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Abstract

Compaction of Lattice Data - Improved Efficiency in
Nuclear Core Calculation

Hanna Lundgren

Westinghouse Electric Sweden AB’s three-dimensional reactor core
simulation program POLCA uses a large number of tables containing
various fuel dependent data, such as cross sections, pin power maps
with power distribution etc. POLCA uses quadratic and linear
interpolation to extract the values needed for the simulation.
However, finding the correct values to interpolate between takes time.

This master thesis describes a method of compacting the tables by
removing values, in order to shorten the needed simulation time. This
is done so that no significant accuracy is lost in the interpolations.
The method also finds deviant values and replaces these with new, 
interpolated values.

The thesis shows that approximately 90 % of all values can be removed
without losing significant accuracy. These results are however heavily
dependent on the choice of accuracy loss criterion; a lower allowance
for accuracy loss lowers the amount of values which can be removed
sharply.
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Populärvetenskaplig sammanfattning 

Elgenerering genom kärnkraft är en fysikaliskt komplicerad process som kräver en 

mängd säkerhetsanalyser och simuleringar både för design och drift. Westinghouse 

Electric Sweden AB genomför denna typ av beräkningar med sitt 

reaktorsimuleringsprogram POLCA. 

POLCA kräver en stor mängd indata, t ex. tvärsnittsdata, pinkartor med effektfördelning 

etc. Dessa data fås från Westinghouse’ tvådimensionella program för simulering av ett 

enskilt bränsleknippe, PHOENIX. Dessa data genereras i dagsläget i ett stort antal 

tabeller av 1, 2 eller 3 dimensioner. De önskade värdena för simulering interpoleras från 

värden i dessa tabeller och en stor del av beräkningstiden går åt till att lokalisera de 

korrekta värdena att interpolera mellan.  

Om mängden värden i tabellerna kan minskas, utan att interpoleringarna blir signifikant 

sämre, skulle simuleringstiden kunna kortas ner samtidigt som lagringsbehovet av data 

kan minskas. Detta examensarbete har undersökt denna möjlighet och en metod har 

utarbetats för hur detta ska gå till, utan att signifikant noggrannhet tappas.  

Metoden har utvecklats i beräkningsprogrammet MATLAB. Metoden är en iterativ 

process, där varje enskilt värde i en tabell tas bort ett i taget, och för varje värde jämförs 

skillnaden mellan en interpolering med den fullskaliga tabellen och en interpolering 

med den mindre tabellen. Tabellerna ingår i grupper, där alla tabeller i en och samma 

grupp måste ha samma antal värden för att vara kompatibla med POLCA. Genom 

iteration hittas sedan en kombination av värden som alla kan tas bort, på ett sådant sätt 

att ett kriterium för noggrannheten hos interpoleringarna uppfylls. Metoden har även 

lokaliserat avvikande värden som ibland uppstår i tabellerna. Dessa har sedan ersatts 

med nya, interpolerade värden. 

Utöver huvudsyftet om att förminska tabellerna, har även en metod testats för att 

minska bruset som finns i tabellerna, som uppstår när de genereras av PHOENIX. Den 

metod som undersökts använder polynomanpassning av tabellerna, där nya tabeller 

genereras utifrån dessa anpassningar. Vidare granskning av metoden visade dock att den 

inte fungerar som önskat. Andra metoder behöver prövas för att uppnå önskat resultat.  

Resultaten pekar mot att upp till 86 % av alla tabellvärden kan tas bort, medan upp till 

96 % av värdena i pinkartorna kan tas bort. I individuella grupper kan mellan 25–99 % 

av alla värden tas bort. Resultaten är dock starkt beroende av vilket 

noggrannhetskriterium som väljs, med hårdare kriterium sjunker mängden värden som 

kan tas bort kraftigt. Resultaten är dessutom baserade på den felaktiga metoden för 

brusborttagning, vilket gör att dessa resultat endast kan ses som en fingervisning av hur 

mycket data som kan elimineras. 



Executive Summary 

In this work, a method has been developed for compacting the output from PHOENIX 

without losing significant accuracy. The purpose of this was to reduce the storage 

needed for the data and to shorten the simulation time needed in POLCA. In doing this, 

one secondary purpose was also fulfilled; to find and replace any anomalies found in the 

data. An attempt was also made at reducing the noise present in the data from 

PHOENIX, but the method tested was deemed to likely introduce systematic noise into 

the data, rather than decrease the already existing noise. 

The results show that approximately 90 % of all values in the data can be removed, this 

result is however heavily dependent on the accuracy loss criterion used. The lack of a 

suitable method for noise removal also means that the results can only be used as a 

pointer as to how much data can actually be removed. In total, 44 deviant values were 

found and corrected. It was also found that a number of tables have a very shaky 

behaviour, meaning that they likely are entirely wrong. 

The following is suggested as further work; 

• Backtrack the deviant values and shaky tables to PHOENIX and correct the 

underlying cause of them 

• Investigate the noise present in the data further; whether it is in fact noise or a 

property in the data, and if anything can be done to correct this in PHOENIX 

• Translate the code into C++ or another programming language and study how 

much time can be saved in POLCA using this method 
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  He tells her that the earth is flat – 

He knows the facts, and that is that. 

In altercations fierce and long 

She tries her best to prove him wrong. 

But he has learned to argue well. 

He calls her arguments unsound 

And often asks her not to yell. 

She cannot win. He stands his ground. 

 

The planet goes on being round.1 

1Excerpt from Differences of Opinion by Wendy Cope. First published in Poetry Magazine, issue: February 2006. 

Also published in Family Values (2012) by Wendy Cope, Faber and Faber Ltd. Published with permission from 

the author. 



Definitions 

BA   Burnable absorber 

BU   Burn up [MWd/kg] 

BWR   Boiling Water Reactor 

Fuel assembly  An assembly of fuel pins 

keff   The Effective Multiplication Factor 

kinf   The Infinite Multiplication Factor  

pcm   Per Cent Milli, 10-5 

Pin   A fuel pin, containing enriched uranium 

PWR   Pressurized Water Reactor 
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1. Introduction 

Since the first commercial nuclear reactor was built by Westinghouse Electric in 1957 

[1] nuclear power has provided the world with energy. There are over 440 commercial 

nuclear power reactors around the globe, which during 2014 provided approximately 

11 % of the world’s electricity [2] and 32 % of the world’s fossil free electricity [3]. 

Nuclear power is a physically complex process which requires outmost care in the 

design process. In order to design and run a nuclear power plant, a number of 

simulations are needed. Core calculations determine the neutronic, thermal and 

hydraulic behaviour of the reactor core, how the fuel can be enriched and placed, 

etcetera. 

Westinghouse Electric built not only the very first commercial nuclear reactor, but their 

technology is the basis for approximately half of the world’s nuclear reactors [1]. 

Westinghouse Electric Sweden AB has its roots in Asea Atom AB, which during the 

1950s developed a new BWR technology and later built 11 commercial nuclear reactors 

in Scandinavia and a nuclear fuel factory in Västerås, Sweden [4]. In the year 2000 the 

company was acquired by Westinghouse Electric Company [4] and became the group’s 

development centre for BWR technology [5]. Westinghouse Electric Sweden AB’s 

expertise include Nuclear Fuel, Nuclear Automation, Nuclear Services and Nuclear 

Power Plants [5]. 

