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Abstract

Detailed 10B depletion in control rods operating
in a Nuclear Boiling Water Reactor

John Johnsson

In a nuclear power plant, control rods play a central role to control the reactivity of
the core. In an inspection campaign of three control rods (CR 99) operated in the
KKL reactor in Leibstadt, Switzerland, during 6 respectively 7 consecutive cycles,
defects were detected in the top part of the control rods due to swelling caused by
depletion of the neutron-absorbing 10B isotope (Boron-10). In order to correlate
these defects to control rod depletion, the 10B depletion has in this study been
calculated in detail for the absorber pins in the top node of the control rods.

Today the core simulator PLOCA7 is used for predicting the behavior of the reactor
core, where the retrievable information from the standard control rod follow-up is
the average 10B depletion for clusters of 19 absorber holes i.e. one axial node.
However, the local 10B depletion in an absorber pin may be significantly different
from the node average depletion that is re-ceived from POLCA7. To learn more, the
10B depletion has been simulated for each absorber hole in the uppermost node using
the stochastic Monte Carlo 3D simulation code MCNP as well as an MCNP- based
2D-depletion code (McScram). 

It was found that the 10B depletion is significantly higher for the uppermost absorber
pins than the node average. Furthermore, the radial depletion in individual absorber
pins was found to be much higher than expected. The results are consistent with the
experimental data on control rod defects.
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1 INTRODUCTION 

1.1 NUCLEAR POWER AND REACTIVITY CONTROL 

A boiling water reactor (BWR) is used to generate electrical power by nuclear fission. In the 
fission process a nucleus is split into two lighter nuclei by absorbing a neutron and energy is 
released. When the nucleus is spilt it typically emits 1-4 neutrons (2.5 neutrons is the average) 
which can induce further fission. This is used to create a chain reaction in a nuclear reactor, 
where the large amount of energy released in the fission process heats water into steam which 
drives the turbines and electricity is generated. 
 
In a BWR the fuel is uranium dioxide enriched to 3-5% in 235U, and formed to cylindrical pel-
lets with a radius of 4.5 mm and a height of approximately 10 mm. These pellets are stacked to 
a height of about 4 m and surrounded by a fuel pin of a zirconium alloy. In a BWR reactor 
there are about 700 fuel assemblies each containing about 100 fuel pins. 
 
The power in a BWR is controlled by changing the water flow through the reactor core as 
more water (less steam) is beneficial for the fission chain reaction. In addition, one may insert 
or withdraw control rods with neutron-absorbing material in the reactor core. There are several 
different designs of control rods used in regulating the neutron flux in the reactor. In this study 
control rod 99 (CR 99) has been simulated. CR 99 is designed with high density boron carbide 
pins (absorber pins), as boron have a very high ability to absorb neutrons. Accordingly, the in-
sertion of the control rod hinders the neutrons from inducing more fissions, thus lowering the 
power in the reactor core. 
 
 
1.2 CONTROL ROD DEPLETION AND IASCC 

When boron absorbs a neutron, helium is created by the reaction: 10B + n → 4He + 7Li + Ener-
gy. When an absorber pin is exposed to a neutron flux, boron nuclei are thus consumed, and 
the consequent decrease in boron concentration is called depletion. Because helium is created, 
the absorber pins have a strong tendency of expanding their volume and surface area. As 10B is 
depleted the swelling increases and after a while the absorber material starts to push on the en-
capsulation of stainless steel blade wing as the free expansion volume is limited. If the deple-
tion continues, the expansion of the absorber pin will start to push on the blade wing and 
cracks start to occur in the encapsulation. This type of cracks is called Irradiation-Assisted 
Stress Corrosion Cracking (IASCC). At the occurrence of cracks water can leak into the absor-
ber holes1 and react with the lithium and create lithium hydroxide which has larger volume 
than lithium, with the result of accelerating the swelling. Boron can also leak out into the reac-
tor water, which lowers the efficiency of the reactor.  
 
1.3 SCOPE OF THIS WORK 

The objective of this study was to estimate 10B depletion in the uppermost absorber holes of 
three highly irradiated CR 99 control rods operated in the KKL reactor. The retrievable infor-
mation from the standard control rod follow-up (POLCA7) is the average nodal 10B depletion. 
In POLCA7, the control rod is divided into 24 axial nodes, where each node contains 19 ab-
sorber holes. However, POLCA7 does not cover the fact that the local 10B depletion is signifi-
cantly higher in the top absorber holes as well as at the edges compared with the average node 
depletion.  
 

                                                           
1 Absorber hole refers to the hole in the control rod where the absorber material (here: boron) is located. 
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The change in 10B depletion compared to average node depletion is particularly strong when 
the control rod is fully withdrawn from the core, due to self-shielding effects of the absorber 
holes and the increasing distance from the neutron source in the active core. When the control 
rod is inserted (partially) in the core, the depletion rate is also higher in the uppermost absorber 
holes than the node average. Hence, the highest 10B depletion is expected to be reached in the 
top absorber hole, and thereafter decrease until the effects of the self-shielding and the top neu-
tron flux gradient have become negligible. Due to the self-shielding effects of 10B, the deple-
tion is also strongly peaked at the edges of the pins. 
 
In this study, the axial and radial variation of the 10B depletion rates of the uppermost 19 ab-
sorber holes was studied for a fresh control rod inserted respectively fully withdrawn, using the 
stochastic Monte Carlo code MCNP [2]. The 10B depletion was also calculated as function of 
operation time for both cases. 
 
To get a more general case of the axial 10B depletion when the control rod is operating in a 
reactor, the depletion was also calculated for a control rod that was withdrawn during the first 
half of the cycle and inserted during the second half of the cycle for each cycle. 
 
A more specific study was performed for the axial and radial 10B depletion for the uppermost 
19 absorber holes of some highly irradiated CR 99 rods that were operated in the KKL reactor 
from BOC2 20 to EOC3 25 (6 cycles) or EOC 26 (7 cycles). For these control rods, experimen-
tal data of IASCC was available, and the 10B depletion obtained in these simulations was cor-
related to the IASCC data. 
 
 
2 FUEL ASSEMBLY AND CONTROL ROD GEOMETRY 

2.1 FUEL ASSEMBLY 

In a BWR the fuel is uranium dioxide enriched to 3-5% in 235U, which is in the form of cylin-
drical pellets with a radius of 4.5 mm and a height of approximately 10 mm. These pellets are 
stacked on to a height of about 4 m and surrounded by a fuel pin of a zirconium alloy and 
filled with helium. It should be noted that the axial enrichment may vary in the fuel pins de-
pending on the core design made by the operator. The fuel pins are stacked in lattice squares, 
normally 10x10 fuel pins as can be seen in Figure 1.  

