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ABSTRACT

The impact loading of a PWR vessel head caused by a postulated in-vessel steam
explosion is being investigated by experiments performed in reduced scale. For a
better understanding of the experimental findings, theoretical investigations using
the finite element codes ABAQUS and PLEXUS as well as other methods are per-
formed. In this paper two of the experiments are analyzed with ABAQUS and
PLEXUS, in order to check the efficiency of these tools. It tumed out that for solid
body impact the description was very good, and for liquid slug impact directly
against the vessel head promising results were achieved.

- 1. INTRODUCTION

The most severe mechanical consequence of an in-vessel steam explosion is the
impact of a slug of molten core material against the head of the reactor pressure
vessel. It could cause a failure of the head, leading to missiles endangering the re-
actor containment [1, 2]. Therefore, the slug impact against the head is investigated
by the model experiments BERDA, where the relevant reactor geometry is scaled
down 1:10, [3, 4]. As the similarity conditions are carefully respected, the experi-
mental findings can be transferred to real scale by simple multiplication with the
scale factor. If the models are made from the same material and strain rate effects
can be neglected, and if the model experiments are carried out at the same tem-
perature, then the scale factor is 1 for stresses, strains and velocities, 10 for time
and lengths, 100 for forces, and 1000 for masses and energies [3, 5].

In order to deepen the understanding of the impact process and to extrapolate
the experimental results to other combinations of parameters, corresponding theo-
retical work is being performed. It includes the application of available codes and
the development of special methods [6]. In this paper calculations with the finite ele-
ment codes ABAQUS and PLEXUS are presented. The results are compared with
two experiments, one with a solid body impact, the other one with a liquid metal im-
pact.

Il. CALCULATION OF A SOLID BODY IMPACT WITH ABAQUS

In BERDA test 03 a solid projectile was accelerated against the upper pressure
vessel head, [4]. The contact surface of the projectile had a spherical shape with a
radius of 160 mm, while the radius of the pressure vessel head was 278 mm. The
mass of the projectile was 26 kg, the impact velocity 101 m/s. In the experiment the
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time-history of the forces in the bolts, the final deformations and the strains on the
outer surface of the head were determined.

In parallel with the experiment, corresponding calculations were performed using
the finite element code ABAQUS [7]. Due to the symmetry it was sufficient to
discretize only a small circumferential sector including one half of a bolt. Fig. 1
shows the corresponding finite element mesh. Special care was taken to allow for
the changing contact surfaces between head and projectile, between head and ves-
sel, and between bolt and head flange. A coefficient of friction of 0.3 was assumed
for all contact surfaces. The calculational model had 5619 dynamic degrees of free-
dom. An explicit time integration scheme with a time step of 10 us was used. Non-
linear material properties for head, bolt, and projectile were considered. The true-
stress true-strain curves used are shown in Fig. 2. They were determined from
quasistatic uniaxial tensile tests performed at room temperature and using the rela-
tions otrue = Oeng (1+eeng) and etrye = €n (1+€eng). Here otrue, etrue and Oeng, €eng
are true and engineering stresses and strains, respectively. Values beyond the
point of ultimate strain were extrapolated linearly, using a tangent modulus calcu-
lated from do/de = o for the ultimate point. Isotropic hardening was assumed in the
calculations. The control rod drive holes in the vessel head were not considered,
neither in the calculation nor in the experiment. Prestressing of the bolts was not
considered, either.
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calculation with ABAQUS

Fig. 3a shows a comparison of the measured and calculated force in the bolts.
The agreement up to 0.6 ms is excellent. The calculated force does not decrease to
zero because a twist of the flange due to the large permanent plastic deformation of
the central region of the head causes a slight permanent tension in the bolts. In the
experiment, however, small clearences probably prevented this effect. Due to wave
propagation and bending effects, the calculated strains in the bolts varied consider-
ably along the axis and along the circumference. Locally the yield strain of 0.5 %
was slightly exceeded. The duration of the impact is about 0.7 ms. Integration of
the force time-history yields the momentum transferred by the bolts, Fig. 3b. Finally,
1.4 times the initial momentum of the projectile was transferred, indicating that the
projectile was rebounded with a considerable velocity. »
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The largest permanent vertical deformation at the pole of the head was calcu-
lated to be 22.5 mm. This value agrees well with the measurement of about 20 mm.
The calculated distribution of the equivalent strain in the cross section of the head
is shown in Fig. 4 by the different shadings. The maximum reaches about 11 %.
Here, the meridional strain is the essential component. For comparison, the meridi-
onal strains measured in the experiment BERDA 03 are shown in Fig. 4 by the dia-
gram. The maximum reaches 10 %.