The core calculation system of Westinghouse Electric Sweden AB (hereafter named 

Westinghouse) makes use of a large number of tables containing fuel dependant 

information, such as cross sections, discontinuity factors, detector data, pin power form 

factors etcetera [6]. These tables are of 1, 2 or 3 dimensions and to extract values from 

these tables for calculation and simulation, linear and quadratic interpolations are used. 

When these tables are generated a small noise is introduced into them, making the 

values less accurate. It is also possible for anomalies to occur in the tables, with values 

deviating significantly. 

The tables are today used with the same size and number of entries as they are 

generated. This means that many tables can be grossly oversized. For each calculation, 

the correct values to interpolate between need to be found. The larger the table, the 

longer time this takes. Hence larger tables not only take up a lot of disk space, but the 

simulations are also more time consuming. It is therefore desirable to find a way to 

compact the tables. The primary task of this master thesis is to find a method to do this, 

without losing any significant accuracy in the calculations. The secondary task is to 

smooth out the tables, decreasing the noise, and to find and exclude any anomalies 

found in the tables. 
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1.1 Purpose and Goal 

The primary purpose of the project is to find a method for compacting the tables used 

for core calculation and simulation at Westinghouse, without losing significant 

accuracy. The secondary purpose is to decrease the noise inherent to the tables, and find 

any deviant values in the tables. 

The goal of the project is to write a code that carries out the task of compacting the 

tables, decreasing the noise and excluding any deviant values.  

1.2 Disposition 

This report is divided into several sections. Section 2 contains the theoretical 

background needed to understand the method and results. This section explains some 

reactor physics, such as the transport equation, nuclear cross sections and the 

multiplication factor. This section also gives some background to reactor core 

calculations, outlining a few simplifications often made and the two main calculation 

programs used by Westinghouse. 

Section 3 describes the method of the project, outlining the code structure of the 

interpolation code and the different parts of the compacting code. Section 4 contains the 

results of the study, which are discussed in section 5, where the method is also 

discussed. Finally, conclusions are drawn in section 6. 
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2. Background 

2.1 Reactor Physics 

2.1.1 Nuclear Cross Sections 

In nuclear physics, microscopic cross sections define the probability of various nuclear 

reactions, such as fission, scattering or capture [7]. The unit of microscopic cross 

section is area, which is usually given in barns. One barn is equal to 10-24 cm2 [7]. If a 

reaction only occurs when a neutron hits a nucleus the cross section would be identical 

to that nucleus geometric cross section, however this is generally not the case, e.g. the 

actual cross section of each nucleus varies with the neutron energy [7]. Microscopic 

cross sections are usually denoted with σ. 

In addition to the microscopic cross section described above there is the macroscopic 

cross section, Σ. The macroscopic cross section defines the number of reactions a 

neutron on average causes per length unit it moves [8]. The macroscopic cross section 

has the unit per length, usually given in cm-1 [8]. The macroscopic cross section can be 

calculated from the microscopic cross section as 

Σ = 𝑁 ∗ 𝜎      (3) 

where Σ is the macroscopic cross section, σ is the microscopic cross section and N is the 

number of nuclei per volume [8]. 

In a nuclear reactor, it is desirable that the fuel has a high fission cross section and that 

the control rods have a high capture cross section. In order to simulate the reactor core, 

detailed data of various cross sections is needed. These are contained in some of the 

previously mentioned tables. 

2.1.2 The Neutron Transport Equation 

The transport equation, often called the Boltzmann equation [9], describes the neutron 

balance in space, energy and time [9] without any approximations [10]. By solving the 

transport equation, the neutron flux as a function of direction, energy, space and time 

can be determined; the transport equation describes the various ways in which the 

number of neutrons can change in an arbitrary volume V, where the neutrons have a 

specific direction �̅� and a specific energy E [11]. 

Neutrons with this energy and direction can appear in the volume V by; 

1) Neutron sources (e.g. by fission or decay) 

2) Neutrons of the correct energy and direction streaming into V 

3) Neutrons within the volume with different E and/or �̅�  changing their E and/or 

�̅�  to match the ones of interest, by scattering [11]. 
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Neutrons with this energy and direction can disappear from the volume by; 

4) Neutrons leaking out of V 

5) Neutrons being absorbed due to collision 

6) Neutrons being scattered due to collision, causing them to change their E and/or 

�̅� [11]. 

The processes described above make up the terms of the transport equation; 

𝑆(�̅�, Ω,̅ 𝐸)𝑑𝑉𝑑Ω𝑑𝐸 + ∬(Σ𝑎 + Σ𝑠)(Ω′̅̅ ̅ → Ω̅, 𝐸′ → 𝐸)Φ(�̅�, Ω̅, 𝐸′)𝑑Ω′𝑑𝐸′𝑑𝑉𝑑Ω𝑑𝐸 −

Ω𝑔𝑟𝑎𝑑Φ(�̅�, Ω,̅ 𝐸)𝑑𝑉𝑑Ω𝑑𝐸 −  Σ𝑎Φ(�̅�, Ω̅, 𝐸)𝑑𝑉𝑑Ω𝑑𝐸 −  Σ𝑠Φ(�̅�, Ω̅, 𝐸)𝑑𝑉𝑑Ω𝑑𝐸 =
1

𝑣

𝛿Φ(�̅�,Ω̅,𝐸)

𝛿𝑡
       (1) 

where Σa is the macroscopic absorption cross section, Σs is the macroscopic scattering 

cross section, Ω̅ is the direction of interest,  Ω̅′ are all other directions, E is the energy of 

interest, E’ are all other energies, Φ is the neutron flux, �̅� is the coordinate, V is the 

chosen volume, S is the surface of the volume and ν is the speed of the neutron [12]. 

In this equation, the first term describes process 1) in the previous list, the second term 

describes process 2) and 3), the third term describes process 4), the fourth term 

describes process 5) and the fifth term described process 6). In words, equation 1 can be 

described as, 

 

Neutrons from sources + Neutrons from streaming and scattering 

 – Leaked neutrons – Absorbed neutrons – Scattered neutrons  

= Difference in neutrons over time   (2) 

 

The transport equation is often impossible to solve; when used in applications, various 

simplifications are used [9]. A common simplification of the transport equation is to 

divide neutron energies into energy groups; this, when combined with other 

simplifications, is called the multi-group neutron diffusion theory. This is further 

described in section 2.2.1. 