 

 

 

 

 

 

 

                                                           
2 BOC = Beginning of cycle 
3 EOC = End of cycle 
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1. Top plate 

2. Fuel pin 

3. Fuel channel 

4. Water cross 

5. Spacers 

6. Debris filter 

7. Bottom plate 

 

 

 

 

 

 

 

 

 
 
Through the middle of the fuel assembly there is a water cross which is used to increase the 
amount of the water in the center of the fuel assembly. Surrounding the fuel assembly is a fuel 
channel, to ensure a well defined flow of water in the fuel assembly. To stabilize and keep the 
fuel pins at well defined positions, spacers are used.   
 

2.2 CONTROL RODS 

2.2.1 The 2
nd
 generation CR 99 control rod design 

The CR99 is designed with solid AISI 316L SS4 wings with horizontally drilled holes to con-
tain the absorber material boron carbide, see Figure 2. Boron carbide is used due to its very 
high ability to absorb neutrons.  
 
As discussed in section 1.2, the absorber pins have a strong tendency to expand as the boron 
absorbs neutrons and is converted into helium and lithium (also called boron depletion). In or-
der to minimize swelling- induced mechanical stress on the stainless steel cladding, the absor-
ber is designed as two separate pins with a 1 cm gap between them (to allow for axial expan-
sion) and with a diametrical gap between the absorber and the hole wall (to allow for the di-
ametrical expansion), see Figure 2 . In the main part of the control rod (the middle zone), the 
absorber pin diameter is 5.5 mm, whereas for the uppermost 10 absorber holes, the pin diame-
ter is somewhat smaller (5.2 mm) in order to compensate for the increased depletion. The di-
ameter of the holes are constant; 6.03 mm. 

 
As can be seen in Figure 2, the absorber pins are tapered, this is due to the increased depletion 
that the edges experience. One may note that one of the middle zone pins is not tapered, this is 
due to manufacturing difficulties.  

 
 

                                                           
4 SS, Stainless Steel. 

Figure 1 A BWR fuel assembly 
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2.2.2 Inserted and withdrawn positioning in the reactor core 

To control the neutron flux in the reactor core, control rods can be inserted into or withdrawn 
from the reactor core. When the control rod is inserted it absorbs neutrons which will result in 
less fission of uranium atoms and a decrease in reactor power. Accordingly, the number of 
control rods inserted and their position is used to regulate these effects so that the reactor core 
won’t go critical and result in an exponential increase of fission reactions in the core, which 
would result in too much energy released. When the control rod is not operating it is with-
drawn, and has essentially no effect on the regulation of the neutrons in the reactor core. The 
control rods stand vertical within the reactor core in a BWR and are inserted from underneath 
the core. 

2.3 CHARACTERISTIC OF BORON DEPLETION FOR INSERTED AND 
WITHDRAWN CONTROL RODS 

The differences in 10B depletion between and within individual absorber pins is particularly 
strong when the control rod is withdrawn, due to self-shielding effects of the absorber holes 
and the increasing distance from the neutron source in the active core. Also in inserted mode 
the depletion rate is higher in the uppermost absorber holes mainly due to neutron flux gradient 
around the control rod top but also from self-shielding effects. 
 
Hence the highest 10B depletion is expected to be reached in the top absorber hole, and thereaf-
ter decrease until the effects of the self-shielding and the top neutron flux gradient have be-
come negligible. Due to the self-shielding effects of the absorber holes the depletion is also 
strongly peaked at the edges of the pins and therefore increasing the risk for IASCC. It should 
be mentioned that even though the change in 10B depletion is particularly strong when the con-
trol rod is withdrawn, the control rod receives most of its depletion while inserted.  
 

 

Top zone: Hole 1-10 

• Pin diameter 5.2 mm 

• Hole diameter 6.03 mm 

Middle zone: Hole 11-364 

• Pin diameter: 5.5 mm 

• Hole diameter: 6.03 mm 

Figure 2 The 2nd generation control rod 99 design. To the right is an enlarged view of the tapered     
boron carbide pins. 
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3 SIMULATION OF CONTROL ROD DEPLETION 

The modeling done in this work is tailored to represent the behavior of control rod 99 in the 
KKL reactor in Switzerland. As discussed in section 1.3, this reactor was selected because ex-
perimental follow-up has been performed in that reactor. This is further discussed in sections 5 
and 6. 

The modeling performed in this work was done with two simulation codes; MCNP and 
McScram, which are further described below. In normal operation, the control rod is calculated 
using the core simulated POLCA7. These somewhat coarse calculations have been compared 
to the more detailed data obtained in this work. 

3.1 SIMULATION TOOLS USED 

3.1.1 MCNP 

MCNP is a Monte Carlo simulation code for particle transport where geometry, material de-
scription and selection of cross-section evaluations are modeled in a 3D-environment. The 
code allows for simulating individual particles and recording some pre-specified aspects of 
their average behavior. This is used to get an understanding of what happens in e.g. a nuclear 
core or as in this study the reaction rate of 10B in a control rod [1]. 

The MCNP version 5 was used for all simulations, relying on the nuclear data library 
ENDF/B-VII.0 [1]. 

3.1.2 McScram 

In order to characterize the radial depletion profiles of the irradiated control rods in detail, a 
2D MCNP-based script has been used (McScram), depleting the absorber material in a step-
wise procedure where each absorber hole has the same environment (absorber holes above and 
below). The control rod blade wings were divided into a large number of small segments and 
the 10B depletion was tracked separately in each of them, thus capturing the strong heterogene-
ous depletion distribution within the absorber pins. In this way, general depletion profiles were 
generated as function of the average depletion of an absorber hole. In this study, the general 
radial depletion profiles generated with McScram were assumed to be applicable to all absor-
ber holes and for both the inserted and the withdrawn mode. [1]  

3.1.3 POLCA7 and form factors 

POLCA7 is a core simulator used by the operator to predict the behavior of the whole reactor 
core at any given moment. POLCA7 has an advanced 10B depletion model for control rods 
based on node side neutron flux, which has shown good agreement of 10B depletion with expe-
rimental data. In the POLCA7 code, the control rod is divided into 25 axial nodes, where each 
node has 19 absorber holes except for node 25 which is the control rod handle. The depletion 
data is presented by the code as the average 10B depletion in each node, i.e the average deple-
tion of the 19 absorber holes in that node [1]. 

