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a b s t r a c t

The safety level of Sodium Fast Reactors is directly related with the sodium void reactivity. A low-void
effect design has been proposed within the Horizon2020 ESFR-SMART project thanks to the introduction
of a sodium plenum above the active core. In order to assess the impact of this core conception on
transient analysis, a map with the spatial distribution of sodium void worth can be computed and fed
into a point-kinetics-based transient code. Due to the spatial correlations between neighboring zones,
the global effect of voiding two different axial or radial regions is not necessarily the sum of both in-
dividual contributions. Neglecting those correlations in the void worth map and consequently in the
transient analysis may lead to an unrealistic prediction of the transient sequences. In this work, a method
based on sensitivity analysis and similarity assessment is proposed for predicting those correlations. The
method proved to be able to establish correlations between axial slices of a sub-assembly and was
checked against realistic sodium void propagation patterns.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sodium-cooled Fast Reactors (SFR) have been identified as the
most promising technology among the Generation-IV nuclear re-
actors.With the aim of further improving the safety level of SFR, the
Horizon2020 European project ESFR-SMART (European Sodium
Fast Reactor Safety Measures and Research Tools) was launched in
September 2017 [1]. The project is not only focused on the design of
the commercial-size European Sodium Fast Reactor, but also on the
calibration and validation of computational tools as well as the
development of methodologies in supporting safety assessments.

The safety level of SFR is directly related with the sodium void
reactivity. In case of unprotected transients such as ULOF (Unpro-
tected Loss of Flow), sodium boiling is one of the most important
phenomena and may cause the melting of the core [2]. In general,
sodium void reactivity is positive in the fuel regions due to the
neutron spectrum hardening when sodium density reduces.
Nevertheless, the introduction of a sodium plenum above the fuel
assemblies leads to a low-void reactor concept as proposed for the
ASTRID core [3]. It enhances the neutron leakage in case of sodium-
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voiding transient leading to an overall zero or even slightly negative
reactivity effect. This measure has also been implemented on the
ESFR-SMART core design [4] locating a sodium plenum above the
active core and topped by an absorber material layer.

In order to assess the impact of that core conception on tran-
sient analysis, maps with the spatial distribution of reactivity
feedbacks are usually computed and fed into a point-kinetics-based
transient code.

The sodium void worth map contains the spatial distribution of
sodium void reactivity in a very detailed discretization, both axially
and radially. The void worth for each individual region can be pre-
calculated using a neutron transport code by a direct perturbation
method, via the comparison between the nominal state and a
perturbed state in which only the region of interest is perturbed.
Then, during the transient calculation, the coefficient of the
involved region is selected according to the actual transient
evolution.

However, those conventional maps are neglecting the effect of
the strong spatial correlation between the upper active core part
and the sodium plenum, regarding mainly the sodium void effect
[5]. In general, when voiding two different axial or radial zones, the
global effect is not necessarily the sum of both individual contri-
butions. Neglecting those correlations in the void worth map and
consequently in the subsequent transient analysis may lead to
unrealistic transient results. That was recently pointed out by
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Takeda et al. [6], concluding that the real sodium void propagation
pattern is a key factor to be considered in transient analysis of cores
with a sodium plenum. Consequently, accounting for the spatial
correlations appears to be mandatory for an appropriate quantifi-
cation of the sodium density-related effect.

In this paper, amethod based on perturbation theory techniques
is developed in order to identify the main spatial correlations of
sodium void reactivity coefficients. The method relies on the
calculation of sensitivity coefficients that are thereupon employed
in a similarity assessment in order to compute similarity indexes.
Those indexes provide information about the spatial correlations
and allow to establish the correlated regions. The methodology is
applied to a sub-assembly and obtained results are subsequently
checked via direct calculation of the sodiumvoid propagation along
the sub-assembly.

Section 2 deals with sensitivity and similarity techniques
employed in this work. The ESFR-SMART core and an inner core
sub-assembly are then described in Section 3. Results are presented
in Section 4 and conclusions are finally summarized in Section 5.
2. Methodology

As previously stated, the proposedmethod relies on a sensitivity
analysis and a subsequent similarity assessment of selected sensi-
tivity profiles to identify the sodiumvoidworth spatial correlations.
It can be explained in two steps.

