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ABSTRACT

In the framework of the multiphysics analysis of nuclear reactors, it is important to as-
sess the impact of nuclear data uncertainties on relevant thermal-hydraulic quantities like
temperature, pressure and mass flow rate. This is particularly important for the safety
assessment and for the design verification of fission and fusion systems, through the so-
called Best Estimate Plus Uncertainty approach, which qualifies the outputs providing an
estimate of their uncertainties. In this work, the uncertainties are propagated from the
nuclear data libraries to the thermal-hydraulic quantities of the Breeding Blanket of the
Affordable, Robust, Compact fusion reactor thanks to the multiphysics tool nemoFOAM,
and employing different uncertainty propagation techniques, like the Total Monte Carlo
and the Unscented Transform.
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1. INTRODUCTION

The Affordable, Robust, Compact (ARC) reactor is a fusion reactor design developed at the Mas-
sachusetts Institute of Technology (MIT) [1], which will demonstrate the possibility to produce
electrical power (250 MW,) using High-Temperature Superconductor magnets and a fully liquid
breeding blanket made of the FLiBe molten salt (76.79% fluorine, 9.09% beryllium and 14.12%
lithium). This salt, in principle, would allow to breed a sufficient quantity of tritium so that ARC
can be self-sustaining from the point of view of the fuel (i.e. Tritium Breeding Ratio (TBR) larger
than 1), to moderate and shield the neutrons from the D-T plasma reactions and to extract the
power deposited by neutrons and photons. A double-walled vacuum vessel made of Inconel 718
and cooled by a FLiBe cooling channel, which flows between the two layers (the so called inner
and outer vacuum vessels), separates the plasma from the breeding blanket. For a more detailed
description of ARC components, see [1]. Finally, a layer made of beryllium and supported by the
outer vacuum vessel, acts as a neutron multiplier in order to increase the TBR of ARC.

The nemoFOAM tool [2] has been developed inside the OpenFOAM environment [3] to perform
the multi-physics analysis of nuclear (fission and fusion) systems, with the solution of the multi-
group neutron diffusion equations, the monokinetic photon diffusion equation and their coupling
with a thermal-hydraulic module, which takes as an input the neutronic and photonic power pre-
viously evaluated. The multi-group diffusion is an approximation with respect to the results ob-
tained with Monte Carlo codes like Serpent [4], which has been previously employed to develop
the neutronic model of ARC [5], but it allows to dramatically reduce the computational time of
the simulation and to avoid issues of bad statistics far from the neutron source. The neutronic and
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photonic modules of nemoFOAM require the definition of some multi-group nuclear and atomic
properties, which can be evaluated through a preliminary Serpent simulation. Serpent computes
the nuclear properties in the universes defined by the user, which in this case correspond to the
main components of ARC (i.e. inner vacuum vessel, cooling channel, neutron multiplier, outer
vacuum vessel and breeding blanket).

To be more accurate, these multi-group properties are associated with probability distributions
which arise from the uncertainties of the nuclear data, which will affect thermal-hydraulic quanti-
ties like the temperature and the pressure drops in ARC components in terms of such uncertainties.
In this work, the nuclear data uncertainties are propagated from the nuclear libraries to the nuclear
properties generated by Serpent, employing non-intrusive uncertainty propagation techniques like
the Total Monte Carlo (TMC). The propagation of the photonic data uncertainties has not been
considered here because the main data libraries available do not contain covariance matrices for
the photon data, which are necessary for the uncertainty propagation.

Other techniques, like the Unscented Transform (UT) [6] and the Polynomial Chaos Expansion
(PCE) [7], allow to reduce the dimension of the input problem through the truncation of the co-
variance matrix and, as a consequence, the number of simulations required for the uncertainty
propagation is generally smaller than TMC. However, the so-called curse of dimensionality makes
it impossible to apply the PCE when the dimension of the input is huge, like in the case of uncer-
tainty propagation from the nuclear data libraries. On the other hand, when the dimension of the
input space is smaller, like in multi-group diffusion, the PCE can be appealing since it can be used
to evaluate not only the mean and the standard deviation of the responses of interest, but also their
distribution and their sensitivity to the different uncertain inputs. Thus, the PCE, together with the
UT, can be a suitable choice for the uncertainty propagation from the group constants generated
with Serpent to the thermal-hydraulic outputs calculated with nemoFOAM.

