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ABSTRACT

Heikki Purhonen
Experimental thermal hydraulic studies on the enhancement of safety of LWRs
Lappeenranta 2007
73 p.
Acta Universitatis Lappeenrantaensis 293
Diss. Lappeenranta University of Technology
ISBN 978-952-214-500-0, ISBN 978-952-214-505-5 (PDF), ISSN 1456-4491

The safe use of nuclear power plants (NPPs) requires a deep understanding of the
functioning of physical processes and systems involved. Studies on thermal hydraulics have
been carried out in various separate effects and integral test facilities at Lappeenranta
University of Technology (LUT) either to ensure the functioning of safety systems of light
water reactors (LWR) or to produce validation data for the computer codes used in safety
analyses of NPPs.

Several examples of safety studies on thermal hydraulics of the nuclear power plants are
discussed. Studies are related to the physical phenomena existing in different processes in
NPPs, such as rewetting of the fuel rods, emergency core cooling (ECC), natural circulation,
small break loss-of-coolant accidents (SBLOCA), non-condensable gas release and
transport, and passive safety systems. Studies on both VVER and advanced light water
reactor (ALWR) systems are included.

The set of cases include separate effects tests for understanding and modeling a single
physical phenomenon, separate effects tests to study the behavior of a NPP component or a
single system, and integral tests to study the behavior of the whole system.

In the studies following steps can be found, not necessarily in the same study.
Experimental studies as such have provided solutions to existing design problems.
Experimental data have been created to validate a single model in a computer code.
Validated models are used in various transient analyses of scaled facilities or NPPs. Integral
test data are used to validate the computer codes as whole, to see how the implemented
models work together in a code. In the final stage test results from the facilities are
transferred to the NPP scale using computer codes.

Some of the experiments have confirmed the expected behavior of the system or
procedure to be studied; in some experiments there have been certain unexpected
phenomena that have caused changes to the original design to avoid the recognized
problems. This is the main motivation for experimental studies on thermal hydraulics of the
NPP safety systems. Naturally the behavior of the new system designs have to be checked
with  experiments,  but  also  the  existing  designs,  if  they  are  applied  in  the  conditions  that
differ from what they were originally designed for. New procedures for existing reactors and
new safety related systems have been developed for new nuclear power plant concepts. New
experiments have been continuously needed.

Keywords: nuclear power plants, thermal hydraulics, passive safety, VVER type reactors,
ALWR, small break LOCA, integral test facilities, core catcher, EPR, SWR 1000, BWR 90+

UDC 621.039.58 : 621.039.55 : 621.039.56
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1 INTRODUCTION

In nuclear power plants (NPPs) strong ionizing radiation from the fission process prevails
and radioactive materials are generated, which must stay isolated from people and other
biosphere. Therefore successive multiple barriers are used to separate them. The safety of
NPPs is achieved by planning, building, operating, and decommissioning them in such a
way that the fission process stays in control and the barriers stay intact with reasonable
probability in all operational or transient and accident situations. The ensuring of safety in
all these conditions can not be tested with real reactors. Therefore experimental test facilities
are needed. All situations cannot be tested even with test facilities, and computational
simulations are needed as well. Computer codes are often seen as the main tools to analyze
the safety of NPPs. However, experimental data from test facilities is needed to develop the
models in computer codes and to validate their performance.

The focus of this thesis is on experimental studies of different thermal hydraulic
phenomena of light water reactor (LWR) type nuclear power plants and their safety systems.
The connecting chain from a single measurement of a test to the safe use of a nuclear power
plant is covered. This chain includes planning of the experimental facility, its
instrumentation, test parameters, data acquisition, data conversions and elucidation into a
more visual form, computer analyses of the experiments, and finally computer analyses of
real plant systems.

Development work on new nuclear power plant types is  naturally mostly carried out by
the nuclear power plant vendors. However, it has been seen already very early in the nuclear
era that safety is a common goal internationally. Thus work on enhancement of safety has
been performed together by plant vendors, plant operators, research organizations, and
safety authorities within different international organizations.

When the first nuclear power plant units, originally Soviet type Pressurized Water
Reactors (PWRs), VVER-440, were ordered in Finland, not enough information was
available about the behavior of these reactors in accident situations. Computing tools had to
be developed and introduced as well as initiating our own experimental activities to validate
the computer codes.

Experimental thermal hydraulic studies of the safety of the nuclear reactors were started
in Lappeenranta with a simple test facility. The facility contained a model of one fuel rod in
an annular flow channel to study the cooling of an overheated core in a loss-of-coolant
accident (LOCA). Since then a series of test facilities (integral and separate effects)
modeling VVER-440 reactor has been constructed to study behavior of safety systems in
transient and accident situations. Later safety related systems of other types of nuclear power
plants have been studied as well. These include Boiling Water Reactor (BWR) containment
studies, development work on new types of passive safety systems as well as studies for
severe accident management systems.

Thermal hydraulic research at LUT has had an important role in improving nuclear safety
in Finland, both in terms of successive national research programmes (YKÄ, RETU,
FINNUS, SAFIR, SAFIR2010) on reactor safety since the beginning of the 80’s. Also the
contract work carried out for Finnish Nuclear Safety Authority STUK and for Finnish
utilities Fortum and TVO has been significant. The research group at LUT has always been
small in number and the doctoral candidate has had a key role as the long-term leader of this
group that has produced altogether some 900 well-documented thermal hydraulic
experiments.
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In the next chapter there is a short survey on international co-operation in nuclear safety
work especially on validation of VVER modeling and on development of advanced light
water reactor (ALWR) safety systems.

In Chapter 3 the experiments carried out in Lappeenranta on the safety of the operating
VVER reactors mainly in Finland are described as well as some related experiments for
developing and validating the physical models used in the computer codes.

In Chapter 4 the experiments carried out on ALWRs are discussed.
Chapters 5-7 concentrate in three sample cases that clearly indicate the need of

international co-operation in nuclear power plant safety research as well as the need to
combine experiments and computer analyses.

These three selected studies represent three different kinds of safety related problems to
be solved by carrying out experiments. In each of them the computer codes are used to scale
up the experimental result to plant scale or analyze and extrapolate the results.
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2 INTERNATIONAL CO-OPERATION ON NUCLEAR
POWER PLANT SAFETY

Safety is seen as the common goal of all parties in the nuclear area. This goal is tackled in
different multinational forums as well as by bilateral treaties and individual parties. All the
safety research in Finland has from the beginning of the nuclear power plant projects been
tightly connected internationally.

The IAEA (International Atomic Energy Agency of United Nations) Convention on
Nuclear  Safety  forms  the  basis  of  the  work  in  different  countries.  IAEA  jointly  develops
guidance for safety regulation and carries out research projects on safety. In OECD
(Organisation for Economic Co-operation and Development) countries the Nuclear Energy
Agency (NEA) of OECD is an important forum for scientific co-operation in the field.
Safety questions are especially tackled in its Committee on the Safety of Nuclear
Installations (CSNI). NEA’s other committees are the Committee on Nuclear Regulatory
Activities for questions concerning safety authorities (CNRA), Nuclear Science Committee
(NSC) on reactor physics and Nuclear Development Committee (NDC) for promotion of the
area.

The different types of parties: operators, authorities have also their own international
organizations. The World Nuclear Association (WNA) is the global private-sector
organization enhancing communication on operation experience between the NPP operators
and promoting the peaceful worldwide use of nuclear power. The European electricity
producers have worked together to create a common requirement document for future LWR
plants, the European Utility Requirements document (EUR).

On the other hand, the safety authorities of EU countries using nuclear power have
developed common approach to nuclear safety in regulation through exchanging experience
and discussing significant safety issues among regulators in the Western European Nuclear
Regulators Association (WENRA).

The Finnish universities and research organizations participate actively in the research
projects of the EU’s European Atomic Energy Community (EURATOM).

2.1 Validation of VVER thermal hydraulic modeling

To have a large enough experimental database for validation of computer codes used is
not possible without international co-operation. OECD NEA’s CSNI has collected existing
experiments and test facilities into validation matrices. These experiments are available
when developing the models in computer codes and validating them to be used in different
situations. However, the database does not cover all the situations of accidents and transients
needed for code validation.

OECD/CSNI gave a mandate to one of its working groups to formulate a validation
matrix based on separate effects tests for the assessment of large thermal hydraulic codes.
This matrix (Aksan et al., 1994) completes the CSNI Code Validation Matrix (OECD,
1987). Later also the Integral Test Facility Validation Matrix (OECD, 1997) and Validation
Matrix  for  the  Assessment  of  Thermal  Hydraulic  Codes  for  VVER  LOCA  and  Transients
(OECD, 2001) have been prepared. The contents of these reports are considered to represent
international state of the art of experimental thermal hydraulic research for computer code
validation, listing the facilities, available experimental data for certain types of phenomenon
as well as the integral test facilities for certain type of a NPP. Also missing experimental
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data of the phenomena are indicated. The matrices are widely used for choosing validation
cases for computer code models and for testing the overall performance of the codes.

The facilities of Lappeenranta University of Technology included in the separate effects
test matrix are REWET-I, REWET-II and VEERA. The VVER validation matrix includes
REWET-II, VEERA and PACTEL facilities. The matrix is shown to an appropriate extent in
APPENDIX 1. Regardless of the large number of thermal hydraulic experiments conducted
with in many different facilities, the need for good quality data from integral test facilities
has not yet reached saturation.

Over the last twenty-five years the International Standard Problem (ISP) exercises have
been organized under the OECD/NEA umbrella. ISPs are exercises in which predictions of
different computer codes for a given physical problem are compared with each other or with
results of a carefully controlled experimental study. The main goal of the ISP exercises is to
increase confidence in the validity and accuracy of the tools, which are used in assessing the
safety of nuclear installations. They enable code users to gain experience and demonstrate
their competence. These exercises are performed as open or blind problems. In an open ISP
exercise the results of the experiment are available to the participants before performing the
calculations, while in a blind standard problem exercise the results are not disclosed until the
calculation results are made available for comparison. Experiments selected to support ISP
exercises must be well documented; they provide the framework for several code validation
matrices

More than 50 ISPs have been processed in the fields of in-vessel thermal-hydraulic
behavior, fuel behavior under accident conditions, fission product release and transport,
core/concrete interactions, hydrogen distribution and mixing, containment thermal
hydraulics and iodine behavior in the containment. A list of performed ISPs is presented in
APPENDIX 2 (Karwat, 2000). The ISP number 33 was carried out with the PACTEL
facility in Lappeenranta and the comparison report of the results was published in the OECD
series (Purhonen et al., 1994; Purhonen, 1995). In APPENDIX 2 there is also information of
the PACTEL ISP33.

