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ABSTRACT

In complex innovative fast reactor concepts, fairly detailed core modeling is essential for reli-
able safety analysis during severe accident scenarios. The CFV core with its axially heterogeneous
design, has a negative sodium void reactivity effect, a favorable feature wich increases the inher-
ent system safety in case of sodium boiling. In this work, we studied the impact that the control
rod homogenization model used, and the control rod position, have on the sodium void-reactivity
effect and the control rod worth, in the case of a voided CFV core. Three different control rod
homogenization models were studied, the traditional 2D equivalence procedure, and two models
based on a 3D equivalence procedure, taking into account the axial heterogeneity of the CFV core.
It was found that the impact of control rod homogenization has a negligible effect on the sodium
void reactivity effect. However, between different control rod positions, a difference of up to 1$
in the sodium void reactivity effect was found, hence the control rod position has to be carefully
considered when calculating the sodium void reactivity effect. For the control rod worth in a voided
CFV core, the traditional 2D procedure, could lead to discrepancies of up to 11% for control rod
positions at the top of the core. These discrepancies could be much reduced by control rod ho-
mogenization with the 3D equivalence procedure. For the total control rod worth, all models and
procedures produced results within the desired error margin of £5%.
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1. INTRODUCTION

Among the various Gen-IV reactors, advanced sodium-cooled fast reactors (SFRs), derived from proven
technology and having inherent safety features, are seen as promising candidates for replacing LWRs
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in a future transition to sustainable energy systems [!]. A number of these innovative SFRs are un-
der study in the world, and one of those is the Advanced Sodium Technological Reactor for Industrial
Demonstration (ASTRID) project in France [2].

In the preliminary design studies of ASTRID, an axially heterogeneous core has been proposed as a
means of achieving a low (i.e. slightly positive or negative) sodium void reactivity worth, compared
with more conventional homogeneous core designs. This kind of low sodium-void-worth core is de-
noted as a CFV-type core (French acronym of Ceeur a Faible effet de Vide sodium, meaning Low sodium
void effect core), which includes two fissile zones axially, sandwiching an inner fertile blanket, and a
sodium plenum above the core.

Accurate modeling of the typical assembly-sized B,C control rods is a well-known challenge [3]. In
SUPERPHENIX, large discrepancies of up to 25% were found between calculated and measured con-
trol rod worth (CRW) [4]. These discrepancies were caused by the use of the diffusion theory approxi-
mation combined with simple methods for control-rod homogenization. When improved homogeniza-
tion methods were introduced [3], and when the diffusion approximation was replaced by more rigorous
transport calculations, these discrepancies were reduced to +=5%. Since these improved methods were
based on a 2D geometry, their performance remains to be assessed for CFV-type cores, in particular if
the previous error margin (£5%) can still be achieved.

The work reported here builds upon an earlier physics study [5], in which the impact of spectral changes
on equivalent homogenized cross section was investigated in a one-dimensional model. This investi-
gation has since been extended to 2D [6] and 3D [7] models, which included varying material environ-
ments around a control-rod subassembly. In the present paper, we focus on control rod homogenization
in voided environments, and the impact that the control rod cross sections have on the CRW, in a voided
CFV core. In addition, we investigate the impact of the control rod position on the total sodium void
reactivity effect (SVRE).

2. CORE DESCRIPTION

In this study, we used a CFV core model based on a pre-conceptual design of the ASTRID reactor [&],
which is a 1500 MW (thermal) SFR, designed so as to have a zero net breeding gain and a SVRE of
-0.5$ at End of Cycle (EOC). The radial core map and the axial core alignment can be seen in Fig. 1.
The two types of fuel subassemblies (inner and outer fuel) consist of 217 Mixed Oxide (MOX) fuel
pins in a stainless steel cladding, with a plutonium content of 23.5 % for the inner fuel and 20 % for the
outer fuel. The inner fuel subassemblies are axially heterogeneous (see Fig. 1), where a 25 cm lower
fissile zone, a 20 cm inner fertile blanket, and a 35 cm upper fissile zone are stacked up. Above the
active core, there are successively: a gas plenum, sodium plenum, and an upper neutron shield.

