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Populärvetenskaplig sammanfattning 
 

Det ställs höga krav på säkerhetsarbete vid drift av kärnkraftverk. Omfattande och 

kontinuerliga säkerhetsanalyser utförs i syfte att demonstrera att anläggningar 

uppfyller myndighetskrav. Därigenom minimeras risk för osäker drift. 

I svenska reaktorer består bränslet av urandioxid i cylinderformade kutsar. Dessa 

bränslekutsarna är staplade i stavrör gjorda av zirkaloy. Dessa sätts i sin tur ihop 

till bränsleknippen, där flera bränslestavar i kvadratisk formation utgör ett knippe. 

Bränsleknippena placeras bredvid varandra och utgör reaktorhärden. Normalt sett 

är bränsleknippena raka, från första laddning samt efter flera bränslecykler. 

Vid fission frigörs neutroner, som ger kedjereaktioner genom bränslet i härden. 

Sannolikheten för fission ökar för neutroner vid en viss energi. 

Energifördelningen hos neutronerna beror på mängden vatten kring bränslet, där 

neutronerna sprider och förlorar energi innan de når en klyvbar atomkärna. 

Vattenmängdens samverkan med neutroners benägenhet att klyva material kallas 

moderering.  

Ett fenomen som nyligen börjat återkomma på anläggningar i Ringhals är 

bränsleknippesböjning, som orsakas av materialegenskaper hos bränslet samt 

krafter som verkar på knippena. Av olika orsaker kan knippen fysiskt börja böja. 

Knippesböjning kan orsaka att mellanrum, fyllda med vatten mellan knippen, 

ändrar storlek och position. Detta ändrar vattenmängden mellan knippena, vilket i 

sin tur påverkar reaktiviten lokalt såväl som globalt över härden på grund av 

ändrad moderering. Knippesböjningen försvårar drift, med konsekvenser som till 

exempel risk att inte kunna skjuta in styrstavar samt försvårad bränslehantering. 

Den konsekvens som berörs i denna rapport är att böjning kan ge störd 

effektfördelning över härden, på grund av störd moderering.  

Eftersom effektfördelningen påverkas av böjning, måste knippesböjning täckas in 

i utförda säkerhetsanalyser. Effektformfaktorer mäter den relativa effekten över 

härden, till exempel bränslestaveffekt över medeleffekt i härden. Eftersom 

knippesböjning påverkar effekten lokalt i härden, det vill säga den relativa 

effekten, behöver ett straffande av effektformfaktorer ske med hänsyn till 

böjningen av knippen. Därför används straff, det vill säga påslag, för att ta hänsyn 

till knippesböjning vid härddimensioneringsberäkingar. Denna studie syftar till att 

utvärdera de nuvarande straffpåslag som används för Ringhals 3. Utvärderingen 

har genomförts genom framtagning av nya straff, vilket baserats på uppmätt 

böjdata omvandlat till realistisk data för vattenmängd mellan knippen. Detta har 

tagits fram specifikt för cykel 34, det vill säga för driftåret 2016/2017.  

Med hjälp av realistiska data har nya straff tagits fram med 

härdberäkningsprogram. För att skapa nya straffpålägg infogades påverkan av den 

ändrade modereringen i koden CASMO5, samt böjfunktioner i 

simuleringsprogrammet SIMULATE5. Wilk’s statistiska metod användes för att 

bestämma straff med 95 respektive 98 procent statistisk säkerhet.  
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Det här examensarbetet visar att de två framtagna straffen blev större än de 

nuvarande använda straffen. Båda straffen blev ungefär 10 % större jämfört med 

de nuvarande använda straffen. Detta indikerar att det nuvarande straffen är 

inaktuella för användning av härdberäkningar i Ringhals 3, med dagens 

laddningsmönster samt böjningssituation. 

Resultaten bör ses som en fingervisning för dagens situation, snarare än en 

förkastning av riktigheten hos de nuvarande straffen. Vidare undersökningar på 

området bör genomföras, för att vidareutveckla framtagningsprocessen av straff 

på effektformfaktorer samt för att kunna garantera säker drift vid olika typer av 

driftförhållanden. 

  



3  

 

 

Executive summary 
 

Evaluation of the currently used penalties has been executed, through producing 

water gap power peaking factor penalties. This have been executed for 𝐹∆𝐻, the 

radial power peaking factor, and 𝐹𝑄 , the local power peaking factor, for Ringhals 

3 with realistic water gap distribution for cycle 34. The produced penalties, in the 

order of size were 10 percent larger compared to the currently used penalties. 

Considering only the result of this cycle specific study, Vattenfall should verify 

the findings and ensure that properly dimensioned penalties are used henceforth 

during core dimensioning, for the power peaking factors 𝐹∆𝐻 and 𝐹𝑄 . 

Improvements and further work within the subject were identified during the 

thesis work. The following is suggested as further work, in order to secure the 

results obtained in the study and to investigate the impact of increased power 

peaking penalties:  

 Investigate the impact of using a 3D shape model, instead of a cosine bow 

model. Thus, enabling larger inclusions of realistic water gap data, as 

axially burn up dependent data 

 Evaluate the calculation code differences between SIMULATE5 and the 

code used by WEC to produce the currently used penalties 

 Evaluate the impact of perturbed coolant on the power distribution in the 

core; how increased water gaps increases the cooling of the fuel, not the 

moderation 
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Definitions 

 
Term   Description 

BOC   Beginning Of Cycle  

Burnup   Fuel usage in MWd/kgU 

Cross section   The probability of nuclear reaction  

EFPH   Equivalent Full Power Hours 

EOC   End Of Cycle  

EOFP   End Of Full Power 

F∆H   Radial Power Peaking Factor.  

The quota between maximum rod 

power and average power 

FQ   Local Power Peaking Factor. 

The quota between maximum node  

power and average power 

Fuel assembly bow  The perturbation of straight  

nominal fuel assemblies 

MOC   Middle Of Cycle  

R3   Ringhals 3 

SAR   Säkerhetsredovisning 

STF   Säkerhetstekniska förutsättningar  

PWR   Pressurized Water Reactor 

Peaking factor penalty, U  Add-on margins for peaking factors due 

to for example maximum bow 

amplitude in a reactor core 

VNF   Vattenfall Nuclear Fuel 

WEC   Westinghouse Electric Company 
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1           Introduction 

 
The first indication of fuel assembly bow was observed in Ringhals 4 early in 

the1990’s [1]. A number of reasons for the phenomena were raised, such as: 

 Unbalances of certain axial and lateral forces acting on the assemblies 

 Insufficient stiffness of the assembly 

 Inappropriate creep properties for the assembly skeleton 

 Initial assembly bow [2] 

 Radiation induced growth [3] 

Concerns were raised regarding the impact of the observed assembly bow on the 

in core power distribution, which affect the safety analysis of the core and plant 

operation. Westinghouse (WEC) developed a comprehensive analysis process in 

order to determine the effect of fuel assembly bow on core power distribution and 

appropriate plant margins [4]. 

By comparing the power distribution effect from bowing in the core relative to the 

same core with uniform gaps, certain power peaking penalties correlated to 

assembly bow were determined [5].  

