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ABSTRACT

A new version of the French thermal-hydraulics safety code CATHARE 2 has been developped. Its is
a fast running version, able to take into account vector and parallel computing. It allows to use the version
as the thermal-hydraulics kernel of the new generation of full scope simulators and of study simulators.

One of the objective is also to provide an advanced Three-dimensional module with a high CPU-time
performance. An effort has been performed to develop a three-step numerical method with a maximum level
of implicitness.

In the fields of thermalhydraulics, new needs have been defined, espescially for containment
calculations. Second order schemes and turbulence models for two-phase flow are under development.

Its last objective is to develop a code easy to couple with large system codes which deals, for example,
with severe accident field. The structure of the new codes developped in the CEA allows to use parallel
computing to manage this coupling.

1. INTRODUCTION

CATHARE (1,2) is the best estimate code, developed by EDF, FRAMATOME and CEA (IPSN and
DRN). It is used for Research and Development, licensing and safety studies by the French nuclear
industry partners. It is also widely used by industry and safety institutes of several foreign countries. It
covers the domain of large breaks, small breaks and operationnal transients.

New fields of investigation have been defined for the CATHARE code:

-1- As it is used for licensing by Electricite de France (EDF) and FRAMATOME, a methodology is under
development, which includes the development of tools for sensitivity studies (3) by the Discret Adjoint
Sensitivity Method (DASM).
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-2- The code will be coupled with larger industrial code systems involving several physical fields
(mechanics, chemistry, neutronics,...), especially in the fields of severe accidents (4).

-3- A new generation of fast running industrial simulators with a best estimate thermal-hydraulics module is
under development. CATHARE will be the thermal-hydraulic kernel of the new EDF SIPA simulators (5)
as, for instance, in the new EDF full-scope simulators. To achieve real time calculation with a best estimate
codes for a very large range of transients, efforts have been made on reducing CPU time by vectorization
and parallel computation (macro-tasking).

-4- CATHARE has to provide an advanced Three-dimensional module with qualified physical models and
with a high CPU-time performance, able to calculate several two-phase flow transients with transportation
of non-condensable gases, covering the physics of pressure vessel and containment.

2. THE CATHARE 2 CODE

Cathare is designed to be able to model simple experimental facilities as well as complex industrial
devices, such as nuclear power plants with all their components ( main circuits, pumps, safety injection
circuits, ...). Therefore, it has a flexible modular structure which allows building a circuit by easily
assembling meshed modules, which are connected together through junctions.

Several modules are available in the present version:
* The one-dimensionnal module with its TEE connections
* The capacity module to describe large two-phase flow volumes where gravity effects are dominant and
which is suitable as multi-connection module.
* The boundary module to describe inlet or outlet boundaries. It includes a safety valve module and a
critical flowrate module which calculates sonic velocities using the method of characteristics.
* The three-dimensionnal module
* The one-dimensionnal pump module (9,10), which takes into account the rotating frame and the Coriolis
forces.

All these modules can be connected:
*with thermal conduction calculations to describe any structure,
*with mechanics to describe the cladding deformation due to the thermal expansion, the elastic stress, the
oxidation kinetics, the production of Hydrogen in the fluid,
*with reflooding module
*and with neutronics.

All these modules are based on a 6-equation 2-fluid model (2 mass equations, 2 energy equations and
2 momentum equations, Appendix 1) with additionnal transport equations for 4 noncondensable gases, and
for boron and activity in each phase.

Since the beginning of the CATHARE development in 1979, a fully implicit scheme (the interphase
exchange, the pressure propagation and the convection terms are totally implicitly evaluated, Appendix 2)
has been used to achieve the largest time step as possible whith no CFL limit. The solution of the non-linear
difference equations is solved by a full Newton iterative method. Each iteration of this method is done in
three steps, using a method of domain decomposition, in order to reduce the final matrix to resolve.

