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[bookmark: _GoBack]The computational ability to accurately predict the conditions in an experiment under irradiation is a valuable tool in the operation of a research reactor whose key operating purposes include isotope production, materials irradiation and neutron activation analysis.  Understanding of different governing physics is required in order to ascertain satisfactory conditions within the experiment:  the neutron transport and reactivity behavior throughout the reactor and the tightly coupled behavior of heat transfer, structural mechanics and fluid flow in and around the experiment.  Computational methods and tools were developed for flexible and robust numerical analysis of experiment behavior at the Oak Ridge National Laboratory (ORNL) High Flux Isotope Reactor (HFIR), including the fully-coupled thermo-mechanics in 238Pu production-style targets and neutronics analysis for nuclear heating and radionuclide inventories within a 99Mo production capsule.  In addition, a new computational tool was developed that solves neutron transport using the discrete ordinates method on a finite element mesh and is easily coupled to a variety of other physics.  This methodology is extended to a reactor kinetics/time-dependent analysis of the HFIR transient behavior initiated by an experiment ejection in the high flux target region.
The thermo-mechanical model of the 238Pu target is solved using the COMSOL heat transfer and solid mechanics modules with irradiation behavior and thermophysical properties taken from measurements performed at ORNL and fully incorporated.  The experimental targets, placed in the permanent beryllium reflector, consist of neptunium dioxide/aluminum (NpO2/Al) cermet pellets in an Al-clad structure, the cylindrical geometry taking advantage of symmetry in two-dimensional (2-D) R-Z cylindrical geometry.  At times, extended analysis was needed for incomplete data sets and time schedules; however, the thermal-structure model ensured progression through the three build-up phases to prototypical production.  A molybdenum-99 (99Mo) production low-enriched uranium (LEU) capsule was studied in the hydraulic tube facility, where MCNP was used for static neutron transport and the SCALE code package for depletion/activation.
The neutron transport equation was solved in COMSOL, using the weak form partial differential equation (PDE) interface and the discrete ordinates formulation.  Validation studies were performed for the dimensions developed (one-, two- and three- dimensional Cartesian as well as two-dimensional cylindrical) and compared to outside deterministic and stochastic codes.  The method was then applied to the beginning-of-cycle (BOC) HFIR core, before research was concluded with a transient analysis of the ejection of a hydraulic tube rabbit.  The research presented in this dissertation is the continued progress towards creating a comprehensive multiphysics methodology for studying the dynamic behavior of the HFIR core.
The results of this study show the advantages of detailed space-time kinetics studies at the HFIR in regards to local flux effects and of multiphysics capabilities for experiment analysis at a research reactor.
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[bookmark: _Toc434443879]Introduction
Chapter 1 provides a background for the research performed and introduces the key concepts behind it.  Its subsections are the organization of this proposal, the purpose behind this research, a literary review to establish the academic context of the research, and a short background on nuclear engineering concepts and nuclear energy.

[bookmark: _Toc434443880]Organization of Proposal
This proposal is divided into several chapters based on their subject matter, including this introductory chapter.  Chapter 1 provides a background for the research performed and introduces the key concepts behind the research.  Its subsections are the organization of this proposal, the purpose behind the research, a documentary review to establish the academic context of the research and a short background on nuclear engineering theory and nuclear energy.  Chapter 2 introduces the HFIR and gives a detailed description of its design and scientific purpose, as well as a brief historical background.  Chapter 3 describes the computational tools that have aided in the methodology behind the research.
Chapters 4 through 7 present the research that makes up this proposal and are organized in increasing scope of work.  Chapters 4 and 5 analyze given target configurations irradiated at the HFIR for their safety with relation to target integrity as well as other items of interest.  Chapters 6 and 7 present the development of discrete ordinates methodology in COMSOL and its uses, and are the primary focus of this research.
Chapter 4 presents neutronics analysis [1] of an LEU foil in nickel capsule irradiated in the hydraulic tube (HT) facility at 10-26 days for the purposes of producing 99Mo.  Nuclear heating rates at steady-state and transient conditions, as well as reactor feedback and nuclide inventories are analyzed using MCNP5 and SCALE6.1.  MCNP5 is used for HFIR core eigenvalue and fixed source calculations, as well as target fixed source calculations for neutron, photon and electron transport.  SCALE6.1’s ORIGEN-S and COUPLE tools are used to collapse cross sections from MCNP and calculate the depletion and activation of target materials, as well as target decay heat.  Fabrication issues prevented the progress of this program and thus the targets were never irradiated.
Chapter 5 presents thermo-mechanical analysis [2]-[7] of 237NpO2/Al cermet pellets in aluminum cladding, irradiated in the permanent beryllium reflector for the purposes of producing 238Pu.  This project took place in three distinct phases of test target build-up towards prototypical production targets.  The safe irradiation of the targets were often dependent on post-irradiation examination (PIE) data incoming from previous target designs or a lower number of irradiation operating cycles.  Thus parameterized analysis was often needed for this complex problem in order to meet project schedules.  The model itself was created using COMSOL Multiphysics, using solid mechanics and heat transfer in solids interfaces, with added equations for fission gases, gas gap conductance, contact conductance, and the input of pellet swelling/densification from current or projected data.  The results presented are the sole work of this author; however the development of this methodology and modeling was done in conjunction with colleague J. D. Freels.
Chapter 6 walks through the development [8] of the discrete ordinates equations in COMSOL, beginning with the static neutron transport equation and deriving the appropriate approximations until a PDE is available for input to the weak form PDE interface.  An application is built using graphical user interface features of the application builder and underlying Java API programming, which allows the construction of discrete ordinates physics equations, boundary conditions for high numbers of angular quadratures or energy groups in a reasonable amount of time.  The code is then validating for static benchmark problems including Kobayashi benchmarks, a water-reflected sphere benchmark, arbitrary examples of high energy group problems with HFIR fuel material and finally a static clean HFIR reactor core model.
Chapter 7 continues from Chapter 6 and extends the methodology from static discrete ordinates to time-dependence of the neutron transport solution.  Subsequently a sample benchmark, followed by reactor feedback transient in the HFIR reactor core is intended to be modelled in the final dissertation document.
[bookmark: _Toc434443881]Motivations and Goals
Under the sponsorship of the U. S. Department of Energy’s (DOE), staff members at the Oak Ridge National Laboratory (ORNL) have been conducting studies to assess the feasibility and then demonstrate the production of 238Pu using the existing domestic neptunium feedstock.  Irradiations were performed at the High Flux Isotope Reactor (HFIR), however, the work is part of an multiple DOE facility effort to re-establish the domestic production of 238Pu in support of 238Pu-powered spacecraft utilized by the National Aeronautics and Space Administration (NASA).
The goals of the DOE 238Pu supply project [9],[3] here at HFIR include:
1. Ensure that the ability of the reactor to perform its scientific missions is not significantly diminished.
1.  Demonstrate the successful irradiation of NpO2 pellets and subsequent chemical extraction of 238Pu at the neighboring Research Engineering Development Center (REDC) on the ORNL site.
1. Collect pre- and post-irradiation material data on the as-yet unstudied NpO2/Al cermet used in pellet production in the course of demonstration.
1. Ensure safe operation of the reactor as well as the structural integrity of the target cladding for different target designs and operating cycles.
Thus, in the course of this project, detailed experiment safety analyses are needed to assess the conditions in the target under irradiation, given the limited set of pre- and post-irradiation data on the target materials.  The irradiation test program consists of four phases that provide an incremental approach intended to reduce the risk of target failure during testing, the examination data from each phase being used to validate the previous analysis and enable analysis of the subsequent phase.  As the limiting conditions for these targets have been under steady-state overpower conditions, the development of a fully-coupled thermal-structure model of the target has been crucial to project continuation.
Concurrently, ORNL staff members have been conducting studies under the sponsorship of the DOE’s National Nuclear Security Administration (NNSA) to assess the safe conversion from high enriched uranium (HEU) fuel to low enriched uranium (LEU) fuel.  The current HEU core was designed based on experiments, calculations, and expert opinions, while large-scale validation experiments are not a present option for re-design due to increased financial expenses in modern nuclear operations.  Therefore more advanced computational methods will be needed to fill this gap, including studies of reactor transient behavior.  The motivation behind more detailed spatially-dependent reactor transient studies is then to remove assumptions and conservatisms in current methodology, while validating against measured transients in the HEU design for subsequent use in LEU fuel environments.
The continuous development of and expertise in new methodologies and current computational tools is crucial in any scientific facility due to the common ailments of lack of maintenance, documentation, loss of expertise that often cause previous tools and methodologies to become incompatible with current standards.  The deterministic studies presented here make use of finite element analysis codes, robust solvers and detailed 2-D R-Z or 3-D geometries.  The stochastic studies presented here make use of Monte Carlo codes and detailed three-dimensional geometry.  Discrete ordinates method-based physics are developed in this dissertation and are applied to some of the static and time-dependent analyses because discrete ordinates offers direct multiphysics coupling and detailed flux distributions over Monte Carlo codes as well as the elimination of theoretical limitations with respect to other theories (diffusion theory, point kinetics).  All of these tools are built to aid in detailed, accurate and efficient analysis of experiment and reactor operations in the unique reactor design of the HFIR.
COMSOL, a flexible finite element analysis software platform, has been implemented recently at HFIR for performing thermal-hydraulic analyses of the LEU and HEU fuel plates as well as a diffusion model for reactor transients.  Three-dimensional models of HFIR fuel plates have been developed such that heat transfer in all three dimensions (across the width, axial length and thickness of the plate) is modeled, which is an improvement over current 1-D models of the fuel plates [10].  The successful implementation of this tool is another motivation behind the use of COMSOL for thermal, mechanical, and neutronics-based studies of reactor experiments.  The diffusion theory model [11], which utilized the COMSOL PDE coefficient interfaces, was successfully applied to spatially-dependent reactor kinetics and was thus the motivating principle behind Chapters 6 and 7 of this research.
[bookmark: _Toc434443882]Literature Review
The purpose of this section is to establish a satisfactory body of information and similar studies that serve to support and define the current work.  In this section, the theoretical framework and methodology of previous related work will be discussed, as well as the new and original purpose of the current work within the context of the field.  The following subsections are included with supporting documentation n the subjects: 1) HFIR reactor physics calculations, 2) HFIR Reactor Kinetics, 3) Discrete Ordinates Studies at HFIR, 4) Codes of Discrete Ordinates, 5) Neutronics Modeling using COMSOL Multiphysics, and 6) Pellet Thermal-Structure Calculations.

[bookmark: _Toc434443883]Codes for Discrete Ordinates
Existing computer codes that solve the neutron transport problem using discrete ordinates, [11]-[20] , are often limited with respect to one or more of the following characteristics: Cartesian mesh, static modeling only, limited number of dimensions, and no availability to multiphysics coupling.  An exception to these limitations exists[21]-[25]; however it is used primarily for and developed for commercial power reactors with geometries, operating conditions, and purposes significantly different from the HFIR.  HFIR is unique because of its compact core design (height = 2 ft, outer radius = 8.5 in), which is composed of 540 involute-shaped, HEU (93 % 235U) inner and outer fuel plates that operates at 85 MWth.  In comparison, a typical commercial light water reactor is composed of approximately 50,000 fuel rods in bundles about 4 meters long and filled with uranium dioxide pellets enriched to ~5 percent in 235U/U.

[bookmark: _Toc434443884]Transient Reactor Behavior Codes
The existing computer codes,[26]-[33], that are used for modeling reactivity-induced transients are, in general, developed for commercial power reactors with geometries and operating conditions significantly different from the HFIR, as described in the section above.  The current HFIR reactor kinetics model employed in the safety analysis report (SAR) uses point kinetics methodology coupled to the RELAP5 thermal-hydraulic code [34]-[37].  The RELAP5 code is allowed to assume steady-state conditions and subsequently reactivity feedbacks inform transient power behavior via conservative temperature and void coefficients.  The limitations of this implementation are the point kinetics code which has no spatial effects and the one-dimensional RELAP-5 calculations.
[bookmark: _Toc434443885]Discrete Ordinates Studies at the HFIR 
Studies of the HFIR reactor have previously been completed, the following is a short summary of the most recent [38]-[42]:
1. Radiation dose rate calculations in beam tube vessel walls using two- and three- dimensional discrete ordinates codes DORT and TORT.
2. Pressure-vessel flux calculations in three-dimensional discrete ordinates code TORT 
3. A beam-tube flux calculation using the one- and two-dimensional code DOT4 and three-dimensional code TORT for discrete ordinates, with correction factors in final results.
4. The 1-D ANISN discrete ordinates code is used to aid in MCNP shielding calculation in HB-3. 
The above efforts were all studies of the HFIR core and its components for the primary purposes of shielding calculations in the HFIR beam tubes, using finite-difference codes in a limited mesh not easily coupled to codes using other physics equations and no transient capabilities.

[bookmark: _Toc434443886]COMSOL Neutronics Modeling
Previous neutronics work in COMSOL has consisted of two static studies and two transient studies.  The first two static studies [44]-[45] consisted of two-group diffusion theory models of LEU-fuel geometries.  The first transient study consisted of a 3-group diffusion theory model [11] of the HFIR core for both static and transient conditions and the discrete ordinates development in this research is the programmatic extension of that effort.  The fourth study was a point-kinetics multiphysics study of an aqueous uranyl nitrate solution [46], done by the author.  None of these studies utilized the more-detailed and rigorous discrete ordinates method to solve the neutron transport equation.  However, each of these studies did aid in the establishing the framework for further neutron transport calculations in COMSOL.

[bookmark: _Toc434443887]HFIR Thermal-Structure Calculations
Modern thermo-mechanical analyses of experimental configurations at the HFIR primarily consist of a fully-coupled models in ANSYS that consider primarily the axial expansion and clearance of target materials under irradiation [47]-[50].  The irradiation of isotopes that undergo induced fission, as is observed in the 237Np in the 238Pu production target pellets, creates a variety of new and unique problem sets.  Subsequently, the fully-coupled thermo-mechanical analysis of a fission NpO2 material that includes: 1) 52 pellets under axial contact and a calculated clearance other target components, 2) strong contact occurring upon the cladding side wall for multiple pellets, and 2) burn-up dependent densification/swelling behavior included is entirely outside the normal realm of experiment target analyses at the HFIR.
This method is then best compared to reactor fuel-performance codes[51]-[55], most of which include a weak coupling between thermal and mechanical physics or alternatively, more detailed fully-coupled methodologies that have been released recently [56]-[59].  These codes however are designed and used primarily for commercial reactor UO2 pellets in zircaloy cladding, which have a wealth of historical supporting material correlations and measured experimental data to validate against and base your simulations upon.
[bookmark: _Toc434443888]Brief Nuclear Background
To be added.
[bookmark: _Toc434443889]Neutron Transport
To be added.
[bookmark: _Toc434443890]Nuclear Reactors
To be added.
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[bookmark: _Toc434443892]Description of Computer Codes
A variety of computational tools were used in the course of this research, the following subsections briefly describe these tools along with a short description of their utilization herein.
[bookmark: _Toc434443893]MCNP5
The Monte Carlo N-Particle code (MCNP) is a three-dimensional particle transport code that was developed and is currently maintained by Los Alamos National Laboratory (LANL) [60].  MCNP uses the Monte Carlo method to statistically sample the phenomena of neutron streaming and thus solve the neutron transport equation stochastically, as opposed to deterministic methods.  MCNP is commonly used to simulate neutron, photon, or coupled neutron/photon transport, as well as electron transport, or coupled neutron/photon/electron transport in many applications.  The variety of variance reduction techniques to reduce its flux “tallies” and its versatile geometry features makes it a powerful tool in neutron transport.  The latest version of MCNP, MCNP5, is used to solve coupled neutron/photon transport, photon transport and electron transport in Chapter 4.
[bookmark: _Toc434443894]SCALE
The Standardized Computer Analyses for Licensing Evaluation (SCALE) [61] modular code system was developed and is maintained at the Oak Ridge National Laboratory under an ongoing joint sponsorship with the U. S. Nuclear Regulatory Commission and the Department of Energy.  The SCALE system consists of a suite of established nuclear engineering computer codes (also referred to as functional modules) and methods run within control sequences.  The SCALE code is commonly utilized for criticality safety, reactor physics, radiation shielding, radioactive source term characterization, and sensitivity and uncertainty analysis.  With over 89 computational modules, SCALE uses control modules to build and execute input decks for its various functional modules.  Some of the control modules and functional modules in the SCALE 6.1 system, which is the version of SCALE used in these studies, are described in the following subsections.

[bookmark: _Toc434443895]CSAS
CSAS5[62] CSAS6 [63]
TRITON
[64]
[bookmark: _Toc434443896]KENOV.a
KENO V.a [65]  KENOVI [66]
ORIGEN-S
[67]
[bookmark: _Toc434443897]COUPLE
[68]
[bookmark: _Toc434443898]OPUS
[69]
[bookmark: _Toc434443899]NEWT
[12]
[bookmark: _Toc434443900]XSDRN
[13]
[bookmark: _Toc434443901]COMSOL
COMSOL Multiphysics is a general-purpose software platform, based on advanced numerical methods, for modeling and simulating physics-based problems.  COMSOL Multiphysics is a flexible tool that typically uses finite element analysis in a variety of physics and engineering applications, especially coupled phenomena, or multiphysics.  In addition to built-in physics-based interfaces, COMSOL also allows for entering coupled systems of partial differential equations (PDEs) using the weak formulation of finite element methods.  The solid mechanics, heat transfer in solids built-in physics interfaces are utilized in Chapter 5 of this research.  In Chapters 6 and 7 the weak form PDE interface and Global ODE interface are utilized.  Versions 4.3[70], 5.0[71] and 5.1[72] are used in the course of this research.




