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Abstract — Based on a coupling scheme between the Monte Carlo neutron transport code MCNP6 and the
thermo-hydraulics code ATHLET, developed earlier, steady-state calculations for the full-power state of a
VVER-1000 reactor core specified within an OECD/NEA benchmark were performed. This was done with
the multi-group option of MCNP6, with self-shielded cross sections for all materials generated beforehand
with the SCALE 6.1.2 code system, thus enabling uncertainty and sensitivity analyses with respect to the
underlying nuclear data using the XSUSA package. Nuclear data and covariance data are taken from
SCALE 6.1.2. Analyses were also performed with stand-alone MCNP6 calculations, yielding results for
radial power distribution not much different from results obtained with continuous-energy data in the
framework of the benchmark, confirming the high quality of the multi-group approach. Uncertainties in the
radial power distribution are significant, with values of up to 9% for the relative standard deviation in the
core center. The obtained uncertainties in the radial power distribution from the coupled MCNP6/ATHLET
simulation are very similar to those from the stand-alone MCNP6 calculation, meaning that the thermo-
hydraulic feedback does not significantly change the uncertainties. Sensitivity analyses show that the main
contributions to the uncertainties in the radial power distribution are due to uncertainties in the average

number on neutrons per fission of *°Pu.
I. INTRODUCTION

For many decades, nodal diffusion-based codes, either
with an intrinsic modelling of thermo-hydraulic processes,
or with an external coupling to a thermo-hydraulics (TH)
code, have successfully served for simulating the steady-
state and transient behavior of (mainly light water) reactor
cores. However, these methods introduce a number of
approximations, mainly the description of the neutron
transport by diffusion theory, possibly with corrections to
account for transport effects, a coarse representation of the
energy dependence with a small number of energy groups,
and a coarse representation in space, with nodes typically of
the linear size of fuel assembly widths. By the nodal ap-
proach, local effects on the fuel pin level cannot be directly
captured in the core simulation, but rather have to be de-
scribed approximately by pin power reconstruction methods
from the nodal full-core solution and the pin-wise fluxes in
the individual fuel assemblies pre-calculated by a lattice
code.

To avoid the approximations mentioned above, one can
perform the core simulation directly with the Monte Carlo
(MC) method with a high resolution of the energy and spa-
tial dependence of cross sections and fluxes. In recent years,
it has become possible by the increasing computer power to
perform MC full-core simulations with a sufficiently high
number of neutron histories to obtain a local resolution of

the pin power distribution with statistical uncertainties on
the percent level [1]. Such MC calculations for the neutron
transport can also be coupled to a TH code, which again will
significantly increase the computational effort. For steady-
state simulations, this has been realized by coupling
MCNP6 [2] with the system code ATHLET [3]; a descrip-
tion can be found in [4].

In stand-alone MC full-core simulations of large reactor
cores with constant TH parameters, it has turned out, e.g. in
the framework of the UAM-LWR workshop [5], that un-
certainties in the underlying nuclear data may cause a sub-
stantial uncertainty in the output quantities, in particular in
the radial power distribution. Therefore, it is advisable to
evaluate uncertainties also for coupled MC/TH calculations.
In the present contribution, an approach is being presented
to perform such uncertainty analyses for coupled
MCNP6/ATHLET full-core simulations. To this end, the
sampling-based uncertainty analysis package XSUSA [6] is
used. As application case for evaluating nuclear data uncer-
tainties for a light water reactor core calculation, a core from
the OECD/NEA VVER-1000 MOX Core Computational
Benchmark has been chosen [7].

Il. THE VVER-1000 MODEL

The original benchmark as specified in [7] describes a
two-dimensional arrangement. It is a mixed UO,/MOX core
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with fuel assemblies at various burn-up states, represented
by corresponding isotopic compositions given in the bench-
mark specification. One peculiarity of the arrangement is
that the MOX fuel contains plutonium with a high amount
of #°Pu and *'Pu.
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Fig. 1. Horizontal cut of the VVER-1000 MOX core in 1/6
core representation.