2. THE MODELS IN THE nemoFOAM CODE

In the case of a non-fissile system like ARC, the multi-group neutron diffusion equation solved by
nemoFOAM is:

1 0%y(r,t)
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where g represents the g-th energy group, GG the total number of energy groups, D the diffusion
coefficient, S an external source of neutrons and ®,(r, ¢) the neutron scalar flux. For what concerns
the absorption (X,s) and scattering (X,.,;) terms, it is mandatory to employ the so called reduced
absorption cross section and the scattering multiplication matrix provided by Serpent, in order to
take also into account the contribution of (n,2n), (n,3n), etc. multiplication reactions [8]. This is
particularly important in a system like ARC, where a beryllium layer is foreseen specifically for
neutron multiplication. The reduced absorption cross section is defined as:
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Yiabs = Yot — Discat — Z(n,2n) - Z(n,3n) + .y (2)

which, by definition, can have negative values, meaning that, when there is a strong neutron mul-
tiplication effect, it can act as a source term.

Serpent has been employed also for the generation of the photon properties. The main limitation of
this approach is that Serpent does not allow to generate the photon scattering matrix. To overcome
this issue, as an initial approximation, the following monokinetic photon diffusion equation has
been implemented in nemoFOAM:
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The absorption attenuation coefficient, >, 1 given by the sum of photoelectric and pair pro-
duction attenuation coefficients and X, , is obtained by the sum of absorption and scattering
(i.e. Compton plus Rayleigh scattering) attenuation coefficients. The neutron diffusion equation
is “one-way”’-coupled with the photon one by the term v, %, ,,®,, which takes into account the
photon production by neutrons. ®,, is the neutron total flux. Finally, in this preliminary version
of the photonic module, the photons produced by charged particles through atomic relaxation,
Bremsstrahlung and annihilation are considered as an external fixed source (S, (r,)). All these
terms have been evaluated with Serpent in each component of ARC.

For what concerns the boundary conditions for the solution of the problem, in nemoFOAM it is
possible to employ vacuum, albedo, non-zero incoming current boundary condition and interface
boundary conditions, both for the neutronic and photonic modules.

After having solved the neutronic and photonic problem, the thermal-hydraulic module of nemo-
FOAM solves the continuity equation, the Navier-Stokes’ equations for the momentum and the
energy conservation equation. The source term in the energy conservation equation consists of the
power deposited by neutrons and photons, evaluated starting from the scalar fluxes computed with
Equation (1) and Equation (3) and the kerma coefficients estimated with Serpent. In a previous
work [5], it was proven that the contribution of photons to the power deposition in fusion systems
like ARC is not negligible, so it must be considered in a multiphysics analysis. The numerical so-
lution of these equations allow to evaluate quantities like temperature and pressure in the breeding
blanket of ARC.

In principle, nemoFOAM is able to take into account also the thermal feedback on the neutronic and
photonic properties, allowing to have a full coupling between the three modules, but this feature
has not been taken into account in this work, also because it is expected that in a fusion system the
thermal feedback is less significant than in fission reactors, where the feedback directly impacts on
the fission process (i.e. the main source of neutrons in fission devices). On the other hand, in fusion
reactors, the plasma (i.e. the main source of neutrons in fusion devices) is totally independent of
the nuclear properties and of the temperature of the system components. In the absence of the
coupling of the thermal feedback, a shorter computational time of the simulation is obtained.
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3. UNCERTAINTY QUANTIFICATION METHODS

This section provides a synthetic description of the uncertainty quantification methods employed
in this work, namely the Total Monte Carlo and the Unscented Transform, leaving PCE for further
developments.

3.1. Total Monte Carlo

The Total Monte Carlo (TMC) method [9] allows to evaluate the distributions and, as a conse-
quence, the mean value and the standard deviation of responses of interest in Serpent due to the
uncertainties in the nuclear data. This method requires the generation of a large set of perturbed
nuclear data files and a Serpent simulation for each set. If the statistical error of the Monte Carlo
simulation is sufficiently small, the uncertainty of the responses resulting from the uncertain nu-
clear data can be inferred from the output distributions.