STEP 1 The considered model is discretized into several spatial
regions and sensitivity calculations are performed in order
to compute, at every region:

a. The sensitivities of keff to sodium at nominal conditions

(all regions flooded).
b. The sensitivities of keff to sodiumwhen the other regions

are sequentially perturbed (voided).
The sodium sensitivity coefficients provide the impact of so-
dium density variations on keff and depend on the neutron
importance, that is, on the capability of a neutron of a given energy
introduced in a given region to modify the reactivity. Sensitivity
profiles in a given region may be modified with respect to the
nominal state when a neighboring region is voided. A large modi-
fication will indicate an impact of the neighboring region state on
the neutron importance in the region under analysis and,
Fig. 1. Radial ESFR-SMART cor
consequently, a spatial correlation.

STEP 2 Similarity indexes are computed to quantify the differences
in the sensitivity coefficients at every region due to per-
turbations in the neighboring regions. Those indexes can be
used to identify the spatial correlations that should be
taken into account.

In this work, both sensitivity analysis and similarity assessment
have been performedwith the SCALE6.2 system [7] 6.2.3 version. In
the following subsections, the SCALE-based computational tools
devoted to each step are summarized.
2.1. Sensitivity analysis

TSUNAMI-3D is the reference SCALE module for performing
sensitivity and uncertainty analysis [8]. TSUNAMI-3D is based on
first order perturbation theory and provides eigenvalue sensitivity
coefficients to nuclear data. These coefficients depict the fractional
change of the eigenvalue as a result of a perturbation in a particular
nuclide-reaction cross-section a which can be expressed as:

Sk;a ¼
a

keff

dkeff
da

TSUNAMI-3D can be employed both in multigroup (MG) and
continuous-energy (CE) approaches. The conventional MG
TSUNAMI-3D has been successfully applied for fast neutron spec-
trum reactors analyses [9,10]. In this work, the state-of-the-art CE
TSUNAMI-3D, and specifically the Contribution-Linked eigenvalue
sensitivity/Uncertainty estimation via Track length importance
Characterization (CLUTCH) approach, is used for performing the
sensitivity analysis [11]. This approach allows to compute the
sensitivity coefficients in a single Monte Carlo neutron transport
calculation for eigenvalue responses. It relies on the quantification
of the importance of interactions during a particle's lifetime. This
importance is quantified by the number of fission neutrons which
are generated by the particle of interest after the interaction takes
place.

The main advantage of this method is the efficient computa-
tional performance, both in memory and runtime. Nevertheless, its
accuracy directly depends on the convergence of a user-defined
importance function F*ðrÞ which is used by the CLUTCH method
e layout and description.



Fig. 2. Inner fuel sub-assembly model (dimensions in cm).

Table 1
Sodium void worth at the upper active core and sodium plenum.

Reactivity [pcm] Upper core nominal Upper core voided Upper core void worth Dr

Sodium plenum nominal (Case A) 413 ± 5 (Case B) 754 ± 5 341 ± 7
Sodium plenum voided (Case C) �707 ± 5 (Case D) �559 ± 5 148 ± 7
Sodium plenum void worth Dr �1120 ± 7 �1313 ± 7

A. Jim�enez-Carrascosa, N. García-Herranz / Nuclear Engineering and Technology 52 (2020) 2442e24512444
as a weighting function. F*ðrÞ describes the average importance
generated by fission neutrons born at r and it is only spatial
dependent. The calculation of this function requires a spatial mesh
along the spatial domain where fissions occur and its convergence
can be ensured when at least 10e100 inactive histories per F*ðrÞ
voxel are simulated before the active Monte Carlo calculation,
which is carried out by KENO-VI.

In this paper, the CLUTCH approach is used to carry out the large
number of sensitivity calculations required for the similarity
assessment, and it is previously validated against both the direct
perturbation method and the CE TSUNAMI-3D Iterated Fission
Probability (IFP) approach [12].

2.2. Similarity

Similarity assessment is carried out based on energy-dependent
sensitivity profiles computed by CE TSUNAMI-3D. With that goal,
TSUNAMI-IP, which provides several similarity techniques, is the
selected tool for this analysis [13,14].

TSUNAMI-IP receives as input the energy group-wise nuclide-re-
action sensitivity coefficients and it is able to compute three different
global integral indices called as ck, E and G. They quantify the simi-
larity of a particular application and an experiment for all nuclides
present in the system and their associated reactions using different
metrics. Each index is normalized such that a value equal to 1 in-
dicates complete similaritywhile avalueof 0 represents no similarity.