Due to the fact that three different programs are used to calculate the 10B depletion, form fac-
tors are used. The form factors enables that high level of detail can be taken into account im-
plicitly by e.g. calculating 10B depletion hole-wise with the MCNP models and then use 
POLCA7 node-wise 10B depletion and recalculate it hole-wise using form factors obtained 
from MCNP simulations. 
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3.2 SYSTEM MODELING 

Due to the considerable difference in the environment of the control rod operated in inserted 
mode versus withdrawn mode, separate simulation models had to be constructed for these two 
different operation modes. For the inserted mode, a large model consisting of several fuel as-
semblies is needed in order to represent the real environment where only a limited number of 
control rods are inserted. For the withdrawn mode on the other hand, a single fuel assembly 
model with reflective boundary conditions is sufficient, since all control rod positions are oc-
cupied by control rods in the region just below the active core (possibly except a limited num-
ber of control rods being completely inserted into the core). 

3.2.1 Simulation model of core with inserted control rods 

To simulate the control rod in inserted mode in the KKL reactor, an MCNP model was created 
consisting of 4x4 fuel assemblies with reflective boundaries in the x- and y-directions, as 
shown in, Figure 3. The approximation with 4x4 fuel assemblies was considered to be enough 
to give a proper power profile within the core.  
 
The simulated fuel assemblies were based on a simplified model of the SVEA-96 Optima2 fuel 
assembly, which is the fuel type used in KKL. Examples of these simplifications are that there 
is no water cross in this model, the fuel pins are located in a regular equidistant lattice and the 
corners of the box are not rounded. However, the 10B depletion is not considered to be affected 
much by these simplifications. 
 
In the simulation of this work the full active core height (368 cm) was modeled, plus a 40 cm 
thick axial water reflector below and above the active core as can be seen in Figure 4. The 
simplified water reflectors at the bottom and top do not affect the 10B depletion when the con-
trol rod is inserted 75%. This is due to the fact that only the uppermost node (node 24) in the 
control rod is studied where the neutron flux is not affected by the reflectors. 
 
The fuel is modeled as fresh fuel with 3.6 wt% 235U and the upper left fuel assemblies had a 
control rod inserted to 75% of the active core height, as shown in the cross-sectional axial view 
in Figure 4. The fuel assembly is divided into axial segments with increasing void5 further up 
to simulate the steam generated in the BWR core. 
 
 
 
 
 
 

                                                           
5 The fraction of steam in the water 
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Figure 3 The left part of the figure shows a cross-sectional xy-view of the MCNP model with 
4x4 fuel assemblies. The right part shows the upper left fuel assembly with control 
rod blades above and to the left.  

 

3.2.2 The control rod model for inserted control rod 

For the inserted control rod, the uppermost 20 absorber holes were explicit modeled with two 
separate absorber pins with the length 4.1 and 5.4 cm and a diameter of 5.5 mm. The differ-
ence in diameter for the uppermost 10 absorber pins was not considered in the MCNP model, 
see section 2.2.1. The absorber material was high-density boron carbide with ρ=2.459 g/cm3. A 
homogeneous mix of 10B and stainless steel represented the absorber holes further down in the 
control rod. This is a simplification that does not affect the 10B depletion in the uppermost 
node which is studied because the neutrons are absorbed almost immediately when entering 
the control material. The control rod was modeled to be inserted about 75% into the core.  

 

 
Figure 4 Cross section axial-view of the MCNP fuel assembly model with inserted CR 99 con-

trol rod. To the right is an enlarged view about the top of the control rod. 
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3.2.3 Simulation model of core with withdrawn control rods 

To simulate the KKL core with withdrawn control rods, an MCNP model of the SVEA-96 Op-
tima2 fuel, with an average 235U enrichment of 4.19 w/o, was used with reflective boundary 
conditions at all sides. The geometry of the MCNP model of the Optima2 fuel assembly is dis-
played in Figure 5. 

The lowest 30 cm of the core was modeled with reflective boundary conditions at its top. Only 
a limited fraction of the bottom part of the core was considered to be needed in the model, 
since the neutron flux leaking out from the core in the downward direction is very much de-
termined by the power density and the neutron flux in the bottom segment of the core. An axial 
cross-sectional view of the MCNP model is shown in Figure 6. 

A void fraction of 0% was assumed, since this is representative for the bottom part of the core 
where no steam is produced. The material composition of the irradiated fuel6 was created by a 
burnup calculation with PHOENIX4 [4]. 

Below the core, a 50 cm high region, including the water reflector, the most important parts of 
the structural material and the control rod, was modeled (depicted in Figure 6). 

 

 

 

                                                           
6 Irradiated fuel refers to fuel that have been used in a reactor and is not fresh. 

  2.40 w/o 

  3.20 w/o 

  3.60 w/o 

  4.20 w/o 

  4.90 w/o 
 

Figure 5 Cross-sectional xy-view of the MCNP model of the SVEA-96 Optima2 fuel used 
when simulating control rods in the withdrawn mode. 
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Figure 6 Cross-sectional axial view of the MCNP model used in the withdrawn mode. 

 

3.2.4 Structural material modeled in the withdrawn mode 

Directly below the active core, the fuel pins are extended by 1.26 cm high solid zircaloy end 
plugs [5]. 

Below this, the core inlet part is located, including the bottom plate [6], the bottom support [7] 
(including the TripleWave debris filter) and the transition piece [8]. These parts have in the 
MCNP model been homogenized together as a mixture of stainless steel and the intermediate 
water. The height of this section is 11.44 cm, the top of it being located at axial location z=-
1.26 cm and the bottom of it at z=-12.7 cm. The components modeled below the core, includ-
ing axial boundaries, are listed in Table 1. 

The fuel assemblies are mounted upon the tube-formed fuel support (inner radius 4.495 cm and 
outer radius 5.755 cm) [9], which is modeled from axial location z=-12.70 cm to z=-25.22 cm 
(height = 12.52). The core plate [9] is modeled with a height of 5.08 cm (from z=-20.14 cm to 
z=-25.22 cm). 

Below the structural components mentioned above, only water is modeled down to z=-50.0 
cm. 

The top of the uppermost absorber hole is located 2.7 cm below the active core [10], i.e., the 
centre of the hole being located about 3.0 cm below the core (absorber hole radius = 0.3015 
cm). The 2.7 cm is derived from Reference [10]. 

The control rod handle was modeled as a solid extension of the control rod from the top of the 
first absorber hole to 4.46 cm above it with a reduced volume. 

Active core (Optima2)

Zircaloy end plugs
CR absorber pins

Homogenized core inlet including:

Bottom plate

Bottom support (incl. debris filter)

Transition piece

Fuel support (tube-formed)

Core plate

Water
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Table 1 Modeled components below the active core. 