Fig. 2. Horizontal cut of the VVER-1000 MOX core model
in detail.

A horizontal cut is sketched in Fig. 1, where the
positions of UO, and MOX fuel assemblies are indicated as

well as the individual burn-up levels in units of GW-days
per metric ton of initial heavy metal. Figure 2 illustrates the

detailed spatial resolution of the calculation model described
below. For the present analysis, the benchmark model has
been expanded in axial direction to allow for a TH
parameter distribution representing the full-power state.
Also, a lower and an upper plenum were added for an
approximate modelling of a real reactor core. The isotopic
compositions in the individual fuel assemblies are taken
from the specification, without an axial burn-up distribution,
because it is outside the scope of the paper to perform cycle
burn-up calculations.

I11. CALCULATION METHODS

This section briefly describes the calculation methods
used for performing coupled full-core simulations accompa-
nied by sampling-based uncertainty and sensitivity analyses
with respect to the basic nuclear data.

1. Steady-State MCNP6/ATHLET Core Simulations

The calculations with MCNP6 for the neutron transport
and ATHLET for the thermo-hydraulics are performed with
an iterative coupling scheme. A first MC calculation is
performed with a guess for the TH parameters. The power
distribution resulting from this calculation then is passed to
the TH code, which subsequently calculates the correspond-
ing set of TH parameters for the axial sections of the TH
channels. Here, one TH channel per fuel assembly is
chosen, without cross flow between the sub-channels. This
is no principal restriction; a sub-channel code could be used
as well, however again with a drastic increase of the
computation time. The TH parameters of this calculation are
then used for the next MC calculation step. This procedure
is continued until convergence is reached. The coupling to
the thermo-hydraulics may require the application of a
relaxation method to improve or achieve convergence.

For an efficient use of MCNP6 with a huge number of
materials at different temperatures and densities, a modifica-
tion to MCNP6 is used that allows the transfer of the distri-
bution of these parameters via an interface file without the
necessity of changing the user input [4]. Cross sections are
available on a grid of the TH parameters; for values not di-
rectly lying on the grid points, linear combinations of the
cross sections are used with appropriate weights. In contrast
to most of the coupled MCNP6/ATHLET analyses per-
formed so far, which used cross section data in continuous-
energy representation, for the present study multi-group data
suitable for MCNP6 have been generated in order to be able
to perform the corresponding subsequent uncertainty
analyses with XSUSA. The MCNP6 calculations were
performed with 640 active cycles after 35 inactive cycles
with 680,000 neutrons per generation. For a well converged
MCNP6/ATHLET solution, about 6-8 iteration steps were
required, leading to a total computing time per coupled
simulation of approx. 6x60 - 8x60 min on a Cray XC40
cluster with Intel Xeon processors, each with 144 processors
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per MCNP run. Using SPMD instructions always 25
parameter variations were processed at same time.

2. Multi-Group Cross Section Generation for MCNP6

The multi-group cross sections are provided in high
spatial resolution, i.e. for all fuel pins with individual iso-
topic compositions on a grid of the TH parameters. These
are the fuel temperature, for which the grid points are 575
K, 900 K, and 1300 K, and the moderator temperature with
560 K, 580 K, and 600 K. The resonance self-shielding
calculation is done by the standard sequence T-XSEC (with
BONAMI using Bondarenko factors in the unresolved
resonance region and CENTRM/PMC solving the transport
equation with continuous-energy cross sections in the
resolved resonance region) from the SCALE 6.1.2 code
system [8] using ENDF/B-VII.0 based cross section data.
Due to the large number of individual cross section sets, and
by a multiplication with the sample size (see the next sub-
section), a huge amount of cross section data has to be han-
dled. To reduce this amount of data, the original master
library with 238 energy groups has been pre-collapsed with
a representative LWR spectrum to 44 energy groups. This
finally yields macroscopic self-shielded cross section sets in
AMPX format, which cannot directly be used with MCNPG6.
An additional processing step is required, namely the
transformation of these AMPX libraries into MCNP TYPE1
multi-group format. This is accomplished by the CRSRD
code [9] which is capable of making cross sections in vari-
ous common formats available for MCNP multi-group cal-
culations. These data would be sufficient for performing the
MCNP6 transport calculations; however, for the coupling to
a TH code, the spatially resolved power distribution is
required, usually evaluated in MCNP by specifying a so-
called F7 tally. For this, the pin-wise macroscopic cross
sections have to contain k oy, the fission cross section times
the energy per fission. In order to provide the macroscopic
cross sections for the individual fuel materials, extra pin-cell
calculations were performed with the Sy code NEWT from
the SCALE 6.1.2 system before transforming the AMPX
libraries to MCNP TYPEL multi-group format. The file size
for the cross sections of all materials in an individual TH
state is approx. 13 — 15 MB; with nine combinations of TH
parameters and a sample size of 1000 (see below), the total
amount of cross section data is approx. 130 GB.