[bookmark: _Toc434443902]Molybdenum-99 Production Studies
In this chapter, studies are made for the production of molybdenum-99 (99Mo) through irradiation of high density low-enriched uranium (LEU) targets in the HFIR hydraulic tube (HT) facility, located in the HFIR flux trap region.  These studies were performed in order to facilitate the design of a HT “rabbit” holder target, which was completed, and followed through to approved HFIR safety calculations to support the irradiation of these targets.
[bookmark: _Toc434443903]Background of Molybdenum-99 Experiments
99Mo is a radioactive isotope of molybdenum with a half-life of 2.75 days that beta decays to Techneitum-99m (99mTc). 99mTc, a metastable nuclear isomer of 99Tc, is used in 20 million diagnostic medical applications per year as a radioactive tracer and is the most widely used medical isotope constituting 85% usage in nuclear medical imaging.  Its short half-life (6 hours) emitting 140.5 keV gamma rays makes it well-suited for medical imaging using scintillation cameras and its biological half-life (1 day) keeps patient exposure low.  The radioisotope is used in a wide variety of imaging areas, including the brain, heart, lungs, liver, kidneys, tumors, bones, and blood.
Currently, the primary domestic supply of 99Mo comes from HEU targets irradiated in research reactors.    Recently, the usage of LEU targets has been studied and pursued, as the primary 99Mo source at the National Research Universal reactor in Ontario, Canada has been scheduled for shutdown initially in late 2016 and now early 2018.  Thus the interest in LEU targets presents both a non-proliferation avenue of approach as well as meeting a very necessary public health requirement.
[bookmark: _Toc434443904]99Mo Production at the HFIR
This target is part of a two target campaign to produce 99Mo at the HFIR using neutron irradiation of  high-density uranium targets.  The two parts involve 1) a lower-enriched, smaller LEU target to be irradiated in the HT facility, and 2) a higher enriched, larger LEU target to be irradiated in the permanent beryllium reflector.  Other methods of 99Mo production have been pursued at the HFIR, including irradiation of aqueous uranyl-based solutions in the Gamma Irradiation Facility (GIF), but this chapter focuses on the high density LEU campaign, specifically part 1, involving the irradiation of an LEU target in the HT facility.
HFIR was originally designed to produce transplutonium isotopes.  The FTT region contains 37 experiment sites and is located at the center of the reactor with a the peak thermal neutron flux  of approximately 2.2*1015 neutrons/cm2-s at full power of 85 MWth.  Target removal availability and the high thermal flux in the hydraulic tube makes it well-suited to accommodating a short half-life medical isotope production target that may be irradiated for a shorter time period than the typical 22-26 day HFIR fuel cycle then removed for subsequent separation, recovery, and purification at the Radiochemical Engineering Development Center (REDC).  The higher enriched, larger LEU target may be irradiated for a full operating cycle in the permanent beryllium reflector, where lower fluxes and burnup will occur, before removal and chemical filtration.
[bookmark: _Toc434443905]Methodology
Version 1.5.1 of the MCNP5 code was utilized to solve neutral particle (neutron and photon) and electron transport for certain neutronics parameters such as reactivity insertion, neutron fluxes and heat generation rates in the targets.  Version 6.1 of the SCALE code package is used, specifically the COUPLE and ORIGEN-S modules in order to calculate transmutation and decay of the nuclide inventory in the target.  In addition, Mathematica and COMSOL were used for preliminary thermal cooling analysis.

[bookmark: _Toc434443906]Preliminary Studies
Preliminary studies use a middle-of-cycle (MOC) neutron flux to calculate the heat generation rates and fluxes for depletion.  The methodology is similar to that explain in the following subsections
[bookmark: _Toc434443907]Safety and Production Calculations
The final target design and plan consisted of nickel component parts and an LEU coated foil of natural enrichment (~0.7 wt.% 235U) to be irradiated in the HT facility at a top position (position 8).  In order to assure adequate target cooling, two cases were requested to be modeled: 1) A nominal case of normal target loading at position 8, and 2) A misloading of the target at the reactor centerline position (position 5).
[bookmark: _Toc434443908]Target Geometry and MCNP Model Input
The two HFIR core MCNP models, modified versions of HFIR fuel cycle 400[], occurr at beginning-of-cycle (BOC) and end-of-cycle (EOC) for a 26 day fuel cycle and were modified to reflect the current design drawings of the HFIR HT facility and its utilized rabbit components.  The rabbit stack was modeled in flux trap position B-3 (HT facility) and the in-vessel drawings of the B-3 tube and surrounding target shrouds were used to update the geometry.
In addition to the LEU target, aluminum rabbits complete the remainder of the rabbit stack in the B-3 tube.  HFIR rabbit pushers are placed at the top and bottom (positions 9 and 1, respectively) of rabbit stacks as large OD capsules that help push/pull the rabbit stack into/out of the hydraulic tube.  In this case, since the irradiation capsule is heavy compared to dummy rabbits, only a bottom rabbit pusher is needed.  HFIR dummy capsules serve as placeholders, in order to locate the irradiated target in its’ desired position.
The target material compositions are hardened 4N5 Nickel and high density LEU foil manufactured at the Y-12 National Security Complex using available natural uranium feedstock (0.7142 wt.% 235U), with a back-filled helium gas for the plenum regions of the target.  The measured impurities are utilized in the MCNP data cards for these materials.
The target/rabbit assembly geometry is contained in a nickel housing with a maximum length of 2.625” inches, with a welded nickel end cap.  A 125 micron thick LEU foil is coated with 7.5 micron thick nickel coating.  With the LEU coated foil wrapped outside a nickel inner sleeve, the inner sleeve acts as a spring which pushes the LEU coated foil flush against the inner surface of the housing.  The 17.6138 degree gap in the LEU foil is conservatively directed away from the core centerline since the thermal flux is greatest in the center of the core.  Figure 4.1 and Figure 4.2  show the LEU rabbit geometry as modeled within the hydraulic tube in MCNP.
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[bookmark: _Ref430273963][bookmark: _Toc434443952]Figure 4.1.  MCNP as-modeled x-y cross section of HT and LEU capsule at the core horizontal midplane.
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[bookmark: _Ref430274030][bookmark: _Toc434443953]Figure 4.2.  MCNP as-modeled x-z cross section of LEU irradiation capsule at the core horizontal midplane.

For the nominal case considered, the rabbit pusher is placed at position 1, HFIR dummy capsules at positions 2 thru 7, and the U foil irradiation capsule placed at position 8. For the loading error case, the rabbit pusher is placed at position 1, HFIR dummy capsules at positions 2 thru 4 and 6 thru 8, and the LEU foil irradiation capsule placed at position 5. In the position 5 case, the height of the rabbit pusher is increased to 2.93225” (7.447915 cm) in order to place the LEU foil at the reactor core horizontal midplane (the location of highest flux and thus highest heat generation).  Figure 4.3 shows the MCNP as-modeled rabbit stack in the HT facility with the LEU rabbit at position 5.
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[bookmark: _Ref430273965][bookmark: _Toc434443954]Figure 4.3.  MCNP as-modeled x-z cross section of HT rabbit stack for LEU irradiation capsule at position 5.

[bookmark: _Toc434443909]Heating Mechanisms in a HFIR Target
It is important to discuss and understand the mechanisms or components that contribute to heating of the target in HFIR.  Components of nuclear heating are depicted in Figure 4.4 on the following page and include:
1. Prompt gamma (or photon) radiation arising from the fission process in the reactor fuel components and then imparting energy through absorption or scattering in the target.
2. Capture gamma rays (or photons) from (n,γ) reactions occurring in the surrounding structural materials and then imparting energy through absorption or scattering in the target.
3. Prompt gamma (or photon) radiation arising from the fission process in the target fissionable material and then imparting energy through absorption or scattering in the target.
4. Capture gamma rays (or photons) from (n,γ) reactions occurring in the target materials and then imparting energy through absorption or scattering in the target.
5. Prompt neutrons arising from the fission process in the reactor fuel components and then imparting energy through absorption reactions, scattering or induced fission in the target.
6. Prompt neutrons arising from the fission process in the target fissionable material and then imparting energy through absorption reactions, scattering or induced fission in the target.
7. Fission fragments arising from the fission process in the target fissionable material and then imparting energy locally as ionized daughter nuclei.
8. Decay gamma radiation (or delayed photons) produced from the decay of fission products in the core and imparting energy through absorption or scattering in the target.
9. Decay gamma radiation (or delayed photons) produced from the decay of neutron-activated structural materials surrounding the target and imparting energy through absorption or scattering in the target.
10. Beta and alpha particles produced from the decay of neutron-activated materials and fission products in the target and imparting energy locally as ionizing radiation.
11. Decay gamma radiation (or delayed photons) produced from the decay of neutron-activated materials in the target and imparting energy through absorption or scattering in the target.
12. Decay gamma radiation (or delayed photons) produced from the decay of fission products in the target and imparting energy through absorption or scattering in the target.
Table 4.1 below sorts the above components into the calculation methodology by which their solved, the transient power curve they are dictated by, their physical source location, and particle type.
Components 1 through 7 are “prompt” or “instantaneous” components in that that they are directly proportional to the fission rate in the reactor core.  During steady state operation this is typically the largest single component of nuclear heating, however during a HFIR transient it falls off very quickly upon the reactor scram along the order of a 3rd of a second (along with the HFIR fuel fission rate).
Components 8 through 9 are core decay components, in that the radioactive decay of reactor materials outside the target (including fission products from the fuel and neutron-activated structural materials) contribute their delayed photons to the target heating.  These follow the 
[image: ]
[bookmark: _Toc434443955]Figure 4.4.  Target heat generation components.


[bookmark: _Toc434443976]Table 4.1.  Sorting of heating components into calculation methodology, transient curve, physical source and particle type.
	#
	Description
	Calculation
	Transient
	Source
	Particle

	1
	Core Prompt Gammas
	F6:p
	Prompt
	External
	Prompt Gammas

	2
	Structural (n,gamma)
	
	
	
	

	3
	Target Prompt Gammas
	
	
	Target Fission
	

	4
	Target (n, gamma)
	
	
	Target
	

	5
	Core Prompt Neutrons
	F6:n
	
	External
	Prompt Neutrons

	6
	Target Prompt Neutrons
	
	
	Target Fission
	

	7
	Fission Fragments
	
	
	
	F.P.'s

	8
	Core Decay Gammas
	EOC-Core
	Core Decay
	External
	Delayed Photons

	9
	Structural Decay Gammas
	
	
	
	

	10
	Target Fission Gammas
	EOC-LEU
	Target Decay
	Target Fission
	

	11
	Target Activation Gammas
	EOC-LEU,Ni
	
	Target
	

	12
	Target Beta+Alpha Decay
	ORIGEN-S
	
	
	Beta+Alpha



[bookmark: _Toc434443910]Safety Calculation Methodology
[bookmark: _Ref430788420]Activation, depletion, and decay calculations using SCALE
The SCALE code including the COUPLE, ORIGEN-S, and OPUS modules were used to perform activation, depletion and decay calculations on the LEU foil material and nickel assembly component material including the housing capsule, the inner sleeve, the foil’s nickel coating, and the end cap.  The COUPLE code, utilizing the BOC 238-group neutron flux spectrum as cross section weighting data, was used to collapse the 238-group AMPX neutron activation cross sections into one-group format as required by ORIGEN-S, unless user-supplied cross sections were made available.  A Python script was generated and utilized to execute a Fortran program to extract the fluxes and actinide cross sections from the MCNP output, write an ORIGEN-S calculation, and execute it.  COUPLE was provided actinide fission and radiative capture cross sections calculated in the BOC MCNP input, as described later, to account for self-shielding effects in the LEU foil material cross sections.  Since self-shielding effects for the nickel components activation calculations are not expected to be significant, the infinite dilute cross sections are utilized.  Then, the ORIGEN-S code was used to perform the activation and depletion calculations and OPUS was used to post-process the results into easy to read tables.
For the ORIGEN-S calculations, one 26 day fuel cycle was modeled for limiting safety calculations or a 10 day irradiation for nominal shipping calculations.  Both cases utilized a constant total neutron flux to activate the foil and assembly components.  Transport calculations were performed on day 0 (BOC) to calculate the materials’ spatially dependent neutron fluxes (among other parameters wanting to be studied, but not documented here).  The BOC was chosen as it is representative of the neutron flux in the target region over the course of the cycle.  The day 26 fluxes were calculated in the EOC transport calculations and it was shown that thermal neutron fluxes were within ±1 % of the BOC while fast neutron fluxes decreased from their BOC values.
ORIGEN calculations for a 10 day irradiation were performed on the LEU foil and nickel component materials to calculate their post-irradiation radionuclide inventories and decay heats for transportation and PIE requirements.  Also, the ORIGEN calculations were utilized to determine the end-of-cycle delayed photon sources (photons/second) resolved in a 57-energy group structure for each of the LEU foil and nickel component materials.  The same energy structure used in C-HFIR-2012-035 (Ref. 19) was used in these calculations.  Fixed source MCNP photon type calculations were constructed based on these results to determine the photon heating rates due to delayed photons.  As described in a later section, the LEU foil’s heat generation rates due to the core’s and LEU foil’s delayed photons can reach up to 47.6 and 2.1 watts/gram, respectively, whereas the nickel components’ delayed photons contribute considerably less (less than 0.01 watts/gram).
Neutron Flux
The neutron fluxes resolved in a 238-energy group structure were calculated for the irradiation capsule materials with track length estimate of flux tallies (F4:N) in MCNP.  The fluxes are resolved into 238-group structures because, in this format, they can be used to define a source weighting spectrum for the SCALE activation calculations, which was described in more detail in 4.4.2.1.  MCNP tallies are normalized per starting particle (i.e., per source fission neutron), and therefore, the tally results must be multiplied by the fission neutron source strength.  The fission neutron source strength is defined by Equation 4.1.


[bookmark: _Ref430707317]Equation 4.1

In Equation 4.1, P is the reactor power in watts (85 x 106),  is the average number of neutrons produced per fission reaction, e is a unit conversion factor (1.60218 x 10-13 J/MeV), Q is the average recoverable energy released per fission reaction, and keff is the effective multiplication factor.  For these calculations, a fixed average recoverable energy of 200.7 MeV per fission was utilized, which is slightly less than the EOC Q-value of 201.3 MeV/fission and slightly greater than the BOC Q-value of 200.2 MeV/fission that were calculated in Ref. 23.  The average number of neutrons produced per fission is given in the MCNP output and typically varies between 2.439 and 2.441 for HFIR calculations.  MCNP also outputs the multiplication factor, which should be close to unity for these calculations.  Thus, a total fission neutron source of approximately 6.4 to 6.5 x 1018 fission neutrons per second is used for the 85 MW calculations.
Neutron and Photon Heating
The most conservative heat generation rates in the LEU foil occur at the end of the cycle, however beginning of cycle heating rates are also calculated and included.  Heating due to fission dominates other heating mechanisms in the LEU foil, and the greatest amounts of fissile material (primarily due to 239Pu, 235U, and 241Pu) are present in the foil at the end of the cycle in comparison to any other point in time due to the build-up of 239Pu from the fertile isotope 238U through neutron absorption and subsequent β decays. Thus, the LEU foil’s greatest fission rates and heat generation rates occur at EOC.  Also, at the end of a cycle, the delayed photon sources from the HFIR fuel and LEU foil are greatest due to the buildup of fission products, resulting in the peak delayed photon source heating at the end of the cycle.
Track length estimate of energy deposition tallies (type 6) were used to calculate heating due to neutrons and fission products (F6:N) and prompt and capture photons (F6:P).  The units corresponding to the F6 tally are MeV/g-fission_neutron and the desired units are W/g, so the tally results are multiplied by the total fission neutron source (fission_neutrons/second) and the unit conversion factor (1.60218 x 10-13 W-s/MeV).  The source and tally cards used for the EOC MCNP input are provided in Appendix 3.  Refer to Refs. 13, 19, 23, 24, 25, 26, and 27 for other HFIR-related heat generation rate calculations.
Delayed Photon Heating
Delayed photons are not included in MCNP photon production cross sections, so the delayed photon sources were determined from ORIGEN calculations as previously described.  Then, fixed source MCNP calculations in photon mode were run with the BOC and EOC inputs and the photon sources previously described.  The delayed photon source heating at the BOC is conservatively determined using the EOC delayed photon source, where the delayed photon source is largest.  The photon heating tallies previously described were used to calculate the photon heating rates due to the delayed photons. Multipliers equal to the product of the total source strength (photons/second) and 1.60218 x 10-13 W-s/MeV were used to convert the photon heating results in terms of MeV/g-source_photon to units of W/g.  The EOC core delayed photon source cards generated in C-HFIR-2013-005 (Ref. 13) were utilized in this set of calculations.  The EOC LEU foil delayed photon source cards are shown in Appendix 4 for position 5 and the EOC nickel capsule components delayed photon source cards are shown in Appendix 5 for position 8.
Beta Plus Alpha Heating
Beta plus alpha heating in the LEU foil material can be calculated with two separate methods.  The ORIGEN-S calculations described previously can be used to determine the total heat (watts) due to photons, betas, and alphas and the heat due to photons only.  Assuming the betas and alphas are locally deposited, the heat due to betas and alphas only can be calculated by subtracting the heat due to photons only from the total heat.  Heating due to beta and alpha radiation is however dominated by the beta radiation.
The second method utilizes the track length estimate of fission energy deposition tally in MCNP (F7:N) (Refs. 23 and 28), which includes the kinetic energy of fission fragments, the kinetic energy of prompt neutrons, and the kinetic energy of prompt photons.  Kinetic energy from fission fragments is locally deposited, but the prompt neutrons and photons need to be transported because their energy is deposited throughout the system.  The corresponding Q-values for the dominant fissioning nuclides in the LEU foil, namely Pu-239 and Pu-241 at the EOC and U-235 at the BOC, are listed in Table 4.1 and were obtained from Ref. 29.

[bookmark: _Ref430707284][bookmark: _Toc434443977]Table 4.1.  Q-values for selected isotopes.
	Description
	235U Q-values (MeV)
	239Pu Q-values (MeV)
	241Pu Q-values (MeV)

	Qf = kinetic energy of the fission fragments
	169.130
	175.550
	175.360

	Qnp = kinetic energy of the prompt neutrons
	4.838
	6.128
	5.990

	Qγp = kinetic energy of the prompt gammas
	6.600
	6.741
	7.640

	QF7 = sum of above
	180.568
	188.419
	188.990

	Qβ = total energy released by delayed betas
	6.500
	5.310
	6.580

	ratio of Qβ to QF7
	3.600%
	2.818%
	3.482%



The delayed beta Q-values are 6.500 and 5.310 MeV, respectively, for U-235 and Pu-239.  If this energy is assumed to be deposited locally in the LEU foil, the heat deposition in the LEU foil due to delayed betas can be approximated by multiplying the result of the F7:N tally (MeV/g-fission_neutron) by the total fission source (fission_neutrons/second), the unit conversion factor of 1.60218 x 10-13 W-s/MeV, and the ratio of Qβ to QF7 (Equation 4.2, Refs. 23 and 28).


[bookmark: _Ref430707394]Equation 4.2

The total fission rates for each isotope were taken from the ORIGEN-S depletion calculation and used to find a fission-averaged beta heating ratio at the BOC and EOC.  However, the conservatively larger beta heating contribution was generated by the former ORIGEN-based method calculating the difference between the total heat and photon heating in ORIGEN-S.  These values, which include the alpha heating, were used for conservatism over those found using the fission deposition method.  The ORIGEN-based method was also used to calculate the beta heat generation rates in the nickel capsule assembly components.
Actinide Capture and Fission Cross Sections
The radiative capture (MT=102) and fission (FM option -6) reaction rates for 30 important actinides were calculated in the LEU foil, in addition to the total neutron flux, in MCNP for use in the SCALE calculations as previously described. The 30 actinides include those nuclides with recoverable fission energy data in ORIGEN-S (except 245Cm and 243Pu) (Ref. 9) and are listed in Table 4.3 below.
The one-group cross sections (barns) were calculated for each actinide as defined by Equation 4.3.


