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A burnup calculation is a part of nuclear criticality safety analysis utilizing burnup credit.
In many cases, it is not possible to realise a real experiment with fuel burnup. The solution
to this problem is using reactor physics codes that have been validated for these purposes.

In this thesis validation of the Serpent Monte Carlo burnup code is presented. Serpent is
a Monte Carlo physics code developed by VTT Technical Research Centre of Finland.
The Japanese reactor Takahama-3 was chosen as a benchmark experiment. Such a
benchmark can be used for validating and verification of different package of codes
because it is one of the few samples that publicly available. Results are compared with
experimentally measured nuclide data that are available in the SFCOMPO database.

In the current research results of 3D fuel assembly burnup calculation are presented. Each
fuel assembly calculation was performed using two different burnup schemes: traditional
predictor-corrector with linear extrapolation/linear interpolation and Stochastic Implicit
Euler. Calculations of fuel assemblies have been done with approximations in boron
concentration and axial dimensions of fuel assemblies from similar types of reactors. At
this stage, the results of the calculations are satisfactory for some nuclides that already
used in nuclear criticality safety analysis taking into account the approximations in
calculations and simplifications of the models. For some nuclides that errors exceed the
maximum permissible value, calculations should be clarified in further research.
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1 INTRODUCTION

1.1 Background

The crucial task of reactor physics is to anticipate the behaviour of a reactor and a whole
nuclear power plant (NPP) at normal and abnormal operating conditions, both for fresh and
spent nuclear fuel. In addition, reactor physics is needed to ensure criticality safety in fuel.
Besides careful observance of technological norms and instructions for reactor operation,
qualified operation of nuclear power plants requires a sufficiently deep understanding by
engineering and technical personnel the essence of physical processes taking place in the
reactor and methods used to assess various effects. The problem of reliable control of the
chain reaction lies at the heart of the majority questions of NPP safety. Various experimental
and calculation methods and programs are necessary to study the physical parameters of

reactors.

At present, 345 thousand tons of spent nuclear fuel (SNF) are accumulated all over the world.
Therefore, the problem of handling SNF, which is a source of ionizing radiation containing
nuclear materials and has significant residual heat generation, is considered as one of the
main problems in the field of nuclear and radiation safety. (IAEA Bulletin 2019). Although
depleted in fissile isotopes, spent nuclear fuel might hypothetically approach criticality

system in adverse conditions, and such conditions must be prevented with high confidence.

Radionuclide characteristics of spent fuel of light water reactor play crucial significance in
the design and commissioning operations of transportation, interim and final repository site

of radioactive wastes.

While performing the analysis, various types of time-dependent information need to be

included:

neutron/gamma-ray sources for shielding actions;

o fissile or absorber material concentrations for defining of criticality safety;

e predictability of residual decay heat;

e assumptions of realising of activity levels and radiological toxicity into the

surrounding environment after extended periods.
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1.2 Objective

The thesis aims to create models to examine the neutronic behaviour of the fuel with the
Serpent Monte Carlo physics code. The benchmark data sets of PWR Takahama-3 are used
in the interest to validate burnup predictions of the code system and methodology of
calculations. Validation of codes should be understood as comparing the calculated values
with information observed from data sets. Comparing systems will prove the accuracy of a
calculation system and methodology to simulate special-purpose nuclear systems. The
immediacy of the problem is foremost due to demands for computational methods which
should continuously be evolving and refining to improve accuracy and efficiency.

1.3 Structure of the thesis

The thesis is divided into nine chapters. In Chapter 1 objectives of the project are presented
including purposes and methodology of the study. Aspects of criticality safety and methods
are discussed in Chapter 2. A separate Chapter 3 is devoted to the question of the burnup
credit methodology. In Chapter 4 methodology for burnup calculations, different approaches
and their purposes of burnup calculations are discussed. Chapter 5 provides an overview of
an examine reactor, design, characteristics, and materials of the reactor core. Defining and
descriptions of calculation schemes and model simplifications. In Chapter 6 modelling
processes of 3D models using Serpent Monte Carlo physics code with two calculation
schemes, results of the modelling and their comparisons with experimental data are
presented. Chapter 7 and Chapter 8 are the discussion about of simulation results and provide

the conclusion results and final remarks about the code validation.
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2 ASPECTS OF CRITICALITY SAFETY

Nuclear criticality safety is a part of nuclear engineering. Its main purpose is avoiding
nuclear chain reactions with fissile materials outside of a reactor vessel. (Knief 2000). At the
same time, the criterion of nuclear criticality safety is that the effective coefficient of neutron
multiplication of the system containing nuclear fissile materials (NFM) is not exceeded a
certain permissible value established in applicable norms and regulations. A huge variety of
configurations need to be measured at various stages of nuclear fuel procedures: from
background operations like enrichment and transportation to fuel loading inside the reactor
and final transportation, temporary and permanent storage of the spent fuel. Criticality safety
controls a strict fuel management system where allowable amounts of fuel and fuel

configurations are subcritical for both normal and accident conditions. (Stacey 2007)

Spent nuclear fuel management is a technically and theoretically complex, expensive task,
which at present is even more complicated due to the development of new fuel cycles with
a pronounced tendency to increase initial enrichment and the depth of fuel burn-up. The
search, both in the field of technology and theory, for economically feasible and
environmentally acceptable approaches to solving the problems of spent fuel at the stages of
the post-reactor nuclear fuel cycle is one of the main tasks of the nuclear industry. (STUK
2011)

Previously, the approach of “fresh fuel” was used in the world to substantiate nuclear
criticality safety, accordingly which the spent nuclear fuel loaded into a container or storage
facility should be considered as fresh. (Dehart and Bowman 1995). Since the breeding ability
of nuclear fuel decreases during irradiation in the reactor core due to the decrease of fissile
material concentration and accumulation of nuclides absorbing neutrons, the approach of
“fresh fuel” is conservative. Although the approximation of “fresh fuel” significantly
simplifies the justification of nuclear fuel, the high degree of conservatism inherent in this
approximation leads to a significant reduction in the number of fuel assemblies, which,
according to current regulatory documents, may be loaded into a transport container or
storage facility. The development of new fuel cycles aimed at increasing the depth of nuclear

fuel burnout and, consequently, leading to an increase in initial enrichment, further
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aggravates the problem of justifying nuclear safety in the handling of spent nuclear fuel.
(Anikin et al. 2009)

2.1 Purposes

Vital demand for all operations in the nuclear industry is adhering to produce energy with
minimal risk to the society and environment. Radioactivity is a natural phenomenon and
natural radiation sources are contained in the environment. Radiation sources and radioactive
materials are used widely in many spheres: from energy production to medicine,
manufacturing industry and agriculture. For this reason, radiation risks must be considered
during assessing and controlling the impact of radiation sources onto workers with this type

of material, the population near the facilities, and the environment. (IAEA 2016)

Nuclear safety in fuel cycle facilities includes both nuclear criticality safety and radiation
protection measurements. The overall facility of nuclear safety is influenced by general
industry safety and fire protection. All safety activities must interact with each other after
focus initially on the plant orientation themselves to provide an effective nuclear safety
protection industry. The baseline for the safe operation of the facility should be safe

programs which include equipment design, training of personnel, etc. (Knief 2000)

2.2 Motivation

Experience of nuclear safety and lessons from nuclear accidents should be in consideration
of current and future operations, updated standards, and personnel training. (Knief 2000).
The motivation of each station employee of safety should be the basic point to prevent
accidents. Everyone should not feel responsible in just supervision level but also in the
associated areas so that to decrease to the potential for inappropriate oversight for a protected
object. (Schlesser and Alamos 1993)

Each country that provides nuclear technology has authority with overseeing for the nuclear
industry. In Finland STUK (Séteilyturvakeskus) or Radiation and Nuclear Safety Authority

controls the function of nuclear fuel cycle operations, monitoring of radiation, transport of a
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radioactive substance, guidance, and otherwise which provide required measures for

criticality safety at nuclear power plants and facilities. (STUK)

Criticality accidents can cause increases in radiation doses among personnel of a facility and
widespread contamination. Criticality should be controlled at the stage of design to the extent
possible: both fissile material and other surrounding material have to have a certain
concentration of mass, components distribution, and properties in a system to reach the
criticality. Therefore, key factors such as mass, geometry, reflection, interaction,
concentration, and absorption of neutrons can be designed in the system to prevent criticality.
(Knief 2000)

2.3 Methods

Ensuring criticality safety methods should include one of the following points or a

combination of them:

e passive engineered control related to design (physical);

e active engineered control related to control instrumentation (mechanical) which
includes chemical (prevention of precipitation conditions), based on a natural or
credible course of events; e.g. control the density of fissile material at the level below
the theoretical minimum necessary for a critical process to occur;

e administrative control of operations. (IAEA 2016)

Preventing self-sustained nuclear chain reactions and reducing the effects of these if
processes were to occur are the aims of nuclear criticality safety. Recommendations are
made by the International Atomic Energy Agency in Safety Guide SSG-27, Criticality Safety
in the Handling of Fissile Material, to cover all kinds of facilities and activities that should
stay subcritical during operations where fission materials are presented or used, for instance,
storage or handling of fresh fuel and spent fuel (IAEA 2014). Safety Guide SSG-27 does not
cover those facilities that are designed to be critical purposely, e.g. reactor core or fuel

assembly in a nuclear reactor.
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2.4 Criticality safety analysis

To identify risks, hazards and residual effects of radiation a criticality safety analysis should
be included in a criticality safety assessment. Analysis of criticality safety implies preventing
nuclear accidents with criticality by analysing systems both in normal operating conditions
and malfunctionings. The general principle which is called “double contingency” in which
at least two anomalies, which are strictly independent of each other, the probability of the
two anomalies is sufficiently low and each anomaly can be identified by appropriate

monitoring system in acceptable time-frame. (Schlesser and Alamos 1993)

A huge disruptive event is required for criticality accident in spent fuel which would cause
changes in geometry and water addition. A criticality accident would require a failure of the
disposal container combined with a loss of system preventing flooding for fresh or low burn-
up fuel. Both cases initiate the DCP (double contingency principle). In other words, both

examples should occur at the same time to cause the criticality accident.
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3 METHODOLOGY OF BURNUP CREDIT CALCULATION

As it is mentioned above preventing or reducing consequences of nuclear criticality
accidents are the main points of nuclear criticality safety. It requires less capacity or more
space of a storage tank or cask to maintain criticality safety in fuel manufacture, storage,
transportation etc. Naturally, this influences on economic efficiency. Reduction of
uncertainties in criticality safety margins can improve economic efficiency for operations
with fissile materials. (Sheu 2016)

3.1 Processes

The main process taking place in a nuclear reactor is the fission of uranium and plutonium
nuclei when they absorb neutrons. As a result of the fission reaction, two light nuclei are

produced, as well as few neutrons than can induce further fissions. (Stacey 2007)

There are several concepts of critical analysis. The traditional concept is supposed that

fission material is fresh, in the reactive condition and non-irradiation.

Following processes occur in the fuel during the reactor operation:

e decreasing of fission nuclides (U235);
e accumulation of nuclear fission products;

e production and accumulation of actinides (such as Pu239 and Pu241). (Leppénen
2020)

3.2 Burnup credit

Attempts to reduce the conservatism of the “fresh fuel” approach resulted in the creation of
a nuclear safety justification approach that takes into account the change in fuel nuclide

composition during the burnout and is called “Burnup credit”. (Gmal et al. 2005)

Figure 3.1 schematically shows the comparison of “fresh fuel”” approach and “Burnup credit”

approach. The figure shows that the value of ket of the system containing SNF calculated
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using the “burnup credit” approach is much lower than the value obtained for the same
system using the “fresh fuel” approach. Thus, using burnup credit makes it possible to justify
the nuclear safety of the system containing considerably more spent nuclear fuel than the
case of “fresh fuel” approximation by keeping the same level of reserve between the

calculated and acceptable kst value.