3. Uncertainty Analyses

With the set of MCNP TYPE1-formatted cross sections,
everything is in place to run a full nominal steady-state core
simulation with MCNP6/ATHLET. For performing uncer-
tainty analyses, a sampling-based procedure is applied: vari-
ations of the microscopic cross sections are generated with
XSUSA on the basis of the corresponding uncertainty data
available in so-called covariance matrices. A set of covari-
ance data in multi-group representation (the same 44-group

structure to which the cross sections were collapsed) is in-
cluded in the SCALE 6.1.2 system and has been used for the
present study. After the variation of the shielded cross sec-
tions in AMPX format, and again generating (varied)
MCNP TYPE1l-formatted data, a number of coupled
MCNP6/ATHLET calculations corresponding to the sample
size can be performed; in the present study, a sample size of
1000 has been chosen to be able to determine the main
contributors to the uncertainties via a sensitivity analysis in
spite of the high CPU time demand.

Self-shielding
calculations with
BONAMI/CENTRM/PMC

Ly

Micro XS for fuel assemblies: MG AMPX
lib(pre-calculated from reference case)

X2}

XS for fuel assemblies: AMPX working lib

Vi

Pin-cell transport calculations with NEWT

vy

XS for fuel assemblies: MCNP TYPE 1 lib

b

Coupled core calculation with
MCNP/ATHLET

n=1,.., 1000
Fig. 3. Flow diagram of the calculation chain.

A flow diagram of the calculation chain including the
variations is given in Fig. 3. Here, the multiple arrows indi-
cate that the calculations have to be performed for a variety
of fuel assemblies on a grid of TH parameters, and n de-
notes the elements of the sample. Finally, output uncertain-
ties corresponding to the input nuclear data uncertainties can
be evaluated by determining mean values and standard de-
viations from the set of simulation results for quantities of
interest, such as assembly powers.

With XSUSA, the variations are applied to the shielded
cross sections; this means that it is assumed that the cross
section variations are propagated unchanged through the
resonance self-shielding calculation, and thus implicit
effects are currently not considered. However, a method for
taking the change of the cross section variation in the self-
shielding calculation into account by means of perturbation
theory is under investigation [10].
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4. Sensitivity Analyses

By sensitivity analyses, it is possible to determine the
contributors (certain reaction cross sections of certain
isotopes) to the output uncertainty [6]. To do so, a group
sensitivity analysis is well suited, viewing individual
reactions of individual isotopes as groups. This is performed
by determining the squared multiple correlation coefficient
R2 as uncertainty importance indicator, giving the relative
amount of output uncertainty coming from the uncertainty
of the respective isotope and reaction.

IV. RESULTS

This section summarizes the main results of the nomi-
nal MCNP6/ATHLET simulation of the VVER-1000 core,
along with the corresponding uncertainties originating from
he uncertainties in the basic nuclear data, and a sensitivity
analysis to determine the main contributors to the result
uncertainties.

1. Nominal Values

In addition to the coupled MCNP6/ATHLET calcula-
tions, stand-alone two-dimensional MCNP6 calculations
were performed at a constant TH condition representative
for the full-power state, as given in [7]. The resulting radial
power distribution, normalized to the number of fuel
assemblies, is displayed in Fig. 4.

