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Abstract

Tools that can rapidly compute the isotopic composition of spent nuclear fuel (SNF)
are useful for many reasons, including safety and security. Although tools exist
to compute approximate isotopic compositions, detailed fuel composition requires
reactor simulation that result from normal and off-normal operations. Reactor
simulation is typically performed using nodal core simulators. These codes perform
their calculations rapidly, but they may not compute isotopic composition.

The Russian designed VVER is a pressurized water reactor that uses
hexagonal fuel assemblies with triangularly pitched fuel rods and annular pellets. The
international expansion of VVER-1000 reactor technology has motivated a renewed
interest in modeling and simulation of these reactors. One source for this operational
data is a benchmark proposal of a Ukrainian nuclear power plant. This benchmark has
served as a basis for development for improving modeling of the isotopic composition
of SNF.

The objective of this work was to extend and improve depletion capabilities
of NESTLE, a nodal core simulator, to accurately describe the nuclide inventory
of SNF' at the assembly and pin level using a hybrid macroscopic and microscopic
depletion model. These isotopic inventories were verified by code to code comparison
where possible. With these improved capabilities, an exploration of the detailed
pin-level isotopic inventory to variations in operational parameters is enabled. This
advance provides a powerful tool to assess the impact of excursions in operational

conditions on the detailed SNF inventories.
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Chapter 1

Introduction

1.1 Spent Nuclear Fuel Analysis

The nuclide inventory of SNF' is interesting for reasons of security, safety, and as a
tool to validate methods of calculation. Nuclides of interest from SNF depend on the
application. The safe storage and transportation of spent nuclear fuel is primarily
dependent on shielding the radiation due to fission products. Criticality and heat
dissipation are also safety concerns, driven by the presence of actinides and fission
products. Security issues are focused on the accountancy of fissile material, but other
radionuclides affect the desirability and detectability of the material. Validation of
nuclear computer codes against real measurements is essential for understanding the
utility and shortcomings of these codes. For these reasons and others, spent fuel is
occasionally examined and the nuclide inventory is measured.

The state-owned nuclear-energy company, Rosatom, is quickly expanding
the VVER-1000/1200 reactor technology with 9 reactors under construction in Russia
and 29 reactors in various stages of planning and construction in more than a dozen
countries. Over two-dozen VVER-1000 reactors are operational in Russia, Ukraine,
Bulgaria, the Czech Republic, and China (2). A VVER-1000 unit was also recently

commissioned in Iran, with additional units planned. Consequently, there is growing



interest by safeguards and nuclear non-proliferation agencies in the accurate modeling
and simulation of these reactors and the fuel compositions that result from normal and
off-normal operations, and in experimental validation of VVER-1000 spent nuclear
fuel isotopic inventory calculations (3).

After its use in reactor cores, nuclear fuel cools for several years in a storage
pool, after which post irradiation examination (PIE) can occur. PIE is a generic term
that may include visual inspection, active and passive non-destructive examination
using particle detectors, and destructive examination for isotopic analysis. Although
difficult and expensive to conduct, destructive examination offers the most precise

measurements of the nuclide composition of SNF.

1.1.1 Spent Nuclear Fuel Case Study: North Anna

It is worth considering a recent example where Light Water Reactor (LWR) SNF
pins were selected for post-irradiation examination. The High Burnup Spent Fuel
Data Project is a joint effort between the U.S. Department of Energy (DOE), Energy
Power Research Institute (EPRI) and the Nuclear Regulatory Commission (NRC).
The project seeks to understand potential degradation mechanisms that can affect
SNF during storage and transport. Under the project, 32 high burnup SNF assemblies
were loaded into a storage cask at the North Anna Nuclear Power Station Independent
spent fuel storage installation (ISFST), where temperatures and gas samples will be
monitored. In addition, 25 similar fuel rods (“sister rods”) were selected and shipped
to the Oak Ridge National Laboratory (ORNL) where they will be examined and
tested. The sister rods will be used to establish a baseline of data to which the ISFSI
stored assemblies can be compared(4).

Many computations were performed prior to selecting the rods. Assemblies
were modeled using SCALE TRITON under single-assembly (reflected boundary)
conditions at several axial locations. These calculations did not account for the

core effects present due to neighboring assemblies or other core-wide effects such as



flux tilts. The primary purpose of these calculations was to generate multi-group
flux-weighted cross section libraries that could be used with the ORIGEN nuclide
evolution code. Pin powers, as calculated by the North Anna plant computer, were
input using the ORIGAMI interface, and the fuel pin depletions were calculated using
ORIGEN (5).

Although calculations informed the rod selection decisions, engineering
judgment ultimately determined which 25 rods were chosen. One issue with relying
exclusively on the calculations was that the available operating data was limited; the
assembly powers were known, but the axial powers were not. Other restrictions were
due to practical limitations, such as the plant operators claim that assemblies located
at the core periphery were unavailable. Some pin locations within an assembly were
inaccessible because of mechanical restrictions, like the inability to remove the top
nozzle. Pin selection was driven by primarily by concerns and interests of the project,
specifically the examination of the structurally weakest pins. Pin-type variety was
also a consideration. Pins of multiple fuel manufacturers were considered, as were pins
that used one of four cladding types. In some cases, pins near guide tubes or burnable
poison rods were selected and so were corresponding pins with similar burnup away
from those locations. Because the primary purpose of the project is to determine
the pins’ mechanical properties under storage and transport conditions, no isotopic

analyses of the used fuel are currently planned(6).

1.2 Problem Statement

To improve the calculation of the nuclide inventory of VVER-1000 spent nuclear
fuel for security purposes, and in advanced preparation of a proposal to connect
plant operational data with post irradiation examination measurements, an advanced
depletion tool is proposed to study the sensitivity of spent VVER-1000 fuel nuclides
to operational parameters over multiple fueling cycles. To achieve this goal, the

following major milestones have been accomplished in this work:



Model the first cycle of the AER VVER-1000 Benchmark including improved

core reflector models

Extend NESTLE’s microscopic depletion capabilities

Verify NESTLE results using a Monte Carlo calculation

Calculate sensitivity of spent fuel nuclide inventory

Chapter 2 briefly reviews the techniques and codes used in this work.
Chapter 3 presents the VVER-1000 reactor, including design, assembly construction,
and available benchmark data. Chapter 3 also presents the results of extensive whole
core modeling of the VVER-1000 to access pin level isotopics subject to variations
in operational parameters. The modeling work included construction of a one-twelth
symmetric core Monte Carlo model of the VVER-1000 reactor, NESTLE nodal core
analysis using macroscopic cross sections, and an improved NESTLE microscopic
cross section model to analyze fuel isotopics at the assembly level. Chapter 4 discusses
the implementation of microscopic depletion in NESTLE, including extensions and
improvements needed to accurately describe the nuclide inventory of SNF at the
assembly and pin level. Chapter 5 discusses the implementation and verification of pin
power reconstruction methods used in NESTLE, including benchmarking of the pin-
power reconstruction methods against industry codes, and a study of these quantities
on the VVER-1000. Chapter 5 also presents a discussion on the impact of precision
errors to computing relevant pin power reconstruction (PPR) values. Chapter 6
develops a small Python code to perform a previously proposed methodology in order
to improve calculation of discontinuity factors in the reactor reflectors. Chapter 6
also include several two dimensional models of test assemblies, and a study of impact
of the two-dimensional discontinuity factors on the VVER-1000 reactor core model.
Chapter 7 presents pin-level isotopic information obtained from realistic variation in

operational parameters of the VVER-1000 core.



Chapter 2

Methods and Codes

2.1 Methods

The term approximation may have a negative connotation; the implication being
that an approximate thing is somehow deficient or less than fully legitimate. But in
truth, most useful insights in mathematics and physics are due to approximations.
Approximations are a segregation of the strongest influences from the weakest, which
allows the application of new techniques to otherwise intractable problems. When
approximations work well, they enable faster and more accurate solutions. But when
they fail, they can do so silently, giving little indication to their employers that they
have contradicted their own assumptions. All approximations have an associated
error, which will be unacceptably large under some set of conditions. Therefore,
despite their utility, all approximations must eventually fail under some conditions.
In nuclear reactor core analysis, the limitations of approximations are often described
as effects. As several of these effects arise in the work proposed here, they are briefly

described in the following sections.



2.1.1 Two-Step Procedure for Reactor Analysis

Nuclear reactor core analysis typically uses a collection of approximations in a process
known as the two-step procedure. The two-step procedure couples detailed flux
calculations in a limited region with more approximate flux calculations over a larger
region. The detailed flux calculations account for spatial and energy heterogeneities
on the fine scale, while the more approximate flux calculation is used on a coarse
scale. To couple the fine scale to the coarse scale, the energy details of the cross
sections are collapsed or condensed, and the geometric details across the region are
homogenized. The lattice physics calculation occurs on the fine scale and accounts for
the fuel pin heterogeneity, and the core physics calculation occurs on the coarse scale
and accounts for the fuel assembly heterogeneity. By separating the problem into fine
and coarse scales, the two-step procedure allows reasonably accurate analysis to be
conducted quickly. It also allows the core geometry to be reconfigured without again
performing the lattice calculation, which is especially important during core design
when a search may explore many thousands of core configurations to find an optimal
one.

The two-step procedure uses mulitgroup cross sections. Multigroup cross
sections are formed by weighting the continuous energy cross sections with a flux
spectrum. The true flux spectrum is actually one of the results of the calculation
and is not known a priori. Therefore an approximate flux spectrum is assumed or
calculated. This method is acceptable only if the final calculated flux spectrum is
consistent with the assumed flux spectrum. When this assumption is violated, the

result may include spectral effects.

Thermal Effects

Further approximations that simplify the core conditions also occur often during
calculations. Conditions that are usually not known a priori are the temperatures,

which can have a significant effect on the cross sections, the influence of neighboring



homogenized regions, which can have a significant effect on the flux, and the presence
or absence of absorbing control rods and/or soluble poisons, which affect both the
flux and the cross sections.

Thermal effects, including the cross section dependence on the fuel tem-
perature and coolant temperature and density, are coupled to the heat produced in
the fuel, which is itself coupled to the flux solution. To solve this coupled problem,
an iterative technique may be employed where the cross sections at many various
thermal conditions must be evaluated while converging to a solution. Solving exactly
for these cross sections would require time consuming repetitions of the lattice physics
calculation, so it is assumed that the cross section for any thermal condition can
be approximated by functionalizing of a small number of cases or branches. The
functionalization assumption is valid when the change in the cross section is relatively
small. In other words, each branch case is a perturbation on the base case. Branch
cases can be computed beforehand and in parallel such that they do not contribute
significantly to the overall calculation wall clock time. If the core thermal conditions
are indifferent to the core configuration (for example, when the power is so low
that it causes no significant change in temperatures and densities), then no thermal

approximation is required, and the need to calculate branch cases is eliminated.

Neighbor Effects

The influence of neighboring regions in the core, called the neighbor effect, can affect
the flux spectrum of a homogenized region. Although the energy-group dependent
flux by region is a major result of the core calculation, this calculation is predicated
on cross sections that were homogenized with flux spectra from the lattice physics
calculations. The homogenization process weights the group cross sections by the
group fluxes. Therefore, validity of the cross sections is based on the assumption
that the flux spectrum in a core region is not significantly different from the lattice
flux spectrum. The neighbor effect can be large enough to violate this assumption.

To mitigate the neighbor effect, cross sections can be homogenized with differing

7



adjacent regions present in a configuration called a color set. Lines of symmetry
typically present within fuel lattice designs make good reflective boundary candidates
for color set calculations and limit the overall spatial extent required. For known core
configurations, color sets work well, but in design situations computing a large number
of color sets is undesirable. Like branch cases, color sets can be calculated beforehand
and in parallel, reducing the additional computational time required overall for core
calculations. If there is no spatial variation in the core composition (strictly only
true in infinite media, but sufficiently approximate over spatial scales that are large
compared to the mean free path of the neutron), then no color set calculations are

required.

Shim Effects

Shim effects are due to the presence or absence of control rods and soluble
poisons. Shims directly alter the homogenized composition by adding moderating
and absorbing nuclides, and (in most cases) displacing other nuclides such as those
in the coolant. The addition and subtraction of these nuclides have (by design) a
large impact on the flux magnitude and spectrum present in a region. Shim effects,
like intranodal effects, are mitigated by altering the composition present during the
lattice physics calculation. This is achieved by performing additional branch cases
with soluble poison and control rods present and absent. Strong shims have such a
large effect that they may be no longer considered perturbations to the base case. In
these situations, an entire additional set of thermal condition branch cases may be
required for when the shim is present and when it is removed, effectively doubling the
number of branch cases required. Shim effects are essential to boiling water reactor
analysis, but they are less important to the analysis of typical pressurized water

reactors.



History Effects

Yet more approximations are made when evolving the material compositions over
burnup steps. Before describing these approximations, it is important to note that
branch cases are computed at each burnup step, but evolution from one burnup
step to the next only occurs during the base case. FEach branch case cannot be
time-evolved independently because the number of lattice physics calculations would
increase exponentially with each burnup step. Nonetheless, material compositions
should evolve due to the neutron flux computed in the core calculation, which
may be significantly different from the base case conditions because of thermal and
shim effects. While these history effects only manifest themselves when the core
region conditions are different than the lattice conditions, they are distinct from the
aforementioned effects.

To demonstrate the distinction, consider a scenario where lattice branch
case functionalization accurately approximates any thermal and shim condition at
each time step ¢t and time step t + At. In this case, the error due to the thermal
and shim effects are negligible. In contrast, the error due to the history effect may
be significant if during time interval At the computed flux is significantly different
than the base case flux. The most obvious example of a history effect is the impact
on a region’s composition due to the time dependence of control rod insertion. The
material composition of a region with the rod inserted must be significantly different
after a long time from the material composition that would result over the same
time interval with the rod withdrawn. To be concise, thermal and shim effects occur
because intermediate cross sections cannot be approximated accurately at time ¢,
but history effects occur because these intermediate cross section values cannot be
accurately evolved to time t + At, even if they have been accurately approximated at
time t. One technique for mitigating history effects is to use microscopic depletion

instead of macroscopic depletion.



2.1.2 Depletion

All burnup calculation methods proceed quasi-staticly over a series of discrete time-
steps. Each time-step includes two parts: a neutron transport calculation, followed
by an evolution (transmutation, fission, and decay) calculation. With the initial
composition specified, the process begins with a neutron transport calculation to
evaluate fluxes and reaction rates for the static case. These results are then used to
evolve the material compositions to the next time-step. Iterations of the transport-
evolution calculations continue until all the depletion time-steps have been completed.
A final transport calculation may be performed if EOC neutronic evaluations are
required. The hybrid macro/microscopic depletion model has been implemented in
modern nodal core simulators including Studsvik’s SIMULATE (1). First developed
for SIMULATE-4, the model is also implemented in the latest version of the code
SIMULATE-5. The model tracks approximately 50 nuclides (17 actinides, 30
fission products, and a Gd/B burnable absorber) that are important to reactivity.
Microscopic cross sections are functionalized according to important instantaneous
and historical effects. The gadolinium isotopes **Gd, '*°Gd, and '®"Gd have been
replaced by a pseudo-isotope because of the large self-shielding of gadolinium.

The SIMULATE-4 microscopic depletion model was verified against several
numerical tests. In the first numerical test, the model was compared to a 2D CASMO-
4 model and a macroscopic cross section SIMULATE-4 model of a typical BWR
assembly. The model had a control rod removed for the first 10 GWd/MTU, then
inserted for the next 10 GWd/MTU, then removed for the final 10 GWd/MTU
for a total of 30 GWd/MTU. The 2D CASMO-4 model was used as the base
for comparison. The microscopic depletion model significantly reduced errors in
reactivity in comparison to the macroscopic model (see Figure 2.1). The second

numerical test examined the accuracy of actinide nuclide tracking. The microscopic
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Figure 2.1: The impact of the shim and history effects on the microscopic depletion
model of SIMULATE-4 from reference (1).

model was significantly more accurate compared with the macroscopic model. In
the case of **"Pu the macroscopic model had errors of approximately 2% and the
microscopic model had errors of approximately 0.2% (see Figure 2.2).

The research and development division at Electricite de France (EDF) have
also implemented a hybrid microscopic depletion model in their core code COCAGNE
(7). The microscopic depletion model in COCAGNE has been used to perform
improved core calculations accounting for historical effects. This model uses 20 heavy
nuclides (***U to ?*Cm) and 13 fission products, along with a pseudo-isotope that
accounts for all other nuclides. A feature available in COCAGNE (also available
with SIMULATE) is nodal submeshing at the pin cell level. Isotopic concentrations
calculated by COCAGNE are of high quality (typically less than 0.5% as compared
to the lattice code APOLLO2) because the the reconstructed pin flux is used as an

input to the microscopic depletion solver.
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Figure 2.2: Comparison of the calculated error in nuclide concentrations using the
microscopic and macroscopic depletion models in SIMULATE-4 from reference (1).

