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Abstract. A proper measurement of the relevant single and two-phase flow parameters is the basis for the
understanding of many complex thermal-hydraulic processes. Reliable instrumentation is therefore necessary
for the interaction between analysis and experiment especially in the field of nuclear safety research where
postulated accident scenarios have to be simulated in experimental facilities and predicted by complex
computer code systems.
The so-called “conventional” instrumentation for the measurement of e. g. pressures, temperatures, pressure
differences and single phase flow velocities is still a solid basis for the investigation and interpretation of
many phenomena and especially for the understanding of the overall system behavior. Measurement data
from such instrumentation still serves in many cases as a database for thermal-hydraulic system codes.
However some “special” instrumentation such as online concentration measurement for boric acid in the
water phase or for non-condensibles in steam atmosphere as well as flow visualization techniques were
further developed and successfully applied during the recent years.
Concerning the modeling needs for advanced thermal-hydraulic codes, significant advances have been
accomplished in the last few years in the local instrumentation technology for two-phase flow by the
application of new sensor techniques, optical or beam methods and electronic technology.
This paper will give insight into the current state of instrumentation technology for safety-related
thermohydraulic experiments. Advantages and limitations of some measurement processes and systems will
be indicated as well as trends and possibilities for further development. Aspects of instrumentation in
operating reactors will also be mentioned.

1. INTRODUCTION

The measurement of single and two-phase flow quantities is substantial for the understanding of many technical
processes esp. reactor system behavior under accident conditions and is a prerequisite for proper code modeling and
verification. Contrary to single-phase flows, where the flow consists of a uniform fluid, multi-phase (mainly twophase) flows are characterized in general by large density and velocity differences with various flow patterns,
resulting from the interactions between surface tension, pressure drop, shear stress and gravity force.
More than 30 years have been spent on developing various solutions for measuring two-phase flow with the aim to:
• get local or integral information,
• built very sensitive instruments or try to get rather valid information with rigid sensors as well,
• apply techniques simple to use and to interpret or install highly sophisticated instruments such as laser
techniques.
It turned out that there is no and perhaps never will be the Standard or Optimum Instrumentation. Measuring twophase flow will always need experienced researchers using special solutions for each required purpose.
Successful application of a measuring system in a two-phase test setup does not automatically mean its qualification
for nuclear reactor conditions or even for other loops if environmental conditions such as radiation levels or even
only water quality change. On the other hand, two-phase measuring techniques in many cases do not directly measure the two-phase properties needed to verify the two-phase models such as local shear, velocities of the single
phases etc., so that indirect comparison of calculated and measured data is needed.
Nevertheless, large reactor safety research programs performed in the last decades as well as the detailed
development work carried out at numerous universities and research institutions have increased our knowledge in
two-phase flow measurement techniques significantly. Especially significant advances in the local instrumentation
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technology for two-phase flow by the application of new sensor techniques, optical or beam methods and electronic
technology have been accomplished in the last few years. The detailed measurements gave new insight to the true
nature of local mechanisms of interfacial transfer between phases, interfacial structure and two-phase flow turbulent
transfers. The new developments indicate that more accurate and reliable two-phase flow models can be obtained, if
focused experiments are designed and performed by utilizing this advanced instrumentation.
The subject “Instrumentation for Thermal Hydraulics Relevant to Reactor Safety” is very extensive and has been
explored worldwide for decades by many experts and researchers in national and international research programs. A
large number of articles relating to instrumentation have been published. Furthermore, many special workshops and
international meetings have been convened on this subject. Thus, the scope of this paper is not to cover all aspects of
instrumentation or to comprehensively itemize all possible measurement methods and techniques. The goal of this
paper is rather, by means of selected and typical examples, to illustrate experience with the currently deployed
measurement techniques, as well as to discuss the possibilities and limitations of these techniques.
In particular, this paper will address instrumentation that has been applied in OECD programs. In conjunction,
experimental test programs investigating thermohydraulic system behavior of both the reactor coolant system and
the containment under accident conditions will be considered. Additionally, some particular examples for
instrumentation employed in other important national and international research programs today and in previous
years will be addressed. Aspects of instrumentation in operating reactors will also be mentioned.

2. REQUIREMENTS IN REACTOR SAFETY RESEARCH

Reactor safety investigations deal with very unlikely and fortunately very unusual accidents or incidents in nuclear
power plants. Reliable thermohydraulic codes are therefore needed to predict the transient behavior of the power
plant under anticipated accident scenarios to:
•
•
•
•

prove the effectiveness of safety systems
give advice for possible improvements of hardware
assess the consequences of preventive or mitigative procedures
estimate the possible consequences.

The development and assessment of these codes is based on proper physical modeling of all relevant
thermohydraulic phenomena. So at first a wide range of thermohydraulic investigations is oriented to so-called
separate effect tests concentrated on single parameters. In many of these cases the flow phenomena can be simulated
in tests under clear boundary conditions, so that the instrumentation used can be calibrated properly in advance.
In these separate effects experiments many kinds of two-phase measurement devices have been used with good
success as the instrumentation could be optimized to a few parameters only. Here, methods such as laser-doppler,
ultrasonic-doppler, and hotwire anemometry were applied to measure phase velocity. In addition, very sophisticated
methods like Gamma- and x-ray computed tomography have been used to measure cross-sectional distribution of
phases or even void distribution in bundles.
In order to investigate the overall system behavior and the interaction between the individual sub-systems under
accident conditions, a proper single and two phase flow instrumentation is also necessary for the interpretation of
"system effects tests," e.g. simulating the thermohydraulics of a PWR in a scaled-down test facility. In this case the
instrumentation shall prove the quality of code predictions and identify uncertainties still existing. Under these
conditions instrumentation consisting of mechanical parts installed in the flow path can be of influence on the
system behavior itself. So an optimum between the amount of measurement information needed and flow
disturbance must be found. Very often in system effect tests, signals are also taken from simple single-phase
measurements and used for mass and energy balance methods which give a good check for the overall code
performance as well.
After the TMI accident the small break accidents and transients were discussed in much more detail because of some
higher potential to happen. As a result of the worldwide discussions the need for a reliable liquid level or water
inventory measurement in the reactor pressure vessel (RPV) of a PWR was elaborated and emphasized. The
implementation of AM-procedures to prevent core melt scenarios - even under transients like station blackout increase the need for such a measurement method which must function under all possible transients and two-phase
conditions. Under reactor operating conditions, very different requirements such as radiation level, boric acid, flow
induced vibration, etc., challenge the reliability of instruments. As a result, much conservatism is exercised in
selecting instruments.
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3. SURVEY OF CURRENTLY USED INSTRUMENTATION

This chapter will, by means of some typical example, give insight into the use of and experience with measurement
processes employed up to the present in the area of safety-relevant thermohydrauics. The chapter addresses the main
points of measurement technology within the context of reactor safety research in large-scale experiment facilities.
New measurement technology for validation of CFD codes will also be explained through examples. Measurement
processes employed for reactor pressure vessel level detection in operating nuclear plants will also be described.

