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Abstract

Application of a new resonance formalism to Pressurized Water
Reactors

In the presented study a new neutron scattering formalism is integrated into an established
deterministic simulation system. With this energy- and temperature dependent scattering
approach a more accurate form of the energy dependent neutron flux form can be determined.
The neutron flux form is needed as weighting function for the calculation of effective multi
group cross sections. The new scattering approach leads to an improved energy discretization
in multi group calculations and therefore to more accurate results of nuclear reactor
simulations.

The impact of the improved description of the scattering process is demonstrated in the
results. The new model takes account for neutron up scattering. The up scattering and the
energy dependent scattering kernels are causing changes in the neutron flux form in the
energy region of resonances.

The validation of the implementation of the energy- and temperature dependent scattering
approach into the KAPROS [16] fine flux module ULFISP [16] has been applied by
pressurized water reactor pin cell comparison calculations with the existing solution of the
Monte Carlo code MCNPX [58]. The used scattering model in MCNPX is based on an analog
method. For both solutions absorption- and reactivity changes as well as changes of the safety
relevant fuel Doppler coefficient are compared. Good agreement between both methods was
observed

An additional new method which combines the standard and the new scattering model has
been developed to analyze which specific isotopes lead to significant changes in the neutron
flux form when the new approach is applied. For the most relevant isotopes an analysis of the
reasons for their importance is included. A special significance was determined for the
isotopes uranium-238 and oxygen-16.

The long term impact of the new scattering approach to the fuel inventory and for this
reason to burnup dependent reactivity changes are shown by fuel pin cell and fuel assembly
burnup calculations. The vectors of some important isotopes changed significantly during
burnup. The application of the new scattering approach leads to a 1% higher fission material
fuel inventory in a UO; pin cell burnup simulation at 80 MWd/kg HM burnup. The relevance
of the new scattering approach for complete reactor core simulations is investigated for a
UO,/MOX reactor core benchmark of the OECD/NEA. For this purpose a new interface
module has been developed between KAPROS and the core simulator PARCS [36]. For the
reactivity results compensating effects were observed while the absolute value of the safety
relevant negative Doppler coefficient rises for 9 %.






Kurzfassung

Anwendung eines neuen Resonanzformalismus auf
Druckwasserreaktoren

In der vorliegenden Arbeit wird ein neues Neutronenstreumodell in ein bestehendes
neutronenphysikalisches deterministisches Simulationssystem integriert. Mit diesem energie-
und temperaturabhingigen Streumodell kann eine genauere Form des energieabhingigen
Neutronenflusses im  epi-thermischen Resonanzbereich bestimmt werden. Die
Neutronenflussform wird dann in der Berechnung der effektiven Wirkungsquerschnitts-
gruppenkonstanten als Wichtungsfunktion verwendet. Uber die verbesserte Energie-
diskretisierung bei der Gruppenkonstantenberechnung fiihrt das neue Streumodell zu
genaueren Ergebnissen von Kernreaktor Simulationen.

Die Auswirkungen der genaueren Beschreibung des Streuprozesses werden anhand der
Ergebnisse veranschaulicht. In dem neuen Modell wird die energetische Aufwértsstreuung der
Neutronen beriicksichtigt. Diese  Aufwirtsstreuung sorgt zusammen mit den
energieabhingigen Streukernen fiir Anderungen der Neutronenflussform im Energiebereich
der Resonanzen.

Zur Validierung der Implementierung des energie- und temperaturabhingigen Streu-
modells in das KAPROS [16] Feinflussmodul ULFISP [16] werden Vergleichsrechnungen
mit der bestehenden Monte Carlo Losung in MCNPX [58] anhand von Druckwasserreaktor-
Einheitszellen durchgefiihrt. Das angewandte Streumodell in MCNPX beruht dabei auf einem
analogen Verfahren. Anhand von Absorptions- und Reaktivititsdanderungen, sowie
Anderungen des sicherheitsrelevanten Doppler Brennstoffreaktivititskoeffizienten wurden die
beiden Losungsverfahren verglichen und eine gute Ubereinstimmung zwischen beiden
Verfahren festgestellt.

Durch eine weitere neuartige Methode, die das herkdmmliche Modell mit dem neuen
Streumodell Isotopenweise kombiniert, wird analysiert, welche Isotopen zu Anderungen in
der Neutronenflussform durch die Anwendung des neuen Streumodells fithren. Eine
Ursachenuntersuchung fiir die sehr unterschiedlichen isotopenbedingten Anderungen ist fiir
die wichtigsten Isotope enthalten. Eine besondere Bedeutung wurde hierbei fiir die Isotope
Uran-238 und Sauerstoff-16 ermittelt.

Langzeiteinfliisse des neuen Streumodells auf das Brennstoffinventar und damit
verbundene Anderungen der abbrandabhingigen Reaktivitit werden an Brennstab- und
Brennelementabbrandrechungen dargestellt. Fiir einige Brennstoffisotope wurden hierbei
bedeutende Anderungen beobachtet. So fiihrt die Anwendung des verbesserten Streumodells
fiir eine UO,-Brennstababbrandsimulation (bis zu einem Abbrand von 80 MWd/kg SM), zu
einem etwa 1% erhohtem Spaltstoffanteil. Die Bedeutung des neuen Streumodells fiir
Gesamtkernrechungen wird am Beispiel eines UO,/MOX Gesamtkern Benchmarks der
OECD/NEA untersucht. Hierfiir wurde ein neues Kopplungsmodul zwischen KAPROS und
dem Kernsimulator PARCS [36] entwickelt. Bei den Reaktivitdtsergebnissen zeigen sich
kompensierende Effekte, wihrend der Betrag des sicherheitsrelevanten negativen
Dopplerkoeffizienten um 9% steigt.
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Nomenclature

Latin symbols

A -

C -

E eV
F 1/cm’
HM kg
k eV/K
Kegr -
Kint -

1 cm
m kg
n -
M’ -

T K
P. -

HRE<E<e " RIT
wn ~ e
3

Mass number

Dancoff factor

energy

collision density

heavy metal

Boltzmann constant k= 8.617343E-05 eV/K
effective reactivity (system respects leakage)
reactivity for an infinite system

length

atomic mass

number of materials

temperature dependent velocity spectrum
temperature

neutron escape probability

standardized neutron transfer probability
reaction rates

time

lethargy

neutron velocity

target nucleus velocity

volume

weight

Ccross section



Greek symbols
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Indices

Z2mo o w

pot

- 0

pem/K

1/cm?

barn
barn
1/cm

barn
1/cm
eV

fuel Doppler reactivity coefficient

difference

ratio between microscopic elastic scattering and total cross
section

ratio between macroscopic elastic scattering and total cross
section

resonance width describing parameter

cosine angle

number of neutrons per fission

neutron flux density

neutron flux

MmiCroscopic cross section

potential cross section

macroscopic cross section

Nabla-operator

microscopic group cross section constant

macroscopic group cross section constant

practical resonance width

angular direction

absorption
bound
capture
fuel
moderator
potential
elastic
total
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BWR
EOL

GRS

HFP
HTGR
HTR
HZP
IFBA
LWR
MOX
NEA
NS&E
OECD
PWR
U0,
URR
RRR
SSF
WABA
XS

All Rods Out

Begin Of Life

Boiling Water Reactor

End Of Life

Gesellschaft fiir Anlagen- und Reaktorsicherheit =
Society for Facility- and Reactorsafety
Hot Full Power

High Temperature Gas cooled Reactor
High Temperature Reactor

Hot Zero Power

Integral Fuel Burnable Absorber
Light Water Reactor

Mixed Oxide

Nuclear Energy Agency

Nuclear Science and Engineering
Organization for Economic Co-operation and Development
Pressurized Water Reactor
Uranium-Dioxide

Unresolved Resonance Region
Resolved Resonance Region

Self Shielding Factor

Wet Annular Burnable Absorber
Neutron Cross Section



1 Introduction

1.1 Nuclear reactor simulations

The design of nuclear power reactors aims at two main objectives. First the safety
requirements need to be obeyed and second the operation of the reactor should be as
economic as possible. For several decades reactor design is supported by computer
simulations. Like all computer simulations, nuclear reactor calculations can only be
approximations of the reality. This fact is respected by safety margins in nuclear engineering
as well as in all other engineering fields. Setting up these safety margins in nuclear reactor
design is a very ambitious task which has to be guided by conservatism. Big efforts have
always been undertaken to reduce uncertainties in nuclear application simulations and thereby
to be able to increase safety and economic reliability at the same time. In the beginning of
computational reactor simulation huge restrictions had to be accepted because of the relatively
small computational power and memory. In return for the steadily increasing computing
capabilities, nuclear reactor simulations could be improved permanently. Not only can the
existing simulation approaches be executed more precisely, but simulations can also be
expanded by new, more accurate but also more computational expensive physical modeling.
This dissertation report deals with the implementation of a more accurate physical model into
an existing nuclear reactor simulation system. This implementation will be described and the
influence on both safety and economics will be investigated.

Nuclear simulations usually start from the Boltzmann Transport equation which is used to
determine the distribution of neutrons of a system in space, angle, energy and time. To solve
the transport equation in deterministic codes these variables have to be discretized which, of
course, induces uncertainties to the results. This work examines the discretization of energy.
Figure 1.1 shows the energy discretization of the total cross section of uranium-238. The red
curve demonstrates a quasi continuous point wise illustration of the total cross section while
the black step function represents 69 (WIMS-69 [3] energy group structure) discretized
constants, so called “multigroup” constants, of the same uranium-238 total cross section.

The multigroup constants have to be calculated from their point wise representation by
appropriate weighting. This means that inside one energy group every point value is
connected to an importance. The importance is directly connected to the energetic neutron
flux distribution of the investigated system and therefore strongly problem dependent. The
basics for group constant calculation are summarized in chapter 2.1. Obviously an accurate
multigroup constant calculation is much more difficult in the resolved resonance energy
region (between 4 and 10000 eV in figure 1.1) than for example in the thermal energy region.
Since the beginning of nuclear engineering in the 1940s numerous different physical models
have been developed for best estimate weighting of resonance cross sections. Some of the
most common ones are shortly introduced in chapter 2.1.
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Figure 1.1.: Total cross section of U-238 in point wise and group wise (WIMS-69 group
structure [3]) representation at temperature T = 0 K

An accurate calculation of effective cross sections in the resonance region can be
performed by the fine flux approach. In the fine flux approach a problem-specific neutron flux
shape with an acceptable energy resolution is determined by solving the slowing down
equation:

Vj-Ej(E)-dD(E):Zk:V’-P"(E) 1 ZE > By (E)dE" (1.1)

i=1 — min

Equation (1.1) is derived in chapter 2.1 (equation (2.17)) from the Boltzmann transport
equation and explained in detail. The left side of the equation describes the total number of
neutron reactions in volume V' at energy E. On the right side, the neutron transfer from all
other volumes V' to the investigated volume V’ of energy E and all neutrons which scatter
from other energies E’ to the considered energy E are counted. The calculation of the transfer
probabilities from volumes V' to volume V’ is described in detail in chapter 2.4. The
determination of the neutron scattering from other energies E’ to energy E depends on a
specific scattering law. The major task of this study is the replacement of the standard
scattering law, which is used widely in many deterministic code systems (e.g. KAPROS
ULFISP [16], SCALE CENTRM [21]), by a more precise representation. The better
description of the neutron flux shape in the resonance energy region will lead to more
accurate effective multigroup cross sections and to more accurate integral results. The impact
of these more precisely determined group cross sections on nuclear reactor simulations will be
analyzed in chapter 3 and chapter 4.
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1.2 The new scattering formalism

The standard and the more accurate scattering method are visualized in figure 1.2 by showing
the corresponding scattering kernels. The kernels (blue and red curve) belong to the left linear
ordinate (with normalized transfer probabilities Py,) while the uranium-238 scattering cross
section belongs to the right logarithmic ordinate. In figure 1.2 we assume that a neutron of
energy E’= 36.4 eV has an elastic scattering reaction with an uranium-238 nucleus of
temperature T= 800 K. The blue and the red scattering kernels represent probabilities to which
energy E the neutron will be scattered. The blue curve stands for the asymptotic scattering
kernel which offers the neutron the possibility to be scattered to energies between E= 35.8 eV
and E=36.4 eV. The probabilities to which specific energy a single neutron will be scattered
are constant for all possible energies. Obviously a neutron can only be down- scattered with
this scattering treatment. This means that the target nucleus does not perform any movement
from thermal agitation. Although it has been implied that the uranium-238 nucleus is at
temperature T= 800 K, it will be handled by the asymptotic scattering treatment as being at
rest or in other words as being at temperature T= 0 K. Furthermore in the standard kernel the

elastic scattering cross section X! (E") is constant as well, which means that only the potential
scattering cross section is taken into account and scattering resonances are neglected.
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Figure 1.2: Scattering kernels for a neutron of E=36.4 eV having an elastic scattering reaction
with a U-238 nucleus at T= 800 K and the third large resonance of U-238 (black curve)

The red curve represents the new, so called single differential energy- and temperature
dependent scattering kernel, which is explained in detail in chapter 2.2. In contrary to the
double differential scattering kernel, the single differential scattering kernel neglects the
information of any flight directions of the scattered neutron and takes into account only the
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energetic changes. This scattering kernel respects the movement of the target nucleus which
can lead to acceleration (up scattering) of the neutron in case of a scattering event. Moreover

this model takes the energy dependence of the scattering cross section X! (E") into account

(cross section resonances are respected). The neutron energy E after scattering is not restricted
to a certain energy region like in the asymptotic approach. Instead the neutron probability

Y (E'— E) of being scattered to far energies is asymptotically approaching to infinite small

values (compare with red curve in figure 1.2 at E>37 eV or E<35.4 eV).

The black curve in figure 1.2 shows the third s-wave resonance of uranium-238 which is
characterized by a huge capture probability. For the scattered neutron at energy E=36.4 eV the
energy- and temperature dependent scattering kernel offers a high probability (33.6 %) to be
up scattered into the energy region where the resonance absorption is huge due to the
resonance. This possibility is neglected by the asymptotic scattering approach. Therefore the
new scattering treatment will lead to a higher absorption of neutrons in uranium-238 which
will change the reactivity and, in long term observation, the inventory of a system. Moreover,
it will be shown that the effect of the higher neutron absorption increases at higher
temperatures which affects the fuel Doppler coefficient as well.

1.3 Previous research

In the past, several theoretical and practical developments and analysis have been investigated
concerning the energy- and temperature dependent scattering treatment. Wigner and Wilkins
[90] already used a two-body kinematics model for potential scattering and developed an
isotropic temperature dependent scattering kernel. Brown and John [18] extended this
approach by introducing energy dependent cross section by utilizing an exponential function
for the scattering cross section of heavy water. Blackshaw and Murray [12] looked further on
energy dependent cross sections for a Maxwellian monatomic gas. The single differential
scattering kernel was first derived by Ouisloumen and Sanchez [69]. They developed an exact
form of the single differential scattering cross section for elastic scattering in an isotropic
media with a Maxwellian velocity distribution. Their theory is the basis for the practical
implementation of the single differential energy- and temperature dependent scattering
treatment into the fine flux code ULFISP which is performed in this work.

Dagan implemented the single differential scattering treatment into the fine flux code
OZMA [70] in his thesis [27]. OZMA can be used for resonance integral analysis for different
fine flux scattering treatments. The usage of the energy- and temperature dependent scattering
treatment in OZMA is restricted to uranium-238 for specific energy groups in the epi-thermal
energy region. Results of Dagan and Rothenstein [26] showed an increase of neutron
absorption in the resonances of about 1% at T= 1200 K for the pressurized water reactor
(PWR) UO; pin cell of Tellier [85] which contains pure uranium-238. The negative Doppler
coefficient at this temperature was increased by 12%. Bouland, Kolesov and Rowlands [14]
presented similar results with 1% increased resonance absorption in uranium-238 and a
negative increased Doppler coefficient of 9% at light water reactor operating temperatures.

The double differential scattering treatment respects the energy distribution and the spatial
direction of the scattered neutron. Rothenstein and Dagan developed [79] and implemented
the double differential scattering treatment into the NJOY [54] system and introduced it
through s(a,f) tables [28] into the Monte Carlo code MCNP [57]. The impact of the double
differential scattering kernel was determined by Dagan et al. [29] in 2007 to a negative
increased Doppler coefficient of 13% for a typical light water reactor pin cell. In a burnup
calculation at temperature T= 1200 K they determined the increase of the plutonium-239
inventory to 2% at 50 MWd/kg HM. For a burnup simulation of a high temperature gas
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cooled reactor (HTGR) pebble bed unit cell at temperature T= 1800 K a plutonium-239
inventory increase of almost 5% at 60 MWd/kg HM was found.

With the Monte Carlo approach of Rothenstein and Dagan, Becker [5] recently
investigated, for a pressurized water reactor assembly system at temperature T= 800 K, a
negative Doppler coefficient increase of 14%. At the end of cycle at 80 MWd/kg HM burnup
he determined the increase of the simulated plutonium-239 inventory to 1.4 %. In a similar
study for a high temperature reactor (HTR) unit cell [7], Becker investigated spectrum
specific changes of the Doppler coefficients between 8.8% and 11%. In corresponding burnup
calculations at temperature T= 1200 K he achieved enrichment specific plutonium-239
inventory increases of 1.5% to 2.25% at 90 MWd/kg HM burnup.

Recently, Lee, Smith and Rhodes [52] implemented an exact form of the single differential
scattering kernel into the Monte Carlo code MCSD [52]. MCSD solves the slowing down
equation and is incorporated into the resonance treatment of CASMO-5 [76] which is used in
their study to analyze the effects of various scattering kernels. For a pressurized water reactor
UO; pin cell from the Doppler benchmark of Mosteller [59], they investigated an increase of
the negative fuel Doppler coefficient of 9-10%. The reactivity difference between the
asymptotic and the single differential scattering kernel was determined to Ak =211 pcm at T=
900 K.

1.4 Approach and outline of the presented work

The new development in this thesis is the implementation of the single differential scattering
kernel into a deterministic code system which allows complete reactor core analysis. The new
algorithm operates continuously in the epi-thermal energy region and can be used for an
arbitrary number of fuel isotopes. The implementation is described in chapter 2.3. The
implementation is based on Dagan’s work for OZMA. However, the realization of the
application is much more generalized. Detailed analysis for a pressurized water reactor pin
cell is presented in chapter 3.1. A comparison with the Monte Carlo approach of Dagan and
Rothenstein follows in chapter 3.2.

The absolute number of isotopes which can be covered by the new algorithm is only
restricted by the available computer memory. In practice, burnup calculations have been
performed utilizing the energy- and temperature dependent scattering kernel for 80 important
fuel isotopes (actinides, fission products and oxygen). The results from these burnup
calculations are summarized in chapter 3.3.

In order to reduce the requirements for computation power resources for many zones
reactor core simulations, a modified algorithm allows the isotope-wise scattering treatment.
This new procedure called “hybrid method” is explained in chapter 2.3 and validated in
chapter 3.4. The hybrid method was applied for the analysis on the sensitivity of the energy-
and temperature dependent scattering method on specific isotopes which is documented in
chapter 3.4. Chapter 4 deals with the utilization of the algorithm for a PWR reactor core
application. A well documented OECD/NEA benchmark [49] has been chosen to quantify the
impact of the energy- and temperature dependent scattering treatment on a reactor core
simulation. Chapter 4.1 introduces the benchmark. Chapter 4.2 presents fuel assembly burnup
calculations for MOX and UQO, assemblies which include burnable poisons as well. Chapter
4.3 compares the reactor core results to results of other benchmark participants for hot zero
power conditions. Simplified hot full power simulations conclude chapter 4.

Two major aims are followed up by this report. First is the confirmation of the fully
functional new scattering approach in ULFISP. Second aim is to show the impact of the
energy- and temperature dependent scattering treatment on reactivity, Doppler coefficient and
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fuel inventory of pressurized water reactors at the different simulation scales pin cell, fuel
assembly and reactor core.



