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ABSTRACT

The objective of this work is to perform sensitivity/uncertainty (S/U) analyses to investigate the
quantitative need for benchmark-quality integral experiments for the validation of computational methods
used to support the conversion of the High Flux Isotope Reactor (HFIR) from Highly Enriched Uranium
(HEU) to Low Enriched Uranium (LEU) fuel. This report presents the results of a series of HFIR LEU
fuel calculations performed with the TSUNAMI-3D code package. The TSUNAMI-3D code in the
SCALE nuclear analysis code system generates k.4 sensitivity coefficients for criticality safety and reactor
physics applications. These coefficients can be used to quantify the computational bias and bias
uncertainty of the analyzed system in the absence of directly applicable benchmark-quality critical
experiments. This report presents results for a LEU HFIR model that were generated with TSUNAMI-3D
using the new CLUTCH methodology and continuous-energy (CE) cross sections. The CE TSUNAMI-
3D sequence was used to determine nuclide cross section sensitivities and uncertainties that can affect the
ke for the analyzed HFIR LEU core model.

The results of the sensitivity/uncertainty analysis show that the largest sensitivities of k.4 occur with 'H
elastic scattering, **°U fission, and **U capture cross sections, with CE TSUNAMI-computed integral
sensitivities of about 0.27, -0.16, and 0.30, respectively. The system k.4 is modestly sensitive to small
changes in Be elastic scattering cross-section (~0.04), which is expected as HFIR has a large beryllium
reflector surrounding the core. The HFIR LEU core fuel contains 90 wt. % uranium and 10 wt. % natural
molybdenum, and the k. appears to be sensitive to small perturbations in molybdenum capture reactions,
although the total integral capture sensitivity for all molybdenum isotopes is on the order of 10 There is
less sensitivity to 2**U nuclear data perturbations than were expected considering that the U
concentration increases significantly with the HFIR core fuel modification from highly enriched uranium
(HEU) (~93.2 wt. % *°U) to LEU (~19.75 wt. % *°U) fuel. The integral sensitivity for ***U capture
reactions is about -0.08. The direct perturbation (DP) calculations compared well with the CE
TSUNAMI-3D results overall. Multigroup TSUNAMI-3D could not be successfully applied to the
complex HFIR LEU model. The new CE TSUNAMI-3D sequence of SCALE has made it possible to
perform sensitivity analyses for complex geometrical configurations such as the HFIR LEU core.

The TSUNAMI-IP utility was also used to determine applicable benchmark critical experiments for
validation efforts. The ¢, values generated by TSUNAMI-IP serve as an index for similarity assessment
and represent the correlation of k. uncertainties between two models. This index quantifies the amount of
shared uncertainty in the k.4 values of an application and a benchmark critical experiment due to
uncertainties in the cross sections. A ¢, value of 1.0 indicates that the uncertainties for the model and the
critical benchmark experiment are from the same neutron cross sections, and their reactions at the same
energy, while a ¢, value of 0.0 indicates that the uncertainties are completely unrelated. Typically, a ¢
value of 0.9 or larger indicates good shared uncertainty between the model and the benchmark
experiment. The results from this work show that none of the nearly 750 critical benchmark experiments
examined had a ¢, index greater than 0.9;there were 112 experiments that had a ¢, value between 0.8 and
0.9, indicating some moderate similarity with the HFIR LEU core model. One conclusion that can be
drawn from this comparison analysis is the need for benchmark-quality critical experiments for an LEU
HFIR core to support criticality safety and reactor physics calculations for core conversion activities. It
would be desirable for these measurements to be performed in a facility such as the proposed LPCF at
ORNL. The close proximity to the HFIR reactor facility would allow measurements of excess reactivity
to be performed to verify manufacturing techniques in a manner similar fashion to those performed by the
Y-12 critical experiment facility in the 1960s prior to the new cores being loaded into the pressure vessel.

Simple homogeneous (mixture of fuel, clad, and moderator) and heterogeneous slab (flat fuel plate)
representations of HFIR fuel plates in CE TSUNAMI-3D were generated to explore the effects of
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different geometric approximations.. A homogeneous arrangement of fuel, clad and moderator could
increase resonance self-shielding in the fuel. This is indicated with a larger k., result for the heterogeneous
configuration compared to that for the homogeneous configuration. In general, the results of these
calculations show larger k.4 integral sensitivities to small cross section changes in molybdenum isotopes,
U, and **U for the homogeneous rather than for the heterogeneous fuel plate configuration, with
differences of 4.07%, 8.70%, and 6.66%, respectively. The exception was 'H, which had a total integral
sensitivity which was 10.95% larger for the explicit slab configuration than for the homogeneous
configuration.

Future work may involve (1) using the HFIR LEU model with the IFP methodology available in CE
TSUNAMI-3D, (2) using the HFIR HEU model to compare to HFIR LEU model CE TSUNAMI-3D
results presented here, and (3) performing S/U calculations using the Whisper methodology in MCNP to
compare to the results of the CE TSUNAMI-3D results in this report.
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1. INTRODUCTION

The Oak Ridge National Laboratory (ORNL) is investigating the feasibility of converting the High Flux
Isotope Reactor (HFIR) from highly enriched uranium (HEU) fuel to low-enriched uranium (LEU) fuel.
These efforts are performed as part of an effort sponsored by the US Department of Energy (DOE)
National Nuclear Security Administration (NNSA). These efforts include engineering design studies for
the core conversion using a variety of computational models that consider proposed HFIR LEU fuel
designs to determine if an LEU core can meet the conversion requirements and maintain reactor
performance parameters similar to those of the HEU core. Studies performed to date have demonstrated
that the current HFIR core performance can be maintained with an LEU core with respect to the neutron
flux in the central target region, reflector, and beam tube locations assuming that the core power increases
from 85 MW to 100 MW [1]. The studies used nuclear data libraries (cross-section data) that are based on
the Evaluated Nuclear Data Files (ENDF). Biases and uncertainties associated with modeling
simplifications and the use of these nuclear data libraries can affect the results of the complex radiation
transport calculations. Results that can be affected include preliminary reactor physics and engineering
design studies for the HFIR LEU core conversion. The objective of this work is to perform
sensitivity/uncertainty (S/U) analyses to investigate the quantitative need for benchmark-quality integral
experiments to support the validation of computational methods used to support the conversion of the
HFIR from HEU to LEU fuel. This report presents the results of a series of HFIR LEU fuel calculations
performed with the SCALE [2] code TSUNAMI-3D.

The TSUNAMI-3D [3] code package generates k. sensitivity  coefficients for criticality safety and
reactor physics applications. These coefficients can be used to quantify the computational bias and bias
uncertainty of the analyzed system in the absence of directly applicable benchmark-quality critical
experiments. The sensitivity coefficients calculated by TSUNAMI-3D describe the fractional change in
the system response as a result of small changes to system parameters and cross-section data [4]. The
sensitivity coefficients can also be used to assess the neutronic similarity between different critical
systems.

When the HFIR HEU cores were designed in the 1960s, critical experiments were performed at Y-12 to
provide data used in design efforts and to verify that the HEU cores met manufacturing specifications
prior to their use. The capability to perform critical experiments to assist with LEU core design efforts is
no longer available at Y-12.

Based on a HFIR HEU core model [5] developed with the SCALE Monte Carlo code KENO VI [6], a
HFIR LEU core model was created as a first step in developing a TSUNAMI-3D model using multigroup
cross sections. The multigroup TSUNAMI-3D computations failed to execute properly due to the limited
computing capabilities available at the time. The complex HFIR LEU core model was then simplified
significantly to reduce the computing resources necessary, but the sensitivity coefficient results were
poor, so calculations were not pursued further. The need to model complex problems with increased
accuracy motivated the development of a new version of TSUNAMI-3D utilizing continuous-energy (CE)
cross sections (CE TSUNAMI-3D) instead of multigroup cross sections. The current multigroup version
of TSUNAMI-3D calculates sensitivity coefficients by running forward and adjoint KENO calculations to
tally forward and adjoint fluxes as a function of space, energy, and angle on a given spatial mesh. The
multigroup forward and adjoint fluxes are then used in a linear perturbation theory method described in
Ref. 3 to generate the sensitivity coefficients. This multigroup methodology can present challenges with
respect to producing accurate sensitivity coefficient results for complex problems due to an inadequately
resolved spatial mesh [4] and approximations necessary to generate implicit sensitivities. The CE

" Discussions about sensitivity data in this report refer to only ke sensitivities.



TSUNAMI-3D code includes two new methods to calculate sensitivity coefficients: (1) the Iterated
Fission Probability (IFP) method and (2) the Contribution-Linked Eigenvalue Sensitivity/Uncertainty
Estimation via Track-length Importance Characterization (CLUTCH) method. These two methods
perform well for calculating eigenvalue sensitivity coefficients in CE Monte Carlo [4]. The CLUTCH
methodology was chosen for this work. As shown in this report, CE TSUNAMI-3D produced good
results based on a comparison of the TSUNAMI-3D results and direct perturbation calculations.

The S/U analysis for the HFIR LEU core model determines those nuclide cross sections (indicated by
larger k.zuncertainties) that are most likely to result in biases affecting the calculated system k.p In
addition, the S/U analysis techniques may be used to identify applicable benchmark critical experiments
for use with HFIR LEU core validation efforts and in the design of subcritical or critical experiments that
could be performed in an LPCF. HFIR LEU critical experiments in an LPCF would be used to validate
the HFIR LEU core conversion computational methodologies and to provide directly applicable
benchmark critical experiments for validation purposes, in addition to supporting other core conversion
and core design efforts.