3.1 Instrumentation for RCS Test Rigs

The design of integral system test facilities generally represents a scaled down model mock-up of the full size
reactor system (UPTF being an exception). Research into reactor safety integral system effect thermal-hydraulics
originated in the early ‘70s in the US with the definition and execution of experimental programs in the Loss-OfFluid-Test (LOFT) facility and in the Semiscale test facility. Similar research activities were also initiated later on in
other countries in parallel with the construction and operation of a significant number of system test facilities such
as: LSTF, ATLAS, LOBI, PKL, UPTF, BETHSY, SPES, PMK, PSB and PACTEL. To date, some of these
experimental programs have been terminated and several test facilities dismantled. Some of the test facilities are still
in operation such as LSTF, PKL, ATLAS, PACTEL, PMK and PSB.
Measurement techniques applied in the test programs LSTF and PKL both being included in an international OECD
project, are subject to the following explanations.
3.1.1 Conventional instrumentation
In spite of the prominence and importance of advanced two-phase measurement technology, the use of conventional
measurement technology, as before, plays an important role above all in the analysis of system tests.

Usually system test facilities have available a very comprehensive array of instrumentation with a large number of
measurement locations (well over 1000) for obtaining, for example, temperatures, absolute and differential pressures
and single-phase flow rates. A comprehensive database is thereby made available for validating thermohydraulic
system codes not only in relation to the total system behavior but also in regard to local processes in individual
components. With relatively low costs, conventional instrumentation distinguishes itself through high reliability,
easy availability and high measurement precision. Professional installation and operation, the correct selection and
an appropriate calibration of the measurement sensor are natural preconditions.
The measurements from conventional instrumentation can not only be used as a data base for system codes; in many
cases they serve to understand thermohydraulic processes as well as energy and mass transport inside the reactor
coolant system and beyond its boundaries, and therefore the complete time progress of the assumed accident
scenarios. Beside the recognition of scalability and transferability of the thermohydraulic processes, the
interpretation of the measurement signals is significant. For example, the water level in individual components is
often determined by hydrostatic pressure, that is, by differential pressure measurement.
This is actually only reliable through the neglect of dynamic effects. As earlier PKL experiments on large breaks
have shown, large level oscillations in the reactor pressure vessel between the downcomer and the core can produce
time variations in the ∆p measurement in the downcomer as compared to the actual level changes; because of the
acceleration component, they show a phase difference. In this case, an estimate of the actual level behavior is
achieved only with knowledge of the mass flow velocity in the downcomer /1/.
On the other hand, especially in cases of less dynamic processes, ∆p measurements can be employed to a certain
extent in determining two-phase flow parameters. One example is the vertical void fraction distribution and the
swell level in a heated core simulator derived from a fine net of ∆p sensors (row of ∆p-measurements connected in
series). Assuming that acceleration and friction pressure losses can be neglected, the ∆p readings between the
pressure taps can be used to calculate the mean densities between the pressure taps and the swell level in the core.
The following instances taken from PKL test results provide further examples of how, with the help of “simple”
instrumentation (temperature and ∆p measurements) and the appropriate evaluation of the measurement data,
complex flow types can also be detected.
3.1.1.1 PKL Test Facility
The PKL (Primärkreislauf) test facility; operated at AREVA NP in Germany, is a scaled-down model of a
pressurized water reactor of KWU design of the 1300 MW class. It is designed to investigate the thermohydraulic
system behaviour of PWR under accident situations. The PKL test facility models the entire primary side and
essential parts of the secondary side of the reference plant. All elevations are scaled 1:1. Volumes, power and mass
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flows are modelled by the scaling factor 1:145. PKL is equipped with 4 identical reactor coolant loops arranged
symmetrically around the reactor pressure vessel.
With its total of around 1500 measuring points, the PKL facility is extensively instrumented, something which
permits detailed analysis and interpretation of the phenomena observed in the tests. Besides conventional
measurements for temperature, pressure and mass flow rates, also special measurement technique, e.g. for the
determination of the boron concentration (see 3.1.2) is used.
3.1.1.2 Heterogeneous flow behavior in steam generator U-tubes
An example for use of temperature measurements for the detection of complex flow types, is flow interactions
between the tubes of a U-tube steam generator (SG) that can occur in certain accident scenarios. Temperature
measurements taken inside different tubes in places distributed along the tube length are evaluated for this purpose.
Through these temperatures, heterogeneous flow behavior between the SG tubes as well as very small circulation
mass flows in the loops (for example incipient “creep flows”) that lie below the detection limit of available mass
flow measurements can be detected.

If there is no flow through a tube, the fluid temperature on the primary side exhibits a uniform temperature over the
entire tube length ─ that of the surrounding secondary side fluid (Fig. 1a, up to about 3700 s). In contrast, if a tube is
subject to continuous flow, it displays a temperature profile that decreases from primary side temperature at the tube
inlet to secondary side temperature towards the outlet (Fig. 1a after about 3700 s). From the length of the developed
temperature profiles, one can also determine the speed of flow in the individual tube.
Simultaneously with the tubes subject to continuous flow, other tubes which were experiencing reverse flow as well
as the natural forward flow were detected. In Fig. 1b and c such a tube is represented. It exhibits reverse flow at first
and then forward and reverse flow intermittently.
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Figure 1: Temperature profile in SG U-tubes.
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The detection of such flow processes is of special interest when the mixing mechanism of fluids (for example, with
different boron concentrations) is to be investigated. They were observed in PKL tests on restart of natural
circulation.
3.1.1.3 Heat Transfer Modes in steam generator tubes in the presence of water, steam and nitrogen /2/
Following a postulated failure of the residual heat removal system, which is assumed to occur at mid-loop operation
(with nitrogen above mid-loop elevation) when the RCS is still closed, the main heat sink is no longer available and
core temperatures thus increase until saturation conditions in the core are reached. With the formation of steam in
the core, complex heat transfer mechanisms arise in the U-tubes as a result of the swell levels rising into the U-tubes.
The flow characteristics in the U-tubes that determine the heat transfer mechanism from primary to secondary (here
in presence of a non-condensable, e.g. N2) are deducible from a comparison between both temperatures and
collapsed levels. The analysis and understanding of the complex heat transfer procedures in the U-tubes also become
essential for the evaluation of an accident transient that instigates a boron dilution process.