Studsvik Scandpower offers a commercial software product called SNF
that estimates nuclide inventory with radiation and heat sources (8). This tool
is used in conjunction with Studsvik’s other products such as the GARDEL on-
line core simulator. Comparisons with ORIGEN-ARP calculations show insignificant

deviations for calculation of actinide heat sources for 100,000 years cooling time.

2.2 Codes

Several codes commonly employed in nuclear reactor modeling were used in this work.
One important aspect was development of coupling mechanisms to allow output from
one code to be automatically synthesized into input for other codes in the chain. Here

each code and its role in the projects are briefly described.
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2.2.1 KENO

The Monte Carlo code used in this work is SCALE/KENO-CE (9).This code is easily
applied to analyze 2D lattice (assembly) models, which are typically evaluated using
isothermal with reflective (infinite) boundary conditions.

Monte Carlo calculations are well suited to parallel computation, but codes
behave differently with increased number of processors (CPUs). The scalability of a
code is its ability to be computationally efficient with a greater number of processors.

SCALE, the comprehensive nuclear systems modeling and simulation suite
developed at ORNL, includes the Monte Carlo code KENO-VI (10). SCALE/KENO
applies a form of Doppler broadening, and a more accurate method is currently
under development. It also supports time-dependent input for temperature, control
rod, and boron concentration changes. KENO is capable of using either multigroup
or continuous energy (CE) cross section libraries. CE cross sections use fewer
approximations, and calculations that employ these libraries are usually considered
reference solutions. Multigroup cross sections are more approximate, but they
generally allow for faster calculations. In many applications, the results achieved with
multigroup cross sections may approach the accuracy of those with CE (particularly
for commercial reactors where methods for resonance cross section adjustments
are well established). The primary limitation of KENO-VI is its speed. Parallel
calculations with CE cross sections relatively new. In this research, multigroup
libraries were used for scoping calculations, and continuous energy libraries were used
for high fidelity calculations.

Within SCALE depletion sequences, KENO uses the ORIGEN code, the
modern version of ORNL point depletion module that supports modern nuclear data
and source methods and is used worldwide. ORIGEN uses a matrix exponential
method to solve the Bateman system of equations for long-lived nuclides, and it uses
analytical Bateman solutions for the short-lived nuclides. Short-lived nuclides lead to

large diagonal elements in the matrix exponential, consequently ORIGEN’s primary
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method of solution is based on truncated Taylor series with scaling and squaring,
which treats short-lived nuclides separately. The most recent release of ORIGEN (in
SCALE 6.2) includes an alternative method of solution using a Chebyshev rational
approximation method (CRAM) solver with similar execution times and increased
numerical precision. All KENO-VI calculations were performed using continuous

energy ENDF/B-VII.O cross-section data.

2.2.2 NESTLE

NESTLE is a three-dimensional few-group diffusion core simulator that employs the
nodal expansion method (NEM). First developed at North Carolina State University
and in collaboration with Idaho National Laboratory (INL) and ORNL, NESTLE is
currently developed and maintained at the University of Tennessee (UT), Knoxville.
At UT, NESTLE has been significantly modernized and broadly applied to model
a wide variety of reactors, including pressurized water reactors (PWRs), boiling
water reactors (BWRs), small modular reactors, CANDU reactors, fluoride-cooled
high temperature reactors, and recently the VVER (11). Used in the commercial
industry for core design and optimization, diffusion codes are much faster than Monte
Carlo codes. For example, NESTLE can compute a single burnup state point for the
entire core in seconds as opposed to the hours or days frequently required for a
comparable Monte Carlo calculation. Furthermore, NESTLE includes thermal cross
section feedback effects using built-in hydrodynamic and fuel temperature models,
which are generally absent in equivalent Monte Carlo calculations.

NESTLE achieves its computational speed by interpolating cross sections
based on pre-computed perturbation cases (branches) generated from a lattice code
based on the operating conditions of the reactor. The lattice code computes fluxes
and depleted nuclide compositions accounting for heterogeneities on the fuel rod and
assembly level. Lattice codes usually limit the geometric domain of the calculation

by assuming identical neighboring assemblies by using reflective boundary conditions.
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For each fuel lattice assembly design used in the core, a matrix of perturbation cases
is computed at each depletion time step. These perturbation cases include potential
variations in fuel temperature, coolant temperature, coolant density, soluble poison
concentration, and rod state (in or out). NESTLE is indifferent to the lattice code
used, but for this study the SCALE TRITON was used. NESTLE uses a standard
cross section library interface format and can use precomputed data from many
different lattice codes.

A recent developmental feature being added to the NESTLE code, which
can invoke the latest version of the SCALE code’s ORIGEN API module at any
selected spatial region for detailed isotopic tracking, was tested in preparation for
this work(12; 13). ORIGEN API is a collection of APIs and constitutes a rewrite
of ORIGENs data container classes into object-oriented C++ with FORTRAN
bindings, which effectively facilitates calling ORIGEN as a standalone program from
within another program, such as NESTLE. Therefore, using this NESTLE depletion
option, the isotopic concentrations within an individually selected fuel pin can be
tracked from the beginning through the end of a cycle using the spatial and time-
dependent neutronic flux and thermal-hydraulic conditions developed using the full-
core 3D operational features of the NESTLE simulation. The most recent NESTLE
developments have restored and improved upon capabilities implemented by Galloway
(12). Specifically, NESTLE now interfaces with the modern ORIGEN API, a result
of the recent major refactor to the ORIGEN code architecture (13). NESTLE is
now more robust in computing depletion materials, enabling greater flexibility in the
number and type of materials to be depleted. With these improvements, depletion
analysis in NESTLE with ORIGEN is faster and much more seamless than in its

previous implementation.
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2.2.3 Lattice Physics
SCALE TRITON

For this study, the SCALE/TRITON lattice physics and depletion code was used to
generate the libraries and data needed by NESTLE. SCALE/TRITON couples the 2D
discrete ordinates code NEW'T to perform the multigroup transport calculations and
the depletion code ORIGEN to calculate the time dependent nuclide compositions.
For each fuel lattice at each depletion step and for each perturbation case, the
macroscopic cross sections are collapsed in energy (from 252 groups to two groups)
and spatially homogenized (over the lattice region) using cross section weighting that
preserves the reaction rates in the region. These two-group cross sections, along with

other auxiliary data, are used as input for the NESTLE core calculations.

NEWT

Also part of the SCALE package, NEWT is a neutron transport solver, which provides
two-dimensional, unstructured-mesh, discrete ordinates solution for multigroup
neutron transport calculations(14).

Two significant changes to were made to the source code of the 2D transport
code NEWT in SCALEv6.2b4. The first change was made so that the corner point
discontinuity factor (CDF)s could be be computed for the hexagonal lattices. The
second change was made so that the nuclide microscopic cross sections would be

output for use as input to NESTLE.
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Chapter 3

VVER-1000 Core Modeling

This chapter discusses high fidelity Monte Carlo simulations that consider the spatial-
and time-dependent thermal-hydraulic features of the fuel and moderator regions of
an actual VVER-1000 reactor core, and to quantify the impact of applying these
operationally representative localized conditions upon the accuracy of predicted SNF
isotopic inventories. High fidelity within the context of this work is defined as the
combination of an accurate neutron transport solution with minimal approximations
in both spatial and energy resolution, an accurate fuel depletion model that accounts
for all isotopes that are generated in the fuel by reactor irradiation, plus some
reasonable approach to account for local- and time-dependent thermal-hydraulic

conditions, or feedback.

3.1 The VVER-1000 Reactor

The Russian designed VVER is a pressurized water reactor that uses hexagonal
fuel assemblies with triangularly pitched fuel rods and annular pellets. They are
hydrodynamically similar to the PWRs operated in the United States despite these
differences in design. Two types of VVER power plants have been built and operated,
the VVER-440 with two 220 MWe generators, and the VVER-1000 with a single 1000
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MWe generator. A third generation, the VVER-1200, is currently under construction
at two locations in Russsia. Although the VVER-1200 includes a slight increase in fuel
length and core power, the overall core design is nearly identical to the VVER-1000.

Recent VVER-1000 experimental isotopic assay data from the Russian
Balakovo-2 and -3 and Kalinin nuclear plants were compiled into the OECD/NEA
benchmark database of spent nuclear fuel (3; 15). The Spent Fuel Isotopic Compo-
sition Database (SFCOMPO) database is a utility provided by the Organization for
Economic Cooperation and Development (OECD)/Nuclear Energy Agency (NEA) in
partnership with ORNL(16).

3.2 AER VVER-1000 Khmelnitsky-2 Benchmark

One source for VVER-1000 operational data is a collaboration between a German
industrial contractor (TUV SUD Industrie Service GmbH) and a Ukrainian research
center (State Scientific and Technical Centre for Nuclear and Radiation Safety of
Ukraine). These institutions produced a series of benchmark proposals through
the AER Symposia on VVER Reactor Physics and Reactor Safety. The authors,
T. Lotsch, V. Khalimonchuk, and A. Kuchin, first presented the AER VVER-1000
benchmark proposal at the 2009 AER symposium proposal, and they have continued
to provide corrections and updates at subsequent symposia (17; 18; 19).

The stated goal of the AER VVER-1000 benchmark project is “to estimate
the range of applicability and the uncertainties of the packages of codes and data
libraries used... in the framework of safety related assessments and evaluation
for VVER-1000 reactors in Ukraine.” Although the AER VVER-1000 benchmark
documents do not explicitly state the source of the plant data, a supplementary
publication (20) and private communications by T. Lotsch confirm that the design
and operational details of the AER benchmark correspond to the Khmelnitsky-2

nuclear power plant in Ukraine, which began commercial operation in 2005.
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The AER VVER-1000 benchmark documents describe four complete fuel
loading cycles, beginning with an initial core. Starting with an initial core is useful for
modeling purposes because all the fuel loaded in the core is fresh, which means that no
assumptions are needed to characterize the isotopic compositions of fuel assemblies
from previous cycles. Initial cores typically have a shorter cycle length and lower
enrichment assemblies are used to shape the power distribution.

The AER VVER-1000 benchmark documents include detailed fuel assembly
and core design information. The geometry and initial nuclide composition of fuel
rods, fuel lattices, control rods, burnable absorber rods, stiffening plates, spacer
grids, reflector regions, and other components are detailed in the reports. The
following important plant operational data are also included in the AER VVER-1000

benchmark documents:
e Control rod bank insertion
e Operational power
e Coolant flow
e Soluble boron concentration
e Coolant inlet temperature

The actual values of those parameters are reported approximately once for each day of
operation. The AER VVER-1000 benchmark includes modeling results for 2D lattice
(single assembly) and core calculations. Also included are the depletion calculations
of nine fuel nuclides in the lattice models. The nuclides include: #°U, 23U, 9Py,
240py, 24Py, 55Gd, 7Gd, '¥Xe, and ?Sm. The benchmark reports the measured
and calculated critical soluble boron concentration throughout the depletion (called
the boron letdown), which is a global core property useful for verifying the full core

model.
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3.3 VVER-1000 Modeling

In a large 3D core, the current generation of Monte Carlo neutron transport
calculations can provide high accuracy flux solutions using continuous energy (CE)
cross sections and explicit fuel rod geometries. An accurate depiction of the neutron
flux field is fundamental for accurate isotopic depletion calculations (within the
accuracy of the underlying nuclear data). While highly respected mainstream
Monte Carlo codes using a continuous-energy treatment such as SCALE KENO(10),
MCNP(21), and SERPENT!(22; 23) all include isotopic depletion options, these codes
do not automatically calculate or apply the changing thermal conditions for the fuel
and moderator (thermal-hydraulic feedback) iteratively. These conditions include a
continuous and broad range of spatial- and time-dependent power and temperature
distributions over the course of reactor’s operation. These varying temperatures in
turn influence the neutron cross sections and material properties (i.e., water density)
and therefore alter the flux solution and isotopic depletion. Instead, these codes
are more commonly used with spatially isothermal conditions or fixed temperatures
assigned to specific material regions in the models. Generally, this information must
be made available from full core calculations performed by the reactor operator.
However, when modeling a reactor from a non-cooperative state (or even just verifying
declarations from a cooperative one), such information may not be available. The
thermal-hydraulic conditions vary with time and play an important role in the
evolution of nuclide compositions in a reactor fuel. Therefore, the ability of Monte
Carlo to accurately represent the geometry in 3D is not sufficient because the current
class of these codes does not account for the thermal-hydraulic conditions. Full-core
three- dimensional (3D) detailed pin-by-pin Monte Carlo models that deplete over
an entire fuel cycle (even with fixed temperatures) remain largely intractable today
using typical computing resources (without tens of thousands of processors). Thus,

the grand challenge of high fidelity full core modeling using realistic thermal-hydraulic
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conditions and minimal assumptions continues to be a widely pursued longer-term
activity. In fact, it is a focal point of high-profile US DOE sponsored research efforts
such as the Consortium for the Advanced Simulation of Light Water Reactors (CASL).

Presented herein is an alternate and tractable approach to the full core
modeling problem via a hybrid, deterministic/stochastic method herein developed to
achieve two goals: first, to determine realistic spatial- and time- dependent thermal-
hydraulic conditions of a Ukrainian VVER-1000 reactor under actual operational con-
ditions by using the NESTLE nodal-diffusion three-dimensional (3D) simulator(11)
of the type used in commercial LWR core design, and second to apply time- and
assembly-averaged axial profiles of moderator and fuel temperatures to a high-fidelity
MCNP 3D model of a fuel assembly to estimate the impact of temperature profiles
upon the isotopic inventory of VVER-1000 fuel assemblies. Accordingly, a full-core
(3D) NESTLE model of the VVER-1000 Khmelnitsky Unit 2 core was created and
favorably validated against benchmark data published by the AER Symposia on
VVER Reactor Physics(17; 18; 19). The NESTLE model employs pre-calculated
lattice physics data from SCALE’s transport-based TRITON/NEWT modules to
account for localized effects on cross sections. Actual plant data (power level, control
rod positions, coolant flow, and boron concentration) were input for 335 operational
data points during a ten-month initial cycle. Core reactivity and the critical boron
concentration were closely predicted by the NESTLE core-follow calculation, giving
good indication that the computed temperatures were realistic and representative of
the actual core operation (see Figure 3.7).

The AER benchmark also supplied computed reactivity and isotopic content
from three lattice code suites for comparison. Thus, high fidelity Monte Carlo
lattice (2D) models using KENO, MCNP with VESTA (24), and SERPENT were
constructed to analyze the nuclide composition of VVER-1000 SNF. Nuclide
composition results for fuel assemblies were found to be in close agreement with
the benchmark reported values (see Figure 3.1). This project developed full core
VVER-1000 models with Monte Carlo codes using local thermal- hydraulic conditions
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Figure 3.1: Relative discrepancies from benchmark average **U concentrations for
the 13au lattice.

as determined by the NESTLE core calculations and full core depletion. However,
the complexity of these models was ultimately overwhelming and impractical based
on current code capabilities and typical computing resources. Computational
requirements are a major impediment to perform these full-core Monte Carlo
calculations. Furthermore, and more importantly, it was concluded that some of
the features required to properly model localized temperatures are in large part still
developmental or not yet available in currently available codes.

An alternate solution involves a recent feature that links the NESTLE code
to the latest version of the ORIGEN Application Program Interface (API) to perform
detailed isotopic depletion for any selected region. The ORIGEN API is available in
the latest version of the SCALE version 6.2 nuclear systems analysis code package.
This feature was tested in this project (12; 13). Using this NESTLE option, the
isotopic concentrations were tracked within individual (or groups of) fuel pins within

the same fuel assembly for comparison with MCNP assembly calculations. In this
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simulation, no assumptions were made regarding the localized fuel and moderator
temperatures. Thus NESTLE iteratively determined the appropriate spatial- and
time-dependent thermal-hydraulic conditions that applied at each of 20 axial nodes
in each of the 163 fuel assemblies in the full-core, for each of the 335 operational time
steps available with the actual power, flow, control rod, and boron conditions specified
by the benchmark. This calculation required an initial SCALE/TRITON depletion
run that established cross section values for the selected pin within the assembly.
These results demonstrate the availability of a powerful yet tractable
computational option that can be used to calculate ORIGEN-determined pin-level
isotopic concentrations for an arbitrarily selected number of axial sections while at the
same time accounting for the appropriate thermal-hydraulic feedback computed based
on actual whole-core calculations and operational data. Consequently, continued
research and development of this option is recommended for the modeling and
simulation of SNF isotopic concentrations at a fuel pin level. The rest of this chapter

expands on this introduction, including a summary of some of the lessons learned.

