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Abstract. For the study of the effectiveness of passive safety systems a high pressure (up to
7 MPa) and high power (up to 4 MW) test facility - named NOKO - has been constructed and
operated at the Forschungszentrum Jiilich. From 1996-1998 this facility was used for a project
within the 4th FP of the EU "European BWR R&D Cluster for Innovative Passive Safety
Systems". An overview and selected results are given for the tests with two bundles of the
emergency condenser, with the building and plate condenser, with 4 different passive
initiators, with a passive flooding system and with decay heat removal tests during shutdown.
It has been decided to decrease substantially the safety research at the Forschungszentrum
Jiilich; to maintain the experimental competence for two-phase flow the NOKO facility will
be transferred to the Forschungszentrum Rossendorf by the end of the year 2000 up to the
beginning of the year 2001. The facility will be named TOPFLOW; the main objectives of
future tests will be oriented towards more generic research: investigation of steady state and
transient two-phase flow phenomena especially transient two-phase flow patterns, the
development of two-phase flow instrumentation, the generation of a data basis for Computati-
onal Fluid Dynamic (CFD)-Code validation and testing of heat exchangers and safety
systems. An overview will be given about the modifications and improvements related to the
test facility and the planned tests.

1. INTRODUCTION

It is a good demonstration of safety culture if vendors, utilities and licensing authorities
equally make an effort to increase the safety level of Nuclear Power Plants - existing and
future ones. Recognising that design and main licensing requirements were developed in the
sixties and seventies it is appropriate now to develop new solutions as well as new licensing
requirements, evaluate the feasibility of these solutions and possibly test their effectiveness.

The goals for new safety systems are evident: effective, simpler, more reliable, cheaper and
licensable. Without major efforts, it can be stated that passive safety systems proposed up to
now are simpler and are expected to be more reliable. They also seem to be licensable if the
remaining uncertainties with respect to requirements for redundancy and diversity have been
solved. An assessment of the costs is complex and cannot be discussed here.

During recent years and still ongoing are efforts to experimentally study the effectiveness of
passive safety systems and compare the results with code calculations; due to the different
operating conditions (e.g. small driving forces) as compared with active systems, some
models in computer codes have to be improved. Therefore, it was decided to plan, construct
and operate a facility at Forschungszentrum Julich to study experimentally and analytically
the effectiveness of the emergency condensers planned to be installed in the SWR 1000. This
facility was named NOKO.
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Due to the decision by the board of directors of the Forschungszentrum Jiilich to reduce
substantially the safety research for Nuclear Power Plants at Julich and the decision to
maintain the experimental competence for two-phase flow relevant to reactor safety it has
been decided to transfer the NOKO facility from the Forschungszentrum Julich to the
Forschungszentrum Rossendorf by the end of the year 2000/the beginning of the year 2001.
This facility will be named TOPFLOW.

2. THE NOKO TEST FACILITY

2.1. History

In 1993 it was decided by the Ministry for Research and Technology, SIEMENS, the German
Utilities and the Forschungszentrum Julich to build a test facility to study the effectiveness of
the SWR 1000 emergency condensers; the facility was built in only 18 months.

From 1996-1998 the facility was used for a project within the 4th FP of the EU "European
BWR R&D-Cluster for Innovative Passive Safety Systems"; seven partners participated. In
1997, in addition, seven partners of a EU-Concerted Action "BWRCA" took part in this
project.

2.2. The NOKO facility imbedded in the matrix of two-phase-flow facilities in western
Europe

In Fig. 1, some European test facilities capable to perform thermal-hydraulic tests with
passive safety systems are shown. It is evident that the wide spread of power and pressures
will allow the testing of the same component in several facilities of different size and thus
increasing the confidence in the assessment of the effectiveness of this component. It has to
be mentioned that the PANDA test facility has a larger volume than the other test facilities.
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FIG. 1. European test facilities to perform thermal-hydraulic tests with passive safety
systems.
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2.3. The Facility

In Fig. 2, the layout of the NOKO facility is shown [4]. In principle, the facility consists of
three loops:

1) The high pressure (<10MPa) "primary" loop with the electrically heated boiler
(<4 MW), the recirculation pump, the steam-water separator, the pressure vessel and the
test object (passive initiator, emergency condenser, building condenser or plate
condenser).

