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ABSTRACT. In the depletion calculation of the nuclear fuel, the uncertainty is of utmost importance,
as it affects the uncertainty of the subsequent calculation, when the calculated composition is used.
The calculations are even more important when they are safety related, e. g., when determining the
reactivity or emissions of radioactivity to the environment. This work covers the depletion model of
Gd-2M+ fuel which was developed in ORIGEN-ARP/TRITON calculation sequences, both being parts
of a SCALE 6.2.1 package. The uncertainties of the respective calculation model were determined
by comparison with experimental data for both calculation sequences. The effects of operational and
manufacturing uncertainties on concentration of the most important nuclides using TRITON depletion
model of Gd-2M+ fuel were determined. The effect of respective uncertainties manifested in changes of
composition on the multiplication factor using Monte-Carlo sequence KENO-VI were also specified.
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1. INTRODUCTION

The awareness of the uncertainty of a calculation is
very important, especially in nuclear reactor applica-
tions. Inaccurate determination of spent fuel inventory
can result in higher decay power, higher emissions or
by increased reactivity which can be very dangerous.

This work estimates the accuracy of the calcula-
tion performed by comparison of experimentally de-
termined spent nuclear fuel inventory with the cal-
culated one. The study of influence of variation in
some operational and manufacturing input aspects,
such as temperature, power level or enrichment, was
conducted. The respective study focuses on the spent
fuel inventory determination and calculation of its
multiplication factor.

2. CALCULATION METHODS

All calculations described in this paper were made in
SCALE code system version 6.2.1 [I]. The depletion
was simulated in TRITON and ORIGEN-ARP se-
quence, the determination of the reactivity important
nuclides was carried out in TSUNAMI-2D sequence
and the determination of the multiplication factor
was obtained with the use of the KENO-VI stochastic
sequence. Both depletion and sensitivity calculations
used a multigroup version of ENDF /B VII.1 nuclear
data library, KENO-VI simulation used continuous
energy version of the aforementioned library [T, [2].

2.1. DEPLETION MODEL

Two depletion models of Gd-2M+ fuel were created.
The fuel used in the depletion models is currently used
in VVER-440 reactors in Dukovany power plant. This
fuel assembly contains fuel pins without a burnable
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FIGURE 1. Enrichment of each fuel pin in the Gd2M+
fuel assembly. Numbers mean enrichment in weight
fractions and the hexagon with brown color shows
position of fuel pin with burnable absorber. [3].

absorber which does not have a central hole in the fuel
pellets. Only exception is six fuel pins with GdsOg
which contain a central hole [3].

Figure [I] shows the enrichment of each fuel pin in
the respective fuel assembly, as well as the position of
central tube (CT) and fuel pin with burnable absorber
Gd20O3. The numbers in Figure [[] mean enrichment
in weight fractions and the hexagon with brown color
shows position of fuel pin with the burnable absorber

The first depletion model was created in TRITON
sequence. The detailed model included the description
of geometry, composition, power history and several
other important parameters affecting the accuracy of
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the calculation. This model contained an infinite array
of the fuel assemblies with B1 buckling, where the
assumed spectrum is identical to the critical one [4].
The depletion model used five cycles with a duration of
330 days with the specific power set to 30.535Wgﬁi,[
and the shutdown between cycles of 35 days. The
time step between depletion was 1.2 days for first 6
days of cycle, next 24 days used 6 days long time step
and following 300 days used 20 days long time step.

The depletion model was originally set to maxi-
mum accuracy and after the creation of the model,
many optimization calculations were conducted. Each
calculation used the basic model with one modified
parameter thus quantified the effect of selected reduc-
tion. In case the effect was negligible, the reduction
was implemented in the final model. The optimized
final model was twice faster than the basic one and
the accuracy of the results was not affected [IJ.

The optimized parameters were time steps or Leg-
endre order in the transport theory. Next optimized
parameter was addnux, which adds trace quantities of
certain groups of nuclides to the inventories of deple-
tion materials which causes better tracking of these
nuclides during the calculation. Last optimized pa-
rameter was assign. This parameter groups depletion
materials. Each material of the respective group is in-
dependently depleted, but the calculation uses average
cross section.

The second depletion model was made in ORIGEN-
ARP sequence. This sequence, together with the
model, is very fast and simple, however it requires
a data file from the previous TRITON calculation.
The results are similar to results from slow detailed
TRITON calculation, if an appropriate data file is
used.