Component Axial location 

Top (cm) 

Axial location 

Bottom (cm) 

Reference 

Zircaloy end plugs 0.0 -1.26 AA 301382 [5] 
Core inlet -1.26 -12.70  
   Bottom plate 

  
AA 284990 [6] 

   Bottom support (incl. TripleWave) AA 294199 [7] 
   Transition piece AA 263663 [8] 
Fuel support -12.70 -25.22 BET/02/131, p 37 [9] 
Core plate -20.14 -25.22 BET/02/131, p 35 [9] 
Pure water reflector -25.22 -50.0  

Control rod handle 
13.95 1.76 Upper part 
1.76 -2.70 Lower part 

Location of top absorber hole -2.70  197R616 [10] 
 

3.2.5 The control rod model for withdrawn control rod 

70 absorber holes were modeled and designed as two separate parts with a 1 cm gap between 
them and a diametrical gap between the absorber and the hole walls.   The inner cylinder with 
a length of 4.1 cm and the outer most exposed pin with a length of 5.4 cm with high-density 
boron carbide (ρ=2.459 g/cm3) as absorber material. 
 
4 NORMALIZATION OF SIMULATION RESULTS 

In MCNP, all calculated quantities are expressed in units per sampled source neutron (e.g., ab-
sorption reactions per source neutron). Therefore, in order to convert the obtained results to 
absolute values (e.g., absorption reactions per second or percent 10B depletion per effective 
full-power hour), they need to be normalized to a known reference quantity. Here, the deple-
tion rate and power density from POLCA7 has been used. 

4.1 INSERTED CONTROL ROD 

4.1.1 Normalization to the control rod depletion 

The normalization factor (η) for the inserted control rod was calculated with a reference to the 
average top node7  10B depletion rate (λ) for a specific control rod (02-952) computed with 
POLCA7 at the beginning of its operation, according to the following relation; 

                        
MCNP

P

λ

λ
η 7=                                                                                                       (1) 

The reaction rate from POLCA7 when the control rod is inserted was calculated by correlating 
depletion to time at the beginning of its operation when inserted. 

It should be noted that the microscopic reaction rate in the absorber material have assumed to 
be constant over time when calculating the depletion (i.e. depletion rate integrated over time).    

                                                           
7 Top node is the uppermost 19 absorber holes in the control rod (node 24) 
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4.1.2 Axial power profile for inserted control rod 

In Figure 7, the axial power profile in the fuel assemblies surrounding the control rod, calcu-
lated both with POLCA7 and MCNP, is plotted. Here, the MCNP model was adjusted in order 
to give an axial power profile in good agreement with the power profile obtained with 
POLCA7. The appropriate power profile in the core was created by dividing the fuel assem-
blies in 43 axial sections and then adjusting the void fraction in the coolant water to get as cor-
rect power profile as possible. In the most important section (node 17-20 of the fuel assembly), 
where the uppermost node of the control rod is located, the void fraction is more detailed than 
the rest of the fuel assembly with segments of 2.1 cm instead of 14.7 cm to get a more correct 
power profile. The power profile was assumed to be constant in the MCNP model during the 
entire fuel cycle when calculating the depletion integrated over time. 

It should noted that even though there is a slight irregularity at the axial length of 18% and be-
low where the void is zero, and therefore cannot be adjusted, have no effect on the depletion in 
the region of interest due to the distance from the absorber holes studied at the axial length of 
75%. 

 

Figure 7 Axial power profile in the core for control rod inserted 75% as calculated with 
POLCA7 respectively with the MCNP model at BOC. The end of the inserted control 
rod is marked in the figure at 75%.  

                                                                          

4.2 WITHDRAWN CONTROL ROD 

4.2.1 Normalization to the bottom node power density 

When the control rod is fully withdrawn, the 10B depletion rate calculated with POLCA7 is 
less reliable than when the control rod is inserted in the core [11]. Therefore, the normalization 
quantity used for this mode was the power density in the bottom node (31W/gU in the four sur-
rounding fuel assemblies, obtained from POLCA7 taken as the hottest value in the core). Cal-
culating this quantity with MCNP, and relating it to the POLCA7 value a normalization factor 
(η), can be obtained. 
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However, the quantity obtained from MCNP is the energy released expressed in 
[MeV/n/gUO2] whereas the quantity obtained from POLCA 7 is expressed in [W/gU]. Fur-
thermore, it should be noted though, that a non-negligible fraction of the generated power in 
the core, about 7%, is deposited outside the actual fuel pellets, i.e., in the cladding, the struc-
tural materials and in the moderator due to the immense flux of gamma rays and neutrons in 
the core and their subsequent absorption. Therefore, the power deposited inside the fuel pellets 
is only about 93% of the assumed power density. This difference is important in this case, 
since, in MCNP, the calculated power density is determined as the power deposited only inside 
the fuel pellets, whereas the POLCA7 power density comprises all of the generated energy. 
Moreover, in contrast to 7PP , the energy density in MCNP is determined per g UO2 (not only 

uranium), which is 13.4% heavier than only the uranium.  

Accordingly, the normalization factor used is  

93.0

134.1
10602.1 137 ⋅⋅⋅=

−

MCNP

P

E

P
η   (2) 

Here, the factor for converting the MCNP value expressed in MeV to Joule (1.602·10-13) is al-
so included. 

The value obtained for η in this work was 5.12 ⋅1016 n/s.   

The normalization constant η is thereafter used to normalize the reaction rate obtained from 
the MCNP simulations. 

4.2.2 Axial power density profile for withdrawn control rod 

In Figure 8, the axial power profile in the lower part of the core normalized to 100% relative 
core power (31.1 W/gU) in the bottom node, calculated with POLCA7 and MCNP, is plotted. 
In order for the simulated neutron flux below the core to be appropriate, it is important that the 
power gradient close to the boundary of the active is correctly modeled.  

During the cycle, the power density in the bottom node changes (mainly decreases during the 
second half of the cycle), as the power profile becomes less bottom-peaked with increasing 
burnup. At EOC, it has decreased to about 65% relative core power. However, the MCNP cal-
culations are assumed to be representative of the BOC conditions (core average burnup of ~20 
MWD/kgU burnup) and, thus, 31 W/gU was used as 7PP  in Equation (2). 

It may be noted that no explicit axial bottom reflector was modeled in POLCA7. 
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Figure 8 Axial power profile in the bottom part of the core, normalized to 100% relative core 

power (31 W/gU) in the bottom node, calculated with POLCA7 and MCNP model. 

 

5 SIMULATION RESULTS- GENERAL CASES 

Three different operation scenarios have been studied. The first two scenarios are when the 
control rod is inserted 75% in the core during each cycle respectively fully withdrawn during 
each cycle. The third scenario is a combination, where the control rod is fully withdrawn half 
the cycle and then inserted the other half for each cycle. 