The following figures depict coolant levels, deduced from differential pressures, and fluid temperature profiles,
measured by thermocouples at different positions along the U-tubes’ inlet and outlet heights (Elevations (EL) B to J)
in different U-tubes.
For example, in Fig. 2 (top) the temperature profile along the inlet side of a short SG-U-tube indicates saturated
fluid along the entire inlet-height. A comparative analysis considering the collapsed level, which quantifies the
amount of liquid phase in the tubes in parallel, indicates that the U-tube inlet side is entirely filled with a
liquid/steam-mixture. The additional outlet side temperature profile then provides sufficient evidence of forward
coolant transport from the SG-inlet to outlet side in that particular short U-tube. An estimation of the spillover/condensation ratio then indicates the initiation of a boron dilution process below the SG-outlet plenum
(detected by a boron concentration measurement).
At the same time, the temperature profiles in Fig. 2 (bottom) indicate a completely different flow and heat transfer
state in a long SG-U-tube. All upper fluid temperatures in the tube indicate temperatures close to secondary side
water temperature Tsec. The comparison with the measured collapsed level identifies a subcooled water column
above a short heat transfer zone (with steam condensation) at the lowermost inlet side of the U-tube. Heat transfer in
the upper parts of the tube is blocked by this subcooled water column and by an N2 region above. Heat transfer
conditions as indicated in Fig. 2 (bottom) with most of the tube’s heat transfer area blocked by subcooled coolant or
N2 reveal the prospect of a further rise of the primary pressure.
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These two examples illustrate the significance of conventional measuring techniques (Δp, T) for the analysis,
understanding and prediction of the development of complex heat transfer mechanisms in a steam generator on a
macroscopic scale under the given boundary conditions.
This instrumentation is, however, not yet sufficient to capture detailed phenomena on the microscopic level. These
include effects such as condensation and potential internal circulation flows in the lower region of the U-tubes that
lead to the establishment of an unexpected subcooled water column. Such complex flow processes present, as they
have previously, a great challenge for system codes. This has been definitively shown through post–test calculations
done within the framework of an international benchmark activity.
Here it will be noted that, for example in the PKL facility, besides the experiment instrumentation, some of the
instrumentation actually available in a PWR is simulated with regard to function and location. The goal is, through
separate evaluation and comparison of the measurement results from PWR instrumentation and those of the
experiment instrumentation, to find out if the information from the PWR instrumentation would suffice for an
Operator to draw the correct conclusion with regard to the plant status. In this way the experiment results, together
with support from appropriate software for the representation of the thermohydraulic process, can be used in the
training of PWR operating personnel.
It is also noted that the trend also exists in system test facilities toward ever finer outfitting of individual components
with measurement sensors (temperature sensors, for example) in order to capture 3D effects and to a certain extent
contribute to CFD code validation. An example of this is the flow features in a cold leg during the injection of cold
emergency cooling water into hot circulating primary coolant. Of interest are the mixing processes between the
water streams of different temperatures.
3.1.2 Special Instrumentation
Besides conventional measurements also some “special” instrumentation such as online concentration measurement
for boric acid in the water phase or for non-condensibles in steam atmosphere as well as flow visualization
techniques were further developed and successfully applied during the recent years. The following information on
visual observation and gas concentration measurement systems used in the ROSA/LSTF facility have been kindly
provided by JAEA.
3.1.2.1 ROSA/LSTF Test Facility
The LSTF (Large Scale Test Facility) of ROSA (Rig-of Safety Assessment) Program of JAEA (Japan Atomic
Energy Agency) is an integral test facility designed to investigate the thermal hydraulic response during PWR
transients and accidents. The facility simulates a 1100 MWe four-loop Westinghouse-type PWR by means of a twoloop facility at full-height, full pressure and 1/48 volumetric scale.

The instrumentation with around 1900 channels provides detailed information on thermal-hydraulic conditions
through the measurement of relevant parameters such as temperature, pressure, liquid level, flow rate and density.
Besides conventional measurements, “special” measurement devices have also been developed and installed. Visual
observation of flow is possible using video-probes employing glass-fiber cables that withstand high–temperature
steam/water conditions. Non-condensable gas detectors have also been recently installed in the LSTF facility to be
utilized for the current OECD ROSA project.
3.1.2.2 Visual observation
Visual observation of steam/water two-phase flow in experiments simulating reactor accidents and transients is of
great interest, especially when complicated phase-change and phase separation/mixing phenomena are involved.
Various attempts have been made in several two-phase test facilities to take photos, video or high speed recordings
through windows or lens systems, or to use miniature cameras which enter into the flow channel.

A cooling-free video probe developed by JAEA /3/ deserves special consideration because it can withstand
pressures of 18 MPa and temperatures over 630 K and it is small in size (down to 12 mm outer diameter). Such
designs could be realized by the use of optical glass fiber (for both lighting and observation) and other optical
components (lenses and prism) that withstand high temperatures. Different design types have been developed by
JAEA /3/ and have been successfully used for experiments in the ROSA / LSTF test program.
As an example, Fig. 3 shows a schematic view of a typical JAEA probe with one image guide and three light guides,
a photograph of the probe head is illustrated in Fig. 4. The JAEA probes have double pressure boundaries and a
sapphire block is used for the windows. In addition, high sensitivity video cameras are applied. The resolution of the
video probes which is limited by the image fiber guide is up to 100.000 pixels.
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Figure 3: Schematic view of the JAEA video probe /3/

Figure 4: Video probe head /3/

The small probes can identify not only flow pattern in qualitative terms but also provide quantitative information
about certain parameters. For instance, the steam generator reflux flow rate can be estimated based on the width of
the liquid stream that flows down hot-leg inclined pipe /3/.
Fig. 5 shows exemplarily a picture of the video screen for four different locations in the LSTF (upper-left: upper
head, upper right: upper plenum, lower-left: steam generator inlet plenum, lower-right: break upstream in the cold
leg). Recent video probes designed for the OECD ROSA project utilize a small bore scope as image guide to
improve spatial resolution, while air cooling is necessary to keep the bore scope cool.

Figure 5: Video probe images obtained from LSTF experiments /3/
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3.1.2.3 Gas concentration measurement in steam
A special measurement device with a Zirconia (Zirconium dioxide, ZrO2) sensor has been developed by JAEA to
directly measure the oxygen concentration in steam. Air is used as non-condensable gas. Fig. 6 shows the overview
of the measurement arrangement newly installed in the LSTF. The measurement device including the Zirconia
sensor, the separator, the flow meter and piping installations is connected to the steam generator (SG) outlet plenum
(connection to the pressure vessel upper head is also possible). Specified operating pressure is 15.5 MPa in the
piping upstream of the glove valve. Throughout the whole piping, between the tapping point at the SG outlet and the
Zirconia sensor vessel, the piping sampled gas/steam mixture is heated to avoid vapor condensation by using heaters.
Several thermocouples are installed in the piping to check the fluid and wall temperatures. A small flow rate of
steam/gas mixture is measured by the flow meter downstream of the Zirconia sensor vessel. Downstream of the
sensor, the steam/gas mixture is finally discharged into atmosphere.

The Zirconia element (the solid electrolyte) is a high temperature ion-conductor for oxygen ions. A heater provides
the operating temperature for the electrolyte, Platinum electrodes attached to the inner and outer surface of the
Zirconia element complete the electrode membrane assembly. Oxygen molecules from the sampled gas gain
electrons from the Platinum cathode and form oxygen ions, which can permeate through the Zirconia electrolyte to
the other electrode (anode) and there reform oxygen molecules after releasing the electrons. The Oxygen
concentration in the sampled gas can thus be estimated online from the continuously measured electric voltage E
that is generated between the two Platinum electrodes by the ion transfers. E can be put in the following Nernst
expression:

E = k ln

P1
P2

(1)

where k is the constant depending on temperature, P1; partial oxygen pressure on side of reference gas (air), and P2;
partial oxygen pressure on side of measured gas.
The Zirconia sensor is calibrated by the use of two different gases with different oxygen concentrations of 1 and
21%. The measuring uncertainty of the sensor is ±1.5% of full-scale (25%) for the oxygen concentration in steam.
3.1.2.4 Application of boric acid and measurement of boron concentration in PKL
For all tests within the OECD-PKL project, boric acid was added to the primary coolant of the PKL test facility as it
is present in all PWR systems to prevent recriticality during cooldown. For detection of the boron concentration,
there are four COMBO (Continuous Measurement of Boron Concentration) devices. The COMBO system was
originally developed by Siemens (now AREVA NP) for use in PWRs. The measuring principle is based on the
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absorption of neutrons by the isotope boron-10, which varies according to the boron content of the coolant. The
COMBO system, which basically consists of a neutron source (positioned on one side of the reactor coolant line
(RCL)) and two radioactivity counter tubes (installed close together on the opposite side of the RCL), can be
mounted on the outer wall of the RCL so that it has no effect on the fluid being measured. As a result of using this
neutron transmission method, the measurements are averaged over the entire flow cross section in the pipe. It is
therefore apparent that the COMBO signals can be correlated to the boron concentration only for a constant liquid
level in the control volume (for the test the COMBOs were calibrated for the condition with the RCL completely
filled with water). For a sketch of a COMBO device see Fig. 7.
Apart from the COMBO systems, the test facility is equipped with sampling points for taking grab samples to keep
track of the locally different boron concentrations throughout the reactor coolant system during the tests.