Fresh fuel Burnup credit Modified system ‘ Keft
1.00
Safety boundaries Safety boundaries Safety boundaries

095

Margin Margin
Margin 093

Conservatism
: — .
Conservatism 0.90
Conservatism
Real value
Real value Real value

* (000

=~ Calculated value
= Limit value

Figure 3.1. Comparison of the approach of "fresh fuel" and the "Burnup credit" approach (Anikin et all.
2009)

The “Burnup credit” approach can be used to substantiate nuclear criticality safety at any

stage of spent nuclear fuel management, including its reprocessing and burial.

Conservatism reduction in the use of “Burnup credit” approach causes significant
complication in nuclear criticality safety analysis in comparison with the approach of “fresh
fuel”. In contrast to “fresh fuel” approach, in which it is necessary to perform only ke
calculation, “Burnup credit” approach requires two calculations: calculation of nuclide
composition of SNF and calculation of SNF keft in the analysed system. ket calculation using
“Burnup credit” approach is also complicated due to the necessity to take into account the

spatially nonuniform nuclide composition of spent nuclear fuel. (Harms et al. 2004)
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At the same time, the calculation of the nuclide composition of spent nuclear fuel is a rather
complicated task, which requires the correct accounting of many parameters, such as the
power of fuel assemblies during the whole time of irradiation in the reactor, its position in
the reactor, residence time, motion of control rods, etc. Validation of calculation methods
and software used to calculate nuclide composition, carried out by comparing the results of
calculations with experimental data or results of calculation benchmarking experiments, is
one of the most resource-intensive stages of the “Burnup credit” approach. (Williams et al.
2008)

Even though methods and software tools for calculation of ke are quite well developed and
allow to determine the value of kert Of rather a complex system, for validation of these
methods and software tools, as a rule, benchmarking experiments carried out on critical
assemblies are used, which complicates the use of validation results in determining the Keft

of subcritical systems containing SNF.

Burnup of nuclear fuel is a process of converting the fissile nucleus to non-fissile due to
fission processes or radiation capture of neutrons. Burnup B is one of the main characteristics
of fuel quality and efficiency of a nuclear reactor. In the reactor core can be defined as the
ratio between power generation E [Wh] during time t [days] of work with current power P

[W] to initial mass my ., [kg] of uranium in the reactor core. (TVO 2010)

E P-t
B = = (3.1)
Mytot Mytot

Burnup credit is a quantitative estimation of the influence of fuel burnup and accumulation
of fissile materials, formation and accumulation of fission products and actinides in nuclear
fuel and neutron absorption by them, reduction of the concentration of burnup absorbers on

the reactivity of the system with the spent nuclear fuel.
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3.2.1  Purposes

Burnup credit is considered to reduce uncertainties in safety margins using more accurate
safety analysis. Experience, knowledge, and special tools like computer codes are required

for a more detailed analysis of safety.

The purpose of burnup calculations is simulating the behaviour of a nuclear reactor. Many
physical features can be explained by changes in the nuclide composition in a nuclear
reactor. It is a process of radioactive decay in conditions of continuous generating of nucleus
due to fission reactions in the reactor and neutron fluxes that burn out part of the nuclides in
the reaction of the radioactive capture. (Leppanen 2020)

Fuel burnup problems are very important. It is necessary to monitor fuel burnup and the
evolution of nuclide concentrations over time. For instance, unique absorbing properties of
reactor poisons Xeiss and Smiag, emerging as fission products or their daughters, influence

the performance characteristics and maintainability of the controlled chain reactions.

3.2.2  Solution and modelling

Modelling of a full-scale core or a fragment of core burnup is a complex non-linear task.
Solving such a problem on a computer the time interval is divided into time steps.

Following equations are solved for each time interval:

e critical equation of neutron transport. Solutions are neutron multiplication factor, and
density of neutron flux in materials of the considered system,

e nuclide kinetics equations or burnup equations. The solutions of which is a nuclide
composition of materials. (Pusa 2013)

Thus, the importance and necessity of the ability to calculate changes in the nuclide
concentration are obvious. The main need is to the derivation of balance equations, changing

into nucleus times or densities of nuclides.
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4 NEUTRON-PHYSICAL CALCULATION

The purpose of the neutron-physical calculation is to estimate the rates of processes of
neutron interactions in different points of the system and different times. Transfer of source

neutrons in a system can be modelled basis on two approaches: stochastic and deterministic.

Experimental measurements of material composition and configuration, that produce
criticality, are used as the basis for nuclear safety requirements and guides. Experimental
results serve as validation and verification of hand and computer-based calculation methods
have added more opportunities to design and utilization processes. (Knief 2000)

4.1 Deterministic approach

The equation of neutron transfer based on the balance of neutrons in the volume of some
phase space is considered in the deterministic approach. Phase space determines the specific
form of the transport equation. Various methods, algorithms, and approaches can be used to
solve these equations. The most common is the grid method where continuous dependencies
are replaced by discrete analogues. In special cases, it is possible to obtain analytical
solutions that can be used for testing and verification of algorithms of the numerical
solutions. (Mickus 2020)

However, the deterministic method which is mention above has some disadvantages:

e initial conditions and parameter values determine the output results, (Lahaye 2016)
e it does not take into account random processes so that it can be used just for linear

optimization problems (Unsal and Demirbas 2012)

4.2  Stochastic approach (Monte Carlo method)

The stochastic approach is considered on modelling separate random neutron trajectories,
taking into account the probability of interaction of neutrons in the medium to calculate its
distribution characteristics. In other words, it is a numerical method for solving mathematical

problems by modelling random variables. Often the stochastic approach is associated with
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the Monte Carlo method that is a practical algorithm for modelling the neutron-physical
characteristics of the object system with the neutron source.

The task of the Monte Carlo method is to obtain some information about the distribution of
random value, i.e. it is a typical mathematical statistics task. A program is created to perform
one random test. Then this task is repeated n times, and each attempt does not depend on the

others. After, the results of all experiments are averaged. The calculation error is

. D
proportional to N where D some constant value. n value should be large to decrease the

error it can be achieved with computer capabilities. Any process affected by random factors
can be simulated with a Monte Carlo method. One of the drawbacks of the experiment is
that high accuracy results with this method cannot be achieved. In some problems, it is

possible to increase accuracy considerably by choosing a method with low D. (Isotalo 2013)

4.2.1 Initial values
Baselines of solving the Monte Carlo method are the following:

e simulating a random process is compared to a physical phenomenon or phenomenon
equations,

e the mathematical expectation of random functions is compared to solution values of
the probability process,

e the implementation of random variables of the simulating process is calculated based
on a special algorithm of pseudo-random numbers. The solution is in the form of a
mean value corresponding to mathematical expectations. (Lou 1991)

The stochastic approach is free of shortcomings of the deterministic approach. Description
of the probability process is enough for using the Monte Carlo method. Error estimation is
an extremely simple process and accuracy depends on space dimension weakly. A process

formulation in the form of equations is not obligatory.
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4.2.2 Modelling of neutron transport

Summary of the Monte Carlo method related to neutron transport consists in that a process
of neutrons passing in a substance is considered as a sequence of a finite number of
elementary random processes: the neutron is entering in the considered region and moving
free in some path, neutron interaction with materials can cause radiation capture, fission of
nucleus with the appearance of new neutrons, scattering of the neutron, etc. or leave from
considering region. (Lux and Koblinger 2018). General steps of the Monte Carlo simulation

are presented in Figure 4.1.

> Neutron source

|
l

Playout of mean free
path

|

Absorption [« Collision parameters — Fission

|

Parameters after
collision

Figure 4.1. Monte Carlo calculation scheme (Knief 2000)

Reproducing the history of motion of a certain particle in researching substance is possible
with knowing the probability of each interaction process and having a source of random
numbers. When exploring particle reached the process where it disappears or achieves some
state, the behaviour of the next particle can be investigated. A chain of the process of one
neutron is called neutron history. If a large number of neutron histories are considered, the
distribution of neutrons in space, directions of moving, energy, and time can be obtained.
(Leppénen 2007). If the behaviour of the elementary events is known precisely, the results

obtained with the Monte Carlo method would be like the data obtained experimentally.
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4.2.3  Composed function in Monte Carlo method

In the Monte Carlo method, the calculation of neutron fluxes and functions should take place
during the playout of each history. For this purpose, it is necessary before the beginning of
calculation to allocate phase volumes (spatial cells, direction sectors, energy ranges, time

intervals), in which the neutron functions will be evaluated.

After the phase volumes have been selected, during the drawing of neutron histories it is
possible to accumulate the amounts characterizing a function. An approach based on the
calculation of some sum the during modelling process is used to estimate the neutron flux in
the phase volume. (Dorval 2016) The average total neutron flux in some spatial volume V in

energy range [E1, E2] and time interval [ty, t2] can be written in integral form:

o= [ar [af
E; 1%

t1

< %

P (TE, 1) (4.0)

Neutron flux can be expressed with neutron density:
®(7E, t) =U'N(?,E,t) (4.2)

Multiplication of neutron velocity with time interval can be considered as a path that neutron

travels within the cell:
ds=v-dt (4.3)

The equation (4.1) can be substituted with (4.2) and (4.3):

E;
dr R
& = f dE stfV'N(r,E,t) (4.4)
Ey L v

Integral of neutron flux can be converted into the sum of the tracks in phase volume during
the flight:
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Ntr

ntr Z %4 (4.5)

li is the total length of the track of i-neutron with energy E€[E1, E2] in V volume. (Stacey
2007)

Calculation of tracks, as well as the calculation of points of crossing by a neutron of various
surfaces of the system, an independent problem that should be solved with algorithms and
programs based on Monte Carlo methods.

4.3  Burnup modelling in Monte Carlo

Nowadays, the Monte Carlo method is widely used to solve reactor problems. For example,
the Monte Carlo method is used to calculate the effective multiplication factor of the system,

neutron flux, nuclear reaction rate, etc.

There are two reasons for applicability the Monte Carlo method for solving reactor burnup
problems. On the one hand, each process of radiation-substance interactions is the subject of
statistical regularities. Therefore, the problem can be reduced to statistical modelling of
random variables and observation behaviour of imaginary neutrons or photons. (Dufek
2009). On the other hand, such an approach can be considered as some numerical method
for solving the transport linear Boltzmann equation. The accuracy of calculations can be
increased if the area restricting the search function is as close to it as possible. For this
purpose, it is necessary to use random values with a distribution whose form is so close to
the form of the integrated function. One of the methods for improving convergence in Monte
Carlo calculations is based on this: sampling by significance. The last circumstance allows
selecting the most significant random processes in a situation, throwing aside all the

secondary ones. (Lahaye et al. 2016)

A burnup simulation of full-scale core or core fragment is a non-linear complicated task. The
whole time interval of the system is divided into time steps dt=[tn.1, tn] when such a problem

is solving with a computer and for each step, the following equations are solved sequentially:
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e homogeneous conditionally critical equation of neutron transport, the solution of
which is the neutron multiplication factor, one-group microscopic cross-sections and
neutron flux density in the materials of the system under consideration;

e the system of equations of nuclide kinetics, the solution of which is nuclide
composition of materials. (Isotalo 2013)

The main difficulties in using the Monte Carlo program to calculate the full-scale core
burnup. There is a long calculation time because it increases proportionally with the number
of tests. Also, a large amount of RAM (random-access memory) required to simulate neutron
transfer and change of nuclide composition in the system under consideration, which consists
of several million burnup materials. In addition, when performing calculations on
multiprocessor clusters, there is a limit on the amount of RAM allocated to the user to solve

the problem (about several gigabytes per processor core).

44 SERPENT

SERPENT is a software tool created by the Finnish research Centre VTT. The main purpose
of the software is determination the neutron-physical characteristics of systems, containing

nuclear fissionable materials, based on the Monte Carlo method.

