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ABSTRACT 

An engineering design study of the conversion of the High Flux Isotope Reactor (HFIR) from high-
enriched uranium (HEU) to low-enriched uranium (LEU) fuel is ongoing at Oak Ridge National 
Laboratory. The computational models developed during fiscal year 2010 to search for an LEU fuel 
design that would meet the requirements for the conversion and the results obtained with these models are 
documented and discussed in this report. Estimates of relevant reactor performance parameters for the 
LEU fuel core are presented and compared with the corresponding data for the currently operating HEU 
fuel core. The results obtained indicate that the LEU fuel design would maintain the current performance 
of the HFIR with respect to the neutron flux to the central target region, reflector, and beam tube locations 
under the assumption that the operating power for the reactor fueled with LEU can be increased from the 
current value of 85 MW to 100 MW. 
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1. INTRODUCTION  

An engineering design study for a fuel that would enable the conversion of the High Flux Isotope 
Reactor (HFIR) from high-enriched uranium (HEU) to low-enriched uranium (LEU) is ongoing as part of 
an effort sponsored by the U.S. Department of Energy’s (DOE’s) National Nuclear Security 
Administration through the Global Threat Reduction Initiative/Reduced Enrichment for Research and 
Test Reactors (RERTR) Program. Given the unique fuel, particular core design, and high power density 
of HFIR, and the requirement that the impact of the fuel change on the core performance and operation be 
minimal, this conversion study represents a complex and challenging task. Such a task requires 
improvements in and extensions of the computational methodologies and tools that are currently used to 
support the operation of the reactor.  

1.1 DESCRIPTION OF HFIR 
 

The HFIR is an 85 MW, very high flux, pressurized light-water-cooled and moderated, flux-trap type 
reactor, which is operated at the Oak Ridge National Laboratory (ORNL). The missions of HFIR are 
currently to support neutron scattering experiments, isotope production, and materials irradiation research. 
The reactor core consists of a series of concentric annular regions: a central flux trap containing vertical 
experimental targets surrounded by two fuel elements separated by a thin water region, a region 
containing two control plates, a beryllium reflector, and a water region to the edge of the pressure vessel, 
which is located in a pool of water. Details of the reactor configuration and operation can be found 
elsewhere.1,2 For convenience, the core data most relevant to the study discussed in this report are 
presented in Table 1. 

 
Table 1.  Key parameters of HFIR HEU core 

Reactor data  
 Operating power (MW) 85 
 Cycle length (days) ~24 
 Number of fuel elements 2 

Fuel data  
 Type U3O8–Al 
 Enrichment (wt % 235U) 93.1 
 Total load 235U (kg) 9.4 
 Total load uranium (kg) 10.1 

Fuel elements data Inner fuel element Outer fuel element 
 Load of 235U (kg) 2.6 6.8 
 Number of fuel plates 171 369 
 Fuel plate width (cm) 8.1 7.3 
 Fuel plate thickness (cm) 0.127 0.127 
 Coolant channel between plates (cm) 0.127 0.127 
 Fuel plate clad thickness (cm) 0.0254 0.0254 

 
The two fuel elements in HFIR are identified as inner fuel element (IFE) and outer fuel element 

(OFE). They are composed of numerous, involute-shaped fuel plates 1.27 mm thick, as illustrated in 
Fig. 1(a). The plates are separated by a water-filled cooling channel 1.27 mm thick, and are held together 
by two cylindrical aluminum side walls. The fuel plates have a sandwich-type design with a fuel region 
enclosed in an aluminium-based clad, as illustrated in Fig. 1(b). The fuel meat inside the fuel region 
contains a mixture of aluminium powder and uranium oxide (U3O8) with 93.1 wt % 235U enrichment and 
is characterized by variable thickness along the width of the fuel plate (radial grading) and a uniform 
thickness along the length of the fuel plate for a given radius (no axial grading).  
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(a) inner and outer fuel elements (b) fuel plate profile 

Fig. 1.  HFIR fuel elements. 
 

1.2 BACKGROUND ON THE HFIR CONVERSION STUDY 
 

In accordance with the U.S. nonproliferation policy to minimize and possibly eliminate the use of 
HEU fuel in civilian nuclear programs, the DOE RERTR Program has initiated and supported fuel 
development and engineering studies that would facilitate the conversion of high-performance U.S. 
research reactors from HEU fuel to LEU fuel. A study to assess the feasibility of converting HFIR to an 
LEU fuel and determine the performance goals for the candidate LEU fuel forms considered was initiated 
in 2006. Two types of high-density LEU fuels were initially under consideration and were studied: a fuel 
consisting of uranium-molybdenum (U-Mo) dispersion in aluminum and a monolithic U-Mo alloy fuel. 
The LEU fuel currently under consideration is a high-density monolithic alloy, U-10Mo, which contains 
90 wt % uranium and 10 wt % natural molybdenum. It has a density of 17.02 g/cm3 and an enrichment of 
19.75 wt % 235U.  

As included in the key top-level assumptions established to guide the HFIR conversion study,3 there 
shall be no change in the physical dimensions of the core or fuel geometry, no reduction in the core power 
or core lifetime, no major changes to the current control and protection systems, and the margins of safety 
in the bases of the currently approved Technical Safety Requirements4 shall be maintained. 

The fuel meat is the region that will need to be changed when the current HEU fuel is replaced with 
LEU fuel, with no changes to the basic geometry of the fuel plate. In the current HEU fuel plate, in order 
to minimize the peak power density the thickness of the fuel meat region varies smoothly along the width 
of the fuel plate; the corresponding flat plate (i.e., plate prior to forming into an involute shape) profiles of 
the fuel regions are illustrated in Fig. 2 for the IFE and OFE, respectively. 
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Fig. 2.  “Flat plate” profiles of fuel meat regions for HEU fuel. 
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2. COMPUTATIONAL METHODS 

The HFIR core analysis for an LEU fuel initially used as a basis for neutronics studies the standard 
set of computational methods and tools that are currently employed or have been employed until recently 
to support the operation of the HFIR HEU core. This set of tools include the Monte Carlo neutron 
transport code MCNP,5 the diffusion theory–based code system with depletion capabilities BOLD-
VENTURE,6 and the nuclear analysis code system SCALE.7 Taking advantage of the recent 
developments in computational methodologies and codes, the neutronics analyses for an LEU fuel have 
evolved from diffusion-based depletion to Monte Carlo–based depletion methodologies. A Monte Carlo–
based depletion model for HFIR with LEU fuel, using the ALEPH8 computational tool, has been 
established and validated9 based on the core configuration and cycle length for a recent HFIR HEU fuel 
cycle.10 More recently, to enable the use of nuclear cross-section data based on the most recent data 
evaluations, the Monte Carlo–based depletion tool VESTA11 has been used for the LEU fuel study, as 
described in detail in the current report. A brief description of the codes used for this study is provided in 
this section.  

2.1 MCNP—MONTE CARLO TRANSPORT CODE  
 

MCNP is a general-purpose Monte Carlo code developed at Los Alamos Nuclear Laboratory (LANL) 
that can be used to simulate the neutron, photon, electron, or coupled neutron/photon/electron transport, 
including the capability to calculate eigenvalues for critical systems, in three-dimensional (3-D) arbitrary 
geometry configurations. Its capabilities to model complex geometries and to use pointwise cross-section 
data for the neutron transport treatment make the code a desirable tool for analysis of highly 
heterogeneous systems such as HFIR. An MCNP model of the HFIR HEU reactor, which includes a 
detailed representation of the reactor components, was previously developed10 and has served as a 
reference model to perform analyses in support of HFIR operation. Based on the existing model for the 
HEU core, an MCNP model for the LEU fuel core has been developed and used in the design of a new 
LEU fuel for HFIR.  

2.2 VESTA—MONTE CARLO–BASED DEPLETION TOOL  
 

VESTA is a Monte Carlo–based depletion tool developed at Institut de Radioprotection et de Sûreté 
Nucléaire (IRSN)—Institute for Radiological Protection and Nuclear Safety—in France. The current 
version of VESTA couples a Monte Carlo transport code from the MCNP family of LANL codes (e.g., 
MCNP) and the point depletion and decay code ORIGEN 2.2.12 Though other Monte Carlo codes can be 
used within VESTA, MCNP is the basis for LEU design calculations due to the ability to model control 
element movement over time and because extensive resources have been devoted to benchmarking 
MCNP models of HFIR. 

VESTA is a relatively user-friendly code; if an appropriate MCNP model of the configuration to be 
analyzed is available, the changes and/or additions to this model are minimal. At each depletion step, the 
transport flux solution from MCNP is used to generate the cross-section data for the ORIGEN 2.2 
depletion calculation; the isotopic composition data resulting from ORIGEN 2.2 are used in the 
subsequent MCNP transport calculation to obtain cross sections for the next depletion step, and so forth in 
an iterative manner.  

Compared with other Monte Carlo depletion tools, VESTA has a particular approach in determining 
from MCNP the data needed for the ORIGEN 2.2 depletion calculation. Whereas other tools obtain the 
cross sections for depletion based on reaction rate tallies in the Monte Carlo transport calculation, VESTA 
requires only flux tallies in a fine-group structure. The one-group cross sections for ORIGEN 2.2 are 
obtained by weighting pre-generated pointwise cross-section data with the MCNP-calculated fine-group 
flux. These pointwise cross-section data are consistent with the cross-section data used in the MCNP 
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transport calculation, as both sets are pre-computed based on the same ENDF/B data files. By calculating 
only the flux with MCNP, compared with calculating reaction rates, execution times for VESTA are 
considerably less than for other Monte Carlo depletion tools.  

VESTA has capabilities and features not found in other Monte Carlo/depletion systems. One of these 
capabilities refers to the depletion of nonfissile materials, which in the case of HFIR makes possible 
accounting for the irradiation of control elements, beryllium reflector, or nonfissile targets during the 
reactor cycle. In addition, VESTA can be used with an extended set of nuclear cross sections, including 
those that are based on the most recent nuclear data evaluations, such as ENDF/B-VII. 

As for any other Monte Carlo–based tool, the drawback of using VESTA is the computational 
efficiency, especially when depletion calculations are involved. However, the capability of modeling the 
geometry in detail, including the explicit simulation of the control element movement during the cycle, 
and of using continuous energy cross-section data for the neutron transport, make this tool an excellent 
choice for HFIR LEU reference depletion studies. In addition, improvement in computational efficiency 
can be achieved through the use of the software on a multiprocessor platform (computer cluster).  

2.3 SCALE CODE SYSTEM  
 

SCALE (Standardized Computer Analyses for Licensing Evaluation) is a modular nuclear analysis 
code system that has been developed and maintained by ORNL under support from the U.S. Nuclear 
Regulatory Commission and DOE. This code system uses automated sequences to provide cross-section 
processing, reactor lattice physics, criticality safety, radiation shielding, and spent fuel characterization 
analysis capabilities. SCALE has been used in HFIR analyses for this report to perform source term 
calculations, and thereby to derive the security classification level for spent HFIR fuel elements.  

2.4 THERMAL HYDRAULIC ANALYSES—THE HFIR STEADY STATE HEAT TRANSFER 
CODE  

 
The margin to incipient boiling, and therefore the determination of the maximum allowable operating 

power for the HFIR, is determined from custom-designed software described in Ref. 3. The program 
requires, as input, reactor geometry, a two-dimensional (2-D), radial and axial, power profile as a function 
of irradiation time, and manufacturing uncertainty factors. Geometry and power profiles are known or 
calculated, but manufacturing uncertainty factors have not yet been defined for U-10Mo fuel. Since 
almost no data are available, the uncertainty values associated with the current HEU fuel and documented 
in Ref. 3 were used in the analyses reported here. Details about the input data used and the calculation of 
the maximum operating power are provided in Section 5.2 of the current report. 
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3. MONTE CARLO DEPLETION MODEL FOR HFIR LEU CONFIGURATIONS 

3.1 MCNP MODEL FOR HFIR LEU IN VESTA  
 

The MCNP model used for the HFIR LEU configuration is based on the 3-D MCNP revised model 
for HFIR HEU cycle 400.9 The model is illustrated in Figs. 3 and 4, which show a radial cross section at 
the core midline and an axial cross section through the center of the core, respectively; various regions 
and materials are shown in different colors. The model, which explicitly represents the experiment 
locations in the central target region and beryllium reflector, includes six regions: 

1. Flux trap target region (FTT) 
2. Inner fuel element region (IFE) 
3. Outer fuel element region (OFE) 
4. Control element region (CR) 
5. Removable beryllium reflector region (RB) 
6. Permanent beryllium reflector region (PB) 
 
Compared with the FTT model for the revised cycle 400 model9—in which 31 of the 37 experimental 

locations in FTT included 28 dummy aluminum targets, one hydraulic tube, and two stainless steel 
targets—the LEU model contains one hydraulic tube and 30 curium targets in the interior basket, as 
illustrated in Fig. 5. The composition of the curium targets is listed in Appendix A.  

 

 
Fig. 3.  Cross section of the MCNP model for HFIR LEU at core  

                         axial midline. 
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Fig. 4.  Axial cross section of the MCNP model for HFIR LEU. 

 
 

 
Fig. 5.  Flux trap region in the LEU core model (radial view). 
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As used in the MCNP model for cycle 400, the LEU fuel in the IFE and the OFE regions is modeled 
by homogenizing the fuel meat and aluminum cladding of the fuel plates and the water between the fuel 
plates. To approximate the variation of the 235U content in the radial direction of the fuel plate (i.e., radial 
fuel grading), eight radial regions with different 235U concentrations are used in the IFE modeling. A 
similar model is used for the OFE but with nine radial regions. The dimensions of the radial fuel regions 
in the IFE and OFE models are shown in Table 2. The concentration of 235U in the axial direction was 
initially considered uniform, though axial grading was also used later. The axial layer dimensions were 
selected by studying the variation of the microscopic thermal fission cross section of 235U as a function of 
the axial location.13 The dimensions for the axial layers are shown in Table 3. The acceptability of the 
approximations used in the MCNP model (i.e., homogenization of plates and water gaps) and the  

 
Table 2.  Radial fuel regions in the MCNP  

model for HFIR LEU 

Inner fuel element 
IFE 

Outer fuel element 
OFE 

Region # Outer radius 
(cm) Region # Outer radiusb 

(cm) 
1a 7.50 1 15.16 
2 8.50 2 15.50 
3 9.50 3 16.50 
4 10.50 4 17.50 
5 11.50 5 18.50 
6 12.50 6 19.50 
7 12.59 7 20.50 
8 12.60 8 20.99 
  9 21.00 

aInner radii are 7.14 cm and 15.15 cm for IFE and OFE, respectively. 
bInner radii for the IFE and OFE in the HEU reference cycle 400 model are 

7.14 cm and 15.129515 cm, respectively, as documented in N. Xoubi and R. T. 
Primm III, Modeling of the High Flux Isotope Reactor Cycle 400, 
ORNL/TM2004-251 (2005). For the reference HEU model, the outer radii for 
the IFE are 7.5, 8.0, 8.5, 9.5, 10.5, 11.5, 12.0, and 12.6 cm; the outer radii for the 
OFE are 15.5, 16.0, 16.5, 17.5, 18.5, 19.5, 20.0, 20.5, and 20.978 cm. 

 
Table 3.  Axial fuel regions in the MCNP model for HFIR LEU 

Region # 
Top edge 

location 
(cm)a 

Thicknessb  
(cm) Region # 

Top edge 
location 

(cm)a 
Thickness 

(cm) 

1 25.4 0.5 11 -1.0 3.2 
2 24.9 0.5 12 -4.2 8.4 
3 24.4 1.0 13 -12.6 4.2 
4 23.4 1.0 14 -16.8 4.2 
5 22.4 1.4 15 -21.0 1.4 
6 21.0 4.2 16 -22.4 1.0 
7 16.8 4.2 17 -23.4 1.0 
8 12.6 8.4 18 -24.4 0.5 
9 4.2 3.2 19 -24.9 0.5 

10 1.0 2.0    
a Location is with respect to the core midline (at axial location 0.0 cm).  
b Thicknesses for the axial fuel regions in the HEU cycle 400 depletion model are: 0.4, 3.0, 

3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 2.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, and 0.4 cm. 
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adequacy of the radial and axial mesh definition have been demonstrated by validation studies based on 
this MCNP model to compare to measured activation rates, power profiles and spatially dependent, 
postirradiation uranium isotopic compositions.14–16  

The material composition data assumed for the LEU fuel plates are presented in Appendix A. In 
addition to the material data used previously13 for the LEU fuel, the model studied during fiscal year 
(FY) 2010 includes a thin, zirconium diffusion barrier layer on the surfaces of the fuel meat region. This 
layer, 0.001 in. (25.4 μm) thick in all directions, separates the fuel meat from the filler inside the fuel 
plate. Once the actual composition of the LEU material would become available (i.e., uranium isotopic 
composition, molybdenum isotopic composition, impurities), the model would need to be updated 
accordingly. Though it is expected that the change from assumed to actual LEU fuel data would not 
significantly impact the results of the current study, the actual effect remains to be quantified.  

All regions located outside the IFE and OFE regions are represented as in the model for cycle 400, 
with the exception of the control element region. Compared to the HFIR HEU model for cycle 400 and 
the HFIR LEU core model described in Ref. 13, the composition of the materials in the control region has 
been changed to account for the irradiation history of the control elements (CEs). As summarized in 
Appendix B, a methodology has been developed17 to perform fast simulations of the HFIR CEs’ 
irradiation history with the purpose of determining their material composition at a given time. This 
methodology has been applied to determine the CEs’ material compositions at the beginning of cycle 
(BOC) 400 for use in HFIR HEU safety analysis. The source of an apparent burnup dependence of 
calculated keff for cycle 400 has been removed by properly accounting for the CE irradiation history in 
HFIR HEU depletion simulations.17 The CE material composition for the LEU model, which is listed in 
Appendix A, was assumed to be the same as determined for BOC-400. The dimensions of the CEs and 
the CE movement during the irradiation cycle are presented in Appendix C. 

3.2 DEPLETION MODEL FOR HFIR LEU IN VESTA 
 

In addition to the MCNP model of the configuration to be simulated, the input data for VESTA 
include information about the depletion mixtures (i.e., materials for which composition varies during 
simulation due to depletion and decay) and irradiation history. There are a total of 152 fuel regions in the 
IFE (8 radial by 19 axial) and 171 fuel regions (9 radial by 19 axial) in the OFE. For the initially 
considered studies with no variation of fuel composition in the axial direction, a total of 80 and 
90 depletion mixtures are specified in the IFE and the OFE, respectively, for the purpose of flux 
calculation with MCNP; as previously mentioned, this flux serves to weight the pointwise cross-section 
data to obtain the effective one-group cross sections for use in the ORIGEN 2.2 depletion calculation. 
From the 80 depletion mixtures in the IFE, 8 mixtures are specified in the central (i.e., core midline) axial 
layer of the IFE, one for each of the 8 radial regions. A unique depletion mixture is specified for fuel 
regions with the same radial region number and with the same axial distance with respect to the core 
midline; for example, if a region in the IFE is identified as IFE(r,z), where r = 1, …, 8 and z = 1, …, 19, 
the same depletion mixture (i.e., material number in the MCNP input file) is used in fuel regions IFE(r,1) 
and IFE(r,19). Similarly, there are 90 depletion mixtures in the OFE, which gives a total of 170 depletion 
mixtures in the fuel elements. Four depletion mixtures, two for each of the two control elements, are also 
included in the depletion model. One depletion mixture is also included for the curium targets in the 
central target region. The total number of depletion mixtures in this case would be therefore 175. 