3.4 Localized Thermal-Hydraulic Conditions in
Monte Carlo Calculations

Variations in fuel and coolant temperatures are typically not included in Monte
Carlo-based depletion calculations, not because they are negligible, but because
they require explicit thermal-hydraulic models that further compound already taxing
computation requirements. Local fuel and coolant temperatures are driven by the
spatially dependent specific power, and those temperatures in turn affect the neutron
flux, creating a thermal feedback effect. Thermal feedback effects are calculated
by solving for the flux and temperatures iteratively. For reactor core models, it is
impractical to use Monte Carlo methods to compute thermal feedback directly. Many

iterations are required to determine the temperatures, and Monte Carlo methods
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require relatively large calculation times on the order of CPU-hours. Thus, to include
thermal feedback effects for practical core analysis, fuel and coolant temperatures
must be computed at this time by alternate methods.

Computation of fuel and coolant temperatures is accomplished using the
NESTLE 3D nodal diffusion core simulator that includes thermal-hydraulic feedback.
In contrast to Monte Carlo methods, NESTLE can solve the reactor core flux in a
few CPU seconds(11). A typical nodal core simulator such as NESTLE uses few-
group nodal neutron diffusion theory to quickly evaluate neutron fluxes and relative
power distributions. As the flux solutions in the core approach convergence, the
cross sections are updated using a thermal-hydraulic solver such as the homogenous
equilibrium model (HEM), which more than adequately solves the mass, momentum,
and energy equations for pressurized water reactors (PWRs) and updates fuel and
moderator temperatures until these and the flux solution converge. This approach
represents what is typically used to design and operate commercial nuclear reactor
cores today.

A nodal core simulator can quickly evaluate neutron fluxes and material
temperatures using few energy groups (typically only two for LWRs), and by
averaging the depleted fuel compositions over large regions or “nodes”. The nodalized
configuration, which could contain assembly-sized radial regions with 20 or more axial
regions, is treated with the nodal core simulator to calculate fuel and moderator
temperatures with a precision that is adequate to calculate core characteristics
such as thermal and reactivity margins for the purposes of reactor performance
and fuel management. In order to produce more accurate nuclide compositions
with a Monte Carlo neutronics and depletion model, this project investigated a
hybrid approach that integrated high fidelity Monte Carlo transport codes with
thermal-hydraulic properties of converged coolant and fuel temperatures from the

NESTLE nodal core simulator. The underlying objective of this approach is to
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apply dynamically calculated temperature distributions for any core operation from a
nodal core simulator in a Monte Carlo depletion calculation to produce more accurate
nuclide compositions than could be achieved by either method when used in isolation.

For this work, the SCALE/TRITON lattice physics and depletion code
was used to generate the libraries and data needed by NESTLE. SCALE/TRITON
couples the 2D discrete ordinates code NEWT to perform the multigroup transport
calculations and the depletion code ORIGEN to calculate the time dependent nuclide
compositions. For each fuel lattice at each depletion step and for each perturbation
case, the macroscopic cross sections are collapsed in energy (from 238 groups to
two groups) and spatially homogenized (over the lattice region) using cross section
weighting that preserves the reaction rates in the region. These two-group cross
sections, along with other auxiliary data, are used as input for the NESTLE core

calculations.

3.5 Lattice Physics Analysis

The AER VVER-1000 Khmelnitsky-2 benchmark provided full descriptions of every
individual 2D lattice (assembly) in the core, as well as computed reference lattice
depletion results. Key attributes provided in the benchmark documentation for
each lattice included reactivity (ko) trajectories and isotopic concentrations of
key nuclides. This section describes the assembly calculations performed with the
various Monte Carlo codes assessed in this report, and provides a comparison of
the results for the AER benchmark. Furthermore, these assembly models were
used by SCALE/TRITON to generate the 2- group energy-collapsed and assembly-
homogenized cross section data and perturbation branches required by NESTLE.
The fuel assemblies in the AER VVER-1000 Khmelnitsky-2 benchmark are
axially uniform in geometry and composition and therefore can be modeled with a
single fuel lattice model. For the initial core, five assembly types are used. Common

features to all assembly types are summarized in Table 3. Each assembly includes
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312 UO, fuel pins composed of annular pellets, 18 guide tubes, and one central
instrument tube, arranged on a 1.275 cm triangular pitch. Stiffening angle brackets
are included at the 6 corners of the assembly. The lattice models are depleted
at constant temperatures (fuel: 1005 K, other materials: 578 K), constant boron
concentration (525 ppm), and constant power density (42.5 W/gU). Table 3.1 shows
the assembly types used in the core for the first cycle. Fig. 3.2 shows the configuration
of lattice assemblies 13au, 22au, 30avh, 39awu, and 390go.

Table 3.1: Lattice (assembly) types used in the VVER-1000 for the first cycle.

Designation Number of Pins Pin Enrichment (%) Pin Gd,O3 (wt%)

13 au 312 1.30 0.0
22 au 312 2.20 0.0
30avd 303 2.99 0.0
243 4.0 0.0

39awu 60 3.6 0.0
9 3.3 2.0

240 4.0 0.0

390go 60 3.6 0.0
6 3.3 2.0

A single assembly can be modeled separately and used to verify the
components of the larger whole core model. Single lattices are modeled by
SCALE TRITION to produce macroscopic cross section data for NESTLE. The
AER VVER-1000 benchmark includes calculated results for values of lattice ko
and nuclide compositions using three lattice codes: CASMO(25), HELIOS(26),
and NESSEL. With five lattices, and nine nuclide concentrations computed using
three codes, there are many data points for possible comparison in the benchmark.
Results of lattice 39awu using SCALE/KENO-VI are shown in Figures 3.3 and 3.4.
Lattice ko and nuclide compositions were generally within 10% relative error of the

AER VVER-1000 benchmark average and discrepancies were commensurate with
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Figure 3.2: Lattices used in VVER full core modeling. [Top Left] 13au and 22au
which have the same layout but differing enrichment. [Top Right] 30av5. [Bottom
Left] 39awu. [Bottom Right] 390go.

VVER-1000 benchmark code calculations. It is worth noting that the NESSEL results
appears to deviate significantly from the results of the other codes. The reason for

this deviation is not know, but it does manifest in both the nuclide and k., results.
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Figure 3.3: [Top| Lattice ko for the 39awu lattice. [Bottom] Differences from the
AER VVER-1000 benchmark average of three codes. The band around the KENO-VI
results represents the standard error of the Monte Carlo calculation.

The motivation for using a nodal core simulator for spent fuel analysis
is illustrated by Figure 3.5. Similar results were computed by the benchmark
authors(20). This figure shows the thermal effect of moderator density on **Pu
concentration, which can be greater than 10% at high burnup. In order to accurately
model SNF nuclide composition precisely, a thermal calculation must be performed.
Typical lattice physics tools do not perform these calculations. NESTLE quickly
and accurately performs thermal feedback calculations using its cross section models.
However, as will be shown in the next section, NESTLE’s macroscopic cross section
models are inadequate for detailed nuclide inventory calculation (in part due to the
history effects). The current approach for accurate SNF modeling is to use the results
of a thermal calculation as input into neutron transport codes in models that often

do not account for intranodal effects.
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3.6 AER VVER-1000 Cycle 1 Core Follow

Cycle 1 of the AER VVER-1000 benchmark used five assembly types with five
lattices and was modeled with NESTLE (11). Cycle 1 is an initial core, so some
lattices use low enrichments (1.3%), and the core is only depleted to approximately
12 GWd/MTU over 311 days. The five lattices, along with axial and radial reflectors,
were modeled using the TRITON module from the SCALEv6.2 code. Branch cases
were modeled for fuel temperature, moderator density and temperature, soluble
boron concentration and rod state. The homogenized two-group data were input

into NESTLE, along with the cycle 1 operational data.

3.6.1 Whole Core Modeling with NESTLE

The core consists of 163 hexagonal fuel assemblies on a 23.48 cm triangular pitch.
Table 3.2 shows the properties of the VVER-1000 benchmark core. The core loading

pattern for cycle 1 is shown in Fig. 3.6.

Table 3.2: Properties of the cycle 1 AER VVER-1000 benchmark core.

Property Value
Number of assemblies
13au 48
22au 42
30av5 37
39awu 24
39020 12
Number of Assemblies with control rods 61
Control rod groups 10
Active fuel height [cm] 355.0
Thermal power [MW] 3000
Coolant inlet temperature [K] 563.15
Coolant outlet temperature [K] 592.75
Core pressure [MPa] 15.7
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Figure 3.6: The loading pattern for cycle 1 of AER VVER-1000 benchmark has
one-sixth symmetry across the core. The assembly with yellow highlight contains the
maneuvering control rod group.

Typical power operation uses one group of control rods at 6 symmetric
assembly locations to maintain criticality. Control rods are axially heterogeneous,
where 30 cm at the rod tip is composed of Dy,03-TiO3 and the remainder B4C.
This feature was important to correctly modeling the core because NESTLE can only
model one type of control rod for each fuel node. Fortunately, the depth of control rod
insertion was shallow enough such that during most of the cycle only the uppermost
fuel node was exposed to B4C during the majority of the cycle while the other nodes

in the upper core were exposed to the Dy,03-TiOj3 section of the control rod.

3.6.2 Benchmark Calculations and Results

Plant data for Khmelnitsky-2 was input into NESTLE for over 335 operating points
for a 10-month initial cycle. Each of the 163 fuel assembly consists of a single node
in the XY plane. Two rings of nodes along the outer periphery formed the radial
reflector. The active fuel length was divided into 20 equal length nodes.
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Figure 3.7: AER benchmark VVER-1000 core kg as calculated by NESTLE.

NESTLE performs two types of k.g eigenvalue calculations: one where the
boron letdown is input and kg is calculated, the other where kg is assumed to be
unity and the boron letdown is calculated. Figure 3.8 compares the boron letdown
as calculated by NESTLE to the measured boron values. Compared to other values
computed by five different codes in the AER VVER-1000 benchmark, nearly all of the
NESTLE calculated values deviate less than the maximum deviation, and most of the
calculated values are within one standard deviation. Figure 3.7 shows the difference
in pcm for core kog values calculated by NESTLE compared to the benchmark data.
The greatest discrepancies in the range of 300 pcm to 500 pcm occur near the
beginning of the cycle. This time interval corresponds to lower power operation
and non-equilibrium fission product concentration, which may be a possible source
of discrepancy, due to the approximations in the way short lived fission products
are treated in NESTLE. After approximately 4 GWd/MTU, the discrepancy ranges
mostly between £200 pcm for the remainder of the cycle. This deviation is considered
good agreement between expected and calculated values for a core follow calculation
based on biases observed with typical commercial LWR simulators(27). The low

discrepancies shown in Figures 3.8 and 3.7 are good indications that the core has
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Figure 3.8: [Top| Critical boron concentration as calculated by NESTLE and
reported in the AER VVER-1000 benchmark. [Bottom] Difference between NESTLE
and AER VVER-1000 benchmark values. The darker shaded band is one standard
deviation of the benchmark calculated values and the lighter shaded band is the
maximum deviation.

been correctly modeled and that the calculated fuel and coolant temperatures are
reasonable. It is likely that the inability to currently model axially heterogeneous
control rods may explain some of the discrepancies seen in the k.g calculation.

The benchmark proposal includes several tasks for lattice and core model-
ing. Benchmark task 2 specifies that the critical boron concentration be calculated for
3D core burnup calculations. Thermal hydraulic feedback and the criticality search
function were used in NESTLE find the critical boron concentration for cycle 1. The
boron concentration as computed by NESTLE and reported by the benchmark for
the first cycle are shown in Figure 3.8. Also shown is the discrepancy between the
NESTLE calculation and the benchmark reported values. The darker shaded band in
the plot is the envelope formed by one standard deviation of these five calculations,

and the lighter shaded band is the envelope formed by the maximum deviation. Figure
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Figure 3.9: The homogenized macroscopic thermal absorption cross sections for the
22au lattice with B,C and Dy,03-TiO3 control rods.

3.8 shows that the NESTLE calculated boron concentration is within one standard
deviation at most burnup points and is within the maximum deviation at almost all
burnup points.

The boron concentration results achieved with NESTLE show a larger
discrepancy with the benchmark reported values near the beginning of the cycle and
appear to decrease with burnup. It is possible that this is due to the fission product
treatment, particularly samarium, early in the cycle.

Another source of model error is the heterogeneous control rods. The control
rods are mostly composed of B4C, but the tips (30 cm) are composed of Dy,03-TiOs3.
As previously discussed, NESTLE does not handle heterogeneous control rods, so only
the Dy503-TiO3 material was modeled. Because the rods are usually only shallowly

inserted during operation, this is adequate at most burnup points, but model errors do
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increase with deeper rod insertion when the B,C sections of the control rods penetrate
the upper regions of the core. The difference in the thermal absorption of the 22au

lattice with B,C and Dy,03-TiO3 control rods is shown in Figure 3.9.

3.6.3 Analysis of Core Power Distributions

An analysis of the core power distributions of cycle 1 was performed to resolve or
explain the discrepancies observed in the core follow calculations. The benchmark
reports assembly averaged power for each assembly at given core averaged burnups
during cycle 1. The first of these occurs at 530.05 MWd/MTU (13.4 EFPD). Note
that this is early in the cycle when the discrepancy in kg is near it’s largest value. The
values reported are based on Self Powered Neutron Detetor (SPND) measurements
(where instrumented), reconstructed values, and calculated values. Figure 3.10
illustrates the NESTLE computed values compared to the calculated values reported
in the benchmark.

In all assembly locations, the assembly averaged power as calculated by
NESTLE is within 2% of the calculated values reported in the benchmark and the
RMS error is 0.75%. These values show generally good agreement. The greatest
differences appear near the core periphery and near the core radial center of the core,
while the smallest differences occur in the annular region between the center and
periphery. Much effort and time was spend on improving the radial reflector (see
Chapter 6), and based on the comparison of the radial power distributions, the radial
reflectors do not appear to be the largest contributor to the modeling errors of cycle 1.

The benchmark also reported the axial offset for cycle 1. The axial offset is

a single value that is a measure of the axial power distribution defined as:

(3.1)
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Figure 3.10: The absolute error in the radial power distribution as computed by
NESTLE compared to the calculated values as reported in the AER VVER-1000
benchmark at a core average burnup of 530.05 MWd/MTU.

where P, is the power produced in the top half of the core and P, is the power
produced in the bottom half of the core. The axial offset was computed by NESTLE
at each burnup state during the core-follow calculation. The benchmark reported
values and the NESTLE computed values are shown in figure 3.11.

The axial offset was computed by NESTLE using the axial reflectors as
specified by the benchmark. The axial reflector cross sections and assembly discon-

tinuity factor (ADF)s (top and bottom) were computed by using one-dimensional
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Figure 3.11: The axial offset values as reported by the benchmark (label:
Benchmark), computed by NESTLE using the prescribed axial reflector models (label:
NESTLE), and computed by NESTLE using a fully reflected boundary condition in
place of axial reflectors (label: Fully Reflected).

lattice-reflector models. Early in the cycle, the axial offset computed by NESTLE is
approximately 4% greater than the benchmark axial offset. Also early in the cycle,
the discrepancy in keg is near it’s largest value. As the core continues to burn the
discrepancy between NESTLE and the benchmark axial offset values decreases.

Aa second calculation was conducted where the benchmark specified axially
reflectors were replaced by fully reflected top and bottom boundary conditions. In this
calculation, the axial offset is computed to be more negative than the benchmark in
the early part of the cycle, and more positive in the latter part of the cycle. During
the first half of the cycle, the NESTLE calculations with the benchmark specified
axial reflectors and the fully reflected boundary conditions bracket the benchmark

reported values.
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Comparisons of these axial offset values indicate that early in the cycle the
NESTLE calculation with the benchmark specified axial reflectors has too much power
at the top of the core and not enough at the bottom of the core. The fully reflected
model indicates that if the axial reflector were to modeled in a different manner,
such that the total axial reflection were to increase, the axial offset discrepancy could
be reduced. Since more of the power is generated at the bottom of the core during
the first half of the cycle, the early discrepancy may be an indication that the core
model would benefit most from an improved bottom axial reflector. The correlation
between the early cycle kg discrepancy and the axial offset discrepancy may be an
indication that keg agreement would improve with a better bottom and top axial
reflector models. Improving the axial reflector models by using explicit reflector

geometry and 2D models remains as work to be explored in the future.