Currently, HFIR LEU and HEU reactor physics studies are performed using high-fidelity core models
with an explicit representation of the involute-shaped fuel plates [7, 8]. However, all previous HFIR
models have approximated the HFIR inner and outer fuel elements by homogenizing the fuel, clad, and
moderator and organizing the core materials into radial and axial segments because of difficulties at the
time in explicit modeling of the involute geometry of the HFIR fuel plates. To examine the effect of these
HFIR fuel element approximations, explicit versus homogenized, on the resonance self-shielding
calculations, two additional CE TSUNAMI-3D calculations were performed in this work. These
calculations would determine the differences between the sensitivity coefficients for an infinite
homogeneous mixture of HFIR LEU fuel, clad, and moderator and an infinite lattice of slab LEU fuel
plates in a water moderator that were modeled based on actual fuel, cladding, and water channel
thicknesses This work includes calculations to examine both the material and geometric self-shielding
characteristics for the HFIR LEU inner and outer fuel element representations and their effect on the
sensitivity coefficients. Recent modeling and simulation efforts for HFIR HEU and LEU cores [7, 8] that
explicitly modeled the HFIR fuel plate involute geometry and compared the results with those obtained
with HFIR homogenized fuel models [1] showed small differences between the eigenvalues and cycle
lengths for the HEU core, but significant cycle length differences for the LEU core. Additionally, the
desire was to enhance existing models as much as possible as capabilities became available. At this time,
it is not possible to explicitly model the involute fuel plates in a CE TSUNAMI-3D model, although the
capability will be available in a future version of SCALE. A future version of MCNP contains a
sensitivity and uncertainty analysis methodology, called Whisper [9], that uses benchmark critical
experiments, nuclear data sensitivities from MCNP, and nuclear covariance data to set a baseline upper
subcritical limits, calculated using a non-parametric, extreme-value method.



2. BACKGROUND

2.1 HFIR DESCRIPTION

HFIR is an 85-MW, very high flux pressurized light-water—cooled and —moderated flux-trap reactor[10].
Core heat is dissipated via water circulation through heat exchangers and a cooling tower outside the
reactor facility. The HFIR core consists of two concentric fuel annuli (elements) that are currently fueled
with HEU fuel (93.2 wt. % enriched *’U) The center of the fuel annuli contains a flux trap region for
irradiating targets. The HFIR core is surrounded by a thin water region, a region containing two control
elements, and a beryllium reflector region that contains experimental facilities and four beam tubes for
use with neutron scattering experiments. Each control element contains three longitudinal regions clad in
aluminum: a black region containing europium, a gray region containing tantalum, and a white region
containing aluminum [10]. The HFIR pressure vessel resides in a large pool of water adjacent to a spent
fuel staging area. The HFIR fuel elements consist of a series of fuel plates with an involute geometry. The
HFIR inner fuel element currently has 171 fuel plates with a total U loading of about 2.6 kg. The HFIR
outer fuel element has 369 fuel plates with a total **U loading of approximately 6.8 kg. The cycle length
of HFIR with HEU fuel varies between 24 and 26 days. HFIR’s missions are to support neutron scattering
experiments, isotope production, and materials irradiation research. Fig. 1 shows a vertical section of the
HFIR vessel and core, in addition to experimental and cooling support equipment [10]. Fig. 2 and Fig. 3
illustrate the HFIR HEU inner and outer fuel elements and show the involute geometry of the fuel plates.
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Fig. 3. Top view of a HFIR fuel bundle [11].

2.2 HFIR LEU CORE CONVERSION

The NNSA LEU conversion effort was established to minimize and, to the extent possible, eliminate the
use of HEU in civilian nuclear applications by working to convert research and test reactors and
radioisotope production processes to the use of LEU fuel and targets throughout the world [11]. This
effort has initiated and supported various studies at a number of US reactor facilities related to fuel
development and engineering studies to convert the US high-performance research reactors from HEU
fuel to LEU fuel.

Although the HFIR HEU core and the proposed HFIR LEU cores are inherently different (e.g.,
enrichment, fuel design, and LEU monolithic vs. HEU dispersion form fuel), the overall performance of a
HFIR LEU core is required to be the same as the current HFIR HEU core. The following core parameters
must be maintained and are assumed to remain the same for the core conversion studies. These
assumptions are summarized below [11].

* The HFIR LEU core should have flux levels similar to the HEU core at key locations and cycle
length.

¢ The core dimensions should remain the same.



* There should be no change in the involute fuel plate geometry and minimum clad thickness when
using physical dimensions similar to those in the HEU core.

* Based on computational studies, the fuel contouring within individual plates is likely to change to
optimize the core power distribution and maintain a radially flat power distribution.

* Margins of safety as discussed in the bases for the technical safety requirements shall be
maintained.

* No change will be made in core coolant flow requirements or primary coolant system pressure.

* Each fresh LEU inner fuel element (IFE) and outer fuel element (OFE) shall be separately
subcritical under all normal and credible abnormal conditions with conservative reflector
conditions (concrete/full water).

* No change will be made to the currently approved methods for handling and storing irradiated
fuel elements.

The HFIR LEU studies documented to date [1, 12] examined key parameters for LEU fuel, including
fuel and flux trap void coefficients of reactivity, coolant temperature coefficient of reactivity, effect of
fuel grading, and thermal hydraulics behavior. These studies have shown that the more dense LEU fuel
will provide similar performance as the HEU fuel. Favorable results presented in these studies imply
minimal impact to overall HFIR mission performance; however, experimental measurements are highly
desirable to validate results of HFIR core computations to ensure confidence in the nuclear data and
computational methodology. Efforts to convert other research reactor facilities, such as the Neutron
Radiography (NRAD) Reactor at Idaho National Laboratory [13], have resulted in issues related to
accurately predicting excess core reactivity with the computational techniques used at the time. Critical
experiments could have prevented some of the issues, because if experimental data had been available, it
could have been used to verify and validate design calculations.

When the HFIR HEU core was designed, four sets of critical experiments were performed at the Y-12
critical experiment facility [10]. These experiments were used to compile experimental data for a variety
of key operational parameters for HFIR: power distribution, moderator-poison data, symmetrical control
element positions in the clean core, shutdown margins, control element differential worth, worth of target
and voids in the flux trap region, temperature coefficients, neutron lifetime, and effective delayed neutron
fraction [10]. Even after the production HFIR HEU cores started to arrive at ORNL, the Oak Ridge
Critical Experiment Facility at the Y-12 National Security Complex performed critical measurements on
the new cores to verify the fuel elements prior to their use in the HFIR pressure vessel. The ability to
perform critical experiments with proposed HFIR LEU conversion activities to verify that the LEU cores
are manufactured to specifications before being loaded into the reactor vessel would be invaluable to
verify reactor physics computations and to develop experimental benchmarks to validate computer codes
and nuclear data. The DOE currently does not have the capability to perform HFIR critical experiments.






3. CALCULATION METHODOLOGY

3.1 TSUNAMI-3D AND TSUNAMI-IP ANALYSIS USING CONTINUOUS ENERGY CROSS
SECTIONS

3.1.1 Background

A KENO-VI model of an LEU HFIR core was developed for preliminary studies related to this work to
perform preliminary sensitivity/uncertainty (S/U) analyses with the multigroup version of TSUNAMI-3D
and to calculate the system effective multiplication factor, k5 The “multi-region” option was used in the
TSUNAMI-3D sequence to account for both geometric and material resonance self-shielding effects in
the calculations. These calculations utilized the 238-group cross sections set derived from ENDF/B-VII
data. This calculation did not succeed due to computer memory limitations. The version of the SCALE
code system currently under development includes a new version of the TSUNAMI-3D package that uses
CE cross sections [4]. The use of CE cross sections eliminates the need to perform rigorous resonance
self-shielding calculations to generate a case-dependent multigroup cross section library for use with the
HFIR LEU multigroup core model. Future work should consider using Whisper [9] to allow for MCNP
S/U analyses to be performed to compare to the CE TSUNAMI-3D results.

3.1.2 TSUNAMI-3D Overview

Tools for Sensitivity and Uncertainty Analysis Methodology Implementation in Three Dimensions
(TSUNAMI-3D) is a SCALE control module that facilitates the application of sensitivity and uncertainty
analysis to criticality safety analysis using the first-order linear perturbation method. TSUNAMI-3D
provides for the automated processing of the HFIR LEU core model materials, the processing of
multigroup cross sections (including the self-shielded, case-dependent, cross section data for this
particular problem), the calculation of forward and adjoint neutron transport solutions, the calculation of
the k. sensitivity coefficients, and the calculation of the uncertainty in k. due to the cross section
covariance (uncertainty) data. The SAMS module is used to determine the sensitivity of the calculated
value of k. to the nuclear cross-section data used in the calculation as a function of material, reaction
type, and neutron energy. The sensitivity data file produced by TSUNAMI-3D is then processed through
a SCALE module, TSUNAMI-IP (Tools for Sensitivity and Uncertainty Analysis Methodology
Implementation — Indices and Parameters), to determine the degree of similarity between two systems
[14]. Specifically, an index used for a comparison or similarity assessment is the correlation of
uncertainties in the k.4 for a system (c;). This index is used to quantify the amount of shared uncertainty in
the k. values between the HFIR LEU core and a benchmark critical experiment based on uncertainties in
the nuclear cross sections. Therefore, a ¢, value of 1.0 means that the uncertainties for the application and
the benchmark are all generated from the same nuclides and reactions at the same energies, whereas a ¢,
value of 0.0 means that the uncertainties of the two systems are completely unrelated [14]. If the HFIR
LEU model and a critical experiment have the same energy-dependent sensitivities to the same nuclear
data, they should have the same computational bias. Use of the ¢, correlation coefficient ensures that the
nuclear data resulting in the higher k.5 uncertainties receive greater weight when model sensitivities are
compared. This analysis will allow a comparison of the HFIR LEU core model and the potential
benchmark-critical experiments for use in validation and verification efforts. Applicable similarity
between the HFIR LEU model results and a critical benchmark experiment is indicated if the calculated ¢,
value is greater than 0.9 and less than 0.95, and high applicability is indicated if the calculated ¢, value is
greater than 0.95 [15].



3.1.3 Continuous Energy TSUNAMI-3D Calculations

ORNL has developed new capabilities allowing CE eigenvalue sensitivity coefficient calculations with
TSUNAMI-3D [4, 16]. These new capabilities will be included in SCALE 6.2, the next release of the
SCALE package (anticipated release in FY2016). This capability was developed because many
TSUNAMI-3D end users needed to model more complex problems with increased accuracy. As
previously discussed, the HFIR LEU TSUNAMI-3D multigroup model produced inaccurate results due
largely to an inadequately resolved spatial mesh in the transport calculations and computer memory
limitations, as the multigroup cross sections were being adjusted for resonance self-shielding effects. Two
additional methods in the CE TSUNAMI-3D code have been developed to enhance the capabilities of
TSUNAMI-3D. These methods use CE cross sections: the Integrated Fission Probability (IFP) method
and the Contribution-Linked eigenvalue sensitivity/Uncertainty estimation via track length importance
Characterization (CLUTCH) method. The IFP and CLUTCH methods are thoroughly discussed in
Reference 16. These methods have been implemented within the Monte-Carlo KENO code in SCALE,
which has the capability to use CE cross sections. The new methods calculate the eigenvalue sensitivity
coefficients during a single forward Monte-Carlo calculation without the use of a spatial mesh to avoid a
significant limitation of the multigroup TSUNAMI-3D approach [16].

