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Abstract

Optimizing the use of fuel in a power reactor is a task of current concern. However, little attention has been given to
investigating the dependences among the enrichment used, the content of gadolinium oxide in fuel elements, and the
life time in combination with assessing the efficiency of using Gd fuel elements with different Gd,O, contents.

The paper considers fuel assembly (FA) versions for VVER-1200 reactors having different enrichments for fuel elements,
including those with Gd, and different contents of gadolinium oxide in fuel. A comparative analysis is presented for as-
semblies with homogeneous Gd,O, arrangements in each fuel element and with profiled Gd, O, arrangements. In the latter
case, profiling depends on the neutron flux density in the layer which includes Gd fuel elements. This suggests that the
arrangement of gadolinium oxide proportionally to the neutron flux density will improve the FA neutronic performance.

The results were obtained using SERPENT (a continuous-energy multi-purpose three-dimensional Monte Carlo parti-
cle transport code). The assemblies with the used parameters for a 12-month fuel cycle have shown the method under
consideration to be inefficient for a period of over 300 eff. days. With increased enrichment and content of gadolinium
oxide, the use of profiled versions has turned out to be more rational for longer periods (up to 900 eff. days). Therefore,
this phenomenon is relevant for the reactor life, whereas it proves to be insignificant for the fuel life. A complex rela-
tionship is noted between the gadolinium and uranium content in an assembly and the effective multiplication factor for
the profiled and standard assemblies. This relationship requires further detailed consideration.
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Introductlon during the operation of a nuclear power plant. This

can be interpreted as an alternative to the use of boron
Burnable absorbers are used in view of the need to control (regarding pressurized water reactors) as well
compensate for excess reactivity due to safety reasons as to the extension of fuel or reactor campaigns. The
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Figure 1. Gd fuel element arrangement options: a) in the third, sixth and ninth rings of the fuel assembly; b) in the third and eighth

rings (counting from the periphery, top view).

influence on the campaign parameters was considered
in (Khoshahval et al. 2016, Abu Sondos et al. 2019a,
2019b, 2019c, Frybortova 2019, Saad et al. 2019). Re-
search is also conducted in terms of assessing the beha-
vior of uranium-gadolinium fuel during homogeneous
mixing of elements: when gadolinium is added to the
fuel, its thermal conductivity changes, affecting the de-
sign characteristics. At a Gd,O, concentration of about
10% and a pellet density of 10.62 g/cm?, high thermal
conductivity is maintained (Iwasaki et al. 2009). Fu-
rther changes in these values lead to a decrease in this
parameter value. The ratio of the uranium and gadolini-
um fractions in fuel is relevant from the standpoint of
its burnup in reactors.

The Gd,O, content reaches 9 wt.% in standard fuel el-
ements (Slivin et al. 2016) and 12 wt.% in experimental
ones (Kryukov et al. 2005). This study represents a consid-
eration of new fuel compositions with a burnable absorber
and includes reactor calculations of neutronic processes
based on the Monte Carlo method. The goal is to deter-
mine the possibility of extending the campaign by means
of burnable absorbers. The fuel burns in such a way that,
during operation, an increasing number of U-235 fissions
occurs in the deeper layers of the fuel element (Gd fuel
element). However, the assembly, due to uneven burnup,
is presumably removed before the moment when all the
stored reactivity is released. As a result, the efficiency of
using burnable absorbers is reduced.

Problem setting

If the burnup of gadolinium is considered on the scale of
fuel assemblies, then there appear regularities, the use of

which in profiling will, as expected, give a positive result
in the matter of extending the campaign.

The paper investigates various gadolinium arrange-
ment options in fuel assemblies. The initial assembly was
a standard VVER-1200 fuel assembly with 12 Gd fuel el-
ements arranged at the corners of the hexagon in the third
and eighth rings (Fig. 1).

In each fuel element, gadolinium oxide is uniformly
mixed with uranium fuel. The Gd,O, content is 8%. The
density power was taken equal to 36 kW/kg of fuel, which
corresponds to the average performance of VVER-1200.
The maximum campaign time was taken equal to 3360
eff. days. The most interesting were the intervals 0-360
and 0-560 eff. days.