2 Theory and codes

The energy- and temperature dependent scattering kernel will be transferred into reactor
calculations via effective multi group cross sections. In this chapter first the basics for
multigroup cross section calculation will be introduced. The new scattering kernel has its
strongest influence in the region of resolved cross section resonances. It is implemented into a
fine flux method which represents resonance cross sections most precise. Other commonly
used resonance treatments are described briefly. The fine flux method relies on the slowing
down equation which will be derived from the transport equation because of its high
importance of being the starting position of this work. Further on the energy- and temperature
dependent scattering kernel will be introduced by its basic equations.

The program DOUBLE3 which calculates single differential scattering kernels and its
further developments from its predecessor DOUBLE2 [27] will be introduced. The
implementation of the energy and temperature dependent scattering treatment into the fine
flux module ULFISP which is the main objective of this work is specified. Chapter 2.4
describes the deterministic codes which play a major role in this work and explains the
proceeding of deterministic reactor core calculations as applied in most industrial and
scientific applications as well as in this work. The Monte Carlo application which is used for
validation of the new ULFISP scattering approach in chapter 3.2 is introduced in chapter 2.5.

2.1 Group cross section calculation and resonance treatments

2.1.1 Multigroup cross section calculation

For deterministic calculations the energy dependence of neutron cross sections has to be
simplified to a certain number of discrete values, so called group constant cross sections. The
main issue of group constant calculation is the conservation of reaction rates before and after

discretization. In a region with volume V with a neutron flux CID(;, E)and a neutron cross
section okx(E) for a material k the reaction rate Ry is:

VE
For the mean value <G>Z (group constant) of energy group g, equation (2.2) is valid per

definition:

(o). o] [ 9. ErardE=| [ o,(E))(F, E)drdE (2.2)

V E(g) V E(g)

or
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[ [ o.(E)(F, E)didE

F=YED 2.3
(), j j #(F, E)drdE 2-3)
V E(g)

For solving equation (2.3) the neutron flux ¢(7, E) needs to be known. The problem is that

the calculation of the flux is one of the final aims of a reactor calculation and it is unknown at
the moment of group cross section calculation. So an approximation of the flux has to be
done. Having a look at the total cross section of uranium-238 in figure 1.1, it is obvious that
the resolved resonance energy region is quiet difficult to characterize mathematically
compared to the thermal and fast energy region. Especially for this description of the
resonance energy region several different approaches for providing weighting fluxes have
been developed in nuclear reactor calculation history. Before looking at different resonance
treatment methods we will separate the spatial and the energy flux dependence. Therefore we

make the assumption of dividing the spatial and the energy flux dependence like in equation
(2.4):

¢(7,E) = R(r)p(E) (2.4)

Inserting equation (2.4) in (2.3) eliminates the spatial dependence and leads to:

[ ou(B)p(E)dE

¢ = Fe) 2.5
(o), [ wErE 2.5)

E(g)

For the weighting of the group cross section calculation only needed now is the weighting
flux @(E) which can be determined through various approximations. This energy dependent

flux needs special treatments in the range of the complex structures of cross section
resonances. Therefore in the following several common resonance treatments are introduced.

2.1.2 Narrow-, wide- and intermediate resonance treatment

The following short introduction to the narrow-, wide-, and intermediate resonance treatment
is mainly taken from a nuclear science and engineering paper of R. Goldstein and E.R. Cohen
[42] but can be found in numerous reactor theory literatures e.g. [9]. In the narrow resonance
approximation, it is assumed that the resonance width is so narrow with respect to the average
neutron energy loss per collision that a single collision allows a neutron to leave the
resonance region. The other extreme is described by the wide resonance approximation,
which assumes that the neutron needs a large number of collisions to cross the resonance
energy region. The choice between these approximations can be made by the usage of the
“practical width” first introduced by Wigner [89]. The practical width I', [40] is the distance
of the potential energies E, left and right of the resonance peak (at energy E,), at which the
microscopic resonance cross section is equal to the microscopic potential scattering cross
section:



Theory and codes 9

r,=2|E,-E,

(2.6)

If the practical width is larger than the maximum energy loss on collision, the resonance is
considered “wide”. If the practical width is small compared to the maximum energy change,
the resonance is considered “narrow”. Because of this definition only for “extreme”
resonances will the narrow resonance and the wide resonance approximations give accurate
results. Goldstein and Cohen suggested the intermediate resonance treatment to solve this
problem. They introduced a resonance dependent parameter A, with which the neutron flux in
the resonance region can be represented as:

o,+A0,, 1
P(E) = . (2.7)
0,+0,(E)+Ac(E) E
with:

o(E) neutron flux density
6o constant microscopic moderator cross section
Gpot constant microscopic potential cross section
Ca energy dependent microscopic absorption cross section
s energy dependent microscopic scattering cross section
0<A<1 resonance dependent IR-parameter

For the limit value A,=1 formula (2.7) provides the narrow resonance approximation, for
ML=0 it provides the wide resonance approximation. To use the intermediate resonance
approximation correctly it is necessary to compute A, for every resonance of every isotope as
e.g. applied in HELIOS [43]. This results in bigger administration work for complex
problems. Instead of it is possible to calculate isotopic average parameters as used e.g. in
WIMS/D [3].

2.1.3 Nordheim integral method

Another resonance treatment is the Nordheim integral method as developed by Nordheim
[63]. As e.g. applied in the module NITAWL [61] of the SCALE [81] system, Nordheim’s
approach solves the integral equation via a direct numerical solution. A quasi fine flux is
rebuild from resonance parameters like the resonance energy, the neutron-, gamma-, and
fission width of the resonance [62] which have to be provided from cross section libraries.
The neutron flux density can then be computed by equation (2.8) where the two integrals on
the right side represents the source term due to scattering in the fuel and in the moderator. On
the left side the flux multiplied the total macroscopic fuel cross section represents the total
removal rate. X, and X are the macroscopic total and scattering cross sections.

1 El(1-a’) dE" 1 El(1-a™) dE"
E)X (E)=— ENZ(E)—+— ENZM(EN— (2.8
¢<>,<>QF£¢<>S<>E,+0{M£¢<>‘Y<>E,<)

with
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A-1Y
e 2.9
¢ (A+1j 29)

with mass number A of the target nucleus.

A complete description of this method can be found at reference Nordheim [62].

2.1.4 The fine flux method

The best way to describe neutron cross section resonances is via the fine flux method which is
mainly used in this work. The basis of fine flux calculations is the “slowing down equation”
which can be derived from the Boltzmann Transport equation. The slowing down equation
will then be simplified for solving two-zone models, a precisely calculated fuel zone and an
approximated moderator zone which includes the impact of cladding through a Dancoff-
correction.

Similar to the quasi fine flux treatment of the nordheim integral method is the fine flux
method as applied e.g. in ULFISP [16] or CENTRM [21]. In contrast to Nordheim’s method
the cross sections in fine flux methods do not have to be reconstructed from resonance
parameters but have to be available as point cross sections precalculated from raw ENDF-
files [25]. These point cross sections represent especially the resonance region most precisely
but require huge computer memory and computation time.

The fine flux method is used in this study for implementation of a new scattering treatment
and is therefore presented in more detail here. The theoretical basis of the fine flux method is
the slowing down equation which is a simplification of the Boltzmann-Transport equation.
The slowing down equation is used for the calculation of the neutron spectrum in the epi-
thermal resonance region. In the following its derivation is presented. During derivation
following simplifications have to be done:

1. neutron sources from inelastic scattering, (n,xn)-processes, fission and external
sources are neglected

2. up scattering is neglected (what is changed in this work)

3. anisotropic scattering is neglected

2.1.5 Derivation of the slowing down equation

The movement and energy change of neutrons can be described with the Boltzmann-
Transport equation. For numerical solutions the Transport equation has to be discretized in
time, space, angle and energy. The energy discretization has central relevance in this study.
Therefore the slowing down equation which is used in fine flux methods for most precise
energy discretization is derived from the Boltzmann-Transport equation in the following.
Equation (2.10) shows a simplified linearized Boltzmann equation. The derivation is
described in various literatures e.g. references [37] and [92].

100(E, r, Q1)

5 +QVO(E, r,Q 1)+ X (E,r,Q,1)P(E, r,Q,t)
v t

- (2.10)
= [, [XE.Q > EQ®(E,r,Q\ 0dQ dE+ S(E,r,Q,1)
0
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The slowing down equation is a special simplification of the Boltzmann transport equation.
For our purpose we consider a stationary system:

od
—=0 2.11
Ey (2.11)
Furthermore, any other neutron source is neglected:
S(E,r,Q,1)=0 (2.12)
Anisotropy is neglected through integration over all directions € as well,

2z
[Qdo=1 (2.13)
0

which leads to the slowing down equation (2.14):

VO(E,r)+X,(E,r)®(E,r)= TZ(E' — E)P(E',r)dE' (2.14)

To simplify even further we create k homogeneous regions with volumes V¥, where the
flux @ is constant:

8<1>:

27 -0 .
5 (2.15)

In region i the space dependence of the flux and the cross sections is eliminated via
: 1
D'(E)=— J’ &(r,E)dV (2.16)
V V,'
and
; 1
Y(E)= o j Y(r,E)dV (2.17)
Vi

This leads to equation (2.18) where on the right side the total number of reactions in region j
is given as:

k E'nax
VjEf(E)CI)(E)=ZViP”(E) [ ZH(E'= E)®'(E"dE' (2.18)
E'=E',

i=1
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Where P! is the probability that a neutron born at energy E, through collision in region i, will
undergo its the next collision in region j. The derivation of equation (2.19) is neglected here.
It can be found e.g. in reference [92].

I j O(r',E)P(E;r'— r)dr'dr
LE)y="""0

l

P (@ (2.19)

jv» o(r', E)dr'

In an infinite system for all i, PY needs to be:
N
Zl P,(E)=1 (2.20)

For isotropic scattering in the center of mass system the simplified asymptotic scattering
kernel is:

i ' Vi [} 1
Y (E'-»E)=X (E )—(1_0[)E, (2.21)
with
A-1Y
=== 2.22
¢ (A+1j ( )

where A is the mass number of the target nucleus.
With this scattering law E’y,;, in equation (2.21) becomes E’yi, =E and E’.x becomes
E’ max=FE/0.. For n' materials of zone i, equation (2.23) is valid:

Vj-le(E)"P(E) = Zk:Vi.Pif (E) E{a ZZ(E') !

i=1

Because of homogeneous material mixtures inside one region, equation (2.23) becomes:

VIS (END(E) Y I (E) =
" (2.24)

k ) . 7 max EJ/‘a Z (E ) 1 CD(E )dE

Vl .Plj E Ln; U _ . 1 U '

2V )Z L EY e

Usually equation (2.24) is transformed from energy to lethargy. Because the standard version

of ULFISP works with lethargies this transformation is done here as well. It is mainly taken

from reference [16]. Lethargy is defined as:

= ln Lo (2.25)
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where E.x 1s an arbitrary energy above the resonance energy region where the spectrum

shows an asymptotic ®(E) = Z characteristic. For isotropic scattering equation (2.26)

et (2.26)

Zs(l/t —>u)=ZJ(u )m

is valid. With equation (2.26) equation (2.24) becomes:

V7eX (1) ®(u) Z th'n’ (u) =

n;=1

J

(2.27)
k . .. i max u . e”'_” .
VieP' (u) [ =) ———@ (u)du’
iZ:l: 1; u—lnl—lw (1_a ')
Introducing the collision density F:
Flu)=® (w)e > £ () (2.28)
n;=1

thus equation (2.27) becomes:

) } k ; i 7 max u eu'—u Zi (u ') i
VIF =Y VP Y | | TR I Filu)du'| (2.29)
l:l — 1,max

R W0
n;=l1

n=1 | u-In

In ULFISP equation (2.29) is solved for a two zone system, respectively fuel and
moderator. Therefore the probability for a neutron having its next collision in the fuel is the
probability of a neutron which had its last collision in the fuel and is going to have its next
collision in the fuel P™, plus the probability of a neutron which had its last collision in the
moderator and is going to have its next collision in the fuel PMF.

p" =p" 4+ p¥* (2.30)

With the corresponding probabilities equation (2.29) becomes:
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F'(u) =
N max u u'—u F '
Py I ¢ E0) prgna |+
np=l| u- ln (1 o F) Fon ,
STE )
np=1 (2.31)
MF e T e Y (u') M )
—P w Y, I — ; FY (u")du
ny =1 | u—=In (1 o M) ''''' M.n
ST ()

For homogeneous cross sections inside a region we can apply the reciprocity theorem from
e.g. [40]:

VIXIPY =V Y P (2.32)

A good approximation for the moderator spectrum is ®(E) = 1/E or ®(u) = €"/Epax. Therefore
we can simplify the moderator part of equation (2.31) to:

u u'—u ZM '
—PMF()Z J. eMn s (u) FM(M')du' —
ny=1| u-In (1—0{ ’M) M max " '
“ >R ()
" (2.33)
u ZZFnF(u) ( 1+a’
P (o™ s ()
Emax My max . LnM ~ 2
> T (u)
ny =1
For a two zone model (only one fuel zone) equation (2.34) is valid):
PFF 4 pMF _q 2.34)

Therefore we can rewrite equation (2.32) with equation (2.33) and equation (2.34) to equation
(2.35):
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,max

F'(u)=

MEg max u eul—u ZF uv ' '
A=P™@) > | T =) U b ydu |+

mp=1| u-In -

F I T z Z:’?mF (u v)

= (2.35)
i\x ZTF,]‘ﬂF (u) . ”

P™ (1) € m=l ( Z 1+052 M (M)J

Equation (2.35) is a direct solvable integral equation which is implemented for the standard
scattering model of ULFISP. Originating from this, other approaches for the calculation of the
collision density are available in ULFISP. They are documented in reference [16] but are not
used in this work and therefore will not be derived here.

2.2 The energy- and temperature dependent scattering formalism

2.2.1 The energy- and temperature dependent scattering kernel

The exact form of the differential scattering cross section for elastic scattering in an isotropic
media with a Maxwellian velocity distribution was first derived by Ouisloumen and Sanchez
[69]. In the following the main equations of the energy- and temperature dependent scattering
kernel are presented. More detailed descriptions of the single and double differential
scattering kernel are available in references [26], [27], [30], [69], [78].

The effective differential scattering cross section for neutrons of velocity v in a homogeneous
medium that has a temperature T dependent velocity spectrum M"(V) is defined by equation
(2.36):

=)

O'eT(v —>v" =ljv,0'e(v,w%v')-MT(w)dw (2.36)
v 0
where
Vo neutron velocity before collision
Vv velocity of the scattered neutron
w ! velocity of the target nucleus
V=v—w: relative velocity between the neutron and the target nucleus before collision

o/ (v,w—v") : differential scattering cross section for an individual collision event
T: temperature

Here the temperature dependent Maxwell velocity spectrum is defined by equation (2.37):
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MT(W):(A_sz 5] .37

with the variables:
A: mass number
m: atomic mass
k:  Boltzmann constant

The Maxwellian velocity distribution of the neutron scattering medium is a simplification
of the model of Ouisloumen and Sanchez. It assumes that the target nucleus behaves like an
ideal gas, as far as its thermal agitation is concerned [26]. Numerous research studies have
been performed to develop scattering models which account for the bounding forces of
molecules in crystal lattices e.g. the early studies of Lamb [51] or more recent studies of
Courcelle and Rowlands [23]. Although it is clear that the ideal gas model is an
approximation for solid materials it has been concluded by Shamaoun and Summerfield [82]
that: “...at the temperatures and energies of interest in reactor physics, the chemical binding
effect can be ignored for both absorption and scattering.” A detailed study on this topic has
been published recently by Dagan [30].

In their study Ouisloumen and Sanchez derived equation (2.38) which shows the isotropic
energy- and temperature dependent scattering cross section in energy dependent form utilizing
the Maxwell spectrum of equation (2.37):

2 " ;
O-YT()(E S E)= (A+1) o (E)e M ¥y (1)dE, (2.38)
8AEKT

¥, (t) comprises the error functions and is defined as:

v,)=H(t, —t)H(t—t )|erf(t+€,, )—erf(€,  —1]+

(2.39)
H(t—t )lerf(t+¢€,, )—erf(t—€ )]
with the Heaviside step function H(x):
H) 0:x<0 5 40
x)= )
1:x>0 ( )
and the error function erf(x):
erf(x)—ije_’zdt (2.41)
NEE '
with
+e.
ti — gmax ;gmm (2.42)

and
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2 :A—;lmax/ min(E, E") (2.43)

max/ min k

the relative Energy E, between neutron and nuclide can be expressed as:

E = zsz% (2.44)

Equation (2.38) is solved analytically by the program DOUBLE2 developed by Rothenstein
and Dagan [27]. Following considerations have been applied by Dagan into DOUBLE2:

e the input cross sections have to be at temperature T= OK, Doppler broadening is
performed by DOUBLE2 as well

¢ the entire integrand will vanish for E;>>E due to the exponential term. In DOUBLE2
the integrand is set to zero for exponential terms lower than 10

e For E>>E, the exponent can be extremely large. In this case the term originating from
the error function difference (equation (2.39)) tends to vanish faster than the
exponent’s growth, ensuring a finite converging value of the integral when
performing numeric computation. Nevertheless, such multiplication of extremely
large numbers by extremely small numbers requires special attention, especially at
low temperatures, which increase the exponential term

e the approximated formula for error functions is taken from reference [1] and assures a
maximal inaccuracy of 1,5* 107

The integral in equation (2.38) is performed using 10™ order Gauss-Legendre integration,
using weights for this method from reference [1].

2.2.2 Modification of the code DOUBLE?2

Dagan implemented the isotropic energy- and temperature dependent scattering treatment in
his thesis [27] into the OZMA [70] code. He prepared the scattering kernels with the program
DOUBLE?2. For the implementation into ULFISP several changes in DOUBLE2 had to be
done which made a new version reasonable. In the following the main changes from
DOUBLE?2 to DOUBLE3 and performance differences between ULFISP and OZMA are
pointed out.

Dagan’s solution in OZMA applies the single differential scattering treatment for chosen
specific energy groups of the MUFT [77] group structure. A group is chosen if large
uranium-238 resonances are present. The single differential scattering treatment in OZMA
can only be performed for uranium-238.

In ULFISP a much more general solution has been applied. ULFISP utilizes the energy-
and temperature dependent scattering treatment continuously from 149 eV to 4 eV for all
nuclides. While in OZMA only scattering inside an energy group is possible and scattering
across group borders is neglected, in ULFISP the scattering treatment need to be used
continuously across group borders. In fact, the specific ULFISP routine has no information
about any group structure and is only controlled by scattering starting and ending energy,
which have to be given by input. Therefore it is possible to calculate group cross sections with
ULFISP for any multigroup structure which is supported by the KAPROS system. According
to these differences, DOUBLE3 works completely energy-group independent for any isotope
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while DOUBLE2 has been strongly connected to the MUFT group energy structure. Actually,
as mentioned previously, DOUBLE3 provides scattering transfer probabilities which are
simply calculated by division of the scattering kernel (equation (2.38)) by the sum of all
scattering kernels which belong to the same energy. The total value of this sum is the absolute
Doppler broadened elastic scattering cross section 65(E) in equation (2.45):

Y 0NE' > E)= [0 (E'— E)E'=0, (E) (2.45)

The scattering kernels in DOUBLE3 are calculated up to input controlled accuracy. In this
work all scattering kernels (from which scattering probabilities have been derived) have been

calculated till values of O'j (E'> E)= 107, This leads to visible inconsistencies at dips of

resonance cross sections. Therefore, for all elastic scattering cross sections less than one barn,
the  scattering  kernels have  been  calculated down to  values  of

0/(E'— E)=0/(E)10”. A new data format has been created for the scattering transfer
probabilities as well.