According to the summary in Reference 16, the IFP method computes adjoint-weighted tallies using the
concept that the importance of an event (relative to the k. of the system) is proportional to the population
of neutrons present in the system that are progeny of the original event. In a practical sense, this method
requires storing reaction rate tallies for simulated particles in the calculation for some number of
generations until the population of their progeny has reached an asymptotic value-to-weight reaction rate
tallies for the original neutron to subsequently produce sensitivity coefficient estimates via the first-order
perturbation equation [16]. This method requires a great deal of execution time, depending on the
problem’s complexity. For this reason, the IFP method was not used for this analysis. The CLUTCH
method calculates the importance of events during a particle’s lifetime by examining how many fission
neutrons are created by that particle after those events occur. This method requires that reaction rate
information be stored by the calculation for every interaction event in the particle’s lifetime. The quantity
of data required to be tracked during a particle’s lifetime via tallies is not energy-dependent, i.e., the
energy of a neutron is constant between any two collision events, so significantly less data need to be
stored compared to the IFP method. This makes the CLUTCH method the preferred method for these
types of calculations.

Testing of this new capability has been performed by ORNL for several different configurations (i.e.,
single unit and fuel pins) [4]. The results demonstrate that the IFP method has extremely large computer
memory requirements, tending to decrease its usefulness for complex problems such as the HFIR LEU
SCALE model. For example, the fuel pin studies using the IFP method demonstrate that it requires
significantly more computer memory (2,113 MB) compared to the multigroup TSUNAMI-3D (63 MB)
and CLUTCH (0 MB) methods. As previously discussed, the TSUNAMI-3D conventional methodology
(multigroup cross sections) did not work even with a significantly simplified model of the HFIR LEU
configuration. In contrast, the CLUTCH method performed well and required significantly fewer memory
resources than the IFP or conventional methods for the sample problems considered in Reference 4.
Therefore, the CLUTCH method was chosen for this work.

The CE TSUNAMI-3D results are compared in this work to direct perturbation (DP) calculations, which
involve performing additional analysis in which the number density for a nuclide of interest is changed by
a small amount. The k. results from these analyses are used to manually compute the total sensitivity
coefficient, which is compared to the CE TSUNAMI-3D results to ensure that the calculation approach
was appropriate for the HFIR LEU core TSUNAMI study.
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4. CALCULATIONS AND RESULTS

4.1 HFIR LEU CORE MODEL

A CE TSUNAMI-3D model was created from the KENO-VI HFIR LEU model to generate energy-
dependent sensitivity profiles. The SCALE 6.2 Beta 4 package [17] and ENDF/B-VII.1 CE cross section
data are used for the TSUNAMI-3D calculations. The model contains number densities for a total of 264
materials [5]. Reference 5 defines the geometric features of the model: the central target region, the fuel
and control element regions, the beryllium reflector regions, and the reactor outer regions. Fig. 4 shows a
KENO-3D plot of the HFIR LEU core, depicting the inner and outer fuel elements, the beryllium
reflector, experiment facilities, and neutron beam tubes. Fig. 5 is a KENO-3D plot of the axial cross
section of the HFIR LEU model showing the numerous axial regions in the fuel element region. Fig. 6 is a
KENO-3D plot showing the HFIR LEU model inner and outer fuel assemblies, flux trap region, and
beryllium reflector.

Beryllium reflector and
elements experimental facilities

Fig. 4. Cross section of the CE TSUNAMI-3D model for HFIR LEU core.
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Fig. 6. HFIR LEU core and flux trap region in the LEU Core model.
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4.2 TSUNAMI-3D (CE) RESULTS

The goal of this sensitivity analysis is to predict how nuclear data changes affect the k.4 of the system. In
particular, the sensitivity strategy of TSUNAMI is to estimate the fractional change in k.4 caused by a
fractional change in the nuclear data. A sensitivity value of 0.1 indicates that a 1% increase in the nuclear
cross-section or atom densities will cause a 0.1% increase in the system k.. For this work, the energy-
dependent sensitivity profiles were plotted using a 238-group energy structure. The sensitivity results
from the CE TSUNAMI-3D calculations are illustrated in the energy-dependent sensitivity profiles (Fig.
7-Fig. 19) for 'H, °Be bound, **°U, ***U, and molybdenum (92M0, **Mo, *’Mo, **Mo, “"Mo, *Mo, and
'%Mo). These nuclides produced the largest ks sensitivities. The sensitivity results produced by CE
TSUNAMI-3D are defined as (6k/k)/(6Z/X) and are unitless values.

Table 1 shows a summary of the energy-integrated TSUNAMI-3D CE results for the aforementioned
nuclides as a function of reaction type. Table 1 shows how the CE TSUNAMI results compare to direct
perturbation calculations (discussed in more detail in 4.3). Energy dependent sensitivity results are shown
in the sensitivity profiles in Fig. 7-Fig. 19.

Table 1. Energy-integrated sensitivities and standard deviations for HFIR loaded with LEU fuel

Direct perturbation CE TSUNAMI-3D

Isotope Reaction g o g o
Total 4.550E-02 2.994E-04 4.743E-02 9.521E-04
9 Elastic scatter 4.240E-02 9.507E-04
Be (Bebound) - I e ~4.401E-03 1.421E-06
n,2n 9.429E-03 9.382E-06
Total 2.212E-01 1.406E-03 2.223E-01 1.503E-03
'H Elastic Scatter 2.685E-01 1.504E-03
Capture -4.617E-02 6.292E-06
Total 1.431E-01 9.238E-04 1.442E-01 4.693E-05
Elastic Scatter 1.275E-03 3.263E-05
3y Capture -1.635E-01 1.683E-05
Fission 3.044E-01 3.537E-05
n,n’ 1.965E-03 1.154E-05
Total -3.660E-02 2.393E-04 -3.692E-02 1.086E-04
Elastic Scatter 1.299E-02 9.719E-05
By Capture -7.969E-02 1.114E-05
Fission 1.902E-02 1.410E-05
n,n’ 1.024E-02 2.915E-05
Mo Capture -1.190E-02 7.573E-05 -1.180E-02 4.141E-05
*Mo* Capture NC! NC -1.055E-02 2.739E-06

? S = energy integrated sensitivity results

b

ogs = standard deviation of the energy integrated sensitivity results

¢ The integral sensitivities for 92Mo, 94M0, 96Mo, 97Mo, 98Mo, and Mo capture are small compared to Mo
capture sensitivity results and are not provided here but are provided in the energy-dependent sensitivity profiles
in Fig. 18. The results for Mo nuclide inelastic scattering sensitivity results are also very small (~10™*) and are not
provided here but are provided in Fig. 17.

“Not calculated

The energy-dependent sensitivity profiles for 'H for the total, capture, and elastic scattering cross-section
are shown in Fig. 7. The total cross section sensitivity for 'H includes contributions from both capture and
scattering reactions. The sensitivity results for 'H indicate that the kg is sensitive to 'H capture and, to a
lesser extent, elastic scattering at ~0.06 eV. There are some positive sensitivity peaks for 'H elastic
scattering for 1-110 eV and at approximately 1-2 MeV; however, there are no sensitivities noted for 'H
capture over these ranges. The maximum sensitivity for 'H total (sum of sensitivity contributions for 'H
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elastic scattering and 'H capture) occurs at about 7 eV (~0.14) with smaller sensitivity peaks between 7-
110 eV. There is a negative sensitivity peak 'H total at about 0.05 eV (-0.044).

0101 leu2011_final h-1 total

Integral Value = 0.2223106 + 0.001503666
len2011_final h-1 elastic

Integral Value = 0.26842816 + 0.001503626
len2011 _final h-1 capture
Integral Value = -0.04617096 + §.291665E-6
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10E-03 1.0E-02 10E-01 1.0E00 1.0E01 1.0E02 1.0E03 1.0E04 1.0E0S 1.0E06 1.0E07
Energy (eV)

Fig. 7. Energy-dependent sensitivity profiles for 'H (capture, elastic scatter, and total).

The energy-dependent sensitivity profiles for *Be are shown in Fig. 8. The profiles show two small
negative sensitivities for *Be capture at about 0.04 eV and about 2 MeV. The profiles indicate a small
negative sensitivity at about 0.08 eV for ’Be elastic scattering. There are some positive sensitivities peaks
between about 3 eV — 1 keV and a significant sensitivity peak at about 2 MeV for °Be elastic scattering.
The sensitivities to *Be capture are small. Fig. 9 shows the energy-dependent sensitivity profile for *Be
(n,2n) reactions. For neutron energies below about 2 MeV, the cross section for *Be(n,2n) is essentially
zero. Above 2 MeV, the cross section increases significantly to about 0.32 barns (Fig. 10) and is relatively
constant above about 5 MeV (based on ENDF/B-VII cross section data). Fig. 9 indicates that there is a
small sensitivity peak at about 3 MeV, approximately where the *Be (n,2n) threshold is for the *Be (n,2n)
cross section.
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Fig. 8. Energy-dependent sensitivity profiles for ’Be (capture, elastic scatter, and total).
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Fig. 9. Energy-dependent sensitivity profile for 9Be(n,2n).
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Fig. 10. Neutron cross section for 9Be(n,2n) reaction.

Fig. 11 shows the energy-dependent sensitivity profiles for >°U fission, capture, elastic scattering, and
total. For *°U elastic scattering, the sensitivity of the k,;to small changes in the elastic scattering cross
section as a function of energy is essentially zero. For *°U fission, there is a region of positive sensitivity
at about 0.05 eV, numerous positive peaks from ~1 eV to about 1 keV (maximum peak at ~0.3 eV), and a
small region of positive sensitivity at about 2 MeV. For **°U capture, there is a region of small, negative
sensitivity at about 0.06 eV and numerous negative sensitivity peaks from about 1 eV to about 1 keV.
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Fig. 11. Energy-dependent sensitivity profiles for By (capture, elastic scatter, total, and fission).