[bookmark: _Ref430707409]Equation 4.3

In Equation 4.3,  is the one-group actinide cross section in barns,  is the energy-dependent microscopic cross section for reaction type x in barns, E is energy, and  is the energy-dependent neutron flux in neutrons/cm2-sec per fission neutron. The total neutron source is applied to both the denominator and numerator and thus cancels itself out. The resulting actinide cross sections are then utilized in the LEU foil’s ORIGEN depletion calculations previously described.
[bookmark: _Ref434395344]Transient Heat Generation
Three components contribute to the total transient decay heating of the irradiation capsule in this analysis: prompt particle heating, reactor delayed photon heating and target decay heating (Ref. 30).  The first is due to “prompt” effects; the capsule heating due to reactions from prompt neutrons and photons in the reactor (primarily neutron-induced fission in the LEU foil).  This includes all contributions from prompt neutrons and photons produced in the reactor, including those from the irradiation capsule itself.  The initial prompt heat generation after reactor scram is determined from MCNP calculations as previously described.  This effect is the primary contributor over short time periods (less than 1 second) due to its large value at time zero after reactor shutdown.  However, its time-dependent power curve, developed by the HFIR point-kinetics reactivity model (Ref. 31), falls off rapidly due to the rapid insertion of the safety plates.
The second heating component is “core decay” due to the delayed photons emitted by the reactor fuel and structural materials after shutdown from fission and activation products.  The initial heat generation at the start of shutdown is established in the core EOC fixed source MCNP calculation (see Section 4.5.3).  The time-dependent power curve of the reactor core’s decay is originally described in Reference 32, using both ANSI/ANS 5.1 and ORIGEN2.
The third heating component is the local decay components from the irradiation capsule itself.  The radioactive decay of the capsule produces beta (electron or positron), alpha (4He), and gamma (photon) particles due to its fission and activation products.  All radiation released is conservatively assumed to deposit its energy locally (in the decay material).  However, the fixed source calculations transport these delayed photons and most of the energy is deposited elsewhere in the system.  To be conservative, delayed photon heating between the capsule materials (the LEU foil and the nickel assembly components) is counted twice according to the delayed photon EOC fixed source calculations (see Section 4.5.3).  This additional heating contribution decays according to a conservative decay power fraction which bounds the local decay fraction of the contributing source (the LEU foil or nickel assembly components) as further described in the results.
The total steady-state heat generation rate is used as the initial total heat generation rate at reactor scram.  The contributions from the core decay photons and local target decay at time zero are subtracted from this value to determine the initial prompt heat generation rate.  Since the local target decay is conservatively overestimated to be locally deposited, this results in a corresponding underestimation of the prompt contribution.  However, as the “prompt” power fraction is bounded by the local target decay power fractions (see Figure 8.4 through Figure 8.6) this represents a conservative total transient heat generation over all time steps.  The time-dependent curves of HFIR prompt and delayed photon heating is that developed for the HFIR RELAP model (Ref. 33) – documented in Attachment 1 of Reference 34 – and the local target decay is determined by ORIGEN depletion and decay calculations as previously described.	Comment by Hurt, Christopher J.: Create Figure to Illustrate this section, and possibly heating as well
Beta particle energy deposition
The beta particle energy spectra resulting from the thermal neutron fission of several fissile isotopes (239Pu, 235U, and 241Pu) is obtained from References A8.1, 2, 3 and 4 and confirmed in Reference A8.5. The spectra over the energy ranges 1 to 9 MeV are shown in Figure A8.1 below.

 

As can be seen, the spectra are very consistent between the four sets of measurements. However, the energy spectrum of 239Pu was used in this calculation as it is the primary fissioning isotope at the end-of-cycle, where the highest heat generation rates occur. An LEU irradiation capsule surrounded by water was modeled in MCNP for the electron transport mode. The energy deposition in three cells of the irradiation capsule was calculated using the *F8 card (pulse height tally using surface and source weight collections).
[bookmark: _Toc434443911]Preliminary Production Results
[bookmark: _Toc434443912]Nuclide Inventory Results

[bookmark: _Toc434443913]Thermal Cooling Results
[bookmark: _Toc434443914]Final Target Design Results
[bookmark: _Toc434443915]Potential reactivity feedback
To assess the potential impact of the insertion and removal of the two rabbit stack configurations, considered in terms of the rabbit stack reactivity worth, the steady-state effective multiplication factors, keff, were extracted from the BOC and EOC MCNP outputs, for each rabbit position, and compared to the water-filled hydraulic tube case. For the BOC and EOC cycle inputs, all configurations’ (rabbit stack with capsule at position 8, rabbit stack with capsule at position 5, water-filled HT) keff values compared well to those calculated in ORNL/TM-2010/318, Appendix B. The maximum reactivity worth of the rabbit stack configurations with respect to the water-filled hydraulic tube was calculated to be +2.38 ±0.56 cents (1 standard deviation provided) at BOC and 1.18 ±0.56 cents at EOC – both for the irradiation capsule in position 8. A value of 0.0076 was used for βeff.
The water-filled HT introduces a neutron-absorbing material (the hydrogen-rich water) to the HT region, and thus is bounding in terms of a lower reactivity (or a minimal keff value) compared to the rabbit stack (which represents a positive reactivity addition by displacing the water with the 6 dummy capsules, 1 HFIR pusher rabbit, and the irradiation capsule). Reference 22 gave a 2.9 cent reactivity worth for 9 dummy rabbits, which is on the order of the calculated results. The placement of the LEU irradiation capsule, which has little fissile material, presents an overall negative reactivity addition in its placement closer to the reactor horizontal midplane (position 5) in the results. The negative reactivity impact of replacing a HFIR dummy rabbit with an LEU irradiation capsule at reactor midplane includes the displacement of relatively neutron-transparent aluminum with better neutron-absorbing materials in the hardened 4N5 nickel (large content of 58Ni) and LEU foil (large content of the naturally abundant isotope 238U). The positive reactivity addition gained by the placement of the capsule, including the fissile content in the LEU foil (primarily 235U) and displacement of the water in the inner annular region of the dummy rabbit, is relatively less significant in the results. Therefore the greatest reactivity worth (and the least neutron-absorbing configuration) is that with the irradiation capsule placed at Position 8. The reactivity worth for the HT rabbit configurations and their associated uncertainties can be seen in Table 6.1. Thus the positive reactivity addition associated with the insertion and the subsequent negative reactivity addition associated with the ejection of the hydraulic tube rabbit configurations (containing 1 pusher rabbit, 6 dummy capsules and 1 LEU irradiation capsule) are considerably less than the 9 cent limit (Ref. 22).

[bookmark: _Toc361217332]: Multiplication factors and reactivity of rabbit stack configurations.
	Case
	keff
	σ
	ρ (¢)*
	σ (¢)
	ρ + 2σ (¢)
	ρ - 2σ (¢)

	BOC water-filled HT
	0.99811
	0.00003
	-
	-
	-
	-

	EOC water-filled HT
	1.00209
	0.00003
	-
	-
	-
	-

	BOC foil position 8
	0.99829
	0.00003
	2.38
	0.56
	3.50
	1.26

	BOC foil position 5
	0.99820
	0.00003
	1.19
	0.56
	2.31
	0.07

	EOC foil position 8
	1.00218
	0.00003
	1.18
	0.56
	2.29
	0.07

	EOC foil position 5
	1.00215
	0.00003
	0.79
	0.56
	1.90
	-0.33

	* with respect to the water filled HT case and calculated as (k2-k1)/(k2*k1)*(100/βeff)



[bookmark: _Toc434443916]Thermal Heating Results
The three time-dependent heat generation rate results are expressed as a function of decay time after reactor scram for both irradiation capsule positions (5 and 8).  Per Section 4.4.3.7, the delayed photon heating from the LEU foil to the nickel housing is conservatively added to the initial target decay heating and decays according to the nickel component local decay fraction, which conservatively bounds the decay of the LEU foil.  The normalized transient heat generation results for the LEU foil out to 10 hours post-shutdown are shown in 

[bookmark: _Toc434443956]Figure 4.5.  Transient power fractions for the different heat sources from shutdown to 0.6 seconds decay.


[bookmark: _Toc434443957]Figure 4.6.  Transient power fractions for the different heat sources from shutdown to 10 minutes decay.


[bookmark: _Toc434443958]Figure 4.7.  Transient power fractions for the different heat sources from shutdown to 10 hours decay.

[bookmark: _Toc434443917]Nuclide Inventory Results



[bookmark: _Toc434443918]Molybendum-99 Production Summary
A set of neutronics calculations were performed to support the irradiation of a high-density LEU foil and nickel irradiation capsule in the HFIR HT for up to 1 full cycle or 10 days (for shipping requirements).  The SCALE code including the COUPLE, ORIGEN-S, and OPUS sequence was used to perform depletion, activation, decay and source term calculations on the LEU foil and nickel capsule assembly components.  MCNP, a Monte Carlo-based transport code, was utilized for neutron, photon, and coupled neutron-photon transport calculations to estimate energy-dependent neutron fluxes, actinide cross sections and heat generation rates.  Nuclear heat generation rates, nuclide inventories, and decay heating rates for the LEU foil and its associated nickel capsule components.  In addition, an alternative heating distribution using electron transport in MCNP was utilized.


[bookmark: _Toc434443919]Plutonium-238 Multiphysics Studies
In this chapter, safety studies are made for the irradiation neptunium-237 (237Np) in NpO2/Al pellets in aluminum targets through throughout the HFIR permanent beryllium reflector in order to produce plutonium-238 (238Pu).  These studies were performed in order to facilitate three phases of the 238Pu production supply project, which have been completed during the course of this research with design optimization a continual effort.
[bookmark: _Toc434443920]Pu-238 Supply Project
Plutonium-238 oxide pellets fuel the radioisotope thermoelectric generators (RTGs) that are the established power sources for deep space missions where solar power is not viable.  The Department of Energy (DOE) has been tasked to re-establish the domestic production of 238Pu in support of 238Pu-powered spacecraft utilized by the National Aeronautics and Space Administration (NASA).
The technology demonstration activity supported by this reaserch is focused on supporting future production capability; specifically, the target design, qualification and irradiation studies that have taken place to date at the HFIR and supporting ORNL facilities.  The intended infrastructure for full-scale production includes multiple DOE facilities and target irradiation at research reactors at both ORNL ( at the HFIR) and Idaho National Laboratory (at the Advanced Test Reactor) with chemical extraction taking place at REDC at ORNL.  However, the focus of this research is on advanced multiphysics modeling to support target design, qualification and irradiation studies that have taken place at the HFIR that will enable and streamline full-scale activities throughout DOE facilities.
The neutron irradiation of 237Np in a nuclear reactor yields 238Pu via the absorption of a neutron to yield 238Np which subsequently beta decays to 238Pu.  It is anticipated that the High Flux Isotope Reactor (HFIR) at ORNL and the Advanced Test Reactor (ATR) at INL, together will irradiate sufficient neptunium oxide (NpO2) to produce an estimated 1.5 kg of plutonium product per year.
The irradiation test program consists of four phases (these four phases are to be added as a Figure in the final format) that provide an incremental approach intended to reduce the risk of target failure during testing.  Additionally, PIE results from each phase serve as a hold point and are used to guide the course of the subsequent irradiations.  Ideally safety calculations would only be performed at the start of each phase with PIE results from the previous phase informing the new set of models.  However, scheduling efforts as well as unexpected pellet irradiation behavior observed in the PIE results has created the need for increasingly detailed revisions and creative approaches to the safety analysis models.
[bookmark: _Toc434443921]Experimental Safety Review
Target qualification requires an experiment authorization basis document supported by safety review references including calculations that assure target cooling in off-normal and nominal reactor operating conditions that do not result in either reactor fuel damage, or damage to the experiment target as defined in the HFIR safety analysis report.  The process to generate a comprehensive experiment authorization basis document is shown in Figure below.
[image: ]
 FIGURE 2. Simple diagram of the experiment safety review process.
The target cooling analyses are subdivided into bounding steady-state and transient conditions that are computed using the software-approved COMSOL Multiphysics and RELAP5 codes, respectively, as detailed below.
•	Steady-State Analysis in COMSOL:
o	50% reduced coolant flow under normal reactor operating conditions,
o	130% overpower and raised inlet temperature.
•	Transient Analysis in RELAP5:
o	Small break loss of coolant (SBLOCA),
o	Loss of offsite power (LOOP).
The safety analysis review ensures reactor safety with respect to the experiments, specifically 1) The target internal temperatures remain below component melting temperatures, 2) The structural integrity of the target housing is such that it safely contains the irradiated pellet materials, and 3) The target surface temperatures remain below coolant saturation temperatures.  The 1st mode of failure under steady-state 130% overpower, analyzed using coupled heat transfer and structural mechanics equations in COMSOL, has been the limiting condition from a safety review perspective and is the topic of this chapter.
The third set of supporting safety calculations are performed to establish the target heating and nuclide inventories which provide a basis for the above described calculations as well as a comparison to future PIE results.

[bookmark: _Toc434443922]Computational Model Development
The models’ governing equations are briefly described below and in the following subsections the inputs, pellet dimensional behavior and gas gap/contact conductance is discussed in greater detail.  The models takes advantage of the symmetry about the axial centerline of the targets to utilize 2-D R-Z or axisymmetric geometry, thus heat transfer and mechanical loads are invariant of the rotation angle.
The built-in Heat Transfer physics interface is added, which is governed by the domain equation given in Equation 5.1, where , Cp, and k are the material density, heating capacity and thermal conductivity, respectively .  T and u are the field variables temperature and velocity, while t is the time and Q is a volumetric heat source (to be added by the user).  For this problem, the transient heat and convection terms are eliminated as the analysis is for steady-state conditions in a solid medium (excluding fission gas regions).

[bookmark: _Ref434508451]Equation 5.1
The built-in Solid Mechanics physics interface is added as well, which is governed by the domain equation given in Equation 5.4  The strain tensor, , is given in terms of the gradient of displacement field variable, u, Equation 5.2.  The stress tensor,, is related to the strain tensor via Hooke’s law (Equation 5.3) , where C is an elasticity tensor, 0 denotes initial stresses and strains, and  is the thermal expansion.  This last term is one of two locations where the Solid Mechanics and Heat Transfer interfaces are coupled to create a thermo-mechanical analysis.  Finally, the linear momentum is conserved in the equilibrium equation for forces, F, and stresses in the target (Equation 5.4).

[bookmark: _Ref434512148]Equation 5.2

[bookmark: _Ref434512153]Equation 5.3

[bookmark: _Ref434512117]Equation 5.4
Appropriate constraints must be applied to the problem for solution.  In this case, a prescribed displacement in the z direction of zero is given at the bottom of the target endcap.  A thermal convection boundary is applied to the target external surface to the coolant, where the bulk temperature is given by a simple control volume energy balance of the coolant and the given heat transfer coefficients were found to be conservative with respect to Dittus-Boelter.

[bookmark: _Toc434443923]Model Inputs
There are several key model inputs to the target cooling safety analyses models, as listed below.  These are separated into PIE data, pellet material property data, target design information, and supporting data from neutron transport calculations.  The PIE data was updated as irradiated targets could be measured, with close attention at shifts in between project phases/designs.  The pellet property data has been measured as needed for the safety calculations and conservative data assumed elsewhere, including temperature dependent stress-strain curves.  Updating the target design is a continual process but is usually frozen before the safety calculations are performed for each irradiation.  The supporting neutron transport calculations are performed at each phase and repeated as needed to provide input to the target heating calculations.
•	Post-Irradiation Examination (PIE) results
o	Shrinkage/Swelling vs. burn-up for radial and height dimensions
o	Fission gas release fractions
•	Temperature- and composition-dependent material property data for the NpO2/Al pellet (and other materials):
o	Thermal expansion coefficient
o	Thermal conductivity
o	Temperature dependent Stress/strain curves (i.e. elastic modulus, yield strength)
o	Density, Poisson’s ratio, etc.
•	Target Design Drawings and Information
•	Input heat generation rates, burnup and fission gas production from neutronics calculations

[bookmark: _Toc434443924]Pellet Irradiation Behavior
The possibility of significant densification and swelling in the neptunium oxide pellets was discussed prior to the Phase 1 irradiations, however the expectation was that for the production burn-up levels the observed densification of the pellets would be minor and swelling would be the more measurable factor.  While swelling presents a safety consideration in possible breach or failure of the target housing, densification or negative swelling presents a safety consideration as it increases the gap between the pellets and target housing, hence, reducing radial heat transfer, and elevating pellet temperatures near melting.
The behavior of the irradiated fuel oxides (typically uranium) suspended in an aluminum mixture has been measured in previous experiments, however not for NpO2 materials.  The experiment results exhibit the general characteristics of densification and swelling as shown in Figure 5.1.  Fabrication void volumes experience a radiation-enhanced sintering which reduces the overall volume of the pellets for the early irradiation periods.  Subsequently, the swelling due to fission gas and fission product release dominate the irradiation behavior as the reduction in void volume falls off.  The irradiation behavior, as measured by the pellet dimensional changes in the PIE results, has been observed in the time period after maximum densities and swelling due to fission products is recovering the negative volume change.  Given input PIE data, this behavior may be modeled using burnup-dependent correlations for densification and swelling which both make up the total volumetric irradiation change (see Equation 5.5-Equation 5.7).
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[bookmark: _Ref434512668][bookmark: _Ref434512649]Figure 5.1.  Pellet dimensional behavior as a function of burnup.

[bookmark: _Ref434512970]Equation 5.5

Equation 5.6

[bookmark: _Ref434512974]Equation 5.7

[bookmark: _Toc434443925]Contact/Gas-Gap Conductance
Contact is modeled in COMSOL by the interface between a contact “pair” feature of a destination surface and source surface, where destination may not penetrate the source domain.  Contact problems are modeled either using a penalty method or augmented Lagrangian method, the latter of which is a recent addition that provides a more robust solution but with greater difficulty in convergence and is utilized in the models for which it was available.
Peak pellet temperatures in the target are driven by the heat transfer in the radial gap between the NpO2 pellets and target cladding.  The gas gap between the neptunium oxide pellets and aluminum target housing is the location of the largest temperature gradient in the target and thus an important phenomenon to quantify when calculating the centerline (hottest) pellet temperatures.  The densification or shrinkage of the pellets has made this effect more pronounced by enlarging the gap and increasing pellet temperatures, as can be seen Figure 5.2.  Pellet dimensional behavior as a function of burnup..
The heat transfer between the two surfaces consists primarily of two effects: solid spot contact conductance and the gas gap conductance as well as a negligible radiation heat transfer term.  The contact conductance is negligible when surfaces are not in contact, but nevertheless, is accounted for in the analysis in case some contact is made.  The gas heat transfer is affected by the gas conductivity (which is strongly affected by the mixture of fission gases), the separation distance (which is strongly affected by the dimensional irradiation behavior), and gap jump terms that account for the inefficient heat transfer between gas particles and the solid surface.  The equations for the gap heat transfer coefficients, h, are shown below [73]:

Equation 5.7

Equation 5.7

Equation 5.7

where	g = thermal gap jump,
α = accommodation coefficient,
γ = ratio of specific heats = ,
μ = viscosity, and
λ = mean free path of gas molecules

Equation 5.7
where 	m = the mass of a molecule of the gas, 
kB = Boltzmann’s constant= 1.38060504x10-23 J/K, 
		d = the diameter of the gas particle (m), and
pgas= the pressure of the gas which is an input to the COMSOL model (Pa).