The value used for power during the irradiation was 100 MW. As discussed in this report and in 
Ref. 18, the reactor power has to be increased from the 85 MW for the current HEU core to 100 MW for 
the LEU core to meet flux performance criteria (no changes from current operation) while meeting 
criteria for safe HFIR operation. The cross-section libraries used in the simulation are based on data from 
ENDF/B-VII release 0. All cross sections were considered at 300 K temperature. VESTA allows changes 
in the configuration through the use of transformation cards in the MCNP model. This permits the 
modeling of the control element movement during the irradiation cycle. The location of the two HFIR 
control elements, identified as the inner control element (ICE) and the outer control element (OCE), can 
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be changed for each of the depletion steps considered in the depletion simulation. The CE location as a 
function of irradiation time for the LEU core, as used in the depletion model, is discussed in Section 4 and 
Appendix C of this report.  
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4. LEU FUEL LOAD AND GRADING 

The design of an LEU fuel that would ensure the facility capabilities are maintained at current levels 
can be viewed as an optimization problem with a multi-objective function (core performance parameters 
similar to those for the HEU core, thermal hydraulic safety margins similar to the current HEU core) with 
multiple constraints (no changes to fuel plate basic geometry, same number of fuel plates in fuel 
element).2 As there is no fuel shuffling and the two fuel elements are required to have the same cycle 
time, the fuel management issues in HFIR are addressed at the design stage.  

4.1 SEARCH FOR AN OPTIMAL LEU FUEL 
 

To test whether a proposed LEU fuel design meets the HFIR conversion requirements, the following 
performance parameters were studied for the LEU core and compared with their values for the current 
HEU core: irradiation cycle length; core power distribution; neutron flux at the central target region, 
reflector, and cold source location; and thermal hydraulic safety margins. As illustrated in Fig. 6, iterative 
reactor core physics and thermal hydraulics calculations were performed to search for an optimal fuel 
load and fuel grading that would ensure a core performance similar to that of the currently operating HEU 
core. This iterative process, discussed in detail in Ref. 13, is summarized here for completeness. 

 

 
Fig. 6.  Iterative search for an optimal LEU fuel design. 

 
As the first step in the search for an optimal fuel design, the fuel load in the depletion model of the 

LEU core was varied to determine the loading that would ensure a core lifetime similar to that of the 
HFIR HEU core. It was found that the needed total loading of 235U to meet this requirement is 
approximately 25 kg. Then, iterations were carried out on both total 235U load and radial fuel grading 
profile by searching around the 25 kg value for the total 235U load. Depletion simulations were performed 
initially for a thermal operating power of 85 MW as used in the current HEU core. The flux at important 
experiment locations was estimated and the corresponding core power distribution was applied in steady-
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state thermal hydraulics analysis to verify whether the thermal margins were maintained as for the HEU 
core. Later, the power had to be increased to 100 MW to maintain the flux performance at the target 
locations similar to that for the HEU core at 85 MW, but still under the constraint of maintaining the same 
thermal margin (margin to incipient boiling) as for the HEU core at 85 MW.  

Axial grading was also included later13,18 because of thermal hydraulics limits. The use of axial 
grading at the bottom of the fuel elements was based on the observation that, as the water coolant enters 
the top of the core and flows from the top to the bottom of the core, the occurrence of a power “spike” at 
the bottom of the fuel elements would cause that location to be the point at which the margin to incipient 
boiling was smallest; whereas a spike at the top of the fuel elements, as it is at the location of the coolant 
inlet to the core, would have a much larger margin to incipient boiling. Since the margin at the bottom of 
the fuel was less than that currently calculated for HEU fuel, grading of the fuel at the bottom of the core 
was needed.  

In addition to the iterative process illustrated in Fig. 6, additional iterations were considered in the 
work performed during FY 2010. A first iteration was performed on control element movement to 
minimize the variation of the keff during the cycle (keeping it at a constant value close to 1). A second 
iteration was performed on the boron concentration in the filler material in the IFE plates. This later 
iteration was necessary to optimize the power distribution in the fuel regions, which was affected by the 
update of the material composition in the control elements. During irradiation, the composition of the 
poison materials in the CEs changes due to neutron interactions, leading to a change in the properties 
(cross sections) of these materials. As discussed in detail in Ref. 17, a change of CEs material data from 
fresh composition to a composition that accounted for the irradiation history of the CEs’ had a significant 
effect on keff variation for cycle 400. The optimal amount of 10B in the IFE filler totals 5.4 g, with a 
uniform boron distribution considered in the filler material. This amount is almost twice as much as the 
corresponding 10B content in IFE, of 2.8 g, for the HEU cycle 400.  

The boron is needed to shift power from the IFE to the OFE. The shift is needed to maximize the 
operating power of the reactor; that power determined by the margin to incipient boiling. The amount of 
boron, that is, the degree of needed power shift, is dependent on the results of the thermal hydraulic 
analysis. More discussion of this analysis will be provided later, but the authors note at this point that the 
assumptions inherent in the thermal hydraulic methodology of no heat conduction in the span-wise or 
axial directions and no turbulent mixing of the coolant water would lead to a larger amount of boron 
being required than would be the case if these phenomena were accurately modeled. 

4.2 OPTIMAL LEU FUEL LOAD AND GRADING 
 

The results of the search indicated as optimal an LEU core with a total 235U load of 25.3 kg, a radial 
fuel grading profile as illustrated in Fig. 7, and with axial grading applied to the bottom 3 cm of the fuel 
elements, as illustrated in Fig. 8. The corresponding uranium load would be approximately 127 kg, a large 
increase compared with the current HEU uranium load of 10.1 kg. A large increase in the fuel load when 
converting from HEU to LEU has been reported elsewhere, regarding the Massachusetts Institute of 
Technology (MIT) research reactor;19 in that case, the total uranium load is expected to increase from 
11.5 kg to 107.9 kg. 

The current HEU fuel is composed of a pressed powder mixture of U3O8 and aluminum. Thus the 
manufacturing process easily accommodates the smoothly varying thicknesses shown in Fig. 2. However, 
the LEU/U-Mo fuel will be manufactured as “fully sized” metal foils to which clad will then be applied. 
Consultation with fuel fabricators yielded the request that for ease of manufacturing (minimizing cost), a 
straight-edge radial grading profile be considered for the LEU fuel. The constraints with respect to the 
fuel grading specified that the fuel meat thickness should be larger than a minimum value of 75 μm, 
indicated by the fuel fabricator, and smaller than a maximum value of 711.2 μm. The maximum thickness 
is dictated by the dimensions of the fuel plate and the thickness of the diffusion barrier layer (Zr). As seen 
in Fig. 7, one side of the LEU fuel meat region is flat as in the current HEU contour (see Fig. 2).  
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Fig. 7.  Optimal radial grading profile for LEU fuel plates. 
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2 cm 

 
Fig. 8.  Axial grading profiles for LEU fuel (0–3 cm from 

bottom of fuel element). 
 
 

However, the smooth curve profile of the other side for the HEU fuel plate is replaced by a three-
segment shape in the case of the LEU grading. The dimensions characterizing the obtained LEU radial 
profiles are presented in Table 4.  

Axial grading was applied to the bottom 3 cm of the fuel plate. Three cases were analyzed with 
different values for the concentration of 235U in the bottom 3 cm of the fuel elements for a given radial 
location.13 It was found that all three cases met the thermal margins requirement. Consequently, a 
decision on tapering the bottom end of the fuel plates becomes a fabrication issue, decided by minimizing 
the cost of manufacturing. The axial grading shape found optimal, as illustrated in Fig. 8, consists of a flat 
radial grading on the bottom 1 cm (75 μm fuel meat thickness), with planes connecting the radially flat 
profile on the bottom 1 cm to the radial profile applied above 3 cm from the bottom. 

 
 

Table 4.  Radial fuel regions in the MCNP model for HFIR LEU 

Inner fuel element Outer fuel element 

Distance along 
plate length 

(cm) 

Fuel meat 
thickness 

(μm) 

Distance along 
plate length 

(cm) 

Fuel meat 
thickness 

(μm) 
0.231 75 0.234 216 
3.072 407 1.667 582 
6.110 407 5.286 582 
8.027 193 7.323 158 

 
  

1 cm 
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5. PERFORMANCE AND SAFETY PARAMETERS FOR THE HFIR LEU CORE 

Depletion simulations were carried out with VESTA for the fuel grading and load established as 
discussed in Section 4.2 to calculate relevant performance parameters for the LEU core. A total of 
26 depletion steps were used, each of one day duration. The control element movement was used as 
described in Appendix C. The power used for the depletion simulation was 100 MW. Performance and 
safety parameters for the HFIR LEU core are presented in this section and compared with the 
corresponding values for the HFIR HEU cycle 400 core. Both HEU and LEU core models employed 
cross sections based on ENDF/B-VII data. 

5.1 PERFORMANCE PARAMETERS FOR THE HFIR LEU CORE 
 
5.1.1 Cycle Length and Time-Dependent Cont rol Element Position  
 

The depletion simulation for the LEU core for a cycle length of 26 days showed that the variation of 
the effective multiplication factor is consistent with the corresponding curve for the reference HEU 
cycle 400 core (see Fig. 9). For both the LEU core and the HEU cycle 400 cores, the control elements 
were fully withdrawn at the end of cycle (EOC). The cycle length determined for the LEU core is similar 
to the cycle length of HFIR cycle 397 (26.15 days). 

The time-dependent control element position for the LEU core was iterated on to obtain a value for 
keff close to the critical condition. The control element movement during the LEU cycle that corresponds 
to the keff variation shown in Fig. 9 is illustrated in Fig. 10. Details about the control elements modeling in 
both HEU and LEU cores are provided in Appendix C. 

 
 

 
Fig. 9.  Variation of keff during irradiation. 
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Fig. 10.  Control element location during the irradiation cycle. 

 
 
5.1.2 Core Power Dist ribution 
 

The relative fission density data were calculated for each of the defined regions in the two fuel 
elements based on flux and fission density tallies in MCNP for BOC, EOC, and at selected intermediate 
times during the irradiation cycle. These data served as input for the thermal hydraulics analysis that 
showed that the corresponding operating power is 102.61 MW at BOC and 107.07 MW at EOC. These 
values preserve the same safety margin (margin to incipient boiling) as exists for the current HEU fuel 
cycle, as documented in the HFIR Safety Analysis Report.20 The relative fission density data for the LEU 
core at BOC and EOC are listed in Tables 5 and 6, respectively. Data from these tables are displayed in 
Figs. 11 and 12. The data corresponding to intermediate time points during the cycle are listed for days 1, 
5, 10, 15, 20, and 23 in Appendix D. 

Compared to calculated power density profile for HEU fuel in HFIR cycle 400,21 the power profile 
for the LEU fuel is “flatter,” that is, smaller deviations of local power densities from the desired value of 
1.0, than for the current HEU fuel. This desirable result is largely due to the minimum foil thickness for 
LEU fuel (3 mils) being significantly less than the minimum HEU U3O8-Al thickness of 9 mils in an inner 
element fuel plate.  
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Table 5.  Relative fission density for HFIR LEU at BOC 

Axial 
region # 

IFE OFE 
r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.994 1.311 1.564 1.561 1.483 1.339 1.140 1.144 1.215 1.239 1.388 1.330 1.158 1.042 0.791 0.470 0.351 
2 0.856 0.993 1.022 0.956 0.943 0.983 0.949 0.977 1.019 0.999 0.949 0.798 0.678 0.632 0.534 0.370 0.297 
3 0.789 0.850 0.801 0.731 0.737 0.825 0.833 0.850 0.888 0.859 0.798 0.636 0.530 0.503 0.443 0.322 0.265 
4 0.762 0.807 0.742 0.680 0.692 0.779 0.778 0.789 0.818 0.800 0.757 0.612 0.511 0.488 0.434 0.316 0.260 
5 0.775 0.827 0.771 0.710 0.724 0.795 0.775 0.789 0.807 0.796 0.781 0.649 0.545 0.522 0.468 0.339 0.273 
6 0.889 0.952 0.901 0.838 0.851 0.911 0.867 0.876 0.903 0.905 0.911 0.777 0.661 0.648 0.618 0.491 0.411 
7 1.083 1.163 1.101 1.029 1.045 1.112 1.052 1.066 1.092 1.098 1.121 0.966 0.832 0.839 0.853 0.731 0.626 
8 1.298 1.395 1.324 1.240 1.261 1.345 1.273 1.287 1.321 1.332 1.368 1.193 1.044 1.078 1.168 1.074 0.944 
9 1.406 1.510 1.434 1.345 1.373 1.464 1.385 1.399 1.448 1.456 1.498 1.318 1.169 1.248 1.474 1.486 1.345 

10 1.410 1.515 1.442 1.350 1.377 1.471 1.393 1.411 1.456 1.467 1.504 1.326 1.177 1.265 1.508 1.538 1.397 
11 1.388 1.489 1.420 1.332 1.358 1.447 1.367 1.384 1.430 1.439 1.479 1.304 1.159 1.240 1.470 1.491 1.351 
12 1.256 1.348 1.282 1.201 1.220 1.299 1.229 1.245 1.277 1.286 1.317 1.147 1.001 1.029 1.101 0.997 0.869 
13 1.020 1.092 1.033 0.961 0.976 1.039 0.983 0.996 1.021 1.026 1.043 0.901 0.776 0.772 0.774 0.651 0.554 
14 0.826 0.880 0.825 0.766 0.778 0.838 0.802 0.814 0.835 0.834 0.834 0.703 0.593 0.575 0.528 0.399 0.328 
15 0.723 0.768 0.714 0.664 0.680 0.754 0.743 0.757 0.782 0.770 0.743 0.609 0.505 0.468 0.382 0.241 0.184 
16 0.712 0.779 0.711 0.700 0.715 0.732 0.689 0.692 0.722 0.750 0.765 0.645 0.540 0.488 0.381 0.230 0.165 
17 0.749 0.715 0.535 0.508 0.505 0.552 0.548 0.529 0.547 0.636 0.603 0.496 0.419 0.365 0.296 0.212 0.137 
18 0.666 0.478 0.369 0.327 0.320 0.360 0.432 0.452 0.453 0.414 0.338 0.275 0.236 0.201 0.166 0.140 0.131 
19 0.768 0.604 0.497 0.447 0.429 0.449 0.502 0.512 0.515 0.485 0.421 0.360 0.312 0.264 0.212 0.168 0.152 
ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Table 6.  Relative fission density for HFIR LEU at EOC 

Axial IFE OFE 
region # r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.735 1.162 1.502 1.502 1.441 1.276 1.024 1.032 1.098 1.136 1.394 1.416 1.316 1.325 1.247 0.949 0.792 
2 0.698 1.004 1.090 0.991 0.968 0.989 0.892 0.916 0.962 0.949 0.979 0.858 0.771 0.809 0.902 0.843 0.755 
3 0.668 0.888 0.868 0.753 0.752 0.832 0.794 0.820 0.852 0.826 0.803 0.665 0.589 0.639 0.793 0.818 0.752 
4 0.657 0.847 0.794 0.682 0.689 0.771 0.737 0.767 0.793 0.764 0.752 0.629 0.560 0.618 0.793 0.844 0.782 
5 0.671 0.862 0.812 0.704 0.707 0.773 0.727 0.755 0.780 0.753 0.767 0.659 0.590 0.652 0.844 0.897 0.831 
6 0.726 0.964 0.930 0.812 0.812 0.861 0.793 0.829 0.854 0.825 0.867 0.766 0.689 0.764 0.979 1.011 0.93 
7 0.808 1.126 1.116 0.970 0.964 1.008 0.916 0.963 0.993 0.956 1.022 0.909 0.820 0.910 1.156 1.137 1.024 
8 0.866 1.275 1.303 1.131 1.120 1.160 1.041 1.106 1.137 1.087 1.177 1.051 0.947 1.054 1.330 1.251 1.107 
9 0.882 1.334 1.390 1.207 1.193 1.233 1.101 1.170 1.202 1.146 1.250 1.115 1.006 1.122 1.408 1.301 1.146 

10 0.884 1.342 1.401 1.214 1.201 1.237 1.101 1.171 1.203 1.151 1.256 1.121 1.011 1.124 1.414 1.302 1.147 
11 0.879 1.328 1.385 1.203 1.188 1.224 1.095 1.164 1.196 1.142 1.244 1.112 1.002 1.116 1.402 1.295 1.141 
12 0.851 1.252 1.280 1.113 1.101 1.140 1.023 1.086 1.117 1.067 1.156 1.034 0.931 1.037 1.309 1.234 1.093 
13 0.783 1.087 1.077 0.937 0.933 0.974 0.886 0.934 0.961 0.923 0.986 0.877 0.792 0.881 1.126 1.113 1.003 
14 0.707 0.931 0.891 0.775 0.776 0.829 0.769 0.807 0.832 0.803 0.835 0.732 0.658 0.733 0.952 0.993 0.914 
15 0.664 0.854 0.811 0.708 0.716 0.793 0.759 0.789 0.814 0.785 0.790 0.669 0.598 0.661 0.858 0.912 0.846 
16 0.668 0.896 0.855 0.809 0.816 0.812 0.721 0.734 0.756 0.776 0.841 0.746 0.671 0.723 0.864 0.849 0.728 
17 0.695 0.827 0.670 0.632 0.619 0.634 0.580 0.562 0.557 0.653 0.665 0.592 0.548 0.563 0.637 0.690 0.53 
18 0.584 0.513 0.434 0.392 0.379 0.402 0.442 0.458 0.435 0.403 0.351 0.314 0.298 0.298 0.326 0.386 0.432 
19 0.609 0.563 0.506 0.473 0.455 0.462 0.484 0.492 0.474 0.450 0.415 0.388 0.372 0.368 0.381 0.414 0.441 
ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Fig. 11.  Graphical representation of LEU BOC power profile 

(Table 5 data). 
 

 
Fig. 12.  Graphical representation of LEU EOC power profile 

(Table 6 data). 
 
 
5.1.3 Peak Physics Parameters Relevant to Ir rad iation Tests 
 

Fuel plate irradiations are expected to be conducted in the Advanced Test Reactor at Idaho National 
Laboratory for expected peak LEU fuel performance conditions. Table 7 provides estimates of peak fuel 
conditions; these estimates are derived from the same calculations that generated the results in Tables 5 
and 6. The considered volume (cm3) is the volume of the U-Mo fuel material and not of the whole plate or 
“combined water channel and plate” volume, and the reactor power level is 100 MW. Note that the values 
shown in Table 7 are nominal values for “perfectly manufactured” fuel plates for which all aspects of the 
fuel are known with “absolute certainty” (no errors and no uncertainty in measurements). Safety basis 
values would be larger than these, though the amount is currently unknown since the fabrication process 
is not quantified. 
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Table 7.  Peak performance parameters for LEU fuel in HFIR 

Parameter Value Comments 
Fission density 3.87 × 1021 fissions/ 

(cm3 U-Mo) 
A HFIR fuel plate has both fuel and filler regions 

Fissions per initial 
fissile atom (FIFA) 

0.499 Different units, same location and burnup as fission density 

Fission rate density 2.25×1015 fissions/ 
(cm3 s) 

The volume considered is the U/Mo fuel region 

Nominal maximum 
fuel plate surface 
heat flux 

393 W/cm2 Due to varying fuel thickness, the peak surface heat flux differs 
from the peak fission rate density (value reported is core average 
heat flux [251] * maximum local relative power density [1.504]; 
i.e., does not include 1.27 hot spot factor) 

 
Applying current HEU safety factors to these numbers would result in a maximum increase of 27% in 

the surface heat flux (the HEU fuel specification allows for a “hot spot” fuel thickness that is 1.27 times 
the nominal thickness), though it would not be correct to modify the number of fissions per initial fissile 
atom (FIFA) or the peak fission density by that factor, as both the numerator and denominator of that 
parameter would both be increased by the same factor. As documented in the safety analysis report for the 
current HFIR HEU fuel, the 85 MW HEU hot spot heat flux value is 583 W/cm2 (this value includes the 
hot spot safety factor noted above). It is noteworthy that the physics design for the LEU fuel has resulted 
in a fuel grading profile that reduces the hot spot heat flux from 583 W/cm2 at 85 MW to 499 W/cm2 at 
100 MW—a 17% improvement while increasing reactor power by 18%. 
 