Profiling was carried out as follows: the neutron flux
density was estimated at the time of initial loading in each
hexagonal ring, the starting concentrations of gadolini-
um oxide and uranium dioxide were set in proportion to
the neutron flux density, after which the output data were
compared with the standard assembly when the concen-
trations were not changed.

The use of a burnable absorber makes it possible to re-
duce the amount of boric acid in the coolant or, in general,
to increase the reactivity margin when using the same bo-
ric acid concentration and higher fuel enrichment. After
the data on the burnup of the initial assembly were ob-
tained, the task was to find the most optimal placement.
After the data were obtained with fuel of a given enrich-
ment, the concentration of uranium-235 changed, both in
the fuel elements and in the gadolinium fuel elements.
This was done to confirm the following theses:

1. an increase in fuel enrichment (in fuel elements and
Gd fuel elements) increases the time when profiling of
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gadolinium by neutron flux density is a more efficient
option in cases where microcampaigns for more than
one year (more than 360 eff. days) are considered;

2. an increase in the number of hexagonal rings where
Gd fuel elements are arranged, with their total num-
ber remaining unchanged, is optimal both for pro-
filed fuel assemblies and assemblies with the same
concentrations; and

3. an increase in the concentration of gadolinium in
fuel assemblies for profiling (with respect to the uni-
form distribution of Gd,0, in each Gd fuel element)
gives a positive effect (higher k ;) by the end of the
microcampaign for a longer time.

The last thesis requires a search for the maximum con-
centration of gadolinium oxide at which the profiling ef-
fect on a prolonged campaign will be positive. This is due
to the fact that as the amount of gadolinium in the Gd fuel
element increases, the total amount of uranium decreases.
And since a decrease in the concentration of uranium-235
reduces the profiling efficiency, this becomes an optimi-
zation problem.

For this reason, we shall consider the assemblies pre-
sented in Table 1.

Table 1. Options of simulated fuel assemblies

Number of rings Gadolinium oxide  Fuel element Gd fuel element

(Nos.) content, % enrichment, % enrichment, %
2(3,8) 8 4 4
2(3,8) 8 4.95 4
2(3,8) 8 4.95 4.95
2(3,8) 8 4.95 0.25
2(4,9) 8 4.95 4
3(3,6,9) 8 4.95 4.95
2(3,8) 12 4 4
3(3,6,9) 12 4 4
3(3,6,9) 13.5 4.95 4.95
2(3,98) 13.5 4.95 52
3(3,6,9) 13.5 4.95 52
2(3,8) 13.5 52 52
3(3,6,9) 13.5 52 52
2(3,8) 13.5 5.45 5.45
3(3,6,9) 13.5 5.45 5.45
2(3,98) 16 5.45 5.45
3(3,6,9) 16 5.45 5.45
2(3,98) 20 5.45 5.45
3(3,6,9) 20 5.45 5.45
2(3,8) 24 5.45 545
3(3,6,9) 24 5.45 5.45

In terms of the number of rings, given the number of
Gd fuel elements (12 pcs), two options turned out to be
acceptable: two and three rings with Gd fuel elements
(four elements in a hexagonal ring).

The enrichment of fuel elements and Gd fuel elements
was considered separately, since two aspects were as-
sessed: (1) efficiency of a profiled assembly with higher
enrichment of fuel elements and (2) efficiency of Gd fuel
elements with an additional reactivity margin.

The work was carried out in the computing environ-
ment of SERPENT (a continuous-energy multi-purpose

three-dimensional Monte Carlo particle transport code)
(SERPENT — MCRPBCC 2020).

Results and discussion

Let us now define an alphanumeric string format that will
make it easier for the reader to perceive the characteristics
of assemblies in the graphs in this section:

_OP[_AN][_TRP][_AR].

tveg-

NR_AV _tvel EN, , tveg EN
The meaning of the chain items in bold is as follows:

* NR is the number of rings containing Gd fuel ele-
ments, and the numbering of these rings. For exam-
ple, “83” = Gd fuel elements are arranged in Rings 3
and 8, counting from the FA periphery; “369” = Gd
fuel elements are placed in Rings 3, 6 and 9.

* AV is the assembly version: “st” denotes a standard
assembly, where the gadolinium oxide content in each
Gd fuel element is the same, and “pr” is a profiled as-
sembly, where the concentrations in Gd fuel elements
differ in proportion to the neutron flux density.