2.1.3 The Bateman Equation 

Due to nuclear reactions and decay, the composition of different isotopes in the reactor 

are constantly changing. To accurately predict the behavior of the reactor, it is important 

to track the amount of burn-up, reactor poison, heavy metals etc. The time-dependence 

of a concentration is described by the Bateman equation; 

𝑑𝑁𝑖

𝑑𝑡
(𝑡) = − ∑ [(𝜆𝑖→𝑗

𝑑 + ∫ 𝜙(𝐸, 𝑡)𝜎𝑖→𝑗
𝑡𝑟 (𝐸)𝑑𝐸)𝑁𝑖]𝑗,𝑖≠𝑗 + ∑ [(𝜆𝑗→𝑖

𝑑 +𝑗,𝑖≠𝑗

∫ 𝜙(𝐸, 𝑡)𝜎𝑗→𝑖
𝑡𝑟 (𝐸)𝑑𝐸)𝑁𝑗]     (3) 
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where i denotes the nuclei of interest, j denotes another type of nuclei, N is the number 

of nuclei, t is time, λ is the exponential decay constant, Φ is the neutron flux, 𝜎𝑖→𝑗
𝑡𝑟 (𝐸) is 

the microscopic transmution cross section (i.e. the cross section for transmuting isotope 

i to j) and E is the energy [9]. 

The equation describes the rate of change in the number of nuclei. The production 

happens from other nuclei decaying into the nuclei of interest, whereas the decrease in 

nuclei happens from the nuclei decaying into other nuclei. 

2.1.4 Multiplication Factor, keff and kinf 

The chain reaction in a nuclear reactor is maintained by neutrons. Neutrons are formed 

by fission, and disappear from the reactor from either absorption in a nucleus or by 

leakage. If more neutrons are formed than the number of neutrons that are absorbed or 

leak out of the reactor, the power of the reactor increases. If fewer neutrons are formed 

than the number that disappears, the power decreases. If formation and disappearance 

are equal, the power remains the same. During normal operation, the latter is desired. 

The number of neutrons formed in each neutron generation is expressed by the 

multiplication factor k, which is defined as equation 4 below [8]. 

𝑘 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑖𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑛𝑒𝑢𝑡𝑟𝑜𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑖𝑛 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑛𝑒𝑢𝑡𝑟𝑜𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
  (4) 

From k the expected change in power can be derived. If k>1 the power increases, if k<1 

the power decreases and if k=1 the power remains the same. The amount with which k 

differs from 1 is called reactivity, defined as 

𝜌 =
𝑘𝑒𝑓𝑓−1

𝑘𝑒𝑓𝑓
      (5) 

and is often measured in pcm, 10-5 [8]. 

There are two denotations of k; keff and kinf, where the former is the multiplication factor 

of an actual, finite reactor and the latter is the multiplication factor in an infinite reactor. 

The difference between the two is that keff takes neutron leakage into consideration, 

whereas kinf does not [7]. 

Two-group diffusion theory divides different neutron energies into two groups; fast 

neutrons and thermal neutrons [7], see also section 2.2.1. In this theory keff can be 

described as  

𝑘𝑒𝑓𝑓 =
𝜈𝑓Σ𝑓𝑓Φ𝑓+𝜈𝑡Σ𝑓𝑡Φ𝑡

−𝐷𝑓𝛻2Φ𝑓−𝐷𝑡𝛻2Φ𝑡+Σ𝑎𝑓Φ𝑓+Σ𝑎𝑡Φ𝑡
=

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑏𝑦 𝑓𝑖𝑠𝑠𝑖𝑜𝑛

𝐿𝑒𝑎𝑘𝑒𝑑 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠+𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠
 (6) 

where νf is the number of neutrons per fission for fast neutrons, νt is the number of 

neutrons per fission for thermal neutrons, Σff is the macroscopic fission cross section for 

fast neutrons, Σft is the macroscopic fission cross section for thermal neutrons, Φf is the 
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neutron flux of fast neutrons, Φt is the neutron flux of thermal neutrons, Df is the 

diffusion constant for fast neutrons, Dt is the diffusion constant for thermal neutrons, 𝛻2 

is the Laplace operator, Σaf is the macroscopic absorption cross section of fast neutrons 

and Σat is the macroscopic absorption cross section of thermal neutrons [9]. 

The diffusion constant D describes how fast particles diffuse [8] and is defined as, 

𝐷 =
1

3Σ𝑠
      (7) 

where Σs is the macroscopic scattering cross section [7].  

2.2 Reactor Calculations 

2.2.1 Grouped Cross Sections 

Since cross sections are dependent on the neutron energy, this needs to be accounted for 

in core calculations. This is often done via the multi-group neutron diffusion theory, in 

which neutrons are divided into several energy groups [12]. Each group is then studied 

as representing one energy and mean cross sections for the corresponding energy 

intervals are used [12]. It is common to use only two energy groups in calculations, 

referred to as the two-group diffusion theory, which yields surprisingly accurate results 

[7]. This two-group diffusion theory is used in equation 6. 

Despite most reactor concepts being based on heterogeneous concepts, homogenized 

cross sections are often used in calculations [9]. This means that an average cross 

section is used for a homogenous mix of fuel and moderator. 

There are several core calculation programs based on the multi-group theory [12]. 

Among the programs using the multi-group theory are Westinghouse’ programs 

PHOENIX and POLCA. 

2.2.2 Pin Power Maps 

A pin power map shows the relative power of each pin in a fuel assembly. This is 

defined as, 

𝑃𝑟 =
𝑃𝑝𝑖𝑛

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒
      (8) 

where Pr is the relative power of the pin, Ppin is the actual power of the pin and Paverage is 

the average power in the fuel assembly. Since both Ppin and Paverage have the unit W, Pr 

is unitless. The pin power varies with enrichment and burn up [12]. Each year, 

approximately 25 % of the fuel is changed, the fresh fuel is then placed in relation to the 

older fuel as to create an even power distribution [12]. An example of a pin power map 

is shown in figure 1 below. 
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Figure 1: A pin power map showing the relative power of each pin.  

Since a fuel assembly usually is diagonally symmetric, only information for half of the 

assembly is stored. A zero in the map denotes a non-fuel rod, e.g. a control rod or a 

water pin. 

The information regarding relative pin power is used to calculate the internal form 

factor, Fint, which is defined as, 

𝐹𝑖𝑛𝑡 =
𝑃𝑚𝑎𝑥

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒
     (9) 

where Fint is the internal form factor, Pmax is the maximum power in the fuel assembly 

and Paverage is the average power in the fuel assembly. Fint is also unitless. 

The linear heat generation rate is highly dependent on the internal form factor [13], 

which has to be kept within limits to not cause damage to the cladding [7]. 

2.2.3 PHOENIX 

PHOENIX is Westinghouse’ deterministic, two-dimensional multi-group transport 

theory computer program, which exists in various versions, the latest being PHOENIX5. 

The first version was written between 1973 and 1975, and has been in use since 1976 

[14]. PHOENIX solves the transport theory and the Bateman equation, described in 

sections 2.1.2 and 2.1.3 respectively. Input for PHOENIX include reactor geometry, fuel 

enrichment, burn up and reactor materials, among other things. PHOENIX treats all 

material regions separately [14] and accepts any number of energy groups as input [6]. 

PHOENIX can simulate both BWR and PWR fuel assemblies and the program provides 

the tables and other physics constants needed for Westinghouse’ three-dimensional core 

simulator POLCA [6]. Some of the output from PHOENIX going into POLCA are; fuel 

assembly reactivity and isotopies, pin-by-pin power and flux distributions, two-group 

homogenized cross sections, control rod cross sections and xenon microscopic cross 

sections [6]. 