VVER safety related co-operation has been done also in other forums, e.g. in the VVER
operator forums and in the Atomic Energy Research (AER) working groups. Comparative
computer code benchmark problems defined are analyzed e.g. by Hämäläinen, (2005).

2.2 Development of advanced light water reactor safety systems

In the near future, the majority of new nuclear power plants will be light water reactors
(LWR). Their power production process will be in principle the same as in operational
LWRs  based  on  proven  technology.  However,  their  safety  level,  efficiency  and  cost-
effectiveness need to be increased. Until recently, the increase in the safety level of the
plants has been achieved by increasing the number of different safety systems. Also the
demands of safety system diversification and extension of the design base accident cases
have in themselves further complicated the safety systems. This has resulted in increased
building and management costs. Development of new types of safety systems is needed.

What safety goals should be achieved in future plants and what design approaches are
preferred  in  reaching  these  goals.  IAEA’s  technical  document  “Development  of  Safety
Principles for the Design of Future Nuclear Power Plants” (IAEA, 1995a) and a revised
report of the International Safety Advisory Group “Basic Safety Principles for Nuclear
Power Plants 75” (INSAG, 1999) are used as a starting-point for harmonizing of the safety
approaches that is presented in IAEA’s technical document “Approaches to the Safety of
future Nuclear Power Plants” (IAEA, 1995b).
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The term advanced light water reactors, ALWR, is generally used for the light water
reactor designs that include features to simplify the construction, to take advantage of
passive safety features and to use standardized systems. However, depending on the context,
the term ALWR has different meanings. Some of the operating reactors already include
features, which are commonly seen as “advanced” and typical for new NPP concepts. For
example in the Finnish BWRs of Swedish design from the 70’s there are features like a
diversified mechanical control rod insertion system for scram and internal main recirculation
pumps, which eliminate some LOCA possibilities. Phenomena related to the suppression
pools of BWRs, especially condensation of steam, have been studied with condensing pool
facilities at LUT (Purhonen et al., 2004; Purhonen et al, 2005b).

In  designing  these  new  ALWR  concepts,  one  of  the  main  goals  is  to  keep  the  systems
simple.  One  way to  achieve  this  is  to  use  passive  safety  systems,  so  the  number  of  active
components, such as pumps and valves, can be kept low. In long term accident management
the  automatic  functioning  of  systems  is  also  an  important  goal,  especially  after  severe
accidents. Safety systems are designed to act in different phases of transients and accidents:
shutdown of fission power, short term cooling, long term cooling, severe accident
management (SAM).

IAEA has published descriptions of different designs implementing active and passive
safety systems to provide core and containment cooling in various conditions. The IAEA-
TECDOC-626 report deals with the classification and designing of passive safety systems
(IAEA, 1991). The definition of a passive safety system is given as follows: Either a system
which is composed entirely of passive components and structures or a system which uses
active components in a very limited way to initiate subsequent passive operation. Four
categories were established to distinguish the different degrees of passivity.

ALWR’s are mostly evolutionary plant concepts. However, there are also innovative
systems involved, especially among the safety systems. In any case, the operating conditions
of all systems are extended from fully operational reactors. Important thermal hydraulic
safety questions involved are e.g.: control of stratification processes, rapid condensation,
conditions for natural circulation flow establishment, critical heat flux, and hydraulic and
chemical stability of natural circulation multi-phase flow. Experimental verification is one of
the  key  factors  in  the  process  to  ensure  the  sufficient  reliability  level  of  these  new  safety
systems and plant concepts.
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3 VVER-440 THERMAL HYDRAULICS, PUBLICATION I

The first NPP units to be constructed in Finland were Russian origin. At that time limited
information  about  the  behavior  of  these  VVER-440  reactors  was  available.  Also  own
experimental activities as well as computer code development was initiated to gain
knowledge that was needed for evaluating the safety of the plants.

The REWET-I test program addressed the reflooding phase of LOCA, investigating the
effects of different parameters on the rewetting process and improving the understanding of
the basic phenomena on it (Kervinen et al., 1980). Valuable experience concerning the
instrumentation  and  test  procedures  was  gained.  As  a  specific  topic  the  effect  of  non-
condensable gas dissolved in emergency cooling water on the quenching process was
examined.

The REWET-I test program was followed by the REWET-II, simulating the VVER-440
primary loops maintaining the right elevations and volumes in scale 1:2333 (Kervinen et al.,
1989). In the first REWET-II test series the efficiency of different emergency coolant
injection modes on reflooding were studied (Kervinen et al., 1983). The second set of tests
concentrated on the effect of grid spacers on the reflooding phase of the LOCA (Purhonen,
1984). The REWET-II facility was later equipped with two tanks of boric acid solution for
the  studies  on  the  crystallization  of  boron  in  the  core  in  the  long  term cooling  phase  of  a
LOCA (Kervinen and Tuunanen, 1987).

Also the thermal hydraulics of the loop that was planned to be constructed into the
MARIA research reactor located at Swierk, Poland was studied. The behavior of this
construction was investigated in a 1:1 scale loop model, named REWET-MARIA (Puustinen
and Kervinen, 1992).

A horizontal steam generator model was added in the intact loop of REWET-II facility
for natural circulation studies. Facility was renamed to REWET-III after this modification.
Several test series were performed in the facility investigating the natural circulation
characteristics of the VVER-440 reactors having horizontal steam generators. In the first test
series  also  the  effect  of  non-condensable  gases  both  in  the  primary  and  secondary  side  of
steam generators (SGs) was studied (Hongisto, 1986). One-phase natural circulation
characteristics were studied in a small leak case when the leak mass flow was compensated
with high pressure injection (HPI) to the bottom of the cold leg loop seal (Kervinen et al.,
1987). Strong primary flow oscillations were found with certain power/leak combinations,
when  stratification  of  the  cold  HPI  water  took  place  in  the  cold  leg.  This  kind  of
stratification can lead to pressurized thermal shock of the reactor pressure vessel. In
pressurized  thermal  shock  (PTS)  analysis  of  H.B.  Robinson,  Unit  2,  the  oscillations  were
concluded to originate from the one-dimensional calculation scheme of the computer codes
(Fletcher et al., 1985), but were demonstrated to be a real physical phenomenon (Tuomisto,
1987). Similar experiments were repeated later in the PACTEL facility (Purhonen, 1992;
Giusto et al., 1997).

The VEERA facility, containing a model of one full fuel element of the VVER-440
reactor was constructed to continue the REWET-II studies of boric acid crystallization in the
core section in the long term cooling phase of a large break LOCA (Puustinen et al., 1994;
Tuunanen, 1994; Raussi et al., 1991). Also boil-off and reflooding tests were performed in
the VEERA facility, especially arranged in order to validate computer codes (Korteniemi et
al., 1995). Later the VEERA facility was modified to model the VVER-440 reactor in severe
accident situation where the fuel followers of the control rods are below the core bottom and
the coolant level is below the core. In some of these tests it occurred that the decay heat of
the fuel follower produced a high enough swell level to reach the upper parts of the control
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rod in the upper plenum and cause a risk of hydrogen production. This is possible, since
from the upper plenum there is a flow path to the overheated core. (Lundström et al., 1995;
Purhonen et al., 1995b; Purhonen, 1997.)

PACTEL  was  constructed  to  get  a  larger  scale  test  facility  for  studies  of  the  whole
primary system thermal hydraulics of VVER-440. The PACTEL facility is a 1:305
volumetrically scaled, out-of-pile, full height model of a six loop VVER-440. It has three
almost symmetric equal volume primary loops each representing two loops in the reference
reactor. Each loop has a horizontal SG consisting of heat exchange u-tubes, a reactor coolant
pump (RCP), and a loop seal both in the hot and cold leg. The hot leg loop seals are a unique
feature of the VVER-440 geometry. In the current SGs the average length of the SG tubes is
about  3  m and  the  diameter  of  the  SG shell  is  1.0  m.  The  pressurizer  as  well  as  the  main
emergency core cooling (ECC) systems, the accumulators and the high and low pressure
injection systems (HPIS, LPIS), have been modeled. The system component heights and
elevations have been preserved to simulate gravity dominated natural circulation flow
processes correctly. Originally, the horizontal SGs were of different design. The average
length  of  the  heat  exchange  tubes  was  about  8.5  m  and  the  diameter  of  the  SG  shell  was
smaller (0.4 m) than in the current design, see Figure 1.

Figure 1. The PACTEL facility in the original and current VVER configuration.
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The peak operation pressures on the primary and secondary sides are 8.0 and 4.6 MPa,
respectively. The PACTEL core comprises 144 indirectly electrically heated simulator rods
arranged in a triangular grid in three parallel channels and having the same diameter
(9.1 mm), lattice pitch (12.2 mm) and heating length (2.42 m) as the VVER-440 hexagonal
bundle fuel rods. The core is powered by a 1 MW electric power supply. This is 22% of the
scaled down thermal power of the reference reactor with nominal 1375 MW power level
(Tuunanen et al., 1998b; Purhonen et al., 2005a).

Now PACTEL is being modified to include also two circuits equipped with vertical SGs.
The  goal  is  to  carry  out  studies  on  the  Western  type  PWR,  EPR,  being  constructed  in
Finland.

Primary to secondary leak (PRISE) experiments of single- and multiple-tube rupture,
(Riikonen and Semken, 1996) and steam generator collector break (Riikonen, 2000) were
carried out using large diameter steam generators in the PACTEL facility. Most of the
published PRISE experiments have focused on the facilities modeling Western type PWR
reactors with vertical SGs. PACTEL experiments are the only ones in multi-loop VVER-440
geometry with horizontal SGs. Multiple-tube rupture and collector breaks may cause the
core to become uncovered, if sufficient ECC water is unavailable. With certain operator
intervention,  the  flow  from  the  primary  to  secondary  side  may  reverse.  In  this  situation  a
plug of partially diluted or completely unborated water may be formed on the primary side.
If the mixing on the primary side is inefficient the plug can reach the core and cause a
criticality  condition  or  in  the  ultimate  case  it  can  lead  to  a  reactivity  accident.  In  the
PACTEL tests leak flow reversal was observed together with extensive primary side
depressurization actions like feed and bleed (F&B) only in the experiments modeling
multiple tube ruptures.