Fig. 12 illustrates the energy-dependent sensitivity profile for the U (n, n’) reaction (inelastic

scattering). Because inelastic scattering is a threshold reaction, the sensitivity of the system k. to Py
(n, n’) is near zero until about ~2 MeV, where this reaction sensitivity peaks. The sensitivity of k. to 2y
inelastic scattering is much smaller than the sensitivities to **°U capture, scatter, and fission reactions.
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Fig. 12. Energy-dependent sensitivity profile for 55U inelastic scattering (n,n’).

Fig. 13 shows the energy-dependent sensitivity profiles for ***U capture, elastic scatter, fission, and total.
The profiles for each reaction in the thermal region of the fission and elastic scattering reactions are
essentially zero up to about 0.06 eV where the net sensitivities are negative (primarily from ***U fission)
but very small (about -0.004 or less). From 6 eV to 10 keV, there are numerous negative sensitivity peaks
for U capture and numerous positive sensitivity peaks for ***U elastic scattering (smaller in magnitude
than the capture sensitivities). This makes sense, because of the number and magnitude of the capture
resonances for 2*U could be the source of cross section uncertainties in this neutron energy range
(intermediate energy/resonance energy range). There is also a relatively small positive sensitivity peak at
about 2 MeV for >*U fission. Above ~10 keV, there are no significant sensitivity peaks for >**U scattering
and capture (nonfission).
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Fig. 13. Energy-dependent sensitivity profiles for 3y (capture, elastic scatter, total, and fission).

Fig. 14 shows the energy-dependent sensitivity profile for ***U inelastic scattering (n,n’). Inelastic

scattering is a threshold reaction, so the sensitivity results below about 1 MeV are near zero as expected.
There is a positive sensitivity to ***U (n, n’) on the system kegat about 2.0 MeV, which is relatively small
compared to other ***U reaction sensitivities discussed previously.
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Fig. 14. Energy-dependent sensitivity profile for 280 inelastic scattering (n,n’).

Fig. 15 shows the energy-dependent sensitivity profiles for **Mo, **Mo, **Mo, *’Mo, **Mo, and Mo for
elastic scattering. Molybdenum is a significant constituent (~10% by weight) of the HFIR LEU fuel meat
that is present in the plates of the inner and outer fuel elements. The magnitude of the total molybdenum
sensitivity is dominated by the elastic reaction for Mo, although the sensitivity of system ke to small
perturbations in the molybdenum density is relatively small. There is a sharp positive sensitivity peak for
**Mo elastic scattering at about 200 eV, but the magnitude of the sensitivity is rather small. There are
some very small k. sensitivities throughout the sensitivity profiles, as indicated in the intermediate
neutron energy range and at about 1 MeV. Overall, the molybdenum elastic scattering sensitivity results
for these isotopes are very small, less than 10, and are essentially negligible.
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Fig. 15. Energy-dependent sensitivity profiles for various molybdenum isotopes (elastic scatter).

The energy-dependent sensitivity profiles for *°Mo elastic scattering are shown in Fig. 16. There is a

significant positive sensitivity peak of magnitude ~ 0.04 at about 4 eV followed by a small negative peak
at just above 4 eV. The sensitivity of the k.;to small changes in the %Mo elastic scattering cross section as

a function of energy is essentially zero both below and above 4 eV.
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Fig. 16. Energy-dependent sensitivity profiles for Mo (elastic scattering).

Fig. 17 shows the energy-dependent sensitivity profiles for **Mo, **Mo, *’Mo, **Mo, *’Mo, **Mo, and
Mo inelastic scattering (n,n’). As mentioned previously for >**U, inelastic scattering is a threshold
reaction, so it is not unreasonable for the sensitivity results below about 1 MeV to be zero. There is a
positive sensitivity to k.4 to all the molybdenum isotopes for inelastic scattering at about 2.0 MeV with
*Mo and *’Mo dominating the positive sensitivity peak. The integral sensitivities for Mo and *’Mo
inelastic scattering dominate the other molybdenum isotopes. The k.4 sensitivities for the molybdenum
isotopes for perturbations in the inelastic scattering nuclear data are very small, less than 4x10™.
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Fig. 17. Energy-dependent sensitivity profiles for various molybdenum isotopes (inelastic scattering).

Fig. 18 shows the energy-dependent sensitivity profiles for **Mo, **Mo, **Mo, *’Mo, **Mo, and '"’Mo
capture. There are negative k.4 sensitivities for perturbations in the capture cross sections for all
molybdenum isotopes. The magnitude of the sensitivity results shown in Fig. 18 are an order of
magnitude larger than the elastic and inelastic scatting sensitivity results. Even so, the k. sensitivity
results for molybdenum capture are very small, less than 8x107 in absolute value.
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Fig. 18 Energy-dependent sensitivity profiles for various molybdenum isotopes (capture).

Fig. 19 shows the energy-dependent sensitivity profiles for *°Mo capture. The ke has a negative
sensitivity to the *’Mo cross section of ~0.11 at about 40 eV that is significantly larger in magnitude than
all the other molybdenum isotopes considered in Fig. 18. The sensitivity profile for *°Mo capture is
essentially zero elsewhere.
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Fig. 19. Energy-dependent sensitivity profiles for Mo (capture).

4.3 DIRECT PERTURBATION CALCULATIONS

It is important to check the sensitivity coefficients generated by TSUNAMI-3D for the HFIR LEU core
model. It has been noted in the past that the TSUNAMI-3D results can vary significantly, depending upon
the calculation input parameters and modeling assumptions with respect to the cross section processing
(resonance self-shielding calculations) and criticality calculations. The sensitivity results performed here
are verified by comparing them with DP calculations. DP calculations involve perturbation of the HFIR
model input parameters, in this case material densities. DP calculations [18, 19] for this work involve
computing the system k. with nominal values of the material density then with a selected input value
increased by a certain percentage and then with the value decreased by the same percentage.

The DP results in this work are shown in Table 2 for the isotopes of interest and compares the calculated
sensitivity (S) and standard deviation of the sensitivity (cs) for CE TSUNAMI and the DP HFIR cases.
The sensitivity results in Table 1 are the energy-integrated sensitivities instead of the energy-dependent
sensitivities previously discussed. The DP calculations results are illustrated in Fig. 20-Fig. 24 for a
percentage change in the material density (assumed to be +/- 1% for these calculations). The figures show
the relationship between the ratio of the original material density, po, and the perturbed material density,
p, and the ratio of the final k.4, &, and the original k.4, ky. The data in these figures indicate linear behavior
between these parameters for the isotopes of interest, which indicates acceptable DP results. These
calculations helped to identify some technical issues with the code package and SCALE execution
sequences that were resolved as this work proceeded. The results, shown in Table 2, indicate good
agreement for the ’Be, 'H, Mo, **°U and **U total sensitivities between the TSUNAMI and DP
calculations, with corresponding relative differences of 4.12%, 0.49%, -1.39%, 0.75%, and 0.91%,
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respectively. The relative differences are less than two standard deviations, and the absolute differences
are smaller than 0.002.

For multigroup TSUNAMI-3D, one indicator for determining if the TSUNAMI-3D data are acceptable is
to ensure that the difference between the forward and adjoint k.4 results for the simplified model was less
than about 0.5% Ak. For CE TSUNAMI-3D, the adjoint calculation is not performed, so only a
comparison of the CE TSUNAMI results to the DP results can provide the analyst with some assurance
that the code package is performing as intended. Because of significant memory limitations on the
computer systems running the multigroup version of TSUNAMI-3D, the HFIR LEU KENO-VI model
would not successfully execute. Obviously, the CE TSUNAMI-3D package allowed this analysis to be
completed with no significant computer memory issues. The DP calculations compare well to the CE
TSUNAMI results.

Table 2. Comparison of CE TSUNAMI and direct perturbation results

CE TSUNAMI Direct Perturbation Comparison
Isotope o standard
s* os’ %65 S s %65 oo . | deviation | difference’
difference . d
difference
Be(}’];’;“d 0.0474 | 9.521E-04 | 2.01 |0.0455 | 2.994E-04 | 0.66 4.18 1.90 0.00190
'H 0.2223 | 1.504E-03 | 0.68 [0.2212 | 1.406E-03 | 0.64 0.50 0.53 0.00110
Mo -0.0118 | 4.141E-05 | 0.35 |-0.0119 | 7.573E-05 | 0.64 -0.84 1.16 0.00010
By 0.1442 | 4.694E-05 | 0.03 |0.1431 | 9.238E-04 | 0.65 0.77 1.19 0.00110
B8y -0.0369 | 1.086E-04 | 0.29 [-0.0366 | 2.393E-04 | 0.65 0.82 1.14 -0.00030

“S = energy integrated sensitivity results
? 55 = standard deviation of the energy integrated sensitivity results

. Srsunamr-3p=SpP)
¢ % difference = %*100%
DP

(Srsunamr-3p=Spp)

2 2
OrsUNAML3D” TODP

“ standard deviation difference =

“difference = Syq nansp - Sop
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Fig. 21. Graphical DP results for 'H.
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Fig. 23. Graphical DP results for >°U.
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4.4 CE TSUNAMI CALCULATION DISCUSSION

The results of the sensitivity analysis show that the two largest integral sensitivities are with 'H elastic
scattering at 0.269 and *°U fission at 0.304 (Table 1). There is a significant negative sensitivity (0.01 —
1.0 eV) and positive sensitivity peaks from Fig. 7 in the resonance and fast neutron energy regions to
small variations in the 'H cross sections due to elastic scattering reactions resulting from neutron
moderation.

Fig. 11 shows a significant positive sensitivity to the system k. to U fission at thermal (~0.1 eV) and
over the resonance range, indicating that the HFIR LEU core has a positive sensitivity to perturbations in
the *°U fission cross section in the core of the reactor, which is not unexpected. There are also significant
negative sensitivity peaks for ’U capture at thermal and over the resonance range, although the
magnitude of these sensitivities are smaller compared to the fission sensitivity results over the same
neutron energy ranges.

