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The HDR experimental facility has been used for several blowdown experiments in order to
study fluid-structure interactions and loadings on the pressure vessel internal structures
of a pressurized water reactor. We have developed the code FLUX to analyse the motions in
the initial blowdown period.

This paper describes a new type of HDR experiment (V34) and compares the experimental
results with the FLUX-code results. As novel feature, the core barrel is not rigidly clamped
to the vessel as in earlier experiments but supported with gaps such that the core barrel
can move freely upwards for about 2 mm and horizontally for 0.3 mm at the upper flange. At
the lower core-barrel edge, snubbers restrict the horizontal motion to about + 1.4 mm and
- 2.8 mm.

The experimental results show that the core barrel is deflected sidewards until it hits
the snubber at the lower edge and then swings back to hit the opposite snubber. By this some
kinetic energy is lost due to plastic snubber deformations. At the same time, the measure-
ments show that the core barrel lifts rather uniformly from its support upwards until it
hits the upper constraint. Several bounces up and down are observed until the core barrel
becomes fixed probably due to friction from the side.

This situation has been pre- and post-computed with the new FLUX-version which contains
a very effective algorithm to treat supports with gaps and resultant impacts. For treatment
of plastic supports, a simple model is added. Pre-computations were not meaningful because
of large deviations in the pre-estimated initial gaps. However the computed pressure-field
is not influenced very much by these parameters and predicted very well. This was favoured
by the isothermal fluid initial conditions. Post-computations show sufficient agreement with
respect to computed core barrel motion. The axial motion is described very well., Some prob-
lems remain which are due to the model for the upper flange support.

Impacts do not result in greatly enlarged loadings, strains or accelerations for this

situation.
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1. Introduction

Fluid-structure interaction during blowdown of a pressurized water reactor (PWR) has
been the subject of extensive experimental and theoretical work. Large-scale experiments have
been performed at the HDR test-facility [_]_7, see fig. 1. We have developed the computer
code FLUX [_2_7 for analysis of these experiments and the PWR situation.

In the past, both experiments and code models were restricted to an ideally clamped core
barrel. But in a real PWR, the core barrel is supported at the upper flange with finite small
clearances (typically 10 mm in diameter and less than | mm vertically). At the lower end, the
core barrel's radial motion is restrained by snubbers with initial gaps of the order of
3 mm (?). It has been speculated that impacts at such supports may induce large forces,
accelerations and deformations.

For analysis of such impacts within the three-dimensional fluid-structure motions, the
code FLUX had been extended by a very effective algorithm as described in 1_4_7. The code
can handle elastic and plastic, rigid and flexible supports at arbitrary positions. The
support positions and directions for the HDR-model are shown in fig. 2. This extended method
had to be verified experimentally.

For this purpose, a special experiment (case V34) has been performed as the last of the
blowdown test series at the HDR facility in April 1982 1—5, 6_7. This paper reports about
the experiment and results of pre- and post-computations with FLUX. Details are given in

/176_7.

2. The HDR Blowdown Experiment V34

The design-goal of experiment V34 was to provide experimental data on motions with
impacts between the core-barrel (CB) and the pressure vessel (PV) at snubbers at the lower
CB-edge. For this purpose, the support of the upper CB-flange was changed such that it had
the freedom to move by a small amount horizontally (designed: 1.2 mm, achieved: 0.3 mm) and
axially (designed: 1 mm, achieved: 2 mm). This was cheaply performed by replacing the stand-
ard distance ring by one with smaller thickness. At the lower edge, snubbers were installed
which were designed to provide initial gaps of 1.5 mm at 90° and 1.5 mm at 270°. (Note, that
in the HDR coordinate system, the blowdown pipe is connected to the vessel at 90° angular
direction.) After the experiment, the actual values were estimated to be 1.4 mm at 90° and
2.8 mn at 270°. The CB was initially located excentrically as far to the 270° direction as
possible.