2.3 Implementation of the energy- and temperature dependent
scattering kernel

2.3.1 Modification of the KAPROS module ULFISP

For the present study, first a reactivation of ULFISP in the KAPROS system was necessary.
Main issue was the replacement of the old KEDAK cross section format which is not
supported anymore. For the new ULFISP data format, the CENTRM [21] point wise data
library format has been chosen. CENTRM is a fine flux module of SCALE [81]. For neutron
spectra calculations, it offers similar characteristics as ULFISP. These neutron spectra (or
neutron flux forms) can then be used as weighting functions for multigroup cross section
calculations. The choice of the CENTRM point wise data format enabled the usage of the
detailed SCALE point wise cross section libraries in ULFISP. In all ULFISP calculations in
this work the point cross sections of the SCALE ENDF/B 6 libraries have been used.

For validation of the reactivated ULFISP module numerous test calculations have been
performed. Figure 2.1 shows a comparison of the flux shapes of ULFISP and CENTRM of a
UQO,; fuel pin cell (specification in chapter 3.1.1) calculated at temperature T=800 K. The
ULFISP calculation was provided by utilizing 49900 energy points between 1 and 10000 eV
while CENTRM used 36200 energy points. The common 1/energy progression of the flux in
this energy region for a thermal problem is clearly visible. The deep flux depressions result
mainly from uranium-238 resonances. The very good agreement between both results is
pointed out. For better visualization the neutron flux forms are slightly shifted away from
each other.
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Figure 2.1: Neutron flux form vs. energy calculated by ULFISP and CENTRM for UO, fuel at
T= 800 K (slightly shifted away from each other for better visualization)

2.3.2 Implementation of the single differential scattering kernel

The slowing down equation was derived from the Boltzmann equation in chapter 2.1.5.
Originating from equation (2.35) a new scattering equation, utilizing the energy and
temperature dependent scattering treatment was derived by the author and will be presented in
the following. The new scattering equation will perform temperature and cross section
dependent down scattering and up scattering by using precalculated scattering transfer
probabilities. These scattering probabilities have been created with DOUBLE3, a further
development of DOUBLE?2 written by Dagan and Rothenstein [27]. The temperature and
cross section dependent scattering kernel and the DOUBLE3 algorithm are presented in detail
in chapter 2.2.2.

The implementation of the new scattering algorithm was performed in the energy domain.
Therefore, the slowing down equation (2.35) is changed from lethargy to energy:

Elaf"F

ME max 1 ZF,mF (E |) -
F(E)=(1-P™(E)) s F"(E"dE'

Z j (1-a"")E" 2/ (E)

mz (2.46)
i (E)
- 1|7 g
+P™(E)e= — = yMm(E
B 5 ELZ I )}

Equation (2.47) shows the calculation of the collision density with the new scattering
approach.
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My ma | Emax (B (E'—E)) ZF,mF (E V)
F'(E)=1-P™(E) ) [ RE>SBZ 2 F (E)E
mp=1| E_. (P,(E'>E)) 2't (E)
I 247
- M ,max +a Sy
+P™(E) my =1 yMomy
E ELZ y
The scattering kernel ( ~ ) is replaced by the temperature- and cross section
1-a', |E'

dependent scattering transfer probability P (E'— E) calculated by DOUBLE3. P, is

described in detail in chapter 2.2. Furthermore the integration limits have been changed and
are now a function of the energy- and temperature dependent scattering kernel. In this work
the scattering limit, has been set to Pm,min:10'5. For energy regions with an elastic scattering

. L P _
cross section lower than one barn, the scattering limit has been set to: P . :2—‘“ =10". In

figure 2.2 the scattering limits (where Pm,mm=10'5) have been determined to E= 35.4 eV and
E=37.0eV.

004 T I T T I T I T T I T T I T I T
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Figure 2.2: Energetic resolution of the scattering transfer probabilities Py, for a neutron of E=
36.4 eV (energy region of the third U-238 resonance) having an elastic scattering reaction
with U-238 (T=800 K)
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Each point in the curve of figure 2.2 represents a discretization point of the scattering
distribution Py,. Per definition the sum of all scattering probabilities P, = 1:

(Z P = 1) (2.48)

The fuel part (first line) of equation (2.47) can be explained very illustratively: We are
searching for neutrons which scatter from energy E’ to energy E forming the collision density
F'(E) in the fuel. First reqirement is that neutrons of energy E’ are available. This is expressed
by the relative probability F(E’). Second these neutrons will have some kind of reaction. The
Zf,mF (E v)
YI(E
reaction instead of any other reaction. Thirdly, the considered neutrons will be scattered to
energy E with the probability of P, (E'— E). Last, we take into account that the scattered

term represents the probability that a neutron will have an elastic scattering

neutrons have the possibility to have their next collision in the moderator and not in the fuel
by the factor (1- P™ (E)).

In the asymptotic approach the collision density is calculated from high to low energies.
Thereby the actual collision density is calculated from previous ones. For the first calculation
points the precalculated moderator spectrum (second line of equation (2.47)) is used and
therefore a “spectrum overlap” has to be used to allow the flux form to swing from the first
arbitrary considered moderator spectrum value into the real fuel neutron flux form. In all pin
cell calculations presented in this chapter the normal fine flux calculation starts at E=1300 eV
wile the first determined group constant has its upper energy limit at E=911,8 eV. Thus the
difference between E=1300 and E=911,8 eV has been taken as “swing into spectrum buffer”.
Figure 2.3 illustrates this effect at an example of a UO, pin cell (specification chapter 3.1.1).
The flux form depicted in red results from a calculation started at E=10000 eV providing a
reference solution in the shown energy region. The black line represents a flux form from a
calculation which started at E=1300 eV. There the two flux forms show considerable
differences. At approximately E=1000 eV the “swing into” is finished and both flux forms
give very good agreement.

For the up scattering approach an additional overlap of the flux form at low energies is
necessary. In all presented calculations the fine flux forms (normal approach) have been
calculated down to E= 1.6 eV. This allows the up scattering from lower energies into the last
(27™) energy group. The lower energy border of E= 1.6 eV has been chosen due to up
scattering of oxygen at T=1200 K. Utilizing either higher temperatures or lighter isotopes
might necessitate an adjustment to a lower energy.

Because of up scattering, for the new approach the collision densities have to be assumed
before they are calculated. This is worked out by iterating the calculation of the collision
density. For the first computation the collision density from the asymptotic approach is taken,
which is already a quiet good approximation. After that an arbitrary number of iterations are
possible. In practice three iterations have been found to be sufficient.

Figure 2.4 shows iterations of the collision density for the energy region of the third
uranium-238 large resonance. The good convergence of the collision density for increasing
iteration numbers is clearly visible. The evolving form of the new flux form results from up
scattering at the energetic lower shoulder of the resonance and from reduced down scattering
at the energetic higher shoulder of the resonance. This effect is analyzed in more detail in
chapter 3.2.
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In its standard version ULFISP creates a problem specific irregular energy grid which
depends on the input cross sections and the chosen maximum change of cross section value
over energy:

Ao AE = constant (2.49)

Due to the scattering transfer probabilities calculated by DOUBLE3 (see chapter 2.2.2) the
new scattering approach requires a constant lethargy grid in the applied energy region. The
constant lethargy grid chosen for the pin cell calculations in chapter 3.1 and 3.2 is Au=0.9997.
For the pin cell burnup and the assembly calculations presented later, Au=0.9990 has been
chosen because of calculation time and required larger memory space. Au is defined as:

Au= % = const. (2.50)

X

Thereby Ey.; and Ex are successive energy points on the energy scale with Ex > Ey,;.

A sensitive point during the implementation of the new scattering model has been the
energetic intersection between the two models. The choice of the highest and the lowest
energy for which both of the two procedures are used is arbitrary in ULFISP. However there
are some restrictions which need to be considered. The asymptotic approach always has to
cover the energy region of the new approach plus an overlap at the energy intersection at the
highest and at the lowest energy applied in the new approach.

The energy overlap at the upper energy border has to use the constant lethargy grid of the
new approach and scattering kernels have to be provided for this energy region as well. The
reason of this overlap is that like all other collision density points the energetically highest
one is calculated partly from the down scattering from energetically higher collision densities
for which transfer probabilities have to be provided. The required overlap depends on:

1. the energetically strongest neutron slowing down isotope in the fuel (in this
study always oxygen)

2. temperature T

3. scattering limit Py, min

4. the maximum energy for which the new scattering model is used

For the results presented in chapter 3, the strongest neutron slowing down isotope (in the
fuel) considering energy loss in case of a scattering incident, is oxygen at a temperature of
T=1200K. The scattering limit is Pm,min=10'5 and the maximum energy is E=149 eV. The
overlap was determined to AE=50 eV by DOUBLE3. That means that the highest energy for
which scattering kernels have to be provided is E=199 eV. The energetic overlap at the lower
energy border is needed for up scattering correspondingly. The restrictions of the overlap at
the lower energy border are consistent as well.

The two scattering models are two different approaches. Therefore, it is likely that the
intersection from one to the other model is not smooth. Especially in the region of strong
cross section resonances discontinuous collision density intersections are possible. For best
calculation performance the intersections should always be placed at group cross section
borders. Figure 2.5 shows a smooth intersection at energy E=149 eV.
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Figure 2.5: An intersection between the two ULFISP scattering approaches

2.3.3 The hybrid method

Calculating the collision density with the new scattering treatment follows always the same
procedure. First the collision density is calculated according to the standard procedure
developed by Broeders [16]. Then this collision density is considered as a first (quite close)
approximation and taken as input for the new scattering method. The procedure demands that
every isotope that contributes a noticeable part to the collision density is treated in the
standard as well as in the new scattering working step. Due to the different methods it is not
possible to treat a single (or a bunch of) isotopes only by the asymptotic scattering treatment.
In other words, no mixing of these two working steps is possible.

However, for reduction of computing time and analyses of the importance of isotopes due
to the new scattering method, it is preferable to use a hybrid method which allows a selection
of isotopes which are treated by the asymptotic scattering method or which are treated by the
energy and temperature dependent scattering method. This was realized in the so called
hybrid method in this study.

This hybrid method has been realized by introducing asymptotic scattering transfer
probabilities P, (E' — E) into the improved method algorithm which allow the calculation of
the collision density in the same way as the standard method. The scattering probabilities of

the asymptotic scattering inside the improved method algorithm feature the following
attributes:
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1. only the potential cross section is respected — P, (E'— E)= constant

2. the sum of all scattering probabilities has to be equal to one, like in the new
method: > pPi=1

3. no up scattering is respected — E* > E

The calculation of P, (E'— E)is performed by the following ansatz: since Py, is constant

m,const

it can be determined by:

m,const.

P (E'%E)zl (2.51)
X

where x is the number of grid points in the scattering region. The scattering region AE can be
calculated by:

AE=FE—-E««x, |:a=(A—_1j } (2.52)
A+1

and by:

AE = E-EJAu] (2.53)

Equalizing equation (2.52) and (2.53) leads to:

Au' =« (2.54)
Equation (2.54) logarithmized leads with equation (2.51) to:

P (E'—E)=1088

m,const.

2.
logx 2:55)

Au and a do not depend on energy or temperature. Therefore, P,, depends only on the chosen
constant lethargy grid and on each specific isotope. Py, is valid for all energies and has to be
calculated for each isotope once. Figure 2.6 clarifies the differences between the improved
scattering probability (same as in figure 2.2) and a constant scattering probability.

The hybrid method allows a detailed analysis of the importance of the new scattering
method on single isotopes like it is presented in chapter 3.4. The character of constant
lethargy grids combined with a constant scattering distribution allows the usage of one
scattering distribution per isotope for all energies. This added to the facts that the algorithm
itself is much easier and as visible in figure 2.6, for asymptotic scattering fewer distribution
points are necessary. This significantly reduces the computation time.

Summarizing, the hybrid method allows the usage of the standard method inside the new
method without changing the general procedure of calculating weighting spectra with the
energy- and temperature respecting scattering treatment. Therefore, it enables the possibility
to perform calculations in which the scattering method can be chosen separately for every
1sotope.
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2.4 Code descriptions

Light water reactor analyses and simulations in the past were characterized by efficient and
accurate fuel management, based on nodal core physics methodologies [45]. These
methodologies have utilized very detailed three-dimensional core neutronics models
supplemented by simplified feedback thermal-hydraulics models - usually one-dimensional
models for boiling water reactors and a “point” thermal hydraulic model for pressurized water
reactors. Limited by the available computer power, earlier safety methods used point kinetics
core response in conjunction with a conservative approach for physics input, in order to
ensure save reactor operation.

Commonly used code systems perform the safety analysis by coupled neutronics and
thermal hydraulic systems. The standard proceeding for a reactor core safety analysis is
illustrated in figure 2.7.

The basis of state of the art reactor analysis is a coupled thermal-hydraulic and neutron
physic model. On the thermal hydraulic side a system code like RELAPS5 [73] or TRACE [86]
calculates fluid dynamics (code specific) in one dimension or multidimensional. Simplified
models include only the reactor vessel while a detailed model of the whole primary system is
possible in recent code applications [86].

The thermo-hydraulic codes describe the transfer of mass, energy and momentum of fluids.
Also two phase flows can be modeled in some codes, e.g. TRACE. The coupling to the
neutronic side is performed through the heat transfer. The thermo-hydraulic codes calculate
fluid, structure and fuel temperatures as well as the fluid densities through the respective heat
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transfers. These parameters are passed over to the neutronic side were the new neutron
physics system conditions are calculated. The neutronic side recalculates the thermal power of
the fuel and passes it again to the thermo-hydraulic side. In current coupled three dimensional
neutronics — thermo-hydraulics simulations few group two dimensional cross-section sets are
used as input data [45]. The amount of few group cross-section data is significant especially
for transient analyses. The generation of these cross-section sets is performed by lattice codes.
Usually, burnup calculations for single assemblies are performed at reference conditions.

Thermohydraulic Neutron Physics

Feedback
operating
parameters

Supplying of burnup
dependent macroscopic
multigroup cross section
in look up tables

Figure 2.7: Standard procedure for LWR reactor core simulations

For transient analysis in codes like PARCS [36] or CORETRAN [39], for every burnup
step and all different local feedback parameters like fuel temperature, moderator temperature
and density, void (BWR) or boron concentration (PWR) cross section have to be provided.
These cross-section data are produced burnup dependent by lattice codes like
KAPROS/KARBUS [16] or SCALE/TRITON [87] in so called branch calculations. The cross
sections are stored in look up tables for the reactor reactor core analysis codes.

The three dimensional neutronic core solver takes the required cross-section data from the
look up tables and interpolates these if necessary. The energy and temperature dependent
scattering treatment is performed only in the lattice code calculations during generation of the
cross section look up tables. The new scattering treatment is therefore introduced into reactor
core simulation only via the precalculated cross-section sets. For steady state analysis branch
calculations or interpolation of cross-section data are not required. In this study only steady
state analysis has been performed, which reduced the amount of required data immensely. For
the determination of the impact of the new temperature- and energy dependent scattering
treatment on reactor core calculations, it has been reasonable to maximize the number of
energy groups of the cross section data. For the results presented in chapter 4, steady state
reactor core calculations have been performed utilizing 28 energy groups. More detailed
information of the calculation characteristics for reactor core calculations is recorded in
chapter 4.3.
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2.4.1 The lattice code KARBUS and it’s extended version KARBUSE

KARBUS and KARBUSE belong to the modular program system KAPROS [4], [16], [95].
Originally KAPROS came along with the development of the fast breeder reactor in the
research centre of Karlsruhe in the 1970’s. Later on, KAPROS has successively been
extended for thermal light water reactors. A milestone in this development was the work of
Broeders who developed the KARBUS procedure during his studies of Advanced Pressurized
Water Reactors with hexagonal fuel assemblies [16]. KARBUS (KArlsruhe Reaktor BUrnup
System) enables reactor burnup calculations for various systems. Therefore, it automatically
operates several other KAPROS routines and modules as well as it controls the data flow
between KAPROS modules and external codes like DANTSYS [33] or DOORS [35] which
have been coupled to KAPROS. The most important codes for this work are shown in the
flow chart of figure 2.8 and are explained in the following.

Next to the input description which contains problem dependent geometries, material
specifications and calculation parameters KARBUS has to be provided with microscopic
multigroup cross section libraries, burnup information libraries and in case of fine flux
calculations with point cross section libraries. The microscopic multigroup cross section
libraries are calculated by NJOY [54] and processed via KAPROS utility codes into the
GRUMA [96] format. This cross section processing for the KAPROS system is documented
e.g. in reference [67]. In dependence to the 69-groups in WIMS group structure ENDF/B 6.5
library which is used in all KARBUS and KARBUSE calculations in this work, this library is
called “69-Multigroup XS-library” in figure 2.8.

For burnup calculations libraries containing isotope specific fission yields, half-lives,
decay schemes, etc. have to be provided which are called KORFI [41] libraries in KAPROS.
For fine flux calculations point wise cross section libraries are used in ULFISP. These are
explained later in this chapter. The module NDCALC processes the user input information,
calculates material densities, prepares input information for other modules and passes these
over. In calculations which are not utilizing energy group discretization via fine flux,
KARBUS calls directly the macroscopic cross section calculator GRUCAL [95]. GRUCAL
determines effective macroscopic multigroup cross sections for homogenized zones.

The resonance self shielding is treated via precalculated shielding factors which are included
in the microscopic cross sections libraries.

A reactivated option in KAPROS is the calculation of effective (resonance shielded)
multigroup cross sections in the epi-thermal energy range via the module ULFISP. These
group cross sections can be transferred into GRUCAL by the secondary cross section input
option. The module ULFISP which is the main program tool in this study is described in more
detail later in this chapter.

The zone dependent macroscopic cross sections from GRUCAL are inserted into
WEKCPM for one dimensional transport calculation or to the loosely coupled DANTSYS 3.0
[33] program for two or three dimensional transport calculations. WEKCPM has been adapted
from WIMS/E [3] to the KAPROS system. WEKCPM is usually chosen for single pin cell
calculations. It characterizes the geometric problem through a Wigner-Seitz cell and solves
the transport equation utilizing the first collision probability method [13].

For two- or three dimensional geometric solutions the DANTSYS option can be applied. In
this study TWODANT [33], the two dimensional discrete ordinate transport code of
DANTSYS 3.0 has been applied for all assembly calculations. It uses the diamond difference
scheme for phase space discretization. All TWODANT calculations have been performed
with an angular discretization of S=8 and conversion criteria for reactivity of 10°.
TWODANT is provided with rod wise homogenized cross section by GRUCAL. For burnup
calculation the zone wise calculated neutron fluxes are transferred from WEKCPM or
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TWODANT to ONEHOM which applies (one dimensional) pin cell wise problem cross

section homogenization.
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Figure 2.8: Flow chart of KARBUS and KARBUSE
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Afterwards the zone dependent cross sections are passed over to COLLUP which performs
one group condensation. These one group cross sections and one group neutron fluxes are
then passed to the module BURNUP, a successor from KORIGEN [41] which itself was a
further development from ORIGEN [11]. Together with the burnup informations from the
KORFI libraries BURNUP calculates new material densities and passes them back to
GRUCAL and in case of fine flux treatment to ULFISP.

For this study a new cross section processing option in KAPROS has been developed. It
generates multi group cross sections in the PMAXS [97] format for the three dimensional core
solver PARCS [36]. The burnup dependent macroscopic pin cell wise homogenized cross
sections from GRUCAL are volume weighted by the neutron fluxes from TWODANT. This
is performed by DANHOM, a two dimensional homogenization module recently developed
by Broeders [15]. DANHOM weights macroscopic cross section in accordance to equation
(2.56) which can be found in numerous literatures, e.g. reference [84].

Y o= withiel (2.56)

Here, X; is the zone dependent macroscopic cross section, @, is the zone dependent

neutron flux and V; is the volume of zone i. Afterwards, the assembly homogenized cross
sections are passed to the KAPROS module CRPAXS. CRPAXS is a modified version of
CRGIP [8]. It has been changed for this study to convert cross sections from the GRUMA
format of KAPROS to the PMAXS format of PARCS. Current capabilities of CRPAXS are
limited to the conversion of scalar cross sections and scattering matrixes for simplified steady
state reactor analysis.