. In the case of a three-dimensional module, a fully implicit method would be highly time consuming due
to the large jacobian matrix solution It was decided to keep an implicit behaviour in developping a quasi-
implicit multi-step method with a high level of impliciteness.

3. THE THREE-DIMENSIONAL MODULE

The objectives of the Three-dimensional are mainly to describe either the pressure vessel of a PWR
during Large Break LOCA and severe accident, or the containment building behaviour or any other
components where 3D-effects are important.
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The equations are discretized using a first order finite difference scheme with staggered spatial mesh and a
donor-cell method.

The scalar variables are evaluated at the center of the cells and the momentum equations on the cell faces.
The number of cell faces is five or six in cylindrical coordinates and six in cartesian coordinates. The data
management and the numerotation of the volume and the faces are not described in (i,j,k) coordinates but
by indirect addresses in order not to be oblige to define the empty parts of the geometry and in a further
approach to plan development of a non- structured meshing.

3-1 Basic version of the 3-D module: discretization of the predictor step.

In the predictor step, the level of implicitness is higher in this module than in other similar codes (11,12).
* In the mass balance (Eq.l), the mass transfer between phases is taken implicitly. The convective terms
are implicitly evaluated when the fluid exits the cell, and explicitly if it enters.
* The non-condensable transport equations (Eq.2) is discretized in the same way as the vapour mass
balance.
* In the energy balance (Eq.3), the heat transfer between phases and between heat structures and fluid are
totally implicitely evaluated. The energy fluxes are implicitly evaluated when the fluid exits the cell, and
explicitly if it enters.
* The momentum equations are projected on the three axis. The discretization is similar for each of the
projection. In the momentum equations (Eq.4,5,6), the closure terms (e.g.the interfacial friction, wall
friction,...) are taken implicitly. The pressure and the velocity component on the same axis as the projection
are implicit. The two other velocity components are explicit.

The resolution is performed in three steps. In the scalar equations, the enthalpies, void fraction, gas
quality are eliminated. In using the momentum equations, simple arithmetic manipulation allows to
eliminate the velocities. It reduces the linear system, leaving only the pressure as unknown. This reduction
leads to a highly sparse Jacobian linear system matrix, with 7 diagonals when using a simple cartesian
mesh for the internal points. Then in adding the boundary equations, the internal points are eliminated, and
the module is able to calculate its contribution to the whole system assemblage matrix.

3-2 Basic version of the 3-D module: discretization of the corrector step.

The corrector step ensures a correct mass and energy balance. In this step, the momentum equations are
not used. The predictor solution is used for the velocities and for the mass and energy transfer terms. All
the other terms, (essentially convective terms) are implicitly evaluated. The scalar equations, mass (Eq.7),
energy (Eq.9), non-condensable transport equations (Eq.8) generate one linear system for each phase.
Since both systems have the same sparse structure as the predictor Jacobian matrix, they can be solved
using the same method.

A last step is necessary to calculate the main variables,(i.e. pressure, partial pressure, liquid or gases
temperatures and void fraction ), in solving a system of four to eight equations (depending on the number
of noncondensable gases).

3-3 Assessment of the basic version of the 3-D module:

Assessment of this module has been started using comparison with simple analytical experiments:

* Tapioca and Marviken experiments simulate the blowdown of a large pressure vessel initiated at high
pressure (up to 13MPa).

* The PERICLES-ID and -2D experiments are used to assess the module in boil-off conditions at high
and low pressure.

* The UPTF experiments are used to assess the module in the condition of the refilling phase after a
double-ended large break LOCA.

* Reflooding experiments in a tested section devoted to the analysis of multidimensionnal effects, as
PERICLES-2D, are also used for the assessment.
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* SULTAN experiment is devoted to qualification of three-dimensional code. It is a boiling experiment
along a plate, which is well instrumented to analyse the void fraction and temperature distributions in the
test-section. This experiment has been simulated with the CATHARE 3D module.