Changes were made to solve the problems, and fuel assembly bow could be 

reduced to acceptable levels within 10 years. In recent years, these problems have 

started to occur again. In order to identify the root causes of the problems, 

Vattenfall Nuclear Fuel (VNF) and Ringhals, again started a fuel assembly bow 

project in the spring of 2017. 

1.1      Goal 
 

The goal of the master thesis is to evaluate the currently used fuel assembly bow 

penalties for the radial respectively the local power peaking factors, 𝐹∆𝐻 and 𝐹𝑄 . 

This was done by comparison of calculated power peaking factors from the 2016-

2017 cycle (C34) of Ringhals 3, with perturbed and nominal water gap 

distributions. 

1.2      Purpose and Question at Issue 
 

The work is intended to ensure that the currently used peaking factor penalties are 

sufficiently conservative. Sufficiently conservative refers to the fact that local 

power output of the fuel should not exceed the current limits. 

The question of issue for the thesis is: Are the currently used fuel assembly power 

peaking factor penalties for Ringhals 3 accurately dimensioned, with the current 

bowing situation of the fuel assemblies? 
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1.3      Delimitations 
 

The evaluation of fuel assembly bow peaking factors is performed for a specific 

reactor core, Ringhals 3. The investigation is also cycle specific, for cycle 34, the 

operative year 2016/2017. The results are neither universal, nor directly 

transferable to other reactor types. 

Fuel rod bow is not included in the evaluation, only fuel assembly bow. This is a 

simplification. The fuel pin bow can be directed opposite to the fuel assembly 

bow, adding complexity to modeling of the core. The extent of fuel rod bow in the 

core is not known well enough to be handled in the study. 

1.4      Disposition of the report 
 

The introduction, followed by goal and purpose of the project, are found in 

chapter 1. Chapter 2 includes the project background for basic knowledge about 

the concepts treated. The calculation tools used are presented and explained in 

chapter 3. The assumptions made within the project are described in chapter 4. 

The execution of the methodology is found in chapter 5. Chapter 6 presents the 

results assembled within the master thesis. Interesting findings and results related 

to the purpose of the study are further discussed in chapter 7, as well as future 

work within the field of subject. The paper ends with conclusions in chapter 8, 

with references in chapter 9. 

2         Background 

2.1      Ringhals 3 
 

Three commercial pressurized water reactors, PWR’s, are located in Ringhals, 

Sweden. One of the reactors is Ringhals 3 (R3). R3 was commissioned 

commercially in 1981 and have been in operation for almost 36 years [6] and has 

a capacity of over 1000 MW electrical effect. The calculated life span for 

Ringhals 3 is 60 years, and it thus has nearly 25 years of operation time left [7]. 

Below is the beginning of cycle (BOC) loading pattern for cycle 34 (C34) in 

Ringhals 3 shown in figure 2.1, with age and placement of the fuel assemblies, as 

well as the overall shape of the core. 
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Figure 2.1: A cross section of the R3 core with the loading pattern of BOC, cycle 34 [8]. 

Burnup is given in the unit kWd/kgU.  

In recent years, growing bow amplitudes in R3 have been detected. This affects 

the operation of the reactor in several ways.  
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2.2      Fuel Assembly Bow 
 

Due to material properties of the nuclear fuel, bending of fuel assemblies might 

occur. The physical bending of the fuel assemblies in the core is called fuel 

assembly bow. The bow is categorized as C-, S- and W-bow, indicating the shape 

of the bow. S- and C-bow, compared to a nominal straight assembly, is shown 

below in figure 2.2 [2]. 

         

Figure 2.2: S-shaped, nominal and C-shaped assemblies. The fuel assembly bow in the 

figure is due to deformation of irradiation growth and loaded forces [9]. 

The bow shape can be explained in terms of a cosine curve. The C-shaped bow 

can be compared to half of a cosine curve period. The S-shape is equivalent to one 

cosine period, and the W-shape is structured of one and a half period of a cosine 

curve. The bow shape in R3 has moved from S- towards C-bow, according to 

measurements of the shape development. Today, the bowing in the core is 

dominantly C-shaped. The shape development, from cycle 17 to cycle 33, is 

shown in figure 2.3 below. 



11  

 

 

 

Figure 2.3: The fraction (%) represents the bow shape of the amount of bowed 

assemblies in the core. There was mostly S-bow at cycle 17 in year 1999 for R3. Towards 

later cycles, as seen in cycle 33 for year 2015, C-bow started to dominate [10]. 

Bowing not corresponding to specific shapes might also occur. Figure 2.4 

illustrates a real example of fuel assembly bow, with visually amplified bowing 

due to refraction in the water-air surface. 
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Figure 2.4: A bent fuel assembly under water [11]. 

Fuel assembly bow causes problems with the function of the reactor. In 

descending order, the main consequences of assembly bow are presented: 

 The core geometry changes and can give prolonged fall times for control 

rods. In the worst case scenario, the insertion of control rods may be 

prevented.  

 Difficulties of handling the fuel in the core may increase. The bow 

amplitudes are larger than nominal, which can increase the risk for 

damaging the fuel during fuel handling. Spacers may stick to each other 

and consequently become damaged [12] 

 The locally higher moderation volume, due to larger water gaps, increases 

the power locally. Perturbed power distribution over assemblies and core 

affects the power peaking factors, which may reduce the margins to 

threshold values.  

The consequences mentioned above must not cause problems during operation of 

the power plant. Dimension changes of the fuel must not prevent the mobility of 

the control rods or exceed thermo hydraulic or peaking factor limits [3]. 
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2.3      Water Gaps 
 

Water is flowing between fuel assemblies, working as coolant of the warm fuel 

and as decelerator of neutrons. The slowing down of neutrons, also called 

moderation, results in desirable energy levels of the neutrons which controls the 

probability of fission. The moderation is dependent on the amount of water 

between the assemblies [13]. The water between fuel assemblies can be 

represented as water gaps. Fuel assembly bow causes the water gaps between fuel 

assemblies to increase and decrease locally, affecting the power distribution in the 

core globally. A graphical representation, of nominal sized respectively perturbed 

water gaps, is shown in figure 2.5 [5]. 

   

 

Figure 2.5: A graphical representations of two sets of water gaps between fuel 

assemblies. The white squares represent fuel assemblies and the grey spaces water gaps, 

seen from above. The top set shows nominal sized water gaps, the set below shows 

perturbed water gaps. 
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The gaps are designed for the particular reactor type, contributing to the resulting 

power distribution of the core. Nominal water gaps are typically in the order of a 

couple of millimeters for PWRs. Perturbed water gaps in Swedish reactors have 

been measured to a magnitude of up to 20 millimeters, in other words with a 

amplifying factor of about 10. Zero sized water gaps can also emerge. 

The nominal water gaps, in millimeters, for R3 are shown in table 2.1. The 

nominal gaps are somewhat smaller between fuel assemblies compared to fuel 

assemblies and baffle, at the edges of the core, as can be seen in the table [14]. 

Table 2.1: The size of nominal gaps, for Ringhals 3, between fuel assemblies respectively 

between fuel assembly and baffle (in other words the edge of the core). 