2.4.2 The fine flux module ULFISP

ULFISP calculates effective neutron cross sections in the energy region of neutron
resonances. Therefore it solves the slowing down equation as explained in detail in chapter
2.1. The original version [16] of Broeders has been reactivated for this work. It has been
adapted to the point cross section format of CENTRM [21] and uses the point cross section
data from the SCALE [81] system since this adaptation. In figure 2.9 the most important
routines of ULFISP are shown and explained in the following. The user input specifications
are passed into the ULFISP module from the KARBUS procedure. RNUDAT (Read NUclear
DATa) reads for every fuel isotope of the considered problem the elastic, capture, fission (if
available) and total cross section. Square root temperature interpolation is performed for all
cross sections as applied in CENTRM [21] automatically. The energy grid of every isotope
and reaction is passed to GENFIN (GENerate FINe energy mesh) which generates a problem
dependent energy grid. The accuracy of this energy grid is controlled by input specifications.
If the new scattering option is applied in ULFISP, a predefined energy grid with constant
lethargy is inserted in the concerning energy region in GENFIN.

After GENFIN, LINTBR (Linear INTerpolation BRoeders) interpolates all cross section data
to the energy mesh generated by GENFIN. The interpolated cross section data is still
microscopic. For burnup or assembly calculations this data can be stored and reused for every
pin cell calculation. This can save a huge amount of calculation time especially if burnup
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calculations are performed with a high number of fuel isotopes. The limitation for this option

is that all isotopes which are used at any time or region step have to be included in the very
first ULFISP calculation which generates the interpolated cross section data.
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Figure 2.9: Flow chart of the fine flux module ULFISP
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The determination of neutron form in ULFISP requires the calculation of transfer
probabilities (probability P™ in equation (2.35)) between different zones which is performed
by the module CPESCF. The calculation of these probabilities is documented in the works of
e.g. Dancoff and Ginsburg [31], Wigner, Creutz, Jupnik and Snyder [89], Bell [10] or Levine
[53]. The exact escape probability for an infinite cylinder has been derived by Case, de
Hoffmann and Placzek [20]:

(2.57)

e

p:L_ _
Xl

e_Z'Ty
j\/ﬁ .)[yz /yz_xzdy

where
P. is the escape probability
Y is the total cross section
[ is the average chord length of a zone

A numerical solution of equation (2.57) is possible but time consuming. In ULFISP the
escape probability is calculated after the method of Raghav [72] which uses a polynomial
adaptation for equation (2.57):

P=01-X)+X(1-X)**>.0X" (2.58)

with
__xl 2.59
T (1+%0) (259

In table 2.1 the Q, values for an infinite cylinder are listed. Equation (2.58) and (2.59) are
valid for infinite systems. Therefore it must be considered that a neutron which escapes the
fuel zone does have its next collision in another fuel zone. This probability is considered by
the Dancoff factor C. Different approximation calculation methods of the Dancoff factor are
available in ULFISP but have to be chosen directly in the code. Implemented are the Dancoff
factor calculation methods of Chao et al. [22], Bonalumi [13] and Sauer [80] as well as the
exact but computational time intensive method of Carlvik [19]. Due to its fast calculation and
good results the standard Dancoff factor calculation in ULFISP employs the method of Sauer.
Equation (2.60) and (2.61), taken from [80], describe the method:

e—rzj” Iy
C=1- — (2.60)
1+1-0)2" 1,

with
g total cross section of the moderator
S
l, = S_M average chord length of the moderator
M
VM volume of the moderator

Sm surface of the moderator
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Vm
Ve

volume ratio between moderator and fuel
volume ratio between clad and fuel

The geometric index 7 is defined for quadratic grids as:

T:\/Z*(l"'vc;'vm)_\/(l";vc —().08|:1+l
4 v v 2

n Qn

0 0.225644

1 2.100901

2 -6.058395

3 7.848099

4 12.33828

5 -32.32889

6 18.26813

7 -23.88533

8 55.26502

9 5.709876

10 -88.28482

11 49.89500

Table 2.1: Adjustment parameter of the Raghav formula

VC

1+v

c

|

2.61)

Williams and Gilai [91] developed a cladding correction for the Dancoff method of Sauer. It

is implemented in ULFISP as well. It is described by equation (2.62) and (2.63):

with

CwirhClad = C.(l _Z_CZIC .PeCZad )2

Cuithclaa the cladding corrected Dancoff-factor
the average chord length of the cladding

lC
Z C

Clad
F,

the total cross section of the cladding

the escape probability from a hollow cylinder which is after Sauer:

(2.62)
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PClad — _1 1

-(1 _
Cc - Nciaq +1
X, I+ lc):tc
Neg +1
with

Ncda geometric factor for the cladding:

N, = 3.58+0.4X+3.5X>  for X<0.4
N, = 0.474+15.057X+13.73X>  for X>0.4

L
(1+251,)

(2.63)

X =

The combination of escape probability P. and the Dancoff correction represents the total
escape probability of a fuel neutron to have its next collision in the moderator. In ULFISP
equation (2.64) taken from reference [44] is used for this:

PFM — Pe .(1 - CwizhClad )
1 + CwizhClad .(1 - T.Pe )

(2.64)

with

P™  the neutron transition probability from fuel to moderator (see as well equation (2.35))

After the calculation of the energy dependent escape probability, the module CSIGSD
calculates the moderator collision density by solving the second line of equation (2.35). This
moderator collision density is used as starting value for the calculation of the fuel collision
density in the module PHICAL. PHICAL solves the first line of equation (2.35). This
collision density is then used as a first approximation in PHICAL_UP if the new scattering
option is chosen. Using the precalculated scattering transfer probabilities of DOUBLES3,
PHICAL_UP performs the energy- and temperature dependent scattering treatment. The
improved neutron spectrum is then prepared for the use in CALGRN as weighting spectrum
for multi group cross section calculation utilizing equation (2.3). Doing so CALGRN needs
the considered group structure information which is provided by the KAPROS module
ENERGY which is not a part of ULFISP. At the end of every ULFISP calculation a binary
multigroup library in GRUMA format is written into the working directory and can then be
used through the secondary input option of GRUCAL.
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2.5 The Monte Carlo method

In contrast to deterministic methods which solve the transport equation, Monte Carlo methods
do not solve an explicit equation [57]. They rather obtain answers by simulating individual
particles and recording some aspects of their average behavior. An often mentioned way to
characterize Monte Carlo simulations is: “Think as a particle” [17] which means that every
single event during the “life” of a neutron is simulated. An example of “the life of a particle”
in a Monte Carlo simulation is described in the following. In this work the Monte Carlo code
MCNPX [58] is used for comparison with deterministic approaches. Therefore the different
elastic scattering treatments which are performed in chapter 3.2 are introduced here.

2.5.1 Some principal aspects of the Monte Carlo method

The following describes the Monte Carlo method in general. Most of it has been taken from
the MCNP 4C manual [57]. Monte Carlo can be used to theoretically describe a statistical
process. An advantage in respect to deterministic methods is that it is very powerful in
describing complex geometric models. The individual probabilistic events that comprise a
process are simulated sequentially. The probability distributions governing these events are
statistically sampled to describe the total phenomenon. The statistical sampling process is
based on the selection of random numbers — analogous to throwing dice in a gambling casino
— hence the name “Monte Carlo.” In particle transport the Monte Carlo technique is
following each of many particles from its birth to its death. Death in a “neutron” sense means
disappearance. Probability distributions are randomly sampled using transport data to
determine the outcome of each step of a particles life. The probabilistic data can have a
continuous energy structure or multigroup structure like deterministic application. In this
work only continuous energy cross section data has been used. Figure 2.10, taken from the
MCNP Manual, illustrates the random history of a neutron incident on a slab of material that
can undergo fission.

3
Event Log
2 4
1. Neutron scatter
2. Figegion
3. Neutron Capture Incident
4. Neutron Leakage Neutron 1
Figsionable
Void Material Void

Figure 2.10: Random history of an incident neutron taken from [57]

By selecting randomly numbers between 0 and 1, by respecting laws of physics and
probabilities (transport data), it is selected if, where and what kind of an interaction takes
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place. In the example in figure 2.10 a neutron collision occurs at event 1. The neutron is
scattered in a different direction which is determined randomly from the physical scattering
distribution. At event 2 fission takes place, resulting in the termination of the incoming
neutron and the birth of two outgoing neutrons. One neutron is banked for later analysis. The
first fission neutron is captured in event 3 and terminated. The banked neutron is now
retrieved and, by random sampling, leaks out at event 4. Now this neutron history is complete.
The more histories are followed the more precise are the neutron distributions.

In this work the Monte Carlo application was used for comparison with the deterministic
code KAPROS/ULFISP [16]. The comparison includes reaction rates in a part of the epi-
thermal energy region between 4 and 150 eV. This comparison was performed for a thermal
PWR-pin cell configuration. That’s why the neutron density in this epi-thermal energy region
was relatively low. For receiving good precise results, also called “results with a low standard
deviation”, a much higher number of histories had to be computed to receive low standard
deviations for these reaction rates in the epi-thermal energy region. The computation time for
this problem would have been in the range of days to over a week. Due to the fact that parallel
computing is a standard feature of MCNPX the computation time could be reduced to hours
by utilizing 40 CPU’s. Following a high number of single particles allows the parallelization
of Monte Carlo computations. Each history is independent from all other histories because
neutron to neutron interactions can be neglected in nuclear reactor calculations.

2.5.2 Different scattering treatments used in this work with MCNPX

A collision between a neutron and an atom is affected by the thermal motion of the atom. The
free gas thermal scattering treatment in MCNPX is based on the free gas approximation to
account for the thermal motion of the target nucleus. It assumes that the medium is a free gas
which implies that no effects of chemical bindings or crystal structures are taken into account.
The elastic scattering cross section is considered as energy independent which means that no
possible resonances are respected. The temperature dependence of the reaction cross sections
can be adjusted by an energy, temperature and isotope dependent factor if the available cross
sections do not coincide with the problem temperature. In this work a complete cross section
set has been calculated for the exact problem temperatures (see chapter 3.1). Therefore this
temperature adjustment was not used in any calculation.

The second aspect of the free gas thermal scattering treatment is respecting the velocity of
the target nucleus when the kinematics of a collision are calculated. The target velocity is
sampled and subtracted from the neutron speed to get the relative velocity. The effective
scattering cross section depends then on the scattering cross section of the relative velocity
and the probability density function for the Maxwellian distribution of target velocities. These
assumptions allow a thermal scattering treatment which is adequate for light isotopes which
have nearly constant cross sections in the thermal- and lower epi-thermal energy region. The
computation time for this treatment is almost as fast as a completely non-thermal scattering
treatment. In MCNPX standard versions the free gas scattering treatment is applied up to
energies of E= 400 kT. Above this value the velocity of the target is set to zero. For the
calculations in this work the E= 400 kT border has been set to E=200 eV for all temperatures
for consistent comparisons of calculations at different temperatures.

The S(a,f) treatment as implemented originally in MCNPX is a complete representation
of thermal neutron scattering by molecules and crystalline solids. Two different approaches
are allowed [57]. The free gas model, which does not take into account any interactions
between nuclides, and the molecular treatment [28], which depends also upon the chemical
binding of the particular analyzed atom within its molecule or crystal lattice. In the region of
thermal neutron energies, the binding of the scattering nucleus in a solid, liquid or gas
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material affects the neutron cross section and the energy and angular distribution of secondary
neutrons. These effects are described in thermal sub-libraries where the thermal scattering law
S(a,p) is parameterized in terms of momentum transfer parameter o and energy transfer
parameter [ [88]. For bound moderators like hydrogen in water LEAPR [54], [56], a module
of the NJOY [54] code, is used to prepare the scattering law S(a,3). The input o, B data for
bindings in solids and liquids is provided by ENDF File 7 format [25] in nuclear data libraries
like ENDF/B 6 [24] or JEF3.1 [47], [48]. With these S(o,B) scattering laws THERMR,
another NJOY module, is able to calculate thermal incoherent scattering cross sections
following equation (2.65) taken from reference [54]:

lo} E'
E,E' u)=—_, |—e""*S(a, 2.65
o( ) 2kT,/Ee (&, ) (2.65)

where E is the initial neutron energy, E’ is the energy of the scattered neutron, p is the
scattering cosine in the laboratory system and T is the temperature in Kelvin. The
dimensionless energy transfer [ is defined as:

f=""X (2.66)

and o, the dimensionless momentum transfer, is calculated via equation (2.67):

- E+E-2u\EE’

(2.67)
AKT

k is the Boltzmann constant and A is the ratio of the scatter mass to the neutron mass. The
bound scattering cross section 6}, can be obtained from the free scattering cross section oy

2
o —o (A+1)

pTO T (2.68)

The scattering law S(a,3) describes the binding of the scattering atom in a material. For a free
gas of scattering nuclei with no internal structure it is given in equation (2.69):

exp{—a +'B} (2.69)

do

1
S(Q’,,B)Z \/m

The values of the S(a,p) scattering law tables are provided for certain a and 3 values. Between
these values interpolation must be performed.

The presented S(a,p) treatment does only treat energy independent cross sections [28]. For
light isotopes, this is a justified assumption since their cross sections are nearly constant in the
thermal and epi-thermal energy region. For heavy isotopes this assumption is rather bad. An
improved S(a,B) treatment for heavy isotopes which accounts for the energy dependence of
cross sections, has been implemented into the NJOY code by Rothenstein [78]. This new
scattering treatment is presented in more detail in chapter 2.2. In this study the MCNPX
calculations performed in chapter 3.2 have been performed with the standard S(a,3) scattering
treatment of MCNPX for water and with the energy- and temperature dependent scattering
approach of Rothenstein for uranium-238.



3 Pin Cell Application

Chapter 3 presents results for UO, - pin cell calculations utilizing temperature and cross
section dependent scattering kernel in ULFISP. In the first part the pin cell problem is
specified and phenomena resulting from the new scattering treatment are presented and
explained. In the second part a first validation of the new scattering approach in ULFISP is
performed via a comparison with the Monte Carlo solution of Dagan and Rothenstein [26] of
the new energy- and temperature dependent scattering treatment. The third part is dealing
with the influence of the new scattering treatment on burnup and isotope vectors. Again the
UQO; pin cell is analyzed. Furthermore, the analysis is extended for MOX fuel. In the last part
results utilizing the hybrid scattering method are presented. Analyses with the hybrid method
are performed for the determination of isotopes which cause significant changes, e.g. in
reactivity, by utilizing different scattering treatments.

3.1 Pin cell results

3.1.1 Problem specifications

The new scattering treatment in ULFISP leads to changes in the group cross section weighting
spectra. These changes in the weighting spectra or neutron flux form are analyzed in the
following chapter on the basis of a typical PWR pin cell. Basic specifications have been taken
from a PWR assembly benchmark [71] from “Gesellschaft fiir Anlagen- und Reaktor-
sicherheit” but slightly changed for simplicity. E.g. instead of Zircalloy-4 with several
different isotopes only natural Zirconium was considered and therefore the atomic density
was adjusted slightly. The presented geometric pin cell model corresponds to a cylindrized
Wigner-Seitz cell. The fuel contains three isotopes uranium-238, uranium-235 and
oxygen-16. The moderator is water with a boron concentration of 500 ppm. The fuel rod
power is 170,5 W/cm. The problem specifications are summarized in table 3.1. Additionally,
the exact isotopic concentrations are listed in table 3.2.

Zone Content dimensions Temperature &

pressure
Outer radius =

fuel UO; (4% U-235) 0411 cm T=800 K
. . Outer radius =

cladding Zircalloy-4 0475 cm T=605 K
Pitch=1.272 cm

moderator H,0 , 500ppm Bor, (equivalent outer T_5831\§I<1; 5 =15.8
radius= 0.71765 cm)

Table 3.1: Problem specification of the UO; pin cell
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Material Fuel pin Cladding Moderator
U-238 2.095999E-02 --- ---
U-235 8.844818E-04 --- ---
O-16 4.368894E-02 - 2.500190E-02
Zr-nat - 5.10376E-02 ---
H-1 -—- --- 5.000381E-02
B-10 - - 4.1419E-06
B-11 --- --- 1.6672E-05

Table 3.2: Isotopic concentrations (10** atoms/cm”)

The effective group cross section constants are calculated for all fuel isotopes by ULFISP
and have been taken as input for pin cell calculations with KAPROS/KARBUS [16]. The
group structure used is the 69-group structure from the WIMS system [3]. Effective group
cross section have been calculated for the 20-27 WIMS-groups according to 907 — 4 eV. The
groups which are effected by the new method are group 22-27 according 149-4 eV. Group 20
and 21 have been added to the procedure because of their high influence on integral results.
The new scattering treatment has not been applied at higher energies because the importance
of up scattering decreases strongly at higher energies (>100 eV) which will be shown later in
this chapter.

For the weighting of the group cross sections the neutron flux form is used. For analysis of
the new scattering approach it can be advantageous to have a look at the collision density. The
collision density is defined as the neutron flux density multiplied with the total cross section
as presented in equation (3.1). A high cross section represents a high probability for reactions.
Therefore this multiplication denotes energy regions with high cross sections (resonances)
more precisely.

F(E)=®(E)-x, (E) 3.1

with:
F collision density
@®  neutron flux density
Y.  total cross section
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3.1.2 Fine flux calculation results

Figure 3.1 shows the collision densities of the asymptotic and the energy- and temperature
dependent scattering treatments between 4 and 160 eV. The large peaks result from
uranium-238 s-wave resonances while the small ones mainly follow from uranium-235 p-
wave resonances. The two curves look very similar except at the large uranium-238 resonance
peaks where a slightly enhanced collision density is visible at the second (~20 eV), third (~37
eV), fourth (~66 eV) and fifth (~102 eV) resonance. At the first uranium-238 resonance a
slightly decreased collision density is visible.

0.1

—— Standard Scattering
—— New Scattering

0.01

Collision density F(E) [1/cm?]

0-00 l | I 1 | | I 1 | 1 | 1 ‘ | I 1 | | I 1 | 1
0 15 30 45 60 75 90 105 120 135 150

Energy [eV]

Figure 3.1: Collision Densities of a PWR-UO, fuel over energy in the lower epithermal
energy region at T=800K

A closer look at the shapes of the collision densities in the energy region of the first
uranium-238 resonance in figure 3.2 shows that the total differences are relatively small but
the different physical description is clearly visible as well.

The black curve representing the collision density of the standard approach has a single
peak at the right side of the resonance showing the increased absorption of down scattered
neutrons. The red curve shows the collision density of the new scattering method. It points out
two peaks on each side of the resonance, one resulting from down scattering and one from up
scattering. Furthermore the collision density calculated by the new method shows a small dent
between the two peaks resulting from resonance self shielding.
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Figure 3.2: Collision densities of PWR-UQ; fuel in the energy range of the first U-238
resonance at T=800 K
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Figure 3.3: Collision densities of PWR-UQ; fuel in the energy range of the third U-238
resonance and U-238 elastic scattering and absorption cross sections at T=800 K

Figure 3.3 shows the collision densities (black and red curves, left, linear scale) of the two
different scattering treatments at the energy range of the third uranium-238 resonance and the
absorption and the elastic scattering cross section of uranium-238 (green and blue curves,
right, logarithmic scale). The collision density provided by the new scattering method (red
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curve) reflects the strongly increased collision density at the energetic lower shoulder of the
resonance while it shows a decreased collision density at the energetic higher shoulder. The
differences in the collision densities result from up scattering. At the left resonance shoulder
more neutrons are scattered into the resonance region due to up scattering while on the right
shoulder less neutrons are scattered into the resonance due to reduced down scattering. The
large values of the elastic scattering cross section in the resonance energy region increase the
effect.

