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Abstract 
Simulations of the relative pin power distribution in a nuclear fuel assembly have been 
performed using the core-analysis code CASMO-4. A cross section of a previously 
unirradiated BWR assembly of the GE12S fuel type was simulated in a burnup range of 
0–16 MWd/kgU. The simulated void content was kept constant at 25%. Two main types 
of geometric disturbances from the nominal assembly geometry were investigated: (1) 
channel bow and (2) dislocations of individual fuel pins. The disturbances were 
simulated to be constant throughout the whole burnup range. 

It was concluded that the first type of disturbance could give rise to the largest 
changes in relative pin power, as compared to the non-disturbed case. The maximum 
increase was about 4% per simulated mm channel bow up to a simulated bow of 9 mm. 
Due to the reflective boundary conditions used in CASMO-4, this corresponds to a 2% 
change in pin power per mm change in water gap between adjacent assemblies. For 
dislocations of individual fuel pins, the largest increase in relative pin power was 2.6% 
per mm, obtained for a peripheral pin. The largest changes were generally obtained at 
beginning of cycle (BOC). 

As expected due to effects from enhanced neutron moderation, it was found that 
relative pin powers generally increased in regions where water gaps were widened and 
vice versa. There was also an influence from BA-pins, i.e. pins with a content of 
burnable neutron absorbers. When a pin was dislocated towards a BA-pin, its relative 
power decreased. The decrease in BA content with irradiation also gave rise to non-
linear dependencies between burnup and changes in BA pin power, as compared to the 
non-disturbed case. 
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1 Introduction 
Production of nuclear energy is to a large extent planned and controlled using core-analysis codes. The 
neutron flux in the core is simulated and parameters such as power distribution are calculated. Current 
codes perform calculations on the pin level, i.e. the power load is determined for every fuel pin in the 
core in a number of axial levels. Such knowledge is important for avoiding fuel damages and for 
optimising the power outtake. It is therefore relevant to evaluate different sources of uncertainty in this 
type of calculations. Some sources of uncertainty are: 

a) neutron cross-section libraries, 
b) homogenisation of neutronic parameters, 
c) numerical modelling and calculation schemes, 
d) geometric uncertainties, 
e) measured input data of e.g. coolant flow, 
f) void content. 

Sources a) – c) relate to the calculation uncertainty while sources d) – f) reflect uncertainties in 
knowledge of the practical operation conditions, needed to perform accurate calculations. The latter 
sources are connected to individual assemblies, measuring devices and conditions of a certain core and 
may vary in time. Source f) is only relevant for BWR fuel. 

An international benchmarking project for core-analysis codes has been performed by the 
OECD Nuclear Energy Agency (NEA) in order to estimate uncertainties a) – c), see refs. [1], [2]. A 
PWR core consisting of one MOX assembly (mixed oxide fuel) surrounded by eight UOX assemblies 
(uranium oxide fuel) was simulated using eleven different core calculation codes (ref. [1]). Deviations 
of the calculated power in each fuel pin were studied. The average relative standard deviation for UO2 
pins was 3.5%. The largest standard deviation was 15.7%, referring to a pin in the periphery of the 
simulated core. 

This report accounts for investigations on item d) above. Simulations with a core-analysis 
code have been performed for BWR fuel. Changes in relative pin power due to two typical types of 
disturbances from the nominal geometry have been studied: (1) channel bow and (2) dislocations of 
individual fuel pins. The first type of disturbance may also be applicable for cores with mixed fuel, 
where a variation in the water gap naturally occurs between different fuel types. Current core-analysis 
codes do not explicitly take exact water gaps into account, ref. [3]. 

2 Method 
Simulations of the pin power in a BWR assembly were performed using the CASMO-4 analysis code, 
ref. [4]. The code is designed for simulating a single fuel assembly at a certain axial level. The void 
content was set for each simulation. The relative pin power distribution was obtained in the 
simulations, presented with a mean value of the pin power of unity in each simulation. No information 
was obtained of pin power on an absolute scale. 

Various disturbances from the nominal assembly geometry have been simulated. Lateral 
displacements of the entire cross section, representing channel bow, have been simulated as well as 
dislocation of individual fuel pins. For each simulation, the relative power in each fuel pin has been 
compared to the value obtained for the nominal geometry. Possible changes in void content due to 
geometric disturbances were neither obtained, nor taken into account. 

The simulations have been performed for previously unirradiated fuel. Investigated geometric 
disturbances were initially present. The investigations were performed for the first fuel cycle, when the 
highest values of the pin power generally are obtained. Therefore a burnup range of 0–16 MWd/kgU 
was simulated. The presentation has mainly been focused on two values of the burnup, namely 0.1 and 
10.0 MWd/kgU, selected to represent BOC (beginning of cycle) and EOC (end of cycle), respectively. 
Changes with burnup have also been followed, within the stated range. 

The simulations were performed in July and October 2000 at Vattenfall Fuel AB in Råcksta, 
Sweden. 

3 Simulated geometries 
The GE12S fuel type was selected for the investigations. It is a BWR fuel type, illustrated in Figure 1. 
This assembly type contains pins of partial length. However, the selected cross section accounts for the 
lower axial levels where there are pins in all positions. The void content was set to 25%, selected to be 
in correspondence with approximately node 7 out of 25 axial levels. 
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The relative pin power in simulations with disturbed geometries has been compared to those for 
the nominal geometry. As stated in section 2, it should be noted that no information has been obtained 
of the pin power on an absolute scale. 

3.1 Nominal fuel geometry 
The nominal geometry of a GE12S assembly at a lower cross section is presented in Figure 1, including 
a system of coordinates for defining the pin positions. Ten pins were simulated with a 4% content of 
burnable Gd-absorber, so called BA pins. These are indicated in the figure and can be found in 
positions (B,5), (B,8), (C,3), (C,9), (E,2), (F,9), (H,2), (H,8), (I,3) and (I,6). 
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Figure 1. Nominal assembly geometry of the GE12S lower cross section. A system of coordinates for 
denoting the pin positions is introduced in the figure. The control rod was not inserted in the 

simulations. 

The enrichment of 235U ranged between 1.6% and 4.2%, distributed according to Figure 2. 
 

1 1.60 2.20 2.80 3.00 3.20 3.20 3.20 3.00 2.80 2.20 
2 2.20 2.20 2.80 3.20 3.20 3.60 3.60 3.20 3.20 3.00 
3 2.80 2.80 3.20 3.20 3.60 3.95 3.95 3.95 3.20 3.20 
4 3.00 3.20 3.20 3.20 3.95   4.20 3.95 3.60 
5 3.20 3.20 3.60 3.95 3.95   4.20 3.95 3.95 
6 3.20 3.60 3.95   3.95 4.20 3.95 3.20 3.95 
7 3.20 3.60 3.95   4.20 3.95 4.20 3.95 3.95 
8 3.00 3.20 3.95 4.20 4.20 3.95 4.20 3.20 3.95 3.20 
9 2.80 3.20 3.20 3.95 3.95 3.20 3.95 3.95 3.20 3.00 

10 2.20 3.00 3.20 3.60 3.95 3.95 3.95 3.20 3.00 2.20 
 A B C D E F G H I J 

Figure 2. Pin-by-pin enrichment of 235U. Pins with a 4% content of burnable Gd-absorber are 
indicated with bold, underlined figures. 

The control rod was not inserted in the simulations. 



 5 

3.2 Channel bow 
Channel bow, i.e. displacement of the entire assembly relative to adjacent assemblies, was simulated in 
two directions, the x-direction and the combined xy-direction, as illustrated in Figure 3. The 
simulations were made in steps of 3 mm. 
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Figure 3. Simulated directions of channel bow. The nominal water gap to an adjacent assembly was 
wider on the left and upper sides (-x and +y) than on the right and lower sides (+x and -y). 

The nominal gap to an adjacent assembly was 19.44 mm at the left and upper sides of the assembly in 
Figure 3 and 13.34 mm at the right and lower sides. Due to reflective boundary conditions used in the 
CASMO-4 code, the water gap is changed by the double of the simulated bow. Accordingly, the 
simulated displacements were limited to 9 mm towards a nominally wide gap (leaving a water gap 
between assemblies of 1.44 mm) and 6 mm towards a nominally narrow gap (leaving a water gap of 
1.34 mm). The results are presented in section 5. 

3.3 Dislocations of individual fuel pins 
Dislocations of individual fuel pins have been simulated for four different pin positions, as summarised 
in Table 1 and illustrated in Figure 4. The dislocations were simulated in steps of 0.3 mm. 
 

Pin position Denotation Direction Magnitude 
[mm] 

(A,1) Corner pin y -1.2 to 1.2 
(A,4) Peripheral pin x 

y 
-1.2 to 1.2 
-1.2 to 1.2 

(D,4) Internal pin y -1.2 to 1.2 
(B,8) BA pin y 0 to 1.2 

Table 1. Simulated dislocations of individual fuel pins. Each dislocation and direction has been 
simulated separately. 
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Figure 4. Simulated dislocations of individual fuel pins, shaded in the figure. Each dislocation and 
direction was simulated separately. 

It can be noted that the maximum magnitude of any simulated pin dislocation was 1.2 mm, while the 
distance to an adjacent pin is more than the double. This limitation was due to a requirement in the 
CASMO-4 code that each pin must maintain its position completely within its unit cell, i.e. within half 
the distance to a nearby pin. The results of the investigations on pin dislocations are presented in 
section 6. 

4 Pin power for nominal assembly geometry 
Simulations with nominal geometry gave the power distributions accounted for in Appendix A. The 
figures show that the BA pins exhibit significantly smaller pin power than the other pins at BOC 
(0.1 MWd/kgU). The BA pins then range between 35% and 37% of the average pin power. This effect 
has almost vanished at EOC (10 MWd/kgU), giving values between 74% and 97%. 

5 Pin power at the event of channel bow 
Generally, channel bow will imply an increased water gap at one side of the assembly, giving rise to 
improved neutron moderation and thus increased power load on that side. Consequently, the water gap 
and power load will be decreased on the opposite side. The changes in relative pin power have been 
investigated by comparing simulations with channel bow to simulations with nominal geometry. As 
accounted for in section 2, no information about pin power has been obtained on an absolute scale. 

5.1 Channel bow in the x-direction 
Channel bow in the x-direction is illustrated in Figure 5. 
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Figure 5. Channel bow in the x-direction. 

The magnitude of the simulated bow ranged from Dx = -9 mm to +6 mm. 

5.1.1 Dx = -9 mm 
Changes in relative pin power due to a channel bow Dx = -9 mm are presented in Appendix B. Figure 6 
visualises obtained the change at BOC (0.1 MWd/kgU). 