15 { ) 29 ABAQUS calculation:
~ R 1.3 equivalent strain (%)
> 10 < 1.9
g N 25
N VAR
° .

o 7 \ 4.4
S oA — ABAOUS\_\_/-——’ - %)
- BERDAO3 - 6.3 i [
| | 6.9 ; L
- - 55 meridional_strai
. 8. idional _strain ]
> 5 b) 88 gf
24 L — 9.5 10
X 10.1 o
| s — 10.7 7
§ 7 Elammno =7 5% o1
€2 4 ] )
[ v
E 7 / 2 .
S 0 - experiment |
g BERDA 03
0 _2 T T 1 l
0 02 04 06 08 10 0 75 150
time - (ms) radius (mm)

Fig. 3: Comparison of the calculated and = Fig. 4: Calculated and measured strains
the measured impact force (a) in the head
and of the transferred momen-
tum (b)

. CALCULATION OF A LIQUID SLUG IMPACT WITH PLEXUS

In order to determine the loading of the vessel head due to a liquid slug impact,
corresponding calculations were performed in advance of the experiments. The
theoretical investigation of the problem is difficult. During the impact, the liquid slug
is seriously distorted and finally splashes. This can hardly be described by classical
Eulerian or Lagrangian methods. Thus, other methods have to be applied. One is
implemented in the computer code PLEXUS [8], which allows to discretize the liquid
slug by an assemblage of discrete particles. In each time step, other particles inter-
act with each other or with the boundaries, what requires modification of the con-
nectivity matrix. The forces between the particles are determined according to the
constitutive equations for fluid pressure and compression, taking into account for
cavitation.

Fig. 5 shows the discretization modelling the BERDA geometry. The liquid metal
slug was described by 1203 particles. A density of 9200 kg/m3 and a velocity of
sound of 1500 m/s were used. The slug had a mass of 73 kg. The vessel head was
modeled using triangular standard thin shell elements. Each bolt was modeled by
one truss element which was clamped at its lower end. In order to model a nearly
rigid structure, Young’s modulus and the density were chosen appropriately. Dissi-
pation of energy was not taken into account; neither in the liquid nor in the struc-
ture. In order to allow for a correct description of acoustic waves travelling in the
slug, a short time step of 0.5 ps was used. The impact velocity was chosen to be
70 m/s, expecting that the resulting forces were close to failure.
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Fig. 6 shows the paths of the particles during the impact process and the final ve-
locity vectors. Some of the rebounded particles reach velocities higher than the im-
pact velocity.
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Fig. 5: Discretization of the liquid slug Fig. 6: Calculated paths of the slug
impact problem for particles during the impact
calculation with PLEXUS against the head

The actual vertical momentum of the slug I(t) was calculated by summing up the
momentum of all the individual fluid particles. The resulting time-history was normal-
ized using the initial momentum of the slug lp = m'vg. The momentum transferred
from the slug to the head Al(t) = Ig-I(t) is shown by the dashed line in Fig. 7. It
shows that about 1.8 times the initial slug momentum was transferred to the head.
This indicates that significant rebound of slug material occurred. The time derivative
of the transferred vertical momentum is the resulting vertical force exerted by the
impacting slug to the head. It is shown by the solid line in Fig. 7. It reaches a value
of 12 MN and is close to the load carrying capacity of the bolts of 14 MN. Finally, it
is important to note that the duration of the impact is only about 1 ms. Within this
time span the undisturbed slug would cover a distance of 70 mm, which is smaller
than the height of the slug of 87 mm.

In a previous investigation of the impact of a compressible liquid slug against a
rigid target two different phases were considered [3]:

- The first phase is governed by acoustic waves travelling in the slug. Pressures
are rather high with peak values of about psc = p ¢ v, the duration is rather short
with times of about Tac=hsjug/C (p=density, c=velocity of sound, v = impact veloc-
ity, hsiug = initial height of slug). Using p = 9230 kg/m3, ¢ = 1500 m/s and v = 70
m/s yie?ds Pac = 10 000 bar and tac = 60 ps. During this phase the uniform ve-
locity distribution in the liquid slug is-changed into a flow pattern according to the
shape of the obstacle. This consumes a certain fraction of the initial slug momen-
tum. Assuming that the duration of this phase approaches zero, the pressure
peak is of Dirac-type, and the changed flow can be determined from the equa-
tions for incompressible fluids [3]. It turned out that - depending on the height of
the slug - about 30-60 % of the initial slug momentum is transferred to the ob-
stacle during this first phase. For the considered PLEXUS calculation a more
thorough study of the paths of the particles in the first instances of slug impact in-
dficat«las indeed, that the slug begins to splash due to accoustic waves travelling in
the slug.
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- The second phase is governed by simple transient fluid flow with rather low pres-
sures in the order of pfiow = p v2'and a long duration of about Tfiow = hslyg/v. Us-
ing the above values yields pfow = 450 bar and Tfiow = 1.2 ms. During this phase
the remainder of the momentum is transferred.