Nominal Water Gaps Water Gap Size [mm] 

Fuel Assembly – Fuel Assembly 1.97 

Fuel Assembly – Baffle  2.21 

 

Maximal measured assembly bow amplitude for Ringhals 3, as well as average 

bow, is presented in figure 2.6 from year 1995 until 2016. The trend of increased 

bow is seen between the years 2012-2016. 

 

Figure 2.6: The maximum and average fuel assembly bow amplitude in Ringhals 3, 

between year 1995-2016. The large bow amplitude in the 1990’s is shown, as well as the 

increasing bow trend in recent years, between 2012 and 2016 [15]. 
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2.4      Power Peaking Factors 
 

After an operative cycle, the reactor is shut down for maintenance, measurements, 

examination and for reloading of the fuel for the proceeding cycle. 

When a loading pattern of the core for the new cycle is made, a plan for the 

loading pattern has to be made. The plan includes the positions for the reused fuel 

assemblies, as well as the new fuel assemblies. The loading pattern has to fulfill 

the requirements in the safety analysis, SAR, including the power peaking factors 

[13].  

During a cycle of operation, the power peaking factors have to be kept within 

certain limits due to SAR. The limits are further decreased or increased because of 

uncertainties, for example for measurements, calculations and fuel assembly bow. 

The decreased limits caused by fuel assembly bow are defined as penalties and are 

applied to the power peaking factors. The penalties are related to the maximal 

bow in the core [4]. 

The power generated in the reactor is unevenly distributed across the core. The 

power is not equally distributed, since local conditions of neutron flow determine 

the local power [13]. Fuel assembly bow can change the power distribution, since 

perturbed water gaps change the moderation. 

The peaking factors are used since they measure local relative total power, which 

indicates how evenly the power is distributed. 𝐹∆𝐻 is the radial power peaking 

factor and 𝐹𝑄  is the local power peaking factor. The radial power peaking factor 

𝐹∆𝐻 measures the power of a fuel rod versus the average power of an assembly or 

the entire core.𝐹∆𝐻 is given in equation 2.1 below. 

𝐹∆𝐻 =
𝑃𝑟𝑜𝑑
𝑚𝑎𝑥

𝑃𝑎𝑣𝑔
    Equation (2.1) 

𝑃𝑟𝑜𝑑
𝑚𝑎𝑥 − Average power of fuel rod with the largest power, in an assembly or the reactor core 

𝑃𝑎𝑣𝑔   − Average power, in an assembly or the reactor core 

The local power peaking factor, 𝐹𝑄 , describes the relation between the power in a 

node versus the average power of the core. A node is a part of a fuel rod, where a 

fuel rod is divided into 24 nodes. A node is therefore about 15 centimeters in 

length. 𝐹𝑄is determined by the node with largest power, versus average power. 

𝐹𝑄is given below in equation 2.2. 

𝐹𝑄 =
𝑃𝑛𝑜𝑑𝑒
𝑚𝑎𝑥

𝑃𝑎𝑣𝑔
    Equation (2.2)  

𝑃𝑟𝑜𝑑
𝑚𝑎𝑥 − Average power of fuel node with the largest power, in an assembly or the reactor core 

𝑃𝑎𝑣𝑔 − Average power, in an assembly or the reactor core 

The power peaking factors are dependent on burn up since node-, rod- and 

average power changes during the operational cycle along with the burn up [16]. 
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2.4.1      Power Peaking Factor Penalties 

Due to changed power distribution because of fuel assembly bow, certain add-on 

margins, called penalties, are used to complement the power peaking factors. In 

this way, the factors will become conservative enough, since the impact of fuel 

assembly bow then is included in the factors.   

The fuel assembly bow peaking factor penalties for R3 are provided by 

Westinghouse. The factors are determined by the maximal bowing amplitude in 

the core. The peaking factor penalties are added on as a percentage to the power 

peaking factors, in order to keep the necessary margins of safety.   

The currently used penalties, determined by WEC, were introduced in operation 

shortly after the power update of R3 in 2009. This penalty includes the bow 

uncertainty only, and does not take into account other uncertainties. The penalty 

was produced with a  cut off, intended to cut off data points not affecting the 

margin of safety. A 98-98 method was used for the cut off, with a statistical level 

at 98 %  with a 98 % confidence interval. The standard peaking factor 

uncertainties are 1.04 for 𝐹∆𝐻  and 1.0815 for 𝐹𝑄 , and they are included in the bow 

penalties by division, as can be seen in equation 2.3 and 2.4 [4]. These equations 

give the penalties currently used, accounting for bow. 

𝑈𝐹∆𝐻
𝐴𝐵𝑂𝑛𝑙𝑦 =

 𝜇𝐹∆𝐻
′  

1.04
 1 +  𝛼𝐹∆𝐻 + 𝛽𝐹∆𝐻 ∙ 𝐵 + 𝛾𝐹∆𝐻 ∙ 𝐵2                    Equation (2.3) 

𝑈𝐹𝑄
𝐴𝐵𝑂𝑛𝑙𝑦 = 𝑀𝐴𝑋 1,

𝜇 ′𝐹𝑄

1.0815
 1 +  𝛼𝐹𝑄 + 𝛽𝐹𝑄𝐵 + 𝛾𝐹𝑄 𝐵2                 Equation (2.4) 

The coefficients 𝜇′ ,𝛼,𝛽 𝑎𝑛𝑑 𝛾 are defined by WEC, for different magnitudes of 

the maximal bow amplitude, B [17].  

The fuel assembly bow peaking factor penalties are illustrated for different 

maximum bow in figure 2.8 and 2.9. The largest penalty is approximately 0.8 % 

for 𝐹∆𝐻  respectively 9.5 % for 𝐹𝑄 , with 20 mm bow amplitude, as can be seen in 

figure 2.8 and 2.9. 
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Figure 2.8: The currently used 𝐹∆𝐻 bow penalty from WEC, shown as a black line. The 

penalty is given as a function of maximum bow in the core. The penalty is a value 

between 1.000 and 1.008. The red square marks a generic penalty used in DNBR, 

departure of nucleate boiling ratio, calculations. The bow dependent penalties are 

covered by the DNBR penalty. In other words, the penalties dependent on bow are not 

needed in calculations, since the generic DNBR penalty covers the penalties. 
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Figure 2.9: The currently used 𝐹𝑄bow penalty from WEC, shown as a black line. The 

penalty is given as a function of maximum bow in the core. The penalty is a value 

between 1.000 and 1.095. The red square marks a generic penalty used in DNBR, 

departure of nucleate boiling ratio, calculations. The bow dependent penalty is only 

covered up to 8 mm of bow amplitude by a generic DNBR penalty. At larger bow, the bow 

dependent penalties are needed as complement in calculations. 
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2.5      Realistic Water Gap Distribution for R3 Cycle 34 
 

During the shutdown of Ringhals 3 after cycle 33, an extensive measurement of 

the fuel assembly bow amplitudes was done. To be exact, the out-of-core fuel 

assembly bow magnitudes were measured. This was made possible since the 

shutdown period was longer than usual. The measurements of bow amplitudes 

were used by WEC, in order to predict the water gap distribution for the upcoming 

cycle C34. This was done by using a mechanical core model called SAVAN, a 

program that calculates the predicted development of fuel assembly bow. 