There is a small sensitivity peak to the system k. (~0.015) to small changes in ’Be elastic scattering at
fast neutron energies (> 1 MeV) that is consistent with the large beryllium reflector used in HFIR
compared to the sensitivities at thermal energies. The sensitivity at larger neutron energies rather than at
thermal energies indicates no significant sensitivity to the *Be-bound scattering kernel for beryllium
metal.

The HFIR LEU fuel plates will contain 10 wt. % natural molybdenum in the U-Mo fuel meat , and the k.5
of the HFIR LEU core appears to be sensitive to small perturbations in the **Mo capture reaction (integral
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sensitivity ~0.011), although the sensitivity is small compared to the other isotopes of interest (+107 to
10 range). The total integral sensitivity to the molybdenum isotopes for the capture reaction is also small
(-0.0118) compared to the Be bound, hydrogen, and uranium isotopes.

Because of the large absorption cross section for 2**U, especially in the resonance region of the neutron
spectrum, resonance self-shielding effects within ***U in the LEU fuel during operations become rather
significant. There are significant negative sensitivities of 2*U capture in the resonance region of the
neutron energy spectrum and a small positive sensitivity peak for >**U fission above 1 MeV. The integral
sensitivity for >**U capture and fission are ~0.08 and ~0.02, respectively. Even with the larger 2*U
concentration in the LEU fuel, there is less sensitivity to >**U perturbations than expected considering the
»¥U concentration increases significantly with the HFIR core fuel modification from HEU (~93.2 wt. %
*3U) to LEU (~19.75 wt. % *U) fuel.

The DP calculation results for the isotopes and reactions of interest compare well with the CE

TSUNAMI-3D results. The use of CE TSUNAMI-3D has made this type of calculation possible for
complex geometrical configurations such as the HFIR LEU core configuration.
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5. TSUNAMI-IP CALCULATIONS

5.1 INTERNATIONAL HANDBOOK OF EVALUATED CRITICALITY SAFETY
BENCHMARK EXPERIMENTS

Calculation results from radiation transport codes such as KENO-VI need to be compared to experimental
data to ensure that the computational methodology and nuclear data are providing adequate results. This is
important because safety and design decisions are made based on radiation transport calculation results.
An experimental database is provided for a variety of system parameters and operations of interest in the
International Handbook of Evaluated Criticality Safety Benchmark Experiments (IHECSBE) [20]. The
IHECSBE experimental database contains numerous evaluations for a variety of critical experimental
configurations involving LEU, intermediate enriched uranium (IEU), and HEU for metal, solution,
compound, and miscellaneous systems. The IHECSBE is part of the International Criticality Safety
Benchmark Evaluation Project and is published annually. A wide variety of critical experimental
benchmarks were chosen from IHECSBE for a similarity assessment and compared to the sensitivity
results for the HFIR LEU CE TSUNAMI-3D model.

5.2 SIMILARITY ASSESSMENT

The sensitivity analysis performed for the HFIR LEU core yields a significant amount of information
about the similarities and differences between fissionable material systems, including the HFIR LEU core
and similar critical benchmark experiments. For code validation purposes, sensitivity results can be
combined with nuclear data uncertainty information to determine whether or not two systems are similar
enough to be used in code validation efforts. The sensitivity coefficients generated by CE TSUNAMI-3D
represent the fractional change on the system k.4 due to a fractional change in nuclear data. The sensitivity
data produced by CE TSUNAMI-3D are provided as energy-dependent sensitivity profiles and as integral
sensitivities. The CE TSUNAMI-3D integrated sensitivities are not used in the similarity assessment.
Uncertainty analysis is also performed by CE TSUNAMI-3D for the purpose of quantifying the energy-
dependent uncertainty in k.¢ due to the uncertainty in nuclear data. This analysis considers the
propagation of estimated cross section uncertainty information to the calculated k.4 value of a given
system using the sensitivity coefficients. The procedure also provides an energy-, nuclide-, and reaction-
dependent comparison of two systems to yield an estimate of the correlated uncertainty between them.
The correlated uncertainties can be represented by correlation coefficients, in this case ¢;, which
effectively represent the degree of correlation in the uncertainties between the two systems. The values of
the correlation coefficient are valid over a range of -1 < ¢; < 1, where ¢, = 0 indicates no correlation, ¢; =
1 indicates full correlation and ¢; = -1 indicates full anti-correlation. Typically, the closer the correlation
coefficient is to a value of unity, the better the correlation between two fissile systems. A value of ¢,
above 0.8-0.9 represents modest similarity between two systems, while a value of ¢; above 0.9 indicates
that the two systems are similar enough for the critical benchmark experiment to be applicable for use
with validation efforts [20]. The correlation between two fissile material systems, in this case the HFIR
LEU core and a benchmark critical experiment, could be related because they contain the same types of
materials. Systems with the same materials and similar spectra would be correlated, while systems with
different materials or spectra would not be correlated [21]. The underlying principle associated with use
of the ¢, parameter is that two systems with similar sensitivity to the same higher uncertainty nuclear data
will have the same nuclear-data related bias. The ¢, parameter is useful because it provides a single
quantity relating the similarity between two systems considering both the sensitivity of the k.4 to small
changes in material properties and propagated uncertainties in nuclear data.
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5.3 TSUNAMI-IP RESULTS

The results of the TSUNAMI-IP comparison analysis that considered 750 critical benchmark experiments
are illustrated in Fig. 24 and Fig. 25. There were no critical benchmark experiments identified with ¢,
values greater than 0.9; however, there was some similarity (not as much as desired, i.e., ¢, > 0.9)
between the HFIR LEU core model and critical benchmark experiments for verification and validation
purposes.

Fig. 25 illustrates the 112 experiments with ¢, values between 0.8 and 0.9, with the highest ¢, value being
0.87. These 112 experiments and experimental series are listed in Table 3 sorted by ¢, value. They are the
points plotted in Fig. 26 with ¢, values greater than 0.8. The top three experiments noted (car10, car07,
and car08) were Rocky Flats experiments that were conducted in the late 1970s using cubes of LEU (< 10
wt. % enrichment) U;Og damp powders [22]. Two other similar Rocky Flats experiments, carl7 and
carl8, also have ¢, values greater than 0.8. The “car” experiments are not currently included in the
IHECSBE. A variety of other LEU critical benchmarks were also identified with ¢, values greater than
0.8 (LEU-COMP-THERM experiment series 9, 10, 12, 17, 18, 20, 21, 22, 24, 25, 26, 32, 40, 79, and
HEU-MET-THERM-006 and LEU-SOL-THERM-001 and -017). [20]

The results of this effort have identified some critical benchmarks of moderate applicability that can be
used for validation efforts; however, the similarity between the HFIR LEU core model and the identified
experiments is less than it should be for use in criticality validation studies. Without sufficiently
applicable critical benchmark experiments to validate the computational method, the bias and bias
uncertainty values used to derive an upper subcritical limit for subsequent criticality safety analysis
should include additional margin to cover validation deficiencies and would thus tend to be larger than
desired. One conclusion that can be drawn from this comparison analysis is the need for benchmark-
quality critical experiments for an LEU HFIR core to support criticality safety and reactor physics
calculations for core conversion activities. It would be desirable for these measurements to be performed
in a facility such as the proposed LPCF at ORNL. The close proximity to the HFIR reactor facility would
allow measurements of excess reactivity to be performed to verify manufacturing techniques in a manner
similar fashion to those performed by the Y-12 critical experiment facility in the 1960s prior to the new
cores being loaded into the pressure vessel.
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Table 3. Similarity index values for benchmark-critical experiments from TSUNAMI-IP analysis

Experiment|Experiment Experiment|Experiment Experiment| Experiment
number series G ° number series G ° number series G °

239 carl0 0.8857  0.0007 256 1ct009-23  0.8363 0.0007

227 car07 0.8828  0.0007 213 1ct009-14  0.8363 0.0007 288 ct079-6 08191 0.0006
195 car08 0.8756  0.0007 232 1ct079-5  0.8362  0.0007 164 1ct010-05  0.818 0.0009
168 1ct010-16  0.8634  0.0013 191 1ct040-02  0.8362  0.0007 277 lct26¢4 0.8168  0.0007
226 carl8 0.8628  0.0007 152 1ct009-18  0.8362  0.0007 207 1ct010-26  0.8164  0.0007
142 1ct040-01  0.8588  0.0007 251 1ct010-04  0.8361 0.0007 192 1ct012-01  0.8164  0.0007
175 1ct040-03  0.8587  0.0007 132 1ct009-06  0.836 0.0007 208 1ct010-25  0.8154  0.0007
218 1ct010-19  0.8572  0.0007 196 1ct009-13  0.8357  0.0007 180 1ct012-02  0.8152  0.0007
252 Ict32a3 0.8567  0.0007 159 1ct009-03  0.8357  0.0007 150 1ct012-03  0.815 0.0007
211 1ct010-18  0.8557  0.0007 176 1ct009-01  0.8355 0.0007 284 let21c5 0.8149  0.0008
223 1ct010-23  0.8554  0.0007 170 1ct009-04  0.8354  0.0007 241 let21c4 0.8147  0.0008
267 Ict32a2 0.8551  0.0007 286 1ct009-11  0.8353 0.0007 244 let21c6 0.8144  0.0008
296 let22c¢1 0.8541  0.0007 243 1ct009-02  0.8353 0.0007 268 1ct012-04  0.8144  0.0007
202 1ct010-17  0.8531  0.0007 166 1ct009-10  0.8348 0.0007 199 1ct012-08  0.8144  0.0007
220 1ct010-30  0.8523  0.0007 259 1ct009-25  0.8347  0.0007 242 1ct012-05  0.8143  0.0007
178 Ict32al 0.852  0.0007 155 let21cl 0.8343 0.0007 247 1ct012-07  0.8141 0.0007
137 1ct010-28  0.8503  0.0007 295 let21¢3 0.8342  0.0007 143 1ct012-06  0.8139  0.0007
129 1ct010-29  0.8497  0.0007 136 1ct009-27  0.8342  0.0007 184 Ict010-11  0.8138  0.0007
221 carl7 0.8474  0.0007 183 let21c2 0.8341 0.0007 212 1ct017-09  0.813 0.0007
269 1ct010-22  0.8457  0.0007 187 1ct009-26  0.834 0.0007 282 Ict017-22  0.8117  0.0007
298 lct24cl 0.8455  0.0007 210 let26¢1 0.8338 0.0006 287 1ct010-24  0.8112  0.0008
225 1ct010-15  0.8418  0.0007 169 1ct079-4  0.8327  0.0007 198 1ct012-09  0.8107  0.0007
134 1ct010-27  0.8414  0.0008 205 1ct010-08  0.8321 0.0007 294 Ict012-10  0.8104  0.0007
238 lct26¢2 0.8389  0.0007 185 1ct010-07  0.8317  0.0008 299 Ict017-14  0.8103  0.0007
234 1ct010-13  0.8388  0.0007 250 Ict010-12  0.8303 0.0007 265 let25¢1 0.8092  0.0007
130 Ict010-14  0.8377  0.0007 230 lct26¢3 0.8302  0.0007 50 hmt006-23  0.8091 0.0007
153 1ct009-07  0.8375  0.0007 157 1ct079-3  0.8301 0.0006 273 Ict017-21  0.8079  0.0007
141 1ct009-20  0.8375  0.0007 248 1ct079-1 0.828 0.0006 300 Ict017-13  0.8075  0.0007
270 1ct009-21  0.8372  0.0007 162 1ct079-2  0.8276  0.0006 144 1ct017-03  0.8064  0.0007
193 1ct009-16  0.8371  0.0007 233 Ict18cl 0.8263 0.0006 54 hmt006-22  0.8053  0.0007
291 1ct009-17  0.837  0.0007 179 1ct079-10  0.826 0.0007 200 1ct017-20  0.8052  0.0007
293 1ct009-09  0.8369  0.0007 158 Ict010-21  0.8257  0.0007 171 1ct20c1 0.8023  0.0007
274 1ct009-19  0.8368  0.0007 186 lct22¢2 0.8238 0.0006 147 Ict017-12  0.8023  0.0007
149 1ct009-24  0.8368  0.0007 229 1ct079-9  0.8237  0.0007 156 1ct017-25  0.8022  0.0007
148 1ct009-05  0.8368  0.0007 160 1ct010-06  0.8232  0.0008 173 Ist01cl 0.8017  0.0006
222 1ct009-22  0.8367 0.0007 290 1ct079-8  0.8228 0.0007 197 1ct017-08  0.8016  0.0007
215 1ct009-08  0.8367  0.0007 165 1ct010-20  0.8207  0.0007

