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SUMMARY
This paper summarizes the experimental results of the four blowdown tests (V31i.2, V32,

V33, V34) with reactor pressure vessel internals (RPV~I) constituting the Main Test Series

at the HDR-facility. These experiments differ from the previously reported Preliminary Test

Series /1/ by a substantial increase in instrumentation and by covering a broader spectrum

of important problems of fluid/structure interactions. The main objectives of the respec—

tive experiments weres

V31.2: replication of previous tests V31.0 and V31.1 /1/

V32:  German Standard Problem No. 5, higher loadings due to increased subcooling of the
downcomer fluid

V33: reduced loading due to small break conditions (0.25 F) at otherwise identical ther—
modynamically initial conditions as V32

V34: isothermal test with the upper core barrel flange not rigidly clamped, allowing axial
flange and radial core barrel lower end impacts against the pressure vessel,

The most important conclusions from the experimental data are:

1) Increasing the subcooling to 78 °C in the downcomer (V32) results in increased local
and global loads by about 15 % compared to V31.1l performed with 50 °C subcooling.
2) The reduction of the break cross-sectional flow area down to 25 % (V33) of the full

area (V32) results in reductions by 10 % to 40 % in loads and structural responses
of the measured for V32.

3) Axial and radial core barrel impact phenomena (V34) greatly change core barrel dyna—
mics but barely affect fluid dynamics.

Additionally, an overview and first assessment are presented of the comparisons between
the data and pre-test predictions with a variety of computer codes for the different experi-
ments. Throughout this session, more detailed comparisons and code descriptions will be se—
parately provided by various authors of German and American institutions participating in
the HDR program.

Overall, the HDR-RPV-I experiments of the Main Test Phase have greatly extended the in—
sight into more complex issues of FSI-phenomena, thereby contributing to ongoing changes in
the licensing requirements concerning RPV—i loads in the FRG.
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1. INTRODUCTION

After the results of the Preliminary Test Series (V29.2 -~ V31l.1l) had provided a first
set of reliable data /1,2/ on fluid/structure interaction phenomena-and the first verifica-
tion loop of pre- and post-test predictions had been completed and resulted in satisfactory
to very good agreements between data and calculations, it was decided to continue the expe-
rimental program of HDR-RPV-I tests with an additional set of four tests. In a order to com-
ply with the changing enviromment of licensing requirements concerning RPV-I loads in the
FRG the original set of tests was reformulated. Analytically, the time was used by some
institutions to improve the predictive quality of their codes, performing additional post-—
test calculations, changing nodalizations, numerical schemes or extended the codes capabi-
lities such as for instance FLUX-4 /3/ by including the structural dynamics response of the
RPV and implementing non-linear structural impact phenomena. Especially the latter feature
enabled the Project HDR to carefully design the special experiment, V34, by allowing the
core barrel to move axially and radially impact at its lower end against the RPV.

This paper highlights some of the experimental findings and gives an overall review of
the comparisons between the data and the multitude of pre-test calculations. More detailed
descriptions of the individual codes and their verifications based upon the new data are
provided by the various authors in the following presentations covering the whole spectrum
of FSI-ccde methodology known thus far.

2, DESCRIPTION AND TEST MATRIX OF RPV-I EXPERIMENTS V31.2 - V34
Fig. 1 represents a cross-section of the HDR pressure vessel and the arrangement of the

flexible core barrel together with same important overall measures. Steady-state enthalpy
distributions in the various fluid regions are obtained by filling hot water into the upper
and cold water into the lower plena. The core barrel carries a mass ring at its lower
flange and is rigidly clamped at its upper flange for the experiments V31.2 thru V33. Scme
additional hardware changes had to be introduced in order to achieve the major cbjectives
of tests V33 and V34. For V33, an orifice with only 25 % cross—sectional flow area was in-—
stalled just upstream of the break disks in the break nozzle. For test V34, the upper
flange is not rigidly clemped as in all other tests but allowed to move axially and some—
what radially. Also, snubbers as shown in the insert of Fig. 1 have been mounted at the
mass ring for this test to reduce the radial clearance in order to ensure radial impact
against the RPV. In order to closely follow the axial core barrel movement, three additio-
nal displacement sensors, distributed around the circumference of the upper core barrel
flange, were added to the instrumentation plan.

