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Abstract - This paper is aimed at the implementation and validation of a calculation scheme between the lattice
code DRAGONS and the full-core simulation code PARCS. Following new developments in the framework
DRAGONS5-DONJONS, new possibilities are currently available to perform more accurate and faster neutronic
deterministic simulations of Light Water Reactors (LWRs). An optimized single assembly 2-level scheme has
recently been developed and has been proposed as a new standard for the generation of multi-parameter
reactor database. At the same time, regarding full core simulation, the flexibility of the environment developed
at Ecole Polytechnique de Montréal (EPM) in collaboration with the Institut de Radioprotection et de Siireté
Nucléaire (IRSN), has demonstrated the straightforwardness of performing detailed core calculation with
PARCS using a reactor database generator with DRAGONS5-DONJONS. This work focuses on the comparison
of different lattice calculations applied to the computational scheme DRAGONS5-PARCS and its validation
with a Monte Carlo calculation on a simplified PWR reactor problem. In particular, the validation tests were
performed on a 3x3 cluster with three types of assemblies evaluated at zero burnup: UOX, UOX with AIC
control rods and MOX. This study shows promising results for the calculation scheme, with accuracy in line
with what has been already observed for single assembly homogenized parameters computed in infinite lattice

approximation.

I. INTRODUCTION

Since 2012, the Institut de Radioprotection et de Sireté
Nucléaire (IRSN) has been working on a project called
ORION dedicated to the optimization and improvement of
computational tools and skills relative to neutronic determin-
istic simulations [1]. The aim is to have the tools currently
in use for Light Water Reactors (LWR) to perform indepen-
dent assessment regarding criticality safety and general reactor
physics activities.

Given that a direct reactor simulation is not feasible due
to the high complexity and time computation, a neutronic
deterministic calculation is generally performed through two
distinct and separate stages: assembly calculation, and full-
core calculation. The focus of the ORION project is dedicated
to these two stages of the reactor “calculation scheme”. In
this context the project is related to knowledge acquisition
on criticality and reactor physics that can be adopted as new
standards for IRSN safety assessment.

In order to find suitable software to work alongside the
historical tools used at IRSN to perform complete reactor sim-
ulations, several options from different sources are currently
in use and under analysis.

A central issue that must be taken into account in the im-
plementation of a calculation scheme is the flux of information
between the lattice and the core code. In fact, to be able to
perform a full reactor calculation, a spatial homogenization
of cross-sections needs to be considered at the end of the as-
sembly calculation to generate the database of information
required in the latter step. This database consists of macro-
scopic cross-sections and other homogenized parameters that
describe the piecewise homogenized model of the complete
reactor. It depends both on the homogenization technique and

the format in which this information is stored.

The present work is dedicated to the implementation of
the flux of information between the lattice code DRAGONS5[2]
and the full core simulation tool PARCS[3], and to perform
diffusion calculation using the homogenized assembly param-
eters produced during the lattice calculation according to the
General Equivalence Theory (GET)[4].

The coupling of DRAGONS5-PARCS is an unique capa-
bility under development at IRSN to address reactor criticality
and safety issues. DRAGONS indeed is suited to perform the
superhomogénéisation (SPH) equivalence technique[5], that
includes the correction of the homogenized cross-sections di-
rectly inside the code after the transport calculation. However,
currently, DRAGONS is not able to generate the homogenized
parameters required to implemenent direct use of the GET
equivalence technique using Assembly Discontinuity Factor
(ADF). In order to accomplish that, new tools and modifica-
tion of DRAGONS have been tested and used to implement
the calculation scheme.

The first part of the study is dedicated to the validation of
several lattice schemes for single assembly calculation with
the purpose of maintaining consistency with the work cur-
rently performed both at IRSN and at EPM, and furthermore
to highlight the sources of discrepancies that can be expected
in the core calculation. The EPM has been working for several
years to the implementation of up to date lattice schemes to be
used on DRAGONS, focusing in particular on the development
of an efficient two-level calculation scheme[6][7]. Hence, fol-
lowing the recent improvements in the geometry module of
DRAGONS, different lattice schemes have been considered
to generate the nuclear reactor database for full-core calcu-
lations. As example of new capability, it is now possible to
define a windmill-type geometry discretization directly in the
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code (through the G2S: module) without the need of external
geometry CAD-software[8§].

Following the single assembly calculation, the main as-
pect of the work has been to optimize the generation of the
cross-sections database required to perform nodal core cal-
culation according to GET theory. The validation tests were
performed on a 3x3 cluster with different types of configura-
tion(Figure 1). Following the recent work of Chambon[9], a
methodology is studied for the different lattice schemes with
the final aim of performing pin power reconstruction with the
nodal solver PARCS.

The result both of lattice calculation and the core calcula-
tions are then validated using the stochastic code SERPENT2
[10]. The simulations have been performed with 1000 cycles
of 1500000 source neutron each.

The purpose of the study has been to validate a calculation
scheme between DRAGONS and PARCS, through the model-
ing of a single assembly calculation to generate homogenized
parameters; for this reason, the environmental effects have
not been taken into account, and all the lattice calculation are
performed in infinite lattice approximation.

UoX UoX UOoX
UoX FUEL 18]0):¢
UOX U0oX UOX

Fig. 1. Representation of the 3x3-PWR colorset assembly
configuration composed by a central fuel assembly (FUEL
can be UOX, UOX with AIC control rods (UA) or MOX)
and surrounded by UOX assemblies. Reflective boundary
conditions are imposed.