Firstly, the rate of the 10B depletion has been studied, i.e. expressing the rate at which 10B is 
consumed due to the flux of neutrons. Secondly, the depletion has been studied, i.e. the deple-
tion rate integrated over time. 

5.1 DEPLETION RATES FOR FRESH CONTROL RODS 

5.1.1 Axial depletion rates: Inserted and withdrawn mode 

In Figure 9, the initial (fresh control rod) 10B depletion rates obtained from the MCNP simula-
tions for the uppermost 19 absorber holes compared with the top node average are plotted for 
both the inserted and the withdrawn mode. According to the simulation results the depletion 
rate in hole 1 is a factor 1.5 higher than the node average for inserted mode and drops rather 
quickly in the following holes. When the control rod is fully withdrawn, the initial depletion 
rate is almost 3 times higher for the uppermost absorber hole than the top node average deple-
tion.  

The reason for the significantly higher depletion in the uppermost holes is mainly the gradient 
of the power density and the neutron flux around the control rod top, but also the self-shielding 
effects of 10B (the uppermost absorber holes are exposed to the strongest neutron flux while 
they are also shielding the lower-lying absorber holes).  

The large difference in form factors between inserted and withdrawn mode is caused by the in-
creasing distance from the neutron source in the active core when the control rod is withdrawn. 
For the inserted mode, the depletion rate is almost proportional to the power profile below 
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node 24 and the absorber depletion can be approximated as the average node depletion, as 
there is no drastic changes in the power profile within the separate nodes. It should be noted 
that even though the form factors are much higher for the withdrawn mode, the top absorber 
holes still achieve the dominant part of their depletion when inserted.  

 

Figure 9 Form factors describing the 10B depletion in the 19 uppermost holes in a fresh control 
rod inserted 75% respectively withdrawn. The average of the form factors is set to one 
for both data sets. 

 

5.1.2 Radial depletion rates: Inserted and withdrawn mode 

For the uppermost 19 holes for both inserted and withdrawn mode, the initial depletion rates 
were also calculated as functions of the radial location in the hole. The data were tracked for 
radial segments of 1 mm width. As can be seen in Figure 10 and Figure 11, the curves are very 
peaked at the edges, which is a result of the self-shielding effects of the 10B absorber. 

For hole 1, the MCNP simulations gave that the highest depletion factor is about 2.8 (at 0.5 
mm from the edge) when the control rod is inserted. Due to self-shielding effects, the peaking 
at the outer radial tips is expected to increase for the absorber holes further down where it is 
less likely for the neutrons to be absorbed in the inner segment of the absorber hole. This is il-
lustrated for hole 10, where the peaking factor at the outer radial tip is about 3.5. 

In Figure 11, the radial depletion is plotted for the withdrawn mode. The radial depletion rate 
profiles are similar to those of the inserted mode, which is expected.  

The depletion rates were also calculated using an MCNP-based 2D-depletion script 
(McScram), in which the absorber pins were divided into radial segments of 2 mm width and 
into three separate cylindrical shells. Since MCNP does not have an explicit depletion capabili-
ty, this script was later used to calculate the detailed radial depletion distribution, separately 
for each segment, for depleted control rods.  

As can be seen, the depletion rates obtained from MCNP and McScram are very similar, which 
justifies the use of McScram for radial depletion calculations. In the depletion rate profiles be-
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low, the McScram is more similar for hole 10 than hole 1. This is due to the fact that hole 10 
has absorber holes above and below as with the McScram calculations, whereas hole 1 does 
not have absorber holes above.   

 

Figure 10 Initial radial 10B depletion rates for hole 1 and 10 obtained with the 3D MCNP  
model and McScram when the control rod is inserted. 

 

 

Figure 11 Initial radial 10B depletion rates for hole 1 and 10 obtained with the 3D MCNP  
model and McScram for the withdrawn control rod. 

 

The lower radial depletion peaks with McScram is due to larger radial segments, 2 mm instead 
of 1 mm as with the MCNP models. It should be mentioned that the depletion rate in the outer 
0.1 mm will be even higher than the depletion rate at 0.5 mm, due to the short mean free path 
of thermal neutrons in boron carbide. 
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Because of the considerably larger modeled system of the full 3D core model used for the in-
serted mode, the standard deviation is higher for this case than for the withdrawn mode. This is 
also the reason why McScram has softer lines than both the inserted and withdrawn mode.  

 

5.2 DEPLETION INTEGRATED OVER TIME 

So far, only initial 10B depletion rates have been calculated. However, what is more important 
is the depletion, i.e. the integrated depletion rate over time. Unfortunate the currently available 
MCNP version has no functioning burnup capability of 10B and therefore the depletion of ab-
sorber material in the control rods cannot be explicitly simulated. Instead a constant neutron 
flux reaching the absorber holes and a constant microscopic reaction rate have been assumed 
and accumulated 10B depletion over time has been calculated using equations (3) and (4).  

If the microscopic absorption reaction rate of 10B (λ) in the absorber material is known, the de-
crease per time unit of the abundance of the absorber material can be expressed according to 

λN
dt

dN
−=   (3) 

Where N [atoms/cm3] is the volume density of 10B atoms of the absorber material. Solving this 
differential equation and assuming λ to be constant during a small time step (∆t), the number 
density after ∆t becomes [1]. 

t

ii

ieNN
∆⋅−

+ ⋅=
λ

1   (4) 

5.2.1 Axial depletion profiles: Inserted, withdrawn and combined mode 

In Figure 12, the axial depletion profile for a node average depletion of 20%, 40% and 60% is 
illustrated for the topmost 19 absorber holes when the control rod has been operated only in in-
serted mode (75%) during each cycle. With an average depletion in the top node of 60%, the 
top absorber hole has achieved an estimated depletion of approximately 77%. Comparing with 
the initial state (fresh control rod), the axial form factor has decreased from 1.5 in the upper-
most absorber hole to about 1.3 at 60% average top node depletion. This is because the deple-
tion rate is proportional to the amount of 10B left in the absorber hole. With less 10B left the 
depletion rate will decrease which results in less drastic differences in the form factors. 

Due to the simplified method of assuming a constant neutron flux, as discussed in the previous 
section, the results presented in the figures below are thus under-estimated, in particular for the 
uppermost absorber holes and at higher depletion levels. The curves are in reality slightly stee-
per, i.e., the depletion of the uppermost holes should be higher and vice versa for the lower 
holes. However, the magnitude of this under-estimation has currently not been estimated. 
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Figure 12 10B depletion for the topmost 19 absorber holes for inserted mode assuming a deple-
tion average of 20%, 40% and 60% in the top node.    