3.7 Depletion with Temperature Adjustments

In section 3.6.2, spatial- and time-dependent thermal-hydraulic conditions from
a whole-core 3D nodal simulator were generated with NESTLE for the AER
VVER-1000 benchmark. The calculation employed actual design and operational
data for the Khmelnitsky-2 Cycle 1 to determine the resulting internal thermal-
hydraulic conditions applicable to fuel and moderator regions for all fuel assemblies
and axial regions. This section describes an approach where calculated fuel and
moderator temperature profiles are processed or averaged and then applied in high
fidelity MCNP6 calculations of the SNF isotopic inventory for specific fuel assemblies.

The 3-dimensional plots in Figures 3.12 and 3.13 illustrate the range of fuel
and coolant temperatures throughout the core at the beginning and end of the cycle.
These plots demonstrate the variation in temperature distributions over the cycle
interval. For one of the fuel assemblies evaluated in the benchmark, the effective
fuel temperature profiles calculated fall within a range of 800 K to 1400 K and are

time and space dependent. Likewise, the coolant or moderator temperature profiles
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Figure 3.12: [Left] Beginning of cycle fuel temperature distribution (in degrees
Fahrenheit). [Right] End of cycle fuel temperature distribution.

range from approximately 550 K to 590 K. The temperatures impact cross sections
and ultimately impact the calculated SNF nuclide compositions. These values are
generally not available for Monte Carlo modeling but they impact the spent fuel
nuclide compositions. If the reactor operator does not provide these temperature
data, then they must be obtained by independent means.

In thermal systems, the build-up rate of plutonium is strongly dependent on
moderator conditions, such as moderator density and the S(«, () scattering laws. For
a PWR, a change in the coolant temperature will also result in a change of moderator
density. As low as a 30 K difference in moderator temperature may result in over
1% discrepancy in #*Pu concentration at high burnup. For a pressurized core, a
change in the coolant temperature results in a change in the moderator density.
Two of the AER VVER-1000 benchmark authors quantified the impact of moderator
density history on the 390go lattice. The authors conclude that the moderator density
changes can affect the 2*°Pu concentration by greater than 10% at a burnup of 50-
60 GWd/MTU. Therefore, calculating the localized conditions is a requirement for
high-fidelity depletion calculations.
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Figure 3.13: [Left] Beginning of cycle coolant temperature distribution (in degrees
Fahrenheit). [Right] End of cycle coolant temperature distribution.

3.7.1 Monte Carlo Depletion with Thermal Adjustments

The observations outlined in the previous section confirmed and reinforced the
importance of whole-core space- and time-dependent fuel and coolant temperature
distributions generated on the basis of specific design specifications and actual
operational conditions. Ideally, thermal-hydraulic feedback can be determined
iteratively on the fly by coupling neutronics and thermal-hydraulic calculations, as it
is done in NESTLE. In practice, however, we have concluded that iterative full-
core Monte Carlo-based depletion with a fine space/time assignment of localized
temperatures (or iterative thermal-hydraulic feedback) remains largely unmanageable
at this point, primarily due to excessive computer time requirements, but in some
cases due to lacking code-specific features required to handle the time-dependent
parameters. The definition of a manageable calculation used in this context is one
that requires several CPU days on a cluster equipped with 300 to 400 processors. In
many cases, this approach requires from tens to hundreds of thousands of lines the

input to describe the geometry and operating conditions.
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In order to generate more manageable high-fidelity Monte Carlo-based
depletion models, a hybrid deterministic/stochastic approach was investigated. First,
the 3D deterministic nodal diffusion simulator NESTLE is used to determine
space- and time-dependent thermal-hydraulic conditions for the AER VVER-1000
benchmark using actual plant data. Second, assembly- and time-averaged axial
profiles of moderator and fuel temperatures are input into a high-fidelity MCNP6
depletion model of a selected fuel assembly (not full core). This approach provides a
first-order estimation of the impact of using more detailed and realistic temperature
profiles (versus isothermal profiles) on the calculated isotopic inventory of VVER-1000
fuel assemblies.

Figure 3.14 and Figure 3.15 plot the axial profiles for burnup-dependent
effective fuel temperature and moderator temperature of a single representative
assembly as a function of core average burnup. These temperature profiles readily
and quickly emerged from the NESTLE evaluation of the AER benchmark, and they
constitute the first step of the two-step hybrid approach described herein. The color
legend in these plots ranges from dark blue to dark red to denote burnup, and the
thick dark black lines in the plots represent the average temperature conditions of the
fuel and moderator throughout the cycle. These assembly- specific and cycle-averaged
temperature data are then input to a 3D fuel assembly Monte Carlo-based depletion
model.

In the hybrid approach described, these axial- and assembly-dependent
temperature profiles were then averaged over the cycle length to create (1) two
temperature input profiles for use in MCNPG6 assembly- level 3D high fidelity depletion
calculations, (2) an axially varying profile, and (3) an axially isothermal (averaged)
profile. The purpose of this exercise was to estimate, in a manageable fashion, the
impact of using an axially varying temperature profile versus a constant (isothermal)
temperature value upon SNF isotopic concentrations of VVER-1000 fuel assemblies.
Therefore, the 3D assembly simulation was performed in two ways. First it was

performed with axially uniform (constant) fuel and moderator temperature profiles.
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computed by NESTLE
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Figure 3.16: AER benchmark core layout in the 1/12th core symmetry illustrating

the location of fuel assemblies. Assembly 21 (lower left, shown in purple) was selected
for two-step hybrid calculations.

Then the calculation was repeated by using cycle-averaged axial varying temperature
profiles. Based on the observations shown in Fig. 3.16, assembly 21 (type 13au) was
selected for this study. This assembly is centrally located and not in the vicinity of
strong flux gradients. It is located away from operational control rods and is not
located at the outer edge of the core near the reflector. Thus it is expected to exhibit
the operational features of a typical fuel assembly.

Table 3.3 tabulates the numerical values of the cycle-averaged axially
varying profiles of fuel and moderator temperatures and the moderator density
provided in contrast to axially flat (constant) profiles. These two temperature
representations were employed with MCNPG6 assembly models of assembly 21. The
axial node 1 is the bottom node and 10 is the top node.

Assembly 21 was selected for analysis using MCNP6 with the depletion
performed with CINDER-90. The average power of the assembly over the first
operational cycle was 14.8 MW, with a cumulative exposure of this assembly of 281.63
effective full power days (EFPDs), had an end-of-cycle assembly average burnup of
10 GWd/MTU.

Figures 3.17, 3.18, Figure 3.19 summarize the representative results ob-
tained for Assembly 21 at various axial heights, for axial nodes 1, 5, and 10,

which are located at axial heights 17.75, 159.75, and 337.25 cm respectively. These
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Table 3.3: Axially varying and constant profiles of fuel temperature, coolant, and
density.

Axial Node Center height (cm) Fuel temp (K) Coolant temp Coolant density (g/cc)

1 17.75 1000 560 0.7516
2 53.25 1194 562 0.7480
3 88.75 1254 565 0.7429
4 124.25 1266 568 0.7374
5 159.75 1269 571 0.7318
6 195.25 1269 574 0.7261
7 230.75 1267 576 0.7204
8 266.25 1249 579 0.7147
9 301.75 1179 581 0.7095
10 337.25 988 593 0.7060

Node Averages 1195 572 0.7292

locations represent the lower, middle, and upper axial regions of the assembly. The
plots in each of the above-noted figures compare EOC isotopic inventories of 23U,
238y, 239py, 0Py, Py (top bar chart), as well as exposure-dependent inventory
profiles for these isotopes (lower plot) extending through the EOC burnup for each
specific axial node: 1, 5, and 10, respectively. The deviations shown are evaluated
by comparing the calculated inventory of a given isotope under the assumption of
the cycle-averaged axially varying temperature distribution (profile) relative to the
averaged (constant) profile, whereby the relative discrepancy is calculated as (profile
- constant)/(constant). The isotopic inventory results for the assembly and nodes
selected indicate relative discrepancies that range between 1%- 3% at EOC. The
largest differences occur at the low burnup top of the assembly, where the coolant
density and temperature deviate the most from the average and where the fuel
temperature is much lower than average. Although the relative discrepancies appear
to be large early in the cycle, the absolute discrepancies are small. The absolute

discrepancies actually increase with burnup, while the relative discrepancies decrease.
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Figure 3.17: High fidelity MCNP depletion of Assembly 21, Node 1 (17.75 cm).
Impact of using axially varying versus flat temperature profile upon U/Pu isotopic
concentrations. EOC (top), burnup-dependent (bottom).
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Figure 3.18: High fidelity MCNP depletion of Assembly 21, Node 5 (159.75 cm).
Impact of using axially varying versus flat temperature profile upon U/Pu isotopic
concentrations. EOC (top), burnup-dependent (bottom).
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Figure 3.19: High fidelity MCNP depletion of Assembly 21, Node 5 (337.25 cm).
Impact of using axially varying versus flat temperature profile upon U/Pu isotopic
concentrations. EOC (top), burnup-dependent (bottom).
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Chapter 4

Microscopic Depletion

4.1 Microscopic Depletion in NESTLE

One objective of this work is to extend and improve the depletion capabilities of
NESTLE to adequately describe the nuclide inventory of spent nuclear fuel at the
assembly and pin level. Depletion is a general term used to describe the evolution of
nuclear fuel composition during power production, but this evolution does not occur
as a single process, rather it is the result of many hundreds of transmutation, fission,
and decay processes. These processes are described by the Bateman equations, which
all nuclear evolution codes must solve. The Bateman equations can be concisely

expressed as:

CNT) = > By(FHN (7. 1) (4.1)

where B;; is an element of the transition matrix

L7,>‘ + Zr Y; ’,TU',T(,F: t)gb(Fa t) fOI‘ i 7é .]
By — 3N ! (4.2)

=i = 22, 00 (T, 1) 0(7, 1) for i = j
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where N; is the number density of nuclide ¢, \; is the decay constant of nuclide ¢,
Y., is the one-group yield of nuclide ¢ for reaction r on nuclide j, o;, is the one-
group microscopic cross section of nuclide ¢ for reaction r, L;;A; is the fraction of all
disintegrations of nuclide j that results in the creation of nuclide j, and ¢(7,t) is the
one-group scalar flux.

The primary function of NESTLE is to solve the few-group neutron diffusion

equation:

G G
— — X
= VDV, + Yigdy = § : Yisgg Py’ + ?g E :Vg’zfg’¢g’ (4.3)
g'=1 g'=1

where Dy is the diffusion coefficient, and the ¥ are the macroscopic cross sections.

NESTLE is not a general nuclear evolution code, but it does use depletion
cross sections as input to solve the neutron diffusion equation at various stages of
burnup. Currently, NESTLE has two depletion models: a macroscopic model, and a
hybrid macro/microscopic model.

The macroscopic model has been commonly used with NESTLE in par-
ticular and in general with industrial core modeling. The macroscopic model does
not solve any of the Bateman equations directly, but relies on their solution during
the lattice physics stage of the two-step process. During this stage, the nuclide
concentrations are used to calculate the homogenized macroscopic cross sections
at each burnup step. These cross sections are interpolated and used as input to
solve the diffusion equations. With the exceptions of the fission product poisons
135X e and '9Sm, NESTLE’s macroscopic model never actually calculates any nuclide
compositions directly. This should not be surprising as the primary results of a core
simulation are reactivity, flux, and power distributions, not nuclide inventory. The
calculation of nuclide compositions is only done as needed in service of these other
results. The depletion model simply determines which macroscopic cross sections to

interpolate based on the power computed in each node. Using this model, the only way

20



to estimate nuclide inventory is to assume the same compositions that were computed
in the lattice physics calculation at a specified burnup, but these compositions do not
account for the core conditions and so are of limited accuracy.

The hybrid macro/microscopic depletion model does solve simplified Bate-
man equations for a limited number of nuclides. The set of nuclides I includes: ***U,
235, BOU, 28y, B9y, M0y, Py, Py, **'Am, along with two lumped fission
products and a burnable absorber. The number densities N;* for these nuclides (and
pseudo-nuclides) ¢ for node n are computed, and their products with the microscopic
cross sections o7 of type x are summed with the background macroscopic cross

section Py g

I
Spy="KS0 4> op NI (4.4)

This model is capable of greater accuracy in determining the number
densities of uranium and plutonium isotopes, but it does not directly compute the

number densities of fission products measured in spent fuel assays.

4.1.1 Subregion Depletion

Currently, NESTLE does have some integration with ORIGEN, but this is limited
to the subregion depletion capabilities. The subregion depletion feature can deplete
elements within a node, such as fuel pins, by using additional lattice data passed
from the lattice physics calculation. NESTLE’s subregion depletion capability was
originally developed (28) to estimate recycling of americium in boiling water reactors.
Later the feature was revised to accommodate the latest release of ORIGEN (12), and
was also extended to calculate the depletion of control rods (29).

The existing subregion depletion capabilities are based on precomputed
neutron group flux disadvantage factors. Flux disadvantage factors are simply the
ratio of one region’s group flux to another region’s. In this case, the disadvantage

factors are the ratio of the group flux in a region of interest, such as a fuel material,
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to the group flux of the entire homogenized lattice region.

€qregion = g region (4.5)
¢g,node
To deplete a region during the core calculation, the group disadvantage factors are

applied to the nodal flux to estimate the one-group flux within the region.

G
¢region - Z gg,regionqbg,node (46)
g

The subregion depletion feature as implemented in NESTLE uses a fully microscopic
depletion model, and therefore requires microscopic cross sections. These microscopic
cross sections are computed during lattice physics and are collapsed to the same group
structure as the macroscopic cross sections. Before they are used in ORIGEN, both
the local fluxes and the microscopic cross sections must be collapsed from few-group
to one-group.

The disadvantage factors and the microscopic cross sections are interpolated
based on the thermal and hydrodynamic core conditions. Both the disadvantage
factors and microscopic cross sections use a simple one-dimensional serial interpola-
tion scheme for core conditions. This scheme uses several correction terms for each

perturbation to adjust the base case value.

perturbations

a i,x
Ui,x (Tfueh Tmod7 Pmod> Cborom CR) - Uz‘,m (base) + Z %Ap (47)

p

For the base conditions with reflected boundaries, the nuclide concentrations
calculated with NESTLE’s subregion depletion have been shown to match those
computed with the lattice physics concentrations to less than 1% for several nuclides
of interest (see Figure 4.1). For thermal and hydraulic conditions outside the base

case, the depletion interpolation scheme has not been rigorously verified.
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Figure 4.1: [Top| Depletion results comparison of **U, **Pu (left axis), and
*LAm (right axis) of material 1 between NESTLE-ORIGEN and TRITON-ORIGEN.

[Bottom| Relative error in nuclide concentration.

This method does not include changes to the local flux due to the intranodal
flux. In a nonhomogeneous finite core, the intranodal flux accounts for the smooth
variation (tilting) of the nodal flux across a node due to neighboring nodes. The
intranodal flux gb;ntra(r, 0) is computed during the pin power reconstruction calculation
so that lattice physics pin powers (calculated with reflective boundaries) can be
corrected to the core conditions. The intranodal power p™(r ) is expressed as

in cylindrical coordinates(30):

Intra Z /{gzlntra ¢Intra( ) (4 8)

where k, is the energy per fission for group g. Note that the intranodal flux must be

computed during the pin power reconstruction.
(bpin(r’ 9) gpln(r 9)¢Intra< r 0) (49)
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The corrected pin group fluxes and cross sections consistent with the core thermal

conditions will be available for post processing of the depleted isotopics of any pin.

4.2 Pin-Level Isotopic Tracking with NESTLE

This section provides preliminary results from the latest NESTLE coupling to
ORIGEN API for generalized isotopic tracking as a practical alternative and
manageable approach to generating SNF axial isotopic distributions at a fuel pin-
level while simulating actual whole-core space- and time-dependent neutronics and
thermal-hydraulic conditions.

The approach to implementing isotopic fuel pin depletion in NESTLE relies
on few-group microscopic cross sections generated by the SCALE/TRITON depletion
sequence. To obtain these cross sections, first the mixture of lattice fuel materials
for which homogenized cross sections are calculated must be defined in the TRITON
input file. The mixture may consist of any number of materials, including those of a
single pin or of a group of pins. Furthermore, multiple homogenized mixtures may be
defined for a single lattice, allowing for the depletion of multiple groups of pins in a
single NESTLE calculation. During execution, TRITON generates the necessary few-
group microscopic cross section set for each mixture defined, which is subsequently
imported into NESTLE during the full-core diffusion calculation in order to facilitate
depletion by coupling to the ORIGEN sequence in SCALE.