In this work, the responses of interest are the neutronic group constants generated by Serpent and
the nuclear data have been extracted from the ENDF-B/VIIL.O library [10]. The SANDY Python
package [11] has been used for the perturbation of the nuclear data, assuming that the perturbed
data can be represented by correlated normal distributions.

3.2. Unscented Transform

The basic principle of the Unscented Transform (UT) [6] is to estimate the mean value and the
variance of the responses distributions through the approximation of the input distribution rather
than the model. In general, this idea is justified by the fact that the approximation of the input
distribution is usually easier than acting on non-linear models.

The approximation of the input is obtained by the generation of a set of so-called sigma points that
capture the essence of the input data distribution. When the aim of the uncertainty quantification
is the evaluation of the first two moments of the response distribution, 2k+1 sigma points are
sufficient to get a reliable representation of the input, where k corresponds to the dimensions of the
input perturbed data. In this case, k is equal to ngngcnu, where ng is the number of energy group
considered in the multigroup diffusion model in nemoFOAM, ngc is the number of perturbed group
constants and ny is the number of universes employed in Serpent to generate the group constants.
Since k can easily become very large, suitable reduction techniques, like the one applying the Low
Rank Approximation (LRA) to the Singular Value Decomposition (SVD) [12], are of particular
interest.

When generating the sigma-points, values smaller than 0 may be obtained. Since the sigma points
in this work correspond to the group constants, in order to avoid non-physical negative values,
a possible solution is to employ a variant of the UT, called the General Constrained Sigma Point
(GCSP) method [13]. This method allows to generate all the sigma points inside the range [0,4-00),
with the lower and upper limits respectively defined as 11y, which in this case corresponds to 0, and
1 r, Which in this case corresponds to +00. According to the GCSP method, the sigma points are
defined as:

X =p

X =t C’> fori=1,..k )

X = —d; (\/5) fori=k+1,..2k,

i—k
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where:
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The matrix C' € R*** is the covariance of the input, x is the mean vector of the input and X is
an arbitrary spreading parameter (in this work, A = 1/2 accordingly to [14]), j and i indicate the
Jj-th row and i-th column of the matrix. The UT method requires also the computation of a set of
weights, which in the GCSP are computed as:
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Then, the sigma points are passed to the model M’ to get a set of responses, which are used to
estimate the weighted mean and weighted covariance of the response distribution as:
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where the index i corresponds to the i-th sigma point and weight.

When the covariance matrix is symmetric and positive semi-definite, its square root can be com-
puted with the SVD,

C=vxvT (10)
Ve =2, (11)

where the matrix X is a diagonal matrix composed by the singular values (SV) of C.

Moreover, since the singular values constitute a monotonically fast-decreasing series of values, the
SVD factorisation can be truncated without much approximation, moving from r positive SV to
t, where t is the number of SV retained after the truncation. Consequently, the truncation allows
to decrease the number of sample points from 2k+1 to 2¢+1 and, thus, the computational time
required by uncertainty propagation.

The SVD-UT algorithm followed in this work starts with the results of the TMC simulations, from
which the mean ;. and the covariance matrix C' are obtained. The application of the SVD and
LRA algorithms allows to extract a truncated square root of the covariance matrix, which is then
employed to generate a specific set of perturbed group constants. These data are then passed to
nemoFOAM, which produces a set of output responses used to estimate their mean and covariance
(i.e. the error arising from the nuclear data uncertainties).
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4. RESULTS

In this section we present part of the results obtained so far for what concerns the nuclear data
uncertainty propagation in ARC.