II. THEORY

In this section, a brief description of the homogenization
theory is proposed[4][5]. The idea of homogenization is to re-
place the heterogeneous component with homogeneous one in
order to reduce the computation time of large and complicated
systems. The homogenized problem is also solved using a low
order operator (derived as an asymptotic limit of the exact one)
to eliminate some of the variables of the original problem.

Since it is not feasible to preserve all the details of the
heterogeneous calculation, the purpose of the computation of
a homogenized system is to obtain accurate global averaged
values representative of the exact original system. Taking

into account the loss of information, a choice has to be made
to define the reference averaged values to be preserved by
homogenization.

1. Equivalence Theory

A first step in the definition of a homogenized process is
to choose reactors properties that should be reproduced by the
homogeneous problem; only the preservation of the spatial
integrals of quantities of interest is considered. Let’s denote
with “*” the solution of the exact heterogeneous problem and
with “7” the correspondant homogeneous problem. For every
energy group g and each cross-section, the following relations
need to be satisfied:

. fv[ Y ()@ (r)dr = fv e (r)g;(r)dr
o Jyu Ve TendS = [, V- Ty(r)ds

o Koyp = keps
where ¢,(r) is the integrated flux, J,(r) is the integrated cur-
rent, X, is the total cross-section and k¢ is the multiplication
factor. So if the homogenized parameters are assumed to be
spatially constant, for the region i of volume V;, an ideal ho-
mogenized cross-section can be defined by the first of the
previous relations:

o _ I TG
& Jy, Bor)dr

The preservation of the integrated surface current instead de-
pends on the low-order operator chosen to simplify the homog-
enized system. Since the nodal calculation will be solved in
diffusion approximation only, this case will be presented. If
the Fick law is assumed to define a heuristic relation between
the neutron current and the gradient of the flux, it follows that:

o fSf J;(rds
s Jss Voe(r)ds

2

3)

From the previous relation, it can be observed that nonlinearity
is introduced since both the solution of the exact problem and
the homogenized system must be known to satisfy Egs. (2)
and (3). Then an issue needs to be addressed to the definition
of the homogenized diffusion coefficient of Eq. (3). Since each
node is characterized by the k surface, the same amount of
diffusion coefficients need to be defined, and it is impossible to
determine a unique spatially constant parameter that preserves
both the average reaction rate and the surface-averaged group
current.

To overcome the first problem, the most common em-
ployed practice is to obtain the exact solution by solving a
2-D heterogeneous transport equation on a limited part of the
exact system (the assembly to be homogenized), assuming
an infinite lattice calculation by imposing reflective boundary
conditions. However, this method is particularly inaccurate
when large spatial flux gradients are generated at the interface
of different nodes, due to the use of spatially-constant diffusion
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constants that are unable to solve the problem of preservation
of surface integrate currents.

It can be observed that the continuity of flux at the inter-
faces is a limit for the diffusion calculation both to preserve
reaction rates and surface current.

2. General Equivalence Theory

The General Equivalence Theory (GET) proposed by
Smith [4], suggests the introduction of an additional degree of
freedom to account for the preservation of the surface current.
It provides discontinuity factors at each surface of the node
in order to relax the continuity of fluxes and preserve both
average reaction rates and net currents from the heterogeneous
system. A new interface condition for each energy group is
then defined to assure the continuity of the homogeneous flux
between adjacent nodes:

Jed js‘ _@(r)ds = fy f; @;(r)ds )

Where f;} and fgfj are the energy-dependent discontinuity
factors at the surface S , Jﬁ; and &g the surface average homo-
geneous fluxes, respectively. This relation assures the preserva-
tion of both reaction rates and net currents from heterogeneous
reactor problems, by stating that the heterogeneous flux is con-
tinuous at the interface.

In the case where the heterogeneous solution is evaluated
on a single assembly with reflective boundary conditions, the
homogenized cross-sections and diffusion coefficient result
to be equivalent to the flux-volume weighted one. Since the
homogeneous flux can be assumed to be spatially flat in the
homogenized node, and since the average heterogeneous flux
and the averaged homogeneous flux are equal by definition, a
new expression can be obtained:

adf, ; = & 5)
bg.i
where adf, ; is the assembly discontinuity factor (ADF) for
each group and each surface of the node. This approach re-
duces the computational time and limits the calculation of
equivalence parameters for each type of assembly.

3. Dehomogenization

Once the nodal calculation is performed, a reconstruc-
tion process is needed to regenerate the actual heterogenous
structure inside each node. This procedure is usually called
dehomogenization. The detailed description of the method
implemented in PARCS is presented in the theory manual[11].
The output from the nodal flux solution is employed together
with so called form functions to assure a proper reconstruction
of the heterogenous power inside each node. Group Form Fuc-
tion (GFF) are computed from lattice calculation, considering
the same approximation of ADF concerning the infinite lattice
approximation. The GFF are groupwise factors defined as a
function of the pincell fission rates as:

Kifg‘pg(x’ Y)

Jfex,y) = -
¢ KEfePg

(6

FD_B

Fig. 2. Eight of PWR. In the picture are highlight the MOX
distribution of enrichment, the windmill-type spatial discretiza-
tion and the thin region where the surface flux is recovered in
the thin region method

where kL, is the macroscopic fission cross section of the
fuel in group g multiplied by the energy produced by fission.
Due to the pin power reconstruction methodology, also so
called Corner discontinuity factor (CDF), needs to be define to
account for the local heterogeneities at the interface between
assemblies. They are defined similarly to the ADFs, with the
flux ricovered at the corner of the assembly:

¢* j,corner
odf, ; = Ldcomer )
Ps.j
II1. MODELING
Different calculation schemes implemented in

DRAGONS have been tested on a representative motif.
The geometry considered is a 3x3-PWR colorset assembly
configuration with reflective boundary conditions comprising
a center fuel assembly of AIC (UA) or MOX, surrounded by
eight UOX assemblies (UOX) (Figure 1). The AIC assembly
contains control rods made of a metal mixture composed of
Silver, Indium, and Cadmium (AIC). The MOX assembly is
designed with a three-zone Pu-content structure, where the
content of Pu increase from the center towards the corner
(Figure 2). In the diffusion calculation, nine assembly nodes
are considered with the size corresponding to a lattice pitch in
the radial plane, subsequently subdivided in 2x2 mesh each (4
nodes per assembly).