Fig. 2 presents a flow sheet of the overall rationale behind the sequence of the various
RPV-I tests performed at the HDR-facility, thus far. Experimental and analytical results
for tests V29.2 through V31.1 have been already. reported in /1,2/ as well as by a variety
of institutions participating in the HDR-Safety Program. As indicated in Fig. 2, the four
experiments can be characterized by the following objectives:

V31.2: Reproducibility of data, availability and reliability of sensors after a pause of a
one year between V31.1 and V31.2

v32: Defined as German Standard Problem No. 5; load increase on core barrel by increase
in subcooling in the downcomer by 28 °C compared to V31.2
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V33:  small break test; reduction in core barrel loads by decreasing the break flow cross—
sectional area to 25 $ of that of all other tests
V34:  Effects of axial and radial core barrel impacts due to nonlinear structural boundary
conditions with the additional simplification of isothermal conditions in the vessel
Fig. 3 sumarizes the thermodynamic initial conditions just prior to blowdown initia—
tions for the respective tests. The conditions for V31.2 replicate those of V31.0 and V31.1
of the Preliminary Test Series. For the three other tests the fluid subcooling in the down—
comer has been kept at its maximum value of 78 °C which is achievable with the facility. In
order to separate the effects of the break flow area reduction, tests V32 and V33 have been
performed with identical initial conditions. On the other hand, to minimize any possible by—
pass effect at the loose upper core flange, isothermal conditions throughout the whole ves-
sel were selected for V34. With the exception of the latter, axial temperature profiles in
the core and to a lesser degree in the downcomer regions were established to simulate PWR
conditions as closely as possible.

3. SUMMARY OF COMPUTER CODES USED FOR PRETEST PREDICTIONS
The computer codes used for pretest calculations fall into two main categories

a) codes accounting for fluid/structure interaction phenomena
b) codes which do not account for FSI phenomena by assuming a rigid core barrel
In what follows, only codes of category a) and their respective results will be discus—
sed. Fig. 4 summarizes the codes, and compared to those introduced and discussed during the
6th SMIRT /1/, the additional entry of PISCES-3DELK (post-test calculation by BBR, Germany)
is worth mentioning as well as the fact that K-FIX (3D, FLX) was used with implicit and ex—
plicit solution schemes by LANL and Battelle~Frankfurt, respectively. Thus, the breakdown
of the number of pretest predictions with coupled codes with respect to the individual ex-
periments reveals that
1) 8 American and German institutions participated with 7 different computer codes for test
V32
2) 4 institutions predicted test V33
3) only IRE-KfK predicted V34 with FLUX4 /3/ (Two more post—test predictions are expected)
The details, main features, as well as the individual comparisons of experimental and
calculational results of these codes are the subjects of the following representations of
Session B6. The codes listed in Fig. 4 span the whole spectrum of modeling schemes known
for coupled fluid/structure interactions. Numerically, the codes use widely different me—
thods such as for instance the Method-of-Characteristics (3 codes), Implicit—Continuous
Eulerian Approach (1 code), Langrangian—Eulerian Method with rezoning (2 codes) and fully
implicit-analytical approach (1 code). Compared to the status as described in 1981, variocus
extensions and improvements have been implemented into different codes and tested against
the data of V3l.1 with post-test calculations in order to approach the Standard Problem
with optimized tools.
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4.

EXPERIMENTAL RESULTS

4,1 Fluiddynamic Quantities

In the following, the experimental data of all of the four experiments are superimposed

in one figure for one sensor type and location in order to more easily comprehend similari-~

ties and deviations among the results of the tests.

Figs. 5 and 6 show the absolute pressures at the break and in the downcomer in the break

nozzle axis, respectively.
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The steep initial decompression rate is the same for all four experiments and obviously
independent of the break size and fluid temperature under the conditions studied.

In all four experiments, the pressures at the break undershoot the saturation pressures
thereby initializing a flashing process. The degree of undershoot depends upon the ini-
tial subcooling; an increase in subcooling (V32 vs. V31.2) increases the drop but de—
creases the difference between saturation and maximum undershoot pressure.

The pressure increase following the initial decompression heavily depends upon fluid sub—
cooling (V31.2 vs. V32), and break size (V33 vs. V32, V31.2 and V34).

Restricting the break size by 75 % (V33 vs. all other tests) leads to a pressure reco—
very in the break nozzle close to the initial pressure level.

Increasing the subcooling (V32 vs. V31.2) leads to pronounced pressure wave effects up-
stream of the break location towards the pressure vessel because the extent of single
phase flow is enlarged.

The initially steep decompression wave in the break nozzle is effectively damped once it
reaches the three-dimensional downcomer region. Up to 5 ms the course of the transient
is the same for all four tests. Whereas the pressure keeps decreasing for tests V31.2,
V32 and V34, it starts recovering for V33 already for times larger than 5 ms.

