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ABSTRACT

The improved containment consists of an inner spherical steel shell and a surrounding thick con-
crete shell. Both shells are separated by a gap, through which environmental air can circulate for
passive decay heat removal in case of a severe accident. Under normal operating conditions and
during a LOCA both shells are freestanding structures. However, under excessive internal pressure
the steel shell will deform until it is finally supported by ribs, which are attached to the concrete
sheil. Under the dynamic pressure loading of a postulated hydrogen detonation the steel shell is
accelerated to a high velocity until it impacts the ribs. These are designed to act nearly as a
homogenous crash material in order to limit the resulting strains in the steel shell. Thus, contain-
ment tightness will be maintained under these extreme loading conditions.

1. INTRODUCTION

For future PWR new containments are under discussion, which should be able to withstand also se-
vere accidents without significant offsite releases. Eibl [1,2,3] proposed an appropriate contain-
ment concept, consisting of an inner steel shell, surrounded by an external concrete shell. Envi-
ronmental air can flow through the gap between both shells and thus can remove heat from the
inner steel shell, similar as in the AP600 concept [4]. In order to improve the heat transfer, the an-
nular gap contains many ribs, which are attached to the concrete shell (fig. 1a). Under normal op-
erating conditions the heads of the ribs have a certain distance from the steel containment shell.

According to preliminary thermodynamic calculations [S] it is likely that with the gap geometry of
fig. 1a the decay heat of a 1300 MW, plant can be removed at a shell temperature of 200 °C. It
leads to an overpressure in the steam saturated containment atmosphere of up to 15 bar. This
loading is far beyond the actual design pressure of about 5 bar, so that the steel shell will deform
until it is finally supported by the ribs, which then prevent additional deformations. Steel shell,
ribs and concrete shell then act as a composite structure.

Additionally, during a severe accident a hydrogen detonation might occur with peak pressures of
about 100 bar acting for a duration of 5 ms [6]. In case of a hydrogen deflagration, a quasistatic
pressure increase to a maximum of 15 bar has to be expected.

It should be mentioned, that these extreme loadings can be reduced significantly by appropriate
accident management measures, €.g. by cooling the external sheil surface with water and by burn-
ing the hydrogen before explosion conditions are reached. However, it is the aim of this concept
to guarantee containment tightness even if no such measures are taken.
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In [7] some structural mechanics investigations were performed for the concept of the composite
containment proposed by Eibl. In this paper the essential results will be presented, leading to an
optimized design shown in fig. 2. The integrity and the tightness of this containment under severe
accident conditions will be discussed.

2. DISTANCE BETWEEN RIBS AND STEEL SHELL

According to the actual licensing procedures the stresses and strains in the steel containment shell
must remain in the elastic region during a LOCA. For a containment building with a radius of 30 m
this would correspond to an allowed radial deformation of about 40 mm. If the external ribs
would already be required to carry the overpressure during a LOCA, then the distance between
steel shell and ribs must not exceed this value of 40 mm. Three severe problems would then result:
In the finished plant the deviations of this distance from its nominal value must not be larger than
a fraction of this value, i.e. some millimeters. Such a manufacturing precision is hardly achievable
for the dimensions of the building under discussion.

During the required pressure test of the finished steel shell with an overpressure of 6 or 7 bar - as
well as during a LOCA - contact between ribs and shell would occur and damage the corrosion pro-
tection of the shell. A repair would hardly be possible because of the reduced accessibility of the
outer shell surface.

The small distance between steel shell and ribs would hinder thermal expansion of the steel shell
caused by temperature increases up to 145 °C during a LOCA. This would lead to high compressive
stresses in the shell causing buckling problems {7].

For a satisfaction of the actual licensing rules and avoiding the structural problems just discussed,
it is necessary that the inner steel containment shell does not come into contact with external
structures during a LOCA - and during all the other design basis accidents. Rather it is necessary
that it carries the corresponding loadings alone as a free standing structure.

For such a steel containment shell designed primarily as a pressure vessel the most suitable shape is
of course the spherical one. The required wall thickness for a design pressure of p =5 bar, a shell
radius of r =30 m and an allowed stress of =200 MPais h=p-r/(2-0)=40 mm. Itis state of the
art to manufacture containment shells with such dimensions. Of course, also other containment
shapes are possible, but then the wall thicknesses have to be increased, what leads to severe prob-
lems during welding the steel shell on the site.

A free standing containment shell under a LOCA means, that the distance between shell and sur-
rounding structures must be sufficiently large. Taking into account the largest deformation during
a LOCA of about 100 mm (75 mm due to thermal expansion, 21 mm due to pressurisation), and
taking into account some additional manufacturing tolerances, a distance of at least 150 mm is
proposed (see fig. 2). '

If, however, in case of a core melt accident, pressure loadings far beyond the design pressure of 5
bar occur, the steel shell will undergo slight plastic deformations. With the proposed distance of
150 mm between shell and supporting ribs, the shell will suffer moderate strains of 0.5 % until it is
supported by the ribs. Deviations in the real distance of about * 40 mm will induce deviations in
the strains in the order of * 0.1 %.