It should be noted that the colorset configuration has been
chosen not to have a quasi-critical cluster and not to obtain
a core critical configuration. The impact of leakage model
of the lattice calculation is indeed of primary importance for
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the evaluation of the result. Both the configurations with AIC
and MOX assembly are chosen since a strong flux gradient
is generated at the interface with the surrounding UOX as-
semblies, and it represents a challenge for nodal calculations
with assembly homogenization. The impact of ADF indeed is
supposed to be of primary importance.

The validation is carried out by comparing the diffusion
calculation to a reference stochastic calculation performed
with SERPENT?2.

1. DRAGONS Lattice Schemes

In this section, we give a brief description of the mod-
els that we implemented in the lattice calculation. Since the
concepts behind the different schemes have been already deep-
ened in other works[6][7][12][13][14], we proposed just a
summary description of the principal characteristics that we
implemented for the design of our lattice calculations.

Recently, Canbakan[7] developed a single level and two
level schemes optimized for the SHEM?295 refined energy
mesh proposed by Hébert[15]. It has been designed to be
employed with the Subgroup Projected Method (SPM) for the
self-shielding calculation[15].

Regarding the two-level scheme, the main flux calculation
is divided into two steps; after the resonance self-shielding
calculation, a first-level double P;interface current calculation
is performed over the 295-energy groups to collapse the cross
section to 26-group. A detailed second level flux calculation is
then performed using the method of characteristics (MOC) on
the 26-group mesh. Following the developments in the G2S:
module of DRAGONS5[8], it is now possible to generate a
windmill-type spatial discretization (Figure 2) for the detailed
MOC calculation without the use of an external software.

The single level scheme is performed instead without
an intermediate condensation to a coarser energy mesh, and
the MOC fine calculation is conducted using the 295 energy
groups self-shielded library. It should be remarked that an
SPH equivalence technique can be implemented in the 2 level
scheme between the 26 group condensation and the fine flux
calculation; we decided to run our simulation with both the
possibilities.

A different two level scheme precedently employed at
EPM was the one described in the study of Vallerent[6]. Since
the first part of the project has been made with this method-
ology, we decided to maintain it, only substituting the old
inefficient spatial mesh with the new windmill-type discretiza-
tion. It is characterized by the use of the SHEM 281 energy
mesh, and the self-shielding calculation is performed with the
statistical subgroup method with physical probability tables
(ST method) implemented in DRAGONS5[16]. The same 2
level approach is employed as in Cabakan, and according to
the analysis of Vallerent, an SPH equivalence is performed
between the two levels. Both the 2 level calculation scheme
are based on the REL2005 logic developed by CEA[12].

Regarding the ORION project, the so-called DRAGOR-
V1 calculation scheme is produced with DRAGONS using a
single level approach based on the CEA-97 scheme developed
by CEA[13]. A 172 group energy mesh is considered both for
the flux and the self-shielding calculation, performed with a

similar methodology as in the Vallerent scheme. The spatial
mesh is characterized by a simple discretization, without any
subdivision of the moderator in the pin cell.

The cross-section libraries used for the calculations are
DRAGLIB format libraries, based on the evaluation JEFF
3.1.1. Only for the CEA-97 based scheme of IRSN, we de-
cided to use the original JEF 2.2 library. A similar comparison
has already been made[1], and we expect the appearance of
discrepancies due to the different nuclear data evaluation.

To summarize, five different DRAGONS runs have been
performed to maintain consistency with the work currently
performed both for the ORION project and at Ecole Polytech-
nique de Montréal:

1. Canb 2lvi SPH

(a) SHEM295

(b) SPM self-shielding

(c) 2 level scheme (IC 295gr + MOC 26gr)
(d) SPH equivalence at 26gr

(e) windmill-type mesh

2. Canb 2lvl wjo SPH
3. Canb 1lvl

(a) SHEM295

(b) SPM self-shielding

(c) 1level scheme (MOC 295gr)
(d) windmill-type mesh

4. Vall WM 2lvl

(a) SHEM281

(b) ST self-shielding

(c) 2 level scheme (IC 295gr + MOC 26gr)
(d) SPH equivalence at 26gr

(e) windmill-type mesh
5. DRAGOR-VI 1lvl

(a) JEF 2.2 172gr

(b) ST self-shielding

(c) 1level scheme (IC 172gr)
(d) simple mesh

Three options are evaluated concerning the flux calcu-
lation and the leakage model: without any leakage model,
with a B; homogeneous leakage, and with a P; homogeneous
leakage[16][17]. In the first case, the eigenvalue to be com-
puted is the effective multiplication factor with a fixed buck-
ling equal to zero. For the other two cases, the eigenvalue is
the critical buckling, and the effective multiplication factor
is imposed equal to unity (consider a critical assembly). It
should be remarked that a nasty situation happens with the
B; model in some low-reactivity cases[16]. For this reason,
in the newest version of DRAGONS, a dynamic correction is
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performed such that the B; model is replaced by the P; model
if particular subcritical conditions occur. However, this is not
the case for our study.