* EN,,is percentage enrichment of fuel elements (for
example, 4.95% is written as 4-95).

. ENtveg is percentage enrichment of gadolinium fuel
elements (for example, 5.45% is written as 5-45).

e OP is the gadolinium oxide percentage in a Gd fuel
element.

e AN is the assembly numbering.

e TRP is the time-reference point (0 eff. days, 360,
560, ...). It is indicated when changes in the neutron
flux density are considered (for example, 560 eff.
days is written as 560d).

* AR is the gadolinium fuel element arrangement in
the fuel assemble (inner, middle or outer hexagonal
ring). It is indicated when the isotopic composition
of Gd-155 is considered.

The items in square brackets are optional.

For example: A chain of the form 38 st tvel 4
tveg_4 8 means that the gadolinium fuel elements are
arranged in Ring 3 and 8 from the periphery in a standard
assembly, the fuel element enrichment is 4%, the gadolin-
ium fuel element enrichment is 4%, and the Gd,O, con-
tent is 8%.

In this work, &, the neutron flux density and the cal-
culated isotopic composition were estimated by the meth-
od proposed in (Leppénen et al. 2015). An estimate of
changes in the effective multiplication factor of the first
version of assemblies is shown in Fig. 2. The time interval
at which & of the profiled assembly is greater than & of
the standard assembly for all the options is presented in
Table 2.

It is obvious that, with its own spectrum, the profiling
of Version 1 is ineffective, since during microcampaigns for
more than 300 days, the standard arrangement of gadolini-
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Figure 2. Changes of k ;. for Version | of assemblies.

Table 2. Efficiency of profiling different versions of simulated
fuel assemblies

Version No. (Gd,0,
content, %, FE
enrichment, %, Gd

The number of hexagonal Eff. days at the
rings for the arrangement of moment k_(profiled) =

FE enrichment, %) Gd FE (Arrangement Nos.) k q(standard)
1(8,4,4) 2(3,8) 291
2(3,8) 248
2(8,4.95,4)
2(4,9) 252
2(3,8) 359
3(8,4.95,4.95)
3(3,6,9) 380
2(3,8) 171
4(8,4.95,0.25)
2(4.9 360
5(13.5,4.95,4.95) 3(3,6,9) 563
2(3,8 541
6(13.5,4.95,5.2) 3.8
3(3,6,9) 572
2(3,8 548
7(13.5,5.2,5.2) 3.8
3(3,6,9) 583
2(3,8 615
8 (13.5,5.45,5.45) 3.8
3(3,6,9) 673
2(3,8 652
9 (16, 5.45, 5.45) 3.8
3(3,6,9) 682
2(3,8 759
10 (20, 5.45, 5.45) 3.8
3(3,6,9) 823
2(3,8 892
11 (24, 5.45,5.45) 3.8
3(3,6,9) 1055
2(3,8 436
12 (12,4, 4) 3.8
3(3,6,9) 462

um oxide in fuel assemblies seems to be a more promising
option. At the same time, data on the enrichment and content
of Gd,0, are relevant in VVER-1000 and VVER-1200 as-
semblies at the present time. Further consideration of the is-
sue is carried out with promising assemblies that are not cur-
rently used (Stefanova et al. 1994, IAEA 2009, 2011, 2013).

For Version 2, it should be noted that there is no sig-
nificant effect for profiled assemblies at a time point equal

300 400 600

Eff. days

to 360 eff. days. On the other hand, within the framework
of a microcampaign with higher enrichment in fuel ele-
ments, the profiled version turns out to be a more efficient
option in comparison with the standard arrangement of a
burnable absorber for a longer time interval.

Worth noting is that, in the case of Gd fuel elements
arranged in two rings, the same situation is observed for
Version 3 as in the case of their enrichment by 4%. But
in the case of using three rings, the intersection of the &,
values of the standard and profiled versions is shifted to
the right side (in the region of 390 eff. days), which is a
more promising option in comparison with the previous
versions of assemblies.

The composition of Gd fuel elements of Version 4
is unpromising, since there is practically no release
of reactivity. Due to the large radiative-capture cross-
section, gadolinium quickly burns up, which is a
negative characteristic when this absorber is used
instead of, for example, a water controller or CPS. A
slight plateau is observed in the first two months of
operation, after which the assembly burns linearly.
Plutonium production occurs in the profiled and
standard assemblies in a similar way, which is reflected
in the same £ behavior.

