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Abstract

Sensitivity study of control rod depletion coefficients

Joel Blomberg

This report investigates the sensitivity of the control rod depletion coefficients, Sg, to
different input parameters and how this affects the accumulated B-10 depletion, beta.
Currently the coefficients are generated with PHOENIX4, but the geometries can be
more accurately simulated in McScram. McScram is used to calculate Control Rod
Worth, which in turn is used to calculate Nuclear End Of Life, and Sg cannot be
generated in the current version of McScram. Therefore, it is also analyzed whether
the coefficients can be related to CRW and thus be studied indirectly through it.
Simulations of the coefficients were done in PHOENIX4, simulations of CRW were
done in both PHOENIX4 and McScram and simulations of beta were done in
POLCA7. All simulations were performed for a CR99 in a BWR reactor.
The control rod coefficients were found to be sensitive to the enrichment of the fuel,
void fraction of the water and the width of the gap, and these effects were also seen
in the results of beta. As a result, one of three steps could be taken. First, the
parameter values should not be set arbitrarily, instead default values could be chosen
such that Sg is calculated more accurately. Second, a set of tables of Sg could be
generated for different parameter values so that beta can be calculated with Sg from
the current conditions, although this would mean that PHOENIX4 needs to be
updated. Third, McScram can be updated to be able to calculate Sg directly.
It has been concluded that Sg cannot be studied indirectly through CRW since the
trends and the sensitivity to the different parameters were not consistent between Sg,
CRW calculated with PHOENIX4 and CRW calculated with McScram, where
PHOENIX4 was more sensitive than McScram. The results can instead be used to
bench-mark the PHOENIX4 results.
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SAMMANFATTNING 

Denna rapport undersöker känsligheten hos styrstavskoefficienterna för olika parametrar och 

hur dessa påverkar simuleringen av utbränningen av 
10

B. Den undersöker också huruvida 

koefficienterna kan relateras till styrstavsverkan, för att i så fall studera koefficienterna indirekt 

genom styrstavsverkan. Projektet utfördes på uppdrag av Westinghouse Electric AB i Västerås 

under handledning av Tâm Beran. 

Styrstavskoefficienterna används som ett steg i ledet till att ta fram utbränningen av 
10

B. 
10

B är 

absorbatormaterialet i styrstavarna, vilka har till uppgift att absorbera neutroner och därigenom 

minska antalet fria neutroner i reaktorn. Neutroner används för att klyva 𝑈 
235  vilket generar 

energin som reaktorn producerar, men också frisätter nya neutroner vilka i sin tur kan klyva 

nya urankärnor. Denna exponentiella ändring av neutroner mäts av 𝑘𝑖𝑛𝑓 och styrstavarnas jobb 

är därmed att kontrollera 𝑘𝑖𝑛𝑓. Styrstavens påverkan på 𝑘𝑖𝑛𝑓 kallas styrstavsverkan, och när 

styrstavsverkan minskat med 10% har styrstaven nått slutet av sitt liv och måste tas ut ur 

härden. Styrstavsverkan kan relateras till β, vilket är ett mått på utbränningen av 
10

B. När β når 

ett visst värde är det liktydigt med att styrstaven har nått slutet av sitt liv, det är därför viktigt 

att noggrant beräkna β för att utnyttja staven fullt ut eller för att inte lämna staven inne för 

länge. 

β beräknas med Westinghouse simuleringskod POLCA7. POLCA7 bygger upp en 

tredimensionell representation av reaktorhärden med hjälp av tvådimensionella tvärsnitt 

genererade av en annan simuleringskod, PHOENIX4. POLCA7 bygger upp bränslepaketen i 

24 noder med dessa tvärsnitt, men saknar detaljerad information om vad som händer inne i 

varje nod. Koden kan därför inte beräkna β direkt då det krävs information om reaktionsraten 

för absorption av neutroner i boret. Denna information tas fram på förväg i PHOENIX4 och 

matas sedan in i POLCA7 i form av styrstavskoefficienterna. McScram är en annan kod vilken 

kan mer exakt simulera geometrierna i ett tvärsnitt av härden än vad PHOENIX4 kan. Den 

nuvarande versionen av McScram kan däremot inte ta fram styrstavskoefficienterna, men kan 

beräkna styrstavsverkan. Om styrstavsverkan kan relateras till styrstavskoefficienterna kan 

McScram användas för att indirekt studera koefficienterna. Om inte, kan resultaten ändå 

användas för att verifiera resultaten av styrstavsverkan framtagen i PHOENIX4.  

De parametrar som undersöktes var anrikningen av bränslet, halten ånga i vattnet kring 

bränslestavarna, brädden på vattengapet mellan bränslepaketen och styrstavarna samt huruvida 

borpinnen var svälld eller inte. Resultatet visade att både anrikning och ånghalten gav lägre 

värden på koefficienterna när de ökade, och att ett lägre värde på koefficienterna resulterade i 

ett lägre värde för β beräknat i POLCA7. Vattengapet hade ett mer komplicerat förhållande 

och påverkade koefficienterna olika för olika neutronenergier. En svälld borpinne gav ett högre 

värde på koefficienterna än en osvälld. Styrstavsverkan påverkades i samtliga fall olika jämfört 

med koefficienterna när parametrarna ändrades och kan därför inte användas för att indirekt 

studera koefficienterna. 