3.1.3 Two phase flow instrumentation in system effect test facilities
The following discussion focuses on experiences obtained from two-phase flow instrumentation especially
developed and designed for use in system effect test facilities.
3.1.3.1 Pipe flow measurement
Mass flow is a difficult parameter to measure in two-phase flow as the phases have different densities and velocities.
Most of the approaches being applied during the last two decades up to now are based on the combination of several
measuring techniques (so-called instrumented spool piece) that have already been proven in single-phase flow
during industrial applications. The number of techniques which have to be combined depends on the number of
phases/components (if multi-phase flow), their distribution in the flow and the accuracy requirements.

The greatest impetus for the research and development effort concerning the measurement of total mass flow rate
and composition of a multi-phase/multi-component flow in pipes probably came originally from the oil production
industry, where there is a need to measure accurately the production of oil and gas mixtures produced by individual
wells. The conditions under which the meters are required to operate vary over a wide range of flow rates, mixture
composition, pressure and temperature. In addition to coping with these conditions, metering also has to be
applicable to different flow patterns.
A wide-ranging assessment of multi-phase/multi-component mass flow metering systems was completed by Hewitt
/4/. The studies examine the applicability of different possible techniques capable of providing total mass flow and
compositional measurements of an oil/water/gas mixture.
In reactor safety related experimental studies such as PKL and UPTF (Germany), CCTF, SCTF and LSTF (Japan),
LOBI (EC), BETHSY (France) special combinations have been used, with the aim of minimizing the flow
disturbance as creating a homogeneous flow was not likely /5/. The PKL and CCTF devices located in the horizontal
hot legs are combinations of a 3-beam gamma-densitometer, a full flow turbine and a drag body meter. The
instruments have been calibrated carefully in a two-phase flow loop.
If phase velocities are assumed to be equal (slip s = 1) in the calculation for total mass flow only the combination of
two quantities is required (e.g. gamma-D + drag or gamma-D + turbine or turbine + drag). In this case a comparison
of the different results is possible for accuracy estimation. In most of the cases different phase velocities must be
assumed so that all three instrument signals are necessary to determine mass flow rate.
The instrument signals and the evaluated mass flow provided reasonably good results for a wide range of typical
flow patterns including a hot leg oscillation slug flow situation occurring after a large break LOCA. However,
trouble with this instrumentation was experienced under low flow and esp. under counter-current flow conditions
(reflux condensation).
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Figure 7: Sketch of a COMBO Device.
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The type of instrumented spool piece used in the BETHSY facility (France) was specially designed to also measure
stratified flow conditions. The combination of a 3-beam Gamma-densitometer and 3 turbo probes ( Ø 12 mm)
distributed vertically along the diameter of the horizontal piping (in hot and cold legs) provides mass flow rate
measurements in stratified flow with a maximum uncertainty of ± 15% as long as the liquid level remains above the
lowest turbine.
3.1.3.2 UPTF pipe flow meter
Special attention is deserved by the measurement of the two-phase mass flow in the UPTF, a geometrical full-scale
mock-up of the primary system of a 4-loop 1300 MW-PWR /5,6,7/. The test vessel and its internals, the upper and
lower plenum and the downcomer as well as piping of the loops were identical to those at the reference nuclear
power plant.

Between 1986 and 1997 two test programs were performed. The objective of the first international 2D/3D (Japan,
US, Germany) was the experimental investigation of three-dimensional thermal-hydraulic phenomena in the upperplenum, at the upper core tie plate, in the downcomer and in the individual loops of a PWR during the end-ofblowdown, refill and reflood phase following an LB-LOCA.
The subsequent national research program TRAM paid particular attention to beyond-design basis accidents and the
mixing of water flows at different temperatures.
The UPTF was equipped with more than 2000 sensors to measure physical quantities in single or two-phase
steam/water flow. Conventional and specially designed advanced test instrumentation developed by US laboratories
as part of the international 2D/3D program were operated to obtain information from separate effects and integral
tests.
In large pipes like in the 1:1 simulation of UPTF /5,6,7/ full flow instrumentation like in smaller test facilities is not
applicable. In the UPTF, five Pipe Flow Meters (PFM) were installed in the four hot legs and in the broken cold leg.
Each of the PFM used an array of four drag disks and three gamma-densitometer beams along with an absolute
pressure and temperature measurement (Fig. 8). The signals from all instruments had to be interpreted to determine
flow regime, void fraction, phase velocities, phase densities and total mass flow. UPTF pipe flow meter data
interpretation was based on algorithms adapted from other facility applications supplemented by limited in-situ,
single-phase calibration at UPTF.
To get an idea about the quality of the UPTF test results, test calculations were done to compare "hand-calculated"
values with results calculated by the PFM algorithm. These calculations showed that the algorithm was able to
determine homogeneous and stratified flow in most cases. For test calculations with annular flow the algorithm
sometimes determined stratified or tilted stratified flow because of the local positioning of the probes. However, in
such cases the calculated mass flow was in good agreement with the hand-calculated input data. High discrepancies
occurred for situations when tilted stratified flow was determined by the algorithm in the case where the assumed
phase boundary was on the line between two drag paddles. Also for two-phase flow with big differences between
the phase velocities, higher differences between both calculated values were obtained.
For some tests, the total mass flow rates calculated by the PFM algorithm were compared with single-phase mass
balance calculations. The deviation of the total mass flow was between 6 and 10 %. This is a good result for a twophase flow measurement.

Figure 8: UPTF Pipe Flow Meter-Arrangement of Instruments.
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3.1.3.3 UPTF End Box instrumentation
A special measurement approach was developed in order to determine the mass flow of each phase (steam and
water) through the upper end-boxes (193 Fuel assemblies, FA), the interface between reactor core and upper plenum.
The task was to determine the steam and water mass flow for the following flow regimes:

•
•
•
•

Concurrent down flow
Water down flow
Countercurrent flow
Concurrent up flow with saturated or subcooled water in the upper plenum.

The simulated transients included the end phase of blowdown (EOB) as well as the refill and reflood phase of a
large break LOCA in a PWR with cold leg or combined (cold and hot leg) ECC-injection. At least two different
flow measurement signals are required for determination of the total mass flow in a two-phase flow. The flow
restricting area of a fuel assembly end-box is the tie-plate which is about 20 mm thick and perforated with many
holes of 12 mm diameter. The tie-plate is ideal for the measurement location, since the three-dimensional flow
around the end-box is forced to flow vertically in the tie plate holes, which results in a vertical force on the tie plate.
Therefore, the tie plate force was chosen as one of the measurement parameters. For this purpose, a cutout section of
about 60 % of the whole tie plate area was used as a drag-body. All transducers for the force measurement were
accommodated within structural members of the endbox, so that this instrument sampled a large amount of the flow
with minimum disturbance to the flow. A turbine, mounted above one tie plate hole, was chosen to measure the
second required flow parameter, since a local fluid density measurement by gamma-ray device was not possible.
Information about the local water level above the tie plate was gained from a purged AP-measurement (Fig. 9).
Extensive calibration tests were performed for this combined measurement equipment of tie plate drag-body and
turbine (called flow module) in a one fuel assembly test facility covering the above mentioned flow regimes and a
pressure range of 2.5 to 6 bar. The calibration in an endbox mock-up consisted of 345 sets of data points and
required great efforts in man power and expenses.
A special flow module algorithm had to be developed to determine the mass flow of each phase, since standard
evaluation methods deliver only the total two-phase mass flow. The relationship between the steam/water mass flow
through the tie plate and the drag-body force was gained from the momentum equation applied to an appropriate
control volume around the tie plate, while the correlation for the turbine rotation was derived from a torque balance
of driving and braking forces acting on the rotor blades.

