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OVERVIEW

OF THE NURESAFE
EUROPEAN PROJECT

Since some years, there is a worldwide trend to move fowards “higher-
fidelity” simulation techniques in reactor analysis. The main objectives of
the research in this area are to develop more predictive physical models
and implement the dynamic 3D coupling of the codes simulating the
different physics of the problem into a common multi-physic simulation

scheme.

In this context, the NURESIM roadmap (2006-2015) aimed at delivering to

the European stakeholders an advanced and reliable software capacity

usable for safety analysis needs of LWR reactors including uncertainty

assessment fo quantify the margins foward feared phenomena occurring

during an accident. This software capacity is the NURESIM European
simulafion platform. It includes fully integrated advanced core physics,
two-phase thermal-hydraulics, fuel modeling and multi-scale and multi-
physics features together with sensitivity and uncertainty tools.

THE NURESAFE OBJECTIVES

Numerical simulation tools used for
the design and safety evaluation of
nuclear power plants (NPP) are under
continuous development, improve-
ment and validation. In this field, a key
challenge is the development and
consolidation of integrated simula-
tion platforms to support safety anal-
ysis and future fission reactor designs.
These simulation platforms must inte-
grate the dynamic 3D coupling of the
codes simulating the different phys-
ics of reactor problems infto a com-
mon multi-physic simulation scheme
in order to enhance the prediction
capability of the computations used
for safety demonstration of the cur-
rent light water reactors (LWR) nuclear
power plants and the design of inno-
vative LWR.

In this context, the NURESAFE Euro-
pean project had two major objec-
tives:

e to deliver to European stakehold-
ers a reliable and predictive up-to-
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date soffware platform usable for
safety analysis needs for LWR and
tfo further improve the “safety cul-
ture” by developing a high level of
expertise in the proper use of the
most recent and most advanced
simulation tools; this software ca-
pacity is the NURESIM (Nuclear Re-
actor SIMulation) European refer-
ence simulation platform.

to create a community that brings
together the European key-play-
ers, to promote the use of an ad-
vanced scientific basis among this
community and engage it in ad-
vanced and predictive simulation
for LWR.

The NURESIM software platform of-
fers:

* higher fidelity methods as for ex-
ample pin-by-pin resolution rather
than nodal methods and innova-
tive computational fluid dynamics

e an integrated multi-physics envi-
ronment enabled by the SALOME
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VISION DE CONJUNTO SOBRE EL
PROYECTO EUROPEO NURESAFE

Desde hace unos anos, hay una
tendencia internacional al uso de
herramientas de simulacion de
“mds alta fidelidad”. Los principales
objetivos de la investigacién en
esa drea son el desarrollo de
modelos fisicos mds predictivos y la
implementacién de acoplamientos
3D de los codigos, simulando las
diferentes fisicas del problema en
un esquema comun de simulacién
multi-fisica.

En ese contexto, el plan de ruta de
NURESIM (2006-2015) se enfocd a
desarrollar para los stakeholders
europeos unas herramientas
avanzadas y fiables que fuesen
adecuadas para cubrir las
necesidades de los andlisis de
seguridad de los reactores LWR,
incluyendo la cuantificacién de
los mdrgenes de seguridad para
fendmenos que se desarrollan en
condiciones accidentales. Ese
conjunto de herramientas es la
plataforma europea de simulacién
NURESIM. Incluye fisica de nucleo
avanzada fotalmente integrada,
termo-hidrdulica bifdsica, simulacién
del combustible y capacidades
de multiescala y multifisica junto
con herramientas para andlisis de
sensibilidad e incertidumbre.




open-source software (http://www.
salome-platform.org/). SALOME pro-
vides a generic user-friendly infer-
face and is designed fo facilitate
the coupling of computing codes in
a heterogeneous distributed envi-
ronment as well as to facilitate inter-
operation between CAD modeling
and codes.

* a toolbox for uncertainty quantifi-
cation, sensitivity analysis and mod-
el calibration: the URANIE open-
source software (http://sourceforge.
net/projects/uranie/).