SAVAN is a core modelization finite element computer code developed by 

ENUSA, which can be used to calculate in-core assembly bow and the resulting 

water gap distribution. It takes into account the beginning of cycle, BOC, out-of-

core assembly bow and other factors such as hold down forces, fluence induced 

assembly growth etc. At end of cycle, EOC, the conditions simulated for refueling 

and the out-of-core bow was calculated. The operation conditions used in the 

model were temperature, assembly relative power, neutron flux, hydraulic lift 

forces and buoyancy forces. 

In order to produce realistic water gap distribution, a full core of 17x17 Robust 

Fuel Assemblies, RFA-2, was used in the SAVAN model. The water gaps were let 

to perturb and interact during core operating conditions, which resulted in out-of-

core fuel assembly bow [4]. 

The realistic water gap data from WEC was produced for three burn-ups; at BOC, 

MOC and EOC. The total amount of water gap distribution maps provided by 

WEC for 6 axial levels was therefore 36 maps, since each axial level and burn up 

step were given in two radial dimensions of the core [18]. 

Figure 2.7 show an example of a realistic water gap distribution for R3 at MOC of 

C34. The distribution consists of non nominal, perturbed, water gaps. The water 

gap distribution is given as water gap values in millimeters, with four gap values 

per assembly. As seen in the figure below, the distribution foremost consists of 

small water gap values in the north west (NW) of the core, and larger gaps in the 

south east (SE). The maximal bow amplitude in the core is 11.1 mm, for the 

realistic water gap distribution shown in figure 2.7. 
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Figure 2.7: An example of a realistic water gap distribution, with water gaps in 

millimeters. To the right in the figure, a color scale is given for the sizes of the water 

gaps. The water gap distribution is provided by WEC at MOC for C34 [18]. 
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3         Calculation Tools 

 
The listed calculation and simulation tools below were used during the working 

process. The programs are described in further detail in section 3.1-3.6, except for 

EXCEL, LibreOffice and MATLAB. EXCEL is a program used in the operating 

system Windows, while the other programs used, are used in the operating system 

Linux. 

 Microsoft EXCEL 2010 

 LibreOfficev.4.3.7.2 

 MATLAB  

 CASMO5v.2.08.00 

 CMSLINK5v.1.07.02 

 SIMULATE5v.1.11.00 

3.1      CASMO5 
 

The calculation code CASMO5 is provided by Studsvik Scandpower and is a fuel 

assembly burn-up program based on neutron and gamma transport theory with a 

lattice physics code with depletion, in other words burn-up. The output is cross 

sections, which are necessary in order to determine power distribution and 

peaking factors. The cross sections generated are customized for use in the core 

design simulation program SIMULATE5 [19]. Bowing of fuel assemblies can be 

included in CASMO5 as input of half-width water gaps, which enables cross 

section calculations even with perturbed water gaps [20]. 

3.2      CMSLINK 
 

CMSLINK5 is a linkage code, also provided by Studsvik Scandpower, allowing 

definition of cross section models to meet user requirements. The code creates a 

master binary library, consisting of partial cross sections from CASMO5 to be 

implemented inSIMULATE5. 

3.3      SIMULATE5 

 

SIMULATE5 [19] cross section input is provided from CASMO5 with linkage 

through CMSLINK5. Studsvik Scandpower is the provider of the multi-group 

analytical node code, used for steady state analysis of PWR and BWR. The code 

solves the multi-group diffusion or, optionally, the simplified P3 transport 

equations. Cross sections are described by a hybrid microscopic-macroscopic 

model that includes 50 isotopes (17 actinides and 30+ fission products and 

burnable absorbers). From this, calculated operative parameters such as power 

peaking factors, are determined by the program. 
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In order to implement fuel assembly bow when simulating, certain bow options 

were activated. These functions are expressed as “cards” used in SIMULATE5. 

There are several cards used when implementing bow, the options and functions 

for bow models in SIMLUATE5 are presented below. 

The axial bow formation implements a certain axial bow, for example constant or 

half cosine shape. It’s implemented as a superposition of an included water gap 

distribution. For example, for the shape cosine, the largest water gap amplitudes 

are in the axial middle of the core and the lowest at the top and the bottom of the 

core. The shape is superimposed axially for the water gap distribution included. 

The axial shape is constructed with interpolation vertically, for the specific 

superimposition chosen. The card used for this purpose also determines the 

normalization of the superimposition. The card is used to activate the bow model 

for the simulation as well. 

A water gap distribution is included row-wise radially in the core. The water gaps 

can be included to the left and above of each assembly, as described in the User’s 

manual for SIMULATE5 [19]. 

Below, in figure 3.1, an example of a water gap distribution in one radial direction 

is displayed.  The first three columns in the figure direct SIMULATE5 to the 

intended card and the position in the core. The three digit values are water gaps. 

 

 

Figure 3.1: Radial water gap distribution input for each assembly in the x-direction, for 

an axial level in the core. 
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4        Assumptions 
 

During the thesis work, assumptions were made. The assumptions concerned the 

model used and created, and the calculations of the power peaking factor 

penalties. These are presented below. 

The nominal core used for comparison, and determination of calculated penalties, 

was created by VNF before the master thesis was executed. It is a standard 

nominal core for R3, with the loading pattern for C34. It was used as reference to 

the perturbed water gap distribution tests. The reliability of the code has not been 

verified within the master thesis. 

In order to include the “worst case scenario” during normal operation, the peaking 

factors resulting in conservative peaking factor penalties have been used. It have 

been achieved by using calculated peaking power factor values in the middle of 

the core axially, corresponding to large bow amplitudes, and at a burn-up level 

with large discrepancies between the nominal and the bow case.  

The planned production time for the cycle is 5511 EFPH, which was retrieved 

from design specifications for cycle 34 at R3 [21]. For the specific simulations, 

this corresponds to a burn-up of 10.267 MWd/kgU at EOC. Thus, the last burn up 

point for the cycle was set to 10.267 MWd/kgU during the simulations.  

When Westinghouse produced water gap power peaking penalties for R3 they 

applied a data cut off. The cut off was made to exclude low powered nominal 

values in the core. It was based on the observation that none of the assemblies 

beneath a certain percentage of the core maximum 𝐹𝑄respectively 𝐹∆𝐻  of the 

reference case became limiting, as a result of accounting for the power factor 

increase due to assembly bow. In other words, small discrepancies between 

reference and bow case were cut off, resulting in data more relevant for the use in 

margins of safety. The cut off percentages of the smallest reference values were 

90 % for 𝐹∆𝐻  respectively 85 % for 𝐹𝑄 . 
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5         Methodology  
 

An evaluation of power peaking factor penalties was executed by verifying the 

current peaking factor penalties for fuel assembly bow. The now existing penalties 

were produced by Westinghouse, based on forecasted realistic refueled cores and 

the bowing of the time. The resulting peaking factor penalties have to be used 

conservatively for a core pattern with fuel assemblies with specific bow profile 

[4]. 

In order to verify the bow model in SIMULATE5, several tests were conducted. 

The tests gave insights in program functions relevant to reactor physics. Therefore 

the tests could work as a verification of the reliability of the conducted 

simulations.  