Figure 9: UPTF Arrangement of Instruments in the Tie Plate Areas.
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3.2 Instrumentation of Containment Test Rigs

To study the thermal-hydraulic phenomena that may occur in a nuclear reactor containment building during
accidents and to provide an experimental database for the development and qualification of containment codes
(lumped-parameter (LP) and CFD) large-scale experiments are performed within national and international
programs (e. g. in the test facilities PANDA in Switzerland, MISTRA and TOSQUAN in France, THAI in Germany
and LSGMF in Canada).
The thermal-hydraulic processes in a containment building such as gas mixing (e.g. air, hydrogen, steam) and gas
distribution between containment compartments under accident conditions are rather complex and dynamic as a
result of many interacting processes such as sprays, wall condensation phenomena, hydrogen recombiners, etc.
While LP codes may still play an important role in the future for the analysis of system behavior, there is a trend, for
certain local phenomena, to also include detailed analyses of a 3D simulation using a CFD code. Indeed, the data
requirements for CFD code validation are greater than for LP codes. Over the last few years the facilities used for
containment investigations have been upgraded with advanced instrumentation to study detailed three-dimensional
mixing processes and to provide the necessary local information required. Some examples concerning the
instrumentation used in the currently running OECD projects (SETH 2: PANDA and MISTRA facilities and THAI)
are explained in the following.
3.2.1 The Panda Test Facility
PANDA, designed, built and operated by PSI is a large-scale thermal-hydraulics test facility used for experimentally
investigating integral containment system response during accidents, and also studying multi-compartment 3D
effects related to LWRs /9/. Several projects studying various LWR containment safety issues regarding advanced
reactor designs have been conducted over the last decade within various frameworks The PANDA facility has a
modular structure, consisting of six cylindrical pressure vessels and four water pools with four condensers. The total
volume of the six vessels is about 460 m3 and the total height of the facility is 25 m. The maximum operating
conditions are 10 bar and 200 °C.

For the current OECD/SETH 2 program (as also for the preceding OECD/SETH program) the multi-compartment
situation existing in reactor containments is represented by two large cylindrical pressure vessels (Drywells) each
having a diameter of about 4 m and height of 8m (the total volume of the two vessels is about 180 m3). These vessels
are interconnected by a pipe of about 1 m diameter. The facility is equipped with auxiliary systems which allow air,
steam, helium (to simulate hydrogen) and water to be injected into the vessels. With its sophisticated special
instrumentation it is geared towards generating detailed data on specific thermal-hydraulic phenomena, such as
steam/gas mixing and stratification, as well as basic flow structures in LWR containment compartments.
3.2.2 The MISTRA Facility
MISTRA, designed, built and operated by CEA, is a thermal-hydraulic facility designed especially to simulate
conditions representative of various PWR containments, with steel or concrete walls, as well as with its unique
temperature-controlled condensing surfaces. The MISTRA facility /10,11/ is a stainless steel containment of nearly
100 m3. The internal diameter of 4.25m and the height of 7.3m were chosen to correspond to a typical French PWR
containment with a linear length scale ratio of 0.1. It comprises two shells, a flat cap and a bottom, which are fixed
together with twin flanges. Three condensers, each with its own regulation circuit, are inserted close to the vessel
walls inside the containment and provide a very stable and uniform temperature. These condensers basically ensure
that accidental conditions can be reproduced, representative of any type of PWR containment, whether with concrete,
steel or multi-layered walls.

Until 2004, the test series (including ISP-47 tests) was based on a free gaseous volume configuration. The facility
was then modified to accommodate compartments consisting of an inner cylinder and a horizontal ring plate. This
new configuration allows several possibilities of gas injection.
As in PANDA, detailed measurements of gas concentration, temperature and velocities are obtained using
sophisticated instrumentation techniques.
3.2.3 The ThAI Facility
The technical-scale ThAI test facility (ThAI = Thermal-hydraulics, Aerosols, Iodine) has been operated since 1998 by
Becker Technologies at Eschborn, Germany, in close co-operation with AREVA NP and GRS with the objective to
provide an experimental data base for validation of lumped-parameter and CFD containment codes /12/. Typical
ThAI experiments involve stratification, distribution and depletion effects, e.g. the distribution, depletion and
resuspension of iodine, within a compartmented volume at severe accident conditions. Various thermal-hydraulic
scenarios can be simulated, ranging from turbulent free convection to stagnant, stratified containment atmospheres,
combined with iodine, aerosol or hydrogen investigations.
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The main component of the facility is the 60-m3 stainless steel vessel, 9.2 m high and 3.2 m in diameter. It can be
operated up to 180°C and 1.4 MPa overpressure, and withstand moderate hydrogen deflagrations. The standard
configuration of the removable inner vessel structures and a typical arrangement of the instrumentation can be seen
from Fig. 10. The cylindrical part of the test vessel is equipped with three independent heating/cooling jackets over
the height for controlled wall temperature conditioning by means of external thermal oil circuits. A large top flange
and two man holes provide access to the interior of the vessel for modifications of internals and instrumentation.
Measuring flanges on five levels at five circumferential positions allow installation of in-situ optical and
conventional instrumentation, and of sampling lines. Feed systems are available for injection of steam, air, gas (e.g.
helium or hydrogen), iodine, and aerosols at variable positions.
3.2.4 Instrumentation
To fulfill the high demands of the experimental programs with respect to spatial resolution of the data used for code
validation, the containment test rigs have been intensively instrumented. The dense instrumentation grid with
temperature and gas concentration measurements in the gas volumes allows setting spatial mappings to locate the
different physical phenomena taking place in the gaseous volumes. Great efforts have been made to detect velocity
profiles and turbulences. For this purpose laser diagnostics such as Laser Doppler Velocimetry (LDV) and Particle
Image Velocimetry (PIV) have been implemented. Local vane-wheel sensors have also been installed in some cases
(Fig. 13). An example of a typical LDV set-up is shown in Fig. 11 for the MISTRA test facility.

The THAI facility is also equipped with a Radio Acoustic Sounding System (RASS) which provides vertical
velocity profiles over the vessel height at a variable radial position (see Fig. 10). Furthermore, a spectral photometer
is available for in-situ measurement of fog droplet size and droplet density in the bulk.
Fig. 12 shows an example of the arrangement of temperature and gas measurements in the PANDA facility. Helium,
steam and air concentration measurements are performed using a Mass spectrometer (MS), providing a time
history of the gas concentration at each measurement location /8/. Gas is sampled in the Drywell vessels
through capillaries. The MS consists of an inlet system, an ion source, an analyzer and a detector. The sampling
time per channel is 15 to 20 seconds.

Figure 10: ThAI Test Vessel and Instrumentation.
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Figure 11: MISTRA Test Facility- LDV Set-Up.