The increase in subcooling (V32 vs. V31.2) has only minor effect upon the pressure histo-
ry. Slightly lower pressure levels are reached throughout the first 145 ms. After that,
the pressure recovers faster and reaches a higher pressure level than what is observed
for V31.2. Obviously, the HDR-specific nonequilibrium effect in the core region and
upper plenum is much more pronounced for increased subccoling. At t = 190 ms pressures
of V32 and V33 approach each other.

The effect of isothermal condition (V34 vs. V32) takes effect starting at about 30 ms.
Up to 100 ms both curves run in parallel; after that they deviate substantially.

Fig. 7 sumarizes the pressure differences across the core barrel at the break nozzle axis

and leads to the following conclusions:

1)

2)

3)

The increase in subcooling by 50% results in an increase of the maximum pressure diffe—
rence of only 15 %. Thus, the load increase for test V32 is fairly small.

Reducing the break size area by 75 % leads to a reduction of only 40% in the maximum
pressure difference. The maximum pressure difference occurs only for a very brief time
duration.

The comparisons for V32 and V34 show that the nonlinear effects in the structural boun-
dary conditions and radial impacts in test V34 affect the loading history only at times
larger 80 ms, after which the differential pressure oscillations are much faster damped
than for V32. Essentially, there is no feedback of the nonlinearities in the boundary
conditions (V34) upon the fluiddynamic loading throughout most of the early portions of
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the transient.
4) Despite the variety of initial and boundary conditions of the three experiments, the ma-
jor dynamic characteristics in the loading histories remain about the same.

4.2 STRUCTURAL QUANTITIES
Fig. 8 and 9 sumarize the comparisons of the radial displacements at the upper and

lower positions of the core barrel for all four experiments, . respectively. From this evi-

dence, the following conclusions can be drawn:

1) Generally, the amplitudes of the displacements show the same trends as those already
discussed for the pressure difference. The dynamic behavior is about the same for all
tests.

2) The increase in downcomer subcooling by 50 % increases the displacements by about 15 %
independent of their positions.

3) The reducticn in break size by 75 % (V33) results in a 35 § to 75 $ reduction in the

maximum displacement, dependent upon the position considered. Positions close o the

break nozzle are much less affected by the break size than those further off.

Additional radial clearances at the upper flange seat (V34) leads to an increase of the

maximum displacement by about 50 % at the top and bottom of the core barrel which

thereby impacts the RPV both at 90° and 270°. In addition, the impact at the lower core
barrel drastically changes the whole dynamic behavior of the displacements in this re-

4

~

gion by reducing the frequency of the core barrel movements by about a factor of 2. The
courses of the displacement histories suggest direct contacts between core barrel and
RPV for a prolonged time span. The results show that forces, strains, stresses and acce-
lerations induced by impacts in addition to the depressurization transient are small.
Fig. 10 sumarize the histories of the three axial displacement sensors following the axial
uplifting of the core barrel in test V34. These results have not yet been corrected for dis-
turbances introduced by the additional flexibility of the measurement system. It becomes ob-
vious from these curves that the core barrel is lifted axially at 40 ms without any side-
ward tumbling once the pressure difference across the core barrel becomes positive, ( compa—
re Fig. 7), e.g. the pressure in the downcomer is larger than in the core region. The core
barrel reseats at 80 ms. A second uplift starts around 105 ms and ends around 150 ms. A
third follows. After that the CB is damped again due to clearance reduction of the seat as
a result of system decompression.
The data of V34 provide a meaningful data basis for the effect of nonlinearities at a large
scale facility on FSI phenomena for the first time.

5. COMPARISONS BETWEEN DATA AND PRETEST CALCULATIONS

The comparisons between experimental data and blind pretest predictions by the computer
codes listed in Fig. 4 are performed on a test—by-test basis and only for the two quanti-
ties pressure difference, KP 9, and displacement, KS 1030, in what follows. For the sake of

clarity in the graphical presentations, the results of both equivalent network codes DAISY
and MULTIFLEX are shown together with those by FLEXWALL which uses a mixture of lumped and

2 1/2 D models. On the other hand, the results of all truely 3-D codes for the fluid re-
gions inside the RPV are plotted together. Naturally, of foremcst interest are the conclu-
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sions which may be derived from the Standard Problem No. 5 (V32) comparisons. Without fore—

stalling any official comments on these issues, the following observations from Figs. 11

through 14 seem to be in order:

1) Both FLEXWALL and MULTIFLEX greatly overestimate the maximum pressure difference across
the core barrel, as shown in Fig. 11 at the bresk nozzle axis. Whereas the latter consi-
stently overpredicts, FLEXWALL results underestimate the following experimental extremes
and depicts a rather large frequency shift. These deviations are substantially reduced
for positions further off the break nozzle. Overall, the best agreement in this category
of codes is obtained by DAISY which consistently matches both amplitudes and frequency
very well thereby approaching the quality of the 3-D codes as shown in Fig. 12.