Slutsatsen av rapporten är att samtliga parametrar som studerats påverkar 

styrstavskoefficienterna och de bör därför inte sättas godtyckligt. Istället bör PHOENIX4 och 

POLCA7 uppdateras för att dynamiskt använda koefficienter framtagna för olika förhållanden 

i härden. 
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CR  Control Rod 

CRW  Control Rod Worth 

NEOL Nuclear End Of Life 

QS1  Quarter Segment 1 

KKL Kernkraftwerk Leibstadt 
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POLCA7  4.17.0-B5 

CM2  3.11.1crext2-B1  
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1 INTRODUCTION 

1.1 NUCLEAR POWER 

Nuclear power works on the principal that when heavy nuclei, heavier than iron, are split into 

lighter ones the binding energy per nucleon increases. When free nucleons form a nucleus the 

system mass is decreased and an energy 𝐸 = ∆𝑚𝑐2, the binding energy of the nucleus, is 

released; thus, when the binding energy per nucleon increases, more energy is released. This 

energy comes in the form of heat, which is used to heat water that then drives a turbine that 

generates electric energy [1]. 

The splitting of heavy nuclei in a nuclear power plant is done with neutrons and the dynamic 

of a nuclear reactor is thus driven by the neutron economy. When a nucleus undergoes fission 

it typically releases a few neutrons, meaning the neutron population in the reactor increases. 

Neutrons can also be lost by getting absorbed or leaving the reactor. This change in the neutron 

population is determined by the multiplication factor, k. If the assumption that neutrons cannot 

leave the reactor is made, k instead becomes 𝑘𝑖𝑛𝑓. If 𝑘𝑖𝑛𝑓 is less than 1, the neutron population 

exponentially decreases with time; if 𝑘𝑖𝑛𝑓 is greater than 1, the neutron population 

exponentially increases with time; if 𝑘𝑖𝑛𝑓 equals 1, the neutron population stays the same. 

Sustaining fission without letting it run out of control is therefore the same as controlling 𝑘𝑖𝑛𝑓 

[1]. 

For a neutron to split the nuclei and not just be absorbed into the nucleus, the right isotope and 

neutron energy has to be used. For a fissile material neutrons of any energy can be used for 

fission, and the only naturally occurring fissile isotope is 
235

U. The ratio for a neutron between 

causing fission and getting absorbed by 
235

U only gets higher when the neutron energy gets 

lower, meaning less neutrons are lost to absorption. 
235

U however, only makes up 0.71 w/o of 

natural uranium, which is not enough to sustain fission in a nuclear reactor. Therefore the fuel 

needs to be enriched by increasing the amount of 
235

U up to 3 w/o and higher [1]. 

Neutrons released from fission are fast neutrons and have a mean energy of 2 MeV. To bring 

them down to lower energies, less than 1 eV where they are called thermal neutrons, a 

moderator material is used, which often is water. Water is ideal since a neutron colliding with 

a water molecule loses a lot of energy due to the large presence of hydrogen, meaning it needs 

few collisions to reach thermal energy levels and has a low chance of getting absorbed. In 

addition, water works as a coolant, keeping the fuel and surrounding material from melting, 

and also carries of the heat energy so that it can be converted into electric energy. If the water 

in the reactor heats up enough to become steam it will become more transparent to the 

neutrons and loose some of its effectiveness as a moderator. The ratio between liquid water 

and steam is called the void ratio [1]. 

1.2 CONTROL RODS 

The role of the CR is to keep 𝑘𝑖𝑛𝑓 under control and it contains a material with a high 

absorption cross section. In the Westinghouse CR model 99 this material is 
10

B in the form of 
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B4C, which is packed into pins and stored in horizontal holes drilled into the CR blades. Each 

control rod is made up by four blades fused together into a cross where the blades are made out 

of high quality stainless steel and each blade has 457 holes with two pins separated with a 

spring stored in each; see Figure 1-1 [2].  

 
Figure 1-1 Westinghouse CR model 99 to the left with one of the boron pins to the right 

When 
10

B has absorbed a neutron it decays into a lithium and helium atom: 

𝐵 
10 + 𝑁 → 𝐿𝑖 

7 + 𝐻𝑒 
4  (1.1) 

Since the lithium and helium together takes up a larger volume than 
10

B, the pin swells when 
10

B is depleted. The depletion of 
10

B is measured by 0 < 𝛽 < 1 and affects the CR’s ability to 

absorb neutrons, which is measured by the Control Rod Worth. The distance between the CR 

blade and the fuel assembly is the gap parameter, and the gap is filled with water. Control rods 

are mainly used during startup and shut down, spending most of their lives withdrawn under 

the core. However, the top segment of the CR is still irradiated by neutrons and suffers 
10

B 

depletion [2]. 

1.3 AIM 

The control rod depletion coefficients, Sg, is used in the computer code POLCA7 to generate β 

while CRW is used to determine when Nuclear End Of Life is reached, i.e. when the CR needs 

to be taken out of the reactor. NEOL is reached when CRW falls under a certain value and this 

value is in turn related to a value of β. Accurate calculation of β, and thus Sg, is therefore 

necessary if the CR is to be used to its full potential. 

The aim of this study is to analyze how sensitive the relation between Sg and β are for different 

values of some of the input parameters. The coefficients are currently generated with the code 

PHOENIX4 but the geometries can be more accurately simulated in another computer code 

called McScram. Since the coefficients cannot be directly generated with McScram it is 
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instead analyzed whether the coefficients can be related to CRW, which can be calculated with 

McScram. 