As NESTLE computes the few-group nodal flux solution for the full-core
problem, it calls ORIGEN to deplete the homogenized mixture(s) using the computed
mixture flux and the mixture cross sections. To obtain the group flux in the depletion
mixture (individual fuel rods) from the computed nodal (average) flux, NESTLE
applies disadvantage factors to the nodal flux. Disadvantage factors are burnup- and
group-dependent and are defined as the ratio of mixture flux to the lattice/nodal
flux. Additionally, because ORIGEN requires a one-group flux and a one-group cross

section set as input, the few-group data obtained by NESTLE must first be collapsed
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into a one-group structure. The output from ORIGEN returned to NESTLE consists
of time-dependent isotopic concentrations which are saved by NESTLE and serve
as the starting values of the next depletion step. At the conclusion of the NESTLE
calculation, the isotopic concentration history for every depletion material is available.

In the case of the VVER-1000 model discussed herein, namely, the AER
benchmark, a single depletion mixture was chosen within Assembly 27. The mixture
consists of just one fuel material corresponding to six symmetric pins indicated with
arrows in the 13 slice of the lattice in Fig. 4.2. This assembly was located near the
central region of the core. Because the NESTLE model divides the core into 20 axial
segments, the assembly consists of 20 depletion materials. There were 328 depletion
steps performed in this calculation, requiring 6,560 calls to ORIGEN.

The results shown in Fig. 4.3 show the axial profiles of isotopic concentration
for ?*°U and **°Pu, respectively, as a function of total days (not EFPD). These results
demonstrate what is potentially a powerful feature that would enable analysts to
calculate isotopic concentrations on any isotope tracked by ORIGEN for any selected

fuel rod or section of a fuel rod.

Control Rod Depletion Using ORIGEN

Control rod depletion capabilities were implemented in NESTLE (29). After the
previous integration with ORIGEN, depletion of movable control rod materials was
an extension. This required NESTLE to track the shifting locations of control rod
materials throughout the fuel cycle and treat cross sections appropriately at each
burnup step based on the rods’ local surroundings. Tracking of the control rod
materials has been implemented in such a way as to allow the user as much flexibility
as possible in defining the control rod material boundary.

Results from the control rod depletion calculation with NESTLE demon-
strate a feature under development with the potential to provide the unique capability

of accurately capturing history effects in depletion of control rods. Work will continue
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in this area with independent code-to-code verification of NESTLE results and the
development of a feedback mechanism in order to quantify the effect of depleting

control rods on the fuel cycle

4.3 Code Development for Microscopic Depletion

4.3.1 Changes to NEWT for Microscopic Depletion

NEWT outputs many data that can be used for 2D reactor analysis. It did not
output few group microscopic cross section data for homogenized regions (with the
exceptions of '*Xe and *”Sm). The source code of the 2D transport code NEWT in
SCALEv6.2b4 was changed so that the nuclide microscopic cross sections would be
output for use as input to NESTLE.

To use the NESTLE microscopic depletion features, few-group cross sections
are required for several nuclides including: 23U, 23U, 236U, 238U, 239py, 24Py, *'Pu,
22py 2 Am. The cross sections are for the absorption and fission processes for each
nuclide at each burnup step and each branch case. Other data are also required for
each isotope including the number densities, the delayed neutron yields, the prompt
neutron spectra, the transient fission product yields, the number of neutrons per
fission (v), and the energy released per fission (k).

Other data are required that are not specific to the tracked actinides.
Pseudo-nuclides (lumped fission products and a burnable absorber) are also tracked
and absorption cross sections for these pseudo-nuclides must be input. The
microscopic depletion model also requires the few group ‘background’ absorption
cross sections for all nuclides not included in the tracked nuclides. Finally, the delayed
neutron importances and the lumped fission product yields are also required to use

the microscopic depletion model.
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The NEWT subroutine cellwt2d was modified so that when the individual
nuclide data were being homogenized and condensed, the data would be printed to the
NEWT output file. Although the tracked actinide data is of primary importance, data
from every nuclide used in the transport solve is output so that derived data can be
produced in post processing. For example, the ‘background’ absorption cross sections
must be computed once the fuel nuclides are separated from the non-fuel nuclides
(such as those present in the coolant and structural materials). This post-processing
of data is handled by a collection of Python packages that produce a NESTLE cross

section file.

4.3.2 Python Packages to Produce NESTLE Cross Section
Data Files

A number of Python packages were developed to read the output files produced by
the modified NEWT output files and produce files suitable as input for NESTLE.
These Python packages perform the post-processing necessary to produce the data
required by NESTLE and in the expected format.

TRITON produces a single output file that contains all of the data from
each depletion step and all branch cases. In normal circumstances this output file will
be large (> 50 MB), but with the additional data produced by the modified NEWT
subroutine, the output file becomes very large (> 250 MB). The Python packages
first read in the large output file and break it into sections for each branch case
at each burnup step. The Python code determines which nuclides will be used in
actinide nuclides, pseudo nuclides, and background nuclides. Few group cross section
values are produced by homogenizing the materials, including possibly multiple fuel
nuclides, appropriately using the multi-group material fluxes. The cross sections from
all branch are fitted using polynomials to generate coefficients used as input in the

microscopic cross section data files.
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The Python packages also read a previously existing macroscopic cross
section file. This is done in part to produce a microscopic cross section data file that
is consistent with the macroscopic cross section file. Additionally, some data available
in a macroscopic cross section data file can be used directly in the microscopic
cross section data file, so repetitive data processing is avoided by using an existing

macroscopic file.

4.3.3 Lumped Pseudo-Nuclides

A pseudo-nuclide is a surrogate of combined nuclide data that behaves similarly to a
single physical nuclide. The purpose of using a pseudo-nuclide is to reduce or eliminate
the number of calculations performed for the constituent nuclides. For example, a
burnable absorber pseudo-nuclide for gadolinium could consist of the three absorptive
isotopes '%Gd, "°Gd, "Gd. NESTLE’s microscopic depletion model uses lumped
pseudo-nuclides for a burnable absorber and for fission products. The methodology
for creating pseudo nuclides is described in (31). To create an pseudo-nuclide effective
microscopic cross section o.g, the macroscopic cross section is divided by an effective

number density Neg:
> iy Nio
off = =5 —— 4.10
Oeft Nt (4.10)

The effective number density is the weighted sum of the constituent number densities:
Neg = Y _wi; (4.11)
i=1

where the weights are determined from the yield matrix.

w(j) =Y w(i) «y(i, j) =1 (4.12)

i=1
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The yield matrix is a square matrix that expresses the fraction produced by nuclide
7 of nuclide i through neutron absorption. For example, in the case of the burnable

poison consisting of the three gadolinium isotopes, the yield matrix would be:

PGd — °Gd °Gd — °Gd PTGd — °Gd 000
Y = |"Gd — °Gd '°Gd — °Gd TGd — °Gd| = [1 0 0
PGd — PTGd °Gd — 'Gd PTGd — PTGd 010

In this case the weights would be w = 3 for 'Gd, w = 2 for °Gd, and w = 1 for
157Gd. The physical interpretation of this is that each nuclide in the effective number
density is weighted by the number of neutrons that can be absorbed by it and all
other descendent nuclides contained in the pseudo-nuclide.

The lumped fission product pseudo-nuclide consists of all nuclides that are
not included in the tracked actinides, the burnable absorber nuclide, ***Xe, *°Sm, or

those nuclides in the background absorption.

4.3.4 Flux Normalization for Non-Local Fission Power

The NESTLE microscopic depletion model requires that the energy released per
fission x be input for each nuclide. The homogenized few-group fission cross sections
are input for each fisssionable nuclide. The macroscopic cross section for fission
power kX is computed from these microscopic data and the number densities of the
fissionable nuclides. The macroscopic cross section for fission power is used to scale

the group flux magnitude using the input power P:

G
> ¢Sy =P (4.13)
g=1

In NESTLE’s macroscopic model the group fluxes are only output of the
calculation, but in the microscopic model the flux is used to deplete the tracked

nuclides over the depletion step. Therefore, the flux magnitude is very important to
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Figure 4.4: The thermal fluxes by TRITON and NESTLE. There is a significant
discrepancy due to incorrect flux scaling that does not account for gamma-ray and
neutron interactions in the coolant and structural materials.

obtaining the correct nuclide number densities in the microscopic model. Fission
energy is mostly deposited at the site of fission, but additional energy may be
deposited far from the fission site due to gamma-ray and neutron interactions in
the coolant and structural materials. This additional power is relatively small but
not insignificant (in the range of about 5% of the total power).

Initial uses of NESTLE’s microscopic depletion model showed significant
discrepancies with the fluxes computed by the lattice code TRITON. Figure 4.4
shows the differences between the thermal fluxes as computed by NESTLE and that
computed by TRITON. The discrepancies in the fluxes caused significant errors in
the calculation of the nuclide number densities during depletion.

In order to compute similar number densities to those calculated by
TRITON, NESTLE required additional data to scale the flux appropriately. This

additional data is the macroscopic cross section for non-local fission power KX NT..
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Figure 4.5: The thermal fluxes by TRITON and NESTLE with the additional
KNLENL data.

This data is not readily output from TRITON, but it can be computed by assuming
the the flux magnitude as output by TRITON and correcting the NESTLE flux

magnitude accordingly:

KNLENL = nzf,g(w —1) (4.14)
¢g,TRITON

The NESTLE source code was modified to accept the non-local fission power terms as
input and use them to correct the flux scaling. The k>N term must be computed
and input by the user for each lattice in the NESTLE cross section file. After
accounting for the additional non-local fission power, the fluxes output by NESTLE
are in good agreement (on the order of 107° relative discrepancy) with those produced

by TRITON.
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Table 4.1: Branch conditions

Branch Fuel Coolant Coolant Boron Rod
Temperature Temperature Density Concentration State
K K g/cc ppm None
0 1005.0 578.0 0.7167  525.0 Out
1 1005.0 578.0 0.7167  525.0 In
2 550.0 278.0 0.7167  525.0 Out
3 550.0 278.0 0.7167  525.0 In
4 2500.0 578.0 0.7167  525.0 Out
) 2500.0 578.0 0.7167  525.0 In
6 1005.0 550.0 0.7167  525.0 Out
7 1005.0 550.0 0.7167  525.0 In
8 1005.0 619.0 0.7167  525.0 Out
9 1005.0 619.0 0.7167  525.0 In
10 1005.0 278.0 0.7700  525.0 Out
11 1005.0 578.0 0.7700  525.0 In
12 1005.0 278.0 0.5910  525.0 Out
13 1005.0 578.0 0.5910  525.0 In
14 1005.0 578.0 0.7167 0.0 Out
15 1005.0 578.0 0.7167 0.0 In
16 1005.0 578.0 0.7167  1675.0 Out
17 1005.0 578.0 0.7167  1675.0 In

4.4 History Effects

4.4.1 History Effects Impact on Nuclide Concentration

The magnitude of the history effect for each nuclide for each branch (shown in Table
4.1) was computed by using TRITON. Typically for lattice physics calculations,
depletion is only performed along the base case. Branch cases consist of neutron
transport followed by homogenization, condensation, and computation of lattice
parameters without further depletion. By depleting at the branch conditions, the
nuclide compositions at each burnup state can be compared to the base case. For
example, if branches 0 and 10 are compared, the history effect of high moderator
density can be computed. For the case of ***Pu, this effect will be similar to the

effect shown in Figure 3.5.
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The relative differences for each of the nuclides are shown in Figures 4.6
through 4.11 for the 30avb lattice. This lattice type was selected because it had
an average enrichment similar to that of the entire core. The history effects for the
other lattices are of similar magnitude. In these figures, the nuclide number densities
computed at the branch conditions are compared to the number densities computed
at the base conditions.

Figures 4.6 through 4.11 demonstrate the envelope of variation for the
history effects for the branch perturbations. Depending on the nuclide, the branch
conditions, and the burnup, these effects can be can be greater than 30%. In the
case of 23U, which is present in the initial fresh fuel, the relative difference in the
nuclide concentration is less than 1% until 5 GWd/MTU, but it continues to expand
as the burnup continues. For **Pu, which is not initially present in the fresh fuel, the
relative difference in nuclide concentration can be large from the start of the cycle.
Although, these relative differences in **’Pu concentration appear to stay relatively
constant throughout the depletion interval. This behavior is noticeably different from
the other plutonium isotopes (**°Pu, **'Pu, and ?**Pu) which have largef relative
differences near the beginning of the cycle, but the differences decrease as the burnup

continues.

4.4.2 Microscopic Depletion Mitigation of History Effects

By using NESTLE’s microscopic depletion model instead of the macroscopic depletion
model, the history effects can be mitigated. The effects cannot be totally eliminated
because the microscopic cross section data is obtained from the base case depletion
only. The following plots demonstrate how effective the microscopic depletion model
is in reducing the errors in nuclide concentrations. The plots show the relative error
in nuclide number densities between the NESTLE computed branch case value and
the corresponding TRITON branch case. As can be seen from the plots, the history

effect is reduced to errors often less than 5% for the important fissionable nuclides.
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Figure 4.6: The history effects of branch conditions for *°U in the 30av5 lattice.
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Figure 4.8: The history effects of branch conditions for ?*°Pu in the 30av5 lattice.
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Figure 4.9: The history effects of branch conditions for **°Pu in the 30av5 lattice.
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Figure 4.10: The history effects of branch conditions for *'Pu in the 30av5 lattice.
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Figure 4.11: The history effects of branch conditions for **?*Pu in the 30av5 lattice.
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Figure 4.12: The relative differences between the NESTLE and TRITON computed
nuclide number densities for 22°U in each branch for the 30av5 lattice.
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Figure 4.13: The relative differences between the NESTLE and TRITON computed
nuclide number densities for *°U in each branch for the 30av5 lattice.
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Figure 4.14: The relative differences between the NESTLE and TRITON computed
nuclide number densities for 2>*U in each branch for the 30av5 lattice.
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Figure 4.15: The relative differences between the NESTLE and TRITON computed
nuclide number densities for ***Pu in each branch for the 30av5 lattice.
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Figure 4.16: The relative differences between the NESTLE and TRITON computed
nuclide number densities for 2*°Pu in each branch for the 30av5 lattice.
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Figure 4.17: The relative differences between the NESTLE and TRITON computed
nuclide number densities for **'Pu in each branch for the 30av5 lattice.
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Chapter 5

Verification of Pin Power

Reconstruction Methods in

NESTLE

5.1 Pin Power Reconstruction

NESTLE can be used to model either Cartesian geometries (for use with typical
PWR, BWR fuel assemblies) or hexagonal geometries (for use with VVER and other
triangularly pitched fuel assemblies). NESTLE is unusual in that the pin power
reconstruction option historically has only been available in hexagonal geometries.
Cartesian pin power reconstruction is currently under development. The method of
solution of the nodal equations for hexagonal geometries uses a conformal mapping

technique proposed by Chao and Tsoulfanidis (32).
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5.1.1 Intranodal Power

As is typical of many nodal core simulators, NESTLE uses the power (in contrast
to the flux) form factors f as computed by the lattice code. These form factors are

multiplied by the intranodal power p™ to determine the reconstructed pin power p:
p(ﬂ 0) = plntra(r7 e)f(ra Q) (51)

where the terms are functions of cylindrical coordinates r and 6 with the origin at
the the node center. The intranodal power is computed using the intranodal group

Intra 3 : Intra.
fluxes ¢, and the group fission energy per unit path length r3":

Intra T 9 Zﬁzlntra r, 0 ¢Intra(r 9) (52)

Note that NESTLE uses a two-group formulation when computing the intranodal
power. If the general nodal diffusion problem uses more than two energy groups,
the fluxes and cross sections are first collapsed to two groups. To compute the
intranodal power, the two-dimensional functional forms must be determined for both

the intranodal group fluxes and the fission group cross sections.