Figure 12: Gas Concentration and Temperature Measurement inside DWs Sensor.

Figure 13: Velocity Measurement by Vane-Wheel.

In total 47 ports have been installed. Out of these a selection of maximum 38 capillaries can be sampled via a
PC-controlled multi-stream valve. Gas sampling locations are coordinated with TC locations. Considering the
large number of sensors installed in the DW volume for fluid temperature and concentration measurements
and in order to mitigate disturbances caused by the sensors, TCs and capillaries are fixed by pairs on wires
crossing the experimental volumes (Fig. 12).
As an example, Fig. 14 shows the PIV set-up and geometry for a specific test configuration in PANDA. The
maximum area that can be covered is about 1m x 1m. The system mainly consists of a dual cavity laser which
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illuminates the flow field in a vertical plane and of a CCD camera that is synchronized with the laser. For flow
visualization seeding particles are needed. They are generated by vaporizing olive oil. Best-practice
procedures for seeding had to first be developed. Seeding of the injected fluid was proven to be the better
method than seeding the whole test volume. In order to assure good mixing and acceleration the tracer particles
are brought into the injection flow approximately 2 m before entering the vessel. Optical Access is provided
by six windows distributed over height and circumference of Drywell 1 allowing for covering all
measurement regions of interest. A typical result of gas velocity measurement by PIV inside PANDA vessel is
given in Fig. 15.

3.3 Advanced Instrumentation for Local Single and Two-Phase Flow Behavior
The validation and further development of CFD codes require experimental data that characterize the distribution of
flow parameters with high spatial and time resolution. Single phase CFD tools are commonly used in many
industrial sectors and are now applied for nuclear reactor safety or for design purposes. Application of single phase
CFD for nuclear reactor safety requires adequate validation by experiments that provide data with high spatial and
time resolution. An example is the use of mesh sensors in the ROCOM test facility (see below).

Figure 14: PIV Set-Up and Geometry for a Specific Test Configuration.

Steam/gas vent

DW1

DW2

Steam
injection
Measurement locations:
Temperatures/Concentrations
PIV measurement area

Figure 15: Gas Velocity Measurement by Particle Image Velocimetry (PIV) inside PANDA Vessel.
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Even if two phase CFD tools are still far less mature than single phase tools, it is recommended to further develop
such tools for a number of nuclear safety issues also with the help of an experimental data base for code validation.
In the last years, considerable advances in the local instrumentation technology for two-phase flow have been
accomplished by the application of new sensor techniques, optical or beam methods and electronic technology. The
detailed measurements gave new insight to the true nature of local mechanisms of interfacial transfer between
phases, interfacial structure and two-phase flow turbulent transfers. The new developments indicate that more
accurate and reliable two-phase flow models can be obtained, if focused experiments are designed and performed by
utilizing these advanced instrumentation. It would certainly go beyond the scope of this paper to mention all the
activities worldwide related to the development of advanced instrumentation for local two phase flow. By way of
example some typical applications and promising developments will be discussed in the following:
3.3.1 Mesh sensors in the ROCOM Test Facility /14/
The test facility ROCOM (Rossendorf Coolant Mixing Model) operated at the research center Dresden-Rossendorf
(FZD), Germany, was erected for the investigation of coolant mixing under a wide range of flow conditions inside
the reactor pressure vessel of a PWR (Fig. 16). The facility models the primary circuit (4 loops) of a German
KONVOI type reactor in a linear scale of 1:5. The reactor pressure vessel manufactured from acrylic glass is the
main part of the test facility.

Experiments are carried out to measure the time-dependent distribution of the transport variables coolant
temperature and boron concentration inside the reactor pressure vessel. The leading input variables are the time
history of the flow rates in the four loops of the primary circuit as well as the coolant temperature or boron
concentration in the inlet nozzles, respectively. The differences in either boron concentration or coolant temperature
are modeled by means of a salt tracer solution, which influences the electrical conductivity. The distribution of this
tracer in the test facility is measured by special wire-mesh electrical conductivity sensors developed by FZD, which
allow a high-resolution measurement of the transient tracer concentration in space and time. These wire mesh
sensors consist of two planes of electrodes, spanning a mesh in the flow cross section. It realizes the measurement of
the instantaneous local conductivity of the medium in the vicinity of each crossing point of two wires. These
measured local conductivities, which can be recorded with a frequency of up to 2500 Hz, are afterwards related to
reference values.
In total the facility is equipped with about 4000 sensor positions, e.g.:
• Vessel inlet and outlet nozzles (16 x 16 measuring position)
• Downcomer
- Two sensors with 64 azimuthal and 4 radial measuring positions in the upper and lower part of the
downcomer
- One sensor which spans a measuring grid of 64 azimuthal and 32 positions over the height of the
downcomer
• 193 measuring positions at the lower core support plate (core inlet)

Figure 16: ROCOM Test Facility.
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As already shown in the past, experiments in the ROCOM test facility can serve as good complement for
experiments performed in the PKL test facility. As PKL is able to model the system behavior, PKL test results (e.g.
transient mass flow rates in the individual loops, boron concentrations and temperatures at the inlet of the RPV) can
be taken as an input for separate effects tests in the ROCOM test facility. This combination offers the possibility to
get information about the overall system behavior as well as about the detailed flow phenomena in the downcomer
and in the lower plenum for the accident scenarios under investigation. In conjunction, the data provided are
therefore useful for the validation of system codes as well as for CFD. It is furthermore planned to use the PKL and
ROCOM test facilities to run complementary tests on the subject of subcooling transients.
The applicability of wire mesh sensors for the investigation of two phase flow processes is described by Prasser /13/.
3.3.2 Conductivity and temperature needle probes
For the investigation of multiphase flow with gaseous and liquid parts special needle shaped conductivity probes
have been developed at FZD (Figs. 17 and 18). These probes allow the measurement of local conductivity in the test
volume (pipelines, reaction chamber) with a very high time resolution under extreme operating conditions
(water/steam up to 300 °C temperature and 160 bar pressure). With the help of these probes it is possible to record
averaged local gas fractions, flow velocities as well as bubble number and bubble sizes with a time resolution of 10
k sample/s. Needle probes are used in many research centers worldwide. The momentary main field of application
are experimental basic research studies in safety relevant thermohydraulic facilities of nuclear power plants /15/.
Such investigations are used for analysis of accident sceneries as well as for the evaluation and further enhancement
of thermohydraulic simulation codes.

The principle assembly consists of a coaxial structure of three stainless steel electrodes. Around a stainless steel wire
as a centre electrode two steel tubes are arranged step like. The single electrodes are isolated from each other by the
use of a non conductive layer (mostly ceramics). To the central measuring electrode a bipolar voltage is applied.
Depending on the resistance of the surrounding medium there is a current flow to the outer reference electrode. The
middle electrode eliminates the interference of thin liquid films between the measuring and the reference electrodes
in case of a gas bubble at the probe tip.

Figure 17: Combined Conductivity and Temperature Needle Probe.

Figure 18: Probe Tip of Conductivity Needle Probe.
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A new quality in needle probe measurements has been carried out by the development of the combined thermo
needle probe. Thereby, a sheath thermocouple replaces the stainless steel wire as the centre electrode. The jacked
pipe of the thermocouple serves as measuring electrode for the conductivity measurement and the electrical isolated
thermocouple measures the temperature.
3.3.3 Gamma tomography
To use the attenuation of ionizing radiation such as Gamma rays is a well suited method for the investigation of
multiphase flows, because ionizing radiation penetrates all phases (gas, fluid, solid) in a non-intrusive way /13/. The
measured attenuation provides an average density or void fraction along the ray. The use of tomographic techniques
gives the opportunity to get also information about the distribution of density and void fraction in the object.

