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Abstract

With increased energy demand and the desire to reduce reliance on fossil fuels, nuclear
power will need to play a prominent role in achieving carbon-free energy independence. Large
nuclear reactors are necessary to meet this objective. However, they are expensive and take a
long time to build. For remote locations (e.g., military bases) and smaller communities, large
nuclear reactors would not be feasible or cost effective. Small reactors (microreactors) can fill
this necessary gap. These reactors would be factory-built, delivered quickly, and operated with
high intrinsic levels of safety. With microreactors still in conceptual and testing states, there is a
large need to study how these reactors produce consistent energy in a much smaller package.

The objective of this research is to develop design parameters and criticality models for a
reactor core that can be used in a microreactor, which would self-regulate based on automatic
control functions. This research investigates parameters and constraints for the reactor design,
including a reactor core fueled with TRISO fuel, different cooling methods, and graphite
moderators. Sensitivity studies are conducted on temperature, fuel depletion, and criticality
control methods, and an enrichment of 20% U-235 will be used as the primary source of heat. A
core achieving a critical state with temperatures ranging from room temperature to 1200K is
considered. Feedback mechanisms are also investigated, including inherently safe fuel design and

control rod manipulation.
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Chapter 1. Introduction

As the next generation of nuclear power plants are quickly becoming more of a reality,
the need for research into these reactors is critical. As demand grows for smaller, more remote
sources of power, microreactors are looking to demonstrate that nuclear power can infiltrate
markets previously untouched. With these reactors being rapidly developed, more studies are
needed to prove the fuel source can consistently and efficiently provide energy and remain
critical given smaller physical footprints. As there is no existing database for built microreactors
and their specifications (primarily because none have been constructed yet), this thesis will help
fill that gap and provide building blocks for what constitutes successful reactor core design. To
achieve this, criticality studies with core design elements are analyzed using industry standard
software and proven analysis methods to compare a range of different materials and conditions a
reactor may face while in use. These dose calculations, material analysis, and heat transfer
analysis establish a baseline for future expectant work in this area. In conclusion, this work will
explain the means to control criticality given a small core, analyze current design trends with
several methods of moderation and reactivity feedback mechanisms, and provides expected

performance results over the span of a core’s lifetime.

1.1. Background Information

From the discovery of nuclear fission, scientists worldwide have steadily built on
developed historical knowledge to provide humankind with one of the most efficient, cleanest,
and safest sources of power. Communities who will benefit the most from new nuclear
technologies, such as microreactors, are developing countries due to limited financial sources,

countries with limited land or natural resources that may not be able to expansively use



sustainable power sources such as solar and wind, and the remote or mobile military applications.
With 92 nuclear reactors in 28 states, around 19% of America’s electricity is currently produced
via nuclear fission (DOE, 2021). Over 27 countries currently operate nuclear plants and 17 have

plans to introduce nuclear power into their grids (Gralla, 2017).

Feoww Miueh Power Deoes & L million LED Bulbs -
ased on typical

performance, a light-emitt
diode (LED) A19 lamp is
roughly 78 lumens per £
watt and consumes abo

10 watts.

3.125 million PV _panels -

Based on the average silicon model panel size-of
320 watts. - _—

2,000 Corvette Z06s -
According to the automaker's website,

the Chevy Corvette Z06 engine delivers 650
431 utility-scale wind turbines - horsepower. Two-thousand of those engines would
equal 1.3 million horsepower, or 1 GW.

Based on the average utility-scale
wind turbine size of 2.32 MW installed

Figure 1.1: Nuclear Reactor Power Comparisons by the Department of Energy

For rural small communities, microreactors could be fundamental towards reducing
energy access inequality, as rural towns often struggle with producing their own electricity and
must have it delivered via the power grid connected to external states, making them financially

reliant on the larger communities and corporations nearby (Macdonald, 2019). One megawatt of
2



energy (LOO0OKW) is roughly enough energy to meet the demand of 750 homes at once in current
day America (California 1ISO, 2023) and self-produced energy via a microreactor could offer a
solution to this issue, allowing towns to be self-reliant for their energy needs.

Additionally, military applications in remote and unestablished places often need large
amounts of energy to create temporary bases and power equipment, frequently at short notice
(GAO, 2009). Nuclear microreactors offer a great solution to these problems, providing a much
more deployable source. These small reactors are defined as supplying 1-20 MWe, operating as
part of the electric grid or completely independent from it (Benes, 2021). The fundamental design
and technological application for microreactors is similar to previous generation reactors: they
feature a nuclear fuel core of some form of Uranium-235 that undergoes fission to create heat
which in turn powers a steam turbine. This fundamental process has remained the same since the
earliest of reactor designs (such as the EBR-1 Reactor) and does not necessarily need to be
proven again in microreactor designs (INL, 2023), and is therefore not considered within this
thesis work. Although the energy production process is similar, design priorities have also
evolved to include the focus to make these plants self-sustaining while simultaneously
incorporating enhanced safety features to prevent an accident without the aid of an operator
(Sugawara, 2023). However, no criticality analysis has been completed on an operating

microreactor design due to a lack of operational reactors.

1.2. The Future of Nuclear Power

America’s long history with building large reactors has shown significant costs overruns
due to the required build time, and their complexity. Recently, the Georgia Power Vogtle 3

reactor began producing energy after years of construction delays due to supply chain challenges,



design changes, and license amendments (Robb, 2023). The nuclear industry will not be a viable
energy generating source should this trend of building delays and cost overruns limit the number
of energy markets nuclear is able to serve. In this way, microreactors may be a solution to these
fiscal challenges. Microreactors would also allow the nuclear industry to compete evenly with
other energy generating sources, while also maintaining certain advantages over diesel generators
and renewable sources in microgrids including reductions in CO2 production, “always on”
energy production, and much smaller production facility footprints (Testoni, 2021).
Microreactors can be a leading example in changing the nuclear mindset by creating
factory reproducible modules that will drastically decrease time from proposal to finished
product. To achieve the goals set forth by microreactor designers, the core must serve as the
center of an intrinsically safe, reliable source of heat. This thesis looks to identify what this core
will look like in microreactors and give insight as to what components designers should account

for when designing their own core.

1.3. Current Projects

Many microreactor designs are currently in the conceptual design stage. The Advanced
Reactor Demonstration Program (ARDP), a 2020 competition sponsored by the Department of
Energy, is supporting ten different advanced reactor designs, three of which have already
received over a billion dollars in funding (GAO, 2022). These projects include the X-Energy Xe-
100 Demonstration ($1.2B USD), the NuScale Carbon Free Power Project ($1.35B USD), and
the Terra Power Natrium Demonstration ($1.97B USD). These companies have prioritized the

creation of small modular reactors (SMR’s) to help solve the energy and climate crisis in



America. These funds are being distributed towards both new SMR technology designs, as well
as advanced microreactor designs.

Another large government backed contribution is Project PELE, a Department of Defense
funded program created in 2016 (Walkman, 2022). This program focuses on the research of new
energy developments for use by the United States Military to meet the need for a new mobile
power source. This microreactor focused program has chosen and funded BWX Technologies to
work with the Idaho National Laboratory (INL) and build the first microreactor in the United
States in 2024 (Walkman, 2022). BWXT has partnered with Northrop Grumman, Aerojet
Rocketdyne, and others to get the reactor built and fueled and will undergo up to three years of
testing at INL. The project is expected to be valued around $300 million. In September of 2023,
Project PELE was also expanded to include the XE-Mobile, X-Energy’s microreactor as well (X-
Energy, 2023). In the United States alone, several billion dollars have been invested in the
development of new microreactor technology.

While much information remains proprietary for designs, most microreactor design
companies have at least released a basic fact sheet of their units” outputs, fueling methods,
cooling methods, and current development stages. The World Nuclear Association has composed

a list of the current designs in development as seen in Table 1.1.



Table 1.1: Very Small Reactor Designs Being Developed up to 25 Mwe (WNA,2023)

Name Capacity Type Developer

U-battery 4 MWe HTR Urenco-led consortium, UK
Starcore 10-20 MWe | HTR Starcore, Quebec
MMR-5/-10 S5or10 MWe | HTR UltraSafe Nuclear, USA
Holos Quad 3-13 MWe HTR HolosGen, USA

Gen4 module 25 MWe Lead-bismuth FNR Gen4 (Hyperion), USA
Xe-Mobile 1-5 MWe HTR X-energy, USA

BANR 50 MWt HTR BWXT, USA

Sealer 3-10 MWe Lead FNR LeadCold, Sweden
eVinci 0.2-5 MWe Heatpipe FNR Westinghouse, USA
Aurora 1.5 MWe Heatpipe FNR Oklo, USA

NuScale micro 1-10 MWe Heatpipe NuScale, USA

The most developed designs have been summarized in Table 1.2. These designs will help

define starting conditions and boundaries of what a microreactor core should consist of.




Table 1.2: Initial Microreactor Design Study
Reactor Countr | MWe | Fuel Cooling Ease of Current Development
y of Capac | Type Method Setup/Disposal | Stage
Origin | ity
E-Vinci USA 5MW | TRISO | Passive heat ?r?sgﬁlsRoer;(S;:;[)er Design Stages,
(Westing- pipe, remov.e d for commercial
house,2024) Sodium . deployment aimed for
refueling.
2027.
Starcore CA 20 TRISO | High Temp | Portable, no License to construct by
(Starcore MW Gas setup times 2027.
Nuclear,2022) (Helium) available
Project Pele USA 5MW | TRISO | Passive heat | 72-hour setup,7- | Delivering for testing
BWXT pipe day teardown to INL in 2025. Have
(Waksman,2020) started TRISO fuel
production.
Sealer -Leadcold | SWE 10 Low Lead FNR To be In licensing stages.
(Wallenius,2017) MW Enriche determined
d Uo2
Xe-Mobile USA 7MW | TRISO | High Temp | Truck ready, In prototype stages,
(X-Energy,2024) Gas within days set | will develop further
up. Construction | with Project Pele
in 3-6 funding.
Months
MMR USA 10 TRISO | High Temp | Assembly in Demonstration Units
(Ultra Safe MW Gas months, planned for 2026.
Nuclear, 2023) decommission
in 1 year

There are several common trends among the new reactors, including TRISO based fuel,

high-temperature gas cooling, and operational status within the second half of the decade.

Current microreactor designs have been influenced from existing research conducted on High

Temperature Gas Reactors (HTGR), which were historically successful beginning with the Peach

Bottom Reactor 1 built in the 1960’s as well as the modern designs HTTR and HTR-10

(McDowell, 2015). These include using high operating temperatures in prismatic shapes with gas
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cooled cores. Among the initial microreactor design study, the Project Pele BWXT reactor stands
out as the most design ready. Unfortunately, this also comes with most design information
remaining proprietary as it is the leader in development and will be used for United States Armed
Forces applications. This includes any kind of criticality studies done by neutronics teams.

With a focus on criticality control, Monte Carlo simulations in MCNP-6 will be used to
create models with several different components inspired by Table 1.1. Section 1.4 explores the
different core characteristics, which systems are influenced by existing designs, and what

boundaries should be used when analyzing the results.

1.4. Selection of Modeled Components

While microreactors can have several systems to support operation, modeling the entire
reactor, for the needs of this study, would be too complex and computationally time consuming
expensive for the purpose of establishing the wanted design parameters. Also, creating too
specific of an input would limit the study when asking to establish a baseline configuration for
different design concepts. Using common design features between concepts is key to establishing
a usable database. For this thesis, everything within the designed concrete shell boundary has
been included in Monte Carlo calculations, including the fuel source, a moderator, a reflector,
and a cooling method. These are the different components considered relevant when looking
within the Monte Carlo analysis.

Criticality of the core is met when the number of neutrons created due to fission is equal
to the number of neutrons being absorbed. This balance creates the consistent, controlled energy
that is demanded from power plants. If the number of neutrons produced is less than that being

absorbed, the reactor is left in a state of subcriticality in which no chain reaction occurs. If more



neutrons are produced than absorbed, fission occurs but at an uncontrolled, increasing rate (NRC,
2011). This is unwanted because the reaction is no longer controlled and can result in serious
harm to both human life and the environment (Cardis, 2011). In many criticality accidents,
human error is the leading cause (McLaughlin, 2000). As an example, the Three Mile Island
accident in 1979 has been extensively studied, and Bot et al. (2003) claims that the reactor would
have safely shut down if not for the operator actions. To help resolve these human errors,
generation 1V reactors are focused on creating passive systems, focusing on the fuel source and
cooling. Fuels are being designed to prevent meltdowns and have a built-in containment system
within the protective layers (X-energy 2024). Passive cooling systems such as reactor cavity
cooling systems and passive heat transfer pipes require little to no support systems to remove
dependencies on support systems (Ultra Safe, 2023). This thesis accounts for these fuel and heat

pipes and models these for criticality studies.

1.5. Objectives of the Thesis

The objective of this research is to develop design parameters and criticality models for a
reactor core that can be used in a microreactor, which would self-regulate based on automatic
control functions. This research investigates parameters and constraints for the reactor design,
including a reactor core fueled with TRISO fuel, different cooling methods, and graphite
moderators. Sensitivity studies are conducted on temperature, fuel depletion, and criticality
control methods. An enrichment of 20% U-235 is used as the primary source of heat. A core
achieving a critical state with temperatures ranging from room temperature to 1200K is
considered. Feedback mechanisms are also investigated, including inherently safe fuel design and

control rod manipulation.



Using these constraints, an initial design is suggested for use in the beginning stages of
microreactor conceptual design. Furthermore, this thesis looks to narrow down what factors play
the largest roles in criticality design when investigating microreactors specifically and what

changes must be made to design when working at a smaller level of energy production.

1.6. The Structure of this Thesis

Chapter 2 discusses the experimental methodology. It entails the type of code used for
criticality calculations, the assumptions made for calculation purposes, the development of an
upper safety limit, the experimental design inputs, data collection process, uncertainty analysis,
and criticality information.

Chapter 3 discusses the data acquired through Monte Carlo calculations and visualization
information on several different kinds of core manipulations. A mixture of different variables are
evaluated to create a core database.

Chapter 4 is the conclusion. It includes the suggestions that are drawn from calculations
and analysis as well as future suggested work. The appendices include supplemental data from

the study.
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Chapter 2. Methodology

2.1. Monte Carlo Calculations

Monte Carlo calculations are one of the most widely used tools to assess criticality both
during design and operation stages for nuclear power plants (Haghighat, 2021). These
calculations are based on probabilistic, repetitive, random sampling to obtain a result. This is
especially helpful when tracking the path of a neutron, which is the particle of interest that can
travel in any direction of the XYZ plane from its source. Depending on where the neutron travels,
its interactions can include absorption and reflection off the materials around it. Monte Carlo
uses a random number generator to determine path length, interaction type, and scattering angle
if applicable (Haghighat, 2021). Repeating this process millions of times eventually builds a
model given all events for a neutron produced from its source. By doing this, an accurate result
can be reached to predict how the core will behave. When done by hand, these calculations can
be tedious and have large errors. Even though these are predictions, several steps are taken in
Monte Carlo calculations and software to create more precise results, reducing the uncertainty.
Figure 2.1 highlights the principle of increasing the number of runs in Monte Carlo simulations.
In a well-behaved tally, the relative error is proportional to one over the square root of the
number of histories. To halve relative error, the total number of histories must be increased

fourfold.