 

Figure 6. Changes in relative pin power at BOC (0.1 MWd/kgU) due to 9 mm channel bow in the 
negative x-direction. 

As expected, the relative pin power decreases in the direction of the displacement and increases at the 
opposite side. Changes of up to 34% are obtained, indicating a strong dependence of the pin power on 
the geometric position. It can be noted that the largest increase in relative power is obtained for pins in 
the periphery, which in general already have the highest power load, according to Appendix A. 

The BA pins are less affected than their neighbours. The behaviour of different pins with 
increasing burnup is illustrated in Figure 7. 
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Change in relative pin power with burnup due to 
channel bow Dx = -9 mm
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Figure 7. Maximum change in pin power and standard deviation as a function of burnup. The figure 
accounts for 9 mm channel bow in the negative x-direction. 

With exception for the BA pins, the largest differences from the non-perturbed case are obtained at 
BOC. The differences then decrease with increasing burnup. The BA pins exhibit a different behaviour 
due to the dependence between BA content and total exposure. In BA pins with increased power, the 
BA content decreases faster than expected. This initially leads to larger differences with increasing 
burnup. The maximum difference is obtained at about 7 MWd/kgU, where the decrease in BA content 
for the nominal geometry seems to start catching up with the perturbed geometry. 

Differences to nominal geometry at EOC (10 MWd/kgU) for the same channel bow 
(Dx = -9 mm) are accounted for in Figure 8. 

 

Figure 8. Changes in relative pin power due to 9 mm channel bow in the negative x-direction for the 
lower assembly cross section at EOC (10 MWd/kgU). Note the smaller values as compared to BOC, 

illustrated in Figure 6. 

In accordance with Figure 7, the change in pin power due to channel bow is smaller at EOC than at 
BOC. (See Figure 6.) However, the general picture is similar. 
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5.1.2 Relative pin power for various channel bow, Dx 
Differences in relative pin power at BOC and EOC as compared to nominal geometry are presented in 
Appendix C for various magnitudes of channel bow in the x-direction. Channel bow Dx = -3 mm and 
Dx = -6 mm at BOC (0.1 MWd/kgU) are presented in Figure 9. (A bow of Dx = -9 mm was presented 
in Figure 6.) 

    

Figure 9. Changes in relative pin power at BOC due to a channel bow in the negative x-direction of 
3 mm and 6 mm, respectively. Note the similarities with Figure 6. 

The patterns in Figure 6 and Figure 9 are similar, however with smaller magnitude of the changes for 
smaller geometric perturbations. Studies at EOC (10 MWd/kgU) give similar results. The change in 
relative pin power for the most affected pins, (J,6) and (A,5), are accounted for in Figure 10, together 
with the standard deviation of the change in all pins. Values are presented at both BOC and EOC for 
negative as well as positive displacements, Dx. 

Change in relative pin power due to different magnitudes of 
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Figure 10. Maximum increase and standard deviation in relative pin power due to channel bow in the 
x-direction. The figure accounts for values at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 

respectively. Note the generally linear dependence on the magnitude of channel bow. 

Figure 10 shows approximately linear dependence between channel bow and maximum changes in 
relative pin power. The changes are smaller at EOC than at BOC. Linear factors of the largest increase 
in relative pin power respectively standard deviation for each direction are accounted for in Table 2. 
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Burnup 
[MWd/kgU] 

Max. increase [% per mm] Std deviation [% per mm] 
Negative Dx Positive Dx Negative Dx Positive Dx 

0.1 (BOC) 3.8 3.4 1.8 1.9 
10 (EOC) 2.8 2.4 1.6 1.6 

Table 2. Linear dependence between magnitude of channel bow in the x-direction and change in pin 
power. The values account for values at BOC and EOC, respectively. 

The maximum increase in relative pin power is larger if the channel is bowed in the negative x-
direction, i.e. away from the narrow water gap. The likely reason is that the relative increase of the 
water gap is larger and thus has larger impact on the power distribution. Changes in relative pin power 
of several percent per mm channel bow show the need of accurate geometry for correct calculation of 
the pin power. 

The BA pins exhibit similar behaviour with increasing burnup as illustrated for Dx = −9 mm in 
Figure 7. The maximum change in relative BA pin power is obtained at about 7 MWd/kgU also for 
smaller magnitudes of channel bow. However, the change in relative pin power is smaller the smaller 
the magnitude of channel bow is. 

5.2 Channel bow in the x- and y-directions simultaneously 
Simulated channel bow in the x- and y-directions simultaneously is illustrated in Figure 11. The 
simulated bow ranged from (Dx = -9 mm, Dy = +9 mm) to (Dx = +6 mm, Dy = -6 mm), i.e. a magnitude 
in each way of 12.7 mm and 8.5 mm, respectively. 
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Figure 11. Simulated channel bow in the x- and y-directions simultaneously. 

The changes in relative pin power at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU) are presented in 
Appendix D for the complete range of channel bow (±Dx, ±Dy). 

5.2.1 Dx = -9 mm, Dy = +9 mm 
The maximum allowed bow Dx = -9 mm, Dy = +9 mm gives rise to the changes in relative pin power at 
BOC and EOC accounted for in Figure 12. 
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Figure 12. Changes in relative pin power at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, due to a channel bow of Dx = -9 mm, Dy = +9 mm. Note the smaller values at EOC. 

It can be noted that the largest increase in relative pin power at BOC is as high as 52%, obtained for the 
corner pin (J,10). However, at EOC the changes in relative pin power generally have become smaller 
and the corner pin (J,10) does no longer obtain the largest increase. 

A study of how the maximum increase in relative pin power due to channel bow changes with 
burnup is accounted for in Figure 13. The standard deviation is also included. 

Change in relative pin power with burnup due to 
channel bow Dx = -9 mm, Dy = 9 mm
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Figure 13. Maximum change in pin power and standard deviation as a function of burnup. The figure 
accounts for 9 mm channel bow in the negative x- and positive y-direction. 

Just as in Figure 7, the decrease in BA content due to increased exposure gives rise to a maximum 
change in BA pin power as compared to the nominal geometry at about 7 MWd/kgU. The normal pins 
exhibit a steady decrease in change in relative power with increasing burnup. 

5.2.2 Relative pin power for various channel bow, (±Dx, ± Dy) 
Different magnitudes of channel bow give rise to similar changes in relative pin power as in Figure 12, 
both with regards to BOC and EOC. Only the magnitude of the changes differs. The change in pins 
with the largest increase in relative pin power is illustrated in Figure 14, as well as the standard 
deviation. The two investigated directions are accounted for, both at BOC and EOC. 
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Change in relative pin power due to different 
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Figure 14. Changes in relative pin power for channel bow of different magnitude in the combined x- 
and y-directions. Note the smaller values at EOC. 

The dependence between channel bow and change in pin power is approximately linear with factors 
stated in Table 3. 
 

Burnup 
[MWd/kgU] 

Max. increase [% per mm] Std deviation [% per mm] 
(-Dx, +Dy) (+Dx, -Dy) (-Dx, +Dy) (+Dx, -Dy) 

0.1 (BOC) 4.1 3.4 1.9 2.0 
10 (EOC) 2.5 2.0 1.6 1.7 

Table 3. Linear relations between magnitude of channel bow in the x- and y-directions simultaneously 
and changes in pin power. The values account for BOC and EOC, respectively. 

Just like in Table 2, the maximum increase in relative pin power is larger if the channel is bowed away 
from the narrow water gaps, in this case in direction (-Dx,+Dy). 

6 Pin powers at the event of pin dislocations 
Assemblies where individual fuel pins have been dislocated from their nominal positions have been 
simulated using the CASMO-4 code, and the relative pin power distribution has been analysed. The 
presented results are changes from the simulations with nominal assembly geometry accounted for in 
section 4 and Appendix A. 

Because most fuel pins are unaffected by the local change arising from the dislocation of a 
single pin, the obtained change in relative pin power may be interpreted in terms of change in absolute 
pin power. 

6.1 Internal pin 
The pin in position (D,4) was selected to represent internal pins. Only dislocations in the y-direction 
were simulated, as described in Figure 15. 
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Figure 15. Simulated dislocations of the internal fuel pin (D,4), shaded in the figure. 

It can be noted that there is a nearby BA pin in position (C,3). 

6.1.1 Dislocations Dy = ±1.2 mm 
The simulation with the largest dislocation in the negative y-direction, i.e. −1.2 mm, gave the 
differences in pin power as compared to nominal geometry accounted for in Figure 16 at BOC and 
EOC, respectively. Only adjacent pins to the dislocated one are presented. 

 
 C D E    C D E 

3 0.0% 0.8% 0.2%   3 0.2% 0.7% 0.3% 
4 0.0% 0.6% 0.1%   4 0.1% 0.0% 0.1% 
5 -0.3% -0.8% -0.2%   5 -0.1% -0.6% -0.2% 

a)       b) 

Figure 16 a) and b). Changes in pin power at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, when pin (D,4) has been dislocated 1.2 mm in the negative y-direction. Only pins adjacent 
to pin (D,4) are accounted for. The dislocated pin is indicated using bold, underlined numbers and the 

BA pin in position (C,3) is underlined. 

The power is increased in pin (D,3), to which the water gap to pin (D,4) is widened. In accordance, the 
power is decreased in pin (D,5), to which the water gap is narrowed. Furthermore, the power in pin 
(D,4) is increased at BOC while at EOC this effect has vanished. The other pins are less affected. 

A dislocation of equal magnitude, 1.2 mm, in the positive y-direction gives rise to the changes 
in pin power accounted for in Figure 17. 

 
 C D E    C D E 

3 0.0% -0.8% -0.2%   3 -0.2% -0.7% -0.1% 
4 0.1% -0.8% 0.2%   4 0.1% -0.2% 0.2% 
5 0.3% 0.8% 0.3%   5 0.3% 0.7% 0.2% 

a)       b) 

Figure 17. a) and b). Changes in pin power at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, when pin (D,4) has been dislocated 1.2 mm in the positive y-direction. The dislocated pin 

is indicated using bold, underlined numbers and the BA pin in position (C,3) is underlined. 
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The changes in power in adjacent pins depend on the size of the water gap to the dislocated pin (D,4) in 
a way according with the changes accounted for in Figure 16. However, in this case, the power in pin 
(D,4) itself is decreased. The reason could be the presence of the BA pin in position (C,3). When pin 
(D,4) moves away from the BA pin, the power increases and when it gets closer, the power decreases. 
This effect decreases with burnup due to the decrease in BA content. 

The obtained changes in pin power as a function of assembly burnup are accounted for in 
Figure 18 for a dislocation of pin (D,4) of Dy = +1.2 mm. 