The evaluation and verification of currently used penalties were conducted by 

simulations of the current operative cycle 34 in Ringhals 3 with realistic water gap 

data from SAVAN. Description of the realistic water gap data is found in section 

2.5. The results from simulations with perturbed water gap distributions were 

compared with nominal water gap distributions and evaluated, in order to verify 

the water gap power factor penalties of today.  

The execution of the method is described in greater detail in section 5.1-5.3. 

5.1      Cross Sections 
 

The effects of different water gap distributions are affected by nuclear cross 

sections. The cross sections answer to a certain probability of capture, fission or 

scatter of neutrons. The probabilities vary dependent on the amount of moderation 

[13]. Since varying water gaps result in varying moderation, the cross sections for 

different water gaps had to be generated.  

The cross sections for perturbed water gaps were generated while using a delta 

gap model, DGA. The DGA model was implemented as input to the burn-up 

program CASMO5. The DGA model generates standard branch delta water gaps, 

in this case as absolute water gaps with zero-sized reference gap. The DGA was 

implemented according to the description in the user’s manual of CASMO5, 

enabling generation of cross sections [20]. The result had to be adapted for 

SIMULATE5, and the adaption of data was done with the interconnecting 

program CMSLINK5.  

The cross sections for different bow-cases could thereafter be implemented in 

SIMULATE5. 
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5.2      The Bow Model 
 

The results, from the simulations aiming to verify the current power peaking 

factor penalties, had to be validated. One way of doing so, was to compare the 

SIMULATE5 results with reactor physical phenomena and theory.  

Different options for bow were implemented in several simulations, in order to 

evaluate different cases. Simulations with superposition of constant and half axial 

shape with implemented water gap distributions were executed. The realistic 

water gap distributions from WEC were given tabulated. The data consisted of 

water gaps for the x- and y-direction of each assembly in the core, for six axial 

locations. The axial locations are labeled 2 to 7 in figure 5.1 below. 

 

 

Figure 5.1: The axial levels in the core. The six axial heights with realistic water gap 

distributions given by WEC are labeled 2 to 7 [22]. 
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By using EXCEL and LibreOffice, the water gaps could be formatted in order to 

be used in text files as input files for SIMULATE5. The data was formatted as 

rows of water gaps. The gaps were given as the gap left of each assembly for the 

x-direction and given upwards from each assembly in the y-direction. Figure 5.2 

presents a realistic water gap distribution in the x-direction in the middle of the 

core axially, and the corresponding water gap distribution in the y-directions is 

shown in figure 5.3. For a more thorough understanding of the water gap positions 

relative fuel assemblies and baffle, see figure 2.7. 

 

 

Figure 5.2: A realistic water gap distribution for the x-direction, for the middle part of 

the core axially. The letters R-A shows where the columns of assemblies are located, 

between the three digit numbers showing the water gaps, between each bundle and to 

baffle. 

 

Figure 5.3: A realistic water gap distribution for the y-direction, for the middle part of 

the core axially. The letters P-B marks where the columns of assemblies are located, 

between the three digit numbers showing the water gaps, between each bundle and to 

baffle. 
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The realistic water gap data was given as water gap distributions, in other words 

water gap maps. Two main models were tested for the axial shapes constant and 

half cosine of the core. The use of water gap data with corresponding axial shape 

is shown in table 5.1 below. For constant and half cosine axial shape two water 

gap distributions were attached, representing the whole axial distribution for 

constant shape respectively the middle segment for cosine shape. Two water gap 

maps gave x- and y-direction. When the axial shape half cosine was used the 

fraction of a half cosine was set to 1.0, implying no cut off from the ends of a half 

cosine. 

Table 5.1: Information about the two bow models used. The axial shape and respective 

usage of water gap distribution maps, as well as the water gap positions seen from each 

assembly in SIMULATE5. 

Axial shape Constant  Cosine 

Number of water gap 

distribution maps  

2 2 

Water gap position,  

seen from each assembly 

To the left 

(x direction) and  

above (y direction)  

To the left 

(x direction) and 

above (y direction)  

 

A nominal core input file, without included water gap distribution, was used as 

reference for the simulations. The conducted tests were performed in order to 

verify the water gap distribution input cards, in other words verify the model. The 

model tests included the axial shapes constant and cosine for the following cases. 

 Water gap distribution with nominal water gaps 

 Water gap distribution including small perturbations relative to nominal 

water gaps 

 For radial x-direction and both x- and y-direction of water gap distribution 

After these model verifying tests, the realistic water gap distribution data from 

WEC was included in the model. It worked both as further verification of the 

model and to determine power peaking factors used for the verification of peaking 

power factor penalties. Realistic water gaps were used for the x-direction for both 

constant and half cosine axial shape, as well as with x- and y-direction for the 

cosine model. 

The implementation of the water gaps and bow functions was executed in 

SIMULATE5 by using bow related “cards” i.e. functions. A more detailed 

description of the card options can be found in section 3.6 SIMULATE5. 
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5.3      Peaking Factor Penalties 
 

The axial shape half cosine was used for determining the simulated peaking factor 

penalties. Realistic water gap distribution maps were used for MOC, in the middle 

of the core axially. These maps were used as the maximal magnitude of the water 

gaps in the core, since the cosine superimpose was normalized with these values 

as maximum, with zero superimposition at bottom and top of the axial core. In 

other words, no perturbed water gaps at bottom and top. 

The 𝐹∆𝐻  and 𝐹𝑄values per assembly throughout the core were determined for 

different burn-up steps. It was done in order to identify the most limiting peaking 

factor value at different burn-ups, and by doing so determine the burn-up step 

resulting in the largest and most limiting peaking factor values. 

5.3.1      Wilk’s Method  

The acquired values of the power peaking factors with bow have been compared 

with the corresponding nominal values for each assembly position. This was done 

by calculating the discrepancies from nominal values, using the following 

equation 5.1: 

𝐷 =
𝐹𝑏𝑜𝑤 −𝐹𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝐹𝑛𝑜𝑚𝑖𝑛𝑎𝑙
   Equation (5.1) 

The largest power peaking factor for each assembly was compared, resulting in 

157 discrepancies for 157 assemblies.  

In order to verify the current fuel assembly bow power peaking factors, the 

discrepancies had to be organized in a sense so the calculated and the current 

penalties could be compared. One way of doing so is with Wilk’s method, which 

enables evaluation of a penalty on a discrepancies distribution of independent 

discrepancies with a probability and confidence level of 95-98 %. The method 

estimates a quantile of 95-98 of a distribution with a reliable rate of 95-98 %. The 

distribution of discrepancies is ordered in growing size, which results in a rank of 

the discrepancies.  

Wilk’s method uses uncertainties in order to determine how much penalty should 

be applied to the core design. The discrepancy quantile can be split into two 

components; a deterministic and a statistical part, 𝐶𝑑  and 𝐶𝑠, according to the 

following equation 5.2, for the example of a 95 % quantile: 

𝑃95= − 𝐶𝑑+𝐶𝑠    Equation (5.2) 

The 95 % quantile, 𝑃95, of 157 discrepancies corresponds to the value of the 

seventh largest discrepancy.  

The deterministic part of the quantile, 𝐶𝑑 , is calculated in terms of the mean 

deviation, δ, of the discrepancies according to equation 5.3. 