In Version 5, only options with three rings are present-
ed, since the version is intermediate, and a larger number
of rings proved to be a more promising option of assem-
blies. In addition, we can emphasize the longer burning
time of gadolinium. The intersection of & ;. values for dif-
ferent assemblies goes beyond 560 eff. days, which indi-
cates that this assembly profiling option is promising, all
other things being equal, in the case of 12- and 18-month
fuel cycles.
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Figure 3. Effect of profiling on the neutron flux density at t = 0 eff. days.

An increase in enrichment up to 5.2%, as well as gado-
linium oxide content of 13.5%, makes the assembly with
two rings the most promising one during a microcam-
paign of less than 500 eff. days. Between 500 and 560 eff.
days, the version with profiling of three Gd fuel element
rings is the most optimal of the considered ones. With a
cycle of more than 560 days, the standard arrangement of
gadolinium oxide is more efficient.

An insignificant (relative to higher enrichment when
Versions | and 2 are considered) increase in the amount
of uranium-235 in fuel assemblies of Version 7 due to
higher enrichment in fuel elements further does not af-
fect the behavior of k_; during a campaign with a giv-
en amount of gadolinium and arrangement format. A
noteworthy detail is that, in Versions 6 and 7, a clear
advantage of the assembly with two rings was observed
for a long time, but the version with the profiled ar-
rangement of gadolinium oxide in three rings is more
uniformly burning.

A further increase in fuel enrichment (in Version 8)
leads to the possibility of extending the duration of a
single cycle from the standpoint of assessing the effi-
ciency of using a profiled version of fuel assemblies.
Moreover, the profiled arrangement of a burnable ab-
sorber in two rings is more effective for 550 eff. days in
comparison with the arrangement in three rings and for
610 eff. days in comparison with the standard arrange-
ment. The profiled arrangement of Gd fuel elements in
three hexagonal rings of fuel assemblies is effective up
to 660 eff. days.

An increase in the content of gadolinium oxide in fuel
assemblies (Versions 9—11) leads to a shift in the point of
intersection of the & . of the profiled and standard assem-
blies, regardless of the placement. Considering the neu-
tronic side of the issue, we see that with a proportional
increase in fuel enrichment and gadolinium content in Gd

fuel elements, the fuel cycle for the profiled version can
be more than 860 eff. days (enrichment = 5.45%, Gd,O,
content = 24%).

The second interesting aspect is the change in the
distribution of the neutron flux density along the radius
of the fuel assembly. For this, the average value of the
total neutron flux density was determined in each ring.
The calculated results are offered for Version 5 at the
initial moment of time (Fig. 3) and at the moment ¢ =
560 eff. days (Fig. 4). The reference points are chosen
according to the behavior of k ;. (the points are close to
the moment of intersection of the &  lines of the stand-
ard and profiled assemblies).

For all the versions considered, the gradient of the
neutron flux density for the initial moment of time
became smaller for the profiled version of the assemblies.
However, by the time the efficiency of fuel assembly
profiling decreases, the gradient of the original assembly
becomes less or similar to the profiled one. This is
probably due to the uneven burnup of Gd fuel elements in
different rings. Visually, this can be observed in Figs 5, 6.

The result is indicative when the concentration of Gd-
155 tends to zero already at 200 eff. days, while for the outer
ring, the concentration of both isotopes by the time of 360
eff. days is still significant. Thus, the isotopic imbalance
leads to an uneven neutron flux density at the time when the
standard assembly is more efficient than the profiled one.

Conclusion

The results of the work indicate the advantage of using pro-
filing for assemblies with three rings of Gd fuel elements. At
the same time, in the case of uniform distribution of gadoli-
nium in Gd fuel elements, the assemblies with three-ring and
two-ring arrangements have identical £ at different times.
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An increase in the amount of gadolinium at the moment
favorably affects the leveling of k_ in the process of fuel
burnup. As fuel enrichment grows up, the effect of profil-
ing a burnable absorber along fuel assemblies increases.

An increase in the amount of gadolinium reduces the
total amount of uranium; therefore, at the same enrich-
ment, a moment may come when a further increase in the
Gd,O, content will lead to a deterioration in the profiling
efficiency. According to the calculation results, such a
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