The corresponding flux forms of the third large uranium-238 resonance are presented in
figure 3.4. The flattened flux shape left to the flux depression is resulting from the increased
up scattering into the resonance. Taking the new flux form as weighting function for group
cross section calculation leads to a lower importance of the energy region close to the left
resonance shoulder. This leads to a relatively higher importance of all other energy regions in
the energy group of the third uranium-238 resonance. Of course, the resonance region with its
extremely high absorption cross section gains importance too and therefore leads to a higher
absorption group cross-section constant.

For the chosen pin cell, effective group cross-sections with both scattering methods have
been calculated. With these group cross-sections sets two pin cell calculations have been
performed. Intermediate and integral results are discussed in chapter 3.2.

002 | T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 | T 1 T 1 ‘ T 1 T 1 ‘ T 1 T 1 E 7000
E — Standard Scattering E
C — New Scattering Approach |3 6000
- Absorption XS U-238 3
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C — 5000
C i E
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Figure 3.4: Neutron flux forms of PWR-UO, fuel in the energy range of the third U-238
resonance and U-238 elastic scattering and absorption cross sections at T=800 K

Having a look over the whole energy region treated by the new scattering method in
figure 3.5 presents hardly visible differences of the two flux form except in the energy range
of the third uranium-238 resonance. The reason why the method has its strongest influence at
the third uranium-238 resonance lies in the ratio between elastic scattering and the total cross
section.
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Figure 3.5: Neutron flux form of a PWR-UQO; fuel over energy in the lower epithermal energy
region at T=800K

Figure 3.6 indicates the elastic scattering cross section and the difference between the total
and the elastic scattering cross section of uranium-238. The shape of the difference between
total and elastic cross section is very close to the absorption cross section because absorption
and elastic scattering are the dominating cross sections of uranium-238 in the considered
energy range. The elastic scattering cross section gets ahead all other cross sections at the
peak of the third large resonance at E=36,7 eV. At this energy the ratio of elastic scattering to

. . . o
the sum of all other reactions is approximately c—=1.5
0,—0,

Clearly visible in figure 3.6 is the dominance of the elastic scattering at the fifth large
uranium-238 resonance at E=102,5 eV, too. The ratio of elastic scattering to the sum of all

. . o
other cross sections in the resonance peak is there even £ — =3,
0,—0,
Nevertheless, the double value, the changes in the flux form shown in figure 3.5 are much
smaller. Responsible for this is the higher energetic difference between neutron and target
nucleus. The probability for up scattering at energy E=102,5 eV is relatively small compared
to the probability at energy E=36,7 eV. The importance of the ratio of elastic scattering cross

section to sum of all other cross sections ¢ — is investigated further in the following
o, -0,

t e

chapter.
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Figure 3.6: Elastic scattering cross section and difference between total and elastic scattering
cross section of U-238

3.2 First validation of ULFISP using MCNPX

The new deterministic scattering approach in ULFISP will be validated by the existing energy
and temperature dependent scattering treatment available in MCNPX. In chapter 3.2.1 the
different scattering approaches of ULFISP and MCNPX are shortly introduced. Then
differences between the two ULFISP scattering approaches are presented for the pin cell
problem introduced in chapter 3.1.1. In chapter 3.2.3 a comparison between ULFISP and
MCNPX in presented along changes in absorption rates and changes in reactivity values
occuring through the different scattering approaches.

3.2.1 Scattering treatments in ULFISP and MCNPX

In the deterministic fine flux module ULFISP two different scattering treatments are
analyzed. The asymptotic scattering treatment implemented by Broeders [16] is introduced
first. This approach calculates the neutron flux form in the epithermal energy region (>
thermal Maxwell spectra). Therefore it assumes constant scattering cross sections (it does not
take into account cross section resonances) which lead to a constant slowing down value.
Beyond, it adopts that the target nucleus is at rest, which means its temperature is T= 0 K. All
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calculations with the asymptotic scattering approach have been performed by weighting the
group constants in the energy interval from 911,8 to 4 eV (energy group 20 to 27) with the
flux spectrum calculated by ULFISP. Further simplifications and functions of ULFISP are
summarized in chapter 2.4. More detailed information about the scattering treatments is
presented in chapter 2.2 and chapter 2.3.

The new scattering treatment implemented into ULFISP in this work enables the usage of
energy dependent cross sections (cross section resonances are respected), as well as taking
into account the movement of the target nucleus. This means that the real temperature of the
target nucleus is considered which can lead to up scattering of the neutron. All calculations
with the new scattering approach presented in chapter 3 have been performed in the energy
interval from 4 to 149 eV (WIMS [3] energy group 22 to 27). As explained in chapter 2.3, for
the new scattering approach a precalculation is necessary with the asymptotic treatment in
ULFISP. The precalculation was performed exactly like mentioned above leading to fine flux
weighted multi group cross sections with the asymptotic method for group 20 and 21 and with
the new scattering method from group 22 to 27. Chapter 2.3 explains the ULFISP scattering
treatments in detail.

For validation of the new scattering approach in ULFISP comparisons with the Monte

Carlo code MCNPX are presented in this chapter. Therefore three different scattering options
in MCNPX have been utilized and compared with the two ULFISP fine flux methods.
The first scattering option is the standard MCNPX scattering approach for the epithermal
energy region. It facilitates up scattering up to energies of E=200 eV taking into account the
movement of the target nucleus via the Maxwell-Boltzmann spectra but is not taking care of
the energy dependence of cross sections and uses therefore only the potential scattering cross
section. Above the energy of E=200 eV neither target nucleus movement nor up scattering is
performed. In the following, this scattering treatment will be called “Standard MCNPX”
treatment.

The second option is the use of S(a,B)- probability tables [28] for heavy nuclei in the
epithermal energy resonance region. Based on the thermal neutron scattering for light isotopes
this “S(a,B) method” has been expanded by Rothenstein and Dagan for heavy isotopes in the
lower epithermal energy (E < 200 eV) region, respecting the thermal motion of heavy
isotopes as well as taking the energy dependence of their cross sections into account. It will
be named “s(a,f) MCNPX” later on.

The third option was established for better comparison with the deterministic asymptotic
method used in ULFISP. The E = 200 eV border mentioned before is lowered to E = 4 eV
which means that no target nucleus movement (and therefore no up scattering) is respected for
energies higher then E = 4 eV and no energy dependence of cross sections is accounted for,
but only the potential scattering cross section. This scattering method will be called “0 K
MCNPX” (zero Kelvin) method according to the target nucleus being at rest for energies E >
4 eV. A more detailed description of the scattering treatments in the Monte Carlo code
MCNPX and of the Monte Carlo method itself is provided in chapter 2.5.

Rothenstein and Dagan implemented the cross section and temperature dependent
scattering kernel for heavy isotopes into the NJOY module THERMR [54] which generates
S(a,B) tables for MCNPX [58]. Hence, NJOY enables the usage of the cross section and
temperature dependent scattering kernel in Monte Carlo calculations. In addition to the
normal differences between deterministic and stochastic neutronic codes the energy- and
temperature dependent scattering approaches differ in following aspects:
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1. For an energy range between 4 eV and 200 eV about 1260 scattering kernels energy
points are used in MCNPX, which makes interpolation between these points
necessary. In ULFISP for every energy point in the fine flux calculation scattering
kernels are used (~13100 energy points (1.6-200 eV))

2. The absolute energetic resolution in the examined energy range has been ~13100
points in ULFISP compared to the continues energy resolution in MCNPX

3. The S(a,B) tables contain anisotropic scattering information (eight angular directions
have been applied), in ULFISP only isotropic scattering is applied. For the simple
geometry of the examined pin cell the difference between anisotropic and isotropic
scattering is insignificant

4. In the MCNPX calculations the scattering kernels are only applied for uranium-238
while in ULFISP it is used for every fuel isotope, uranium-238, uranium-235 and
oxygen-16. The importance of isotopes to the single differential scattering kernel is
investigated in chapter 3.4

For first validation a comparison on the basis of a typical PWR pin cell has been applied
between MCNP and KARBUS/ULFISP. The problem specifications are summarized in
chapter 3.1. For comparison, MCNPX-26f [58] and KAPROS [16] have been used. A
detailed program flow chart of KARBUS and ULFISP which are modules inside the
KAPROS system is presented in chapter 2.4.

3.2.2 PWR pin cell calculations with ULFISP

The code comparison presented in this chapter is related to the pin cell problem presented in
chapter 3.1. Differences in absorption rates per energy group, criticality and Doppler
coefficient are shown. Therefore, in each case of the two scattering methods in ULFISP and
the three scattering methods in MCNPX, two calculations have been performed one with fuel
temperature of T=800 K and one with T=1200 K.

The group wise absorption rates in ULFISP have been calculated by multiplying the
effective absorption group constants with the corresponding neutron fluxes from WEKCPM
[16] the one dimensional diffusion solver used in KARBUS [16] for solving the complete pin
cell problem. Table 3.3 shows the absorption rates of the two different ULFISP calculations
and their differences of important energy groups for temperature T=800 K.

Table 3.3 presents absorption changes occurring between the two different scattering
options in ULFISP. The effect leads in total to increased neutron absorption of 0.754 %. The
biggest difference between the two models appears in energy group 24 with an increase of
over 3% absorption resulting from the third large uranium-238 resonance. The second large
resonance provides as well an important addition of ca. 1.1% increased absorption. Also
group 23 with the fourth large uranium-238 resonance contributes ca. 0.6 % increased
absorption. The higher the energy, the lower the probability for up scattering and the lower
the importance of the new scattering treatment. Despite the fact of three large resonances
inside one group, the increase of absorption in group 22 is of the same amount as the increase
in group 26 where no large uranium-238 resonances exist. The increased absorption in group
26 results only because of up scattering from the potential cross section. The new scattering
treatment does not necessarily lead to more absorption. Group 27 shows a decreased
absorption rate although it includes a huge resonance.
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I 11
m\iﬁxj iiloel;gy Asymptotic scattering XS- and temperature II - I
range ir’nportan ¢ method . dep'endent A Absorption rate
U-23 8’ resonance (only down scattering) scattering kernel [%]
Absorption Rate Absorption Rate
27
(4-9,877eV) 1.64022%10™ 1.63582%10™ -0.268
1* U-238 resonance
26 6.03162*10° 6.02074*10° +0.180
(9,877-16 eV) ’ ’ ’
25
(16 —27,7eV) 9.17083*10 9.27006*10™ +1.082
2" U-238 resonance
24
(27,748 eV) 7.27511%10 7.5059%10° +3.172
3" U-238 resonance
23
(48 - 75,5 eV) 3.26878+107 3.2896*107 +0.637
4™ U-238 resonance
22
S(tZ’S ’6?}1"7{;‘%_62\;)8 5.86023*10° 5.8716%107 +0.194
resonance
Total
27-22 4.25803*10™" 4.28975*10™" +0.754
(4-149¢eV)

Table 3.3: Capture group cross section of U-238 and their relative deviations for the two
ULFISP scattering models for the first seven U-238 resonances at T=800 K

The change in absorption rates depends on two values: Energy and A which is the ratio
of elastic scattering to total cross section (equation (3.2)). In general it can be stated that the
lower the energy E of the incident neutron and the higher the ratio A, the higher the change
will be of the absorption rate.

(3.2)

To be more specific, the presented results depend on the ratio A of the macroscopic elastic
scattering cross section of uranium-238 XV~ to the total macroscopic cross section of the

fuel /'

U-238
— Zs

A= quel

(3.3)
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Table 3.4 lists the ratios of elastic scattering to total cross section in the peak of the first
seven large uranium-238 resonances. All these macroscopic cross sections have been taken
directly from the calculations and are problem dependent, of course. Nevertheless, ratios A
calculated with problem independent microscopic cross sections would show very similar
values.

The cross section ratios fit very well to the absorption gain through the new scattering
model. Looking at the 22" group with resonance number five, six and seven shows the
impact of energy to the change in the absorption rate. Although the sixth resonance is the
“strongest scattering” resonance with a ratio A=0.753 and a high absolute scattering cross
section value as well, the absorption rate change is significantly lower in comparison to the
second, third or fourth resonance (table 3.3).

WIMS group number,
number resonance,
resonance peak energy

Macroscopic elastic
scattering XS U-238
[barn/cm3]

Macroscopic total XS
Fuel
[barn/cm3]

Ratio A

27
1°' U-238 resonance 6.69
6.67 eV

107.42 0.062

25
2" J-238 resonance
20.87 eV

42.71 138.08 0.309

24
3" J-238 resonance
36.7 eV

114.03 190.48 0.599

23
4™ U-238 resonance
66.06 eV

30.85 60.22 0.512

22
5% U-238 resonance 0.49 3.94
80.74 eV

0.125

22
6 U-238 resonance
102.55eV

64.56 85.74 0.753

22
7™ U-238 resonance
116.95 eV

14.32 27.27 0.525

Table 3.4: Macroscopic elastic scattering cross sections of U-238 and macroscopic total fuel
cross sections and their ratios A in the peak of the first seven large U-238 resonances at
T=800 K taken from a KARBUS/ULFISP calculations

3.2.3 Comparison calculations between ULFISP and MCNPX

For first validation of the new scattering approach in ULFISP a comparison with the existing
Monte Carlo approach in MCNPX will be performed along the pin cell problem introduced in
chapter 3.1. Figure 3.7 compares neutron flux form from ULFISP (left ordinate) and MCNPX
(right ordinate) for temperature T= 800K in the energy range of the third large uranium-238
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resonance (~ 36.6 eV). The absolute values of the flux form are arbitrary. Visible differences
at the left ordinate of figure 3.7 result from a more thermal neutron flux in the deterministic
calculation. This may have numerous reasons. The most probable one seems to be the
different treatment of the escape probability in the two codes. However this effect is not of
high importance for this study because only the differences between methods of one code are
compared to differences between methods of the other code. Direct comparisons of absolute
values between ULFISP and MCNPX are not part of this study.

Clearly visible in figure 3.7 is the similar trend of the four curves. Also visible is that the
difference between the black and the red curve which represent ULFISP neutron spectra is
larger than the difference between the green and the blue curve which represent the MCNPX
neutron spectra. This is consistent with the values presented in table 3.3 and table 3.5 in
energy group 24 where the difference in absorption is higher in the ULFISP calculations. The
MCNPX curves in figure 3.7 show a serrated trend which is especially visible between 35.5
and 36 eV. This results from the relatively high standard deviation of the energy flux
resolution in the Monte Carlo approach. Although an extreme high number of histories
(4%10°) has been applied, the fine energy group structure of 3000 groups between 4 and 50 eV
is still too high for the calculation performance of the Monte Carlo calculation.
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—— ULFISP New Scattering — MCNPX S(a,b) Scattering
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Figure 3.7: Neutron flux forms of ULFISP and MCNPX for a PWR-UQO; fuel in the energy
range of the third U-238 resonance at T=800 K

Table 3.5 shows absorption rates, standard deviations, relative differences and
corresponding relative deviations. Table 3.5 presents these for the “standard” MCNPX
scattering model, for the “O K” scattering model and for the advanced “s(a,)” scattering
model.

The energy- and cross section dependent scattering treatment leads in total to increased
neutron absorption of 0.91 % between the standard MCNPX and the “s(a,[3)” approach and to
0.60 % between the “0O K” and the “s(a,f)” model. Although the calculations have been
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performed with a very high number of histories (1.2*10%) for a single pin cell, the standard
deviations of the absorption sum of all considered energy groups is still relatively high. The
reason for this is the “thermal” character of the analyzed PWR pin cell problem, which means
that the neutron flux is relatively low in the analyzed epi-thermal energy region.

Absorption Rates AAbsorption Rates [%]
(Reaction standard deviation) (+/-)
WIMS group
number, energy MCNPX MCNPX MCNPX A i\(/I(xC[g l?X A MCNPX
range, important standard 0K s(a,PB) ’ s(a,B) -0 K
standard
U-238 resonance
27 1.094E-02 1.096E-02 1.096E-02 0.18% 0.06%
(4-9,877eV) (4.0E-04) (4.0E-04) (4.0E-04) (0.06%) (0.06%)
1> U-238 res.
26 4.168E-04 4.168E-04 4.160E-04 -0.18% -0.19%
(9,877-16 eV) (4.0E-04) (4.0E-04) (4.0E-04) (0.06%) (0.06%)
25 6.027E-03 6.079E-03 6.124E-03 1.60% 0.74%
(16 -27.7¢V) (5.0E-04) (5.0E-04) (5.0E-04) (0.07%) (0.07%)
27 U-238 res.
24 4.778E-03 4.784E-03 4.903E-03 2.61% 2.49%
(27.7 48 eV) (5.0E-04) (5.0E-04) (5.0E-04) (0.07%) (0.07%)
37 U-238 res.
23 2.178E-03 2.177E-03 2.188E-03 0.48% 0.53%
(48 ~75,5eV) (8.0E-04) (8.0E-04) (8.0E-04) (0.11%) (0.11%)
47 U-238 res.
22
(75,5-149 eV) 3.943E-03 3.949E-03 3.950E-03 0.17% 0.04%
5t gt 7t (6.0E-04) (6.0E-04) (6.0E-04) (0.08%) (0.08%)
U-238 res.
Total
27-22 (oE0d) | (1500 | (18803 | (©1%%) | (©1s%
(4 - 149 eV) (1.3E-03) (1.3E-03) (1.3E-03) (0.19%) (0.19%)

Table 3.5: Absorption rates of U-238 and their relative deviations for three scattering models
in MCNPX for the first seven large U-238 resonances at T=800 K

The differences (AAbsorption Rates in table 3.5) are similar in all energy groups except
group 25 which shows an almost doubled absorption rate increase. The general trend of all
single energy groups present a bigger absorption increase between the “normal” and the new
scattering model than between the “O K” and the advanced “s(a,p)” scattering model.
Surpisingly, this means that the simpler “O K” method, which does not respect any target
nucleus movement and therefore no up scattering, provides more accurate solutions than the
“standard” method which does respect the target nucleus movement. Becker explains in
comparable Monte Carlo studies [6] that the temperature- and energy dependent scattering
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treatment leads to increased up scattering at the energetically lower resonance shoulder but to
increased down scattering at the energetically higher resonance shoulder as well. The
dominating effect is problem dependent. If the increase in down scattering is higher than the
increase in upscattering the “0O K” scattering method will be closer to the new than to the
standard scattering method. For the presented pin cell problem a dominating down scattering
effect could be a possible explanation, especially for the absorption rates of the 25" group but
this could not be investigated further in this study.

Summarizing the comparisons between the ULFISP and the MCNPX enhancement in
absorption rates, show first of all, that all three comparisons in absorption rate changes (table
3.3 and table 3.5) show similar trends in general. The biggest changes occur in group 24 in all
three cases but with slightly higher values for the ULFISP differences. Group 25 reveals the
biggest differences between the Monte Carlo comparisons but with the ULFISP results in
between. Group 23 shows small increases for the Monte Carlo approaches and slightly higher
changes in the ULFISP comparison. The changes in the 27", 26" and the 22™ energy groups
are negligible for all three cases. The accuracy of the MCNPX calculations despite the
standard deviations can be estimated in group number 26. Group 26 does not contain any
uranium-238 resonances. Therefore the differences between the s(a,) and the standard
approach should be inside the standard deviations which is not the case.

The better agreement between the ULFISP comparison with the “O K” and the s(a,f)
MCNPX comparison is consistent to the more similar asymptotic (T=0 K) scattering
treatment in the “standard” ULFISP approach.

The same calculations as for temperature T= 800 K have been applied for T=1200 K. The
changes in the absorption rates are similar but increased compared to the analysis at T= 800 K
because of Doppler broadening. The two advanced methods (new ULFISP method, s(a,p)
MCNPX method) are compared with their corresponding “0 K” treatment. The reactivity Kin¢
for the different calculations for temperature T=800 K and T=1200 are shown in table 3.6.
The standard deviation for the Monte Carlo reactivity values is 6*107 for all calculations.

