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INTRODUCTION

In the framework of SPX2 project, in spite of a great effort in the prevention
of residual risks such as Hypothetical Core Disruptive Accidents, safety
authorities asked to check main vessel's - and roof's integrity for severe
dynamic loads on the upper closure.

The accident consists of the creation of a gas bubble starting from the core
and inducing pressure and 1liquid sodium displacements in the reactor block.
The released energy generates particularly severe dynamic loads on the upper
closure.

This study focusses on the main items presented hereafter :

- global behaviour of the reactor block (figure 1)
- roof loadings
- mechanical consequences for the roof.

The roof structure's response to slug impact loads is investigated using a
combined approach based on finite element computations.

This rigid structure made of steel and concrete is one of the most affected
components and has the particularity to have a flexible lower plate. It means
that this bottom plate 1is put into motion before any significant response of
the whole roof slab. According to this phenomena the adopted methodology
consists in studying separately :

- bottom plate's response
- roof's response.

The purpose of this paper is to give a general survey of SPX2 containment's
response under dynamic loads and particularly to demonstrate the feasibility
and acceptability of the stiffened roof slab.

1. REACTOR BLOCK'S GLOBAL BEHAVIOUR

Containment behaviour has been analysed in the framework of safety
recommendations concerning upper closure's response to dynamic sollicitations
and limitation of radiological consequences.

This study has been performed with the 2D axisymmetrical explicit lagrangian
code SIRIUS. The modelisation takes into account the reactor block including
internal structures and sodium, the roof support ring and the reactor vault
(figure 2). '
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The upper closure is assumed to be rigid and the reactor vault embedded.

The considered P-V relationship for the bubble is :
P="Po (Vo-p/V-p)¥ 3
where Po corresponds to a 45 bar initial pressure and Vo to a 3 m” volume.
This bubble lay leads to a 150 MJ energy release for a volume expansion from 3
m~ up to 400 m".

The most important phenomena 1in relationship with the bubble extension are
described hereafter.

In a first stage the gas bubble increases until occupation of the volume
located between neutronic shields and Above core Structure (ACS).

At the beginning the reactor block's spherical 1lower part goes down under
bubble's influence : the maximal axial displacement is =-5.1 cm at vessel's
pole (figure 3), - 1.25 cm at lower triple point. But, after 60 ms, when the
bubble reaches the hot plenum, its action on the spherical part decreases and
the structure slowly goes up without passing its initial position.

Then the bubble extends out of the neutronic shields and pushes the fluid
which absorbs a part of bubble's energy. The sodium free level goes upwards
until reaching the upper closure with non negligible velocities. The first
impact on roof occurs near the ACS and propagates along the radius. During
impact the cover gas volume is reduced and the argon becomes confined near the
outer shell (figure 2). This gas compression creates an upper bulge on inner
and main vessels just under roof's level. At this 1location the maximal
magnitude reaches 18 cm and the most important hoop strain 1.7 %.

The Tast stage is the bubble recondensation accompanied by the fluid height's
decrease. During this phase bubble energy is mainly distributed between
structures and fluid. The inner and main vessels absorb about 85 % of the
total energy communicated to structures, but we must underline that the roof
considered as fixed in SIRIUS computations is not taken into account in this
balance. In reality the amount of energy absorbed by the roof slab has an
influence on roof Tloadings. This hypothesis is globally conservative with
respect to roof loadings (Louvet, 1989). Due to the assumptions no result is
available about roof's mechanical response at this stage.

In the same way, roof's behaviour under impact depends on the anti-seismic
devices (springs and viscous dampers) which support the reactor vault : a part
of the energy delivered by the bubble is dissipated in these structures and
induces displacements which contribute to decrease roof's deflection.

The 1investigations performed on roof's behaviour, from the Tloading's
determination to the bottom plate's - and roof's responses are presented in
the following chapters.

2. ROOF LOADINGS

In reality the pressure law depends on the radius and particular areas of the
bottom plate near the outer shell are never submitted to sodium impacts. But,
in a first approach a simplified and conservative law obtained at a specific
radius is applied on the whole surface of the bottom plate.

The chosen impulse I = 1.1 bar.s corresponds to the most important total
impulse at a point where sodium impacts and is registered at 530 cm from the
axis near the inner diameter of the roof.

A simplified Tlaw P(t) (figure 4) is built involving argon pressure's increase
just before and after sodium impact and fluid pressure during impact.
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Pressure peaks have been modelled by triangles, argon evolution by linear
parts.