𝐶𝑑 =
𝛿

1+𝛿
    Equation (5.3) 
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The component 𝐶𝑑  is determined from the mean deviation and 𝐶𝑠 is determined 

when the quantile is known, by rewriting equation 5.2 to equation 5.4. 

𝐶𝑠 = 𝑃95 + 𝐶𝑑     Equation (5.4) 

The systemic penalty is the total uncertainties for the power peaking factor caused 

by the presence of water gaps. The relevant components for the penalties are the 

nuclear uncertainty, the technological factor and the rod bow factor which are 

predetermined calculation errors. The statistical and deterministic components are 

also included in the total penalty. The constants are given below in table 5.2 

followed by the formulas for the power peaking factor penalties in equations 5.5 

and 5.6 [4]. 

Table 5.2: The uncertainties accounted for when calculating the peaking power penalties, 

using Wilk’s method.  

Uncertainty Denotation Value 

The nuclear uncertainty 𝐹𝑢
𝑛  1.05 

The technological factor 𝐹𝑞
𝑒  1.03 

The rod bow factor 𝐹𝑏  1.057 

 

𝑈𝐹𝑄
𝐴𝐵𝑂𝑛𝑙𝑦 =

1−𝐶𝑑+   1−𝐹𝑢
𝑛  2+ 1−𝐹𝑄

𝑒 
2

+ 1−𝐹𝑏 
2+𝐶𝑠

2 

1+   1−𝐹𝑢
𝑛  2+ 1−𝐹𝑄

𝑒 
2

+ 1−𝐹𝑏 
2 

 Equation (5.5) 

 

𝑈𝐹∆𝐻
𝐴𝐵𝑂𝑛𝑙𝑦 =

1−𝐶𝑑+   1−𝐹𝑢
𝑛  2+𝐶𝑠

2 

1+   1−𝐹𝑢
𝑛  2 

  Equation (5.6) 

 

The procedure with data cut off, as performed by WEC for the currently used 

penalties, was implemented in order to determine the calculated penalties. It 

enabled cutting off values not affecting the safety margins, otherwise making the 

penalties larger than necessarily. The 90 % respectively 85 % smallest values of 

𝐹∆𝐻 and 𝐹𝑄  with nominal conditions were identified. While using Wilk’s method, 

these values were not included in the calculations of the penalties for the power 

peaking factors. In other words were the quantiles, 𝑃95 and 𝑃98, effectively 

changed by the cut off as well as the mean deviation used in 𝐶𝐷. The number of 

analyzed discrepancies was reduced from 157 to 80 respectively 56 for 𝐹𝑄  and 

𝐹∆𝐻. 
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5.3.2      𝑭𝑸 Penalty for the Largest Water Gap Surrounded Assembly 

The assembly with the largest water gap near the assembly edge was identified. 

The 𝐹𝑄  penalty for the assembly was evaluated at the middle of the core axially, at 

a burn up of 0.035 GWd/MT. The penalty was calculated using the same values as 

used in Wilk’s method, with the discrepancy between the maximum value of the 

assembly for the bow case and the nominal case.  Further, the largest discrepancy 

of the assembly was calculated as well. In order to identify the largest 

discrepancy, all the discrepancies of the positions within the assembly were 

calculated. The penalties calculated within this subsection were calculated using 

equation 5.1, in other words by calculating the discrepancy. The magnitudes of the 

resulting penalties, as well as the positions in the assemblies, were evaluated.  

The identified peaking power assembly in the core is found in figure 2.7, at 

position B-7, to the right of the largest water gap in the core of 10.6 mm. 
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6         Results 

6.1      The Bow Model 
 

The model verifying tests gave indications about the accuracy of the model 

compared to reactor physical phenomena. For example, the result from comparing 

the simulated nominal core with constant axial shape and the nominal input 

resembled each other closely. When a cosine shape was added with different kinds 

of perturbation of the water gap distributions, the power varied axially with the 

highest power at the middle of the core and lower at bottom and top. Through a 

theoretical perspective, the relation of power distribution axially resembles the 

results given by the simulations. 

The outcome of the model evaluation for the performed simulations, with axial 

cosine shape and realistic water gap distributions for the x- and y-direction, are 

presented below. The result followed the trend seen in the rest of the cosine tests, 

with a power fraction difference larger in the middle and lower at top and bottom 

axially in the core. This is seen in table 6.1 beneath.  

Table 6.1: The maximal difference in relative power between the bow case and nominal 

core for three axial levels, at bottom (1), middle (12) and top (24). The measure of power 

is relative and dimensionless.  

Nodal axial level         Relative power difference  

24 0.064 

12 0.181 

1 0.046 

 

6.2      Peaking Factor Penalties 
 

The model used, for evaluation of water gap peaking factor penalties with realistic 

water gap distribution across the core, included water gap distribution maps in the 

radial x- and y- direction. The water gap maps were applied at the middle segment 

of the core. Through interpolation of a cosine shape axially, the realistic water gap 

distribution affected the core vertically. 

In order to evaluate the currently used penalties, a conservative case was 

identified. As concluded in the background section, the peaking factors vary with 

burn-up. The maximum peaking factors for different burn up steps were 

identified, with the largest difference between the bow case and nominal case in 

the power peaking factors. The highest peaking factor values, of the maximum 

values, were identified for burn up 0.035 GWd/MT. Different burn up steps, and 

corresponding maximum 𝐹∆𝐻  and 𝐹𝑄 , are presented below in table 6.2. 
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Table 6.2: Maximum 𝐹∆𝐻 and 𝐹𝑄 for different burn up steps, with the bow case. Observe, 

the power peaking factors for different burn up steps may not correspond to the same 

assembly position in the core. The largest 𝐹∆𝐻 and 𝐹𝑄 values are found at 0.035 and 

7.500 GWd/MT. 

BOW CASE   

Burnup [GWd/MT]  𝐹∆𝐻   𝐹𝑄  

0.035 1.785 2.382 

0.150 1.766 2.311 

0.400 1.751 2.269 

0.600 1.751 2.259 

0.800 1.753 2.254 

1.000 1.754 2.249 

2.000 1.758 2.221 

3.000 1.755 2.187 

4.000 1.750 2.154 

5.000 1.746 2.130 

6.000 1.745 2.115 

7.000 1.742 2.095 

7.500 1.740 2.085 

8.000 1.736 2.075 
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Table 6.3: Maximum 𝐹∆𝐻 and 𝐹𝑄 for different burn up steps, for nominal case. Observe, 

the power peaking factors for different burn up steps may not correspond to the same 

assembly position in the core. 

NOMINAL CASE   

Burn up [GWd/MT]  𝐹∆𝐻   𝐹𝑄  

0.035 1.531 1.769 

0.150 1.514 1.772 

0.400 1.507 1.749 

0.600 1.506 1.744 

0.800 1.507 1.743 

1.000 1.508 1.744 

2.000 1.512 1.748 

3.000 1.513 1.748 

4.000 1.513 1.749 

5.000 1.513 1.753 

6.000 1.521 1.764 

7.000 1.533 1.782 

7.500 1.536 1.784 

8.000 1.536 1.783 

 

The burn up level further used was 0.035 GWd/MT, in order to produce the 

peaking factor penalties. It was chosen since the burn up level corresponded to the 

largest 𝐹∆𝐻  and 𝐹𝑄  values. For the identified burn up step of 0.035 GWd/MT, the 

assemblies with highest power peaking factors were identified, in order to be use 

in Wilk’s method. The discrepancies, calculated with equation 5.1, for the 7 

largest values of 𝐹∆𝐻  and 𝐹𝑄  at 0.035 GWd/MT are presented in table 6.4 below.  
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Table 6.4: Relative discrepancies, between nominal and bow case, for the 7 maximum 

assembly values of 𝐹∆𝐻 and 𝐹𝑄. The burn up is 0.035 GWd/MT.  