Indices E and ck belong to the same family of similarity mea-
sures. Sensitivities of the application and experiment are thought of
as vectors (Sapp and Sexp respectively). Then E index is defined as
the cosine of the angle between both vectors while ck is defined as
an uncertainty-weighted correlation index, measuring the simi-
larity of the systems in terms of related uncertainty represented by
a covariance matrix (COV):

E ¼ Sapp TSexpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sapp TSapp

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sexp TSexp

p ;

ck ¼
Sapp TCOV Sexpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Sapp TCOV Sapp
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Sexp TCOV Sexp
p

On the other hand, the global integral index G is an overlap
measure, quantifying the similarity by the features shared by the
two energy-dependent sensitivity profiles. It relies on the concept
of coverage and represents the portion of the application covered
by the experiment [15]:



Fig. 3. Sensitivity coefficients of the major nuclide contributors obtained by different TSUNAMI-CE approaches and compared against direct perturbation (DP).
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where indices n, x and j refer to the nuclides present in each case,
the type of reactions (i.e. fission, capture and scatter) for each
nuclide and the energy groups respectively. Additionally, Sexp

0
;n
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0
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that is, Sexp
0
;n

x;j equals 0 if Sapp;nx;j and Sexp;nx;j have different signs and it
cannot exceed the sensitivity of the application. For that reason, G
index is not equivalent to E index, as it provides credit only to the
overlap features.

For the purpose of this work, application and experiment are
identified with nominal and perturbed states. In order to choose
the appropriate similarity measure, a comparison study was per-
formed. It was found that the physical behavior is better repre-
sented by G index, exchanging nominal and perturbed states as
Table 2
Sensitivity coefficients of the major contributors for the ESFR-SMART sub-assembly mod

Nuclide/Reaction/Region TSUNAMI-CE IFP
ENDF/B-VII.1 (%/%)

239Pu n e fissile region 5:8466 � 10�1 ± 1:7 � 10�4

239Pu ðn; f Þ e fissile region 4:1910 � 10�1 ± 1:9 � 10�4

238U ðn;gÞ e fissile region � 2:2071 � 10�1 ± 1:3 � 10�4

241Pu n e fissile region 1:4488 � 10�1 ± 1:3 � 10�4

238U n e fissile region 1:2898 � 10�1 ± 1:2 � 10�4

241Pu ðn; f Þ e fissile region 1:0536 � 10�1 ± 1:3 � 10�4

240Pu n e fissile region 7:7255 � 10�2 ± 9:7 � 10�5

238U ðn;n0 Þ e fissile region � 7:4639 � 10�2 ± 3:4 � 10�4

238U ðn; f Þ e fissile region 7:3581 � 10�2 ± 1:3 � 10�4

16O ðn;nÞ e fissile region � 5:3620 � 10�2 ± 9:2 � 10�4

56Fe ðn; n0Þ e cladding � 1:1164 � 10�2 ± 1:0 � 10�4

23Na ðn;nÞ e fissile region � 6:7651 � 10�3 ± 5:5 � 10�4
application and experiment in order to select the minimum value.
In summary, the two steps of the proposed method are carried

out as follows:

1. A sensitivity analysis of the axially-discretized ESFR-SMART sub-
assembly is performed. As aforementioned, this analysis is
conducted using CE TSUNAMI-3D CLUTCH method. The ob-
tained sensitivity file is modified in order to extract sodium-
related sensitivities to the various neutron cross-sections at all
energy groups. That is, sensitivity profiles to other nuclides are
not considered.

2. This modified sensitivity file is provided as input for TSUNAMI-
IP aiming to compute the G similarity indexes between the
different axial regions. They allow to establish the spatial cor-
relations between a single spatial zone with its neighbors.

3. Models

The most recent ESFR core design has been proposed within the
ESFR-SMART project [16]. The core, whose thermal power output is
3600 MWth, consists of two main regions, the inner fuel (IF) and
the outer fuel (OF), with 216 and 288 fuel sub-assemblies respec-
tively. Both inner and outer regions are loaded based on a 6-batch
fuel loading pattern as shown in Fig. 1. Reactivity control is carried
out by 24 control and shutdown devices (CSD) and 12 dedicated
shutdown devices (DSD). Additionally, 31 corium discharge tubes
(CDT) are introduced into the core as a new safety measure. The
active core is then surrounded by three reflector rings and two
el.