2 SIMULATION PROGRAMS 

2.1 PHOENIX4 AND POLCA7 

PHOENIX4 is a 2D deterministic lattice code, meaning it creates a lattice of fuel rods in a 2D 

segment of a fuel assembly and its surrounding, see Figure 2-1, but with some simplifications 

to its geometry and material distribution, e.g. straight corners. POLCA7 is a 3D deterministic 

nodal code which takes segments generated in PHOENIX4 to build up the fuel assemblies into 

24 nodes per assembly to create 3D representation of the core. Together, these two codes can 

simulate a reactor under various conditions and calculate neutron fluxes, 𝑘𝑖𝑛𝑓 and β among 

many other things [3] [4]. 

 
Figure 2-1 A segment as seen in PHOENIX4, with control rod blades to the north and west outside the 

picture.The circles are fuel rods and dotted and dashed areas are water 

CRDEPL takes data from a PHOENIX4 result file to generate Sg as a function of β. Phoenut 

does a similar job but extract information about kinf instead. CM2 is an interface program using 

POLCA7 as its simulation code [3] [4]. 

2.2 MCSCRAM 

McScram uses MCNP5, which is a Monte Carlo N-Particle code, to simulate a similar segment 

as PHOENIX4 to calculate the β and its effects. The difference is that MCNP5 does not have 

to do the same simplifications as PHOENIX4, instead the geometries can be simulated more 

accurately, see Figure 2-2, and effects like the swelling of the boron pins be captured 

dynamically. However, due to the stochastic nature of MNCP5 the simulations are more 

demanding. Another drawback is that McScram cannot deplete the fuel, instead it is always 

fresh. The simulations are done by running two MCNP5 input codes, one for cold conditions 

and one for hot, over a preset time period after which new input codes are generated. This is 

then repeated until a desired β is reached. At each step the depletion and 𝑘𝑖𝑛𝑓 is recorded 

among other things. The present version McScram does not record the neutron fluxes [5]. 
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Figure 2-2 Cross section of the reference as seen in McScram 

3 THEORY 

3.1 CONTROL ROD DEPLETION 

The following derivations are based on Reference [6] and [7]. 𝛽 is the depletion of the 

absorber material, 
10

B, starting at zero for a fresh control rod and going up to one when all 

boron is depleted. It is defined as 

𝛽 = 1 −
�̅�(𝑡)

�̅�(𝑡 = 0)
 (3.1) 

where �̅�(𝑡) is the average number density of 
10

B at time t. �̅�(𝑡) can be derived from 

𝑑�̅�(𝑡)

𝑑𝑡
= −�̅�(𝑡)𝑅(𝑡) (3.2) 

where 𝑅(𝑡) is the reaction rate and is defined as 

𝑅(𝑡) =  ∑ 𝜎𝑔(𝑡)�̅�𝑔
𝑎𝑐𝑡𝑖𝑣𝑒(𝑡)

𝑔

 (3.3) 

Here, 𝜎𝑔 is the average microscopic absorption cross section and �̅�𝑔
𝑎𝑐𝑡𝑖𝑣𝑒 is the average neutron 

flux in the active absorber material, which cannot be directly calculated in POLCA7. The 

summation index g represents two groups of neutron energy: epithermal(1) over 0.625 eV and 

thermal(2) below 0.625 eV. For POLCA7 to be able to calculate 𝑅(𝑡), it must first be recast in 

terms of variables calculable by POLCA7. Therefore, 𝑅(𝑡) is rewritten as 
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𝑅(𝑡) =  ∑ 𝑆𝑔(𝑡)𝜙𝑔
𝑠𝑖𝑑𝑒(𝑡)

𝑔

 (3.4) 

where 𝜙𝑔
𝑠𝑖𝑑𝑒  is the average neutron side flux on the node side(s) where the control rod is 

situated, see Figure 3-1, which can be calculated in POLCA7.  

 

Figure 3-1 A node of a fuel assembly as seen in POLCA7, where the cross in the middle is the CR, and with 

the side flux written out 

𝑆𝑔(𝑡) are the control rod depletion coefficients calculated in PHOENIX4 and are defined as 

𝑆𝑔 = 𝜎𝑔(𝑡)
�̅�𝑔

𝑎𝑐𝑡𝑖𝑣𝑒(𝑡)

𝜙𝑔
𝑠𝑖𝑑𝑒(𝑡)

 (3.5) 

and have thus the unit barn, since it is a weighted cross section. POLCA7 uses 𝛽 as the time 

variable for Sg and CRDEPL therefore gives Sg as a function of 𝛽 from which POLCA7 can 

update the Sg value using the previous time steps’ 𝛽. 