The SG collector head rupture is the largest PRISE case tested in the PACTEL facility.
The collector break tests were carried out parallel with the decision making of the collector
top modifications in the Loviisa VVER-440 plant. In the experiments modeling the original
collector construction the safety valve in the broken SG was cycling a few times. To
enhance safety the construction of the collector head was modified in Loviisa NPP to limit
the maximum collector head rupture size. The new construction was then tested in PACTEL.
The desired effect was reached; the safety valve did not open in the experiment modeling the
reduced break size of the modified collector.

3.1 Natural circulation modes in SBLOCA

Several series of small break loss-of-coolant accident (SBLOCA) experiments have been
carried  out  in  the  PACTEL  facility.  They  were  run  both  with  an  original,  0.4  m  diameter
steam generator (Lomperski and Kouhia, 1994) and with a newer larger diameter (1.0 m)
design  as  well  as  with  and  without  the  primary  circulation  pumps.  A  series  of  SBLOCA
experiments focusing on natural circulation and steam generator behavior was carried out
after  replacing  the  old  steam  generators  with  the  new  ones.  (Puustinen,  2002b).  All  three
loops  of  the  facility  were  in  use.  The  first  experiment  focused  on  the  behavior  of  the  new
large diameter steam generator design. In the other experiments, F&B procedure, which is
an operator action during a LOCA in a power plant, and natural circulation were studied.
Different break sizes were used in the experiments.

The initial conditions of the experiments were characterized by a steady-state one-phase
forced circulation in the primary loops, except in one experiment, where the flow was one-
phase natural circulation. All three different natural circulation flow modes, the one-phase
liquid flow, the two-phase mixture flow, and the boiler-condenser mode were clearly visible
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in each experiment of the series. The different break sizes and ECC measures had an effect
on the duration and timing of the transient events, but the general thermal hydraulic behavior
of the facility was similar throughout the test series.

Generally the mass flow of the primary loops during the two-phase flow regime was
equal to or less than the one-phase liquid flow. The peak two-phase flow rate was twice the
one-phase liquid flow rate. The tests revealed a trend towards an increasing primary side
mass flow rate with decreasing inventory. This contradicts the findings of other tests in
multi-loop VVER geometry. With single loop facilities increased mass flows at reduced
inventories, however, have been reported. This observation suggests that there is a certain
range of break sizes when most of the system energy has to be transferred to the secondary
side by means of an increased loop flow, since the break alone is not a sufficient heat sink.

The results of these natural circulation tests cannot be applied direct to the full-scale
VVER-440 geometry. In scaled down facilities, not all thermal hydraulic phenomena
necessarily occur in the same way and order as in the reference systems. Although the
component heights and elevations have been preserved in PACTEL, other factors cause
scaling  distortions.  Heat  losses  and  the  amount  of  energy  stored  in  the  structures  are  in
scaled test facilities different from those of the systems that they are simulating.

However, if the differing phenomena are correctly modeled in the computer code models
of the test facility and real reactor, experimental results can be transferred to the reactor
scale. Again, without experimental data of the natural circulation flow behavior, computer
code validation and reliable simulation of the phenomena would be impossible (Hämäläinen,
2005).

3.2 Primary circuit phenomena during ATWS

In Anticipated Transient Without Scram (ATWS) accidents the reactor produces fission
power continuously after the initiation of a transient until the redundant systems like boron
injection  shuts  down  the  fission  power.  If  the  heat  removal  from  the  primary  circuit  is
significantly disturbed at the same time, the primary pressure rises due to rapid expansion of
the primary liquid. When the pressure exceeds the set point of the pressurizer safety valves,
the valves open and the relief of the primary coolant through the safety valves leads to an
increase in the pressurizer level as a result (Miettinen and Kyrki-Rajamäki, 1991). Two
series of ATWS experiments have been run in the PACTEL facility.

The first test series focused on natural circulation behavior with reduced primary side
coolant inventories relevant to the ATWS transients. Understanding of the loop flow
behavior as a function of primary side coolant level is important when reactor safety
analyses are performed. Therefore several PACTEL experiments had been performed to
discover the loop flow dependence on coolant inventory. A significant result of these
experiments was the discovery that the transition was not smooth from one-phase to two-
phase natural circulation, but rather, the loop flow stagnated between the two heat transfer
modes. Owing to this discovery in an earlier PACTEL test series, the aim of the first ATWS
experiment was to find out if this flow stagnation could be avoided during inventory
reduction if the core power level was high enough.

A condition where the primary coolant inventory is reduced, but the pressurizer is almost
full of coolant, is relevant to many ATWS transients. This condition prevails because in
ATWS cases the coolant often leaks from the primary system through the pressurizer release
valve. It has been seen in some computer analyses that small changes in primary pressure
can be enough to move coolant gradually from the pressurizer back to the primary loop.
These ATWS experiments focused on natural circulation recovery from the boiler-condenser
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flow by forcing the coolant from the pressurizer to the primary circuit by using pressurizer
heaters. (Riikonen, 1997; Riikonen and Kouhia, 1997; Kyrki-Rajamäki et al., 1998.)

The second series of the ATWS experiments focused on the maximum pressure values
when control rods are not inserted into the core, and on the slow steam compression as well
as  the  overall  behavior  of  the  facility.  An  attempt  to  model  the  core  power  feedback  was
tried to make the simulation more realistic. Building of the power feedback system in the
test facility required simplifications in modeling of the virtual reactivity feedback and in
controlling  the  core  power.  (Riikonen  and  Miettinen,  1998).  However,  the  simulation  was
not as realistic as was desired; limited available core power (22% of the scaled nominal
power)  and  the  coarse  power  control  caused  distortions  in  the  experiments  (Riikonen  and
Kouhia 1999). This series of experiments gave a lot of experience in controlling the
PACTEL  facility  to  the  experimentalist  group,  even  if  the  original  goal  was  not  fully
reached at the time.

3.3 International Standard Problem No 33 of LUT

The OECD/CSNI International Standard Problem No 33 (ISP33) was based on a natural
circulation experiment with various coolant inventories conducted in the PACTEL facility
(Purhonen et al., 1993; Purhonen et al., 1995a). ISP33 was approved by the CSNI in 1991 as
a double blind standard problem (i.e., no experimental data from the facility was released
before the deadline of the pretest calculations). The first workshop for ISP33 was held in
1992 with participants from twelve countries. Finally fourteen organizations from eleven
countries submitted fifteen calculations before the deadline. The second workshop was
arranged in 1993 with participants from eleven countries and nineteen organizations. The
experiment and the pre- and post test analyses were reported in the OECD/NEA series
(Purhonen et al., 1994).

The ISP33 experiment was performed in the PACTEL facility in multi loop VVER-440
geometry with loop seals in the primary loops that can cause flow stagnation in two-phase
flow conditions. The experiment revealed the stagnation of the natural circulation flow in
about 80% of the primary inventory. In the stagnation period primary pressure rose to the
opening limit of the safety valve and about 10 kg (1.5 %) of coolant escaped through the
valve during three pressure peaks. Modeling of this was naturally not included in the blind
calculations, but its effect on the results was minor. As the ISP33 was the first experiment
conducted in the PACTEL facility, there was no earlier experience on the flow behavior in
two-phase natural circulation conditions. Also asymmetric flow behavior was observed in
the primary loops: flow was stagnant in one or two loops, while in the other loops natural
circulation flow was present. The natural circulation flow characteristics in the experiment
did not decrease straightforwardly as the inventory was reduced as could have been expected
in a system with horizontal steam generators, but stagnated due to behavior of the loop seals
at a certain inventory level, and even had the highest flow value in reduced inventory. Also
the core heat-up occurred at a lower primary inventory than was expected.

The general purpose of the ISP33 test was to produce data for code assessment and
development dealing with problems found in the ability of the computer codes to model
reduced inventory situations correctly. The participants produced a spectrum of calculation
results with different thermal hydraulic codes. The large variation in the calculation results
showed  the  importance  of  experimental  data.  The  PACTEL  ISP  test,  named  ITE-6  is
included in the VVER validation matrix (OECD, 2001).
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3.4 Depressurization studies in IMPAM-VVER EU project, Publication II

In 2001-2004 an EU project IMPAM-VVER was carried out where the means and criteria
for starting depressurization measures in VVER small break LOCA scenarios were
investigated. The objective of the project was also to assess if computer codes can
adequately predict important phenomena. Tests were performed in PACTEL and in the
Hungarian  PMK-2  test  facility  (Szabados  et  al.,  2007).  One  of  the  tests  was  chosen  as  a
counterpart test and was performed in both of the facilities. The objective of the PACTEL
tests was to investigate, if the primary pressure could be reduced to the Low Pressure Safety
Injection (LPSI) pump head value without high pressure injection before the core heat-up
takes place. The available measures to reduce the primary pressure were accumulator
injection and both secondary and primary bleed. This test series confirmed that reduced
accumulator pressure had a positive effect on preventing the core overheating in the tests
with this kind of initial and boundary conditions. Extensive computer analyses were
performed for the experiments in both test facilities and in real plants to scale up the
experimental results. (Purhonen 2004), Publication II. This study is discussed in more detail
in Chapter 5.

3.5 Non-condensable gas release, Publication III

The release of nitrogen gas dissolved in accumulators of a NPP can bring non-
condensable gas into the primary circuit in the accumulator injection phase of a loss-of-
coolant accident. Non-condensable gases occupying the primary circuit may affect on the
natural circulation, decrease heat transfer to the secondary circuit and may prevent proper
cooling of the core. Therefore, the behavior of non-condensable gases has to be understood.

Separate effects tests were performed to validate the non-condensable gas transport
model in the CATHARE code (Bestion, 1994) using some PACTEL components:
pressurizer and one of the accumulators. The goal was to determine the nitrogen gas bubble
rise velocity and the time constant associated with the nitrogen gas release. These were to be
implemented into the CATHARE code. The pressurizer was partially filled with sub-cooled
water saturated with dissolved nitrogen. The upper part of the pressurizer was filled with
nitrogen at about 6 MPa pressure. The system was depressurized by a top break and some
part of the nitrogen was released from the water.

