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CORYVIS: INVESTIGATION OF LWR LOWER HEAD FAILURE MODES -
COMPUTATIONAL ANALYSIS OF STRUCTURAL BEHAVIOUR
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ABSTRACT

‘We describe a numerical simulation, based on the finite
element method, of a particular failure of a Reactor
Pressure Vessel. The failure considered results from a
supposed low pressure core melt accident, in which the
vessel melts through. We investigate this melt-through
as it occurs in a crucible, in which a simplified experi-
ment is being performed. We present results from these
calculations and compare them with the presently avail-
able measurements of an accompanying experiment.

INTRODUCTION

The CORVIS project was initiated in the Paul Scherrer
Institute in 1991. The purpose is to investigate the fail-
ure of a Reactor Pressure Vessel (RPV) under attack of
melting core material (corium) in case of a severe acci-
dent e.g. caused by loss of coolant. CORVIS includes
both a series of experiments, in which a crucible carry-
ing penetrations, as in typical nuclear power plants in
Switzerland, is attacked by melt, and, in parallel, the de-
velopment of a computational model in order to numer-
ically simulate the failure process. In these experiments
a crucible is attacked by burn-down of a thermite charge
(Fig. 1). The description of the experimental setup is
given in detail in the foregoing paper by Patorski et al.
[1]. We report on the calculations accompanying one
of the experiments performed so far.

The present report gives an overview of the devel-
oped computational procedure, and discusses the state
of research reached so far. A leading research report
[2] shows that, for a general understanding of the phe-
nomenological behaviour, simplified analytical models
give good insight. Where a more detailed understanding
is required the finite element (FE) method is a necessary
tool.

With the use of a tested calculation procedure vari-
ous studies can be performed, e.g. for different reactor
geometries. In the CORVIS project it was chosen to
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Figure 1: Experimental configuration and thermite re-
action.

perform both experiments and calculations in mutual
feedback. Whereas the experiment is limited to the low
pressure case and relatively small scale models, the FE
calculations can vary in complexity and scale. The nu-
merical setup of the diverse calculations is presented
and a method to assess structural failure is discussed.

The advance of the temperature front is described,
and some preliminary results on structural behaviour
are presented. Some of the calculated results are com-
pared with measurements. An outlook is given on fu-
ture development in numerically assessing RPV lower
head failure.

1 STRATEGY

The essential numerical part in the computational model
is a FE program; here, the one used is the well-known
ADINA (Automatic Dynamic Incremental Nonlinear



142

Analysis) program package, incorporating several main
programs and a set of pre- and post-processors. The
procedure of computations, as it has been applied so
far, encompasses three successive stages (Fig. 2).
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Figure 2: Computational strategy.

In the first stage, a thermal analysis is carried out,
with different thermal boundary conditions which sim-
ulate the thermal attack on the crucible bottom in vari-
ous ways. The code ADINA-T allows for all kinds of
boundary conditions as well as for arbitrary temperature
dependence of the material constitutive properties. So
far we consider only material behaviour for solids. In
the thermal analysis, only the original geometry of the
structure can be considered; thus deformations which,
for instance, result from the thermal expansion or from
the melting material, are not taken into account.

In the second stage, a stress analysis is performed as-
suming the thermally induced loads computed before,
but without any further interactions with the thermal
analysis. Both dead weight and pressure can be applied
as mechanical loads. ADINA allows arbitrary, nonlin-
ear stress-strain relations, ranging from elastic to fully
plastic behaviour, with temperature dependence.

In the third stage, the solution found in step incre-
ments of time must be checked to verify whether in the
crucible local or global failure occurs, through a hole
or by tearing off of the whole bottom plate. For this
obvious check, special termination criteria (resp. the
melting point Thsp and the ultimate strain ey) must be
used within the computer code, to establish from which
conditions onwards the character of the problem is fun-
damentally changed, e.g. by melt outflow.

2 COMPUTATIONAL METHODS
2.1 Thermal analysis

The thermal analysis of the crucible bases on a FE tem-
perature field calculation which uses solid material con-
duction elements. In general the discretisation (Fig. 3)
was made according to the expected temperature gradi-
ents. Towards the contact surface of melt and structure
smaller size elements were chosen. The model was di-
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Figure 3: Temperature field model with boundary and
initial conditions

vided into 5 element groups according to the different
materials in the experimental setup [1]. The final FE
mesh had 538 nodes.

Standard Gauss integration was used, and the Euler-
backward time integration was applied.