3.2 CONTROL ROD WORTH 

The following derivation is based on Reference [8]. CRW is a measure of the CR’s ability to 

affect the neutron population and is defined as 

𝐶𝑅𝑊 =
𝑘𝑖𝑛𝑓

𝑊𝑖𝑡ℎ𝑜𝑢𝑡𝐶𝑅 − 𝑘𝑖𝑛𝑓
𝑊𝑖𝑡ℎ𝐶𝑅

𝑘𝑖𝑛𝑓
𝑊𝑖𝑡ℎ𝑜𝑢𝑡𝐶𝑅

 (3.6) 

where 𝑘𝑖𝑛𝑓
𝑊𝑖𝑡ℎ𝑜𝑢𝑡𝐶𝑅 is the infinite multiplication factor without a CR present and 𝑘𝑖𝑛𝑓

𝑊𝑖𝑡ℎ𝐶𝑅 with a 

CR. It is used to calculate NEOL, which is defined as when the CRW of the most depleted 

segment has dropped by 10%, see Reference [9]. In this study however NEOL will not be used 

directly, instead CRW is studied to analyze if it can be related to 𝑆𝑔. 
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4 CALCULATION PROCEDURE 

4.1 CONTROL ROD DEPLETION COEFFICIENTS 

The coefficients were calculated using PHOENIX4 and CRDEPL, see Reference [3]. The 

input was taken from the bottom segment of a Kernkraftwerk Leibstadt, KKL, reactor which 

had an average enrichment of 4.54 w/o and 40% void. This was the reference case which was 

then modified to analyze the effects of enrichment, void, gap and swelling of the B4C pins. 

CRDEPL gives the control rod coefficients in two groups of neutron energies: epithermal(1) 

over 0.625 eV and thermal(2) below 0.625 eV; the results therefore come in two groups for 

each parameter. CRDEPL gives Sg as a function of 𝛽 and these results can be found in the 

graphs of Section 5.1, 6.1, 7.1 and 8.1. If a parameter had no effect on 𝑆𝑔(𝛽) all curves would 

lie on top of each other.  

To compare the results from different parameter values each simulation was compared to the 

reference case and the difference was expressed as a function of 𝛽. The function was 

calculated by dividing the results of the different parameters by the reference and converting to 

percent, according to: 

𝑦(𝛽) =  (
𝑆𝑔

𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟(𝛽)

𝑆𝑔
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝛽)

− 1) ∗ 100 (4.1) 

However, since all results were defined at slightly different 𝛽, the results of the different 

parameters had first to be interpolated to values at which the reference was defined. This 

function was then evaluated at 0%, 30% and 60% as well as the average value over the 0-60% 

interval, which was calculated by  

�̅�(𝛽) =
1

60
∫ 𝑦(𝛽)

60

0

𝑑𝛽 (4.2) 

where the integral was evaluated numerically with Simpson’s formula. The results can be 

found in the tables below the graphs of Section 5.1, 6.1, 7.1 and 8.1. 

As β increases the loss of absorber material causes �̅�𝑔
𝑎𝑐𝑡𝑖𝑣𝑒(𝑡) to increase. According to the 

definition of Sg in Equation 3.5, Sg then increases and this can be seen for all results of the 

control rod coefficients [10]. 

4.2 CONTROL ROD DEPLETION IN POLCA7 

The simulations used the KKL reactor core which was refuelled with fresh fuel of the same 

type used in the reference case. The refuelling was done such that a fresh CR was completely 

surrounded by the fuel. Copies of the setup were then created but with cell data generated from 
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the coefficients of the CRDEPL results. All setups were then run for a full cycle where the CR 

was in operating position the first half of the cycle and the axial β of the CR was calculated. 

The average β of the top quarter segment, Quarter Segment 1, was calculated by taking the 

average value of all nodes between 75-100% of the rod length. The handle was not included 

since it does not suffer depletion. 

4.3 CONTROL ROD WORTH IN PHOENIX4 

The procedure follows Reference [4]. The segment being used is the same bottom segment as 

in the control rod coefficients simulations. Since for most of their lifetime the pins are fully 

swelled they have been modelled as such in PHOENIX4. The CR is depleted in steps of 

10 MWd/kgU by first depleting the fuel to 20 MWd/kgU and then inserting the CR until 

30 MWd/kgU. At this point the CR data is saved while the fuel assembly is reset and the whole 

process is repeated until the CR has an equivalent depletion of 60 MWd/kgU. At every step the 

average number density and 𝑘𝑖𝑛𝑓 are calculated to associate CRW with 𝛽. 𝛽 is calculated from 

PHOENIX4 output data by weighting and summing the number density of boron for all 

segments of the pin to obtain an average value. CRW is calculated at cold conditions by 

extracting the saved data after each reset and perform a separate simulation with a VoidTree 

calculation for 0% void and 273 K. kinf can then be found with and without the CR. 

A fourth degree polynomial was fitted to the results of each simulation. The difference 

between the results of each parameter value and the reference was calculated from these fitted 

curves with the same procedure as for the CR coefficients, see Section 4.1. The results can be 

found in the tables below the graphs of Section 5.3, 6.3 and 7.3. 

CRW decreases as β increases since there is less absorber material left, which decreases the 

effectiveness of the CR. In the graphs of Section 5.3, 6.3 and 7.3, the CRW starts to decrease 

directly; this is due to the pins being simulated as fully swelled from the start. 

4.4 CONTROL ROD WORTH IN MCSCRAM 

The MCNP model used in McScram consists of a fuel assembly with 10x10 fuel rods and with 

CR99 blades to the north and west with one input code for cold conditions and one for hot. The 

same reference as in the PHOENIX4 simulations were used, see Figure 2-2, although in 

PHOENIX4 the fuel was depleted in steps but in McScram the fuel is always fresh. First all 

simulations were run with MCNP5, but without the CR present, to calculate 𝑘𝑖𝑛𝑓
𝑤𝑖𝑡ℎ𝑜𝑢𝑡.  

A fourth degree polynomial was fitted to the results in the same manner as for CRW calculated 

with PHOENIX4. The deviation was then calculated by the method described in Section 4.1. 