Equation 5.7
where 	hc = the contact/constriction conductance, 
m = mean slope of asperities,
		P = contact pressure,
σ = mean surface roughness, and
E = Young’s modulus
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[bookmark: _Ref434513485]Figure 5.2.  Temperature gradient between the pellet and cladding along the radial direction.

[bookmark: _Toc434443926]Computational Results
The more detailed analysis of each individual pins for the fully-loaded target design over the course of 3 operating cycles have not yet been approved and documented.  However, previous analyses of fully-loaded targets are presented briefly here.  The partially-loaded target analysis is not presented, but will be added to the final dissertation document.
Previous Thermo-mechanical Analyses
Presented below are results from fully-coupled thermo-mechanical analyses of the fully-loaded target.  Calculations have been completed for all 2 cycles of operation for both partially-loaded and fully-loaded target designs, including several parametric studies given incomplete examination data.  All computations are computed on the betty computational cluster, which is approved by software quality assurance, on single 128 GB nodes using the PARDISO direct linear solver.  A mesh refinement study is documented in a later section.
Goals of the analysis were to ensure structural integrity of the target primarily by examining the target temperatures under 130% overpower to ascertain that the melting temperature of 650°C was not reached.  However, structural integrity of the target via maintaining an axial clearance under measured target housing failures is also examined.  The temperature profile along the axial centerline for the end-of-cycle (EOC) 2 for the fully-loaded target is shown in Figure 5.3.

[bookmark: _Ref434514870]Figure 5.3.  The temperature profile shape at the end of the 2nd cycle for the fully-loaded target at 130% power.
.  In addition, the changing temperature profile throughout the 2nd cycle is shown at several time steps in Figure 5.5 and the expected hourglass feature observed previously in uranium oxide pellets is shown in Figure 5.3.  Fluxes at the HFIR are typically in a cosine shape with respect to axial position, peaking at the horizontal midplane.  The temperature distribution at day 0 demonstrates that peak nuclear heating occurs in the axial center of the target where fluxes are highest.  However, as the cycle progresses irradiation behavior in the target causes increasing volumetric swelling (or densification recovery) in the radial direction with greatest effect in the locations of highest burnup at the axial center.  This closes the radial gap and cools down these sections of the target, meanwhile the “hot spot” of the target migrates to the opposing axial ends of the target where swelling is less pronounced by the EOC-2.
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[bookmark: _Ref434514876]Figure 5.5.  Temeprature profiles at 0, 5, 10, 15, 20, and 26 days at 100% power in a 52 pellet-stack for the 2nd cycle of irradiation of fully-loaded target.
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[bookmark: _Ref434515195]Figure 5.5.  Rotated surface stress plot of individual pellet exhibiting “hourglass” shape.
Preliminary Current Results
 In this section the current, undocumented and preliminary results of the fully-loaded 238Pu targets for 3 cycles are presented.  Seven pins throughout a target holder are analyzed with Pin 1 (the closest to the reactor axial centerline) having the highest temperatures, as shown in .  Pin 1 is examined more closely in and , where contact occurs in the 3rd cycle of irradiation and 
[bookmark: _Toc434443927]Mesh Refinement Studies
A mesh refinement study was performed for the initial fully-loaded target analysis that is now briefly discussed.  The study was performed at 130% power, EOC-2 for both the best estimate and “cold case” models to demonstrate the increased convergence for the latter model method (where structural mechanics equations are not included and the nonlinear coupling at the pellet/housing gap does not negatively impact convergence).
The number of mesh elements in the pellet/housing region was roughly doubled at each convergence step and an error estimate was made from two post-processing results: 1) pellet centerline average temperature, and 2) the maximum pellet centerline temperature.  The individual error estimates were defined as:

And the square root of the product of the errors was used as a final error “norm”.  The error norm is plotted against the reciprocal of the mesh number in the log-log plot in Figure 5.6.  The increased rate of convergence and reduced error in the cold case model can be clearly seen.  More specifically, the finite element order of convergence approximately doubles and approaches the expected value of 2 for smooth quadratic convergence.

[bookmark: _Ref434513953]Figure 5.6.  Mesh refinement curve for the examined cases in the fully-loaded target.

[bookmark: _Toc434443928]Plutonium-238 Multiphysics Studies Summary
A detailed set of safety analysis models have been developed and reviewed to support the irradiation of NpO2 pellets at the HFIR.  These models account for advanced and detailed physics phenomena and material behavior and their results can be used to qualify the current design of fully-loaded targets to produce 238Pu.  Furthermore, improvements and studies with these models can be used to optimize the 237Np loading and configuration of the full-scale production targets in order to increase 238Pu throughput and better meet the customer needs of NASA.


[bookmark: _Toc434443929]Developing Discrete Ordinates in COMSOL Multiphysics
In this chapter, the development of a COMSOL multi-dimensional and angularly-dependent neutron transport physics using the discrete ordinates method is discussed.  The development of this solution method was intended to serve a variety of potential purposes at the HFIR, in studying more detailed and accurate spatially-dependent flux/power distributions in the HFIR core for different conditions (both stationary and transient) as well as suited to studying other fixed source problems related to reactor operations, including deep-penetration problems in the HFIR beam tubes.
[bookmark: _Toc434443930]Discrete Ordinates Derivation and Methodology
The solution of neutral particle (neutron or photon) transport generally requires seven independent variables: 3 spatial coordinate variables specifying the particle position, 2 angular variables specifying the particle direction of travel, 1 variable for particle energy, and 1 variable for time.  In this case, the spatial variables are solved using the finite element method, the angular variables using discrete ordinates, the energy variable using the multi-group method and the time variable with implicit time steps.
The static or time-independent neutron transport equation (Equation 6.1) may be solved in terms of the neutron angular flux, and includes source terms on the right hand side (RHS) of the equation (the fission source, scattering source and external fixed source, respectively) and the streaming/leakage and annihilation terms on the left hand side (LHS), respectively.  The transient or time-dependent form includes time-dependence terms, kinetics parameters and precursor concentration equations, as well as an additional time derivative operator in the streaming term as described in section 6.1.1.

[bookmark: _Ref433904864]Equation 6.1
where:		 is the particle direction vector,
		 is the gradient operator  in rectangular coordinates and
  in cylindrical coordinates,
		 are the total, fission and scattering macroscopic cross sections,
		 is the particle position vector  in rectangular coordinates and
 in cylindrical coordinates,
		E is the particle energy,
		  is the angular particle flux,
		 is the fission distribution,
		keff is the k-eigenvalue or effective multiplication factor,
		 is the average number of neutrons produced per fission, and
		 is the external fixed source term.
To begin the application of the discrete ordinates to the directions, a first simplification can be made to Equation 6.1 by including the definition of the scalar flux, , as the integration of the angular flux over all directions, where wn is a weighting factor:

[bookmark: _Ref433994365]Equation 6.2
In Equation 6.2 the transport equation is solved for N distinct angles and quadrature approximation is utilized to numerically integrate over the angular domain using weighting factors at each discrete location.  An example of the sampling of the unit sphere in discrete directions is shown in Figure 6.1 below:
[image: ]
[bookmark: _Ref433992243][bookmark: _Toc434443959]Figure 6.1.  Eighth unit sphere with discrete ordinate directions sampled.
where:		 is the direction cosine along the x unit vector  in rectangular coordinates, and
along the  unit vector  in cylindrical coordinates,
		 is the direction cosine along the y unit vector  in rectangular coordinates, and
along the  unit vector  in cylindrical coordinates, and
		 is the direction cosine along the z unit vector .
Furthermore, as later explained in section 6.1.2, it’s found to be advantageous to define scalar flux moments in terms of spherical harmonics as shown in Equation 6.3.  See Equation 6.20 in section 6.1.2 which simplifies the scattering source term using the definitions of spherical harmonic moments of the angular flux, which uses the discrete ordinate form of the .

[bookmark: _Ref434007802]Equation 6.3

Having dealt with angular discretization through discrete ordinates, and understanding that COMSOL Multiphysics handles the spatial and time discretization through the FEM and implicit steps, respectively, the remaining independent variable to be discretized is particle energy.  Begin by defining a group flux for energy group g, where the particle energy is subdivided into G intervals called groups and the Gth group is the lowest energy group:

Equation 6.4
If one takes the transport equation in Equation 6.1 and integrates over the group domain from Eg to Eg-1, the group definitions for other parameters must be defined in order to conserve reaction rates:

Equation 6.5

Equation 6.6

Equation 6.7

Equation 6.8

Equation 6.9
The immediate difficulty here is that in order to derive these group constants, the energy dependent fluxes and nuclear data must be known in advance.  Fortunately, nuclear data with detailed time dependence is calculated in various data libraries and there are other codes that may be utilized to pre-process these cross sections given expected localized flux curves – an accurate method for fine energy group selections.  Start with simple problems for fine energy groups and use the scalar flux solutions to collapse to a lower number of energy groups, if broader group intervals are desired.
Applying the above discretizations in energy and angle to Equation 6.1 yields the multigroup neutron transport equation for discrete ordinates in Equation 6.10:  ISCT represents the truncated number of scattering orders, or the PN order, where isotropic scattering requires only the leading term (P0).  The number of discrete ordinates is represented by the SN order, where for 3-D, there are N(N+2) distinct directions.  So for a given problem, there are G*N(N+2) governing weak equations of starting form Equation 6.10.

[bookmark: _Ref433818699]Equation 6.10
In Equation 6.5, most of the terms have the same expansion for all coordinate systems and thus their formulation varies little and need no additional derivations.  However, two terms, the “streaming” or “leakage” term and the scattering source vary significantly between each coordinate system and thus warrant further discussion in sections 6.1.1 and 6.1.2.
[bookmark: _Ref433818880][bookmark: _Ref433969172][bookmark: _Toc434443931]Streaming operator
The “streaming” term in the neutron transport equation is the projection or dot product of the neutron direction vector and the spatial gradient of the angular neutron flux.  This term represents the movement or streaming of neutrons within the problem geometry and to the outside of its borders (thus it is also known as the “leakage” term) and its proper formulation is therefore very important to neutron transport.  Table 6.1 below gives a summary of the different formulations for the coordinate systems utilized: 1-, 2-, 3-D Cartesian as well as 2-D cylindrical geometries, where ω is the angle between the unit vector  and the line made by the projection of the direction onto the plane of the unit vectors  and .
[bookmark: _Ref433819491][bookmark: _Toc434443978]Table 6.1.  Neutron streaming operators for 1-, 2-, 3-D Cartesian and 2-D cylindrical coordinate systems.	Comment by Hurt, Christopher J.: Change references from neutron to particle.
	Dimension
	Spatial Variables
	Angular Variables
	

	1D Cartesian
	x
	
	

	2D Cartesian
	x,y
	
	

	3D Cartesian
	x,y,z
	
	

	2D Cylindrical
	,z
	, 
	



As shown in the 3-D Cartesian example in Equation 6.11, the formulation for Cartesian coordinates can be done by expanding the derivative of the neutron flux with respect to the streaming direction, s, in terms of the partial derivatives of the seven independent variables.  The angular and energy derivatives are eliminated as they do not change along the streaming direction in Cartesian coordinates.  ph.d. qualif examFor lower coordinate systems, the spatial flux gradients  and  are eliminated progressively for 2- and 1-D Cartesian coordinates due to the infinite expansion of the problem along those axes.  The time derivative is nonzero for time-dependent or transient studies, which are not considered in this work.

[bookmark: _Ref433823500]Equation 6.11
In cylindrical coordinate systems, two of the four angular variables can be used to describe the direction of the angular flux for all dimensions, as shown in and .The streaming term for 2D cylindrical coordinate systems can be seen in Equation 6.12, where the partial derivative with respect to angular variable  is utilized in place of .  As opposed to the Cartesian geometries, there is an angular derivative term that cannot be eliminated as the angular flux varies with angular variable  and, as can be seen in , the angular variable  will vary as the particle moves along a straight line.  The change in coordinate system is examined more closely in .  There we can see the relation derived in , and arrive at the non-conservative form of the 2-D cylindrical static streaming operator in Equation 6.13.

[bookmark: _Ref433880342]Equation 6.12


[bookmark: _Ref433921106]Equation 6.13
The conservative form of the static cylindrical streaming operator is shown in Equation 6.14, and is thus named as it conserves neutrons in the finite difference scheme.  This property can be understood by integrating the   Equation 6.15 uses the product differentiation rule to show the equivalence between the conservative and non-conservative forms – excluding the axial derivative term, which is identical in both.

[bookmark: _Ref433921293]Equation 6.14

[bookmark: _Ref433921412]Equation 6.15
Integrating the conservative form of the streaming operator in Equation 6.14 and using integration by parts it can be shown that the angular terms cancel out, leaving only the gradient of the particle current as expected.  A similar operation using the non-conservative form in Equation 6.13 yields leftover terms.

[bookmark: _Ref434009828][bookmark: _Toc434443932]Scattering Source
Start with the scattering source from the neutron transport equation (Equation 6.1) as depicted in Equation 6.16, which is the integral over all energies and angles of the product of the differential scattering cross section and angular flux.  The differential scattering cross section, as in Equation 6.16, is commonly expanded in terms of Legendre polynomials in order to separate the angular dependence of the scattering source.

[bookmark: _Ref434007290]Equation 6.16

[bookmark: _Ref434004738]Equation 6.17
The scattering moments are subsequently defined using the orthogonality of the Legendre polynomials:

Equation 6.18
Substituting the Legendre Addition Theorem (Equation 6.19) and Equation 6.17 into Equation 6.16, the scattering source can be simplified as shown in Equation 6.20 and then further simplified using the definition of the scalar flux moments in Equation 6.3.  Application of the discrete ordinates method and multigroup methods, in addition to truncating the scattering source to some finite scattering order (Pn order) of ISCT will yield the scattering source in Equation 6.20 in the form depicted in Equation 6.10.  

[bookmark: _Ref434009628]Equation 6.19

[bookmark: _Ref434007735]Equation 6.20
The Legendre Addition Theorem can be expanded using the definition of the spherical harmonics function (Equation 6.21) and this can be simplified, depending on which dimension the problem is solved in, as summarized in Table 6.2 through P3 scattering.  The PN order denotes the truncation of the infinite Legendre expansion in Equation 6.20, where isotropic scattering problems require only the leading term.

[bookmark: _Ref434009614]Equation 6.21
[bookmark: _Ref434405870][bookmark: _Toc434443979]Table 6.2.  Required flux moments for 1-, 2-, and 3-D coordinate systems currently analyzed.
	PN
	1-D
	2-D
	3-D

	0
	
	
	

	1
	
	
	

	2
	
	
	

	3
	
	
	



[bookmark: _Toc434443933]Process Flow Methodology
Physics are built using the Java API programming of COMSOL, which provides the user java utilities to edit and create COMSOL features.  The physics-builder application is built in the COMSOL Application Builder for its convenient graphical user interface features, however any java compiler would be sufficient.  Figure 6.2 below shows the process for building a single discrete ordinates model:
1. In the course of defining the problem, the user must choose the appropriate cross sections – whether they come from a utility or can be manually entered.  In the case of this research, cross sections were processed in the SCALE 6.1 code package: the CSAS-MG or T-XSEC control sequences run BONAMI and CENTRM/PMC or NITAWL (for 1-D) and the AWL utility is used to save an AMPX working directory.
1. Alternatively, a KENO problem may be run, using CSAS5 or CSAS6 (for V.a or VI, respectively) for an intended cross section collapse.
1. In the application builder window (Figure 6.3), the user simply has to select the choices available: dimension, SN order, PN order, energy groups, type of sources (eigenvalue and/or fixed source).
15. Upon clicking cross section mixing or collapse one of two utilities will run that post-process an AMPX working directory or KENO output file, respectively, into a text file.
15. Upon clicking run, the model will be built with its given local model variables (flux moments, scattering sources, etc.), weak form interface with weak statements and BCs, global ODE for k-eff, and default solvers, mesh, and geometry.
15. Then simply save the model file.
1. From the model file, set up the problem details and import cross sections.  If there are any errors, one can edit them manually or using an editing utility.
1. Run the model and get the results!
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[bookmark: _Ref434401597][bookmark: _Toc434443960]Figure 6.2.  Simple flow diagram showing the process of building a discrete ordinates model
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[bookmark: _Ref434405622][bookmark: _Toc434443961]Figure 6.3.  Windows of the COMSOL discrete ordinates physics-builder application.
[bookmark: _Toc434443934]Benchmark Problems and Results
There are currently three sets of benchmark problems that have been run: 1) Kobayashi benchmarks designed for difficult flux profiles that exhibit ray effects and compared to PARTISN, 2) Water-reflected sphere problem compared to Attila, 3) Example problems created for various dimensions and compared to SCALE code package transport solvers.  In addition, the verification of a static clean core model of the HFIR is compared against available flux distributions and results presented.
[bookmark: _Toc434443935]Kobayashi Benchmarks
The Kobayashi benchmarks [83] are difficult problems that are designed to assess the accuracy of the flux distributions in highly absorbing medium systems with void regions.  This is the ideal common condition for exhibiting ray effects [84][85], that of an isolated isotropic source in a purely absorbing medium.  There are three set problem geometries and for each, there is a case without scattering and one with a 50% scattering cross section.  Provided in the benchmark are analytical solutions – numerically integrated for no scattering and Monte Carlo for 50% scattering – of the flux distribution along straight lines that can be used for comparison.  A short problem setup summary for the three cases is given in Figure 6.4 and Table 6.3
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[bookmark: _Ref434411155][bookmark: _Toc434443962]Figure 6.4.  Kobayashi benchmark geometry setups for all 3 problems.
[bookmark: _Ref434412097][bookmark: _Toc434443980]Table 6.3.  Problem parameters for the Kobayashi benchmarks.
	
