ks

Nordisk kernesikkerhedsforskning
Norreenar kjarndryggisrannsoknir
Pohjoismainen ydinturvallisuustutkimus
Nordisk kjernesikkerhetsforskning
Nordisk karnsékerhetsforskning

Nordic nuclear safety research

NKS-235
ISBN 978-87-7893-307-2

PPOOLEX Experiments on
Dynamic Loading with
Pressure Feedback

Markku Puustinen, Jani Laine, Antti Rdsanen

Nuclear Safety Research Unit
Lappeenranta University of Technology
Finland

January 2011



ks

Abstract

This report summarizes the results of the dynamic loading experiments (DYN
series) carried out with the scaled down, two compartment PPOOLEX test facility
designed and constructed at LUT. Steam was blown into the dry well compart-
ment and from there through the DN200 vertical blowdown pipe to the condensa-
tion pool filled with sub-cooled water. The main purpose of the experiments was
to study dynamic loads caused by different condensation modes. Particularly, the
effect of counterpressure on loads due to pressure oscillations induced by chug-
ging was of interest.

Before the experiments the condensation pool was filled with isothermal water
so that the blowdown pipe outlet was submerged by 1.03-1.11 m. The initial tem-
perature of the pool water varied from 11 °C to 63 °C, the steam flow rate from
290 g/s to 1220 g/s and the temperature of incoming steam from 132 °C to 182
°C. Non-condensables were pushed from the dry well into the gas space of the
wet well with a short discharge of steam before the recorded period of the ex-
periments. As a result of this procedure, the system pressure was at an elevated
level in the beginning of the actual experiments. An increased counterpressure
was used in the last experiment of the series.

The diminishing effect of increased system pressure on chugging intensity
and on measured loads is evident from the results of the last experiment. The
highest pressure pulses both inside the blowdown pipe and in the condensation
pool were about half of those measured with a lower system pressure but other-
wise with similar test parameters.

The experiments on dynamic loading gave expected results. The loads ex-
perienced by pool structures depended strongly on the steam mass flow rate,
pool water temperature and system pressure. The DYN experiments indicated
that chugging and condensation within the blowdown pipe cause significant dy-
namic loads in case of strongly sub-cooled pool water. The level of pool water
temperature is decisive. High individual pressure pulses (and loads) were missing
with increased temperature and the oscillations were continuous in nature and
their amplitude was almost constant. With an increased steam mass flow rate the
highest loads were found from the condensation pool and not from inside the
blowdown pipe.
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6 SUMMARY AND CONCLUSIONS

This report summarizes the results of the dynamic loading experiments (DYN series) carried out
with the scaled down, two compartment PPOOLEX test facility designed and constructed at
LUT. Steam was blown into the dry well compartment and from there through the DN200
vertical blowdown pipe to the condensation pool filled with sub-cooled water. The experiment
series consisted of eight individual tests. The main purpose of the experiments was to study
dynamic loads caused by different condensation modes. Particularly, the effect of counterpressure
on loads due to pressure oscillations induced by chugging was of interest.

Before the experiments the condensation pool was filled with isothermal water so that the
blowdown pipe outlet was submerged by 1.03-1.11 m. The initial temperature of the pool water
varied from 11 °C to 63 °C, the steam flow rate from 290 g/s to 1220 g/s and the temperature of
incoming steam from 132 °C to 182 °C. The steam source initial pressure was between 0.35-
1.5 MPa. Non-condensables were pushed from the dry well into the gas space of the wet well
with a short discharge of steam before the recorded period of the experiments. The idea was to
increase the steam fraction of the actual discharge period and so to help the simulation partners to
better define the initial/boundary conditions for the calculation exercises. As a result of this
procedure, the system pressure was at an elevated level in the beginning of the actual
experiments. This differentiates the DYN series from the previous PPOOLEX experiments where
no removal of non-condensables or an elevated initial system pressure has been used. In DYN-08,
even an increased counterpressure was used by injecting compressed air into the closed test
vessel before starting the recorded steam discharge. During the experiments the data acquisition
system recorded with a frequency of 5 kHz. A digital high-speed video camera was used for the
observation of steam bubbles at the blowdown pipe outlet.

In the small steam flow rate cases, the diminishing effect of increased pool water temperature on
condensation loads was evidenced once again. With strongly sub-cooled pool water chugging and
condensation within the blowdown pipe caused strong dynamic loads to the pool structures. The
largest pressure loads were registered inside the blowdown pipe close to its lower end.
Considerable loads were measured also by the pressure sensors in the condensation pool.
However, the largest registered individual pressure pulses inside the blowdown pipe and in the
pool did not occur simultaneously. This indicates that the condensation mode in question
(chugging or condensation within blowdown pipes) dictates very strongly where the maximum
structural loads occur. With increased pool water temperature the largest measured pressure loads
inside the blowdown pipe and in the condensation pool were about one order of magnitude
smaller than in the cold water experiments despite of the similar steam mass flow rate. The higher
pool water temperature prevented the chugging phenomenon and related high pressure pulses
from occurring. Instead, the much milder condensation oscillations mode and transition region
were prevailing during the experiment. The oscillations were continuous in nature and their
amplitude was almost constant throughout the experiment.