In the results from the PHOENIX4 simulations, the CRW starts to decrease directly, while in 

the results from the McScram simulations it first increases. This is due to the pins being 

simulated as fully swelled from the start in the PHOENIX4 simulations while McScram can 
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simulate the swelling dynamically. This shows that the pins are able to absorb more neutrons 

when they swell [5]. 

5 VOID 

5.1 CONTROL ROD DEPLETION COEFFICIENTS 

The effects of void were simulated by changing void from the original value of 40% to 0%, 

20% and 60%. The results in the thermal and epithermal energy group are similar and 

therefore only the graph and table of the thermal results are shown below in Figure 5-1 and 

Table 5-1; for the epithermal results see Appendix 1.  

S decreases for a given β as void increases. When void increases the water becomes less 

effective at moderating the neutrons and there is a neutron energy spectrum shift to higher 

energies. The cross section for neutron absorption decreases with increasing energy, which 

means that the average microscopic cross section for absorption decreases, and therefore Sg, 

when void increases [10]. 

 
Figure 5-1 S as a function of β for different void in the thermal energy group 
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Table 5-1 Deviation of the different void cases from the reference of 40% in the thermal energy group, 

evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Void 
β 

Average 
0% 30% 60% 

0% 6.2 8.1 10.2 8.4 

20% 3.6 4.5 5.6 4.6 

40% (reference) 0 0 0 0 

60% -4.7 -5.9 -6.8 -5.9 

 

5.2 CONTROL ROD DEPLETION IN POLCA7 

As can be seen in Figure 5-2 and Table 5-2, the depletion of the rod is higher for lower void, 

which is the same trend as for Sg. This is expected considering that the results from Sg are 

directly used in the simulations. The depletion is also higher closer to the top of the rod which 

is also expected since the rod spends most of its life outside the core where only the top part is 

irradiated by neutrons leaking down. For a direct comparison of the results from the different 

types of simulation, see Section 9. 

 
Figure 5-2 β along the length of the control rod for different void 
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Table 5-2 Deviation of average β of QS1 for the different void cases from the reference of 40% 

Deviation from reference [%]  

Void 
Deviation of 

average β of QS1 

0% 5.6 

20% 3.2 

40% (reference) 0 

60% -4.5 

 

5.3 CONTROL ROD WORTH IN PHOENIX4 

Different cases of void were simulated by changing the void for when the fuel (and CR) is 

depleted, this corresponds to cold CRW. The void is still 0% when calculating CRW, which is 

the same condition as for the simulations of the other parameters and the reference. If the void 

had instead been changed for when CRW is evaluated it would have been hot CRW. The 

results for hot CRW can be found in Appendix 2. 

The result is the same for all cases before the rod has started to deplete, as the CRW is 

calculated during cold conditions and the void is thus always zero. However, as soon as β 

increases it can be seen that CRW is lower for higher voids, see Figure 5-3 and Table 5-3. 

CRW evaluated under cold conditions means that the void is 0% cold during the time of 

evaluation and the different void cases are for the conditions around the fuel during the 

depletion. The effects of the different void values are therefore a reflection of the conditions 

under which the fuel was depleted, not the conditions when CRW is calculated. A higher void 

during depletion causes a larger build-up of plutonium, which is fissile. The effect thus 

becomes the same as for when the enrichment was increased, although not as pronounced [10]. 



 

  

 

Report 

Page 18 of 34 

 

 

 

 
Figure 5-3 CRW as a function of β for different void 

Table 5-3 Deviation of the different void cases from the reference of 40%, evaluated at 0%, 30% and 60% β 

and with the average over the interval 

Deviation from reference [%]  

Void 
β 

Average 
0% 30% 60% 

0% 0.0 1.4 1.0 1.3 

20% 0.0 0.7 0.7 0.7 

40% (reference) 0 0 0 0 

60% 0.0 -0.9 -1.0 -0.8 

 

5.4 CONTROL ROD WORTH IN MCSCRAM 

Different cases of void were simulated by changing the density value of the water around the 

fuel rods to correspond to the respective void, and the calculations were performed in cold 

conditions. 
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The results in Figure 5-4 and Table 5-4 do not show the same trend as cold CRW calculated in 

PHOENIX4 but instead hot CRW, although with a much lower sensitivity. McScram uses the 

cold case to calculate 𝑘𝑖𝑛𝑓
𝑤𝑖𝑡ℎ and the hot case to calculate β. Since β always start at 0% it is 

consistent that all curves start out the same and then slowly diverges. 

 
Figure 5-4 CRW as a function of β for different void 

Table 5-4 Deviation of the different void cases from the reference of 40%, evaluated at 0%, 30% and 60% β 

and with the average over the interval 

Deviation from reference [%]  

Void 
β 

Average 
0% 30% 60% 

0% 0.1 -0.2 -0.8 -0.3 

20% 0 -0.1 -0.4 -0.1 

40% (reference) 0 0 0 0 

60% 0.1 0.1 0.5 0.2 
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6 ENRICHMENT 

6.1 CONTROL ROD DEPLETION COEFFICIENTS 

The effects of enrichment were simulated using two different designs of the fuel assembly: 

first with all the fuel rods having the same enrichment and then with the fuel assembly from 

the reference. In the first case the enrichment was set to 0.71 w/o and 2.00 w/o. In the second 

case only the enrichment of the highest enriched fuel (which originally had an enrichment of 

4.95 w/o) was changed to 3.00 w/o, making the average enrichment 3.69 w/o. The results in 

the thermal and epithermal energy group are similar and therefore only the graph and table of 

the thermal results are shown below in Figure 6-1 and  

 

Table 6-1; for the epithermal results see Appendix 1.  