	
	
	Case i
	Case ii

	Region
	S (n/cm3-s)
	(1/cm)
	(1/cm)

	1
	1
	0.1
	0
	0.05

	2
	0
	10-4
	0
	5e-5

	3
	0
	0.1
	0
	0.05



For each problem, analytical solutions are provided to point fluxes along three straight lines in the geometry in 5 cm intervals.  To be concise, only results for the 3rd problem will be summarized for both cases here, the duct geometry with three 90° turns as shown on the right in Figure 6.4 which would be expected to be the most difficult solution for the discrete ordinates method.
No ray effect remedies, including first collision source methods[86], are used for two reasons:  1) In order to allow the ray effects to manifest and see how the code handles the resulting discrepancies from this expected limitation to discrete ordinates, and 2) ray effect remedies like the first collision source method are not practical for distributed sources including common eigenvalue calculations.
For this research, the PARTISN discrete ordinates code is used for comparison purposes by the author.  S16 angular quadrature is utilized, P0 scattering, and a mesh width intervals of 2 cm using a mapped/swept mesh for 45 – 125,000 mesh elements (see Figure 6.5).  In the COMSOL solver settings, the PARDISO linear solver was used with the segregated solver that utilizes a “lower limit” feature that simulates the negative flux fixup which is also in PARTISN.  The flux comparison results for problem 3 along three individual lines are presented in Figure 6.6 – Figure 6.11.  The solution time was 1-2 hours using 14-28 million DOF.  
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[bookmark: _Ref434416519][bookmark: _Toc434443963]Figure 6.5.  Mesh with 2 cm intervals for Kobayashi problem 3 in COMSOL using a mapped swept mesh.


[bookmark: _Ref434416530][bookmark: _Toc434443964]Figure 6.6.  Kobayashi problem 3, case i, fluxes along indicated lines for analytical, COMSOL, and PARTISN solutions.


[bookmark: _Toc434443965]Figure 6.6.  Kobayashi problem 3, case i, flux ratio to analytical solution along indicated lines for COMSOL and PARTISN solutions.


[bookmark: _Toc434443966]Figure 6.7.  Kobayashi problem 3, case i, flux and flux ratio to analytical solution along indicated line for analytical, COMSOL and PARTISN solutions.


[bookmark: _Toc434443967]Figure 6.8.  Kobayashi problem 3, case ii, flux along indicated lines for analytic, COMSOL and PARTISN solutions.

[bookmark: _Toc434443968]Figure 6.6.  Kobayashi problem 3, case ii, flux ratio to analytical solution along indicated lines for COMSOL and PARTISN solutions.


[bookmark: _Ref434416538][bookmark: _Toc434443969]Figure 6.11.  Kobayashi problem 3, case ii, flux and flux ratio to analytical solution along indicated line for analytical, COMSOL and PARTISN solutions.
[bookmark: _Toc434443936]Water-reflected sphere
A simple and straightforward water-reflected sphere problem is presented in this section.  Table 6.4 that follows gives the short summary of the problem, including 1-group cross sections and the outer radius of the materials.  The anticipated for this benchmark problem is keff is unity.  Chosen problem parameters are S4 quadrature, with P0 scattering and a convergence criterion of 1e-4.  The problem uses 39 thousand DOF, 1-2 GB of RAM and has a 1-2 minutes solution time for the MUMPS linear solver and fully-coupled Jacobian.  The k-eigenvalue comparison is presented in Table 6.5.
[bookmark: _Ref434418188][bookmark: _Toc434443981]Table 6.4.  Problem parameters for the water-reflected sphere problem.
	Material
	(1/cm)
	(1/cm)
	(1/cm)
	RO(cm)

	235U
	0.326400
	0.182595
	0.248064
	6.12745

	Water
	0.326400
	0.000000
	0.293760
	9.191176



[bookmark: _Ref434418925][bookmark: _Toc434443982]Table 6.5.  K-eigenvalues for simple water-reflected sphere.
	Material
	
	%Error

	Analytical
	1.0000000
	--

	COMSOL
	0.9994911
	0.05%

	Attila
	0.9990156
	0.10%



[bookmark: _Toc434443937]Miscellaneous problems
In this section, HFIR HEU fuel material is assembled in several configurations that were arbitrarily chosen and the eigenvalues/fluxes compared to the available SCALE codes to ensure that the same nuclear data was being used as input.  The SCALE 44 energy group cross section libraries are used and processed with the same functional modules and, where possible, similar solution methods were used.  However, for the 3-D comparisons, it should be noted that the Monte Carlo code KENOV.a or KENOVI cannot give a direct comparison to the COMSOL solutions, due to the angular quadrature approximation of the discrete ordinates method.
First presented are two very simple one-region eigenvalue problems in 1-D and 2-D.  Both are computed using Sn2 quadrature, however at the time the mesh intervals are different for each study so that control parameter isn’t available.  The 1-D case uses simple uranyl fluoride solution of 93 wt.% enrichment 235U/U in a 16 cm slab with reflective BC on the left boundary and vacuum  BC on the right.  This case is compared to XSDRNPM and is presented in and.
The 2-D case uses the same uranyl fluoride solution as the 1-D case in a square 16-by-16 cm, with reflective BC on the left and bottom boundaries and vacuum BCs on the right and top boundaries.  This case is compared against NEWT and is presented in  and .  Agreement is found between the results, although a return to these studies with closer control on input parameters should allow closer agreement.
[image: ]
Figure 6.12.  Neutron flux comparisons between XSDRNPM and COMSOL for energy groups 44 for uranyl fluoride solution.


Figure 6.13.  Neutron flux comparisons between NEWT and COMSOL for energy groups 1 (left) and 44 (right) for uranyl fluoride solution.
Table 6.6.  K-eigenvalue comparisons for COMSOL between SCALE codes NEWT and XSDRNPM.
	Material
	1-D
	%Diff
	2-D
	%Diff

	COMSOL
	1.527118
	0.77%
	1.247174
	-0.44%

	SCALE
	1.538999
	--
	1.252748
	--



[image: ]
Figure 6.14.  Neutron flux surface profile for group 1 in COMSOL 2-D discrete ordinates uranyl fluoride.


[bookmark: _Toc434443938]Beginning-of-Cycle HFIR Model
The static beginning-of-cycle (BOC) or clean core model for the HFIR core has been developed for the discrete ordinates formulation in COMSOL and has preliminary results.  The geometry used is a simplified representation documented in previous calculations and the BOC material compositions are documented in Appendix C of [].   Both 3 group and 44 group neutron cross sections have been input, although due to computation time 3 group is preferred.
The 3 group cross sections are generation by collapsing finer group calculations in KENOV.a (in the case of results exhibited here, a 44 group ENDF/B-V library) using the neutron flux spectrum and reaction rates calculated therein into the energy spectrum shown in  (as used in and comparable to original HFIRCE-4 energy range results).  The KENOV.a model is run using the CSAS5 control sequence BONAMI/CENTRM cross section processing modules for resonance shelf-shielding and production of multigroup cross sections.

[bookmark: _Ref298595871][bookmark: _Toc300230460][bookmark: _Toc434443983]Table 6.6.  Three-group energy structure.
	Group #
	Group Name
	Lower Neutron Energy
	Upper Neutron Energy

	1
	Fast
	100 keV
	20 MeV

	2
	Epithermal
	0.625 eV
	100 keV

	3
	Thermal
	10-5 eV
	0.625 eV



An unstructured, free triangular coarse mesh is used as shown in and the problem is solved using 42 GB of RAM and 5 million DOF.  The MUMPS direct linear solver is used with the fully-coupled solver (note: no negative flux fixups).  S8 angular quadrature is used, with P1 scattering order and a raised convergence criterion of 5e-2.  The scalar flux contour/surface plots for the three groups are presented in Figure 6.12 and a raised tube-contour fission rate plot is presented in ..
[image: ]
[bookmark: _Ref434437311][bookmark: _Toc434443970]Figure 6.12.  Flux surface/contour plots for the fast, epithermal and thermal energy groups from left to right.
[image: Z:\comsol\HFIR\tube_Fsrc3.png]
[bookmark: _Toc434443971]Figure 6.13.  Raised tube-contour plot of the fission rate for an eigenvalue calculation.
The scalar fluxes for the three groups along the reactor midplane (z=0) to 60 cm is shown in Figure 6.14 and a comparison along the midplane for each group is made between the KENOV.a simulation (44 energy groups), the COMSOL discrete ordinates results and a 3-group diffusion theory simulation in COMSOL [] for the same mesh  in Figure 6.15 - Figure 6.17.
[image: ]
[bookmark: _Ref434439233][bookmark: _Toc434443972]Figure 6.14.  Scalar fluxes along reactor midplane for fast, epithermal and thermal fluxes.
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[bookmark: _Ref434439238][bookmark: _Toc434443973]Figure 6.15.  Scalar fast fluxes along the reactor midplane for COMSOL discrete ordinates, KENOV.a, and COMSOL diffusion theory models.
[image: ]
[bookmark: _Toc434443974]Figure 6.16.  Scalar epithermal fluxes along the reactor midplane for COMSOL discrete ordinates, KENOV.a, and COMSOL diffusion theory models.
[image: ]
[bookmark: _Ref434439243][bookmark: _Toc434443975]Figure 6.17.  Scalar thermal fluxes along the reactor midplane for COMSOL discrete ordinates, KENOV.a, and COMSOL diffusion theory models.
[bookmark: _Toc434443939]Discrete Ordinates Development Summary
A physics-building application for the discrete ordinates method solution to the transport equation is created in COMSOL Multiphysics for all 3 Cartesian geometries and 2-D R-Z, making use of the Java API programming and Application Builder GUI.  The method makes full use of finite element analysis and is readily applicable to multiphysics applications involving the over 30 physics modules built into COMSOL.  The application is tested against several benchmark problems with modest success and comparison against other discrete ordinates (and Monte Carlo) codes.  In addition, a static BOC HFIR core model is developed and verified to be made available for further use (see following sections).


[bookmark: _Toc434443940]Time-Dependent Discrete Ordinates
[bookmark: _Toc434443941]In this chapter, the extension of the COMSOL multi-dimensional and angularly-dependent neutron transport physics discussed in the previous chapter to include time-dependent capabilities is included.  The development of this added capability is intended to serve a variety of potential purposes for reactor kinetics at the HFIR, including solutions to reactor kinetics problems in the HFIR SAR, comparison against documented kinetics results, and utilization of time-dependent flux data for multiphysics problems in COMSOL.
Methodology/Theoretical Development
Recalling the unpacking of the streaming operator term in section 6.1.1, there was derived a time derivative of the neutron angular flux divided by the neutron speed, v.  This term was eliminated as the time derivative is zero for the stationary case however it is reintroduced to the transport equation for time-dependent solutions.  Furthermore, the time-dependent behavior of delayed neutron precursor groups must be accounted for with kinetic equations for each delayed neutron precursor group, as seen below.  This accounts for those precursors generated during fission that decay to release neutrons over a much longer time span (on the order of seconds) than prompt fission neutrons (~10-17 seconds to be considered instantaneous).

Equation 7.1
where:		t is the model time variable,
		Ci is the concentration for precursor group i,
		 is the decay constant for precursor group i,
		 is the delayed neutron fraction for precursor group i, and
		ks is the stationary solution for keff.

Equation 7.2
where:		vg is the neutron speed for group g,
		 is the prompt fission distribution for group g,
		 is the total delayed neutron fraction for all precursors, 
		np is the number of delayed neutron precursor groups, and
		 is the delayed neutron fission distribution for precursor group i into energy group g,

Thus there is now the added inputs for the kinetics parameters, typically determined for a system or material region, neutron speed by group, and new probability density function for the production of neutrons by delayed neutron precursors.  It can be seen that the decay of delayed neutrons will become a driving force for reactivity insertions less than the delayed neutron fraction (delayed-critical).
[bookmark: _Toc434443942]Short Benchmark Study

[bookmark: _Toc434443943]Gd Rabbit Ejection




Concluding Statements
The following two sections summarize the final thoughts of the author for this proposal and attempt to give a clear view of the potential path forward in this research.
[bookmark: _Toc434443945]Conclusions
The primary objective of this research is to develop new methodologies to ensure safe reactor operations and irradiations of experiments at the HFIR.  In the course of that goal, a discrete ordinates methodology is developed in COMSOL that allows for versatile neutron transport calculations with easy access to multiphysics coupling.  That method is verified for a variety of benchmark studies as well as the beginning-of-cycle 2-D HFIR core.  In addition, two two safety analyses were performed: 1) A limited, but valuable neutronics study for 99Mo production, and 2) A detailed, fully-coupled thermo-mechanical model of 238Pu production targets for a variety of scenarios and challenging physics.
It has been shown that there is a great potential to utilize discrete ordinates in COMSOL for a variety of applications to accurately model neutron transport.  It is also established that there is a motivation and opportunity to analyze the unique problem of spatial-dependent reactor kinetics using a new and original computational tool. 