The experiment was calculated with the CATHARE code. There is a model for transport
of non-condensable gas in both liquid and gas in the CATHARE code. In the standard
version of the code, non-condensable gas was assumed to be present only in the gas phase;
an additive transport equation for the dissolved non-condensable gas was implemented by
LUT (Sarrette and Bestion, 1997).

From the measured data gas bubble rise velocity and gas release time constant were to be
determined. However, it is rather easy to observe the overall time constant (sum of gas
release time constant and gas rising time) from experimental data, but determining
separately the gas release time constant is not as easy. The bubble rise velocity is obtained
from the nitrogen mass balance equation during the stabilization phase assuming zero
interfacial friction. The interfacial mass flux of nitrogen gas mass flux per unit of volume,
nitrogen gas mass fraction dissolved in liquid, and nitrogen gas mass fraction dissolved in
liquid at equilibrium can be determined from the non-condensable gas transport equations in
gas and liquid phase. Then the nitrogen gas release time constant can be obtained from the
equation for interfacial nitrogen gas mass flux per unit of volume. (Sarrette, 2003; Sarrette
and Bestion, 2003.)
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Also sensitivity studies on the release time constant, interfacial friction during and after
depressurization, and on degassing delay were performed. The model was applied in a
LOCA calculation for Loviisa VVER-440 NPP with the CATHARE code.

Separate effects tests on non-condensable gas release were needed to obtain parameters
used in the non-condensable gas transport model in CATHARE. After having this model
implemented the code is able to predict more accurately the transients where dissolved non-
condensable gases are released due to the pressure decrease. The same experimental data is
now being used to implement a nitrogen release model also in the Finnish APROS code
(Juslin et al., 1988).

3.6 Effect of non-condensable gases on natural circulation

A set  of  experiments  with  non-condensable  gases  was  carried  out  also  in  the  PACTEL
integral test facility. The experiments aimed at studying the effect of non-condensable gases
on system thermal-hydraulics and on heat transfer in a horizontal steam generator. Air was
used to simulate nitrogen, and helium to simulate hydrogen. In the first and third
experiments, the system inventory was reduced to about 50 % before injecting non-
condensable gas; either air or helium was injected, respectively. In the second experiment,
the  system  was  full  of  one-phase  liquid  at  the  start  of  the  injection  of  air.  The  gas  was
injected into the primary circuit at the vertical section of the hot leg below the entrance of
the hot collector of the steam generator because the aim was to get the gas up to the steam
generator tubes.

In the first experiment, the system behaved as expected in boiler condenser mode. Steam
flowed through the uppermost tube rows of the horizontal steam generator and condensed
there. As the air was heavier than steam, the middle and bottom sections of the tube bundle
were filled with air and formed a passive zone. After the gas injections, a new pressure level
was found, in which the heat produced in the core, the heat transfer to the secondary side,
and the heat losses were in balance.

In the second experiment the system behaved as expected in one-phase natural
circulation. As air is lighter than water, air occupied the top part of the steam generator tube
bundle, in the topmost tubes there was also steam present, and only a few of the lowest tubes
took part in the heat transfer process. Primary loop flow stagnated when the steam generator
was filled with gas, but resumed soon after the gas volume was compressed due to the
pressure increase.

In the third experiment (with helium), in boiler condenser mode, the system behavior
differed from what was expected before the test. It was assumed that helium, being lighter
than steam, would accumulate into the uppermost tubes of the steam generator. The system
response  was,  however,  close  to  the  behavior  of  the  first  test  with  air.  The  passive  zone,
occupied by gas, seemed to be in the middle of the tube bundle. The experimental results
were not satisfactorily explained, Publication I, (Puustinen, 2002a; Purhonen and Puustinen,
2001).

Experiments were analyzed using APROS and CATHARE computer codes. In
CATHARE calculations of the first experiment the qualitative trends were predicted
correctly; the primary pressure increases after each gas injection and passive zones in the
steam generator are formed in the lowest tubes (Sarrette et al., 2001). In APROS analyses
there were discrepancies in the helium behavior between experiments and calculations
(Hänninen, 2002). Further experiments are needed on non-condensable gas behavior,
especially in the situations where nitrogen and helium are concurrently present, to learn to
understand the behavior.
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3.7 Temperature stratification in a T-joint

In many experiment projects the PACTEL facility has been used to produce the desired
conditions in other, usually separate effects test arrangements. One of these kinds of sets of
experiments focused on the thermal stratification and structural loads in a T-joint of a large
diameter  main  pipe  having  turbulent  flow  and  a  small  diameter  vertical  dead  leg  with
stagnant or low velocity flow conditions. Varying the parameters different thermal
stratification patterns were observed in the T-joint region. These patterns can move
periodically and may cause thermal loads to structures and induce leakages in pipes.

The set-up of the experiments was based on the geometry of the connection line between
hot and cold legs at Loviisa NPP, where cracks near the dead leg caused a leak from the
primary circuit (Tossavainen, 1998).

The experiments were modeled numerically with Computational Fluid Dynamics (CFD)
simulations and structural analyses. The CFD calculations show that a vortex forms in the
part of the dead leg as a result of hot water flowing into the dead leg from the main pipe
(Pättikangas, 2000). The heat loads found in the CFD calculations were transferred to the
structural analyses. The Finite Element analysis results were indicative and qualitatively
realistic.  As  a  result  of  this  work,  a  tool  for  more  specific  assessment  of  thermal
stratification in a T-joint of pipes has been created (Pättikangas et al., 2000; Calonius et al.,
2002).
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4 EXPERIMENTS ON THE NEW TYPE OF SAFETY
SYSTEM DEVELOPMENT OF LWR CONCEPTS,
PUBLICATION IV

At Lappeenranta University of Technology (LUT) several experimental studies on the
safety systems of different advanced LWR concepts have been carried out from alternative
reactor scram systems to core catchers. The tests have been carried out with the integral test
facility PACTEL, modified to model the concepts studied, or with specially constructed
separate effects test facilities.

These studies have addressed the following safety systems of different ALWR concepts:
-SWR 1000, (Germany) fast acting boron injection and scram systems,
-AP-600 or AP-1000, (USA) passive emergency core cooling system, Core Make-up

      Tank (CMT),
-VVER-640, (Russia) long term cooling system,
-BWR 90+, (Sweden) core catcher, and
-EPR, (France) system for cooling of the core melt spreading area.

The common goal in designing new reactor concepts is to keep the systems simple. This
leads to the reduction of active components, such as pumps and valves. One possibility to
achieve this is to replace ECC pumps by passive systems such as a Core Make-up Tank
(CMT). In the AP-600 pressurized water reactor concept the CMT utilizes gravity as well as
thermal stratification in passive safety injection system (PSIS), Publications I & IV,
(Tuunanen et al., 1998a).

In the following a short description is given on the other above mentioned studies on new
safety systems and on the physical phenomena, which could introduce problems for proper
functioning of these systems. Important thermal hydraulic safety questions have included the
following topics: avoidance of non-condensable gases in the primary cooling system, control
of stratification processes, rapid condensation, conditions for natural circulation flow
establishment, critical heat flux, and hydraulic and chemical stability of natural circulation
multi-phase flow.

4.1 Safety systems of SWR 1000 with steam as a driving force

SWR 1000 is a new boiling water reactor concept designed by AREVA (Brettschuh,
2001). Its emergency cooling systems utilize passive safety features. Non-condensable gases
may disturb the functioning of the primary cooling system, and the passive systems are
especially sensitive to them. This is why the pressurized nitrogen as a driving force is
planned to be replaced by pressurized water and steam in safety systems of the SWR 1000
concept: in the hydraulic scram system as well as in the fast acting boron injection system
(FABIS).

The functioning of these systems is highly dependent on the parameters of the water-
steam combination used. Steam volume, thickness of the hot water layer in the tank and
system pressure are the main operating parameters. Parameter effects of the injection rate
and duration were experimentally studied at LUT.
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4.1.1 Control rod insertion system

The scram experiment series studied the behavior of a hydraulic scram system of the
SWR 1000 concept (Meseth and Brettschuh, 2002). The hydraulic scram system is used to
inject  the  control  rods  of  BWRs promptly  into  the  reactor  core.  In  the  currently  operating
BWRs, this system generally operates with pressurized nitrogen. The SWR 1000 concept
uses pressurized water and steam as a driving force in the hydraulic scram system. An
electric heater generates a steam volume in the top of the scram tank. The heater is located
below the steam volume. Apart from generating the steam volume, the heater maintains a
layer  of  saturated  water  starting  from  below  the  heater  and  ending  at  the  steam-water
interface. There is also a temperature transition layer below the layer of saturated water, and
a cold water region below it. To attain the designed pressure level (130 bar) the steam
temperature has to be over 331 °C. The high temperature sets great challenges for the
insulation and also for maintaining the structural integrity of the scram system, since the
maximum temperature difference within the tank structure may reach nearly 300 °C. To
study the behavior of the scram system a test rig containing a model for the scram tank and
the reactor vessel was built at LUT.

Altogether seven experiments were carried out. Before each experiment, the scram tank
was filled with water above the heater. Both a large and small blowdown line and the bottom
of the blowdown tank were filled with water, too. The blowdown tank was at atmospheric
pressure at the beginning of each experiment. The desired steam volume and the hot water
layer at the top of the scram tank was generated by evaporating water with 30 kW heating
power. The remaining air was flushed out from the steam volume by opening the manual
valve in the top of the vessel for 1-2 min at a steam temperature above 110 °C. When the
designed pressure level was reached, the heating was switched off before starting the
experiment.

Each experiment had a steady-state period of at least 70 s without heating power before
the blowdown. During the blowdown phase,  the water was drained from the scram tank to
the blowdown tank. For the first 3 s of the blowdown, both blowdown lines were open. After
that, the valve in the large line was closed automatically, and the blowdown proceeded
through the smaller line with reduced mass flow rate. The blowdown was terminated, when
the pressure difference between the scram tank and the blowdown tank had been reduced to
2 bar or when the temperature in the blowdown lines had exceeded 90 °C. The pressure limit
corresponds to the hydraulic height of the injected control rods and the temperature limit
aims to avoid the evaporation shock effects in the pipelines. Each experiment had a steady-
state period also after the blowdown period.