Change in pin power when displacing pin (D,4)
Dy = +1.2 mm
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Figure 18. Change in pin power with increasing burnup for the most affected pins when dislocating pin 
(D,4) 1.2 mm in the positive y-direction. The investigation was focused on the first fuel cycle, thereby 

the cut-off in burnup of 16 MWd/kgU. Trendlines have been added as a guide for the eye. 

The overall effect is a decreased change of pin power with increasing burnup, most notable for the 
dislocated pin (D,4) itself. The BA pin in position (D,3) is also included, exhibiting its largest 
difference to nominal geometry at about 7 MWd/kgU, i.e. the same behaviour as for the BA pins at the 
event of channel bow, see section 5. 

6.1.2 Relation between pin dislocation and change in relative pin power 
Dislocations between −1.2 and +1.2 mm were simulated in steps of 0.4 mm. The relation between 
dislocation of pin (D,4) and change in pin power for the most affected pins is illustrated in Figure 19 
and Figure 20 at BOC and EOC, respectively. 
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Figure 19. Change in pin power at BOC (0.1 MWd/kgU) for the most affected pins at the occurrence of 
various dislocations of pin (D,4) in the y-direction. 
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Figure 20. Change in pin power at EOC (10 MWd/kgU) for the most affected pins at the occurrence of 
various dislocations of pin (D,4) in the y-direction. 

An interesting feature is the behaviour of the dislocated pin (D,4), in which the dependence between 
power and dislocation is significant at BOC while it is weak at EOC. As discussed earlier, this 
behaviour is likely due to the BA content in pin (C,3), which decreases with increasing burnup. The 
most affected pins exhibit an approximately linear dependence between dislocation and change in pin 
power, with factors accounted for in Table 4. 
 

Burnup 
[MWd/kgU] 

Dislocated pin (D,4) 
[% per mm] 

Max. of non-dislocated pins 
[% per mm] 

0.1 (BOC) 0.6 0.6 
10 (EOC) - 0.5 

Table 4. Factors for linear dependence between dislocation of the internal pin (D,4) and maximum 
relative change in pin power. No value is given for pin (D,4) at EOC because of small values and non-

linear dependence. 

It can be noted that the distance to adjacent pins, i.e. the largest allowed dislocation, is about 2.5 mm 
while the largest simulated dislocation is 1.2 mm. It is not known whether the linear dependence is 
valid for larger dislocations. 
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6.2 Peripheral pin 
The pin in position (A,4) was selected to represent peripheral pins, with simulated dislocations as 
described in Figure 21. 

 

Figure 21. Simulated dislocations of the peripheral fuel pin (A,4), shaded in the figure. 

Dislocations were simulated in the x- and y-direction separately. 

6.2.1 Dislocations Dy = ±1.2 mm 
Changes in pin power when dislocating pin (A,4) Dy = −1.2 mm and Dy = +1.2 mm are accounted for 
in Figure 22 and Figure 23, respectively. Values are presented at both BOC and EOC. Only nearby pins 
are accounted for. 
 

 A B    A B 
2 0.4% 0.4%   2 0.3% 0.3% 
3 0.9% 0.5%   3 0.6% 0.3% 
4 -1.0% 0.2%   4 -0.4% 0.1% 
5 -0.8% -0.3%   5 -0.5% -0.1% 
6 -0.2% -0.2%   6 -0.2% -0.1% 

a)      b) 

Figure 22 a) and b). Changes in pin power at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, when pin (A,4) has been dislocated 1.2 mm in the negative y-direction. Only pins nearby 

pin (A,4) are accounted for. The dislocated pin is indicated using bold, underlined numbers and the BA 
pin in position (B,5) is underlined. 
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 A B    A B 

2 -0.3% -0.3%   2 -0.3% -0.2% 
3 -1.0% -0.4%   3 -0.6% -0.3% 
4 0.8% 0.0%   4 0.2% 0.0% 
5 0.7% 0.0%   5 0.5% 0.2% 
6 0.3% 0.1%   6 0.2% 0.1% 

a)      b) 

Figure 23 a) and b). Changes in pin power at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, when pin (A,4) has been dislocated 1.2 mm in the positive y-direction. Only pins adjacent 
to pin (A,4) are accounted for. The dislocated pin is indicated using bold, underlined numbers and the 

BA pin in position (B,5) is underlined. 

The pin power is decreased in the direction of the dislocation, i.e. in the direction where the water gap 
to adjacent pins is decreased. Pins in the opposite direction, where the water gap is enlarged, obtain 
increased power. The difference to the pin power at nominal geometry decreases with burnup, as 
illustrated in Figure 24 for Dy = +1.2 mm. 

Change in pin power when displacing pin (A,4) 
Dy = +1.2 mm
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Figure 24. The change in pin power with increasing burnup for the most affected pins when displacing 
pin (A,4) 1.2 mm in the positive y-direction. Trendlines have been added as a guide for the eye. 

The relation between change in pin power and burnup is similar for Dy = −1.2 mm, however with 
opposite signs. It can be noted that the power in the dislocated pin (A,4) increases at positive Dy, while 
it decreases at negative Dy. The reason for this is most likely the presence of the burnable-absorber pin 
in position (B,5). 

6.2.2 Dislocations Dx = ±1.2 mm 
The relative change in pin power at the occurrence of a dislocation Dx = −1.2 mm is presented in 
Figure 25 and a dislocation Dx = +1.2 mm is accounted for in Figure 26. Values are presented at both 
BOC and EOC. 
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 A B    A B 

2 -0.2% -0.1%   2 -0.1% -0.1% 
3 -0.3% 0.0%   3 -0.2% 0.1% 
4 2.9% 0.3%   4 1.5% 0.3% 
5 -0.3% -0.3%   5 -0.2% 0.0% 
6 -0.2% -0.2%   6 -0.1% -0.1% 

a)      b) 

Figure 25 a) and b). Pin power changes at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, occurring when pin (A,4) is dislocated 1.2 mm in the negative x-direction. Only pins 

adjacent to pin (A,4) are accounted for. The dislocated pin is indicated using bold, underlined numbers 
and the BA pin in position (B,5) is underlined. 

 
 A B    A B 

2 0.2% 0.2%   2 0.1% 0.1% 
3 0.4% 0.1%   3 0.2% 0.0% 
4 -2.8% -0.4%   4 -1.5% -0.3% 
5 0.4% 0.0%   5 0.3% -0.1% 
6 0.3% 0.1%   6 0.2% 0.1% 

a)      b) 

Figure 26 a) and b). Pin power changes at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, occurring when pin (A,4) is dislocated 1.2 mm in the positive x-direction. Only pins 

nearby pin (A,4) are accounted for. The dislocated pin is indicated using bold, underlined numbers and 
the BA pin in position (B,5) is underlined. 

The difference in pin power as compared to nominal geometry is dominated by the dislocated pin 
(A,4), with a change in the order of a magnitude larger than the adjacent pins. The dependence between 
dislocation and change in pin power with increasing burnup is illustrated in Figure 27 for 
Dx = −1.2 mm. 

Change in pin power when displacing pin (A,4) 
Dx = -1.2 mm
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Figure 27. The change in pin power with increasing burnup for the most affected pins when displacing 
pin (A,4) 1.2 mm in the negative x-direction. 
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6.2.3 Relation between pin dislocation and change in pin power 
The relation between dislocation of pin (A,4) and change in pin power for the most affected pins is 
shown in Figure 28 − Figure 30. The first two figures account for differences at the occurrence of 
dislocations in the y-direction as compared to nominal geometry, at BOC and EOC, respectively. The 
third accounts for the x-direction. 

Change in pin power at BOC when displacing pin (A,4)
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Figure 28. Relation between dislocation in the y-direction of pin (A,4) and the change in pin power for 
the most affected pins at BOC (0.1 MWd/kgU). 

Change in pin power at EOC when displacing pin (A,4)
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Figure 29. Relation between dislocation in the y-direction of pin (A,4) and the change in pin power for 
the most affected pins at EOC (10 MWd/kgU). 
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Change in pin power when displacing pin (A,4)
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Figure 30. Relation between dislocation in the x-direction of pin (A,4) and changes in pin power of 
pins (A,4) and (B,4), which are the most affected pins. The curves represent the situation at BOC 

(0.1 MWd/kgU) and EOC (10 MWd/kgU), respectively. 

The change in pin power is generally nearly linear with dislocation, with factors for the most affected 
pins as accounted for in Table 5. 
 

 y-direction x-direction 

Burnup 
[MWd/kgU] 

Dislocated pin 
(A,4) 

[% per mm] 

Max. of non-
dislocated pins 

[% per mm] 

Dislocated pin 
(A,4) 

[% per mm] 

Max. of non- 
dislocated pins 

[% per mm] 
0.1 (BOC) 0.8* 0.8  2.6 0.3 
10 (EOC) 0.2* 0.5  1.3 0.3 

*Linear estimation in spite of poor linearity.  

Table 5. Factors for linear dependence between dislocation of the peripheral pin (A,4) and maximum 
relative change in pin power. 

The largest change in pin power when dislocating the peripheral pin (A,4) is thus 2.6% per mm, 
obtained for pin (A,4) itself, when it is dislocated in the x-direction. 

6.3 Corner pin 
The pin in position (A,1) was selected to represent corner pins, with simulated dislocations as described 
in Figure 31. However, because pin (A,1) is situated next to the corner with wide water gaps on two 
sides (top and left in Figure 31), its behaviour is most likely not directly interpretable for the other 
corner pins, for which the corresponding water gaps are narrower. 



 21 

 

Figure 31. Simulated dislocations of the corner pin (A,1), shaded in the figure. 

 

6.3.1 Dislocations Dy = ±1.2 mm 
The difference in pin power, as compared to nominal geometry, at the occurrence of a dislocation 
Dy = −1.2 mm of pin (A,1) is presented in Figure 32. Only pins nearby the dislocated pin are accounted 
for. The corresponding information can be found in Figure 33 for a dislocation Dy = +1.2 mm. 
 

 A B C   A B C 
1 -1.8% 0.5% 0.2%  1 -0.8% 0.2% 0.0% 
2 -0.3% -0.1% 0.1%  2 -0.2% -0.1% 0.1% 
3 -0.1% 0.0% 0.0%  3 -0.1% 0.0% 0.0% 

a)      b) 

Figure 32 a) and b). Pin power changes at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, when pin (A,1) has been dislocated 1.2 mm in the negative y-direction. The dislocated pin 

is indicated using bold, underlined numbers and the BA pin in position (C,3) is underlined. 