5.1.4 Neutron Flux  
 

As mentioned previously, the neutron flux level, one of the key parameters for characterizing core 
performance, should be maintained when replacing HEU with LEU so that facility missions will not be 
affected. A comparison of three-group flux data estimated based on MCNP flux tallies for the current 
HEU core at 85 MW power and the proposed LEU core at 100 MW power at BOC and EOC, 
respectively, is presented in Tables 8 and 9 for three locations considered as most relevant for the reactor 
performance and included in the criteria for the core performance assessment. The relative standard 
deviation for the tallied flux is less than 1% in all cases. The energy structure for the shown three-group 
data is thermal: <0.625 eV; epithermal, 0.625 eV–100 keV; and fast, 100 keV–20 MeV. As the flux tallies 
provided by MCNP are normalized to the source (i.e., 1 fission neutron), the values for the flux in n/cm2s 
were obtained by multiplying the flux tally values by the total source. The total source S was 
approximated as 

 𝑆 = ν𝑃
𝐸𝑒

 (5.1) 

where ν is the average number of neutrons per fission, P is the reactor power in MW, E is the average 
energy per fission in MeV, and e is a unit conversion factor (1.6 × 10-19). An approximate value of 
200 MeV was used for E, whereas the value for ν was taken directly from the MCNP output. The value of 
the total source at BOC is 6.47 × 1018 n/s for HEU at 85 MW power and 7.66 × 1018 n/s for LEU at 
100 MW power. The flux is shown for three important experiment locations: the maximum value in the 
central target in the flux trap, and at the edge of the cold source and in the beryllium reflector at 35 cm 
and 27 cm from the center at core midline, respectively. As observed, the fluxes corresponding to the 
LEU core are comparable to those for the HEU core.  
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Table 8.  Neutron flux at BOC—comparison of HEU  
cycle 400 and LEU cores 

Location Fuel Thermal flux 
(n/cm2s) 

Epithermal 
flux 

(n/cm2s) 

Fast flux 
(n/cm2s) 

Central target 
r = 0 cm 

HEU 
LEU 

2.2 × 1015 

2.3 × 1015 
1.3 × 1015 

1.3 × 1015 
1.1 × 1015 

1.2 × 1015 

Cold source edge 
r = 35 cm 

HEU 
LEU 

6.5 × 1014 
7.5 × 1014 

2.4 × 1014 
2.8 × 1014 

9.3 × 1013 
1.1 × 1014 

Reflector  
r = 27 cm 

HEU 
LEU 

5.6 × 1014 
6.3 × 1014 

6.3 × 1014 
7.6 × 1014 

4.1 × 1014 
4.8 × 1014 

 
Table 9.  Neutron flux at EOC—comparison of HEU  

cycle 400 and LEU cores 

Location Fuel Thermal flux 
(n/cm2s) 

Epithermal 
flux 

(n/cm2s) 

Fast flux 
(n/cm2s) 

Central target 
r = 0 cm 

HEU 
LEU 

2.2 × 1015 

2.5 × 1015 
1.1 × 1015 

1.2 × 1015 
9.5 × 1014 

1.1 × 1015 

Cold source edge 
r = 35 cm 

HEU 
LEU 

8.3 × 1014 
8.4 × 1014 

2.4 × 1014 
2.7 × 1014 

9.4 × 1013 
1.0 × 1014 

Reflector  
r = 27 cm 

HEU 
LEU 

8.1 × 1014 
7.2 × 1014 

6.5 × 1014 
7.3 × 1014 

4.1 × 1014 
4.6 × 1014 

 
Other parameters included in the HFIR Safety Analysis Report (SAR) for the HEU core refer to flux 

values at specific core locations. To facilitate a comparison of these values to the corresponding LEU core 
values, flux data were calculated based on MCNP flux tallies, as presented in Table 10. The neutron 
energy range for calculating the thermal flux is considered from 0 to 0.625 eV. The target average thermal 
flux for the central targets in the flux trap is determined as an average over all inner 31 target locations.  
 

Table 10.  Other neutron flux data—comparison of HEU  
cycle 400 and LEU cores 

Parameter Fuel BOC EOC 

Average thermal flux in 
central target region, n/cm2s 

HEU 
LEU 

1.6 × 1015 

1.6 × 1015 
1.6 × 1015 

1.8 × 1015 

Maximum thermal flux at RB 
locations in Be reflector, 
n/cm2s 

HEU 
LEU 

9.3 × 1014 
1.1 × 1015 

1.3 × 1015 
1.2 × 1015 

Average thermal flux in fuel 
region (IFE + OFE), n/cm2s 

HEU 
LEU 

3.0 × 1014 
1.4 × 1014 

4.4 × 1014 
1.6 × 1014 
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5.1.5 Differentia l Control Element Worth  
 

Differential and integral control element worths for HFIR control elements for the HEU core were 
previously calculated using deterministic transport models of the core, as documented in Ref. 22. 
Differential worth for the HEU fuel at BOC was recalculated here for the HFIR cycle 400 using the 
MCNP model for this cycle. Differential worth for the LEU core at BOC was calculated using the MCNP 
model described in Section 4 of this report.  

The differential worth DWi at state i corresponding to a position pi of the control element was 
calculated for each of the two control elements as 

𝐷𝑊𝑖 =
�𝑘𝑖 − 𝑘𝑖,𝑝�

|𝑝𝑖 − (𝑝𝑖 + ∆𝑝)| 

where 𝑘𝑖  is the core effective multiplication constant corresponding to state i; 𝑝𝑖  is the control element 
location in state i; 𝑘𝑖 ,𝑝 is the core effective multiplication constant corresponding to a perturbed state; 
𝑝𝑖 + ∆𝑝 is the perturbed location for one control element in the perturbed state; and ∆𝑝 is the perturbation 
of the location on one control element location, used as 0.5 in. for all cases. In initial state i, both control 
elements are located symmetrically with respect to the core axial centerline. In the perturbed state, 
position of one control element only is perturbed. 

Compositions of control element materials were the same at BOC for both HEU and LEU cores, 
though, of course, initial critical configuration differed for the two cores. Differential worth for HEU 
cycle 400 and LEU cores are presented in Table 11 and illustrated in Fig. 13. Data are expressed in 
cents/in. The values used for the effective delayed neutron fraction are discussed in Section 5.3.4 of this 
report.  

The MCNP-calculated maximum differential worth for HEU fuel occurs at 18 in. withdrawn and has 
a value of 277 cents/in. This value is 9% below the nominal value of 310 cents/in. that is the basis for 
predicting startup control/safety plate positions for the current HEU fuel. The difference, at least in part, 
is attributed to the fact that current calculations are performed with predicted “depleted” control and 
safety plate isotopics and the 310 cents/in. value is based on extrapolations from measurements conducted 
with fresh safety and control plates. For these studies, the most important aspect is not the actual value of 
the calculated differential worth but the values of the differences between the calculated worths for LEU 
and HEU fuels at given control/safety plate locations.  
 

Table 11.  Differential worth of control elements 

Position 
(in.) 

Differential worth (cents/in.)a 

Inner control element Outer control element 
LEU HEU LEU HEU 

15 79 103 67 81 
16 85 120 75 101 
17 98 131 93 110 
18 118 150 113 127 
19 122 137 108 128 
20 102 127 102 112 
21 91 104 88 96 
22 78 85 71 80 
23 60 66 57 62 
24 51 54 44 50 
25 35 38 35 36 
26 30 29 23 27 

aCalculated standard deviation is less than 3 cents/in. 
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Fig. 13.  Differential worth of control elements. 

 

5.2 THERMAL HYDRAULICS CHARACTERISTICS OF THE LEU CORE 
 

Relative fission density data were calculated for each of the defined regions in the two fuel elements 
based on flux and fission density tallies in MCNP for BOC, EOC, and at selected intermediate times 
during the irradiation cycle. Power profiles at selected times during an irradiation cycle were then used as 
input to the HFIR Steady State Heat Transfer Code (HSSHTC)22 to determine the maximum allowable 
operating power, under assumptions currently applicable to the HEU fuel core. It is emphasized that it is 
currently unknown if the HEU assumptions are applicable to LEU fuel analyses because LEU fuel 
fabrication and performance data do not exist. 

A review of the input data that are employed in the calculation of the maximum operating power for 
both the HEU operating core and the LEU core is provided in this section. For the HEU core, two sets of 
burnup-dependent heat transfer data are provided, that from the current version of the HFIR Safety 
Analysis Report (SAR)20 and the second set being that calculated for HFIR cycle 400 using the same 
methodology as employed for the analysis of the LEU core. Details about the use of HSSHTC spatial 
mesh with the power density data corresponding to the MCNP fuel zones for the HEU cycle 400 and LEU 
core models are presented in Appendix D. 

 
5.2.1 Review of Input to Maximum Operating Power Calculation  

 
Though limited manufacturing data were reported in Ref. 23 (Appendix B, Table B.5), a fuel 

specification and associated inspection parameters have not been created for HFIR LEU fuel plates.24 
Consequently, uncertainties in manufacturing parameters that are input to safety-related analyses, also 
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discussed in Appendix B of Ref. 23, remain unknown. Consistent with the definition of HFIR LEU 
studies established in Ref. 3, uncertainties for the current HEU HFIR fuel have been adopted in order to 
assess the maximum permissible operating power for HFIR. The only parameters for LEU fuel that differ 
from the HEU parameters documented in Ref. 3 are enumerated in Table 12. Intervening mesh intervals, 
as discussed in Appendix D, have a zero thickness. 

 
The upper limit for the reactor power level is defined as the maximum power level at which none of 

the local heat fluxes in the fuel elements exceed the corresponding values of the burnout heat fluxes. The 
flux-to-flow ratio limiting control setting (LCS) is 1.3 times the normal operating power level as indicated 
by the neutron flux channels above a coolant flow rate of 11,000 gpm. (Normal coolant flow rate is in the 
16,500 to 17,000-gpm range.) This implies that the reactor should be able to operate at 130% of its 
normal power level for short periods of time without damage to the fuel elements (condensed from 
Pg. 4.4-10 of Ref. 20). For the calculations reported here, onset of incipient boiling heat flux rather than 
burnout heat flux is determined. 
 

Table 12.  HSSHTC input parameters for LEU that differ from HEU 

Radial 
mesh 

number 

Inner element Outer element 
Radial spatial 

increment (cm) 
End plate power 
peaking factor 

Radial spatial 
increment (cm) 

End plate power 
peaking factor 

4 0.3599 1.25 0.01 1.23 
6 1.0 1.41 0.3401 1.26 
8 1.0 1.44 1.0 1.35 

10 1.0 1.43 1.0 1.35 
12 1.0 1.43 1.0 1.35 
14 1.0 1.30 1.0 1.35 
16 0.0899 1.20 1.0 1.35 
18 0.01 1.20 0.0899 1.31 
20 0.0 1.00 0.01 1.25 

 
 
 

The coolant nominal inlet temperature for HFIR is 120°F. A high-temperature alarm will sound when 
this temperature reaches 125°F, and the reactor will scram at 130°F. For calculations reported here—both 
HEU and LEU—the inlet temperature input to the HSSHTC was assumed to be 130°F.  

The nominal core inlet pressure for HFIR is 468 psig. The low-pressure scram set point is 368 psig, 
vessel pressure. Coolant enters the fuel assembly from an annulus formed by the inner shroud and the 
target tower. At rated flow, there is an approximate 8 psi pressure entrance loss associated with the 
annulus. Hence, when converted to psia (for use in the HFIR SSHTC), the coolant inlet pressure (in psia) 
is roughly 7 psi greater than the vessel pressure (in psig); that being 375 psia (368 – 8 + 15). (Pg. 4.4-11 
of Ref. 20) For calculations reported here—both HEU and LEU—the inlet pressure input to the HSSHTC 
was assumed to be 375 psia.  

The thermal hydraulic parameters contained in the current version of the HFIR SAR20 are provided in 
Table 13. The power profile values that were input to the HSSHTC to generate the numbers shown in 
Table 13 are interpolations and extrapolations from measured local power densities at selected locations 
in the reactor core. Note that the hot spot in the core may or may not be located in the hot streak. Also, the 
location that limits the reactor power—the point at which the incipient boiling temperature equals the clad 
surface temperature—will not be at the hot spot. 

Table 14 provides thermal hydraulic parameters that are based on a power profile generated for HFIR 
cycle 400 using data from the VESTA depletion simulation for this cycle. The same VESTA code version 
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and nuclear data libraries were used to generate the HEU power densities as were used to generate the 
power profile for the LEU core. The maximum allowable operating power for HEU fuel based on verified 
and validated MCNP calculations is 85 MW, the same as derived from historic data. 

The thermal hydraulic parameters for the LEU fuel design that was documented in a previous section 
of this report are presented in Table 15. Whereas Tables 13 and 14 show parameters of the HEU core for 
an operating power of 85 MW, in order to maintain parity with the current HEU fuel performance, the 
LEU fuel must operate at a reactor power of 100 MW (as shown in the table).  

The “onset of incipient boiling power” (the first entry in Tables 13 through 15) is defined as the 
reactor power that yields—somewhere in the reactor core—a local surface temperature that is equivalent 
to the incipient boiling temperature of the water at the pressure at that location. The pressure drop across 
the reactor core is approximately 100 psia. Hence the incipient boiling temperature is continually 
decreasing as a function of axial distance from the top of the core.  

For the LEU fuel calculation, the incipient boiling temperature as a function of distance “down the 
core” is shown in Fig. 14 (where 0.0 is the top of the fueled region of the core). The axial variation in the 
surface temperature—directly proportional to the axial variation in the local power density (see Figs. 10 
and 11) —for the LEU case is shown in Fig. 15. Note that the peak in surface temperature occurs at the 
axial location at which the poison regions of the control and safety plates are not between the reactor core 
and the Be reflector. Determination of the “onset of incipient boiling power” is determined by taking the 
ratio of the data shown in Fig. 15 to the data shown in Fig. 14 and determining the power at which, at 
some point in the core, the value of the ratio is 1.0. This spatially dependent ratio is shown in Fig. 16. 

 
Table 13.  Current HEU fuel burnup-dependent heat transfer data—incipient boiling criteriaa  

(Ref. 3b with cycle time corrected) 

Time into cycle (d) 0 (BOC) 1.19 13.61 26.73 29.41 

Onset of incipient boiling power, MW 110.63 120.89 116.51 116.34 120.35 

Maximum potential operating power, MW 85 93 90 89 93 

Limiting heat flux 

Fuel plate and mesh location  
(along span with 0.0 at fuel edge, axial 
with 0.0 at top of fuel), cm 

Outer 
(0.19,50.1) 

Inner 
(1.77,50.1) 

Inner 
(1.77,50.1) 

Inner 
(1.77,50.1) 

Outer 
(0.19,50.1) 

[QAH] Heat flux, Btu/h-ft2 2.80 × 106 2.81 × 106 2.79 × 106 2.87 × 106 2.70 × 106 

[BWT] Bulk water temperature, °F 274 276 278 275 286 

[TSHS] Surface temperature, °F 422 422 422 422 422 

[HH] Heat transfer coefficient, Btu/h-ft2, °F 18,920 19,250 19,375 19,525 19,850 

[FLOWR] Average channel flow rate, 
lb/s * in width of interval 

0.7473 0.6754 0.6468 0.6421 0.6684 

[PABS] Pressure, psia 264 264 264 263 263 
aReactor conditions based on 130°F coolant inlet temperature and 368 psig reactor pressure (equivalent to 375 psia 

fuel assembly inlet pressure). Coolant inlet temperature uncertainty factor U6 is set to 1.0. 
bBOC calculations originally published in W. E. Thomas, Bases for the Scram Setpoints, the Limiting Safety System 

Settings and the Safety Limits of the High Flux Isotope Reactor for Mode 1 Operation at 85 Mw(th), ORNL/RRD/INT-
22, December 22, 1987, Table 2, pg. 17. 
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Table 14.  Current HEU fuel burnup-dependent heat transfer data based  
on power profile for cycle 400—incipient boiling criteriaa 

Time into cycle (d) 0 (BOC) 1 11 22 24.67 (EOC) 

Onset of incipient boiling power, MW 111.4 116.3 115.9 119.7 120.5 

Maximum potential operating power, MW 85.7 89.5 89.2 92.0 92.7 

Limiting heat flux location parameters (incipient boiling temperature equal to surface temperature) 

Mesh location fuel plate (along span  
with zero at fuel edge, axial with zero  
at top of fuel), cm 

Inner  
(0.61, 
50.6) 

 Inner  
(3.07, 50.6) 

[QAH] Heat flux, Btu/h-ft2 2.27 × 106 2.46 × 106 

[BWT] Bulk water temperature, °F 279 276 

[TSHS] Surface temperature, °F 399 398 

[HH] Heat transfer coefficient, Btu/h-ft2, °F 17,932 19,103 

[FLOWR] Average channel flow rate, 
lb/s * in width of interval 

0.7581 0.7006 

[PABS] Pressure, psia 264 261 
aReactor conditions based on 130°F coolant inlet temperature and 368-psig reactor pressure (equivalent to 375-psia 

fuel assembly inlet pressure). Coolant inlet temperature uncertainty factor U6 is set to 1.0. Brackets [] contain variable 
name in HFIR steady state heat transfer code, Part 3 results. 

 
Table 15.  LEU fuel burnup-dependent heat transfer data—incipient boiling criteriaa 

Time into cycle (d) 0 
(BOC) 1 5 10 15 20 23 26 

(EOC) 

Onset of inc. boiling power, MW 133.8 131.1 131.5 133.5 133.8 137.2 139.9 139.6 

Max. potential op. power, MW 102.9 100.8 101.2 102.7 103.0 105.5 107.6 107.4 

Limiting heat flux location parameters (incipient boiling temperature equal to surface temperature) 

Mesh location, fuel plate (along 
span with zero at fuel edge, axial 
with zero at top of fuel), cm 

Inner 
(0.61, 
33.8) 

Outer 
(6.96, 
33.8) 

 Outer 
(5.95, 
33.8) 

[QAH] Heat flux, Btu/h-ft2 2.61 × 106 3.24 × 106  3.12 × 106 

[BWT] Bulk water temperature, °F 265 261  280 

[TSHS] Surface temperature, °F 403 430  430 

[HH] Heat transfer coefficient, 
Btu/h-ft2, °F 

17,598 17,672  19,380 

[FLOWR] Average channel flow 
rate, lb/s * in width of interval 

0.7617 0.7628  0.7188 

[PABS] Pressure, psia 286 286  286 
aReactor conditions based on 130°F coolant inlet temperature and 368-psig reactor pressure (equivalent to 375-psia fuel 

assembly inlet pressure). Coolant inlet temperature uncertainty factor U6 is set to 1.0. 
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Fig. 14.  Incipient boiling temperature for LEU fuel, outer element plate 
(same data, two views), after 1 day of irradiation at 100 MW. 
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Fig. 15.  Hot spot surface temperatures for LEU fuel, outer element fuel 

plate after 1 day of irradiation at 100 MW (two views). 
 



 

31 

 
Fig. 16.  Surface-to-incipient boiling temperature ratio for LEU fuel, 

outer element (Fig. 15/Fig. 14). 
 
For the LEU fuel, the location that determines the maximum operating power is in the outer fuel 

element after one day of operation (not at beginning-of-life as found for the HEU fuel). While not 
immediately obvious from the Fig. 16, the limiting spot that determines the operating power for the LEU 
core is close to the axial mid-plane of the reactor core. This is the desired location for achieving 
maximum reactor operating power. The limit occurs near the location of the maximum “cosine shape” 
power distribution rather than being driven by edge effects at the lower region of the core. This 
observation confirms that the LEU fuel was sufficiently graded axially to minimize end-plate peaking but 
difference between the values of the ratios at plate end and mid-plane is small indicating that no more 
grading was performed than needed to shift the power-limiting spot. 

The ratio of surface temperature to incipient boiling temperature for HEU fuel is shown in Fig. 17—
the calculation being the current safety basis case for the Safety Analysis Report. The spot that determines 
the reactor operating power (85 MW) is found at the lower edge of the outer fuel element plate.  

Fig. 18 shows the “surface-to-incipient-boiling” ratio for an HSSHTC case that uses as input MCNP-
calculated local power densities for HFIR cycle 400 (same neutronics methodology as used for LEU 
studies). The operating power for an HEU-fueled HFIR is the same as the basis calculation for the HFIR 
Safety Analysis Report, but the location of the power-limiting point is in the inner element rather than the 
outer element. Despite differing locations, both the SAR-basis analyses and the current, MCNP-based, 
cycle 400 analyses lead to the same conclusion: a maximum potential operating power of 85 MW for the 
current HEU fuel.  