2) The medium pressure (<1-1.5 MPa) "secondary" loop with the condenser tank with inlet
and outlet pipes for the different fluids (water, steam, non-condensables).

3) The ambient pressure "auxiliary" loop with condensation tank and heat exchanger
which is cooled by river water or via a cooling tower.

A commonly used instrumentation is installed.
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FIG. 2. Schematic of the NOKO test facility.

2.4. The NOKO Data Bank

Data as well as drawings, calculations and reports are stored in a data bank; all information
are available through the Internet - protected by a password. In Fig. 3 an overview is given.

2.5. Energy Balances

In Section 2.3 it was shown that - in principle - 3 different loops exist in the NOKO facility.
For the tests with the emergency condenser as the test section this configuration allowed the
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evaluation of the energy transferred by the emergency condenser by three different and
independent balances:

I) The steam flow to the condensers was measured with an orifice.

II) The steam flow to the condensers was calculated from the power input by the boiler and
pumps, the heat losses and the energy removal by cooling.

III) If the water pool was at saturation temperature, the steam was measured using an
orifice.

The comparison of these three balances increased the confidence in accuracy of the results.
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FIG. 3. Structure of the NOKO-Data in the Internet.

3. TEST CONFIGURATION AND SELECTED RESULTS

Original dimension and material - but not the original number or area - were used for the test
sections Emergency Condenser, Building Condenser, Plate Condenser and Passive Initiator.
For all tests the thermal hydraulic boundary and initial conditions were equivalent to these of
the SWR 1000; the only exception was that Helium instead of Hydrogen was used for related
tests.
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3.1. Emergency Condenser 1. Bundle

In Fig. 4 the configuration with the first Bundle is shown; the geometrical data for one tube
are:
average length 10 m
inner diameter 38.7 mm
wall thickness 2.9 mm.

In Fig. 5 the experimental data (solid lines) are compared with calculations with 4 different
codes; the agreement is good.

3.2. Emergency Condenser 2. Bundle

It could be calculated that the tube wall is responsible for more than 50 percent of the total
heat transfer resistance. Therefore, a second bundle was used with the geometrical data.

total length:
inner diameter:
wall thickness:

about 10 m
44.3 mm
2.0 mm.

Inlet
header

approx. 6400

FIG. 4. The design of the Emergency Condenser (EC).
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Level over Drain Line Connection [m]

Bundle empty Bundle flooded

FIG. 5. Power transfer to the water pool with the EC with four tubes.
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In addition, the bundle was oriented in a vertical position, under an angle of 40.9° and in a
horizontal position.

The experimental results and a comparison with ATHLET calculations are shown in Fig. 6.
From sensitivity studies it has been evaluated that the thermalhydraulic codes like ATHLET
or CATHARE are calculating well the integral power transferred, but deviate substantially in
the in-tube heat transfer by condensation processes. Therefore, special tests with a single tube
only and an improved instrumentation were performed. In addition, special tests and
measurements for 3D-temperature fields in the water pool have been performed, see the
isothermes in Fig. 7 for one of the tests.

3.3 Building Condenser

The NOKO facility has also been used to study the effectiveness of systems removing the
decay heat from the containment.

— NK2A2Test
NK2A3 Test

«-NK2A4Test
-»NK2A5Test
•> NK2A2Calc.
o NK2A3Calc.
t. NK2A4Calc.
° NK2A5Calo.

3 4 5
Lov&l over Drain Una Connection [m]

FIG. 6. NOKO-2 power levels from test and calculations with ATHLET for the bundle in vertical po-
sition and three tubes.

FIG 7. Isoterms in pool with the vertical bundle heated only in the upper part.
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FIG 8. Building condenser in NOKO without trough and fall pipe.
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FIG. 9. Bundle capacity as a function of the total pressure and the volume fraction of oxygen.