At the end of the calculation, the flux is used to collapse
cross-sections to two groups (threshold at 0.625 eV), and the
homogenization is performed over the whole assembly. The
generated nuclear data are then stored in a DRAGONS data
structure of type MULTICOMPO; it also contains the information
required to compute ADF, CDF, and GFF.

It should be noted that the geometry considered is an eight
of assembly, specified for the North-East quadrant(Figure 2).
The gas gap has not been explicitly designed but diluted in the
metal mixture for the cladding; furthermore, the grid has been
diluted in the moderator generating five different compositions
related to the position inside the fuel assembly.

2. Computation of ADF,CDF and GFF

Different evaluations can be done to generate the surface
flux required to compute the ADFs. Indeed, using the EDI
module of DRAGON, usually two methods are used to recover
the surface flux[8]:

e direct interface current (IC) method;
o thin regions method.

In the direct IC method, the surface flux is obtained by di-
rect homogenization of the interface currents of the pins cor-
responding to the outer row. Once the outgoing current is
computed, the following relation is employed to calculate the
surface flux:

4 our

3 ®)

where ¢y, is the boundary flux, J,,, is the outgoing inter-
face current and S the correspondant surface. This method is
available only when the IC method is used to perform the flux
calculation.

The thin regions method instead consists of defining a
thin outer region close to the external surface of the assembly
and assuming that the volumic flux in this small region is
equivalent to a corresponding surface flux. In this work, two
options of the volume have been studied for the computation
of the surface flux (Figure 2):

¢surf =

e The water gap (case FD_B);

e The outer pin row facing the side of the assembly and its
surrounding water gap (case FD_H).

For all the lattice schemes where the MOC flux calcu-
lation is performed considering the windmill-type geometry,
only the thin region method has been contemplated. However,
in the single level DRAGOR-V1 1lvl scheme is not possible to
apply the same methodology because the water gap region is
not explicitly discretized. Instead, the direct IC method has
been adopted, and we are going to refer to it as F'D_B for the
DRAGOR-VI 1lvl case. The modification has been performed
directly during the lattice calculation taking advantage of the
utility modules of DRAGONS.

The CDF are defined similarly to the ADF, applying the
thin regions method in the corner region of the assembly.

Specifically, we decided to recover the corner flux on the
square area at the top of the water gap when the windmill dis-
cretization has been implemented. In the case of DRAGOR-V1
1lvl scheme, for the same reasons highlight for the ADFs, we
recover the corner flux in the corner pin.

Regarding the computation of the GFFs, since an auto-
mated procedure is not yet implemented for the windmill-type
geometry in homogenization module of DRAGONS, the num-
ber of regions to be homogenized need to be defined explicitly.
As already observed by Chambon, it should be highlight that
the Group form factors should be computed in the outer pin
row without including the water gap. For the DRAGOR-VI
1Ivl case, since the water gap is included in the last row of pins,
a volume correction is performed following the pin power re-
construction. Each value in the power map is multiplied for
the correspondent ratio between the homogenization volume
and the reference volume of the pin cell (fuel,cladding and
moderator); in the case of the DRAGOR-V1 1lvl scheme, the
homogenization volume contains the water gap and the ratio
is greater then one.

3. Cross-Section Preparation

The macroscopic cross-section data generated by the lat-
tice calculation with DRAGONS are stored in a MULTICOMPO
data structure to be reprocessed and to generate an input file
for the nodal code PARCS. The GenPMAXS utility[18] is
not able to read a MULTICOMPO data structure as produced by
DRAGONS. A procedure has been developed to transform the
MULTICOMPO object into an HELIOS-like data file, before call-
ing the GenPMAXS utility. The NCR: and D2P: modules of
DONIJONS allow to interpolate the values of the MULTICOMPO,
compute the ADF and reformats the reactor database into an
input file readable by the GENPMAXS utility which in turn
will create a PMAX file, the input file for PARCS simulation.

IV. RESULTS AND ANALYSIS

The discussion of the results will be presented in this
chapter, separately for the lattice and the diffusion calculation.

1. Lattice calculation

To investigate the accuracy of the lattice calculation we
consider the Canbakan validation[7]; the comparison is per-
formed with no leakage approximation. For each type of fuel
assembly, and for each lattice scheme, we first compare the
effective multiplication factor and the reactivity evaluated as:

1 1
Ap:(

- -10° 9
%52 &k, (D5) ©

where k.;¢(S2) and k,r¢(DS5) are the effective multiplication
factors of SERPENT2 and DRAGONS. The results are pre-
sented in Table I. An overall agreement can be observed for
the Canb 2lvi SPH and Vall WM 2Ilvl schemes, with a wider
difference only in the MOX case. For the former, the SPH
equivalence generates a significant degrading for all the con-
figuration. Furthermore, the Canb 1lvl scheme exhibits only
a significative discrepancy for the rodded case, while for the
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Fig. 3. Relative discrepancies in the fission reaction map for the UOX (left) and the UA (right) assembly
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Fig. 4. Relative discrepancies in the fission reaction map in the MOX assembly
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\ UoX \ UA \ MOX |
koo Apsr koo Apr koo Apr

SERPENT2 1.382080 0,924720 1,163170
Canb 2Ivl SPH 1381282 -42 0926385 194 1161150 -150
Canb 2Ivlwjo SPH 1379066 -158 0921427 -386 1.159602 -265
Canb 11vl 1382942 45 0928084 392 1.164670 111
Vall WM 21yl 1380812 -66 0.926436 200 1.160184 -221
DRAGOR-VI Ilvl  1.385929 201  0.920391 -509 1.160870 -170

TABLE L. ks and reactivitiy [ pcm] for the different fuel assembly. Without leakage model.