Performance with the LEU fuel equals that of the HEU fuel because of advances in fuel grading. 
Metal foils, as will be used with the LEU fuel, can achieve minimum thicknesses that are smaller than that 
achievable with U3O8/Al compacts present in the HEU fuel. Furthermore, axial grading significantly 

Location of minimum 
margin to incipient boiling 
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Fig. 17.  Surface-to-incipient boiling temperature ratio for HEU fuel, 

outer element fuel plate, SAR safety basis case. 
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Fig. 18.  Surface-to-incipient boiling temperature ratio for HEU fuel, 
inner element (current MCNP-based methodology, cycle 400). 
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reduces the “spike” in power density that occurs at the base of the LEU fuel relative to the value that 
occurs in the HEU fuel. The HEU fuel design yields this spike for two reasons—reflection of neutrons 
from the water below the core and misalignment of the bottom edge of the fuel zones in adjacent fuel 
plates due to manufacturing variances. Both of these factors combine to yield a minimum incipient-
boiling-temperature-to-surface-temperature ratio that occurs at the base of the HEU fuel (see Figs. 17 
and 18).  

With axial grading, reflection of neutrons to the core is compensated by reduction in the local fuel 
thickness (as is done radially for both the HEU and LEU fuels). Manufacturing variability (misalignment 
of adjacent fuel plates) of the same order as HEU can also be compensated in LEU by the proper degree 
of axial grading. Even though the LEU fuel design operates at a higher power density than the HEU 
design, the two fuel designs have the same maximum surface-to-incipient-boiling temperature ratios 
(each 1.0) because these maxima occur at different locations in the HEU and the LEU cores. 

5.3 SAFETY AND SAFEGUARDS PARAMETERS FOR THE HFIR LEU CORE 
 
5.3.1 Decay Heat in Used Fuel Elements 
 

A procedure was developed to extract the depleted fuel composition data from the VESTA output and 
feed it into the ORIGEN-ARP sequence in SCALE for source term characterization. The total mass of 
used fuel from the core (as a sum of the IFE and OFE compositions) was considered as one source. The 
calculated decay heat for the used LEU fuel corresponding to values of the cooling time from reactor 
shutdown to 100 years cooling time is presented in Table 16. In addition to the total decay heat value, the 
component of the decay heat due to the actinides present in the used fuel is shown. A comparison of the 
total decay heat from LEU and HEU used fuel as a function of the decay time is illustrated in Fig. 19.  

The total decay heat for LEU fuel is slightly larger than the corresponding value for the HEU fuel, as 
expected, given the larger production of transuranic nuclides in the LEU than in the HEU fuel. At 
10 years cooling time, the total decay heat decreases by almost four orders of magnitude, becoming less 
than 80 W, and becomes less than 11 W after 100 years of decay. The top 20 nuclides contributing to the 
decay heat at the normal discharge time (1 day decay time) and the corresponding decay heat for the HEU 
and LEU core are shown in Table 17. 
 

Table 16.  Decay heat for used fuel—comparison of 
HEU cycle 400 and LEU cores 

Decay 
time 

Total decay heat  
(W) 

Actinides decay heat  
(W) 

LEU HEU LEU HEU 
0 s 9.58 ×106 8.02 ×106 9.83 ×104 4.70 ×103 
10 s 5.10 ×106 4.27 ×106 9.80 ×104 4.69 ×103 
102 s 2.82 ×106 2.33 ×106 9.58 ×104 4.61 ×103 
103 s 1.68 ×106 1.37 ×106 7.82 ×104 3.97 ×103 
104 s 7.61 ×105 6.14 ×105 4.55 ×104 2.77 ×103 
1 day 3.25 ×105 2.48 ×105 3.48 ×104 2.25 ×103 
1 yr 1.59 ×103 1.37 ×103 1.61 ×100 3.44 ×10-1 
3 yr 2.83 ×102 2.42 ×102 1.68 ×100 3.45 ×10-1 

10 yr 7.82 ×101 6.72 ×101 1.92 ×100 3.50 ×10-1 
30 yr 4.79 ×101 4.03 ×101 2.26 ×100 3.41 ×10-1 
50 yr 3.07 ×101 2.51 ×101 2.35 ×100 3.18 ×10-1 
100 yr 1.10 ×101  7.85 ×100  2.29 ×100 2.57 ×10-1  
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Fig. 19.  Decay heat for used fuel—comparison of HEU  

cycle 400 and LEU cores. 
 
 

Table 17.  Major contributors to total decay heat at 1 day— 
comparison of HEU cycle 400 and LEU cores 

# 
HEU LEU 

Nuclide ID Decay heat  
(W) 

Nuclide ID Decay heat  
(W) 

1 140La 5.35E+04 140La 6.18E+04 
2 132I 4.16E+04 132I 4.95E+04 
3 97Zr 1.62E+04 97Zr 1.90E+04 
4 133I 1.30E+04 133I 1.53E+04 
5 97Nb 1.12E+04 97Nb 1.31E+04 
6 143Ce 1.05E+04 99Mo 1.28E+04 
7 99Mo 1.03E+04 143Ce 1.22E+04 
8 140Ba 9.14E+03 140Ba 1.06E+04 
9 93Y 6.64E+03 93Y 7.62E+03 
10 91Sr 5.76E+03 131I 6.88E+03 
11 131I 5.71E+03 91Sr 6.54E+03 
12 95Zr 5.57E+03 95Zr 6.42E+03 
13 143Pr 5.37E+03 143Pr 6.28E+03 
14 132Te 4.91E+03 132Te 5.84E+03 
15 133Xe 4.62E+03 133Xe 5.54E+03 
16 135I 4.05E+03 135I 4.76E+03 
17 91Y 3.97E+03 91Y 4.52E+03 
18 89Sr 3.47E+03 135Xe 4.02E+03 
19 135Xe 3.20E+03 89Sr 3.94E+03 
20 103Ru 2.88E+03 103Ru 3.50E+03 

 

10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103
100

101

102

103

104

105

106

107

To
ta

l d
ec

ay
 h

ea
t (

W
)

Cooling time after discharge (years)

 LEU
 HEU



 

36 

5.3.2 Isotopic Compositions in Used Fuel Elements 
 

The isotopic compositions of the used fuel, the plutonium inventory in particular, need to be assessed 
for the LEU fuel, because they are important to safeguards, reactor safety, and waste management. A 
comparison of the HEU and LEU cores with respect to the total mass of the main actinides uranium and 
plutonium at EOC in the core, as well as in each of the two fuel elements, is presented in Table 18. As 
expected, the production of plutonium increases, given the large fraction of 238U present in the LEU fuel. 
The total amount of plutonium at EOC is about 15 g for the HEU core and 464 g for the LEU core. 
 

Table 18.  Major actinides inventory (in grams) for HEU  
and LEU cores at EOC 

Nuclide 
HEU cycle 400  LEU  

Core IFE  OFE Core  IFE OFE 
U-234 87.55 23.29 64.26 231.68 57.22 174.46 
U-235 6596.08 1564.79 5031.29 22048.07 5263.72 16784.35 
U-236 534.53 185.87 348.65 786.85 253.15 533.70 
U-238 530.49 145.60 384.90 101637.18 25642.59 75994.59 
Pu-238 0.34 0.15 0.19 0.37 0.15 0.22 
Pu-239 12.04 3.44 8.60 425.22 132.65 292.57 
Pu-240 1.60 0.58 1.02 28.48 11.37 17.11 
Pu-241 0.73 0.29 0.44 9.43 4.33 5.10 
Pu-242 0.07 0.04 0.03 0.37 0.22 0.15 

 
5.3.3 Reactivity Coefficients 
 
Flux trap void 
 

Fig. 20 shows the variation in keff with the reduction of water density in flux trap region. Points 
shown for experimental data were digitized from Figs. 4.3.6 and 4.3.7 in the HFIR SAR.20 

 

 
Fig. 20.  Variation of keff in with reduction of water 

density in flux trap region. 
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Both the HEU cycle 400 and LEU data are less than the 1.5% Δk/k value that was adopted in SAR as a 
design basis reactivity event for protection system design and evaluation. Note that at the time the SAR 
measurements and calculations were prepared, the assumed target loading differed from the design 
present in the computational models for cycle 400 and LEU. As observed from Fig. 20, the LEU values 
on the y-axis are always smaller than the corresponding data for the HEU core. The HEU and LEU data 
were calculated for the BOC state. 

 
Coolant void 
 

The coolant void reactivity coefficient (CVR) for the coolant in the fuel region was calculated for the 
BOC and EOC conditions using the MCNP models for these two state points. Two CVR values were 
calculated for the fuel region for each state point, for consistency with the reporting in the HFIR SAR,20 
one for each of the two fuel elements (IFE and OFE). Two values were used for the coolant density: the 
nominal (reference) value and a perturbed value at 90% of the nominal density. A large number of 
neutron histories were used in the MCNP calculations for improved convergence and to reduce the 
standard deviation in the value for keff. As the keff variation due to the change in the coolant density is 
small, it is desired to obtain a standard deviation in keff sufficiently small compared to the value of this 
variation. The CVR value was calculated as 

𝐶𝑉𝑅 =
∆𝑘𝑒𝑓𝑓/𝑘𝑒𝑓𝑓
∆𝑉𝑐/𝑉𝑐

 

where Vc is the volume of the coolant in the region of interest, and ∆ signifies the variation in the value 
for eigenvalue or volume. The CVR results for the LEU core are shown in Table 19, along with the 
corresponding values calculated for the HEU cycle 400 core. 
 

Table 19.  Coolant void reactivity coefficients  
(in (∆k/k)/∆V) 

Core 
state Region 

LEU HEU cycle 400 
CVR σCVR CVR σCVR 

BOC IFE -0.082 0.001 -0.102 0.001 
 OFE -0.153 0.001 -0.218 0.001 

EOC IFE -0.064 0.001 -0.069 0.001 
 OFE -0.108 0.001 -0.146 0.001 

 
Temperature coefficients 
 

Two temperatures were considered for the calculation of temperature coefficients of reactivity: 300K 
(reference) and 600K. Three perturbed cases were studied at both BOC and EOC states: (1) the cross 
sections for all materials in fuel regions were modified to correspond to 600K; (2) the cross sections for 
all materials in the flux trap region were modified to correspond to 600K; and (3) the cross sections for all 
materials in the MCNP model were modified to correspond to 600K. No changes were made to material 
number densities. Temperature coefficients (TC) were calculated for all three perturbed states considered 
as 

𝑇𝐶 =
𝑘𝑝 − 𝑘𝑟

𝑘𝑝𝑘0�𝑇𝑝 − 𝑇𝑟�
 

where indices p and r correspond to perturbed state and reference state, respectively; k is the core 
effective multiplication constant; and T is the temperature.  
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The calculated temperature coefficients (in units ∆k/k/K) are shown in Table 20. The calculated 
values for HFIR HEU cycle 400 in cases (1) and (2) at BOC and EOC are in the range of data from 
Fig. 4.3.5 of the HFIR Safety Analysis Report.20 It is noted in Ref. 20 that “The isothermal coefficient 
measured in the actual HFIR facility (with the target installed) was slightly positive over the temperature 
range of 80 to 120°F.” In all cases the absolute values of the LEU temperature coefficients are equal to or 
less than the HEU values. 
 

Table 20.  Temperature coefficients of reactivity (in ∆k/k/K) 

Case 
# Region  

HEU cycle 400 LEU 
BOC EOC BOC EOC 

1 Fuel region -6.2 × 10-5 -8.9 × 10-5 -5.2 × 10-5 -5.3 × 10-5 
2 Flux trap region  5.7 × 10-5  4.7 × 10-5  3.4 × 10-5  3.6 × 10-5 
3 All regions in the model 3.0 × 10-5  7.1 × 10-5  2.4 × 10-5  5.9 × 10-5 

 
5.3.4 Effective Delayed Neut ron Fraction 
 

The effective delayed neutron fractions for the HFIR HEU and LEU cores were calculated using the 
MCNP core models with ENDF/B-VII cross-section data. The method used for the calculation is 
discussed in Appendix F of this report. The calculated values for both BOC and EOC states are presented 
in Table 21. The value currently accepted in the safety basis for HFIR (Ref. 20) is 0.0076 for both BOC 
and EOC states. As observed, the newly calculated values at BOC and EOC for HFIR HEU are within 
two standard deviations from the current safety basis value. 
 

Table 21.  Effective delayed neutron fraction 

HEU cycle 400 LEU 
BOC EOC BOC EOC 

0.00736 ± 0.00011 0.00740 ± 0.00011 0.00756 ± 0.00008 0.00707 ± 0.00010 
 
5.3.5 Total Gamma Source 
 

For HEU fuel, deterrence from diversion is achieved from the high dose rate from spent fuel. Thus 
recent dose rate studies for HFIR HEU, reported in Ref. 25, focused on expected dose rates for times 
approaching or exceeding the expected lifetime of the HFIR facility. For LEU, due to the relatively small 
plutonium content as compared to residual 235U, the security-related concerns are mitigated and 
engineering interest is focused on dose rates for times shortly following discharge from the reactor—that 
is, determination of hazards due to handling and shipment of irradiated fuel.  

For both HEU and LEU, the depleted fuel composition data at EOC were extracted from the VESTA 
output files and used in a decay calculation with the ORIGEN-S code in SCALE 6.1. The calculated total 
gamma source calculated with ORIGEN-S for various decay times up to 100 years after discharge from 
the reactor is presented in Table 22. The gamma spectra from spent LEU fuel as a function of decay time 
are provided in Appendix G. 

 
5.3.6 Safeguards Category for LEU Fuel  
 

Nuclear materials are controlled and accounted for on the basis of the classification dividing such 
materials into categories according to their strategic or financial importance and their potential 
environmental threat (Ref. 26). Table 23 shows a five-level classification system of material 
“attractiveness” defined by the corresponding U.S. DOE directive (Ref. 27). According to Table 23, fresh 
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LEU fuel would be attractiveness level E, category IV. To maintain parity with spent HEU fuel, spent 
LEU fuel elements should have attractiveness level D. Due to the high plutonium content in spent LEU 
fuel (see Table 18), discharged LEU HFIR elements still must be shown to have a high radiation field in 
order to be unattractive for diversion. Given that the dose rate from LEU elements is the same or greater 
than from HEU elements, spent LEU fuel elements would be attractiveness level D, category IV, which is 
the same as for spent HEU fuel assemblies.28 

The strategic significance of nuclear material is distinguished from the attractiveness level. According 
to Tables 24 and 25 from Ref. 26, fresh LEU fuel would be classified as “material of moderate strategic 
significance.” This classification is “less” than for the current HEU fuel elements which, if inner and 
outer elements are taken together, would be strategic special nuclear material. (If considered separately, 
the inner element would be moderate strategic significance and the outer element would be strategic 
special nuclear material.) Restrictions on the movement and storage of this classification are defined in 
10 CFR Part 74. 

 
Table 22.  Total gamma source (photons/s) vs. cooling time 

Decay 
time 

LEU  HEU cycle 400 
IFE OFE IFE + OFE  IFE OFE IFE + OFE 

1 d 1.134 × 1018 2.146 × 1018 3.280 × 1018  7.884 × 1017 1.415 × 1018 2.204 × 1018 
1 yr 3.488 × 1015 6.371 × 1015 9.859 × 1015  3.144 × 1015 5.337 × 1015 8.481 × 1015 
10 yr 1.535 × 1014 2.801 × 1014 4.336 × 1014  1.409 × 1014 2.382 × 1014 3.791 × 1014 
30 yr 9.151 × 1013 1.676 × 1014 2.591 × 1014  8.352 × 1013 1.421 × 1014 2.256 × 1014 
50 yr 5.712 × 1013 1.046 × 1014 1.617 × 1014  5.199 × 1013 8.848 × 1013 1.405 × 1014 
100 yr 1.781 × 1013 3.252 × 1013 5.033 × 1013  1.605 × 1013 2.731 × 1013 4.336 × 1013 

 
 

Table 23.  Attractiveness levels and safeguards categories 

Material 
type 

Level of 
attractive-

ness 

Safeguards category (I = max. concern) as a function of the amount  
of material contained (kg) 

Plutonium or Uranium-233 Uranium-235 
I II III IV I II III IV 

Weapona A Any amount—category I Any amount—category I 
Pure 
productb B >2 0.4-2 0.2-0.4 <0.2 >5 1-5 0.4-1 <0.4 

High-grade 
materialc C >6 2-6 0.4-2 <0.4 >20 6-20 2-6 <2 

Low-grade 
materiald D - >16 3-16 <3 - >50 8-50 <8 

All othere E Any reportable quantitiesf—category IV Any reportable quantitiesf—category IV 
aAssembled weapon or test device. 
bComponents, disks, ingots, re-melted metal, directly convertible materials. 
cCarbides, oxides, solutions with concentration greater than 25 g/L, nitrates etc., fuel rods and assemblies, UF4 and UF6 

with enrichment greater than 50%. 
dSolutions with concentration from 1 to 25 g/L, process residues requiring extensive reprocessing, moderately irradiated 

materials, 238Pu (except wastes), UF4 and UF6 with enrichment from 20 to 50%. 
eHeavily irradiated forms, solutions with concentration below 1 g/L, uranium in any form and amount with enrichment 

above 20%. 
fReportable quantity—more than 1 g of 239Pu to 242Pu or enriched uranium, or more than 0.1 g 238Pu. 
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Table 24.  Strategic significance of special nuclear material [Ref. 26, part 74.4] 

Material 
significance 

Amount of material (g) 

Plutonium Uranium-233 
Uranium-235 

Enrichment (A), % 
0.7 < A < 10 10 < A < 20 A > 20 

Material of low 
strategic significance 

>15 — — — — 
— 15 — — — 
— — — — <15 

[m1(Pu) + m2(235U) +m3(235U)] > 15 

Material of moderate 
strategic significance 

> 500 — — — — 
— 500 — — > 500 

[m1(Pu) + m2(235U) +m3(235U)] > 500 
Strategic special 
nuclear material 

Nuclear materials in any combination totaling 5000 g or more, defined as 
2.5[m1(Pu) + m2(235U)] + m3(235U) ≥ 5000. 

 
 

Table 25.  U.S. version, strategic significance of special nuclear material [Ref. 26, part 74.4] 

Material 
significance 

Amount of material (g) 

Plutonium Uranium-233 
Uranium-235 

Enrichment (A), % 
0.7 < A < 10 10 < A < 20 A ≥ 20 

Material of low 
strategic significance 

>15 >15 ≥10,000 1,000 < x < 10,000 >15 
For mixtures: [m1(Pu) + m2(235U) +m3(235U)] > 15 

Material of moderate 
strategic significance 

> 500 > 500 — ≥10,000 1000 < × < 5000 
For mixtures: 2[m1(Pu) + m2(235U)] +m3(235U) ≥ 1000 

Strategic special 
nuclear material 

Nuclear materials in any combination totaling 5000 g or more, defined as 2.5[m1(Pu) + 
m2(235U)] + m3(235U) ≥ 5000 where A ≥ 20. 