 
 A B C   A B C 

1 1.5% -0.1% -0.2%  1 0.7% 0.0% -0.2% 
2 0.3% -0.1% 0.0%  2 0.2% 0.0% -0.1% 
3 0.1% 0.0% 0.0%  3 0.1% 0.0% 0.0% 

a)      b) 

Figure 33 a) and b). Pin power changes at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), 
respectively, when pin (A,1) has been dislocated 1.2 mm in the positive y-direction. The dislocated pin 

is indicated using bold, underlined numbers and the BA pin in position (C,3) is underlined. 

The change in pin power due to the dislocation is dominated by the dislocated pin itself. The effect 
decreases from BOC to EOC. The burnup dependence is illustrated in Figure 34. 
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Change in pin power when displacing pin (A,1)
Dy = -1.2 mm
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Figure 34. The change in pin power with increasing burnup for the most affected pins when dislocating 
pin (A,1) 1.2 mm in the negative y-direction. 

6.3.2 Relation between pin dislocation and change in pin power 
Simulations with various magnitudes of dislocations of pin (A,1) have given the relation between 
dislocation and change in power accounted for in Figure 35. Only values for pin (A,1) are presented as 
that pin dominates the changes. 
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Figure 35. Relation between dislocation in the y-direction and change in pin power for pin (A,1) at 
BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU). 

Within the simulated range of dislocations, there is a nearly linear relation between change in pin 
power and dislocation. The linear factors at BOC and EOC are accounted for in Table 6. 
 

Burnup 
[MWd/kgU] 

pin (A,1) 
[% per mm] 

0.1 (BOC) 1.4  
10 (EOC) 0.7  

Table 6. Factors for linear dependence between dislocation in the y-direction of the corner pin (A,1) 
and its change in power. 
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The change in pin power in the most affected of the other pins is about a factor of five smaller than the 
values stated for pin (A,1) in Table 6. 

6.4 BA pin 
The pin power has been simulated for assembly geometries where the BA pin in position (B,8) had 
been dislocated in the positive y-direction. This is illustrated in Figure 36. 

 

Figure 36. Simulated dislocations of the BA pin in position (B,8), shaded in the figure. 

Dislocations up to 1.2 mm have been simulated. 

6.4.1 Dy = 1.2 mm 
A dislocation of pin (B,8) 1.2 mm in the positive y-direction gives rise to the changes in pin power, as 
compared to the nominal geometry, accounted for in Figure 37. Values are presented only for pins 
nearby pin (B,8). Burnups at BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU) are covered. 
 

6 -0.2% -0.6% -0.4%   6 -0.1% -0.2% -0.1% 
7 -0.6% -2.4% -0.7%   7 -0.1% -0.5% -0.2% 
8 0.2% -0.3% 0.3%   8 0.0% -0.6% 0.1% 
9 0.6% 2.1% 0.3%   9 0.1% 0.5% 0.3% 

10 0.4% 0.6% 0.4%   10 0.1% 0.2% 0.1% 
 A B C    A B C 

a)       b) 

Figure 37 a) and b). Pin power changes at the occurrence of a dislocation Dy= 1.2 mm of pin (B,8) at 
BOC (0.1 MWd/kgU) and EOC (10 MWd/kgU), respectively. The dislocated pin is indicated using bold, 

underlined numbers and the BA pin in position (C,9) is underlined. 

The dislocation gives rise to a maximum increase in power at BOC in any pin of 2.1%. The power is 
decreased in the pin to which the water gap is narrowed and increased in the pin to which the water gap 
is widened. The dislocated pin itself is relatively weakly affected. 

At EOC the maximum increase in power, with respect to the nominal geometry, is smaller 
than at BOC. The dislocated pin itself, however, exhibits a larger difference than at BOC. The relation 
between change in pin power and burnup is presented in Figure 38 for the most affected pins. 
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Change in pin power when displacing pin (B,8)
Dy = 1.2 mm
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Figure 38. Change in pin power due to a dislocation Dy= 1.2 mm of pin (B,8). The most affected pins 
are accounted for in a burnup range between 0 and 16 MWd/kgU. 

Similarities with the results in section 5 can be noted. The change in pin power generally decreases 
with burnup, except for the BA pins, which exhibit a maximum change at about 7 MWd/kgU. 

6.4.2 Relation between pin dislocation and change in pin power 
Three magnitudes of dislocations of pin (B,8) were simulated, namely 0.4, 0.8 and 1.2 mm. The 
relation between dislocation and change in pin power at BOC (0.1 MWd/kgU) is accounted for in 
Figure 39 for the BA pins (B,8) and (C,9), and the most affected pins (B,7) and (B,9). 

Change in pin power at BOC when displacing
BA-pin (B,8)

-3%

-2%

-1%

0%

1%

2%

3%

0 0.4 0.8 1.2
Displacement, Dy [mm]

(B,7)

(B,8)

(B,9)

(C,9)

 

Figure 39. Change in pin power at BOC (0.1 MWd/kgU) occurring at the dislocation in the positive y-
direction of pin (B,8). The most affected pins are accounted for, as well as the BA pins (B,8) and (C,9). 

An approximately linear dependence between dislocation and change in pin power is obtained for the 
most affected pins (B,7) and (B,9). The BA pins obtain relatively small changes in pin power, constant 
in the investigated range of dislocations. The relation between dislocation of pin (B,8) and change in 
pin power at EOC (10 MWd/kgU) is accounted for in Figure 40. 
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Change in pin power at EOC when displacing
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Figure 40. Change in pin power at EOC (10 MWd/kgU) occurring at the dislocation in the positive y-
direction of pin (B,8). The most affected pins are accounted for. 

The magnitude of the change in pin power at EOC has decreased for all pins as compared to the change 
at BOC, except for the dislocated BA pin (B,8), which at EOC exhibits the largest decrease in pin 
power with respect to the nominal geometry. The relation between dislocation and change in pin power 
is approximately linear. The linear factors are accounted for in Table 7. 
 

Burnup 
[MWd/kgU] 

Max change, excl. pin (B,8) 
[% per mm] 

Pin (B,8) 
[% per mm] 

0.1 (BOC) 2.0 - 
10 (EOC) 0.4 −0.5 

Table 7. Linear relations between magnitude of dislocation of pin (B,8) and changes in pin power. The 
values account for the upper assembly cross section at BOC and EOC, respectively. No value is given 

for pin (B,8) at BOC because of small values and non-linear dependence. 

It can be noted that the simulations only include dislocations of individual fuel pins of up to 1.2 mm, 
while the nominal distance to an adjacent pin is more than the double. 

7 Conclusions 
Simulations of pin power in nuclear fuel assemblies have been performed using the CASMO-4 code. 
The first fuel cycle of previously unirradiated BWR fuel has been simulated in a burnup range of 
0-16 MWd/kgU, i.e. when the fuel generally obtains the highest power load. The changes in relative 
pin power due to geometric disturbance, such as channel bow and pin dislocations, have been 
investigated. The results show that the change in relative pin power, as compared to nominal geometry, 
generally decreases with increasing burnup. Mainly two values of the burnup have been accounted for, 
namely 0.1 MWd/kgU and 10 MWd/kgU, selected to represent BOC and EOC, respectively. 

Table 8 summarises values of the largest increase in relative power in any pin due to channel 
bow, i.e. displacement of the entire assembly cross section, while Table 9 summarises the largest 
changes in pin power due to dislocations of individual pins. For the latter case, various positions of the 
dislocated pins are accounted for. Furthermore, for the peripheral pin, where the power change is 
strongly dependent on direction of the dislocation, two directions are accounted for. 
 

Burnup 
[MWd/kgU] 

x-direction 
 

[% per mm] 

x− and y−directions 
simultaneously 

[% per mm] 
0.1 (BOC) 3.8 4.1 
10 (EOC) 2.8 2.5 

Table 8. Maximum increase in pin power due to channel bow. The simulations gave linear 
dependencies between displacement of the assembly cross section and maximum changes in pin power. 
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Burnup 
[MWd/kgU] 

Internal pin 
(D,4) 

 
[% per mm] 

Peripheral pin 
(A,4) 

Corner pin 
(A,1) 

 
[% per mm] 

BA pin 
(B,8) 

 
[% per mm] 

x-direction 
[% per mm] 

y-direction 
[% per mm] 

0.1 (BOC) 0.6 2.6 0.8 1.4 2.0 
10 (EOC) 0.5 1.3 0.5 0.7 0.5 

Table 9. Maximum change in pin power due to dislocations of individual fuel pins. The simulations 
gave linear dependencies between pin dislocations and maximum changes in pin power. 

The largest changes in relative pin power have thus been obtained in the simulations of channel bow, 
and a linear dependence was obtained between the displacement of the assembly cross section and the 
change in relative pin power, which amounted to about 4% per mm. However, one should note that the 
reflective boundary conditions used in CASMO-4 imply that a simulated assembly displacement 
corresponds to a change in water gap between adjacent assemblies with a value twice that of the 
simulated displacement. The largest simulated magnitude of channel bow was 9 mm in two dimensions 
(i.e. 18 mm change of two water gaps), which gave rise to a change in relative power in an individual 
fuel pin of more than 50%. 

Dislocations of individual pins gave smaller changes in pin power than dislocations of the 
entire assembly cross section. The maximum magnitude of simulated pin dislocation was 1.2 mm, 
while the distance to an adjacent pin was 2.5 mm. Linear dependencies were generally obtained 
between dislocations and maximum changes in pin power, with a maximum change of 2.6% per mm. 

For both types of geometric disturbances, it could be shown that pin power is increased in 
regions where water gaps are widened, which is expected due to enhanced neutron moderation in such 
regions. Furthermore, the changes in pin power between the cases with geometric disturbances and the 
non-disturbed case were generally largest at BOC and decreasing with burnup. However, for BA rods, 
the decrease in BA content with burnup lead to relatively complicated dependences between burnup 
and change in pin power, as compared to the non-disturbed case. 

8 Discussion 
The simulations in this work have shown that channel bow can give rise to changes in relative pin 
power in the order of 4% per mm, while dislocations of individual fuel pins may cause changes in pin 
power of up to 2.6% per mm. A general measure of the accuracy of modern core-analysis codes may be 
given from the benchmarking project accounted for in ref. [1], in which eleven different codes gave an 
average relative standard deviation for UO2 pins of 3.5%. This work thus indicates that geometric 
inaccuracies may cause a substantial contribution to the overall calculation uncertainty. Detailed 
information on actual geometry of the core, in its current status, may thus be required to perform core 
analysis with high accuracy. 