The special interest in these experiments was the overall behavior of the system. The
means to avoid the possible rapid condensation due to breaking the hot water layer were also
investigated. Proper values for the steam volume and thickness of the hot water layer to
produce smooth and desired flow rate and duration of the injection for the hydraulic scram
system were defined. The system produced sufficient flow for the operation of the control
rods. However, rapid condensation took place in the first tests due to disturbance of thermal
stratification  in  the  tank.  Modifications  were  made  to  the  original  test  set-up  to  avoid
condensation that occurred in the first tests. After the modifications the scram tank system
behaved in the experiments as designed. (Tolonen, 1999.)
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4.1.2 Boron injection system, Publication V

The fast acting boron injection system (FABIS) has been proposed for the nuclear power
plant concept SWR 1000 (Meseth and Brettschuh, 2002). The system injects a solution of
sodium pentaborate into the reactor pressure vessel (RPV). The boron solution is in a boron
tank, which is heated and pressurized by using electric heaters. This system is a redundant
fast shut-down system for LWRs, completely independent of the traditional shutdown
system, which is based on the control rods.

The main purpose of the FABIS experiments was to identify and characterize the forces
acting onto the piping line between the boron solution tank and the reactor pressure vessel
tank due to thermal shocks and due to propagation of pressure waves inside the line. Another
aim of the tests was to find out which part of the inventory of the boron tank must be heated
to saturation temperature at the start of the test to reach the minimum allowable pressure at
the test end. This work was part of the EU project FABIS, Publication V.

The existing set-up at LUT for earlier scram tank experiments was modified for FABIS
tests. Another heater was added in the boron tank and the connection line was modified
accordingly. This study is discussed in more detail in Chapter 6.

4.2 Long term cooling in VVER-640, Publication VI

The VVER-640 type pressurized water reactor design is a result  of the the co-operation
between the Russian Atomenergoexport, the Gidropress, the Kurchatov Institute and the
Aleksandrov  Research  and  Technology Institute  (NITI)  in  the  90’s  (Ermolaev,  1996).  The
features of this new generation reactor include conventional and passive safety systems. The
modified PACTEL facility was used to investigate the long term cooling phase after an
accident situation in the VVER-640 plant. Models of emergency pool and fuel storage pool
were added to the PACTEL facility for simulating the passive systems of VVER-640 for
residual heat removal. The main interest of the experiments was to assure that natural
circulation begins when the core is heated despite of the initially non-existing density
differences in the experiments. On the other hand, the experiments were planned to prove
that natural circulation is efficient enough to remove the heat from the core even in two-
phase flow conditions.

Test transients initiated at nearly atmospheric pressure, coolant in the facility was at room
temperature, with a slight axial temperature increase in the pools. Desired core power was
switched on and the system started to heat up. The initial test conditions differed from the
conditions in the real plant where the temperature distribution along the circuit would have
been favorable for natural circulation already at the beginning of the transient. Thus the test
conditions were more challenging for the system functioning than in the real plant.

The natural circulation started in the experiments as predicted. Three characteristic
periods existed in the experiments, each lasting several thousand seconds; the heat up with
one-phase flow period, the oscillatory two-phase flow and the steady two-phase flow period.
The most critical was the oscillatory two-phase flow period, since the increased oscillation
may threaten the metallic structures at the hot leg junctions.

Duration of the tests was typically 10 000 s. The results of the test series showed that the
systems work in the test facility as planned, and natural circulation starts as predicted. The
experimental set-up differed in many aspects from the real system, but the operational
principle was verified to be functioning with these experiments.
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Two of the tests were analyzed using the computer codes RELAP5, APROS, CATHARE
and KORSAR. The initial boundary conditions of the tests were challenging for the codes,
since atmospheric pressure and stagnant flow conditions are at the limit of the applicability
of the thermal hydraulic system codes. The codes were able to successfully reproduce the
main trends and the three characteristic periods of the transient, in most cases with a
satisfactory quantitative and qualitative agreement, see details of the calculations in
Publication VI.

4.3 Flow conditions in BWR 90+ core catcher

The purpose of the core catcher in the BWR 90+ reactor of Westinghouse is to minimize
the probability of radionuclide releases from the containment to the environment in the case
of core-melt accidents. The core catcher collects the molten core, which has penetrated
through the bottom of the pressure vessel, and prevents it from coming into contact with the
concrete floor in the containment. In BWR 90+, the core catcher is an additional barrier for
the core melt. The core catcher cooling capability depends on the core melt pool geometry
on the catcher, and on the heat transfer rate to the surrounding water, which flows around the
core catcher cooling loop by natural circulation.

The core catcher test rig was built to investigate the heat transfer process to the
containment pool and the natural circulation flow establishment. The test rig was
constructed to represent the original design as accurately as possible considering that 1:1
scale was not practically possible. The core catcher was modeled as a slice in the azimuthal
direction, having a constant width. The small width of the test rig made the representation
one-dimensional, which actually was not a real limitation, since the three-dimensional flow
behavior of the original construction was somewhat restricted. The heat from the molten
corium was simulated with a set of cartridge heaters in a copper block. In addition to the
heat transfer studies, the purpose was to simulate the natural circulation flow in the cooling
circuit  of  the  core  catcher.  Construction  of  the  test  rig  was  a  very  demanding  task  due  to
high  temperature  differences  and  different  thermal  expansions  of  the  parts  of  the  rig  near
each other.

The rapid condensation of steam caused pressure shocks in the inlet section of the flow
channel. This part of the test rig with constant width diverged relatively most from the ideal
shape, which would have been a narrow segment of a circle. In construction with an ideal
shape the velocity of the coolant would have been remarkably higher in this part of the flow
channel. This higher velocity would have prevented the steam production.

The tests showed that the test rig representing the core catcher of BWR 90+ transported
the heat generated in the copper block to the cooling water efficiently by pure natural
circulation. Establishment of the flow pattern, one and two-phase natural circulation flow,
through the core catcher cooling loop was investigated and verified by the tests (Nurminen
and Tuunanen, 2002). The tests provided validation data for simulation codes, such as
APROS, Fluent, GOBLIN or POLCA-T. These codes are used in the design and safety
analyses of the full-scale core catchers for BWRs.

The analysis of the experimental results in respect to the deviations in the test facility
from the ideal model confirmed the desired behavior of the system in spite of the undesired
phenomena occurring in the experiments.
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4.4 Cooling of the EPR core melt spreading area

A scaled down test rig of the cooling system of the EPR core catcher spreading area was
designed and constructed to simulate its thermal hydraulic behavior. The behavior of the
system had been studied earlier in Germany. Supplementing tests were ordered by the
Finnish safety authority STUK during the construction license acceptance phase of the
Olkiluoto 3 reactor. The first set of experiments simulated the early phase after melt
discharge into the spreading area i.e. the water level in the spreading compartment is rising
but stays still below the top of the sideway cooling elements. The purpose of the tests was to
clarify thermal hydraulic behavior of the core catcher system and to find out if accumulation
of boron to the different parts of the cooling channels takes place (Laine, 2004). For the
second  test  series  the  test  rig  design  was  modified  so  that  the  construction  simulated  the
events later after the melt spreading in the core catcher area i.e. the spreading compartment
is filled with water above the top of the sidewall cooling elements (Laine, 2005). Due to the
realistic modeling of the gravity feed as the driving force in the VOLLEY facility it was
discovered that unwanted water hammers would occur. This can not be tolerated in the long
run. The water hammers can be avoided by a slight change in the construction. Already a 1o

inclination in the channels was enough to practically avoid the water hammering. This was
shown by repeating the tests with inclined channels at LUT. These tests were simulated later
at Lappeenranta University of Technology (Pikkarainen, 2006). This study is discussed in
more detail in Chapter 7.
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5 DEPRESSURIZATION AFTER SMALL BREAK LOCA

The studies in IMPAM-VVER EU project dealt with the problem on depressurizing the
VVER-440 NPP. This should be done efficiently enough down to the operating pressure of
the LPSI system and thus ensure sufficient core cooling at all times in the accident situation.
The research consisted of two sections, experimental investigations and pre- and post test
analyses of the experiments. The second part included both transfer of the experimental
results to the plant scale and analyses of relevant NPPs (Holmström, 2005), see
Publication II.

In some VVER small break LOCA scenarios potential problems to depressurize the
primary system effectively in order to allow the emergency core coolant injection from the
low pressure system had been identified. The main objective of the project was to study
which means and criteria for the depressurization measures, like F&B, would be most
efficient. A secondary objective was to assess whether these computer codes can adequately
predict the associated complex phenomena, and adequately analyze relevant transients in
real VVER nuclear power plants.

Experimental part of the project was carried out using PACTEL and PMK-2 integral test
facilities (Purhonen, 2004; Toth, 2004). The main goal of the experiments was to investigate
whether the problem studied in the project should require changes in operating practices.
Advanced computer codes were used for defining and analyzing the experiments (Sabotinov,
2004; Guba, 2004), as well as for analyzing corresponding transients in real VVER NPPs
(Nagy, 2004). A valuable assessment was also provided for the codes in predicting the
associated, complex phenomena. European thermal hydraulic system codes CATHARE,
ATHLET, APROS were used, as well as the American RELAP5 code. The project utilized
two unique integral thermal hydraulic VVER-440 facilities (the only ones in the world),
which offered an invaluable possibility to address the essential scaling effects by their
counterpart testing.

Four types of experimental investigations were carried out:
1. Investigations of post-LOCA cool down procedure
2. Investigation of starting conditions for the primary feed and bleed during

LOCA
3. Investigation of the effect of a reverse steam generator heat transfer for feed and

bleed
4. Investigation of 30% break during the cool-down state of the plant

In the test program, six experiments were performed in PMK-2 and three in PACTEL. As
PACTEL is on a larger scale (1:305) than PMK-2 (1:2070), three selected experiments out
of  six  performed in  the  PMK-2 were  carried  out  also  in  PACTEL.  Two of  PACTEL tests
were of type 2 and one was of type 3, see above.

5.1 PACTEL tests

To ensure proper initial assumptions for the code calculations, heat losses were defined
for the PACTEL facility. The method used earlier for PACTEL for the heat loss
measurements appeared to be inaccurate. Heat losses were defined using heating up and
cooling down transients with a constant temperature period in between (Sanders, 1991). The
secondary sides of the steam generators were empty in this transient. This method gives
values for heat losses as a function of the average primary temperature. A similar method
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was  used  to  define  the  heat  losses  of  the  pressurizer.  Another  method  was  used  to  define
heat losses at one operating temperature by measuring the structure temperatures of the
insulated parts as well as the temperatures of the fins that are formed by the supporting
structures, impulse lines for differential pressure measurements and valves which can not be
insulated. The total heat losses were then calculated by counting together the singular heat
losses. This result compared well with the results from the heating-cooling transient.
(Purhonen, 2004.)