 

In Figure 13, the axial 10B depletion is plotted for the topmost 19 absorber holes for top node 
averages of 5%, 10% and 15%, when the control rod has been operated only in fully with-
drawn mode for each cycle. As seen previously, the uppermost absorber hole is significantly 
more depleted than the node average. The effect is more pronounced for the withdrawn control 
rod as compared to the inserted.  With an average depletion of 10%, the uppermost hole has 
achieved a depletion of approximately 23%, i.e., more than twice the average top node deple-
tion. 

 
Figure 13 10B depletion of the topmost 19 absorber holes for a withdrawn mode assuming a 

depletion average of 5%, 10% and 15% in the top node. 
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In order to simulate a more general 10B depletion of the control rod in a reactor, the depletion 
was calculated when the control rod had been operated in fully withdrawn mode during the 
first half of the cycle and in inserted mode during the second half for each cycle. In Figure 14, 
the axial 10B depletion profile is plotted for the topmost 19 absorber holes for the top node dep-
letion averages of 20%, 40% and 60%. As can be seen the depletion reaches almost 80% in the 
uppermost hole when the average depletion is 60%. 

 

Figure 14  10B depletion of the topmost 19 absorber holes for a combined mode (inserted and 
withdrawn) assuming a depletion average of 5%, 10% and 15% in the top node. 

 

In all cases, the uppermost absorber hole is significantly more depleted than the node average. 
As seen previously, this characteristic is more pronounced for the withdrawn mode as com-
pared with the inserted mode, and as expected the combined mode leads to depletions that are 
similar but slightly higher than for the inserted mode. Due to the fact that the control rod rece-
ives most of its depletion during inserted mode, the depletion profile is more similar to the in-
serted control rods profile than the withdrawn. A summary of the form factors for the upper-
most hole compared with the node average is tabulated in Table 2 

Table 2 Form factors for the uppermost absorber hole compared with the node average for 
inserted, combined and withdrawn control rod. 

 Form factors  Form factors 
Node av. depletion Inserted Combined Node av. depletion Withdrawn 

20% 1.45 1.60 5% 2.85 
40% 1.35 1.45 10% 2.70 
60% 1.25 1.30 15% 2.60 
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5.2.2 Depletion as function of time – Uppermost hole and node average: Inserted, 

withdrawn and combined mode 

In Figure 15, the 10B depletion for top absorber hole and node average depletion are depicted 
for the control rod operating in inserted mode for each cycle. The non-linear behavior of the 
curves illustrates how the absorber depletion (% per cycle) decreases as the absorber material 
is depleted, from about 21% per cycle at for a fresh control rod assuming 90% of a full power 
year, to e.g. 4% per cycle at about 80% depletion( reached during the 7th cycle. 

Again, it should be mentioned that the results also in these cases are under-estimated (the more 
the higher the depletion is), due to the simplification of an assumed constant neutron flux in 
each absorber hole. 

 
 
Figure 15 Simulated 10B depletion for hole 1 and node average (node 24) as function of    

number of cycles operating in only inserted mode.   

 

In Figure 16, the 10B depletion for the top absorber hole and for the top node is plotted as func-
tion of the number of cycles for operation only in fully withdrawn mode. In the top absorber 
hole, the depletion is about 6% per cycle for a fresh control rod assuming 90% availability of a 
full power year, compared with about 4% per cycle at about 35% depletion (reached after 7 
cycles). This is a relatively high depletion for the uppermost absorber hole considering that the 
control rod is not inserted in the core. 

However it should be mentioned that the initial maximum bottom node power density of about 
31 W/gU in the KKL core is significantly higher than in most reactors. This is due to the fact 
that the fuel in the bottom node is high-enriched, whereas in most reactors a blanket of low-
enriched or natural uranium is used in the bottom node. The effect of this is that 10B depletion 
rate in the control rod top node is estimated to be roughly about a factor of two or more com-
pared to a reactor with no high-enriched bottom. 

0%

20%

40%

60%

80%

100%

0 2 4 6 8 10

B
-1

0
 d

e
p
le

ti
o
n

Cycles

Hole 1

Node 24



23 
 

 
Figure 16 Simulated 10B depletion for hole 1 and node average as function of number of cycles 

operating in fully withdrawn mode.   

 

The 10B depletion for hole 1 and node 24 as function of the number of cycles are plotted in 
Figure 17 when the control rod has been fully withdrawn half of each cycle and inserted the 
other half, assuming 90% of a full power year. After one cycle, the 10B depletion is 14% for 
hole 1 while the node average depletion is 8%. It can be noted that 11% of the depletion in the 
uppermost hole comes from the control rod being inserted.  

 

Figure 17 Simulated 10B depletion for hole 1 and node average as function of number of cycles 
operated in fully withdrawn mode during the first half of the cycle and in inserted 
mode during the second half for each cycle 

 

A summary of the depletions after one respectively seven cycles is presented in table 3 and 4. 
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Table 3 Simulated depletion for hole 1, node average and form factors for hole 1 after 1   
cycle for inserted, withdrawn and combined control rod. 

 Inserted mode Withdrawn mode Combined mode 
Hole 1 21% 6% 14% 

Node average 14% 2% 8% 
Form factor 1.47 3.0 1.66 

 

Table 4 Simulated depletion for hole 1, node average and form factors for hole 1 after 7 

cycles for inserted, withdrawn and combined control rod. 

 Inserted mode Withdrawn mode Combined mode 
Hole 1 75% 36% 65% 

Node average 62% 13% 45% 
Form factor 1.21 2.8 1.43 

 
 

6 SIMULATION OF CONTROL ROD DEPLETION IN THE KKL REACTOR 

6.1 CONTROL ROD HISTORY AND SIMULATION PROCEDURE 

In the KKL inspection campaign, three CR 99 rods inserted at BOC 20 were discharged and 
inspected at EOC 25 (CR 02-953 and CR 02-955 operated during 6 cycles) and at EOC 26 (CR 
02-952 operated during 7 cycles). In this study, the local depletion levels in the top node have 
been estimated for these control rods.  

The operation histories were tracked in detail with POLCA7. The control rod was classified as 
either inserted or withdrawn and the depletion was calculated following the operation cycle. In 
Table 5, the total operation time and 10B depletion for inserted and withdrawn mode is summa-
rized at EOC 25 and EOC 26 from POLCA7 [12].  

Table 5 Average depletion history calculated using POLCA7 in the top node for the in-
spected control rods in the KKL reactor after EOC 25 and EOC 26. 