The shutdown system consists of two parts: 12 control shutdown system (CSD), and 6 diverse shut-
down system (DSD). All control rods are based on the description in [9], where the control rod is



axially divided into four parts: the sodium rich follower, the lower boron enriched region of the ab-
sorber, an upper higher boron enriched absorber region, and the driver mechanism. In this study, the
absorber section of both the CSDs and the DSDs have a total length of 80 cm. For the CSDs, the lower
region is 60 cm, and consists of naturally enriched B,C, while the upper region is 20 cm and consists of
48 Y% boron-10 enriched B,C. For the DSDs, the lower region is 20 cm, and consists of 48 % boron-10
enriched B,C, whereas the upper region is 60 cm, and consists of 90 % boron-10 enriched B,C. The
shutdown systems are schematically depicted in Fig. 1.
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Figure 1. Left: the radial core map of the CFV core. Right: the axial alignment of the CFV core.

3. METHODOLOGY

In order to determine the SVRE, two 3D CFV core models are used: in the first model, the sodium
is present (nominal density) in the entire core. In the second model, the sodium is voided (nominal
density -1071?) in regions inside, and above the “active core” (sodium plenum, gas plenum, fissile
zones and the inner fertile blanket). The SVRE is calculated as:

SVRE = Pooid — Prnominal (1)

The SVRE values are calculated for varying control rod bank positions, to determine the impact the
control-rod-cross sections, and the control-rod position, have on the SVRE, and how the voided con-
ditions affects the CRW. The CRW is calculated as:

PCRW = Pi — Pref (2)

where p; is the reactivity at control rod position ¢, and p,.y is a reference position. The usual reference
position is when the control rod is in its parking position, in the sodium plenum (see Fig. 1). However,



since the impact of the voided plenum is investigated, it was deemed preferable to consider instead
another reference position, corresponding to the control rod fully withdrawn past the upper shield,
therefore the control rod is fully replaced with a sodium follower. As a reference, a Monte Carlo model
has been used, and the calculations were performed with Tripoli4 (T4) [10].

The calculations are performed for fresh core conditions at room temperature; this is mainly for sim-
plicity reasons and to avoid possible ambiguities when comparing with separate Monte Carlo results.
Therefore, no burnup, material expansions, or Doppler broadening are considered here. The worst case
(least negative) for the SVRE is not at the beginning of life, but at the EOC. However, since this study
focuses on the impact that the control-rod homogenization has on the SVRE, this aspect is disregarded.
Also, for a complete evaluation, both boron and fuel burnups would have to be taken into account into
the model [9]. In this paper, both the CRW and SVRE are presented in $ with a value of the effective
delayed neutron fraction .5y = 365 pcm. The deterministic core calculations are performed with the
VARIANT code [ |] within the ERANOS code package [12], with a P3 angular approximation, and a
convergence criteria on both ks, and the fission source of 5 - 107°,

3.1. Control Rod Partitioning and Homogenization

Based on previous work [6, 7], the 80 cm control rod absorber is partitioned into 10 cm segments, each
assigned a unique set of cross sections, taking into account the spectral shifts the control rod is experi-
encing in different environments (see Fig: 1). This is done to reduce the number of homogenizations
needed, even though it was shown in [7] that a smaller partitioning would be required in some control
rod positions. Similar to the conditions stated in [7], the following assumptions and approximations
are made:

1. Inthe sodium plenum (both voided and non-voided), the cross sections are assumed not to change
significantly farther than 10 cm away from the fissile zone, and the same cross-section set is used
for all control-rod segments situated in the plenum.

2. When a segment is farther away than 5cm from an environment interface (such as the fis-
sile/plenum interface), the effect of that interface is neglected.

3. When no internal control-rod interface is present (as for the follower/absorber), the fissile/fertile
interfaces are treated in the same way.