Before the actual tests, a characterizing test with a small transient was performed in the
PACTEL facility to make it easier for computer code users to model the facility and to tune
the pressure loss distribution along the primary circuit to match the measured values.

The objective of the three PACTEL tests in the test program was to study, if the primary
pressure could be reduced to the value of the LPSI pump head without the HPI before the
core heat-up took place. The available measures to reduce the primary pressure were
accumulator (Safety Injection Tank, SIT) injection and both secondary and primary bleed.
The basic test (T2.1) was performed using nominal parameters. The accumulator pressure
was varied in test T2.3, and in test T3.2 the secondary bleed was not available, Figures 2
and 3.

Test T2.1 was decided to be performed in both (PMK-2 and PACTEL) facilities, taking
the full benefit of the features of each facility. The maximum operating pressure of the
PACTEL facility is 8.0 MPa, while PMK-2 can operate at full pressure (12.5 MPa).
Maximum core power available in PACTEL corresponds 22% of the scaled thermal power
of the VVER-440 and the fuel rod simulators are indirectly electrically heated. The heater
rods have also cosine power distribution. The PMK-2 can operate at full scale power, but the
fuel rod simulators are directly electrically heated, thus having reduced heat capacity and
uniform axial power distribution. The PACTEL has three loops with main circulation pumps
and steam generators, while the PMK-2 has single loop with a by-pass system to simulate
the main circulation pump.

The PMK-2 transient was started from full power and full pressure while in the PACTEL
test  all  three  steam  generators  were  used.  The  loop  mass  flows  in  the  PACTEL  were
adjusted in order to achieve acceptable temperature distribution in spite of the lower initial
core power. The goal of test T2.1 was to investigate if the primary pressure could be reduced
to the LPIS pressure without high pressure injection in the case of a loss-of-coolant accident.
The test parameters, set points and the transient behavior of this test as an example are
described in more detail below.

In this small break LOCA transient, the break size was 7.8 mm in PACTEL
corresponding to 136.5 mm in the plant. Both accumulators injecting to the downcomer, but
only one injecting to the upper plenum were simulated. The pressures and the levels of the
accumulators were nominal. No high pressure safety injection (HPSI) was available and
LPSI started at 0.7 MPa. The secondary bleed started when the fuel rod simulator wall
temperature exceeded 350 oC. The wall temperature was used in order to have a similar set
point  as  in  the  PMK-2  facility.  Primary  bleed  was  set  to  start  when  the  wall  temperature
exceeded 400 oC. The limit  of the wall  temperature for test  termination was set  to 450 oC.
Table 1 lists the specified and measured parameter values for test T2.1.

The transient was started by opening the break at t=0 s. At the same moment scram
(=simulation  of  decay  power)  was  initiated,  as  well  as  the  trip  of  main  circulation  pumps
(linear coast down, 150 s). The pressurizer heaters were switched off and the secondary
feedwater was stopped earlier. Primary pressure decreased rapidly to the level of secondary
pressure, Figure 2. The accumulator injection started at 5.5 MPa. Injection flow was rather
smooth, except that the injection stopped for a few seconds when the primary pressure
stayed for a while close to the secondary pressure. Due to the accumulator injection the
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upper plenum temperature dropped to 130 oC. However, the temperature recovered after the
accumulators were empty and the injection was stopped.

Table 1. Test specification for test T2.1. Initial and boundary conditions.
Parameter PMK-2 PACTEL

(specified)
PACTEL

(measured)
Primary system pressure 12.3 MPa 7.7 MPa 7.6 MPa
Loop flow 4.5 kg/s 3 x 2.5 kg/s 2.5, 2.4, 2.4

kg/s
Core inlet temperature 541 K 256 oC 255 oC
Core power 664 kW 950 kW 940 kW
Coolant level in pressurizer 9.2 m 5.0 m 4.0 m
Secondary side pressure 4.6 MPa 4.6 MPa 4.6 MPa
Feedwater temperature 496 K 25 oC 25 oC
Coolant level in SG secondary side 8.2 m 0.70 m 0.69, 0.70,

0.67 m
Accumulator temperature ~25 oC ~25 oC ~25 oC
Opening break valve
Break diameter corresponding to
136.5 mm in the plant

0.0 s
3 mm

0.0 s
7.8 mm

0.0 s
7.8 mm

Scram initiation 0.0 s 0.0 s 0.0 s
Isolation of feedwater and steam lines
Isolation times: FW 3 s, SL 10 s

0.0 s 0.0 s FW <0.0 s
SL 0.0 s

Pump coast-down initiated
Coast-down time 150 s

0.0 s 0.0 s 0.0 s

Hydroaccumulator injection:

Initial pressure

1 to UP
2 to DC
5.8 MPa

1 to UP
2 to DC
5.5 MPa 5.5 MPa

SIT-1: DC  N2 volume:
Injection volume

0.0250 m3

0.0426 m3
0.170 m3

0.290 m3 0.286 m3

SIT-2: UP N2 volume:
Injection volume

0.0125 m3

0.0213 m3
0.085 m3

0.145 m3 0.145 m3

Secondary bleed starts
Bleed valve diameter

Twall>350 oC
4 mm

Twall>350 oC
10 mm

1230 s
10 mm

Primary bleed starts
Bleed valve diameter

Twall>500 oC
1 mm

Twall>400 oC
2.6 mm

N/A
2.6 mm

LPSI starts p<0.7 MPa p<0.7 MPa 1290 s
Test termination if Twall>650 oC  Twall>450 oC  N/A
Transient time ~ 1 h ~ 1 h 2700 s

After the accumulator injection stopped, the primary pressure recovered a few bars, but
the pressure behavior was very smooth, without any peaks. In the remaining transient, the
primary pressure decreased slowly, as well as the collapsed levels in the downcomer and
core sections.

The first heat-up started at about 900 s after the break was opened. The heater rod wall
temperature reached 350 oC at 1150 s and the secondary bleed started at 1230 s from a high
core temperature signal. The LPIS started at 0.7 MPa primary pressure (1290 s) and the core
was cooled down. The primary bleed did not start since the core temperatures stayed below
450 oC. The secondary bleed and LPIS were initiated almost simultaneously and therefore
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the secondary bleed had practically no effect on the transient. The decay power in the test
was somewhat lower than specified.

Primary pressures in tests T2.1, T2.3, T3.2
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Figure 2. Primary pressure in PACTEL tests T2.1, T2.3 and T3.2, Publication I.

Heater rod temperatures in tests T2.1, T2.3, T3.2
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Figure 3. Heater rod temperature in PACTEL tests T2.1, T2.3 and T3.2, Publication I.



39

Test T2.3 had the same initial conditions as test T2.1, but the accumulator pressure was
decreased as well as the gas volume. Thus the amount of water available from the
accumulators was increased. Special interest in this test was the question if the system
pressure reaches the head of LPSI pumps earlier than core overheating occurs. This test was
chosen  to  be  a  counterpart  test  with  the  same initial  conditions  in  both  the  facilities.  This
means that the PMK-2 had to start the transient with a lower initial pressure and core power
compared to its nominal conditions. Unfortunately achieving some of the boundary
conditions failed in both facilities.

In test T3.2 the effect of low pressure injection was studied. The boundary and initial
conditions of test T3.2 were identical to those of T2.1, except that the secondary bleed was
not present in T3.2. Test T3.2 was originally planned to be performed only at the PACTEL
facility, but it was performed also at PMK-2. Based on the experiences from the earlier tests
the temperature limits for primary bleed and for termination of the test were increased from
the values used in previous tests. (Purhonen, 2004.)

In all tests the LPSI pump head was reached before the heater rod wall temperature
exceeded the predefined limit for primary bleed. In test T2.3 (with reduced accumulator
pressures) no core overheating occurred, even if the initiation of the accumulator injection
took  place  as  late  as  at  about  420  s.  Test  T2.3  was  selected  as  a  counterpart  test  with  the
PMK-2 facility. This test series confirmed that reduced accumulator pressure had a positive
effect on preventing the core overheating in the tests with this kind of initial and boundary
conditions. The investigated break size of 7.8% is on the upper limit of SBLOCAs. Owing
to the relatively big break size, the primary pressure decrease was observed to be fast and
the value of LPSI pump head (0.7 MPa) was reached even without operator actions in the
tests as well as in the code calculations.

5.2 Computer analyses

The PACTEL tests were analyzed with four thermal hydraulic codes used for safety
analyses of nuclear power plants: APROS, ATHLET, CATHARE and RELAP. All three
tests were calculated with all the codes. (Sabotinov, 2004.)

Taking into account the real initial and boundary conditions the computer codes predicted
relatively well the basic physical phenomena of all tests. The main difference between the
ATHLET  calculations  and  the  measurements  was  the  behavior  of  the  lower  plenum
collapsed level. CATHARE slightly overpredicted the primary pressure. Timing of the
occurrences was generally well computed in the CATHARE calculations. RELAP showed
slight discrepancy after the start of LPSI in T2.1.

In the calculations of T2.3 with reduced accumulator pressure the same trend as in the
experiments was observed: delayed accumulator injection was favorable for core cooling.

Calculations of T3.2 showed that the LPSI stopped the core heat up, core quenching
occurred and the maximal cladding temperature started to decrease. Thus the maximum
temperatures did not reach the criterion for primary bleed (400 oC), neither in the test nor in
the calculations. A stable cooldown of the reactor vessel and primary circuit was achieved
without primary feed.

The important physical phenomena, observed in the conducted PACTEL tests, were well
predicted by the used computer codes as a whole. Correct definition of the initial and
boundary  conditions  of  the  tests  was  important  for  the  proper  code  predictions.  Global
parameters as pressures, mass inventory etc. are less sensitive compared to fuel cladding
temperature, which is a key criterion in the safety studies and in the test scenarios.
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5.3 Counterpart test and plant calculations

The goal in the IMPAM-VVER project was to enhance the accident management
procedures  of  VVER  plants.  The  final  step  is  to  convert  the  experimental  results  to  plant
scale by performing computer simulation at plant scale, with the parameters used in the
experiments. Also simulating the counterpart tests performed at different scale test facilities
gives valuable data when moving to full scale simulations.