11
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Figure 2.1: Estimation of Monte Carlo Errors

2.11. Six-Factor Formula

With a goal of producing constant power, the rate at which neutrons are produced and
absorbed by the system must be in equilibrium. When neutrons are born, the majority are born in
the fast region. From here, the neutrons can either leak out of the reactor, have fast fission, or
continue to slow down. As the neutrons slow down, they pass through resonance regions (where
they can be captured) and then become thermal. They can then leak out of the reactor as thermal
leakage or be captured and fission. The ratio of how frequently these events occur defines
criticality. The average effective multiplication factor, kesr, is the multiplication factor ratio of
current neutron populate to the previous population (Koreshi, 2022). Values below 1 are deemed
subcritical, in which the production of neutrons is outweighed by the number of neutrons
absorbed. Values above 1 are undesirable as more neutrons are produced than absorbed, creating

12



a potentially unstoppable chain reaction. A value of 1 is the primary objective inside nuclear
reactors to meet equilibrium and consistently create power (Koreshi, 2022). This relationship is

modeled in reactor physics as the six-factor formula, shown below.

keff == kooPTPf

The effective multiplication factor is equal to the infinite media multiplication factor
multiplied by the thermal non leakage and fast non leakage probabilities. These leakage
probability terms are relevant when given a specific sized reactor with defined geometry barriers
and must be considered when calculating the effective multiplication factor. k, is representative
of criticality given infinite size, considering no leakage. Considering this thesis uses a thick
concrete reflector, the probability that no leakage occurs is very close to 1. This allows the
leakage terms to be removed and ket set equal to k. This term can be further broken down into

the four-factor formula shown below, which is used for infinite size cases (Koreshi, 2022).

_ PENTfEaPT
X,¢7

As each component is altered, there will be a shift in system criticality. Each of these

Ko =nrfpe

factors are described as the following:

nr 1S the reproduction factor. This factor is the ratio of fast neutrons produced by thermal
fission to the number of thermal neutrons absorbed in the fuel. This factor is especially important
for uranium as it increases with enrichment.

f is the thermal utilization factor, or the fraction of absorbed neutrons in the fuel. This
describes how effectively thermal neutrons are absorbed in the fuel, rather than absorption to
other core materials.

13



p is the resonance escape probability factor. This is the fraction of neutrons that escape
resonance capture, slowing from the fast energy range to the thermal energy range. This factor is
especially susceptible to change from doppler broadening, in which broader resonances will
increase capture percentages.

€ 1s the macroscopic cross section factor, or the fast fission factor. It is the ratio of fast
neutrons produced by fissions at all energies to the number of fast neutrons produced in thermal
fission. (Lamarsh, 2001). As materials in this thesis are investigated, the four-factor equation will
provide insight on the fundamental understanding of why reactivity changes and how each

condition contributes to this equation.

2.12. Temperature Effects on Reactivity

As part of this thesis, temperature variation was essential in properly analyzing
performance. As reactors undergo variation in temperature during operation, materials must
uphold their physical properties to prevent meltdown and cause a gap in containment. Materials
also must be analyzed to observe how temperature impacts intrinsic properties that could
influence reactivity. This is especially important for the fuel and moderator materials, as
temperature can drastically change neutron cross sections. This is especially true considering the
negative temperature coefficient of reactivity. This coefficient relates temperature to reactivity
within a specific material, where a negative coefficient means as temperature rises, reactivity
decreases (Lamarsh, 2001). This is an inherent safety feature of reactors. When coolant is
removed and the temperature of a core increases, the fuel will become less reactive.

This negative temperature coefficient is due to the nuclear Doppler effect. Neutron cross

sections experience resonances at certain energies, where at colder temperatures, these

14



resonances are sharp spikes and inefficient at absorbing neutrons. As temperature begins to

increase, these same resonances become wider and shorter, becoming more absorbent as

neutrons slow down through the energy spectrum towards the thermal range (Lamarsh, 2001).

This decreases criticality as more neutrons are absorbed into the material. While individual

materials might have a negative temperature coefficient, the overall temperature coefficient

depends on design layout and combined material factors and might not replicate that of the fuel

source. Figure 2.2 shows an example of this spread of a resonance given different temperature.
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Figure 2.2: Resonance Broadening due to the Doppler Effect (Greenwood, 1997)
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2.12. Monte Carlo N-Particle (MCNP) Code Description

Monte Carlo N-Particle-6, or MCNPG6, was used as the validation method for all the
calculations used in this thesis. The program was installed from the CD-ROM supplied by the
Radiation Safety Information Computational Center (RSICC) onto a home desktop. The code is
updated to the most current 2023 edition. All calculations were executed under the
xsdir_mcnp6.2 directory, which invokes the modules for cross section preparation. VVersion
ENDF/B-VII.1 cross sections were used exclusively in this NSCE as the default data. Verifying
the code’s correct installation was completed by running the set of sample problems provided
with the MNCP package and the International Handbook of Evaluated Criticality Safety
Benchmark Experiments and confirming agreement with the reference output files.

The MCNP6 code has been validated through comparison to known critical experiments
(NEA, 2020). In addition to previous studies, the program has been validated using volume V of
The International Handbook of Evaluated Criticality Safety Benchmark Experiments. These
include shapes, compositions, and testing conditions within an area of applicability for the fissile
mixture being evaluated. To be considered a valid case of comparison, several areas of

applicability need to be assessed, as found in Tables 2.3 and 2.5 of NUREG-6698 (NRC,2001).

2.13. Benchmark Evaluations

To further establish confidence within the MCNP code, a benchmark study was
completed using existing baseline experiments in the MCNP6 application. This was done via
Whisper, a statistical analysis package included in the MCNP6.2 download (Brown, 2017).
Whisper uses the sensitivity profile data generated via MCNP 6 and automatically compares the

data to existing nuclear cross-section covariance data and catalog of sensitivity profiles for more
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than 1100 experiments. Upon completion, a correlation coefficient is generated, used to compare
benchmarks to the new microreactor core design. Although Whisper provides “repeatable,
quantitative, physics-based information to NCS analysts for determining upper safety limits”,
special consideration must be given to correlation coefficients developed in the output files of
whisper (Brown, 2017). The correlation coefficient is a ratio of shared uncertainty between two
models. This value, defined as Ck, measure similarity between an input file and existing
benchmark data. This is done on a scale of 0 to 1.0, with 1.0 being an identical match
(Maldonado, 2023). As a rule of thumb, only existing designs with a value of 0.90 correlation
coefficient should be considered neutronically similar and valid for the development of
uncertainty analysis. Whisper cases were completed for several input files varying in coolant
method and temperature. Table 2.1 shows the benchmark cases considered for development with
its associated correlation coefficient. The top ten cases are shown for air cooled cases, with the
rest of the data available in Appendix B. Between all three cooling methods, there was no

noticeable change in Ck values with all values being below 0.81.
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Table 2.1: Top Ten Benchmark Cases for Air Cooled Moderator Input File

Benchmark Case Ck value

heu-sol-therm-042-006.i | 0.8067

heu-sol-therm-042-004.i | 0.8059

heu-sol-therm-042-005.i | 0.8056

heu-sol-therm-042-007.i | .08047

heu-sol-therm-032-001.i | 0.8022

heu-sol-therm-042-003.i | 0.8019

heu-sol-therm-042-008.i | 0.8001

heu-sol-therm-020-004.i | 0.7792

heu-sol-therm-042-002.i | 0.7791

heu-sol-therm-021-004.i | 0.7739

A review of the Whisper runs shows that no Ck value is higher than 0.8067, which is not
close enough to the 0.90 desired similarity rating. It is determined that there is not enough
comparable benchmark information to change the ke critical value. Whisper 1.1, the most
updated version, only includes data from 2016 and does not yet feature similar microreactor core
designs (Brown, 2017). For this reason, an assumption is made that output Kefr generated for this

thesis must be studied for values close to 1.0.
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2.2. Reactor Design

Tri-structural Isotropic particle fuel (TRISO) is highly regarded as the “most robust
nuclear fuel on earth” by the Department of Energy (2023), with TRISO particles unable to melt
in a commercial high-temperature reactor during recent testing at Idaho National Laboratory. The
fuel can achieve three times the burnup current light-water fuels can achieve, much to the benefit
of remote microreactors which will need to run years without refueling (Marciulescu, 2019). The
fuel is featured in several new microreactor designs, including Ultra Safe Nuclear’s Micro
Modular reactor, X-Energy’s XE-Mobile reactor, and the Project Pele BWXT reactor. For the
proposed model being studied in this thesis, Uranium-235 fuel will be examined with a value of
20% enrichment in the form of uranium dioxide (UO2). TRISO fuel is complex in its design,
including several protective layers only micrometers wide. A single kernel consists of fuel
composed of uranium dioxide approximately eight hundred micrometers in diameter. This kernel
is surrounded by several layers, including a buffer layer of air to allow for expansion, a pyrolytic
carbon (PyC) layer 35um thick, a silicon carbide layer 36um thick, and an outer PyC layer 20um
thick. Each of these layers plays a vital role in protecting nuclear material and serves as an
excellent passive safety system. The fuel can safely reach temperatures of 1800 degrees Kelvin
and still maintain its form (UNSC, 2023). While different production facilities may have slightly
different thicknesses of these layers, the general layout of the kernel remains the same.

In prismatic designs, thousands of these poppy seed sized pebbles are inserted into a
silicon carbide matrix, creating a fully ceramic micro-encapsulated fuel (FCM). This
combination creates “an extremely rugged and stable fuel with extraordinarily high temperature
stability” (UNSC, 2023). Figure 2.3 visualizes the packing formation of these TRISO pebbles in

the UNSC reactor.
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Figure 2.3: Fuel Components from Fuel Kernel to Fuel Block (USNC, 2023)

In pebble bed reactors, these kernels are packed into billiard ball sized pebbles and
thousands are laid loosely together inside of the reactor core. Packing fraction is crucial to
criticality as it determines how much fuel is located inside the core related to other neutron
absorbing materials. In pebble beds, early tests have shown that a 62-63% packing fraction is
achievable, specifically in further developed SMR designs (Brown, 2022). This packing fraction,
however, can change given seismic events, as pebbles might shift and change the packing
fraction and thus criticality. For prismatic reactors, packing fractions are also estimated to be
around the same, 60%, with seismic events not being as much of a concern due to the fuel pellets
being held in place. In this thesis, a prismatic design has been chosen to be modeled in MCNP for
criticality testing. The packing fraction of this fuel is assumed to be 60% for the purpose of
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consistency across the tests. The FCM cylinder-shaped fuel pellets are small, often around 4cm in
diameter and 8cm in length. Exact measurements depend on the fuel manufacturer and often
remain proprietary. These pellets are then stacked to form fuel rods and inserted into a fuel block,
complete with a graphite moderator/reflector structure and cooling channels. The fuel block often
follows a similar grid pattern across designs, considering spacing requirements and accessibility
for maintenance and refueling, if desired (UNSC,2023). Around the outer edge, concrete

surrounds the structure as the final reflector of the core.

2.21. Assumptions Made

To design a TRISO-based microreactor core, several key components must be considered.
These include the fuel source, the moderator, the methods of cooling, the type of structure
holding the fuel, and the surrounding container. While a range of different technologies might be
present inside the reactor, this thesis only examines the criticality of the core itself, assuming
other infrastructure is outside the scope of this thesis and will impact criticality on a case-by-case
basis. With TRISO fuel and microreactors still in the initial stages of commercial use, some
assumptions are made due to the classified technology, as well as limited data from live tests.

Table 2.2 provides a summary of assumptions made, with a more detailed description below.
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Table 2.2: Assumptions Made for Investigative Criteria

Assumption

Engineering Judgement/Justification

Assumption 1

Homogenized TRISO
pellet layers

Brown (2005) confirmed the usage of
homogenization for TRISO fuel acceptable for
Monte Carlo calculations, given certain
conditions.

Assumption 2

Height of the core is four
meters

Standard height of four meters chosen given
conceptual designs and requirement to fit in
shipping container.

Assumption 3

Core temperature is
evaluated between room
temperature and 1200
Kelvin.

Based on available cross section information for
selected materials, MCNP defined data can be
used for material cards.

Assumption 4

Material selection

Materials are all sourced from Compendium of
Material Composition Data for Radiation
Transport Modeling (Detwiler,2021)

Assumption 5

Power Level

Output levels are to be evaluated at 3 possible
levels given existing microreactor designs.

Assumption 6

Only criticality factors
from defined materials

Assume negligible effect from other materials
outside of the established core space due to
focus on core design.

Assumption 7

A keir value of 1 is
considered critical.

Due to insufficient Whisper correlation
coefficient results, a kets of 1.0 is considered the
point of criticality.

Assumption 8

Test conditions with a
wide delta in graphite/fuel
temperatures with the rest
of the reactor will not be
considered for burnup
studies.

While certain cases might have extreme
differences in temperature (near 900k difference)
these cases are not likely for long term usage as
various heat transfer will keep temperatures
within the reactor to temperatures closer to
equilibrium.

Assumption 1: Homogenized TRISO Pellet Layers.

Fuel pellets provide complex geometry and require a large amount of computing power

when doing criticality studies (Brown, 2022). A core fully modeled with tens of thousands of

TRISO particles would be unnecessary given the negligible benefits. Homogenization of the fuel

source has been considered as a solution. Brown concludes that homogenization can introduce a
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large error (over 5%) to criticality results when the entire TRISO particle is homogenized but if
just the UO2 is left unhomogenized, there is a significant decrease in computing time with no
significant effect on the results (+0.004 difference in kest when compared to a heterogeneous core
with the sane cubic lattice structure). This thesis utilizes the homogenization process within the
input file, smearing fuel coatings together to separate the fuel and the graphite matrix from the
coatings. While small amounts of accuracy in criticality calculations might be sacrificed, it is
negligible when compared to the computational time gained back. This serves as a much more
efficient method to conduct tests and collect data for several different core configurations. The
homogenization process for input is explained in Section 2.22.

Assumption 2: Core Height is Four Meters.

While a specific height is not required for criticality, a consistent height is chosen to focus
on lattice manipulation when investigating geometry. This height is assumed to be 4 m, a value
consistent with concepts (Benes, 2021). This height provides a good benchmark for tests and will
fit into a shipping container for easy transportation.

Assumption 3: Core Temperature.

To match available cross section data from the MCNP Manual Appendix G, the
temperature of the core was investigated in several conditions, ranging from room temperature up
to 1200 K, still below the limit of the TRISO particle fuel (Trejo, 2022). Testing done at room
temperature, 600k, 900k, and 1200k gives a good variation in possible reactor temperatures.

Assumption 4: Material Selection.

The qualities of non-fuel related materials have been pulled from the Compendium of
Material Composition Data for Radiation Transport Modeling (Detwiler, 2021). This U.S.