The main advantages of SERPENT are:

e possibility of using multiprocessor computer clusters for parallel computing with the
purpose of significant reduction of calculation time,

e use of continuous energy libraries of neutron-nuclide interactions,

e possibility of defining specific geometric objects, simplified creation of cylindrical
fuel rods, creation multidimensional arrays of elements and defining any surface up
to quadratic order,

e use of the “delta-tracking” method as the main method to increase the efficiency of
modelling neutron-environment interaction processes allows to significantly reduce

the calculation time in systems with a high degree of heterogeneity. (Leppanen 2011)
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The “delta-tracking” method is used to improve the efficiency of neutron trajectory
modelling. It is based on the use of so-called virtual collisions, during this type of collisions,
a neutron is not absorbed, and its energy and flight direction is preserved. A virtual collision
is also called a pseudo-scattering reaction, in which the angular and energetic distribution is
characterised by a J-function and the particle state is fully preserved. The idea of the “delta-
tracking” method is to add an appropriate number of virtual collisions for each material so
that in all materials the total neutron-matter interaction cross-section has the same value. The
result is the total probability of a neutron-matter interaction (sum of real and virtual
collisions) is the same in all materials. The approach excludes the necessity of regulating the
free path length every time the neutron passes to new material. (Leppénen 2009)

The value of the virtual scattering reaction cross-section is determined with the following

formula:

Zo(FE) = 2in(E) — Lot (7, E) (4.6)

X0t (7, E) — total cross-section of the material.
2, (E) — maximum value of all total cross-sections (majorant) which is the same for all

materials and independent of spatial coordinates. (Viitanen 2015)

The virtual collision probability is equal to the ratio of the virtual collision cross-section and
the majority (spatial and energy dependencies are neglected for convenience):

_ o e
P=3 %, 4.7)

Virtual collisions do not change neutron states, the procedure is repeated either before the
real collision which probability is equal to 1-p, or before the neutron flies beyond the
boundaries of the material. Each real collision leads to the interaction of the neutron with the
nuclei of the matter. A reaction of a certain type will occur with the probability determined

by the corresponding cross-sections. (Viitanen 2015)
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SERPENT allows describing the geometry of any complex elements, limited by surfaces no
higher than the second order. A combination of these kinds of surfaces can be used to
simulate the geometry of any two- or three-dimensional system. Besides there is a possibility
of the simplified task of the most widespread surfaces, such as spheres, cylinders, hexagonal
prisms, etc. and also a possibility to create arrays of the elements located on square/delta
grating, simulate ball loading of fuel rods, and specify the location of circular clusters
characteristic of RBMK and CANDU reactors. Definition of geometry, material
composition, calculation parameters and other input data is carried out using one or more
text files and does not require a certain sequence of data set that facilitates the use of
SERPENT. (Leppanen 2011)

The disadvantage of the Monte Carlo method is the high machine time required to calculate
the distribution on neutron flux in large systems with complex geometry. To level out the
drawback, SERPENT provides the possibility of performing parallel calculations on multi-
processor systems and cluster computer systems with the use of an information transfer
interface between processes performing one MPI (Message Passing Interface) task.
Increasing the speed of a calculation while using parallel calculations has an almost linear
dependence on the number of cores used.

4.5 Burnup schemes

Descriptions of two burnup schemes which have been used in the model simulations are
presented in this part. There are several predictor-corrector cases which are available for

being used in burnup calculations with Serpent code.

45.1  Predictor-corrector scheme (linear extrapolation/linear interpolation)

The linear extrapolation/linear interpolation (LELI) method gives the most correct results.
This method consists in using a linear extrapolation scheme for predictor and linear
interpolation for corrector calculations of microscopic cross-sections and neutron flux
densities at the time step of calculation to clarify the isotopic composition of materials in the

system under consideration. (Leppanen, 2020)
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45.2  Stochastic implicit Euler scheme

Analyses of Monte Carlo codes show that existing methods may be unstable in numerical
values observed especially in 3D calculations. Instabilities in basic predictor-corrector
schemes arise with equilibrium xenon concentrations. The method was described in 2013 by
Dufek et. al.

One of the advantages of the method that it is provides stability at all steps of the calculation,
even with large time steps because it is not a xenon specific method. In practice, the accuracy
of the results should be in line with the explicit Euler scheme because this method takes
constant backwards extrapolation. (Isotalo, 2013)
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5 TAKAHAMA-3 REACTOR

Takahama-3 is a pressurised water reactor operated by Kansai Electric Power Company in
Japan since 1984. It is one of the 4 reactors at the Takahama nuclear power plant. Special
attention is given to lines-of-assurance limits of the NPP in connection with the accident at
the Fukushima nuclear power plant. The main characteristics of the reactor core summarised
in Table 5.1.

The Takahama-3 benchmark experiment is used to validate and verify various codes because
it is one of the experiments that is publicly available in the SFCOMPO (Spent Fuel Isotopic
Composition) database. Also, information of different types of fuel rods, e.g. containing

gadolinium oxide or without it, are available.

Table 5.1. Main characteristics of Takahama-3 reactor core (JAERI-Tech. 2000)

Parameter Value Unit of measure
Thermal power 2652 MW
Electric power 870 MW
Uranium mass (per assembly) 460 kg
Fuel pellet diameter 8.05 mm
Fuel rod Clad thickness 0.64 mm
Cladding material Sn-Zircaloy-4
Rod array 17x17
Fuel assembly Number of rods 264
Fuel rod pitch 12.6 mm
Equivalent diameter (active core) 3.04 m
Active core height 3.66 m
Number of assembles 157
Core
Inlet temperature of coolant 284 °C
Outlet temperature of coolant 321 °C
Coolant pressure 16 MPa




5.1 Irradiation history data

Table 5.2. Irradiation cycle (SFCOMPOQO database)
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Identifier Irradiation days Decay Start day End day
5 385 88 26.01.1990 15.02.1991
6 402 62 14.05.1991 19.06.1992
7 406 20.08.1992 30.09.1993

The auspices of Science and Technology Agency of Japan preformed the post-irradiation
examination characteristics which are obtained from destructive radiochemical assay (RCA)
experiments of spent fuel rods selected from two assemblies. Assemblies NT3G23 and
NT3G24 were irradiated in two and three fuel cycles respectively (Table 5.2). One of the
rods had a gadolinium oxide as a burnable poison. Totally, 16 samples from two fuel

assemblies were taken to measure the composition of irradiated UO2 and UO2-Gd.0O:s.

Measurement methods:

e |sotope dilution mass spectrometry (ID-MS) was used for major actinides such as
uranium and plutonium and lanthanides like neodymium and samarium.

e 0-mass spectrometry for americium, curium

e y-spectrometry ruthenium, caesium, cerium, europium, antimony

e a-spectrometry for neptunium

Mass spectrometry is one of the most powerful and informative methods to study the
structure of organic compounds and chemical analysis of complex substances and their
mixtures. The method allows determining the molecular mass, molecule’s elemental
composition and their fragments, their interactions with each other and their mutual location,
to investigate the fragmentation mechanisms. Based on these data, there are correlation
dependences between the structural characteristics of molecules and ions formed as a result

of molecular decomposition during ionization.

In addition, the mass spectrometric experiment analyses the processes of energy transfer in

the molecules, electrons and ions interactions, rearrangement of atoms in the resulting ions
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and the effect of certain functional and structural groups on ionization and fragmentation.
(Koshlan and Kulikov 2018)

Isotope dilution mass spectrometry is used for the determination of uranium or plutonium in
all waste inlet solution samples, as well as for the analysis of low content samples, e.g. for

wastes.

5.2 Geometry of the fuel rod

Nuclear reactor fuel element is one of the main structural units of a nuclear reactor of a NPP
containing nuclear fuel. A fuel core consisting of radioactive fuel pellets, e.g. uranium
dioxide, is placed under the hermetic shell of a pin. The fuel cell ensures the retention of fuel
and its fission products from penetration into the coolant, as well as heat transfer from a fuel
pellet to the coolant through a fuel-element cladding. A fuel rod presented in Figure 5.1.

Initial characteristics of investigated fuel rods presented in Table 6.1.

Table 5.3. Initial characteristics of fuel rods (SFCOMPO database)

Symbol of the fuel rod
SF95 SF96
Fuel type uo, UO2-Gd,03
Enrichment U-234, % 0.04 0.02
Enrichment U-235, % 411 2.63
Enrichment U-238, % 95.85 97.25
Natural Gd, % 0 6

Temperature of fuel, K 968.8 968.8
Cladding temperature, K 604 604
Moderator temperature, K 576 576
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%

Figure 5.1. Fuel rod (Gubkin Russian State University of Oil and Gas Intersectoral Internet system for search
and synthesis of physical principles of energy converters operation 2008
<http://www.heuristic.su/effects/catalog/tech/byld/description/759/index.htmi>)

1 - upper end cap; 2 - top welding seam; 3 — fuel fixer; 4 — fuel element; 5 - canning for nuclear reactor fuel
element; 6 — top welding seam; 7 — bottom end cap

Fuel rods are made in the form of cylindrical fuel rods, assembled from pellets with slightly
enriched uranium dioxide with or without gadolinium oxide and embedded in cold wrought
Zircaloy-4 tubes. Fuel pellets, used in these types of reactors, have recesses on the ends to
compensate for uneven thermal expansion. The pressure is created inside a fuel rod (void)
to reduce the compression stress and creep deformation in a cladding material which arises

under the pressure of the coolant.
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5.3 Geometry of the assembly

Fuel rods are located in a square grid 17x17 of a fuel assembly with a pitch of 21.4 cm. 264
cells are field with fuel rods and others 25 with bundles of control rods. Square nozzles are
installed at the top and bottom of the assembly. The end pieces of the fuel assembly are used
to fix the solids in the positioning notches inside the active zone. The upper-end piece
provides interaction with reactor internals and pressurization of the assembly and a
detachable connection to the solid frame. These nozzles are made of stainless steel and are

welded to circular guide pipes. Pipes form the basic supporting structure for the fuel rods.

The structure is reinforced by grids, attached to the guide pipes at equal distances along the
length and creating side support for the fuel rods. The grid is a set of spring clips which
forming ellipse cells. These clips provide rigid support and spacing of the fuel rods. Forces
acting from the spring grid side on the fuel rods are large enough to minimize friction
corrosion of the fuel rod cladding. At the same time, it is low enough not to prevent the fuel
rods from expanding axially without bending and distorting the cladding. The geometry of

a fuel assembly of the reactor under consideration is presented in Figure 5.2.
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Figure 5.2. Fuel assembly (Kolpakov and Selivannikova, 2009)

1 —spring lock; 2 — fuel pin; 3 — guide sleeve; 4 — turbulence including vanes; 5 — flow stabilization
(dashpot); 6 - hollow space; 7 - threaded sleeve; 8 — bottom nozzle; 9 — spring grid assembly; 10 — attachment
point; 11 - grid assembly; 12 — control rod; 13 — upper nozzle; 14 - control rod bundle

5.4 Material composition

The use of realistic materials by their composition, properties and density determines the
correctness of modelling systems that determine the transfer of radiation. The problem with
finding information on such data for use in radiation protection and safety-related analyses
and calculations is that materials are not readily available to the full extent. Data library
prepared by the Pacific Northwest National Laboratory (PNNL) has helped to standardise

the values of unique or difficult to define materials.
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The initial composition of uranium in each rod is presented in Table 5.4

Table 5.4. Initial uranium composition (SFCOMPO database)

Initial composition, %

U-234 U-235 U-238
SF95 0.04 4.11 95.85
SF96 0.02 2.63 97.25

In PWRs it is difficult to use continuous fuel loadings, so an excess reactivity reserve is
necessary for these reactors. Partial compensation of excess reactivity by burnable absorbers,

placed in fuel rods, leads to changes in their neutron-physical and thermal properties.

Nowadays Gadolinium is used as a burnable absorber in LWRs because of its high
absorption of neutrons (46000 barns). Burnup rates of Gadolinium and Uranium-235 are
comparable, Gadolinium oxide forms a solid solution with Uranium oxide, so the
gadolinium-based burnable absorber can be used directly in the volume of the fuel pellet.
The technology of manufacturing pellets with Gd2Os is in line with the technology of
manufacturing pellets from UO.. Natural gadolinium composition (6 stable isotopes and one

radioisotope Gdis2) and their concentrations are presented in Table 5.5.