0. [bookmark: _Toc434443946]Proposal for Future Work
Given the conclusions and the clear need for a problem to satisfactorily demonstrate the discrete ordinates COMSOL application, the following work is proposed as a final objective of this research:
1. Implement the required developments for time-dependent discrete ordinates including:
a. Six precursor equations in PDE coefficient form.
b. The time derivative term to the LHS and delayed neutron source to the RHS of the neutron transport governing PDE.
2. Utilize the geometry and calculated kinetic parameters from the previous diffusion theory development in COMSOL.  If needed, pursue more accurate nuclear data through MCNP (kopts for kinetics parameters), KENO (238 group collapse), etc.
3. Pursue those HFIR transient studies that have measured experimental data:
a. Ejection of a gadolinum rabbit, and/or
b. Scram of reactor control elements.
4. Compare results to both experimental data and previous calculated results.
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Prompt	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	0.99645310652004337	0.97616950602682517	0.94078612949495466	0.88363823951282139	0.81297969249352031	0.74104909534714014	0.68005485794811149	0.63540224967915659	0.60379476081431349	0.57784040866654918	0.54704949797428215	0.52164372530763237	0.49261053373260527	0.45432949998741784	0.37910113490525682	0.19366994640026172	0.10471325398223409	8.473288205541156E-2	7.0000503283927637E-2	6.8473036563577352E-2	6.748408364578877E-2	6.6532877022572282E-2	6.5648355519766485E-2	6.478144895442764E-2	6.3958579732756246E-2	6.3163391127104368E-2	6.2408465235662708E-2	6.1668637862049881E-2	6.0970331412466355E-2	6.0299705578902338E-2	5.8988650947431998E-2	4.2552656080928057E-2	3.3629432044087672E-2	2.3831752182994038E-2	1.3637736228893532E-2	7.1705377588766718E-3	4.2351342509876948E-3	2.6158182138453405E-3	1.6696444299051309E-3	1.09967538186668E-3	7.4611842270817092E-4	5.2089886509474324E-4	3.7368831626362017E-4	2.7303153073806593E-4	2.0382999068924734E-4	1.522433881074008E-4	3.1455245476735696E-5	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Core Decay	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	1	1	1	1	0.99492293744333626	0.99492293744333626	0.99492293744333626	0.99492293744333626	0.99492293744333626	0.99129646418857664	0.99129646418857664	0.99129646418857664	0.99129646418857664	0.99129646418857664	0.98766999093381658	0.98241160471441513	0.98059836808703538	0.97552130553037164	0.97370806890299177	0.97008159564823204	0.96482320942883026	0.96482320942883026	0.96119673617407064	0.95611967361740691	0.95430643699002704	0.95249320036264729	0.94723481414324562	0.94542157751586575	0.943608340888486	0.93853127833182226	0.8339075249320036	0.76627379873073431	0.72475067996373521	0.67252946509519484	0.59601087941976416	0.52384406165004527	0.48250226654578421	0.45385312783318221	0.43009972801450586	0.41251133272892104	0.39927470534904802	0.3865820489573889	0.37552130553037161	0.36681776971894831	0.36029011786038073	0.35140525838621939	0.32112420670897546	0.29918404351767908	0.28594741613780594	0.27271078875793286	0.25983680870353576	0.25113327289211235	0.24460562103354488	0.23807796917497734	0.23136899365367178	0.22484134179510423	0.2184950135992747	0.21396192203082498	0.20489573889392565	0.20072529465095193	0.19709882139619217	0.18984587488667268	0.18349954669084315	0.17805983680870352	0.17280145058930191	0.16391659111514048	0.12529465095194922	0.10625566636446054	9.4288304623753399E-2	8.5838621940163173E-2	7.9728014505893008E-2	7.4741613780598362E-2	7.0661831368993649E-2	6.7271078875793283E-2	6.4097914777878504E-2	6.1613780598368077E-2	5.9347234814143245E-2	5.7080689029918391E-2	5.5267452402538525E-2	5.3671804170444232E-2	5.2094288304623745E-2	5.0498640072529466E-2	4.9374433363553939E-2	4.8014505893019033E-2	4.6890299184043513E-2	4.57479601087942E-2	LEU Decay	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	0.99903938520653235	0.99807877041306459	0.9971181556195966	0.99615754082612884	0.99519692603266097	0.99423631123919309	0.99423631123919309	0.99327569644572544	0.99231508165225757	0.99135446685878981	0.99039385206532182	0.98943323727185406	0.9884726224783863	0.98751200768491842	0.98655139289145066	0.98270893371757928	0.97886647454370812	0.97502401536983674	0.97118155619596547	0.96733909702209431	0.96349663784822293	0.960422670509126	0.95706051873198861	0.95379442843419804	0.95072046109510089	0.94764649375600396	0.94466858789625374	0.94169068203650341	0.93880883765610013	0.93602305475504333	0.93064361191162348	0.85446685878962547	0.80816522574447647	0.75014409221902034	0.66935638808837672	0.59990393852065327	0.55926993275696457	0.53073967339097028	0.50922190201729112	0.49212295869356387	0.47809798270893383	0.46637848222862638	0.4561959654178675	0.44735830931796355	0.43957732949087419	0.43246878001921241	0.4004803073967339	0.37790585975024021	0.35994236311239197	0.344956772334294	0.33198847262247849	0.32046109510086457	0.31018251681075892	0.30096061479346786	0.29241114313160432	0.2846301633045149	0.27752161383285306	0.27089337175792511	0.25898174831892418	0.25360230547550433	0.24851104707012492	0.23938520653218062	0.23131604226705094	0.22401536983669551	0.21757925072046111	0.20634005763688765	0.16147934678194045	0.14207492795389051	0.13045148895292991	0.12238232468780022	0.11623439000960616	0.1112391930835735	0.10701248799231509	0.10336215177713738	0.10009606147934678	9.7118155619596552E-2	9.4514889529298762E-2	9.2103746397694516E-2	8.9875120076849196E-2	8.7809798270893372E-2	8.588856868395775E-2	8.4092219020172915E-2	8.2401536983669546E-2	8.0806916426512984E-2	7.9308357348703173E-2	7.7877041306436121E-2	Ni Decay	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99969040247678032	0.99953560371517036	0.99922600619195034	0.99829721362229107	0.99643962848297218	0.99473684210526303	0.9930340557275541	0.99148606811145501	0.98978328173374608	0.98808049535603715	0.98637770897832822	0.98482972136222913	0.9831269349845202	0.981578947368421	0.97987616099071206	0.9704334365325078	0.96130030959752322	0.95232198142414848	0.94365325077399387	0.93498452012383904	0.926625386996904	0.91826625386996896	0.91021671826625383	0.90216718266253859	0.89411764705882346	0.88637770897832813	0.87863777089783279	0.86331269349845197	0.85588235294117632	0.84845201238390089	0.83374613003095965	0.81950464396284828	0.80541795665634663	0.79164086687306501	0.76486068111455097	0.59287925696594423	0.46238390092879261	0.36315789473684212	0.28792569659442724	0.23065015479876158	0.18715170278637769	0.15413312693498454	0.12902476780185756	0.10995356037151702	9.5433436532507743E-2	8.4396284829721363E-2	7.5990712074303399E-2	6.9582043343653241E-2	6.4705882352941169E-2	6.0990712074303399E-2	5.814241486068112E-2	5.5975232198142412E-2	5.4303405572755419E-2	5.3018575851393197E-2	5.2027863777089782E-2	irradiation time (seconds)
Power Fraction
Prompt	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	0.99645310652004337	0.97616950602682517	0.94078612949495466	0.88363823951282139	0.81297969249352031	0.74104909534714014	0.68005485794811149	0.63540224967915659	0.60379476081431349	0.57784040866654918	0.54704949797428215	0.52164372530763237	0.49261053373260527	0.45432949998741784	0.37910113490525682	0.19366994640026172	0.10471325398223409	8.473288205541156E-2	7.0000503283927637E-2	6.8473036563577352E-2	6.748408364578877E-2	6.6532877022572282E-2	6.5648355519766485E-2	6.478144895442764E-2	6.3958579732756246E-2	6.3163391127104368E-2	6.2408465235662708E-2	6.1668637862049881E-2	6.0970331412466355E-2	6.0299705578902338E-2	5.8988650947431998E-2	4.2552656080928057E-2	3.3629432044087672E-2	2.3831752182994038E-2	1.3637736228893532E-2	7.1705377588766718E-3	4.2351342509876948E-3	2.6158182138453405E-3	1.6696444299051309E-3	1.09967538186668E-3	7.4611842270817092E-4	5.2089886509474324E-4	3.7368831626362017E-4	2.7303153073806593E-4	2.0382999068924734E-4	1.522433881074008E-4	3.1455245476735696E-5	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Core Decay	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	1	1	1	1	0.99492293744333626	0.99492293744333626	0.99492293744333626	0.99492293744333626	0.99492293744333626	0.99129646418857664	0.99129646418857664	0.99129646418857664	0.99129646418857664	0.99129646418857664	0.98766999093381658	0.98241160471441513	0.98059836808703538	0.97552130553037164	0.97370806890299177	0.97008159564823204	0.96482320942883026	0.96482320942883026	0.96119673617407064	0.95611967361740691	0.95430643699002704	0.95249320036264729	0.94723481414324562	0.94542157751586575	0.943608340888486	0.93853127833182226	0.8339075249320036	0.76627379873073431	0.72475067996373521	0.67252946509519484	0.59601087941976416	0.52384406165004527	0.48250226654578421	0.45385312783318221	0.43009972801450586	0.41251133272892104	0.39927470534904802	0.3865820489573889	0.37552130553037161	0.36681776971894831	0.36029011786038073	0.35140525838621939	0.32112420670897546	0.29918404351767908	0.28594741613780594	0.27271078875793286	0.25983680870353576	0.25113327289211235	0.24460562103354488	0.23807796917497734	0.23136899365367178	0.22484134179510423	0.2184950135992747	0.21396192203082498	0.20489573889392565	0.20072529465095193	0.19709882139619217	0.18984587488667268	0.18349954669084315	0.17805983680870352	0.17280145058930191	0.16391659111514048	0.12529465095194922	0.10625566636446054	9.4288304623753399E-2	8.5838621940163173E-2	7.9728014505893008E-2	7.4741613780598362E-2	7.0661831368993649E-2	6.7271078875793283E-2	6.4097914777878504E-2	6.1613780598368077E-2	5.9347234814143245E-2	5.7080689029918391E-2	5.5267452402538525E-2	5.3671804170444232E-2	5.2094288304623745E-2	5.0498640072529466E-2	4.9374433363553939E-2	4.8014505893019033E-2	4.6890299184043513E-2	4.57479601087942E-2	LEU Decay	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	0.99903938520653235	0.99807877041306459	0.9971181556195966	0.99615754082612884	0.99519692603266097	0.99423631123919309	0.99423631123919309	0.99327569644572544	0.99231508165225757	0.99135446685878981	0.99039385206532182	0.98943323727185406	0.9884726224783863	0.98751200768491842	0.98655139289145066	0.98270893371757928	0.97886647454370812	0.97502401536983674	0.97118155619596547	0.96733909702209431	0.96349663784822293	0.960422670509126	0.95706051873198861	0.95379442843419804	0.95072046109510089	0.94764649375600396	0.94466858789625374	0.94169068203650341	0.93880883765610013	0.93602305475504333	0.93064361191162348	0.85446685878962547	0.80816522574447647	0.75014409221902034	0.66935638808837672	0.59990393852065327	0.55926993275696457	0.53073967339097028	0.50922190201729112	0.49212295869356387	0.47809798270893383	0.46637848222862638	0.4561959654178675	0.44735830931796355	0.43957732949087419	0.43246878001921241	0.4004803073967339	0.37790585975024021	0.35994236311239197	0.344956772334294	0.33198847262247849	0.32046109510086457	0.31018251681075892	0.30096061479346786	0.29241114313160432	0.2846301633045149	0.27752161383285306	0.27089337175792511	0.25898174831892418	0.25360230547550433	0.24851104707012492	0.23938520653218062	0.23131604226705094	0.22401536983669551	0.21757925072046111	0.20634005763688765	0.16147934678194045	0.14207492795389051	0.13045148895292991	0.12238232468780022	0.11623439000960616	0.1112391930835735	0.10701248799231509	0.10336215177713738	0.10009606147934678	9.7118155619596552E-2	9.4514889529298762E-2	9.2103746397694516E-2	8.9875120076849196E-2	8.7809798270893372E-2	8.588856868395775E-2	8.4092219020172915E-2	8.2401536983669546E-2	8.0806916426512984E-2	7.9308357348703173E-2	7.7877041306436121E-2	Ni Decay	0	0.01	0.02	0.03	0.04	0.05	0.06	7.0000000000000007E-2	0.08	0.09	0.1	0.11	0.12	0.13	0.14000000000000001	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	0.55000000000000004	0.6	0.65	0.7	0.75	0.8	0.85	0.9	1	3	5	9	20	40	60	80	100	120	140	160	180	200	220	240	360	480	600	720	840	960	1080	1200	1320	1440	1560	1680	1920	2040	2160	2400	2640	2880	3120	3600	7200	10800	14400	18000	21600	25200	28800	32400	36000	39600	43200	46800	50400	54000	57600	61200	64800	68400	72000	75600	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99984520123839005	0.99969040247678032	0.99953560371517036	0.99922600619195034	0.99829721362229107	0.99643962848297218	0.99473684210526303	0.9930340557275541	0.99148606811145501	0.98978328173374608	0.98808049535603715	0.98637770897832822	0.98482972136222913	0.9831269349845202	0.981578947368421	0.97987616099071206	0.9704334365325078	0.96130030959752322	0.95232198142414848	0.94365325077399387	0.93498452012383904	0.926625386996904	0.91826625386996896	0.91021671826625383	0.90216718266253859	0.89411764705882346	0.88637770897832813	0.87863777089783279	0.86331269349845197	0.85588235294117632	0.84845201238390089	0.83374613003095965	0.81950464396284828	0.80541795665634663	0.79164086687306501	0.76486068111455097	0.59287925696594423	0.46238390092879261	0.36315789473684212	0.28792569659442724	0.23065015479876158	0.18715170278637769	0.15413312693498454	0.12902476780185756	0.10995356037151702	9.5433436532507743E-2	8.4396284829721363E-2	7.5990712074303399E-2	6.9582043343653241E-2	6.4705882352941169E-2	6.0990712074303399E-2	5.814241486068112E-2	5.5975232198142412E-2	5.4303405572755419E-2	5.3018575851393197E-2	5.2027863777089782E-2	irradiation time (seconds)
Power Fraction
pu239	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	0	1475000000000	5110000000000	9915000000000	15230000000000	20620000000000	25830000000000	30690000000000	35130000000000	39120000000000	42650000000000	45750000000000	48440000000000	50760000000000	52760000000000	54470000000000	55910000000000	57140000000000	58180000000000	59050000000000	59770000000000	60380000000000	60880000000000	61300000000000	61640000000000	61910000000000	62140000000000	pu241	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	0	4625000000	39420000000	135000000000	316700000000	601400000000	997800000000	1507000000000	2123000000000	2837000000000	3634000000000	4501000000000	5422000000000	6381000000000	7363000000000	8355000000000	9345000000000	10320000000000	11280000000000	12210000000000	13100000000000	13950000000000	14760000000000	15530000000000	16250000000000	16920000000000	17550000000000	u235	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	58490000000000	53390000000000	48730000000000	44480000000000	40600000000000	37060000000000	33830000000000	30880000000000	28180000000000	25730000000000	23480000000000	21440000000000	19570000000000	17860000000000	16310000000000	14880000000000	13590000000000	12400000000000	11320000000000	10340000000000	9436000000000	8614000000000	7864000000000	7179000000000	6554000000000	5984000000000	5463000000000	total	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	60790000000000	57160000000000	56170000000000	56810000000000	58420000000000	60550000000000	62920000000000	65340000000000	67690000000000	69930000000000	72010000000000	73930000000000	75670000000000	77240000000000	78660000000000	79940000000000	81080000000000	82100000000000	83000000000000	83810000000000	84530000000000	85170000000000	85730000000000	86230000000000	86660000000000	87040000000000	87380000000000	irradiation time (days)
Fissions/Sec
COMSOL Data	-9.67033612074	-9.5442683345134096	-9.4182107074408901	-9.3987190971682093	-9.3792286757914791	-9.3597394433107102	-9.3380518805947705	-9.3163656313706102	-9.29468069563824	-9.2728179949025797	-9.2509556348319606	-9.2290936154264198	-9.2072314983202705	-9.18536885789994	-9.1635056941654405	-9.1418201097240903	-9.1201330390819209	-9.0984444822389197	-9.0789542807012698	-9.0594626803676199	-9.0399696812379702	-9.0204756694116206	-9.0009810455121393	-8.9814876788491507	-8.95979552699227	-8.9381047352469292	-8.9164153036131495	-8.8945480794159693	-8.8726811516612702	-8.8508145203490596	-8.8289477855168705	-8.8070804229705395	-8.78521243271007	-8.7635219652266905	-8.7418298900561702	-8.7201362071985198	-8.7006412270307507	-8.6811447720144095	-8.6616468421494694	-8.5356018740588606	-8.4095458153040408	-8.2834896071150297	-8.2639830686647695	-8.2444779243243396	-8.2249741740937399	-8.2032872181348804	-8.1816017408303292	-8.1599177421801095	-8.1380576488797907	-8.1161978451372807	-8.0943383309525494	-8.0724786432454092	-8.0506182055924196	-8.0287570179935894	-8.0070715191220998	-7.98538416499012	-7.9636949555976502	-7.94418884034976	-7.92468103483791	-7.9051738344897604	-7.8856597480840103	-7.8661471898440203	-7.8466361597697896	-7.8249413194917397	-7.8032480920987402	-7.7815564775907404	-7.7596887826601302	-7.7378214185345104	-7.7159543852139096	-7.69408710355395	-7.6722190165999704	-7.6503501243519798	-7.6286568274415796	-7.6069614582681302	-7.5852640168316201	-7.5657503625079903	-7.54623478811149	-7.5267198133038899	-7.50300417636082	-7.47929094425779	-7.4555801169947902	-7.4293652714555503	-7.4031522727336503	-7.3769411208290698	-7.3507280641089698	-7.3245146702371402	-7.29830093921358	-7.2720884547810902	-7.2458734501200404	-7.2196559252304198	-7.19594210841632	-7.1722255869283202	-7.1485063607664197	-7.1247844781316703	-7.1010627000583204	-7.07734357772084	-7.0511198236728498	-7.0248981091698202	-6.9986784342117403	-6.9724569343023601	-6.9462350746085502	-6.9200128551303104	-6.8937917567548403	-6.86756789288322	-6.84134126351546	-6.8176189219739696	-6.79389358909643	-6.7701652648828397	-6.7464346618315103	-6.7227041768015701	-6.6989766412883602	-6.6727438945661	-6.6465134167264903	-6.6202852077695402	-6.5940552783993303	-6.5678249799547199	-6.5415943124357003	-6.5153646434617203	-6.4891319549190598	-6.46289624680771	-6.4391653866328804	-6.4154312258401696	-6.3916937644296103	-6.3679667210265203	-6.3442396482600101	-6.3205155265117696	-6.2943144421727402	-6.2681156560584999	-6.2419191681690798	-6.2157210841003403	-6.1895226709676097	-6.1633239287709101	-6.1371261448777696	-6.1109253936259798	-6.0847216750155297	-6.0609945877040099	-6.0372642412671897	-6.0135306357050702	-5.989796241654	-5.9660619673894599	-5.9423309175581496	-5.9161224726970802	-5.88991654528611	-5.8637131353252103	-5.8375082355339298	-5.81130300698638	-5.7850974496825698	-5.7588927470428004	-5.7326848532890198	-5.7064737684212199	-5.6827397364927696	-5.65900216386897	-5.6352644363210196	-5.6115196721308402	-5.5877784248074898	-5.5640406943509699	-5.5378251811050401	-5.51161241984956	-5.4854024105845198	-5.4591910299563198	-5.4329793295977602	-5.4067673095088198	-5.3805560466174898	-5.3543413721819997	-5.3281232862023398	-5.30438263969475	-5.2806381660442803	-5.25689338322141	-5.2331536093723203	-5.2094173339491103	-5.1856845569517702	-5.1594969657226901	-5.1333121404577504	-5.1071300811569502	-5.0809467481747799	-5.0547631343126298	-5.0285792395704902	-5.0023960906065099	-4.9762095993472801	-4.9500197657928098	-4.9262844408939603	-4.9025453565441302	-4.8788061296532499	-4.8550606047483402	-4.83131882772045	-4.8075807985696102	-4.7813876782937097	-4.7551975275906004	-4.7290103464602797	-4.7028219977372903	-4.6766333800564501	-4.6504444934177496	-4.6242562745026197	-4.5980645315032902	-4.57186926441977	-4.5481287863418096	-4.5243843077144303	-4.5006358285376704	-4.4768887527579997	-4.4531418148017901	-4.4293988762092296	-4.4032006045551002	-4.3770055050719501	-4.3508135777597703	-4.3246205897323797	-4.2984273471033596	-4.2722338498726797	-4.2460409470168301	-4.2198443460046002	-4.1936440468360097	-4.1698987873542999	-4.1461492925547496	-4.12239556243739	-4.0986539451216997	-4.0749123269423198	-4.0511746702621201	-4.0249995864847596	-3.9988276757502801	-3.9726589380586899	-3.9464892123931601	-3.92031926618793	-3.8941490994430099	-3.8679795280071101	-3.84180632957198	-3.81562950413762	-3.7918898461097901	-3.76814603198808	-3.7443980617724901	-3.7206523375238101	-3.6969067494267698	-3.6731653285394401	-3.6469863126834499	-3.6208106384838801	-3.5946383059407099	-3.56846507793247	-3.5422916472313002	-3.5161180138372101	-3.48994492411056	-3.46376807559058	-3.4375874682772598	-3.4138442103090099	-3.3900966123591001	-3.3663446744275198	-3.3425953526476802	-3.31884616978585	-3.2951013466906498	-3.2689187822522898	-3.24273971475482	-3.2165641441982298	-3.1903877626680202	-3.16421119353849	-3.13803443680963	-3.1118581749426699	-3.0856780321917299	-3.0594940085567899	-3.0357474956536099	-3.0119964746050001	-2.9882452439670302	-2.9644957234492599	-2.9407505393737599	-2.9170096917405202	-2.89084314592208	-2.8646801021092201	-2.8385205603019501	-2.81236025908925	-2.7861997942452201	-2.7600391657698702	-2.73387903147268	-2.70771506112863	-2.6815472547377501	-2.6578049397587402	-2.6340581673845098	-2.6103112888259701	-2.5865588800586399	-2.5628109586030301	-2.5390675244591301	-2.5128982884113298	-2.4867326788221802	-2.4605706956916702	-2.4344080232304401	-2.40824520275621	-2.38208223426897	-2.3559197260151699	-2.3297532910987502	-2.3035829295197199	-2.2798381780144901	-2.2560888397622101	-2.2323394002455901	-2.2085844315219498	-2.1848340861934998	-2.1610883642602401	-2.1349167513146901	-2.1087488771197198	-2.08258474167532	-2.0564199810406798	-2.0302550882883099	-2.0040900634182202	-1.9779254713640599	-1.9517568758913399	-1.92558427700004	-1.9018373950566201	-1.87808581629233	-1.85432954070717	-1.8305818290642599	-1.80683418533508	-1.78309114812862	-1.7569298868589101	-1.7307723704991	-1.70461859904917	-1.6784642376182699	-1.6523097593140299	-1.62615516413645	-1.6000010021662701	-1.57384286325295	-1.54768074739651	-1.5239366978222999	-1.5001879823095801	-1.47643460085835	-1.4526850252168999	-1.42893558218891	-1.40519084642113	-1.37902782099522	-1.35286862410311	-1.32671325574481	-1.30055734566795	-1.27440133111531	-1.2482452120869001	-1.2220895065999999	-1.1959297677594101	-1.1697659955651301	-1.14602036797402	-1.12226999122205	-1.09851486530922	-1.07476375059645	-1.0510127741737201	-1.0272665980558	-1.0011020936149	-0.97494151337527901	-0.94878485733693396	-0.92262773725744895	-0.89647057918587403	-0.87031338312221196	-0.84415667084505797	-0.81799598257477701	-0.79183131831137699	-0.76808491353443598	-0.744333742781218	-0.72057780605172195	-0.69682698091541195	-0.67307630890188896	-0.64933049559319	-0.62317009118763	-0.59701371268819503	-0.57086136009488797	-0.544708618344111	-0.51855584965842805	-0.49240305403783602	-0.46625068738332298	-0.44009426537214502	-0.41393378800429997	-0.39018784263728201	-0.36643708351420601	-0.34268625002139802	-0.31893021208703798	-0.29517905193754201	-0.27143276957290202	-0.245271827730738	-0.219114883164861	-0.19296193587527499	-0.16680857823805101	-0.14065518943633001	-0.11450176947011	-8.8348787680514795E-2	-6.2191751969628499E-2	-3.6030662337441302E-2	-1.2284149809955999E-2	1.1467204081714401E-2	3.5218621067226098E-2	5.8974877501478798E-2	8.2726230556646602E-2	0.106472680232729	0.132633781091095	