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ABSTRACT

Scaled coupled melt pool convection and vessel creep failure experiments are being performed in the FOREVER program
at the Royal Institute of Technology, Stockholm. These experiments are simulating  the lower head of a pressurized reactor vessel
under the thermal load of a melt pool with internal heat sources. Due to the multi axial creep deformation of the three-dimensional
vessel with a highly non-uniform temperature field these experiments offer an excellent opportunity to validate numerical creep
models. A Finite Element model is developed and using the Computational Fluid Dynamic module, the melt pool convection is
simulated and the temperature field within the vessel wall is evaluated. The transient structural mechanical calculations are then
performed applying a new creep modelling procedure. Additionally, the material damage is evaluated considering the creep
deformation as well as the prompt plasticity.

After post-test calculations for the FOREVER-C2 experiment, pre-test calculations for the forthcoming experiments are
performed. Taking into account both - experimental and numerical results - gives a good opportunity to improve the simulation
and understanding of real accident scenarios. After analysing the calculations, it seems to be advantageous to introduce a vessel
support which can unburden the vessel from a part of the mechanical load and, therefore, avoid the vessel failure or at least
prolong the time to failure. This can be a possible accident mitigation strategy. Additionally, it is  possible to install an absolutely
passive automatic control device to initiate the flooding of the reactor pit to ensure external vessel cooling in the event of a core
melt down.

INTRODUCTION

The hypothetical scenario of a severe accident with core meltdown and formation of a melt pool in the lower plenum of a
Light Water Reactor (LWR) Pressure Vessel (RPV) resist the issue of  the behaviour of the RPV. One accident management
strategy could be to stabilize the in-vessel debris or melt pool configuration in the RPV as one major barrier against uncontrolled
release of heat and radio nuclides.

To obtain an improved understanding and knowledge of the melt pool convection,  the vessel creep, possible failure
processes and modes occurring during the late phase of a core melt down accident the FOREVER-experiments (Failure Of
REactor VEssel Retention) are currently being performed at the Division of Nuclear Power Safety of the Royal Institute of
Technology, Stockholm [1]. These experiments are simulating the behaviour of the lower head of the RPV under the thermal loads
of a convecting melt pool with decay heating, and under the pressure loads that the vessel experiences in a depressurized vessel
scenario. The geometrical scale of the experiments is 1:10 compared to a prototypic LWR.

Due to the multi axial creep deformation of the vessel with a non-uniform temperature field these experiments are on the
one hand an excellent source of data to validate numerical creep models which are developed on the basis of uniaxial creep tests.
On the other hand the results of pre-test calculations can be used to optimize the experimental procedure and can help to make
on-site decisions during the experiment.

Therefore an axisymmetric Finite Element (FE) model is developed based on the multi-purpose code ANSYS/Multiphysics®.
Using the Computational Fluid Dynamics (CFD) module the melt pool convection is simulated and the temperature field within
the melt pool and within the vessel wall is calculated. The transient structural mechanical calculations are then performed applying
a creep model which takes into account the large temperature, stress and strain variations.

After performing successful pre- and post-test calculations, a discussion about the lessons learned  from the experiments and
the analysis led to the introduction of a vessel support and an external flood control device. In the following sections each subject
is described more in detail.

EXPERIMENTAL SETUP AND ISSUES RELATED TO THE PRE-TEST CALCULATIONS

The hemispherical bottom head was made of the French RPV steel 16MND5 with an internal radius of 188mm and a wall
thickness of 15mm. The oxidic melt employed was a CaO-B2O3 mixture (30-70 wt.-%) which has a solidus temperature Ts=1250K.
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Fig. 1:  Principal experimental setup - not to scale.

To model the internal decay heat generation special
design heater rods fixed to an internal insulation-
reflector-lid are immersed into the melt from the top
(Fig .1). The latest heater design can provide a heat
generation of more than 45kW. The lid is fixed to the
upper part of the vessel. After melt pouring the melt
injection orifice in the vessel lid is closed and the
vessel can be pressurized by Argon.