All the above-mentioned advantages of Gadolinium as a burnable absorber allow
investigating UO2(Gd203) in the fuel elements of the reactor. The following goals are

prosecuted:

e to reduce the concentration of boric acid in the coolant by using a more effective
absorber than boron;

e to exclude the operations with the extraction of absorber during fuel load,
transportation, storage of used burnable poison rods;

e to improve the fuel-water ratio of the grid;

e to achieve optimal placement of the reactor core. (IAEA 1995)

However, gadolinium also has certain shortcomings:
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e introduction of gadolinium oxide into uranium oxide leads to the reduction of melting
temperature and thermal conductivity coefficient of fuel, which leads to the reduction
of safe operation of gadolinium fuel rods during the operation cycle. For a decrease
in the negative influence it is expedient to consider the heterogeneous location of
gadolinium or location in the form of granules;

e natural gadolinium consists of seven stable isotopes, but only odd isotopes have high
neutron absorption cross-sections. Due to the lack of accurate data on neutron capture
cross-sections and resonant integrals of individual isotopes of gadolinium,
calculations of changes in the reactivity of the burnable absorbers are estimated.
(IAEA 1995)

Table 5.5. Gadolinium composition (Royal society of chemistry 2020 <https://www.rsc.org/periodic-
table/element/64/gadolinium>)

Material Mass fraction, %

Gdis2 0.2

Gdis4 2.18
Gdiss 14.8
Gdiss 20.47
Gdis7 15.65
Gdsg 24.84
Gdaeo 21.86

Fuel material composition plays an important role in modelling. That is why mass fraction

of each element should be calculated using formulas (5.1) and (5.2).

Mass fraction of uranium in fuel without Gadolinium oxide:

W = Xy234Myz3s + Xy23sMyzss + (1 — Xyz3s — Xy23s)Myass
=
Xy234My23a + Xy23sMyazs + (1 — Xy234 — Xy235)Mya3g + 2Mp

Mass fraction of uranium fuel with Gadolinium oxide:

(5.1)
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W =

_ Xy23aMy23a + Xy235sMyzss + (1 — Xy23a — Xy235)My2ss -
Xy23aMy23a + Xy23sMyass + (1 — Xya34 — Xy235)Mya3s + 2Mp + Yiazo3 (5.2)

- 100%

where

Xy234 — Mass fraction of Uranium-234
My;534 — molar mass of Uranium-234, g/mol
Xy235 — Mass fraction of Uranium-235
My;,35 —molar mass of Uranium-235, g/mol
Xy23g — Mass fraction of Uranium-238
My;,35 —molar mass of Uranium-238, g/mol
M, — molar mass of Oxygen, g/mol

Yedazo3 — Gadolinium oxide part

Y6az03 = Xgazo3[2
* (Xga152Mga1s2 + Xca1saMea1satXca1ssMgaiss

(5.3)
+ Xga1s6Meaise + Xga1s7Meais7 + Xca15s8Mgaiss

+ Xca160Mca1e0) + 3 * Mp]

Xca203 — content of Gadolinium oxide in fuel
XGa1s2: XGdisar XGaiss» Xcdiser XGais7, Xcdiss» Xaieo — Mass fraction of Gadolinium
isotopes.

Mgais2, Mgaisar Mgaiss, Mgaiser Mgais7, Mgaiss: Mgaieo— Molar mass of Gadolinium
isotopes, g/mol

The basic material of a fuel element cladding for PWRs and BWRs is Zircaloy. A small
coefficient of neutron capture is the reason for usage zirconium for this purpose. Materials

of Zircaloy cladding are presented in Table 5.6.
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Table 5.6. Materials of cladding (McConn et al. 2011)

Density 6.56 g/cm3
Material nuclide Mass fraction, %
Oxygen (O16) 0.1196
Chromium (Craq) 0.0997
Iron (Fezs) 0.1994
Zirconium (Zrao) 98.1858
Tin (Snso) 1.3955

5.5 Approximations and assumptions

One of the important aspects of calculated justification of reactor plant safety, which
determines the complexity of this task, is the interconnected manifestation of different
processes, namely, neutron-physical, thermophysical, physicochemical, thermomechanical
and thermohydraulic. Due to simplifying assumptions made in engineering calculations,
which greatly facilitate numerical solutions, on the one hand, there is a high conservatism of

results and, on the other hand, neglect of individual effects.

Too much conservatism leads to the deterioration of the economic performance of a reactor
plant and its competitiveness. All kinds of simplifications and assumptions in computational
models also lead to uncertainties in numerical analyses, which require a significant amount
of computational studies of the sensitivity of results to uncertainties and additional
experimental studies. In this regard, a partial review and refinement of the established
approaches to solving the problems of safety justification, including the clarification of the
completeness of the problem definition and the degree of conservatism of the justification,
as well as the study of uncertainties and the search for new solutions to old problems are in
line with modern trends in applied science.

Information about active zones of pins is presented in the database of Spent Fuel Isotopic
Composition. However, it is necessary to know the geometry of entire assembly and material

composition of nozzles, plugs and plenum parts.
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Geometry of investigated fuel rods obtained from the report of Japan Atomic Energy
Research Institute. Detailed information about the fuel assembly was taken from the research
paper “Benchmark for Evaluation and Validation of Reactor Simulations” (BEAVRS) of the
Massachusetts Institute of Technology. They have performed a benchmark experiment for
PWR with modern techniques which using fully detailed geometries with low

approximations.

55.1 Nozzles

Top and bottom nozzles are made of stainless steel. The density of the material in the
research model is corrected using the following formula:

r_ Pss " Vss
Pss VSSI (5,4)

pss and Vg, are the actual density and the volume of stainless steel,

pss’ and V" are the density and the volume of the model.

The composition of materials and their percentage concentrations are presented in Table 5.7.

Table 5.7. Materials of nozzles (Horelik et al. 2017)

Density 3.416 g/cm?
Material nuclide Mass fraction, %
Silicon (Si14) 0.6
Chromium (Cr24) 19
Manganese (Mnas) 2
Iron (Fezs) 68.4
Nickel (Nizs) 10
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55.2  Axial geometry

Fuel assembly’s axial specifications of nozzles, support plates location and dimensions of
entire geometry are also taken from the description of the BEAVRS for PWR fuel

assemblies. The prototype object is presented in

Figure 5.3.
r Source Reference Elevation (cm) Description
46 Water 460.000 Highest Extent
- 431.876 Top of Upper Nozzle
jg Nozzle / SU]JPCII"‘:V Piate Stainless Steel 423.049 Bottom of Upper Nozzle
47 ZircailoerPin 419.704 Top of Fuel Rod
Y - 417.164 Top of Fuel Rod Plenum
47 Fuel Rod Plenum Pincell :
- - 415.164 Grid & Top
36 Fuel Rod Plenum Pincell w/ Grid .
47 Fuel Rod Pl Pincell 411.806 Grid 8 Bottom
5 UEF ] Rﬁ?jnl':'m ITCE 402.508 Top of Active Fuel
ue’ nod Fincel 364.725 Grid 7 Top
36 Fuel Rod Pincell w/ Grid .
- 359.010 Grid 7 Bottom
5 Fuel Rod Pincell .
- . 312.528 Grid 6 Top
36 Fuel Rod Pincell w/ Grid ]
- 306.813 Grid & Bottom
5 Fuel Rod Pincell .
= - 260.331 Grid 5 Top
36 Fuel Rod Pincell w/ Grid .
- 254.616 Grid 5 Bottom
5 Fuel Rod Pincell .
- . 208.134 Grid 4 Top
36 Fuel Rod Pincell w/ Grid .
- 202.419 Grid 4 Bottom
5 Fuel Rod Pincell .
- . 155.937 Grid 3 Top
36 Fuel Rod Pincell w/ Grid ,
- 150.222 Grid 3 Bottom
5 Fuel Rod Pincell .
= , 103.740 Grid 2 Top
36 Fuel Rod Pincell w/ Grid )
- 98.0250 Grid 2 Bottom
5 Fuel Rod Pincell .
- . 40.5200 Grid 1 Top
36 Fuel Rod Pincell w/ Grid .
- 37.1621 Grid 1 Bottom
5 Fuel Rod Pincell ,
47 Zircaloy Pin 36.7480 Bottom of Active Fuel
- 35.0000 Bottom of Fuel Rod
Nozzle / Support Plate Stainless Steel :
66 / Supp Water 20.0000 Bottom of Support Plate

0.00000 Lowest Extent

Figure 5.3. Axial position of pincells (Horelik, N. et al., 2017)

Length of fuel samples should have enough size to be modelled using Serpent burnup code.
In the current model fuel rods have been divided into a 30 cm piece in the middle part and
10 cm pieces in bottom and top parts approximately symmetrical to exclude the possibility
of contour’s distortions of power distribution in the axial directions of the fuel rods whereas
the experimental axial length of each sample is 0.5 mm. The reason is of the high number of

neutron histories which should be modelled in calculations: the thinner the division zone,
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the more neutron histories are required for modelling to obtain results with sufficient

accuracy.

55.3 Boron concentration

According to SFCOMPO materials, the concentration of boron in borated water is decreasing
linearly during a burnup cycle interval. It is implementing the idea of boron regulation.

Changes in boron concentration in water are not considered in this paper. As the
simplification, average boron concentration of the operation history, obtained from
SFCOMPO database, used in the research model. Nuclide concentrations of borated water

are presented in Table 5.8.

Table 5.8. Borated water concentration

Material nuclide Mass fraction, %
Hydrogen (H1) 33.2949
Oxygen (Os) 66.5897

Boron (Bio) 0.0231
Boron (B11) 0.0923

5.6 Initial values for calculation

The neutron cross-section, the decay data and the neutron-induced fission yield libraries of

JEFF-3.1.1 are used in the calculations.

5.6.1 Predictor-corrector scheme (linear extrapolation/linear interpolation)

In the current simulation linear extrapolation method with 10 substeps for predictor and 10
substeps for corrector for each burnup step. Initial parameters for simulated neutron

population are 200 of active generations and 60 inactive generations.
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There are five types of models for a different amount of neutron populations. Neutron
populations are 100 thousand, 250 thousand, 500 thousand, 1 million and 2 million neutrons
per generation. As a result of comparison of different values of neutron populations, the

value will be selected and used for the final calculation.

5.6.2  Stochastic implicit Euler scheme

This simulation was performed with 5 iterations for each burnup step. Just one value of
neutron population will be used. It is the same that will be used in the calculation with
predictor-corrector scheme. An additional setting is a smaller number of inactive cycles on
subsequent neutron transport solutions (fission source passing between two transport

simulations in a burnup calculation). In the current model the value is 50.
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6 COMPUTATIONAL 3D-SCALED MODELS

6.1 Description of model’s samples

Burnup calculation of fuel models is a resource-intensive process. It requires simulation of
thousands of neutron histories. Due to memory limits of performing simulations subdividing
of burnup zones needs deep analysis and consideration. In the experiment cases, which are
obtained from SFCOMPO database, the axial length of each study sample is 0.5 mm (Figure
6.1).

SF95 (Fuel) SF96 (Gadolinium)
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SF95-1 360.6 cm SF96-1 363.1cm
SF95-2 344.6 cm SF96-2 347.1cm
SF95-3 292.6 cm SF96-3 295.1cm
SF95-4 164.6 cm SF96-4 167.1 cm
SF95-5 24.6 cm SF96-5 27.1cm

Figure 6.1. Sample’s identifiers of fuel rods in axial position (SFCOMPO database).