However, in reality these highly idealized phases will not occur so distinctly, rather

they will be smeared. A maximum mean impact pressure can be assessed using

Pmean = Fmax/Aslug, where Fmax = 12 MN is the largest impact force and Aslug =

0.1 m2 is the slug area. It amounts to Pmean = 1200 bar. This value is larger than

the flow pressure and one order of magnitude smaller than the acoustic pressure

determined above.

Fig. 8 shows the pressure "distribution acting at the head in more detail. Each
curve gives the pressure time-history for one of the nine annular zones of the head,
which are determined by the corresponding finite elements. Zone 1 is the pole of
the head, zone 9 is close to the flange. First impact occurs at the outer edge of the
slug loading zone 7 with pressures of 1700 bar. Zones 6 to 1 are loaded consecu-
tively. The highest pressure with 2300 bar occurs at the center of the head. Pres-
sure loadings outside the proper impact area, caused by downflow of slug material
as in rows 8 and 9, are of minor importance.
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Fig. 7: Force F and transferred momentum Fig. 8: Calculated pressure time-histories
Al due to the liquid slug impact for the annular element zones of
calculated with PLEXUS the vessel head
(slug mass 73 kg, velocity 70 m/s,
rigid head)

IV. CALCULATION OF HEAD DEFORMATION WITH ABAQUS

The pressure loading obtained from PLEXUS was used to calculate the response of
the head in more detail with ABAQUS. Discretization and material properties from
section Il are used again. There is an inconsistency in this procedure, as the vessel
head was assumed to be rigid for the determination of the impact loading with
PLEXUS, but elastic-plastic for the response calculation with ABAQUS. This was
accepted in order to get a first conservative result on the failure mode of the head.
Fig. 9 shows the deformations of the head. They reach values of 20 mm at the
pole. The largest strain in the head is about 18 % occurring near the pole. The ulti-
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mate strain of the head material under uni-axial tension is.9 % (see Fig. 2); thus,
the state of deformations reached is expected to be rather close to failure.

Due to propagation of waves and due to bending effects the strains in the bolts
vary considerably, see Fig. 10. The local maximum is about 1 %, the average strain
only being 0.7 %. As the ultimate strain of the bolt material is about 6 % (see Fig.
2), there is sufficient deformation capability left before occurrence of failure.

o Cgr;sequently, increasing the impact loading would probably cause failure of the
ead first.
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In the previous calculations, the holes for the control rod drives were not consid-
ered. In order to study the influence of these holes a second series of computations
with ABAQUS was done with new models including the holes, but using the same
pressure loading as before. The discretization used, and the permanent deforma-
tions reached are shown in Fig. 11. It should be mentioned that the head on the left
contains one central hole, what differs from the previous calculations. It turned out
that the head with many holes suffered a deformation wmax = 61 mm which is near-
ly twice as high as for the head with only one central hole. Additionally, significant
necking occurs between the holes with the smallest distances from each other.
Here the maximum strain was 1.5 times larger than the maximum strain in the head
with only one hole. This underlines the conclusion above, that for the impact load-
ing the vessel head is weaker than the bolts.

V. COMPARISON OF A PLEXUS CALCULATION WITH BERDA TEST 07

Meanwhile BERDA test 07 was performed with parameters roughly similar to those
used in the preceding calculations. The impact mass was 82.5 kg, the impact ve-
locity 61 m/s. Calculations with PLEXUS, using the same discretization as before,
were performed for the new parameters. In order to reach the higher slug mass, the
slug density was modified appropriately. One calculation was performed for a nearly
rigid vessel head and another one for linear elastic head and bolts.

Fig. 12 shows the calculated forces and momenta, compared with the corre-
sponding measurements in the bolts. The agreement of the results improves if head
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deformation due to a liquid slug impact (Wmax is maximum vertical deformation,
€max IS maximum equivalent strain)

deformations are allowed to occur. It is expected that the agreement will improve
furthermore, if the real elastic-plastic head deformation is taken into account appro-
priately in the PLEXUS calculations. This will be done as a next step.
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Fig. 12: Comparison of measured and calculated forces (a) and momenta (b) due to
liquid slug impact
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VI. SUMMARY

Calculations for the impact of a slug against the vessel head were discussed and
compared with experimental findings from the BERDA facility. '

The impact of a solid body against the vessel head undergoing considerable
plastic deformation, could be described satisfactorily by available finite element
codes. The agreement with measurments from BERDA test 03 is very good.

The impact of a liquid metal slug directly against the pressure vessel head was
calculated with PLEXUS, using its implemented particle model for the discretization
of the slug. This method allows to consider intensive splashing of the liquid slug
during the impact against deformable structures. The calculated results indicate that
for increasing impact loading failure of the vessel head will occur first. Calculations
for the experiment BERDA test 07 yielded acceptable agreement. It is expected that
the results will improve furthermore if elastic-plastic head deformation is taken into
consideration, too. However, results of other BERDA-experiments indicate that test
07 yielded rather high impact forces. Therefore, final conclusions for liquid slug im-
pact can only be drawn after additional investigations.
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