 EOC 25 EOC 26 
 Days- History Av. CR depletion Days- History Av. CR depletion 

Inserted 1002 42.2% 1142 47.5% 
Withdrawn 865 4.3% 1056 5.2% 

Total 1867 46.5% 2198 52.7% 
 

It should be noted that in the MCNP simulations the control rod was either inserted 75% or ful-
ly withdrawn. In reality the control rod shifts position somewhat (70-80%) and is not fixed at 
75%. 75% is considered to be a good approximation for the control rod history in the KKL 
reactor. 

6.1.1 Axial depletion profiles in node 24 for EOC 25 and EOC 26 

In order to compensate for the under-estimation caused by the simplified assumption of a con-
stant neutron flux in the absorber regions when calculating depletion, the depletion averaged 
over the top node has in the KKL case been adjusted in order to coincide with the values from 
POLCA7 for each depletion step. It should be mentioned that the average top node underesti-
mation after EOC 25 was 6% and after EOC 26 it was 8% compared with depletion from 
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POLCA7. As a result of this, as the under-estimation is larger for the uppermost holes of the 
top node than for the lowermost holes, the final result will be that the calculated depletion will 
be under-estimated in the uppermost holes and over-estimated in the lowermost holes. 

In Figure 18, the depletion for the topmost 19 absorber holes at EOC 25 and EOC 26 for the 
control rod in the KKL reactor is plotted. As can be seen, the depletion in the uppermost ab-
sorber hole is about 67% for EOC 25 and about 75% for EOC 26 (compared with the top node 
averages of 46.5% and 52.7%). It should be noted, thus, that the depletion in the uppermost 
holes (with depletion higher than the top node averages) are in reality higher than the presented 
results, the largest errors occurring for the uppermost holes. 

 

Figure 18 10B depletion for the 19 uppermost holes (Node 24) in a CR 99 control rod, obtained 
from simulations using MCNP form factors and node average depletion from 
POLCA7. The simulations were made to depict the inspected KKL control rods dis-
charged at EOC25 and EOC26. 

 

In Figure 19, the same data as in Figure 18 is plotted, but the node average depletions for the 
whole control rod (Node 1 to 23) obtained with POLCA7 is included. In EOC 25 the node av-
erage depletion is 46.5% in node 24 and drops to 37.8% in node 23, which is a difference of 
8.7% between the first nodes. The difference in depletion is even larger at EOC 26 with an av-
erage depletion of 52.7% in node 24 and 42.7% in node 23. Due to the extra cycle in EOC 26 
the additional depletion is 6.2% for the uppermost node.  

It should be noted that the operation history of the inspected control rods has been simulated 
also with HELIOS/PRESTO-2. These calculations gave the same 10B depletion in the top node 
as with POLCA7, but somewhat lower values in the rest of the control rod. In node 17-23 for 
instance, the difference is on the order of 4-5% 10B depletion.   
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Figure 19 10B depletion for the inspected KKL control rods discharged at EOC 25 and EOC 
26. The data for Node 1-23 were obtained from POLCA7, whereas the data for node 
24 were obtained by using form factors from MCNP simulations for each absorber 
hole multiplied with the node average from POLCA7. 

 

6.1.2 Depletion per cycle for uppermost hole and node average  

In Figure 20 Figure 20, the MCNP simulated depletion for hole 1 and the top node average is 
plotted for the specific operation of the control rod for cycle 20-26 in the KKL reactor [10]. 
The depletion was derived by calculating the form factors with the MCNP data for each opera-
tion condition and then multiplied with the top node average depletion from POLCA7. As can 
be seen the depletion rate does not decrease much after each cycle and the control rod is oper-
ated similarly during each cycle. 
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Figure 20 Simulated depletion as function of the cycle time for hole 1 and for the top node av-
erage for the inspected rods from cycle 20 to 26. The Node 24 results are merely de-
rived directly from the POLCA7 output (thus no under-estimation). The results for 
hole 1, on the other hand, are based on the MCNP calculations and can thus be ex-
pected to be thus under-estimated.   

 

6.1.3 Analysis of radial depletion at EOC 25 and EOC 26  

In order to calculate the radial 10B depletion profiles at EOC 25 and EOC 26 for the CR 99 
rods irradiated and inspected at KKL, the axial 10B depletion was calculated as described pre-
viously. The radial depletion in each hole was then calculated with McScram.  

The simulated radial 10B depletion in the KKL reactor after EOC 25 and EOC 26 is illustrated 
in the figures below for hole 1, node 24 and node 22. As can be seen, the depletion at the edges 
of the absorber hole is very high for the different nodes, and reaches almost 100% 10B deple-
tion both for EOC 25 and EOC 26 in the uppermost exposed absorber hole edge. Also, the in-
ner edges reach significant depletion levels, although not as large as the outer edges.  

The peaks at the inner edges of the two absorber pins (at the gap between them) are relatively 
marginal compared to the rest of the absorber pins. The reason for this, although much sharper 
for a fresh absorber hole (illustrated in Figure 10 and Figure 11), is that the absorber pins ex-
pand as they are irradiated and, thus, the gap between the pins will diminish and eventually 
disappear. As a result of this, the initial lack of self-shielding at the gap causing the depletion 
peaks will thus decrease with increasing depletion.  

It should be noted that the geometrical change is not reflected graphically in Figure 21 and 
Figure 22. As was discussed previously, the results plotted for hole 1 are expected to be under-
estimated, due to the assumption of a constant neutron flux over time. The average values for 
Node 24 and Node 22, on the other hand, are not affected by this simplification. 

The fact that the majority of IASCC cracks measured in CR99 occur in the uppermost absorber 
holes and in the edges is consistent with the results obtained from the simulations. 
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Figure 21 Radial 10B depletion profiles for hole 1, Node 24 and Node 22 for the inspected 
KKL control rod discharged at EOC 25. 

 

Figure 22 Radial 10B depletion profiles for hole 1, Node 24 and Node 22 for the inspected 
KKL control rod discharged at EOC 26. 

 

6.2 ESTIMATION OF THE DEPLETION ERROR CAUSED BY THE ASSUMPTION 
OF A CONSTANT NEUTRON FLUX 

In order to estimate the error in the calculated depletion caused by the assumption of a constant 
neutron flux and a constant microscopic reaction rate in the absorber material as it is being 
depleted, the reaction rate has also been calculated for the absorber holes at some different 
depletion levels using the 3D- MCNP model with the inserted control rod. These values were 
then compared with the constant reaction rates used for the analyses in this study, as presented 
in Table 6 for the uppermost absorber holes. It was found that the difference in reaction rate 
increases for increasing depletion levels, which is expected since the constant reaction rates 
used are representable for non-depleted control rods. For instance, for the uppermost absorber 
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hole, the difference in reaction rate was found to be a factor of about two at depletion levels of 
∼60%. 