ULFISP MCNPX MCNPX
standard ULFISP new 0K S(o.p)
Kint
T=800K 1.30836 1.30694 1.32204 1.32081
Ak [pcm] 142 123
Kint
T=1200K 1.29620 1.29356 1.30936 1.30611
Ak [pcm] 264 242

Table 3.6: Reactivity values and corresponding differences for the pin cell calculations for
T=800 K an d T= 1200 K

The energy- and temperature dependent scattering treatments in ULFISP and MCNPX are
compared with their corresponding “O K” treatments again. The enlarged reactivity
differences Ak show the temperature dependence of the energy- and temperature dependent
scattering treatment. The higher temperature leads to higher absorption and a bigger reactivity
decline. Secondly, the reactivity change shows very good agreement between ULFISP and
MCNPX.
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For safety analysis fuel Doppler coefficients oar are important indicators. The Doppler
coefficient of reactivity is defined by [83]:

dp _ 9 (k=1)_1 dk
aT_aT( k j_kz oT 34)

o

Table 3.7 shows the reactivity values, reactivity differences for the temperatures T= 800 K
and T= 1200 K and corresponding Doppler coefficients for the different scattering calculation
methods in ULFISP and MCNPX.

The temperature dependence of the new scattering treatment leads to a more negative
Doppler coefficient as well. In ULFISP the Doppler coefficient is more negative by 10.2 %
compared to its 0 K treatment. For MCNPX (using s(a,3) method) the Doppler coefficient is
more negative by 9.6 % compared to its 0 K treatment. Nevertheless, the absolute Doppler
coefficient values are slightly higher for these two MCNPX calculations. Again worth
mentioning is the fact that the “0 K” comparisons are closer to the energy- and temperature
dependent methods than the standard MCNPX method which provides the smallest absolute
value of the Doppler reactivity coefficient.

compared kinr, T=800K Kinr, T=1200K Akiyg [pem] ar [pcm/K]
methods (st. deviation) (st. deviation) inf LD (st. deviation)

ULFISP standard 1.30836 1.29620 1216 -1.776
ULFISP new 1.30694 1.29356 1338 -1.958
1.32204 1.30936 -1.814

MCNPXOK (6¥107) (6¥107) 1268 (1.61%107)
MCNPX 1.32267 1.31066 1901 -1.716

standard (6%107) (6+107) (1.61%¥107)
1.32081 1.30694 -1.988

MCNPX s(a.) (6*107) 6*107) 1387 (1.62%107%)

Table 3.7: Reactivity values, differences and Doppler coefficients for the different presented
scattering methods for T= 800K and T= 1200K

The first validation of ULFISP shows good agreement between the new deterministic and
the existing Monte Carlo approach. The absorption rates and corresponding reactivity values
show the same trends. The results of the Doppler coefficients are very good, too. The
belonging scattering treatments of the deterministic and the Monte Carlo approach show
better agreement then the different scattering treatments of single calculation approaches.
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3.3 Pin cell burnup results

In chapter 3.3 burnup results of the UO, pin cell problem introduced in chapter 3.1 are
presented. As the whole problem the burnup steps have been taken from a benchmark [71]
proposed by GRS. UO, and MOX fuel burnup calculations have been applied by KARBUS
using the two different scattering options in ULFISP for providing problem and burnup
dependent cross sections. For determination of the impact of the new scattering treatment on
isotopic vectors in the fuel a comparison is presented between the asymptotic scattering
approach and the energy- and temperature dependent scattering treatment in ULFISP which is
performed for 80 isotopes in the burnup calculations.

In the burnup problem 41 burnup steps are applied, reaching a total burnup of 80 MWd/kg
HM after 2157 days. All fuel isotopes which occur in significant amounts are respected in the
fine flux calculations in ULFISP. Due to the huge memory requirement for up scattering
kernels for 80 isotopes the energy grid resolution has to be reduced to the constant lethargy
grid point difference of Au=0.9990 (equation 3.5 for explanation) instead of Au=0.9997 used
in previous chapters.

UQO; pin cell burnup results

In the following two burnup calculations are presented for the “GRS-Benchmark™ utilizing
the two fine flux approaches of ULFISP. Figure 3.8 shows the time dependent reactivity loss
of the standard calculation over burnup for the UO, - PWR pin cell with 4 wt. % uranium-
235. The differences in reactivity between the two scattering approaches are very small and
are not visible in figure 3.8. For this reason the reactivity differences of the two fine flux
calculations are presented in figure 3.9.

||

*—e ULFISP New Method
..| == ULFISP Standard

...................................................................

0.9
0.8 : : : : : : ~l
T
07 : : : : : : :
0 10 20 30 40 50 60 70 R0

BURNUP [MWd/kg HM]

Figure 3.8: K¢ versus burnup for the two ULFISP approaches for the UO, PWR pin cell with
4 wt. % U-235
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Figure 3.9: Akj,r versus burnup for the two ULFISP approaches

The characteristic of the differences of the ULFISP fine flux methods indicates that the
reactivity decline during burnup of the standard method in ULFISP is slightly higher than the
reactivity decrease of the new method.

As shown in previous chapters the new scattering treatment leads to increased neutron
absorption in uranium-238 compared to the standard fine flux method. At begin of life (BOL)
this manifests itself in a decreased reactivity. During burnup the decreased reactivity is
neutralized by the reactivity “insertion” of higher content of produced plutonium-239. After
approximately 1300 days (~48 MWd/kg HM) burnup the increased conversion of plutonium-
239 causes a higher reactivity in the ULFISP calculation with the new scattering treatment.
Figure 3.10 shows the fuel content differences of uranium-235 and plutonium-239 for the two
burnup calculations utilizing the two scattering approaches in ULFISP.

The enhanced neutron absorption in uranium-238 leads to a steadily increasing difference
of the plutonium-239 content. Since the power is kept constant and more fission is originated
from plutonium-239, the difference of the uranium-235 content is increasing, too. The
differences of plutonium-239 at BOL and of uranium-235 at EOL appear to be misleading
because the shown differences are percentaged. The correct description of increased fissile
material is provided by the green curve which presents the combined differences of uranium-
235 and plutonium-239. The total increase of fissile material (without plutonium-241) is
about 1 % after approximately 2100 days (80 MWd/kg HM). This matches very well to the
results of 1 % increased neutron absorption in uranium-238 in thermal reactors investigated
by Bouland et al. [14]. Becker et al. [5] determined an increased plutonium-239 content for a
PWR-assembly (T=800 K) at 80 MWd/kg HM via Monte Carlo approach to 1.4 %.
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Figure 3.10: Percentaged differences of U-235 and Pu-239 fuel inventory versus burnup for
the two ULFISP burnup calculations

The maximum burnup which can be achieved today in pressurized water reactors is
approximately 60 MWd/kg HM. At this burnup the investigated fuel pin content with the new
method shows an increased fissile material inventory of ca. 0.8 %. This increased fissile
material leads to a reactivity difference of Akj,s = +40 pcm compared with the asymptotic
scattering approach. By calculating the reactivity decrease per burnup-day (dk;,s/one day) at
60 MWd/kg HM an extended burnup time through the higher reactivity for the fuel pin can be
extrapolated to approximately 2.6 days. However this extended burnup time is only valid for
the investigated single fuel pin cell. In a complete real operating nuclear power reactor with
several different batches this extended burnup time would be smaller because of a lower
average burnup (30-40 MWd/kg HM) at end of cycle.

MOX pin cell burnup results

Along the lines of the burnup calculations with UO, fuel, a MOX pin cell burnup analysis has
been performed. The UO, burnup pin cell problem has been taken and the UO, was replaced
by MOX with 8 % plutonium. This very high plutonium fuel content has been chosen to
achieve a neutron spectrum which is explicitly very hard but in principle possible for a PWR
application. This hard spectrum stands in contrary to the just presented the UO, spectrum and
represents the opposite extreme. Table 3.9 contains the plutonium and uranium vectors and
the corresponding atomic densities for fresh fuel.

Figure 3.11 shows the time dependent reactivity loss for the two ULFISP fine flux
approaches versus burnup. As in the previous UO, case the reactivity differences are very
small and are only visible in figure 3.12. There, the absolute reactivity differences are pictured
between the two fine flux approaches versus burnup. The lower reactivity of about 80 pcm at
BOL of the new scattering treatment results from the increased neutron absorption mainly in
uranium-238. Due to the increased conversion from uranium-238 to plutonium-239 the
reactivity difference shrinks during burnup to a difference of ca. 30 pcm at EOL.
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Fuel Isotope PU / U vector [%] [ ]132t40 20(1;2233 ]
Pu-239 53 % 1.33280E-03
Pu-240 25 % 6.26080E-04
Pu-241 15 % 3.74090E-04
Pu-242 7 % 1.73850E-04
U-235 0.2 % 3.9348E-05
U-238 99.8 % 1.9386E-02
O-16 4.3867E-02

Table 3.9: Isotope concentrations for the MOX-fuel (BOL)

The reactivity in the simulation utilizing the new scattering treatment is still lower at EOL
than in the standard fine flux approach. In contrary to the UO, pin cell burnup calculation the
more built up of plutonium-239 (demonstrated in figure 3.13) could not compensate the
increased neutron absorption during burnup. By calculating the reactivity decrease per
burnup-day (dki,s /one day) at 60 MWd/kg HM a decreased burnup time through the lower
reactivity (~ - 30 pcm) for the fuel pin can be extrapolated to approximately 3 days.

e—e ULFISP New Method | & |

1.25

1.2 =—= JLFISP Standard
1.15
1.1
k=
4

1.05
1
0.95

0.9 5 5 2 2 2 . 5 5

0 10 20 30 40 50 60 70 80

Burnup [MWd/kg HM]

Figure 3.11: Reactivity kij,r over burnup for the two ULFISP approaches for the MOX pin cell
at T= 800 K
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Figure 3.12: Akjy versus burnup for the two ULFISP approaches for MOX fuel at
T=800 K
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Figure 3.13: Percentage differences of the Pu-239 inventory for the two MOX burnup
calculations

The presented pin cell burnup calculations show different results for UO, fuel and for
MOX fuel. In both cases the new scattering approach leads to a lower reactivity at BOL and
to a higher fissile fuel content at EOL. In the MOX case the increased built up of plutonium-
239 does not countervail against the higher neutron absorption. Therefore the positive effect
of a longer fuel “lifetime” of ~2.6 days of the UO, fuel, is negative by a shorter fuel “lifetime”
of ~3 days in the MOX case.
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3.4 Sensitivity of specific isotopes to the new scattering formalism

The hybrid method combines the standard and the new scattering formalism of ULFISP. It
allows the user to choose for every single isotope the scattering treatment. The hybrid method
theory is introduced in detail in chapter 2.3.3. In this chapter at first the hybrid method will be
validated by a comparison between the standard asymptotic scattering approach of ULFISP
and the new hybrid scattering approach in which only asymptotic scattering is performed.
Secondly, the hybrid method will be used to determine the influence of all fuel isotopes on
reactivity and isotopic vectors over burnup. The important isotopes are pointed out which
produce significant changes when applying the new scattering treatment.

3.4.1 Validation of the hybrid method

The pin cell calculation of the GRS-Benchmark will again be used for the validation. Since
the hybrid method is included in the algorithm of the new scattering treatment in ULFISP it
will be solved by iteration too. For this special comparison the transfer probabilities of all
isotopes will be temperature- and cross section independent and therefore no up scattering
will be performed of course. Because of this, iteration at the computing of the collision
density should not be necessary. In fact the algorithm proofs itself if the collision density and
the reactivity respectively do not show significant changes with iteration. Table 3.10 presents
reactivity kjnr for the pin cell of the GRS-Benchmark at BOL for the asymptotic scattering
treatment and the hybrid scattering treatment (utilizing only asymptotic down scattering
(energy- and temperature independent)) after different number of iterations.

Kinf Akipr (standard-hybrid) [pcm]
Standard 1.308329 0
Hybrid 3 iterations 1.308262 6.7
Hybrid 6 iterations 1.308209 12
Hybrid 10 iterations 1.308184 14.5
Hybrid 15 iterations 1.308184 14.5

Table 3.10: Reactivity comparison between the asymptotic scattering treatment and the hybrid
method utilizing only asymptotic scattering transfer probabilities

For the usual iteration number of three the difference in ki, is about 6.7 pcm. For higher
number of iterations the deviation raises up to 14.5 pcm. After 10 recurrences the results stays
constant. Therefore the hybrid method shows very similar convergence behavior than the new
scattering treatment presented in chapter 3.2. The fact that the hybrid method provides
slightly different results in respect to the standard ULFISP method is due to the different
algorithms used. In the following the number of iterations is chosen to three according to the
new scattering treatment. The deviations which occur because of the hybrid method, will
definitely be submerged into the general uncertainties of the calculations.
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3.4.2 Sensitivity of specific isotopes for UO, fuel

The following presents reactivity differences between the new scattering method used for all
fuel isotopes and different hybrid calculations utilizing the new scattering method only for
chosen fuel isotopes. Figure 3.14 presents reactivity differences over burnup. EOL is again at
2157 days equivalent with 80 MWd/kg HM burnup. The calculation computing the new
scattering treatment for all isotopes is used as reference solution. The jagged progressions of
the curves give an impression about the accuracy of the reactivity values. Nevertheless,
general trends are clearly visible.

The black curve shows the reactivity differences between the new and the standard method
over burnup. As analyzed in chapter 3.4 the higher neutron absorption in uranium-238 leads
to a decreased reactivity in the new approach at BOL up to approximately 1100 days burnup
(~41 MWd/kg HM). Afterwards the increased built up of plutonium-239 induces higher
reactivity. The blue line shows the differences between the reference solution and a hybrid
calculation utilizing the new scattering treatment only for oxygen-16. The light and therefore
strong scattering isotope (in the meaning of maximum energy loss for a neutron through
collision) provides an even higher reactivity discrepancy. The red line indicates the deviation
of a hybrid calculation utilizing the new scattering method only for uranium-238 to the
reference solution. It shows a totally different trend. The reactivity at BOL is decreased while
the reactivity at EOL is increased. The green curve shows despite some deviation the same
trend as the “hybrid uranium-238” curve. It stands for the differences of a hybrid calculation
utilizing the new scattering for all fuel isotopes except oxygen-16. This means that all other
isotopes (all actinides and all fission products) which where taken into account additionally
do not have a significant influence on reactivity because of the new scattering treatment. The
green and the red curve show that only uranium-238 and oxygen-16 do play a significant role
in the new scattering treatment. Also the orange curve which demonstrates the differences for
a “hybrid uranium-238 and oxygen-16" calculation, shows nearly no deviations and confirms
the exclusive importance of uranium-238 and oxygen-16 for the new scattering approach.

At first sight the importance of oxygen for reactivity calculation utilizing the new
scattering kernel seems surprising due to the fact that oxygen does not have any resonances
below 100 keV. The explanation lies in the problem definition. The comparisons done in this
chapter always compare the asymptotic scattering approach with the new scattering approach
in ULFISP. While the asymptotic approach does not provide any up scattering the observed
importance of oxygen has its origin only in the up scattering of the potential elastic cross
section (60.16.elastic (E=4-150 eV) = 4 barn). In presented problems oxygen is the lightest and
therefore strongest scattering isotope considering energy loss and energy gain through
collision. Combined with the fact that it is the most numerous isotope in the considered fuel,
the importance of oxygen through the new scattering treatment can be seen similar to that of
uranium-238 for the presented problem. The difference between the importance of the energy-
and temperature dependent scattering treatment of uranium-238 and oxygen-16 depends to the
energy region. While for uranium-238 the important energy regions are in the energetic
“neighborhood” of resonances, the important energy regions of oxygen-16 are everywhere
where no large resonances of any other isotope appear. Of course, like for all other isotopes,
for oxygen-16 the more thermal the energy region is, the importance rises because of the
higher probability of up scattering.

It must be added that this “oxygen-16 importance” is only valid for the deterministic
approach in ULFISP. Monte Carlo solutions like the presented MCNPX results in previous
chapters do not include this “oxygen-16 importance” because the potential elastic up
scattering is already taken into account in the standard solutions.
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Figure 3.14: Reactivity differences between four specific hybrid calculations and the new

Exactly the same burnup calculations have been performed for a fuel temperature of T=1200
K. The reactivity differences between the standard, the new and selected hybrid calculations

are shown in figure 3.

The trends of the results are very similar but the amplitudes of the differences are larger
which is caused by the enlarged impact of the energy- and temperature dependent scattering
treatment at higher temperatures. Again the importance of uranium-238 and oxygen-16 is

demonstrated.
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3.4.3 Sensitivity of specific isotopes for MOX fuel

Further sensitivity studies of the hybrid method is performed by calculating the MOX fuel
burnup problem of chapter 3.3 for fuel temperatures of T= 800 K and T= 1200 K. For
simplicity for one temperature only the differences between the standard ULFISP, the new
ULFISP and the hybrid method applying the new method for uranium-238 and oxygen-16 are
presented. Figure 3.16 shows the differences of the standard and the new ULFISP method to
give an impression of method deviations for the MOX problem at temperature T= 800 K and
T= 1200 K. The blue and the red curve show the differences of the hybrid method (applying
the new scattering treatment for uranium-238 and oxygen-16 and the standard treatment for
all other isotopes) and the new method (applying the new scattering treatment for all
isotopes). Again the differences are very small over burnup for both temperatures. The
biggest differences are Ak=12 pcm for T= 800 K and Ak=13 pcm for T=1200 K.

The MOX results in figure 3.16 point out that plutonium isotopes do not contribute to any
noticeable change in reactivity. Similar to uranium-235, plutonium-239 and plutonium-241 do
not have such pronounced elastic scattering resonances as uranium-238. Moreover, all three
isotopes are thermal fissile isotopes with huge thermal and epi-thermal fission cross sections.

. ) . o
This reduces the importance ratio 4=—2

(see chapter 3.2, equation 3.3) decisively and
2
diminishes the impact of the new scattering approach to a level of insignificance.
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Figure 3.16: Reactivity differences for MOX fuel burnup calculations at T= 800 K and T=
1200 K
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Plutonium-240 and plutonium-242 have well pronounced elastic scattering resonances (e.g.
the fifth large resonance of plutonium-240 at E~66.6 eV or the 2™ large resonance of
plutonium-242 at E=53.5 eV). The fifth large resonance of plutonium-240 has a ratio

A= 9 - 0.65 (at T= 800K) which is even higher than the corresponding uranium-238 ratio
o

2=0.6 (at T= 800 K) for the third large resonance. A look at the problem specific importance

S

fuel
t

ratio A= (see chapter 3.2, equation 3.4) reveals for plutonium-240 a ratio of Ap,.
240~0.2 while the corresponding uranium-238 ratio still amounts to Ay.23g =0.59. Furthermore
the 2™ large resonance of plutonium-240 is at a significantly higher energy (E<66.6 eV) than
the third large resonance of uranium-238 (E=36.6 eV) which reduces the probability of up
scattering.

Summarizing the validation of the hybrid method reveals similar iteration behavior of the
standard approach like the iteration of the new scattering method. The deviations through
iterations are very small. The convergence of the hybrid method was shown. The importance
of uranium-238 and oxygen-16 has been shown for oxide fuel for different temperatures. By
reducing the number of isotopes in the new scattering treatment the calculation time can be
reduced significantly. All calculations in chapter 4 which deals with a reactor core MOX/UO,
benchmark will be provided by the hybrid method utilizing the energy- and temperature
dependent scattering treatment only for uranium-238 and oxygen-16.



4 Fuel Assembly and Reactor Core Application

In chapter 4 the effect of the temperature- and energy dependent scattering treatment on real
reactor core simulations is analyzed. The chosen application is the “OECD/NEA and U.S.
NRC PWR MOX/UQO, Core Transient Benchmark” [49]. The benchmark includes two
different UO, and two different MOX fuel assemblies. For these four assembly types burnup
calculations have been performed with KAPROS utilizing different resonance treatments. The
KAPROS produced cross sections are inserted into the PARCS code via a new developed
cross section transformation tool and some specific simulations of the stationary part of the
benchmark have been accomplished. Comparisons with results of other benchmark
participants will be shown. The influence of the new scattering treatment on reactor core
simulations will be analyzed.