2.2.4 Coupling PHOENIX to POLCA 

POLCA is Westinghouse’ deterministic, three-dimensional code for simulating the 

neutronic, thermal and hydraulic behaviour of a BWR reactor core [15]. While 

PHOENIX calculates a single fuel assembly, POLCA calculates the entire reactor core. 
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The latest version is POLCA8, launched during 2017. POLCA solves the two-group 

diffusion theory [15]. POLCA can be used for bundle design, control rod sequence 

design, reactivity coefficients calculation and fuel depletion, among other things [15].  

POLCA uses the cross section tables generated by PHOENIX as input [15], compacting 

these tables could improve the simulation time needed. A schematic of how the 

presented compacting method will be used in combination with PHOENIX and POLCA 

is shown in figure 2 below. 

Figure 2: a schematic showing how the compacting fits with PHOENIX and POLCA. 
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3. Method  

The tables produced by PHOENIX contain a large number of entries; in the 3D case 

they may contain 2000 entries or more. These tables are grouped after content, for 

example; all cross section tables are grouped, and all discontinuity factors are grouped. 

These table groups are not to be confused with grouped cross sections, as described in 

section 2.2.1. 

Each group of tables needs the same number of entries in every table in the group for 

them to be compatible with POLCA. The compacting was therefore unique for each 

group, but not for each table; i.e. every table included in a single group had the same 

entries removed. 

By removing entries and comparing the resulting interpolation to the original 

interpolation, certain entries could be omitted and the tables thereby made smaller. In 

order to ensure that no significant accuracy was lost in the process of compacting, 

accuracy loss criterion were established, as outlined in section 3.3.  

The tables generated by PHOENIX rarely contain any anomalies, but in the case that 

they do, this affects the interpolations. An example of a table containing an anomaly is 

shown in figure 3 below. 

 

Figure 3: An example of an anomaly found in one of the tables 
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It is desirable to find these deviations and correct them, as outlined in section 3.5. This 

was done in the same code as the compacting was done. 

In addition to these larger anomalies, the tables generated by PHOENIX also contain a 

certain amount of noise due to uncertainties in their generation. This noise was often in 

the same order of magnitude as the wanted maximum errors, meaning that almost no 

values could be removed. A method using polynomial fitting was tested for removal of 

the noise, as described in section 3.6.  

3.1 Computer Programs Used 

The task of compacting, finding and excluding any deviant values and removing noise 

was carried out primarily by using the programming language MATLAB, where two 

main codes were written. One which interpolates in 1D, 2D and 3D between the 

numerical data found in the tables, and one which removes noise, compacts the tables, 

finds deviant values and excludes these, and confirms that the accuracy loss criterion are 

met.  

3.2 Method of Interpolation 

Westinghouse uses both linear and quadratic interpolation for extracting the desired 

values from the tables. In order to compare the interpolations of the compacted tables 

and the full-scale tables, an interpolation code was also needed in MATLAB.  

Two codes were written in MATLAB, one for linear interpolation and one for quadratic 

interpolation. These codes find the closest values to the wanted value in every 

dimension and interpolates according to the appropriate dimension.  

3.2.1 Linear Interpolation 

A linear interpolation approximates a curve in a small area to be linear, with a constant 

slope. The interpolation is then made along the constant slope. The number of values 

needed for interpolation is given by 

𝑉 = 2𝑛      (10) 

where V is the number of values needed for interpolation and n is the order of 

dimension. In 1D this means that 2 values, preferably the ones closest to the wanted 

value, are needed to interpolate. In 2D this means that 4 values are needed, and 8 values 

are needed to do a linear 3D interpolation. Figure 4, shown below, illustrates a two-

dimensional case. 
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Figure 4: A schematic showing that 4 values are needed for linear 2D interpolation. 

The black dot marks the wanted value, the green and yellow dots mark the closest 

actual values. Picture ref [16]. 

3.2.2 Quadratic Interpolation 

A quadratic interpolation approximates a curve in a small area to a quadratic equation, 

as defined by equation 11 below. 

𝑦 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐     (11) 

The interpolation is performed along this approximate curve. Since there are three 

unknown variables, a, b and c, three points are needed to do an interpolation in 1D. The 

number of values needed for interpolation in each dimension is given by 

𝑉 = 3𝑛      (12) 

where, similarly to the equation for linear interpolation, V is the number of values 

needed and n is the order of dimension. This means that 3 values are needed for 

quadratic interpolation in 1D, 9 points are needed for quadratic interpolation in 2D and 

27 points are needed for interpolation in 3D. 

3.3 Method of Finding Accuracy Loss Criterion 

To determine that no significant accuracy is lost in the compaction, accuracy loss 

criterion were established. Interpolations using the full-scale table were compared to the 

same interpolations using the compacted table, as described in section 3.4.1. This is 

done after the full-scale table and the compacted table have been searched for deviant 

values and have had noise removed, as described in section 3.5 and 3.6 respectively.  
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3.3.1 Accuracy Loss Criterion of Cross Section Tables 

In order for the simulations to produce an acceptable result, it is important that the error 

of the multiplication factor resulting from the compacted tables is not too big. From the 

two-group diffusion theory the following expression of k can be derived, 

𝑘𝑖𝑛𝑓 =
𝜈Σ𝑓𝑓+𝜈Σ𝑓𝑡

Σ𝑠
Σ𝑎𝑡

Σ𝑎𝑓+Σ𝑠
     (13) 

where Σs is the macroscopic scattering cross section, and other variables are as 

mentioned in section 2.1.2. A complete derivation of this equation can be found in 

Appendix A.  

In order for the results to stay within limits, the accuracy loss criterion was set to 

Δkinf <10 pcm. A unique Δkinf was calculated for each variable on the right-hand side of 

equation 13, by finding the derivatives of the equation with respect to each variable. 

Each calculated Δkinf has to be lower than the accuracy loss criterion. The resulting 

equations are found below; 

∆𝑘𝑖𝑛𝑓 =
∆𝜈Σ𝑓𝑓

Σ𝑎𝑓+Σ𝑠
     (14) 

∆𝑘𝑖𝑛𝑓 =
Σ𝑠∗∆𝜈Σ𝑓𝑡

Σ𝑎𝑡(Σ𝑎𝑓+Σ𝑠)
     (15) 

∆𝑘𝑖𝑛𝑓 = − 
𝜈Σ𝑓𝑡∗Σ𝑠∗∆Σ𝑎𝑡

Σ𝑎𝑡
2(Σ𝑎𝑓+Σ𝑠)

     (16) 

∆𝑘𝑖𝑛𝑓 = ∆Σ𝑠
𝜈Σ𝑓𝑡∗Σ𝑎𝑓−𝜈Σ𝑓𝑓∗Σ𝑎𝑡

Σ𝑎𝑡(Σ𝑎𝑓+Σ𝑠)
2     (17) 

∆𝑘𝑖𝑛𝑓 = − ∆Σ𝑎𝑓

𝜈Σ𝑓𝑓+𝜈Σ𝑓𝑡
Σ𝑠

Σ𝑎𝑡

(Σ𝑎𝑓+Σ𝑠)
2     (18) 

As an example of how equations 14-18 were found, a full derivation of equation 14 can 

be found in Appendix B. 

