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The analysis of violent sodium-water reactions with PLEXUS
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1. INTROD UCTION.

The computer code PLEXUS (HOFFMANN et al. 1984) has been developped for 
performing dynamic analyses of transients with fluid-structure interaction in 
1D , 2D and 3D geometries. For the past few years it has been widely 
used and validated for the assessment of steam generators behaviour 
in case of a sodium-water reaction in the French LMFBR projects Phenix, 
Super-Phenix 1 and Super-Phenix 2. The PLEXUS code has now replaced 
the 3D Eulerian hydrodynamic code VERSEAU previously used for SPX1 
steam generators design and is able to tackle with most of problems 
encountered during pressure transients following a sodium-water reaction.

The purpose of this paper is to give a general survey of the different 
methodologies developped in the frame of safety and design calculations 
performed with PLEXUS including fluid-structure interaction effects, 
in order to obtain realistic loads on steam generators and secondary loops 
resulting in more economical designs.

The following are the major considerations covered in this paper : descrip­
tion of phenomena encountered during violent sodium-water reactions, 
development and validation of specific features in the PLEXUS code, 
steam generator and secondary loop design calculations.

2. PHENOMENOLOGICAL ANALYSIS OF VIOLENT SODIUM-WATER
REACTIONS.

For large steam generators, four successive steps of calculation have 
to be performed for analysing the mechanical effects of a sodium-water 
reaction on the S.G. and the secondary loop of the reactor : Na + H20- 
NaOH + 1/2 H2 + Q.

2.1. In close proximity to the leak, Q gives rise- to a 3D propagation of 
acoustic waves and fluid displacements, creating asymmetric loadings 
on the bundle enveloppe and the S.G. outer shell with large fluid- 
structure interactions and large displacements of the shells.

2.2. Further away from the reaction zone the acoustic waves quickly 
become 2D axisymmetrical and travel up and down the steam generator ; 
they are partially attenuated when reaching the gas plenum on top 
of the steam generator.

2.3. Then the waves are 1D when reaching the intermediate loop and 
define a new loading for secondary pumps and intermediate heat
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exchangers.

2.4. Finally the gas bubble has sufficiently grown in the steam generator 
after a few tens of milliseconds to give rise to quasi-static pressure 
buildup in the loop.

According to the type of S.G. which is being analysed the transfer of 
chemical energy Q follows different paths :

- for the serpentine tubes, small diameter PHENIX steam generators, 
fluid-structure interaction has only secondary effects and energy 
is mostly concentrated in 1D acoustic pressure waves.

- for the helical tubes SPX1 and SPX2 steam generators (Figures 
1, 2), which have complex internal structures, energy follows all 
possible paths : acoustic 2D and 3D waves, fluid-structure-interaction 
and mechanical waves propagation.

- for the straight tubes SP X 2 steam generators (Figure 3) the energy 
paths are similar to those for the helical tube S.G. ; nevertheless, 
the outer diameter of the component being quite smaller, only 2D 
effects have to be considered.

In order to improve the analysis of those phenomena CEA has integrated 
in PLEXUS many salient features based on the needs of users for design 
and safety considerations :

fast dynamic analysis of solids and fluids, with fluid-structure- 
interaction in one, two and three-dimensional configurations.

a general formulation taking into account large displacements, 
large deformations, geometrical and material behaviour non-linearities. 

- a detailed modelling of complex media such as helical or straight 
tube bundles is possible by making use of particular behaviour models. 

- specific constitutive laws have been implemented in the code for 
the local modelling of the sodium-water reaction.

specific finite elements for modelling bursting discs and bundle 
support structures and various features for treating the motion of 
piping systems in the presence of a fluid : connections between 
branches, varied boundary conditions, local singularities.

3. COMPUTER CODE DEVELOPMENT AND VALIDATION.

Originally PLEXUS performed 3D structural dynamic analysis and has 
been validated by comparison with the CASTEM system codes BILBO and 
TED EL. Then a 2D axisymmetric version was developped for structural 
and hydrodynamic analysis and' major features have been included for 
treating violent sodium-water reactions in LMFBR steam generators.

The 3D and 2D versions are now available with Lagrangian, Eulerian 
or A.L.E. (Arbitrary Lagrange Euler) formulations. Several validations 
involving fluid-structure interactions during pressure wave transients have 
recently been performed for the 2D version. Some of them, such as the 
MANON test (figure 4) or the BA-11 sodium-water reaction experiment 
(figure 5) have already been described elsewhere (SCHWAB B et al. 1985, 
FINCK P et al. 1984). Two other sodium-water reaction tests, SI 1-5 and 
CL 6, performed at CEA Cadarache, have produced data for validating 
the PLEXUS 2D version. In the latter the reaction was initiated by the 
guillotine rupture of one tube filled with vapour instead of water : figure 6 
shows that the pressure peaks in the first 8 milliseconds are predicted 
with a good accuracy in the plane of the reaction.