 

5.4 SUMMARY OF PERFORMANCE AND SAFETY PARAMETERS  
 

A summary of the performance and safety parameters for the HFIR LEU core calculated from the 
neutronics and thermal hydraulics analyses is presented in Table 26. This table is formatted for 
consistency with the data included in the current HFIR Safety Analysis Report (SAR).20 Two sets of 
values are shown in the table for the parameters considered: (1) values for the HFIR HEU core as listed in 
the current HFIR SAR and (2) values calculated for the HFIR LEU core. Table 26 facilitates a 
comparison between the HEU and the LEU cores and shows the values and locations of the physics and 
thermal hydraulics parameters that will need to be changed when the SAR is updated for LEU fuel.  
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Table 26.  Summary of performance and safety parameters 

ID 
# Parametera Location in SAR  

Ch. 4 (section, page) Value in SARb  Value for LEU fuel 

1 Reactor power (MW) 

Table 4.1.1, pg. 4.1-3; 
pg. 4.3-5, lines 1-2 

85 100 

2 

Thermal 
neutron  flux at 

power 
(n/cm2s) 

Average in typical target loading 2.6 × 1015 

BOC Max 2.3 × 1015 

BOC Avg 1.6 × 1015 

EOC Max 2.5 × 1015 

EOC Avg 1.8 × 1015 

3 
Maximum unperturbed  

in Be reflector 
0.94 × 1015 

 
 

1.1 × 1015 BOC 
4 EOC 1.4 × 1015 1.2 × 1015 

5 
Maximum unperturbed  

at Be-H2O reflector interface  
1.2 × 1014 

 
 

1.3 × 1014 e BOC 
6 EOC 1.4 × 1014 1.4 × 1014 e 

7 
Average in fuel region  

2.8 × 1014 
 

1.4 × 1014 BOC 
8 EOC 3.8 × 1014 1.6 × 1014 
9 BOC Prompt-neutron lifetime, μs 35 Not yet calculated 
10 EOC Prompt-neutron lifetime, μs 70 Not yet calculated 
11 Fuel-plate heat load, MW 

Table 4.1.1, pg. 4.1-4 

82.9 97.5 
12 Power density (average), MW/L 1.64 1.93 
13 Heat flux (average), BTU/h-ft2 0.66×106 0.78×106 
14 Heat flux (hot spot), BTU/h-ft2 2.85×106 3.21×106 
15 Coolant velocity, ft/s 51 51 
16 

Temperature 
°F 

Coolant inlet 120 120 
17 Coolant outlet 155–185 162 
18 Oxide-water interface (max) 347 429 
19 Metal-oxide interface (max) 519 Not yet calculated 
20 Fuel-plate center line (max) 545 Not yet calculated 
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Table 26.  (continued) 

ID 
# Parametera Location in SAR 

Ch. 4 (section, page) Value in SARb  Value for LEU fuel 

21 Critical velocity pg. 4.2-4, pg. 4.2-16 

Inner element –
49.8 m/s;  
Outer element – 47.1 
m/s 

unknown 

22 Thermally induced deflection pg. 4.2-5, lines 39-41 Single sine wave unknown 
23 Creep behavior pg. 4.2-6, lines 3-4 “included in analyses” unknown 

24 Modulus of elasticity pg. 4.2-6, lines 17-18 “ assumed to be the 
same as aluminum” unknown 

25 Gap reduction due to oxide formation and swelling, in. pg. 4.2-6, line 21 0.0015 0.0015 

26 Maximum (“hot plate”) metal temperature, EOC, 100 MW, 
°F pg. 4.2-7, line 8 480 430 

27 Total fuel loading, kg of U235 

Table 4.2.1, pg. 4.2-
15;  
pg. 4.3-1, line 41; 
pg. 4.3-2, line 8;  
pg. 4.3-13, lines 24-
25 

9.40 25.27 
28 Inner element fuel loading, kg of U235 2.60 6.39 
29 Outer element fuel loading, kg of U235 6.80 18.88 
30 Burnable poison loading (inner element), grams of 10B 2.8 5.4 
31 Average power density (82.9 MW in fuel region), MW/L 1.64 1.93 

32 Average heat flux (82.9 MW conducted to coolant), Btu h-1 
ft-2 0.66×105 0.78×106 

33 Hot spot, BOC, heat flux, Btu h-1 ft-2 2.15×106 3.02 × 106 

34 Operating cycle length, MWD 
pg. 4.3-1, line 26;  
pg. 4.3-2, line 9;  
pg. 4.3-5, lines 8, 11 

2100 to 2400 2615 

35 Design basis refueling shutdown margin, $ pg. 4.3-1, line 28 10.4 ~ $9 
36 Minimum shutdown margin (3 plate scram) pg. 4.3-1, line 39 3 Not yet calculated 

37 Effective delayed neutron fraction pg. 4.3-4, line 38 0.0076 0.00756 ± 0.00008 
at BOC 

38 Measured power distributions pg. 4.3-5, lines 30-43 pg. 4.3-23 through -27 NA 

39 Local fuel nonuniformity pg. 4.3-6, lines 9-23 27% point, 12% 
average unknown 

40 Axial fuel plate misalignment power density factors pg. 4.3-6, lines 14-23 various between  
1.20 and 1.44 

Assumed same as HEU 
fuel, various between  

1.20 and 1.44 
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Table 26.  (continued) 

ID 
# Parametera 

Location in SAR 
Ch. 4 (section, 

page) 
Value in SARb  Value for LEU fuel 

41 Nuclear power distribution uncertainties pg. 4.3-6, lines 24-
36 

1.10 (power shape) *  
1.05 (cent. Target expt. effects) OR  

1.10 * 1.09 (ref. target effects) 
1.155 or 1.199 

42 Isothermal core temperature coefficient (Δk/k per °F) pg. 4.3-7, lines 12-
13 

“slightly positive over the 
temperature range of 80 to 120°F, 

with the maximum reactivity 
addition being about 10 cents”  

2.4 × 10-5  
at BOC 

43 Isothermal fuel region water temperature coefficientd 
(Δk/k per °F) pg. 4.3-7, line 17 -1.15 × 10-4 -5.2 × 10-5  

44 Isothermal target region water temperature 
coefficient (Δk/k per °F) pg. 4.3-7, line 33 6 × 10-5 3.4 × 10-5 at BOC 

45 Void coefficient 
BOC zero power (Δk/k) 

Inner 

pg. 4.3-8, line 17 

-0.086 -0.082 
46 Outer -0.196 -0.153 
47 Void coefficient 

equilibrium xenon (Δk/k) 
Inner -0.067 -0.064 at EOC 

48 Outer -0.143 -0.108 at EOC 
49 Max water void coefficient in reflector (Δk/k) pg. 4.3-8, line 22 0.005 Not yet calculated 
50 Max. refueling void worth, $ pg. 4.3-11, line 7 4.3 Not yet calculated 
51 

Reactivity addition rate, $/s 

Cyl, reg. mode 

pg. 4.3-12, line 7 

0.425 

Similar per Table 11 
52 Cyl shim. mode 0.16 
53 4 saf. shim mode 0.14 
54 All 5, shim 0.30 
55 

Expected 20-year fast fluence 

HB 1 & 4 nozzles 

pg. 4.3-15, line 24 

1.1 × 1018 

Same per Tables 8–
10 

56 HB 2 nozzle 2.9 × 1018 
57 HB 3 nozzle 2.3 × 1018 
58 Shell <1 × 1018 
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Table 26.  (continued)) 

ID 
# Parametera Location in SAR 

Ch. 4 (section, page) Value in SARb  Value for LEU 
fuel 

59 

Reactivity balance 
(units of ΔK/K; 
first column is 
BOC at 8.5 MW; 
second column is 
EOC at 85 MW) 

Fuel 

Table 4.3-3, pg. 4.3-28 

0.135 0.073 

Not yet 
calculated 

60 Burnable poison -0.05 0.0 
61 Target worth +0.007 +0.007 
62 Xe and Sm 0.0 -0.034 
63 Other fission products 0.0 -0.038 
64 Power defecta 0.0 -0.004 
65 Equilibrium Be poisons 0.0 -0.004 

66 Inserted control worth, with respect 
to full-out condition -0.092 0.0 

67 
Shutdown margin 
(Case ID; flux 
trap condition), $ 

I; Optimum void, no target 

Table 4.3-4, pg. 4.3-29; pg. 4.6-11 

7.5 
68 II; Target, plus optimum void 3.3 
69 III; Target, plus optimum void 2.5 

70 IV; Target, no void 1.5 

71 

Shutdown margin 
(at refueling with 
worst case 
manufacture 
tolerances), $ 

Normal (design) shutdown margin 

Table 4.3-5, pg. 4.3-29; pg. 4.6-10 

10.3 
72 Worst-case void in flux trap 6.0 

73 Withdrawn shim/regulating 
cylinder 6.5 

74 Withdrawn shim/safety plates (4) 8.7 

75 Complete absence of burnable 
poison 2.9 

76 Fuel thickness profile inside plates Fig. 4.3-2, pg. 4.3-30 various 
Figs. 7 and 8, 
Table 4 this 

report 

77 Control plate withdrawal curve Fig. 4.3-8, pg. 4.3-36 - 
Table 11, 

Fig. 13, this 
report 

78 Differential rod worth curve Fig. 4.3-9, pg. 4.3-37 - 
Table 11, 

Fig. 13, this 
report 

79 Calculated flux profiles Figs. 4.3-10 through 13,  
pgs. 4.3-38 through 41 - Tables 8–10 

80 Fuel temperature at hot spot for 121°F coolant inlet, 
EOC pg. 4.4-1, lines 40-41 600°F at 100 MW Not yet 

calculated 
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Table 26.  (continued) 

ID 
# Parametera Location in SAR  

Ch. 4 (section, page) Value in SARb  Value for LEU fuel 

81 Peak-to-average heat generation rate Pg. 4.4-3, Line 40 1.3 Appendix E 

82 Reactor heat transferred to pool, MW Pg. 4.4-5, Line 21 0.4 
Not yet calculated, 
expected slightly 
greater than 0.4 

83 Fraction of reactor heat deposited in fuel elements and core 
coolant Pg. 4.4-9, Line 28 0.975 Assumed 0.975, but 

could be slightly larger 
84 LCS value Pg. 4.4-10, Line 4 1.3 1.3 

85 

Low-low flow SL and LCS, 
Mode 1; IB power, power-to-flow 
ratio 

Case 1—Inlet temperature 
at SL Pg. 4.4-12, Lines 19-

31;  
Pg. 4.4-14, Lines 5-9; 
Table 4.4-5; Table 4.4-
1 

24.26, 1.79 

Not yet calculated 

86 Case 2—Flux (power) to 
flow at SL 24.70, 1.82 

87 Case 3—Pressure at SL 24.1, 1.76 

88 Case 4—Low-low flow at 
SL 13.59, 1.90 

89 
Mode 2 calculated IB power, 
MW 

2550 gpm, 135oF Pg. 4.4-14, Lines 29-
31; 
Table 4.4-6 

8.56 
90 2550 gpm, 140oF 8.16 
91 1350 gpm, 135oF 4.77 

92 Maximum calculated permissible power level (mW) Pg. 4.4-15, Lines 3-4; 
Table 4.4-3 

123.6 (BOC),  
135.3 (EOC) 

133.4 (BOC),  
139.2 (EOC) 

93 Uncertainty factors in TH analyses Table 4.4-9 Various Assumed same as HEU 
94 Tolerances for dimensions Table 4.4-10 Various Assumed same as HEU 
95 Maximum size of blister Pg. 4.4-24, Line 27 1/16 in Assumed same as HEU 

96 Minimum average manufactured coolant channel thickness Pg. 4.4-25; Table 4.4-
4 0.044 in. Assumed same as HEU 

97 Results of physics startup tests (cycle 288) Pg. 4.4-25 and Ch. 14 Various 

Not yet 
measured/calculated 

98 Heat flux peaking due to non-bonds Fig. 4.4-7 and 4.4-8 Various 

99 Reactivity worth of poison injection system Pg. 4.6-3, 4.6-12 ~$5, 0.6g/L of 
gadolinium 

100 Maximum reactivity available to servo system Pg. 4.6-16, Lines 6-7 $1.6 
aBOC = beginning of cycle; EOC = end of cycle 
bVersion DR10 of SAR 
cNA = not applicable 
dcalculated values for LEU are averages of the BOC and EOC values 
ecalculated at radius 54.7 cm 
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6. SUPPLEMENTAL DOCUMENTATION AND RETENTION OF RECORDS 

At the time this document was being written, preparation was underway to document further 
discussion of the VESTA and MCNP computational models in two Research Reactors Division (RRD) 
Calculations and to store all input and output datasets on the RRD quality assurance (QA) server 
(fea8.ornl.gov at the time this document was written) in the compressed file designated in the RRD 
calculations. Likewise, preparation was underway to document discussion of the HSSHTC computational 
models in an RRD Calculation and input and output datasets to be stored on the RRD QA server in the 
compressed file designated in the RRD Calculation. These documents and files are to be reviewed and 
approved under RRD procedure SBP-1000, Preparation, Review, and Handling of Calculations. Though 
these documents and files will be designated “internal communication”, they are retained as quality 
assurance-related records and distribution can be made to individuals upon request to and approval by the 
division director of the ORNL RRD. Conceptual design drawings based on Figs. 7 and 8 of this report 
have been prepared, assigned the numbers D42114A, Rev. 0 for the inner element fuel plate and 
D42122A, Rev. 0 for the outer element fuel plate, and are stored in the RRD drawings database. 
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7. SUMMARY AND CONCLUSIONS 

The computational models developed in FY 2010 to search for an LEU fuel design that would meet 
the requirements for the HEU to LEU conversion study, and the results obtained with these models, are 
documented and discussed in this report. Estimates of relevant reactor performance parameters for the 
LEU fuel core are presented and compared with the corresponding data for the currently operating HEU 
fuel core. No degradation of the HFIR performance parameters was observed as a result of the change of 
the fuel to LEU. 

A 3-D Monte Carlo–based depletion model with VESTA has been developed for performing burnup 
simulations of the HFIR LEU core and for serving as an engine in the search of an optimal fuel design 
and core configuration details. This model is documented in the current report. The use of the new 
depletion tool VESTA facilitates improvements to the depletion model, such as making it possible to 
account for the irradiation of nonfissile materials (e.g., control elements, beryllium reflector, or nonfissile 
targets) during the reactor cycle. In addition, VESTA can be used with an extended set of nuclear cross 
sections, including those that are based on the most recent nuclear data evaluations. Cross sections based 
on ENDF/B-VII nuclear data evaluations were used for the studies documented in this report. Data for 
individual molybdenum isotopes in the ENDF/B-VII files should provide a better treatment of the 
molybdenum isotopes than in previous studies.   

The LEU fuel design considered has 2-D grading, both radial and axial, with the axial grading applied 
only to the bottom 3 cm of the fuel elements. Compared to the studies carried out during FY 2009, 
changes in FY 2010 included modeling a zirconium interlayer between the U-10Mo foil and the filler 
region of the fuel plate, accounting for the irradiation history of the materials in the control elements, and 
changing the quantity of boron in the inner fuel element for optimizing the power distribution in the core. 
In addition, an optimal control element movement was determined (“control element withdrawal curve”) 
that would minimize the variation of the keff during the cycle (time-dependent depletion calculations 
conducted with fluxes from critical configurations). Additional changes to this design will be made, using 
the established methodology and models, for consistency with the proposed manufacturing methodology29 
as it continues to be developed and to include, when these become available, the actual fuel specifications 
(e.g., uranium isotopic content, impurities levels). The impact of these fuel design changes on the core 
performance remains to be assessed. The reduction in control element worth due to the reduced neutron 
leakage from the LEU fuel relative to the HEU fuel is noteworthy but the assessment of importance 
requires consideration of the response of the reactor to transients (reactivity coefficients also change), 
which is a subject beyond the scope of the studies documented in the current report.  

The performance and safety parameters calculated for the HFIR LEU core are summarized along with 
the corresponding data as listed in the current HFIR HEU SAR. This facilitates an “at a glance” 
comparison between the HEU and the LEU cores for physics and thermal hydraulics parameters that will 
need to be changed when the SAR is updated for LEU fuel.  
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APPENDIX A.  MATERIAL COMPOSITION FOR LEU CORE 

The LEU fuel material considered, as mentioned previously in this report, is a metallic alloy 
containing 90 wt % uranium and 10 wt % molybdenum. The density of the fuel is 17.02 g/cm3 and the 
enrichment is 19.75 wt % 235U. The material composition data for fuel, fuel diffusion barrier layer, clad, 
and filler as used in the model are shown in Table A.1. The isotopic composition assumed for uranium, 
molybdenum, and zirconium in the fuel material and the fuel diffusion barrier layer are presented in 
Table A.2. As in the HEU fuel plate design, a filler material is used between the fuel meat and the clad; 
boron in the form of B4C is included in the filler for the IFE only. No detailed specifications are available 
at this time for the actual composition of the LEU fuel material (isotopic content, impurities), as 
mentioned before. When these specifications become available, the model will be updated accordingly.  

The composition of the curium targets in the HFIR LEU core model is listed in Table A.3. The 
material composition for the “black” and “gray” regions of the control elements used in the LEU core 
model, which is Table A.4, corresponds to the actual composition at BOC-400, as previously mentioned. 

 
 
 

Table A.1.  Material composition for LEU fuel 

Material Density 
(g/cm3) 

Component 
(element) 

Content 
(wt %) 

U-10Mo 17.02 U 90.000 
Mo 10.000 

Diffusion barrier 
layer 6.49 Zr 100.000 

Clad 
(AL-6061) 2.70 

Al 97.155 
C 1.000 
Si 0.600 
Cu 0.400 
Fe 0.350 
Cr 0.195 
Mn 0.075 
Ti 0.075 
Ni 0.021 
H 0.021 

Fillera 
(AL-1100) 2.71 

Al 99.300 
Fe 0.250 
Si 0.250 
Cu 0.175 
Mn 0.025 

aFuel in IFE includes boron carbide B4C in the filler, with a 
density of 2.52 g/cm3. It is assumed that B4C is uniformly 
distributed in the filler material. The isotopic composition in at% of 
B in B4C is 19.9 10B and 81.1 11B. A total of 5.4 g of 10B is present 
in the IFE filler material. 
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Table A.2.  Isotopic composition of U, Mo,  

and Zr in LEU fuel 

Element Isotope Content 
(wt %) 

U 234U 0.165 
235U 19.750 
236U 0.909 
238U 79.176 

Moa 92Mo 14.84 
94Mo 9.24 
95Mo 15.92 
96Mo 16.68 
97Mo 9.55 
98Mo 24.13 
100Mo 9.63 

Zra 90Zr 51.45 
91Zr 11.22 
92Zr 17.15 
94Zr 17.38 
96Zr 2.80 

aIsotopic composition as provided in 
J. K. Tuli, Nuclear Wallet Card 2005, 
National Nuclear Data Center, Brookhaven 
National Laboratory, www.nndc.bnl.gov. 

 
 
 
 

Table A.3.  Composition of curium targets  
in the HFIR LEU core model 

Nuclide ID Atoms/b-cm Nuclide ID Atoms/b-cm 
16O 6.6358E-03 243Am 3.7252E-05 
27Al 4.1858E-02 242Cm 1.1234E-09 
238Pu 1.4608E-08 243Cm 3.7128E-07 
239Pu 1.9706E-08 244Cm 6.1759E-04 
240Pu 3.7969E-05 245Cm 9.2061E-06 
241Pu 1.1256E-09 246Cm 1.3000E-03 
242Pu 2.9825E-07 247Cm 3.7719E-05 
241Am 1.5978E-04 248Cm 2.5183E-04 
242Am 4.2253E-07   
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Table A 4.  Compositiona of materials in control elements  
for the HFIR LEU core model 

 Nuclide 
Inner  

control element 
(at/b-cm) 

Outer  
control element 

(at/b-cm) 
Gray region H-1 2.820E-03 2.774E-03 

O-16 1.400E-03 1.393E-03 
Al-27 3.357E-02 3.227E-02 
Ta-181 1.424E-02 1.797E-02 
Ta-182 3.383E-05 2.838E-05 
W-182 2.843E-04 1.197E-04 
W-183 4.614E-03 1.777E-03 
W-184 1.635E-03 1.449E-04 
W-186 1.540E-06 1.742E-08 

Black region O-16 1.312E-02 1.260E-02 
Al-27 3.938E-02 3.783E-02 
Sm-152 1.713E-04 4.879E-05 
Eu-151 2.690E-03 3.581E-03 
Eu-152 6.754E-04 2.690E-04 
Eu-153 4.472E-03 4.290E-03 
Eu-154 2.612E-04 8.156E-05 
Eu-155 2.448E-05 2.479E-06 
Gd-152 3.843E-04 1.170E-04 
Gd-154 4.220E-05 5.186E-06 
Gd-155 3.598E-06 2.144E-07 
Gd-156 7.061E-06 1.532E-07 

aAt the beginning of the LEU irradiation cycle. 
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APPENDIX B.  METHODOLOGY FOR SIMULATING THE IRRADIATION  
OF THE CONTROL ELEMENTS IN HFIR 

The control elements (CEs) in HFIR are used in the core for a large number of reactor cycles, for 
periods of time that can total as much as a thousand days of irradiation. A control element can be removed 
from the core after a number of irradiation cycles and inserted back in the core after a period of decay 
time. During irradiation, the composition of the poison materials in the CEs changes due to neutron 
interactions, therefore leading to a change in the absorption properties (cross sections) of these materials. 
Quantifying these changes throughout the CEs’ history will enable a better estimation of the isotopic 
composition for use in models of HFIR for various studies.  