The NURESIM software platform was
developed from 2006 to 2015 by 22
European organizations. It incorpo-
rates from now the latest advances in
core physics, fwo-phase thermal-hy-
draulics and fuel modeling for present
and future reactors together with, sen-
sitivity and uncertainty tools as well as
multi-scale and multi-physics features.
It provides tools parallel of those of in-
dustry, with higher fidelity. These tools
are usable for simulation of design ba-
sis accidents of LWRs as well as normal
operation

The different physics of the NURES-
IM platform were validated and fully
infegrated into the platform using SA-
LOME, in order to provide a standard-
ized state-of-the-art code system to
support safety analysis of current and
evolving LWRs.

IMPLEMENTATION STRATEGY:
A “SITUATION TARGET” DRIVEN
APPROACH

In order to enhance the computa-
tional capacities to predict safety-rel-
evant parameters with more accu-
racy and more reliability, predictive
physical models, efficient solvers and
codes and coupling capacities are
needed. To achieve the NURESIM
objectives and to demonstrate the
predictive capability of the software
platform, NURESAFE focused on some
challenging reactor situations named
“Situation Targets”. As safety analysis
is the main issue within the project, all
these situation targets consist in some
accidental scenarios. The challenging
“Situation Targets” have been select-
ed according to the required cou-
pling between two or three different
disciplines.

The following Situation Targets
have been selected. They have been
grouped into five categories:

1) Advanced boron dilution modeling.

2) PWR main stfeam line break (MSLB).
* PWR application
* VVER application

3)Boiling water reactor anticipated
transient without scram (BWR ATWS).

4)Lost of coolant accident (LOCA) in

PWR.

* Modeling of LOCA.

* Pressurized Thermal Shock (PTS)
5)BWR thermal-hydraulics scenarios,

particularly behavior of the pressure

suppression pool in accidental con-
ditions.

The NURESIM platform addresses
these Situation Targets through pre-
dictive simulations including validation
and uncertainty quantification. There-
fore, NURESIM allows the reduction
in uncertainty of design margins and
facilitates optimization of fuel man-
agement, power uprate and lifetime
extension for current reactors and fa-
cilitates the infroduction of new re-
actor designs with enhanced perfor-
mance characteristics.

VALIDATION OF THE NURESIM
PLATFORM

NURESAFE carried out an extensive
validation program in order to ensure
its predictive capacity when running
reactor accidental transients and to
quantify biases and uncertainties.
This validation program included four
components:

e Critical experiments,

* Numerical validation using Mon-
te-Carlo reference solutions for cell
or lattice,

e Thermal-hydraulics experiments at
the different time and space scales
considered in the platform,

e Operating power plant measure-
ments.

Each Situation Target included a
specific sensitivity and uncertainty
analysis correlated to the validatfion
task. In order fo avoid duplication, the
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NEA and IAEA databanks were used
fo confribute to the validation.

The completion of the four compo-
nents demonstrated the reliability of
the NURESIM software platform and
the accuracy of the core simulation
capability that can be used by the
nuclear industry.

THE NURESIM ROADMAP

The roadmap of the NURESIM sim-
ulation platform is part of a global
trend to move towards “higher-fidel-
ity" simulation fechniques in reactor
analysis. The work under this roadm-
ap was carried out through three
successive projects as shown in Fig-
ure 1. The first project, NURESIM, es-
tablished the basic architecture of
the platform and resulted in a first
profotype of a truly infegrated mul-
ti-physics simulation environment.
The NURISP project was conceived
as a consolidation of the platform
together with an extension of the
simulation capabilities towards
higher-resolution both in space and
time. The NURESAFE project showed
the extended capabilities of the
platform, demonstrated the readi-
ness of the tool for Industrial safety
applications and established the
platform as a reference European
tool.