The method used for the control-rod homogenization in this study, i.e. the equivalence procedure, is
based on the work by Rowlands and Eaton [3], which in turn is based on reactivity equivalence instead
of simple reaction-rate preservation. This equivalence procedure utilizes two models of the control rod
subassembly: one in which the absorber rods are heterogeneously described (explicit representation of
all B,C absorbers), and another model in which the control rod is homogeneously described. In both



models, the external control rod environment is homogeneously modeled. With these two models, re-
lationships for the reactivity-equivalent homogeneous cross sections can be derived using perturbation
theory, where the heterogeneous model corresponds to the reference case, and the homogeneous model
the perturbed case. The capture cross sections can be calculated as:
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where v7 , is the direct neutron flux for the heterogeneous system, ;¢ the adjoint neutron flux for
the homogeneous system, and Ex net the heterogeneous cross sections. As seen in Eq. (3) and (4), the
equivalent homogeneous cross sections are dependent on the homogeneous flux, which in turn calls for
an iterative solution procedure. Such a procedure was implemented in 3D (Cartesian X-Y-Z) geometry,
in the PARIS platform [13], in order to be able to account for the different axial environments the
control rod will experience, to be compared with the previous, more approximate (2D X-Y) solutions.

In the self-scattering cross sections of order zero, seen in Eq. (5), a minus sign can be found. This
minus sign can, for some energy groups, give rise to negative scattering-cross sections, and alter the
stability of the procedure.
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To stabilize the procedure, a simple fix-up was introduced in the PARIS implementation taking the
absolute values of the flux integrals in Eq. (5) as:
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This absolute value will in some cases give rise to slightly larger self-scattering cross sections (espe-
cially for low energy groups), and the reactivity difference between the heterogeneous and the homo-
geneous systems will no longer be zero. This will lead to a redefinition of the convergence criteria for
the equivalence procedure to |p, = — pi-! | < €, instead of |pper — pi,,| < €. However, this fix-up is
expected to have a small impact on the overall results since it mostly affects the lower energy groups,
where the neutron flux is low.

)
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(6)

The heterogeneous 3D geometry consists of several (2D X-Y) models, in which the control rod is
surrounded by a single homogeneous environment. To form the 3D environment, several of these
X-Y sections are stacked, forming a 3D environment.



The homogenization calculations are performed with a 33 energy group structure [14], a S, discrete
ordinate quadrature, discontinuous Galerkin spatial approximation and, a convergence criteria of 1075
on the eigenvalue and 10~ on the flux, performed with the PARIS code [ 3]. The convergence criteria
on the equivalence procedure was set to 10 pcm.

3.2. Cases Investigated

In usual core-wide void-effect calculations, the sodium in the control-rod subassemblies is assumed
to remain present in voided core conditions. In this study, in addition to the above assumption, the
S-curve is calculated with three different sets of equivalent control rod cross sections, calculated by
making the following approximations:

e The original procedure (denoted ORG), is where sodium is present in both the control rod and
in the surrounding environments. ORG uses the original 2D (X-Y) version of the equivalence
procedure, and is the classical way of generating control-rod-cross sections. For the SVRE, the
same set of control-rod-cross sections are used for both the nominal and the voided cores.

e The new, 3D environment-corrected procedure (denoted EC), is calculated with the 3D version
of the equivalence procedure, where as in ORG, the sodium is present in both the control rod
and its environment. For the SVRE, the same set of control rod cross sections is used for both
the nominal and voided cores.

e Voided environment (denoted EC,;4), is where sodium is removed from the control rod sur-
rounding environment, but remains present inside the control rod. In this case, for calculating
the SVRE, the EC sets of cross sections are used for the nominal core, and the EC,,;4 for the
voided core.

The assumptions and approximations made in this and the previous section are required in order to
reduce the memory requirements and calculation time of the homogenization, since 60 unique sets of
homogeneous equivalent control-rod-cross sections are needed in this study to perform the S-curve
calculations, for both nominal and voided cases.

4. RESULTS

4.1. Sodium Void Reactivity Effect

The SVRE for the three cases, and the T4 reference can be seen in Fig. 2, presented for the case
where the whole CSD bank is moved. It can be seen in Fig. 2, that the difference between the three



deterministic cases investigated is very small, with a maximum discrepancy between the cases of 3%
(corresponding to 0.09 $). However, in Fig. 2, a bias between the deterministic calculations for the
three cases and the T4 reference model, of about 1$, can be observed for all control rod positions.
This constant bias was previously studied [ 5] with the conclusion that it is caused by errors arising
from neutron leakage modeling.
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Figure 2. The SVRE presented for three cases, compared with T4 results.