The ORIGEN-ARP model contained only a homo-
geneous composition and the power history, no other
parameters are required [I].

2.2. COMPARISON WITH EXPERIMENTAL DATA

Because there were no avaliable experimental data
of the spent Gd-2M+ fuel, it was nessesary to use
the data of another fuel type. The data used for the
comparison were retrieved from Project ISTC # 3958.
The goal of the project was to obtain data from the
spent nuclear fuel for description of its composition
[5].

The fuel assembly used in the ISTC project differed
from the Gd-2M+ fuel assembly in several aspects.
The first difference was in enrichment because ISTC
fuel assembly contained fuel pins with constant en-
richment. Next difference was in the geometry be-
cause ISTC fuel contained central hole and also had
moderately different dimensions. Because of these dis-
tinctions, the ISTC fuel assembly contained smaller
amount of uranium than the Gd-2M+ fuel assembly.
Another significant difference was the absence of any
burnable absorber in ISTC fuel. All these diferences
are listed in Table 1] [3], [5] [6].

Gd-2M+ ISTC #3958
Fuel enrichment 3.6/4.0/4.6 % 4.4 %
Outer fuel diameter 0.78/0.76 cm 0.757 cm
Inner fuel diameter 0/0.12 cm 0.12 cm
Inner cladding radius | 0.793/0.773 cm 0.772 cm
Burnable absorber Gdo O3 -

TABLE 1. Differences between Gd-2M+ and ISTC fuel

157d 156 34 15834 1597 15534 161 Dy
154Gd 239Pu 238U 241Pu 240Pu 135Xe
103RK 143Nd 133 g 237Np 149qm 131x¢
242Pu 236U 99TC 155Eu 153Eu 151 Sm
154Eu 152Sm 147Pm 145Nd 243Am 109Ag
101Ry 95 Mo 238py 148m py, 15()Sm 105pg
147Sm 134CS 105Rh 141PI‘ 139La 241Am
235U 234U 160 242 Cm* 244Cm>(< 108 Pd*

TABLE 2. Nuclides with big impact on the reactivity

The ISTC project # 3958 published information
about 12 samples which came from the above men-
tioned fuel assembly. It includes information about
burnup, location of samples in the fuel assembly and
also the content of certain nuclides in each sample.
Based on the published information, two depletion
models describing depletion of ISTC fuel were made.
One model was made in the TRITON sequence and
one was made in the ORIGEN-ARP sequence. The
model for comparison was similar to the model de-
scribed in previous section, only the geometry and
composition were modified for description of the fuel
assembly from the project [5l [6].

2.3. INFLUENCE OF UNCERTAINTIES

2.3.1. EFFECT ON THE SPENT FUEL INVENTORY
Study of the influence of uncertainties was performed
on changes in a content of group of nuclides in the
spent fuel inventory. These nuclides were determined
using the TSUNAMI sensitivity calculation which
determined that said nuclides affect reactivity consid-
erably.

The sensitivity calculation used spent fuel inventory
determined by the model described in the section
21l The inventory was loaded into the TSUNAMI
model, which was obtained from the depletion model
by modification of depletion parameters to sensitivity
control parameters.

Determined nuclides are listed in Table 2l Nuclides
listed in this table had the minimal sensitivity of 10~
in at least one material. Three nuclides marked with
the star had smaller sensitivity, however they were
accounted for because of their significant inaccuracy
determined by the comparison with experimental data.

Effect of the uncertainties on the spent fuel in-
ventory was studied by comparison of the inventory
calculated without any applied uncertainty and the
inventory calculated with one arbitrary uncertainty
applied. Uncertainties used in this comparison in-
clude changes of parameters describing the operation
of the reactor, fuel assembly geometry or composition.
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Quantity Nominal Lower Higher
Moderator temperature 555 K 541 K 573 K
Fuel temperature 885 K 785 K 985 K
Boron content 524 ppm 0 ppm 1049 ppm
Power level 30.535 gem ™2 | 27.4815 gecm ™3 | 33.5885 gcm 3