4.1. Group constants generation

Serpent can be used for the generation of the group constants and, as already mentioned, these
quantities are affected by the nuclear data uncertainties. In the case of UT the result of the un-
certainty propagation procedure is the mean and the standard deviation of each group constant,
meaning that the distribution for the group constants used in nemoFOAM is assumed as Gaussian.
A more accurate alternative, at the cost of a more expensive calculation, is to propagate the nu-
clear data uncertainties in Serpent through the TMC, in order to find the exact distribution of the
group constants, as shown in Figure 1, for the diffusion coefficient (D), the absorption cross sec-
tion (X,15), the kerma coefficient (kerma) and the scattering matrix (>g.,) in the FLiBe cooling
channel of ARC. These distributions have been obtained randomly sampling the covariance ma-
trix of '°F using the CSWEG-239 group structure and generating 500 perturbed nuclear data files
accordingly. The energy grid employed to generate the group constants in Serpent is reported in
Table 1: the grid is finer for higher energies and coarser for thermal energies, consistently with
typical fusion reactors spectra.

Table 1: Energy grid employed for the group constants generation in the ARC model.

Energy groups 1 2 3 4 5 6
Upper limit [MeV] | 2.0E+01 | 1.0E+01 | 1.0E+00 | 1.0E-O1 | 1.0E-02 | 1.0E-04
Lower limit [MeV] | 1.0E+01 | 1.0E+00 | 1.0E-01 | 1.0E-02 | 1.0E-04 | 1.0E-11

The Kolmogorov-Smirnov (KS) test has been employed, suggesting that some of the distributions
in Figure 1 are not Gaussian. See, as a reference, the last column in the row of the diffusion co-
efficient in Figure 1, where it is clear that the corresponding Gaussian distribution built starting
from the mean value and the standard deviation (black curve) is different from the actual distribu-
tion (red histogram). This may happen because Serpent is a non-linear code, so it is possible to
obatain non-Gaussian outputs starting from Gaussian inputs. Thus, in some cases it is important
to use higher order techniques (like TMC), because using lower order, linear techniques (e.g. UT)
assumes Gaussian outputs. Table 2 shows the uncertainties, due to the nuclear data, of the group
constants generated for the cooling channel and the breeding blanket of ARC for the two most
energetic groups. The resulting uncertainties are non-negligible and much higher than the statisti-
cal uncertainties coming from the Monte Carlo simulation (smaller than 0.1% for all the results in
Table 2), underlining the importance of propagating them through nemoFOAM, either with the UT
or the PCE, with an appropriate reduction of the input dimensionality.

In order to speed up the 500 TMC simulations for the generation of the group constants, it has
been noted that it is not necessary to employ the actual ARC geometry model defined through
CAD files, but it is sufficient to define a simplified toroidal geometry with the characteristic layers
thicknesses of ARC. In fact, the properties computed with the two geometries are similar. In this
way, the use of the constructed solid geometry (CSG) approach and of simple surfaces (i.e. tori)
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Figure 1: Distribution of the most significant group constants in the cooling channel of ARC
obtained perturbing "F, using TMC. Color legend: green, the KS test suggests a Gaussian
distribution; red, the KS test suggests a non-Gaussian distribution.

implemented in Serpent allows to reduce the computational time of each simulation for the group
constants simulations to 2 minutes, employing 6 - 10° neutron histories divided in 60 batches and
using 32 CPUs. This simplified geometry has been employed to reproduce the results in Figure 1.

4.2. Uncertainty propagation in nemoFOAM

Then, the UT has been applied starting from the probability distributions of the 500 Serpent sim-
ulations obtained perturbing '°F nuclear data. In this case n¢ corresponds to the 6 energy groups.
The group constants (ngc) considered are the diffusion coefficients, the reduced absorption cross
sections, the scattering multiplication matrix and the kerma coefficients. Finally, the ny is limited
to the channel and the breeding blanket, since the major impact of the '°F perturbations is located
in these two universes, as displayed in Table 2. In fact, it can be observed that the impact of '°F in
terms of uncertainties on the group constants of the outer vacuum vessel (considered here as rep-
resentative of all the components which does not contain '°F in ARC) is generally much smaller.

3
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Table 2: Relative standard deviation of the group constants in the cooling channel, the
breeding blanket and the outer vacuum vessel of ARC, due to the nuclear data uncertainties
of ’F.