TSUNAMI-CE CLUTCH
ENDF/B-VII.1 (%/%)

Relative deviation (%)

5:8467 � 10�1 ± 9:1 � 10�5 0:002
4:1918 � 10�1 ± 9:5 � 10�5 0:02

� 2:2060 � 10�1 ± 4:4 � 10�5 � 0:05
1:4484 � 10�1 ± 6:6 � 10�5 � 0:03
1:2889 � 10�1 ± 6:0 � 10�5 � 0:07
1:0532 � 10�1 ± 6:7 � 10�5 � 0:04
7:7075 � 10�2 ± 4:9 � 10�5 � 0:23

�7:5082 � 10�2 ± 1:7 � 10�4 0:59
7:3460 � 10�2 ± 6:2 � 10�5 � 0:16

� 5:4948 � 10�2 ± 9:0 � 10�4 2:48

� 1:1234 � 10�2 ± 4:6 � 10�5 0:63

� 6:8501 � 10�3 ± 3:8 � 10�4 1:26



Fig. 4. Sub-assembly discretization, a) coarse axial mesh and b) detailed axial mesh.
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rings of internal spent fuel storage.
Axially, the most remarkable difference between IF and OF re-

gions is the height of the fissile regions. The radial power profile is
flattened thanks to the reduction of the IF fissile region where the
fertile material is located. A sodium plenum is introduced above the
active core.

The neutronics characterization of the core has been performed
in the framework of the ESFR-SMART project [17]. In particular, a
model for KENO-VI neutron transport code has been developed and
successfully verified against other codes for criticality calculations.
In this study, that core model is employed to illustrate the existence
of sodium void spatial correlations. Then, the KENO-VI model for a
sub-assembly located in the inner region is used for the assessment
of the proposed methodology. Fig. 2 shows the axial and radial
layout of the sub-assembly.
4. Results

4.1. Spatial correlations for the ESFR core at end-of-cycle state

With the goal of illustrating the existence of spatial correlations
between the upper fissile core and the plenum region, full core
calculations were performed with KENO-VI using the JEFF-3.1 [18]
based AMPX-formatted nuclear data library (reference nuclear data
library along the ESFR-SMART project).

As pointed out in previous works [5], the spatial correlation
effect can be accounted via direct perturbation calculations. In this
case, two selected zones are taken into account: the upper 30 cm of
the active core, both the IF and OF regions, and the plenum above
these regions. Then, correlations can be evaluated by perturbing
the zones separately and subsequently both at the same time.

The most conservative ESFR End-of-Cycle state is selected for
this analysis. Four Monte Carlo simulations are performed: one at
nominal conditions (sodium flooded) (case A) and three calcula-
tions with sodium voiding of the upper core (case B), the sodium
plenum above the active core (case C) and a combination of both
(case D). Table 1 shows the obtained keff values in terms of reac-
tivity for the four states as well as the sodium void worth (differ-
ence of reactivities) at each zone.

A strong correlation between the upper active core and the
sodium plenum is observed since the upper core void worth is
highly affected by the plenum voiding and vice versa. The plenum
void worth increases by almost 17% when the upper core is voided
and the upper core void worth reduces up to 57% when the sodium
plenum is voided. Hence, a very strong spatial dependency be-
tween both regions can be clearly observed, showing the impor-
tance of properly accounting these spatial correlations during a
transient calculation.
4.2. Sensitivity analysis for the sub-assembly

The sensitivity analysis carried out in this study is based on CE
TSUNAMI-3D approaches, SCALE 6.2.3 version, and relies on the
Monte Carlo KENO-VI code for the required forward calculations.
The ENDF/B-VII.1 nuclear data library has been employed for both
the sensitivity analysis and the KENO-VI direct perturbation cal-
culations required for validation.

An initial sensitivity calculation using the CE TSUNAMI-3D IFP
approach is performed in order to determine the major contribu-
tors to the sensitivity in keff for the ESFR-SMART sub-assembly.
Then, direct perturbation has been conducted for the most relevant
nuclides. Based on these sensitivity coefficients the CLUTCH
method is used and the F*ðrÞ importance function behavior is
optimized according to the previously obtained coefficients. The
mesh is a key factor for the proper performance of the CLUTCH
approach and, in this case, a regular mesh was placed over the
fueled region, where fissions will occur. Its size was 12 � 12 � 51
voxels with a dimension of 2 cm � 2 cm � 2 cm each. Additionally,
10 latent generations were employed for this calculation and 200
generations skipped with 100.000 particles per generation which
ensures an accurate convergence of the importance function.