A methodology has been developed to simulate the irradiation of the CEs during irradiation. 
Simulation of the irradiation and decay history of a control rod material is performed using the point 
depletion and decay code ORIGEN-S in the pre-release version 6.1 of the SCALE7 code system. Though 
a point depletion code is used, the spatial effects (CEs change locations during an irradiation cycle) are 
accounted for through the way the cross sections used with ORIGEN-S are generated. One unique 
material is used for each of the gray and black regions in the inner control element (ICE) and the outer 
control element (OCE) for the purpose of generating these cross sections. The ORIGEN-S cross sections 
are determined based on data obtained from depletion simulations with VESTA of HFIR cycle 400.  

 
B.1 ORIGEN-S CROSS-SECTION GENERATION 

New capabilities are available in the SCALE 6.1pre- release for ORIGEN-S and its associated library 
management code COUPLE. These new features allow the user to apply multigroup cross sections and 
neutron flux data from a user-defined reactor physics model (for problem-dependent design and operating 
conditions) to collapse multigroup cross-section libraries available with ORIGEN-S to effective one-
group data used in ORIGEN-S calculations. In addition, user-provided one-group cross sections may be 
used to override the cross-section data existing on a binary library for ORIGEN-S. 

The cross sections for the gray and black regions of the CEs change during an irradiation cycle, 
compared to the beginning of the cycle, mainly due to the change of axial locations of CEs with respect to 
the core midline. The flux seen by these regions varies, decreasing when the elements are moved further 
from the core midline towards the core edges. In addition to the change in neutron flux to which these 
regions are subjected, there is a resonance self-shielding effect that needs to be considered when 
generating effective one-group cross sections. This effect is due to geometry and material details specific 
to the CEs (very thin regions of absorbing material surrounded by water).  

The fluxes in the gray and black regions of ICE and OCE were calculated in a multigroup structure as 
a function of the CE axial location (with time) during cycle 400. Tallies were defined for each of these 
four material zones in each of the MCNP input files that were generated, one for each depletion step, 
during the depletion simulations with VESTA. There are 25 flux data sets for each material zone, one for 
each of the depletion steps in VESTA, which correspond to 25 different locations of the CEs during 
cycle 400. The flux data were extracted in a 44-group structure, with the energy binning consistent with 
the 44-group structure used in SCALE.  

It is assumed here that the effective one-group cross sections for each of the four zones in the CEs are 
a function of the CE axial location only. One set of effective one-group cross sections is generated 
therefore to correspond to each of the 25 CE locations in the core during irradiation. The 44-group flux 
tallied with MCNP is used in COUPLE to obtain the binary library for ORIGEN-S. The COUPLE code 
builds the one-group effective cross sections by weighting the 44-group SCALE activation library with 
the 44-group user-provided flux. There are 44-group, 49-group, 238-group, and 300-group activation 
libraries in SCALE 6.1. Note though that these libraries are not self-shielded (problem-dependent) and 
correspond to an infinite dilution case. In addition to the neutron cross-section data, a binary library for 
ORIGEN-S includes decay data, which are not problem-dependent.  
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A routine was developed to generate the input files for COUPLE (4 × 25 files). The binary libraries 
obtained were checked against cross-section data (neutron capture in particular) directly available from 
VESTA simulations for cycle 400. It was observed that for most of the relevant isotopes in the black 
regions (europium, samarium, gadolinium), the variation of the one-group cross sections obtained via 
COUPLE was in reasonable agreement with the corresponding data available from VESTA. However, a 
large difference was seen for the one-group capture cross section in 181Ta between COUPLE and VESTA 
values. This indicates that a 44-group flux (and activation file) as used with the COUPLE input would not 
be sufficient to approximate the resonance structure in the cross section as a function of energy for this 
nuclide. This was confirmed when replacing in one of the 100 considered COUPLE input files the 44-
group flux (and 44-group activation cross sections) by a 238-group flux (and 238-group activation cross 
sections); in this case the difference between the COUPLE and VESTA one-group capture cross sections 
for 181Ta decreased, though not to a reasonable agreement level. Note that in VESTA, a very fine, 43,000-
group flux is used in the depletion simulations to obtain one-group cross sections for ORIGEN.  

To resolve the observed difference in the cross sections for 181Ta, the generation of the cross-section 
data with COUPLE as described above was modified. The change consisted of using one-group capture 
cross sections for this nuclide as available from VESTA output files to override the corresponding data on 
the binary ORIGEN-S library obtained as mentioned previously.  

The use of these models resulted in the generation of 100 binary library files for use with ORIGEN-S: 
25 files for each of the gray and black materials in ICE and OCE, one for each of the 25 locations of the 
CEs with respect to the core midline. 

 
B.2 ORIGEN-S BURNUP SIMULATIONS FOR CONTROL ELEMENTS 

Burnup simulations with ORIGEN-S can be performed for any irradiation history of a CE using the 
one-group cross-section libraries generated as described previously. The total flux in each of the four 
different CE materials is used as input data. This flux is calculated from the MCNP tallies along with the 
44-group flux needed to generate the cross sections for each of the 25 CE locations.  

A routine was developed to write the input files for ORIGEN-S (one for each CE material) for any 
provided irradiation history data. The irradiation history data include the number of cycles the material 
was irradiated, the duration of the cycle, and the decay time between two periods of irradiation. The 
methodology is illustrated in Fig. B.1. 

 
B.3 APPLICATION TO BURNUP SIMULATIONS FOR HFIR CYCLE 400 

The methodology discussed previously was applied to estimate the composition of the CE materials at 
the time of BOC-400. A detailed irradiation history was available for the OCE. As the four OCE safety 
elements have the same irradiation history in this case, one gray and one black material can be considered 
(as opposed to one gray and one black for each quadrant) in the ORIGEN-S simulations. The OCE was 
inserted in the core in cycle 390 with fresh composition, irradiated for seven cycles, to cycle 396, 
removed from the core during cycles 397 to 399, and reinserted for cycle 400. An incomplete irradiation 
history was available for the ICE. It is known that this element was present in the core continuously, since 
the cycle it was inserted with fresh composition to cycle 400. History data for the ICE are available from 
cycle 388 further; the burnup of the element at BOC-388 is also available. The history data prior to 
cycle 388 was approximated based on the available information. The start cycle was estimated to be 
cycle 375. Cycle duration and post-cycle outage for cycles 375 to 388 were calculated as average values 
based on data available for later cycles. 

 



 

B-3 

B
-3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. B.1.  Burnup simulation methodology for control elements. 
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The determined material composition for CEs was used in the VESTA depletion model for HFIR 
cycle 400. The cross sections for the Monte Carlo–based depletion were based on ENDF/B-VII data. The 
most important (with respect to neutron capture) isotopes determined for the ICE and OCE black and gray 
regions at BOC-400 are listed in Table B.1, including the half-life and the neutron capture cross-section 
range for these isotopes. As seen, there are stable (or large half-life) nuclides produced by transmutations 
with significant absorption properties compared to the isotopes present in the fresh composition.  

 
 
 

Table B.1.  Isotopes in CE gray and black regions at BOC-400 

Gray region Black region 
Isotope σγ T1/2 Isotope σγ T1/2 

Ta-181  stable Eu-151  stable 
Ta-182  114.4 d Eu-153  stable 
Ta-183  5.1 d Eu-152  13.5 yr 
W-182  stable Eu-154  8.6 yr 
W-183  stable Eu-155  4.8 yr 
W-184  stable Sm-152  stable 
W-185  74.8 d Gd-152  1.1 × 1014 

yr 
W-186  stable Gd-153  241.6 d 

   Gd-154  stable 
   Gd-155  stable 
   Gd-156  stable 

Legend: 10 to 100 b 100 to 500 b 500 to 1000 b >1000 b 
 

 
 
 
The effect of the change in the CEs’ compositions (and therefore cross sections) on the variation of 

keff during cycle 400 is significant with respect to both keff values and shape, as illustrated in Fig. B.2. 
Results from two similar models for HFIR cycle 400 are compared. In the old model,21 the material 
compositions of the CEs at BOC 400 were assumed to be fresh compositions, whereas in the new model, 
the material compositions as determined with the methodology described in this report were used.  The 
old model used ENDF/B-VI cross sections, whereas the new model used the most recent ENDF/B-VII 
cross sections.  As shown, the keff variation as a function of time for the new composition data in the new 
model is smoother than for the old model with assumed composition data for the CE materials.  Part of 
the source of an apparent burnup-dependence of calculated keff has been removed by properly accounting 
for the control element irradiation history in HFIR cycle 400 depletion simulations.  
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Fig. B.2.  Variation of keff during HFIR cycle 400. 

 
B.4 VALIDATION OF METHODOLOGY AGAINST EXPERIMENTAL DATA 

Measurement data for the irradiated ICE, obtained from destructive analysis, have been reported by 
Knight and Richt.30 The data correspond to the control element irradiated to 48,615 MWd.22 For the gray 
region of the ICE, it is stated in Ref. 30, “Mass spectrographic analysis of the specimen from the 
tantalum-bearing section of the cylinder indicated that 0.7 neutrons had been absorbed for every tantalum 
atom initially present.” Isotopic data are provided for five specimens from the black region of the ICE, 
selected from locations at 0.5, 2, 5, 10, and 20 in. with respect to the interface between the gray and the 
black region. The data include the europium isotopic composition in atomic percent as well as the Eu–Gd 
fraction in weight percent for each of the five specimens. No experimental uncertainty is provided for the 
reported measured data.  

Calculations were performed using the methodology described previously to simulate the burnup of 
the ICE to a value of 48,615 MWd. It was assumed that the irradiation history consisted of 23 cycles, each 
of 24.87 days duration, with a 25 day outage between each consecutive cycles. The compositions of the 
two materials considered in the black and gray regions of the ICE were determined to correspond to the 
reported burnup.  

An estimation based on the calculated atom densities resulted in a value of 0.71 for the number of 
neutrons absorbed per tantalum atom initially present. This value is in very good agreement with the 
reported value in Ref. 30 based on experimental data and is consistent with the value estimated using 
different methods.26  

A direct comparison of calculated and experimental data as reported for the europium region is not 
possible, because the measured data are reported as a function of spatial location inside the region; 
however, the burnup simulation methodology in this work considers one material only for the europium 
region, and the results for the isotopic composition are determined as average values over the region (no 
spatial dependence). To facilitate some level of comparison, region-averaged values were estimated from 
the reported experimental data by integrating the available curves representing the isotopic compositions 
as a function of distance. A comparison of these data with the data obtained from simulation is shown in 
Table B.2. The agreement is reasonable, considering the approximation made to estimate region-averaged 
values based on measured data for the isotopic composition. The comparison of the region-averaged 
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calculated Eu–Gd weight fractions to values inferred based on measured data shows a good agreement 
between experiment and calculation. 

 
 

Table B.2.  Isotopes in CE gray and black  
regions at BOC-400 

Eu isotopic composition (at %) 
Isotope Calculated Measured Difference 

Eu-151 34.18 37.83 -3.65 
Eu-153 54.58 54.91 -0.33 
Eu-152 7.98 3.75 4.23 
Eu-154 3.00 2.60 0.40 
Eu-155 0.26 0.91 -0.65 

Eu–Gd fractions (wt %) 
Element Calculated Measured Difference  

Eu 95.3 94.4 0.9 
Gd 4.7 5.6 -0.9 
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APPENDIX C.  MODELING OF CONTROL ELEMENTS IN THE LEU CORE 

The two control elements (CEs) in the HFIR HEU core, described in detail in Refs. 10 and 31, consist 
of thin annular concentric cylinders, termed inner control element (ICE) or regulating element and outer 
control element (OCE) or safety element, respectively. Each of these two elements includes three axial 
regions with different neutron absorption properties: a “black” strong neutron absorber region containing 
Eu2O3 dispersed in an aluminum matrix, a “gray” moderate neutron absorber region with tantalum 
particles in an aluminum matrix, and a “white” region of perforated aluminum. The control elements 
dimensions and height of each region are shown in Fig. C.1.10  

 
 

White (Al + H2O) 
68.73875 cm 

White (Al + H2O) 
21.9075 cm 

Gray (Ta + Al) 
12.7 cm 

Black (Eu2O3 + Al) 
55.88 cm 

Black (Eu2O3 + Al) 
55.88 cm 

Gray (Ta + Al) 
12.7 cm 

White (Al + H2O) 
36.35375 cm 

White (Al + H2O) 
77.62875 

ICE OCE 

Fig. C 1.  Axial dimensions of control elements in HFIR HEU 
core. 

 
The CEs are moving in different directions with respect to the core centerline during the cycle—the 

ICE moves down (is inserted) and the OCE moves up (is withdrawn). The movement of the CEs during 
the cycle is simulated in the depletion model by the use of MCNP surface transformation cards, in order 
to set the CEs at the corresponding axial positions for the desired time. The CEs positions corresponding 
to cycle 400 depletion model are presented in Table C.1. The values (in cm) used for the transformation 
(i.e., translation) cards listed in this table are the measured positions as recorded by the reactor operators 
for cycle 400. These values are expressed with respect to the shutdown position—the state at which the 
upper edge of the ICE black region is located at the upper edge of the unfueled core region (30.48 cm 
with respect to core centerline) and the lower edge of the OCE black region is located at the lower edge of 
the unfuelled core region (–30.48 cm with respect to core centerline). Also shown in Table C.1 is the 
actual position relative to the core centerline of the upper edge of the ICE gray region. The values used in 
the transformation cards for the ICE and OCE in the depletion model for cycle 400 have the same 
absolute value but have different signs (the ICE is inserted and the OCE is withdrawn symmetrically with 
respect to the core axial centerline). The axial location of the surfaces used to define the CEs positioning 
in the MCNP model are listed in Table C.2; the transformation cards are applied to these surfaces to 
obtain the actual position during the irradiation relative to the core centerline.  

The CEs’ geometry data for the LEU core is the same as used in HEU model—the same dimensions 
are used for the gray, black, and white regions of the CEs as used for the HEU cycle 400. The axial 
locations of the surfaces used to define the CEs’ positioning in the MCNP model for the LEU core are the 
same as those listed in Table C.2. The data for the transformation cards in the LEU model and the actual 
position relative to the core centerline of the upper edge of the ICE gray region are listed in Table C.3.  
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Table C.1.  Control element position in HEU cycle 400 model 

Time 
(days) 

Transformation card 
axial translation 

(cm) 

Actual axial location 
of upper edge of 
ICE gray regiona 

(cm) 
0 45.72 -2.54 
1 50.93 -7.75 
2 52.27 -9.09 
3 52.58 -9.40 
4 52.73 -9.55 
5 52.81 -9.63 
6 52.93 -9.75 
7 53.09 -9.91 
8 53.26 -10.08 
9 53.47 -10.29 

10 53.77 -10.59 
11 54.05 -10.87 
12 54.46 -11.28 
13 54.89 -11.71 
14 55.32 -12.14 
15 55.93 -12.75 
16 56.57 -13.39 
17 57.25 -14.07 
18 58.04 -14.86 
19 58.90 -15.72 
20 59.92 -16.74 
21 61.15 -17.97 
22 62.38 -19.20 
23 63.98 -20.80 
24 65.79 -22.61 

24.67 68.22 -25.04 
aWith respect to core centerline at z = 0 cm. 

 
 
 
 

Table C.2.  Control element surface data in MCNP model for HEU cycle 400 

Inner control element Outer control element 
Surface # za (cm) Region Surface # za (cm) Region 

300 111.91875 Upper white 310 47.3075 Upper white 
301 43.18 Gray 311 25.40 Black 
302 30.48 Black 312 -30.48 Gray 
303 -25.40 Lower white 313 -43.18 Lower white 
304 -61.75375  314 -120.80875  

aWith respect to core centerline at z = 0 cm. 
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Table C.3.  Control element position in LEU depletion model 

Time 
(days) 

Transformation card 
axial translation 

(cm) 

Actual axial location 
of upper edge of 
ICE gray regiona 

(cm) 
0 49.53 -6.35 
1 56.53 -13.35 
2 57.73 -14.55 
3 58.03 -14.85 
4 58.28 -15.10 
5 58.53 -15.35 
6 58.78 -15.60 
7 59.03 -15.85 
8 59.28 -16.10 
9 59.53 -16.35 
10 59.78 -16.60 
11 60.03 -16.85 
12 60.33 -17.15 
13 60.63 -17.45 
14 61.03 -17.85 
15 61.53 -18.35 
16 62.13 -18.95 
17 62.73 -19.55 
18 63.33 -20.15 
19 63.80 -20.62 
20 64.30 -21.12 
21 65.40 -22.22 
22 66.00 -22.82 
23 67.00 -23.82 
24 68.58 -25.40 
25 68.58 -25.40 
26 68.58 -25.40 
aWith respect to core centerline at z = 0 cm. 
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APPENDIX D.  IMPORTING VOLUME-CALCULATED POWER DENSITY  
DATA INTO THE HSSHTC SPATIAL MESH 

As noted in the description provided in Refs. 3 and 23, the HSSHTC was written to receive, as input, 
power densities calculated at spatial mesh points throughout the reactor core. The HSSHTC determines a 
volume power density by computing the arithmetic mean of the four bounds that bound a two-
dimensional square region on the surface of a plate. In the MCNP model for HFIR, the user defines 
surfaces of the regions and the power densities are calculated over the volumes bounded by these 
surfaces. When using MCNP-calculated volume-averaged power densities as input to the HSSHTC, the 
HSSHTC algorithm is unchanged, but each of the MCNP-calculated power density data are duplicated 
both radially and axially in the HSSHTC input file. Figure D.1 provides an illustration for explaining the 
concept.  

The red letters (A, B, C, D) identify zones defined in the MCNP model. The HSSHTC requires as 
input four power density values for zone A, corresponding to the local power densities in the four corners 
of the spatial mesh at r2z2, r3z2, r2z3, and r3z3 , and then computes the mean of these four values. One way 
to make the mean of these four values equal to the power density value in zone A calculated with MCNP 
is to assign this MCNP-based value to each of the four points in the HSSHTC mesh. But how to repeat 
this process for zone B? Zone A MCNP values have already been assigned to r3z2 and r3z3. In order for the 
correct zone power density for zone B to be computed from the mean of the four values that should be 
assigned to the corners of the B mesh—all equal to the MCNP-based value for zone B—zero volume 
zones are introduced into the model between the B zone and each of its four neighboring zones. 

By replicating each radial (r) mesh line and each axial (z) mesh line and assigning the value of zero to 
alternating radial and axial region thicknesses, the user can “isolate” the MCNP volumes that are being 
translated into HSSHTC input (and their associated four-corner mesh points) from each other. Each 
MCNP-calculated zone power density is assigned to each of the four corners of the “MCNP zone,” and 
the HSSHTC code will correctly calculate the zone power density. Assigning zero volumes to the regions 
created by “doubling” the radial and axial meshes eliminates any power generation due to an averaging of 
adjacent MCNP regions.  

The addition of duplicate radial (r) and axial (z) zones required that the HSSHTC arrays and “loop 
indices” be increased from the values in the original code. The number of radial intervals was increased 
from 15 to 30, and the number of axial intervals was increased from 40 to 50. This “MCNP input scheme” 
was verified to be accurate by observing the results of the volume integrated power density profile—that 
integration encoded in the HSSHTC—and by replicating HEU fuel results generated with the original, 
unmodified code.  