TABLE 3. Operational uncertainties

Uncertainty Nominal Lower Higher
Absorber content (wt) 3.35 % 3.2 % 3.5 %
Uranium content 1230/1141 g 1213/1124 g 1247/1158 g
Enrichment (wt) 3.6/4/4.6 % 3.55/3.95/4.55 % | 3.65/4.05/4.65 %
Outer fuel diameter 0.78/0.76 cm 0.777/0.757 cm -
Inner fuel diameter 0/0.12 cm 0/0.09 cm -
Outer cladding radius 0.91 cm 0.906 cm 0.914 cm
Inner cladding radius | 0.793/0.773 cm - 0.799/0.779 cm

TABLE 4. Material uncertainties

Element | Content [%] | Element | Content [%]

N 2,0E-03 Pb 8,0E-04
F 2,2E-02 Zn 1,1E-03
Na 5,2E-03 Cu 1,1E-03
Mg 7,0E-03 Ni 1,4E-02
Si 7,1E-03 Co 2,0E-05
Cr 3,0E-03 Fe 1,6E-02
Mn 2,0E-04

TABLE 5. Content of impurities [7]

Complete list of the used uncertainties is presented in
Tables and

All the calculated inventories had equal burnup of
50.4 MWd kgﬁi,[, which corresponds to the burnup of
spent fuel after five years depletion in the nuclear
reactor. Because of the preservation of the burnup,
cases with lower or higher power level were depleted
for longer or shorter time, respectively.

2.3.2. EFFECT ON THE MULTIPLICATION FACTOR

Effect of the uncertainty on the multiplication factor
was evaluated by determination of the multiplication
factor of spent fuel. The composition of this fuel was
calculated in previous part.

The evaluation was made in KENO-VI 3D stochas-
tic sequence. The model was created by loading of the
composition to the Gd-2M+ depletion model and its
modification for KENO-VI sequence. The calculation
used 2000 neutron generations with 50000 neutrons
per generation and first 50 generations being inac-
tive. The calculation was automatically terminated
once the stochastic deviation decreased below 0.00020
because of the limited available computation time.

3. RESULTS AND DISCUSSION

3.1. COMPARISON WITH EXPERIMENTAL DATA

Calculated content of selected nuclides in each sam-
ple was compared to the experimentally determined
content. This comparison was created as a fraction of
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computed and experimental data, marked as C/E. An
arithmetic mean of C/E for every nuclide is in Table [6]
and in Figure

As presented in table [6] the results are relatively
accurate for most of the elements, such as uranium,
cesium or neodymium, but for some elements the in-
accuracies are larger, such as for 1%Pd or *'Eu. At
the moment, there are no clear reasons for these inac-
curacies and more detailed research for clarification
of these inaccuracies is needed.

3.2. INFLUENCE OF UNCERTAINTIES

3.2.1. EFFECT ON SPENT FUEL INVENTORY

Figure [3] depicts changes in the spent fuel inventory
after the modification of moderator temperature. Re-
sults show that the biggest changes in the content are
for the isotopes with high cross section in thermal
energies. This phenomenon is caused by the worsened
moderation, which leads to the worsened absorption
in thermal part of the spectrum.

Changes in the spent fuel inventory after modifi-
cation of fuel temperature are presented in Figure
The effect of change of fuel temperature is smaller
in comparison with the effect of change of modera-
tor temperature, but is important to take account
that change in fuel temperature is usually many times
higher than changes in moderator temperature.

The change in inventory after the modification
of fuel temperature is mainly caused by change of
Doppler Effect. Higher temperature decreases the
maximum of the resonance, which results in higher
resonance absorption. Higher absorption at isotope
of 233U then leads to higher production of actinides
such as plutonium [§].