In a third step it was necessary to develop a 1D version of PLEXUS 
in order to assess the loadings in secondary circuits after a sodium-water 
reaction. The first stage consisted of implementing a pure hydrodynamic 
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1D code in which the pressure waves propagation was validated by comparison 
to data obtained from INTERATOM for validation of HEINKO and ROLAST 
codes.

These experiments account for elastic and plastic interactions of 
pressure waves in more or less complex tube geometries filled with water: 
straight tubes, elbows, reservoirs. PLEXUS calculations are still under 
way but the first results show a good prediction of acoustic waves in 
1D geometries.

In a second stage a ID structural possibility was coupled to the 1D 
hydrodynamics to account for fluid-structure interaction, motion of fluid 
due to moving pipes and deformation of the pipe walls. A tube whip experi­
ment performed at CEA Cadarache has been interpreted using an uncoupled 
approach (MILLARD A et al. 1 985) : first the dynamic pressure in the 
ruptured pipe was evaluated with PLEXUS, assuming the motion of the 
pipe would not change significantly its value, then this pressure was intro­
duced in TED EL code for calculating the mechanical response of the pipe. 
The effects of an elbow and of phase change (vaporization) were taken 
into account in the PLEXUS pipe model. However, the coupling between 
fluid and structure being too weak in these experiments, additional data 
are needed to provide with a complete validation of the 1D PLEXUS code.

4. INDUSTRIAL APPLICATIONS.

4.1. 1D calculations (Phenix steam generators).
In case of a sodium-water reaction in Phenix the growth of the reaction 

bubble is reduced by the size of the steam generator. In order to assess 
the loadings after one tube guillotine rupture a 1D-Euler PLEXUS calculation 
has been performed : the steam-water leak rate is obtained by modeling 
the 2-phase steam-water flow in the tube and taking into account, at 
each time step, the strong hydrogen bubble counterpressure which reduces 
the leak rate (figure 7). In the same coupled calculation the leak rate 
is injected in the 1D pipe representing the S.G.-module and gives rise 
to a sodium-water reaction.

4.2. 2D straight tube steam-generator calculations.
The current conception of SPX2 straight tube S.G.'s comprises in 

the top and bottom sodium phenums a complex structure, named "thermal 
protection", - which serves as a thermal baffle for the top and bottom tube 
plates. It consists of Pthick -circular plate, perforated for each individual 
tube, and a U-shaped support skirt (figure 8).

In case of a violent sodium-water reaction occurring right under 
the thermal protection, an important axisymmetrical pressure peak is 
applied to its lower face (figure 9). Thus large displacementscan be observed. 
Safety criteria impose that the displacements are small enough to avoid 
mechanical failure of non leaking heat exchange tubes.

4.3. 2D and 3D helical tube steam generator calculations.
The. pressure at the SPX2 steam generator sodium outlet and the 

mechanical loads on the S.G. support structures have been estimated in 
case of a sodium-water reaction by making use of a 3D calculation followed 
by a 2D axisymmetrical calculation both performed with PLEXUS Lagrangian 
version (see Fig. 10 and FINCK P.et al. 1986 for the detailed description of these 
models). The pressure loading in the 2D calculation is issued from the 
3D model and is supposed to be applied at the six top meshes of figure 10.

Figure 11 shows that the calculated sodium pressure in the vicinity 
of the reaction are of the same order of value as the initial pressure 
source and that the pressures reached at the sodium outlet are less than 
5 bar which, compared with the 18 bar of the reaction pressure, stresses 
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on the efficiency of the free level to reduce the pressure peaks in the 
S.G. lower end. In this 2D calculation stresses in the S.G. support skirt 
have also been evaluated. This calculation has been followed by a 1D-PLEXUS 
calculation in order to assess the consequences of pressure waves propagation 
in the secondary sodium circuit and to make sure of the integrity of the 
intermediary heat exchanger.

5. CONCLUSION.

PLEXUS code developments and validations have now reached a stage 
which permits answering most of safety and design questions in case of 
violent sodium-water reactions in LMFBR steam generators. Up to now 
it has shown efficient for any kind of French S.G. designs (Phenix, 
Super Phenix 1, Super Phenix 2). Also, accounting for fluid-structure interaction 
in PLEXUS has helped reduce the conservatism of previous evaluations.
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