Department of Homeland Security sponsored document serves as an established location to grab
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material information including chemical compositions, material mixture ratios and densities for
criticality studies. Using this document as a source creates consistent, trackable material data
supported by those directly involved with the development of MNCP 6. For TRISO fuel in
specific, the Ultra Safe Nuclear TRISO/FCM Fuel pellets were used as a guideline. As one of the
most market-ready, tested, and commercial types of TRISO fuel available, this source provided
an accurate description of all layers relevant to the core design.

Assumption 5: Power Level.

It can be assumed that for criticality burnup calculations, the reactor will be running at
full power year-round. While there is no data available yet for online time for microreactors, it
will be assumed that they will work perfectly, capturing the highest amount of burnup over time.
This best-case scenario will be conservative in measuring burnup given the reactor does have
downtime during operation.

Assumption 6: Criticality Factors from Defined Materials.

Besides the materials included in this report, it is to be assumed that there will be a
negligible effect on criticality from outside materials. If other materials were to be included, the
complexity of the system would increase computational run times and remove the generalizations
this reactor core assumes. This research helps to investigate a starting point that a specialized
criticality design can continue to build upon.

Assumption 7: Kets 0f 1.0 Considered Critical.

Based on the benchmark evaluations made in section 2.12, not enough benchmark cases
showed enough neutronic similarity to build an upper safety limit. More benchmark data is

needed to develop a proper upper safety limit and thus a value of 1.0 will remain as the best
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safety limit available. Cases around this value, both above and below 1.0, will be considered
when studying critical cases. This will account for some uncertainty in calculations.

Assumption 8: Temperature Gap.

Certain results studied can produce critical values while having extreme differences in
temperatures. An example of this is a fuel temperature of 293.6K, but a graphite temperature of
1200k. With energy being removed from the reactor primarily from conduction and convection,
surrounding materials will constantly be out of thermal equilibrium at this large temperature
difference (Lamarsh, 2001). For long term analysis, this is not realistic as the entropy of the
system will increase over time and temperatures will not remain at these consistent temperatures.

Engineering judgement is used to establish what temperatures are considered extreme.

2.22. Homogenization Process

Instead of modeling each individual TRISO particle, the core can be homogenized by
theoretically separating the uranium fuel and combining the similar coating layers together.

Using this theory, the materials are less geometrically complicated and smearing the fuel coatings
into the graphite matrix has no significant effect on results, running about 30% faster than the
cases that explicitly model the fuel coatings (Brown, 2005).

To homogenize the layers, calculations had to be made using existing TRISO particle data
from manufacturers and plant designers. While this information is often classified, several online
sources including USNC and Project Pele give general TRISO particle size approximations.
Depending on the manufacturer and design criteria, there could be a range in which produced
particles are sized, giving some variances in standard TRISO design criteria. Due to its

availability and maturity of design, the existing 500-micrometer kernel design from USNC was
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chosen to represent the parameters of the TRISO fuel. These values are shown in Table 2.3 with

a diagram of a particle shown in Figure 2.3.

Table 2.3: Thickness and Density for TRISO Particle Layers

Layers Thickness(um) | density(g/cc)
UO2 Kernel 800 10.8
diameter

Buffer 75 0.98
Inner PyC coating 35 1.85
SiC layer coating 36.7 3.2
Outer PyC coating 20 1.86

Outer Pyrolytic Carbon

o Silicon Carbide

Inner Pyrolytic Carbon

D))

. \
Coated Particle

Fuel Kemel

Figure 2.4: Layers of a TRISO Pebble (USNC)
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Using the thicknesses of each layer, the percentage of the total particle volume of each
material can be solved for. This is useful in creating the ratio of fuel to buffer layers. The packing
fraction of particles into FCM pellets must also be accounted for. This also gives data for how
much of each buffer layer is included in material two, the combined buffer layer material. Once
layers combine, an average density of the material can be determined (Brown, 2005). Appendix

A highlights the calculations used for Materials 1 and 2 data.

2.23. Defense in Depth

While achieving criticality is the goal for energy production, there is a need to also
control reaction and ensure the safety of the users and the environment. Several layers of defense
are designed into the reactor. The first layer of defense is the negative temperature reactivity
coefficients seen within the fuel. As temperature rises in the core, the fuel experiences a change
in cross sections. This change impacts the ability of the fuel to absorb the neutrons, which leads
to a decrease in reactivity. This also helps lower reactivity in case of a heat spike, especially
because other materials inside the reactor have temperature reactivity coefficients different than
the fuel that could increase reactivity (Lamarsh, 2001). Because the core is homogenized, true
temperature coefficients might act differently as fuel layers play an important role in preventing
meltdowns.

The second layer of defense is the control rods. These rods are controlled by a control rod
drive mechanism that automatically maintains the critical levels of the reactor given normal
transients. The mechanism is also set up to automatically drop control rods into the system in

case of emergency conditions. This case is later analyzed with MCNP in Chapter 3.
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The third layer of defense is the fuel core geometry itself. Previous generations of fuel
were at risk of melting surrounding reactor materials at very high temperatures and causing
meltdowns. TRISO fuel features several protective layers designed to withstand temperatures
well above 1200K, preventing fuel from escaping its pebbles and combining to meltdown (Trejo,
2015). These safety features combine to encourage many companies to deem their microreactors
‘walk away safe’ (Baumer, 2010). These layers of defense are considered in the input files via

Section 2.34 Material/Data card as well as 3.26 Control Rod Variation.

2.3 Input MCNP File Design

All MCNP 6 input files share a similar structure with several key components needed to
define geometry, materials, and testing conditions. The breakdown of each “card” of the material

is listed below.

2.31. Cell Card

The cell card begins on the first line after the title in an MCNP input file and uses inputs
from the surface card and material card to establish how the core is constructed. Each line
consists of a different component type within the core and has the following layout:

8 0 -10.96 -45-6 u=1tmp=2.529E-08 IMP:N=0 IMP:P=1 $ inner cask void

The 8 defines the cell number, with cells listed on the card in numerical order, beginning
with surface 1. The O represents the material that the cell is filled with; in this case, O represents a
void. The -10.96 represents the density of the cell, with a positive value indicating atomic density

in units of 1024 atoms/cm”3 and a negative value indicating mass density in g/cm”3 units.
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When testing at different temperatures, proper material density must be accounted for. Materials
such as water will experience large changes in density across temperature compared to that of
graphite. The -4,-5, and -6 define where Cell 8 geometry is located within the model. Depending
on the definitions in the surface card, these numbers can represent different shapes or planes.
From this example, Cell 8 is inside of Shape 4, above Plane 5 and below Plane 6. u represents the
universe the cell is in, which establishes a reuseable configuration of geometry, materials, and
densities of combined cells. Tmp represents the thermal temperature of the cell, converted to
units of MeV. When testing at different temperatures, this element is essential to ensure
individual cells are tested at the correct temperature. IMP represents the importance of the cell
related to neutrons (N) and protons (P). Depending on the transport problem, one or both might
be set to a Boolean importance of 1. For this thesis, only neutron tracking is necessary for
criticality purposes. The dollar sign indicates that a comment has begun on the line, with any
characters appearing after used purely for description; they will not give any input for
calculation. MCNP6.2 allows only 128 characters per line, so descriptions must be continued on
the next line with a ¢ character to begin to prevent errors. Extra comments within the card can be
started on any line of the card if they have the ¢ character at the beginning of the line.

In many MCNP models, there can be several hundred repetitive geometries, given the
repetitive nature of core components. To quickly describe a core, universes can be established

and repeated given a lattice. The lattice cell from this microreactor thesis is shown below.
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10 7-2.25-78-910 u=4 imp:n=1 lat=1 fill=-9:9 -9:9 0:0 $square lattice-cell

4 4 4 4 4 4 4 4 4 4 44 444 4 444
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 444
4 4 4 4 4 4 4 4 4 4 44444 4444
4 4411111111111 11444
4 4411111111111 11444
4 441121111111211444
4 4411111111111 11444
4 4411112111211 11444
4 4411111111111 11444
4 4411111131111 11444
4 4411111111111 11444
4 4411112111211 11444
4 4411111111111 11444
4 4411211111112 11444
4 4411111111111 11444
4 4411111111111 11444
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 444
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 444
4 4 4 4 4 4 4 4 4 444444 4444

The cell begins the same, with the cell number (10), cell material number (7), and the
density of the material (-2.25). This material fills the entire space defined within Universe 4.
Added to this card is the lattice (lat=1) and is sized using the fill card. The dimensions of the fill
are defined via a range in the X, Y, and Z planes. In the following lines, the lattice is filled using
the existing universes defined in the cell cards. This can take up many rows in the file, but each
universe entered can represent several complex geometries and drastically save design time.
Although the cell card is first chronologically, it is often best to begin by building the surfaces

and the surface materials so building blocks are available when creating cells.
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2.32. Surface Card

The surface card defines all the needed physical geometry to create boundaries and build
the reactor in MCNP6. MCNP offers a Surface Card dictionary within the manual, featuring the
card entry structure for numerous shapes including planes, spheres, cylinders, and surfaces
defined by points. All the input files studied include cylinders centered around the Z axis as well
as planes in the X, Y, and Z directions. A sample surface is listed below, shown as surface 1
cylinder centered on the Z axis with its point locations on the x and y axis and radius in
centimeters.

1 C/z 5510 $acylindrical surface parallel to z-axis

2.33. Burn Card

To analyze the performance of a reactor over time at a given power level, a burn card
must be included in the input file. The burn card used for this thesis is listed below.

BURN  TIME= 365 365 365 365 MAT =1 Power =5.0
BOPT=1.0 11 1 OMIT=1,8,6014,7016,8018,9018,13026,13028,14027,16031

The BURN signals the beginning of information related to the burnup calculations.
Burnup is measured by running a criticality calculation at different time steps and analyzing the
different elements produced due to reactions within the reactor, such as Zenon. Due to these
reactions in the fuel, credit can be taken for the reduction in reactivity, often called burnup credit
(Sanders, 2001). The production of these elements decreases criticality overtime and helps guide
reactor operators as to when fuel needs to be changed. TIME represents the amount of time that

passes between burnup measurements and criticality calculations, in this case 365-day periods for
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a total of four years. One measurement is also taken at the beginning of the year for fresh fuel
information. The MAT card calls out which fissile material from the material card is to be
analyzed for burnup. The volume must be included in the cells that the material is into accurately
account for the mass of fissile material present. Power represents the level at which the reactor is
running in megawatts. BOPT sets the optional conditions for the test, including the amount of
fission products included, what to include in the output file, and how to interpret cross-section
data. Based on the cross-section data included, the OMIT card might need to be used to remove
certain isotopes from fission products due to cross section not being available in the MCNP
repositories. For this input file, 8 isotopes were excluded to complete calculations, all deemed

acceptable as there is no transport cross section data available. (Los Alamos, 2009)

2.34. Material/Data Card

The material/data card defines the composition of all components within the input file. An
example of Material 1 from this thesis is listed below.

ml 92235.83c¢ 0.202 $Uranium 235 inside fuel kernel rho=10.96 g/cm”3, enrichment 6%,

T=293.6k
8016.83c 2.0 $Oxygen inside fuel kernel+PyC
92238.83c 0.798 $Uranium 238 inside fuel kernel
mtl 02-u.20t

Materials begin with an m before the number of the material used. In case the material
contains a treatment such as oxygen within the uranium, MT must be added in front of the 1
(Werner, 2017)). This can be required when materials have different cross section behavior, such

as how oxygen can behave differently when mixed with uranium rather than by itself in the

32



thermal regime (MCNP 2018). The element number follows with the atomic number, followed
by up to three digits for the atomic mass number, which is especially useful when calling for
specific isotopes of an elements. After these digits, a period separates the cross-section
specification. This cross-section specification is crucial to correct calculations, especially given
the behavior of cross sections when running cases at different temperatures. There are several
material libraries to reference that are downloaded automatically with MCNP. Appendix G is
used to ensure that all materials are collected from the same source. This thesis utilizes the
ENDF71x library from ENDF/B-VII.1 (LANL, 2011). To establish the composition of a material
with several elements, the fraction is listed after the library, either as an atomic fraction (positive)
or weight fraction (negative).

At the end of the card is the information given to generate output tables and set the

conditions for testing. The criticality code is given below.
kcode 7500 1 150 550 $ KCODE (# of Neutrons/Cycle) (Initial keff guess) (# of skipped cycles)(# of total cycles)

While there are many data cards available for printing, criticality studies begin with
KCODE, or the criticality source. This will print several relevant tables when examining a
criticality study. The testing conditions follow, which establish the number of neutrons run per
cycle, the initial ket guess, the number of skipped cycles, and the number of total cycles. These
four variables help establish enough runs to ensure that results follow a normal distribution,
confidence levels are at acceptable levels, enough neutrons are captured, and criticality numbers
are precise. This data card was used across different input files as test results were deemed

acceptable.
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2.35. Tally Card

The tally card instructs MCNP what specific data to provide given the Monte Carlo
Calculation. Current across a surface, flux at a specific point, cross section data, and many other
factors can be provided by these cards. To examine cross section data, the standard tallies (F)
card was used as well as the tally multiplier to generate information across volumes. An example
of a tally card is given as F4:N 1 The F4 card provides the flux averaged over a cell in units of
neutrons/cm”2. Material one is selected as the tested cell. A tally multiplier card FM can also be
added to multiply any tallied quantity by cross section to give many relevant reaction rates, such

as elastic and total fission cross section.

2.4. Data Collection Process

To gather useful data, hundreds of MCNP input files have been created and run to create
a plethora of information. MCNP generates output files that can be converted to .TXT for data
collection. Before data is collected, verification of a successful run is checked via warning
comments (or lack thereof), normal distribution at confidence levels, and component information.
Final ket values are extrapolated from these files as well as burnup information from files that

include the burn card. Data is then stored in an excel spreadsheet for easier manipulation.

2.5. Core Layout
Given the experimental setup information from Chapter 2, a base core was developed in
MCNP. Figures 2.5, 2.6, and 2.7 below show the core in the XY plane and the XZ plane as seen

from the MCNP Visual Editor (Schwarz, 2018).
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Figure 2.5: Microreactor Core Layout in XY Plane

Figure 2.6: Microreactor Core Center in XY Plane
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Figure 2.7: Microreactor Core Layout in XZ Plane

The following colors represent the following materials:

Red: The concrete shell around the outside of the reactor. While there are materials
outside of this barrier, primarily for radiation shielding to protect the operator, an assumption has
been made that concrete can be the boundary of the core. A full microreactor design would need

to incorporate other systems to properly distribute energy and operate properly.
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Orange: The graphite moderator and structural component holding all relevant piping in

place. This graphite makes up much of the material in the core.

Light Green: Makes up the steel pipes containing different moderators as well as the

zirconium hydride.

Green: The moderator flow area, either air, sodium, or water. This also serves as the place

control rods are inserted into.

Yellow: The zirconium hydride center. This serves as a central, added moderator with the

added hydrogens flowing down fast neutrons.

Light Blue: The combined layers of the TRISO buffers. The size of these reflects the

volume ratios of buffers to fuel.