Table 6 Depletion steps for the uppermost hole where the reaction rate was recalculated 
with the MCNP model with an inserted control rod. Reaction ratios relative to the initial reac-
tion rate are tabulated blow. 

Depletion 10.1% 19.8% 29.8% 40.1% 49.9% 59.8% 70.0% 
Reaction ratio  1.11 1.22 1.33 1.54 1.77 1.99 2.65 

 

However, the magnitude of the effect on the derived actual 10B depletion levels presented in 
this study (e.g. in Table 6) has not been quantified. In order to do this, an explicit step-wise 
depletion procedure would need to be applied. Due to the substantial computing time of one 
single MCNP case to obtain sufficient statistics, this exercise would be very time consuming. 
In this work, no built-in capability of 10B depletion was available for the axial depletion, and 
thus a considerable effort would be required, as the step-wise depletion for each absorber hole 
would have to be performed by hand. 

As mentioned earlier the calculated 10B depletion for node 24 is under-estimated with approx-
imately 6% after EOC 25 and 8% after EOC 26 compared with the reference from POLCA7. 
In Table 7, the 10B depletion calculated with the assumption of a constant neutron flux and a 
constant microscopic reaction rate and POLCA7 is tabulated for each cycle (EOC 20 to EOC 
26) as well as the differences in depletion and the relative depletion. As can be seen, the under-
estimation increases with increased depletion.  

It should be mentioned that the operation history is not exactly the same in each cycle which 
can explain some deviations in the trend. It should also be noted that the drastic increase in rel-
ative depletion between EOC 21 and EOC 22 is probable due to the fact that the control rod 
was operated in inserted mode during almost all the time during that cycle. 

Table 7 10B depletion calculated with the assumption of a constant neutron flux and a constant 
microscopic reaction compared with POLCA7. 

Point in time MCNP depletion POLCA7 depletion Difference Ratio 
EOC 20 8.3% 8.9% -0.6% -6.7% 
EOC 21 13.6% 14.5% -0.9% -6.2% 
EOC 22 24.2% 26.9% -2.7% -10.1% 
EOC 23 29.8% 33.2% -3.4% -10.3% 
EOC 24 35.1% 39.7% -4.6% -11.5% 
EOC 25 40.4% 46.5% -6.1% -13.2% 
EOC 26 44.6% 52.7% -8.1% -15.3% 
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6.3 UNCERTAINTY ANALYSIS 

The statistic uncertainty of the calculated power density due to the stochastic nature of the 
MCNP code is about 1% for all values stated in this rapport. However, due to other simplifica-
tions and assumptions in the models the total uncertainty is larger. The approximations in the 
models that may affect the accuracy of the results are the following:  

For both the inserted and withdrawn models: 

• The Optima 2 model was simplified.  

• BOC power density was assumed for the whole cycle. 

• The standard deviation for the simulated results for both axial and radial depletion. 

For the inserted model:  

• A fresh fuel assembly with homogeneous enrichment was simulated. In reality, a mix-
ture of different enrichments is used. 

• A homogeneous mix of 10B and SS as absorber holes was simulated for node 1-23.  

For the Withdrawn model: 

• An axial homogeneous enrichment was simulated.  

As discussed previously, assuming a constant neutron flux and a constant microscopic reaction 
rate when calculating the 10B depletion implies that the depletion in the absorber holes is unde-
restimated. 
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7 CONCLUSIONS AND OUTLOOK 

Detailed calculations of the local 10B depletion in the top node of the CR 99 control rods have 
been performed with the stochastic Monte Carlo code MCNP. It was found that the BOC dep-
letion rate for a fresh control rod is about 1.5 times higher in the uppermost absorber hole than 
in the top node average for the inserted mode and 3 times higher for the withdrawn mode. 

If the control rod has been operated in only inserted mode, the uppermost absorber hole rece-
ives a depletion of about 21% during the first cycle. The corresponding value for a withdrawn 
rod is about 6% assuming 90% availability of a full power year.  

A specific case that was investigated was the CR 99 rods irradiated during 6 (CR 02-953 and 
CR 02-955) respectively 7 cycles (CR 02-952) in the KKL reactor. The calculations have indi-
cated that the 10B depletion in the uppermost absorber hole was 67% after 6 cycles with a top 
node average of 46.5% and 75% after 7 cycles with a top node average of 52.7%. The radial 
depletion calculations have also shown that the 10B depletion is close to 100% at the outer edge 
of the uppermost absorber hole. 

The fact that the majority of IASCC cracks measured in CR 99 occur in the uppermost absor-
ber holes and in their edges is consistent with the results obtained from the simulations. 

To solve the problem with IASCC the following measures may be taken: 

• A new absorber pin design with a decrease in diameter as well as higher attenuates at 
the edges for the uppermost absorber pins. 

• Hafnium8 could be used instead of 10B in the uppermost absorber holes as hafnium has 
shown no signs of IASCC. This would not make the uppermost holes the limiting zone 
of the control rod as is the problem today. 

If the absorber pins would be designed with smaller diameter the axial expansion might not 
have a large effect and the gap between the absorber pins might not be necessary. This would 
make the manufacturing easier as there would not be any depletion peaks in the inner edges of 
the absorber hole and no need for tapered edges. This would probably increase the control rods 
reactivity worth slightly and would lower the IASCC as the absorber pins have increased radial 
expansion volume. 

Some limitations of the present study have been identified since MCNP have no burnup capa-
bility, the absorber material in the control rod has not been explicitly depleted for the axial ab-
sorber holes. Instead, a constant neutron flux reaching absorber holes 1-19 and a constant mi-
croscopic reaction rate have been assumed and the accumulated 10B depletion over time has 
been calculated based on the core properties at BOC for a fresh control rod. This assumption is 
relatively correct when the 10B depletion is low, but as the 10B depletion increases, the error 
from this assumption also increases. Therefore, the derived 10B depletions presented in this 
study are under-estimated, in particular in the uppermost absorber holes with the highest deple-
tion levels. 

It should be noted that the underestimation is only for the axial depletion of 10B and not for the 
the radial depletion in the absorber holes as McScram have an explicit depletion script. 

                                                           
8 Hafnium is an absorber material with high neutron absorption cross section. It is used in the uppermost absorber holes in 
some control rods too limit the occurrence of cracks. Due to its lower cross section than 10B, it cannot be used in every absorp-
tion hole as the reactor would go critical. 
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