For the fluid, the initial pressure was designed to 110 bar (achieved: 112 bar), the
initial temperature was designed to 240 C (achieved 240 +1 C). Such isothermal conditions
were necessary due to possible bypass flows at the loosely supported upper CB-flange. The
blowdown is initiated by a membrane break at the end of the blowdown pipe within about 1 ms.
Except for the loose CB support and the isothermal temperature distribution, the experimen-—
tal parameters are the same as in case of V32 1-5_7, the German standard problem No. 5.

Also the same extensive high-quality measurement system is being used.
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3. Experimental Results

3.1 Fluid dynamics
The pressure difference at the CB is very similar in V34 and V32 in the first 70 ms,
see fig. 3. This is noteworthy because it shows
- there is no substantial bypass flow at the loosely supported upper CB-flange.
- the temperature distribution inside the CB does not have significant effect on the pressure
loadings. v
- the feedback of the changed support conditions on the pressure field is small in compari-
son to the feedback of shell motions.
- the pressure field shows no clear }ndications for impacts.
In contrast to V32, the pressure inside the vessel nowhere drops below the saturation
pressure within the first 250 ms so that one surely has liquid water inside the vessel during

this period.

3.2 Structural dynamics

Typical displacement signals, which show the relative motion of the CB with respect to
the PV are shown in fig. 5 to 7. From these results one obtains the following picture of the
CB motion:

Immediately after blowdown initiation, in the first 10 ms, the CB slides horizontally
until it hits the upper CB support at 90°. This is concluded from the large difference in
V32 and V34 for the radial deflection of the upper CB near 900, see fig. 4; at 270° the
radial deflection is reduced in V34 in comparison to V32. The pressure drop in the downcomer
within the first 42 ms causes hold-down forces up to five times the CB weight. These down-
ward forces imply large friction forces but, apparently, these are not large enough to pre-
vent the horizontal motion. After 42 ms, the pressure difference changes sign in the upper
downcomer domain, see fig. 3. This then causes an upward force which, after 45 ms, is large
enough to lift the CB flange upwards, see fig. 5. 10 ms later, the flange hits the constraint
at “the upper lid. Thereafter, the CB falls down, again in strong correlation with the pres-
sure difference, and later a second jump appears. The CB flange remains virtually horizontal
throughout the axial motions. After 230 ms the flange seems to become caught from the side-
ward support. This is possible because the initial horizontal gap is small (= 0.3 mm) and
a general pressure reduction by 50 bar in the vessel causes a 0.44 mm shrinking of the PV
flange. The remaining 100 Hz oscillation in fig. 5 has been identified as being eigenoscilla-
tions of the device to which the transducers are mounted. The lower edge of the CB with its
90o—snubbers, see fig. 6, impacts the PV first at a time around 33 ms after having closed
the initial gap of 1.4 mm. Such an impact is also indicated by 0.2 mm deep plastic marks from
the snubbers in the inside PV wall which have been found after the experiment. The CB and PV
remain in contact up to about time 90 ms. Thereafter, the CB swings back and impacts at 270°
angle at a time between 130 and 145 ms. It remains in contact there for a time period which
is estimated to take between 50 and 80 ms. Also at 2700, plastic marks but of smaller deep-
ness (= 0.1 mm) have been observed afterwards. The general motion of the CB is essentially
symmetric with respect to the 90° direction.

The PV motion is measured from the outside with 9 displacement transducers. The vessel
is mounted to a lower support frame. The measurements show that the vessel mainly oscillates

in the beam mode with an amplitude of 1.3 mm at the upper flange. In addition some shell
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modes of the vessel are indicated with amplitudes of O.1 mm. In comparison to V32 the side~
wards initial acceleration caused by the reaction force of the outflowing fluid are 20 %
larger. This is probably a consequence of the reduced effective inertia of the PV with its
loosely connected CB. Surprisingly, none of the accelerometers, neither at the CB nor at the
outside PV wall in the vicinity of the upper flange and the snubbers show clear indications
of impacts.