Purple: Isolated UO2 Fuel at 20% enrichment. There are 160 of these rods in total.
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Chapter 3. Data Collection and Analysis Given MCNP Data

3.1. Desired Outcome

In determining what is considered a successful design, several key factors must be
considered. A successful reactor design should meet all objectives established for this thesis, in
addition to the following guidelines:

e Materials must not melt at extreme temperatures and survive until the fuel requires
changing.

o Kefr values should remain at critical levels as established by uncertainty analysis until the
desired microreactor lifespan is reached

e Reactor must respond to control rods and reach a subcritical state to meet supercriticality

defense measures.

3.2. Range of Inputs Tested

Once a ‘base’ design was set for the microreactor, the manipulation of inputs began.
Using existing microreactor designs, variations were added to temperature, materials, size, and
output power, with all being measured against criticality. Each of these variations was studied

individually and is explained in the following sections.

3.21. Temperature Variation

Different temperatures were evaluated across all inputs as the reactor must survive in a

range of different conditions, from a cold start up to a loss of coolant accident. Temperatures
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were selected given available cross section data from appendix g for all materials in the material
cards (Werner, 2017). Temperatures and their associated cross sections from the ENDF71x
library were used including 293.6K (.80c), 600.0K(.81c), 900.0K (.82c) and 1200.0K (.83c)
(LANL, 2011). Each material was run with the appropriate cross section added to the ZAID
number, as well as a TMP card to individual cells. Input tests included all materials being at the

same temperature except for the variable being actively investigated.

3.22. Pitch Variation

The distance between rods in the array by using engineering judgement and historical
proportions for setting how far apart rods were in the reactor core. A sensitivity study was
completed with rods beginning at 12cm apart, then 12.4 and 11.6¢cm apart to analyze which
distance had the highest impact on criticality. Three input files were created with these cases and

the 12cm apart case was chosen as the most critical. These input files are in Appendix C.

3.23. Moderator Variation

Three different moderators, air, water, and sodium were chosen to be tested as different
moderators running through the steel pipes. Material 3 has its elemental composition and density
changed to correctly match the moderator selection. These materials were each ran at the
complete range of temperatures for both fuel and moderator. Once these cases were run, all

critical cases were taken and analyzed for burnup measurements.
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3.24. Size Variation

Upon completion of the base file, the entire reactor was both increased and decreased by a
scale factor to analyze if overall size impacts criticality. While the original size is influenced by
conceptual designs, increasing and decreasing the reactor in size up to a factor of two is
acceptable (Benes, 2021). This is due to the core still being able to fit within a 40-foot shipping
container for transport, not taking away from the flexibility microreactors offer. The criticality
values decreased with values evaluated at .75x, 1.5%, and 2x the original size all becoming
subcritical, which can be seen in the size comparison table in Appendix D. Cases were also ran
given smaller/larger individual fuel rod sizes to ensure criticality would increase as expected.

This was the case, with smaller and larger rods having delta K values of over 0.25 (Appendix D).

3.25. Power Variation

The base design was selected to run at a value of 5 MW based on realistic expectations of
current concept designs. A sensitivity study was conducted to also include 2.5MW and 7MW
power levels, outputs well within the range of what is considered a microreactor (Benes, 2021).
This value was changed within the burn card options. These values are for MWe and are run at
full capacity throughout the year. All critical cases are run at these three power levels, both with

and without control rods.

3.26. Control Rod Variation

While base cases were initially run without control rods inserted, testing was

completed to ensure that cases would become sub-critical when rods were inserted. Boron
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carbide (B4C) rods were used for burn credit cases at both full and half insertion. This material
has been well documented as a successful neutron poison in existing reactor designs (Sanders,
2001). Enriched boron carbide control rods were also examined in identical cases, with a delta K
value of 0.01195 examined between the two control rod types. While non-enriched rods were
successful in meeting subcriticality, these enriched rods will add a small bump (under 5%) in

further lowering Ketr amounts (Appendix D).

3.3. Calculational Data

Once the variation analysis was accomplished, and the input MCNP files were developed,
the MCNP was used to generate the required output files so that information generated

could be analyzed to compile information and investigate trends within the design.

3.31 Variations in Reactor Component Temperatures

To begin the analysis, three matrices were produced to investigate which moderator

choice produced the highest kets . These results are shown in the tables below.
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Table 3.1: Variations in Air Temperature for Criticality Analysis

Base Air Ketf Base Air Keft Base Air Kett Base Air Keft
Temp Temp Temp | Temp Temp | Temp Temp | Temp
K K K K K K K K

2936 | 0.93284 | 293.6 600 | 0.93358 | 293.6 900 | 0.93418 | 293.6 1200 | 0.93396

293.6
600 293.6 | 0.97675 | 600 600 | 0.97813 | 600 900 0.9776 | 600 1200 | 0.97676
900 293.6 | 0.99901 | 900 600 | 0.99983 | 900 900 | 0.99928 | 900 1200 0.9987
1200 293.6 | 0.99752 | 1200 600 | 0.99991 | 1200 900 1.0012 | 1200 1200 | 1.00038

Table 3.1 reflects variations within the air moderated temperature. The base temp column
represents the temperature of all other materials within the reactor at a steady temperature. This
includes the fuel and its TRISO layers, the graphite moderator, and the support pipes for the
system. The column is named base temp to define that only one variable is being altered at a
time. Air temperature is then modified to run at each reactor condition to evaluate its impact on
reactivity of the system. The moderator temperature is assumed to be uniform throughout the
tube. Several cases reach criticality, especially as base temperature reaches 1200K. As
temperature increases throughout the entire reactor, criticality consequently increases. As only air
temperature increases, there is not a defined increase in kess values. This is seen in the base temp
293.6 conditions of the table, where kefr only slightly increases across room temperature and
900k, then decreases at 1200K. It is only when the rest of the materials in the reactor have an
increase in temperature that kesr begins to increase. Based on these results, it can be concluded

that air temperature has a minimal impact on criticality.
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Table 3.2: Variations in Sodium Temperature for Criticality Analysis

Base | Sodium | kefr Base | Sodium | kefr Base | Sodium | keff Base | Sodium | Keff
Temp | Temp Temp | Temp Temp | Temp Temp | Temp
K K K K K K K K
293.6 293.6 | 0.93301 | 293.6 600 | 0.93301 | 293.6 900 | 0.93327 | 293.6 1200 | 0.93355
600 293.6 | 0.97577 | 600 600 | 0.97562 | 600 900 | 0.97494 | 600 1200 | 0.97500
900 293.6 | 0.99686 | 900 600 | 0.99665 | 900 900 | 0.99646 | 900 1200 | 0.99799
1200 293.6 | 0.99752 | 1200 600 | 0.99771 | 1200 900 | 0.99962 | 1200 1200 | 0.99842

Table 3.2 reflects variations within the sodium moderated temperature. Like air, there is

no set pattern of kess growth for temperature increases in sodium only. Overall ket values are also

slightly lower than found in air cases, primarily due to sodium’s primary function being heat

removal and not effectively slowing down fast neutrons (Knief, 2003).

Table 3.3: Variations in Water Temperature for Criticality Analysis

Base | Water | ke Base | Water | ke Base Water | Kes Base Water | Kes
Temp | Temp Temp | Temp Temp | Temp Temp | Temp
K K K K K K K K
293.6 | 293.6 | 0.90288 | 293.6 600 | 0.91464 | 293.6 900 | 0.93212 | 293.6 1200 | 0.93326
600 | 293.6 | 0.94068 | 600 600 | 0.95371 | 600 900 | 0.97257 600 1200 | 0.97461
900 | 293.6 | 0.95634 | 900 600 | 0.97144 | 900 900 | 0.9943 900 1200 | 0.9958
1200 | 293.6 | 0.95362 | 1200 600 | 0.96828 | 1200 900 | 0.99431 | 1200 1200 | 0.99586

Table 3.3 reflects variations within the water moderated temperature. Unlike the other

values, there is a small steady growth in Kefs for increases of temperature in water only. This is

due to water turning to steam at higher temperatures and having a lower density. In this state,

43




water is less absorbent of neutrons and only graphite is left to effectively moderate. The thermal
utilization factor is increased in the four-factor formula as the number of thermal neutrons is
reduced, thus increasing reactivity. Overall ketf values are also lower than found in air and sodium
cases, not reaching desired quantities given the current layout. From here, the highest critical
material, air, was selected as the moderator for design. A temperature study was then completed

with changes to graphite and fuel individually.

Table 3.4: Variations in Graphite Temperature for Criticality Analysis

Base | Graphite | keff Base | Graphite | keff Base | Graphite | keff Base | Graphite | keft
Temp | Temp Temp | Temp Temp | Temp Temp | Temp
K K K K K K K K
293.6 2936 | 093284 | y935 600 | 0-96618 | >935 900 | 0.99617 | 293.6 1200 | 1.00822
600 2036 | 29033 | 640 600 | 9978 | 600 900 | 1.00506 | 600 1200 | 1.0159
900 293.6 | 0-94648 | gg 600 | 097129 | gng 900 | 0.99826 | 900 1200 | 1.009
1200 2036 | 093935 | 1500 600 | 096278 | 1000 900 | 0.98809 | 1200 1200 | 1.001

Table 3.4 reflects variations within the graphite moderated temperature. A steady increase
in kets Value is seen as the graphite increases in temperature. In this core configuration, graphite
has a positive temperature reactivity coefficient. F4 tallies were investigated in room temperature
and 1200k graphite temperatures to compare neutron cross section behavior changes in graphite.
The biggest difference between the two files was in the absorption cross sections. Room
temperature graphite had an absorption cross section of 2.76457E-02 barns, while 1200k graphite
had 1.75478E-02 barns, a significant 1.0098E-02 difference. For elastic scattering cross sections,

values did not drastically change, with 6.87468E+01barns for room temperature and
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6.66188E+01barns at 1200k. The graphite has a reduced absorption cross section for thermal
neutrons while the scattering cross section does not exhibit significant change with temperature.
For thermal neutrons, the absorption cross section decreases as the neutron’s velocity increases
(JANIS, 2024). This increase in temperature results in a positive temperature coefficient within
graphite (Foulon, 1970). With a smaller absorption rate, neutrons can travel further within
graphite without interaction and can escape outside of graphite to reach other fuel rods and
increase fission. As the sum of coefficients corresponding to reactor temperatures sums to a
positive global temperature coefficient, heating up graphite increases the resonance escape
probability p in the four-factor formula and thus increases criticality. For current reactor design,
this positive coefficient is beneficial as reactivity is just beginning to reach critical levels at the
highest tested temperatures. However, increased temperatures above 1200K will continue to
increase in criticality and require control rod manipulation to remain at steady state. This can be a
sign of over moderation, whereas the positive temperature coefficient of the graphite moderator
overrides the negative temperature feedback mechanisms exhibited by the fuel. Several high

temperature values are in or near critical conditions and are deemed qualified for burnup

calculations.
. Table 3.5: Variations in Fuel Temperature for Criticality Analysis
Base Fuel Ketf Base Fuel Keff Base | Fuel Keff Base Fuel Ketf
Temp Temp Temp Temp Temp Temp Temp Temp
K K K K K K K K

2936 | 293.6 | 0.93284 | 293.6 600 | 0.94896 | 293.6 900 | 0.94451 | 293.6 1200 0.93631
600 293.6 | 0.96718 | 600 600 | 0.97701 | 600 900 | 0.97105 | 600 1200 0.96036
900 293.6 | 0.99937 | 900 600 | 1.00697 | 900 900 | 0.99826 | 900 1200 0.98886
1200 293.6 | 1.01226 | 1200 600 | 1.01804 | 1200 900 | 1.0109 | 1200 1200 1.00097
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Table 3.5 reflects variations within the fuel temperature. For this calculation, both the
UO2 and TRISO layers have been set to the related fuel temperature. A steady increase in Ke
value is seen only as the overall materials increase in temperature, not the fuel itself. This is a
sign that the negative temperature coefficient of the fuel is working properly to lower the
resonance escape probability p and working to bring down the overall global coefficient being
raised by the graphite. This is displayed through the absorption cross section increasing across
fuel temperatures, as produced by tally results. Room temperature fuel had absorption cross
sections of 8.99724E-02 barns, while 1200k kelvin cases had an increase to 9.17302E-02 barns.
This further points to the graphite temperature as a major factor in determining criticality, where
reactivity will decrease as a function of fuel temperature. Several high material temperature
values are at or near critical conditions and are deemed qualified for burnup calculations. Tally

results are included in Appendix E.

3.32 Burnup Calculation Analysis

From variation tests, the highest criticality values were taken to run with burn cards at
different operating powers, temperatures, and with control rods. Selection for cases included
assuring cases could be sustained at temperatures presented in the table for years and not just
snapshot cases, as stated by assumption eight. Burnup results are shown in the following graphs
and tables representing this data are found in Appendix D. Error bars are included with +£0.003

uncertainty for all results.
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Figure 3.1: Burnup Results at 5 MW With No Control Rod Insertion
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Figure 3.1 illustrates both the individual fuel and graphite contributions to criticality over
time at 5 megawatts. Over time, the kes values drop as anticipated across all tests, with overall
cases never increasing after initial startup. The sharpest decline for all conditions was during the
first 180 days of operation in which the highest quantity of fresh fuel was available to burn.
Slopes remained consistent across all scenarios, a good sign that burnup rates are also consistent.
It can be observed that cases appear to run in similar pairs, such as the yellow and blue cases.
The only difference between the two lines is whether the graphite or fuel was run warmer than
the rest of the materials. Materials such as the steel pipes, the central zirconium hydride, and
surrounding moderator temperatures included in the “base” temperatures also contribute to the
small differences in kest values across tests. Data was deemed statistically different, with trends

observed outside of the 1 sigma range.
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Figure 3.2: Burnup Results at 5 MW With Control Rod Insertion
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Figure 3.2 illustrates both the individual fuel and graphite contributions to criticality over
time at 5 megawatts with control rods fully inserted. Over time, the kess values drop as anticipated
across all tests. The sharpest decline for all conditions was again during the first 180 days of
operation in which the highest amount of energy was extracted per mass of initial fuel loaded.
For this test condition, the fuel at1200k and graphite at 900k cases are closely grouped together.
These cases again feature similar qualities across graphite and fuel tests and although some
slopes cross, data remains very close and consistent and should not be cause for concern in
unexpected behavior. Data was deemed statistically different, with trends observed outside of the

1 sigma range.
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Figure 3.3: Burnup Summary of Most Reactive Case (Mat=1200 K, Fuel= 900k)
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Figure 3.3 takes only one input file and includes its performance against all six burnup
conditions. All power levels begin with the same ket , confirming that all cases start with the
same criticality and different power levels over time should cause differences in ket values. This
is also the case for non-control rod cases. All cases show properly that different levels of power
will cause different rates of burnup, 7MW conditions having the largest delta ket . The
percentages of fissions caused by neutrons remains relatively the same across cases, with most of
the drop in ket coming from the reproduction factor n term in the four-factor equation. As fuel
produces fission produces as measured by the burn card, new fission products take up space in
the fuel and thus decrease the number of neutrons produced compared to the number absorbed.
The drop in ket from non-control rod cases to control rod cases occurs due to a decrease in
neutron utilization f, rapidly increasing the number of neutrons absorbed. This gives further
confidence that control rods properly satisfy the requirement to make the system subcritical when
needed.