The total sensitivity coefficients by nuclide obtained by both CE
TSUNAMI approaches along with the ones calculated using the
direct perturbationmethod for the major contributors are shown in
Fig. 3. It can be noted that both IFP and CLUTCH methods exhibit a
very good agreement with respect to direct perturbation values
since relative differences lower than 4% are encountered. It is worth
mentioning that major contributors correspond to the fissile iso-
topes, the fuel pin cladding (i.e. 56Fe) and sodium surrounding the
fuel pins and on the plenum above.

Additionally, the most important nuclide/reaction pairs can be
identified from IFP and CLUTCH outcomes. Table 2 shows the 10
major contributors along with cladding and coolant related pairs.
Difference of 2.5% is found for 16O ðn;nÞ between both approaches
while negligible deviations for other nuclide/reactions.

In general, differences lower than 1% are found for the major
contributors. Then, taking into account the better computational
performance of the CLUTCHmethod, the similarity assessment was
carried out using this approach.
4.3. Spatial correlations for the sub-assembly based on similarity
indexes

Spatial correlations usually appear between the upper fissile
region and the plenum above. Therefore, in order to provide insight
into this phenomenology, both the plenum and the fissile region
have been discretized into several equally-sized axial slices and two
different levels of discretization (coarse mesh and fine mesh) have
been employed (see Fig. 4).



Fig. 5. Sensitivity profiles of keff to 23Na total reaction at the upper plenum, for the
nominal state (all regions are flooded) and for a voided state of its neighboring regions.

Figure 6. G index matrix for voided/flooded region pairs within the coarse model. To
be read as follows: if zone 3 is voided, sensitivities in zone 4 significantly changes (G ¼
0:4) with respect to sensitivities in zone 4 when zone 3 was flooded.

Fig. 7. Sensitivity profiles of keff to 23Na total reaction at the lower plenum for the
nominal state and for voided states of its neighboring regions.
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4.3.1. Coarse discretization mesh
The sub-assembly was axially discretized into four regions:

upper and lower plenum and upper and lower fissile region. Be-
sides the sensitivity calculation at nominal conditions (all regions
flooded), four additional sensitivity calculations were performed
voiding the sodium located at each of the four axial regions. Then,
sensitivity profiles in a region at nominal conditions can be
compared to the profiles in the same region when a neighboring
region is perturbed (voided). The similarity index should be able to
provide information about the neutronic consequences of per-
turbing a region over another one.

Sensitivity profiles to 23Na total reaction (which is mostly
contributed by elastic scattering along the intermediate neutron
energy range and inelastic scattering in the high neutron energy
range) for the upper plenum are given in Fig. 5. The perturbation of
its neighboring region (i.e. lower plenum) leads to a significant
variation of the sensitivity profile, that is, the neutronic response in
the upper plenum completely differs if the neighbor region is
flooded or voided. It can be concluded that both plenum axial re-
gions are strongly correlated and a G index value of 0.40 is obtained
in this case. As it can be seen in Fig. 5, the sensitivity coefficients in
the upper plenum increase after voiding the lower plenum, that is,
the impact of a sodium voiding decreases further the reactivity
since the neutron streaming is being reinforced. In other words, the
effect of the neutron streaming through the upper plenum is being
underestimated by the nominal sensitivity profile.

On the other hand, the similarity index when the upper fissile is
perturbed is about 0.88, showing a significant impact despite the
fact of not being neighboring regions. Finally, the voiding of the
lower fissile does not affect significantly the sensitivity profile at
the upper plenum since a G value of 0.97 is obtained. G values are
presented in a matricial form in Fig. 6. This matrix correlates the
sodium-related sensitivity coefficients of a region (flooded zone)
with the coefficients at the same region when other regions are
voided (voided zone).

Sensitivity analysis for the lower plenum, which is above the
upper fissile region, shows a slight dependency of the neutronic
response in this regionwith respect to the situation of its neighbors
as it can be seen in Fig. 7. For clarification purposes, only sensitivity
profiles of interest are presented. The similarity index between the
nominal profile and the upper-plenum-voided profile is given by a
G value of 0.92; and between the nominal profile and the upper-
fissile-voided profile is given by a G value of 0.90.