A good example for the application of gamma tomography is the use of such measurement system in the Karlstein
Multifunction Thermal Hydraulic Test Loop KATHY /16/. The main purpose of the KATHY loop, which is operated
at AREVA NP in Karlstein, is to support the development of nuclear fuel element designs and to generate a data base
for code validation. In 2005 the testing capabilities where extended by a computer tomography (CT) void fraction
measuring device to obtain not only an integral void fraction but also local void fraction factors in each subchannel of the test bundle.
The CT-void fraction measurement device in the KATHY test loop, which was supplied by FZD, mainly consists
of an 8.5 Curie Cs-137 γ-source, a collimator and an array of 320 γ-detectors. Fig. 19 gives an overview of the test
setup. All parts are mounted on a very precisely controlled horizontal rotating platform. The γ-beam is expanded by
the collimator so that a γ-field covering an angel of about 40° is achieved. It penetrates the test vessel with the
test bundle inside and is attenuated. The 320 γ-detectors simultaneously monitor the incoming γ-quantum's. The
platform continuously rotates around the test bundle while recording the data. During the recording time the
thermalhydraulic conditions inside the test bundle are kept constant. The void fractions in the sub channels are
determined by extensive mathematical operations. The time-stamped and rotational recorded γ-counts result in a
winded off sinogram. By means of Fourier- and Radon-transformation the sinogram is transferred back into the
location based domain. It is necessary to do calibration tests under known thermalhydraulic conditions e.g. with void
equals to 0 or 1. Those calibration tests are applied to the measuring results to calculate the void fraction. Fig. 20
shows typical results that were obtained during the first tests.
3.3.4 Diving chamber technology
An interesting method to investigate flow phenomena at high pressure levels by means of optical devices is the so
called “Diving Chamber Technology”. High-pressure fluid dynamic experiments are difficult to instrument because
of the wall thickness. In order to circumvent these constraints, a technique was implemented at FZD to
accommodate test sections in a pressure vessel for experiments under pressure equilibrium (Fig. 21, /13/).

The test vessel is pressurized either with air for experiments at ambient temperatures or with nitrogen for steam
experiments. The pressure equilibrium allows to perform pressurized experiments in light test sections. The test rigs
can be equipped with large glass windows (Fig. 22) for observation and measurements of the two-phase flows with

Figure 19: CT Void Fraction Measurement-Test Setup.
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Figure 20: CT Void Fraction Measurement-Test Results.

optical devices. The pressure vessel used at FZD has an inner diameter of about 2.5 m and a length of 7 m and is
connected with different auxiliary systems for fluid supply. The test section itself can be moved on a rail track from
the vessel to the service platform, where parts can be assembled or dismantled. The Diving Chamber can house
different test sections. Experiments can be carried out with steam-water mixtures at saturation temperature
corresponding to the operation pressure of 5 MPa. The test section shown in Fig. 21 is a hot leg model of a
pressurized water reactor (PWR) foreseen to be used for the investigation of counter current flow phenomena in the
steam generator inlet chamber during reflux condenser conditions.

Figure 21: Scheme of the Pressure Vessel with the “Hot Leg Model” Test Section.

Figure 22: Parts of the Hot Leg Models with Glass Window.
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3.4 NPP Instrumentation
Besides the necessary information about the temperature and pressure evolution in the reactor coolant system
under accident situations, the information about the water inventory in the reactor coolant system and in the
reactor pressure vessel, respectively is of great importance for the operators to correctly evaluate the plant
situation and to initiate the right countermeasures.
3.4.1 Liquid level measurement in the pressure vessel of a PWR /17/
Until the Three Mile Island (TMI) accident occurred, the water level of the pressurizer was used to monitor the
water inventory of the primary system of a PWR. The TMI accident however demonstrated that in certain accident
situations (e. g. pressurizer steam leaks or actuation of pressurizer relief or safety valves) this is not a reliable
information for reactor pressure vessel inventory.

To fulfill the requirements of the licensing authorities an in-vessel probe was developed which is rugged, reliable
and consists of proven parts. Based on the special requirements of a nuclear system (radiation level, boric acid, high
velocities and flow induced vibration during normal operation, no pressure boundary penetration below the reactor
coolant lines, no purge system, operational also under accident conditions) practically none of the many two-phase
instruments used in the laboratories were applicable.
For a point-wise detection of the liquid level in the upper plenum a probe was selected consisting of two
thermometers (one wrapped with a heating element). The measurement principle bases on the effect that heat
transfer in water is much better than in steam. Being inserted into water heat transfer is so high that the heat input
from the heating element has only little influence on the temperature of this sensor. Being in steam environment due
to heating the sensor gets a higher temperature than the un-heated one. This difference can be measured and taken as
a clear “dry” indication. The sensors are shielded by a tube with only small openings at the bottom and top end so
that besides very rapid depressurization situations the sensors measure separated collapsed liquid level conditions
for all flow regimes occurring in the upper plenum.
Extensive prototype tests under accident conditions have demonstrated that the level probe provide reliable signals
also under very high system pressure conditions. The reliability of the probe was also confirmed by use of a
prototype probe in many PKL experiments and comparison with the PKL standard instrumentation.
Today, all German PWR are equipped with reactor pressure vessel level probes in the upper plenum (for redundancy
purposes two probes are available in all PWR) with three sensors each (at three different positions, Fig. 23). In the
meantime the probe signals were implemented in Accident Management procedures and are used as criterion for the
initiation of bleed and feed measures in case of beyond-design-basis-accidents.

Figure 23: Reactor Pressure Vessel Level Probe.
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At present a new measurement system (TDR: Time Domain Reflectometry), able to continuously detect the
evolution and the tendency of the water level is under development. The measurement principle of this TDR probe
bases on the different dielectric constant of water and steam. The water mixture level as well as the collapsed can be
determined by measuring the runtime of guided radar pulses as function of the medium (water or steam) present
around the TDR probe.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

Great advances have been made in recent years in the further development of measurement technology for safety
related thermalhydraulic investigations. This applies for the so-called advanced instrumentation, which focuses on
very small dimensions (microscale) or small time intervals, as well as for the measurement technologies that have
been further developed for capturing macroscopic processes in industrial applications.
A large amount of advanced instrumentation including visualization techniques and tomographic methods with often
promising features already exists, with which deep insights into basic phenomena have been gained. Utilizing these
advanced instrumentation further new basic experiments especially designed to focus on the modeling needs for
advanced thermalhydraulic codes should be defined.
However, it is also very important to investigate certain accident situations in reactor-like geometries, for example in
experimental test facilities. Only in this way can certain new phenomena first be recognized and then further
researched. Some individual effects observed in system tests have already been measured and recorded at such a
degree of detail that they are suited for a comparison with CFD calculations. Further attempts should be made to
design future tests with the purpose of comparison with CFD calculations in mind. In particular, the measurement
instrumentation should be well adapted so that special phenomena, e.g. mixing, in individual components can be
measured with a sufficient degree of resolution.
The general trend should be directed toward a “strengthened growing together” of the different disciplines, for
example, the interaction between system tests and separate effect tests, just like the already partially realized
coupling of system codes and CFD. Furthermore the reinforced interaction between experiment and codes, as well
as the continuous information and experience exchange between code developers/-users and experimentalists is of
great importance.
In this regard, the test programs organized by the OECD, that, in addition to the test programs themselves, also
encompass comprehensive analytical activities (e.g. analytical workshops, benchmarks for post-test calculations)
shared among the participating partners, represent an optimal platform.
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NOMENCLATURE