In the high steam flow rate cases, the strongest pressure loads were found from the condensation
pool. The prevailing condensation modes were condensation oscillations and chugging. The
condensation within blowdown pipes mode was not encountered in these experiments.
Practically, no pressure pulses were measured inside the blowdown pipe and there was no water
ingress back into the pipe at all. Increased pool water temperature had an effect on the
condensation process also in the high flow rate cases. It shifted the condensation phenomenon to
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the transition region in the condensation mode map and therefore high pressure loads related to
the modes of chugging and condensation within blowdown pipes were missing.

The diminishing effect of increased system pressure on chugging intensity and measured loads is
evident from the results of the last experiment where a small initial pressure in the test vessel was
used. The highest pressure pulses inside the blowdown pipe and in the condensation pool were
about half of those measured with a lower system pressure but otherwise with similar parameters.
Also the vertical movement and acceleration of the vessel as well as the strains were smaller.

In summary it can be said that the experiments on dynamic loading gave expected results. The
loads experienced by condensation pool structures depended strongly on the steam mass flow
rate, pool water temperature and system pressure. The DYN experiments indicated that chugging
and condensation within the blowdown pipe cause significant dynamic loads in case of strongly
sub-cooled pool water. The level of pool water temperature is decisive. High individual pressure
pulses (and loads) were missing with increased temperature and the oscillations were continuous
in nature and their amplitude was almost constant. With an increased steam mass flow rate the
highest loads were found from the condensation pool and not from inside the blowdown pipe.

Some uncertainties related to the amount of non-condensables among the steam flow prevent
definitive conclusions of their effect on the condensation process and measured loads. The
general trend of reduced loads due to increased amount of non-condensables can, however, be
seen from the results of the experiment series.
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APPENDIX 1: INSTRUMENTATION OF THE PPOOLEX
TEST FACILITY
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Pressure difference measurements. Water level is at the nominal value of 2.14 m.
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Pressure and temperature measurements at the blowdown pipe outlet.
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Measurements in the steam line.
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Error
Measurement Code Elevation | Angle Location estimation
Pressure P1 545 214 Blowdown pipe +0.7 bar
Temperature T1 545 245 Blowdown pipe +1.8 °C
Pressure P2 1445 214 Blowdown pipe +0.7 bar
Temperature T2 1445 245 Blowdown pipe +1.8 °C
Temperature T3 2345 245 Blowdown pipe +1.8 °C
Temperature T4 3410 20 Wet well gas space +1.8 °C
Pressure P5 395 198 Blowdown pipe outlet +0.7 bar
Temperature T5 420 198 Blowdown pipe outlet +1.8 °C
Pressure P6 -1060 225 Wet well bottom 0.5 bar
Temperature T6 -1060 225 Wet well bottom +1.8 °C
Pressure P7 395 135 Wet well 0.4 bar
Temperature T7 2585 20 Wet well +1.8°C
Temperature T8 1760 20 Wet well +1.8°C
Pressure P25 395 305 Wet well +0.7 bar
Pressure P41 3600 45 Wet well gas space +0.1 bar
Flow rate F2100 - - Steam line +4.9l/s
Pressure P2100 - - Steam line 0.5 bar
Temperature T2100 - - Steam line beginning +3.5°C
Pressure P2101 5700 120 Dry well +0.06 bar
Pressure P2102 - - Inlet plenum +0.06 bar
Temperature T2102 - - Steam line +3.5°C
Pressure P2104 3400 225 Blowdown pipe +0.06 bar
Temperature T2104 -245 180 Wet well outer wall +2.9°C
Temperature T2105 6780 - Dry well top +3.1°C
Temperature T2106 - - Inlet plenum +3.1°C
Temperature T2107 6085 45 Dry well middle +1.9°C
Temperature T2108 4600 120 Dry well bottom +3.1°C
Temperature T2109 5790 225 Dry well lower middle +9.9°C
Temperature T2110 6550 90 Dry well outer wall +1.8 °C
Temperature T2111 5700 270 Dry well outer wall +1.8 °C
Temperature T2112 4600 90 Dry well outer wall +1.8 °C
Temperature T2113 3400 225 Blowdown pipe +1.8°C
Temperature T2114 3400 220 Blowdown pipe +1.8 °C
Temperature T2115 3550 220 Blowdown pipe +1.8°C
Temperature T2116 3600 135 Dry well floor +1.8 °C
Temperature T2117 5700 270 Dry well inner wall +1.8 °C
Temperature T2118 5700 270 Dry well, 10 mm from the wall +1.8 °C
Temperature T2119 4600 90 Dry well inner wall +1.8 °C
Pressure difference D2100 100-2700 | 120 Wet well +0.06 m
Pressure difference D2101 2700-3820| 120 Across the floor +0.09 bar
Strain S1 -400 0 Bottom segment Not defined
Strain S2 -400 0 Bottom segment Not defined
Strain S3 -265 180 Bottom segment Not defined
Strain S4 -265 180 Bottom segment Not defined
Vertical pool Z-axis 892 180 Below pool bottom Not defined
movement
Pool bottom G-force 892 180 Pool bottom Not defined
acceleration
Valve position X2100 - - Steam line Not defined
Steam partial X2102 4600 120 Dry well Not defined
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pressure
Valve position V1 - Steam line Not defined
Camera trigger  |Camera trigger - Wet well Not defined

Measurements in the PPOOLEX facility for the DYN experiments.
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APPENDIX 2: PPOOLEX TEST FACILITY PHOTOGRAPHS

Pressure (P1, P5 and P7) and temperature (T1 and T5) measurements at the-BIowdown pipe
outlet.
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