5.1.2 Intranodal Flux

The two-group neutron diffusion equation over the homogeneous node can be written:

_ XR1—X1v¥51 —X1V3g2
i Di Di - (5.3)
¢2 —25121—7321/2}1 ERQ—DX;VEQ ¢2
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with the number of neutrons per fission v, group removal cross sections gy, group
scattering cross sections ¥g,,/, group absorption cross sections X,4, and group diffusion

coefficient D,. Equation (5.3) can be cast into diagonal form:

where )\, are the eigenvalues and u? = —\; and v? = \,.
As shown by Chao and Shatilla (33), the general solutions to equation
(5.4) are linear combinations of plane waves along all directions. NESTLE performs

numeric integration of the solution equations:

B, (1, ) = /0 1A, (a) sin(ur cos(6 — a))+

By (a) cos(ur cos(6 — )] da+

o (5.5)
/0 [Cy () cos(ursin(6 — «))
+ Dy () sin(ursin(f — «))] da
D,(r,0) :/0 N[Av(oz) sinh(vr cos(6 — «))+
By, () cos(vr cosh(0 — )] da+
(5.6)

2m
/ [Cy () cosh(vrsin(f — «))
0
+ D, («) sinh(vrsin(f — «))] da
by determining the direction-dependent superposition coefficients A,B,C',D along
three discrete angles a. To determine the values of the superposition coefficients,
twelve constraints are used for each group: six corner fluxes and six surface fluxes

along the node perimeter. To determine these values, six corner point discontinuity

factor (CDF) and six assembly discontinuity factor (ADF') are input from the lattice
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physics calculation. These discontinuity factors are defined at a point or along a
surface in the usual way d = igo—:m:j] and provided as input from the lattice physics
calculation.

For each of the six hexagonal surfaces of length R, the flux along the surface

is approximated by a quadratic polynomial:
0y(s) = ag + ars + ass® —R/2<s<R/2 (5.7)

CDFs at —R/2 and R/2 determine ¢,(—R/2) and ¢,(R/2), while the surface ADF
determines the average flux value along the surface. These constraints are sufficient
to determine the a,, along each hexagonal surface.

The flux in the region of each of the hexagon corners is approximated by a

polynomial function:

Gy, y) =cog + C19(T — ) + C29(Y — Ye) + C3q(x — 170)2"_
(5.8)

Cag(y — yo)? + csg(x — xc) (y — ye)

where the corner is located at (z.,y.). The ¢, are fitted to preserve both the volume
averaged fluxes of the three nodes surrounding the corner and the average fluxes
along each surface composing the corner, both of which are determined by the nodal
solution and using the surface ADFs. The CDF at the corner determines the flux at
(e, ye) producing a continuous flux. Equations (5.7) and (5.8) are used at each of
the six corners to approximate the integrals of the direction-dependent superposition

coefficients in equations (5.5) and (5.6).

5.1.3 Intranodal Cross Section

To solve for the intranodal power in equation (5.2), the spatial variation of the fission
energy per unit path length, £3¢,, must also be determined. The cross section function

used in NESTLE is the same as that presented by Chao and Shatilla (33). The node
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averaged cross section and the cross section along each of the six surfaces are used to

determine the intranodal cross section:

3 3
KYgg(r,0) =Co, + Z Clngn + Z Con, Vot
n=1 n=1

(5.9)
Ca, (=7 +75 — 75)
where:
Yo = 1 cOs(0 — o) (5.10)
a, = (n—1)(7/3) (5.11)

Although there are only seven average cross sections (one volume and six surface
averaged values) to determine the eight C' coefficients in equation (5.9), the three
C1n, are not linearly independent. This is because only two independent straight
lines exit in a two-dimensional plane. Therefore, one of the C1,, is arbitrarily chosen,

and the other seven coefficients are determined by the seven averaged cross sections.

5.2 Analysis

A set of test problems were used to verify the pin power reconstruction calculation
in NESTLE. The problems compare the pin power results of 2D infinite lattices
(single lattices with reflected boundary conditions), and the second set compares the
pin power results of a 2D core section with a reflector region. These test problems
use lattice and configurations as specified by a VVER-1000 benchmark based on an
operational nuclear power(17; 18). The five lattice types for the initial (cycle 1) core
as specified by the benchmark are used as the basis for both sets of test problems.
All test problems are at the beginning of cycle (BOC), so no depletion calculations
are performed. Test problems use constant temperatures and densities; no thermal-

hydraulic cross section feedback is included.
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Parameters of the five lattices are specified in 3.1. Each lattice contains 312
fueled pin locations, 18 control rod locations, and 1 central instrument tube location.
Pin enrichments range from 1.3% to 4.0%, and three of the five lattices contain integral
gadolina burnable absorbers (95% UO2, 5% Gd03). The temperatures, densities and
concentrations were modeled according to the benchmark: fuel temperature 1005 K,
coolant temperature 578 K (at 15.7 MPa pressure), and boron concentration 525 ppm.
In all models, the control rods are withdrawn, leaving only water in the control rod
locations.

The lattices were modeled using SCALE New ESC-based Weighting
Transport (NEWT) v6.2b4 with the available 252-group ENDF /B-VIL.1 cross section
library(10). NEWT is a 2D Sy polygon-mesh deterministic transport module with
arbitrary geometry model definitions. NEWT does not directly report form factors
or corner discontinuity factors in its output for hexagonal geometries; so form factors
were calculated with a post-processing script based on the zone power in each pin.
CDF's were calculated using the fluzplane option, which allows for calculation of the
average scalar flux along any line segment in the geometry. Group flux values were
computed for 1 cm line segments on each side of the corners, and the values for the
two segments composing each corner were averaged. These averaged group corner flux
values were then divided by the lattice homogenized group fluxes to obtain the CDF's.
NESTLE uses the NEWT results as input (form factors, CDFs, and homogenized

cross sections), and also as the basis of comparison.

5.3 Results

For the reflected lattice test problems, NESTLE’s reconstructed pin powers are
compared to the pin powers computed by NEWT for each lattice type. Table 5.1
shows a comparison of the minimum and maximum discrepancies and the RMS

deviations between NESTLE and NEW'T pin powers. The discrepancies are expressed
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Table 5.1: Minimum difference, maximum difference, and RMS deviations of pin
power factors for the infinite lattices.

Lattice Minimum Difference [%] Maximum Difference [%] RMS Deviation [%]

13au 0.312 0.270 0.154
22au -0.517 0.603 0.301
30avH -0.410 0.481 0.238
30awu -0.730 0.868 0.431
390go -0.885 0.981 0.501

in absolute percent, not relative. For example, if NEWT were to compute a pin
power factor at 0.900 and NESTLE were to compute a pin power factor at 0.901, the
discrepancy is +0.1%.

From the results shown Tab. 5.1 , NESTLE computes the pin powers factors
within a range of 0.981% as compared to NEWT for all cases. The RMS deviation
ranges from 0.154% for the 13au lattice to 0.501% for the 390go lattice. There are
two major differences between the five lattice types: lattice averaged enrichment and
the location of gadolinia burnable absorbers. The only difference between lattices
13au and 22au are their enrichments. Therefore, the difference in the RMS deviation
between the two lattices must be entirely related to enrichment. For all five lattices,
there appears to be a trend in increasing RMS deviations with increasing lattice
averaged enrichment. Lattices 390go and 39awu have the same lattice averaged
enrichments, but differ with the location and number of gadolina pins. The placement
of the gadolina pins in the 390go lattice is near the center, while 390awu has some
gadolina pins near to the assembly corners. Therefore, the difference in RMS deviation
between these two lattices must be due to pin location and not enrichment.

The spatial distributions of the pin power factors are shown in Figure 5.1. In
the figures, circle color indicates discrepancy magnitude; black text indicates positive
difference; white text indicates negative difference. Because the lattices possesses
a 6-fold rotational symmetry, it is sufficient to show results in one sextant. The

discrepancy distributions show that, in four of the five lattices, NESTLE under
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predicts the pin power factors as compared to NEWT in the lattice interior, and
it over predicts the pin power factors near the lattice periphery. The same pattern is
observed in all these lattices where exactly the same pins in the inner seven rows show
a negative discrepancy, and the other pins (those mostly in the outer three rows) show
a negative discrepancy. The exception to this pattern is the 13au lattice, where the
exact same pins show a similar distribution but reversed in magnitude. Again, the
only difference between lattices 13au and 22au are their enrichments, so an enrichment
related effect must be the origin of this inflection. The presence of gadolina pins does
not appear to have a local effect on the discrepancy distributions; the discrepancies for
individual gadolina pins are similar to those of the neighboring pins. In contrast, the
location of pins types does have a global effect on the magnitude of the discrepancy
distribution. For the 390go and 39awu lattices that share an average enrichment, the
distributions are similar but the magnitude is greater for the 390go lattice. In this
case, the different magnitudes of the discrepancy distributions must be driven by pin

location, not enrichment.

5.4 Conclusions

NESTLE’s reconstructed pin powers generally compare well with the pin powers
computed by NEWT for the reflected lattices. The results are consistent with
similar published results that tested the same pin power reconstruction method,
which stated that for assemblies away from the edge of the core pin powers were
reconstructed within 0.2% RMS and 1.0% maximum(34). The observed increase in
RMS deviation with increased enrichments may be due to the changes in the neutron
energy spectrum. The accuracy of the two-group formalism may be more limited for
higher enrichments. The pattern of the spatial distributions of discrepancies, typically
overpredicting pin power for exterior pins and underpredicting pin power for interior
pins, may be due to errors in reconstructing the intranodal flux. The fluxes along

each of the assembly hexagonal surfaces are approximated by a quadratic polynomial,
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which limits the accuracy of the reconstructed intranodal flux. The precision of the
CDFs may also contribute to errors in reconstructing the intranodal flux. Recall that
NEWT does not output the CDFs, rather they are computed after the simulation
completes by averaging fluxes along 1 cm line segments on each side of the corners.
Because discrepancies are greatest at the corner pins, errors in the CDFs may be
the larger effect. The location gadolina pins not have a local effect on the pin power
discrepancies because the pin power form factors are not the source of error, instead

the error is due to the reconstruction of the intranodal flux.
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Figure 5.1: NESTLE and NEW'T pin powers for the lattice assemblies used in the
VVER for verification of pin power reconstruction algorithms. Circle color indicates
discrepancy magnitude; black text indicates positive difference; white text indicates
negative difference. [Upper Left] Lattice 13au. [Upper Right] Lattice 22au. [Middle
Left] Lattice 30av5. [Middle Right] Lattice 39awu. [Lower| Lattice 390go.
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Chapter 6

Radial Reflector Model

6.1 Radial Reflectors

The proper development of core periphery discontinuity factors constitutes a crucial
step for the accurate modeling and simulation when employing an advanced nodal
diffusion simulator. In cores with hexagonal assemblies, such as in the VVER-1000,
most fuel assemblies share two faces with the radial reflector, and some even
three faces. For this reason, use of a two-dimensional (2D) reflector model will
more accurately capture the neutron physics near the core periphery. This section
illustrates key points related to the use of 2D discontinuity factors in the reflector
region. First, by using an algorithm that applies the methodology proposed by Mittag,
Petkov, and Grundmann (35) after correcting some minor typographical errors in
the original publication, then by employing the SCALE transport module NEWT
to compute the appropriate quantities, and finally by illustrating the impact of 2D
discontinuity factors have on pin power reconstruction. Large and even negative
discontinuity factors are an acceptable fact of this methodology when the diffusion
approximation breaks down because of the localized problem’s features and the large

flux gradients involved.
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6.1.1 Background

In western-style LWRs with square pitched assemblies, most peripheral fuel assemblies
share one face with the radial reflector region, and only a few corner assemblies
share two boundaries. For these cores, a one-dimensional reflector model can be
used to obtain assembly powers accurate to within approximately 4% in most cases
(36)(37). In cores with hexagonal assemblies, the situation is different. Only a few
hexagonal reflector nodes share only one face with peripheral fuel nodes, most share
two faces, and some even share three faces. Because of this feature of the geometry,
the one-dimensional reflector model is less accurate for hexagonal cores. In general,
using a two-dimensional reflector model will have a greater impact on assembly power
accuracy near the periphery for a VVER-1000 core that it would for a western-style
LWR core.

Some codes, including NEWT, can calculate the homogenized few-group
macroscopic cross sections for a region of the model. As previously described,
advanced nodal methods additionally require group discontinuity factors on each
node face. Computing these discontinuity factors for the zero net current case
is straightforward. It is more difficult to compute discontinuity factors with net
currents on the node faces, such as in a reflector region. While NEWT can compute
discontinuity factors, it does not do so when a non-zero net current is present on the
node faces. To calculate its overall flux solution, NEWT computes the group fluxes
and partial currents along many grid lines in the geometry. By using the fluzplane
feature of the code, group fluxes and currents for any line coincident with the gridlines
in the geometry are written to the output file. This feature is useful for calculating

two-group discontinuity factors after the NEW'T computation is complete.
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6.1.2 Radial Reflector Two-Group Discontinuity Factors

A method to compute discontinuity factors for non-multiplying material in two-
dimensional hexagonal reactor geometry has been presented by Mittag, Petkov, and

Grundmann(35). The method is based on expanding the group fluxes using:
N
n=1

where N = 3, k,, = cosb,, k,, = sinf,, 6, = m(n — 1)/N. The constants ,
are based on the homogenized group cross sections, and ngfn are coefficients to be
determined. The method is a two-group formulation and would require significant
modifications for groups other than two. A derivation of the method is presented in
the reference, and is not repeated here. Instead the method is presented as a matrix
algorithm, where some minor typographic errors from the original publication have

been corrected:

1. From the transport solution, obtain the net currents .J, ;\fset and the heterogenous
fluxes qﬁg‘f along each side of the hexagon. The net currents are defined to be
positive when the current direction is outward from the hexagon, and negative
when the current direction is inward. Currents reported by NEW'T are positive

in the +x and +y directions. Therefore, the following equation must be used:
Net _  jx+ + .t
Jys = Jy ¢ cost + JJsin b (6.2)

where 6, defines the outward normal for each side; in this case 6, =

[0, e %”,W, 4{, %ﬂ for sides = [East, Northeast, Northwest, West, Southwest,

Southeast].

2. The two-group homogenized cross sections are used to define three parameters:

w1 =1/Xr1/D1 (6.3)
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pr2 = \/ X2/ D2 (6.4)

Zs,1~>2

0=
Ea,Z - DQH%

(6.5)

where X2, is the group absorption macroscopic cross section, Y is the group to
group scattering macroscopic cross section, D is the diffusion coefficient, and

YR1 = Xa1 + s 152 is the fast group removal macroscopic cross section.

3. Compute the 6 x 6 matrices M,:

mzo Mg Mg—’,—l,Q Mg_,1,2 M;1,3 Mg_,l,g
M;m M5;2,1 m;r,o mg o M;2,3 M;2,3
M. — M;S,l M;3,1 M;&;,z M;3,2 m;r,o Mg (6.6)
= " " ° .
Mgo0 m;_,O M;4,2 Mg,4,2 M;4,3 Mg,4,3
M;5,1 Mg_,5,1 mg mzo M;5,3 Mg_,5,3
_M;&l M;ﬁ,l M;:6,2 Mg;G,Q Mg m;r,o
where
myo = +petrel/? (6.7)
kS
AL (eiugd/2(ki,z+ki,y/\/3)) _ eiugd/2(kz,sz,y/¢§)) (6.8)
k:n’y
with
k, , = cos (0, — ;) (6.9)
k, , = sin (6, — 0;) (6.10)
2 —1
0, = M (6.11)
6
-1
0, — % (6.12)

and d is the distance between parallel sides of the regular hexagon (equivalent

to the pitch of a regular hexagonal lattice).
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4. For the fast and thermal groups, solve the matrix equations:

M101

__Dl\/§ —
d

M, C!
22+D1

%
for the 1 x 6 group coefficient vectors C

DQ\/g — O‘D2:ﬁ§¥
1

%
5. Using the coefficient vectors Cy, solve the matrix equations:

3. =
Jion_V3p &
figd
= VB =
= gl
Hg

(6.13)

(6.14)

(6.15)

(6.16)

e
for the fast and thermal homogeneous fluxes gbgom, where the 6 x 6 matrix:

with

g o El (ei#gd/Q(ki,ﬁki,y/\/g)) _ eiugdﬂ(kz,m;,y/ﬁ))

g,5,m o ks
n,y

+ - + -
_Fg,ﬁ,l Fg,ﬁ,l Fg,6,2 Fg,6,2

+ Meiugdm

9.0 — \/g

+ - + - +

9,0 fg,O Fg,1,2 Fg,1,2 Fg,1,3

+ - + - +
Fg,2,1 Fg,2,1 fg,O fg,O Fg,2,3

+ - + -
Fg,371 ng371 Fg,372 Fg,3,2

- + + - +
fg,O 9,0 Fg74y2 Fg74,2 Fg74,3
+ - - + +
Fg,5,1 Fg,5,1 fg,O 9,0 Fg,5,3

6. Compute the group discontinuity factors for each side:

dg,igbgHom(

Aili'l'

5 ) = dg,i+1¢§°m(

87

Ay
2

ng,l,S
Fg_,2,3
fao
ng4,3
Fg_,5,3

+
fg,O |

)

(6.17)

(6.18)

(6.19)

(6.20)



Figure 6.1: A NEWT model designed to test the two-dimensional hexagonal
reflector discontinuity factor method. The fuel is shown in green, the reflector in
red.