In the current model, each fuel rod is divided into 5 main parts: plenum, plugs, cladding and
fuel zone. The model of a fuel pin, created for the calculation, is presented in

Figure 6.2. Material and parameters of pins are presented in Table 6.1.
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cap
a b
Figure 6.2. Geometry of fuel pin: a — radial; b- axial
Table 6.1. Parameters of fuel pins
Material Size (diameter- @ or pitch), cm
Fuel UO,/U02-Gd20s @ 0.805
Void @ 0.825
Cladding Zircaloy-4 2 0.95
Coolant H»0 (borated) 1.26

The cross and longitude sections of the bundle geometry are presented in Figure 6.3 and
Figure 6.4 respectively. One assembly consists of 2 types of fuel rods: with and without
burnable absorber. 25 guide tubes are carrier elements of the assembly evenly located across

the cross-section of the fuel assembly. The geometry is finite in radial and axial directions.
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Figure 6.3. Geometry of assembly (fuel bundle cross-section)
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Figure 6.4. Geometry of assembly (axial direction)
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Correspondence marks of the test samples to the samples from benchmark experiments are
presented in Table 6.2. Positions of researching fuel rods and actual positions of fuel samples
in the calculation of each assembly are presented in Figure 6.5 and Error! Reference source

not found..

Table 6.2. Sample’s compliance of calculated marks to benchmark
Mark of calculated Symbol of fuel rod (experimental)
sample
P SF95 SF96
Sample 1 SF95-2 SF96-2
Sample 2 SF95-4 SF96-4
Sample 3 SF95-5 SF96-5
Q0000000000000 00
0000000000000 O0O0O0
O00000000O00Oe0000
00000000800 00O000
0000000000000 0Oe00
0000000000000 0O00
0000000000000 000
0000000000000 O0O0O0O
olo/@lelo@ele@olo@lole/@ o))
OO0000000000000000
QOO 000000000000
OO%VJOOOOOOOOOOOO
Q0000000000000 O0
OO000O0000800000O000
0NN 08000000080000
%bVOOOOOOOOOOOOOO
0000000000000 000

Figure 6.5. Geometry of the NT3G23 fuel assembly (radial).
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Sample 1 —LE[ Sample 1 H
«— SF95-2 —LZG— 5F96-2

Sample 2 “ Sample 2 _L

| | ¢ SF954 «— SF96-4

Sample 3 —L Sample 3 —L
C | «— SF95.5 — e — SF96-5

Figure 6.6. Axial position of fuel rods (actual positions of calculated samples and benchmark values): a — for
SF95, b — for SF96

Special attention should be given to the zone divisions of research fuel rods. Preferentially,
the lower and upper half of the axial direction should be symmetric because the composition
influences the power distribution in burnup calculations. So that the fuel composition in

lower and upper parts should be solved with the same resolution.

Also, the models of fuel pins are divided into ten zones in radial directions to investigate
power isotopic concentration. An example of a radial profile of fuel pins presented in Figure

6.7. The denser mesh is found near the surface of the fuel rod to elaborate its periphery.

Figure 6.7. Radial profile of fuel pins.



49

There is a full irradiation history information about each sample for the reactor in the
database. To run the validation calculation specific power (power-to-weight ratio Pw) at each

burnup step has been used.

Initial values of specific power for each fuel rod experimental sample are presented in Figure
6.8 and Figure 6.9. Information about specific power is presented in the SFCOMPO
database. Power normalization is assumed in 10 cm slice that should be corresponded to
obtain sufficiently accurate calculation results of fuel assembly burnup. If we compare the
results obtained from the benchmark experiments in the middle of the fuel rod, e.g. SF95-3
with SF95-4 and SF96-3 with SF96-4, it could be seen that they are roughly same. Thus, it
can be assumed that the conditions are sufficiently similar along a long axial length,
especially in the middle part of the fuel rods. So, a sample of the model under study in the

middle of the fuel rod is selected for power normalization.

Specific power for samples of fuel rod SF95

60

< "‘..'“\
M —@—SF95-1

—@—SF95-2
SF95-3

M —@—SF95-4

—@— SF95-5

S
o

Specific power, W/g
N w
o o

10

0 200 400 600 800 1000 1200
Time, days

Figure 6.8. Specific power for samples of fuel rod SF95
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Specific power for samples of fuel rod SF96
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Figure 6.9. Specific power for samples of fuel rod SF96

6.2 List of isotopes

In order to calculate the isotopic composition of spent nuclear fuel, it is necessary to
determine which isotopes from the huge number that appear in SNF as a result of chain
reaction are the most significant nuclear materials accounting and assessment of the breeding

properties of storage systems (Kef).

Kobasenko and Eremenko in 2011 presented a classification of samples in terms of the
reliability of data obtained and the possibility of using them for comparison with the results
of a calculation. Some samples are recommended for testing programs. The given
information concerns the concentration of fuel isotopes and actinides in spent fuel. The
information concerning the concentration of fission products is not sufficient. The following
isotopes and actinoids were selected for the following analysis: U23za, U2ss, U2ss, U2ss, Puzss,
Puz3g, Pu24o, Puz241, Pu242, Np237, Amzs3, Cmaaz, Cmass. Based on the results of these isotopes

the conclusions about the correctness of calculations will be done.
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6.3 Results of the simulations

Results of the simulations are presented in Table 6.3 for a predictor-corrector scheme with
1 million neutron histories for whole burnup period (1343 days). The comparison is done
with the isotopic concentration of nuclides from the results of Serpent models (calculated
values) and the experimental isotopic concentrations of nuclides that are presented in
SFCOMPO database for different burnup values.

Another simulation was done with the Stochastic Implicit Euler scheme with 5 iterations per
depletion step. However, this type of scheme would require about 400 hours (more than 2
weeks). So that it was decided to compare two calculations at some burnup step with other
conditions being equal. In Table 6.4 results are presented for simulations with 1 million
neutron histories for Stochastic implicit Euler in comparison with the predictor-corrector

scheme. Isotopic concentrations obtained for time interval of one burnup cycle (385 days).

Table 6.3. Results of analysis for fuel assembly NT3G23 (Calculated value/Experimental value) with the
predictor-corrector scheme and 1 million neutron histories.

Burnup, 32.47 39.99 34.1 - 20.84 28.66 23.39 -
MWd/kg
U
Nuclide | Sample | Sample | Sample | Average | Sample | Sample | Sample | Average
1 2 3 SF95 1 2 3 SF96
(SF95) | (SF95) | (SF95) (SF96) | (SF96) | (SF96)
U234 1.10 1.19 1.04 1.11 1.05 1.14 1.04 1.08
U235 1.03 0.85 1.00 0.96 0.88 1.01 0.85 0.91
U236 0.97 0.98 1.25 1.07 1.00 0.94 1.04 0.99
U238 1.01 1.01 0.99 1.00 1.00 1.01 1.01 1.01
Pu238 0.99 0.32 0.97 0.76 0.97 0.24 0.60 0.60
Pu239 0.46 0.43 0.47 0.45 0.45 0.41 0.44 0.43
Pu240 0.95 0.77 1.02 0.91 1.07 0.81 1.00 0.96
Pu241 0.62 0.36 0.49 0.49 0.63 0.32 0.45 0.47
Pu242 2.55 0.69 1.33 1.52 0.99 0.45 1.25 0.90
Np237 no info | noinfo | noinfo - 0.73 0.58 0.94 0.75
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Table 6.3 continues. Results of analysis for fuel assembly NT3G23 (Calculated value/Experimental value)
with the predictor-corrector scheme and 1 million neutron histories.

Nuclide | Sample | Sample | Sample | Average | Sample | Sample | Sample | Average
1 2 3 SF95 1 2 3 SF96
(SF95) | (SF95) | (SF95) (SF96) | (SF96) | (SF96)
Am241 0.65 0.63 0.71 0.66 0.78 1.29 191 1.32
Am243 1.18 0.24 1.29 0.90 0.21 0.16 0.72 0.36
Cm242 0.92 0.32 0.87 0.70 0.77 0.33 0.71 0.60
Cm244 1.30 0.09 0.61 0.67 0.80 0.53 0.41 0.58
Rul106 0.96 0.83 0.60 0.80 1.26 0.90 0.57 0.91
Sh125 3.12 2.06 2.46 2.55 1.97 1.26 1.94 1.72
Csl134 1.29 0.38 1.25 0.98 1.55 0.37 0.84 0.92
Cs137 1.66 0.92 181 1.46 1.91 0.90 1.34 1.38
Cel44 0.56 0.35 0.57 0.49 0.65 0.36 0.47 0.49
Eul54 1.49 0.45 1.08 1.00 1.34 0.43 0.81 0.86
Nd143 1.06 0.84 1.18 1.03 1.17 0.78 0.87 0.94
Nd144 1.62 1.14 2.38 1.71 1.83 1.30 1.73 1.62
Nd145 1.53 1.04 1.46 1.34 1.82 0.96 1.28 1.36
Nd146 1.80 0.98 1.67 1.48 1.95 0.89 1.34 1.40
Nd148 1.63 0.99 181 1.48 1.97 0.91 1.34 141
Nd150 111 0.90 1.46 1.15 1.84 0.82 1.25 1.30

Table 6.4. Results of analysis for fuel assembly NT3G23 (Calculated value SIE/Calculated value PCC value)
with 1 million neutron histories.

Burnup, 15.77 17.0 15.81 - 6.09 7.46 6.14 -
Mwd/kg
u
Nuclide | Sample | Sample | Sample | Average Sample | Sample | Sample | Average
1 2 3 SF95 1 2 3 SF96
(SF95) | (SF95) | (SF95) (SF96) | (SF96) | (SF96)
U234 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
U235 1.01 1.00 1.01 1.00 1.01 1.00 1.00 1.00
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Table 6.4 continues. Results of analysis for fuel assembly NT3G23 (Calculated value SIE/Calculated value
PCC value) with 1 million neutron histories.

Nuclide | Sample | Sample | Sample | Average Sample | Sample | Sample | Average
1 2 3 SF95 1 2 3 SF96
(SF95) | (SF95) | (SF95) (SF96) | (SF96) | (SF96)
U236 0.99 1.00 0.99 1.00 0.98 1.00 0.99 0.99
U238 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Pu238 0.99 1.02 0.97 0.99 0.96 1.02 0.96 0.98
Pu239 0.99 1.00 0.99 0.99 0.98 1.00 0.99 0.99
Pu240 0.98 1.01 0.99 0.99 0.97 1.01 0.98 0.98
Pu241 0.98 1.01 0.99 0.99 0.97 1.01 0.99 0.99
Pu242 0.97 1.02 0.98 0.99 0.94 1.01 0.96 0.97
Np237 no info | noinfo | noinfo - 0.98 1.02 0.98 0.99
Am241 0.96 1.00 0.96 0.97 0.92 1.00 0.93 0.95
Am243 0.98 1.02 0.98 0.99 1.00 1.03 0.91 0.98
Cm242 0.99 1.01 0.99 1.00 0.95 1.01 0.97 0.98
Cm244 0.97 1.03 0.96 0.99 1.01 1.05 0.93 0.99
Rul106 0.99 1.01 1.00 1.00 0.97 1.01 0.99 0.99
Sb125 0.99 1.01 0.99 0.99 0.97 1.01 0.98 0.99
Csl134 0.99 1.01 0.99 0.99 0.96 1.01 0.97 0.98
Cs137 0.99 1.00 0.99 1.00 0.97 1.01 0.98 0.99
Celd4 1.00 1.01 1.00 1.00 0.98 1.01 0.99 0.99
Eul54 0.97 1.01 0.99 0.99 0.96 1.01 0.97 0.98
Nd143 0.98 1.00 0.98 0.99 0.95 1.00 0.96 0.97
Nd144 0.97 1.01 0.98 0.99 0.95 1.01 0.96 0.97
Nd145 0.99 1.00 0.99 1.00 0.97 1.01 0.98 0.99
Nd146 0.99 1.00 0.99 1.00 0.97 1.01 0.98 0.99
Nd148 0.99 1.00 0.99 1.00 0.97 1.01 0.98 0.99
Nd150 0.99 1.01 0.99 1.00 0.97 1.01 0.98 0.99
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7 DISCUSSION OF THE RESULTS

7.1 Optimal value of neutron source

Obtaining the number of neutron histories is a crucial part of the simulations. The number
of neutron histories affects the accuracy of calculations. The search has been started with
100 000 neutron histories. Calculations have been done up to the burnup point equal to 5
MWad/kgU. Calculations have been performed using 100 thousand, 250 thousand, 500
thousand, 1 million and 2 million neutron histories. In Figure 7.1, Figure 7.2, Figure 7.3
and Figure 7.4 results for some isotopes are presented. A mass density of isotopes changes

with fuel burnup. The investigated zone is Sample 2 (SF95-4).
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Figure 7.1. U3 density change in fuel burnup.
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Figure 7.2. Npasy density change in fuel burnup.
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Pu236
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Figure 7.3. Puass density change in fuel burnup.
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Figure 7.4. Puysg density change in fuel burnup.