Experimental  and  analytical  results  were  obtained  in  the  IMPAM-VVER  project  using
the  scaled-down  facilities  PACTEL  and  PMK-2  with  the  corresponding  analytical
predictions of full-scale nuclear power plants. Such comparison addresses the extrapolation
from reduced scale to full scale using thermal hydraulic computer codes, which have mostly
been validated by using experimental results from reduced scale facilities. It is important to
know, if the available computer codes can be used with confidence to predict the behavior of
full-scale NPPs during hypothetical transients or accidents.

Real NPPs represent much more complex and complicated systems in addition to their
size compared with simplified reduced size experimental facilities. Some of the main
differences in the experimental facilities of PACTEL and PMK-2 compared to VVER-440
NPPs are:

Reduced scale (1:305, 1:2070)
Reduced number of loops (3 or 1), instead of 6
Absence of major three-dimensional effects
Larger relative heat losses and heat capacities
For PACTEL: reduced power
For PACTEL: reduced maximum primary pressure

It is obvious that due to above-mentioned differences the behavior of a full-scale NPP in
a  hypothetical  transient  or  accident  is  somewhat  different  from  the  behavior  of  a  scaled-
down facility in a corresponding experiment.

In Figures 4, 5 and 6 the following results were compared:
Experimental results of PACTEL test 2.1,
Analytical results of PACTEL test 2.1 using RELAP5-3D,
Analytical results of the same scenario obtained for Bohunice
NPP using RELAP5-3D and
Experimental results of the PMK-2 test 2.1.

The  results  of  PMK-2  are  also  included  in  order  to  cover  a  broad  range  of  scales.
However, it should be noted that the PMK-2 test 2.1 was not an exact counterpart test to the
PACTEL test 2.1.
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Figure 4. Primary pressure (Nagy, 2004).

Figure 5. Accumulator pressure (Nagy, 2004).
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Figure 6. Cladding temperature (Nagy, 2004).

Based on the results obtained, the following conclusions are drawn: In general, in the post
test  analyses the overall  behavior of the experiments performed on both facilities was well
predicted.  Experiments  were  very  sensitive  to  the  boundary  conditions.  E.g.  in  the  case  of
the PACTEL, one of the most important boundary conditions, the decay heat used in the pre-
test analyses did not accurately correspond to the real one due to the coarse control at low
power levels. Therefore sensitivity studies on the core power definition were performed in
post test analyses improving the results considerably. This, in general, indicates also the
importance of sensitivity studies in accident analysis of NPPs.

Rather good agreement was reached between the PACTEL experiment 2.1 and the
RELAP5-3D post test analysis. This was also the case for the other IMPAM-VVER
participants,  who  were  using  different  computer  codes.  This  tends  to  confirm  the
applicability of these computer codes to such kind of scenarios, representing typical accident
management strategies used for VVER-440 reactors. However, the collapsed water level in
the reactor vessel was generally under-predicted and the start of core heat-up was predicted
at a lower core level than measured. Quite good agreement was also reached between the
PACTEL experiment and the analytical results obtained for the full-scale NPP case. All the
main  phenomena  were  reasonably  well  predicted.  This  result  tends  to  confirm  that  the
experimental results and the proposed operator strategies (secondary bleed) are applicable to
VVER-440 NPPs. (Nagy, 2004.)

Some differences in the pressure behavior between the PACTEL test and the NPP
calculations were found earlier in the transient before the accumulator injection started. In
the NPP case there was faster pressure reduction, and consequently, earlier start of
accumulator injection than in the test. This is probably due to the higher ratio of wall heat
capacities to coolant volume, and the larger heat transfer area between coolant and the walls
in the facility, which increased the heat transfer to the coolant and slowed down the pressure
decrease in PACTEL. However, the main differences between the PACTEL experiment and
the NPP analysis results occurred during the accumulator injection phase. In the NPP case
the predicted water level in the reactor was significantly higher than in the test.
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When comparing the results of the PMK-2 and the PACTEL experiments with the NPP
calculation, it is difficult to separate the differences caused by different scales
(1/2070:1/305:1) from differences caused by different geometrical arrangements (e.g.
number of loops 1:3:6) or by differences in initial and boundary conditions. However, some
conclusions  can  be  made.  E.g.  from  the  course  of  the  primary  and  accumulator  pressures
(Figures 4 and 5) it follows that the scaling factor has a significant influence on the
accumulator injection and on the course of the primary pressure. In small scale the injection
phase is longer and the drop of the primary pressure is slower than at larger scales.

Plant  analyses  related  to  different  tests  were  carried  out  also  for  Mochovce,  Kozloduy,
Dukovany, Loviisa, Paks and Temelin NPPs.

5.4 Discussion

The  results  of  the  IMPAM-VVER  project  are  a  good  example  of  the  combined  use  of
experimental facilities and computer analyses in ensuring the safe behavior of a nuclear
power plant. It also shows that international co-operation is important to achieve the desired
goal. The experiments together with computer analyses in the IMPAM-VVER project
showed that it is possible to depressurize a VVER-440 NPP efficiently enough down to the
operating pressure of the LPSI and ensure sufficient core cooling in small break LOCA
situations.

The results of the computer analyses of the two different scale test facilities and a real
VVER-440 NPP confirmed that PACTEL is well designed to model VVER-440 plants; full
scale NPP simulation results were in good agreement with the results of the experiment.
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6 FAST ACTING BORON INJECTION SYSTEM

A diversified  system is  needed  to  stop  the  nuclear  fission  process  if  there  is  a  common
cause  failure  in  the  control  rod  drive  system.  In  BWRs this  can  be  realized  with  a  system
injecting sodium pentaborate into the gaps between fuel assemblies in the reactor pressure
vessel.

A fast acting boron injection system was proposed to reduce the risk of a core melt in an
advanced nuclear power plant concept SWR 1000 by AREVA, Figure 7 (Meseth and
Brettschuh, 2002). The EU project of the FABIS system included CFD calculations and
experiments of mixing boron in the gaps between the fuel assemblies. Reactor physics
calculations were also included to confirm that there is no risk of re-criticality in the reactor
when the boron injection has ended. Scaled tests were carried out at LUT to define the
stresses on the boron injection system pipelines during the activation of FABIS. The forces
from pressure wave were measured as well as the response of the structure temperatures in
the  flow  initiation.  Another  goal  was  to  find  out  the  optimal  operating  parameters  for  the
FABIS  tank.  Finally,  the  propagation  of  the  pressure  wave  and  the  possibility  of  thermal
shock were analytically checked in the real system geometry, see Publication V.

Figure 7. Principle flow diagram of the fast acting boron injection system, FABIS,
Publication V.

6.1 Core subcriticality studies

Mixing studies were performed to find out how much time is needed for the injected
boron solution to spread in both axial and radial directions in the core in such a way that the
fission process stops completely. The purpose of the PHOENICS (PHOENICS, 2002) code
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calculations was to find the boron injection configuration that leads to the most effective
mixing in the core. Calculations were run using different parameter values. The calculated
concentrations in the gap between the fuel assemblies were sufficiently homogenous along
the core active zone. Most of the mixing happens below the fuel assemblies and the
concentration profile remains uniform along the core height.

Mixing experiments were performed to verify the optimum combination of injection
parameters from these computer calculations. In the tests, colored water simulated the boron
solution and video recorded the overall mixing behavior. The tests confirmed the results of
the PHOENICS calculations; the boron spreads rapidly and homogenously into the core
bypass.

Reactor dynamics calculations with the TRAB-3D code (Kaloinen and Kyrki-Rajamäki,
1997) were performed to find out if re-criticality of the core could take place in case of
insufficient mixing. If the internal recirculation flow in RPV decreases with decreasing
steam production and with decreasing speed of the main circulation pumps, the recirculation
period will become longer. If the injection of boron solution ends earlier than this
recirculation period, pure water may enter the core bypass and the boron solution could be
washed out of the core. The calculations showed that the RPV water is safely borated at the
end of the injection after 150 seconds. The analyses were made assuming that the pumps are
kept running at minimum speed. If the pumps are stopped, more studies are needed to
confirm the function of the system.

The homogeneity achieved with the boron injection, which was planned and tested by
mixing studies, showed to be satisfactory with the CASMO-4 (Rhodes and Edenius, 2001)
study on the effects of interassembly bypass boron distribution. The sufficient subcriticality
during the second recirculation was checked with TRAB-3D steady state calculations. At
that  time  the  boron  was  assumed  to  be  homogeneously  distributed  in  the  entire  core.  The
planned boron concentration value in the boron tank was shown to be sufficiently high.

6.2 Tests of flow between the boron tank and the reactor pressure vessel

The experiments studied the flow between the boron tank and the reactor pressure vessel
(RPV). The first purpose of the tests was to check how large the forces are, which arise from
the thermal shocks and pressure waves and which act on the lines between the tanks. The rig
consisted of a boron tank, RPV tank, three electric heaters, two fast opening valves, an
orifice device in the blowdown line between the boron tank and the RPV tank, measurement
instrumentation, and a data acquisition system, Figure 8. The instrumentation included
thermocouples, two differential and three absolute pressure sensors, valve position sensors
and three strain gauges. The volumetric scale of the test rig was 1:6 and the maximum
pressure 80 bar. (Laine, 2003.)

The test procedure followed the actual operation of FABIS. The initial pressures in the
testes were 65-80 bar and temperatures 15-180°C (280-295°C at the top) in the boron tank
and 5-15 bar and 152-198°C in the RPV, respectively. The tanks and lines were filled with
water before each test. The blowdown line was at atmospheric pressure. The boron tank
water was heated with the lower heater in the tank and the desired pressure was achieved
using the upper heater. The heater inside the tank pressurized the RPV.

Opening the blowdown line valves actuated water injection from the boron tank. The
time difference in opening the valves in the line was 0.3 s. The whole water inventory of the
boron tank was injected into the RPV. See Figure 9 for the measured pressure histories in
the tests with different initial pressures, boron tank water levels and mass of saturated water
in the boron tank.



47

After opening the first valve, a pressure wave propagates between the valves. In the test
with  65  bar  initially  in  the  boron  tank,  a  30  MPa  tension  stress  on  the  outer  wall  of  the
injection  pipe  in  the  circumferential  direction  was  observed.  The  initial  pressure  of  80  bar

Figure 8. Principal view of the test rig for FABIS tests.