This method does not guarantee positive homogeneous fluxes. If the flux
gradient across the reflector node is large, the homogeneous fluxes, and therefore the
discontinuity factors, may be negative on the faces not adjacent to fuel nodes. These
negative values can be attributed to a failure of the diffusion approximation, which is
inaccurate in regions of large flux gradients. Although negative discontinuity factors
may appear disconcerting for a nodal model, they can be acceptable if the average
homogeneous flux in the reflector region remains positive, and if the the faces with
negative factors define the outer boundary of the nodal problem where the flux is

nearly zero.

6.1.3 Radial Reflector Two-Group Discontinuity Factor Test
Problem

The algorithm presented above was coded in Python. To verify the code, a test
problem was constructed with NEW'T using fuel and reflector mixtures at infinite
dilution. The model geometry is shown in Figure 6.1. The hexagonal pitch is
23.4 cm. All boundaries have reflected boundary conditions, except the boundary to
the right of the reflector, which has a vacuum boundary condition. NEWT computed
the homogenized two-group cross sections and the heterogeneous flux and currents
along the six faces of the reflector node. Using these values as input, the Python

code determined the homogeneous fluxes and discontinuity factors on the six faces.
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The discontinuity factors calculated by the Python code are shown in Table 6.1.
The test problem is symmetric across its central x-axis, and as expected, so are the
discontinuity factors. Note that discontinuity factor on the East face is negative for
the thermal group and positive but relatively large for the fast group. Likewise, the
Northeast and Southeast thermal group discontinuity factors are also relatively large.

Because discontinuity factors are simply a ratio of fluxes, and it is nonphysical for a

Table 6.1: Discontinuity factors for the hexagonal reflector region test problem.

Reflector Fast Thermal
Face Group Group

East 2.363017 -0.388521
Northeast 1.056869  2.234352
Northwest 1.103021 0.912144
West 1.148919  1.027277
Southwest 1.103021 0.912144
Southeast 1.056869  2.234352

flux to have a negative value, a negative discontinuity initially appears impossible or
at least an error. Although fluxes are physical quantities, discontinuity factors are
not, rather they are mathematical corrections that are used to attempt to preserve
the continuity of the heterogeneous flux across an artificial boundary. Therefore,
discontinuity factors are actually a measure of the discrepancy between a more exact
transport calculation and a less approximate diffusion calculation.

By design the diffusion approximation neglects some of the physics present
in the neutron transport equation. The neglected physics does not play a significant
role in determining the flux solution, so long as assumptions of the diffusion
approximation are valid. While negative valued flux solutions of the diffusion equation
may exist, these solutions have no physical meaning. If the only solution to the
diffusion equation is negatively valued, the assumptions of the diffusion approximation

have been violated.
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In the case of negatively valued discontinuity factors in the reflector region,
the assumption that is violated is that the flux gradient is small over the diffusion
length. In these regions, the diffusion flux solution will fall off more rapidly than the
transport solution. Lacking the full physics of the transport solution, eventually the
diffusion flux solution will become negative, while the transport solution will likely
remain positive. Long before the diffusion flux solution becomes negatively valued,
the discrepancy between the diffusion and transport solutions will increase. This
explains why some reflector discontinuity factors on the outer edges may be negative,
have a magnitude significantly larger than 1.0, or both.

While the purpose of the Python code is to determine the reflector
discontinuity factors, in the process the code also determines the coefficient vector @.
These coefficients can be used in equation (6.1) to plot the two-group homogeneous
flux as determined by the diffusion approximation. Because the NEWT model used
infinitely dilute fuel and reflector mixtures for regions with no detailed geometry, the
spatial shape of the two-group homogeneous flux should be an excellent approximation
to the two-group transport flux spatial shape computed by NEWT. The heterogeneous
(transport) and homogeneous (diffusion) spatial flux shapes for the fast and thermal
groups is shown in Figure 6.2.

The absolute difference between the heterogeneous and homogeneous fluxes
across the reflector node has a maximal discrepancy on the order of 10™*. This
small difference demonstrates that the coefficients computed by the Python code are
accurate. The maximal difference occurs near the vertices of the East face for the
thermal flux, where the homogeneous flux actually becomes negative. Again, we
note that this is due to the failure of the diffusion approximation in a region with
a large flux gradient. This also explains the negative discontinuity factor for the
thermal group along the East face. While the homogeneous fast flux stays positive
on the East boundary, it is much less than the heterogeneous fast flux. This explains
the relatively large discontinuity factor for the fast group along the East face. The

relatively large thermal discontinuity factors along the Northeast and Southeast faces
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Figure 6.2: The heterogeneous (transport) and homogeneous (diffusion) spatial flux
shapes and their absolute difference for the fast and thermal energy groups. The flux
units are arbitrary and scaled to 1.0.

are due to similar conditions: a small but positive homogeneous flux. If the reflector
material composition were different such that the flux gradient were even greater, or
if the reflector region were larger, it’s possible that these homogeneous fluxes and
discontinuity factors could drop below zero as well.

The excellent agreement between the homogeneous and heterogeneous
spatial flux shapes verifies the Python code through Step 4 of the method outlined
in Section 6.1.2. To verify Step 5 of the method, the the average value of the
homogeneous flux along each face as computed by equation (6.1) can be compared to
the average value as computed by equations (6.15) and (6.16) in the matrix algorithm.
The ratios of equation (6.1) averaged over 5000 points along each hexagon face to the
homogeneous fluxes computed by the matrix algorithm is very nearly 1.0. These

ratios are shown in Table 6.2. Based on the results of this test problem, the Python

91



code has verified to calculate expected discontinuity factors. Further confirmation
will be seen in the improved flux distribution of the peripheral fuel nodes in the nodal
core model results.

Table 6.2: Ratios of the average homogeneous fluxes along each face as computed
numerically by equation (6.1) averaged over 5000 points to the average homogeneous
fluxes as computed by the matrix algorithm.

Reflector Fast Thermal
Face Group Group

East 1.000123  0.99986
Northeast 0.999930  1.00057
Northwest 0.999982  1.00014
West 0.999987  1.00011
Southwest 0.999982  1.00014
Southeast  0.999930  1.00057

6.2 Pin Power Reconstruction

6.2.1 Impact of 2D Reflector on Pin Power Reconstruction

To demonstrate the impact of a 2D reflector model on a pin power calculation, a 1/12
2D VVER-1000 core model was built using a fuel design based on the the benchmark
core calculation as documented by T. Lotsch (18). The model was simulated using the
SCALE 6.2 KENO-VI Monte Carlo code. Using 1 x 10° histories per generation, with
1000 generations (200 disregarded for fission convergence), the simulation computed
the fission densities in each pin region in the core section. The percent deviations of
the fission densities are shown in figure 6.3. The majority of the pins are converged
to less than 1% deviation, the notable exceptions are two types of pins: the U-Gd
integral burnable poison pins, and those pins near the core periphery. Those pins
with the greatest percent deviation are the burnable poison pins near the periphery.
In all cases, the pins are converged to a percent deviation of 1.9% or less. The pin

power factors are shown in figure 6.4.
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Figure 6.3: The percent deviation in the fission density calculation for each pin as
computed by KENO-VI.
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Figure 6.4: The relative pin power factors as computed by KENO.

Similar VVER-1000 models were also constructed using the SCALE 6.2
NEWT Sy transport code. Each of the 5 lattice types were modeled as single infinite
assemblies with reflected boundaries and the cross sections and discontinuity factors
were condensed, homogenized, and prepared for input into the NESTLE nodal core
simulator. Two types of reflector models were simulated using NEWT: a 1D (slab)
reflector model, and a 2D reflector model using a one-twelth core section model
similar to the KENO-VI model. These reflector cross sections were also condensed,
homogenized, and prepared for input into the NESTLE nodal core simulator. When
the results of the NESTLE pin power reconstruction were compared with the KENO
results, the 2D reflector model showed a significant improvement over the 1D reflector

model. The comparison of the NESTLE results with the KENO results are shown in
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Figure 6.5: The percent difference in pin power between the KENO and NESTLE
calculations using 1D cross sections and 1D discontinuity factors.
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Figure 6.6: The percent difference in pin power between the KENO and NESTLE
calculations using 2D cross sections and 2D discontinuity factors.

figures 6.5 and 6.6. For both the 1D and 2D models, the maximum discrepancy in
pin power reconstruction is seen along the core periphery, but the magnitude of the
maximum discrepancy for the 2D model is approximately half that of the 1D model.
It should be noted that in a typical core configuration, these pins are some of the
lowest powered pins in the core. Therefore they are the pins that are of the least

concern since they are furthest from their thermal limits.
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Chapter 7

Nuclide Sensitivity to Operational

Conditions

The final step of this work is to explore the sensitivity of spent nuclear fuel nuclide
inventory to operational parameters such as power, inlet temperature, and coolant
flow rate. To accomplish this, the NESTLE inputs are perturbed and the whole core
outputs are compared to the reference conditions. Speed is an advantage of using a
nodal diffusion simulator like NESTLE over transport or Monte Carlo methods. A
nodal diffusion code like NESTLE can complete the calculations in a few minutes
using a single CPU, while Monte Carlo codes would take many hours or several days

to complete using many CPUs.

7.1 Perturbation of Inputs

Before the operational parameters are varied, reference conditions must be estab-
lished. These reference conditions are based on the conditions for cycle 1 of the
AER benchmark. The reference cycle will run to the same total core burnup
(12.5 GWd/MTU). The power through the cycle remains constant at 100% of the

nominal cycle power. Likewise the flow conditions are 100% of the nominal flow
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Table 7.1: Perturbation of inputs.

Case Flow Inlet Power Boron Rod
Rate Temperature Concentration Position
%o °F % %o
Base 100.0 548.0 100.0 100.0 Average
Boron -10%  100.0 548.0 100.0  90.0 Average
Boron -5% 100.0 548.0 100.0  95.0 Average
Boron +5%  100.0 548.0 100.0  105.0 Average
Boron +10% 100.0 548.0 100.0  110.0 Average
Flow -10% 90.0 548.0 100.0  100.0 Average
Flow -5% 95.0 548.0 100.0  100.0 Average
Flow +5% 105.0 548.0 100.0  100.0 Average
Flow +10%  110.0 548.0 100.0  100.0 Average
Power -10%  100.0 548.0 90.0 100.0 Average
Power -5% 100.0  548.0 95.0 100.0 Average
Power +5%  100.0 548.0 105.0  100.0 Average
Power +10% 100.0 548.0 110.0  100.0 Average
Inlet -10°F  100.0 538.0 100.0  100.0 Average
Inlet -5°F 100.0 543.0 100.0  100.0 Average
Inlet +5°F 100.0  553.0 100.0  100.0 Average
Inlet +10°F"  100.0 558.0 100.0  100.0 Average
Rod Min 100.0 548.0 100.0  100.0 Minimum
Rod Max 100.0 548.0 100.0  100.0 Maximum
Rod In 100.0 548.0 100.0  100.0 Full In
Rod Out 100.0 548.0 100.0  100.0 Full Out
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conditions, the control rods are parked at the average insertion, and the inlet
temperature is constant at the average inlet temperature value. The boron letdown
for these conditions is established by running NESTLE’s criticality search.

Five operational parameters are varied: boron concentration, flow rate,
inlet temperature, power, and rod position. Each is parameter is perturbed over a
range of variability. Establishing this range is subjective and based on the range of
normal and off-normal conditions that may be expected during operation. For the
boron concentration, flow rate, and power, conditions are perturbed by £ 5% of the
nominal value and £ 10% of the nominal value. The inlet temperature is varied by
+ 5 deg F and 4 10 deg F. The rod position is varied by parking the control banks at
the maximum and minimum insertion positions listed in the AER benchmark. Two
extreme rod positions are also examined: the rods fully removed from the core, and
the rods fully inserted in the core.

This is a single parameter study, so the operational parameters are varied
individually. For each perturbation, criticality (keg = 1) is not re-established because
this would require a variation in an additional parameter such as flow rate, rod
position, or soluble boron concentration. By not re-establishing criticality, the effect
of each perturbation can be examined individually without the confounding effects
of criticality control. Future work could include the variation of multiple parameters

and the variation of parameters while the core remains critical.

7.2 Core ??Pu Distributions

Because #Pu is a significant plutonium isotope for operational and security purposes,
this nuclide was selected for perturbation studies. All of the microscopic depletion
model nuclides were output from the simulations, and any of them were available for

analysis.
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Variation of **’Pu Atom Density Distribution at Discharge With Inlet Temperature
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Figure 7.1: Box plot for the core distributions of ?*Pu at discharge burnup of
12.5 [MWd/MTU] with varying coolant inlet temperatures.

Figures 7.1-7.3 show five box plots for the base and perturbed cases. Box
plots are one way of illustrating a distribution of values. The spacing between the
components of the plot represent the dispersion and skewness of the data. Here the
central box represents the interquartile range where the middle 50% of values reside.
The red line represents the median value and divides the interquartile range into
quartiles. The whiskers on the plot span 1.5 the width of the interquartile range.
Outliers, those values outside the whiskers, are plotted as hashes.

The base case distribution in Figures 7.1-7.3 is asymmetric. The upper
whisker is much closer to the interquartile range than the bottom whisker, demon-
strating a negatively skewed distribution. There is a long tail toward lower ***Pu atom
concentrations. Based on the the VVER-1000 lattices depletion studies, such as those
shown in Figure 3.4, **Pu continues to burn in as the core is depleted. But, as more
239Pu is produced, more of it is also destroyed through fission and absorption until the

total atom concentration of **’Pu nearly reaches equilibrium around 30 GWd/MTU.
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At the core averaged burnup of 12.5 GWd/MTU (discharge), the total concentration
of 9Py will be increasing at a rate nearly as rapidly as at lower burnups. Because at
this core averaged burnup, greater ***Pu concentrations are correlated with greater
burnup, the distributions can be interpreted in terms of burnup. The upper whisker
contains the highest burnup regions of the core, which generally would be located
near the radial center and axial middle of the core. The lower whisker and the long
tail represent the lower burnup regions near the radial and axial periphery.

The box plots in Figure 7.1 for the perturbations with inlet temperature
show changes in the *Pu distributions. As the inlet temperature is increased from
the base case the distributions are shifted toward higher concentrations. Because the
inlet temperature has a significant effect on the coolant density, these changes are like
due to the moderator density effect noted in Figure 3.5. The box plot demonstrates
while the median, box, and whiskers generally shift to higher concentrations, a group
of outliers with the lowest concentrations remain unchanged. As the inlet temperature
is reduced, there is also a positive shift in the *Pu distribution, although this effect
is smaller than the positive increase in temperatures. The increase in the median
239Pu concentration is not easily explained, but it may be related to an increase in
reactivity due to the decrease in the temperature.

Figure 7.2 illustrates the changes in the core **°Pu distributions with power
level. A similar trend is seen in these perturbations as those for inlet temperature.
The increasing power leads to a greater median ***Pu concentration, while decreasing
power has a smaller effect on increasing the median **Pu. Generally the nuclide
compositions of SNF is considered to be dependent primarily on the total burnup
of the fuel, and mostly independent of the power level at which it was produced.
In this core wide case, there are at least two feedback mechanisms that would have
some impact on the composition: temperatures and **Xe equilibrium concentration.
A higher core power leads to greater temperatures in the fuel and coolant. In
consideration of this, it is not surprising that the trends for higher power operation are

similar to the trends for higher inlet temperature. The higher power operation would
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Variation of **Pu Atom Density Distribution at Discharge With Power
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Figure 7.2: Box plot for the core distributions of ***Pu at discharge burnup of
12.5 [MWd/MTU] with varying total power.

also produce a greater concentration of '**Xe. The 'Xe concentration increases
non-linearly with increasing power level. In local regions, the greater concentrations
of ®Xe and the associated increase in thermal absorption should affect on the
production of the plutonium isotopes.

Figure 7.3 shows the variations the core *°Pu distributions with rod
position. Three (Full Out, Min Insertion, and Max Insertion) of the four perturbations
appear similar to the base case. In these cases, the median *°Pu concentration does
not significantly change, but small changes can be seen in the number of outliers.
This is most likely because these three control rod positions are relatively similar.
For typical operation, the control rods are inserted only partially, so the minimum
(= 10%) and maximum (~ 30%) insertions produce distributions similar to the case

with the rods fully removed (0%). The “Full In” case produces a greater median
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Variation of ***Pu Atom Density Distribution at Discharge With Control Rod State
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Figure 7.3: Box plot for the core distributions of ***Pu at discharge burnup of
12.5 [MWd/MTU] with varying parked control rod locations.