Due to the thermal and the creep expansion of
the vessel the volume of the hemisphere is increasing
proportional to the third power of the increase of the
radius. This causes a decreasing melt level and as a
consequence in the experiment C2 the uppermost
parts of the heater rods were no longer immersed in
the pool. Therefore they burned out and the power
supply was stopped. But with decreasing temperatures
it was not possible to fail the vessel. (For a detailed
description of the experiment see [1]). The heater
construction was modified to preclude the uncovering
of the heater welding joint, where the heater had
failed earlier.

After performing successful post-test
calculations of the experiment FOREVER-C2 [2], the
numerical model was applied to develop a promising
heat generation and pressure load schedule for the
experiment EC-FOREVER-2, which was conducted
on 2nd of November 2000.

According to the experience gained in the 3
prior experiments the following issues were related to
the pre-test calculations:
- Evaluation of the temperature field, for

assessment of the thermocouple readings.
- Expected transient displacements at the positions

where the displacement is measured.
- Evaluation of the risk of a prompt plastic failure,

due to high temperatures in the welding between
hemisphere and cylinder and the cylinder itself, especially at the beginning of pressurization.

- Calculation of the melt level drop due to the expansion of the vessel, so that the critical time of uncovering of the heater is
known. And finally:

- Time and location of failure.

CFD ANALYSIS OF CONVECTION AND HEAT TRANSFER

For the evaluation of the temperature field within the vessel wall the CFD-module FLOTRAN® of the FE-code ANSYS®

is used. A 2D-axisymmetric model with appropriate boundary conditions and material properties is developed for the vessel wall
and the melt pool region. A homogenous melt pool is assumed inside the vessel with the surface level set 10mm below the welding
joint between hemisphere and cylinder, which compensates for the melt drop due to the thermal expansion of the vessel. A
homogenous volumetric heat source is assumed which is applied to the volume where the heater rods are to be found. Especially
at the very bottom the distance between the heater and the vessel wall has a significant influence on the crust formation.

Figure 2 shows the temperatures of the vessel inside and outside surfaces calculated at a heat generation rate of Q=38kW
compared to the measured outside temperatures after reaching thermal steady-state (t=260min). Due to the melt convection inside,
the hottest region of the vessel wall is the upper part of the hemisphere just below the surface of the melt. The local temperature
differences over the vessel wall correspond to the local heat flux across the wall. The maximum heat flux is 140kW/m2 and the
calculated maximum temperature difference is around 80K. The measured temperatures on the outside show lower values than
calculated because the thermocouples are mounted on the wall and can not measure exactly at the surface, but qualitatively the
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Fig. 2:  EC-FOREVER-2-test: Measured external and calculated external and internal wall temperatures
for a power input of Q=38kW and a melt level 10mm below the welding. T in [°C], abscissa starts at
very bottom centre and shows the chord length L in [mm] to the top of the cylinder. Triangles refer to
measurement positions.
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agreement between experiment and calculation is very good.
The measurement of temperatures on the inside surface of the vessel wall is much more difficult. To protect against the

aggressive melt the thermocouples were placed in stainless steel tubes fixed to the wall. The measured temperatures at the inside
wall were several hundred degree higher than calculated. This can be due to the very thin boundary layer of the melt at the wall.
Additionally some of the tubes lost their wall contact and may have been very close to the heater rods. It was decided not to use
these measurements for comparison. But due to the integral character of the FOREVER-experiment the calculated temperature
field is assessed, again indirectly, by the mechanical response of the vessel to the pressure load, which will be discussed later.

DAMAGE MODELLING IN THE TRANSIENT MECHANICAL CALCULATION

The material damage due to significant creep and plastic strains is modelled by a damage measure D which is incrementally
accumulated at the end of a time step or substep. D=0 means “no damage“, which is the initial value for all elements. The damage
includes also the prompt plastic deformation of the structure. The damage increment is:

with  being the creep fracture strain of the uniaxial creep test at constant stress and temperature and  being theε frac
cr ε frac

pl

plastic fracture strain at the corresponding temperature. Both strain components are calculated separately according to the
experimentally found material behaviour [3], which is described in the next section.  is a function which considers the damageRν
behaviour in dependence on the triaxiality of the stress tensor [4] :

where ν is the elastic Poisson´s ratio,  is the hydrostatic stress and  is the von-Mises equivalent stress. The damageσh σ eqv



4

D Di
i

ldstep

=
=
∑ ∆

1
(3)

increment is calculated for each element by averaging its nodal equivalent creep strains. The accumulated damage is:

If the element damage reaches the value of D=1, the element is killed by setting its death flag to 1, i.e., this element does
no longer contribute to the wall strength. The implementation of this model is described in [5].