The equivalent analysis is carried out for the fissile regions
(Figs. 8 and 9). It can be observed that the upper fissile zone is
mostly affected by the voiding of lower plenum while negligible
variations are obtained when lower fissile region is voided. The
effect of voiding the lower plenum leads to a G value of 0.89 while
the effect of voiding the lower fissile zone leads to a G value of 0.98,
indicating a complete similarity between both profiles.

The analysis for the lower fissile region shows that its sensitivity
profile does not significantly change if upper fissile is voided and a
subsequent G value of 0.98 is obtained.

Obtained results reveal that spatial correlations can be clearly
identified from the similarity indexes. It is shown that strong cor-
relations appear between both plenum regions and between the
upper fissile region and the lower plenum, which should be pro-
vided to the transient code. Those results are in agreement with the
behavior described in Refs. [5,19] where the void effect is almost



Fig. 8. Sensitivity profiles of keff to
23Na total reaction at the upper fissile region for the

nominal state and for voided states of its neighboring regions.

Fig. 9. Sensitivity profiles of keff to 23Na total reaction at the lower fissile region for
the nominal state and for a voided state of its neighboring region.
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additive in the fissile region (due to no important correlations)
while a non-additive behavior is observed between the plenum
itself and the upper fissile region (due to strong correlations).
4.3.2. Fine discretization mesh
A more detailed analysis is conducted by discretizing the sub-

assembly model into 15 axial regions: the fissile region is divided
into 8 slices, one intermediate slice for the pin plug above and 6
slices for describing the sodium plenum. Region 1 corresponds to
the lower fissile slice and region 15 to the upper plenum as can be
seen in Fig. 4b. Several sensitivity calculations are then performed
by voiding independently the sodium corresponding to each axial
slice.

The values of the global index G obtained for the detailed case
are shown in Fig. 10. The strongest correlation appears between the
upper parts of the plenum due to neutron leakage. If the most
peripheral slice is voided, sensitivity coefficients of the slice below
significantly change, having G index a value of 0.70. The change of
that sensitivity coefficient is presented in Fig. 11.

A strong correlation can be observed for the plenum itself. A
sodium density perturbation in every slice leads to a significant
change into the rest of slices located at the sodium plenum. Addi-
tionally, fissile slices neighboring the plenum zone are affected but
no other slices far enough apart.

Concerning the upper fissile zone (i.e. position #8), it can be
noticed that the sensitivity profile is clearly modified by removing
the sodium in the plenum above (Fig. 12). This is the most sensitive
fissile slice following the sodium plenum voiding and it is properly
figured within the G matrix. Moreover, sodium plenum is affected
by the voiding of the two upper fissile slices.

Hence, spatial correlation can bemapped based on the proposed
method, opening up the preparatory work for point-kinetics-based
transient simulations.

It is worth mentioning that G values collected by the matrix are
computed along with their standard deviations due to the sto-
chastic nature of the employed simulation tools. Thus, some noise
remains for coordinates where G value is practically 1.0.

4.4. Verification of spatial correlations for the sub-assembly against
realistic voiding

With the goal of verifying the information extracted from the
similarity index matrix, two sodium void propagation patterns are
simulated (see Fig. 13). The first scenario, in spite of being a non-
realistic pattern, represents a sodium bubble evolution through
the fissile region and is devoted to demonstrate the additivity of
sodium void worth when only fissile regions are involved, as sim-
ilarity indexes predict. The second scenario is presented as a
feasible sodium bubble evolution and it involves the upper part of
the fissile region and the plenum above.

Region-wise sodium void effect was obtained via direct
perturbation while other regions are flooded. The conventional
sodium void propagation mapping can be directly obtained by
summing-up the region-wise sodium void effect. On the other
hand, the realistic sodium propagationmapping can be obtained by
simultaneously perturbing the involved slices (spatial correlations
are implicitly accounted for).

Regarding the first scenario, results of the sodium void propa-
gation along the eight fissile slices are depicted in Table 3. As it was
obtained from similarity analysis, the void effect is roughly additive
in the active part and the deviation between the region-wise effects
and the whole fissile void is around 35 pcm. Then, the conventional
sodium void mapping can describe combined effects with no sig-
nificant underestimation.

Regarding the second scenario, results are given in Table 4,
showing that the void effect along the sodium plenum is strongly
non-additive and differences with respect to the conventional
propagation constantly increases. When the void propagation
pattern ends up covering the whole plenum, the difference be-
tween both calculations is about 800 pcm. The conventional so-
diumvoid map is underestimating the neutron streaming along the
plenum. This behavior has been clearly predicted by the similarity
matrix and it can be concluded that the conventional sodium void
map does not describe properly the void effect in the plenum.

