
International Conference
Nuclear Energy in Central Europe 2000Nuclear Energy in Central Europe 2000Nuclear Energy in Central Europe 2000Nuclear Energy in Central Europe 2000
Golf Hotel, Bled, Slovenia, September 11-14, 2000

  

INVESTIGATION OF BUBBLE-CONDENSER OPERATION
UNDER LARGE BREAK LOCA CONDITIONS

Vladimir Blinkov, Oleg Melikhov, Vladimir Melikhov,
Mikhail Davydov and Alexei Sokolin

Electrogorsk Research and Engineering Centre on NPPs Safety
Bezymyannaya 6, Electrogorsk, 142530, Russia

blinkov@erec.ru, oleg.melikhov@erec.ru

D. Hoffmann and U. Simon
Siemens AG Power Generation Group NP-E P.O.

Box 3220 D-21050 Erlangen, Germany
Dieter.Hoffmann@off1.siemens.de

J. Bajsz
PAKS NPP, Hungary

ABSTRACT

In the framework of the PHARE/TACIS project, the experimental test facility for
bubble condenser experimental qualification was built at Electrogorsk Research and
Engineering Centre. The test facility contains high pressure system, compartments upstream
of the bubble condenser and a section of the bubble condenser system. The scaling of the test
facility is 1:100. The high pressure system consists of five vessels to appropriately model the
leak functions (mass flow rate and enthalpy) during the loss of coolant accidents postulated in
the design of VVER-440/V213. Design basis accident (LB LOCA) was experimentally and
analytically considered. Results of pre-test analysis with ATHLET and DRASYS codes for
determination of necessary test parameters and post-test analysis of three tests are presented.

1 INTRODUCTION

The pressurised water reactors type VVER 440-213 (Russian design) are equipped with
a confinement structure for the confinement of radioactive releases following design basis
accidents. The confinement structure consists of a pressure retaining compartment which
surrounds the complete primary system and a pressure retaining bubble condenser system
comprising a complex pressure-suppression system and air traps. World-wide there are 15
nuclear power plants of the VVER 440-213 type operating in Czech Republic, Slovak
Republic, Hungary, Ukraine and Russia. The results of a large number of studies, calculations
and experiments have been reviewed in the Phare Project NUC 93428, Bubble Condenser
Qualification Feasibility, which has led to the conclusion that:
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� The structural behaviour of the pressure retaining boundary of the bubble condenser needs
to be studied in depth experimentally.

� The thermal-hydraulic behavior of the bubble condenser system needs to be tested on a
test section which could replicate in full size the original configuration of a portion of the
Bubble Condenser floor and which models the relevant adjacent systems. These tests shall
generate the maximum loads to which the pressure retaining boundary can be subjected in
case of LOCA.

The main objective of the Phare Project No. PH 2.13/95 “ Bubble Condenser
Experimental Qualification” are to investigate experimentally and analytically the behaviour
of the bubble condenser devices during phenomena induced by postulated design basis
accidents.

The results of the Phare Project No. PH 2.13/95 “Bubble Condenser Experimental
Qualification” are applicable to Paks, Dukovany and Bohunice NPPs. Unfortunately, the
pressure retaining bubble condenser steel structure of Dukovany and Bohunice NPPs differs
from that of the Paks NPP steel structure configuration, which is stronger. For this reason, one
test set-up is not sufficient to cover all the NPPs, but two main test programmes are carried
out, accompanied by comprehensive analytical work.

The two main test programs have been performed in order, first to assess the thermal-
hydraulic and fluid-structure interaction phenomena on a prototypical bubble condenser
configuration of the Paks NPP, and second to verify the structural integrity of the bubble
condenser pressure retaining steel structure of the Dukovany and Bohunice NPPs under the
maximum differential pressure of a design basis accident. These two main test programs were
supported by analytical support and some small-scale tests. Subsequently the complete project
was subdivided into the following tasks:

� Task 1: Inception, planing and administration
� Task 2: Thermal-hydraulic and fluid-structure interaction tests on a test prototype

configuration which replicates the bubble condenser system of Paks NPP
� Task 3: Structural verification tests on the weaker pressure-retaining steel structure of

Dukovany and Bohunice NPPs under differential pressure which occurs during the first
moments of a LOCA; the maximum differential pressure are derived from the thermal-
hydraulic test programme

� Task 4: Both programmes are accompanied by analytical support with established
computer codes, in order to make sure that the test configurations reproduce the NPPs and
that the test results can be directly applied to the NPPs. In addition, some small-scale tests
will be done to support and complete the large-scale tests.