\ U0oX UA
U235 U238 U235 U238
group  Ar Aa Ar Aa Ar Aa Ar Aa
Canb 2lvl SPH 1 0.1 146 -03 -68.0 | -0.2 -25.8 -0.7  -155.2
2 0.1 58.3 0.1 3.5 -1.6 96.6 -0.7 8.6
tot 72.9 -64.5 70.8 -146.6
Canb 2lvl wjo SPH 1 09 1082 04 88.1 0.7 85.6 0.3 58.0
2 -00 -13.8 -0.1 -4.7 -1.6 96.6 -0.7 8.6
tot 94.4 83.3 83.1 55.5
Canb 1lvl 1 02 -272 -0.7 -155.0 | -0.7 -81.4 -1.2 -270.1
2 0.1 64.2 0.1 3.9 0.4 113.0 0.3 10.2
tot 37.0 -151.2 31.6 -259.9
Vall WM 2Ivl 1 0.1 9.6 0.0 9.2 -0.3 -29.5 -03  -77.8
2 0.1 55.4 0.1 3.2 0.3 92.9 0.2 8.3
tot 65.0 12.4 63.4 -69.5
DRAGOR-VI 1lvl 1 -1.0 -113.0 05 1165 | -0.8 -92.7 0.8 192.8
2 -0.5 -2809 02 13.1 -09 -29248 -0.2 -5.8
tot -393.9 129.6 -385.2 187.0
TABLE II. Absorption Rate accuracy for UOX and UA assembly. Without leakage model.
\ MOX \
U235 U238 Pu239 Pu240 Pu241
group Ar Aa Ar Aa Ar Aa Ar Aa Ar Aa
Canb 2lvl SPH 1 0.09 0.53 -0.13 -2774 -031 -1.04 0.51 67.26 0.29 3523
2 077 3.54 0.61 5.58 1.11 340 -0.09 -29.50 0.25 7.74
tot 4.07 -22.17 2.36 37.76 42.98
Canb 2lvl wjo SPH 1 094 5.47 0.47 99.17 0.30 1.01 135 178.09 041 50.20
2 031 141 017 158 061 185 -046 -15375 -0.07 -2.04
tot 6.88 100.75 2.86 24.35 48.16
Canb 1lvl 1 -0.63 -3.62 -0.79 -164.06 -0.81 -270 -0.09 -11.75 -0.72 -88.58
2 124 5.79 1.03 9.54 1.68 5.18 0.06 20.69 0.46 14.34
tot 2.17 -154.52 2.48 8.94 -74.24
Vall WM 2lvl 1 -048 -2776 0.34 7133  -0.06 -0.20 1.82  240.76 059 7275
2 040 1.85 0.24 2.20 0.75 227 -047 -157.30 -0.13  -4.05
tot -0.92 73.53 2.08 83.45 68.71
DRAGOR-VI 1lvl 1 -230 -13.02 0.89 18840 -790 -24.58 0.20 25.89 1.82  227.53
2 021 0.97 0.90 8.27 1.61 493  -090 -302.38 091 28.52
tot -12.05 196.67 -19.65 -276.49 256.05
TABLE III. Absorption Rate accuracy for MOX. Without leakage model.
DRAGOR-VI 1lvl scheme, we observe the highest difference evaluated as:
in reactivity (more than 500 pcm). Ay = (TDS —Ts 2) . 100 (10)
The second parameter that had been analyzed is the total Ts2
isotopic absorption rate inside the fuel. Only U235 and U238 Aa = (tps — T52) - 10° (11)

are presented for the UOX and UA, while the three principal
isotopes of Pu are also displayed for the MOX fuel. To conduct
the comparison, the total absorption rate of the SERPENT2
calculation has been normalized on the total fission rate of
DRAGONS, so that the relative and absolute differences are

where 7ps and 75, are the integrated absorption rate obtained
with DRAGONS and SERPENT2. The DRAGOR-VI 1l
scheme presents the worst results for all the cases, with the
highest absolute difference that is slightly below 400 pcm for
the UOX case. Different trends can be seen for the others
lattice schemes, depending on the fuel. In the case of fuel
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\ UA-UOX MOX-UOX
FD_B FD_H NO ADF FD_B FD_H NO ADF
kepp — Bp ke Ao keyy  Bp | kg Ap keyy Ap kg Ap
Canb 2Ivl SPH 133621 -348 1.33594 -363 1.33350 -500 | 1.35296 -248 1.35269 -262 1.35266 -264
Canb 2lvi wjo SPH 133381 -482 133354 -498 133108 -637 | 1.35081 -366 1.35054 -380 1.35051 -382
Canb 1lvl 133794 251 133766 -267 133519 -405 | 1.35491 -141 135463 -157 135461 -158
Vall WM 21vi 133600 -360 133572 -375 133324 -515 | 1.35259 -268 1.35232 -283 1.35230 -284
DRAGOR-VI Ilvl 133959 -159 133959 -159 1.33746 -278 | 135736 -8 135717 -19 135717 -I8

TABLEV. k. and reactivitiy [ pcm] for the motif UA-UOX (Reference SERPENT2 k. rr = 1.34245) and MOX-UOX (Reference

SERPENT2: k,;r = 1.35751). B; homogeneous leakage model.