Fig. 4. Radial power distribution from the stand-alone
MCNP6 simulation of the VVER-1000 core.

Here, and for the following results, the symmetry
feature of the VVER-1000 core has been made use of, i.e.
the fact that the geometry is invariant with respect to a

rotation by 60° around the z axis. Therefore, the individual
values for the fuel assembly powers, which do not exactly
possess this symmetry due to the statistical nature of the
solution, have been averaged over the six equivalent
positions. The somewhat unusual distribution with its
maximum values at positions far from the core center is due
to the very heterogeneous arrangement of the fuel assem-
blies (Fig. 1). It is observed that the radial power
distribution is in very good agreement with solutions of
stand-alone two-dimensional Monte Carlo calculations with
continuous-energy data performed earlier in the framework
of the benchmark [7], confirming the suitability of the
multi-group cross sections for the core simulations.

In Fig. 5, the nominal result for the axially integrated
radial power distribution, again normalized to the number of
fuel assemblies, is displayed. The power distribution from
the coupled MCNP6/ATHLET calculation is in good
qualitative agreement with the solution of the stand-alone
two-dimensional Monte Carlo calculations (Fig 4).

Fig. 5. Axially integrated radial power distribution from the
MCNP6/ATHLET simulation of the VVVER-1000 core.

2. Uncertainties

In Fig. 6, relative uncertainties of the radial power
distribution from the stand-alone two-dimensional MCNP6
calculation are displayed. In particular in the central part of
the core, the relative uncertainties can reach substantial
values of up to approx. 9% on the 1o level. This is much
higher than the statistical uncertainties from the Monte
Carlo method which are on the 1% level.

Correspondingly, in Fig. 7, relative uncertainties of the
axially integrated radial power distribution from the coupled
MCNP6/ATHLET calculation are shown. It can be seen that
the uncertainties in the coupled calculation are very similar
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to the uncertainties in the stand-alone calculation; this
means that in the case under consideration, the TH feedback
does not significantly influence the uncertainties in the
power distribution due to a relatively weak variation of the
TH parameters over the core.

Fig. 6. 1o uncertainties (%) of the radial power distribution
from the stand-alone MCNP6 simulation of the VVVER-1000
core.

Fig. 7. 1o uncertainties (%) of the axially integrated radial
power distribution from the MCNP6/ATHLET simulation
of the VVER-1000 core.

In Fig. 8, the axial power distributions in four selected
fuel assemblies are shown together with their relative 1o
uncertainties (%) for each axial section. The selected
assemblies are placed along the central horizontal traverse
(see Fig.1). The power distributions are the assembly
average of 1000 cross section variations. The uncertainties
show a uniform behavior over the core height and reflect the
values for the uncertainties in the radial power distribution,
Fig. 7. The small deviations of the axial power values and
their uncertainties from mirror symmetry with respect to the
core mid-plane again confirm the relatively weak influence
of tzhe TH feedback.

relative power density

s 2 15 15 15
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-0 «
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z-axis, m

Fig. 8. Axial power distribution for four selected fuel
assemblies with the corresponding 1o uncertainties (%).

3. Sensitivities

As detailed in Section 111.3, main contributors to the
uncertainties can be identified by evaluating the squared
multiple correlation coefficient for individual groups of
input parameters, each group consisting of an individual
reaction of an individual isotope. Results for the stand-alone
MCNP6 calculation are given in Table 1 for a row fuel
assembly powers from the core center to the periphery,
denoted by 1 — 8 in Fig. 1. The results for the coupled
MCNP6/ATHLET simulation are very similar due to the
relatively weak influence of the TH parameter distribution
on the resulting uncertainties, cf. Figs. 6 and 7. The table
displays the squared multiple correlation coefficients R2
together with their 95% confidence intervals and 95%
significance bounds. All the contributors shown are
statistically significant on the 95% level; the number of
contributors that can be identified strongly depends on the
sample size. With the sample size of 1000 used for the
analysis, it turned out that some 5 — 10 main contributors
can be determined with statistical significance.