S decreases for a given β as enrichment increases. The enrichment of the fuel affects the 

neutron spectrum and increasing the enrichment shifts the neutron energy spectrum to higher 

energies. This decreases the average microscopic cross section for absorption since the cross 

section is lower for higher energy neutrons, and therefore decreases Sg [10]. 

 
Figure 6-1 S as a function of β for different enrichments in the thermal energy group 
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Table 6-1 Deviation of the different enrichment cases from the reference of 4.54 w/o in the thermal energy 

group, evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Enrichment 
β 

Average 
0% 30% 60% 

0.71 w/o 38 19 12 21 

2.00 w/o 25 12 9 13 

3.69 w/o 3.4 3.3 2.6 3.4 

4.54 w/o (reference) 0 0 0 0 

 

6.2 CONTROL ROD DEPLETION IN POLCA7 

As can be seen in Figure 6-2 and Table 6-2, the depletion of the rod is higher for lower 

enrichment, which is the same trend as for Sg and is due to the Sg results being directly used in 

the simulations. The depletion is also higher closer to the top of the rod for the same reason 

mentioned in the Void section. For a direct comparison of the results from the different types 

of simulation, see Section 9. 

 
Figure 6-2 β along the length of the control rod for different enrichment 
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Table 6-2 Deviation of average β of QS1 for the different enrichment cases from the reference of 4.54 w/o 

Deviation from reference [%] 

Enrichment 
Deviation of 

average β of QS1 

0.71 w/o 19 

2.00 w/o 10 

3.69 w/o 2.1 

4.54 w/o (reference) 0 

 

6.3 CONTROL ROD WORTH IN PHOENIX4 

Different cases of enrichment were simulated by changing the setup of the fuel in the same 

way as when simulating CR coefficients. 

CRW decreases for a given β as the enrichment increases; see Figure 6-3 and Table 6-3. As the 

enrichment increases, kinf also increases due to the increase in fissile material. However, due to 

the decreasing effectiveness of the CR at higher enrichments, kinf increases faster with the CR 

than without, decreasing CRW [10]. 

 
Figure 6-3 CRW as a function of β for different enrichment 
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Table 6-3 Deviation of the different enrichment cases from the reference of 4.54 w/o, evaluated at 0%, 30% 

and 60% β and with the average over the interval 

Deviation from reference [%]  

Enrichment 
β 

Average 
0% 30% 60% 

0.71 w/o 12 13 15 13 

2.00 w/o 9.3 10 12 10 

3.69 w/o 3.7 4.0 4.5 4.0 

4.54 w/o (reference) 0 0 0 0 

 

6.4 CONTROL ROD WORTH IN MCSCRAM 

Different cases of enrichment were simulated by changing the fuel composition of the 

materials used in the fuel rods. 

The trend seen in Figure 6-4 and Table 6-4 is very similar to the results from PHOENIX4, in 

fact the reference and 3.69 w/o case is almost identical, apart from the first 10% of β where the 

McScram results clearly show the effects of the swelling of the pins. The difference comes in 

the lower enriched cases where McScram seem to be more sensitive than PHOENIX4. 

However, there is a difference in the way CRW is simulated in McScram and PHOENIX4; in 

PHOENIX4 the fuel is depleted during the simulations as the CR is depleted, while in 

McScram the fuel is always fresh. To verify that this effect could explain the difference for the 

0.71 w/o case, initial CRW was generated in PHOENIX4 with fresh fuel and the results were 

increased to 0.18, which is at the same level as the McScram results. 
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Figure 6-4 CRW as a function of β for different enrichment 

Table 6-4 Deviation of the different enrichment cases from the reference of 4.54 w/o, evaluated at 0%, 30% 

and 60% β and with the average over the interval 

Deviation from reference [%]  

Enrichment 
β 

Average 
0% 30% 60% 

0.71 w/o 33 33 35 34 

2 w/o 15 15 16 15 

3.69 w/o 3.7 4.0 4.1 4.0 

4.54 w/o (reference) 0 0 0 0 

 

7 WATER GAP 

7.1 CONTROL ROD DEPLETION COEFFICIENTS 

The effects of the gap between the fuel rods and the CR were simulated by changing the value 

from the original 7 mm to 6 mm, 8 mm, 9 mm and 10 mm. The position of the different parts 

of the control blade had to be shifted according to Reference [11].  
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S increases for a given β as the gap increases in the epithermal energy group, see Figure 7-2 

and Table 7-1, but decreases in the thermal energy group, see Figure 7-3 and Table 7-2. 

Changing the gap means changing the amount of water between the fuel rods and the CR. 

Increasing the gap causes the neutrons to move through more water, shifting the neutron 

spectrum to lower energies. This increases the average microscopic cross section for 

absorption in the boron pins since the cross section is higher for lower energy neutrons, which 

explains the results for Sg in the epithermal energy group. The reverse trend in the thermal 

energy group is due to effects on the ratio between the active and side fluxes; see section 3.1 

for a definition of the fluxes. The flux of thermal neutrons is highest in the middle of the water 

gap between the fuel assembly and the CR, as illustrated in Figure 7-1. When the gap increases 

this peek also increases, and since the flux in the gap is closely related to the side flux it 

increases as well. The flux inside the control rod does not increase at the same rate which 

causes the ratio between the active flux and side flux to decrease, thus decreasing 𝑆𝑔(𝛽). The 

flux of epithermal neutrons is not affected in the same way, it remains fairly equal along the 

gap, and therefore the same effect is not seen for the epithermal energy group [10]. 