Cooling channel
RSDD [%] RSDEabs [%] RSDkerma [%]

Energy group 1 4.35 12.95 3.71
Energy group 2 2.32 2.61 1.00
Breeding blanket
RSDp[%] | RSDs.., [%] | RSDrermal%]
Energy group 1 4.23 14.30 3.55
Energy group 2 2.30 2.93 1.21

Outer vacuum vessel
RSDp[%] | RSDs,, [%] | RSDxkerma| %]
Energy group 1 0.00 7.93 0.12
Energy group 2 0.07 0.73 0.76

This has allowed to limit the total number of input parameters to 108. Truncating the covariance
matrix at an energy of 99.997%, further reduces the number of singular values to 23, meaning 47
neutronics and thermal-hydraulics simulations with nemoFOAM, instead of 217.

The 47 nemoFOAM simulations have been performed in steady state conditions using 24 CPUs
and requiring around 7 hours per simulation (of which around 30-40 minutes for the neutronic and
photonic part). The results of a preliminary neutronic, photonic and thermal-hydraulic simulation
have been used as initial guess in order to speed up the convergence of the 47 computations.

Table 3 shows the uncertainties on the total power deposition (neutrons and photons) due to the
uncertainties of '°F nuclear data in the main components of ARC. It can be noticed that relative
errors are significantly higher in the components which contain '°F (i.e. the cooling channel and the
breeding blanket), as expected. Another interesting result is that, in general, the relative errors are
comparable with the ones obtained with Serpent in [14], which can be considered as the reference
results.

Table 3: Relative uncertainty on the total power deposition in ARC computed with
nemoFOAM due to “°F, using UT.

Inner Cooling Neutron Outer Breeding
vacuum vessel | channel multiplier | vacuum vessel | blanket
Power [MW] | 29.87 £0.07 | 81 =1 | 21.73 £0.09 51.1 £ 0.1 256 +£3

Error [%] 0.231 1.51 0.416 0.359 0.967

Table 4 shows the uncertainties on thermal-hydraulic responses of interest, like the maximum
temperature in each component and the pressure drop between the inlet and the outlet of the FLiBe
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circuit in ARC. Here, the results are referred to the Channel+Breeding blanket since the cooling
channel and the breeding blanket have been considered as a single region in the thermal-hydraulic
model. In this case the uncertainties are much smaller because the nuclear data uncertainties have
an indirect impact on temperature and pressure drop through the neutron power deposition which,
conversely, is directly affected by the nuclear data uncertainties. Such small values do not seem to
represent a concern for the design of ARC and they suggest to take into account also other nuclides
in future analysis, like *®Ni. **Ni could have a larger impact on the maximum temperature of the
vacuum vessel, since it is the nuclide present with the higher percentage in this component.

Table 4: Relative uncertainty on the maximum temperatures and on the
pressure drop in ARC computed with nemoFOAM due to “°F, using UT.

Inner Neutron Outer Channel+
vacuum vessel | multiplier | vacuum vessel | Breeding blanket
Thax [K] | 891.5£0.3 | 8853£03| 9295+04 895 +1
Error [%] 0.0360 0.0307 0.0481 0.149
Ap [bar] 5.427 £0.002
Error [%] 0.0303

5. CONCLUSIONS

In this work, the Total Monte Carlo method has been employed to propagate the nuclear data un-
certainties of '°F from ENDF-B/VIILO data library to the group constants generated by Serpent in
ARC. Then, the distributions obtained through the TMC have been exploited in order to propa-
gate the effect of the uncertainties on thermal-hydraulic quantities through the OpenFOAM solver
nemoFOAM using the Unscented Transform method. The results suggest that the impact of '°F
uncertainties on temperatures and pressure drop is probably not the major source of uncertain-
ties in ARC. In the future, other nuclides like 3Ni should be analysed, since it is possible that
its impact on the maximum temperature of the vacuum vessel can be non-negligible. A similar
procedure can be applied also to thermo-physical properties, since they are generally evaluated
through experiments and, by definition, have uncertainties. Moreover they directly impact on the
thermal-hydraulic responses, so a larger effect of their uncertainties can be expected.

Finally, the number of inputs required by nemoFOAM is still too high to obtain reliable results with
PCE in a reasonable computational time. However, it will be interesting to test the PCE with the
neutronic module of nemoFOAM, since it requires a significantly smaller amount of computational
time with respect to the thermal-hydraulic one, in order to obtain the probability distributions of
the neutronic power deposition in ARC.
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