Initial condition was room temperature (32 °C) for
the crucible, and 2400 °C for the melt. We considered
latent heat at the phase changes. This called for use
of the lumped form of the conductivity matrix, since



ADINA-T only incorporates latent heat in the lumped
form of the conductivity matrix. The accuracy of the
solution is influenced in the lumped form at the rota-
tional symmetry axis, therefore the mesh was refined
towards it. Further we considered free convection and
radiation at all the free surfaces. To this end the model
encompasses special boundary condition elements. For
the free convection a constant value of 50 W/m? was
chosen, which is about the maximum heat loss to air by
free convection. The radiation elements use the Stefan-
Boltzmann law with a temperature dependent emissivity
(Fig. 4).
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Figure 4: Material parameters

Since the temperature front calculation can only con-
sider conduction in solid structures, an engineering ap-
proach was chosen to simulate the heat tranfer by con-
vection, leading to two extreme cases. The first ‘cold-
est’ condition (model A) considered a steady heat flow
with no movement in the melt. The material proper-
ties from the higher temperature regions were also used
for the solid element formulation. The second ‘hottest’
model B considered a strong convection. This was sim-
ulated by prescribing a very high conduction above the
melting point. The value was multiplied by a factor 500.
Parameter studies showed no sensitivity to this factor.
By doing so two bounding models were obtained.

Extensive material parameter studies were performed,
the choice of the material parameters (Fig. 4) within the
spread of the material parameter band is based on con-
servative assumptions. Conservative in this connection
means: the greatest thermal load on the structure, to be
sure that if even under these assumtions no failure is
calculated, it will definitely not occur in practice.

In the calculation special care is required of the tem-
perature and stress fields due to the shock-like thermal
loading. The high temperature gradients easily lead to
numerical difficuities or inaccuracies.
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CPU time varied from 80 sec for a coarse mesh with
28 time steps to 220 sec for the finest version, calculated
on a CRAY-2 computer. Models used as input for the
structure mechanics calculation needed about 150 sec
at 67 timesteps on a HP-730 workstation.

2.2 Structural analysis

The presented analysis is still in research, and the given
results can therefore only be considered qualitatively.
One of the main problems in developing the computa-
tional model is the low level of today’s state of the art
in the field of thermomechanics in the high temperature
range of solid metals. The reasons for these difficulties
are that material behaviour and thus the incorporated
material laws are complex and that the required mate-
rial properties for temperatures in excess of 600 °C are
difficult to determine and therefore scarce in the pub-
lished literature.

The structural analysis uses a separate temperature
input as load. A set of temperature dependent bilinear
stress-strain curves are used as material model. Special
9 node elements were used, with 3 pressure trial func-
tions per element. Standard 3x3 Gauss integration was
applied. For time integration the ‘Full-Newton’ method
with line search was used.

The strong temperature jump applied in the temper-
ature field calculations caused major problems in sta-
bility when applying these results in a thermoplastic
structural model. Therefore several adaptations were
made. First, to overcome the sudden temperature im-
pact, the initial temperature of 2400 °C was applied in
a few time steps, before letting the system transport the
input heat. Secondly, the temperature jump on the edge
of the attacked bottom plate was spread over a few el-
ements, hence simulating leakage in the lower edge of
the insulation, and lindering the sudden attack.

Even with these measures, the startup phase of the
thermoplastic calculations required a very fine timestep
and mesh discretisation. Major mesh refinement was
necessary in the corner where the bottom plate is at-
tached to the crucible side wall. The presented FE
structural mesh has 3025 nodes.

CPU-requirements can reach up to 30000 s on a HP-
730 workstation for 1200 time steps.

2.3 Element failure assessment

To come to a prediction on total structure failure, we
first have to decide whether an element in the calcu-
lation is still intact or not. This element failure check
is performed without feedback to the structural calcu-
lation. In a post processing run elements are checked
if they have exceeded temperature or strain limits, and
are removed graphically from the result plots. In fu-
ture calculations a method will be studied to eliminate
failed elements from the structure within the calcula-
tion. With this feedback procedure we hope to come to
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a more satisfying description of the behaviour, and to
obtain less numerical disturbance.

3 RESULTS
3.1 Thermal behaviour

In the temperature field calculations a reasonable agree-
ment was found with experimental results, considering
the inaccuracy of the initial and boundary conditions.
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Figure 5: Comparison with experimental temperature
measurements at the centre P

Fig. 5 shows the curves for the two above-mentioned
extreme boundary conditions (models A and B) com-
pared with the thermocouple measurement of the ex-
periment.