2) Fig. 12 impressively demonstrates the overall superiority and consistancy of the truely
3-D codes because of their ability to achieve best—estimate results compared with the
data seemingly independent of fluid and structural models used. Deviations, if any, are
consistently on the conservative side. PISCES-3DELK shows the least satisfactory results
in this category by substantially overpredicting the first extreme. Pronounced calcula-
tional pressure wave phenomena do not match with the experimental observations. Calcula-
tions by STEALTH/WHAMSE were also stopped at 85 ms, apparently because it was felt that
the implemented fluid model would lead to inappropriate results beyond this point in
time, Although the fully explicitely operated K-FIX (3D,FLX) (Battelle) develops large
numerical fluctuations beyond 160 ms it continues the calculation despite of the dbvious
shortcoming of the solution scheme chosen for the prevailing two-phase situation. This
special situation is much better handled by the implicitely run version (LANL) and the
FLUX~DRIX combination (IRE-KEK).

3) Fig. 13 sumarizes the results of the first category of codes for the displacement at
the lower core barrel end. All major characteristics are met with more or less devia~
tions compared to the data.

4) Fig. 14 compares the results of the best-estimate codes at the same position and shows a
scmewhat closer agreement of their results with the data. Worth mentioning though is the
fact, that despite an extreme refinement in the nodalization, especially in the FLU%-co-
de, the first displacement maximum is still somewhat underpredicted. This deficiency
seems to be characteristic of all of these codes.

Figs. 15 through 18 show the same comparisons for the small break experiment V33. The follo-

wing conclusions can be drawn from the comparisons between the individual calculations and

the experimental data as well as between the two categories of codes:

1) Given the a priori unknown situation, the results of the blind pre~test predictions of
all codes agree remarkably well with the data. However, it is interesting to note that
all codes of the first category overpredict the first extreme by the same amount.

2) Again, given all circumstances, the best-estimate codes of the second category prove
their superpriority in predictive quality under different conditions. In addition for
V33 the previously observed deficiencies in calculating the displacements are eliminated.

3) Because no two-phase effects occur in the system during the time period considered, the

~

fully explicit solution scheme in K-FIX (Battelle) proves adequate for a minimum in com-
putation time.
The only pre-test predictions for the test V34 was performed by IRE-KfK with FLUX4.
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These, together with the post-test predictions will be highlighted in the following pre-
sentation by U. Schumann. Here, it should suffice to mention that fluiddynamic quantities,
and strains were already well met by the pre~test predictions, because they did not vary
dramatically from V32 for most of the time period considered here. The quality of the pre-
dicted radial displacements were inadequate but have been substantially improved since
then, demonstrating the basic adequacy of the extension in the .structural model for this
code /3/.

Finally, it should be pointed out, that first comparisons between experimental and calcu-
lated stresses show reasonable agreement thereby adding yet another important dimension in
the assessment process of FSI computer codes.

6. CONCLUSIONS

The Main Test Series V31.2 - V34 has enlarged the insight into the understanding and in-
terpretation of FSI phenomena under a variety of different thermodynamic initial conditions
as well as fluiddynamic and structural boundary conditions. By virtue of the enlarged test
bed of data, the HDR test field of verification efforts for the RPV-I tests (see Fig. 2 of
/2/) has been substantially broadened. This allowed the resvaluation of the predictive qua-
lities of the various computer codes used for blind pre—test. predictions for a variety of
different loading histories. Not unexpectedly, the agreements between data and analytical
results have substantially improved compared to those for the Preliminary Test Series /2/.
This is certainly a result of the full feedback of the learning process concerning numeri-
cal schemes, modeling features and parameters, thereby confirming the philosophy of PHOR to
go through a complete, well-orchestrated loop of comparisons between pre-~ and post-test cal-
culational results with the experimental data.

The assessment of the first step in the second verification loop on the basis of the re-
sults of the Main Test Series indicates a very satisfactory agreement with the analytical
predictions showing a maximum deviations of + 15 % compared with the measured data {pres-
sure difference, displacements, strains). Only few of the codes fall outside this region,
However, in nearly all instances the observed deviations lie on the conservative side. The
associated increase in the confidence of both the experimental data as well as the computer
codes should have impacts upon practical implications in design and licensing. Although the
differences between the results of the various computer codes have been substantially de-
creased, best-estimate codes still show certain superpriorities.
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33 BFLE C KUU KS1938 mn 5208.0NZ 33 BKFXBC BF  KS1639 m1 1250.6HZ
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V33: Comparisons Displacements; Fig.
Network Codes
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18, V33: Comparisons Displacements;

Best-Estimate Codes
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