0.15879087130431199	0.184943950872376	0.211097431996709	0.23725094407957001	0.26340448712095799	0.28955758086506	0.31571470906242599	0.34187587171306	0.36562242074331402	0.38937377971339698	0.41312521318095302	0.43688125541987	0.460632424171937	0.48437871943715599	0.51053966415916496	0.53669659849174201	0.56284952243487496	0.58900284218955501	0.61515619818346901	0.64130959041661995	0.66746256127287695	0.69361959921426097	0.719780704240776	0.74352722625923695	0.76727854816882002	0.79102996151029303	0.81478682406664604	0.83853885269717199	0.86228604740186698	0.88845165744916099	0.91461333318259597	0.94077107460216902	0.96692926267038204	0.99308747755794002	1.0192457192648301	1.0454034643189001	1.07156517793968	1.09773086012715	1.1214781799040501	1.1452302437756701	1.16898705174204	1.1927388723597301	1.2164905432158	1.24023739555683	1.2664025876924201	1.29256378332341	1.3187209824498201	1.3448785584979099	1.3710360917982201	1.39719358235076	1.42335049933185	1.44951128996309	1.47567595424446	1.4994222534563599	1.5231732083007301	1.54692881877758	1.5706793986758101	1.59442982606919	1.61817551573552	1.6443395048476299	1.67049955146681	1.6966556555930801	1.7228121565019501	1.74896860263499	1.77512499399219	1.80128076759689	1.8274403374627699	1.8536037035898201	1.87734873716606	1.9010983368652199	1.92485250268733	1.9486064457950201	1.9723601617341899	1.99610909391154	2.0222840085071199	2.0484549447349099	2.07462190259489	2.1007892519611802	2.1269565256310901	2.1531237236046099	2.1792902657029201	2.2054605918844299	2.23163470214917	2.2553827697403901	2.2791354132816899	2.3028881290346601	2.3266445164908598	2.3503962203200501	2.3741432405222098	2.4003161230869599	2.4264850505837199	2.4526500230124899	2.4788153446992398	2.5049804804383302	2.5311454302297598	2.5573095447664902	2.58347721102405	2.60964842900243	2.6333936457510498	2.6571432507629398	2.6808928835779802	2.70464600829489	2.7283946500487399	2.7521388088395602	2.7783088089336299	2.8044751219161199	2.8306377477870299	2.8568009504063498	2.8829641447844101	2.9091273309212	2.9352898091961399	2.9614559022494702	2.9876256100811802	3.0113694561282802	3.0351176241787199	3.0588657889412798	3.0826246708638498	3.1063789504154502	3.1301286275960898	3.1563161830707198	3.1824998729164098	3.2086796971331601	3.2348599721298799	3.2610401133121001	3.2872201206798102	3.3133992911941799	3.3395820081602601	3.3657682715780699	3.38951653376607	3.41326912010785	3.4370217834096701	3.46077737627065	3.4845285412553801	3.5082752783638602	3.53445976418777	3.56064050583772	3.58681750331372	3.6129950007197098	3.63917234528531	3.6653495370105298	3.6915258056356999	3.7177054605764401	3.7438885018327599	3.7676336520556002	3.7913829340606799	3.8151363478480098	3.8388842015997202	3.8626318730315901	3.8863753063109501	3.91255633937029	3.9387337652258498	3.96490758387763	3.9910819621903402	4.0172561757532099	4.0434302245662099	4.0696032696855804	4.09577954860959	4.1219590613382504	4.1457008349208797	4.1694465502681197	4.1931962073799802	4.2169502009582001	4.24070386078838	4.2644531925558304	4.2906580183856597	4.3168591539954102	4.3430565993850703	4.3692545945350902	4.3954523823653897	4.42164996287599	4.4478464595355698	4.4740461762877599	4.5002491131325604	4.5239963618657297	4.5477475816300501	4.57150277242551	4.5952518675938503	4.6190007663338601	4.6427455778265303	4.6689456585351499	4.69514222281071	4.7213352706532001	4.7475289429850198	4.7737223898744601	4.7999156113215298	4.8261076414145698	4.8523026838441803	4.87850073861037	4.9022433146736999	4.9259896097483598	4.9497359815140296	4.97348355725192	4.9972272953764998	5.02096719588776	5.0471621135631999	5.07335370228191	5.0995419620438902	5.1257309329145402	5.1519196720308198	5.1781081793927299	5.2042954023508496	5.2304854519401696	5.2566783281606897	5.2804159910097201	5.3041571341199996	5.3278982081055499	5.3516514692594104	5.3754008144120302	5.3991462435634396	5.4253696339224504	5.4515896113668703	5.4778061758967	5.5040234514553399	5.5302404406325198	5.5564571434282497	5.5826724513010602	5.6088905503415099	5.6351114405495899	5.6588541116247404	5.6826002735381396	5.70634651399482	5.7300927130886299	5.7538352934000603	5.7775742549290996	5.8037908103797804	5.8300041787304497	5.8562143599810899	5.8824253565816704	5.9086360576609103	5.9348464632188103	5.9610553577401397	5.9872668049316102	6.01348080479322	6.0372169488000598	6.0609562906585204	6.08469570432875	6.1084345594657501	6.1321700887629902	6.1559022922204703	6.1821116937949796	6.2083181419572	6.2345216367071199	6.2607260639756799	6.28693020629321	6.31313406365972	6.3393363233726996	6.3655409424234497	6.3917479208119703	6.4154774676575297	6.4392099502577702	6.4629453686126803	6.4866852266196204	6.5104247132827702	6.5341608205256199	6.5604023480907303	6.5866408538552301	6.61287633781913	6.63911277902554	6.6653488773668403	6.6915846328430399	6.7178186479796604	6.7440549657322704	6.77029358610086	6.7940264955164098	6.8177623293349896	6.84150108755661	6.8652320420682997	6.8889627903205701	6.9126904793886697	6.9389230426007202	6.9651528431012197	6.9913798808901699	7.0176080054921197	7.0438357965523597	7.0700632540708703	7.0962888695557398	7.1225165549595797	7.1487463102823998	7.1724709150035304	7.1961981510163202	7.2199280183208003	7.2436502926234603	7.2673723732414599	7.2910916916837101	7.3173153254354801	7.3435364496509603	7.3697550643301799	7.3959749025853601	7.4221944376139204	7.44841366941586	7.4746309961285098	7.5008502197780498	7.5270713403645004	7.5507879080626603	7.5745068604807804	7.5982281976188801	7.6177476464691898	7.6372676868840301	7.6567859518273202	7.6784884767923298	7.7001888910511296	7.7218871946037204	7.7437611150557304	7.7656342271441501	7.7875065308689901	7.80937853000618	7.8312508717847704	7.8531235562047499	7.8748201051500599	7.8965182462974104	7.9182179796468004	7.9377334178506898	7.9572505145858496	7.97676694461701	7.996280778889	8.01579302798147	8.0353036918944092	8.0569980024506904	8.0786904393661008	8.1003810026406704	8.1222472996707094	8.1441129060570301	8.1659778217996308	8.1878425042430294	8.2097075391881997	8.2315729266351294	8.2532621913597009	8.2749529350219504	8.2966451576218692	8.3161537084594492	8.3356637702272405	8.3551732380213704	8.3746804701209108	8.39418626182173	8.4136906131238707	8.4353780757171108	8.4570638289268096	8.4787478727529795	8.5006077115342595	8.5224669244569498	8.5443255115210501	8.5661838952432792	8.5880426166928299	8.6099016758697005	8.6315846121628095	8.6532689262068399	8.6749546180018005	8.6944571834863602	8.7139611401309907	8.7334645038189294	8.7529676342256995	8.7724693791672905	8.7919697386436901	8.8136693863172901	8.8353673966054291	8.8570637695081	8.8789377001279295	8.9008110287554203	8.9226837553905494	8.9445563465277207	8.9664292655398903	8.9883025124270794	9.0099979359611897	9.0316947371202598	9.05339291590432	9.0728917106272498	9.0923919081109901	9.1118935083555392	9.1313901980368701	9.1508874950319505	9.1703834923363097	9.1920784579100392	9.2137719087038707	9.2354638447177901	9.25733340253446	9.2792024551177104	9.30107100246755	9.3229394244729509	9.3448082287308605	9.36667741524127	9.3883688048088203	9.4100615297390195	9.4317555900318499	9.45125069563551	9.4707471160699495	9.4902448513351505	9.6163413035153997	9.7424405364287292	448.057817933016	446.77240105355702	448.09268459802502	448.11318435542699	448.16709920911399	448.25442915908701	448.38209314840702	448.53094359809398	448.70098050814897	448.88516866600497	449.07548816283003	449.27193899862402	449.468220563758	449.65657628872202	449.83700617351502	449.99984146671397	450.14001545303	450.25752813246203	450.33646439633998	450.38619568274902	450.40672199168802	456.34543323105902	456.42935841281297	456.564853524542	456.76248597432101	456.99275528940598	457.255661469796	457.54035621230099	457.83398766390502	458.13655582460501	458.43802389279102	458.72671527955498	459.00262998489802	459.252374938277	459.46729719198203	459.64739674601299	459.76861814516201	459.84474665152402	459.87578226509999	444.35220969303401	445.92373776959897	455.82159460916199	455.87167640349702	455.99979169015802	456.20594046914698	456.504564730982	456.85000042088501	457.24224753885602	457.66432535542799	458.09719676295902	458.54086176144898	458.98052636180103	459.39988396446699	459.79893456944501	460.15883373808799	460.46780319556899	460.72584294188903	460.89927826706003	461.00811291337402	469.96590734373501	470.022261098493	470.16580452849598	470.396537633744	470.729611266093	471.11347716426002	471.54813532824397	472.01399824561298	472.49034855703002	472.97718626249701	473.45879948137502	473.91756585667503	474.35348538839702	474.74455265422199	475.07994200683402	475.35965344623202	475.54697500310903	475.66459292543902	446.23237783633601	446.30890613632198	446.512739927827	446.84387921085198	447.31008998658098	447.83259620157702	448.41139785583999	449.00585328822802	449.58974100091802	450.163060993908	450.69885673595297	451.16229525378202	451.553376547396	451.82157586094598	451.98982680955601	452.058129393228	460.18665467254601	460.418897489024	460.787005042847	461.29230254479199	461.84965653897899	462.45906702540401	463.07906162769598	463.68398242246002	464.27382940969602	464.82159118340502	465.29261909790102	465.68691315318199	465.95529888304702	466.12359917096899	466.19181401694902	473.88963673682503	474.13002495136999	474.51039825943201	475.02866533557898	475.59542209223798	476.21066852941101	476.83211966265202	477.435016490218	478.01935901210902	478.55831797537297	479.01839079975298	479.39957748524898	479.656412233129	479.817428048978	479.88262493279598	443.72988554511801	443.96539017034303	444.34426372356501	444.85850182059698	445.41537306928899	446.01487746964	446.61480682819501	447.19265273854103	447.74841520067901	448.25621985324199	448.68475203761898	449.03401175380799	449.26529244744501	449.41012570044302	449.46851151280299	455.57190951404499	455.82240514510698	456.21701424581897	456.74259135914502	457.303328201694	457.89922477346801	458.48898534523602	459.05216788596698	459.58877239566101	460.07368606061601	460.477684560792	460.80076789618801	461.01032138924501	461.14131460384903	466.64634549378798	466.75419407155601	467.00640965363698	467.40299224003201	467.925589290007	468.476069736358	469.05443357908598	469.62031557731501	470.15546429212498	470.65987972351701	471.10923461069598	471.47703805955598	471.76329007009701	471.94319839248402	472.05536351410001	438.42076315603299	438.522535225458	438.77182993867098	439.16864729567101	439.68565061839303	440.221244143734	440.77542787169301	441.30913958393597	441.80702740099201	442.26909132285999	442.671962411827	442.991959870573	443.229083699098	443.368805849821	443.45521999743801	447.62628717848702	447.73827439892699	447.99576266173801	448.39875196691901	448.91436594225797	449.43935256140998	449.97371182437399	450.48074714946301	450.94771147756802	451.37460480868901	451.73875794962601	452.01912541954698	452.21570721845001	452.32245896802903	452.387775383654	452.41165646532602	456.22582272628199	456.48302183284397	456.88487798014802	457.39262119379703	457.901640554925	458.41193606353499	458.88877382648099	459.321804112866	459.71102692269102	460.034170783977	460.272699757515	460.426613843307	460.49867659525398	460.54176093079201	460.55586684992198	431.51568566472298	431.77623344043099	432.18201973873897	432.68427325245699	433.17607113542903	433.65741338765503	434.09732768419298	434.48900795540101	434.83245420127901	435.10583254596798	435.29239294434302	435.39213539640298	435.41876477076403	435.43247358624399	435.43326184284098	438.30359401690401	438.56217945882702	438.96418564909902	439.45476354555302	439.92639664766301	440.37908495542803	440.78431401843699	441.13763295774601	441.43904177335497	441.66710146108301	441.80775431699197	441.86100034108199	441.84991991820698	441.83943261797901	441.82953844039901	444.371981569063	444.63023047954698	445.03116948587098	445.51407163546497	445.97021744199202	446.39960690545303	446.77570677152602	447.09604340945498	447.360616819239	447.54789597696401	447.64553042927002	447.65352017615601	447.60327646869803	447.56469707600002	426.67709745434598	426.79565228902101	427.05813859127301	427.46455636109999	427.94443216940601	428.386798876824	428.79165648335601	429.13632598337699	429.421625520823	429.64755509569397	429.79269574199998	429.84611058817399	429.80779963421799	429.71958236400002	429.65908556903003	431.42101932803899	431.53872578461397	431.79801292762198	432.19888075706399	432.66582405077997	433.08834591276502	433.46644634301902	433.780228849423	434.03244715929202	434.22310127262602	434.330856497659	434.34648400330798	434.26998378957501	434.15059363239902	434.06998575697799	435.58631618557501	435.70318658913499	435.95941561947001	436.35500327658002	436.80966408487899	437.21320670186498	437.56563112753997	437.84950798292601	438.06919556754201	438.22469388138899	438.29440156758898	438.27017692138497	438.15201994277697	437.996261364296	437.889851604461	437.83279066327202	424.14010937478002	424.39938435445703	424.79882994744798	425.25028449713398	425.64228425049799	425.97482920754197	426.234351875578	426.42779821227799	426.55516821764502	426.59454199541	426.53857854130001	426.38727785531501	426.204685653784	426.08300092833298	426.02222367896297	427.28018802263603	427.53652254588701	427.93099170556098	428.37168061652397	428.74773308201799	429.059149102042	429.29447427883201	429.46215062182802	429.56217813102802	429.57268722370998	429.48756516462402	429.30681195376701	429.10018010002898	428.962979343759	428.89520968495702	429.95261515478398	430.20035872910103	430.58030775618897	430.993942163962	431.32883092373402	431.58497403550399	431.74792400874901	431.81687720276398	431.79183361754701	431.63717106778103	431.35855975913398	430.95599969160497	430.55427627134702	430.29020446009798	430.16378425786002	426.09218170586098	426.235315022669	426.45314046325899	426.68291962989201	426.86637005496999	427.00349173849202	427.09754743623	427.14682395923501	427.15132130750698	427.07821145469802	426.91722777716302	426.668370274903	426.409073224385	426.23826432578801	426.80098957271298	426.91670984590598	427.16209454411103	427.53714366732902	427.935150636169	428.24437314162498	428.46481118369599	428.58841475325301	428.62706040594003	428.58074814175598	428.42933408327798	428.179891145314	427.83241932786501	427.48947894523701	427.262823815459	427.13820053253397	427.24385621768499	427.47305817180398	427.82580639489299	428.19359365499702	428.46932375150999	428.65299668443203	428.73839636346401	428.74059248277501	428.65958504236301	428.477744859903	428.20469722859599	427.84044214844101	427.49035113320701	427.26025412395097	426.82626127017602	426.913363898657	427.097952254078	427.38002633643902	427.660411603375	427.85680108414903	427.96919477876202	428.00858303206701	428.00341621873298	427.953694338758	427.85688634643998	427.71134666618201	427.51707529798398	427.32845881539299	427.20375143579997	431.58753017725599	431.71518166584201	431.98916999616102	432.40949516821098	432.84144053302498	433.15405242115901	433.34733083261398	433.41678672560897	433.39250595579	433.274488523157	433.05805150864899	432.759789023211	432.37970106684401	432.02420185699299	431.79140737570401	431.68131762297497	431.12641206641803	431.276133300168	431.50356823453302	431.71350219028	431.83180544498202	431.85847799864001	431.80009795659498	431.67439787492702	431.48137775363602	431.207390464951	430.866014419853	430.45724961834298	430.08617328682902	429.844151356184	429.73118382640803	428.96449180763602	429.09843293896699	429.30143876582201	429.4815896641	429.57078361634098	429.569020622545	429.48418874299301	429.33468369162699	429.12050546844699	428.829987560316	428.48033686559398	428.07155338428402	427.710331238131	427.47520976099997	427.36618895289303	441.40530731121299	441.51589415757297	441.68302475988202	441.82126367812401	441.870452736858	441.830591936085	441.70900137610499	441.52372731691702	441.27476975852102	440.952423290301	440.576624846247	440.14737442635999	439.77018883958101	439.525198172589	437.98020065094897	438.01866661382797	438.08861106101199	438.19003399250198	438.23359138029599	438.16624937596299	437.988007979504	437.70418349113402	437.33502613941499	436.88053592434602	436.34007710045398	435.76014704357698	435.14074575371598	434.62496115144302	434.29424153898202	432.638840625532	432.707893006191	432.86363329552597	433.10606149353799	433.352541489901	433.51943022375599	433.60672769510199	433.60051121726502	433.513556501761	433.34586354858902	433.09105904007799	432.77874081995401	432.40890888821701	432.08597321402198	431.873925106245	452.78799674427302	452.81059444585202	452.85194824283599	452.91205813522498	452.92168580583001	452.84662319387502	452.68687029936098	452.45349307078197	452.16556063726199	451.8230729988	451.42364394854201	450.99567393907898	450.53916297041201	450.15737135762402	449.91089445448699	447.63826756650298	447.65051454620198	447.66863951554097	447.69264247452003	447.65801754929299	447.539560404604	447.33727104045499	447.0641038329	446.73959290353798	446.36373825237001	445.93657293507999	445.488917128428	445.02077083241301	444.63492725778201	444.38628083991898	444.27483157882199	441.79559283581699	441.79163656985202	441.78142221969398	441.70566055907699	441.54836999277001	441.30955052077297	441.00478470663597	440.65544376859799	440.26152770665902	439.82718573701101	439.38884198950399	438.946496464137	438.59042306012299	438.35977942885302	438.25456557032601	467.03592918574202	467.00020585952097	466.940578822627	466.80459886183002	466.587771915117	466.29009798248802	465.92842492728101	465.52377897429	465.07616012351701	464.59166094866998	464.10687956817901	463.62181598204398	463.23605545344202	462.988777866796	462.87998322210501	459.40956745913797	459.35071232344899	459.25492199828301	459.07421906085199	458.813375999855	458.47239281529198	458.07056921920201	457.62974352100798	457.14991572070801	456.63973792313902	456.13767167315899	455.64371697077001	455.25610795931698	455.00812588090599	451.02233954983501	450.99156153263499	450.91278350255402	450.78600545959199	450.568245356197	450.27326322789997	449.90105907470399	449.4741445542	449.01687114292997	448.52923884089398	448.02427647713603	447.54535556331598	447.09247609943401	446.74183587808102	446.51609834555001	479.46909548372003	479.425964638663	479.31823266827399	479.14589957255203	478.87049483975602	478.51643495721902	478.08371992494	477.59699811016299	477.08054616875103	476.534364100706	475.97311596581801	475.43901964550201	474.93207513975602	474.54632317312399	474.30083493596902	468.97250183743199	468.92203071934898	468.79715581174003	468.59787711460598	468.28926877061798	467.90292220818299	467.43883742730202	466.92372122073101	466.38267938921899	465.81571193276397	465.23967954240902	464.69754640235402	464.1893125126	463.806587142897	463.56346854487998	457.73650233299401	457.68092882120999	457.54481427283002	457.328158687854	457.00061045205501	456.60023145826301	456.12702170647799	455.610600527484	455.07849703121201	454.53071121765902	453.98841412121402	453.49578189347801	453.05281453445201	452.71478722568901	452.49898774899901	452.40541610437998	487.70331281578001	487.546461163971	487.29665895533799	486.92531683213201	486.47802527165999	485.95478427392402	485.38684443346898	484.80160193384899	484.199056775065	483.60063625771198	483.04994966584297	482.54699699946002	482.177011778397	481.94312676249098	481.845341951742	474.42780709109797	474.26514890248802	474.006149893599	473.62488887097601	473.17007782964401	472.64171676960302	472.07176076812499	471.48766909173099	470.88944174042098	470.29947154147999	469.76029566672599	469.271914116159	468.91523472184201	468.69013921778298	468.59662760398197	460.80494847494299	460.64476159855502	460.38995114761798	460.018337967609	459.58001003589999	459.07496735248998	458.53597325574901	457.991467071778	457.44144880057598	456.914726799824	456.44319452985201	456.026851990659	455.71612666360301	455.51946383843699	455.436863515163	483.99421470383498	483.87715415069403	483.68923384231903	483.40958473482698	483.07219653083501	482.67706923034302	482.23527108554799	481.76775037569598	481.27450710078699	480.77224731333803	480.27855049679602	479.79341665115999	479.33855629450397	478.93590836411698	478.58547285999902	478.34402801044899	478.19304047601298	469.61560073895703	469.579114716069	469.488131243932	469.34265032254598	469.12659080518102	468.86584261314198	468.56040574642799	468.21807883137302	467.85535939223303	467.47224742900897	467.08198936303597	466.69852799354197	466.32186332052498	465.96902273147703	465.65665878655398	465.38477148575498	465.19726167676998	465.07975293159399	457.27606182571299	457.24148404740998	457.15481472598498	457.01605386143802	456.81122741575598	456.56719279763797	456.28395000708502	455.97133451737602	455.64577959667099	455.30728524496902	454.969041455536	454.64395339407298	454.33202106058002	454.04860337154201	453.79739422818898	453.57839363052301	453.426869787496	453.33189037080098	470.02556401299103	469.99792886424302	469.928782350353	469.81812447132	469.654617624906	469.45922210395202	469.23193790845801	468.98057416792199	468.71775155022999	468.44347005538202	468.16768019424302	467.89991935385899	467.64018753423102	467.40042707229799	467.19004123611501	467.00903002568202	466.88559845587002	466.80867902404702	466.77827173021302	461.55418136712098	461.512233318288	461.44531388742899	461.34639391751699	461.22796667965298	461.09003217383798	460.93719036166101	460.77754957841199	460.61110982409298	460.44420974956	460.28241620361803	460.125729186265	459.98068116920899	459.853447972997	459.74402959763199	459.669372687021	459.62306774891198	459.605114783305	457.00511145447001	457.20269967245503	By Material Region	-9.75	-8.625	-8.625	-7.4999999999999991	-7.4999999999999991	-6.3749999999999991	-6.3749999999999991	-5.25	-5.25	-4.125	-4.125	-3	-3	-1.875	-1.875	-0.75	-0.75	0	0	0.75	0.75	1.875	1.875	3	3	4.125	4.125	5.25	5.25	6.3749999999999991	6.3749999999999991	7.4999999999999991	7.4999999999999991	8.625	8.625	9.75	450.13071000000002	450.13071000000002	456.45832000000001	456.45832000000001	460.69943999999998	460.69943999999998	455.65733999999998	455.65733999999998	447.67953999999997	447.67953999999997	437.83848	437.83848	430.72577000000001	430.72577000000001	426.05901999999998	426.05901999999998	425.029	425.029	425.63211000000001	425.63211000000001	428.5478	428.5478	435.27744000000001	435.27744000000001	444.11459000000002	444.11459000000002	455.29075	455.29075	464.38058999999998	464.38058999999998	469.87475999999998	469.87475999999998	466.46944000000002	466.46944000000002	459.97895999999997	459.97895999999997	Axial Position along the pellet stack (in)
Pellet Centerline Temperature  (°C)