THE NURESAFE CONSORTIUM

The NURESAFE partnership brought
together the majority of European
organizations (22 partners) with suit-
able skills in order to develop novel
modeling capabilities and an ad-
vanced integrated software plat-
form usable for predictive simulation
of light water reactors. This consorfi-
um connected nuclear fechnology
and fundamental research through
the partnership gathering utilities,
industry, technical support organiza-
tions (TSO), universities and research
institutes. The project management
ensured the tight collaboration
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Figure 1. The NURESIM roadmap.
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among the partners. Thus, the con-
sortium has the capability to share
complementary expertise in order to
implement an interdisciplinary com-
petence and to develop solutions ap-
plicable to industry challenges.

THE NURESAFE SUB-PROJECTS

The objective of the NURESAFE project
was achieved through 4 sub-projects
devoted to software development
and validation. These sub-projects
were designed fo ensure that the NU-
RESIM platform has all necessary phys-
ical models, multi-physics capacities
and functional features necessary to
accurately simulate reactor fransients
or normal operation.

1) Multiphysics applications involving
core physics

2)Multiscale analysis of core ther-
mo-hydraulics

3)Multiscale and multi-physics appli-
cations of thermal-hydraulics

4)Software platform.

In addition, a comprehensive edu-
cation and tfraining program was con-
ducted within NURESAFE in order to
enable participants from the differ-
ent NURESAFE partners to share mod-
els, modules and methods in order to
catalyze their engagement including
students, postdoctoral associates, and
partner scientist staff.

Sub-project 1 (Multiphysics
applications involving core
physics)

The objective of this sub-project was
to enhance the prediction capabili-
ty of the computations used for safe-
ty demonstration of the current LWR
nuclear power plants through the
dynamic 3D coupling of the codes
simulafing the different physics of the
problem into a common multi-physics
simulation scheme. Within this sub-pro-
ject, three physics were considered:
core physics, thermal-hydraulics and
fuel thermo-mechanics.

Individual models, solvers, codes
and coupled applications, were run
and validated through modelling
some Situation Targets: MSLB and one
selected BWR anticipated transient
without scram (a turbine trip scenar-
io). Industry-like applications were re-
leased af the end of the project:
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Sub-project 2 (Multiscale analysis
of core thermo-hydraulics)

The objective of this sub-project
was to advance the fundamental
knowledge and develop new mod-
els based on detailed Direct Numer-
ical Simulation (DNS) for momentum
exchange and boiling heat transfer
issues present in thermal hydraulics
of Light-Water Reactors (LWRs). New
benchmark data bases for fundamen-
tal and applied problems were devel-
oped. This sub-project included four
work-packages.

A first work-package has been tai-
lored fo extend the existing compu-
tational multiphase flow strategies to
cope with a wider range of practical
applications.

The second work-package was
devoted the development of novel
methods for pool and convective boil-
ing in a channel.

Within the third work-package,
advanced strategies for modelling
turbulent bubbly flow in a channel
and in a rod bundle were analyz-
ed. Novel ideas were explored and
others further refined as fo combin-
ing large-scale and small-scale pre-
diction techniques that should in the
medium ferm replace state-of-the-
art methods that are limited to one
flow regime. These novel techniques
are applicable to more complex
core-level thermal-hydraulics situa-
tions involving boiling.

In the last work-package, the nov-
el models and simulation techniques
have been implemented in the
CFD platform codes NEPTUNE_CFD,
TransAT and TRIO_U, validated and
delivered to end-users, including most
advanced numerical simulation fea-
tures and the associated modelling

approaches for the physics pertinent
to both PWR and BWR.

Sub-project 3 (multiscale and
multi-physics applications of
Thermal-hydraulics)

The objectives of the SP3 were to de-
velop multi-scale and multi-physics
simulations of LOCAs, PTS and BWR
thermal-hydraulics for more accu-
rate and more reliable safety anal-
ysis.

LOCA is usually simulated with
industrial versions of thermal-hy-
draulics system codes such as CA-
THARE-2 and ATHLET. Although sys-
tem codes are able to answer most
safety needs, the status and limits of
current methods and tools for plant
analysis was reviewed during the
NURISP project and areas for im-
provements have been pointed out.