4.1 MOX/UQO;, core benchmark specifications

The MOX/UOQO; core can be simulated by one quarter of the whole core because of symmetry.
The quarter core consists of 42 UO, and 14 MOX fuel assemblies with different burnup states
as shown in figure 4.1. All assemblies contain control and shutdown rods which are out of
core for all calculations presented in this work. In the neutron transport calculation the inner
quarter core interfaces (top and left boundary in figure 4.1) have reflective boundary
conditions while the outer core interfaces (down- and right boundary in figure 4.1) are
surrounded by a steel reflector and vacuum boundary conditions. The core was designed as a
three batch equilibrium cycle with fresh fuel, once burned fuel with an average burnup of 20
MWd/kg HM and twice burned fuel with an average burnup of 35 MWd/kg HM.

U 4.2% M 4.0%
0.15 ; . 0.15
U 4.2% } M4.3% | U4.5%
(CR-A) (CR-B)
22.5 225 | 175 | 015
U 4.5% U 4.5% | M4.3%
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0.15 . M 200 | 015 | 200
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CR-SD  Shutdown Rod Bank D
0] Ejected Rod

9]

17.5 20.0

Figure 4.1: MOX/UQ,; quarter core configuration taken from [49]
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Assembly Densns}-' HM Material
Type [g/em’]
U0, 4.2% 10.24 U-235: 4.2 wt%, U-238: 95.8 wt%
U0, 4.5% 10.24 U-235: 4.5 wt%, U-238: 95.5 wt%
Corner zone:
2.5 wt% Pu-fissile
Peripheral : i
MOX 4.0% 10.41 3 Oe :ﬁo/l :1};11:; ;:jle Uranium vector:
- Central zone: Ak PRapRl P IS
, / "y
4.5 wi% Pu-fissile 0.002/0.2/0.001/99.797 wt%
Corner zone: .
. Plutonium vector:
- 40 Foe
‘;e:’i”l;l’l ‘;ﬁlll 2:::’3 239/240/241/242 =
I 3% . ‘ - 93.6/5.9/0.4/0.1 wt%
MOX 4.3% 10.41 3.0 wt% Pu-fissile wire
Central zone:
5.0 wt% Pu-fissile

Table 4.1: Fuel composition of the MOX/UQO; core Benchmark

The fuel assemblies consist of 289 pin cells each. The UO, assemblies have 36 guide tubes
for control rod positions included. In this study the control rods are not taken into account
which means that the guide tubes are always filled with water. Both assembly types have a
guide tube in the center of the assemblies which is always filled with water as well. The UO,
assemblies contain the same fuel in their 100 IFBA cells (Integral Fuel Burnable Absorber,
see next paragraph for description) and 152 fuel pin cells. The MOX assemblies consist of
three differently enriched fuel pin cells. The corner positions contain 12 fuel pins in total of
2.5 wt% fissile plutonium. The borders are filled with 76 fuel pins of 3 wt% fissile plutonium
while the inner assembly region contains 4.5 wt% or 5.0 wt% fissile plutonium pin cells (176
pins in total). Figure 4.2 shows the assembly design in detail.

MOX 2.5 %
MOX 3.0%

MOX 4.5 or 5.0%
WABA Pin

Guide Tube

UOX Fuel
UOX IFBA Fuel
Guide Tube or Control Rod

Guide Tube

Figure 4.2: UO; (left) and MOX (right) fuel assembly taken from [49]

Both MOX and UO; assembly types contain burnable poisons. In the UO; assembly 100 of
252 fuel pins contain IFBA (Integral Fuel Burnable Absorber) as a thin zirconiumdiborid
(ZrBy) layer around the fuel. In the MOX assemblies 36 of 289 pin cells are WABA cells
(Wet Annular Burnable Absorber). The WABA cells do not contain any fuel. Both burnable
poison cell types are presented in figure 4.3. The burnable absorber and control rod material is
listed in table 4.2.
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Figure 4.3: Burnable absorber for the UO, assembly (IFBA) and the MOX assembly (WABA)

Absorber Density i
. Sy Material
material [g/cm]
Control Rod 1.84 B.C
IFBA 1.69 Z1Ba
WABA 3.5635 AlO:-BiC. 10.0 wt% ByC

Table 4.2: Absorber materials of the MOX/UQO, benchmark

4.2 Fuel assembly burnup calculations

4.2.1 Burnup step sensitivity study

The energy- and temperature dependent scattering treatment is included in the core simulation
via the generated macroscopic cross sections. The MOX/UQO, benchmark was originally
accomplished by taking cross sections from the organizers. Therefore no burnup steps are
defined in the benchmark specifications which made a burnup step sensitivity analysis
necessary. The complete burnup calculations of KAPROS using the new ULFISP scattering
option took approximately 10 days on a 1 GHz Linux computer. Because of this long
calculation time the burnup sensitivity analysis has been performed by KAPROS standard
calculations which take approximately 30% of the calculation time of ULFISP utilized
neutron fine flux computations. Of course this calculation time difference depends very strong
on the investigated problem. Figure 4.4 shows the reactivity loss over burnup for the UO, fuel
assembly with 4.5 % uranium-235 enrichment for various number of burnup steps. For all
calculations the first two burnup steps are identical in order to respect the important xenon
build up correctly. Afterwards four burnup calculations have been performed up to 35
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MWd/kg HM, 810 days of full power, respectively. The blue curve (48 burnup steps) can be
taken as reference calculation with no burnup step longer than 19 days which constitutes a
very detailed time discretization. During the first two burnup steps the reactivity drops due to
xenon build up. Afterwards, an increase in reactivity can be observed up to 5 MWd/kg HM
burnup. This results from the burnout of the boron-10 in the integral burnable absorber
(IFBA). Then the reactivity values show a smooth decline over burnup to EOL at 35 MWd/kg
HM.

MR ‘ SN W N N

+—s 4 Burmup Steps |
—= 14 Burnup Steps [~

25 Burnup Steps [ |
»—a 48 Burnup Steps [

Burnup [MWd/kg HM]

Figure 4.4: Reactivity over burnup for four different numbers of burnup steps for the UO,
assembly with 4.5 wt% U-235

The black curve in figure 4.4 shows the burnup calculation with four burnup steps. The
unfavorable representation of the loss of reactivity over burnup is obvious. The red curve
describes the reactivity loss for 14 burnup steps and shows already a quiet good agreement
with the blue curve. The 25 burnup steps line (green) cannot be recognized because it lies
under the blue reference curve and is therefore a very good approximation. The reactivity
values and differences to the reference solution are summarized in table 4.3.

Figure 4.5 shows the same burnup calculations for the MOX assembly with 4.3 wt% fissile
plutonium. Again the blue curve (48 burnup steps) can be considered as reference calculation.
The characteristics of the reactivity decline over burnup differ to those of the UO, assembly.
Again the reactivity depression because of the xenon build up can be observed at the first two
burnup steps. In contrary to the UO, assembly reactivity decline, no reactivity increase due to
the burnout of the burnable poison can be observed. The reason is that the burnable poison
(WABA) content in the MOX assemblies is much smaller and spatially located in neighboring
pin cells but not directly on the fuel as it is the case in the UO;-assemblies.

The black curve (4 burnup steps) shows again a very bad reactivity loss approximation.
The red (14 burnup steps) approximates the reference solution very good lower burnup but
presents slight differences at EOL. The green curve (25 burnup steps) is again hardly visible
except near EOL were a small deviation to the reference solution is visible. The absolute
reactivity values and differences to the reference solution at EOL are summarized in table 4.3.
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Figure 4.5: Reactivity over burnup for four different numbers of burnup steps for the MOX
assembly with 4.3 wt% fissile plutonium

4 burnup steps | 14 burnup steps | 25 burnup steps | 48 burnup steps
Ulg :f‘(LI.JJSO“I:t)% 0.99874 0.98249 0.98020 0.97963
égkﬁ;zi)os];e;os 1911 pcm 286 pcm 57 pcm -
MR (‘Eg‘L’V;% 0.96577 0.93163 0.92786 0.92586
fgki;‘fﬁios%eg’s 3991 pem 577 pem 200 pem -

Table 4.3: Reactivity and reactivity differences at EOL for the UO, and the MOX assembly
for different number of burnup steps

The cross section calculations for the four assembly types have all been performed with 25
burnup steps. The reactivity difference of the MOX assembly between 25 and 48 burnup steps
at EOL could not be avoided because the long calculation time the new scattering treatment
requires. Therefore this deviation has to be taken into account in later chapters when the
results from this study are compared to benchmark results from official participants. The
comparisons of core simulations using only “self created” cross sections are not affected, of

course.
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4.2.2 Reactivity comparison between different fine flux options in ULFISP

For the two UO, assemblies and the two MOX assemblies presented in chapter 4.1, burnup
calculations with KAPROS have been performed. For every assembly type three calculations
utilizing three different resonance scattering treatments have been applied. First is the
KAPROS standard treatment which uses precalculated resonance self shielding factors (SSF)
which have been generated by NJOY utilizing the narrow resonance approach. Second is the
ULFISP standard fine flux method performing constant energy and temperature (T= 0K)
down scattering. Third, is the new ULFISP fine flux method utilizing energy- and temperature
dependent up- and down scattering. In this chapter ULFISP does only calculate group cross
section from 4 to 149 eV which are the WIMS energy groups 27 to 22 respectively, because
of the high computational cost of assembly burnup calculations. The fine flux calculations
start at 250 eV in these ULFISP calculations. Hence, the total computation time for one
assembly could be reduced by half to approximately one week when utilizing the energy- and
temperature dependent scattering treatment.

The impact of the neglected two groups in comparison to the calculations in chapter 3 is
analyzed through assembly calculations without burnup (at BOL) utilizing ULFISP in the
same way as in chapter 3 (cross section calculation from WIMS energy group 20 to 27,
energy E=906 to E=4 eV, respectively). Table 4.4 summarizes the reactivity values for all
calculations for fresh fuel. Also the differences Ak;,s between the same ULFISP calculation

Assembly
type

KAPROS
SSF

KAPROS
ULFISP
Standard

149 eV

KAPROS
ULFISP
Standard

904 eV

KAPROS
ULFISP New

KAPROS
ULFISP New

149 eV

904 eV

U0, 4.2 %
King

1.14262

1.14320

1.14285

1.14218

1.14180

U0, 4.2 %
AKinf

35 pcm

38 pcm

U0, 4.5 %
Kint

1.16641

1.16617

1.16582

1.16509

1.16474

U0, 4.5 %
Akipnt

35 pcm

35 pcm

MOX 4.0 %
King

1.14279

1.14300

1.14317

1.14221

1.14223

MOX 4.0 %
Akint

17 pcm

2 pcm

MOX 4.3 %
Kint

1.15448

1.15488

1.15500

1.15406

1.15412

MOX 4.3 %
Akipt

12 pcm

6 pcm

Table 4.4: Reactivity and reactivity differences for the analyzed KAPROS methods for the
four different benchmark fuel assemblies for fresh fuel (BOL)
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types for different fine flux energy ranges are listed. These differences represent the
introduced error due to the fact that for the energy groups 21 and 20 no cross section
calculation via ULFISP are included in the assembly burnup calculations.

For the UO, assemblies the reactivity deviation Ak;,s represent between 30 and 40 pcm. For
the MOX assemblies the deviations are nearly insignificant with differences of Akj,s <20 pcm.
These deviations are relatively small compared to other uncertainties in deterministic
reactivity calculations. Nevertheless they should be kept in mind when looking at the reactor
core calculation results of chapter 4.3.

4.2.3 UOQO, fuel assembly burnup results

The reactivity differences for the UO,-assembly burnup calculations with 4.2 wt.% uranium-
235 for the different KAPROS resonance treatments over burnup are shown in figure 4.6. The
reactivity differences for the UO;-assembly with 4.5 wt.% uranium-235 are very similar so
these are omitted here. In these calculations, effective cross sections from 149 to 4 eV (WIMS
energy groups 22 — 27) have been provided by ULFISP.

500 ; : ; ; ; ; ;
; ; ; : [ : [ : [ : |
""""" g | e—a ULPISP New - ULFISP Standard |
400 i ; § =—= KARBUSE SSF - ULFISP Standard
% i 3 KARBUSE SSF - ULFISP New

300

200

NNEEEEESE

100

Ak g [pem]

-100

-200

-300

-400
0

5 10 15 20 25 30 35
Burnup [MWd/kg HM]

Figure 4.6: Reactivity differences Ak, over burnup for the UO, (4.2 wt.% U-235) assembly

The reactivity differences between the calculations, which utilized the KARBUSE narrow
resonance (SSF) method and the fine flux methods at begin of life, are smaller than
Ak= 60 pcm (see table 4.4 as well). During the burn out of the burnable absorber the
differences raise to maxima of 450 and 550 pcm at ~7.5 MWd/kg HM burnup. At this burnup
the importance of the burnable absorber decreases compared to the importance of the build up
of plutonium-239 through the higher conversion of uranium-238 in the fine flux calculations.
Figure 4.7 presents the reactivity of the UO, 4.2 wt.% assembly over burnup on the left
ordinate and the boron-10 concentration at the right ordinate. After ~10 MWd/kg HM the
differences in figure 4.6 decrease again, driven from the higher build up of plutonium-239 in
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the fine flux methods. At approximately 25 MWd/kg HM the reactivity values of the fine flux
methods exceed the reactivity of the KARBUSE standard approach (narrow resonance
method, SSF).
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Figure 4.7: Reactivity and B-10 (in IFBA pins) concentration over burnup for the UO,
(4.2 wt.% U-235) assembly

The reactivity differences presented in figure 4.6 between the two fine flux methods are very
similar to the differences shown in chapter 3.3.1 (pin cell burnup analyses). The energy- and
temperature dependent scattering treatment leads to more neutron absorption in uranium-238
which causes a lower reactivity value at BOL. Because of more absorption during burnup,
more uranium-238 is converted to plutonium-239 which causes the reactivity differences to
shrink. At EOL (37.5 MWd/kg HM) the reactivity difference of the two fine flux calculations
is close to zero.

Figure 4.8 shows the absolute differences of plutonium-239 fuel inventories between the
three methods for the UO; 4.2 wt% assembly. The absence of plutonium at BOL and the
illustrated relative differences lead to high values at the first burnup step. The results are very
similar to the pin cell burnup results in chapter 3.3.1 (figure 3.13). The relative inventory
difference at EOL is about 2.5 % and 3 % between the KARBUS standard method and the
fine flux approaches. The relative difference between the two fine flux methods is about 0.5
% at 37.5 MWd/kg HM. Including the other fissile isotopes, uranium-235 and plutonium-241
as well, this leads to 0.35 % more fissile material at end of life which approximately complies
with additional 3 days of reactor operation.



Fuel Assembly and Reactor Core Application 71

le-06

+—e ULFISP New - ULFISP Standard
—=a KARBUSE SSF - ULFISP Standard |]

F
Py
< \\ KARBUSE SSF - ULFISP New
o -le-06 < : : :
g |
5 e e NN NN ST FE  N
et
o | | 1 s :
£ 2e-06 —— 1 1 1 :
g : : : . \
s : s s : :
_U
g
8
8 .3¢-06
de-06 g g g
“Po 5 10 15 20 25 30 35

Bumup [MWd/kg HM]

Figure 4.8: Differences of the Pu-239 vectors over burnup through different resonance
treatment for the UO; (4.2 wt.% U-235) assembly

4.2.4 MOX fuel assembly burnup results

The reactivity differences for the different KAPROS resonance treatments over burnup are
shown in figure 4.9 for the MOX assembly with 4.3 wt.% fissile plutonium. Again, ULFISP
calculated effective cross sections from 149 to 4 eV (WIMS energy groups 22 — 27), have
been used. The different enrichments (4.0, 4.3 wt.%) of the MOX assemblies do not lead to
significant reactivity differences. Therefore the analysis of the MOX assembly with 4.3 wt.%
fissile plutonium is neglected.

The reactivity differences of the two fine flux calculations show a very similar progression
as the corresponding reactivity differences in the UO, assembly calculation and the pin cell
burnup analyses in chapter 3.3. At BOL the energy- and temperature dependent scattering
treatment leads to higher neutron resonance absorption and therefore to a decreased reactivity
value. The time dependent reactivity versus burn-up decreases more slowly if the conversion
of uranium-238 to plutonium-239 is enhanced by an increased resonance absorption. As
presented in figure 4.10 an increased plutonium-239 content of approximately 0.375 % at
EOL (37.5 MWd/kg HM) can be observed.

The reactivity differences between the fine flux methods and the standard KARBUSE
method (SSF method) are relatively small to the observed differences of the MOX pin cell
burnup calculations of chapter 3.3.2. They result from the interaction of the lower plutonium-
239 content in the SSF method as shown in figure 4.10 and the changing differences of
plutonium-240 contents. Surprisingly the plutonium-240 content of the SSF approach is
higher than in the fine flux calculations up to 25 MWd/kg HM as illustrated in figure 4.11.
The conversion of plutonium-240 to plutonium-241 is higher in the SSF method until the
higher plutonium-239 fuel content in the fine flux calculations reduces and later reverses this
conversion difference.
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Figure 4.9: Reactivity differences over burnup for the MOX (4.3 wt.% Pu fissile) assembly
resulting from different resonance treatments
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Figure 4.10: Relative differences of Pu-239 vectors over burnup for the MOX (4.3 wt.% Pu
fissile)assembly for the three resonance approaches
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Figure 4.11: Relative differences of the Pu-240 vectors over burnup for the MOX (4.3 wt.%
Pu fissile)assembly for the three resonance approaches

4.3 Reactor core calculations

The cross sections produced with KAPROS are assembly wise homogenized and collapsed to
28 and 8 groups. These effective macroscopic cross sections are converted by the new
KAPROS module CRPAXS to the PMAXS cross section format of PARCS. The reactor core
calculations are then performed with PARCS for the reactor conditions hot zero power (HZP)
and hot full power (HFP). The hot zero power case is the same as part one of the OECD/NEA
benchmark. Constant coolant and fuel temperatures of T= 560 K are assumed in the core.
Therefore, the thermo-hydraulic core calculation can be neglected. The results are compared
with the results of the OECD/NEA benchmark participants.

The hot full power calculation had to be performed with fixed thermo-hydraulic conditions
as well which is a strong simplification. This simplified hot full power simulation was added
to show the impact of the energy- and temperature dependent scattering treatment on a reactor
simulation at operating fuel temperature conditions.