4. INVESTIGATION OF HIGHER ORDER SCHEMES

4-1 Investigation of the Van-Leer methods

For contaiment problems, first order scheme are not appropriate to calculate the propagation of fronts,
especially the propagation of one gas into anothar one. Some numerical schemes, as the Mac-Cormak
schemes, are under investigation. But the objective was, in a first attempt, to supply a second order scheme
for CATHARE, using the well known and simple scheme of Van-Leer. The donnor cell formulation of the
water, vapour and non-condensable gas mass fluxes are replaced by a Van-Leer formulation (16).

For example, for the mass flux, the standard formulation of the donnor cell void fraction can be written
OCg = OC;_i ^ the velocity is positive and OCg

 = OCi ^ * e velocity is negative. With the Van-Leer

( C/OC | Az I OCX ] Az
algorithm, it can be respectively written (X = OC;-i+ — a nd 0Cs

 = OC;+ —

In a first approach, the second order scheme terms are explictely calculated, in order not to increase
the number of diagonals in the pressure matrix.

As for all the second order schemes, numerical oscillations are generated and several conservative flux
limitor are tested (16,17). Comparison are presented on figure 1.

10 15 20 25 30 35

Figure 1 Effect of the order of the scheme on a void fraction front
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4-2 Implementation of mass and energy diffusion terms

In the basic version of the code, no diffusion terms are taken into account in the equations of the three-
dimensionnal module. Numerical diffusion exists due to the staggered mesh and donnor cell method. But in
some physical situations, as in the contaiment, the diffusion of gas and of energy is important to evaluate.
Molecular diffusion have been added in the equations:

Diffusion of one gas in another one: in the non-condensable gas, the term div D;OCgP ^Xi Ms added.

Temperature diffusion: in the energy equation, the term div[^k(Xk V T J f° r phase k.

Diffusion term in the momentum equation: div Ji, (Xk V \xv

A large number of validation tests are performed. As an example, on figure 2, a test of helium stratification
in a reactor contaiment filled in with air is presented. Comparison are made with the three-dimensionnal
code TRIO-VF(18), which is well qualified on such problem.
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Figure 2 Helium concentration at different time
Comparison between CATHARE (CAT) and TRIO-VF (Trio)
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4-2 Implementation of turbulent diffusion terms in the two-phase flow model.

Investigation of turbulence model can benescessary. the equation discribed below are averaged and filters
the turbulent fluctuations. Thus, they discribe the evolution of the main flow variations. The turbulence
model implemented here is based upon the approximation of an eddy viscosity computed with the k-e
model (20). This model is implemented in two-phase flow but is indentical to those of TRIO-VF in single
phase.

For each phase k ,the correlation of velocity fluctuations can be written:

<pu'u'%k> = - akpkvk[Vu + (Vu)T] + | akpk[Kk + vk(V-uk)] Id (5)'

3
where pK = - 2 J <pu'iu'i> is the kinetic energy of the turbulent mouvement.

5/14



(6)

is the turbulent correlation of non condensable gas which is added to the non condensable gas mass

equation.

(7)

is the turbulent correlation of energy for phase k which is added to the energy equation.
Prt is the turbulent Prandlt number,

k
is the turbulent viscosity defined by

(8)

is constant

vt

I * £K

£ is the turbulent energy dissipation,
3 . , .

defined by akpkek = < ^ ) XijXk

£k and Kk are solution of transport equations, which are discretized in CATHARE in the same way as the
energy equation, in a quasi implicit scheme.
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Figure 3 Effect on the turbulence on the stratification of helium in a reactor containment.
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5. INVESTIGATION OF DIFFERENT SOLVERS FOR THE PRESSURE MATRIX

Most of the computing time, about 60%, is spent in the resolution of these linear systems. Thus, several
different solvers were investigated in order to be able to reduce the cost of the code. The nature of two-
phase flow leads to non symetric matrix, which are often not well conditioning.

In CATHARE, a direct method (LU factorization) was used to solve the linear Jacobian system. It was
applied in a first attempt to the predictor as the corrector in the 3D module. This method is expensive for a
large number of meshes and an alternative approach has been recently implemented which is based on a
conjugate gradient type method.