The investigations in this work only cover a small subset of possible geometric inaccuracies. 
All dislocations covered were assumed to be initially present while dislocations are in fact likely to 
occur during the irradiation cycles. In addition, the study only covers the first irradiation cycle while 
e.g. channel bow is more likely to occur at later cycles. Furthermore, possible changes in void content 
due to the dislocations have not been included, and only one value of the void content has been 
simulated. It is therefore suggested that the topic is further studied. 

One may also consider measurements of the actual pin power distribution to validate core 
calculations experimentally. The method described in ref. [5] offers a mean for measuring geometric 
properties in combination with pin power. Besides investigations of geometric anomalies, one field of 
application of such methods could be mixed cores. Such cores contain assemblies of different types, 
giving rise to different water gaps between adjacent assemblies. 
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Appendix A. Simulated pin power distributions for nominal assembly 
geometry. 
 
The presented pin power distributions for nominal assembly geometry are summarised in Table 10. 
 

Figure Burnup [MWd/kgU] 
Figure 41 0.1 (BOC) 
Figure 42 10 (EOC) 

Table 10. Presented pin-power distributions for simulations with nominal fuel geometry. 

The values accounted for are relative pin powers. The average value in each cross section is unity. The 
BA pins are indicated with bold, underlined figures. 
 
 

1 1.120 1.221 1.288 1.223 1.193 1.200 1.213 1.178 1.250 1.213 
2 1.221 0.974 0.968 0.941 0.369 0.982 0.981 0.371 1.001 1.251 
3 1.288 0.968 0.366 0.800 0.887 1.057 1.043 0.884 0.365 1.118 
4 1.223 0.941 0.800 0.827 1.079   1.056 0.966 1.160 
5 1.193 0.369 0.887 1.079 1.193   1.051 0.948 1.204 
6 1.200 0.982 1.057   1.172 1.078 0.882 0.358 1.169 
7 1.213 0.981 1.043   1.078 0.895 0.875 0.934 1.241 
8 1.178 0.371 0.884 1.056 1.051 0.882 0.875 0.354 1.035 1.159 
9 1.250 1.001 0.365 0.966 0.948 0.358 0.934 1.035 1.049 1.251 

10 1.213 1.251 1.118 1.160 1.204 1.169 1.241 1.159 1.251 1.156 
 A B C D E F G H I J 

Figure 41. Pin power distribution at BOC (0.1 MWd/kgU) for a simulation with nominal assembly 
geometry. Note the small values of the BA-pins. 

1 0.959 1.011 1.081 1.077 1.095 1.086 1.098 1.092 1.101 1.052 
2 1.011 0.887 0.930 0.950 0.928 0.993 1.004 0.966 1.027 1.109 
3 1.081 0.930 0.911 0.868 0.934 1.030 1.038 1.014 0.929 1.061 
4 1.077 0.950 0.868 0.845 1.015   1.044 0.993 1.073 
5 1.095 0.928 0.934 1.015 1.076   1.011 0.951 1.097 
6 1.086 0.993 1.030   1.053 0.999 0.901 0.792 1.083 
7 1.098 1.004 1.038   0.999 0.873 0.898 0.927 1.096 
8 1.092 0.966 1.014 1.044 1.011 0.901 0.898 0.739 0.968 1.007 
9 1.101 1.027 0.929 0.993 0.951 0.792 0.927 0.968 0.932 1.040 

10 1.052 1.109 1.061 1.073 1.097 1.083 1.096 1.007 1.040 0.980 
 A B C D E F G H I J 

Figure 42. Pin power distribution at EOC (10 MWd/kgU) for a simulation with nominal assembly 
geometry. Note the recovered values of the BA-pins, indicating that the burnable absorbers have 

almost been burned out. 
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Appendix B. Change in pin power at a channel bow of 9 mm in the 
negative x-direction. 
Pin power distributions from simulations with a global displacement of 9 mm in the negative x-
direction, representing channel bow, are presented below. The results are presented in terms of relative 
differences from simulations with nominal geometry, accounted for in Appendix A. Burnups between 
0.1 and 16 MWd/kgU are covered. BA pins are indicated with bold, underlined figures. The 
distributions are summarised in Table 11. 
 

Figure Burnup [MWd/kgU] 
Figure 43 0.1 (BOC) 
Figure 44 2 
Figure 45 4 
Figure 46 6 
Figure 47 8 
Figure 48 10 (EOC) 
Figure 49 12 
Figure 50 14 
Figure 51 16 

Table 11. Presented pin power distributions for simulations with channel bow Dx = −9 mm. 

 
1 -23.5% -15.9% -9.5% -5.3% -1.9% 0.6% 3.5% 7.6% 14.3% 23.0% 
2 -26.4% -17.5% -10.6% -5.4% 0.0% 0.8% 2.4% 2.4% 16.4% 27.4% 
3 -29.7% -19.3% -3.0% -3.9% -1.5% 0.9% 3.0% 7.2% 5.2% 31.4% 
4 -31.8% -19.4% -9.3% -3.7% -1.1%   7.2% 17.6% 32.8% 
5 -33.2% -5.7% -7.6% -3.4% -0.8%   7.6% 17.9% 33.7% 
6 -32.9% -18.9% -8.3%   1.0% 3.6% 6.8% 5.3% 34.4% 
7 -32.3% -19.0% -8.4%   1.1% 3.6% 8.5% 18.5% 33.8% 
8 -31.8% -5.9% -6.4% -2.7% -0.8% 1.6% 3.7% 3.4% 18.9% 31.6% 
9 -29.4% -18.2% -2.2% -2.7% -0.3% 0.8% 5.1% 10.3% 17.9% 28.8% 

10 -25.8% -16.4% -8.4% -3.2% 0.0% 3.0% 6.0% 10.4% 17.5% 25.8% 
 A B C D E F G H I J 

Figure 43. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 0.1 MWd/kgU (BOC). 

1 -22.0% -14.8% -8.9% -4.9% -1.7% 0.9% 3.8% 7.9% 13.9% 21.3% 
2 -25.2% -16.8% -10.3% -5.4% -0.6% 1.3% 3.5% 7.7% 16.6% 25.7% 
3 -28.6% -18.9% -7.8% -4.1% -1.2% 1.2% 3.6% 8.3% 15.0% 30.1% 
4 -30.9% -19.3% -9.8% -3.9% -0.9%   8.0% 18.1% 31.3% 
5 -32.4% -14.2% -8.3% -3.6% -0.8%   8.2% 18.4% 32.3% 
6 -32.1% -19.1% -8.7%   1.1% 4.1% 7.9% 14.0% 33.0% 
7 -31.5% -19.1% -8.8%   1.3% 4.1% 9.3% 19.2% 32.4% 
8 -31.0% -15.0% -7.8% -3.1% -0.8% 1.6% 4.2% 7.9% 18.9% 30.1% 
9 -28.3% -18.2% -6.5% -3.0% -0.3% 1.6% 5.5% 10.4% 17.6% 27.0% 

10 -24.6% -16.0% -8.4% -3.4% 0.0% 3.0% 5.9% 10.1% 16.6% 23.6% 
 A B C D E F G H I J 

Figure 44. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 2 MWd/kgU. 
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1 -20.4% -13.9% -8.4% -4.6% -1.4% 1.4% 4.4% 8.4% 13.6% 19.5% 
2 -23.9% -16.3% -10.3% -5.4% -1.3% 1.8% 4.7% 13.6% 17.4% 24.3% 
3 -27.5% -18.8% -12.9% -4.8% -1.3% 1.6% 4.7% 10.8% 26.8% 29.0% 
4 -30.0% -19.7% -10.9% -4.6% -1.1%   9.5% 19.5% 30.1% 
5 -31.6% -22.2% -9.6% -4.2% -1.0%   9.5% 19.6% 31.1% 
6 -31.4% -19.8% -9.7%   1.3% 4.8% 9.7% 24.5% 31.8% 
7 -30.9% -19.9% -10.0%   1.4% 4.8% 10.8% 20.1% 31.0% 
8 -30.4% -23.2% -9.8% -4.0% -1.2% 1.8% 5.1% 13.1% 19.1% 28.2% 
9 -27.5% -18.8% -11.6% -4.0% -0.8% 2.1% 5.8% 10.8% 17.2% 25.1% 

10 -23.5% -15.8% -8.8% -3.9% -0.4% 2.8% 5.7% 9.8% 15.8% 21.3% 
 A B C D E F G H I J 

Figure 45. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 4 MWd/kgU. 

 
1 -18.8% -13.0% -8.0% -4.4% -1.1% 1.8% 5.2% 9.4% 13.7% 17.8% 
2 -22.6% -15.9% -10.5% -5.6% -2.1% 2.3% 6.5% 19.4% 18.7% 23.1% 
3 -26.5% -18.9% -17.6% -5.9% -1.5% 2.2% 6.4% 14.4% 36.0% 28.0% 
4 -29.3% -20.5% -12.4% -5.6% -1.3%   11.7% 21.5% 29.2% 
5 -31.2% -29.2% -11.7% -5.1% -1.2%   11.4% 21.4% 30.2% 
6 -30.8% -21.0% -11.0%   1.6% 5.8% 12.4% 34.4% 31.0% 
7 -30.4% -21.2% -11.6%   1.6% 5.7% 12.7% 21.5% 29.8% 
8 -29.9% -30.1% -12.6% -5.5% -1.7% 1.9% 6.2% 18.2% 19.6% 26.6% 
9 -26.9% -19.8% -16.6% -5.6% -1.4% 3.0% 6.1% 11.4% 17.0% 23.3% 

10 -22.6% -15.8% -9.7% -4.7% -0.9% 2.6% 5.7% 9.6% 15.0% 19.3% 
 A B C D E F G H I J 

Figure 46. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 6 MWd/kgU. 