Concerning LOCA, this sub-pro-
ject aimed at developing advanced
tools and methods for a multi-scale
and mulfi-physics analysis and simu-
lation of LOCAs including situations
with deformed or ballooned rods
and possible fuel relocation. Such
transients are currently treated by
system thermal-hydraulic codes.
The addition of two-phase CFD tools
and of advanced fuel models al-
lowed revisiting these transients for
more accurate and reliable predic-
tions. Geometrical effects of bal-
looned rods were better understood
at CFD scale; This required improving
and coupling CFD to system codes
or improving system codes and sys-
tem codes coupled with fuel ther-
mo-mechanics codes.

Furthermore, methods of uncer-
tainty and sensitivity analysis applied
fo system codes must be improved,
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Figure 2. Architecture of the NURESIM platform.



and in this framework, a special focus
was put on the issue of the quantifica-
tion of the uncertainties of the closure
laws. This work was based on a bench-
marking of the possible methods using
reflooding experimental data (FEBA
and PERICLES).

PTS: The objectives were to progress
in the simulation of PTS scenarios by
improving CFD modelling with anal-
ysis of new experimental data (in-
cluding TOPFLOW steam-water tests
and KAERI CCSF test). In this contfext,
2-phase PTS phenomenology was
clearly identified and addressed in
the modelling; In addition, sensifiv-
ity and uncertainty methods were
applied to CFD codes and synthe-
sis on validation and uncertainty of
CFD application to reactor issues was
done.

BWR: The objectives were to pro-
gress in the simulation of two-phase
thermal-hydraulics issues in BWR. This
includes Dry-out prediction, transient
core thermal-hydraulics and steam
injection in pressure suppression pool.
CFD codes, and sub-channel codes
were used, improved and validated
during the project. Pertinent phe-
nomena leading to dry-out were bet-
ter identified at CFD scale. Effects
controlling condensation regimes in
pressure suppression pool were ana-
lyzed.

Sub-project 4 (software platform)
The NURESIM platform is a set of codes
at the state of the art, connected to
the SALOME software which gives ge-
neric capabilities for pre and post pro-
cessing, supervision and coupling (Fig-
ure 2). The objective of this sub-project
was to provide a support to develop-
ers for integration of the codes info
the SALOME software and to produce
and manage the successive versions
of the NURESIM platform on a dedicat-
ed repository.

THE NURESIM SOFTWARE
PLATFORM
Overview of the platform

The NURESIM software platform com-
prises predictive computer tools
based on state-of-the-art physical
models and numerical methods, sup-
plemented by uncertainty quantifi-
cation and validation against exper-
imental data. This platform currently
hosts a new generation of experi-
mentally validated “best estimate”
simulatfion tools. It provides an ac-
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The NURESIM platform, at the end of the NURESAFE project (January 2016).

curate representation of the physi-
cal phenomena by promoting and
incorporating the latest advances in
reactor and core physics, two-phase
thermal-hydraulics. It has also fea-
tures enabling easy coupling of some
different codes through the use of a
common data structure and generic
functions as well as pre-processing
and post-processing functions that

make the codes more user-friendly.
These features are provided by the
SALOME open-source software

The codes currently integrated
info the platform are indicated Fig-
ure 3.

Neutronics simulation can be per-
formed for 2D lattices, 2D and 3D
core configurations for light water
reactors at nodal scale or pin-by-
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pin. The NURESIM core simulators are
connected to a cross-sections gener-
ator that provides specific cross-sec-
tions for the core and transient con-
sidered.

The SALOME framework

The NURESIM platform is based up-
on the SALOME. It is an open-source
project, (http://salome-platform.org),
which implements the interoperabil-
ity between a CAD modeler, mesh-
ing algorithms, visualization modules
and computing codes and solvers.
It mutualizes a pool of generic and
user-friendly tools for pre-processing,
post-processing and code coupling.
SALOME facilitates coupling between
codes in a heterogeneous environ-
ment and promote the use of soft-
ware standards. Therefore SALOME
Conftributes to reduce the costs and
facilitates sharing models and soft-
ware.

The SALOME supervision mod-
ule (YACS, Figure 4) provides func-
tionalities for code integration, dy-
namic loading and execution of
components on remote distributed
computing systems, and supervision
of the calculation.