261 1ct009-15  0.8365  0.0007 216 1ct079-7  0.8196  0.0006 275 [ct010-10° 08005~ 0.0007
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6. TSUNAMI-3D ANALYSIS OF FUEL ELEMENT MODELING ASSUMPTIONS

6.1 HOMOGENIZED FUEL ELEMENT ASSUMPTIONS

Previous HFIR reactor physics studies [1] have included modeling simplifications to reproduce the
involute geometry of the inner and outer HFIR fuel elements. This simplification was achieved by
homogenizing the fuel meat, the aluminum cladding, and the water moderator between the fuel plates for
each of the fuel elements. These simplifications have provided reasonable results in numerous reactor
physics studies performed for the HFIR HEU core because of the small concentration of ***U in the HEU
core which consists of ~93 wt. % *°U and ~7 wt. % *>*U. The core model is arranged into axial and radial
zones to closely represent the inner and outer fuel elements and the moderator configuration. The
proposed LEU core will contain LEU consisting of 19.75 wt. % *°U and 80.25 wt. % ***U, with a larger
concentration of ***U compared to the HEU core. This results in more significant resonance self-shielding
effects in the fuel. This effect tends to harden the neutron spectrum via epithermal neutron resonance
absorption in the 281 in LEU, which, in turn, results in reduced thermal utilization in the core and a lower
system k.5 The option to homogenize the fuel element constituents simplifies the geometric
characteristics of the model significantly but could result in more neutron absorption via decreased self-
shielding effects compared to the involute geometrical configuration. Neutron moderation in the water
within the homogenized water/fuel mixture increases the chances of resonance absorption in the ***U.
Because of the self-shielding effects, it is possible that the homogeneous modeling assumption could
misrepresent the actual core physics. Recent HFIR LEU core analyses [7, 8] consider the explicit
representation of the HFIR involute fuel geometry using MCNP. Comparison results between
homogeneous and explicit representations of the HFIR fuel plates are satisfactory with HEU fuel;
however, the recent MCNP calculations indicate the homogenous fuel plate approximation results for
LEU fuel does not compare as well with the explicit fuel plate approximation results [8]. The use of
Whisper [9] with MCNP could allow for the comparison of the SCALE CE TSUNAMI-3D S/U analysis
results with an independent code package. The infinite homogeneous and explicit slab models considered
in 6.2 does provide insight into the effect of considering the homogeneous and explicit fuel
approximations for the LEU HFIR fuel analyses.

6.2 HOMOGENEOUS AND SLAB TSUNAMI-3D CALCULATIONS
6.2.1 Description of the Homogeneous and Slab TSUNAMI-3D Models

Two simple CE TSUNAMI-3D calculations using the CLUTCH methodology, discussed previously,
were generated to examine the sensitivity profiles of the HFIR LEU fuel constituents in two geometric
configurations: an infinite homogeneous (mixture of plate fuel and moderator) configuration and an
infinite lattice slab (straight fuel plates with interstitial water present) configuration. The infinite
homogeneous model is a simple geometric configuration that considers the LEU fuel, cladding, and
moderator (water) in a fuel plate mixed together in a simple volume-averaged homogeneous mixture.
There are no spatial self-shielding effects in the homogeneous configuration, but resonance self-shielding
effects as a result of **U and moderator mixture will be considered by the calculation. These effects may
be represented by a slightly lower k., for the homogeneous case than the heterogeneous model. The
infinite slab cell model considers a slab lattice representation of a LEU fuel plate as described in Ref. 1,
with mirror boundary conditions in the y- and z-directions and periodic boundary conditions in the x-
direction. This approximates an infinite arrangement of fuel plate and moderator, and it also accounts for
the spatial self-shielding effects. The actual HFIR LEU fuel is configured in an involute geometry that
preserves the distance between fuel plates. The purposes of generating these two simple models is to
compare the sensitivity profiles for the core constituents in the two geometric approximations and to
examine whether there are potential issues related to homogenizing moderator, cladding, and fuel in the
HFIR LEU core for reactor physics studies. The CE TSUNAMI-3D sensitivity results for the two
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configurations will be compared. The material specifications for both the slab lattice and homogeneous
models are provided in Table 4 and Table 5, respectively. The slab thicknesses for each material
constituent of the fuel element is provided in the mixture column in Table 4.

Table 4. Slab model material specifications

. Density . Atom density | Weight fraction
Mixture (g/cc) Nuclide (atoms/bn-cm) (%)
1 0.98465 1001 6.58E-02 1.12E-01
(water — thickness = 0.0635 cm) [1] 8016 3.29E-02 8.88E-01
2 2.6971 1001 3.39E-04 2.10E-04
(aluminum clad — thickness = 0.0254 cm) [1] 6000 1.35E-03 1.00E-02
13027 5.85E-02 9.73E-01
14028 3.20E-04 5.52E-03
14029 1.63E-05 2.90E-04
14030 1.07E-05 1.98E-04
22046 2.10E-06 5.95E-05
22047 1.90E-06 5.48E-05
22048 1.88E-05 5.54E-04
22049 1.38E-06 4.15E-05
22050 1.32E-06 4.06E-05
24050 2.65E-06 8.15E-05
24052 5.11E-05 1.63E-03
24053 5.79E-06 1.89E-04
24054 1.44E-06 4.79E-05
25055 2.22E-05 7.51E-04
26054 5.96E-06 1.98E-04
26056 9.35E-05 3.22E-03
26057 2.16E-06 7.57E-05
26058 2.87E-07 1.03E-05
28058 3.96E-06 1.41E-04
28060 1.53E-06 5.63E-05
28061 6.63E-08 2.49E-06
28062 2.11E-07 8.06E-06
28064 5.38E-08 2.12E-06
29063 7.08E-05 2.74E-03
29065 3.16E-05 1.26E-03
3 6.49 40090 2.20E-02 5.07E-01
(zirconium — thickness 0.0025 cm) [1] 40091 4.81E-03 1.12E-01
40092 7.35E-03 1.73E-01
40094 7.45E-03 1.79E-01
40096 1.20E-03 2.94E-02
4 17.02 42092 1.58E-03 1.41E-02
(U[19.75] & 42094 9.86E-04 9.03E-03
Molybdenum — half thickness = 0.0291 cm) [1] 42095 1.70E-03 1.57E-02
42096 1.78E-03 1.67E-02
42097 1.02E-03 9.66E-03
42098 2.58E-03 2.47E-02
42100 1.03E-03 1.01E-02
92234 6.50E-05 1.49E-03
92235 7.75E-03 1.78E-01
92236 3.55E-04 8.18E-03
92238 3.07E-02 7.13E-01
5 2.71 13027 6.01E-02 9.93E-01
(aluminum — thickness = 0.0129 cm) [1] 14028 1.34E-04 2.30E-03
14029 6.81E-06 1.21E-04
14030 4.49E-06 8.25E-05
25055 7.43E-06 2.50E-04
26054 4.27E-06 1.41E-04
26056 6.70E-05 2.30E-03
26057 1.55E-06 5.40E-05
26058 2.06E-07 7.31E-06
29063 3.11E-05 1.20E-03
29065 1.39E-05 5.52E-04
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Table 5. Homogeneous model material specifications

. Density . Atom density | Weight fraction

Mixture (g/cc) Nuclide (atoms/bn-cm) (%)