STRUCTURAL ANALYSIS MODEL FOR THE VESSEL CREEP

The FE-model has 8 elements across the wall in the high temperature region of the vessel. A sufficient number of elements
over the wall thickness is necessary to model the changing material properties and the body load due to the temperature field which
is taken from the CFD analysis. To save computational time, regions of lower temperatures were meshed with 4 element layers
over the wall thickness.

Because of the large spatial and transient temperature and stress changes within the vessel wall an advanced approach for
the numerical creep modelling has been developed. Usually creep is described by analytical formulas (creep laws) with a number
of  free coefficients. The coefficients are used to adapt the creep laws to creep test results performed at constant load and
temperature. However, it is difficult to achieve a satisfying adjustment for a wide range of temperatures and stresses with only
one set of coefficients. Therefore a supplementary tool for the ANSYS® code has been developed which allows to describe the
creep behaviour of a material for different stress and temperature levels independently by means of a creep data base. Moreover,
the damage is calculated as described above. The Digital® Fortran Compiler (Rev. 6.1A) was used for programming and for
generating the customized ANSYS-executable on a Windows/NT® platform [4]. The creep data base has been generated using
an analysis of the measured data performed  by Ikonen [5]. Due to the uncertainties of the creep fracture strains measured in the
uniaxial tests the creep fracture strain was set to 60% for temperatures above 600°C.  The plasticity of the material isε frac

cr

modelled by using the multilinear isotropic hardening option of ANSYS® [6]. The plastic fracture strain is evaluated fromε frac
pl

the last point of the stress-strain curve. With these values the damage increment (cf. eq. (1), (3)) can be calculated.
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Fig. 4: Temperature field (left side, max. 1346K) and local creep strain
(right side, max. 7.99%) after t=15,960s experimental time (38kW,
25bar).

Fig. 5: Local creep strain (left side, max. 45.13%) and damage (right side,
max. 0.9993) at the calculated rupture begin after t=4:05h (38kW, 25bar).
The expected crack initiation position is indicated.

RESULTS OF THE PRE-TEST
CALCULATION AND COMPARISON WITH
THE EXPERIMENT

There was a power supply problem in the
experiment, which limited the heat generation rate
to some 20kW instead of the scheduled 38kW (cf.
Fig. 3). To initiate the creep process in spite of
this, the pressure was increased from the desired
25bar to 40bar, but then the heat generation was
stopped and after 1:30h the desired heat
generation rate could be applied. From this time
also the desired pressure of 25bar was kept. In
contrast to this experimental sequence with a lot
of transients, the pre-test calculation assumed a
steady-state temperature field in the vessel wall
generated by a power of 38kW, when the pressure
is applied constantly at 25bar. Therefore the
mechanical calculation is compared with the
experiment from the time when the full power was
regained, and the applied pressure was adjusted to
25bar and kept constant thereafter.

This is shown in Fig. 3: the thick curve
represents the measured  displacement of the
bottom centre. At t=12,360s the power was
regained and the pressure was decreased to
p=25bar. The beginning of the ANSYS-
calculations is referred to this point. 