3.3.2 Accuracy Loss Criterion of Remaining Tables 

For the table groups which did not contain cross section values, the accuracy loss 

criterion were established by experts at Westinghouse. These were between 10-2 and  

10-3. The exact criterion can be found in Appendix C. 
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3.4 Method of Compacting 

3.4.1 Comparing the Resulting Interpolations 

In order to establish the accuracy loss of the compacted table groups which do not 

contain cross sections, the difference between the interpolation using the full-scale 

tables and the interpolation using the compacted tables has to be known. 

Each table has up to 3 dimensions, which usually are; burn-up, density and density 

history. A table of 3 dimensions usually has 56 grid-points of burn-up, 9 grid-points of 

coolant density and 4 grid-points of coolant density history. Each combination from any 

of these grid-points corresponds to a value in the table. If any other values of burn-up, 

density or density history are wanted than those present in the dimension grid-points, an 

interpolation must be done between values corresponding to the closest grid-points. 

Therefore, linearly randomized vectors of size 3000 with values of the dimensions (i.e. 

often burn-up, density and density history) are used to test the resulting interpolations. 

These vectors are used as input for interpolation using both the compacted tables and 

the full-scale tables. The difference between the interpolations are then compared. 

The difference between the resulting interpolation and the original interpolation is 

defined as 

|𝐼𝑛𝑡𝑜𝑟𝑔−𝐼𝑛𝑡𝑛𝑒𝑤|

�̅�
< 𝐶      (19) 

where Intorg is the interpolation using the full scale table, Intnew is the interpolation using 

the compacted table, �̅� is the mean value of the full scale table and C is the established 

accuracy loss criterion.  

As described in the beginning of section 3, every table included in a certain table group 

needs the same compacting. Therefore, the compacting is only deemed acceptable if the 

difference described in equation 19 is smaller than the established accuracy loss 

criterion for every table in the table group. 

3.4.2 The Design of the Compacting Code 

For each dimension, each dimension entry and the corresponding table values are 

deleted one at a time in every table. The resulting tables are then compared to the full-

scale tables as described in section 3.4.1, to see which removed entries produce an 

acceptable result.  

All entries which, for each table, produce acceptable results are then omitted all at once. 

If the resulting tables do not produce acceptable results, the code makes sure that no 

adjacent values are omitted. If a number series is found where two or more adjacent 

values have been omitted, every other value of this number series is put back into the 

table, starting with the second value in the series. If this still does not produce an 
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acceptable result, every third omitted value is put back into the table, starting with the 

third omitted value. This is then repeated until an acceptable result is reached. 

When a satisfactory compaction has been found, the entire method is repeated, until no 

further values are found which can be omitted. 

A schematic of the compacting code is shown in figure 5 below. 

 

Figure 5: A schematic of one iteration of the compaction code 

3.5 Method of Finding Deviant Values 

In order to find any deviant values in the tables generated by PHOENIX it was assumed 

that no adjacent values would be deviant. This would mean that any deviant value 

would; 

1) Be a local maximum or minimum, and 

2) Differ by a larger amount from the adjacent values than other maximum and 

minimum values. 

 

The code was therefore constructed to find values that meet both of these criteria.  

The deviation of each value is measured as the difference between the mean of the 

adjacent values and the actual value, compared to the mean difference between values in 

the table, see equation 20 below, 
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|
𝑇(𝑗−1)+𝑇(𝑗+1)

2
− 𝑇(𝑗)| > 𝑥 ∗

1

𝑛
∑ |𝑇(𝑗 − 1) − 𝑇(𝑗)|𝑛

𝑗=1    (20)  

where T is the table, x marks the amount by which a value should differ to be 

considered an anomaly and n is the number of values in a table. 

The method was tested on all tables, increasing the value of x until an acceptable 

compromise was met between finding enough deviant values while keeping the number 

of false positives low. It was found that some table groups contain tables which change 

so rapidly, that comparing them in the same manner to other tables, or at all trying to 

determine any anomalies in them, was found impossible. An example of such a table is 

shown in figure 6 below. 

Figure 6: A table which changes so rapidly it is impossible to differentiate any deviant 

values 

Since finding any deviant values in these tables was found impossible, and to find a 

method which would work for all tables, the table groups which contain this kind of 

behaviour, were excluded from the anomaly-finding code. With these excluded, x was 

set to 14, i.e. a point should differ by at least 1400 % compared the mean difference 

between values, to be considered a deviant value.  

While it is likely that there are deviant values that will not be found when using this 

criterion of x, the number of false positives given by the method increases rapidly if the 

criterion is lowered. However, the smaller anomalies are smoothed out in the noise 

removing part of the code, described in section 3.6. 
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When the code is run, each anomaly found is replaced by a new, interpolated value and 

a warning is displayed to the user. 

3.6 Method of Removing Noise 

In order to remove the noise inherent to the tables, polynomial fitting is used to smooth 

out any deviations. This is done in the burn-up dimension. Each table as a whole does 

not in general act as a polynomial of any degree, but it was found that they do act as 

polynomials if split into smaller parts. Each table was divided into four splines, two of 

length 13 and two of length 14, with three points overlapping for each joint, resulting in 

one spline of length 15, two of length 16 and one of length 17. These were then 

individually fitted to a polynomial. The appropriate polynomial degree was found by 

leave-one-out cross validation, as described in section 3.6.1. 

New tables were then generated from the resulting polynomials. The joints were 

interpolated between the two overlapping polynomials. An example of a polynomial 

fitting is shown in figure 7 below. A residual plot is shown in section 4.3. 

 

Figure 7: An example from a table showing the polynomial fitting 

3.6.1 Leave-One-Out Cross Validation 

When fitting polynomials to data points, there is always a risk of overfitting. In general, 

for each number N of data points there is polynomial of degree N-1 which perfectly fits 
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these points [17]. However, this does not necessarily mean that the polynomial 

describes the actual behaviour of the data. This can be seen in figure 8 below. 

 

Figure 8: A number of data points fitted both to a polynomial and a linear function. 

While the polynomial fits each data point, the linear function is more likely to 

accurately predict future behaviour if extrapolated. Picture ref [18]. 

One way of avoiding overfitting is by cross validation. Cross validation is a method of 

finding accurate polynomials by using one set of the data for fitting, while using another 

for validating the fit [19]. A polynomial which can accurately predict the validation data 

is likely a good fit.  

Leave-one-out cross validation works in a similar manner, but only uses one data point 

at a time for validation data [19]. This is then looped until each value has been used as 

validation data, and the polynomial degree which best predicted each point is chosen. 

This method was used for this project.  

In the code, each value in the tables is used in turn as validation data. Polynomial 

degrees from 1 to 11 are tested. The difference between the actual validation point and 

the prediction by the polynomial fitting is stored in a vector for each polynomial degree 

and validation point. These differences are then summed together for every used 

validation data point, as described in equation 21 below, 

∑ (𝑥𝑗 − 𝑖𝑗)2𝑛
𝑗=1      (21) 

where x denotes a validation point and i denotes the prediction of the same point by the 

polynomial fitting. The sum is made for every validation point, 1 to n. This sum is made 
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for each polynomial degree tested, and the degree with the lowest sum is used for 

fitting. 