Primary - ST	
1.8024513338139869E-4	9.1575091575091575E-5	4.6567942628294685E-5	2.4364690690251689E-5	1	0.50815477266781395	0.30518768821117181	0.2116546522719108	Cold Case - No ST	
2.3046784973496196E-4	1.4029180695847364E-4	5.3809728798966854E-5	2.8044197655505076E-5	1.0461783106312641E-5	1	0.10129315420659822	5.295788941762046E-2	1.3900577215177802E-2	Reciprocal Mesh Element Number
Average Enorm
Analytic	5	15	25	35	45	55	65	75	85	95	5.9565900000000003	1.37185	0.50087099999999996	0.25242900000000001	0.15026	9.91726E-2	4.2262300000000003E-2	1.1470299999999999E-2	3.24662E-3	9.4832399999999996E-4	COMSOL	5	15	25	35	45	55	65	75	85	95	5.9073000000000002	1.3989	0.52312000000000003	0.29981000000000002	0.11236	5.9277000000000003E-2	2.8833999999999999E-2	1.1863E-2	4.4381999999999998E-3	1.3695000000000001E-3	PARTISN	5	15	25	35	45	55	65	75	85	95	5.92448	1.4543999999999999	0.55603999999999998	0.26180700000000001	9.4102500000000006E-2	5.9836199999999999E-2	4.61658E-2	1.9551800000000001E-2	5.7484800000000003E-3	1.16939E-3	X (cm), Y,Z = 5 cm
Flux (n/cm^2./s)
Analytic	5	15	25	35	45	55	9.91726E-2	2.4504100000000001E-2	4.5447700000000001E-3	1.4296000000000001E-3	2.6484600000000001E-4	9.1421000000000004E-5	COMSOL	5	15	25	35	45	55	5.9277000000000003E-2	2.1811000000000001E-2	3.6091000000000001E-3	1.1071E-3	4.1917000000000001E-4	1.1798000000000001E-4	PARTISN	5	15	25	35	45	55	5.9836199999999999E-2	1.8170700000000001E-2	4.75948E-3	1.98533E-3	3.0774099999999999E-4	8.0146000000000001E-5	X (cm), Y=55 cm, Z=5 cm
Flux (n/cm^2./s)
COMSOL	5	15	25	35	45	55	65	75	85	95	0.9917251313251374	1.0197178991872289	1.0444206192812122	1.1877003038478147	0.74777053107946223	0.59771549803070612	0.68226291517499038	1.0342362449107696	1.3670217025706735	1.4441266908778014	PARTISN	5	15	25	35	45	55	65	75	85	95	0.9946093318492627	1.0601742172978095	1.1101461254494671	1.0371510404905935	0.6262644749101558	0.60335415225576416	1.0923636432470547	1.7045587299373166	1.7706045056089104	1.233112311825916	Analytic	5	15	25	35	45	55	65	75	85	95	1	1	1	1	1	1	1	1	1	1	X (cm), Y,Z = 5 cm
Ratio to Analytical Solution
COMSOL	5	15	25	35	45	55	0.59771549803070612	0.89009594312788476	0.7941215947121637	0.77441242305540003	1.5826933387704554	1.2905131206178011	PARTISN	5	15	25	35	45	55	0.60335415225576416	0.74153713052101489	1.0472433148432154	1.3887311135982092	1.1619620458681648	0.87666947419083141	Analytic	5	15	25	35	45	55	1	1	1	1	1	1	7.0653000000000003E-5	X (cm), Y=55 cm, Z=5 cm
Ratio to Analytical Solution
Analytic	5	15	25	35	45	55	3.2705800000000001E-5	2.68415E-5	1.7001900000000001E-5	3.3798099999999997E-5	6.0489300000000002E-6	3.3645999999999999E-6	COMSOL	5	15	25	35	45	55	7.0653000000000003E-5	9.3651000000000002E-5	3.1949999999999999E-6	4.4477999999999997E-5	1.6793E-5	1.8288E-6	PARTISN	5	15	25	35	45	55	6.9496499999999994E-5	8.9233699999999999E-5	2.2963499999999999E-8	6.4362600000000006E-5	4.4151900000000002E-7	4.1209199999999998E-7	X (cm), Y=95 cm, Z=35 cm
Flux (n/cm^2./s)
COMSOL	5	15	25	35	45	55	2.1602590366234735	3.4890374979043646	0.18792017362765337	1.3159911355963796	2.7761934755403019	0.54354157997978958	PARTISN	5	15	25	35	45	55	2.1248983360749465	3.3244677085855856	1.350643163411148E-3	1.9043259828215198	7.2991256304834079E-2	0.12247874933127266	Analytic	5	15	25	35	45	55	1	1	1	1	1	1	X (cm), Y=95 cm, Z=35 cm
Ratio to Analytical Solution
Analytic	5	15	25	35	45	55	65	75	85	95	8.6157800000000009	2.1613000000000002	0.89378400000000002	0.47805199999999998	0.28942400000000001	0.19269800000000001	0.10498200000000001	3.3754399999999997E-2	1.08158E-2	3.39632E-3	COMSOL	5	15	25	35	45	55	65	75	85	95	8.5614000000000008	2.1939000000000002	0.92086999999999997	0.53081999999999996	0.24657999999999999	0.14785000000000001	8.8390999999999997E-2	3.4356999999999999E-2	1.2198000000000001E-2	3.8107000000000002E-3	PARTISN	5	15	25	35	45	55	65	75	85	95	8.5740800000000004	2.2355	0.95541900000000002	0.48979499999999998	0.22924	0.15040300000000001	0.112483	4.5361400000000003E-2	1.44955E-2	3.8495500000000002E-3	Y (cm), X,Z = 5 cm
Flux (n/cm^2./s)
Analytic	5	15	25	35	45	55	0.19269800000000001	6.7214700000000002E-2	2.2179899999999999E-2	9.9064600000000006E-3	3.3906600000000002E-3	1.0562900000000001E-3	COMSOL	5	15	25	35	45	55	0.14785000000000001	6.4237000000000002E-2	2.1350999999999998E-2	9.8653999999999999E-3	5.2693000000000002E-3	1.9661000000000001E-3	PARTISN	5	15	25	35	45	55	0.15040300000000001	5.7772499999999997E-2	2.2467299999999999E-2	1.15084E-2	3.94627E-3	1.1009399999999999E-3	X (cm), Y=55 cm, Z=5 cm
Flux (n/cm^2./s)
COMSOL	5	15	25	35	45	55	65	75	85	95	0.99368832537506757	1.0150835145514274	1.0303048611297583	1.1103812974320786	0.85196804687931882	0.76726276349521016	0.84196338419919603	1.0178524873794232	1.1277945228277151	1.1220085268761484	PARTISN	5	15	25	35	45	55	65	75	85	95	0.99516004354800136	1.0343311895618377	1.0689596144034801	1.024564273342649	0.79205594560229975	0.78051147391254716	1.0714503438684726	1.3438662811366817	1.3402152406664323	1.1334473783389081	Analytic	5	15	25	35	45	55	65	75	85	95	1	1	1	1	1	1	1	1	1	1	X (cm), Y,Z = 5 cm
Ratio to Analytical Solution
COMSOL	5	15	25	35	45	55	0.76726276349521016	0.9556986790092048	0.96262832564619316	0.99585522981973373	1.5540632207298875	1.8613259616203883	PARTISN	5	15	25	35	45	55	0.78051147391254716	0.85952180103459508	1.012957677897556	1.1617066035697918	1.1638648522706494	1.0422705885694268	Analytic	5	15	25	35	45	55	1	1	1	1	1	1	X (cm), Y=55 cm, Z=5 cm
Ratio to Analytical Solution
Analytic	5	15	25	35	45	55	3.4480399999999999E-4	2.9182500000000001E-4	2.0579300000000001E-4	2.6208600000000002E-4	1.05367E-4	4.4496200000000003E-5	COMSOL	5	15	25	35	45	55	3.9186000000000001E-4	3.9239E-4	1.674E-4	1.7155E-4	1.3365999999999999E-4	5.1533000000000003E-5	PARTISN	5	15	25	35	45	55	4.0681499999999999E-4	3.8795799999999999E-4	1.57157E-4	2.9516900000000002E-4	8.9043799999999996E-5	3.7162200000000001E-5	X (cm), Y=95 cm, Z=35 cm
Flux (n/cm^2./s)
COMSOL	5	15	25	35	45	55	1.1364717346666513	1.3446072132271052	0.81343874670178284	0.65455613806155222	1.2685186063947915	1.1581438414965772	PARTISN	5	15	25	35	45	55	1.1798442013433719	1.3294200291270453	0.76366543079696581	1.1262295582366093	0.84508242618656693	0.83517693645749524	Analytic	5	15	25	35	45	55	1	1	1	1	1	1	X (cm), Y=95 cm, Z=35 cm
Ratio to Analytical Solution
NEWT	0.01	0.03	0.05	7.0000000000000007E-2	0.09	0.11	0.13	0.15	2.5000519999999999E-4	2.4269410000000001E-4	2.2835720000000001E-4	2.0753770000000001E-4	1.8103579999999999E-4	1.5016699999999999E-4	1.169977E-4	8.4433939999999994E-5	COMSOL	0	3.9999999999999801E-3	7.9999999999999707E-3	1.19999999999999E-2	1.59999999999999E-2	1.99999999999999E-2	2.39999999999999E-2	2.79999999999999E-2	3.1999999999999897E-2	3.59999999999999E-2	3.9999999999999897E-2	4.39999999999999E-2	4.7999999999999897E-2	5.19999999999999E-2	5.5999999999999897E-2	5.9999999999999901E-2	6.3999999999999904E-2	6.7999999999999894E-2	7.1999999999999897E-2	7.5999999999999901E-2	7.9999999999999905E-2	8.3999999999999894E-2	8.7999999999999995E-2	9.1999999999999998E-2	9.6000000000000002E-2	0.1	0.104	0.108	0.112	0.11600000000000001	0.12	0.124	0.128	0.13200000000000001	0.13600000000000001	0.14000000000000001	0.14399999999999999	0.14799999999999999	0.152	0.156	0.16	2.5413815451255103E-4	2.53640955897825E-4	2.531437572831E-4	2.52646558668375E-4	2.5214936005365E-4	2.5120621277852599E-4	2.4896496903830501E-4	2.4672372529808501E-4	2.4448248155786397E-4	2.4224123781764299E-4	2.40206232182489E-4	2.3655874092265899E-4	2.3291124966282899E-4	2.2926375840299899E-4	2.2561626714316801E-4	2.2196877588333801E-4	2.1732675401587101E-4	2.1240495691726401E-4	2.0748315981865601E-4	2.0256136272004901E-4	1.9763956562144101E-4	1.92004573533085E-4	1.8600293470598199E-4	1.8000129587887999E-4	1.7399965705177701E-4	1.6853143969534901E-4	1.61753031417641E-4	1.5497462313993299E-4	1.4819621486222501E-4	1.41417806584517E-4	1.3550687202044601E-4	1.28400396210271E-4	1.21293920400095E-4	1.1418744458991899E-4	1.0708096877974401E-4	9.9974492969568597E-5	9.4693184397760593E-5	8.7867194582029394E-5	8.1041204766297897E-5	7.4215214950566495E-5	6.7389225134835106E-5	X-axis midplane (m)
Neutron Flux (n/cm2-s)
NEWT	0.01	0.03	0.05	7.0000000000000007E-2	0.09	0.11	0.13	0.15	1.87167E-5	1.8140510000000001E-5	1.7003750000000001E-5	1.5334070000000001E-5	1.3161010000000001E-5	1.04948E-5	7.2908429999999998E-6	3.3367039999999999E-6	COMSOL	0	3.9999999999999801E-3	7.9999999999999707E-3	1.19999999999999E-2	1.59999999999999E-2	1.99999999999999E-2	2.39999999999999E-2	2.79999999999999E-2	3.1999999999999897E-2	3.59999999999999E-2	3.9999999999999897E-2	4.39999999999999E-2	4.7999999999999897E-2	5.19999999999999E-2	5.5999999999999897E-2	5.9999999999999901E-2	6.3999999999999904E-2	6.7999999999999894E-2	7.1999999999999897E-2	7.5999999999999901E-2	7.9999999999999905E-2	8.3999999999999894E-2	8.7999999999999995E-2	9.1999999999999998E-2	9.6000000000000002E-2	0.1	0.104	0.108	0.112	0.11600000000000001	0.12	0.124	0.128	0.13200000000000001	0.13600000000000001	0.14000000000000001	0.14399999999999999	0.14799999999999999	0.152	0.156	0.16	1.8940374690355899E-5	1.8851620151710901E-5	1.8762865613065998E-5	1.8674111074421001E-5	1.8585356535776101E-5	1.8514248732067701E-5	1.8338484484008799E-5	1.8162720235949999E-5	1.79869559878911E-5	1.78111917398323E-5	1.7634630492194099E-5	1.73533404377024E-5	1.7072050383210701E-5	1.6790760328718998E-5	1.6509470274227299E-5	1.62281802197356E-5	1.5847095247408399E-5	1.5466180259029201E-5	1.508526527065E-5	1.47043502822708E-5	1.43234352938916E-5	1.38466524901442E-5	1.33698643145533E-5	1.28930761389624E-5	1.2416287963371501E-5	1.19403456291384E-5	1.13631951738499E-5	1.07860447185615E-5	1.0208894263273E-5	9.6317438079845799E-6	9.0535530250418792E-6	8.3591960965636892E-6	7.6648391680854907E-6	6.9704822396072998E-6	6.2761253111291098E-6	5.5817683826509198E-6	4.6904951729529299E-6	3.7551344381217399E-6	2.8197737032905299E-6	1.88441296845933E-6	9.4905223362812998E-7	X-axis midplane (m)
Neutron FLux (n/cm2-s)
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