 
1 -16.7% -11.4% -7.1% -3.6% -0.6% 2.2% 5.2% 8.6% 12.3% 15.4% 
2 -20.5% -14.8% -10.0% -5.1% -1.8% 2.5% 6.3% 14.2% 16.5% 20.2% 
3 -24.7% -18.0% -18.5% -6.1% -1.3% 2.4% 6.3% 13.0% 25.7% 24.6% 
4 -27.6% -20.1% -12.6% -5.6% -1.2%   11.4% 20.0% 26.5% 
5 -29.7% -31.5% -12.4% -5.2% -0.7%   11.9% 21.2% 28.2% 
6 -29.3% -21.0% -11.3%   2.3% 6.7% 13.8% 35.0% 29.3% 
7 -28.9% -21.0% -11.8%   2.4% 7.2% 14.4% 22.2% 28.3% 
8 -28.3% -31.5% -13.5% -5.6% -1.2% 2.9% 8.0% 22.4% 20.1% 25.4% 
9 -25.0% -19.2% -18.1% -6.0% -0.9% 4.3% 7.2% 12.5% 17.3% 22.2% 

10 -20.4% -14.6% -9.3% -4.3% -0.4% 3.3% 6.4% 10.1% 14.9% 18.0% 
 A B C D E F G H I J 

Figure 47. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 8 MWd/kgU. 
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1 -14.6% -10.0% -6.0% -3.1% -0.5% 1.8% 4.4% 7.1% 10.2% 12.5% 
2 -18.6% -13.2% -8.7% -4.3% -1.0% 2.2% 5.3% 9.4% 13.6% 16.7% 
3 -22.6% -16.1% -13.3% -5.1% -1.1% 2.1% 5.4% 10.5% 16.5% 20.4% 
4 -25.2% -18.0% -10.8% -4.7% -0.8%   9.7% 17.0% 22.7% 
5 -26.9% -25.3% -10.9% -4.3% -0.5%   10.5% 18.4% 24.4% 
6 -26.8% -18.7% -9.8%   2.3% 6.0% 11.8% 23.0% 25.1% 
7 -26.1% -18.5% -10.0%   2.4% 6.5% 12.7% 19.4% 24.7% 
8 -25.2% -23.7% -11.0% -4.4% -0.7% 3.0% 7.5% 18.0% 18.3% 22.4% 
9 -22.2% -16.5% -12.7% -4.6% -0.2% 3.9% 6.8% 11.7% 15.9% 19.3% 

10 -17.9% -12.6% -7.6% -3.3% 0.2% 3.4% 6.1% 9.3% 13.3% 15.4% 
 A B C D E F G H I J 

Figure 48. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 10 MWd/kgU (EOC). 

 
1 -13.2% -8.9% -5.5% -2.8% -0.4% 1.7% 3.9% 6.2% 8.7% 10.1% 
2 -17.0% -12.1% -7.9% -3.9% -0.6% 2.0% 4.8% 8.4% 12.1% 14.1% 
3 -20.8% -14.8% -9.7% -4.5% -0.9% 2.0% 5.0% 9.6% 14.4% 17.8% 
4 -23.3% -16.3% -9.6% -4.2% -0.7%   8.9% 15.6% 19.9% 
5 -24.7% -19.0% -9.5% -3.8% -0.4%   9.5% 16.6% 21.4% 
6 -24.7% -16.9% -8.7%   2.1% 5.4% 10.4% 17.2% 21.8% 
7 -24.0% -16.7% -8.9%   2.2% 5.9% 11.0% 17.2% 21.6% 
8 -22.8% -17.4% -9.2% -3.7% -0.6% 2.6% 6.3% 12.3% 16.4% 19.5% 
9 -20.0% -14.4% -9.0% -3.9% -0.2% 2.9% 6.0% 10.2% 14.2% 16.6% 

10 -15.8% -11.1% -6.4% -2.8% 0.2% 3.0% 5.4% 8.3% 11.5% 12.9% 
 A B C D E F G H I J 

Figure 49. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 12 MWd/kgU. 

 
1 -11.8% -7.9% -4.9% -2.6% -0.3% 1.7% 3.6% 5.7% 7.7% 8.6% 
2 -15.5% -11.4% -7.4% -3.8% -0.6% 2.0% 4.8% 8.0% 11.2% 12.2% 
3 -19.3% -13.9% -8.8% -4.2% -0.7% 2.0% 4.9% 9.4% 13.6% 15.8% 
4 -21.8% -15.4% -9.1% -4.0% -0.6%   8.8% 14.9% 17.9% 
5 -23.2% -16.5% -8.9% -3.5% -0.3%   9.3% 15.8% 19.3% 
6 -23.3% -16.0% -8.3%   2.0% 5.3% 10.1% 16.0% 19.7% 
7 -22.6% -15.7% -8.5%   2.1% 5.6% 10.6% 16.4% 19.5% 
8 -21.3% -15.4% -8.7% -3.5% -0.6% 2.5% 5.9% 10.7% 15.3% 17.4% 
9 -18.5% -13.5% -8.1% -3.8% -0.3% 2.6% 5.8% 9.7% 13.2% 14.5% 

10 -14.4% -10.1% -6.0% -2.6% 0.2% 2.9% 5.1% 7.6% 10.4% 11.0% 
 A B C D E F G H I J 

Figure 50. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 14 MWd/kgU. 
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1 -10.7% -7.0% -4.2% -2.2% 0.0% 1.6% 3.6% 5.3% 6.7% 7.3% 
2 -14.1% -10.6% -6.9% -3.5% -0.5% 2.0% 4.7% 7.7% 10.2% 10.4% 
3 -18.0% -13.3% -8.5% -4.1% -0.6% 2.1% 5.0% 9.2% 12.9% 13.8% 
4 -20.6% -14.7% -8.8% -3.9% -0.6%   8.6% 14.2% 16.0% 
5 -21.8% -15.5% -8.6% -3.4% -0.2%   9.2% 15.3% 17.4% 
6 -22.1% -15.5% -8.1%   2.1% 5.2% 10.0% 15.5% 17.9% 
7 -21.5% -15.3% -8.3%   2.2% 5.8% 10.6% 15.9% 17.6% 
8 -20.0% -14.5% -8.5% -3.4% -0.4% 2.7% 6.0% 10.4% 14.7% 15.5% 
9 -17.1% -12.8% -7.7% -3.6% -0.2% 2.7% 5.8% 9.5% 12.4% 12.7% 

10 -12.9% -9.2% -5.5% -2.4% 0.3% 2.8% 4.9% 7.3% 9.3% 9.7% 
 A B C D E F G H I J 

Figure 51. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm and a burnup of 16 MWd/kgU. 
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Appendix C. Change in pin power for various magnitudes of channel 
bow in the x-direction. 
The presented pin power distributions for simulations with various magnitudes of channel bow in the x-
direction are summarised in Table 12. Results for Dx = −9 mm are accounted for in Appendix B. The 
presented values are relative differences from simulations with nominal geometry, accounted for in 
Appendix A. 
 

Figure Displacement 
Dx [mm] 

Burnup 
[MWd/kgU] 

Figure 52 -6 0.1 (BOC) 
Figure 53 -6 10 (EOC) 
Figure 54 -3 0.1 (BOC) 
Figure 55 -3 10 (EOC) 
Figure 56 +3 0.1 (BOC) 
Figure 57 +3 10 (EOC) 
Figure 58 +6 0.1 (BOC) 
Figure 59 +6 10 (EOC) 

Table 12. Presented pin power distributions for simulations with channel bow of various magnitudes in 
the x-direction. 

1 -15.3% -10.5% -6.4% -3.8% -1.3% 0.2% 1.9% 4.7% 9.3% 15.2% 
2 -17.1% -11.5% -7.2% -3.7% -0.3% 0.1% 1.0% 1.3% 10.7% 18.8% 
3 -19.1% -12.6% -2.2% -2.8% -1.5% 0.3% 1.7% 4.4% 3.0% 21.6% 
4 -20.5% -13.0% -6.1% -2.4% -1.1%   4.5% 12.0% 22.6% 
5 -21.4% -4.1% -5.2% -2.6% -0.8%   4.8% 11.7% 22.6% 
6 -21.2% -12.6% -5.7%   0.3% 2.2% 4.3% 3.4% 22.9% 
7 -21.0% -12.6% -5.9%   0.6% 2.0% 5.3% 12.8% 22.7% 
8 -20.5% -4.0% -4.3% -2.0% -1.0% 0.9% 2.5% 2.0% 12.9% 21.4% 
9 -18.9% -11.8% -1.6% -2.0% -0.4% 0.0% 3.2% 6.7% 11.8% 19.4% 

10 -16.6% -10.6% -5.4% -2.3% -0.1% 1.8% 3.5% 6.9% 11.5% 17.5% 
 A B C D E F G H I J 

Figure 52. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −6 mm at BOC (0.1 MWd/kgU). 

1 -9.1% -6.7% -4.4% -2.5% -0.7% 0.7% 2.2% 4.1% 6.4% 8.3% 
2 -11.6% -8.8% -6.1% -3.3% -1.2% 0.8% 2.7% 6.0% 8.7% 11.4% 
3 -14.0% -10.6% -8.7% -3.7% -1.4% 0.9% 3.1% 6.3% 11.0% 14.1% 
4 -15.5% -11.8% -7.1% -3.4% -1.1%   6.0% 11.4% 15.7% 
5 -16.4% -15.4% -7.4% -3.2% -0.7%   6.6% 12.0% 16.7% 
6 -16.5% -12.2% -6.5%   1.0% 3.6% 7.5% 16.2% 17.2% 
7 -16.2% -12.0% -6.9%   1.2% 3.9% 8.1% 13.1% 17.0% 
8 -15.3% -14.2% -7.5% -3.4% -1.1% 1.4% 4.5% 11.9% 12.4% 15.4% 
9 -13.6% -10.5% -8.2% -3.3% -0.6% 2.0% 4.1% 7.3% 10.3% 13.2% 

10 -10.9% -8.1% -5.1% -2.6% -0.3% 1.8% 3.5% 5.9% 8.6% 10.5% 
 A B C D E F G H I J 

Figure 53. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −6 mm at EOC (10 MWd/kgU). 
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1 -7.5% -5.1% -3.1% -2.1% -0.9% -0.3% 0.7% 2.1% 4.5% 7.8% 
2 -8.3% -5.7% -4.0% -2.2% -0.5% -0.1% 0.3% 0.5% 5.5% 9.5% 
3 -9.4% -6.5% -1.4% -1.6% -1.5% -0.1% 0.6% 2.3% 1.9% 11.0% 
4 -10.1% -6.5% -3.1% -1.4% -0.9%   2.1% 5.7% 11.3% 
5 -10.5% -1.9% -2.8% -1.6% -0.5%   2.3% 6.1% 11.4% 
6 -10.4% -6.4% -2.9%   0.0% 0.8% 2.2% 1.7% 11.7% 
7 -10.2% -6.3% -2.9%   0.4% 1.1% 2.7% 6.9% 11.6% 
8 -9.9% -2.2% -1.8% -1.1% -0.5% 0.3% 1.4% 0.6% 6.9% 11.0% 
9 -9.3% -5.8% -0.8% -1.3% -0.2% 0.0% 1.8% 3.4% 6.2% 10.0% 

10 -8.0% -5.3% -2.8% -1.5% 0.2% 1.1% 1.8% 3.2% 5.8% 8.8% 
 A B C D E F G H I J 

Figure 54. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −3 mm at BOC (0.1 MWd/kgU). 