\ UA-UOX MOX-UOX
FD_B FD_H NO ADF FD_B FD_H NO ADF
Crn Ctr Side Crn Ctr  Side Crn Ctr Side Crn Ctr Side Crn Ctr Side Crn Ctr  Side
Canb 2lvl SPH -0.26 253 -0.07 -0.27 332 -0.18 -0.27 10.81 -1.23 | -0.76 446 -008 -0.79 6.66 -050 -0.76 7.78 -0.76
Canb 2lvl wjo SPH -0.21 2.07 -0.07 -021 287 -0.18 -0.21 1041 -1.23|-0.77 449 -0.09 -0.80 6.71 -050 -0.76 7.82 -0.76
Canb 1lvl -0.29 268 -0.06 -030 3.51 -0.17 -031 11.06 -1.23 | -082 474 -008 -0.86 7.02 -050 -0.82 8.13 -0.76
Vall WM 21l -026 242 -0.06 -0.27 325 -0.17 -027 1083 -1.23]|-0.76 449 -0.10 -0.79 6.70 -0.51 -0.76 7.77 -0.76
DRAGOR-VI IlvI  -0.16 3.09 -0.26 -0.15 3.14 -028 -0.14 950 ~-1.19|-0.72 525 -028 -0.76 6.57 -0.51 -0.73 7.41 -0.72

TABLE V. Assembly Power (% difference) for the motif UA-UOX and MOX-UOX. B; homogeneous leakage model. Crn=corner

assembly, Ctr=Center Assembly and Side=Side Assembly

UOX, largest errors are observed for the U238 respect the
U235. In this cases, the SPH equivalence seems to generate a
degradation of the absorption. The best trending is observed
for the Vall WM 2Ivl scheme.

For the fuel MOX, high compensations between the two
energy groups are observed for the Pu240. In the Canb 2Ivl
SPH scheme, the results are quite improved respect the prece-
dent cases.

Finally, the fission reactions map is presented for the three
cases. It is interesting because it allows a primary evaluation
of the GFFs, required for the pin power reconstruction. All
the cases except the DRAGOR-VI 1lvl scheme present the
same general tendencies. The maximum value oscillates from
0.40% for the UOX case to a peak of 0.78% for the UA one.
A similar trend can be observed for all the schemes. The
DRAGOR-V1 1lvl scheme, however, presents vast discrepan-
cies with a maximum absolute peak of 4.39% both for the
UA and the MOX case. For all the options, the root means
square errors are well beyond the other schemes. It should be
observed that the highest differences are located in the outer
pin row, and they may be related to the pin discretization and
the homogenization procedure.

2. Core calculation

The reactor database generated with the lattice calculation
is assessed for two configurations of the colorset 3x3: with
AIC assembly (UA-UOX) and with MOX assembly (MOX-
UOX) at the center of the motif. For all the lattice schemes,
three option will be displayed (FD_B,FD_H,NO ADF) to high-
light the impact of the methodologies implied for the computa-
tion of the ADFs. It should be recalled that the ADF option NO
ADF corresponds to a diffusion calculation with PARCS run
with ADF equal to unity. Only the B; homogeneous model as
leakage approximation for the lattice calculation is presented
in this study. Few remarks are later made to justify this choice.

The PARCS runs were performed with the default solver
(HYBRID).

The results from the diffusion computation are assessed
through the comparison between the reactivity, the assembly
power maps, and the pin power map generated by PARCS
and the values computed with the stochastic calculation with
SERPENT?2. The reactivity is evaluated in the same fashion as
in Eq. (9). Regarding the assembly power and the pin powers,
the results of SERPENT?2 are normalized respect the total
power computed from the PARCS estimate. For the assembly
power, we considered only three representative assemblies
(Corner, Center, and Side), taking advantage of the symmetry
of the problem.

We first investigate the reactivity and the assembly power
presented in Table VIII and IX.

Despite what has been assessed during the lattice evalua-
tion, among the several schemes implemented, the DRAGOR-
V1 1lvl option seems the best alternative for what concern the
reactivity, however with a degraded outcome for the assem-
bly power. An overall general agreement can be observed
for all the other cases, with discrepancies in reactivity en-
closed around 200 pcm and with errors of power limited to
few tenths of percentage for some assembly of the cluster. The
Canb 2Ivl SPH scheme seems overall the best alternative, as a
trade-off between the different results. The implementation of
ADFs gives an improvement in all the schemes under analysis,
with an overall gain in accuracy. The FD_B option seems to
represent the best alternatives with a slight improvement if
compared to the FD_H case.

The results from the pin power reconstruction are then
presented in the figures 5 and 6, and summarized in tables
VI and VII for both configurations.

The pin power map does not agree rigorously with what
has been assessed in the previous analysis. The primary con-
sideration is that the overall best results are achieved with
the FD_H option for the UA cluster and with the FD_B option
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Fig. 5. Pin power error maps for the UA-UOX case (Quarter representation). All the lattice schemes are displayed together with
all the options considered for the ADFs.
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FD_B FD_H NO ADF
max min  rms o max min  rms 0 max min rms )
Canb 2lvl SPH 2,68 -272 057 540 | 171 -333 059 504 | 739 -1358 288 2097
Canb 2lvl wjo SPH 3.05 -2.68 057 574 | 211 -274 053 485 | 749 -1340 277 20.89
Canb 1lvl 267 -294 059 561 | 159 -356 0.63 516 | 7.12 -13.68 294 20.81
Vall WM 2Ivl 276 272 057 547 | 1.80 -327 057 507 | 734 -13.63 288 2097
DRAGOR-VI 1l 338 -699 1.03 1037 | 3.13 -693 1.02 1006 | 7.60 -11.33 2.80 18.94
TABLE VI. Pin Power (% difference) for the colorset UA-UOX. B, homogeneous leakage model.
FD_B FD_H NO ADF
max min  rms é max min rms 5 max min rms é
Canb 2lvl SPH 232 -9.14 218 1146 | 258 -11.03 249 13.61 | 423 -12.04 275 1627
Canb 2lviwjo SPH 228 -9.23 219 11.51 | 249 -11.03 2.51 13.52 | 4.18 -12.06 2.77 16.23
Canb 1lvl 212 -9.58 228 11.70 | 2.52 -11.30 2.62 13.82 | 3.92 -1230 287 1622
Vall WM 21yl 228 -9.16 2.17 1144|260 -11.02 2.50 13.61 | 428 -11.98 2.75 16.26
DRAGOR-VI 1lvI 251 -9.55 222 1206 | 254 -10.56 251 13.10 | 4.17 -11.04 2.69 1521