1 5.1992 1001 3.30E-02 1.06E-02

(water, aluminum, 6000 2.71E-04 1.04E-03

zirconium, 8016 1.65E-02 8.41E-02

molybdenum and 13027 1.48E-02 1.27E-01

Ul19.75)) 14028 7.09E-05 6.33E-04

14029 3.60E-06 3.33E-05

14030 2.38E-06 2.28E-05

22046 4.20E-07 6.17E-06

22047 3.79E-07 5.68E-06

22048 3.76E-06 5.75E-05

22049 2.76E-07 431E-06

22050 2.64E-07 421E-06

24050 5.30E-07 8.45E-06

24052 1.02E-05 1.70E-04

24053 1.16E-06 1.96E-05

24054 2.88E-07 4.97E-06

25055 4.83E-06 8.47E-05

26054 1.41E-06 2.43E-05

26056 2.21E-05 3.95E-04

26057 5.11E-07 9.28E-06

26058 6.79E-08 1.26E-06

28058 7.92E-07 1.47E-05

28060 3.05E-07 5.84E-06

28061 1.33E-08 2.58E-07

28062 4.23E-08 8.36E-07

28064 1.08E-08 2.20E-07

29063 1.57E-05 3.16E-04

29065 7.02E-06 1.46E-04

40090 4.41E-04 1.27E-02

40091 9.61E-05 2.79E-03

40092 1.47E-04 431E-03

40094 1.49E-04 4.47E-03

40096 2.40E-05 7.35E-04

42092 3.62E-04 1.06E-02

42094 2.26E-04 6.78E-03

42095 3.89E-04 1.18E-02

42096 4.08E-04 1.25E-02

42097 2.34E-04 7.24E-03

42098 5.92E-04 1.85E-02

42100 2.37E-04 7.55E-03

92234 1.49E-05 1.11E-03

92235 1.78E-03 1.33E-01

92236 8.14E-05 6.14E-03

92238 7.03E-03 5.34E-01

6.2.2 Homogeneous and Slab Model Results

The results of the CE TSUNAMI-3D calculations are summarized in Table 6-Table 8. Table 6 and Table
7 provide the integral sensitivity results for the homogeneous fuel model and slab fuel model,
respectively, and Table 8 provides a comparison of the CE TSUNAMI results shown in Table 6 and Table
7. The results summarize the total sensitivity for either the homogeneous or slab geometry configurations.
’Be bound is not considered in these configurations because the beryllium reflector is not included in
these calculations, which consider only the constituents of the fuel plates and water moderator. Sensitivity
data for zirconium are not examined in the sensitivity results. The DP results for both homogeneous and
slab fuel models compare well (<1% difference) with the CE-TSUNAMI results.
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Table 6. Comparison of CE TSUNAMI and DP results for the homogeneous configuration

CE TSUNAMI DP Results comparison
Isotope o standard
S¢ O'Sb %G S Gsb %0 differ::nce“ (?eviationd difference’

difference
'H 0.0984 | 8.72E-04 | 0.89 | 0.0982 | 4.51E-04 0.46 0.27 0.27 0.00026
Mo -0.0281 | 6.94E-05 | 025 | -0.0281 | 1.29E-04 0.46 -0.09 0.17 0.00002
By 0.0637 | 6.52E-05 | 0.10 | 0.0637 | 2.95E-04 0.46 -0.01 0.02 -0.00001
3y -0.1025 | 1.96E-04 | 0.19 | -0.1028 | 4.70E-04 0.46 030 0.61 0.00031

S = energy integrated sensitivity results
b 55 = standard deviation of the energy integrated sensitivity results

) Srermeanrran-Spp)
¢ % difference = %M*IOO%
DP

(Srsunamr3p=Spp)

2 2
OrsUNAML3D TODP

“difference = Sygnamrsp - Sop

“standard deviation difference =

Table 7. Comparison of CE TSUNAMI and DP results for the explicit slab configuration

TSUNAMI DP Results comparison
Isotope , o standard
St os’ %0s St Os %0s e 0 deviation difference’
difference . Pl

difference
'H 0.1105 | 9.07E-04 | 0.82 | 0.1097 | 5.00E-04 | 0.46 0.65 0.69 0.00072
Mo 20.0270 | 7.16E-05 | 027 | -0.0270 | 1.22E-04 | 0.45 0.13 0.25 0.00003
By 0.0586 | 1.08E-04 | 0.18 0.0587 | 2.61E-04 | 0.45 0.14 0.29 -0.00008
28y -0.0961 | 2.10E-04 | 022 | -0.0965 | 430E-04 | 0.45 0.34 0.69 0.00033

“S = energy integrated sensitivity results
b 55 = standard deviation of the energy integrated sensitivity results

. Srsunan-3p=Spp)
¢ 9 difference = %* 100%
DP

(Srsunamr3p=Spp)

2, 2
OrsuNAML3D TODP

“ standard deviation difference =

“difference = Syq nanisp - Sop

The comparison results between the homogeneous and slab fuel plate models indicate that the integral
sensitivity results for 'H is about 10.95% less for the homogeneous fuel plate configuration compared to
the slab lattice configuration. This is likely due to the heterogeneous configuration in which fuel layers
are separated by water rather than fuel constituents are homogeneously mixed with water. The integral
sensitivity results for Mo (total), **°U, and **U are ~4.1%, ~8.7%, and ~6.7% larger, respectively, for the
homogeneous fuel plate configuration than for the heterogeneous slab fuel plate configuration.

Table 9 provides the energy-integrated sensitivities and standard deviations for both the homogeneous
and explicit slab configurations. The sensitivity data in Table 9 summarizes the sensitivity data as a
function of nuclide and reaction. The results in this table clearly show the homogeneous configuration
having larger sensitivities for U and ***U elastic scatter, capture, and fission reactions than the explicit
slab or heterogeneous configuration. This is the case for molybdenum as well. Conversely, the sensitivity
results for 'H elastic scatter and capture reactions for the heterogeneous configuration are larger than
those for the homogeneous configuration.
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Table 8. Comparison of CE TSUNAMI results for homogeneous and slab configurations

Homogencous ﬁ.lel plate Slab lattice configuration %
Isotope configuration X R
g O'sb %oos g Gsb %oos Difference
'H 0.0984 8.72E-04 0.89 0.1105 9.07E-04 | 0.82 -10.95
Mo -0.0281 6.94E-05 0.25 -0.027 7.16E-05 0.27 4.07
By 0.0637 6.52E-05 0.1 0.0586 1.08E-04 | 0.18 8.70
B8y -0.1025 1.96E-04 0.19 -0.0961 2.10E-04 | 022 6.66

“S = energy integrated sensitivity results

b 55 = standard deviation of the energy integrated sensitivity results

“% difference = (Homogeneous- slab)*100%/(slab). A positive difference indicates that the isotope sensitivity in the slab
configuration is less than the homogeneous configuration.

Table 9. Energy-integrated sensitivities and standard deviations for the homogeneous and explicit slab

configuration

. Direct perturbation CE TSUNAMI-3D

Isotope Reaction P b P »

S | Os S Os

Homogeneous Configuration
Total 9.820E-02 4.510E-04 9.844E-02 8.720E-04
'H Elastic Scatter 1.055E-01 8.724E-04
Capture -7.053E-03 8.196E-07
Total 6.370E-02 2.950E-04 6.370E-02 6.524E-05
Elastic Scatter -4.199E-04 5.378E-05
By Capture -2.059E-01 2.047E-05
Fission 2.711E-01 3.331E-05
n,n’ -1.197E-03 2.007E-05
Total -1.028E-01 4.70E-04 -1.025E-01 1.960E-04
Elastic Scatter 9.903E-03 1.752E-04
By Capture -1.293E-01 1.584E-05
Fission 2.171E-02 2.082E-05
n,n’ -6.149E-03 4.937E-05
Mo Capture -2.810E-02 1.290E-04 -2.810E-02 6.940E-05
*Mo* Capture NC? NC -1.582E-02 3.988E-06
Explicit Cell Configuration

'H Total 1.105E-01 9.070E-04 1.105E-01 9.069E-04
Elastic Scatter 1.184E-01 9.074E-04
Capture -7.924E-03 1.041E-06
3y Total 5.860E-02 1.080E-04 5.861E-02 1.0757E-04
Elastic Scatter -4.614E-04 5.541E-05
Capture -2.040E-01 2.319E-05
Fission 2.641E-01 6.365E-05
n,n’ -1.160E-03 4.321E-05
3y Total -9.610E-01 2.100E-04 -9.612E-02 2.095E-04
Elastic Scatter 8.809E-03 1.773E-04
Capture -1.213E-01 1.651E-05
Fission 2.101E-02 2.110E-05
n,n’ -5.953E-03 6.310E-05
Mo Capture -2.700E-02 1.220E-04 -2.700E-02 7.160E-05
“Mo* Capture NC! NC! -1.505E-02 4.006E-06

? S = energy integrated sensitivity results

b

os = standard deviation of the energy integrated sensitivity results

¢ The integral sensitivities for 92Mo, 94M0, %Mo, 97Mo, 98Mo, and 'Mo capture are small compared to Mo
capture sensitivity results and are not provided here but are provided in the energy-dependent sensitivity profiles
in Fig. 18. The results for Mo inelastic scattering sensitivity results are also very small (~10) and are not
provided here but are provided in Fig. 17.