Considering a fluid velocity of 45 m/s at this radius the peak's maximal value
is 70 bar according to MARA experimental results (Louvet et al, 1987).

At each step the impulse I =jtP(t)dt resulting from the simplified law is in
good agreement with the computeéd history (figure 5).

The pressure history P(t) presented in figure 4 is applied on the model
representing the bottom plate.

The first sodium impact on the bottom plate is followed by a fluid reflection
and the upward fluid wave pushed by the bubble creates a second impact a few
tens of milliseconds later. This phenomena explains the 1low pressure area
between the two peaks.

The obtained history is conservative because the roof's flexibility and the
radial attenuation of roof loadings have not been taken into account.

Cover gas pressure (figure 7) directly results from SIRIUS computations and
needs no further treatment. This law is applied on the roof's global model.

3. ROOF'S RESPONSE

According to the roof 1loading and the respective natural frequencies of the
bottom plate (100 HZ) and the roof (5 HZ), roof's response is first
characterized by a bottom plate's deformation under sodium impact. Then in a
second phase the whole roof is put into motion under argon pressure. This
movement introduces in the bottom plate compressive hoop stresses and buckling
phenomenon which modify the consecutive behaviour of the structure.

The presented points are therefore :

- mechanical behaviour of the bottom plate under sodium impact
- dynamic behaviour of the roof slab

- bottom plate's stability

3.1 Mechanical behaviour of the bottom plate under sodium impact

SPX2 design includes a roof slab cooled by gas. This choice implies special
arrangements : a 200 mm gap between the bottom plate and the concrete block
permits air circulation. Plate's vertical displacements within 200 mm must be
limited.

Several solutions such as integration of pads fixed in concrete or stiffeners
on the bottom plate have been studied in order to help the structure to
withstand impact.

Sensivity studies based on simplified 2D axisymmetrical models have been

performed with the PLEXUS computer code (Chavant, 1979 and Bung et al, 1984)

in order to optimize the solution with pads and to determine influence of :

- pads distribution

- distance between plate and pads

- dynamic pressure law : pressure peak's slope, impact duration, presence of
a second peak...

Best results are obtained for solution including pads fixed 5 mm above the
bottom plate and distributed with a 330 mm step.

The pads 1imit displacements without producing important stamping of the lower
plate, but this option is very sensitive to pressure's loadings shape.

A 3D analysis based on an average sector of 12° (figure 6) taking into account
a component penetration has been carried out to assess results obtained by
simplified model and to determine plate's global response. The pressure law
determined in chapter 2 is applied on the whole model.
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These results are smaller than equivalent plastic deformation corresponding to
maximal stresses alowed in level D, although level D criteria are restrictive
for conditions for beyond design basis (RCC-MR, 1985).

Stiffeners on the bottom plate are interesting from a mechanical point of
view, but they are not retained because of economic aspects and problems of
feasibility.

3.2 Dynamic behaviour of the roof slab

The reactor roof slab is an important structural component as a barrier to the
release of fission products from the primary system 2D axisymmetrical
computations have been carried out to determine response of the reactor roof
whose deflection is Timited by a flange on the bottom plate, near the inner
shell and -a 3m height.

The study is performed considering two superposed meshes with common nodes.

One of them has a special anisotropic material introduced in order to prevent
overall section deformation and to take into account the influence of vertical
ribs in radial direction.

An isotropic elastoplastic material characterizes the other mesh in order to
determine strains and stresses.

During the roof's motion the bottom plate enters 1in hoop compression and
looses its stiffness due to buckling phenomena. The weakening of the bottom
plate is assumed to be constant in this study : in reality this value is in
relationship with the roof's deflection.
The choice of a 50 % weakening for the bottom plate's computation is in
concordance with litterature (Morseman).

The influence of the main vessel 1is represented by a dynamic force F(t)
deduced from the differential displacement history between vessel and slab
F(t) is issued from a computation based on a simplified 1D model.

The time-pressure history applied on the model dis given in figure 7 and
corresponds to the argon pressure law. The whole roof slab has a great natural
period (about 150 ms) compared to fluid's impact duraction (10.5 ms). So the
loading which has to be considered is the argon pressure law which makes the
whole roof moves.

The model takes into account the concrete vault and the antiseismic devices
(spring boxes and viscous dampers) and leads to following results :

- a 44 mm roof deflection
- =-0.22 % of global hoop strain.

