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SYNTHESE :

Au cours des 20 dernières années, EDF a développé une famille de logiciels de
thermohydraulique industrielle pour résoudre les problèmes rencontrés dans les
centrales nucléaires REP existantes et pour concevoir les nouveaux réacteurs à venir.
Les équations utilisées dans le modèle sont les équations de Navier-Stokes et
d'énergie. Cette note donne une brève description des quatre codes principaux
développés pour des écoulements en simple phase et en double phase eau-vapeur, dont
certains emploient des méthodes de différences finies et de volumes finis, tandis que
d'autres utilisent des méthodes d'éléments finis. Un exemple d'application est donné
pour chaque code.



EXECUTIVE SUMMARY :

Over the last 20 years, EDF has developed a family of 2D and 3D industrial
thermohydraulics software to solve problems encountered in existing PWR power
plants and to design new reactors for the future. The equations used in the models are
the averaged Navier-Stokes and energy equations. A brief description is given of the
four main codes developed for single-phase and two-phase water-steam flows, some of
which use finite differences or finite volumes methods, while others make use of finite
elements methods. An example of application is given for each code.
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FINE NUMERICAL MODELLING OF THERMOHYDRAULIC PHENOMENA IN
EDFPWRREACTORS

Current developments and future prospects

F. BOULOT
Electricité de France

Research and Development Division
6, quai Watier - BP 49 - 78401 CHATOU Cedex

INTRODUCTION

The French nuclear power programme, based essentially on pressurized water reactors
(PWR), was launched some twenty years ago. Today, around fifty PWR power plants are in
operation and several more N4 type plants are under construction. Moreover, EDF is
working together with Framatome and Siemens on the design of a new reactor called the
European Pressurized Reactor (EPR).

In order to operate these power plants effectively, studies must be performed to improve
availability (by solving the technical problems encountered), to reduce operating costs and
enhance safety. In the field of thermohydraulics, the aim of these studies is to understand
flows. An overall description is useful for the study of normal or abnormal power plant
operation and can be provided by means of one-dimensional calculation codes. Such codes
are already in widespread use and will not be mentioned further in this paper. Instead, we
will concentrate on the more difficult aspect, namely the fine description of flows, by means
of which we can gain a detailed knowledge (generally three-dimensional) of the fields of
velocity, pressure and temperature. These quantities are particularly necessary for the
evaluation of heat transfers and for the calculation of thermal and mechanical loads on
structures.

Over the last twenty years, EDF has devoted considerable resources to the development of
2D and 3D thermohydraulic calculation codes, culminating in the production of an industrial
software family. When destined for use in the field of nuclear power, these codes must be
developed and maintained under a system of Quality Assurance. Moreover, to work as
effective industrial tools, they must, despite their complexity, be user-friendly, with simple
procedures for data entry and output of results.



These codes will be presented in this paper. We will first look at single-phase flows, then
the two-phase water-steam flows encountered in steam generators and in other reactor
zones during certain types of incident.

MODELLING OF SINGLE-PHASE FLOWS

Physical phenomena

Most cases to be considered concern turbulent, high-velocity flows in cavities or pipes.
Here, the purpose of the study may be to determine precisely the field of velocity in order to
assess the-vibration risks of thin structures subjected to this flow (instrumentation tubes for
example) or the fields of temperature or concentration of a chemical species dissolved in the
fluid (boric acid for example).

Secondary, low-velocity flows or thermal stratifications may occur in certain zones outside
the main flow. They must be predicted and taken into account in the mechanical design
sizing of structures.

Mathematical modelling

The engineer is interested solely in averaged quantities (as regards turbulence). The
equations describing these quantities are the energy and Reynolds equations. These
equations reveal so-called Reynolds stresses which are conventionally modelled using the
turbulent viscosity model k - e [1] whose field of validity has now been clearly identified.
Other developments are currently under way to handle cases outside this field, using the
Reynolds stress transport equations.

The ESTET code

A structured, finite differences and finite volumes meshing is used. It is rectilinear or
curvilinear along one direction in space (pipes).

Numerical resolution is performed by a fractional step method which solves each operator
using a method adapted to its physical signification : characteristics method for convection,
separate operators method for diffusion, conjugate residual or Gauss-Seidel over-relaxation
method for the pressure-continuity stage.

The chosen numerical methods optimize memory load and computational time.

ESTET, written in Fortran 77, is a multi-computer compatible software package. Scalar and
vectorized versions are available. ESTET uses CEZANNE as pre-processor, interactive
graphic software for the design of 3D meshes. CEZANNE has a simple surface modeller to
describe solid surfaces.



By breaking down solid boundaries into planes, cylinders and cones, CEZANNE allows the
operator to position the mesh planes or cylinders and to sculpture incomplete border cells.
Walls not parallel to the axis of the mesh can be represented by pyramidal, tetrahedric or
prismatic facets and their complements.

The PABLO post-processor, an interactive 3D graphic program, is designed for the analysis
and visualization of ESTET code results. It permits plane by plane or solid enclosure
visualization of : vector fields with possibility of colour coding, scalar fields, iso-lines or iso-
values and flow stream lines. Additionally, PABLO provides tracing of particles "injected"
into the flow and animation of scalar on vector fields by scanning in one direction.

