. In this case, the 

desktop computer would have a 1500-core processor at that time. Figure below depicts this full-core 

model defined in MCNP. 

 

There are a number of approaches in parallel high performance computing that can potentially address 

the need to accelerate Monte Carlo simulations.  The world’s most powerful supercomputer  the 

Tianhe-1A system  achieves a performance level of 2.57 petaFLOPS by harvesting the power of 14,336 

CPUs and 7,168 GPUs. The high performance computing industry is moving toward a hybrid computer 

model, where GPUs and CPUs work together to perform general-purpose computing tasks. As parallel 

processors, GPUs excel at tackling large number of neutron transport histories in a Monte Carlo code 

that can be calculated simultaneously. As sequential processors, CPUs are adept at more serial-based 

tasks.  
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This project aims to explore parallel Monte Carlo simulation of a full-core PWR model using the MCNP 

code (ideally the new version of MCNP6). Parallel computing will use Rensselaer’s Computational Center 

for Nanotechnology Innovations (CCNI), the result of a $100 million partnership involving Rensselaer, 

IBM, and New York State – a massively parallel computer was recently ranked seventh in the world and 

it is the most powerful of any system based exclusively at a university.  Based on preliminary studies, 

students working on this project will design a method that optimizes particle parallelism in order to 

achieve maximum acceleration.  

Proposed Tasks and Milestones: 

1. Obtain user license for MCNP6 (if not available, MCNP 5)  
2. Review literature on MC simulation of full-core PWR model  
3. Develop, refine and implement a full-core PWR reactor model for parallel MCNP calculations on the 

CCNI system  
4. Code optimization and refinement   
5. Full-core PWR model analysis  
6. Verification, validation and timing studies against literature data 
 

Note:  It will be helpful if the student has some MCNP code experience and basic reactor physics concepts  
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Project Title 2: Innovative Oxide-based Dispersion Fuel Design for Enhanced Accident Tolerance  
Advisors: Prof. Jie Lian and Prof. Sastry R. Sreepada  
 
The severe accident that occurred at Fukushima reactor in Japan has a profound impact on the global 

effort on the expanded use of nuclear technologies. It highlights and justifies the desirability of 

advanced fuel design and structural materials with enhanced thermo-mechanical properties at high 

temperature and transformational performance under extreme accidental conditions. Uranium dioxide 

(UO2) is the most common fuel material in commercial nuclear power reactors. Despite its numerous 

advantages such as high melting point, good high-temperature stability, good chemical compatibility 

with cladding and coolant, and radiation tolerance, the low thermal conductivity of UO2 intrinsically 

results in large temperature gradients within the UO2 fuel pellets and a high center line temperature, 

causing it to crack and release fission gases. Thermal swelling of the pellets and fission product 

accommodation also limit the lifetime of UO2 fuel in the reactor, presenting the great challenges for 

extending burn-up, effective utilization of nuclear resources and minimization of nuclear waste 

accumulation. Strategies in improving thermal conductivities were proposed by incorporation of highly 

thermally conductive additives such as SiC, carbon nanotubes and Be into the UO2 fuel pellets. In 

addition, dual phase composite fuels were fabricated in which the UO2 or PuO2 fuel particles were 

embedded into MgO and metallic matrix to form the CERCER (ceramic-ceramic) or CERMET (ceramic-

metal).   

This Senior Design project will focus on the conceptual design of oxide-based dispersion fuels and hands-

on experience in fabricating advanced fuels in CERCER of CERMET geometries for enhanced thermal and 

mechanical properties and thus accident tolerance. The major activities include: 

(1) Literature review and conceptual design of the dispersion fuel 

1. Fissile/matrix material choices (ceramic/metal, dispersant) 
2. Fuel system (fuel+matrix, dispersants) thermal/mechanical property estimations 
3. Nuclear consideration of material choices 
4. Fuel system geometric parameter identification (relative spacing, forms, and volumes of fissile 

and matrix materials, dispersants) 
5. Selection of a fuel system, CERCER/CERMET and any dispersants 

 

(2) Fuel performance model 

1. Estimation of thermal and mechanical properties of fuel system from fundamental properties of 
components (fissile, matrix and dispersant materials),  

2. Estimation of effect of fission products on thermal and mechanical behavior of fuel system from 
fuel ligament failure s 

3. Estimation of fuel system swelling, fission product accommodation (solid and gaseous) and 
release, guiding the fuel design for optimized performance 

4. Evaluation of allowable specific power in the new fuel systems 
5. Evaluation of potential improvement of fissile material utilization and waste minimization 
6. Study of fuel performance under chosen extreme accident conditions. 
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(3) Experimental demonstration of the dispersion fuels in either CERCER or CERMET with enhanced 

thermal and mechanical properties 

1. Evaluation of approaches in fabricating advanced fuel designs based on advancements in 
materials synthesis in materials community.  