The small difference at the beginning
between calculation and measurement is mainly
caused by the cooler vessel wall in the experiment
at this time, i.e. less thermal expansion. Some
30min after regained power a quasi steady-state
temperature field was reached (cf. Fig. 2). The
first ANSYS-curve entitled “38kW 25bar“ is a
pre-test run, failure is predicted at 4:05h after
initiation of the creep process, which corresponds
to  t=27,060s in the experiment. In fact, failure
happened 48min earlier in the experiment,
therefore the second ANSYS-curve shows the
displacement progression, if the whole
temperature field is increased by only +5K (post-
test run). In this case the calculated failure occurs
18min after the experimental failure time. If the
temperature is increased by +10K, the calculation
predicts failure 6min earlier then it occurred in the
experiment. This indicates that the mechanical
response of the vessel is very sensitive to small
temperature changes at high temperatures. This
confirms also that the calculated temperature field
is quite reasonable and that the thermocouples do
not measure the temperature exactly at the wall
surface (cf. Fig. 2). Another reason for the
relatively early failure of the vessel compared to
the pre-test calculation is a possible “pre-damage“
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Fig. 6: Possible arrangement for a vessel support in case of a vessel creep.
Additionally a passive control device for the initiation of the reactor pit flooding is
shown.

caused by the transients which were not considered in the pre-test calculations.
Figure 4 presents the temperature field in the vessel wall and the equivalent local creep strain after 1h in the calculation,

which corresponds to t=15,960s at the experimental time scale. The high temperatures in the focus region are clearly visible and
therefore it is plausible that the maximum creep strain is obtained there, too. Figure 5 shows the local creep strain and the
accumulated damage at failure time. The horizontal lines indicate the initial welding line. The maximum local creep strain is some
45%, i.e., the first element is killed before reaching the assumed uniaxial creep fracture strain of 60%. One reason is that there
is a small contribution to the damage by plastic strain, but the main reason is the triaxiality factor (cf. eq (2)), which  was around
1.3 at the outside of the focus region. The expected failure position is also shown in Figure 5. The most damaged element is on
the vessel outside, some 60mm below the welding. This corresponds very well to the failure position observed in the experiment,
where a horizontal crack of some 150mm length was created about 50mm below the welding. 

According to the calculations the failure location is independent of the temperature shift (+10K), i.e. it is nearly independent
of the failure time. This applies also for the pressure: different pressures change mainly the failure time and have little influence
on  on the failure location.

The on-line evaluation of the pre-test calculation was of substantial help during the experiment. Finally it can be stated that
the developed Finite Element Model is quite well validated by this scaled experiment.

ANALYSIS AND INSIGHTS TO POSSIBLE ACCIDENT MITIGATION MEASURES

Evaluating the observations made in the experiments and in the calculations the following statements can be drawn:
- The creep process is only initiated by the combination of high temperatures (>600°C) and pressure (>1MPa), i.e., at low

pressure and high temperature we observe only the reversible thermal expansion, because loads due to the dead-weight of the
lower head and the melt pool are negligible, at high pressure and low temperature the material strength is high enough to keep
the pressure load.

- If the creep process is initiated, the weak region is the hot focus area, where the highest local creep strain rate occurs, this
leads to wall thinning, which accelerates the creep geometrically.

- The overall temperature level and the pressure level influence mainly the failure time, but not the failure position.
- Failure will occur at the position of highest temperatures. Additionally, there is a small influence of the vertical position of

the focus region: closer to the cylinder it is more dangerous than at lower positions of the bottom head, this can be understood
analysing the simple vessel
formulas for a cylinder and for a
sphere.

- Contrary to the hot focus area a
large “bowl“-shaped region at the
lower head bottom centre shows
relatively high material strength
due to the lower temperatures.
This bowl keeps it shape and
relocates  only ver t ical ly
downwards. (Some asymmetric
movement is possible in reality,
but the 2D-Model allows only
ideal symmetry.)
From these insights one can

assume that it should be possible to
prolong the failure time or even avoid
the failure, if the mechanical loads
within the weakest region are reduced.
A possible arrangement to ensure this
is shown in Fig. 6. On the left the
figure shows the vessel at the
beginning of a possible in-vessel-
retention stage after melt relocation to
the lower head. A configuration of 3 or
more support plates is positioned
between the lower head and the



7

1.6E+07

1.8E+07

2.0E+07

2.2E+07

2.4E+07

2.6E+07

2.8E+07

0 3600 7200 10800 14400 18000 21600 25200 28800

Time [ s ]

E
q

u
iv

al
en

t 
S

tr
es

s 
[ 

P
a 

]

No Stool, Post-Test +5K

With Stool, Post-Test +5K

Inside Contact Position e328

Fig. 7: Development of the equivalent stress in the most damaged element

basement. In a top view this “creep stool plate“-configuration would look star-shaped. The plates start at the basement, but at the
top end they form a gap to the vessel wall, so that the vertical distance becomes constant between the inner- and the outermost
radial position. This should ensure that there are no negative influences during normal operation or other accidents.