Figure [5| shows results for changes of boron content
in the moderator. It is obvious that higher concentra-
tion of boron leads to higher content of gadolinium in
the spent fuel. This is caused by the worsened mod-
eration which results in lower absorption in thermal
part of the spectrum.
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| | C/E | | C/E | | C/E |
| Nuclide | TRITON | ORIGEN-ARP | Nuclide | TRITON | ORIGEN-ARP | Nuclide | TRITON | ORIGEN-ARP |
| 234U | 1.03+£0.09 | 1.03+0.09 | 242Cm | 1.234+0.14 | 1.24+0.14 | '49Sm | 0.80 £ 0.67 | 0.80 £ 0.67 |
| 235U | 096 £0.00 | 0.96+0.00 | 2*Cm | 1.23+0.05 | 1.23+0.05 | '%0Sm | 1.07 £ 043 | 1.07 £043 |
| 235U | 0.95+000| 0954000 | 2Am | 1.174+0.01 | 1.17+0.01 | '5'Sm | 1.09 + 045 | 1.09 +£0.45 |
| 238U | 0.99+£000 | 0.99+000 | 2#3Am | 091 +0.03 | 091+003 | '52Sm | 1.05+0.37 | 1.04 £0.37 |
| 23%Pu | 1.19£0.01 | 1.204+0.01 | '3Cs | 0994001 | 099+001 | !%5Gd | 1.13+0.15 | 1.13+0.15 |
| 2%%Pu | 1.23+£0.00 | 1.234+000 | '3Cs | 0944001 | 094+001 | %Mo | 049+0.15 | 049+0.15 |
| 24%Pu | 1.16 £0.00 | 1.16 £0.00 | '3Cs | 1.154+0.01 | 1.10+0.01 | %Pd | 1.13+0.62 | 1.13+0.62 |
| 24Pu | 120 £0.00 | 1.204+0.00 | '37Cs | 0.99+0.00 | 0.99+0.00 | 1°Pd | 2.67 £3.73 | 267 +£3.73 |
| 242Pu | 1.14£001 | 1144001 | Eu | 039+£009 | 039+009 | °9Ag | 070+0.11 | 0.70 £0.11 |
| 145Nd | 1.05+£0.00 | 1.0540.00 | 'Eu | 1.124+0.73 | 1.124+073 | °'Ru | 1.06 £ 040 | 1.06 +£0.41 |
| 45Nd | 1.02+0.00 | 1.02+000 | 'MEu | 122+094 | 122+094 | %'Np | 0.79+0.01 | 079 +0.01 |
| 14°Nd | 1.01£0.00 | 1.0140.00 | '55Eu | 1.09 +0.68 | 1.094+0.67 | '4Ce | 0.99+0.15 | 099 +0.15 |
| 148Nd | 1.01£0.00 | 1.01+£0.00 | '47Sm | 1.03+0.36 | 1.03+0.36 | | | |
TABLE 6. Comparison of calculated and experimental data
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FIGURE 3. Effect of change in moderator temperature
on composition.

Similar observation can be seen in the content of
samarium. Both its isotopes *°Sm and '°'Sm have a
high microscopic cross section for absorption in ther-
mal energies. Similarly to gadolinium, higher boron

F1GURE 4. Effect of change in fuel temperature on
composition.

content worsens moderation which causes lower ab-
sorption in samarium isotopes [2].

Results for different power levels are shown in Fig-
ure[6] The power level change affects only few isotopes,
content of most of the isotopes remains almost un-
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FIGURE 6. Effect of change in power level on compo-
sition.

changed. These changes are mainly caused by longer
depletion time, which allows for a higher accumu-
lation of certain isotopes in the spent fuel, caused
by the decay of their parent nuclides. Another rea-
son for the changes in content is connected to the
higher production of short-lived fission products and
its daughter isotopes for higher power levels, such as
135Xe or 19Rh [9].

Figure [7] shows results of impact of the variation
in the Gd2O3 content in spent fuel. This variation
affects mainly the gadolinium content in spent fuel
inventory, yet it also leads to increased content of
161Dy and '%?Tb isotopes, due to them originating
from gadolinium according to Equations (T]) - (3)) [10].
Effect on content of any other nuclides is negligible.

8Qd +n - 0d L 9T (1)
18,479h

B~ 160Dy 4 — 161Dy
159} 4 py _y 160, 72,3d

41 — 1617} B~ 1617y
6,906d
(2)

160G q+1n — 161Qd B~ 161, B~

161
Dy (3
3,66min 6,906d vy (3)

Figure [§] shows results of impact of change in the
uranium content. As expected, the higher initial con-

tent of uranium leads to higher final content of all
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FiGure 8. Effect of change in uranium content on
composition.

investigated nuclides, however, the difference between
content of various nuclides is visible.

The results of variations in the enrichment are de-
picted in Figure[0] The changes in uranium isotopes
content were expected because their initial content
was also modified together with the enrichment [IT].

Variations in content of isotopes 24?Am, 244Cm or
242Py are also observed. Their content in spent fuel
is higher with lower enrichment. This phenomenon
is caused by their production from the 233U because
the initial content of this isotope also varies with
enrichment. Another effect of change in enrichment
is also connected to modification of neutron spectrum
because lower content of 233U leads to lower parasitic
absorption.