2. Fabrication of the designed fuels by the state-of-the-art approach using spark plasma sintering 
and characterization of the physical properties.  

3. Test and measurements of the thermal and mechanical properties such as thermal conductivities 
and hardness of the fuels.   
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Project Title 3: Improved Design of In-Situ Spent Fuel Neutron Absorber Verification System 
Advisor: Thomas Haley 

 

To quote from the Foreword in NUREG-7129: 

“The degradation of neutron absorbing materials in spent fuels has prompted the [NRC] staff to 

undertake a review of the tools and methods used by the industry to ascertain compliance with the 

subcriticality requirements specified by Title 10 of the Code of Federal Regulations Section 50.68 (10 CFR 

50.68) or General Design Criteria (GDC) 62. Among neutron absorbing materials used in spent fuel pools, 

Boraflex degraded most severely. Boraflex is a neutron absorber material comprised of silicone polymer 

and boron carbide powder. When gamma-irradiated by spent nuclear fuel, Boraflex is prone to 

degradation and dissolution in the aqueous environment of the spent fuel pool. Because of continual 

degradation over the past decades, the staff expects that the once ample subcriticality margins that 

existed when Boraflex was first introduced have eroded. This erosion of margin makes it necessary to 

have reasonable assurance in the integrity [emphasis added] of the remaining Boraflex as used in 

criticality calculations.” 

In addition to Boraflex, a subject of NRC information notices since 1987 (and no longer a registered 

trademark – its reputation is so bad), other neutron absorbers (e.g., Boral® and Carborundum®) have also 

shown degradation in spent fuel pool environments. Devices exist for verifying the level of integrity of 

these neutron absorbers, but they are fraught with uncertainty from various sources. 

This project seeks to brainstorm and explore new designs for verifying the amount of neutron 

absorption in-situ. Evaluation of the new designs will focus in particular on reducing the uncertainty in 

the measurement of neutron absorption. Whether this is a paper design project based on numerical 

analysis or a prototype design project based on experimental analysis depends on the skills of the 

project team and is at the team’s discretion. 

  



Senior Design Projects 2013 

Project Title 4: Conceptual Design of Liquid-Metal/Supercritical-CO2 Energy Conversion System for 
Gen.IV SFR 
Advisor: Prof. Michael Podowski 
 
Project Outline 

1. Perform a literature review on the proposed Gen.IV SFR designs. 
2. Perform a literature review for the Brayton Cycle concepts using CO2 at supercritical pressures as 

working fluid. 
3. Analyze the operating conditions of SFR with S-CO2 Brayton cycle as secondary fluid. 
4. Propose basic design characteristics of SFR.   
5. Perform a one-dimensional analysis for selected types of Sodium/S-CO2 heat exchangers 
6. Formulate a general design concept for the S-CO2 Brayton Cycle in Item-4. 
7. Perform the necessary calculations to confirm the consistency of the prosed design.     
8. Prepare documentation of results.    
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Project Title 5: Studies and Design of Nuclear Desalination 
Advisors: Emily Liu (RPI) 
 
Introduction 

Nuclear desalination uses the excess heat from a nuclear power plant to evaporate sea water and to 

condense the pure water.  

A ready supply of fresh water is a human right, but access to safe drinking water is becoming 

increasingly difficult to achieve in many parts of the world. The problems of climate change and 

population growth are all leading to new pressures on water. Desalination of brackish and sea water by 

reverse osmosis is expensive and inefficient. Nuclear Desalination, despite public concerns, may become 

the most preferred option due to the low energy costs. 

Conventionally, evaporative desalination from nuclear power plant is considered to be even less 

efficient, purportedly requiring twice the energy. However, recent research has shown that not only this 

is a serious over-estimate, but also calculations were previously based, not on the efficiency of the water 

purification process but as a loss of energy from steam turbines. It was pointed out that given the 

essentially free heat energy available as a by-product of electricity generation using nuclear power, 

evaporative desalination should be the best approach to generating fresh water. 