TABLE VII. Pin Power (% difference) for the colorset MOX-UOX. B; homogeneous leakage model.

for the MOX one. The highest errors are localized mostly at
the interfaces and in the inner zone of the interior assembly,
depending on the configuration. The range of errors does not
deviate significantly between the lattice schemes, with the Vall
WM 2Ivl option presenting the best overall results.

Only the DRAGOR-V1 1lvl scheme displays a peculiar
behavior for the UA-UOX configuration. It can be remarked
from the error power map that large errors are concentrated in
the region surrounding the absorber rods, particularly when
the ADFs are implemented. Besides, the root means square
errors exhibit a greater extent respect the other alternatives.
Bearing in mind the results from the lattice validation, the
homogenized cross-sections and GFFs may be addressed as
a possible source of inaccuracies, since the ADFs can be
correlated to a predominant local effect.

The magnitude of the discrepancies agrees with what has
been assessed by Chambon[9].

A. Leakage Model

We decided to present only the results from the B; ho-
mogeneous leakage approximation. The reason to exclude
an approach without leakage derives from the fact that we
privileged a realistic configuration adaptable for an industrial
application. However, it should be remarked that the absence
of a leakage model may originate better results for some simu-
lations. In particular, we observed that the best results for the
MOX-UOX configuration (rms between 1.10% and 1.70%)
had been reached considering lattice calculations performed
without any leakage model and with the FD_B option for ADF.
This phenomenon should be reconducted to the infinite lattice
approximation employed in the assembly calculation and the
particular case of study chosen for the validation.

For what concern the P; homogeneous model, the re-
sults are shown in the Appendix. We first observed that if
we consider the reactivity and the assembly power errors,
the P; method produces worst result compared to the By ap-
proximations. Furthermore, besides limited combinations of
calculation options, the same assessment can be done for the
pin power discrepancies, with the reconstructed values slightly

degraded respect the B; leakage model. Even if a recent work
strongly supports the use of P; rather than the B; method[19],
for our particular configuration and the methods that we im-
plemented to generate the homogenized parameters, our cal-
culations show a better solution coming from the B; method.
Since we hypothesize that the B; method should be preferred
to the P, we decided to present only the former method.

B. ADF

For all the methods of validation, the implementation
of ADFs provides a clear improvement for all calculation
schemes under analysis. If we consider only the reactivity
and the assembly powers, for all the computations, the FD_B
option should be preferred respect the FD_H one (surface flux
recovered in the smaller outer region). Furthermore, the re-
sults from the pin power map show that the value of the ADFs
strongly affects the reconstruction process, leading to an over-
all improvement of the pin power values. However, the entity
of these ameliorations vary according to the problem.

To highlight the impact of the ADFs, a detailed exam-
ination is conducted through the explicit representations of
the pin power map for the UA-UOX and MOX-UOX config-
urations obtained for the Canb 2lvl SPH scheme with ADF
options FD_B and NO ADF. They are presented in figures 7
and 8 respectively.

For the configuration containing the rodded assembly, the
employment of the ADFs profoundly reduces the error in the
central part of the motif, leaving only marked differences at
the interface between the UA and UOX assemblies. For the
MOX-UOX case instead, this impact is less pronounced, and
it consists mostly in a slight reduction of the discrepancies in
the region of the motif surrounding the central assembly. Fol-
lowing the observations made concerning the leakage model,
we hypothesize that if the environment is taken into account
correctly, a higher effectiveness of ADF should be exhibited.

C. GFF and CDF

In the present study, we are not presenting the case where
both GFF and CDF are set equal to unity, and any calculation
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Fig. 7. Relative discrepancies in the pin power map in the UA-UOX configuration. B; homogeneous model. FD_B (left) and NO
ADF (right) option. Canbakan 2 level scheme with SPH equivalence.
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Fig. 8. Relative discrepancies in the pin power map in the MOX-UOX configuration. B; homogeneous model. FD_B (left) and
NO ADF (right) option. Canbakan 2 level scheme with SPH equivalence.

has been executed considering their implementation separately.
We remarked that regarding the pin power reconstruction, mas-
sive discrepancies over 30% of are observed when CDF and
GFF are not recovered from the lattice calculation. For this
reason, the activation of CDF and GFF is surely recommended
to maintain the accuracy of the reconstruction. It should also
be remarked that in the case of the DRAGOR-VI 1lvl scheme,
a volume correction has been applied following the pin power
reconstruction, to take into account the dilution of the GFF in
the outer row of the assembly due to the inclusion of the water
gap in the pin mesh.

D. Environmental effect

This work represents a preliminary study for the im-
plementation of a calculation scheme between DRAGONS-
PARCS and we did not investigate any improvements respect
the single assembly calculation performed with DRAGONS.
The environmental effect is not taken into account, and it can
be addressed as the primary source of inaccuracies, particu-
larly for the MOX-UOX interface[20]. Several studies have
demonstrated the need for performing corrections to this model
to mitigate the significant discrepancies that arise in case of
heterogeneous configurations[19][21][22][23][24]. The main

suggestion is to maintain the single assembly framework but
to implement a re-homogenization procedure to account for
the spatial and spectral effects of the environment.