The strain values measured at the CB for V34 are of the same amplitude as or smaller

than in experiment V32. The impacts do not cause large additional strains.

4, The Computer Code FLUX

The code FLUX 1—2, 3_7 has been used in the version FLUX4 which includes fluid-structure
interactions with the CB and the PV and the algorithm for treating impacts described in 1_4_7.
The two-phase flow in the blowdown pipe is precomputed with DRIX-2D. The resultant pressure,
105 mm downstream the downcomer in the pipe is then used as boundary value for the subsequent
FLUX4 run. This is the so called weak coupling as explained in 1_3_7. The dynamic properties
of the CB and the PV are described by rigid body parts and shell eigensolutions constructed
with CYLDY3 as indicated in fig. 1. The upper and lower end rings of the CB are treated as
elastic rings. The upper PV flange is modelled as being rigid. The fluid motion in the vessel
is modelled as a compressible potential flow with constant speed of sound (a = 1200 m/s) and
nominal density (po = 816 kg/mB). At the nozzle from the downcomer into the blowdown pipe,

a turbulent friction pressure drop 1/2@00u|u] is assumed with £ = 0.4. This value is essen—
tial for obtaining the correct mass flow rate. The fluid-structure interaction is treated
implicitly for small wall deflections as described earlier L_Z, 3_7. In comparison to 1_4_7,
the code has been extended by a simple technique to treat an ideal elastic/plastic behaviour
of supports 1—6_7.

The computations are carried through for two discretisation parameters, M1 (coarse) and
M2 (fine). The two grids are distinguished only by the number of mesh cells on half the cir-
cumference (symmetry is taken into account) which are 12 for MI and 16 for M2, the cutoff
eigenfrequency of the structural eigenfrequencies are 637 Hz for Ml and 1500 Hz for M2, and
the time step is of size 0.5 ms in Ml and 0.2 ms in M2. The resultant number of fluid mesh
cells n_ and structural modes n_ are (nF,nS) = (2839,321) for Ml, and = (3699,861) for M2.

F S
The computing time on an IBM 3033 is 1 h for Ml, and 6 h for M2 for integrations over 200 ms.

5. Comparison Between Measured and Computed Values

5.1 Precomputation V34.4

The code FLUX has been used for pre— and ﬁost*test analysis. Case V34.4 denotes the
pre-computed result. The pre-test-analysis gave generally very éood agreement with respect
to fluid dynamic quantities, see e.g. fig. 3. ‘

In the time period 10 to 40 ms, the pressure difference at the CB is overestimated by
up to 15 7, see fig. 3; later the errors are smaller. This is caused by a too large pressure
drop computed by the two-phase model in the blowdown-pipe. The overall agreement in the
fluid data is very good, however.

However, the structural results did not agree because the pre-estimated initial gap
values differed considerably from the actual values as reported in Chapter 2 so that post-

computations have been necessary.
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5.2 Post-Computations V34.13 and V34.15

Several post-computations have been made in which parameter studies with respect to the
optimal support-parameters have been conducted. In these studies the following input para-
meters have been varied: initial gaps, support flexibilities, plasticity forces, number of
support positions (1-8 or 1-12 of fig. 2), and the stiffness of the upper CB flange. We have
not changed any fluid model parameter and even left the initial pressure at 110 bar in spite
of the measured value of 112 bar because this has an easily interpretable effect and adjust—
ment would require a new DRIX run. As "best" post-computation we finally classified the com—
putation cases V34.13 and V34.15 which differ only in the discretisation (M1 for V34.13 / M2
for V34.15) and integration times (200 ms / 80 ms). In general, the effect of the discreti-
sation has been found to be negligible, see fig. 6 e.g.; Ml gives sufficient accuracy. In the
post-computation, see fig. 4 to 7, the CB motion is now in better agreement with the measured
data, although generally not as good as for case V32.