The main steps for the performance of Task 2, Task 3 and Task 4 are:

� Design of the representative test facilities
� Build the test facilities
� Carry out qualification test campaigns
� Perform pre-test and post-test analyses with appropriate computer codes
� Generate information adequate for assessment by the Safety Authorities of the Beneficiary

countries for test methodologies, test campaigns, and on the representativeness of the
results and conclusions obtained
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The main objectives of Task 2 “Thermal-hydraulic and fluid-structure interaction tests”
are to investigate experimentally and analytically the behavior of the bubble condenser under
phenomena induced by loss of coolant accidents postulated in the design of VVER 440-213
NPPs. To reach this aim a section of the Paks NPP with all relevant systems has to be set up
as test facility which models the energy source (reactor pressure vessel or steam generator),
the individual hermetic compartments and finally the bubble condenser system including the
air trap. The appropriateness of the test facility configuration has to be demonstrated by
applying existing verified computer codes to both the Paks NPP and to the test setup. In an
anticipated LOCA scenario the test configuration must show the same computed pressure-
time transients and pressure difference histories as the Paks NPP, so that the experimental
hydraulic loads and structural stresses can be directly applied to the NPP. The test setup has to
be instrumented in appropriate manner so as to record all relevant loads and stresses.

In the framework of Task 2 the experimental test facility for bubble condenser
experimental qualification has been built at Electrogorsk Research and Engineering Centre.

The test facility contains high pressure system, compartments upstream of the bubble
condenser and section of the bubble condenser. The scaling of the test facility is 1:100. The
high pressure system consists of five vessels to appropriately model the leak functions (mass
flow rate and enthalpy) during the loss of coolant accidents postulated in the design of
VVER-440-213.

The design basis accident (DBA): double ended cold leg break DN500 has been
experimentally and analytically considered.

2 TEST FACILITY DESCRIPTION

The test facility for thermal-hydraulic testing of the bubble condenser system is located
in a separate building designed and built specially for this purpose.

There are reinforced concrete boxes in the building, which are models of the hermetic
compartments of Paks NPP confinement with a full-scale section of bubble condenser, and all
major equipment necessary for the test facility operation and testing. The general view of the
test facility is presented in Figure 1.

The models of hermetic compartments of Paks NPP confinement structure are made at a scale
of 1:100 in volumes and flow sections. They are: dead volume ( 0V ), two steam generator
boxes ( 1V  and 2V ), accident localization shaft with a full-scale BC section ( 3V and 4V ), air
trap ( 5V ) (Figure 2). The boxes are designed for a maximum overpressure of 0.2 MPa.

Volumes of the hermetic compartments of the test facility and Paks NPP are provided in
Table 1.
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Figure 1 General view of the test facility

Table 1 Volumes of hermetic compartments

Compartment Designation Paks NPP, 3m Test facility, 3m
Dead Volume 0V 4670 46.53
Right SG box 1V 7450 72.51
Left SG box 2V 7400 71.76
BC shaft 3V 6500 65.79
Space above water in BC 4V 6252 61.11
Air trap 5V 17800 176.5

A high pressure system, consisting of five vessels (Figure 3), is used for providing
necessary leak functions. Table 2 provides the volumetric values of the high pressure vessels.
Vessels vV 1, vV 2 and pressurizer vV 5 were used for DBA testing. Vessels vV 1 and vV 2 are
connected to each other with pipe lines of diameter 220 mm. A pipe line with a diameter of 58
mm connects them to the pressurizer.

At each end of the blowdown pipeline, there are blow-down nozzles and rupture disks.