When the creeping process starts the lower part of the vessel will relocate vertically until the gap is closed. Then a main part
of the vertical forces is transferred from the vessel wall to the creep stool plates, as shown on the right side of the figure 6. 

Additionally the force of the downward moving bottom can be used to move one or several vertically arranged rods like
shown in the figure. This effect can be used to open a gate or a valve to flood the reactor pit with  water, e.g. from the In-
Containment Water Storage Tank (IRWST), by means of a hydraulic system or other mechanical devices.

The advantage of this system is that it works absolutely passively and can be realized at rather low cost. The temperature
at the vessel wall outside will be decreased by several hundred degrees and the margin to failure will be increased significantly.
The disadvantage are  possible steam explosions if the vessel fails anyhow.

DRY CREEP STOOL CALCULATION AT EXPERIMENTAL SCALE

To get an impression about the possible benefits introducing a vessel support like the above described creep stool, it was
assumed that there were one in the last FOREVER experiment, scaled 1:10, too. Although the FE-model is 2D, it is reasonable
to proceed with this model, because the material strength in the lower part is very high, so the gaps between each support plate
can be managed by the vessel itself.

Assuming a spherical coordinate system at the origin of the bottom head, a radial gap of 7mm is modelled between the vessel
wall outside and the creep stool. The modelled creep stool extends in polar direction from 5° to 45°, where 0° refers to the very
bottom centre. Sliding is allowed, i.e., if the tangential force exceeds the product of the perpendicular contact force and the
coefficient of friction, the surfaces move against each other.

All other conditions were the same as in the “38kW25bar+5K“-run shown in Fig. 3. A comparison of the results is given
in Fig. 7, which shows the equivalent stress of the most damaged element in both cases. It is interesting to recognize, that the
position of the most damaged element did not change, i.e., the expected failure position is the same. The solid red line represents
the “no stool +5K“-condition. Failure is calculated after 3:37h (the time scale is referred to t=12,360s in the experiment, i.e., the
starting point for all calculations in Fig. 3). The calculation shows some kind of stress relaxation within the first 30min, after that
the stress increases with some acceleration until failure. 

But the calculation entitled “with stool +5K“, which represents the behaviour if the vessel support is introduced, shows a
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Fig. 8: Creep stool calculation: local creep strain (left side, max. 43.75%)
and damage (right side, max. 1.002) at the calculated rupture begin after
t=7:24h (38kW, 25bar).

decreasing stress level after the first 40min. The
stress level decreases or keeps relatively constant
over 4h, then it increases slowly over 2:20h and
after 7:23h the vessel fails. The reason for the
stress reduction can be explained by the thin curve
in Fig. 7. It shows the equivalent stress in an
element at the vessel inside at the uppermost
position of contact between vessel and creep
stool. It shows clearly the first contact time: after
40min there is a steep increase of the stress. But
this element has a much lower temperature and
therefore a much higher strength, so it is not
endangered to fail.

According to this simple calculation it can
be assumed that a doubling of the failure time is
possible, if the stress at the weakest positions of
the wall is reduced by a simple vessel support of
bottom head centre area. Finally the shape,
including the local creep strain, and the damage of
the vessel are shown at failure time in Fig. 8,
which makes the different deformation compared
to Fig. 5 obvious.

CONCLUSIONS

The on-line availability of the pre-test
calculation was of substantial help during the
experiment. It can be stated that the developed Finite Element Model is quite well validated by this scaled experiment. The failure
location and vessel geometry was predicted very well, while there are minor uncertainties concerning the time of failure.
Introducing a vessel support facility it was shown that the failure time for this arrangement can be doubled, if the lower bottom
head is supported by a creep stool, which reduces the mechanical load at the hot focus region just below the melt level surface.
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