The axial CB motion, see fig. 5 shows that the computation idealy reproduced the motion
of the upper flange with its impacts. This agreement is very insensitive to all model para-
meters varied and was obtained immediately after adjusting the initial gaps. This result
clearly demonstrates the validity of the algorithm for treating impacts in FLUX.

The radial CB motion is mot reproduced to the same quality. The shell deflection (and
axial strain) in the upper CB part is the most sensitive quantity with respect to discreti-
sation fineness. Further these results are very sensitive to support parameters and upper
flange stiffness. As the upper CB flange is not clamped, its flexibility causes large addi-
tional deflections.

Near the snubbers, the computed deflecticns show still considerable differences with
respect to the measurements. At first it was believed that these discrepancies are due to
effects of plastic deformations at the snubbers. Intermediate parameter studies, with differ-
ent flexibilities and plasticity parameters showed that this effect cannot be responsible for
the general deviations, although the computations explained the small plastic deformations at
the inside PV wall (the computed plastic deformation is 0.15 mm for case V34.13 at 900, and
zero at 2700). The main reason for the remaining deviations comes apparently from the model
for the upper CB flange and its support. This has to be concluded, e.g., from fig. 7 which
shows large effects of the parameters in this part. As a sonsequence it is very likely that
even small one-sided friction forces which try to resist the axial motion of the upper CB
flange will cause large effects on the motion at the lower CB edge. Such effects are certain-
ly very difficult to describe theoretically. Further such effects are solely relevant for
the HDR but not for a PWR with much different construction and larger horizontal gaps. There-—
fore the parameter study has been finished at this stage.

Strain values are well reproduced by FLUX and they are of the same order as computed for
case V32. The same is true with respect to accelerations. In fact, FLUX predicted that the

impacts have no large effects in terms of acceleration peaks.

6. Conclusions

In the HDR blowdown experiment V34, for the first time, fluid-structure interaction with
impacts between the core-barrel (CB) and pressure-vessel (PV) has been the primary aspect of
large scale experimental investigation and successfully measured. The initial gaps at the

different supports have been identified to an accuracy of ¥ 0.2 wm. With these data, code

— 371 — B 7/1



validation is possible. Pre-computations were not meaningful because of large deviations from
pre-estimated initial gap values.

Post-computations have been performed with FLUX. In this experiment, FLUX matches the
pressure values very good. For the isothermal temperature conditions the FLUX fluid model is
particularly suitable whereas in case V32 some larger, but still small errors arise because of
early two-phase effects. Even the pre-computations did show excellent agreement with the
measured pressure values. This indicates that the structure-fluid feedback effect of the
" support details and the impacts is small in comparison to the effects of shell dynamics.

The structural dynamics has been fairly well matched by the FLUX post-computations. The
agreement is not as good as for V32 but this was to be expected for the more complicated
boundary conditions. The axial motion of the upper CB flange, however, and its impacts are
reproduced convincingly well. Some small effects of plasticity at the snubbers have been
demonstrated. The main cause for the remaining differences in the horizontal CB motion are to
be attributed to model uncertainties in the upper CB flange, its stiffness, its support, and
possible friction forces resisting its motion. These effects are peculiar to the HDR situa-
tion because in a PWR the flange differs in design and has larger horizontal gaps. In any
case such details are not essential for assessing reactor safety. It has been shown that FLUX
gives a valid model for such motions with impacts.

The forces, strains, and accelerations induced by impacts are small. This has been shown
both in the experiment and the computation. It remains to be shown by proper applications of
FLUX with adjusted input parameters including the core model that this conclusion can be
quantitatively transferred to a PWR. Then one can be sure that such impacts provide no concern

with respect to the integrity of the vessel internal structures due to blowdown loads.
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Fig. 1: Simplified cross-section of the HDR vessel
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Fig. 2: Support positions and directions in the FLUX model
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