1 -4.3% -3.3% -2.2% -1.6% -0.8% -0.1% 0.8% 1.8% 3.0% 4.3% 
2 -5.3% -4.3% -3.4% -2.0% -0.9% 0.1% 1.1% 2.8% 4.4% 5.9% 
3 -6.7% -5.5% -4.3% -2.0% -1.2% 0.2% 1.2% 3.2% 5.9% 7.4% 
4 -7.2% -5.9% -3.7% -1.9% -1.0%   2.8% 5.6% 8.1% 
5 -7.8% -6.8% -3.6% -1.9% -0.6%   3.1% 6.2% 8.6% 
6 -7.8% -5.9% -3.4%   0.2% 1.4% 3.9% 8.8% 8.9% 
7 -7.6% -5.9% -3.5%   0.4% 1.8% 4.0% 6.7% 8.9% 
8 -7.1% -6.1% -3.7% -1.9% -0.7% 0.6% 2.0% 5.6% 6.1% 8.0% 
9 -6.4% -5.0% -3.9% -1.9% -0.4% 0.8% 1.8% 3.4% 5.2% 6.8% 

10 -5.0% -4.1% -2.5% -1.8% 0.0% 0.7% 1.6% 2.5% 4.1% 5.4% 
 A B C D E F G H I J 

 

Figure 55. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −3 mm at EOC (10 MWd/kgU). 

 
1 7.1% 5.2% 3.7% 2.4% 1.3% 0.6% -0.6% -2.3% -4.7% -8.0% 
2 8.4% 5.5% 3.2% 2.1% 0.5% 0.5% -0.3% -0.3% -5.8% -9.8% 
3 9.1% 5.6% 1.4% 1.6% 0.9% -0.1% -0.8% -1.2% -1.1% -10.7% 
4 10.0% 5.7% 2.9% 1.7% 0.8%   -2.7% -6.4% -11.4% 
5 10.1% 2.4% 2.4% 1.7% 0.8%   -2.4% -6.2% -12.1% 
6 10.1% 5.8% 2.7%   0.3% -0.4% -2.0% -1.7% -12.5% 
7 10.0% 5.7% 2.7%   0.3% -0.7% -2.7% -6.5% -11.9% 
8 9.9% 2.2% 3.2% 1.6% 0.9% 0.2% -0.3% -0.6% -6.9% -11.3% 
9 9.2% 5.6% 1.4% 1.2% 0.7% 0.6% -1.3% -3.5% -6.6% -10.4% 

10 8.1% 5.3% 3.3% 1.6% 0.9% 0.0% -1.6% -3.3% -6.2% -9.4% 
 A B C D E F G H I J 

Figure 56. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +3 mm at BOC (0.1 MWd/kgU). 
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1 4.2% 3.4% 2.9% 2.0% 1.3% 0.6% -0.5% -1.7% -3.2% -4.8% 
2 5.1% 4.3% 3.1% 2.2% 1.3% 0.4% -0.8% -2.7% -4.8% -6.8% 
3 6.0% 4.8% 4.1% 2.6% 1.2% 0.0% -1.3% -3.0% -6.6% -7.8% 
4 6.9% 5.7% 3.8% 2.4% 1.2%   -3.1% -6.0% -8.8% 
5 7.2% 6.2% 3.9% 2.4% 1.1%   -3.0% -6.5% -9.7% 
6 7.3% 5.8% 3.7%   0.4% -0.9% -3.6% -10.6% -10.3% 
7 7.1% 5.7% 3.4%   0.3% -1.1% -3.9% -6.9% -9.8% 
8 6.8% 5.8% 4.0% 2.4% 1.2% 0.2% -1.1% -5.6% -6.4% -8.9% 
9 6.0% 5.1% 4.0% 2.5% 1.3% 0.1% -1.3% -3.3% -5.5% -7.7% 

10 4.8% 4.1% 3.2% 2.0% 1.3% 0.3% -1.0% -2.5% -4.3% -6.1% 
 A B C D E F G H I J 

Figure 57. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +3 mm at EOC (10 MWd/kgU). 

 
1 14.3% 10.7% 7.5% 5.0% 2.7% 1.3% -1.0% -4.1% -9.7% -16.4% 
2 16.4% 11.3% 7.1% 4.3% 2.2% 0.7% -0.5% -0.8% -11.3% -20.1% 
3 18.2% 11.6% 3.3% 3.4% 1.7% 0.4% -0.9% -3.1% -3.0% -22.8% 
4 19.4% 11.9% 6.5% 3.5% 1.8%   -4.7% -12.5% -24.0% 
5 20.4% 4.3% 5.5% 3.4% 1.8%   -4.6% -12.3% -25.0% 
6 20.3% 11.5% 6.1%   0.7% -0.7% -4.0% -3.4% -25.6% 
7 20.0% 12.0% 5.9%   0.9% -1.1% -5.4% -13.3% -24.7% 
8 19.5% 4.0% 6.2% 3.1% 2.1% 0.6% -1.4% -1.1% -13.9% -23.4% 
9 18.1% 11.7% 3.0% 2.8% 2.0% 1.1% -2.7% -7.1% -13.3% -21.7% 

10 16.1% 10.9% 6.8% 3.6% 1.8% -0.1% -3.1% -6.9% -12.3% -19.5% 
 A B C D E F G H I J 

Figure 58. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +6 mm at BOC (0.1 MWd/kgU). 

 
1 8.1% 7.3% 6.0% 4.6% 2.8% 1.6% -0.6% -2.9% -6.4% -10.2% 
2 10.1% 9.0% 7.0% 5.2% 3.4% 1.1% -1.4% -5.4% -9.3% -14.4% 
3 11.8% 10.1% 8.3% 5.4% 3.0% 0.9% -1.5% -5.7% -15.3% -17.4% 
4 13.2% 11.2% 8.2% 5.2% 2.8%   -5.7% -12.1% -19.5% 
5 14.1% 11.9% 8.0% 4.9% 2.7%   -5.6% -12.8% -20.9% 
6 14.1% 11.6% 7.7%   1.0% -1.5% -6.9% -21.0% -21.9% 
7 13.7% 11.5% 7.4%   1.1% -2.1% -7.3% -13.7% -20.8% 
8 12.9% 11.3% 8.1% 4.9% 3.0% 0.8% -2.7% -11.1% -12.8% -19.0% 
9 11.5% 10.2% 8.1% 5.0% 2.9% 0.8% -2.2% -6.4% -11.0% -16.7% 

10 9.5% 8.4% 6.8% 4.5% 2.8% 0.9% -1.6% -4.8% -8.7% -13.4% 
 A B C D E F G H I J 

Figure 59. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +6 mm at EOC (10 MWd/kgU). 
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Appendix D. Change in pin power for channel bow in the x− and 
y−direction simultaneously. 
The presented pin power distributions for simulations with various magnitudes of channel bow in the 
x−and y−directions simultaneously are summarised in Table 13. The presented values are relative 
differences from simulations with nominal geometry, accounted for in Appendix A. 
 

Figure Displacement Burnup 
[MWd/kgU] Dx [mm] Dy [mm] 

Figure 60 -9 +9 0.1 (BOC) 
Figure 61 -9 +9 10 (EOC) 
Figure 62 -6 +6 0.1 (BOC) 
Figure 63 -6 +6 10 (EOC) 
Figure 64 -3 +3 0.1 (BOC) 
Figure 65 -3 +3 10 (EOC) 
Figure 66 +3 -3 0.1 (BOC) 
Figure 67 +3 -3 10 (EOC) 
Figure 68 +6 -6 0.1 (BOC) 
Figure 69 +6 -6 10 (EOC) 

Table 13. Presented pin power distributions for simulations with channel bow of various magnitudes in 
the x- and y-direction simultaneously. 

1 -46.6% -42.6% -39.5% -37.0% -35.2% -32.4% -29.5% -24.7% -15.2% -2.8% 
2 -42.5% -35.1% -30.0% -24.8% -6.2% -18.1% -16.4% -3.2% -2.0% 11.0% 
3 -39.5% -30.0% -6.0% -13.3% -8.8% -7.5% -5.2% -0.1% 3.3% 22.7% 
4 -37.1% -24.8% -13.3% -7.5% -4.4%   4.5% 14.7% 29.7% 
5 -35.3% -6.2% -8.8% -4.4% -1.6%   7.1% 16.9% 33.6% 
6 -32.5% -18.2% -7.4%   2.3% 4.8% 8.2% 6.1% 37.1% 
7 -29.5% -16.3% -5.2%   4.8% 7.4% 12.1% 24.2% 39.9% 
8 -24.6% -3.2% -0.2% 4.8% 7.3% 8.4% 12.5% 6.5% 30.1% 42.7% 
9 -15.1% -1.9% 3.3% 14.8% 17.1% 6.1% 24.2% 30.1% 36.5% 46.8% 

10 -2.8% 11.0% 22.6% 29.6% 34.2% 37.8% 39.7% 42.3% 46.6% 51.6% 
 A B C D E F G H I J 

Figure 60. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm, Dy = +9 mm at BOC (0.1 MWd/kgU). 

1 -35.1% -33.1% -31.7% -30.0% -28.4% -25.2% -21.4% -16.1% -8.5% -0.5% 
2 -33.0% -29.1% -26.8% -23.7% -28.0% -16.8% -12.5% -8.6% -0.1% 7.8% 
3 -31.7% -26.8% -30.3% -16.9% -12.4% -7.9% -4.0% 0.5% 8.3% 15.3% 
4 -30.0% -23.7% -16.9% -10.1% -5.3%   5.8% 13.5% 20.8% 
5 -28.4% -28.0% -12.4% -5.4% -1.0%   10.2% 18.0% 24.8% 
6 -25.3% -16.8% -7.8%   4.7% 8.3% 14.4% 26.2% 27.9% 
7 -21.3% -12.4% -4.0%   8.4% 12.9% 19.4% 25.8% 29.8% 
8 -16.0% -8.5% 0.4% 6.0% 10.3% 14.5% 19.7% 31.7% 29.2% 30.1% 
9 -8.4% 0.0% 8.3% 13.6% 18.2% 26.5% 25.9% 29.2% 30.2% 29.4% 

10 -0.5% 7.8% 15.1% 20.5% 25.2% 28.3% 29.8% 29.9% 29.4% 26.8% 
 A B C D E F G H I J 

Figure 61. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −9 mm, Dy = +9 mm at EOC (10 MWd/kgU). 
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1 -30.6% -28.0% -25.9% -24.4% -23.2% -21.3% -19.3% -16.0% -9.5% -1.4% 
2 -27.8% -23.2% -19.7% -16.5% -4.3% -12.4% -10.8% -2.7% -0.8% 8.0% 
3 -25.9% -19.6% -4.4% -9.0% -6.2% -5.4% -3.7% 0.0% 1.6% 15.6% 
4 -24.4% -16.7% -9.0% -5.1% -3.5%   2.5% 9.9% 19.9% 
5 -23.4% -4.3% -6.2% -3.6% -1.7%   3.8% 11.1% 21.9% 
6 -21.5% -12.5% -5.2%   0.8% 2.7% 5.1% 3.9% 24.3% 
7 -19.4% -10.8% -3.7%   2.7% 4.7% 7.9% 16.1% 26.8% 
8 -16.1% -2.7% 0.0% 2.7% 3.9% 5.2% 7.9% 3.1% 20.1% 28.6% 
9 -9.6% -0.8% 1.6% 10.0% 11.3% 3.9% 16.2% 19.9% 24.2% 31.1% 

10 -1.5% 7.8% 15.4% 19.8% 22.4% 25.1% 26.6% 28.4% 31.0% 34.9% 
 A B C D E F G H I J 

Figure 62. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −6 mm, Dy = +6 mm at BOC (0.1 MWd/kgU). 