This design concept yieids a definite separation of the state of stresses and strains in the steel con-
tainment shell due to a LOCA (and all other design basis accidents), where restrictive limits with
high safety margins have to be considered, and due to rare severe accidents, where also plastic de-
formations are allowed to occur, what is acceptable as long as containment tightness can be guar-
anteed.
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3. HYDROGEN DETONATION

During a hydrogen detonation with a peak pressure of 100 bar the steel shell is accelerated until it
impacts the ribs with a velocity of about 70 m/s. After the impact the stresses and strains in the
shell must remain acceptably low, so that failure of the shell can be surely excluded.

The influence of several rib designs was investigated numerically {71. Only the most favorable con-
cept will be presented here. it is shown in fig. 1b. The distance between neighboring ribs is
250 mm, their thickness is 5 mm. The material assumed for ribs and shell is the containment steel
15MnNi63 shown in fig. 3. Results for an impact computed with ABAQUS are shown in fig. 4. Only
one rib with the corresponding section of the shell was modeled. The pressure loading accelerates
the shell until it impacts the ribs after 3.6 ms with a velocity of 69 m/s. The largest deformations oc-
cur 2 ms later with maximal strains of about 2 % in the shell (membrane strain £, < 1 %, bending
strainep < 1%). The rib is compressed axially by 66 mm.

Additional computations were performed for thinner ribs, which, however, yielded similar results
for the shell. This means, that the presented design is nearly an optimum. The ribs are so close to
each other that significant bending of theshell between the ribs cannot occur, and the ribs are (1)
thin that they cannot do any harm to the much thicker containment shell. In this design the ribs
nearly act as a homogenous crash material for the shell under a detonation load.

In the computations performed, buckling of the thin ribs was suppressed. In order to avoid buck-
ling in reality the ribs will be corrugated (detail in fig. 2). The final design, taking into account dy-
namic crumpling phenomena, has still to be done. Assembly of the ribs on the site can be facili-
tated by combining several ribs to prefabricated blocks, the base plate of which can be used to
form the inner surface of the external concrete shell.

4. CONTAINMENT TIGHTNESS

Itis hardly possible to prevent any leakage in a real containment under overpressure. But not the
least leakage from inside the spherical steel containment must escape into the gap between the
steel shell and the concrete shell, where the environmental air is flowing. This probiem is solved by
design measures: leakages cannot occur in welded shell domains, but rather only at valves, elec-
trical penetrations, sealed hatches, damaged bellows and so on. Therefore, the penetrations are
grouped together in a separate, closed part of the annulus between steel and conrete shell as
shown in fig. 2. This is similar as in the AP600 concept. The atmosphere of this space is controled
and can only escape to the environment via filters. In the remaining larger part of the annulus, in
which the environmental air is flowing, the steel containment shell is perfectly tight. Of course,
the tightness must be maintained under all circumstances also in case of plastic deformations of
the shell due to severe accidents. But this is no serious problem as can be demoristrated by many
tests including the bulge tests described in [8].

These tests were performed with the containment steel 15MnNi63. Circular membranes with a di-
ameter of 860 mm and a thickness of 2 mm were machined from plates having an original thick-
ness of 38 mm. The initially completely plane membranes were clamped at their outer boundary
and then inflated with oil until failure occured. Fig. 5 shows the experimental set-up, fig. 6 a mem-
brane after failure, and fig. 7 some measured and computed strains for the center of the mem-
brane. tt turned out that the membrane failed due to plastic instability after material strains of
about 50 % had occured. Eight burst experiments were performed without any unexpected leak-
age having occured.

The weldings in the steel containment shell do not represent a weak point. In [9] wide plate tensile
tests were performed with specimens of 500 mm width and 38 mm thickness, which contained
weldings in axial and perpendicular direction. In the experiments uniaxial strains up to 19%
occured before failure. Additionally, bending tests were performed, in which a 38 mm thick plate
with a welding was bent around a bolt with 90 mm diameter without surface cracks being de-
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tected.

Similar considerations can be found in [10], where proposals are made to accept global plastic
membrane strains up to 25 % of the ultimate strain and plastic surface strains up to 40 % of the
ultimate strain under severe accident conditions. Using the ultimate strain of the considered con-
tainment steel of 12 % (fig. 3), a membrane strain of 3 % and a surface strain of 5 % would be ac-
ceptable. These values are more than twice as high as the strains expected in the steel contain-
ment shell under discussion.

5. CONCLUSIONS

The investigations show, that the composite containment discussed above can withstand excessive
loadings expected during a core-melt accident. However, slight plastic deformations of the con-
tainment shell have to be taken into account under these extreme conditions, which is acceptable
as long as containment tightness can be guarantied. Due to an appropriate design of the external
ribs, which act as nearly homogeneous crash material in case of a hydrogen detonation, it is possi-
ble to limit the largest strains in the shell to about 2%. It was demonstrated, that containment
tightness is in deed not endangered by such moderate deformations.

Thus the presented design fulfills essential requirements of a core melt resisting containment. Ac-
tive measures would no longer be necessary during coping with a core melt accident.
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Fig. 1: Setup of the walls of the improved containment.

a) initial design,

b) final design.
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Fig. 2: The improved containment for a pressurized water reactor.
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Fig. 3: Stress strain relation of
the containment steel
15MnNi6 3.

Fig. 5: Experimental
set-up for the
bulge tests.

Fig. 6: Pressurized
membrane
after failure.
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Fig. 4: Section of the containment shell
under a hydrogen detonation loading.
a) pressure time history,
b) discretisation,
¢) during impact,
d) state of maximal deformation.
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Fig. 7: Strains in the center
of the membrane.