3.6.2 Overshoots 

Some of the tables contain an overshoot in the very first values; these are not errors. 

However, they have a big effect on the polynomial fitting. For the polynomials to 

include this first point, they require a high polynomial degree. This might lead to 

overfitting and shaky behaviour particularly around the last points. To get a smoother 

fit, the first values were omitted from the polynomial fitting and simply kept the same 

value as generated. An example of an overshoot is shown in figure 9 below.   

 

Figure 9: An example of an overshoot. The red line is a polynomial fitting of every 

point, causing a high polynomial degree and shaky behaviour. The blue line is a 

polynomial fitting where the first point has been excluded. This lowers the polynomial 

degree and gives a better fit. 
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4. Results 

4.1 Compaction 

All 77 table groups were compacted using the code, with test vectors of size 3000. It 

was found that when using the criterion of Δkeff < 10 pcm and the individually set 

criterion for each table group, ranging from 10-2 and 10-3, see Appendix C, a total of 

86 % of all values can be removed. For each individual table group, 25-99 % of all 

values can be removed.  

For pin power maps, a total of 96 % of all values can be removed when using an 

accuracy loss criterion of 10-2 for all pin power maps. For each individual pin power 

map, 93-99 % of all values can be removed. 

However, the amount which can be removed varies greatly with the chosen accuracy 

loss criterion. When using an accuracy loss criterion of 10-3 for all table groups, only 

20 % can be removed in total and the individual removal rates ranges to 0-88 %. 

4.2 Finding deviant values 

The total number of table groups excluded from the anomaly-finding code, due to shaky 

behavior, see figure 6, was 14 out of 77. When using x=14 in equation 20, as described 

in section 3.5, the total number of values named as deviant by the code is 77. Each of 

these were studied by visual inspection, to judge whether they are truly deviant or false 

positives. It was judged that 44 of the values are deviant, while 21 are false positives 

and 12 are impossible to judge as either. 

The 12 values which were not judged as either deviant or false positives were all part of 

rapidly changing tables, which made it hard to say if they were in fact correct or not. 

The table groups containing these tables were not removed with the other rapidly 

changing tables due to having a low number of tables of the sort. 

4.3 Noise Removal 

The compaction code determines which polynomial degree to use for the polynomial 

fitting, in order to reduce the noise. This is done with leave-one-out cross validation as 

described in section 3.6. The resulting degrees and how often they were chosen by the 

code is shown in table 1 below. 
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Table 1: The different polynomial degrees used for fitting 

Polynomial degree Quantity Percent 

1 17 234 16.9 % 

2 13 419 13.2 % 

3 11 302 11.1 % 

4 16 279 16.0 % 

5 7584 7.4 % 

6 6117 6.0 % 

7 10 065 9.9 % 

8 3971 3.9 % 

9 3816 3.7 % 

10 3613 3.5 % 

11 8641 8.5 % 

Sum 102 040 100 % 

 

A residual plot shows how well a fitting represents the data. In a residual plot, the 

difference between the fitting and the data points is plotted with the independent 

variable. If the fit is good, the differences should be close to zero, and in this case, if the 

noise present in the data is truly random, the mean of the differences should be close to 

zero. Figure 10 below shows an example of a residual plot.  
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Figure 10: An example of a residual plot of table D2. The different colors denote the 

different splines, with unique polynomial fittings. 

Figure 10 shows that there is an observable structure to the residual plot, meaning that 

the method used for noise removal is not in fact removing noise, but rather adding a 

systematic noise. Had the method been working as intended, the residual plot would 

have values alternating between negative and positives values in a completely random 

manner. This means that the method tested cannot be used for noise removal. This is 

further discussed in section 5.4.  

Two more examples of residual plots are shown in Appendix D, showing similar 

patterns. 
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5. Discussion 

5.1 Results 

The results were obtained when using the method for noise removal described in section 

3.6. Since this method has been shown to not work as intended, the results can only be 

seen as a pointer of how much data can actually be removed. For a complete result, 

some other method of noise removal would need to be used. 

That being said, it is interesting to note the large difference in the number of values 

which can be removed, depending on the accuracy loss criterion chosen. Going from an 

accuracy loss criterion of 10-3 overall, to individual criterion ranging between 10-2 and 

10-3, increases the amount which can be removed from 20 % to 86 %. This shows that 

the results are quite sensitive, and that it is important to choose a criterion which is 

acceptable. When a total of 86 % can be removed from the table groups, or 96 % from 

the pin power maps, perhaps one should consider a lower criterion. This would make 

the final interpolations more accurate, while still removing a significant amount of data 

from the tables. 

The most common polynomial degree used for polynomial fitting is 1, but the spread 

usually varies between 1 and 4. The percent usage of degree 11 is considerably higher 

than the degrees closest to it, i.e. degree 10, 9 and 8. This is likely due to the rapidly 

changing tables, illustrated in figure 6. This behavior can likely not be described by any 

lower polynomial degree, and it is questionable whether these tables gain anything from 

the polynomial fitting – the entire tables are most likely wrong. 

5.2 Compacting 

The vectors used for testing the accuracy loss of the compaction was in this project of 

size 1000 when developing the method, whereas vectors of size 3000 were used for the 

results. The difference in size was due to time constraints; the run time of the code 

increases linearly with the size of the vectors. Test vectors of size 1000 were therefore 

deemed as good enough for testing the code workings and getting preliminary results, 

but not for getting proper results. The accuracy of the results increases with larger 

vectors, but the time consumed needs to be considered. Therefore, vectors of size 3000 

were deemed a reasonable compromise.  

5.3 Deviant Values 

One limitation of the method used for finding deviant values is that it cannot find 

deviant values which are adjacent, since it assumes that any deviant value is a maximum 

or minimum. Should there exist two deviant values in adjacency to each other, the 

method used in this project, at best, only finds one of them. This problem can be solved 
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by running this part of the code twice; the first time it will find the bigger anomaly, and 

the second time it would find the smaller one. 

Another limitation of the method is that it finds false positives, which means that each 

found anomaly must be studied manually to determine whether it really is an anomaly 

or not. Because of this, the method also is constricted in the number of anomalies it 

finds – in order to avoid a large number of false positives, the number of actual 

anomalies found is lowered. This means that smaller errors might still be present in the 

tables even after the correction. However, it is likely that these smaller errors are 

smoothed out during the noise removal. 

5.4 Polynomial Fitting 

The residual shown in figure 10 shows that the method tested for noise removal does 

not actually remove noise, but likely adds noise in a systematic way. It is likely that the 

polynomials are overfitted, despite using Leave-one-out cross validation to avoid this.  

However, the noise was initially found by comparing the table values to polynomial 

fittings. Since polynomial fittings were shown to not decrease the noise, it is not 

obvious that the difference between the table values and the polynomials is in fact 

noise; it might be that this type of data does not inherently act as polynomials of any 

kind. Furthermore, even if the tables do in fact contain noise, this noise is so small that 

it is not certain that noise removal is needed. When this uncertainty exists, one should 

consider whether it is reasonable to change the values generated by PHOENIX in this 

way. It is necessary to investigate this noise further, to either find the reason for it in 

PHOENIX and correct it at its source, or to simply out rule the existence of noise 

entirely. 