In the calculations the time starting point was chosen
at the moment when the crucible is filled with melt at
a homogenous temperature of 2400 °C. In the exper-
iment this point is not easy to define precisely. The
moment when the measured temperature starts to in-
crease at the considered location was chosen as starting
point for the experimental results. To match the calcula-
tions with the experiment both calculated time histories

were shifted forward by 12 s, which was estimated to
be the unknown time of the thermite burn up. With this
adjustment a fair agreement was reached between the
curve ‘A’ and the experiment.

However, it must be noted that the experiment
showed that the centre of the plate was not the hottest
spot of the bottom surface. We presume that the tem-
perature of the actually hottest point (which was under
load from convective heat transfer) would be below,
but fairly close to curve ‘B’ in Fig. 5. For the con-
vective state the model B gives a good description, in
an area where less movement was recorded model A
shows good agreement.

From Fig. 5 also the times of failure can be read.
Failure of the crucible was defined to be the moment
of melt outflow. A failure time of 124 s. at a tempera-
ture of 1200 °C was recorded in the presented experi-
ment. This shows that failure might occur at tempera-
tures lower than the melting point, due to throughgoing
material weakening, even in a low pressure case. In
our calculation this is modelled by elements exceeding
the set strain limit ey, The 1200 °C isotherm reaches
the bottom outer surface after about 90 s. in the high
conduction model B. In the low conduction model A
this value was reached after about 220 s.

Fig. 6 shows the temperature increase at the bottom
surface in model B. It shows that when ‘uniform’ or no
convection occurs, the plate heats up steadily over the
whole diameter.
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Figure 6: Temperature increase at bottom plate outer
surface for model B (high conduction)

3.2 Mechanical behaviour

It is clear that no close comparison in mechanical be-
haviour with measurements can be made based on tem-
perature fields with an illdefined initial condition. How-
ever, a trend in the behaviour can be detected, and this
agreed with the phenomenological behaviour of the ex-
perimental crucible. Fig. 7 shows the behaviour of the



Figure 7: Time history of amplified deformation of
heated crucible

heated crucible, after applying a temperature load ob-
tained from the above described model B. The initial
temperature introduces thermal strains. Therefore the
inner surface expands first, which causes the bottom
plate to bend upwards. As the heat front progresses
through the plate, the load causes the plate to sag, due
to diminishing strength.

The progression of the plastic zone will give an in-
dication of the failure process, in the case of low pres-
sure loading, hence the plastification is due to exceeding
the temperature thresholds there where major material
weakening occurs.

4 OUTLOOK

The experiment [1] showed a rather violent disturbance
in the melt, indicating strong convection. This calls
for an improved model using fluid flow elements for
the melt. Studies showed great difficulty in adapting
FE-fluid mechanics with heat transfer to problems with
very high turbulent convective heat transfer. In a later
stage this will also be implemented.

The thermal load in the CORVIS experiments causes
a different failure mechanism than when a mass of de-
bris is piled upon the structure [2], since the debris
are at Jower temperature and the thermal contact is not
good. The thermal load will spread over a much longer
time. In that case it is necessary to consider creep rup-
ture as well. In this case the gradients are smaller, and
the numerical stability higher.

Methods to integrate element failure within the struc-
tural calculation will be studied. In this way, a feedback
is produced to the structural analysis. Special attention
is due to transfering pressure load across failed ele-
ments.

5 CONCLUSIONS

A RPV failure assessment was presented, based on the
FE-method. We propose a stepwise procedure consist-
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ing of a thermal analysis, followed by a structural anal-
ysis in which the obtained temperature fields are used
as load. In a third step a decision is made on failure
through special failure criteria.

The FE-method gives a good insight in the temper-
ature field behaviour, if one realises the given restric-
tions. The temperature advance in a solid can be com-
puted accurately. When violent convection cells de-
velop, there is a need for a fluid flow calculation. The
high temperature gradients in the particular CORVIS
case presented here will give rise to various numerical
problems. To a certain extent it is questionable whether
the FE-method is suited for a problem like this. With
worked-out adaptations in assessing failure, and elim-
inating from the calculation failed parts, which would
cause numerical disturbance, a fair description of fail-
ure mechanisms is possible. In an actual RPV severe
accident one will not find these extreme thermal loads,
therefore the presented method is suitable for RPV fail-
ure research.
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