Obviously, number of neutron histories take an influence on results of the simulations. The
largest difference observed with 100 thousand and 250 thousand neutron histories. As the
number of neutron stories increases, the difference between the density value results
decreases. When the value of 2 million neutron histories is reached, the difference becomes
not large. So that it was decided to use the value of 1 million neutron stories in calculations
with the PCC and SIE schemes.
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7.2 Simulations with the predictor-corrector scheme

In the first case of burnup calculation, it was assumed the sufficient amount of neutron
histories as 1 million. Power normalization of the model in 10 cm fuel slice from fuel rod
containing gadolinium oxide (SF96 Sample 2). The simulation was performed using 6 cores
with 2 tasks per node. The executing simulation took 84 hours. Figure 7.5 and Figure 7.6
show the results of the simulation. For individual elements difference between the

calculation method and the benchmark experiment is up to 3 times.
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Figure 7.5. Results for SF95 using predictor corrector scheme.
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Figure 7.6. Results for SF96 using predictor corrector scheme.
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The relative error in determining the concentration of isotopes was determined only for the
tested isotopes with the following formula:

Experimental value — Calculated value
Error = - -100% (7.0)
Experimental value '

Table 7.1. The relative error for tested isotopes with PCC scheme

Nuclide | Sample | Sample | Sample | MSWD | Sample | Sample | Sample | MSWD

1 2 3 SF95 1 2 3 SF96
(SF95), | (SF95), | (SF95), | (absolute | (SF96), | (SF96), | (SF96), | (absolute
% % % value), % % % value), %

%

U234 -19,27 | -28,63 | -11,97 19,96 -4,97 -14,20 -3,88 7,68

U235 -11,32 8,59 -8,01 9,31 12,09 -1,02 14,86 9,32

U236 -4,94 -5,93 -34,87 15,25 0,14 6,43 -4,14 3,57

U238 -8,98 -9,48 -6,89 8,45 0,03 -1,48 -0,57 0,69

Pu238 -6,81 65,52 -4,49 25,60 3,44 76,19 40,23 39,95

Pu239 50,72 53,78 49,50 51,33 55,34 58,52 55,78 56,55

Pu240 -2,35 17,02 | -10,05 9,81 -1,24 19,38 0,02 8,88

Pu241 32,76 61,16 46,67 46,86 37,26 68,36 54,50 53,38

Pu242 -47,58 | 25,24 | -43,72 38,85 0,85 54,81 -24,94 26,87

Np237 - - - - 26,75 41,95 5,55 24,75

Am243 | -27,08 | 74,21 | -39,86 47,05 79,38 84,26 28,17 63,94

Cm242 0,40 65,89 5,55 23,95 22,65 67,32 28,57 39,51

Cm244 | -40,26 | 90,28 34,09 54,88 20,22 47,26 58,68 42,05

The results are presented in Table 7.1. Analysing the results of computational modelling, it
can be noticed immediately that the calculation with the predictor-corrector scheme gives a
large standard error (more than 20%) in determining the concentration of such isotopes as
Pu2ss, PU23g, Pu2s1, Pu2sa2, Np237, Amaaz, Cmaoaz, Cmassa. S0 that these isotopes can not be
included in the nuclear criticality safety analysis because these isotopes have large error
compare with benchmark experiment. According to Okuno and Naito, 2002 the most reliable
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results are lying in error limits up to 10%. Within this error lie only three isotopes Uz3s, U23s
and Pua40. But Kovbasenko and Eremenko in 2011 have presented that the reasonable error

could be increased up to 20%. So that U234 and U3¢ can be added in this list.

Thus, just five isotopes: Uzss, Uzss, Uzss, Uzss and Puaso can be recommended to use in

analysing nuclear criticality safety with fuel burnup with the predictor-corrector scheme.

7.3 Simulations with the Stochastic implicit Euler scheme

This case is similar to the previous one just with using different depletion scheme. The SIE
scheme was used with 5 iterations for each burnup step. The difference (in percentage points)
between the calculation results for the two schemes is shown in Table 7.2. The formula 7.2

is used for the purposes of calculating differences.

Calculated value PCC — Calculated value SIE

— . 0,
Error Calculated value PCC 100% (7.2)

Table 7.2. The relative error of SIE method compares with PCC

Nuclide | Sample | Sample | Sample MSWD Sample | Sample | Sample | MSWD
1 2 3 SF95 1 2 3 SF96
(SF95), | (SF95), | (SF95), | (absolute | (SF96) | (SF96) | (SF96) | (absolute
% % % value), % value), %
U234 0.04 0.05 0.03 0.04 -0.21 0.08 -0.01 0.10
U235 -0.68 0.35 -0.50 0.51 -0.83 0.21 -0.49 0.51
U236 0.91 -0.39 0.64 0.65 2.41 -0.41 1.40 1.41
U238 -1.29 0.00 0.00 0.43 -0.01 0.00 0.00 0.00
Pu238 1.13 -1.63 3.25 2.00 3.97 -1.85 3.69 3.17
Pu239 1.13 -0.33 0.87 0.78 1.79 -0.04 0.98 0.94
Pu240 2.17 -0.89 142 1.49 3.15 -0.71 2.27 2.04
Pu241 2.16 -0.93 0.73 1.27 3.37 -1.04 0.95 1.79
Pu242 291 -1.52 1.84 2.09 6.22 -1.47 3.59 3.76
Np237 noinfo | noinfo | noinfo - 2.21 -1.76 1.74 1.91
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Table 7.2 continues. Results of analysis for fuel assembly NT3G23 (Calculated value/Experimental value)
with the predictor-corrector scheme with 1 million neutron histories.

Nuclide | Sample | Sample | Sample | Average Sample | Sample | Sample | Average
1 2 3 SF95 1 2 3 SF96
(SF95) | (SF95) | (SF95) (SF96) | (SF96) | (SF96)
Am241 4.33 -0.47 4.04 2.95 7.97 -0.43 6.69 5.03
Am243 1.75 -2.08 2.28 2.03 0.42 -3.15 8.86 4.15
Cm242 1.04 -1.22 0.95 1.07 4.83 -1.00 3.29 3.04
Cm244 3.05 -2.53 3.96 3.18 -0.89 -4.68 7.41 4.33

Analysing the results of the comparison two methods it can be noticed that it is not so large

difference for isotopes under consideration. For uranium isotopes, the difference is less than

1%, for individual isotopes the difference does not exceed 4%. Based on these results, it can

be concluded that measurements with the predictor-corrector scheme and the Stochastic

Implicit Euler scheme will be at the same level of accuracy. However, the SIE method loses

significantly in the calculation speed.
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8 SUMMARY AND CONCLUSIONS

In conclusion, the precision tool for burnup calculations and criticality safety analysis
Serpent Monte Carlo physics code has been validated using the Takahama-3 benchmark
experiment. Comparison of different burnup schemes using a different number of neutron
models has been done. In the course of the work, it was found out that the application of
different values of neutron histories, as well as the calculation method, can produce different
results. Increasing the values of neutron histories increases the model calculation time by

two but, at the same time, reduces calculation error in V2 times.

Based on the analysis of the calculated values obtained with the Serpent code the following

conclusions can be drawn:

e the developed models of the fuel assembly of Takahama-3 in Serpent allow
adequately modelling isotopic composition that changes in processes of fuel burnup
(taking into account simplifications in the models);

e the error of changing the Uazss, Uzss and Puzso can be estimated as 10% and
recommended to use this value in further calculations. If the error can be increased
up to 20% then U234 and Uzss can be added to this list.

Mentioned above isotopes are already used in a nuclear safety analysis. Puzsg and Puzai
should be used in the spent fuel storage safety analysis also. However, the results of these
calculations do not allow to assert the suitability of the data, as the difference between the

calculated and experimental values exceeds the maximum permissible 20% error value.

A comparative analysis was made based on the calculation of test tasks of burnup
experiments. Two burnup schemes have been used for the for simulating fuel burnup. Since
the Stochastic Implicit Euler method takes a large amount of time, it was decided to compare
the two methods to a certain burnup level. If the data would be very different, then continue
to perform the calculation. Otherwise, a simulation could be stopped, and the conclusion will
be made that the results of the two methods are comparable. In these cases, the differences
in results are insignificant for all isotopes. For isotopes that take part in burnup analysis, the
difference does not exceed 2%. Based on this it can be concluded that the predictor-corrector

calculation method is as accurate as of the Stochastic Implicit Euler method.
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In future work, calculation results can be specified. Using more detailed geometry of a fuel
assemble can improve the accuracy of the results, in particular, stray from simplifications in
geometry using prototypes of some measurements. Moreover, additional input files with data
on changes in boron concentration in the coolant might cause the same changes in input files

that will also influence calculation results.
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APPENDICES

APPENDIX I: Serpent input file.
% --- Simple 3D EPR assembly geometry for Serpent

/************************

* Material definitions *
************************/

% --- 4.11 wt-% enriched UO2
% Temperature is set to 968.8 K

%O0riginal fuel

mat fuelNoGada -10.412 tmp 968.8 burn 1 rgh 255 255 160
92234.09¢ -0.000347

92235.09¢ -0.035792

92238.09¢ -0.845305

8016.09¢c -0.118556

mat fueINoGadb -10.412 tmp 968.8 burn 1 rgbh 255 255 160
92234.09¢ -0.000347

92235.09¢ -0.035792

92238.09¢ -0.845305

8016.09c -0.118556

mat fuelNoGadc -10.412 tmp 968.8 burn 1 rgh 255 255 160
92234.09¢ -0.000347
92235.09¢ -0.035792
92238.09¢ -0.845305
8016.09c -0.118556

mat fueINoGadd -10.412 tmp 968.8 burn 1 rgb 255 255 160
92234.09¢ -0.000347
92235.09¢ -0.035792
92238.09¢ -0.845305
8016.09c -0.118556

mat fuelNoGade -10.412 tmp 968.8 burn 1 rgb 255 255 160
92234.09¢ -0.000347
92235.09¢ -0.035792
92238.09¢ -0.845305
8016.09c -0.118556

%SF95

mat fueINoGadl -10.412 tmp 968.8 burn 1 rgb 150 150 245
92234.09¢ -0.000347

92235.09¢ -0.035792

92238.09¢ -0.845305

8016.09c -0.118556

mat fuelNoGad2 -10.412 tmp 968.8 burn 1 rgb 150 150 245
92234.09¢ -0.000347
92235.09¢ -0.035792
92238.09¢ -0.845305
8016.09c -0.118556

mat fuelNoGad3 -10.412 tmp 968.8 burn 1 rgb 150 150 245
92234.09¢ -0.000347
92235.09¢ -0.035792
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92238.09c -0.845305
8016.09c -0.118556

mat fuelNoGadx -10.412 tmp 968.8 burn 1 rgh 150 150 245
92234.09c -0.000347

92235.09¢ -0.035792

92238.09¢c -0.845305

8016.09¢ -0.118556

% --- 2.63 wt-% enriched UO2 with 6.0 wt-% of Gd203
% Temperature is set to 650 K