AM
ATLAS
BETHSY
CCD
CCTF
CEA
CFD
COMBO
CT
DW
ECC
EL
EOB

Accident Management
Advanced Test Loops for Accident Simulation
Boucle d’Etudes Thermohydraulique Systeme (test facility)
Charge-Coupled Device
Cylindrical Core Test Facility
Commissariat à l'Energie Atomique
Computational Fluid Dynamics
Continuous Measurement of Boron Concentration
Computer Tomography
Drywell
Emergency Core Cooling
Elevation
End Of Blowdown
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FA
FZD
ISP
JAEA
KATHY
LB
LDV
LOBI
LOCA
LOFT
LP
LSGMF
LSTF
LWR
MISTRA
MS
OECD
PACTEL
PANDA
PFM
PIV
PKL
PMK
PSB
PSI
PWR
RASS
RCL
RCS
ROCOM
ROSA
RPV
SCTF
SETH
SG
SPES
TC
TDR
ThAI
TMI
TOSQUAN
TRAM
UPTF
US

Fuel Assemblies
Forschungszentrum Dresden-Rossendorf
International Standard Problem
Japan Atomic Energy Agency
Karlstein Multifunction Thermal Hydraulic Test Loop
Large Break
Laser Doppler Velocimetry
Loop Off-normal Behavior Investigation
Loss Of Coolant Accident
Loss-Of-Fluid-Test
Lumped Parameter
Large Scale Gas Mixing Facility
Large Scale Test Facility
Light Water Reactor
Containment Test Facility
Mass Spectrometer
Organization for Economic Cooperation and Development
PArallel Channel TEst Loop
Passive Nachwärmeabfuhr und Druckabbau (test facility)
Pipe Flow Meters
Particle Image Velocimetry
Primärkreislauf (Test Facility)
WWER – Test Facility
WWER – Test Facility
Paul Scherrer Institut
Pressurized Water Reactor
Radio-Acoustic Sonding System
Reactor Coolant Line
Reactor Cooling System
Rossendorf Coolant Mixing Model
Rig-Of Safety Assessment
Reactor Pressure Vessel
Seab Core Test Facility
SESAR Thermalhydraulics
Steam generator
Simulatore PWR per Esperienze di Sicurezza (Test Facility)
Thermocouple
Time Domain Reflectometry
Thermal-hydraulics, Aerosols, Iodine
Three Mile Island
Containment Test Facility
TRansients and Accident Management
Upper Plenum Test Facility
United States

REFERENCES

[1]

R. MANDL, K. UMMINGER, “Water Inventory Determination using Differential Pressure Cells”,
Nuclear Engineering and Design 110 (1988), pp. 55-29

[2]

K. UMMINGER, B. SCHOEN, T. MULL, “PKL Experiments on Loss of Residual Heat Removal under
Shutdown Conditions in PWRs”, Proceedings of ICAPP ‘06, Paper 6440, RENO, NV USA, JUNE 4-8,
2006

[3]

NAKAMURA, H. ET AL., “Fiber-Optics Video Probes for Observation of High-Pressure Steam-Water TwoPhase Flow”; ANS Proc. of 1991 National Heat Transfer Conference, Minneapolis, MN, July 28-31,1991, pp.
176-180

[4]

G. F. HEWITT, “Multiphase Flow Metering; Process Equipment for the Oil and Gas Industries”,
London, November 21-22, 1989

192

THICKET 2008 – Session IV – Paper 10
[5]

B. BRAND, R. EMMERLING, CH. FISCHER, H.-P. GAUL, K. UMMINGER, “Two-Phase Flow
Instrumentation“, OECD/CSNI Spezialist Meeting on Transient Two-Phase Flow, April 6-8, 1992,
Aix-en-Provence, France

[6]

P. WEISS, M. SAWITZKI, F. WINKLER, “UPTF, A Full Scale PWR Loss-of-Coolant Accident Experimental
Program”, Atomkernenergie Kerntechnik Vol. 49 (1986) No. 1-2, pp. 61-67

[7]

J. LIEBERT, H.-P. GAUL, “Messung von volumetrischen Dampfgehalt und Massenstrom einer
Zweiphasenströmung“, mittels Pipe-Flow-Meter, 2. Workshop „Messtechnik für stationäre und transiente
Mehrphasenströmung“, Forschungszentrum Rossendorf, 24.-25. September, 1998

[8]

AUBAN, O., MALET, J., BRUN, P., BRINSTER, J., QUILLICO, J.J., STUDER, E., “Implementation of
Gas Concentration Measurement Systems using Mass Spectrometry in Containment Thermal-Hydraulic Test
Facilities”, 10th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10),
Seoul, Korea, October 5-9, 2003

[9]

AUBAN, O., ZBORAY, R., PALADINO, D., “Investigation of Large-Scale Gas Mixing and Stratification
Phenomena related to LWR Containment Studies in the PANDA Facility”, submitted to Nuclear
Engineering and Design, 2006.

[10]

STUDER, E., DABBENE, F., MAGNAUD, JP., BLUMENFELD, L., QUILLICO, JJ., PAILLERE, H.,
“On the use of the MISTRA coupled effect test facility for the validation of containment thermal hydraulics
codes”, Proc. 10th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10),
Seoul, Korea, October 5-9, 2003

[11]

TKATSCHENKO I. ET AL., “Status of the MISTRA programme for the validation of containment thermalhydraulic codes”, Proc. 11th Int. Topical Meeting on Nuclear Reactor Thermal-Hydraulics (NURETH-11),
Avignon, October 2005

[12]

KANZLEITER, T. ET AL., “ThAI Multicompartment Containment Test Program”, ICONE 14, Florida, USA,
July 10-20, 2006

[13]

H.-M. PRASSER, “Novel experimental measuring technques required to provide data for CFD validation”,
Nuclear Engineering and Design 238 (2008) 744-770

[14]

S. KLIEM, T. SÜHNEL, U. ROHDE, T. HÖHNE, H.-M. PRASSER, F.-P. WEISS, “Experiments at the
mixing test facility ROCOM for benchmarking CFD codes”, Nuclear Engineering and Design 238 (2008)
566-576

[15]

PRASSER, H.-M.; BÖTTGER, A.; SCHÜTZ, P.; ZSCHAU, J.; FLEISCHER, S.; GOCHT, T.; HAMPEL,
R. „Füllstandswächter zur diversitären Grenzwertmeldung an Siedewasserreaktoren - Entwicklung und
Erprobung“, Jahrestagung Kerntechnik 2002, Stuttgart, 14.-16. Mai 2002.

[16]

ACHIM BEISIEGEL, “Expanding the test capabilities of the Multifunction Thermal Hydraulic Test Loop
KATHY”, Annular Meeting on Nuclear Tchnology 2006, Aachen, May 16-18, 2006

[17]

KLAUS DUBIEL, “Füllstandsmeßsonden von FANP, Betriebserfahrung, Neue Entwicklungen”, Annular
Meeting on Nuclear Technology 2002, Stuttgart, May 14-16, 2002.

193