Order of size 𝑫𝑭∆𝑯
 [% ] 𝑫𝑭𝑸

 [%] 

1 24 37 

2 20 35 

3 18 30 

4 15 25 

5 15 25 

6 14 25 

7 14 24 

8 13 24 

9 13 23 

10 13 23 

11 13 23 

12 13 22 

13 12 21 

14 12 21 

15 12 21 

 

The positions in the core of the assemblies in table 6.4 are marked out in figure 

6.1 and 6.2. Figure 6.1 shows the positions of the assemblies representing the 

maximum 𝐹𝑄  valued assemblies. Figure 6.2 marks out the positions of the 

maximal 𝐹∆𝐻  values, per assembly. 
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Figure 6.1: The positions, for the assemblies in table 6.4 corresponding to 𝐹𝑄, are 

marked out with colors. In accordance with the color scale, the seven largest assembly 

discrepancies corresponding to 𝐹𝑄are marked out. All the large valued assemblies are 

found in the south east direction in the core. The numbers in the figure correspond to 

water gap values, in millimeter. The burn up is 0.035 GWd/MT. 
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Figure 6.2: The positions for the assemblies in table 6.4 corresponding to 𝐹∆𝐻 are 

marked with color. The seven largest discrepancies corresponding to 𝐹∆𝐻 are marked 

out, in accordance with the color scale.All the large valued assemblies are found in the 

south east direction in the core. The numbers in the figure correspond to water gap 

values, in millimeter. The burn up is 0.035 GWd/MT. 
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6.2.1      Wilk’s Method  

With Wilk’s method, the calculated water gap penalties for the power peaking 

factors 𝐹∆𝐻  and 𝐹𝑄was obtained. The penalties are presented in table 6.6 for two 

statistical levels, at 95 % and 98 % and when implementing a cut off. 

The assembly bow penalty for 𝐹∆𝐻 resulted in a value in the span of 1.08-1.15. 

The assembly bow penalty for 𝐹𝑄resulted in around 1.15-1.21. 

Table 6.6: The calculated penalties, using Wilk’s method, for power peaking factor 𝐹∆𝐻 

and 𝐹𝑄. The penalties are presented with a statistical certainty of 95 % respectively 98 %, 

with and without implemented cut off. 

Statistical 

level 

Power peaking factor 

penalty 

At burn up 

0.035 [GWd/MT]

  

With cut off 

 

95 % 

𝑈𝐹∆𝐻95
 1.09 1.08 

𝑈𝐹𝑄95
 1.16 1.15 

 

98 % 

𝑈𝐹∆𝐻98
 1.13 1.15 

𝑈𝐹𝑄98
 1.21 1.21 

 

6.2.2      Comparison with Currently Used Penalties 

The currently used penalties compared to the produced penalties are presented 

below in table 6.7, showing the difference at 11.1 mm maximum bow amplitude 

in the core. The produced penalties are given at the statistical level of 98 %, in 

order to compare the currently used penalty values from WEC produced at a 

statistical level of 98 %. The difference between the currently used penalties and 

the produced penalties is nearly 15 respectively 21 %. 

Table 6.7: The currently used penalties compared with the penalties produced in this 

work.  

Penalty Currently used penalty Produced penalty 

𝑼𝑭∆𝑯
 1.0055 1.15 

𝑼𝑭𝑸
 1.038 1.21 
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6.2.3      𝑭𝑸 Penalty for the Largest Water Gap Surrounded Assembly 

Two penalties for 𝐹𝑄  were calculated. Both were calculated by using 𝐹𝑄  values 

obtained through simulations, at the middle of the core axially at the axial level 12 

out of 24. The first penalty was calculated with the maximum 𝐹𝑄  values of the 

assembly for the bow, respectively the nominal case. The other penalty was 

determined by identification of the largest discrepancy of the fuel rod positions in 

the assembly. Different fuel rod positions used in the calculations in this 

subsection, for the two penalties of the peaking power assembly, are shown in 

figure 6.3 below. 

 

Figure 6.3: Cross section of the peaking power assembly, B-7. The white squares 

represents fuel rods, the blue squares represent control rod and instrumentation guide 

tubes. Yellow marks the fuel rod with largest 𝐹𝑄 value in the bow case, orange marks the 

fuel rod with largest 𝐹𝑄 value in the nominal case and purple shows the fuel rod positions 

with the largest discrepancy between bow and nominal case. The yellow and orange 

positions correspond to the 𝑈𝐹𝑄
𝑚𝑎𝑥  𝑏𝑜𝑤 /𝑛𝑜𝑚 penalty and the purple position corresponds 

to the 𝑈𝐹𝑄
 𝑙𝑎𝑟𝑔𝑒𝑠𝑡  𝐷 penalty. 

The discrepancies obtained for the peaking power assembly, marked as B-7 in 

figure 2.6, were calculated using equation 5.1. It resulted in the penalties 

presented below in table 6.8. Largest D indicates the value of the largest 

discrepancy of the fuel rod positions, and max bow/nom indicates the values 

obtained from the maximum 𝐹𝑄  in the bow respectively the nominal case.
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Table 6.8: The two calculated penalties of 𝐹𝑄 for the peaking power assembly, at axial 

level 12 of 24. Two penalties are presented; for the largest discrepancy and for the 

maximum value of 𝐹𝑄 in the bow and nominal case. 

Penalty  𝑼𝑭𝑸  

 𝑼𝑭𝑸
𝒍𝒂𝒓𝒈𝒆𝒔𝒕 𝑫

  1.44 

 𝑼𝑭𝑸
𝒎𝒂𝒙 𝒃𝒐𝒘/𝒏𝒐𝒎

  1.37 

 

Thus, the 𝐹𝑄  penalty of the power peaking fuel assembly, could at largest become 

44 %. The evaluated position for the largest discrepancy in the assembly, is high 

powered at a relative pin power of 2.189, compared to the other positions in the 

fuel assembly, which are normalized to 1. The peak power in the assembly is 

2.221.  With the method used for all the assemblies in the core, to produce new 

penalties, the corresponding penalty was 37 %. 
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7         Discussion 
 

At both statistical levels (at 95 and 98 percent) for burn up 0.035, higher penalty 

values were obtained compared to the currently used penalty. The obtained 

peaking factor penalty value for 𝐹∆𝐻  was15 percent larger than the currently used 

peaking factor, at 11.1 mm bow amplitude at 98 % confidence interval. The 

corresponding produced 𝐹𝑄  penalty was 21 percent larger, compared to the 

currently used penalties. The results indicates that the currently used  𝐹∆𝐻 and 𝐹𝑄  

penalties not are correctly dimensioned. 