The macroscopic cross sections for the reactor core calculations have been produced by
KAPROS burnup calculations. Cross section sets of 8 and 28 energy groups have been
computed by collapsing the 69 energy group cross sections. The 8 group results are provided
for best comparison with the benchmark results of the Purdue University who calculated the
benchmark with PARCS with 8 groups as well. The 28 energy group structure was chosen for
best comparison of the asymptotic scattering fine flux approach with the energy- and
temperature dependent scattering fine flux approach. This 28 group structure includes the
energy groups 22-27 of the WIMS-69 group structure in their original form. Thereby it can be
assured that no information introduced by the energy- and temperature dependent scattering
treatment is erased by the collapsing from 69 to 28 groups. The number of 28 groups is close
to the maximum number of groups PARCS is able to handle for the performed reactor core
simulations. The 8, 28 and the 69 WIMS energy structures are presented in table 4.5.
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IMS- T IMS- r
6\;, groip 28 group | 8 group Engg;ezeV) 6\;, gro?lp 28 group | 8 group En(gg 5 eieV)
1 1 1 1.0000E+07 36 20 1.0970E+00
2 6.0655E+06 37 1.0710E+00
3 3.6790E+06 38 1.0450E+00
4 2 2 2.2310E+06 39 21 1.0200E+00
5 1.3530E+06 40 22 9.9600E-01
6 3 3 8.2100E+05 41 23 9.7200E-01
7 4 5.0000E+05 42 9.5000E-01
8 3.0250E+05 43 9.1000E-01
9 1.8300E+05 44 8.5000E-01
10 1.1100E+05 45 7.8000E-01
11 5 6.7340E+04 46 24 7 0.6250E-01
12 4.0850E+04 47 5.0000E-01
13 2.4780E+04 48 4.0000E-01
14 6 1.5030E+04 49 25 3.5000E-01
15 7 4 9.1180E+03 50 3.2000E-01
16 8 5.5300E+03 51 26 3.0000E-01
17 3.5191E+03 52 2.8000E-01
18 2.2394E+03 53 27 2.5000E-01
19 9 1.4251E+03 54 2.2000E-01
20 9.0689E+02 55 1.8000E-01
21 10 3.6726E+02 56 28 8 1.4000E-01
22 11 5 1.4872E+02 57 1.0000E-01
23 12 7.5501E+01 58 8.0000E-02
24 13 4.8052E+01 59 6.7000E-02
25 14 2.7700E+01 60 5.8000E-02
26 15 1.5968E+01 61 5.0000E-02
27 16 9.8770E+00 62 4.2000E-02
28 17 6 4.0000E+00 63 3.5000E-02
29 3.3000E+00 64 3.0000E-02
30 18 2.6000E+00 65 2.5000E-02
31 2.1000E+00 66 2.0000E-02
32 19 1.5000E+00 67 1.5000E-02
33 1.3000E+00 68 1.0000E-02
34 1.1500E+00 69 5.0000E-03
35 1.1230E+00 1.0000E-03

Table 4.5: The WIMS-69 [3], the 28 and 8 neutron energy group structures

The Benchmark cross sections have been provided by the Purdue University. They used
the lattice cell code HELIOS [43] utilizing a 47 energy group library to generate the
macroscopic cross sections. The simulations with BARS [2], DeCart [46], DORT [75] and
MCNP [57] provide heterogeneous solutions which means that the reactor core has been
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discretized geometrically pin cell wise. All other solutions are nodal solutions, which means
that the cross sections have been homogenized assembly wise. The nodal benchmark
simulations performed with PARCS [36], NUREC [98], CORETRAN [39] and SKETCH-INS
[60] used the provided benchmark cross sections. The ‘“heterogeneous” simulations with
BARS and MCNP utilized the burnup dependent material number densities of the benchmark.
Only the DeCART and DORT cross sections have been prepared by the participants
themselves. For this purpose they used the HELIOS code as well.

4.3.1 Comparison with benchmark participants at hot zero power

At hot zero power the fuel, the moderator and all other components temperatures of the core
are fixed at T,= 560 K. Hence, thermo-hydraulic feedback is neglected. The reactivity results
for the reactor core simulations at hot zero power utilizing cross sections which have been
produced with different KAPROS resonance treatments are shown in table 4.6. These are
listed under “KAPROS-PARCS Results”. Additionally the results of the participants of the
OECD/NEA Benchmark [49] are listed in table 4.6 as well. These are presented under “Nodal
Benchmark participants’ results” and “Heterogeneous Benchmark participants’ Results”. All
results have been performed for all rods out (ARO) of core conditions.

The agreement of the nodal benchmark results is extremely good, with the only
difference inserted by the spatial discretization used by each node. Even the different number
of 8 groups in the PARCS simulation compared to the other nodal calculations which used 2
groups does not lead to significant differences. The heterogeneous benchmark results are still
close to the nodal benchmark results but the differences are obviously of another magnitude.
The reactivity difference of e.g. the BARS and the NUREC results is about Akeg= 550 pcm.
The BARS simulation uses the same material number densities which are included in the
cross section used by the NUREC code. Therefore the reactivity difference probably results
from the different core modeling.

The results of this study (KAPROS-PARCS results in table 4.6) fit very well with the
heterogeneous benchmark results. Considering the totally different cross section generation
and calculation methods, the reactivity difference between the 28 PARCS-KAPROS
simulation and the benchmark Monte Carlo simulation with MCNP is excellent with only
about Ak.s= 15 pcm. The biggest difference between the 28 PARCS-KAPROS result with a
heterogeneous benchmark result, which is the DORT result, is only Akesr = 322 pcm. The
differences of approximately Akes = 630-720 pcm between the results of this study and the
nodal benchmark results are much higher, although the core modeling is much more similar.
Especially the PARCS 8 group calculation of benchmark participants has the identical reactor
core simulation modeling as the KAPROS-PARCS calculations. Therefore the reactivity
difference of Aker= 609 pcm between e.g. the “KAPROS-PARCS standard fine flux method 8
groups” calculation and the “nodal benchmark PARCS 8 groups” calculation, has its origin
only in the input cross sections.

Summarizing, the KAPROS-PARCS solutions show very good agreement with the
heterogeneous benchmark results. Surprisingly the agreement with the nodal benchmark
solutions, where the modeling is more similar, is not as good as.
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XS production code, XS library, Neutron Physics Kurt
resonance treatment Core Solver
KAPROS-PARCS results (nodal):
narrow 5;::)}:11:[(1)0%rflcgi;}?(l)\cllIzlS:/S%—%)sr,rnalism) PARCS 28 groups 1056489
Iiiﬁﬁifﬁiﬁﬁfzgﬂis PARCS 8 groups 1.057453
Iiiﬁﬁifﬁiﬁﬁfzgﬂis PARCS 28 groups 1.057212
KAfgof?ﬁf%'iNﬁiﬁfs ’ PARCS 8 groups 1057378
KAII;;OSI’IS%_&NH?;;E;?S’ PARCS 28 groups 1.057136
Nodal Benchmark participants’ results:
Benchmark cross sections PARCS 8 groups 1.06354
Benchmark cross sections NUREC 2 groups 1.06378
Benchmark cross sections C(Zlfg];:;l:i?N 1.06379
Benchmark cross sections SKE;COEI;ISNS 2 1.06379
Heterogeneous Benchmark participants’ results:
ENDF/B 6 with Benchmark number densities BARS 1.05826
HELIOS, 47group HELIOS-library DeCART 1.05852
HELIOS, 190 group HELIOS-library DORT 1.06036
ENDF/B 6 with Benchmark number densities MCNP 1.05699

Table 4.6: Reactor core reactivity results for HZP from this study and from benchmark
participants taken from [49]
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Differences between the KAPROS-PARCS results caused by different scattering models
The KAPROS-PARCS results do only differ in the resonance treatments in their cross section
generation. The core modeling is identical in all five presented results in table 4.6. The
differences between the simulations applying the fine flux methods for cross section
generation, are of about Ak.s = 7 pcm for the 28 group solution. This very small difference
results on one hand from the low fuel temperature at hot zero power of Ty = 560 K were the
impact of the energy- and temperature dependent scattering treatment is very small. On the
other hand the presented reactor core is close to an equilibrium core (k = 1) which leads to
compensation of the differences resulting from the eigenvalue calculation (due to different
scattering treatments) with the differences caused of the different fissile fuel inventory which
occurs during burnup. In more detail, the decreased reactivity value because of higher neutron
absorption rates is compensated during burnup by the higher conversion of uranium-238 to
plutonium-239 which increases the fissile fuel inventory.

For the determination of the reactivity Doppler-coefficient ot (calculated with equation
3.4) modified hot zero power calculations with fuel temperature of Ti= 900 K have been
performed. These results and the results of table 4.6 (Ti= 560 K) have been used for the
calculation of the Doppler-coefficients presented in table 4.7. All results have been provided
by using the 28 groups cross section sets in PARCS.

The Doppler-coefficient results emphasize the importance of the energy- and scattering
dependent scattering treatment for PWR core simulations even at low temperatures.
Compared to the standard fine flux treatment the negative Doppler coefficient is increased by
Aot = 7.2 %. This is more than the increase of the negative Doppler coefficient from the self
shielding factor method to the standard fine flux method which is about Aar = 5 %. The
increase between the self shielding factor method and the new fine flux method is of about
Aar = 12,6 %.

XS Production Fuel Temperature K Doppler Coefficient ar
description K] eff [pcm/K]
KAPROS, narrow 560 1.056489
resonance method -1.5942
(SSF) 900 1.050439
KAPROS, standard 560 1057212 _1.6744
fine flux method 900 1.050849
KAPROS, new fine >60 1057136 17954
flux method 900 1.050314

Table 4.7: Doppler reactivity coefficients for hot zero power
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4.3.2 Hot full power

Hot full power simulations need thermo-hydraulic feedbacks to represent the heterogeneous
temperature distribution in the core correctly. At the moment it is not possible to transform
KAPROS cross section with CRPAXS into the PARCS format PMAXS in the needed extend
to perform coupled neutronic thermo-hydraulic calculations. Therefore several improvements
in the KAPROS module CRPAXS would have to be developed but could not be accomplished
in this work.

Giving an outlook on the importance of the energy- and temperature dependent scattering
treatment for a PWR at normal operating conditions, a hot full power core simulation with
fixed thermo-hydraulic conditions will be presented. Fixed thermo-hydraulic conditions for a
hot full power calculation are a strong simplification of course. The averaged axially and
radially constant moderator and fuel temperatures in the core were specified by the
benchmark to temperatures Ty,= 580 K and T¢= 900K.

For estimating the error introduced when neglecting the thermo-hydraulic feedback and the
correct temperature distributions, two PARCS hot full power simulations have been
performed with the benchmark cross section set provided by Purdue University. The first
simulation uses a thermo-hydraulic feedback solution which is based on one-dimensional
mass-energy equations, one phase flow, constant mass flow rate and a constant pressure of
15.5 MPa. The second simulation neglects the thermo-hydraulic feedback as it has to be done
with the KAPROS generated cross sections. Table 4.8 shows the reactivity rates for these two
simulations at hot full power. The boron concentration is fixed at 1000 ppm.

XS Production Core Simulation k Introduced Error
description description with PARCS et
Benchmark XS Coupled Neutronic- 1.04337
8 groups Thermo-Hydraulic '
318 pcm
Benchmark XS Neutronics only 1.04655
8 groups

Table 4.8: Hot Full Power reactivity results respecting and neglecting the thermo-hydraulic
feedback

For the hot full power simulations PARCS was used again. The introduced error by
neglecting the thermo-hydraulic feedback at hot full power for the MOX/UO, benchmark core
is 318 pcm. An error of this magnitude can be expected, for the absolute values of the hot full
power core simulations with KAPROS generated cross sections, too. Nevertheless the error is
included in all results of table 4.9 in the same way.

Table 4.9 presents the reactivity values and the corresponding fuel reactivity Doppler
coefficients (calculated with equation 3.4) for the three different KAPROS resonance
treatments. For all three KAPROS methods two calculations have been carried out. These
vary only in the fuel temperature. One was performed at Tr = 900 K, the other at T = 1000 K.

The reactivity results differ only slightly. For fuel temperature T= 900 K the reactivity
difference between the two fine flux approaches account for Akes = 56 pcm. At temperature
T= 1000 K they represent Akesr= 75 pcm which once more shows the temperature dependence
of the new scattering treatment.
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The Doppler coefficient shows again the importance of the energy- and temperature
dependent scattering treatment for safety analyses for PWR’s. Compared to the standard fine
flux treatment the negative Doppler coefficient is increased by Aar = 9 %. The increase of the
negative Doppler coefficient from the self shielding factor method to the standard fine flux
method is determined to Aot = 3.2 %. The increase between the self shielding factor method
and the new fine flux method is of about Aot = 12 %.

XS production Fuel Temperature K Doppler Coefficient ar
description [K] et [pem/K]
KAPROS, narrow 900 1.051080
resonance method -1.62296
(SSF) 1000 1.049287
KAPROS, standard 200 1051446
fine flux method -1.67701
1000 1.049592
KAPROS, new fine 900 1050881
flux method -1.842347
1000 1.048847

Table 4.9: Doppler reactivity coefficients for hot full power with fixed thermo-hydraulic
feedback



S Summary

The improvement of reactor simulations leads to more precise safety analyses and therefore to
a reduction of uncertainties and conservative assumptions. A better prediction of nuclear
reactor conditions will improve economics without affecting safety.

The presented thesis deals with the task of increasing the accuracy of neutron physics
reactor simulations. A more precise model for the scattering of neutrons in the lower
epithermal resonance energy region is implemented into a deterministic code system. This
new scattering formalism leads to a more precise determination of the neutron flux form
which is applied as weighting function for generation of effective multigroup cross-sections.
For the determination of the neutron flux form special care has to be taken in the energy range
of resonances. Several different methods like the narrow-, wide-, intermediate resonance
approximations or the Nordheim integral method deal with this task. The most precise but
computational very costly as well, is the fine flux method as applied in RESAB [74], ULFISP
[16] and CENTRM [21] [74]. All of these established fine flux modules are based on the
classical neutron slowing-down equation, simplifying the elastic scattering of neutrons with a
target nucleus in the same way. First, it is assumed that the target nucleus scattering cross
section is the constant potential cross section. That is a strong simplification for isotopes with
pronounced resonances like uranium-238. Second, the target nucleus movement which occurs
from thermal agitation is neglected. It is assumed that the target nucleus is at rest or in other
words at temperature T= 0 K. This — in essence — means that by scattering a neutron can only
loose energy while it can never gain energy.

These two simplifications have been replaced by the implementation of an energy- and
temperature dependent scattering formalism into the existing KAPROS [16] module ULFISP.
The new scattering treatment is based on earlier work [27] of Rothenstein and Dagan [Ref].
Pre-calculated data files with improved scattering kernel information, created by a modified
version of their code DOUBLE, are applied. The new scattering formalism in ULFISP
respects not only the energy dependence of the elastic scattering cross section, but accounts
also for the thermal movement of the target nucleus, enabling both down-scattering and up-
scattering.

In the original version of ULFISP only neutron down-scattering can be provided. This
means that the neutron density at certain energy is fully determined by the neutrons at higher
energies. For the handling of up-scatter probabilities an iterative solution method is applied. A
fast convergence after about three iterations could be observed. The more precise form of the
neutron flux can then be used as weighting function for the calculation of more accurate
effective multigroup cross sections.

First results for a PWR-UQ; pin cell (4 wt.% uranium-235) are discussed in chapter 3. The
differences between the collision densities of the old asymptotic and the new energy- and
temperature dependent scattering fine flux calculations identify the important energy region
where the new scattering approach leads to a significant change. At energy regions close to
the large resonances of uranium-238 and especially at the third large resonance at 36.6 eV,
explicit differences in the collision density occur. The up-scattering which is introduced into
the fine flux calculation via the new approach leads to an increased collision density at the
energetically lower region of the resonances while a decreased collision density at the
energetically higher part of the resonances results from reduced down scattering. The
comparison of the corresponding neutron flux forms confirms this issue. The impact of the
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new scattering approach has its strongest effect in the resonance regions because of the
extremely high neutron cross sections there. Two effects determine the importance of a
resonance to the energy- and temperature dependent scattering treatment:

1. The energy of the resonance. The lower the energy of the scattered neutron the higher
is the neutron probability for up-scattering and the higher is the maximal possible
energy benefit of the neutron. This is as well the reason for the increasing importance
of the new approach for higher temperatures. Faster movement of the target nucleus,
caused by thermal agitation, leads to possible higher energy transfers from the target
nucleus to the neutron.

2. The ratio between the elastic and the total scattering cross section. Generally it can be
stated that the higher the ratio of elastic to total cross section the larger will be the
change in the calculated neutron fine flux form with the new scattering approach.

The main impact on integral results by the new approach is a modified neutron absorption rate
in the range of resonances. This can be observed in the presented results especially at the third
large uranium-238 resonance.

The new formalism in ULFISP was also applied to PWR-UO, pin cell comparison
simulations with MCNPX [58]. Here the single differential new scattering treatment in
ULFISP is compared with the double differential scattering treatment as introduced by Dagan
in MCNPX [28] previously. The results show generally a good agreement. The comparison
shows again that the third large uranium-238 resonance has the highest differences. The
reactivity changes with the new approach at temperature T= 800 K show very similar
decreased values of Akj,= 142 pcm for ULFISP and Akj,= 123 pcm for MCNPX for the
examined PWR-UO, pin cell. At temperature T= 1200 K these reactivity decreases are Akjn=
264 pcm in the ULFISP and Akj,=242 pcm in the MCNPX calculation. The corresponding
fuel Doppler coefficients increased by 10.2 % in ULFISP and 9.6 % in MCNPX.

The long term impact of the energy- and temperature dependent scattering method on the
fuel inventory has been analyzed in UO, (4 wt.% uranium-235) and MOX (5 wt.% fissile
plutonium) pin cell burnup calculations for typical LWR lattices. For both fuel types an
increased build up of plutonium is observed. This results from the increased neutron
absorption mainly in uranium-238 because of the new method. More uranium-238 is
converted to plutonium-239 and to higher plutonium isotopes. The reactivity decrease at
begin of life with the new method is continuously reduced by the increase of fissile material
inventory because of the higher conversion. For the UO, fuel the decreased reactivity at begin
of life changed during burnup to increased reactivity at end of life. Balance was reached at
approximately 45 MWd/kg HM burnup.

A “hybrid method” was developed to analyze the importance of individual isotopes for the
energy- and temperature dependent scattering approach. For this purpose the asymptotic
scattering kernel was introduced into the new scattering algorithm. This hybrid method allows
the selection of isotope-wise scattering approach in one calculation. The burnup results
utilizing the hybrid method again show the importance of uranium-238. The pronounced large
resonances at low energies combined with high ratios for elastic scattering to total cross
section and the high concentration in the fuel makes uranium-238 to the most important
isotope contributing to effects caused by the new scattering approach in pressurized water
reactor systems. With exception of oxygen all other isotopes including all plutonium isotopes
do not change the neutron flux form significantly with the new formalism. For the
deterministic approach in ULFISP oxygen plays an important role. Because of its high
concentration in the UO, fuel and the absence of up scattering in the standard ULFISP
scattering method, the application of potential scattering of oxygen leads to significant
changes in the neutron flux form. This effect can not be investigated in Monte Carlo
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approaches because there the up-scattering resulting from the potential scattering cross section
is already taken into account.

To investigate the impact of the energy- and temperature dependent scattering method on a
complete reactor core, part of an OECD/NEA - UO,/MOX - PWR reactor core benchmark
was analyzed. For that purpose assembly burnup calculations have been performed for UO,
and MOX fuel with different enrichments. The reactivity differences show very similar results
compared to the investigated pin cell burnup simulations. Additional calculations utilizing the
standard resonance shielding method (narrow resonance method) showed much higher
reactivity discrepancies for the assembly burnup calculations than the two fine flux
approaches.

The reactor core simulations were performed with the code system PARCS[36]. For

this purpose, macroscopic cross sections had to be transformed from the KAPROS to the
PARCS formats. This was realized by the new KAPROS module CRPAXS. Reactor core
simulation analyses are performed for two core conditions. First a “hot zero power”
simulation, at temperature T= 560 K for the complete core. Comparison with results from the
OECD/NEA benchmark participants showed very good agreement. The reactivity differences
between the different approaches in ULFISP are insignificant mainly because of the low fuel
temperatures and because of the actual burnup values of the considered equilibrium core. As
shown in chapter 3.3 compensating effects result in small over-all effects caused by the new
scattering treatment because of changing fuel inventory during burnup. The effects of the
energy- and temperature dependent scattering formalism are more important for safety related
analysis, e.g. for the negative fuel Doppler reactivity coefficient which is increased by 7 % by
the energy- and temperature dependent scattering method compared to the standard ULFISP
scattering approach.
For a “hot full power” reactor core simulation a strongly simplified model is applied.
Although an error estimation is provided, the results are very preliminary. The cross section
transfer module CRPAXS is not yet capable to perform this task. Nevertheless this outlook
shows the temperature dependence of the new scattering approach for PWR reactor core
simulations. The negative Doppler coefficient is increased to 9% by the new approach at
temperature T= 900 K which stresses the importance of the energy- and temperature
dependent scattering method to safety analysis for PWR’s.
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