It can be seen in Fig. 2, that the SVRE is highly dependent on the control rod position, with more than
a 1 $ difference between its minimum and maximum values. The least negative SVRE corresponds to
control rod positions just below the critical position. The main contributor to the SVRE in the CFV core
is the axial leakage through the voided sodium plenum to the upper neutron shield, where the neutrons
can be absorbed, hence with increased leakage, a larger SVRE will be obtained. When the control rods
are situated within the sodium plenum, the control rods act as an additional upper protection, reducing
neutron scattering back into the core. With the control rods slightly inserted in the core, the neutron
flux is pushed down in the core, causing a reduction in the leakage up through the sodium plenum,
and thereby reducing the SVRE. However, when the control rods are further inserted into the core,
the axial flux distribution flattens out again, allowing the neutrons to leak through the sodium plenum,
increasing the SVRE.

4.2. Control Rod Worth

The integral CRW computed with T4 for the nominal and voided cores can be seen in Fig. 3 a and
the corresponding differential CRW in Fig. 3 b, presented for the case where the whole CSD bank is
moved. It can be seen in Fig. 3 b, that the differential CRW curve is slightly shifted, with the largest
differential CRW further down in the core, in comparison with the nominal case, making the control
rod in the voided situations less efficient at the top of the core. This shift is caused by the increased
leakage through the voided plenum, thus comparatively fewer neutrons at the top of the active core are
absorbed by boron. The difference in CRW between the three cases and the T4 reference, for the voided



0 Nominal 0.2 Nominal
Voided Voided
-2
0.15
-4 .
—_— £
2 (3]
&
= -6 = 01
[
-8 <
0.05
-10
-12 0
120 140 160 180 200 220 120 140 160 180 200 220
z position [cm] z position [cm]
a. b.

Figure 3. The integral (a) and differential (b) CRW T4 results, for the nominal and voided cases.

configuration, are compared in Fig. 4. The ORG approximation results in a less accurate prediction
of the CRW, when slightly inserted into the core, with an underprediction of almost 11% (0.25$ +
0.05$ (20)). However, with the bulk of the control rod inserted, for the ORG, a better prediction in
CRW is observed. The EC case improves the CRW prediction at the top of the core, with a maximum
underprediction of 6%. With the correct environmental treatment in EC,,;q, the discrepancy at the
top of the core is further reduced, to a maximum underprediction of 3%. However, it can be seen
in both the EC and EC,,;, results, that in the parking position (210 cm), the discrepancy is greatly
increased. This was studied in [7], and is a consequence of the fairly large 10 cm axial subdivision
used in modeling the environment of the follower/absorber interface within the sodium plenum, for
computing the equivalent cross sections. With a finer partitioning of the first 10 cm of the control rod
at this position, the discrepancy can be reduced.
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Figure 4. The CRW error as a function of control rod position, as computed with T4.



S. CONCLUSIONS

One of the main design parameters of the CFV core concept is the sodium void-reactivity effect (not
to exceed -0.5 $ at EOC). With an axially heterogeneous design of such a core, a negative sodium void
reactivity effect is achieved. In this work, for a voided CFV core, we have studied the effect that the
control-rod cross sections, in different control rod positions, have on the control rod worth, as well as on
the sodium void reactivity effect. The different control rod cross sections used, were either generated
by the traditional 2D equivalence procedure, or an expanded 3D equivalence procedure, taking into
account the axial heterogeneities of the CFV core and the control rod itself.

It was found that, for the sodium-void-reactivity effect, the control-rod cross sections have a very small
impact, where the maximum difference between the traditional methodology and the 3D one is less than
3% (0.09 $). However, the position of the control rod has a much stronger impact, with differences of
up to 1$ in the sodium void reactivity worth, the minimum value being reached when the control rod
is inserted through the whole upper fissile zone. This implies that care should be taken when defining
the sodium void reactivity worth, if it is to be calculated at the most penalizing control rod position, or
fully inserted (as the control rods would be during an accident scenario).

For the control rod worth in a voided core, the traditional 2D equivalence procedure, at control rod
positions close to the sodium plenum, underestimates the control rod worth by up to 11%. With the
3D equivalenced cross sections, these discrepancies were greatly reduced to a maximum deviation of
3%, but at high computational expense. However, the performance achived with the traditional 2D
procedure for the total control rod worth and the sodium void reactivity effect, is within the required
error limits (5%).
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