4 Not calculated
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Fig. 27 and Fig. 28 illustrate the energy-dependent sensitivity profiles for >°U total and **°U fission and
capture, respectively, for both configurations, homogeneous and slab lattice, on the same plot for
comparison. Generally, for U total, the slab configuration has sensitivity peaks with greater magnitude
than the homogeneous configuration for thermal neutrons. For a neutron energy greater than ~1 eV, the
homogeneous fuel configuration sensitivity peaks are slightly larger in value than the magnitude of the
sensitivity peaks with the slab cell fuel configuration. For ***U fission and capture, there is no significant
sensitivity difference between the two fuel models, although there are some modest differences. Fig. 28
indicates higher sensitivity values (absolute value) below 1 eV for the slab configuration for U fission
and capture. Above ~1 eV, the homogeneous configuration results in slightly larger sensitivity magnitude
than for the slab fuel model.
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Fig. 27. Energy-dependent sensitivity profiles for 35y (total) for the
slab and homogeneous LEU fuel plate configurations.
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Sensitivity per Unit Lethargy
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Fig. 28. Energy-dependent sensitivity profiles for By (fission and capture) for the
slab and homogeneous LEU fuel plate configurations.
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Fig. 30 provides the energy-dependent sensitivity profiles for both fuel models for

238

U total. In the

resonance region, the negative sensitivity results for the homogeneous fuel case are larger in magnitude
than for the slab fuel configuration. The integral sensitivity is slightly larger in magnitude for the

homogeneous fuel configuration than for the explicit fuel configuration.
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Fig. 29. Energy-dependent sensitivity profiles for 28U (Total) for the
slab and homogeneous LEU fuel plate configurations.
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Fig. 30 indicates that there are some very small differences with the 2**U capture sensitivity in the

resonance region with the homogeneous fuel model. These differences result in a slightly larger negative
sensitivity than shown in the slab fuel model.
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Fig. 30. Energy-dependent sensitivity profiles for By (fission and capture) for the
slab and homogeneous LEU fuel plate configurations.
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Fig. 31 shows the energy-dependent sensitivity profiles for **°U and ***U elastic scattering and indicates
that there is little difference between the two profiles, except for some small differences in the resonance
region, showing a similar sensitivity for elastic scattering with the fissionable material regardless of the
fuel plate model.
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Fig. 31. Energy-dependent sensitivity profile for 25U and U (elastic scattering)
for the slab and homogeneous LEU fuel plate configurations.
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Fig. 32 shows the sensitivity profile results for the two fuel configurations for 'H capture. Below neutron
energies of 10 eV, the magnitudes of the sensitivity peaks are larger for the slab configuration than for the
homogeneous configuration, as indicated by the difference in the two negative sensitivity peaks at ~0.1
and ~0.5 eV. Above neutron energies of greater than 10 eV, there are essentially no differences noted in
the sensitivity profiles.
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Fig. 32. Energy-dependent sensitivity profile for 'H (Capture)
for the slab and homogeneous LEU fuel plate configurations.
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Fig. 33 shows the sensitivity profile results for 'H elastic scattering. At thermal neutron and fast neutron
energies, there are no discernable sensitivity differences between the slab and homogeneous fuel plate
configurations. However, in the resonance region for neutron energies up to about 1 keV, some of the
sensitivity peaks show a small difference in the sensitivity between the two models, and the slab fuel plate
model shows a slightly larger sensitivity. The integral sensitivity for the slab fuel plate configuration is
also slightly larger than for the homogeneous configuration.
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Fig. 33. Energy-dependent sensitivity profile for 'H (elastic scattering)
for the slab and homogeneous LEU fuel plate configurations.

48



Fig. 34 shows the energy-dependent sensitivity profile for Mo, **Mo, and **Mo capture for the slab and
homogeneous LEU fuel plate configurations. These results indicate some minor sensitivity differences
between the two fuel model types. For *’Mo, there is a significant negative sensitivity peak at about 45
eV. This peak indicates a greater negative sensitivity for the homogeneous model than for the slab model,
probably due to the use of a homogeneous fuel arrangement rather than a heterogeneous fuel arrangement.
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Fig. 34. Energy-dependent sensitivity profile for Mo, **Mo, and **Mo (capture)
for the slab and homogeneous LEU fuel plate configurations.

49



Fig. 35 shows the energy-dependent sensitivity profile for >Mo, **Mo, and **Mo elastic scattering for the
slab and homogeneous LEU fuel plate configurations. There are no significant sensitivity differences
noted for the molybdenum isotopes considered for elastic scattering.
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Fig. 35. Energy-dependent sensitivity profile for **Mo, **Mo, and **Mo (elastic scattering)
for the slab and homogeneous LEU fuel plate configurations.

For a homogeneous system that considers fuel, cladding, and moderator as an infinite mixture the results
suggest that the k.4 is more sensitive to small cross section perturbations than an slab cell system. This is
likely due to the geometrical differences between homogeneous and slab (heterogeneous) configurations
that have a significant impact to the system reactivity and neutron spectrum. For example, heterogeneous
LEU systems will typically be more reactive than comparable homogeneous systems because of the
reduction of neutron self-shielding within the fuel. For the two considered configurations, the
heterogeneous slab cell configuration has a larger &, (1.460804 = 0.000047) than the homogeneous
configuration (1.431629 £ 0.000053). In an infinite system, this indicates that there is more parasitic
neutron absorption in the homogeneous case than in the slab cell case due to increase in self-shielding.

These calculations also did not consider effects from the adjacent control element materials, target
materials, or beryllium reflector. This analysis could be expanded significantly if the models considered
effects of these HFIR components and if the HFIR involute plate geometry were explicitly considered,
although the slab cell configuration examines an approximate configuration of the fuel materials.
Additional S/U calculations for a HFIR LEU core with the involute geometry explicitly modeled could be
valuable for verifying these results and ensuring that self-shielding effects due to the increased quantity of
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*¥U do not impact future reactor physics studies related to the HFIR LEU core conversion project.

Because of the differences noted between the two fuel configurations considered in this analysis, there
appears to be a need for integral experiments to be performed to verify design attributes for the HFIR
LEU core match up to performance expectations and to assist with computer code and nuclear data
validation efforts. This approach would be similar to the HFIR design approach used in the 1960s.
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7. CONCLUSION

The objective of this work has been to perform S/U analyses to investigate the quantitative need for
benchmark-quality integral experiments for the validation of computational methods used to support the
conversion of HFIR from HEU to LEU fuel. The calculation results of this work indicate a lack of
applicable benchmark experiments for validating HFIR calculational methods to support LEU fuel
conversion efforts.

The CE TSUNAMI-3D calculations have also been useful to determine those nuclide cross section
sensitivities and uncertainties that can affect the system k.4 for a HFIR LEU core model. The results of the
sensitivity/uncertainty analysis show the largest sensitivities with "H elastic scattering and **°U fission
cross sections, 0.269 and 0.304, respectively. There is also a significant positive sensitivity of the system
kegto U fission at thermal (~0.1 eV) energies (~0.062), indicating that the HFIR LEU core is sensitive
to small changes in the content of **°U in the core of the reactor, which is not unexpected. There is a small
sensitivity of the system k,;to small changes in ’Be elastic scattering (~0.015) that is consistent with the
use of a large beryllium reflector at HFIR. The HFIR LEU fuel plates contain an uranium-molybdenum
fuel with 10 wt. % natural molybdenum; the k. of the HFIR LEU core appears to be sensitive to small
perturbations in the *>Mo and ** **Mo capture reaction, although the sensitivities are relatively small, ~10"
*to 10, depending on the reaction, as shown in Fig. 15-Fig. 19. There is less sensitivity to ***U nuclear
data perturbations than expected considering that the 2**U concentration increases significantly in the
HFIR LEU (~80 wt. % ***U/U) compared to HEU (~ 7 wt. % ***U/U) fuel. The **U sensitivity results
indicate a small sensitivity in >**U capture (approximately -0.12) with neutron energies in the resonance
energy range. The direct perturbation calculations compared well with the CE TSUNAMI-3D results
overall.

The LEU HFIR model results presented here were generated with the new CLUTCH methodology in
TSUNAMI-3D and CE cross sections. Multigroup TSUNAMI-3D could not be successfully applied to
the complex HFIR LEU model. The new CE TSUNAMI-3D sequence of SCALE has made it possible to
successfully perform sensitivity analyses for complex geometrical configurations such as the HFIR LEU
core.

The TSUNAMI-IP utility was used to determine applicable benchmark critical experiments for use in
validation efforts. The ¢, values generated by TSUNAMI-IP are used as an index for similarity
assessment, and they represent the correlation of k5 uncertainties between two models. This index
quantifies the amount of shared uncertainty in the k.4 values of an application and a benchmark critical
experiment due to uncertainties in the cross sections. A ¢, value of 1.0 indicates that the uncertainties for
the model and the critical benchmark experiment are from the same neutron cross sections and that the
reactions are at the same energy, while a ¢, value of 0.0 indicates that the uncertainties are completely
unrelated. Typically, a ¢, value of 0.9 or larger indicates good shared uncertainty between the model and
benchmark experiment. The results in this work show that none of the nearly 750 critical benchmark
experiments examined had a ¢, index greater than 0.9, and 112 experiments with a ¢, value between 0.8
and 0.9 indicate some moderate similarity with the HFIR LEU core model. One conclusion that can be
drawn from this comparison analysis is the need for benchmark-quality critical experiments for an LEU
HFIR core to support criticality safety and reactor physics calculations for core conversion activities. It
would be desirable for these measurements to be performed in a facility such as the proposed LPCF at
ORNL. The close proximity to the HFIR reactor facility would allow measurements of excess reactivity
to be performed to verify manufacturing techniques in a manner similar fashion to those performed by the
Y-12 critical experiment facility in the 1960s prior to the new cores being loaded into the pressure vessel.
Results presented herein indicate that it will be important to consider validation tailored to both



heterogeneous (i.e., including explicit modeling of fuel, cladding, and moderator) and homogenous
models that may be used to support the HFIR LEU core conversion.

Simple homogeneous (mixture of fuel, clad, and moderator) and heterogeneous slab (flat fuel plate)
models of HFIR fuel plates in CE TSUNAMI-3D were generated to explore the effects of different fuel
plate geometry approximations. A homogeneous arrangement of fuel, clad, and moderator could increase
resonance self-shielding in the fuel plate. This is indicated by a larger k., result for the heterogeneous
configuration compared to that for the homogeneous configuration. In general, the results of these
calculations show larger k.4 integral sensitivities to small cross section changes in molybdenum isotopes,
U, and **U for the homogeneous rather than for the heterogeneous fuel plate configuration, with
differences of 4.07%, 8.70%, and 6.66%, respectively. The exception was 'H, which had a total integral
sensitivity which was 10.95% larger for the explicit slab configuration than for the homogeneous
configuration. Recent HFIR LEU core analyses [7, 8] consider the explicit representation of the HFIR
involute fuel geometry using MCNP. Comparison results between homogeneous and explicit
representations of the HFIR fuel plates are satisfactory with HEU fuel with respect to eigenvalue and
cycle lengths; however, for LEU fuel the explicit fuel plate approximation result in much larger cycle
length. The use of Whisper [9] with MCNP will allow for the comparison of the SCALE CE TSUNAMI-
3D S/U analysis results with an independent code package.

Future work may involve (1) using the HFIR LEU model with the IFP methodology available in CE
TSUNAMI-3D, (2) using the HFIR HEU model to compare to HFIR LEU model CE TSUNAMI-3D
results presented here, and (3) performing S/U calculations using the Whisper methodology in MCNP to
compare to the results of the CE TSUNAMI-3D results in this report.
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