Table 2 Vessel volumes

Vessel Volume, 3m
vV 1 1.95

vV 2 1.2

vV 3 0.91

vV 4 2.25

vV 5 0.44
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The test facility instrumentation comprises standard and non-standard instruments,
quasistatic measurements with a sampling rate of 10 Hz and dynamic measurements of
sampling rate up to 1000 Hz. The total number of measuring channels is 322.

V2
SG box

V1
             SG box

V0
Dead
volume

V3
            BC shaft V5

Air
trap

corridor

V4  BC

Figure 2 The system of hermetic compartments. Top view.

Figure 3 High pressure system and blowdown pipelines routing

3 POST-TEST ANALYSES

Three tests have been carried out for bubble condenser experimental qualification.

The aim of the test No.1 was the study integral behavior of the bubble condenser system
(pressure build-up, condensation of the steam in the water trays and eventual occurrence of
condensation oscillations, water carry-over through the check valves into the air trap).
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The tests No.4 and No.5 have been carried out to qualify the bubble condenser integrity
at the very first phase of the VVER-440 large break LOCA DBA with the air clearing
phenomenon. In this phase the maximum pressure difference over the steel structure of the
bubble condenser occurs. The difference between tests No.4 and No.5 is connected with using
of different (near and far, appropriately) blowdown nozzle locations to provide variation of air
concentration through the gap-caps.

3.1 Test No.1

Figure 4 shows the vessels pressure compared to the prediction. High pressure vessels
level measurements reveal that emptying of vessel vV 5 takes place at 5 s and vessel vV 2 –
at 10 s. Single phase discharging occurs during 11 s (Figure 5). The measured flow rate was
higher than predicted one (Figure 6). The test leak enthalpy agrees with predicted one rather
well (Figure 7).

Figure 8 demonstrates comparison between pretest calculated and test results for
pressure in SG box V1 and air trap V5. The maximum pressure P=208 kPa has been achieved
at 16 s. It is smaller than for pretest calculation. Temperature histories for these compartments
are shown in Figure 9. Test pressure before the air trap (V1, V2, V3, and V4) is smaller than
calculated one. But the test pressure in the air trap is higher than calculated one. It means, that
actual air mass flow through the check valve is higher than calculated one. To increase
calculated air mass flow, DRASYS parameter, describing initial water inventory in the
gasroom (artificial parameter for simplified description of carry-over), was reduced. This
procedure permitted to achieve better agreement for pressure in the compartments, and also it
is confirmed by the test results for water carry-over: only negligible amount of water was
found in the air trap.

Figure 10 demonstrates average water temperature history. During the first 40 seconds
water temperature increased from 30°C up to 40°C. The calculated heatup value is 44°C. As
experimental results have shown, the temperature distribution in the tray was strongly non-
uniform. Nevertheless, water temperature did not achieve saturation temperature at any point
of the trays.

Pressure difference between BC shaft and BC is presented in Figure 11. The maximum
value of this parameter is smaller for the case of the test, but long-term oscillations are
observed for the test. It means, that oscillation regime of air-steam mixture flow through the
tray water takes place under these conditions. It must be emphasized that the initial pressure
difference is not representative for Paks NPP, but for this phase of the LOCA the tests No.4
and No.5 were carried out.

Insignificant amount of water from the trays was carried through the check valve into
the air trap: a total of 10 kg water was collected and measured in the air trap after the test.

Comparison of pretest calculated results and test data demonstrates:
� The blow-down water flow rate in the first 11 s is higher than predicted.
� The model of the air flow from BC air flow to the air trap is not quite correct: the air flow

to the air trap is higher than calculated.
� The water carry-over to the air trap is very small if not negligible
� The water heat-up in the tray along the gap-cap units is highly non-uniform.
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Nevertheless the results permit to conclude that the BC behavior under conditions of LB
LOCA of VVER-440/213 NPPs was replicated at EREC test facility test No.1. The BC
system has demonstrated has demonstrated its efficiency for mitigation of LB LOCA.

Experimental pressure build-up was lower than pretest calculated one. It means that for
the case of LB LOCA maximum pressure in the compartments will not exceed 209 kPa.
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Figure 4 Pressure in the vessels Vv1, Vv2
and Vv5.
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Figure 5 Pressure, temperature and
saturation temperature at the blowdown
line.
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Figure 6 Discharged mass flow rate.
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Figure 7 Discharged enthalpy.
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Figure 8 Pressure in the SG box V1 and
air trap V5.
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Figure 9 Temperature in the SG box V1
and air trap V5.
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Figure 10 Average water temperature in
the tray.
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Figure 11 Pressure difference between
BC shaft and BC.