239Pu concentration, but also increases the overall dispersion of the distribution as
shown by the increased span of both the upper and lower whiskers. The distribution
becomes more negatively skewed than the base case.

Figures 7.4 and 7.5 show the changing ?*Pu distributions due to boron
and flow perturbations. The box plots show that for the magnitude of perturbations
considered, the effect is very minimal. This is not too surprising in the case of
soluble boron because it is distributed throughout the entire core, and it’s presence
does not have a significant impact on the thermal hydraulic feedback mechanisms
of temperature or density. As a reactivity control, its effect is to increase thermal
absorption, and therefore it does impact the neutron spectrum, but not so much in
these cases that the °Pu distributions are affected. Perturbation on the flow rate
were expected to have an effect on the 2Pu distributions that would be similar to
the effect observed with inlet temperature and power. This was expected because

like the inlet temperature and power, the coolant flow should directly affect coolant

101



Variation of #Pu Atom Density Distribution at Discharge With Boron Concentration
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Figure 7.4: Box plot for the core distributions of ***Pu at discharge burnup of
12.5 [MWd/MTU] with varying total boron concentrations.

Variation of *Pu Atom Density Distribution at Discharge With Flow Rate
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Figure 7.5: Box plot for the core distributions of ***Pu at discharge burnup of
12.5 [MWd/MTU] with varying coolant flow rates.
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temperature and density and fuel temperature. No significant effects were observed
by perturbing the flow, perhaps because the magnitude of the perturbations were not
large enough the cause significant changes in the **Pu distributions. Future studies
will use perturbations of larger magnitude for boron and flow in an attempt to qualify
the effects.

These perturbation studies demonstrate the capability of the microscopic
depletion model in understanding the effect core operational parameters have on
nuclide production. Future studies will consider a larger range of operational
parameters with greater magnitudes. In the studies presented herein, only single
parameter perturbations were performed. Future studies will include perturbations of
multiple parameters. These initial studies ignored criticality to avoid using additional
criticality control. Future studies will select a manner of criticality control (control
rods, boron, power, or flow speed) and maintain a critical core during depletion. These
studies will compare fuel at discharge when reactivity can no longer be maintained,
rather than at a specific burnup. This is a manner of reactor operation more consistent
with typical operation. The studies presented herein only examined the total core
distribution of ?*Pu and intentionally avoided spatial analysis. Future studies will
examine how the nuclides distributions change in relation to their location in the core
(for every assembly, node, fuel type, or pin). Finally, these studies were limited to
239Pu, but many examinations of SNF rely on measuring ratios of isotopes. Therefore,
future sensitivity studies will examine the ratios of various uranium and plutonium

isotopes.
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Chapter 8

Conclusions

This work explored the use of microscopic depletion modeling of a VVER-1000
with the NESTLE nodal core simulator to determine nuclide compositions. The
accuracy of power reconstruction was also considered so that pins could be selected for
individual depletion calculations. To complete this work, a new acceptably accurate
model of an operational VVER-1000 was created and improved. By improving the
radial reflector model, the the effect of two-dimensional ADFs was quantified on
pin power reconstruction. This effect had not been previously demonstrated. The
lattice physics code NEWT was modified such that the appropriate two-group nuclide
data was output during its calculation. Additionally, NEWT was modified such that
CDF's could be computed by using the flurplane feature of the code. NESTLE
was modified in several ways, most importantly to allow for input of non-local
power due to fission. Thousands of lines of code were written to manage the data
processing between NESTLE and NEWT. Finally, the perturbation effects of several
operational parameters (flow, inlet temperature, power, and rod insertion) on 239py
nuclide composition were demonstrated. All of this work furthers the development of

NESTLE not just as a nodal core simulator, but as a SNF computational tool.
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8.1 VVER-1000 Core Modeling

An core-follow calculation based on a VVER-1000 operational benchmark has
been presented. Lattices of the benchmark were modeled using several different
codes. Nuclide composition results for these lattice results were found to be
in close agreement with the benchmark reported results, but at high burnups
(=60 GWd/MTU), there may be a few percent difference in nuclide concentrations.
The discrepancy in core keg values calculated by NESTLE compared to the benchmark
ranges mostly between £200 pcm over the course of the cycle 1 depletion. Based on
the comparison of the radial power distributions, the radial reflectors do not appear to
be the largest contributor to the modeling errors. It is likely that NESTLE’s inability
to model axially heterogeneous control rods may explain some of the discrepancies
seen in the keg calculation. The correlation between the early cycle keg discrepancy
and the axial offset discrepancy may be an indication that k.g agreement would

improve with a better bottom and top axial reflector models.

8.2 Microscopic Depletion Model

The use and improvement of NESTLE’s microscopic depletion capabilities has
been demonstrated. The subregion depletion capabilities in NESTLE are based
on precomputed neutron group flux disadvantage factors, which does not include
changes to the local flux due to core conditions. Preliminary implementation of
pin-level isotopic tracking and control rod depletion using ORIGEN coupled to
NESTLE has been shown. These features, while potentially very useful, are not fully
implemented to account for thermal hydraulic conditions. NESTLE’s microscopic
depletion model does compensate for thermal hydraulic conditions, although the
model requires a large amount of additional data. These data are produced by source
code modifications to the 2D transport code NEWT, processed by several modules

of specifically constructed Python code, and interpreted by a modified version of
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NESTLE. The NESTLE source code was modified to accept the non-local fission
power terms as input and use them to correct the flux scaling. The magnitude of
history effects for each uranium and plutonium nuclide for each branch was computed
by using TRITON, and may produce a relative discrepancy of greater than 30%,
depending on the nuclide, the branch conditions, and the burnup. These effects can
often be mitigated the level of 5% or less for the uranium and plutonium nuclides

using NESTLE’s microscopic depletion model.

8.3 Pin Power and Radial Reflectors

A set of test problems were used to verify the pin power reconstruction calculation in
NESTLE. Pin powers factors are computed within a range of ~1% relative error as
compared to NEW'T for all cases. Spatial variations in the pin power discrepancies
are observed, along with an increase in RMS error that correlates with average pin
enrichment. Corrections to the 2D reflector discontinuity factor method of Mittag,
Petkov, and Grundmann have been presented and the method has been illustrated in
an algorithm. The results of the algorithm in a simple test problem have been shown,
along with the impact of 2D discontinuity factors on pin power reconstruction. The
pin power results demonstrate the impact of using 2D discontinuity factors for the

radial reflectors.

8.4 Sensitivity of Nuclide Composition

Five operational parameters are varied: boron concentration, flow rate, inlet
temperature, power, and rod position. Each is parameter is perturbed over a range
of variability. The parameters with the greatest effects on ?*Pu distributions were
the inlet temperature and core power. This likely due to their direct impact on the
coolant temperature density. The two perturbations were found to produce similar

effects with increasing inlet temperature and increasing power.
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For control rod perturbations, three (Full Out, Min Insertion, and Max
Insertion) of the four cases produced **Pu distributions that were very similar to
the base case. The “Full In” case produced a greater median **°Pu concentration,
and also increased the overall dispersion of the distribution. In the boron and flow
perturbation cases, no significant variation in **"Pu distributions were observed. This
is perhaps due to the limited magnitude of the perturbations that were simulated for

these studies.

8.5 Future Work

This work has provided the basis for several areas that warrant further investigation.
To obtain better agreement with the VVER-1000 benchmark, the NESTLE code can
be improved by implementing a heterogeneous control rod model. This improvement
would provide for more accurate modeling of an axially zoned the B4C/ Dy503-TiO3
control rod used in the VVER-1000 . Improvement of the axial reflector models by
using explicit 2D reflector geometry and 2D computed ADFs should also improve
agreement between the NESTLE model and the benchmark results. Although the
accuracy of the pin power reconstruction features has been demonstrated, individual
pins have not been independently depleted. A follow-on study of the sensitivity of
the pin nuclides using the depletion interface ORIGAMI could be easily and quickly
accomplished.

The NESTLE microscopic depletion model can be improved in several ways.
Currently the model only contains two simple chains and two lumped fission products.
This model could be expanded to include other minor actinides such as curium
and neptunium along with their production and destruction mechanisms. Several
important individual fission product isotopes, such as neodymium and cesium, could
also be included. For the models created for this work, only one lumped fission
product was used. Models that include a second lumped fission product, one that

accounts for fission products that burn in quickly and saturate, would improve the
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accuracy of the nuclide composition, especially early in the cycle. In some cases, the
NESTLE input format only allowed for a single burnup-averaged value to be input
for each nuclide. In the case of v the average number neutrons released per fission,
using a burnup and branch interpolated value rather than a single value could improve
the keg agreement between the macroscopic and microscopic models. Recently a full
hybrid microscopic depletion model was implemented in the code DYN3D(38). A
full Integration of NESTLE with ORIGEN would allow for very detailed analysis
of spent fuel nuclide composition. This could be accomplished by using the newly
implemented ORIGEN API and would allow for improved subregion depletion and

control rod depletion features.
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Modifications to NEWT

The source code to the transport code NEWT was modified for two purposes. The
first purpose was to output the necessary microscopic depletion homogenized and
condensed cross sections and neutronic parameters. These data are computed in the
subroutine cellwt2d. An example of the output is shown in Figure 1.

The second modification changed the tolerance of locating short lines for the
fluxplane feature. The fluxplane feature allows for calculation of the average flux along
a given line in the problem geometry. This change was necessary for computation of
CDFs by averaging two 1 cm lines along the lattice boundary at each hexagon vertex.

An example of the output is shown in Figure 2.
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Nuclide 92235

Description : u235 9228 endf-7 rel® rev? mod7? 12/18/12

Density [atoms/b/cm] : 6.7348BE-04

Mixture : 111

Volume [cm3] 1.31017E+@2

Group Flux Absorption Fission Nu Chi Prompt Chi Delayed
1 8.55257E-82 1.24504E+01 8.45559E+D0 2.4 852E+00 1.00DOVE+D@ 1.PDUDOOE+BDO
2 1.45448E-02 3.23889E+@2 2.75424E+02 2.,43670E+00 1.47361E-13 2.26559E-11

3.1@857E-11
Delayed Neutron Spectrum (fission weighted)

Kappa

Group Decay Constant Fraction
(Lambda, 1/s) (Beta)

1 1.24395E-02 2.18422E-04
2 3.06362E-02 1.41988E-03
3 1.11448E-01 1.26877E-03
4 3.02194E-01 2.57824E-03
5 1.17322E+00 7.57819E-04
6 3.07480E+00 2.61072E-04

Total Beta 0.65042E-02

Delayed Neutron Spectrum (adjoint weighted)

Group Decay Constant Fraction
(Lambda, 1/s) (Beta)

1 1.24395E-02 2.21710E-04
2 3.06362E-02 1.44126E-03
3 1.11448E-01 1.287BBE-83
4 3.02194E-01 Z2.61706E-83
5 1.17322E+00 7.69229E-04
6 3.07480E+00 2.65003E-04

Total Beta ©.66021E-02

Figure 1: Additional output from NEWT used as input for NESTLE’s microscopic

depletion.

For fluxplane n_corner_1

Line: L QR
Fraction: ©0.96500007309404179
Line: -@.83571428571428852
Fraction: 3.5000076427635259E-002
Sum: 1.0000001495216770

begbetwn: T

endbetwn: T

endpts(j)¥beg: ©.83571428571428275
endpts(j)¥end: 0.0000000000000000

begbetwn: F
endbetwn: T
endpts(j)*beg: 1.4624999999993901
endpts(j)%end: ©.83571428571428275

13.569996299037221

13.027496431214463

planedata(i)#pl¥x, planedata(i)¥pl¥y:
planedata(i)%p2%x, planedata(i)%p2%y:

planedata(i)¥pl¥x, planedata(i)¥pl¥y:
planedata(i)%¥p2%x, planedata(i)¥p2%y:

-0.83571428571428852

-1.4624999999999897

13.027496431214466

13.509996299037221
Lol o L )
©.866024999999939993

13.5@9995999999999
13.009995999999999

12.665621530347401
13.027496431214466
0. 00p00000RRRDDO0R
0. 86602499999999993

13.509995999999999
13.009995999999999

13.027496431214463

12.665621530347401

Figure 2: Additional output from NEWT showing tolerance acceptance for the

fluxplane feature.

118




Vita

Nicholas Luciano is from Englewood, Florida. His interest in nuclear engineering
began when he was a student assistant at the Neely Nuclear Research Center at the
Georgia Institute of Technology.

After he received his B.S. in Physics from Georgia Tech, he worked as a
physics associate at the Collider-Accelerator Department at Brookhaven National
Laboratory. In Brookhaven’s main control room, Nick operated several particle
accelerators, including the Relativistic Heavy lon Collider and the Alternating
Gradient Synchrotron, two of the world’s largest hadron accelerators. He was part
of a team that built and tested a prototype hydrogen jet luminescence monitor for
100 GeV ion beam profile measurements. It was also in the main control room that
he met his future wife, Jennifer Niedziela.

Nick left Brookhaven to join the Spallation Neutron Source at Oak Ridge
National Laboratory (ORNL) staff as a control room shift supervisor. While working
at SNS, he assisted the ion source group in developing a new hydrogen ion extraction
and transport system. Nick began taking part-time classes in nuclear engineering at
the University of Tennessee, and soon after, Jennifer moved to SNS as a graduate
student in physics at UT. Soon after, both Nick and Jen left their jobs at SNS to

become full-time graduate students at UT.

119



During his graduate studies, Nick spent a summer in Lynchburg, VA
working on the mPower small modular reactor project, and worked on numerous
reactor modeling projects at ORNL. Nick has accepted a full time staff position at
ORNL, where he is part of the Nuclear Security Modeling Group.

Nick and Jen were married in 2012, and live in Oak Ridge Tennessee with

their children.

120



	Front Matter
	Title
	Dedication
	Acknowledgements
	Quote
	Abstract

	Table of Contents
	Nomenclature
	1 Introduction
	1.1 Spent Nuclear Fuel Analysis
	1.1.1 Spent Nuclear Fuel Case Study: North Anna

	1.2 Problem Statement

	2 Methods and Codes
	2.1 Methods
	2.1.1 Two-Step Procedure for Reactor Analysis
	2.1.2 Depletion

	2.2 Codes
	2.2.1 KENO
	2.2.2 NESTLE
	2.2.3 Lattice Physics


	3 VVER-1000 Core Modeling
	3.1 The VVER-1000 Reactor
	3.2 AER VVER-1000 Khmelnitsky-2 Benchmark
	3.3 VVER-1000 Modeling
	3.4 Localized Thermal-Hydraulic Conditions in Monte Carlo Calculations
	3.5 Lattice Physics Analysis
	3.6 AER VVER-1000 Cycle 1 Core Follow
	3.6.1 Whole Core Modeling with NESTLE
	3.6.2 Benchmark Calculations and Results
	3.6.3 Analysis of Core Power Distributions

	3.7 Depletion with Temperature Adjustments
	3.7.1 Monte Carlo Depletion with Thermal Adjustments


	4 Microscopic Depletion
	4.1 Microscopic Depletion in NESTLE
	4.1.1 Subregion Depletion

	4.2 Pin-Level Isotopic Tracking with NESTLE
	4.3 Code Development for Microscopic Depletion
	4.3.1 Changes to NEWT for Microscopic Depletion
	4.3.2 Python Packages to Produce NESTLE Cross Section Data Files
	4.3.3 Lumped Pseudo-Nuclides
	4.3.4 Flux Normalization for Non-Local Fission Power

	4.4 History Effects
	4.4.1 History Effects Impact on Nuclide Concentration
	4.4.2 Microscopic Depletion Mitigation of History Effects


	5 Verification of Pin Power Reconstruction Methods in NESTLE
	5.1 Pin Power Reconstruction
	5.1.1 Intranodal Power
	5.1.2 Intranodal Flux
	5.1.3 Intranodal Cross Section

	5.2 Analysis
	5.3 Results
	5.4 Conclusions

	6 Radial Reflector Model
	6.1 Radial Reflectors
	6.1.1 Background
	6.1.2 Radial Reflector Two-Group Discontinuity Factors
	6.1.3 Radial Reflector Two-Group Discontinuity Factor Test Problem

	6.2 Pin Power Reconstruction
	6.2.1 Impact of 2D Reflector on Pin Power Reconstruction


	7 Nuclide Sensitivity to Operational Conditions
	7.1 Perturbation of Inputs
	7.2 Core 239Pu Distributions

	8 Conclusions
	8.1 VVER-1000 Core Modeling
	8.2 Microscopic Depletion Model
	8.3 Pin Power and Radial Reflectors
	8.4 Sensitivity of Nuclide Composition
	8.5 Future Work

	Bibliography
	Appendix
	Vita