The presence of reactor black and antiseismic devices tends to decrease roof's
deflection : 1indeed, without them, predictions give a 60 mm roof deflection
and about 0.35 % of hoop strain in the bottom plate.

The elements which connect the internal concrete block at the different shells
and penetrations are able to resist to dynamic loads induced by roof's
acceleration or bottom plate's impact on pads.

Investigations about the roof support ring confirm that it is not subjected to
buckling.

3.3 Bottom's plate stability

Stability analysis 1is based on a simplified approach : a simple structure
(metal strip) with geometrical imperfections is submitted to compression. The
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studied strip chosen in hoop direction corresponds to the solution including
pads distributed every 300 mm. The geometrial defects are those induced by
fabrication and sodium impact.

The loading applied on the structure consist in :

- a longitudinal effort representing a 60 mm roof deflection

- a residual pressure : 1.4 bar

These conditions are conservative and consistent with previous 2D ans 3D
previsions (see chapters 2 and 3).

A plastic hing appears in the strip.

A this point results show that :

- the obtained deflection is about 10 % of thickness

the Tocal plastic strain is rather 1low : about 1.8 % including initial
strain due to sodium impact.

4. CONCLUSION

The aim of this -analysis is to evaluate the reactor block's global behaviour

and to check the mechanical acceptability, in particular for the roof

structure, in case of severe dynamic Tloads corresponding to a 150 MJ energy

release.

A 2D axisymmetrical general study including fluid-structure interaction gives

reactor block's global response and roof loadings.

Main phenomena observed for reactor's structures consist in :

- the downwards motion of main vessel's lower spherical part under bubble
action

- the creation of an upper bulge on the main vessel just under roof's level
when argon is compressed.

- the roof's rising movement under both sodium impact and argon pressure.

For the reinforced roof structure sujected to dynamic pressure history plastic
strains remain inferior than the one corresponding to D level stresses. In the
same way the bottom plate's stability under slug loadings is assured when
special reinforcements 1imits plate's deformations. These studies demonstrate
the feasibility and the integrity of the stiffened roof slab under the
considered 150 MJ.

Strains and stresses are acceptable as well for the reactor block's components
as for upper closure's structures.

REFERENCES

H. Bung, A. Hoffman, M. Lepareux, B. Schwab, 1984. PLEXUS. A general computer
program for fast dynamic analysis. Conference on Structural Analysis and
Design on Nuclear Power Plant, Brésil.

C. Chavant, 1979. PLEXUS. A general computer code for explicit lagrangian
computation. 5th SMIRT.

P. Hamon, J. Louvet, BL Smith, A. Zucchini, 1987. MARA 10 : An Integral Model
Experiment in Support of LMFBR Containment Analyses. 9th SMIRT Lausanne,
SUISSE.

J. Louvet, 1989. Containment Response to a Core Energy Release. Main
Experimental and Theoretical Issues . Future Trends. 10th SMIRT
Anaheim, USA.

B. Morseman. Linear Design and Construction. Londres, 1967, J59.

RCC-MR Tome 1. Volume C. Matériel de niveau 2. Edition juin 1985.

285



1 ————— £
v i
- = s ]
e 8
< 7
! o L
3 [awrwe | s
)
s 9
ROOF SLAB SECTOR
o
S TR RO,
T
FIGURE 1
1. ROOF SLAB 6. ABOVE CORE STRUCTURE
2. PRIMARY PUMP 7. INTERMEOIATE HEAT EXCHANGER
3. INNER VESSEL 8. CORE
4. DIAGRID 9. STRONGBACK
S. MAIN VESSEL 10. ROTATING PLUGS
T T T o
oIS v
-2 b
-
’_.n-—-
. 1 r—"
FIGURE 2
e (%8) 1.5,
. . IMPULSE (BAR.S)
) 100 200 300. 400.
FIGURE 3
1.0 f
P (BAR)
70.
9
4 0.5
FIGURE
TIME (MS)
0.0 A A —>
0. 200. 400.
FIGURE S
TIME (MS)
“—-——'_—— »
v T T T
4.
84. 94.5 122. 148 240. P (8AR)
PAD
10. b
STIFFENER
™1 . TIME (WS)
w
¢ R ] o. i,
s H - 200. 400.
- —
LLLU  FIGURE 6 = FIGURE 7

286