The computing codes are
wrapped into a C++ class which pro-
vides a coupling interface, and after-
ward they are infegrated in SALOME
platform as CORBA components (the
CORBA layer being automatically
generated by the platform integration
module). This integration technique
has the advantage of not requiring
an access fo the source of the cou-
pled codes. Also it provides an ex-
plicit interface to the codes, which
enables the coupling in an external
coupling scheme, in our case a py-
thon script or a graph. This scheme is
not implicit and embedded inside the
source of the codes being coupled,
thus it is clearer, and the debugging is
much easier.

The data exchange is facilitated by
the adoption of a common format for
numerical meshes and fields (the MED
library, an open standard provided
by SALOME platform). This feature is
of high importance as it is the basic
support for all the coupling schemes
that can be implemented between
different codes once they are inte-
grated as SALOME components. The
MED library also provides a complete
set of inferpolation algorithms, which
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has proven to be very useful when
codes rely on different meshes.

The URANIE toolbox for

uncertainty analysis and code

calibration

Of particular importance to all simu-

lation areas is the development of a

capacity to:

e quanftify the uncertainty in the
evaluations,

* perform sensitivity studies

e calibrate parameters of physical
models.

These tasks were an important part
of NURESAFE work-program. URANIE
is an open-source software based on
the CERN ROOQOT toolbox.

URANIE includes also:

e the capability to a build surrogate
models of codes

* a simple mechanism for interfacing
codes and perform studies

e a C++/python interface to facilitate
the implementation of new algo-
rithms developed by different labo-
rafories

e HPC capabilities

Prospects

The NURESIM platform provides a sim-
ulation capacity of light water re-
actor design basis accidents. Com-
pared to methods used by industry,
the platform offers higher fidelity
physics and coupling functionalities.
This results in a better knowledge
of conservatisms and margins. The
scope of NURESIM is not limited to
the Situation Targets analyzed within
the project but it covers the range
of design basis accidents and it will
be able to quantitatively assess sev-
eral safety relevant features like for
instance:

- Boiling crisis,
- Negative or posifive void coeffi-
cient,

- Maximum power of a fuel rod or
pellet,

- Low flow in some reactor channels,
- Absorber rods effectiveness,
- Reactivity injection accident

In addition, the more accurate
tools delivered by NURESAFE will help
optimization of the new reactor de-

signs while supporting compliance
with safety related criteria and the
platform has now a larger scope
covering innovative design features
like, for instance, highly heterogene-
ous cores or passive safety systems.

The NURESAFE partners (TSOs, in-
dustry, research institutes or univer-
sities) had the opportunity, within
the project, to use directly the NU-
RESIM platform, either directly or
through the work made by oth-
er partners. Thus, they were able
to compare their own codes and
methods to those of the NURESIM
platform. These actions resulted in
a better knowledge of the strengths
and weaknesses of the various in-
dustrial codes in use in different or-
ganizations. The advanced models
and methods developed within the
NURESIM roadmayp are and will be
available in the future for all part-
ners which can pick-up and re-use
them in their own codes. In this way,
progresses made in the framework
of the project can spread easily in a
larger framework and it will reinforce
the reliability of simulation fools used
by the European Nuclear Industry.

The NURESIM platform became
the tool fo realize, share, compare
and judge the latest advances in
methods, models and codes. It
will encourage collaborative work
on methods beyond the state-of-
the-art. As an important effort of
integration of software into the SA-
LOME platform was made during
the project, most of the NURESIM
software use standardized tools for
pre and post-processing, and cou-
pling capacities so that the generic
tools can be mutualized and the
interoperability and comparison be-
tween codes becomes easier. In this
way, both regulators and industry
will have from now the possibility to
benefit from all the generic platform
features, even if they use different
software.

Thus this standardized environ-
ment offered by the platform and
the interoperability of codes fa-
cilitates the development of this
collaborative work. Further to the
NURESAFE project, the platform will
continue to break down the barriers
between disciplines and federate a
team of top international level ex-
perts coming from many European
countries and institutions. &