An explanation to the difference between the results of this study, compared to 

Westinghouse’s penalties, is that the produced penalties within this study are 

cycle specific, unlike the currently used penalties. The currently used penalties 

were obtained based on different cases, based on the situation in the core of that 

time and a possible future cycle with substantially higher core deformation than of 

that time [4]. The currently used penalties may therefore encompass a smaller 

perturbed water gap distribution. The currently used penalties are based upon 

cases with the loading pattern of the time – which might be rather different from 

the current situation in Ringhals 3.  

In figure 6.1 and 6.2, the 7 maximum assembly power peaking factor positions for 

C34 are presented. The assembly positions have two things in common; either the 

positions are surrounded with large water gaps, or by new fuel assemblies. Large 

water gaps increase the moderation, hence affecting the peaking factors. New fuel 

assemblies have burnable absorbers, but may still increase the power locally. It is 

important to note, local variations can also change the power distribution globally. 

These are reasons explaining the core positions for the maximum peaking factors. 

The bow direction in the core is in the north west direction, contribution to fuel 

closure in the direction and larger gaps in the south east direction. Hence, 

indicating large relative power in the south east direction of the core, as seen in 

figure 6.1 and 6.2. Similar power shift in the core has been detected in 

measurements as well. 

When WEC produced the currently used penalties, a data cut off was performed. 

It was intended to delete data points not relevant for the margin of safety. Due to 

the assumption of larger levels of neutron leakage at the radial edge of the core, 

not affecting the 𝐹∆𝐻  and 𝐹𝑄margins, the cut off was executed. A data cut off was 

implemented within the master thesis study, and resulted in penalty values closely 

above or beneath the obtained penalty values without the cut off. Therefore, the 

cut off valued penalties are compared to the currently used penalties, since the 

penalty producing methods are most similar.  

In measurements, the fuel assemblies in R3 have been shown to have an axial C-

shape. The use of the axial shape of a half cosine period in the core model is 

therefore a plausible approximation. However, a bow model enhancing 3D 

variations in the core could develop the model further.  

The currently used penalties for the power peaking factors of R3 are based upon 

realistic cases. However, the calculations of the penalties were not based on 

measurements. The penalties produced within the master thesis are based on 
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comprehensive measured data, which could validate the methodology as well as 

the generated penalties.  

Furthermore, the currently used penalties are based on the bow formation of that 

time, which was dominantly S-shape, as can be seen in figure 2.3. The integrated 

power of a fuel rod with S-shape might be less than of a C-shaped rod, since the 

power distribution over a rod with C-shaped bow is more directly dependent on 

the magnitude of the bow amplitude. This may be one reason to small values of 

𝐹∆𝐻 for the current used penalties.  

The 𝐹𝑄  penalty produced in subsection 6.2.3, for the assembly with the largest 

water gap surrounding the assembly, for the largest discrepancy was 1.44. The 

corresponding value, for the maximum values of the bow and nominal case, was 

1.37. See figure 6.3 and table 6.8. The later value corresponds to the calculated 

penalty values used for all the assemblies in the core. The difference of these 

penalties are 7 percentage points, as seen in table 6.8, indicating that even larger 

penalties could be obtained if all the assemblies were to be evaluated for the 

largest discrepancy between bow and nominal case. This might have given even 

more conservative results. Further, the largest discrepancy was located at a 

position in the assembly with high relative power. Therefore might a larger 

penalty have been possible with another loading pattern, for the penalties 

produced with Wilk’s method for the assemblies of the core.  Since the method of 

maximum values per case was easier to implement and commonly is used, it was 

used for the penalty evaluation.  

The mechanical core model SAVAN, used to produce realistic water gap 

distribution, uses different assumptions, such as the forces within the core and 

water fluence. The assumptions, and the uncertainties of the model, are not 

evaluated within the master thesis. It could be an interesting aspect to evaluate, in 

order to gain insight in the realistic water gap distribution and the uncertainties of 

the model.  

During the thesis was questions raised about the large water gap sizes of the 

realistic water gap distribution, and actual available space in the core with regard 

to fuel assembly bow. Though, the realistic water gap distribution was not 

evaluated within this study, in terms of reliability. The water gap data included in 

SIMULATE5possibly should have been reduced with the nominal water gap size.  

The realistic water gap distribution was solely implemented for cycle 34, and was 

not accounted for in the burn up history of multiannual fuel assemblies. This 

might also slightly make the results differ from reality, since the bow not arose 

instantly during cycle 34 – but emerged over time. 

7.1      Further Work 
 

Evaluation of improvements in the verification method is suggested, in order to 

strengthen the results of the verification of water gap power peaking penalties. 

The following is suggested as further work, both to strengthen the results and to 

deepen the knowledge of impact on peaking factor penalties of bow. 
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 Investigate the calculation code differences between SIMULATE5 and the 

code used by WEC, to produce the currently used penalties. The WEC 

model used to produce the currently used penalties has to be evaluated 

further, in order to explain the large differences between the penalty-

values.  

 The impact of perturbed coolant water volumes on the power distribution 

in the core should be evaluated. The relation between amount of coolant 

and moderation needs to be evaluated. How much do increased water gaps 

increase the cooling of the fuel, which means that the heat from the fuel is 

better transferred to the cooling water. 

 Investigate the impact of using a 3D shape model, instead of a cosine bow 

model, enabling larger inclusions of realistic water gap data, axially as 

well as burn up dependent data 

7.2      Comparison of Work within the Field 
 

Inclusion of bow models, in the calculation programs CASMO and SIMULATE, 

have been possible since CASMO4 and SIMULATE3. In these versions, delta gap 

branches could be included in CASMO4 for four directions of the assemblies. The 

bow shape options in SIMULATE3 were 1D and constant [23]. The bow models 

cosine and 3D shape are yet not widely used, but the SIMULATE5 code has been 

verified and some test cases have been performed [24]. 

In 2015, Magnus Kruners at Studsvik Scandpower presented impact on peaking 

factor penalties of PWR assembly bow with calculations in CASMO5, based on 

an IAEA report called Structural behavior of fuel assemblies for water cooled 

reactors. At magnitudes of 10 mm water gap deviations from nominal gap, the 

peaking factors increased with around 15 % for 𝐹𝑄  and 5 % for 𝐹∆𝐻 . The maximal 

gap in C34 for R3 was 10.6 mm, which corresponds to a deviation of around 8.6 

mm from nominal gap [25]. This would, according to the presentation of Magnus 

Kruners, contribute with additional increase in 𝐹𝑄and 𝐹∆𝐻  in the above size ranges 

because of fuel assembly bow. These penalties are comparable with the order of 

size of the peaking factor penalties produced within this study. The results hence 

coincide with the results obtained within this thesis paper, which reinforce the 

reliability of the results. 

7.3      Conclusions 
 

The currently used water gap power peaking factor penalties for 𝐹𝑄  and 𝐹∆𝐻 in R3 

have been evaluated and found to be under-dimensioned, for the present situation 

of the reactor for cycle 34. Further work is needed, in order to further evaluate and 

strengthen the result. The result should be viewed as an indicator of the 

imprecision of the currently used water gap penalties for R3. 
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