The percentages of fissions caused by neutrons in the thermal, intermediate, and fast
neutron ranges were also examined across tables 3.1 to 3.4. Results in table 3.6 show that there
was no substantial increase in the number of thermal neutrons created between temperature

extremes, with less than 1% difference occurring across all materials.
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. Table 3.6: Spectrum Percentage for Neutron Fission

Moderator (T=293.6K) Base Temp (k) Thermal | Intermediate Fast
Air Temp 293.6 | 91.14% 6.33% 2.53%
Air Temp 1200 | 91.13% 6.34% 2.53%
Sodium Temp 293.6 | 91.13% 6.33% 2.54%
Sodium Temp 1200 | 91.15% 6.31% 2.54%
Water Temp 293.6 | 91.06% 6.32% 2.61%
Water Temp 1200 | 91.17% 6.24% 2.58%
Graphite Temp 293.6 | 91.14% 6.33% 2.53%
Graphite Temp 1200 | 91.75% 5.90% 2.36%

3.4. Data Analysis

Several key takeaways are developed from the data. Manipulation of individual
components successfully signifies what contributes to criticality. As the temperature of the three
coolant methods was altered, it is shown that these are not the driving force in the increase or
decrease in reactivity. This can be attributed to the fact that these materials were only found in
small quantities, flowing through pipes for cooling. It was only when the graphite moderator
increased in temperature that Kets increased. Graphite is considered the most vital component to
the reactor’s overall temperature, as increase in temperature increases criticality due to a high
moderator to fuel ratio. This impacts the four-factor formula with an increase in resonance escape
probability due to the graphite effectively absorbing less neutrons and a small increase in
scattering cross sections. This guides the changing of ket across different temperatures at a fresh
fuel state. As for burnup cases, consistent decrease in Ketr Was seen across all material subsets.
This was primarily due to the reproduction factor y slightly decreasing over the lifetime of the
fuel, as the amount of fissionable U-235 is steadily decreasing. Fast fission factor € is most

impacted by the ratio of fast neutrons produced by fissions at all energies to the number of fast
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neutrons produced in thermal fission. This value does not change much over both burnup and
fresh fuel cases, as the layout of the reactor remains the same. The likelihood that the first
collision of a fast neutron will be with a moderator remains the same.

When examining the percentages of fissions caused by neutrons, the spectrum of born
neutrons between the fast, intermediate, and thermal range does not shift substantially between
different temperatures (less than 1%). This suggests that materials consistently produce the same
spectrum over time, adding little change to criticality. The thermal region is where the neutron
absorption cross section is inversely proportional to neutron velocity, also known as 1/v. This is
shown in Figure 4.1, highlighting the resonances that neutrons must travel through to reach the

thermal fissionable region.
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Figure 3.4: Neutron Reaction Probabilities in Uranium and Graphite (Touran,2023)
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Data supports that resonance plays a large role in the ability of neutrons to travel to the
thermal region, with approximately 90% of all fissions occurring in this region. Although U-235
has these resonances expanded as temperature increases, the high moderator to fuel ratio
outweighs U-235’s negative reactivity temperature coefficient. In graphite, neutrons manage to
avoid absorption and thus are able to fission in this thermal range.

. Smaller amounts of fissile material due to burnup contribute as the primary cause for
the decrease in reactivity. The data indicates that these configurations of microreactors can reach
criticality, can be properly brought to subcritical levels if needed, and can last for lifespans

expected by current designs.
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Chapter 4. Conclusion

4.1. Conclusion

This thesis demonstrates how changing several different key elements to potential
microreactor core designs will affect criticality. Input card designs were successfully reported in
matrices format, with appropriate results showcasing different successful combinations of
variables. The objectives of this thesis were met in several different capacities. Criticality control
given reactivity feedback mechanisms and control rod insertion was properly demonstrated via
control rod cases, dropping kett values across the full range of tests. As graphite had a positive
temperature coefficient due to being over moderated, lowering the moderator to fuel ratio would
decrease the reliance on graphite temperature and bring an overall negative temperature
coefficient to the reactor as an added criticality safety feature. Data was found to be statistically
different, with examined burnup uncertainties being outside of the 1 sigma range between all data
points, marking a trend in data. Burnup was properly measured across several years, showing that
operating a reactor at different output levels will increase burnup measurements. Sensitivity to
temperature was investigated, with graphite having the largest impact on criticality when
undergoing temperature change. While a wide temperature range was examined in the core, the
900K fuel temperature levels proved to yield the best reactions when combined with a 1200K
graphite temperature. While the most reactive, this configuration still successfully dropped under
subcritical levels to demonstrate controllability. With control rods half inserted, criticality
slightly lowered to a value very close to 1, showing proper reactions to control rod manipulation
for control. Overall, this thesis yielded findings consistent with current market designs,
conceptual ideas, and further confirmed the ability to control a nuclear reaction on a much

smaller scale than current US power plants.
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4.2. Suggested Future Work

The base input file is set up so that several materials can be run through the coolant pipes
with a simple material switch. This makes it easy for designers to go through and select any
material desired, especially given the MCNP Manual Appendix G. Other variables are easily
manipulated as well to meet design requirements for plants with similar layouts. The layout of
the reactor can be manipulated to increase the physical amount of fuel present and remove
graphite, thus decreasing the moderator to fuel ratio and introducing a global negative reactor
temperature coefficient. Dose calculations can also be created using the existing geometry,
considering assumption six be removed for a specific plant design. The created matrices can
continuously be added to and potentially used to create an official guideline document for

microreactor neutronics cases.

While the cases produced come with high confidence levels in results, several actions can
be taken to expand on this research and build a more comprehensive reactor. One key component
missing is computational fluid dynamic analysis. This computationally expensive and complex
analysis is outside of the scope of this thesis. In a reactor company, a neutronics engineer would
submit their input files to a CFD engineer for analysis, outsourcing the work to an entirely
different department. If a CFD analysis were to be done, the model would have a temperature
gradient across all materials representative of a real heat transfer case. To offset this, cases were
run with best engineering judgement of fuel temperature and limited information regarding

current microreactor heat transfer information.
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Appendix A: Density Homogenization Calculations

Appendix A provides the calculations used to find the material density used in the

homogenous TRISO layers.

Table A.1: Material Density Calculations

Material Density(g/cc) | Thickness(um) | Volume Percentage | Buffer Percentage of
(mm~3) of Total Density Buffer Layers
volume Average(g/cc)
uo2 10.96 800 | 0.268082573 27.10% | 2.577128814
Buffer (Carbon) 0.98 75 | 0.180837927 14.23% 19.52%
Inner PyC 1.85 35 | 0.106726709 8.40% 11.52%
Coating
SiC coating 3.2 36.7 | 0.128793497 10.14% 13.90%
Outer PyC 1.86 20 | 0.077898485 6.13% 8.41%
coating
NITE SiC 3.2 | 30% of the 0.508226 34% 46.64%
Matrix overall space.
Table A.2: Material Card Percentages
Material Card 2 Weight Totals: | Percentage
Fraction of MT
Card
0.152037 | O-16 C-12 45.73485
H-1 6.03016
8.708 | C-12 S-14 44.48094
4.171 | C-12 0-16 3.480774
0.636 | C-12
13.992 | C-12
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Appendix B: Upper Safety Limit Development

Appendix B includes the different input files run to evaluate the upper safety limit for the
MCNP download. The results for 293.6k base case are listed below. Cases including sodium and
water moderators are included in the OUTPUT.ZIP file.

Benchmark population 127
Population weight 44.32953
Maximum similarity = 0.80673

Bias = 0.00953

Bias uncertainty = 0.00713
Nuc Data uncert margin = 0.00233
Software/method margin = 0.00500
Non-coverage penalty = 0.00000

benchmark ck weight
heu-sol-therm-042-006.i 0.8067  1.0000
heu-sol-therm-042-004.i 0.8059  0.9953
heu-sol-therm-042-005.i 0.8056  0.9936
heu-sol-therm-042-007.i 0.8047  0.9888
heu-sol-therm-032-001.i 0.8022 0.9745
heu-sol-therm-042-003.i 0.8019 0.9726
heu-sol-therm-042-008.i 0.8001 0.9623
leu-sol-therm-020-004.i 0.7792  0.8440
heu-sol-therm-042-002.i 0.7791 0.8438
leu-sol-therm-021-004.i 0.7739 0.8144
heu-sol-therm-042-001.i 0.7736  0.8124
leu-sol-therm-020-003.i 0.7642  0.7596
leu-sol-therm-002-001.i 0.7588  0.7289
leu-sol-therm-021-003.i 0.7585 0.7273
leu-sol-therm-020-002.i 0.7442 0.6463
leu-sol-therm-004-007.i 0.7420 0.6339
leu-sol-therm-021-002.i 0.7380 0.6114
leu-comp-therm-007-004.i 0.7371  0.6064
leu-sol-therm-004-006.i 0.7339  0.5882
heu-comp-therm-002-010.i 0.7311 0.5721
leu-sol-therm-020-001.i 0.7305 0.5689
leu-sol-therm-002-002.i 0.7291  0.5609
leu-sol-therm-004-005.i 0.7247  0.5357
heu-sol-therm-043-003.i 0.7226  0.5239
heu-sol-therm-013-002.i 0.7224  0.5232
heu-sol-therm-013-004.i 0.7200 0.5095
leu-sol-therm-021-001.i 0.7197 0.5077
heu-sol-therm-013-001.i 0.7194  0.5060
heu-sol-therm-013-003.i 0.7188 0.5029
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leu-sol-therm-007-049.i

leu-sol-therm-007-005.i

leu-sol-therm-004-004.i

leu-comp-therm-005-004.i
leu-comp-therm-011-015.i
leu-sol-therm-007-004.i

leu-sol-therm-007-036.i

leu-comp-therm-011-007.i
leu-comp-therm-011-003.i
heu-sol-therm-012-001.i

leu-comp-therm-005-003.i
leu-comp-therm-060-005.i
leu-sol-therm-004-003.i

heu-comp-therm-002-009.i
leu-comp-therm-010-005.i
leu-comp-therm-011-009.i
leu-comp-therm-010-006.i
leu-comp-therm-028-017.i
leu-comp-therm-022-007.i
leu-comp-therm-017-004.i
leu-comp-therm-017-008.i
leu-sol-therm-007-032.i

leu-comp-therm-008-008.i
leu-sol-therm-004-002.i

leu-comp-therm-017-006.i
leu-comp-therm-008-007.i
leu-comp-therm-022-006.i
leu-comp-therm-017-007.i
leu-comp-therm-017-010.i
leu-comp-therm-008-002.i
leu-comp-therm-008-005.i
leu-comp-therm-017-005.i
leu-comp-therm-010-008.i
leu-comp-therm-060-003.i
leu-comp-therm-028-020.i
leu-comp-therm-008-011.i
leu-comp-therm-028-018.i
leu-comp-therm-017-014.i
leu-comp-therm-017-011.i
leu-comp-therm-017-013.i
heu-sol-therm-025-008.i

leu-comp-therm-017-012.i
leu-comp-therm-011-002.i
leu-comp-therm-010-007.i
leu-sol-therm-007-030.i

leu-sol-therm-004-001.i

0.7159
0.7143
0.7133
0.7107
0.7093
0.7057
0.7051
0.7043
0.7034
0.7027
0.7010
0.7008
0.7004
0.7000
0.6972
0.6954
0.6942
0.6937
0.6927
0.6917
0.6916
0.6904
0.6894
0.6893
0.6883
0.6874
0.6867
0.6864
0.6861
0.6860
0.6858
0.6844
0.6843
0.6840
0.6839
0.6825
0.6822
0.6810
0.6792
0.6792
0.6786
0.6784
0.6784
0.6780
0.6775
0.6758
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0.4861
0.4771
0.4718
0.4570
0.4490
0.4287
0.4250
0.4207
0.4156
0.4113
0.4017
0.4007
0.3984
0.3963
0.3803
0.3700
0.3635
0.3604
0.3550
0.3493
0.3487
0.3421
0.3365
0.3360
0.3300
0.3248
0.3212
0.3193
0.3178
0.3172
0.3158
0.3082
0.3076
0.3057
0.3052
0.2975
0.2955
0.2887
0.2786
0.2785
0.2750
0.2742
0.2741
0.2720
0.2689
0.2593



heu-sol-therm-025-006.i

leu-sol-therm-007-002.i

leu-comp-therm-060-001.i
leu-comp-therm-017-003.i
leu-comp-therm-017-009.i
heu-sol-therm-025-013.i

leu-comp-therm-008-001.i
ieu-comp-therm-002-003.i
leu-comp-therm-028-019.i
leu-comp-therm-001-007.i
leu-comp-therm-001-005.i
leu-comp-therm-017-002.i
leu-comp-therm-010-011.i
leu-comp-therm-001-008.i
heu-comp-therm-002-008.i
leu-comp-therm-017-001.i
leu-comp-therm-010-009.i
leu-comp-therm-010-012.i
leu-comp-therm-028-016.i
leu-comp-therm-010-010.i
heu-sol-therm-025-007.i

leu-comp-therm-001-006.i
leu-comp-therm-001-003.i
leu-sol-therm-007-014.i

leu-comp-therm-010-013.i
leu-comp-therm-001-004.i
heu-sol-therm-043-002.i

leu-comp-therm-007-007.i
leu-comp-therm-001-002.i
leu-comp-therm-007-010.i
leu-comp-therm-028-015.i
heu-sol-therm-025-015.i

heu-sol-therm-025-011.i

heu-sol-therm-025-012.i

leu-comp-therm-028-014.i
heu-sol-therm-025-018.i

leu-comp-therm-028-012.i
leu-comp-therm-010-004.i
leu-comp-therm-010-003.i
heu-sol-therm-025-014.i

leu-comp-therm-001-001.i
leu-comp-therm-060-006.i
leu-comp-therm-002-005.i
leu-comp-therm-010-001.i
heu-comp-therm-002-007.i
heu-sol-therm-025-017.i

0.6752
0.6740
0.6732
0.6729
0.6727
0.6725
0.6705
0.6701
0.6698
0.6691
0.6690
0.6690
0.6681
0.6678
0.6669
0.6666
0.6664
0.6662
0.6658
0.6638
0.6625
0.6624
0.6619
0.6605
0.6601
0.6587
0.6585
0.6530
0.6527
0.6517
0.6500
0.6499
0.6480
0.6471
0.6468
0.6467
0.6461
0.6457
0.6427
0.6422
0.6420
0.6401
0.6395
0.6383
0.6381
0.6368

61

0.2558
0.2490
0.2448
0.2433
0.2419
0.2407
0.2292
0.2269
0.2256
0.2215
0.2212
0.2212
0.2157
0.2140
0.2092
0.2072
0.2062
0.2050
0.2028
0.1916
0.1843
0.1836
0.1805
0.1726
0.1704
0.1626
0.1613
0.1302
0.1290
0.1229
0.1134
0.1129
0.1020
0.0971
0.0951
0.0946
0.0912
0.0893
0.0724
0.0693
0.0683
0.0575
0.0542
0.0471
0.0461
0.0385



leu-comp-therm-010-002.i
leu-comp-therm-009-007.i
heu-sol-therm-025-009.i

leu-comp-therm-009-023.i
leu-comp-therm-060-004.i
leu-comp-therm-009-016.i

USL Summary Table

application
jobl.i

0

0.6350  0.0287
0.6340 0.0230

6327 0.0154

0.6313  0.0079
0.6305 0.0033
0.6300 0.0006

calc dataunc baseline k(calc)

margin
0.01666
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(1-sigma) USL
0.00233 0.97228

> USL
-0.03722



Appendix C: Input Files

Appendix C includes the different input files run to evaluate the full range of conditions the
microreactor could face. Included in this Appendix are 3 cases each with a different
moderator as well as 2 burn card cases: one with and one without control rods. The full list
of input files can be found in the INPUT.ZIP file.