The test was terminated by the proper function of the sprinkler spray system that caused
reverse flow from the trays and sudden depressurization of the hermetic rooms to atmospheric
and later to sub-atmospheric pressure.

3.2 Test No.4

Pretest calculations with ATHLET and DRASYS codes of this test and comparison of
these results with the results of DBA calculations obtained with both coarse and refined
nodalizations, permit to conclude, that for nozzle diameter 70 mm loading (∆P) at the test
facility BC will be about 22 kPa, which is lower than the anticipated value of 30 kPa.

The scope of this consideration has been limited to the initial phase after the discharge
(about 0 to 5 seconds after the break). Figure 12 shows the vessels pressure compared to the
prediction. High pressure vessels level measurements reveals that emptying of vessels vV 2
and vV 5 takes place at 5 s. Single phase discharging occurs during 4 s (Figure 13). The
measured flow rate was higher than calculated one (Figure 14). The test leak enthalpy agrees
with predicted one rather well (Figure 15).

Let us consider the impact on the BC, produced by released high energetic steam.
Figure 16 demonstrates comparison between pretest calculated and test results for BC
pressure difference. The maximum ∆P=19 kPa has been registered at the test. It is a little
smaller than for pretest calculation. In comparison with the test No.1, long-term BC pressure
difference oscillations have not been observed for this test.

For the present analysis, tray water temperature behavior is not important. Nevertheless,
it is interesting to observe water temperature histories (Figure 17). During the first 40 seconds
experimental water temperature increased from 45°C up to 56-84°C. The temperature
distribution in the tray is highly non-uniform. Nevertheless, water temperature did not achieve
saturation temperature at any point of the trays. The calculated heatup value is 24 K.

The measured BC ∆P is lower than predicted. It means that code predictions are
conservative and also, that initial BC ∆P will not exceed 22 kPa for the Paks NPP for large
break LOCAs.
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Figure 12 Pressure in the vessels Vv1, Vv2
and Vv5.
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Figure 13 Pressure, temperature and
saturation temperature at the blowdown
line.

0 2 4 6 8 10 12 14
0

50

100

150

200

250

300

BCEQ Project No. PH 2.13/95
Test No. 4

 F 76.01
 calc

Bl
ow
do
wn
flo
wr
at
e
(k
g/s
)

Time (s)

Figure 14 Discharged mass flow rate.
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Figure 15 Discharged enthalpy.
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Figure 16 BC pressure difference.
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Figure 17 Average water temperature in
the tray.

3.3 Test No.5

Due to identical DRASYS nodalization schemes for tests No.4 and No.5, the pretest
analysis for the test N5 is the same as for the test No.4. The test No.4 and 5 reflect the results
of the DRASYS fine nodalization calculations for the Paks NPP. Different concentrations of
air and steam flow have been calculated for the individual trays; test No.4 modelled a higher
steam concentration by a break location close to the corridor while test No.5 modelled a
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higher air concentration by a break location far from the corridor. The fine nodalization
DRASYS calculations showed that the initial pressure difference over the BC is nearly the
same for all individual trays with slightly difference for the middle trays, which experience a
somewhat higher air concentration than the lower trays.

The scope of this consideration has been limited to the initial phase after the discharge
(about 0 to 5 seconds after the break). High pressure vessels analysis (Figure 18) is nearly the
same as for test No.4. Single phase discharging occurs during 5 s (Figure 19). The measured
flow rate was higher than calculated one (Figure 20). The test leak enthalpy agrees with
predicted one rather well (Figure 21).

Let us consider the impact on the Bubble Condenser, produced by released high
energetic steam. Figure 22 demonstrates comparison between pretest calculated and test
results for BC pressure difference. The maximum ∆P=20 kPa has been registered at the test. It
is a little bit higher than in test No.4, as expected, but a little smaller than for pretest
calculation. The moment of maximum ∆P achievement is earlier at the test in comparison
with the pretest calculation for 0.07 s. It may be explained by some uncertainties for
definition of initial moment at the test.