It is noteworthy that in the maximum operating power search portion of the HSSHTC code, the search 
is over mesh points rather than spatial intervals, resulting in the possibility that the maximum power will 
be determined to be located at a position of zero volume. The HSSHTC could be re-coded to avoid this 
problem, but the second author’s observation of the HSSHTC output showed that re-coding to ignore 
zero-volume intervals would have no significant impact on the conclusions presented in this report.  
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Fig. D.1.  Mapping MCNP zones to an HSSHTC mesh. 
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APPENDIX E.  FISSION DENSITY DISTRIBUTIONS FOR LEU CORE 

The relative fission density data in the LEU fuel elements at days 1, 5, 10, 15, 20, and 23 during the 
26 day irradiation cycle are presented in Tables E.1 to E.6. The relative fission densities at BOC and EOC 
are shown in Tables 5 and 6 of Section 5.1.2. 
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Table E.1.  Relative fission density for HFIR LEU at 1 day irradiation 

Axial IFE OFE 
region # r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.949 1.247 1.477 1.478 1.411 1.280 1.097 1.111 1.165 1.194 1.346 1.294 1.149 1.079 0.902 0.611 0.488 
2 0.822 0.944 0.957 0.899 0.883 0.930 0.911 0.935 0.983 0.953 0.913 0.767 0.664 0.649 0.624 0.513 0.442 
3 0.751 0.805 0.746 0.680 0.689 0.778 0.801 0.819 0.850 0.822 0.754 0.612 0.523 0.525 0.540 0.483 0.426 
4 0.725 0.760 0.691 0.630 0.644 0.731 0.743 0.756 0.782 0.761 0.716 0.589 0.508 0.515 0.538 0.490 0.434 
5 0.742 0.781 0.716 0.658 0.673 0.748 0.735 0.751 0.779 0.768 0.744 0.626 0.542 0.550 0.577 0.523 0.461 
6 0.847 0.900 0.838 0.779 0.793 0.859 0.827 0.839 0.861 0.859 0.866 0.747 0.652 0.667 0.701 0.634 0.556 
7 1.029 1.098 1.024 0.952 0.971 1.045 0.999 1.014 1.042 1.042 1.059 0.928 0.820 0.854 0.950 0.909 0.812 
8 1.229 1.316 1.229 1.147 1.169 1.258 1.202 1.218 1.256 1.260 1.288 1.137 1.019 1.102 1.347 1.422 1.310 
9 1.325 1.422 1.330 1.241 1.268 1.368 1.307 1.321 1.367 1.371 1.402 1.243 1.119 1.218 1.516 1.618 1.492 

10 1.336 1.431 1.340 1.251 1.275 1.377 1.317 1.334 1.376 1.377 1.413 1.252 1.125 1.230 1.531 1.637 1.508 
11 1.318 1.414 1.326 1.235 1.261 1.358 1.296 1.312 1.357 1.362 1.393 1.236 1.112 1.213 1.512 1.615 1.490 
12 1.201 1.286 1.203 1.122 1.144 1.231 1.174 1.189 1.229 1.234 1.260 1.114 0.998 1.080 1.331 1.416 1.307 
13 0.983 1.049 0.977 0.910 0.927 0.999 0.953 0.968 0.995 0.997 1.012 0.884 0.779 0.810 0.889 0.838 0.744 
14 0.805 0.852 0.788 0.728 0.743 0.811 0.784 0.796 0.821 0.817 0.814 0.697 0.608 0.617 0.642 0.569 0.495 
15 0.707 0.743 0.686 0.632 0.652 0.734 0.729 0.743 0.777 0.763 0.732 0.613 0.528 0.531 0.548 0.485 0.423 
16 0.699 0.757 0.685 0.672 0.692 0.716 0.684 0.687 0.726 0.744 0.754 0.653 0.564 0.556 0.543 0.451 0.365 
17 0.739 0.707 0.523 0.496 0.498 0.549 0.549 0.532 0.545 0.639 0.608 0.510 0.447 0.420 0.407 0.381 0.276 
18 0.666 0.476 0.365 0.324 0.319 0.362 0.434 0.449 0.453 0.419 0.342 0.286 0.253 0.231 0.220 0.225 0.234 
19 0.761 0.599 0.493 0.446 0.431 0.453 0.505 0.516 0.520 0.491 0.429 0.375 0.336 0.300 0.269 0.252 0.251 

ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Table E.2.  Relative fission density for HFIR LEU at 5 days irradiation 

Axial IFE OFE 
region # r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.928 1.252 1.479 1.471 1.403 1.269 1.079 1.085 1.141 1.169 1.338 1.308 1.166 1.107 0.942 0.656 0.525 
2 0.816 0.963 0.973 0.900 0.881 0.929 0.903 0.928 0.962 0.942 0.909 0.774 0.673 0.662 0.650 0.543 0.467 
3 0.750 0.825 0.761 0.686 0.691 0.782 0.793 0.813 0.839 0.813 0.754 0.608 0.525 0.530 0.553 0.497 0.438 
4 0.726 0.782 0.705 0.634 0.647 0.730 0.735 0.752 0.778 0.756 0.713 0.586 0.507 0.516 0.545 0.496 0.438 
5 0.743 0.804 0.731 0.662 0.674 0.746 0.733 0.746 0.770 0.756 0.739 0.622 0.541 0.552 0.580 0.525 0.460 
6 0.843 0.924 0.853 0.782 0.792 0.854 0.815 0.829 0.852 0.848 0.856 0.743 0.651 0.670 0.715 0.651 0.573 
7 1.022 1.130 1.046 0.954 0.967 1.037 0.980 0.998 1.024 1.024 1.047 0.920 0.819 0.869 1.014 1.010 0.913 
8 1.207 1.350 1.253 1.144 1.160 1.241 1.171 1.192 1.227 1.225 1.262 1.115 1.001 1.092 1.353 1.415 1.292 
9 1.295 1.461 1.359 1.240 1.256 1.343 1.265 1.289 1.327 1.326 1.368 1.212 1.090 1.192 1.491 1.563 1.424 

10 1.301 1.471 1.363 1.245 1.266 1.353 1.273 1.297 1.335 1.335 1.378 1.221 1.098 1.201 1.503 1.573 1.436 
11 1.288 1.451 1.351 1.230 1.247 1.334 1.260 1.283 1.320 1.317 1.361 1.207 1.084 1.187 1.486 1.556 1.419 
12 1.183 1.325 1.230 1.121 1.135 1.217 1.150 1.171 1.203 1.201 1.238 1.095 0.984 1.074 1.339 1.409 1.287 
13 0.981 1.085 1.003 0.915 0.928 0.995 0.942 0.960 0.987 0.984 1.006 0.883 0.786 0.836 0.979 0.982 0.889 
14 0.809 0.881 0.809 0.736 0.746 0.812 0.783 0.796 0.820 0.814 0.814 0.700 0.612 0.627 0.661 0.591 0.516 
15 0.716 0.771 0.707 0.643 0.660 0.740 0.732 0.748 0.780 0.765 0.738 0.616 0.533 0.539 0.557 0.491 0.427 
16 0.712 0.791 0.715 0.694 0.709 0.732 0.693 0.698 0.730 0.748 0.764 0.663 0.576 0.571 0.564 0.466 0.377 
17 0.754 0.745 0.555 0.521 0.523 0.566 0.558 0.539 0.548 0.642 0.615 0.521 0.461 0.440 0.431 0.405 0.292 
18 0.675 0.500 0.386 0.340 0.333 0.374 0.441 0.454 0.453 0.416 0.344 0.292 0.262 0.243 0.235 0.246 0.259 
19 0.761 0.615 0.509 0.458 0.443 0.462 0.509 0.520 0.514 0.487 0.429 0.380 0.345 0.316 0.292 0.282 0.285 

ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Table E.3.  Relative fission density for HFIR LEU at 10 days irradiation 

Axial IFE OFE 
region # r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.893 1.246 1.491 1.473 1.408 1.265 1.050 1.062 1.121 1.155 1.337 1.307 1.170 1.125 0.959 0.662 0.531 
2 0.800 0.990 1.005 0.925 0.902 0.939 0.894 0.915 0.953 0.934 0.915 0.779 0.680 0.675 0.660 0.549 0.473 
3 0.742 0.851 0.788 0.698 0.700 0.787 0.786 0.811 0.841 0.810 0.757 0.613 0.528 0.534 0.560 0.503 0.442 
4 0.725 0.808 0.727 0.643 0.652 0.733 0.727 0.748 0.775 0.752 0.715 0.588 0.508 0.519 0.550 0.498 0.442 
5 0.740 0.827 0.751 0.669 0.678 0.747 0.722 0.741 0.761 0.750 0.739 0.625 0.542 0.555 0.588 0.530 0.470 
6 0.836 0.953 0.879 0.791 0.796 0.856 0.811 0.831 0.849 0.841 0.856 0.743 0.651 0.676 0.737 0.679 0.602 
7 0.997 1.160 1.076 0.963 0.971 1.034 0.970 0.994 1.017 1.008 1.041 0.916 0.817 0.875 1.048 1.054 0.954 
8 1.158 1.382 1.290 1.152 1.160 1.232 1.148 1.180 1.209 1.197 1.247 1.101 0.988 1.081 1.346 1.376 1.246 
9 1.233 1.488 1.394 1.243 1.252 1.329 1.237 1.272 1.304 1.289 1.344 1.190 1.070 1.175 1.469 1.496 1.351 

10 1.238 1.499 1.405 1.254 1.259 1.338 1.242 1.279 1.307 1.293 1.355 1.198 1.076 1.183 1.482 1.507 1.359 
11 1.224 1.479 1.389 1.240 1.247 1.324 1.230 1.267 1.294 1.280 1.338 1.188 1.066 1.170 1.464 1.491 1.346 
12 1.135 1.355 1.265 1.131 1.138 1.209 1.129 1.161 1.188 1.175 1.224 1.083 0.972 1.064 1.332 1.367 1.239 
13 0.959 1.117 1.034 0.925 0.933 0.992 0.931 0.956 0.981 0.970 1.001 0.883 0.787 0.847 1.028 1.046 0.954 
14 0.805 0.910 0.834 0.747 0.755 0.816 0.778 0.798 0.819 0.808 0.814 0.704 0.617 0.637 0.687 0.623 0.549 
15 0.718 0.806 0.735 0.660 0.671 0.751 0.737 0.758 0.785 0.765 0.742 0.620 0.537 0.543 0.564 0.497 0.433 
16 0.719 0.833 0.757 0.720 0.734 0.748 0.698 0.703 0.729 0.749 0.773 0.670 0.581 0.577 0.570 0.471 0.380 
17 0.757 0.780 0.589 0.551 0.546 0.584 0.563 0.542 0.548 0.642 0.620 0.529 0.469 0.446 0.440 0.411 0.298 
18 0.672 0.519 0.407 0.358 0.347 0.384 0.446 0.460 0.443 0.411 0.342 0.291 0.264 0.246 0.241 0.250 0.264 
19 0.744 0.621 0.520 0.470 0.449 0.466 0.505 0.517 0.501 0.474 0.422 0.377 0.345 0.319 0.297 0.288 0.289 

ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Table E.4.  Relative fission density for HFIR LEU at 15 days irradiation 

Axial IFE OFE 
region # r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.845 1.228 1.495 1.482 1.407 1.259 1.038 1.044 1.104 1.137 1.333 1.320 1.189 1.149 0.988 0.684 0.547 
2 0.772 0.997 1.032 0.942 0.917 0.951 0.888 0.915 0.953 0.932 0.924 0.794 0.690 0.690 0.682 0.567 0.489 
3 0.727 0.871 0.814 0.714 0.713 0.799 0.786 0.811 0.837 0.808 0.763 0.621 0.536 0.546 0.576 0.521 0.462 
4 0.711 0.830 0.749 0.657 0.661 0.743 0.727 0.750 0.771 0.750 0.722 0.595 0.513 0.528 0.569 0.518 0.462 
5 0.726 0.847 0.774 0.680 0.684 0.752 0.722 0.744 0.765 0.748 0.742 0.630 0.548 0.567 0.611 0.559 0.499 
6 0.810 0.967 0.898 0.798 0.801 0.856 0.804 0.829 0.848 0.833 0.854 0.746 0.659 0.696 0.796 0.766 0.693 
7 0.948 1.167 1.096 0.970 0.970 1.028 0.952 0.986 1.011 0.990 1.034 0.913 0.816 0.888 1.092 1.103 1.003 
8 1.077 1.371 1.306 1.152 1.152 1.216 1.119 1.162 1.191 1.164 1.225 1.087 0.977 1.075 1.343 1.342 1.207 
9 1.133 1.469 1.411 1.242 1.242 1.304 1.196 1.246 1.275 1.245 1.317 1.170 1.051 1.159 1.453 1.436 1.285 

10 1.137 1.479 1.419 1.249 1.246 1.313 1.205 1.252 1.281 1.252 1.326 1.178 1.058 1.166 1.461 1.440 1.285 
11 1.125 1.460 1.402 1.234 1.233 1.298 1.189 1.237 1.273 1.242 1.312 1.164 1.047 1.155 1.446 1.430 1.280 
12 1.057 1.348 1.284 1.132 1.131 1.193 1.099 1.141 1.171 1.145 1.206 1.069 0.960 1.058 1.328 1.330 1.197 
13 0.915 1.126 1.055 0.933 0.937 0.991 0.921 0.953 0.976 0.957 0.998 0.881 0.790 0.863 1.075 1.100 1.002 
14 0.785 0.931 0.858 0.757 0.762 0.823 0.779 0.802 0.823 0.806 0.822 0.710 0.627 0.662 0.759 0.731 0.658 
15 0.710 0.829 0.762 0.676 0.683 0.763 0.743 0.766 0.791 0.767 0.752 0.633 0.547 0.560 0.592 0.525 0.462 
16 0.713 0.862 0.791 0.750 0.756 0.767 0.705 0.716 0.737 0.754 0.789 0.685 0.597 0.597 0.593 0.490 0.398 
17 0.750 0.807 0.619 0.578 0.570 0.602 0.568 0.548 0.548 0.642 0.629 0.540 0.481 0.461 0.455 0.425 0.309 
18 0.652 0.526 0.421 0.373 0.360 0.392 0.445 0.459 0.438 0.405 0.343 0.295 0.269 0.251 0.247 0.258 0.273 
19 0.711 0.611 0.522 0.477 0.456 0.467 0.502 0.512 0.490 0.464 0.419 0.376 0.346 0.323 0.305 0.295 0.299 

ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Table E.5.  Relative fission density for HFIR LEU at 20 days irradiation 

Axial IFE OFE 
region # r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.794 1.198 1.493 1.487 1.423 1.261 1.023 1.038 1.092 1.127 1.348 1.352 1.224 1.192 1.045 0.733 0.592 
2 0.741 1.001 1.057 0.963 0.938 0.964 0.883 0.907 0.949 0.929 0.942 0.815 0.716 0.722 0.730 0.617 0.534 
3 0.702 0.881 0.837 0.729 0.728 0.809 0.785 0.810 0.842 0.812 0.780 0.636 0.553 0.572 0.625 0.577 0.514 
4 0.688 0.838 0.767 0.666 0.671 0.750 0.727 0.756 0.779 0.752 0.730 0.605 0.528 0.556 0.629 0.602 0.542 
5 0.700 0.854 0.788 0.692 0.694 0.758 0.722 0.750 0.767 0.745 0.751 0.640 0.564 0.600 0.698 0.684 0.622 
6 0.773 0.967 0.910 0.802 0.803 0.856 0.797 0.827 0.850 0.830 0.860 0.755 0.673 0.731 0.899 0.919 0.843 
7 0.884 1.151 1.108 0.970 0.967 1.019 0.938 0.980 1.000 0.973 1.027 0.912 0.818 0.900 1.131 1.136 1.029 
8 0.979 1.332 1.308 1.142 1.138 1.190 1.082 1.135 1.165 1.128 1.202 1.069 0.962 1.064 1.339 1.303 1.163 
9 1.015 1.415 1.408 1.228 1.218 1.271 1.151 1.209 1.239 1.198 1.285 1.144 1.029 1.140 1.432 1.373 1.221 

10 1.017 1.424 1.413 1.230 1.226 1.277 1.156 1.215 1.246 1.204 1.292 1.150 1.035 1.146 1.440 1.378 1.225 
11 1.010 1.410 1.400 1.220 1.211 1.264 1.146 1.205 1.237 1.195 1.278 1.137 1.024 1.135 1.427 1.369 1.217 
12 0.961 1.311 1.286 1.125 1.119 1.170 1.064 1.116 1.147 1.109 1.183 1.053 0.947 1.049 1.322 1.289 1.152 
13 0.857 1.116 1.069 0.937 0.936 0.986 0.907 0.947 0.971 0.944 0.995 0.883 0.794 0.876 1.109 1.122 1.018 
14 0.751 0.935 0.872 0.766 0.770 0.825 0.774 0.805 0.828 0.805 0.828 0.722 0.645 0.704 0.879 0.912 0.841 
15 0.692 0.844 0.786 0.690 0.699 0.777 0.749 0.775 0.799 0.775 0.770 0.648 0.568 0.600 0.689 0.663 0.600 
16 0.696 0.881 0.823 0.777 0.783 0.788 0.709 0.721 0.743 0.763 0.806 0.709 0.623 0.630 0.656 0.564 0.466 
17 0.728 0.822 0.644 0.603 0.594 0.617 0.574 0.550 0.548 0.642 0.642 0.558 0.501 0.486 0.490 0.467 0.343 
18 0.624 0.523 0.430 0.384 0.370 0.398 0.445 0.459 0.436 0.403 0.346 0.300 0.276 0.263 0.261 0.277 0.297 
19 0.664 0.592 0.518 0.476 0.457 0.466 0.492 0.505 0.480 0.456 0.415 0.378 0.352 0.331 0.316 0.314 0.322 

ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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Table E.6.  Relative fission density for HFIR LEU at 23 days irradiation 

Axial IFE OFE 
region # r=1a r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8 r=9 

1 0.767 1.182 1.495 1.495 1.436 1.271 1.019 1.032 1.093 1.132 1.373 1.386 1.273 1.258 1.143 0.839 0.692 
2 0.719 1.001 1.072 0.973 0.949 0.977 0.890 0.917 0.955 0.940 0.961 0.836 0.745 0.765 0.821 0.733 0.648 
3 0.684 0.885 0.850 0.739 0.738 0.822 0.792 0.816 0.847 0.820 0.793 0.653 0.571 0.609 0.723 0.722 0.658 
4 0.670 0.841 0.781 0.673 0.681 0.760 0.735 0.761 0.786 0.758 0.743 0.621 0.547 0.594 0.734 0.766 0.709 
5 0.685 0.858 0.798 0.694 0.699 0.765 0.728 0.753 0.772 0.750 0.758 0.653 0.581 0.635 0.801 0.843 0.783 
6 0.747 0.965 0.918 0.805 0.806 0.858 0.795 0.828 0.852 0.828 0.863 0.762 0.684 0.752 0.957 0.994 0.914 
7 0.843 1.136 1.108 0.967 0.964 1.011 0.921 0.966 0.992 0.961 1.022 0.909 0.819 0.907 1.148 1.144 1.035 
8 0.917 1.301 1.302 1.132 1.124 1.169 1.057 1.114 1.148 1.102 1.185 1.056 0.950 1.055 1.331 1.277 1.136 
9 0.944 1.371 1.393 1.212 1.200 1.245 1.121 1.185 1.216 1.164 1.259 1.125 1.013 1.124 1.413 1.330 1.178 

10 0.946 1.378 1.401 1.218 1.205 1.249 1.124 1.187 1.223 1.172 1.266 1.129 1.018 1.129 1.421 1.337 1.183 
11 0.941 1.366 1.389 1.203 1.193 1.238 1.112 1.177 1.210 1.161 1.255 1.120 1.010 1.121 1.410 1.328 1.174 
12 0.903 1.279 1.281 1.115 1.107 1.152 1.040 1.098 1.129 1.086 1.166 1.039 0.936 1.040 1.314 1.261 1.122 
13 0.817 1.102 1.072 0.935 0.932 0.979 0.897 0.938 0.965 0.934 0.991 0.879 0.793 0.879 1.120 1.123 1.017 
14 0.729 0.934 0.884 0.772 0.773 0.829 0.774 0.805 0.835 0.806 0.833 0.729 0.655 0.726 0.935 0.982 0.906 
15 0.679 0.851 0.798 0.699 0.707 0.786 0.752 0.781 0.809 0.780 0.780 0.662 0.588 0.643 0.814 0.861 0.800 
16 0.686 0.890 0.842 0.794 0.800 0.802 0.715 0.728 0.753 0.772 0.826 0.731 0.651 0.689 0.793 0.765 0.654 
17 0.714 0.828 0.660 0.617 0.609 0.629 0.579 0.558 0.551 0.650 0.655 0.577 0.528 0.528 0.571 0.591 0.450 
18 0.606 0.519 0.433 0.387 0.376 0.402 0.445 0.459 0.436 0.404 0.350 0.309 0.289 0.280 0.292 0.327 0.357 
19 0.638 0.578 0.515 0.475 0.458 0.465 0.494 0.507 0.481 0.455 0.417 0.386 0.365 0.350 0.347 0.355 0.370 

ar=n denotes the radial region number; n varies from 1 to 8 for the IFE and from 1 to 9 for the OFE. 
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APPENDIX F.  CALCULATION OF THE EFFECTIVE DELAYED NEUTRON FRACTION 

The traditional approach for calculation of the effective delayed neutron fraction βeff that involves an 
adjoint and spectrum weighting of the delayed neutron production rate has not been implemented in a 
Monte Carlo approach due to difficulty in adjoint calculation with continuous energy data. However, 
there have been various approaches developed that can be used with Monte Carlo methods, which do not 
involve adjoint calculation.  