The conjugate gradient squared algorithm (CGS) is a generalization of the conjugate gradient method,
capable to deal with non-symmetric matrices. This iterative method was introduced by Sonneveld (14). A
preconditioning of the system must be performed in order to accelerate the convergence rate of this iterative
method. It is based on the incomplete LU factorization, for which two levels are presently available: the
level 0 which preserves the fill-in structure of the original Jacobian matrix, and level 1 which typically adds
6 extra diagonals to the seven-diagonal matrix structure arising in finite difference 3D regular grids.

The important properties of this iterative method are:
- Extensive use of matrix-vector products and vector-vector dot products which are performed very
efficiently on a vector computer.
- Limited memory requirements
- CPU total cost associated with the number of iterations needed to converge and with the balance between
the effort spent for preconditioning and the resulting convergence acceleration. On table 5, comparison
between LU direct method and Biconjugate gradient iterative method is given in the case of a pressure
vessel blowdown calculation (Tapioca experiment (2)).

The objective of this study was also to investigate solvers in the case of non-structured meshing which
are well adapted to parallel computing. The generalized minimal residual algorithm (GMRES) was
proposed by Saad and Schultz (15). The problem of this algorithm is to use a large memory space, an
iterative version of this algorithm has been used the GMRES(m) with a preconditionning. On table 6,
comparisons between GMRES(m) and CGS with difeternt preconditionning are presented. The
performances of both methods are similar. But the convergence is better for GMRES(m), especially when
the matrix have a bad conditioning.

Discretization

17.

Constitutive
relationships

11.

Jacobian
resolution

473.

Table 1 3D Module
Numerical performance during a Tapioca blowdown calculation

( Elementary time in \xs)

Solution method
Direct solver

LU factorization
Biconjugate gradient

LU 0, preconditionemei
Performance ratio

225 Cells

.550

t .610
.902

450 Cells

1.960

1.400
1.4

1000 Cell!

8.780

3.260
2.693

Table 2 3D Module
Tapioca blowdown test, comparison between the solvers.

(CPU time in ms)
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Figure 4 Comparison between direct solver, Conjugate gradient and GMRES(m)

6. PARALLEL COMPUTING

The present version of CATHARE was completly re-written in order to be able to extensively use the
vectorization on large computer for very long term transients or large break loca calculations. An
independent audit of the code was performed by CRAY-FRANCE and showed that the objectives were
reached. The high level of vectorization lead to a speed-up of 3.5 on CRAY computers for reactor
calculation. And it was demonstrated that the physical results were strictly the same. This audit work also
demonstrated that the structure of the code is very well adapted to parallel computing. The degree of
parallelization is about 97% with a sufficient level of granularity. A speed-up of 3.8 with 5 proceesors can
be obtained on C90 CRAY computers.

Three main objectives were defined for using parallel computing:

a) To reach real time computing for reactor transients (small and intermediate breaks and operationnal
transients)

b) To drastically reduce the cpu time needed for three-dimensionnal calculation

c) To couple different codes with CATHARE.

6-1 Auto-tasking in the 3-dimensionnal module

The auto-tasking is possible inside subroutines where large loops are involved. The efforts made to have
a full vectorization of the code make easy the suse of the auto-tasking either in the subroutines which deal
with the calculatio of the equations or with the those dealing with linear algebra.
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Tests have been performed on the calulation of an UPTF refilling tests, using the compilator options
available for using the auto-tasking. The pressure vessel is modelled with 1000 hydraulics meshes. The
target computer is a Silicon Graphic, with 8-processor R4400. Comparison ane presented on the table 4
and show that a speed-up of 4 can be reached.

Processor

Parallel Computation

No Parallel option

Speed -up

P0

180

PI

195

P2

198

P3

185

P4

190

P5

197

P6

191

P7

194

813

4.10

Table 4 3D Module
Tapioca blowdown test, comparison between the solvers.