The picture of the tray water temperature is very similar to test No.4 (Figure 23).

The measured BC ∆P is lower than the predicted one. This test models the conditions of
high initial air content where the highest pressure difference over an individual tray was
predicted. Therefore, it means that code predictions are conservative and also, that initial BC
∆P will not exceed 22 kPa for the Paks NPP for large break LOCAs.

Variation of the break location permitted to conclude, that “far” nozzle location
provides higher air concentration through gap-caps and higher initial ∆P. However, the
increase is relatively small.

In both tests No.4 and No.5 the test was terminated by the sprinkler spray system. As in
test No.1 reverse flow from the trays was initiated which caused a sudden depressurization of
the hermetic rooms down to atmosphere and later to sub-atmospheric pressure.
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Figure 18 Pressure in the vessels Vv1,
Vv2 and Vv5.
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Figure 20 Discharged mass flow rate.
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Figure 21 Discharged enthalpy.
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Figure 22 BC pressure difference.
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Figure 23 Water temperature in the
tray.

4 CONCLUSIONS

1. A test facility was developed at EREC to perform thermal-hydraulic and fluid-structure
interaction tests on the model of the bubble condenser accident localization system with a
full-scale BC section, as applied to Paks NPP.

The scale of the test facility is 1:100 in volumes and flow areas in hermetic
compartments in a real NPP.

2. The test facility structure and parameters and test matrix were determined by the pre-test
calculations with ATHLET and DRASYS codes.

3. Three tests which simulate the various large break LOCA phases at Paks NPP were
performed at the test facility.
� Test No.1: integral performance of a large break LOCA;
� Test No.4: initial phase of a large break LOCA with higher initial steam content;
� Test No.5: initial phase of a large break LOCA with higher initial air content.

4. The following results have been obtained for Paks NPP conditions:



Vladimir Blinkov, Oleg Melikhov … page 12 of 13
INVESTIGATION OF BUBBLE-CONDENSER OPERATION UNDER LARGE BREAK…

Proceedings of the International Conference Nuclear Energy in Central Europe, Bled, Slovenia, Sept. 11-14, 2000

Table 3 Main Results

Physical Quantity Value Reference Test

Maximum pressure difference over the
BC steel structure (between BC shaft
and BC air volume)

19-20 kPa No.4 and 5

Maximum pressure difference over the
cap

13 kPa No.4

Maximum pressure in the
compartments during steam
condensing in BC

0.21 MPa No.1

Maximum temperature in the boxes
during steam condensing

120 °C No.1

Local water temperature in the tray at
45°C initial water temperature

80 °C No.4

5. In all tests the sprinkler spray system terminated the test by effective condensation in the
compartments V1 and V2. The decreasing pressure in these compartments initiated flow
reversal from the BC trays and rapid condensation of the residual steam by the tray water
reverse flow.

6. The visualization revealed reliable and stable operation of BC and its components: relief
and check valves.

Air bubbling and steam condensing occur without considerable level fluctuations.
No major carry-over of water to the air trap occurred. The flow with small content of

steam and fine-dispersed moisture enters the air trap.
The results of visualization of the relief and check valves operation, water level

swelling and water reverse flow in BC agree with the results of measured thermal-
hydraulic parameters.

7. The results of post-test calculations revealed the following:
� The tests performed adequately represent a LOCA accident with a large pipe line

break in primary circuit, as applied to Paks NPP.
� The DRASYS code predictions seem “conservative” as to maximum pressure and

pressure difference over the BC.
� Pressure increase in the boxes in the test is not higher than the anticipated values. This

implies that in the event of large break LOCA the maximum pressure in Paks NPP
compartments will not exceed 0.21 MPa.

� The measured ∆p over the BC is lower than the predicted one. This means that the
initial ∆p over the BC will not be higher than 22 kPa for a large break LOCA for Paks
NPP.

8. The thermal-hydraulic and fluid structure interaction test program has demonstrated the
proper function and mechanical integrity of the Paks NPP BC accident localization system
under all loadings of a large break LOCA.
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