 
1 -20.6% -20.2% -19.5% -18.8% -17.9% -16.0% -13.7% -10.4% -5.6% -0.6% 
2 -20.1% -18.7% -17.3% -15.6% -17.3% -11.5% -8.6% -6.0% -0.4% 5.0% 
3 -19.6% -17.3% -19.2% -11.3% -8.8% -5.8% -3.5% -0.3% 5.0% 10.0% 
4 -18.8% -15.6% -11.3% -7.1% -4.4%   3.0% 8.4% 13.6% 
5 -17.9% -17.3% -8.8% -4.4% -1.7%   5.5% 11.3% 16.2% 
6 -16.1% -11.5% -5.7%   1.9% 4.6% 8.9% 17.8% 18.6% 
7 -13.7% -8.5% -3.4%   4.6% 7.9% 12.2% 16.8% 20.2% 
8 -10.4% -5.9% -0.3% 3.1% 5.5% 9.0% 12.2% 21.5% 19.1% 20.4% 
9 -5.6% -0.3% 4.9% 8.6% 11.6% 18.2% 17.0% 19.1% 20.0% 20.2% 

10 -0.7% 5.0% 9.8% 13.4% 16.6% 19.1% 20.2% 20.3% 20.1% 18.9% 
 A B C D E F G H I J 

Figure 63. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −6 mm, Dy = +6 mm at EOC (10 MWd/kgU). 

 
1 -14.8% -13.7% -12.7% -12.1% -11.3% -10.6% -9.5% -7.8% -4.6% -0.3% 
2 -13.5% -11.3% -9.9% -8.4% -2.2% -6.4% -5.8% -1.3% -0.3% 4.4% 
3 -12.7% -9.8% -2.2% -4.8% -3.6% -2.9% -2.2% -0.5% 0.8% 8.2% 
4 -12.0% -8.5% -4.5% -3.0% -2.2%   0.9% 4.9% 10.0% 
5 -11.4% -2.2% -3.6% -2.2% -1.1%   1.6% 5.5% 10.9% 
6 -10.7% -6.4% -2.8%   -0.2% 1.2% 2.6% 1.7% 11.9% 
7 -9.6% -5.6% -2.1%   1.2% 1.9% 3.9% 8.0% 13.3% 
8 -7.6% -1.3% -0.6% 1.1% 1.7% 2.7% 3.7% 1.7% 10.1% 14.3% 
9 -4.6% -0.3% 0.8% 4.9% 5.8% 1.7% 8.0% 10.0% 12.5% 15.9% 

10 -0.5% 4.2% 7.9% 9.7% 11.6% 12.7% 13.3% 14.2% 15.9% 17.9% 
 A B C D E F G H I J 

Figure 64. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −3 mm, Dy = +3 mm at BOC (0.1 MWd/kgU). 
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1 -9.1% -9.3% -9.2% -9.0% -8.5% -7.7% -6.7% -5.1% -2.9% -0.3% 
2 -9.1% -8.9% -8.6% -7.7% -8.1% -5.8% -4.8% -2.8% -0.4% 2.3% 
3 -9.3% -8.6% -8.8% -5.9% -4.7% -3.3% -2.0% -0.5% 2.4% 5.1% 
4 -9.0% -7.7% -5.6% -4.0% -2.8%   1.0% 3.9% 6.7% 
5 -8.5% -8.0% -4.6% -2.8% -1.3%   2.3% 5.5% 8.0% 
6 -7.9% -5.9% -3.1%   0.3% 1.9% 4.3% 9.2% 9.1% 
7 -6.7% -4.7% -2.0%   1.9% 3.4% 6.0% 8.2% 10.1% 
8 -5.1% -2.9% -0.6% 1.1% 2.3% 4.3% 5.7% 11.5% 9.6% 10.4% 
9 -3.0% -0.5% 2.2% 4.0% 5.7% 9.7% 8.4% 9.7% 10.3% 10.7% 

10 -0.5% 2.3% 4.8% 6.5% 8.5% 9.7% 10.2% 10.3% 10.7% 10.3% 
 A B C D E F G H I J 

Figure 65. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = −3 mm, Dy = +3 mm at EOC (10 MWd/kgU). 

 
1 14.4% 13.5% 12.9% 12.2% 11.4% 10.8% 9.7% 7.8% 4.2% 0.2% 
2 13.7% 11.2% 9.3% 8.1% 3.0% 6.2% 5.7% 1.6% 0.1% -4.3% 
3 12.8% 9.5% 2.7% 4.7% 3.7% 2.8% 2.4% 1.5% -0.3% -7.9% 
4 12.1% 8.1% 4.7% 3.4% 2.6%   -0.9% -5.1% -10.0% 
5 11.3% 3.0% 3.7% 2.6% 1.6%   -1.6% -5.6% -11.8% 
6 10.6% 6.1% 3.0%   0.3% -0.2% -1.9% -1.1% -13.2% 
7 9.6% 5.7% 2.3%   -0.2% -1.0% -3.3% -8.0% -13.6% 
8 8.0% 1.6% 1.4% -0.7% -1.4% -1.8% -3.3% -1.7% -10.2% -14.7% 
9 4.5% 0.2% -0.3% -5.0% -5.4% -1.1% -8.1% -10.3% -13.3% -16.6% 

10 0.1% -4.4% -8.0% -10.1% -11.4% -12.7% -13.8% -14.9% -16.7% -19.0% 
 A B C D E F G H I J 

Figure 66. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +3 mm, Dy = -3 mm at BOC (0.1 MWd/kgU). 

 
1 7.8% 8.2% 8.7% 8.7% 8.2% 7.7% 6.8% 5.3% 3.1% 0.8% 
2 8.3% 8.5% 8.2% 7.7% 7.2% 6.1% 5.0% 3.3% 0.8% -2.0% 
3 8.6% 8.2% 7.8% 6.2% 5.1% 3.7% 2.7% 1.1% -2.0% -4.6% 
4 8.6% 7.9% 6.2% 4.6% 3.4%   -0.7% -3.4% -6.8% 
5 8.3% 7.2% 5.1% 3.4% 2.1%   -1.8% -5.3% -8.8% 
6 7.6% 6.0% 3.8%   0.4% -0.8% -3.6% -10.2% -10.4% 
7 6.7% 5.0% 2.6%   -0.7% -2.3% -5.2% -8.2% -11.0% 
8 5.4% 3.4% 1.1% -0.5% -1.8% -3.4% -5.2% -11.7% -9.5% -11.5% 
9 3.2% 0.8% -2.0% -3.2% -5.0% -9.8% -8.2% -9.5% -11.3% -12.4% 

10 0.7% -2.1% -4.7% -7.0% -8.6% -10.1% -10.9% -11.6% -12.5% -13.2% 
 A B C D E F G H I J 

Figure 67. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +3 mm, Dy = -3 mm at EOC (10 MWd/kgU). 
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1 28.8% 27.1% 25.9% 24.4% 23.7% 21.8% 19.4% 15.2% 8.4% -0.6% 
2 27.5% 22.6% 19.3% 16.8% 6.2% 12.5% 11.0% 3.8% 0.3% -9.2% 
3 25.8% 19.5% 6.8% 10.0% 7.4% 7.1% 5.3% 2.4% -0.3% -16.7% 
4 24.3% 16.8% 10.0% 7.0% 5.5%   -1.2% -9.7% -20.9% 
5 23.5% 6.2% 7.6% 5.5% 4.2%   -2.9% -11.1% -24.0% 
6 21.7% 12.5% 7.2%   1.4% -0.1% -3.4% -2.5% -26.2% 
7 19.5% 11.1% 5.3%   0.0% -2.3% -7.1% -16.3% -28.1% 
8 15.6% 3.5% 2.3% -1.0% -2.8% -3.3% -7.1% -2.3% -21.1% -30.4% 
9 8.5% 0.6% -0.3% -9.6% -10.7% -2.5% -16.3% -21.1% -26.4% -34.1% 

10 -0.4% -9.3% -16.7% -20.9% -23.4% -25.9% -28.1% -30.3% -33.8% -38.2% 
 A B C D E F G H I J 

Figure 68. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +6 mm, Dy = -6 mm at BOC (0.1 MWd/kgU). 

 
1 15.1% 16.1% 17.1% 17.3% 16.8% 15.6% 13.7% 10.6% 6.6% 1.1% 
2 16.3% 17.2% 17.0% 16.1% 15.0% 12.8% 10.3% 6.9% 1.9% -4.3% 
3 17.0% 17.1% 16.4% 13.5% 10.9% 8.8% 6.2% 2.7% -4.3% -10.1% 
4 17.2% 16.2% 13.5% 10.1% 7.8%   -0.4% -6.7% -14.8% 
5 16.8% 15.0% 10.9% 7.8% 5.8%   -3.2% -10.4% -18.9% 
6 15.6% 12.8% 9.0%   2.0% -0.7% -6.3% -21.0% -21.7% 
7 13.8% 10.4% 6.2%   -0.7% -4.2% -10.5% -16.5% -23.5% 
8 11.0% 7.0% 2.7% -0.1% -3.1% -6.2% -10.5% -21.7% -19.8% -25.2% 
9 6.6% 2.0% -4.2% -6.6% -10.1% -20.6% -16.4% -19.6% -22.7% -27.6% 

10 1.3% -4.2% -10.2% -14.8% -18.4% -21.4% -23.4% -25.0% -27.2% -29.3% 
 A B C D E F G H I J 

Figure 69. Relative differences to the simulation with nominal geometry obtained for a channel bow of 
Dx = +6 mm, Dy = -6 mm at EOC (10 MWd/kgU). 
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