In Fig. 8 the configuration of the building condenser within the condenser tank is shown.

In Fig. 9 test results showing the influence of non-condensables on the energy transport from
the building condenser to the environment are shown.

3.4 Plate Condenser

Tests have been performed with a Plate Condenser, which was installed within the Condenser
Tank, see Fig. 10. The atmosphere tested was pure steam, a mixture of steam and oxygen, a
mixture of steam and helium and a mixture of steam, oxygen and helium.

In Fig. 11 the influence of the non-condensables on the transferred power is shown. Fig. 12
shows one test with steam and oxygen, showing an accumulation in the lower part of the tank.
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FIG. 10. Condenser vessel.
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FIG. 11. Normalized power of the plate condenser calculated with RALOC as a function of the inert
gas volume fraction.
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FIG. 12. Vertical concentrations.
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3.5 Passive Initiators

Passive Initiators (PI) are small heat exchangers outside the Reactor Pressure Vessel (RPV);
one line of this heat exchanger is connected to the RPV well above the normal water level and
the other line well below the water level. Both lines are always open to the RPV. The
secondary side of the Passive Initiators is filled with water. In case of a substantial water level
decrease in the RPV steam will condense inside the PI and heat up the secondary side
resulting in a pressure build-up. This can be used for control purposes. In Fig. 13a the four
designs tested are schematically shown. In Fig. 13b the pressure build-up on the secondary
side and the outflow is given for water and ethylacetate (ESEE), which has a lower boiling
point than water.

Passive Initiators
Selected Results

Designs

PI 2 PI 3 PI 4

WAF '• Heat ransfer area

Wvoi: Volume secondary side

WAF = 0.35 m2 WAF = 0.44 m2 WAF = 0.5m2 WAF = 0.34 m2

Wvoi = 45 1 Wvoi = 441 Wvoi = 2.5 I Wvoi = 31

2 Fluids

a)

Water

Ethylacetate (ESEE)

FIG: 13. Designs (a) and experimental results (b) of the different passive initiators.

3.6 A Passive flooding system
Tests have been performed with a passive flooding system. The objective was the
experimental verification of the flooding of a pressure vessel with water from an outside
water pool, using a special check valve.

3.7 Passive decay heat removal during shutdown

With a flooded pressure vessel it could be shown that it is possible to remove decay heat from
the core region to an outside pool by natural convection, see [3].
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4. THE TOPFLOW FACILITY

A Saxony collaboration consisting of the Institut fur Sicherheitsforschung of the
Forschungszentrum Rossendorf (FZR) e.V., the University of Dresden (TUD) and the
Hochschule fur Technik, Wirtschaft und Sozialwesen Zittau-Gorlitz (HTWS) are going to
take over the NOKO facility, which will be reconstructed as TOPFLOW (Transient Two
Phase Flow Test Facility) at FZR. TOPFLOW will mainly be used for the investigation of
generic and applied steady state and transient two-phase flow phenomena in power and
process industries. Main fields of activities are the investigation of:

- transient flow regimes in horizontal, vertical and inclined tubes,

- critical mass flows and oscillations during depressurization,

- natural convection in parallel channels and feed pipes,

- condensation phenomena in horizontal tubes,

- dynamic behaviour of interphase area in bubble columns,

- non-equilibrium effects.

The philosophy of the facility is, that working groups throughout Europe shall be invited to
come to Rossendorf with their ideas and to perform their experiments here making use of the
wide range of parameters (power, water and steam mass flow, pressure range, measuring
instrumentation) offered by TOPFLOW.

4.1 Main modifications

The flow diagram of the TOPFLOW facility is given in Fig. 14; a front and a side view is
shown in Fig. 15.