 

 
 

Figure 7-1 A rough sketch of the thermal neutron flux in the fuel assembly, water gap and control rod 
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Figure 7-2 S as a function of β for different gap in the epithermal energy group 

Table 7-1 Deviation of the different gap cases from the reference of 7mm in the epithermal energy group, 

evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Gap 
β 

Average 
0% 30% 60% 

6 mm -2.9 -3.4 -3.9 -3.4 

7 mm (reference) 0 0 0 0 

8 mm 2.6 3.1 3.6 3.1 

9 mm 4.9 6.0 6.9 5.9 

10 mm 7.1 8.7 10 8.6 
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Figure 7-3 S as a function of β for different gap in the thermal energy group 

Table 7-2 Deviation of the different gap cases from the reference of 7mm in the thermal energy group, 

evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Gap 
β 

Average 
0% 30% 60% 

6mm 6.5 6.0 5.1 6.0 

7 mm (reference) 0 0 0 0 

8mm -5.3 -4.8 -3.9 -4.8 

9mm -9.5 -8.7 -7.1 -8.6 

10mm -13 -12 -9.7 -12 

 

7.2 CONTROL ROD WORTH IN PHOENIX4 

Different cases of gap were simulated by changing the gap and shifting the CR in the same 

way as when simulating CR coefficients. 
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CRW decreases for a given β as the gap increases; see Figure 7-4 and Table 7-3. Increasing the 

gap increases kinf since the presence of more water shifts the neutron energy spectrum to lower 

energies. This effect has a turning point when the decrease in the interaction between the fuel 

assemblies becomes larger than the increase of thermal neutrons from the increased 

moderation. The CR already decreases the interaction between the fuel assemblies, meaning 

that kinf will decrease slower with the CR present than without when the gap increases, 

resulting in a decrease in CRW [10]. 

 
Figure 7-4 CRW as a function of β for different gap 

Table 7-3 Deviation of the different gap cases from the reference of 7mm, evaluated at 0%, 30% and 60% β 

and with the average over the interval 

Deviation from reference [%]  

Gap 
β 

Average 
0% 30% 60% 

6 mm 1.5 1.3 1.1 1.3 

7 mm (reference) 0 0 0 0 

8 mm -1.8 -1.6 -1.4 -1.6 

9 mm -3.6 -3.3 -2.9 -3.3 

10 mm -5.4 -5.1 -4.5 -5.0 
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8 SWELLING 

8.1 CONTROL ROD DEPLETION COEFFICIENTS 

Swelling cannot be simulated dynamically in PHOENIX4 but instead has to be set at the start 

of the simulation. The effects of the swelling of the B4C pins were therefore simulated by 

changing the dimensions of the B4C part of the control rod in the input file. The swelling was 

simulated first radially, so the pin touches the inner wall of the hole, and then also axially, so 

the pin filled the whole hole. The density of the boron had to be recalculated for both cases so 

that mass was preserved, which was done according to Reference [12]. The results in the 

thermal and epithermal energy group are similar and therefore only the graph and table of the 

thermal results are shown below in Figure 8-1 and Table 8-1; for the epithermal results see 

Appendix 1.  

S increases for a given β as the pin swells. Spreading the absorber material out more in space 

increases the absorption rate, meaning the product of the active flux and average microscopic 

absorption cross section increases. This in turn increases Sg according to Equation 3.5. The 

absorption rate increases since most of the absorption occurs at the edge of the pin. Increasing 

the surface area therefore increases the absorption rate [10]. 

 
Figure 8-1 S as a function of β for different cases of swelling in the epithermal energy group  
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Table 8-1 Deviation of different cases of swelling from the reference with no swelling in the thermal energy 

group, evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Swelling 
β 

Average 
0% 30% 60% 

No swelling 

(reference) 
0 0 0 0 

Radial 11 12 16 12 

Radial & axial 15 16 20 16 

 

9 CONCLUSSIONS 

A summary of the results of all the simulations is given below; see Table 9-1, Table 9-2 and 

Table 9-3. The average value is the same as presented in the earlier tables; see Section 4 for an 

explanation of how it was calculated. 

It can be seen that void and enrichment has similar effects on Sg simulated in PHOENIX4 and 

β simulated in POLCA7, which is expected since Sg is directly used when calculating β. This 

shows that it is important to generate the correct set of Sg to obtain a good accuracy when 

calculating β. 

Judging from the tables and the earlier graphs it can be seen that Sg cannot be studied 

indirectly through CRW since the trends and the sensitivity to the different parameters were 

not consistent between Sg, CRW calculated with PHOENIX4 and CRW calculated with 

McScram. 