Currently, nuclear desalination is still new and not well developed. The goal of the project is to develop 

and optimize a design for the nuclear desalination process starting from a specific type of nuclear power 

plant (or modifications of such power plant). All related issues (cost, waste, location, etc.) shall be 

addressed in the project as well. 

 

Scope: 

1) Review the available design and discussions and re-analyze the data. 
2) Develop the suitable design to fit sea shore water and electricity supply. 
3) Use any available data to optimize the design. 
4) Address the associated waste, cost, location, and other issues. 
 

Availability: 

Dr. Liu will meet with students weekly or biweekly depending on her schedule. She is also very available 

through email or telephone to answer questions. Whenever the results are suitable for either 

publication or going after funding, she will go for it. 
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Project Title 6: Light Water Reactor Designs Loaded with Fully Ceramic Micro-encapsulated (FCM) Fuel 
Advisor: Prof. Wei Ji (jiw2@rpi.edu), Fall 2013 
 

The overall objective is to design and demonstrate advanced light water reactors with inherent safety 

features by introducing 1) well developed TRISO fuel technology which has been successfully applied in 

gas cooled reactors; 2) advanced stainless steel or ceramic materials as cladding; and 3) non-oxidation 

coating material for zircaloy clad. A series of parameter optimization process will be performed to 

evaluate the reactor performance for the following reactor core physics: 

i) Void and temperature reactivity coefficients evaluation; ii) Reactor power density distribution at 

steady state operation, transient condition, and accident scenarios; iii) Fuel burnups; iv) Fuel cycle 

management including strategies for fuel shuffling and reactivity balance. 

 

          (a) Full core model        (b) Fuel assembly cell model    (c) Fuel pin cell model 

This one-year senior design project will accomplish the following tasks:  

1. Obtain MCNP6 and SCALE codes from RSICC and learn how to use MCNP6 and SCALE for neutronic 
analysis. 

2. Literature review on light water reactors design improvement. 
3. Evaluation and optimization of TRISO fuel designs: seeking the optimal fuel design that provides the 

longest fuel cycle length and minimum power peaking factor. 
a) Optimization of fuel type (UO2, UCO and UN), enrichment (<20%) and density  
b) Optimization of fuel particle coating thickness (four coating layers) 
c) TRISO fuel matrix material selection (SiC, Zr, C or hybrid) and density optimization  
d) Optimization of TRISO fuel packing density (up to 60%) 

4. Evaluation and optimization of coating thickness study: seeking the optimal thickness of a selected 
coating material to minimize the reactivity effect. 

5. Evaluation and optimization of advanced stainless steel clad: seeking the optimal composition, 
density and thickness to provide optimal neutronic performance. 

a) Optimization of composition and density 
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b) Optimization of thickness  
6. Evaluation and optimization of advanced ceramic clad: seeking the optimal composition, density and 

thickness to provide optimal neutronic performance. 
a) Optimization of composition and density 
b) Optimization of thickness  

 

An existing licensed light water reactor design will be selected as the case study for the evaluation of the 

new features. Potential selections are US AP1000 design or US EPR design.  
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Project Title 7: Design of a Radioactive Waste Classification Acceptance System 
Advisor:  Dr. Peter Caracappa (caracp3@rpi.edu) 
 

When radioactive waste is sent for land disposal, the sender has to provide the recipient with 

information on the quantity and concentration of radionuclides included, which in part determines the 

classification of the waste.  The radionuclide standards for waste classification are found in the 

regulations described in 10 CFR 61.55.  The recipient may simply accept the information contained in the 

waste manifest as a true description of the contents, or they may choose to verify the contents in some 

way.   

The purpose of this project is to design a system capable of validating the radionuclide content and 

waste classification of containers intended for disposal.  It must be designed to accept waste containers 

of various sizes typical in waste disposal systems, and it must be able to perform the validation within a 

reasonable period of time (the design goals will be set by the design team).  The system must perform 

non-destructively, so that waste containers need not be opened to verify their radionuclide contents.   

The tasks for this project will include: 

Investigation of waste disposal containers and contents 

1. Design of a mechanical system for accepting, measuring, and discharging a waste container  

2. Design of a detector system capable of determining radioactive material activity and concentration, as 

well as sufficient information to verify classification of waste container 

3. Development of electrical and logic systems to interpret radiation detection measurements and 

compare against manifest supplied values to a confidence within 5% of provided values 

4. Establishment of minimum detectible activity parameters and types of waste that may not be 

verifiable, requiring further investigation. 

5. Testing of system through bench-scale prototype and/or computational model 

 

 