V. CONCLUSIONS

A calculation scheme has been implemented between
the lattice code DRAGONS and the nodal code PARCS, and
the pin power reconstruction has been tested. Five lattice
schemes have been studied, and a reactor database containing
the homogenized parameters have been created to perform the
diffusion calculation. The scheme DRAGONS-PARCS has
been examined on a 3x3 cluster, and the results have been
validated with a stochastic calculation using SERPENT2.

The first part has been dedicated on the validation of the
lattice scheme used to generate the homogenized parameters
required for the nodal calculation. These calculations have
been performed on a single assembly in infinite lattice approx-
imation considering different leakage models. A comparison
of the lattice schemes currently adopted by EPM and IRSN
was shown, and a preliminary investigation of the sources of
discrepancies have been conducted respect to a Monte Carlo
reference.

The second part of the work has been focused on the val-
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idation of the diffusion calculation performed with PARCS
and the analysis of the influence of the leakage model and
the methodology to compute ADF on the nodal solution and
the pin power reconstruction process. The diffusion calcula-
tions have been executed on a simplified core configuration to
treat issues where the environmental effects are particularly
enhanced. Some limitations of the implemented model derive
from the infinite-medium approximation used to perform the
lattice calculation.

A net impact of the use of ADF has been observed con-
cerning the assembly power map and the reactivity. Further-
more, the positive influence of the ADFs has been assessed
for the reconstruction process. The magnitude of the improve-
ment vary for each particular case, as shown in the comparison
between the UA-UOX and the MOX-UOX cluster configura-
tions.

Regarding the leakage model, the P; approximation has
shown slightly worst result than the B; option, and the latter is
recommended. Even if it may presents better results in some
particular case, the calculation without leakage model has not
been considered due to its applicability in a practical reactor.

In conclusion, the Canbakan 2 level scheme with SPH
using the FD_B option seems the overall best alternative to
generating proper reactor database for nodal diffusion calcula-
tions. On the other side, the DRAGOR-V1 1lvl scheme does
not present sufficient accuracy to be adopted in combination
with this core calculation method.

The result of this work is consistent with what has been
observed in several previous studies. This is a preliminary
investigation and important test for the implementation of an
efficient calculation scheme between DRAGONS and PARCS.
The primary sources of error have been analyzed and will be
addressed for future improvements of the model.
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APPENDIX

The tables containing the results of the implementation
of the P; homogeneous model are presented hereafter.
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\ UA-UOX MOX-UOX
FD_B FD_H NO ADF FD_B FD_H NO ADF
kepp — Bp ke Ao keyy  Bp | kg Ap keyy Ap kg Ap
Canb 2Ivl SPH 133600 -360 1.33573 -375 1.33327 -513 | 1.35282 -255 1.35256 -270 1.35253 -271
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Vall WM 21vi 133578 -372 133550 -388 133300 -528 | 1.35245 -275 135219 -290 1.35217 -291
DRAGOR-VI Ilvl 133937 -171 133937 -172 133722 -291 | 135723 -15 135704 -26 135705 -25

TABLE VIIL k., and reactivitiy [pcm] for the motif UA-UOX (Reference SERPENT2 k. = 1.34245) and MOX-UOX
(Reference ERPENT?2: k,;r = 1.35751). P; homogeneous leakage model.

\ UA-UOX MOX-UOX
FD_B FD_H NO ADF FD_B FD_H NO ADF
Crn Ctr Side Crn Ctr  Side Crn Ctr Side Crn Ctr Side Crn Ctr Side Crn Ctr  Side
Canb 2lvl SPH -0.38 286 0.01 -039 3.67 -0.10 -040 1122 -1.15]-083 4.65 -005 -0.87 6.85 -046 -0.83 7.96 -0.72
Canb 2lvl wjo SPH  -0.33 240 0.02 -033 321 -0.09 -034 1081 -1.15|-0.84 4.69 -0.05 -0.87 6.89 -046 -0.84 801 -0.72
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DRAGOR-VI IlvIi  -029 344 -0.17 -028 349 -0.19 -027 990 -1.10 |-0.80 544 -024 -0.84 6.77 -047 -080 7.61 -0.68

TABLE IX. Assembly Power (% difference) for the motif UA-UOX and MOX-UOX. P; homogeneous leakage model. Crn=corner
ssembly, Ctr=Center Assembly and Side=Side Assembly

FD_B FD_H NO ADF
max min  rms 5 max min  rms 4 max min rms 4

Canb 2lvl SPH 228 -321 0.62 549 | 133 -365 065 497|696 -14.04 295 20.99

Canb 2lvlwjo SPH 2.65 -3.18 0.59 583 | 1.73 -3.04 056 476 | 7.05 -13.85 2.83 20.90

Canb 1lvl 227 -344 066 571 | 144 -383 0.72 533|671 -14.15 3.01 20.86

Vall WM 21l 237 -321 061 558 | 142 -3.59 0.64 5.00 | 691 -14.07 295 20.99

DRAGOR-VI 1lvl 297 -7.32 1.06 1028 | 270 -7.26 1.05 995 | 7.15 -11.70 2.86 18.85

TABLE X. Pin Power (% difference) for the colorset UA-UOX. P; homogeneous leakage model.
FD_B FD_H NO ADF
max min  rms o max min rms 5 max min rms o

Canb 2lvl SPH 217 -935 225 1152|255 -11.25 256 13.80 | 405 -12.25 2.81 16.29
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TABLE XI. Pin Power (% difference) for the colorset MOX-UOX. P; homogeneous leakage model.
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