5. Summary and conclusions

The aim of this paper was to provide insight into the spatial
correlations that impact the sodium void effect during a transient
event in Sodium Fast Reactors. A method based on sensitivity and
similarity analysis is proposed for predicting the spatially-
correlated regions and applied to an ESFR sub-assembly model.

Since the proposed method firstly relies on sensitivity co-
efficients, the state-of-the-art Continuous Energy TSUNAMI-3D
approaches from SCALE6.2 were compared. Comparisons between
IFP and CLUTCH methods along with Direct Perturbation values led



Fig. 10. G index matrix for voided/flooded region pairs within the detailed model.

Fig. 11. Sensitivity profiles of keff to 23Na total reaction at the slice 14 for the nominal
state and for a voided state of its upper slice.

Fig. 12. Sensitivity profiles of keff to
23Na total reaction at the upper fissile (slice 08) for

the nominal state and for voided states of its upper slices.
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to a very good agreement if the importance function, which is a key
element for CLUTCH method performance, is adequately defined.
Then, this approachwas selected for subsequent sensitivity analysis
due to its better computational performance. Based on comparison
of sensitivity profiles, the effect of a perturbation on a neighboring
region over the region of interest can be detected and this effect can
be quantified by a similarity index. It is important to note that the
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Fig. 13. Sodium void propagation scenarios; a) from bottom to upper fissile region and b) from upper fissile part to upper plenum.

Table 3
Sodiumvoid propagation pattern from bottom to upper fissile region: comparison of
conventional sodium void effect mapping and realistic void propagation pattern.

Region Conventional
mapping: region-
wise reactivity
effect [pcm]

Conventional voiding
propagation: summing-
up from bottom to upper

part [pcm]

Realistic
voiding

propagation
[pcm]

Difference
[pcm]

8 38.4 1364.1 1399.1 34.9
7 165.9 1325.7 1352.0 26.3
6 258.3 1159.8 1185.1 25.3
5 310.1 901.5 933.6 32.1
4 292.5 591.4 616.5 25.1
3 217.0 298.9 313.1 14.3
2 99.6 81.9 82.5 0.6
1 �17.7 �17.7 �17.7

Table 4
Sodium void propagation pattern from upper fissile slice to whole plenum: com-
parison of conventional sodium void effect mapping and realistic void propagation
pattern.

Region Conventional
mapping: region-
wise reactivity
effect [pcm]

Conventional
propagation: summing-
up from lower to upper

part [pcm]

Realistic
voiding

propagation
[pcm]

Difference
[pcm]

15 �130.3 �934.4 �1724.3 �789.9
14 �149.1 �804.1 �1293.3 �489.1
13 �145.9 �655.0 �949.1 �294.2
12 �161.8 �509.1 �665.4 �156.3
11 �176.0 �347.3 �407.9 �60.6
10 �175.8 �171.3 �200.4 �29.1
9 �34.0 4.5 1.2 �3.3
8 38.4 38.4 38.4
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similarity indexes give an indication about the relativemagnitude of
the spatial correlations between regions, but they do not provide an
estimation of the spatial correlation itself.

The analysis carried out for the sub-assembly model led to a
similarity matrix pointing out correlations between the different
discretized axial regions of the sodium plenum. It was also shown
that upper fissile regions are impacted by perturbations in the so-
dium plenum, and hardly impacted by perturbations in other fissile
regions. In order to verify the obtained conclusions, two sodium
void propagation patterns along the sub-assembly were proposed,
demonstrating the additivity of the sodium void effect when only
fissile regions are involved and the strong spatial correlations
concerning the sodium plenum. Then, it is mandatory to provide
information about the spatial correlations for those sodium void
patterns involving the sodium plenum.

It can be concluded that spatial correlations need to be
considered in the sodium void worth mapping for point-kinetics-
based transient codes in order to obtain realistic results in some
scenarios. Given a discretization of the system of interest, the
developed method allows to predict the combination of regions to
be simultaneously voided in order to provide a realistic mapping to
the transient code.

This method is being applied to determine the spatial correla-
tions to be accounted for the whole ESFR-SMART core. A method-
ology for feeding the realistic mapping to a thermal-hydraulic
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system code is currently under way.
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