The difference between the McScram results and the PHOENIX4 results show the effects of 

the simplifications done in the PHOENIX4 code, such as the smeared materials and simplified 

geometries. Since Sg is currently generated with PHOENIX4, any comparison between CRW 

and Sg should therefore be done from the CRW results from PHOENIX4.   
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Table 9-1 Average deviation between different void cases and reference for all simulations 

Average deviation from reference [%] 

Void S1 S2 CRW (PHOENIX4) POLCA CRW (McScram) 

0% 6.5 8.4 1.3 5.6 -0.3 

20% 3.7 4.6 0.7 3.2 -0.1 

40% (reference) 0 0 0 0 0 

60% -4.9 -5.9 -0.8 -4.5 0.2 

 

Table 9-2 Average deviation between different enrichment cases and reference for all simulations 

Average deviation from reference [%] 

Enrichment S1 S2 CRW (PHOENIX4) POLCA CRW (McScram) 

0.71 w/o 9.5 21 13 19 34 

2.00 w/o 5.4 13 10 10 15 

3.69 w/o 1.1 3.4 4.0 2.1 4.0 

4.54 w/o (reference) 0 0 0 0 0 

 

Table 9-3 Average deviation between different gap cases and reference for all simulations 

Average deviation from reference [%] 

Gap S1 S2 CRW (PHOENIX4) 

6 mm -3.4 6.0 1.3 

7 mm (reference) 0 0 0 

8 mm 3.1 -4.8 -1.6 

9 mm 5.9 -8.6 -3.3 

10 mm 8.6 -12 -5.0 

 

10 RECOMMENDATIONS 

Several of the parameters that were previously considered to have negligible effect on the CR 

coefficients have been shown to have significant effect. Therefore three different approaches 

are suggested below to improve the accuracy of calculating β, which in turn is important for an 

accurate control rod depletion tracking with POLCA7. 

The first approach would be to update the guidelines for generating CR coefficients to include 

these effects. More specifically the enrichment should be set to a typical high enriched fuel 

like the reference, and void should be set to a representative value of the current conditions 
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around the CR. Also swelling of the pin should be considered depending on when during the 

CR’s lifetime β is being calculated. 

The second approach would be to generate a larger set of tables of Sg for different parameter 

values, which could be used more dynamically when calculating β by including the current 

environment around the CR. This implies that PHOENIX4 has to be updated to include this 

feature and that tables would have to be generated for each type of CR and lattice. The 

parameters for which tables should be generated are enrichment, void and swelling of the pins 

(without swelling for the early life of the CR and swelling after β reaches about 10%). Sg is 

already calculated for each individual lattice type, so gap is already included. 

The third approach would be to update the McScram code such that Sg could be directly 

calculated, since the geometries can be more accurately simulated and dynamic effects such as 

pin swelling can be included. 

While a clear correlation between CRW and Sg could not be found, and thus Sg could not be 

studied indirectly through CRW, the results from McScram can still be used to benchmark the 

PHOENIX4 results. 
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APPENDICES 

A1 Epithermal results 

Following graphs and tables are results in the epithermal energy group from the simulations of 

the CR coefficients that were omitted in Section 5, 6 and 8 due to their similarity to the results 

in the thermal energy group. 

 
Figure 1-1 S as a function of β for different void in the epithermal energy group 

Table 1-1 Deviation of the different void cases from the reference of 40% in the epithermal energy group, 

evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Void 
β 

Average 
0% 30% 60% 

0% 5.5 6.7 7.7 6.5 

20% 3.2 3.7 4.3 3.7 

40% (reference) 0 0 0 0 

60% -4.5 -4.9 -5.6 -4.9 
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Figure 1-2 S as a function of β for different enrichments in the epithermal energy group 

Table 1-2 Deviation of the different enrichment cases from the reference of 4.54 w/o in the epithermal energy 

group, evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Enrichment 
β 

Average 
0% 30% 60% 

0.71 w/o 13 9.4 6.2 9.5 

2.00 w/o 4.4 5.8 4.2 5.4 

3.69 w/o 1.7 1.1 0.9 1.1 

4.54 w/o (reference) 0 0 0 0 
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Figure 1-3 S as a function of β for different cases of swelling in the epithermal energy group 

Table 1-3 Deviation of the different cases of swelling from the reference without swelling in the epithermal 

energy group, evaluated at 0%, 30% and 60% β and with the average over the interval 

Deviation from reference [%]  

Swelling 
β 

Average 
0% 30% 60% 

No swelling 

(reference) 
0 0 0 0 

Radial 4.6 4.7 6.0 4.9 

Radial & axial 7.2 7.2 8.4 7.4 
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A2 Hot CRW 

For an explanation of hot CRW see Section 5.3. Notice that none of the hot CRW cases are the 

same as the reference, not even the 0% case since it is still 0% hot, not 0% cold. 40% has been 

set as the reference value for the calculation of the difference between the different parameter 

values. 

CRW evaluated under hot conditions means that the void during the depletion was the same 

for all cases; instead the void during the time of evaluation of CRW is changed. The void 

increases mainly between the fuel rods, while the water around the CR remains at 0%. When 

the void increases the water around the CR becomes more important in moderating the 

neutrons since the water around the fuel has partly turned to steam. With the CR present, there 

is less water outside the fuel to act as a moderator and kinf will therefore decrease faster when 

the void increases. CRW evaluated under hot conditions will therefore increase with increasing 

void. 

 
Figure 2-1 CRW as a function of β for different void 
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Table 2-1 Deviation of the different void cases from the reference of 40%, evaluated at 0%, 30% and 60% β 

and with the average over the interval 

Deviation from reference [%]  

Void 
β 

Average 
0% 30% 60% 

0% -15 -15 -14 -15 

20% -8.2 -8.0 -7.7 -8.0 

40% (reference) 0 0 0 0 

60% 9.8 9.5 9.1 9.5 

 

 