Figures [10] and [11] show results for changes in fuel

and cladding radii. The impact of fuel radius change
is negligible, which is probably caused by modification
of fuel density made with the objective of preserva-
tion of fuel content. Bigger effects observed for fuel
pins without gadolinium are obviously caused by their
higher number in the fuel assembly.
Effect of modification of outer cladding radius is
higher, which is caused by change of the amount of
moderator near to the fuel pin. This change leads to
better (or worse) moderation and subsequently to a
modification of the neutron spectrum. Effect of varia-
tion of inner cladding radius is negligible because it
only changes the amount of cladding material, which
has only small influence on neutrons.
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Figure[I2] shows the effect of impurities in fuel. This
effect is both positive and negative and for most appli-
cations, it can be considered negligible. Nevertheless it
is possible to find some cases, in which the impurities
can be important. For example, content of nitrogen
can lead to production of radioactive *C, which may
have impact on the overall activity [12].

3.2.2. EFFECT ON MULTIPLICATION FACTOR

Effect of the operational uncertainties was tested only
with investigated uncertainty included in the depletion
simulation. This means that the determination of
multiplication factor is not influenced by presence of
the uncertainty, but it is influenced only by change in
inventory. Results of this calculation can by seen in
Figure

The biggest impact definitely comes from the change
of boron content in the moderator. Much smaller, but
also important is the effect of change in the modera-
tor temperature. Other uncertainties are of smaller
importance. Both this effects are mainly caused by
modification of content of nuclides with high cross
section for absorption such as *°Gd, °7Gd, °Sm
and 'Sm which negatively influence neutron balance
2.
Figure [14] shows the influence of the material uncer-
tainties on the multiplication factor. This influence
has smaller importance than the operational uncer-
tainties. The most important uncertainty is initial
enrichment of the fuel, which will be mainly caused by
change in final content of fissile isotope 22°U. Second
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FI1GURE 12. Effect of impurities in the fuel

biggest effects comes from different initial uranium
content, which can probably mainly assigned to change
in boron content together with changed content of
fissile isotopes of plutonium and uranium.

Figure [I5] shows impact of changes in geometry.
These uncertainties have only small importance and
the most significant is the change in the outer diameter
of fuel with gadolinium absorber together with the
change in its inner cladding diameter.

4. CONCLUSIONS

Two depletion models of Gd-2M+ fuel were created
and the TRITON model was optimized for faster calcu-
lation. This model was used for the study of influence
of the operational and manufacturing uncertainties.

Comparison of computed and experimental data
was conducted for both used depletion sequences. No
important difference in results from both sequence was
found. Obtained results were relatively accurate, but
few nuclides, such as 1°Pd or 1°1Eu, with inaccurate
determination were found.

The dependence between the inaccuracy of '°8Pd or
151Eu and between the group of tested uncertainties
was not found. On the contrary, the sensitivity of
242Cm and ?**Cm content to the boron content in
the moderator and to the moderator temperature was
found, which is caused by modification of neutron
spectrum.

The influence of uncertainties on the spent fuel in-
ventory and the multiplication factor was investigated.
The determination of the multiplication factors has
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allowed for a comparison of importance of each un-
certainty. It was found that most important are the
operational uncertainties, especially boron content in
the moderator and the moderator temperature. Al-
though fuel temperature change seems to be much low
important than the previously mentioned, it is impor-
tant to remember that fuel temperature changes are
much high than the moderator temperature changes.
Importance of other investigated operational uncer-
tainties is much lower than the importance of the
previous.

Furthermore, it was discovered that in order to
apply the conservative approach, it is necessary to
set up lower boron content and higher temperature
of moderator. This approach leads in faster depletion
of gadolinium burnable absorber which leads in lower
absorption.

On the contrary, higher fuel temperature leads in
higher gadolinium content, but this effect is prevailed
by higher production of fissile isotopes of plutonium
together with lower 23°U depletion. Due to this fact,
higher fuel temperature is more conservative.

Effect of all manufacturing uncertainties is lower
than the most important operational uncertainties.
The most important is correct set up of the enrichment
and the uranium content in fuel. It is conservative to
overestimate both values.
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