%Original

mat fuelYesGada -10.412 tmp 968.8 burn 1 rgb 150 255 150
92234.09¢ -0.000161
92235.09¢ -0.021209
92238.09¢ -0.794218
8016.09¢c -0.119669
64152.09¢ -0.000125
64154.09¢ -0.001382
64155.09¢ -0.00944
64156.09¢ -0.013141
64157.09¢ -0.010111
64158.09¢ -0.016151
64160.09¢ -0.014394

mat fuelYesGadb -10.412 tmp 968.8 burn 1 rgb 150 255 150
92234.09¢ -0.000161

92235.09¢ -0.021209

92238.09¢ -0.794218

8016.09¢c -0.119669

64152.09¢ -0.000125
64154.09¢ -0.001382

64155.09¢ -0.00944

64156.09¢c -0.013141

64157.09¢ -0.010111

64158.09¢ -0.016151

64160.09¢ -0.014394

mat fuelYesGadc -10.412 tmp 968.8 burn 1 rgb 150 255 150
92234.09¢ -0.000161
92235.09¢ -0.021209
92238.09¢ -0.794218
8016.09¢c -0.119669
64152.09¢ -0.000125
64154.09¢ -0.001382
64155.09¢ -0.00944
64156.09¢ -0.013141
64157.09¢ -0.010111
64158.09¢ -0.016151
64160.09¢ -0.014394

mat fuelYesGadd -10.412 tmp 968.8 burn 1 rgb 150 255 150
92234.09¢ -0.000161

92235.09¢ -0.021209

92238.09¢ -0.794218

8016.09c -0.119669

64152.09¢ -0.000125

64154.09¢ -0.001382

64155.09¢ -0.00944

Appendix I, 2



64156.09¢c -0.013141
64157.09c -0.010111
64158.09c -0.016151
64160.09c -0.01439%4

mat fuelYesGade -10.412 tmp 968.8 burn 1 rgb 150 255 150
92234.09¢ -0.000161
92235.09¢ -0.021209
92238.09¢ -0.794218
8016.09c -0.119669
64152.09¢ -0.000125
64154.09¢ -0.001382
64155.09¢ -0.00944
64156.09¢ -0.013141
64157.09¢ -0.010111
64158.09¢ -0.016151
64160.09¢ -0.014394

%SF96

mat fuelYesGadl -10.412 tmp 968.8 burn 1 rgb 150 255 100
92234.09¢ -0.000161
92235.09¢ -0.021209
92238.09¢c -0.794218
8016.09c -0.119669
64152.09¢c -0.000125
64154.09¢c -0.001382
64155.09¢c -0.00944
64156.09¢c -0.013141
64157.09¢c -0.010111
64158.09¢c -0.016151
64160.09¢c -0.014394

mat fuelYesGad2 -10.412 tmp 968.8 burn 1 rgb 150 255 100
92234.09¢ -0.000161
92235.09¢ -0.021209
92238.09¢c -0.794218
8016.09¢c -0.119669
64152.09¢c -0.000125
64154.09¢c -0.001382
64155.09¢c -0.00944
64156.09¢c -0.013141
64157.09¢ -0.010111
64158.09¢ -0.016151
64160.09¢ -0.014394

mat fuelYesGad3 -10.412 tmp 968.8 burn 1 rgb 150 255 100
92234.09¢ -0.000161
92235.09¢ -0.021209
92238.09¢c -0.794218
8016.09c -0.119669
64152.09¢ -0.000125
64154.09¢ -0.001382
64155.09¢ -0.00944
64156.09¢ -0.013141
64157.09¢ -0.010111
64158.09¢ -0.016151
64160.09¢ -0.014394

mat fuelYesGadx -10.412 tmp 968.8 burn 1 rgb 150 255 100
92234.09¢ -0.000161
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92235.09c
92238.09c
8016.09c
64152.09c
64154.09c
64155.09c
64156.09c
64157.09c
64158.09c
64160.09c

% --- Cladding material Zircaloy-4

-0.021209
-0.794218
-0.119669

-0.000125
-0.001382
-0.00944

-0.013141
-0.010111
-0.016151
-0.014394
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% Compendium of Material Composition Data for Radiation Transport Modeling (PIET-43741-TM-
963, PNNL-15870 Rev.1)

mat Zircaloy4
8016.06¢
24050.06¢
24052.06¢
24053.06¢
24054.06¢
26054.06¢
26056.06¢
26057.06¢
26058.06¢
40090.06¢
40091.06¢
40092.06¢
40094.06¢
40096.06¢
50112.06¢
50114.06¢
50115.06¢
50116.06¢
50117.06¢
50118.06¢
50119.06¢
50120.06¢
50122.06¢
50124.06¢

% --- Coolant is water with soluble boric acid added

%  The temperature of water is 574.2 K

% Density is calculated based on a pressure of 15.5 MPa

% Hydrogen is flagged as a bound scatterer with the "moder"-card

mat water
8016.03c
1001.03c
5010.03c
5011.03c

mat nwater
8016.03c
1001.03c
5010.03c
5011.03c

% --- Define thermal scattering libraries associated with hydrogen in light water
% Asthere are no readymade thermal scattering libraries for 574.2 K

-6.56000E+00 rgb 190 186 218 tmp 604

-1.19276E-03
-4.16117E-05
-8.34483E-04
-9.64457E-05
-2.44600E-05
-1.12572E-04
-1.83252E-03
-4.30778E-05
-5.83334E-06
-4.97862E-01
-1.09780E-01
-1.69646E-01
-1.75665E-01
-2.89038E-02
-1.27604E-04
-8.83732E-05
-4.59255E-05
-1.98105E-03
-1.05543E-03
-3.35688E-03
-1.20069E-03
-4.59220E-03
-6.63497E-04
-8.43355E-04

-0.6 tmp 574.2 moder Iwtr 1001 rgb 200 200 255

-0.332948666
-0.665897333
-2.308E-04
-9.232E-04

-0.6 tmp 574.2 moder Iwtr 1001 rgb 200 200 255

-0.332948666
-0.665897333
-2.308E-04
-9.232E-04
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%  We will tell Serpent to interpolate using two bounding libraries:
%  -lwj3.11t (H-1 in light water at 574 K)
%  -lwj3.13t (H-1 in light water at 624 K)
%  See also: http://montecarlo.vtt.fi/download/SSS_THERMAL.pdf

therm lwtr 574.2 lwj3.11t Iwj3.13t

% --- Stainless steel in top and bottom nozzles/plate (Nominal density 8.30 g/cm”"3)

% --- Density is corrected as described in MIT BEAVRS benchmark to account for geometry
simplifications.

mat nozzle  -3.413 tmp 580 rgb 217 217 217

14000.03c -0.0060

25055.03c -0.0200

28000.03c -0.1000

24000.03c -0.1900

26000.03c -0.6840

/************************

* Geometry definitions *

* *k*k ** % *k*k x/

% --- Normal fuel rod (no gadolinia in fuel) (information from SFCOMPO)

%0riginal

pin FF1la
fueINoGada 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF11b
fueINoGadb 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF11c
fuelNoGadc 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF11d
fueINoGadd 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF1le
fuelNoGade 0.4025
void 0.4125
Zircaloy4 0.4750
water

%SF95

pin FF95-1
fuelNoGadl 0.4025
void 0.4125

Zircaloy4 0.4750
water



pin FF95-2
fueINoGad2 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF95-3
fuelNoGad3 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF95-x1
fuelNoGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF95-x2
fuelNoGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF95-x3
fuelNoGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin FF95-x4
fueINoGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

% --- Gadolinium fuel rod (information from SFCOMPO)

%Original

pin GGlla
fuelYesGada 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG11b
fuelYesGadb 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG11c
fuelYesGadc 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG11d
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fuelYesGadd 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG1le
fuelYesGade 0.4025
void 0.4125
Zircaloy4 0.4750
water

%SF96

pin GG96-1
fuelYesGadl 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG96-2
fuelYesGad2 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG96-3
fuelYesGad3 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG96-x1
fuelYesGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG96-x2
fuelYesGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG96-x3
fuelYesGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

pin GG96-x4
fuelYesGadx 0.4025
void 0.4125
Zircaloy4 0.4750
water

% --- Empty control rod channel (guide tube):

pin cc

water 0.5725
Zircaloy4 0.6125
water
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% --- Empty lattice position (just water):

pin ww
water

% Geometry and materials of nozzles,

% their positions and etc from

% MIT Benchmark for evaluation and validation

% of reactor simulations rev.2.0.1 February 1, 2017

% --- Nozzle steel:
pin ss

nozzle  0.4750
nwater

% --- Nozzle water:
pin nw
nwater

% --- Rod plenum:

pin pl

void 0.4125
Zircaloy4 0.4750
water

% --- Rod plugs:
pin pg

Zircaloy4 0.4750
water

% Surfaces

surf 5 pz 56.348 % lower boundary sample3
surf 6 pz 66.348 % upper boundary sample3
surf 7 pz 198.848 % lower boundary sample2
surf 8 pz 239.448 % upper boundary sample2
surf 9 pz 371.948 % lower boundary samplel
surf 10 pz 381.948 % upper boundary samplel

% --- Cell definitions:

% Active fuel

cell 2199 fill FF95-x4 -5
cell 22 99 fill FF95-3 5 -6
cell 2399 fill FF95-x3 6 -7
cell 24 99 fill FF95-2 7 -8
cell 2599 fill FF95-x2 8 -9
cell 26 99 fill FF95-1 9-10
cell 2799 fill FF95-x1 10

cell 5498 fill GG96-x4 -5
cell 5598 fill GG96-3 5 -6
cell 5698 fill GG96-x3 6 -7
cell 5798 fill GG96-2 7 -8
cell 58 98 fill GG96-x2 8 -9
cell 5998 fill GG96-1 9-10
cell 6098 fill GG96-x1 10



%Normal pins

cell 75 11 fill FF11le -6
cell 76 11 fill FF11d 6 -7
cell 77 11 fill FF11c 7 -8
cell 78 11 fill FF11b 8 -9
cell 79 11 fill FF11a 9

cell 85 22 fill GG11le -6
cell 86 22 fill GG11d 6 -7
cell 87 22 fill GG11c 7 -8
cell 88 22 fill GG11b 8 -9
cell 89 22 fill GG11a 9

%Fuel lattice
latlat110.00.019 19 1.26

WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW
ww9911111111111111111111111111111111ww
wwl1111112111121111212111212112121111211111211ww
wwl111111122cc1111cc1111cc?2211111111ww
wwl1l11111c¢c111111112211111111cc111111ww
wwl1111981111111111111111111111221111ww
wwlll1lccl1l1lcc1111cc1111ccl1l1lcc1111lww
wwl111111111112112211111122111111111111ww
wwl11111121111211121211121211212111211111111ww
wwlll1lccl1l1lcc1111cc1111ccl1l11lcc1111ww
wwl1111112111121112121112121121211111111111ww
wwl1111111111112211111122111111111111ww
wwll1lccl1l11lccl1l11lccl1111cc1111cc11 11 ww
wwl111221111111111111111111111221111ww
wwl111111c¢c111111112211111111cc111111ww
wwl1111111122cc1111cc1111cc?2211111111ww
wwl11111121111211121111121121111111111211ww
wwl1111112111121112121112121121211111111111ww

WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW

latlat2 1 0.0 0.0 19 19 1.26

% Plenum parts

WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl pl pl pl cc pl pl cc pl pl cc pl pl pl pl pl ww
ww pl pl pl cc pl pl pl pl pl pl pl pl pl cc pl pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl cc pl pl cc pl pl cc pl pl cc pl pl cc pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl cc pl pl cc pl pl cc pl pl cc pl pl cc pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl cc pl pl cc pl pl cc pl pl cc pl pl cc pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl pl cc pl pl pl pl pl pl pl pl pl cc pl pl pl ww
ww pl pl pl pl pl cc pl pl cc pl pl cc pl pl pl pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
ww pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl pl ww
WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW
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lat 1at3 1 0.0 0.0 19 19 1.26
% Plug parts
WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW

WWPg pg pg pg pg pg pg PY pPg PY P9 PY PY PY PY Pg pg ww
WWPg pg pg pg pg pg pPg Pg pPg PY P9 PY PY PY PY Pg pPg ww
WWPg pg pg pg pg cc pg pg cc pg pg cc pg pg pg pg pg ww
WWPg pg pg cc pg pg pg pg pg pg pg pg pg cc pg pg pg ww
WWPg pg pg P9 PG Pg P9 PY PY PY PY PY PY PY PY Pg Pg WwW
WW Pg pg cc pg pg cc pg pg cc pg pg cc pg pg cc pg pg ww
WWPg pg pg P9 PG Pg P9 PY PY PY PY PY PY PY PY Pg Pg WwW
WwWPg pg pg pg pg Pg P9 PY P9 PY P PY PY PY PY PY pg wWw
WW Pg pg cc pg pg cc pg pg cc pg pg cc pg pg cc pg pg ww
WWPg pg pg pg pg pg pPg Pg pg PY P9 PY PY PY PY Pg pg ww
WWPg pg pg pg pg pg pPg Pg pg PY P PY PY PY PY Pg pPg ww
WW Pg pg cc pg pg cc pg pg cc pg pg cc pg pg cc pg pg ww
WWPg pg pg pg pg pg pg Pg P9 PY P9 PY PG PY Pg Pg pg Ww
WWPg pg pg cc pg pg pg pg pg Pg Pg Pg pg cC pg pg pg ww
WW Pg pg pg pg pg cc pg pg cc pg pg cc pg pg pg pg pg ww
WwW Pg pg pg Pg PG Pg P9 PY PY PY PY PY PY PY PY Pg Pg Ww

WwWPpg pg pg pg pg Pg P9 PY P9 PY P PY PY PY PY PY pg ww
WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW WW

latlat4 1 0.00.0 19 19 1.26

% Nozzle

NW NW NW NW NW NW NW NW NW NW NW NW NW NW N\W W NW NW NW
NW SS SS SS SS SS SS SS SS SS S5 SS SS SS SS SS SS 8 NW

NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS NW

NW SS SS SS SS SS NW SS SS NW SS SS NW SS SS SS SS SS NW
NW SS SS S5 NW SS SS SS SS SS SS SS SS SS NW SS SS SS NW
NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS NW

NW SS SS NW SS SS NW SS SS NW SS SS NW SS SS NW SS SS NW
NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS S NW

NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS S NW

NW SS SS NW SS SS NW SS SS NW SS SS NW SS SS NW SS SS NW
NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS S NW

NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS NW

NW SS SS NW SS SS NW SS SS NW SS SS NW SS SS NW SS SS NW
NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS S NW

NW SS SS SS NW SS SS SS SS SS SS SS SS SS CC SS SS SS NW

NW SS SS SS SS SS CC SS SS CC SS SS CC SS SS SS SS SS NW

NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS NW

NW SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS NW

NW NW NW NW NW NW NW NW NW NW NW NW NW NW NW W NW NW NW

% Fuel rod’s size is taken from Figure 32
% from MIT Benchmark for evaluation and validation
% of reactor simulations rev.2.0.1 February 1, 2017

% Bottom of geometry
surf 100 pz 0.0

% Support plate
surf 101 pz 20.0

% Bottom of fuel rod
surf 102 pz 35.0
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% Bottom of fuel rod lower plenum
surf 103 pz 35.54

% Bottom of fuel region
surf 104 pz 36.748

% Top of fuel region
surf 105 pz 401.548

% Top of upper plenum
surf 106 pz 416.204

% Top of fuel rod
surf 107 pz 418.744

% Top of nozzle
surf 108 pz 430.916

% Top of geometry
surf 109 pz 460.0

% Square space for assembly
surf 999 sqc 0.0 0.0 10.7

% outside world

cell 1000 O outside -100

cell 1001 0 water 100 -101 -999
cell 1002 O fill lat4 101 -102 -999
cell 1003 O fill lat3 102 -103 -999
cell 1004 0 fill lat2 103 -104 -999
cell 1005 O fill latl 104 -105 -999
cell 1006 O fill lat2 105 -106 -999
cell 1007 O fill lat3 106 -107 -999
cell 1008 O fill lat4 107 -108 -999
cell 1009 0 water 108 -109 -999
cell 1010 0 outside 109

cell 1011 0 outside 100 -109 999

% Reflective boundary conditions in XY, black in Z:

%set bc 3

/****************

* Burn options *
****************/

% --- Burnup scheme

set pcc leli 10 10 %predictor-corrector scheme: with linear extrapolation (10 steps for predictor)/linear
interpolation (10 steps for corrector)
set sie 5 %stochastic implicit Euler scheme: 5 iterations for each burnup step.

/*************

* Detectors *
*************/

% --- Divisor for the fuel material

div fuelNoGade sep 1 subz 1 36.748 66.348
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div fuelNoGadd sep 1 subz 1 66.348 198.848

div fuelNoGadc sep 1 subz 1 198.848 239.448
div fuelNoGadb sep 1 subz 1 239.448 371.948
div fuelNoGada sep 1 subz 1 371.948 401.548

div fuelYesGade sep 1 subz 1 36.748 66.348 subr 10 0.0 0.4025
div fuelYesGadd sep 1 subz 1 66.348 198.848 subr 10 0.0 0.4025
div fuelYesGadc sep 1 subz 1 198.848 239.448 subr 10 0.0 0.4025
div fuelYesGadb sep 1 subz 1 239.448 371.948 subr 10 0.0 0.4025
div fuelYesGada sep 1 subz 1 371.948 401.548 subr 10 0.0 0.4025

%div fuelNoGadx sep 1 subz 1 36.748 56.348 subr 10 0.0 0.4025
div fuelNoGad3 sep 1 subz 1 56.348 66.348 subr 10 0.0 0.4025
%div fuelNoGadx sep 1 subz 1 66.348 198.848 subr 10 0.0 0.4025
div fuelNoGad2 sep 1 subz 1 198.848 239.448 subr 10 0.0 0.4025
%div fuelNoGadx sep 1 subz 1 239.448 371.948 subr 10 0.0 0.4025
div fuelNoGad1 sep 1 subz 1 371.948 381.948 subr 10 0.0 0.4025
%div fuelNoGadx sep 1 subz 1 381.948 401.548 subr 10 0.0 0.4025

%div fuelYesGadx sep 1 subz 1 36.748 56.348 subr 10 0.0 0.4025
div fuelYesGad3 sep 1 subz 1 56.348 66.348 subr 10 0.0 0.4025
%div fuelYesGadx sep 1 subz 1 66.348 198.848 subr 10 0.0 0.4025
div fuelYesGad2 sep 1 subz 1 198.848 239.448 subr 10 0.0 0.4025
%div fuelYesGadx sep 1 subz 1 239.448 371.948 subr 10 0.0 0.4025
div fuelYesGad1 sep 1 subz 1 371.948 381.948 subr 10 0.0 0.4025
%div fuelYesGadx sep 1 subz 1 381.948 401.548 subr 10 0.0 0.4025
set depout 3

set xenon 1 %equilibrium Xenon model for the pcc simulation

% --- Boundary condition (1 = black, 2 = reflective, 3 = periodic)

sethc221

% --- Neutron population: 1000000 neutrons per cycle, 200 active / 60 inactive cycles
set pop 1000000 200 60 %for case with 1000000 neutron histories

% --- XY-plot (3), which is 700 by 700 pixels and covers the whole geometry

plot 3 700 700

% --- XY-meshplot (3), which is 700 by 700 pixels and covers the whole geometry
mesh 3 700 700

plot 2 500 1000

mesh 2 500 1000

plot 3 3000 3000 200.0 -11 11 -11 11

plot 3 3000 3000 130.0 -11 11 -11 11

plot 3 3000 3000 110.0 -11 11 -11 11

plot 3 3000 3000 90.0 -11 11 -11 11

plot 3 3000 3000 65.0 -11 11 -11 11

plot 3 3000 3000 50.0 -11 11 -11 11

plot 1 400 8727 0.0 -11 11 -10 470
plot 1 400 8727 -6.31 -11 11 -10 470
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mesh 3 3000 3000 0

mesh 1 215 4600

mesh 2 215 4600

% Cross section library file path

set acelib "/shared/nukedata/sss_jeff311_jeff31_OK.xsdata"

% Decay data

set declib "/shared/nukedata/jeff311/sss_jeff311.dec”

% Fission data

set nfylib "/shared/nukedata/jeff311/sss_jeff311.nfy"

% --- Detector that calculates the pin power distribution in the assembly:

%
%
%
%
%

Name of the detector is pinpowers.

The detector uses response number -8 (fission heat deposition)

of the material at the interaction site (keyword: void).

The detector has 17 bins in the x-direction between -10.71 cm and 10.71 cm
The detector has 17 bins in the y-direction between -10.71 cm and 10.71 cm

det pinpowers dr -8 void dx -10.71 10.71 17 dy -10.71 10.71 17

% --- Depletion history

set powdens 12.59E-3 fuelNoGad?2
dep daystep 6
dep daystep 6

set powdens 50.34E-3 fuelNoGad2
dep daystep 8

set powdens 50.36E-3 fuelNoGad2
dep daystep 9
dep daystep 9
dep daystep 9

set powdens 50.59E-3 fuelNoGad?2
dep daystep 5

dep daystep 10

dep daystep 10

dep daystep 10

set powdens 50.09E-3 fuelNoGad2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 49.78E-3 fuelNoGad?2
dep daystep 10
dep daystep 11

set powdens 49.60E-3 fuelNoGad?2
dep daystep 5

dep daystep 10

dep daystep 10

dep daystep 10

set powdens 48.83E-3 fuelNoGad?2



dep daystep 5

dep daystep 10
dep daystep 10
dep daystep 10

set powdens 48.85E-3 fuelNoGad?2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 48.57E-3 fuelNoGad?2
dep daystep 9
dep daystep 9
dep daystep 9

set powdens 47.89E-3 fuelNoGad?2
dep daystep 9

dep daystep 10

dep daystep 10

dep daystep 10

dep daystep 10

set powdens 47.23E-3 fuelNoGad2
dep daystep 8
dep daystep 7

set powdens 46.59E-3 fuelNoGad?2
dep daystep 7

dep daystep 10

dep daystep 10

dep daystep 10

set powdens 46.12E-3 fuelNoGad2
dep daystep 9
dep daystep 10

set powdens 45.84E-3 fuelNoGad?2
dep daystep 9

dep decstep 88

set powdens 10.80E-3 fuelNoGad2
dep daystep 5
dep daystep 5

set powdens 43.42E-3 fuelNoGad2
dep daystep 11

set powdens 43.84E-3 fuelNoGad?2
dep daystep 10
dep daystep 10

set powdens 44.04E-3 fuelNoGad?2
dep daystep 7
dep daystep 8
dep daystep 8

set powdens 43.97E-3 fuelNoGad?2
dep daystep 8
dep daystep 10
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dep daystep 10

set powdens 43.89E-3 fuelNoGad?2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 43.80E-3 fuelNoGad?2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 43.72E-3 fuelNoGad?2
dep daystep 5

dep daystep 10

dep daystep 10

dep daystep 10

set powdens 43.63E-3 fuelNoGad2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 43.53E-3 fuelNoGad2
dep daystep 5

dep daystep 9

dep daystep 10

dep daystep 10

set powdens 43.36E-3 fuelNoGad?2
dep daystep 8
dep daystep 8
dep daystep 9
dep daystep 9
dep daystep 9

set powdens 42.95E-3 fuelNoGad?2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 42.54E-3 fuelNoGad2
dep daystep 8

dep daystep 10

dep daystep 10

set powdens 42.31E-3 fuelNoGad?2
dep daystep 5

dep daystep 10

dep daystep 10

dep daystep 10

set powdens 42.12E-3 fuelNoGad?2
dep daystep 5
dep daystep 10

set powdens 42.05E-3 fuelNoGad?2
dep daystep 8

dep decstep 62
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dep decstep 406

set inventory
922320 %U
922340
922350
922360
922380
932370 %Np
942360 %Pu
942380
942390
942400
942410
942420
952410 %Am
952420
952430
962420 %Cm
962430
962440
962450
962460
962470
601420 %Nd
601430
601440
601450
601460
601480
601500
441060 %Ru
471100 %Ag
511250 %Sh
551340 %Cs
551370
581440 %Ce
631540 %Eu
641520 %Gd
641540
641550
641560
641570
641580
641600

set mvol