MICROREACTOR WITH AIR MODERATOR

C~~~~~ CELL CARD

C Cylinder Pin 1, the Fully Ceramic Micro-Encapsulated Fuel

1 1-1096 -1  u=1tmp=5.1702E-08 imp:n=1 $UO2 without the TRISO
components, universe 1 (T=600k)

2 2-2577 1 -2 u=1tmp=5.1702E-08 imp:n=1 $TRISO shielding components,
universe 1 (T=600Kk)

3 6-1.70 2  u=1tmp=5.1702E-08 imp:n=1 Soutside of layer (T=600k)

C Cylinder 2 air cooled system

4 3 -0.001293 -3 u=2tmp=5.1702E-08 imp:n=1 $air flow, universe 2 (T=600k)

5 4 -8 3-4u=2 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 2 (T=600k)

6 6 -1.70 4 u=2tmp=5.1702E-08 imp:n=1 $outside of layer (T=600k)

C Center movement device

7 5-561 -5 u=3tmp=5.1702E-08 imp:n=1 $Zirconium Hydride, Universe 3
(T=600K)

8 4-8 5-6 u=3 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 3 (T=600k)

9 6 -1.70 6 u=3tmp=5.1702E-08 imp:n=1 $outside of layer(T=600Kk)

10 7-2.25-78-910 u=4 imp:n=1 lat=1 fill=-9:9 -9:9 0:0 $square lattice-cell
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4414
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4414
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4414
4441111111111 1114414
4 4411111111111 11444
4 4 4112111111121 1444
4 4411111111111 11444
4 4411112111211 11444
4 4411111111111 11444
4 4411111131111 11444
4 4411111111111 11444
4 4 4111121112111 1444
4 4411111111111 11444
4 4411211111112 11444
4 4411111111111 11444
4441111111111 1114414
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4414

(o}
w



4 4 4 4 4 4 4 4 4 4 444444444
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 444
11 6-1.70-1112-13 14 17 -18 imp:n=1fill=4 tmp=5.1702E-08 $square assembly
12 7-225-1112-1314-15 80 imp:n=1 $bottom concrete
13 7-225-1112-1314 16-90 imp:n=1 $top concrete
14 6-1.70-1112-1314 15-17 imp:n=1 tmp=5.1702E-08  $bhottom moderator
15 6-1.70-1112-13 14 18-16 imp:n=1 tmp=5.1702E-08  $top moderator
16 0 11:-12:13:-14:-80:90  imp:n=0 $Outside World
C Line above is blank delimiter.
C~~~~~ SURFACE CARD
1 cz 0.55 $cm inner cylinder of UO2
2 ¢z 1.95 $cm outer layer of fcm pellet
3 ¢z 33%cm inner cylinder of the moderator
4 ¢z 4 %$cm layer of aluminum pipe
5 ¢z 33%cminner layer of the ZrH
6 cz 4 3cm outer layer of the ZrH
7 px 6.0 $1stside of the square lattice
8 px -6.0 $2nd side of the square lattice
9 py 6.0 $3rd side of the square lattice

10 py -6.0 $4th side of the square lattice

11 px 110.3 $1stside of the square assembly

12 px -110.3 $2nd side of the square assembly
13 py 110.3 $3rd side of the square assembly
14 py -110.3 $4th side of the square assembly
15 pz -210 $bottom of conc

16 pz 210 $top of conc

17 pz -200 $bottom of reflector

18 pz 200 $top of reflector

80 pz -230 $bottom of reflector

90 pz 230 S$top of reflector

C Line above is blank delimiter.
C~~~~~ MATERIAL CARD

C (Material#) (Fraction + Atomic - Weight) (include sources)

C Material entries must start in the column 6

CBURN  TIME= 365 365 365 365 365 365 MAT =1 Power =5.0

C BOPT=1.0 11 1 OMIT=1,8,6014,7016,8018,9018,13026,13028,14027,16031

C MPHYSON

ml 92235.81c 0.202 $Uranium 235 inside fuel kernel rho=10.96 g/cm”3,20%
8016.81c 2.0 $Oxygen inside fuel kernel+PyC
92238.81c 0.798 $Uranium 238 inside fuel kernel

mtl 02-u.23t $material card

m2 6000.81c -0.45735 $Carbon Buffer layers 45.735 rh0=0.98 g/cm”3
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1001.81c -0.06030 $Hydrogen from PyC 6.030
14028.81c -0.44481 $Solid Silicon Carbide+Silicon Matrix rho=3.20g/cm”3
8016.81c -0.03754 $Oxygen from PyC+SiC coatings
m3 7014.81c -0.7808
8016.81c -0.2095
18040.81c -0.01 $gas=1 air rho=-0.001293
m4  14028.81c -0.01
24050.81c -0.19
28058.81c -0.095
26054.81c -0.705 $Steel, Stainless 304L rho=8 g/cm”"3
m5  40090.81c -0.498
40091.81c -0.112
40092.81c -0.17
40094.81c -0.175
40096.81c -0.028
1001.81c -0.017 $Zirconium Hydride rho=5.61 g/cm”3
m6 6000.81c -1 $Graphite core rho=1.70 g/cc
mt6 grph.23t $Change for different temperatures
m7 1001.80c -0.004529 $Concrete(Los Alamos (MCNP) Mix rho=2.25 g/cc
8016.80c -0.511670
14028.80c -0.360360
13027.80c -0.0355
11023.80c -0.015270
20040.80c -0.05791
26054.80c -0.013780
C~~~CRITICALITYCODE~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~ ~
C
kcode 10000 1 150 800 $ KCODE (# of Neutrons/Cycle) (Initial keff guess) (# of skipped
cycles)(# of total cycles)
C # of Neutrons/Cycle Recommended 10”73 for simple geometries; 1076 for complex
C Initial keff guess — Usually 1
C # of Skipped Cycles — 10% of Total Cycles
C # of Total Cycles — More cycles decreases error
ksrc-1200$KSRC Xy zXxyz..
C
F4N 1
E4 0.08120.0
FM4  (4.7728E+04) (-4.7728E+04 1 (-6) (-6 -7) (-2))
F14:N 3
E14 0.08120.0
FM14 (2.4336E+06) (-2.4336E+06 6 (-1) (-3) (-2))
print
print, end of card

MICROREACTOR CORE, WATER MODERATOR
C
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C~—~— CELL CARD

C Cylinder Pin 1, the Fully Ceramic Micro-Encapsulated Fuel

1 1-1096 -1  u=1tmp=5.1702E-08 imp:n=1 $UO2 without the TRISO
components, universe 1 (T=600Kk)

2 2-2577 1 -2 u=1tmp=5.1702E-08 imp:n=1 $TRISO shielding components,
universe 1 (T=600Kk)

3 6-1.70 2  u=1tmp=5.1702E-08 imp:n=1 Soutside of layer (T=600k)

C Cylinder 2 air cooled system

4 3 -0.997-3 u=2tmp=5.1702E-08 imp:n=1 $water, universe 2 (T=600k)

5 4 -8 3-4u=2 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 2 (T=600k)

6 6 -1.70 4 u=2tmp=5.1702E-08 imp:n=1 Soutside of layer (T=600k)

C Center movement device

7 5-561 -5 u=3tmp=5.1702E-08 imp:n=1 $Zirconium Hydride, Universe 3
(T=600K)

8 4 -8 5-6 u=3 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 3 (T=600k)

9 6 -1.70 6 u=3tmp=5.1702E-08 imp:n=1 $outside of layer(T=600k)

=
o
~
o
[
IU

9 -9:9 0:0 $square lattice-cell

ARPRPRPRRPRPRPRPRPPEPRPEPEPRPEELANRARN
ARRARPRPRPPRPRPNRRPRPNRRPRPRPRAADRRRN
ARRAPRPRPRPRPRPRPRPPEPRPEPERLENMNDNS
-|>4>-|>|—‘|—\H|—\N|—\|—\|—\Nr—\|—\r—\|—\b4>b?—i

=-9:
4
4
4
1
1
1
1
1
1
1
1
1
1
1
1
1
4
4
4

B N e N Y N Y N N N G N N N SN N
B N e N S N Y N N S G N N N SN N
ADMNDMRFRPRPFRPPRPPFPPRPPPPPRPPRPPPEPLPEDMDIMAN
A DNDMFRPFPNFRPPFPPPPPRPEPNNRPRPAEDMNDIRE
ADMNDMNRPRRPPRPRPRPRRRPRRPRPRPRPRERPEEAEDNDN
APRADMFRPPFRPPPPPRPOFPPPRPPPPDRAAEDS
ADMNDMRPRPRPPRPRPRRPRRPRRPRPRRPRERPEADMNDIMNPE
AR BRPRPPNNRPRPRPRPRPRPPEPNNRPRAERDN
ADMNDMRPRFRPPRPPRPPRPPPPPRPPRPRPEPENDN
B N e N S N N N G N N N S N
B N e N S N N N G N N N S N
B N N S Y N N N N N N S N N N N S N

4
.70-1112-1314 17 -18 imp:n=1 fill=4 tmp=5.1702E-08 $square assembly
25-1112-1314-15 80 imp:n=1 $bottom concrete

13 25-1112-1314 16-90 imp:n=1 $top concrete

14 .70-1112-1314 15-17 imp:n=1 tmp=5.1702E-08  $bottom moderator
15 6 1.70 -1112-1314 18-16 imp:n=1 tmp=5.1702E-08  $top moderator

16 0 11:-12:13:-14:-80:90  imp:n=0 $Outside World

4
11
12

1

@\I\IG)

C Line above is blank delimiter.

66



C~~~~ SURFACE CARD

cz 0.55 $cm inner cylinder of UO2

cz 1.95 $cm outer layer of fcm pellet

cz 3 $cm inner cylinder of the moderator

cz 4 $cm layer of aluminum pipe

cz 3 $cm inner layer of the ZrH

cz 4 $cm outer layer of the ZrH

px 6.0 $1st side of the square lattice

px -6.0 $2nd side of the square lattice

py 6.0 $3rd side of the square lattice

10 py -6.0 $4th side of the square lattice

11 px 110.3 $1stside of the square assembly

12 px -110.3 $2nd side of the square assembly
13 py 110.3 $3rd side of the square assembly
14 py -110.3 $4th side of the square assembly
15 pz -210 $bottom of conc

16 pz 210 $top of conc

17 pz -200 $bottom of reflector

18 pz 200 $top of reflector

80 pz -230 $hottom of reflector

90 pz 230 $top of reflector

O©oo~No ok wN -

C Line above is blank delimiter.
C~~~~~ MATERIAL CARD

C (Material#) (Fraction + Atomic - Weight) (include sources)
C Material entries must start in the column 6
CBURN  TIME= 365 365 365 365 365 365 MAT =1 Power =5.0
C BOPT=1.0 11 1 OMIT=1,8,6014,7016,8018,9018,13026,13028,14027,16031
C MPHYS ON
ml 92235.81c 0.202 $Uranium 235 inside fuel kernel rho=10.96 g/cm”3,20%
8016.81c 2.0 $Oxygen inside fuel kernel+PyC
92238.81c 0.798 $Uranium 238 inside fuel kernel
mtl 02-u.23t $material card
m2  6000.81c -0.45735 $Carbon Buffer layers 45.735 rho=0.98 g/cm”3
1001.81c -0.06030 $Hydrogen from PyC 6.030
14028.81c -0.44481 $Solid Silicon Carbide+Silicon Matrix rho=3.20g/cm”3
8016.81c -0.03754 $Oxygen from PyC+SiC coatings
m3 1001.81c -0.112 8016.81c -0.888 $water air rho=-0.997
m4  14028.81c -0.01
24050.81c -0.19
28058.81c -0.095
26054.81c -0.705 $Steel, Stainless 304L rho=8 g/cm”"3
m5  40090.81c -0.498
40091.81c -0.112
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40092.81c -0.17

40094.81c -0.175

40096.81c -0.028

1001.81c -0.017 $Zirconium Hydride rho=5.61 g/cm”3
m6 6000.81c -1 $Graphite core rho=1.70 g/cc
mt6 grph.23t $Change for different temperatures
m7 1001.80c -0.004529 $Concrete(Los Alamos (MCNP) Mix rho=2.25 g/cc

8016.80c -0.511670

14028.80c -0.360360

13027.80c -0.0355

11023.80c -0.015270

20040.80c -0.05791

26054.80c -0.013780

C~~~CRITICALITY CODE ~ ~~~~~~~~~~~~~~~mmmm o~ mm o m s

C

kcode 10000 1 150 800 $ KCODE (# of Neutrons/Cycle) (Initial keff guess) (# of skipped

cycles)(# of total cycles)
C # of Neutrons/Cycle Recommended 10”3 for simple geometries; 106 for complex
C Initial keff guess — Usually 1
C # of Skipped Cycles — 10% of Total Cycles
C # of Total Cycles — More cycles decreases error
ksrc-1200$KSRCxyzxyz...
print, end of card

MICROREACTOR CORE, SODIUM MODERATED

C~~~~~ CELL CARD

C Cylinder Pin 1, the Fully Ceramic Micro-Encapsulated Fuel

1 1-1096 -1  u=1tmp=5.1702E-08 imp:n=1 $UO2 without the TRISO
components, universe 1 (T=600Kk)

2 2-2577 1 -2 u=1tmp=5.1702E-08 imp:n=1 $TRISO shielding components,
universe 1 (T=600Kk)

3 6-1.70 2  u=1tmp=5.1702E-08 imp:n=1 Soutside of layer (T=600k)

C Cylinder 2 air cooled system

4 3 -0.971-3 u=2tmp=5.1702E-08 imp:n=1 $Sodium, universe 2 (T=600K)

5 4 -8 3-4u=2 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 2 (T=600k)

6 6 -1.70 4 u=2tmp=5.1702E-08 imp:n=1 Soutside of layer (T=600k)

C Center movement device

7 5-561 -5 u=3tmp=5.1702E-08 imp:n=1 $Zirconium Hydride, Universe 3
(T=600K)