This means that, if the reason for the noise cannot be corrected in PHOENIX, another 

method for removing noise needs to be used to get correct results for the compaction. 

Other methods were not tested during the scope of the project, due to time constraints. 

Methods which could be used for removing noise include filters of various kinds. 

5.5 Deviations from Original Plan 

Several changes to the original plan were made during the range of the project. 

Originally, only linear interpolation was to be used for the compacting. This was first 

and foremost to save time, but would also act as a buffer against large errors. Since 

linear interpolation is less accurate than quadratic interpolation, this would make sure 

fewer values in the tables were removed than if quadratic interpolation had been used. 

Linear interpolation was soon found to be too inaccurate for the project, and quadratic 

interpolation had to be implemented as well. 

The original plan for the compaction code was to study the derivative of the tables. This 

would show how much and how fast the parameters change. A slowly changing 
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parameter is easier to do an accurate interpolation of, and would therefore be able to be 

compacted more. This idea was abandoned in favor of a more head-on approach; 

removing one value at a time and evaluating the result. This change was done to not 

miss any entries which could be removed. 

The range of the measurement noise was not known previous to this study, therefore the 

project plan did not include finding a method for removing the noise. Therefore, only 

one such method was studied during the scope of the project, due to time constraints. 

Originally, the code was planned to be translated into the programming language 

Fortran or C++ in order to implement it with Westinghouse’ existing code. However, 

this was left out due to time constraints. This will instead most likely be done as a 

separate project at Westinghouse. 

5.6 Suggestions for Further Studies 

If there are some entries which can be removed in every table group, it is possible that 

the underlying calculation matrix in PHOENIX can be reduced to exclude these 

generated entries to begin with. This could lower the future calculation time in 

PHOENIX. A suggestion for a future study is therefore to investigate this possibility. 

The deviant values found during the study were not known previous to this project, 

neither were the rapidly changing tables as illustrated in figure 6. It is known that they 

are generated by PHOENIX, but it is not known why. A suggestion for a future study 

would be to backtrack each found anomaly and deviant table to PHOENIX and correct 

the underlying cause of these anomalies.  

Another error caused by PHOENIX is the generated noise, which was not known before 

this study. However, it is not certain that the noise exists, as discussed in section 5.4. 

Therefore, it would be interesting to follow up the found noise and try to find the cause 

in PHOENIX and possibly correct or reduce the generated noise at its source. Should no 

cause be found, it would be interesting to do the compaction without noise removal, and 

see if this changes the results. 
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6. Conclusions 

In this work, a method has been developed for compacting the output from 

Westinghouse’ computer program PHOENIX. The purpose of this was to reduce the 

storage needed for the data and to shorten the simulation time needed in POLCA, a 

program which uses the output from PHOENIX as input. In doing this, one secondary 

purpose was also fulfilled; to find and replace any anomalies found in the data. An 

attempt was made to fulfil another secondary purpose; to reduce noise which exists in 

the data from PHOENIX. However, the method tested for this did not work as intended, 

and this purpose was therefore not fulfilled during the scope of this project. 

The compaction was done by an iterative process, which removed a combination of 

values until one was found which fulfilled the required accuracy loss criterion. The 

results show that approximately 90 % of all values can be removed. However, these 

results were obtained by using polynomial fitting for noise removal, the method which 

was shown to not work as intended. Therefore, the results can only be seen as a pointer 

as to how much data can actually be removed.  

Deviant values were found by comparing the difference between an approximated value 

to the actual value. The number of deviant values found by the code was 77, however, 

only 44 of these were judged as actually deviant. The rest were judged as either false 

positives or were impossible to judge as either deviant or false positives. 

Anomalies can be found, but the method used in this project has some limitations. A 

number of tables with a shaky behaviour means that one single method cannot be used 

on every table; these shaky tables has to be removed from this part of the code for this 

to be possible. Another limitation of the method is that it generates false positives, 

meaning that all values named as deviant by the code must be studied manually to 

determine whether they are actually deviant or not. To limit the amount of values to 

study, the criterion for finding these deviant values needs to be limited; smaller errors 

will therefore not be found. Lastly, should there be any adjacent deviant values, the 

method can only find one of them. It would therefore be desirable to improve this 

method, to try and eliminate these problems. 

An important contribution of this work is the systematic study of the PHOENIX output 

and the different features that were found in the data in doing so. The important findings 

are; the existence of noise, the existence of deviant values and the existence of very 

shaky tables which are likely to be entirely wrong. Neither of these problems were 

known prior to this study. It is desirable to find the cause of these issues in PHOENIX, 

so that they can be fixed at their source; this could eliminate the need for noise and 

anomaly removal in the compaction code and would also increase the accuracy of the 

reactor simulations using PHOENIX and POLCA.  
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Appendix A – Derivation of Equation 13 

Equations 13, 

𝑘𝑖𝑛𝑓 =
𝜈Σ𝑓𝑓+𝜈Σ𝑓𝑡

Σ𝑠
Σ𝑎𝑡

Σ𝑎𝑓+Σ𝑠
     (13) 

can be derived from the two-group diffusion theory. Using equation 6, 

𝑘𝑒𝑓𝑓 =
𝜈𝑓Σ𝑓𝑓Φ𝑓+𝜈𝑡Σ𝑓𝑡Φ𝑡

−𝐷𝑓𝛻2Φ𝑓−𝐷𝑡𝛻2Φ𝑡+Σ𝑎𝑓Φ𝑓+Σ𝑎𝑡Φ𝑡
   (6) 

where νf is the number of neutrons per fission for fast neutrons, νt is the number of 

neutrons per fission for thermal neutrons, Σff is the macroscopic fission cross section for 

fast neutrons, Σft is the macroscopic fission cross section for thermal neutrons, Φf is the 

neutron flux of fast neutrons, Φt is the neutron flux of thermal neutrons, Df is the 

diffusion constant for fast neutrons, Dt is the diffusion constant for thermal neutrons, 𝛻2 

is the Laplace operator, Σaf is the macroscopic absorption cross section of fast neutrons 

and Σat is the macroscopic absorption cross section of thermal neutrons [1]. 

Since kinf is wanted, the leakage can be ignored in equation (6), leaving 

𝑘𝑒𝑓𝑓 =
𝜈𝑓Σ𝑓𝑓Φ𝑓+𝜈𝑡Σ𝑓𝑡Φ𝑡

Σ𝑎𝑓Φ𝑓+Σ𝑎𝑡Φ𝑡
     (B.1) 

Since neutrons do not disappear, a balance of neutrons can be assumed. The two-group 

diffusion theory divides neutrons into two groups; fast neutrons and thermal neutrons. 