The isotope-reaction pairs are given in terms of their
ZA-ldentifiers and the reaction numbers in AMPX
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nomenclature with 2 = elastic scattering cross section; 18 =
fission cross section; 102 = n,y capture cross section; 452 =
average number of neutrons per fission; 1018 = fission
spectrum. It can be seen that the uncertainties are dominated
by #°Pu, and specifically the average number of neutrons
per fission. This is due to the very heterogeneous
distribution of UO, and MOX fuel assemblies in the core,
with high-quality Plutonium in the MOX assemblies, and
the high values of the uncertainties of the average number of
neutrons per fission in the SCALE 6.1.2 covariance data
library.

Table I: Main contributors to the uncertainties of the
normalized fuel assembly power distribution (selected
assemblies).

0 0, i
Ass. | Isotope-Reaction R? 95% conf. | 95% sign.

interval bound

94239-0452 0.550 0.041 0.017

1 94239-0018 0.137 0.038 0.060
94239-0102 0.123 0.036 0.060
94239-0452 0.590 0.039 0.017

2 94239-0018 0.140 0.038 0.060
94239-0102 0.125 0.037 0.060
94239-0452 0.601 0.038 0.017

3 94239-0018 0.156 0.039 0.060
94239-0102 0.138 0.038 0.060
94239-0452 0.584 0.039 0.017

4 94239-0018 0.169 0.040 0.060
94239-0102 0.148 0.039 0.060
94239-0452 0.401 0.047 0.017

5 92238-0002 0.176 0.041 0.045
94239-0018 0.172 0.041 0.060
94239-0452 0.487 0.044 0.017

6 92238-0002 0.159 0.040 0.045
94239-1018 0.149 0.041 0.004
94239-0452 0.618 0.037 0.017

7 94239-0018 0.147 0.039 0.060
94239-0102 0.135 0.038 0.060
94239-0452 0.643 0.035 0.017

8 94239-0018 0.152 0.039 0.060
94239-0102 0.139 0.038 0.060

V. SUMMARY AND OUTLOOK

An approach for evaluating uncertainties of the results
of coupled Monte Carlo/thermo-hydraulics full-core
simulations originating from uncertainties in the basic
nuclear data has been developed. This consists in a
combination of MCNP6/ATHLET for the core simulations,
with MCNP6 in multi-group mode, preparation of self-

shielded cross sections with the SCALE code system, and
the sampling-based XSUSA uncertainty analysis package.
This approach has been applied to evaluating the power
distribution of a VVER-1000 core at operating full-power
condition in a full-scale calculation, along with the
corresponding uncertainties and the main contributors to
these uncertainties. Substantial uncertainties were found,
similar to those from stand-alone Monte Carlo calculations
for the VVVER-1000 core in particular, and found earlier for
LWR cores in general. For the case under consideration, the
influence of the TH feedback is rather small; this will be
different for a core with TH parameters strongly varying
over the geometry, such as boiling water reactors. Since the
underlying nuclear data are not the only sources of
uncertainty, corresponding calculations considering all
uncertain parameters (nuclear data, manufacturing data, TH
data ...) should be performed.

Due to the high numerical effort for the coupled
MC/TH simulations and a multiplication through the repli-
cation of these simulations for each varied set of nuclear
data, it is highly desirable to significantly reduce the com-
putation time, in particular to be able to evaluate the main
contributors to the output uncertainty through sensitivity
analyses by evaluating results from a sufficiently large
sample size. Various ways are imaginable to reach this goal:
by accelerating the convergence of each individual MC
solution, e.g. by coarse mesh diffusion acceleration; by
relaxing the requirement that in the MC/TH iteration
process each MC solution converges individually, and
instead aiming at a synchronous convergence of MC and
TH; and by relaxing the requirement that each individual
MC/TH solution converges for a given set of varied
uncertain parameters, and instead trying to apply the “Fast
GRS Method” [11] for evaluating uncertainties from MC
runs with significantly reduced numbers of neutron
histories, which so far has been successfully applied to
stand-alone MC calculations and MC coupled with burn-up.
Research in all of these directions is ongoing.
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