The ESTET software has been used in numerous studies of nuclear reactors and other
installations. One of the latest applications concerned the study of thermal stratifications
which had caused mechanical damage in primary coolant circuit pipes (2). The results
produced by the program were compared with measurements made on a model representing
the situation in the reactor for different Froude numbers. A close match between the mean
quantities was observed, but larger differences appeared for the quantity fluctuations.

As an illustration, figure (1) gives the predicted and measured vertical temperature profiles
for different stratification conditions in two different pipe sections.

The N3S program

Structured meshes cannot be used effectively to represent complex geometries. Though
more complex and hence more costly to apply, finite elements methods are useful in these
cases. For this reason, EDF has developed the N3S code. It uses a 2D or 3D finite elements
method (6 possible types) to solve the above-mentioned equations.

Time discretization is performed by splitting the operators at first or second order in time.
The advection step is solved by a characteristic algorithm introducing a natural upwinding.
Finite element space discretization is used for the diffusion and propagation steps. The
resulting generalized Stokes problem is solved using a preconditioned Uzawa algorithm.
Linear systems are solved by sophisticated conjugate gradient algorithm with sparse matrix
storage minimizing computational time and memory load.

An advanced processing of turbulence with algebraic mixing length or two equation k-
epsilon models is available for both 2D and 3D problems. It is coupled with wall boundary
conditions on velocity and temperature to simulate boundary layers.

Great care was taken to base N3S on robust and, at the same time, computationally efficient
numerical methods :

- the Finite Elements method was chosen for its flexibility and the comparatively small
number of computation points as well as for the mathematical exactness and natural
incorporation of boundary conditions offered by its formulation.

- state-of-the-art algorithms are used which take advantage of new architectural features of
supercomputers (vectorization and parallelism).



The most recent, ongoing application of the N3S code concerns mixtures inside a 900 MW
reactor vessel. These mixtures are particularly important for studying the evolution of
hypotheticaJ reactivity accidents, where the spatial distribution of boric acid concentration in
the primary reactor coolant is a key parameter.

Computation concerned the downcomer and the bottom of the vessel. Both these zones
were meshed with 130,000 elements. The results presented here (fig 2) concern natural
convection flows created by the residual power of the core.

TWO-PE[ASE FLOW MODELS

Two-phase water-steam flows occur under normal PWR operating conditions, particularly
inside the steam generator and in the secondary coolant circuit. When an incident or an
accident occurs, water in liquid and gaseous phases may appear in a wide variety of zones,
including the core itself.

Two codes have been developed by EDF to model these two-phase flows. The first, Astrid,
concerns flows in cavities free of obstacles while the second, THYC, deals with flows in
zones with large numbers of internal structures (tube bundles in particular) immersed in the
flow.

The Astrid program

The basic model, called the 6-equation model, is formed by the equations of conservation of
mass, momentum and energy of each phase. The equations are written in three-dimensional,
unsteady and Eulerian form. The model assumes that there is a single pressure field for the
two phases and can be used to calculate the volumetric fraction of one phase and to
determine the pressure, velocities and energies (temperature or enthalpy) of both phases
over the entire domain.

Six additional scalar quantity transport-diffusion equations are available. The diffusion
phenomena in each phase are modelled by scalar coefficients which can be calculated by
algebraic relations or by two additional equations (k - s model applicable to one of the
phases). The laws of transfer at the interface introduce a dissymmetry between the two
phases : one is assumed to be continuous and the other dispersed within the first.

The Astrid code, currently under development, uses the general structure developed for the
ESTET code and the same numerical methods (31.

Each version is validated for a series of numerical and physical tests. Version 1.0 is now
available.

One of the tests concerns a rising, bubbly, turbulent flow in a vertical pipe with a sudden
widening.



Figure (3) presents the calculated fields of velocity and void fraction and compares
predicted and measured results by transverse profiles of axial velocity, void fraction and
turbulent energy. There appears to be a good match, though the large-accumulation of
bubbles along the wall is not found in the experimental results. This can be explained by the
validity of the k - s turbulence model in this zone.

The THYCcode

This code is used to describe flows in fields containing a large number of obstacles such as
fuel rods, mixing grid for the core, steam generator exchange tubes.

The approach adopted is that of porous media, with the presence of obstacles homogenized
in the fluid. The model has 4 equations (41.

The numerical method is implicit in the time discretization and uses a conservative finite
volumes approach with staggered meshes.

Three industrial versions of this software are now available, each for a specific application :
core, steam generator and condenser.

The steam generator version, Thyc-GV, has been used to calculate flow and temperature
fields in the steam generator of a 1300 MW reactor, for which we already have
measurement results. Fig (4) presents the results obtained.

C O X X C L U S I O N

The Research and Development Division of EDF has been developing software in fluid
dynamics for more than twenty years, for the purpose of mechanical engineering, civil
engineering studies, environmental concerns applied to the nuclear industry. This long-term
line of research and development has now resulted in general-purpose software, designed
for a large area of practical problems, in relation with fluid circulation and heat transfer
inside any kind of geometry. Due to the needs of EDF to respect the requirements of safety
regulations, this software family is thoroughly validated, each new release being submitted
to a series of test cases covering most of the application domain. As a result of a strategy to
meet the market of commercial software and to establish as many links as possible with
other industries, laboratories and R & D institutes, these codes are now available and more
and more widely distributed.
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