8 4 -8 5-6 u=3 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 3 (T=600k)

9 6 -1.70 6 u=3tmp=5.1702E-08 imp:n=1 $outside of layer(T=600k)

1 lat=1 fill=-9:9 -9:9 0:0 $square lattice-cell
4 4 4 4 4 4 444



4 4 4 4 4 4 4 4 4 4 444444444
4 4 4 4 4 4 4 4 4 4 444444444
4441111111111 111444
4 4411111111111 11444
4 4411211111112 11444
4 4411111111111 11444
4 441111211121 111444
4 4411111111111 11444
4 441111113111 111444
4 4411111111111 11444
4 441111211121 111444
4 4411111111111 11444
4 4411211111112 11444
4 4411111111111 11444
4441111111111 111444
4 4 4 4 4 4 4 4 4 4 444444444
4 4 4 4 4 4 4 44 44444444414
4 4 4 4 4 4 4 4 4 4 444444444
11 6-1.70-1112-13 14 17 -18 imp:n=1fill=4 tmp=5.1702E-08 $square assembly
12 7-225-1112-1314-15 80 imp:n=1 $bottom concrete
13 7-225-1112-1314 16-90 imp:n=1 $top concrete
14 6-1.70-1112-1314 15-17 imp:n=1 tmp=5.1702E-08  $bottom moderator
15 6-1.70-1112-1314 18-16 imp:n=1 tmp=5.1702E-08  $top moderator
16 0 11:-12:13:-14:-80:90  imp:n=0 $Outside World
C Line above is blank delimiter.
C~~~~~ SURFACE CARD
1 cz 0.55 $cm inner cylinder of UO2
2 ¢z 1.95 $cm outer layer of fcm pellet
3 ¢z 33%cm inner cylinder of the moderator
4 ¢z 4 %$cm layer of aluminum pipe
5 ¢z 33%cm inner layer of the ZrH
6 cz 4 $cm outer layer of the ZrH
7 px 6.0 $1stside of the square lattice
8 px -6.0 $2nd side of the square lattice
9 py 6.0 $3rd side of the square lattice

10 py -6.0 $4th side of the square lattice

11 px 110.3 $1stside of the square assembly

12 px -110.3 $2nd side of the square assembly
13 py 110.3 $3rd side of the square assembly
14 py -110.3 $4th side of the square assembly
15 pz -210 $bottom of conc

16 pz 210 $top of conc

17 pz -200 $bottom of reflector

18 pz 200 $top of reflector
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80 pz -230 $bhottom of reflector
90 pz 230 $top of reflector

C Line above is blank delimiter.
C~~~~~ MATERIAL CARD
C (Material#) (Fraction + Atomic - Weight) (include sources)
C Material entries must start in the column 6
CBURN  TIME= 365 365 365 365 365 365 MAT =1 Power =5.0
C BOPT=1.0 11 1 OMIT=1,8,6014,7016,8018,9018,13026,13028,14027,16031
C MPHYS ON
ml 92235.81c 0.202 $Uranium 235 inside fuel kernel rho=10.96 g/cm”3,20%
8016.81c 2.0 $Oxygen inside fuel kernel+PyC
92238.81c 0.798 $Uranium 238 inside fuel kernel
mtl 02-u.23t $material card
m2 6000.81c -0.45735 $Carbon Buffer layers 45.735 rh0=0.98 g/cm”3
1001.81c -0.06030 $Hydrogen from PyC 6.030
14028.81c -0.44481 $Solid Silicon Carbide+Silicon Matrix rho=3.20g/cm”3
8016.81c -0.03754 $Oxygen from PyC+SiC coatings
m3 11022.81c -1 $sodium 1 rho=-0.971
m4  14028.81c -0.01
24050.81c -0.19
28058.81c -0.095
26054.81c -0.705 $Steel, Stainless 304L rho=8 g/cm"3
m5  40090.81c -0.498
40091.81c -0.112
40092.81c -0.17
40094.81c -0.175
40096.81c -0.028
1001.81c -0.017 $Zirconium Hydride rho=5.61 g/cm”3
m6 6000.81c -1 $Graphite core rho=1.70 g/cc
mt6 grph.23t $Change for different temperatures
m7 1001.80c -0.004529 $Concrete(Los Alamos (MCNP) Mix rho=2.25 g/cc
8016.80c -0.511670
14028.80c -0.360360
13027.80c -0.0355
11023.80c -0.015270
20040.80c -0.05791
26054.80c -0.013780
C~~~CRITICALITYCODE~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
C
Kcode 10000 1 150 800 $ KCODE (# of Neutrons/Cycle) (Initial keff guess) (# of
skipped cycles)(# of total cycles)
C # of Neutrons/Cycle Recommended 10”3 for simple geometries; 106 for complex
C Initial keff guess — Usually 1
C # of Skipped Cycles — 10% of Total Cycles
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C # of Total Cycles — More cycles decreases error
ksrc-1200$KSRCxyzxyz...
print, end of card

MICROREACTOR CORE, BURN 600

C~~~~~ CELL CARD

C Cylinder Pin 1, the Fully Ceramic Micro-Encapsulated Fuel

1 1-1096 -1  u=1tmp=5.1702E-08 imp:n=1 VOL=60821.2 $UO2 without the
TRISO components, universe 1 (T=600k)

2 2-2577 1 -2 u=1tmp=5.1702E-08 imp:n=1 $TRISO shielding components,
universe 1 (T=600k)

3 6-1.70 2  u=1tmp=7.7553E-08 imp:n=1 Soutside of layer (T=900k)

C Cylinder 2 air cooled system

4 3 -0.001293 -3 u=2tmp=5.1702E-08 imp:n=1 $air flow, universe 2 (T=600k)

5 4 -8 3-4u=2 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 2 (T=600k)

6 6 -1.70 4 u=2tmp=7.7553E-08 imp:n=1 Soutside of layer (T=900k)

C Center movement device

7 5-561 -5 u=3tmp=5.1702E-08 imp:n=1 $Zirconium Hydride, Universe 3
(T=600K)

8 4 -8 5-6 u=3 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 3 (T=600k)

9 6 -1.70 6 u=3tmp=7.7553E-08 imp:n=1 $outside of layer(T=900k)
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12 7-2.25-1112-1314-15 80 imp:n=1 $bottom concrete
13 7-225-1112-1314 16-90 imp:n=1 $top concrete

14 6-1.70-1112-13 14 15-17 tmp=7.7553E-08 imp:n=1 $bottom moderator

15 6-1.70-1112-1314 18-16 tmp=7.7553E-08 imp:n=1 $top moderator
16 0 11:-12:13:-14:-80:90  imp:n=0 $Outside World

C Line above is blank delimiter.
C~~~~~ SURFACE CARD

cz 0.55 $cm inner cylinder of UO2

cz 1.95 $cm outer layer of fcm pellet

cz 3 $cm inner cylinder of the moderator

cz 4 $cm layer of aluminum pipe

cz 3 $cm inner layer of the ZrH

cz 4 $cm outer layer of the ZrH

px 6.0 $1st side of the square lattice

px -6.0 $2nd side of the square lattice

py 6.0 $3rd side of the square lattice

10 py -6.0 $4th side of the square lattice

11 px 110.3 $1st side of the square assembly

12 px -110.3 $2nd side of the square assembly
13 py 110.3 $3rd side of the square assembly
14 py -110.3 $4th side of the square assembly
15 pz -210 $bottom of conc

16 pz 210 $top of conc

17 pz -200 $bottom of reflector

18 pz 200 $top of reflector

80 pz -230 $bottom of reflector

90 pz 230 S$top of reflector

O©CoOoO~NOoO O WN P

C Line above is blank delimiter.
C~~~~~ MATERIAL CARD

C (Material#) (Fraction + Atomic - Weight) (include sources)
C Material entries must start in the column 6
BURN TIME= 365 365 365 365 MAT =1 Power =5
BOPT=1.0 11 1 OMIT=1,8,6014,7016,8018,9018,13026,13028,14027,16031
MPHYS ON
ml 92235.81c 0.202 $Uranium 235 inside fuel kernel rho=10.96 g/cm”3,20%
8016.81c 2.0 $Oxygen inside fuel kernel+PyC
92238.81c 0.798 $Uranium 238 inside fuel kernel
mtl 02-u.23t $material card
m2 6000.81c -0.45735 $Carbon Buffer layers 45.735 rh0=0.98 g/cm”3
1001.81c -0.06030 $Hydrogen from PyC 6.030
14028.81c -0.44481 $Solid Silicon Carbide+Silicon Matrix rho=3.20g/cm”3
8016.81c -0.03754 $0xygen from PyC+SiC coatings
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m3  7014.81c -0.7808
8016.81c -0.2095
18040.81c -0.01 $gas=1 air rho=-0.001293
m4  14028.81c -0.01
24050.81c -0.19
28058.81c -0.095
26054.81c -0.705 $Steel, Stainless 304L rho=8 g/cm"3
m5  40090.81c -0.498
40091.81c -0.112
40092.81c -0.17
40094.81c -0.175
40096.81c -0.028
1001.81c -0.017 $Zirconium Hydride rho=5.61 g/cm”3
mé 6000.82c -1 $Graphite core rho=1.70 g/cc
mt6 grph.26t $Change for different temperatures
m7 1001.80c -0.004529 $Concrete(Los Alamos (MCNP) Mix rho=2.25 g/cc
8016.80c -0.511670
14028.80c -0.360360
13027.80c -0.0355
11023.80c -0.015270
20040.80c -0.05791
26054.80c -0.013780
C~~~CRITICALITYCODE~~~~~~~~~~~~~~~~~~~~~ o~~~ -~ ~
C
kcode 10000 1 150 800 $ KCODE (# of Neutrons/Cycle) (Initial keff guess) (# of skipped
cycles)(# of total cycles)
C # of Neutrons/Cycle Recommended 1073 for simple geometries; 1076 for complex
C Initial keff guess — Usually 1
C # of Skipped Cycles — 10% of Total Cycles
C # of Total Cycles — More cycles decreases error
ksrc-1200$KSRCxyzxyz...
print, end card

MICROREACTOR CORE, BURN WITH CONTROL RODS FULLY INSERTED

C~~~~~ CELL CARD

C Cylinder Pin 1, the Fully Ceramic Micro-Encapsulated Fuel

1 1-1096 -1  u=1tmp=5.1702E-08 imp:n=1 VOL=60821.2 $UO2 without the
TRISO components, universe 1 (T=600k)

2 2-2577 1 -2 u=1tmp=5.1702E-08 imp:n=1 $TRISO shielding components,
universe 1 (T=600Kk)

3 6-1.70 2  u=1tmp=7.7553E-08 imp:n=1 $outside of layer (T=900k)

C Cylinder 2 air cooled system

4 3 -252 -3 u=2tmp=7.7553E-08 imp:n=1 $control rods, universe 2 (T=900K))

5 4 -8 3-4u=2 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 2 (T=600k)
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6 6 -1.70 4 u=2tmp=7.7553E-08 imp:n=1 $outside of layer (T=900k)

C Center movement device

7 5-561 -5 u=3tmp=5.1702E-08 imp:n=1 $Zirconium Hydride, Universe 3
(T=600k)

8 4-8 5-6 u=3 tmp=5.1702E-08 imp:n=1 $Steel pipe, universe 3 (T=600k)

9 6 -1.70 6 u=3tmp=7.7553E-08 imp:n=1 $outside of layer(T=900k)
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4
-1.70-1112-13 14 17 -18 tmp=7.7553E-08 imp:n=1 fill=4  $square assembly
-2.25-1112-1314-15 80 imp:n=1 $bottom concrete

13 25-1112-1314 16-90 imp:n=1 $top concrete

14 .70-1112-1314 15-17 tmp=7.7553E-08 imp:n=1 $bottom moderator
15 6-1.70-1112-13 14 18-16 tmp=7.7553E-08 imp:n=1 $top moderator

16 0 11:-12:13:-14:-80:90 imp:n=0 $Outside World

4
11
12

O~NNO
=N

C Line above is blank delimiter.

C~~~~~ SURFACE CARD

cz 0.55 $cm inner cylinder of UO2
cz 1.95 $cm outer layer of fcm pellet
cz 3 $cm inner cylinder of the moderator
cz 4 $cm layer of aluminum pipe

cz 3 $cm inner layer of the ZrH

cz 4 $cm outer layer of the ZrH

px 6.0 $1st side of the square lattice
px -6.0 $2nd side of the square lattice
py 6.0 $3rd side of the square lattice

O©CoOoO~NO U, WN P
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10 py -6.0 $4th side of the square lattice

11 px 110.3 $1st side of the square assembly

12 px -110.3 $2nd side of the square assembly
13 py 110.3 $3rd side of the square assembly
14 py -110.3 $4th side of the square assembly
15 pz -210 $bottom of conc

16 pz 210 $top of conc

17 pz -200 $bottom of reflector

18 pz 200 $top of reflector

80 pz -230 $bottom of reflector

90 pz 230 $top of reflector

C Line above is blank delimiter.
C~~~~~ MATERIAL CARD

C (Material#) (Fraction + Atomic - Weight) (include sources)
C Material entries must start in the column 6
BURN TIME= 365 365 365 365 MAT =1 Power =5
BOPT=1.0 11 1 OMIT=1,8,6014,7016,8018,9018,13026,13028,14027,16031
MPHYS ON
ml 92235.81c 0.202 $Uranium 235 inside fuel kernel rho=10.96 g/cm”"3,20%
8016.81c 2.0 $Oxygen inside fuel kernel+PyC
92238.81c 0.798 $Uranium 238 inside fuel kernel
mtl 02-u.23t $material card
m2  6000.81c -0.45735 $Carbon Buffer layers 45.735 rh0=0.98 g/cm”3
1001.81c -0.06030 $Hydrogen from PyC 6.030
14028.81c -0.44481 $Solid Silicon Carbide+Silicon Matrix rho=3.20g/cm”3
8016.81c -0.03754 $0xygen from PyC+SiC coatings
m3  5010.82c -0.1442 5011.82c -0.6382 6000.82c -0.2176 $boron carbide rho=-2.52
m4  14028.81c -0.01
24050.81c -0.19
28058.81c -0.095
26054.81c -0.705 $Steel, Stainless 304L rho=8 g/cm”3
m5  40090.81c -0.498
40091.81c -0.112
40092.81c -0.17
40094.81c -0.175
40096.81c -0.028
1001.81c -0.017 $Zirconium Hydride rho=5.61 g/cm”3
mé 6000.82c -1  $Graphite core rho=1.70 g/cc
mt6 grph.26t $Change for different temperatures
m7  1001.80c -0.004529 $Concrete(Los Alamos (MCNP) Mix rho=2.25 g/cc
8016.80c -0.511670
14028.80c -0.360360
13027.80c -0.0355
11023.80c -0.015270
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20040.80c -0.05791
26054.80c -0.013780
C~~~CRITICALITYCODE ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
C
kcode 10000 1 150 800 $ KCODE (# of Neutrons/Cycle) (Initial keff guess) (# of skipped
cycles)(# of total cycles)
C # of Neutrons/Cycle Recommended 10”73 for simple geometries; 1076 for complex
C Initial keff guess — Usually 1
C # of Skipped Cycles — 10% of Total Cycles
C # of Total Cycles — More cycles decreases error
ksrc-1200$KSRCxyzxyz...
print, end card
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Appendix D: Output Results Matrix

Appendix D includes manipulation matrices and graphs containing the most reactive burn
cases at 2.5, 5, and 7 MW with decay time up to 4 years. Graphs with and without control

rods inserted are included. The full list of output matrices used for input can be found in the
OUTPUT.ZIP file.