Starting with the definition of βeff as the ratio of the effective delayed neutron production rate and the 
effective neutron production rate by fission (Eq. 1), there have been different approximations to estimate 
the quantities involved within a eigenvalue (kcode) mode Monte Carlo calculation.32,33 A summary of 
these methods is presented in Ref. 33 along with a comparison to experimental data of results calculated 
with these methods. One of the mentioned approaches, called “prompt method”33 or “k-ratio method,”34,35 
can be used with a standard Monte Carlo kcode calculation.  
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The k-ratio method approximates βeff from Eq. (1) as follows: 
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where indices p and d stand for prompt and delayed, respectively. The values kp and k can be estimated 
from two MCNP kcode criticality calculations, one in which only the prompt neutrons are included in the 
simulation and one in which both prompt and delayed neutrons are included in the simulation. For the 
first case the “totnu no” card needs be included in the MCNP input file. The default value in MCNP is 
that both (prompt plus delayed) types of neutrons are considered.  

The k-ratio approximation might be considered reasonable. The average calculated-to-experimental 
(C/E) ratio reported in Ref. 33 for the k-ratio method over a set of eight experiments is approximately 
1.014 ± 0.045 (ENDF/B-VI.8 cross section used). Note that the corresponding average C/E calculated33 
with the other two methods are 0.964 ± 0.050 and 1.230 ± 0.367, respectively. 
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APPENDIX G.  GAMMA SOURCE SPECTRA FROM DISCHARGED LEU FUEL 

To provide estimates of the decay gamma (and decay heat) following irradiation of LEU fuel, 
calculations were carried out to determine concentrations and source terms at specified decay times. 
While it would be possible to generate a spatially dependent gamma source, homogeneously distributing 
sources noted below throughout the HFIR elements should provide sufficient accuracy to demonstrate the 
level of security protection and to accurately estimate shielding requirements for storage and 
transportation. 
 
G.1 INNER FUEL ELEMENT 

Gamma source strengths at various times following the shutdown of the reactor for the LEU-fueled 
inner element are provided in Tables G.1 and G.2. The gamma source is for the entire inner element, the 
element having been irradiated at a reactor power of 100 MW for 26 days. 
 
G.2 OUTER FUEL ELEMENT 

Gamma source strengths at various times following the shutdown of the reactor for the LEU-fueled 
outer element are provided in Tables G.3 and G.4. The gamma source is for the entire outer element, the 
element having been irradiated at a reactor power of 100 MW for 26 days. 
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Table G.1.  Decay gamma spectra for LEU, inner element for times up to 1 day (energy boundaries in MeV) 

Grp Upper bdy Lower bdy 0.0s 10.0s 30.0s 100.0s 300.0s 1000.0s 3000.0s 10000.0s 30000.0s 86400.0s
1 1.00E-02 5.00E-02 3.97E+18 2.26E+18 1.59E+18 1.32E+18 1.12E+18 8.98E+17 6.90E+17 5.18E+17 4.00E+17 2.91E+17
2 5.00E-02 1.00E-01 1.66E+18 9.66E+17 6.87E+17 5.60E+17 4.69E+17 3.63E+17 2.52E+17 1.70E+17 1.30E+17 9.64E+16
3 1.00E-01 2.00E-01 1.94E+18 1.09E+18 7.98E+17 6.64E+17 5.73E+17 4.69E+17 3.68E+17 2.80E+17 2.26E+17 1.76E+17
4 2.00E-01 3.00E-01 1.13E+18 6.92E+17 5.29E+17 4.32E+17 3.64E+17 2.95E+17 2.34E+17 1.96E+17 1.74E+17 1.32E+17
5 3.00E-01 4.00E-01 9.51E+17 5.90E+17 4.56E+17 3.64E+17 2.93E+17 2.16E+17 1.29E+17 8.05E+16 6.42E+16 5.24E+16
6 4.00E-01 6.00E-01 1.71E+18 1.03E+18 7.99E+17 6.49E+17 5.37E+17 4.19E+17 3.10E+17 2.18E+17 1.65E+17 1.12E+17
7 6.00E-01 8.00E-01 1.30E+18 9.11E+17 7.51E+17 6.14E+17 5.09E+17 4.16E+17 3.42E+17 2.69E+17 2.16E+17 1.61E+17
8 8.00E-01 1.00E+00 1.11E+18 7.25E+17 6.27E+17 5.47E+17 4.65E+17 3.55E+17 2.44E+17 1.16E+17 5.34E+16 3.63E+16
9 1.00E+00 1.33E+00 8.88E+17 5.82E+17 4.69E+17 3.72E+17 2.93E+17 2.08E+17 1.31E+17 7.90E+16 4.37E+16 1.61E+16

10 1.33E+00 1.66E+00 6.68E+17 4.65E+17 3.87E+17 3.13E+17 2.56E+17 2.15E+17 1.65E+17 1.02E+17 6.77E+16 5.51E+16
11 1.66E+00 2.00E+00 4.14E+17 2.27E+17 1.63E+17 1.25E+17 9.74E+16 7.05E+16 4.57E+16 2.50E+16 1.05E+16 2.91E+15
12 2.00E+00 2.50E+00 4.96E+17 2.65E+17 1.83E+17 1.38E+17 1.09E+17 7.97E+16 4.88E+16 2.14E+16 5.59E+15 1.32E+15
13 2.50E+00 3.00E+00 4.35E+17 1.95E+17 1.10E+17 7.17E+16 4.90E+16 3.31E+16 1.93E+16 7.24E+15 2.14E+15 1.62E+15
14 3.00E+00 4.00E+00 2.91E+17 1.23E+17 6.68E+16 4.03E+16 2.25E+16 1.13E+16 5.19E+15 1.63E+15 1.56E+14 1.38E+13
15 4.00E+00 5.00E+00 5.62E+16 2.56E+16 1.69E+16 9.22E+15 3.11E+15 3.68E+14 9.08E+13 3.93E+13 9.74E+12 2.13E+11
16 5.00E+00 6.50E+00 1.20E+16 4.87E+15 2.97E+15 1.35E+15 3.01E+14 1.10E+13 3.17E+11 1.96E+11 5.04E+10 1.10E+09
17 6.50E+00 8.00E+00 4.30E+14 6.52E+13 3.08E+13 6.52E+12 4.55E+11 6.82E+07 8.01E+01 8.04E+01 8.10E+01 8.21E+01
18 8.00E+00 1.00E+01 2.79E+12 7.34E+10 5.52E+08 1.33E+07 2.66E+03 1.69E+01 1.70E+01 1.70E+01 1.71E+01 1.74E+01

totals 1.70E+19 1.02E+19 7.63E+18 6.22E+18 5.16E+18 4.05E+18 2.99E+18 2.08E+18 1.56E+18 1.13E+18  
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Table G.2.  Decay gamma spectra for LEU, inner element for times up to 100 years (energy boundaries in MeV) 

Grp Upper bdy Lower bdy 3E-03y 0.1y 0.3y 1.0y 3.0y 10.0y 30.0y 50.0y 100.0y
1 1.00E-02 5.00E-02 2.91E+17 1.75E+16 4.85E+15 1.14E+15 2.35E+14 4.90E+13 2.90E+13 1.80E+13 5.55E+12
2 5.00E-02 1.00E-01 9.64E+16 4.76E+15 1.33E+15 3.62E+14 7.35E+13 1.41E+13 8.52E+12 5.32E+12 1.70E+12
3 1.00E-01 2.00E-01 1.76E+17 8.97E+15 2.36E+15 4.02E+14 7.61E+13 9.70E+12 5.68E+12 3.49E+12 1.05E+12
4 2.00E-01 3.00E-01 1.32E+17 9.99E+14 3.09E+14 8.87E+13 1.76E+13 3.01E+12 1.80E+12 1.11E+12 3.33E+11
5 3.00E-01 4.00E-01 5.24E+16 3.37E+15 2.42E+14 6.81E+13 1.37E+13 2.14E+12 1.29E+12 7.93E+11 2.38E+11
6 4.00E-01 6.00E-01 1.12E+17 1.28E+16 2.09E+15 1.24E+14 3.05E+13 2.93E+12 8.76E+11 5.32E+11 1.59E+11
7 6.00E-01 8.00E-01 1.61E+17 2.27E+16 1.39E+16 1.25E+15 1.06E+14 7.11E+13 4.39E+13 2.77E+13 8.73E+12
8 8.00E-01 1.00E+00 3.63E+16 2.99E+15 9.58E+13 2.19E+13 7.45E+12 8.83E+11 1.98E+11 1.08E+11 3.09E+10
9 1.00E+00 1.33E+00 1.61E+16 1.30E+14 3.97E+13 1.32E+13 3.25E+12 4.96E+11 1.56E+11 7.17E+10 1.82E+10

10 1.33E+00 1.66E+00 5.51E+16 8.09E+15 1.66E+14 7.48E+12 1.59E+12 8.45E+10 2.27E+10 1.22E+10 3.44E+09
11 1.66E+00 2.00E+00 2.91E+15 1.39E+13 2.57E+12 1.21E+12 2.42E+11 6.48E+09 3.30E+09 2.04E+09 6.24E+08
12 2.00E+00 2.50E+00 1.32E+15 1.06E+14 2.10E+13 1.04E+13 1.78E+12 4.24E+09 1.69E+08 1.04E+08 3.13E+07
13 2.50E+00 3.00E+00 1.62E+15 2.62E+14 5.01E+12 4.29E+10 1.02E+10 7.86E+07 8.37E+05 6.87E+05 4.16E+05
14 3.00E+00 4.00E+00 1.38E+13 2.13E+12 4.51E+10 3.13E+09 8.07E+08 7.03E+06 2.13E+03 2.01E+03 1.96E+03
15 4.00E+00 5.00E+00 2.13E+11 1.05E+03 9.89E+02 8.86E+02 8.24E+02 7.78E+02 6.97E+02 6.56E+02 6.18E+02
16 5.00E+00 6.50E+00 1.10E+09 4.16E+02 3.94E+02 3.52E+02 3.27E+02 3.08E+02 2.75E+02 2.58E+02 2.43E+02
17 6.50E+00 8.00E+00 8.21E+01 8.10E+01 7.67E+01 6.86E+01 6.36E+01 5.97E+01 5.30E+01 4.97E+01 4.67E+01
18 8.00E+00 1.00E+01 1.74E+01 1.71E+01 1.62E+01 1.45E+01 1.34E+01 1.26E+01 1.11E+01 1.04E+01 9.79E+00

totals 1.13E+18 8.26E+16 2.54E+16 3.49E+15 5.67E+14 1.54E+14 9.15E+13 5.71E+13 1.78E+13  
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Table G.3.  Decay gamma spectra for LEU, outer element for times up to 1 day (energy boundaries in MeV) 

Grp Upper bdy Lower bdy 0.0s 10.0s 30.0s 100.0s 300.0s 1000.0s 3000.0s 10000.0s 30000.0s 86400.0s
1 1.00E-02 5.00E-02 7.54E+18 4.29E+18 3.01E+18 2.51E+18 2.14E+18 1.71E+18 1.31E+18 9.84E+17 7.60E+17 5.53E+17
2 5.00E-02 1.00E-01 3.17E+18 1.84E+18 1.31E+18 1.08E+18 9.00E+17 6.96E+17 4.81E+17 3.22E+17 2.46E+17 1.82E+17
3 1.00E-01 2.00E-01 3.68E+18 2.08E+18 1.52E+18 1.27E+18 1.10E+18 8.99E+17 7.09E+17 5.43E+17 4.39E+17 3.41E+17
4 2.00E-01 3.00E-01 2.15E+18 1.32E+18 1.02E+18 8.32E+17 7.02E+17 5.72E+17 4.57E+17 3.84E+17 3.40E+17 2.55E+17
5 3.00E-01 4.00E-01 1.80E+18 1.11E+18 8.60E+17 6.86E+17 5.53E+17 4.06E+17 2.44E+17 1.51E+17 1.21E+17 9.83E+16
6 4.00E-01 6.00E-01 3.23E+18 1.93E+18 1.51E+18 1.22E+18 1.01E+18 7.87E+17 5.82E+17 4.08E+17 3.09E+17 2.09E+17
7 6.00E-01 8.00E-01 2.45E+18 1.72E+18 1.41E+18 1.15E+18 9.56E+17 7.80E+17 6.39E+17 5.02E+17 4.04E+17 2.99E+17
8 8.00E-01 1.00E+00 2.10E+18 1.37E+18 1.18E+18 1.03E+18 8.78E+17 6.68E+17 4.59E+17 2.18E+17 9.92E+16 6.70E+16
9 1.00E+00 1.33E+00 1.68E+18 1.10E+18 8.87E+17 7.04E+17 5.54E+17 3.93E+17 2.47E+17 1.49E+17 8.23E+16 3.02E+16

10 1.33E+00 1.66E+00 1.26E+18 8.79E+17 7.30E+17 5.89E+17 4.80E+17 4.04E+17 3.09E+17 1.90E+17 1.25E+17 1.01E+17
11 1.66E+00 2.00E+00 7.86E+17 4.30E+17 3.09E+17 2.36E+17 1.84E+17 1.33E+17 8.63E+16 4.71E+16 1.97E+16 5.46E+15
12 2.00E+00 2.50E+00 9.43E+17 5.03E+17 3.47E+17 2.62E+17 2.06E+17 1.51E+17 9.26E+16 4.07E+16 1.06E+16 2.43E+15
13 2.50E+00 3.00E+00 8.25E+17 3.69E+17 2.09E+17 1.36E+17 9.27E+16 6.26E+16 3.64E+16 1.36E+16 3.95E+15 2.97E+15
14 3.00E+00 4.00E+00 5.53E+17 2.34E+17 1.27E+17 7.64E+16 4.27E+16 2.13E+16 9.83E+15 3.09E+15 2.95E+14 2.54E+13
15 4.00E+00 5.00E+00 1.07E+17 4.88E+16 3.22E+16 1.76E+16 5.94E+15 7.01E+14 1.73E+14 7.48E+13 1.86E+13 4.06E+11
16 5.00E+00 6.50E+00 2.31E+16 9.31E+15 5.66E+15 2.58E+15 5.74E+14 2.11E+13 6.04E+11 3.73E+11 9.61E+10 2.10E+09
17 6.50E+00 8.00E+00 8.29E+14 1.25E+14 5.89E+13 1.25E+13 8.70E+11 1.30E+08 9.07E+01 9.09E+01 9.14E+01 9.23E+01
18 8.00E+00 1.00E+01 5.39E+12 1.41E+11 1.06E+09 2.54E+07 5.08E+03 1.91E+01 1.91E+01 1.92E+01 1.93E+01 1.95E+01

totals 3.23E+19 1.92E+19 1.45E+19 1.18E+19 9.80E+18 7.68E+18 5.66E+18 3.96E+18 2.96E+18 2.15E+18  
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Table G.4.  Decay gamma spectra for LEU, outer element for times up to 100 years (energy boundaries in MeV) 

Grp Upper bdy Lower bdy 3E-03y 0.1y 0.3y 1.0y 3.0y 10.0y 30.0y 50.0y 100.0y
1 1.00E-02 5.00E-02 5.53E+17 3.23E+16 8.91E+15 2.08E+15 4.31E+14 9.00E+13 5.33E+13 3.30E+13 1.01E+13
2 5.00E-02 1.00E-01 1.82E+17 8.79E+15 2.44E+15 6.64E+14 1.35E+14 2.60E+13 1.56E+13 9.68E+12 3.03E+12
3 1.00E-01 2.00E-01 3.41E+17 1.65E+16 4.34E+15 7.36E+14 1.39E+14 1.78E+13 1.04E+13 6.41E+12 1.92E+12
4 2.00E-01 3.00E-01 2.55E+17 1.84E+15 5.67E+14 1.62E+14 3.22E+13 5.51E+12 3.31E+12 2.04E+12 6.12E+11
5 3.00E-01 4.00E-01 9.83E+16 6.22E+15 4.44E+14 1.25E+14 2.50E+13 3.93E+12 2.36E+12 1.46E+12 4.38E+11
6 4.00E-01 6.00E-01 2.09E+17 2.35E+16 3.81E+15 2.18E+14 5.15E+13 4.99E+12 1.61E+12 9.77E+11 2.92E+11
7 6.00E-01 8.00E-01 2.99E+17 4.17E+16 2.55E+16 2.29E+15 1.89E+14 1.30E+14 8.04E+13 5.07E+13 1.60E+13
8 8.00E-01 1.00E+00 6.70E+16 5.51E+15 1.71E+14 3.60E+13 1.15E+13 1.35E+12 3.50E+11 1.97E+11 5.72E+10
9 1.00E+00 1.33E+00 3.02E+16 2.33E+14 7.20E+13 2.36E+13 5.55E+12 7.62E+11 2.60E+11 1.26E+11 3.33E+10

10 1.33E+00 1.66E+00 1.01E+17 1.49E+16 3.04E+14 1.34E+13 2.76E+12 1.32E+11 3.98E+10 2.21E+10 6.35E+09
11 1.66E+00 2.00E+00 5.46E+15 2.41E+13 4.60E+12 2.20E+12 4.39E+11 1.19E+10 6.09E+09 3.77E+09 1.16E+09
12 2.00E+00 2.50E+00 2.43E+15 1.93E+14 3.85E+13 1.90E+13 3.26E+12 7.76E+09 3.10E+08 1.92E+08 5.75E+07
13 2.50E+00 3.00E+00 2.97E+15 4.82E+14 9.22E+12 7.70E+10 1.83E+10 1.40E+08 1.39E+06 1.14E+06 6.92E+05
14 3.00E+00 4.00E+00 2.54E+13 3.92E+12 8.27E+10 5.59E+09 1.44E+09 1.25E+07 3.02E+03 2.99E+03 3.11E+03
15 4.00E+00 5.00E+00 4.05E+11 1.20E+03 1.15E+03 1.07E+03 1.03E+03 1.01E+03 9.83E+02 9.64E+02 9.38E+02
16 5.00E+00 6.50E+00 2.10E+09 4.74E+02 4.57E+02 4.25E+02 4.08E+02 4.00E+02 3.86E+02 3.78E+02 3.68E+02
17 6.50E+00 8.00E+00 9.23E+01 9.19E+01 8.85E+01 8.23E+01 7.88E+01 7.72E+01 7.43E+01 7.27E+01 7.08E+01
18 8.00E+00 1.00E+01 1.95E+01 1.94E+01 1.86E+01 1.73E+01 1.66E+01 1.62E+01 1.56E+01 1.52E+01 1.48E+01

totals 2.15E+18 1.52E+17 4.67E+16 6.37E+15 1.03E+15 2.80E+14 1.68E+14 1.05E+14 3.25E+13  
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