Each group’s neutron balance can be described using the following equations [1]; 

−𝐷𝑓𝛻2𝜙𝑓 − (Σ𝑎𝑓 + Σ𝑠)Φ𝑓 + 𝜈𝑓Σ𝑓𝑓Φ𝑓 + 𝜈𝑡Σ𝑓𝑡Φ𝑡 = 0  (B.2) 

−𝐷𝑡𝛻2𝜙𝑡 − Σ𝑎𝑡Φ𝑡 + Σ𝑠Φ𝑓 = 0    (B.3) 

Equation B.2 describes the neutron balance of the fast neutron group, where neutrons 

can be lost by leakage, absorption and scattering, causing the neutrons to slow down 

and transfer into the thermal group. Neutrons in the fast group are gained by fission. 

Equation B.3 describes the neutron balance of the thermal neutron group, where 

neutrons can be lost by leakage and absorption. Neutrons in the thermal group can only 

be gained by the scattering of fast neutrons. 

Since kinf is wanted, the leakage can be ignored, leaving 

−(Σ𝑎𝑓 + Σ𝑠)Φ𝑓 + 𝜈𝑓Σ𝑓𝑓Φ𝑓 + 𝜈𝑡Σ𝑓𝑡Φ𝑡 = 0   (B.2.1) 

−Σ𝑎𝑡Φ𝑡 + Σ𝑠Φ𝑓 = 0     (B.3.1) 
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Solving equation B.3.1 for Φ2 gives, 

Φ𝑡 =
Σ𝑠Φ𝑓

Σ𝑎𝑡
      (B.4) 

Substituting Φt according to equation B.4 into equation B.1 gives 

𝑘𝑒𝑓𝑓 =
𝜈𝑓Σ𝑓𝑓Φ𝑓+𝜈𝑡Σ𝑓𝑡

Σ𝑠Φ𝑓

Σ𝑎𝑡

Σ𝑎𝑓Φ𝑓+Σ𝑎𝑡

Σ𝑠Φ𝑓

Σ𝑎𝑡

    (B.5) 

From equation B.5, Φf cancels out, giving the wanted equation: 

𝑘𝑖𝑛𝑓 =
𝜈𝑓Σ𝑓𝑓+𝜈𝑡Σ𝑓𝑡

Σ𝑠
Σ𝑎𝑡

Σ𝑎𝑓+Σ𝑠
     (13) 
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Appendix B – Derivation of Equation 14 

Equation 14, 

∆𝑘𝑖𝑛𝑓 =
∆𝜈Σ𝑓𝑓

Σ𝑎𝑓+Σ𝑠
     (14) 

is derived by finding the derivative of equation 13,  

𝑘𝑖𝑛𝑓 =
𝜈Σ𝑓𝑓+𝜈Σ𝑓𝑡

Σ𝑠
Σ𝑎𝑡

Σ𝑎𝑓+Σ𝑠
     (13) 

with respect to νΣff. Separating the numerator from the denominator gives; 

𝑘𝑖𝑛𝑓 = (𝜈Σ𝑓𝑓 + 𝜈Σ𝑓𝑡
Σ𝑠

Σ𝑎𝑡
) ∗

1

Σ𝑎𝑓+Σ𝑠
    (C.1) 

which when applying rules of derivation gives, 

𝑑𝑘𝑖𝑛𝑓

𝑑𝜈Σ𝑓𝑓
= (1 + 0) ∗

1

Σ𝑎𝑓+Σ𝑠
=

1+0

Σ𝑎𝑓+Σ𝑠
=

1

Σ𝑎𝑓+Σ𝑠
   (C.2). 

Solving for dkinf and substituting the infinitesimal d for a measurable Δ, gives equation 

14; 

∆𝑘𝑖𝑛𝑓 =
∆𝜈Σ𝑓𝑓

Σ𝑎𝑓+Σ𝑠
     (14) 

Equation 15 to 18 were derived in a similar manner. 
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Appendix C – Accuracy Loss Criterion 

Table group Criterion Pin map Criterion 

BAXS 10-2 CHIPPM 10-2 

BAXSCR 10-2 CHOPPM 10-2 

BAXSCR2 10-2 CPPOW1_1 10-2 

BAXSCR3 10-2 CPPOW1_2 10-2 

BAXSCR4 10-2 CPPOW1_3 10-2 

CBHIDF 10-2 CPPOW1_4 10-2 

CBHISO 10-3 CPPOW2_1 10-2 

CBHODF 10-2 CPPOW2_2 10-2 

CBHSAXE 10-2 CPPOW2_3 10-2 

CBHXS 10-2 CPPOW2_4 10-2 

CRDEPL 10-2 DPFMCR_1 10-2 

CRDEPL3 10-2 DPFMCR_2 10-2 

CRDEPL4 10-2 DPFMCR_3 10-2 

CRFDOP 10-2 DPPMCR 10-2 

CRFDOP2 10-2 DPPMCR_2 10-2 

CRFDOP3 10-2 DPPMCR_3 10-2 

CRFDOP4 10-2 DPPMCR_4 10-2 

CRHDOP 10-2 PINBUR 10-2 

CRHDOP2 10-2 PINFM 10-2 

CRHDOP3 10-2 PINPOW 10-2 

CRHDOP4 10-2 PPOW1 10-2 

DETAB1 10-3 PPOW2 10-2 

DETAB2 10-3   

DIFFBO 10-2   

DIFFCR 10-2   

DIFFCR2 10-2   

DIFFCR3 10-2   

DIFFCR4 10-2   

DIFFSG 10-2   

DISFAC 10-2   

DISFCR 10-3   

DISFCR2 10-3   

DISFCR3 10-3   

DISFCR4 10-3   

DOPPCR 10-2   

DOPPCR2 10-2   

DOPPCR3 10-2   

DOPPCR4 10-2   

DOPPXS 10-2   

DYNAM 10-3   

DYNAMCR 10-2   

DYNAMCR2 10-2   

DYNAMCR3 10-2   

DYNAMCR4 10-2   
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ENEDEP 10-2   

ENEDEPCR 10-2   

ENEDEPCR2 10-2   

ENEDEPCR3 10-2   

ENEDEPCR4 10-2   

FDATA 10-2   

FINT 10-3   

FPRDOP 10-2   

FPROCR 10-2   

FPROCR2 10-2   

FPROCR3 10-2   

FPROCR4 10-2   

FPROXE 10-2   

FPROXS 10-3   

HISDOP 10-2   

HISTCR 10-2   

HISTCR2 10-2   

HISTCR3 10-2   

HISTCR4 10-2   

HISTXE 10-2   

HISTXS 10-3   

IMPFAC 10-3   

IMPFCR 10-2   

IMPFCR2 10-2   

IMPFCR3 10-2   

IMPFCR4 10-2   

ISOTOP 10-3   

XENOCR 10-2   

XENOCR2 10-2   

XENOCR3 10-2   

XENOCR4 10-2   

XENON 10-2   

XSEC <10 pcm   
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Appendix D – Residual Plots 

 

 

 

 

 

 

 

 

 

 

Figure D.1: A residual plot of table NSF1. The different colors denote the different 

splines, with unique polynomial fittings. 

 

 

 

 

 

 

 

 

 

 

Figure D.2: A residual plot of table IBAR31. The different colors denote the different 

splines, with unique polynomial fittings. 