L < 4 MW,
p<7MPa,
T < 300 °C,
D < 200 mm,
MQ < 2 kg/s,

MR<2kg/s

FIG: 14. Flow diagram of the TOPFLOW test facility.
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The main additional test sections are the steam drum (L = 5 m, D = 1.5 m, V = 8 m3) and two
vertical pipes (D = 50 and 200 mm, L = 10 m) to be used for the instrumentation
development, evaluation of flow profiles, WWER steam generator behaviour during small
break LOCA and the investigation of heat up, local steam production and temperature
stratification in large water pools and turbulence. Additionally several junctions are foreseen
for the connection of further test sections like a PWR hot leg model [4]. The pressure vessel
has been removed but is still available if needed.

The data acquisition systems will be replaced and extended, e.g. the number of the
measurements as well as the acquisition rate are increased. Additionally the balance of plant
system will be replaced and is now computer controlled.

FIG. 15. Front and side view of the TOPFLOW test facility.
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4.2 The Instrumentation Development

TOPFLOW will be equipped with advanced two-phase instrumentation mainly and adapted
and developed in Rossendorf, such as wire-mesh sensors, needle-shaped conductivity probes
with integrated thermocouple, gamma and X-ray tomography and passive ultrasonic droplet
probes. Additionally, laser-doppler anemometry and a phase-doppler particle analyser are
available. Two of these devices, the needle-shaped conductivity probes with integrated
thermocouple and the wire-mesh sensors will be described in detail.

Advanced needle probes are equipped with a micro thermocouple substituting the traditional
electrode. These probes combine a local phase indication with a fast temperature
measurement, so that the temperature can be correctly related to the instantaneous phase state.
This allows to distinguish between steam and non-condensable gas in the gas phase and can
be used to measure the sub-cooling in the liquid phase and temperature gradients at the inter-
phase boundary [5].

FZR has developed wire-mesh sensors for gas-liquid flows, which allow a fast visualisation of
transient gas fraction distributions in a tube [6]. The function is based on the measurement of
the local instantaneous conductivity of the two-phase mixture. The sensor consists of two
electrode grids with 16 electrodes each, placed at a small axial distance behind each other.
The conductivity is measured at the crossing points of the wires of the two grids. One plane of
electrodes is used as transmitter, the other as receiver plane. During the measuring cycle, the
transmitter electrodes are activated by supplying with voltage pulses in a successive order.
The currents arriving at the receivers are recorded. This procedure is repeated for all
transmitter electrodes.

Sensors of this kind were applied at FZR to an air-water flow test loop in a vertical pipeline
(inner diameter D = 51.2mm) as well as to a cavitating flow behind a fast acting valve. The
high resolution of the sensor allowed to obtain bubble size distributions and to study the
evolution of the flow structure along the pipe [7]. The maximum time resolution available to
perform these experiments was 1200 measurements per second. Recently, the measuring rate
was increased to 10 000 frames per second with sensors of 16 x 16 measuring points. In the
result it is possible to visualise and quantify individual bubbles or droplets at a much higher
flow velocity, than before.

It is planned to apply this type of fast flow visualisation to different test sections of the
TOPFLOW facility. In the first experiments, the flow pattern in a vertical pipeline of 200 mm
diameter will be studied. A special developed sensor will allow to achieve a spatial resolution
of 3 mm at a measuring rate of 2 500 frames per second. For this purpose, the sensor must
consist of 64 transmitter and 64 receiver wires (64 x 64 measuring matrix).

4.3 Potential test series

The following test series related to natural convection are under consideration:

- boiling in large water pools

- WWER steam generator behaviour with out/with non-condensables

- two phase flows in typical reactor geometries (e.g. hot leg, downcomer)

- operational mode and effectiveness of passive safety systems.
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F/G. 7(5. Selected Convection Phenomena related to the Argentinean CAREMPWR Project.

A first feasibility study has been performed regarding a reactor with internal circulation flows.
The Argentinean CAREM PWR Project has been used as a model. In Fig. 16 a comparison
between the CAREM Reactor and its modelling in TOPFLOW is shown.

5. CONCLUSIONS

With the NOKO facility high quality data have been produced. They were used to study
phenomena and used as a basis for comparison with code calculations.

Based on the experience gained with the NOKO facility the TOPFLOW facility will be
improved and its test spectrum extended. Especially the development of two-phase
instrumentation will be a major goal.
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