(CPU time in ms)

6-2 First results of the use of the macrotasking for the reactor calculations

The macro-tasking is possible in adding in the Fortran source appropriate specific commands, which are
the same for Silicon and Cray computers. The target are the Cray C98 and the Silicon Graphic, with 8-
processor R4400. It is very easy to share the calculation between several processor in sending the domain
decomposition method used by CATHARE. On the table 5, an example is presented for two reactors
calculation of a six inch break but for different meshing. The calculation were performed with 7 processors.

Number of hydraulics
meshes

Number of heat structure
meshes

Speed -up

Calculation 1

248

1022

3.36

Calculation 2

782

2890

4.94

Table 5 3D Module
Tapioca blowdown test, comparison between the solvers.

(CPU time in ms)
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6-3 The use of the PVM software to share calculations between several work stations.

The PVM commands allow to organize exchange of information between processors or work stations.
Two tests have been performed to demonstrate the efficiency of its use for parallel computing.

a) In a first attempt, an reactor calculation were performed using four work station in decomposing the
calculation in three parts. One work station were used as the pilot, an speed-up of 2.1 was achieve through
this method.

b) The second attempt is to couple the TOLBIAC code (21), which discribe the evolution of the corium in
the pressure vessel, with the CATHARE code. The two codes, each on a diferent work station exchange
boundary conditions at each time step. One work station organizes the calculation, gives permission to each
code to run one time step, this procedure has been extensively tested and is very efficient to couple several
codes, either with an explicit coupling, or with an implicit one.

7. CONCLUSION AND PERSPECTIVES

-1- A new version of CATHARE has been developed following the requirements of the partners. The code
has been completely rewritten in order to take advantage of the vectorization and of multitasking. It permits
to reduce the CPU time needed for a reactor calculation performed on a CRAY computer by a factor eight.
The organization of the information makes easy the coupling with other codes or the integration in
simulators.

-2- The robustness of the numerical scheme has been improved in performing analysis of numerical
incidents.

-3- A three dimensional module has been integrated in the code. Its numerical performance is rather good
and permits an intensive use for qualification work and industrial tasks.

-4- In the future new developments will be performed to get better multidimensional physics and to develop
3D modules with non-structured meshes. Intensive work is under progress concerning sensitivity methods
(3) and second order numerical schemes.
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APPENDIX 1

3-D MODULE: PREDICTOR STEP

Mass balance for phase k (1)

(ap)n
k

+1-(ap)£

-rn+1At =

Non-condensable gas transport equation
for gas j (2)

vol

-SJ+1At = 0

Energy balance for phase k (3)

)£+ 1(aph)£+1-(ccph)£

vol

= 0
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Momentum equation for phase k along x-axis (4)

(ak

Ax

+
Ay

{
Az

+ a k n P lAttak
n l+ 1

Ax

- (-l)k+1T?At(ug-ui)n+1+ F£nAt(uk)"+1

- a n pg gx At = 0

Momentum equation for phase k along y-axis (5)

K

Ax

Ay
/z /

Az

Ay
PlAtfak"}j"}j+1

- a n p | gy At = 0

Momentum equation for phase k along z-axis (6)

(«k P kr!
Ax

Ay

+ Ai|Wk}n

Az

+ ( X knAL [pn+l]k+l
Az

- l ) k + 1 xfA^Wg-wif

- <*n PS gz

a-[(w

+1[(w

+ p,

+1+P

At =

k ) 1 .

1

fAt(wk)n+1

0
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APPENDIX 2

3-D MODULE: CORRECTOR

Mass balance for phase k (7)

-rAt = o

Non-condensable gas transport equation
for gash (8)

(axhp)g+1-(axhp)g

J [(axhp)f lAxu

-ShAt = 0

Energy balance for phase k (9)

A
vol \

(aph)£+1-(aph)£

A X

Ay

-Pn)}

-j^qPk+qke)At+(-l)krhkAt = 0
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