Table D.1: Size Comparison

Size Comparison
Scale compared | Kcalc

to original
0.75 | 0.96274
1.5 | 0.97285
2 | 0.90623

Table D.2: Control Rod Comparison

Control Rod Half Insertion
Comparison
NO CR: 1.0159

Half CR: 0.99725

Table D.3: Comparison of Fuel Levels

Comparison of Fuel Levels

Less Fuel Diameter(0.35cm) 0.74091

Baseline Fuel Diameter (0.55cm) 1.0159
More Fuel Diameter (0.95cm) 1.31135
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Table D.4: Control Rod Enrichment Comparison

Comparison of Enriched B4C

Ket
Without 0.93064
Enrichment
With Enrichment 0.94259
Difference +0.01195
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K Effective Value

1.02

1.01

o
©
©

0.98

0.97

0.96

Burnup Results at 2.5 MW With No Control Rod Insertion

—a—Mat=900 K, Fuel=600 K —m—Fuel=600 K, Graphite=900 K
—m—Fuel=900 K, Graphite=900 K Fuel=1200 K, Graphite=900 K
—a— Mat=900 K, Fuel=1200 K —a—Mat=1200 K, Fuel=900 K

—8—Fuel=900 K, Graphite=1200 K = —s—Fuel=1200 K, Graphite=1200 K

0.5 1 1.5 2 2.5 3 3.5 4

Time (Yr)

Figure D.1: Burnup Results at 2.5 MW With No Control Rod Insertion
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Burnup Results at 5 MW With No Control Rod Insertion

—a— Mat=900 K, Fuel=600 K —B—Fuel=600 K, Graphite=900 K
—#—Fuel=900 K, Graphite=900 K Fuel=1200 K, Graphite=900 K
—&— Mat=900 K, Fuel=1200 K —&—Mat=1200 K, Fuel=900 K
—a—Fuel=900 K, Graphite=1200 K —m—Fuel=1200 K, Graphite=1200 K

0.5 1 1.5 2 2.5 3 3.5 4

Time (Yr)

Figure D.2: Burnup Results at 5 MW With No Control Rod Insertion
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1.01
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[e)]

0.95

0.94

0.93

Burnup Results at 7 MW With No Control Rod Insertion

—a— Mat=900 K, Fuel=600 K —B—Fuel=600 K, Graphite=900 K
—#—Fuel=900 K, Graphite=900 K Fuel=1200 K, Graphite=900 K
—&— Mat=900 K, Fuel=1200 K —&—Mat=1200 K, Fuel=900 K
—a—Fuel=900 K, Graphite=1200 K —=—Fuel=1200 K, Graphite=1200 K

IS

1.5 2 2.5 3 3.5

Time (Yr)

0.5

[N

Figure D.3: Burnup Results at 7 MW With No Control Rod Insertion
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Burnup Results at 2.5 MW With Control Rod Insertion

—a— Mat=900 K, Fuel=600 K —B—Fuel=600 K, Graphite=900 K
—m—Fuel=900 K, Graphite=900 K Fuel=1200 K, Graphite=900 K
—&— Mat=900 K, Fuel=1200 K —&—Mat=1200 K, Fuel=900 K

—a—Fuel=900 K, Graphite=1200 K —=—Fuel=1200 K, Graphite=1200 K

0.94

0.935

0.93

0.925

]
N

K Effective Value

0.905

0.9

0.895

0.89
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Time (Yr)

Figure D.4 Burnup Results at 2.5 MW With Control Rod Insertion
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Burnup Results at 5 MW With Control Rod Insertion

—a— Mat=900 K, Fuel=600 K —B—Fuel=600 K, Graphite=900 K
—#—Fuel=900 K, Graphite=900 K Fuel=1200 K, Graphite=900 K
—&— Mat=900 K, Fuel=1200 K —&—Mat=1200 K, Fuel=900 K
—a—Fuel=900 K, Graphite=1200 K —m—Fuel=1200 K, Graphite=1200 K

0.5 1 1.5 2 2.5 3 3.5 4

Time (Yr)

Figure D.5: Burnup Results at 5 MW With Control Rod Insertion
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0.86

Burnup Results at 7 MW With Control Rod Insertion

—a— Mat=900 K, Fuel=600 K —B—Fuel=600 K, Graphite=900 K
—m—Fuel=900 K, Graphite=900 K Fuel=1200 K, Graphite=900 K
—&— Mat=900 K, Fuel=1200 K —&—Mat=1200 K, Fuel=900 K
—&—Fuel=900 K, Graphite=1200 K —s—Fuel=1200 K, Graphite=1200 K

0.5 1 1.5 2 2.5 3 3.5 4

Time (Yr)

Figure D.6: Burnup Results at 7 MW With Control Rod Insertion
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Appendix E: Tally Case Results

Room Temperature Tallies (case 1) are included to compare against fuel (case 2) and
graphite (case 3) T=1200k conditions.
Case 1:
1tally 4 nps= 4125206
tally type 4 track length estimate of particle flux.
particle(s): neutrons
number of histories used for normalizing tallies = 3000000.00

volumes

cell: 1

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

4.77280E+04

4.77280E+04

0.00000E+00 0.0000
1.11608E+00 0.0006
1.96447E-01 0.0015
4.43217E-02 0.0032
9.00143E-03 0.0073
1.64263E-03 0.0171
2.86571E-04 0.0375
5.64649E-05 0.0864
9.02587E-06 0.1888
2.27366E-06 0.3645

total  1.36785E+00 0.0005

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

-4.77280E+04 1

0.00000E+00 0.0000
3.77631E-01 0.0008
3.26078E-03 0.0015
7.47086E-04 0.0032
2.42955E-04 0.0073
4.66072E-05 0.0171
8.03070E-06 0.0376
1.85120E-06 0.0874
3.25713E-07 0.1889
8.26582E-08 0.3635
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total

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 1

multiplier bin:

energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total
volumes

3.81938E-01 0.0008

-4.77280E+04 1

0.00000E+00 0.0000
9.20816E-01 0.0008
8.99735E-03 0.0015
2.33874E-03 0.0033
8.43440E-04 0.0073
1.76797E-04 0.0171
3.31175E-05 0.0377
8.26047E-06 0.0879
1.55445E-06 0.1894
4.18484E-07 0.3624

9.33216E-01 0.0008

-4.77280E+04 1

0.00000E+00 0.0000
8.95958E-02 0.0009
1.84014E-04 0.0022
1.27368E-04 0.0043
4.40518E-05 0.0077
1.68740E-05 0.0172
3.67578E-06 0.0377
5.71607E-07 0.0856
6.33438E-08 0.1843
1.23785E-08 0.3601

8.99724E-02 0.0009

cell: 3

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00

2.43360E+06

2.43360E+06

0.00000E+00 0.0000
1.73706E+02 0.0004
3.06993E+00 0.0015
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6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

total

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 3
multiplier bin:
energy

0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

7.14513E-01 0.0035
1.34777E-01 0.0079
2.17883E-02 0.0178
4.10394E-03 0.0419
7.63128E-04 0.0985
1.09085E-04 0.2540
4.28506E-05 0.3707

1.77652E+02 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
6.82021E+01 0.0004
4.88755E-01 0.0015
7.70224E-02 0.0035
1.29494E-02 0.0079
2.27162E-03 0.0178
4.81776E-04 0.0419
8.89586E-05 0.0982
1.34408E-05 0.2553
5.38440E-06 0.3706

6.87837E+01 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
6.81752E+01 0.0004
4.88750E-01 0.0015
7.14089E-02 0.0035
9.84086E-03 0.0079
1.28143E-03 0.0178
3.06607E-04 0.0420
5.73143E-05 0.0980
8.90101E-06 0.2564
3.45963E-06 0.3702

total

cell 3

6.87468E+01 0.0004

multiplier bin: -2.43360E+06

6
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energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

total

Case 2:
volumes

0.00000E+00 0.0000

2.68938E-02 0.0007
5.78930E-06 0.0015
6.40568E-06 0.0086
3.71549E-04 0.0113
3.30160E-04 0.0183
3.24792E-05 0.0424
4.36219E-06 0.0990
7.31893E-07 0.2539
3.91358E-07 0.3708

2.76457E-02 0.0007

cell: 1

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00

4.77280E+04

4.77280E+04

0.00000E+00 0.0000
1.11357E+00 0.0006
1.96855E-01 0.0015
4.43788E-02 0.0032
8.93820E-03 0.0072
1.71106E-03 0.0164
3.31079E-04 0.0387
5.55457E-05 0.0933
1.08576E-05 0.2015
8.86560E-07 0.5371

1.36585E+00 0.0005

-4.77280E+04 1

0.00000E+00 0.0000
3.76814E-01 0.0008
3.26741E-03 0.0015
7.48276E-04 0.0033
2.41070E-04 0.0072
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1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

total

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total
volumes

4.85537E-05 0.0164
9.27454E-06 0.0387
1.80448E-06 0.0929
3.91549E-07 0.2014
3.25030E-08 0.5375

3.81130E-01 0.0008

-4.77280E+04 1

0.00000E+00 0.0000
9.18825E-01 0.0008
9.01660E-03 0.0015
2.34245E-03 0.0033
8.36495E-04 0.0072
1.84076E-04 0.0164
3.82237E-05 0.0387
8.02004E-06 0.0928
1.86465E-06 0.2007
1.66200E-07 0.5381

9.31253E-01 0.0008

-4.77280E+04 1

0.00000E+00 0.0000
9.13516E-02 0.0009
1.84378E-04 0.0022
1.27947E-04 0.0044
4.37128E-05 0.0076
1.76033E-05 0.0169
4.27476E-06 0.0402
5.62565E-07 0.0941
7.90945E-08 0.2131
5.21397E-09 0.5428

9.17302E-02 0.0009

cell: 3

cell 3

2.43360E+06
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multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01

2.43360E+06

0.00000E+00 0.0000
1.73524E+02 0.0004
3.06863E+00 0.0015
7.12685E-01 0.0035
1.35008E-01 0.0079
2.21829E-02 0.0178
4.09637E-03 0.0409
7.80674E-04 0.0941
1.08781E-04 0.2230
1.22290E-05 0.4919

1.77468E+02 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
6.66961E+01 0.0004
4.88385E-01 0.0015
7.68496E-02 0.0035
1.28958E-02 0.0079
2.30758E-03 0.0178
4.81287E-04 0.0409
9.14998E-05 0.0942
1.33915E-05 0.2224
1.54158E-06 0.4928

6.72771E+01 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
6.66693E+01 0.0004
4.88379E-01 0.0015
7.12530E-02 0.0035
9.80054E-03 0.0079
1.30128E-03 0.0179
3.06478E-04 0.0410
5.91250E-05 0.0943
8.86437E-06 0.2225
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2.0000E+01
total

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

9.96405E-07 0.4931

6.72404E+01 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
2.68498E-02 0.0007
5.78685E-06 0.0015
6.42327E-06 0.0086
3.65281E-04 0.0114
3.35531E-04 0.0182
3.22256E-05 0.0413
4.44869E-06 0.0944
7.25004E-07 0.2284
1.11505E-07 0.4937

2.76004E-02 0.0007

Case 3: volumes
cell: 1

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 1
multiplier bin:
energy

0.0000E+00

4.77280E+04

4.77280E+04

0.00000E+00 0.0000
1.14506E+00 0.0006
1.97120E-01 0.0015
4.44704E-02 0.0032
9.01144E-03 0.0072
1.72468E-03 0.0167
3.10639E-04 0.0365
5.37808E-05 0.0882
5.85598E-06 0.2148
1.70655E-06 0.3781

1.39775E+00 0.0005

-4.77280E+04 1

0.00000E+00 0.0000

-2
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2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

total

cell 1
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 1
multiplier bin:
energy

0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

4.07963E-01 0.0007
3.27191E-03 0.0015
7.49667E-04 0.0033
2.43248E-04 0.0072
4.89374E-05 0.0167
8.70909E-06 0.0365
1.76249E-06 0.0886
2.11296E-07 0.2149
6.21572E-08 0.3800

4.12288E-01 0.0007

-4.77280E+04 1

0.00000E+00 0.0000
9.94728E-01 0.0007
9.02777E-03 0.0015
2.34650E-03 0.0033
8.44327E-04 0.0072
1.85592E-04 0.0167
3.58770E-05 0.0365
7.86224E-06 0.0889
1.01329E-06 0.2150
3.14595E-07 0.3824

1.00718E+00 0.0007

-4.77280E+04 1

0.00000E+00 0.0000
9.58953E-02 0.0009
1.84068E-04 0.0022
1.28042E-04 0.0043
4.40037E-05 0.0077
1.76731E-05 0.0169
3.97890E-06 0.0367
5.44968E-07 0.0885
3.88710E-08 0.2177
9.63352E-09 0.3877

total
volumes

9.62737E-02 0.0008
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cell: 3

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

cell 3
multiplier bin:
energy

0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00

2.43360E+06

2.43360E+06

0.00000E+00 0.0000
1.71984E+02 0.0004
3.06855E+00 0.0015
7.15817E-01 0.0035
1.34819E-01 0.0080
2.21505E-02 0.0177
3.98947E-03 0.0405
7.39471E-04 0.0960
1.02170E-04 0.2693
3.87178E-05 0.3614

1.75930E+02 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
6.60640E+01 0.0004
4.88509E-01 0.0015
7.71918E-02 0.0035
1.28901E-02 0.0079
2.30836E-03 0.0177
4.68572E-04 0.0404
8.62802E-05 0.0961
1.24866E-05 0.2686
4.83751E-06 0.3629

6.66454E+01 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
6.60472E+01 0.0004
4.88503E-01 0.0015
7.15878E-02 0.0035
9.80497E-03 0.0079
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1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01

total

cell 3
multiplier bin:
energy
0.0000E+00
2.2222E+00
4.4444E+00
6.6667E+00
8.8889E+00
1.1111E+01
1.3333E+01
1.5556E+01
1.7778E+01
2.0000E+01
total

1.30255E-03 0.0177
2.98428E-04 0.0404
5.55934E-05 0.0963
8.21532E-06 0.2685
3.10610E-06 0.3643

6.66188E+01 0.0004

-2.43360E+06 6

0.00000E+00 0.0000
1.67119E-02 0.0006
5.78670E-06 0.0015
6.48374E-06 0.0086
3.62772E-04 0.0113
3.34208E-04 0.0181
3.12965E-05 0.0407
4.21581E-06 0.0951
7.07126E-07 0.2769
3.55030E-07 0.3605

1.74578E-02 0.0007
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