Figure 9. Depressurization of the boron tank, Publication V.
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caused a 40 MPa tension stress. When the fluid flow into the pipe started, the inner wall
temperature changed faster than the temperature on the outer wall. This caused thermal
stresses in the pipe. When the temperature on the inner wall was higher than on the outer
wall, a tensile stress occurred on the outer wall. The maximum value for tension stress was
75  MPa.  When  the  temperature  on  the  inner  wall  was  lower  than  on  the  outer  wall,
compression stress occurred. The maximum value for compression stress (-130 MPa) was
measured after the second valve. These stress values do not risk the integrity of the
blowdown pipe.

The second aim of the tests was to find out which part  of the inventory of the test  tank
must be heated to saturation in order to reach the desired pressure level at the end of the test.
The initial volume fraction of saturated water in the boron tank varied between 21-31%. In
all cases, the whole water inventory of the boron tank was injected to the RPV tank before
reaching minimum allowable pressure in the boron tank.

6.3 Discussion

In the flow tests the opening of the first valve started a propagation of a pressure wave.
The maximum measured tension stress was 75 MPa. The maximum compression stress was
-130 MPa.

Analyses that took into account the real plant geometry, pressures and temperatures were
carried out in the project to transfer scaled test results to real plant conditions. Separate
studies were carried out: the first one assessed the effects of the propagating pressure waves
on the piping system, and the second one the thermal shock from injecting hot boron
solution into cold pipes. The pressure wave analysis showed higher pressures in the piping
system than in the tests. The reason appeared to be the too long data sampling time step in
the tests. A check analysis using the same time step showed good agreement between the
test and analysis. In this way, the test results, the analysis method and the transferability to
the real plant were validated. A further investigation of fatigue due to thermal shock at
maximum operating conditions was done showing that all loads on the real system are
within the limits.

In the FABIS project the combination of computational analyses and experimental studies
confirmed that the planned novel system is functional and ensures the rapid shutdown in
case of common cause failure in the control rod drive system.
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7 COOLING OF THE CORE MELT SPREADING AREA

EPR is the European Pressurized water Reactor designed by AREVA. As design
extension cases, also severe accidents are included in its design basis.

In the EPR melt retention strategy an ex-vessel core catcher located in a compartment
lateral  to  the  pit  is  used.  Within  the  core  catcher,  the  melt  will  be  passively  flooded  with
water through cooling channels in the core melt spreading area from the Internal Refueling
Water Storage Tank (IRWST), Figure 10. In the long term cooling situation, after a
hypothetical severe accident, it is especially important that the behavior of the safety system
is reliable and stable. The core catcher can optionally be supplied by the Containment Heat
Removal System (CHRS). In this active mode of operation, the water levels inside the
spreading compartment and the reactor pit rise and the pools become subcooled and further
steaming is avoided.

Originally thermal hydraulic tests were performed by the EPR vendor to prove the proper
functioning of the core catcher design (Fischer, 2003). However, these tests were executed
by using pure water as a coolant. To prove the chemical stability of the core catcher, some
additional tests had to be executed by using boron-rich and mineral wool treated water.
These tests were ordered by the Finnish safety authority STUK (Radiation and Nuclear
Safety  Authority  of  Finland)  during  the  construction  license  acceptance  phase  of  the  EPR
type Olkiluoto 3 reactor in Finland in 2004. To this end, the core catcher test rig VOLLEY
was designed and constructed at Lappeenranta University of Technology. The purpose of the
tests was to further clarify both the thermal hydraulic behavior of the cooling channels, and
the possibility of boric acid accumulation in different parts of the cooling channel as well as
the effects of insulation material mixed in the water.

Figure 10. Main components of the EPR core catcher (Fischer, 2004).
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In the test facility, all necessary components and functions were designed to be as close
as possible to the original design. However, the aim of proper instrumentation and the
possibility for visual observation of the phenomena through windows in the flow channel
had effects on the design of the test rig. Visual observation makes the interpretation of the
results easier, since the physical behavior, e.g. flow modes, can be directly seen.

The VOLLEY core catcher studies were performed in two phases that are related to
different stages of the core melt accident. In the first phase, the top of the outflow pipe was
connected  to  the  atmosphere.  This  type  of  a  test  facility  construction  simulates  the  events
early  after  melt  discharge  into  the  spreading  area  i.e.  the  cooling  channels  are  filled  with
water and the water level in the spreading room rises but stays below the top of the sidewall
cooling elements (Laine, 2004). For the second phase the test rig design was modified. After
the modifications, the test rig construction simulates the events later after melt spreading in
the core catcher area i.e. the spreading room is totally filled with water (Laine, 2005).

7.1 Test Rig VOLLEY

The test rig consisted of two full-scale horizontal, 5 m long (cross-section 50x100 mm)
cooling channels made of cast iron. The cooling channels simulated the finned construction
of the cooling elements, Figure 11. The heat from the molten corium was simulated with 68
cartridge heaters, mounted inside the upper part of the core catcher plate. The heaters were
180 mm long (the width of the core catcher plate), 20 mm in diameter and with a maximum
heating power of 2.2 kW each. The maximum heat flux in the core catcher plate was
approximately 160 kW/m2. The coolant was drained by gravity from the boron solution tank
(total volume 2.4 m3) down to the cooling channels. Three-dimensional sketches of the
construction of the test rig for the first test series and the modified construction for the
second test series are presented in Figures 12 and 13, respectively.

Figure 11. Cooling elements that form the bottom of the core catcher (measurements and
design are indicative) (Fischer, 2004).
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Figure 12. VOLLEY test rig. Configuration for the first test series.

Figure 13. VOLLEY test rig. Configuration for the second test series.
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7.2 Early phase cooling

The first tests were carried out using pure water as coolant. In the beginning of the tests,
the cooling channels and the vertical outflow pipe were totally filled with water. Since the
outflow pipe was initially sealed by a water column, there was no direct escape route for the
steam that soon started to form in the cooling channels. As a result, formation of waves and
back and forth oscillation of water inventory in the channels was seen. In the tests where the
inlet temperature of the coolant was low, strong condensation-induced water hammers were
observed. When the coolant inlet temperature was raised, the system behavior was much
more  stable.  After  the  outflow  pipe  was  drained  totally  the  flow  pattern  changed  into
stratified flow because vaporizing coolant could freely escape through the outflow pipe.
Temperatures in the core catcher structures started to rise because of dry-out at the top part
of the cooling channels. The water level rose slowly inside the channels. Finally, the outflow
pipe was sealed again by a water column, and a stratified wavy flow pattern developed in the
channels. As the test continued bigger waves formed and the flow pattern changed to slug
flow. Then, the outflow pipe was drained totally again and the stratified flow in the channels
prevailed, Figures 14 and 15. With a low vertical heat flux and low coolant flow rate, this
cycle of water column formation and drainage in the outflow pipe and corresponding flow
patterns in the cooling channels was repeated as long as the test continued (even more than
five hours). A steady-state temperature distribution in the core catcher structures was
reached after about two hours. (Laine, 2004.)

In the experiments carried out by the vendor no water hammer effects were seen because
the flow conditions differed from the real conditions, the flow was produced by pumps, not
by gravity (Fischer et al., 2005).

With higher heat fluxes steady-state conditions were not reached. Experiments were
terminated due to high tension stress caused by thermal expansion of the core catcher
structures. Some of these experiments were computationally extrapolated to the steady state
conditions (Pikkarainen, 2006).

In the tests with boron-rich water, the thermodynamic behavior of the system was similar
as in the tests with pure water. No extensive accumulation of boron concentration was found
in the tests.

Figure 14. Stratified flow observed through the windows in the core catcher test rig. Flow is
from right to left.

Figure 15. Wavy flow observed through the windows in the core catcher test rig. Flow is
from right to left.
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7.3 Late phase cooling

The  outflow  pipe  design  was  modified  for  the  second  VOLLEY  test  series,  Figure  13.
After the modifications, the test facility construction simulated the events in the later phase
of a possible core melt accident in the EPR plant conditions i.e. the spreading room is filled
with water.

During the tests heat the flux, coolant flow rate and coolant temperature were varied and
pure water and boron rich and mineral wool treated water were used as coolant. Also the
effect of the core catcher plate inclination (1°) on reducing the water hammers was studied.

The outflow pipe construction allowed coolant to flow back from the buffer tank down to
the cooling channels. As the outflow pipe was not drained totally, water inventory in the
cooling channels oscillated back and forth until the end of the test. In the tests with low
coolant flowrate and low heating power, the reverse flow from the buffer tank back down to
the cooling channels was not high enough to seal the channel in the inlet of the core catcher.
Thus, temperatures near the inlet of the core catcher structures rose notably higher than in
the end indicating dry-out in the inlet of the cooling channel. Strong condensation-induced
water hammers occurred until the saturated water temperature was reached in the buffer tank
and no more subcooled water was drained back down to the cooling channels. In the test
with high coolant flowrate and low inlet temperature the temperature profile rose slightly
towards the end of the core catcher plate. Strong water hammers occurred until the end of
the test.

The 1o inclination of the core catcher plate had a great effect on the behavior of the flow
in the test rig. In the test with low heating power, no dry-out occurred and therefore very
steady temperature profile along the whole core catcher was measured. In the test with
higher heating power, a dry-out occurred in the inlet of the core catcher. In the test with the
highest heating power steady-state conditions were not reached. The test was terminated due
to intense bending of the core catcher plate caused by thermal expansion of the structures.
When the  test  was  terminated,  a  dry-out  occurred  along  the  whole  top  part  of  the  cooling
channel. Only a short distance from the end of the cooling channel was still totally wetted.
No water hammers were observed in the tests with inclined core catcher plate.

In the tests with boron-rich and mineral wool treated water the thermal hydraulic
behavior of the system was similar as in the tests with pure water.

7.4 Simulation of experimental results

In  the  simulations  the  main  goal  was  to  extrapolate  the  behavior  of  the  terminated
VOLLEY tests until steady state (Pikkarainen, 2006). Various correlations of heat transfer
coefficient in the pool boiling conditions were examined. Three different correlations were
found that were applicable when only few measured parameters are available. All of them
gave very similar results.

The simulation method was first validated by calculating such tests, which could be
continued to thermal hydraulic steady state and there was available video recorded
information of the coolant level in the cooling channel. The simulations gave good results.
An  interesting  observation  was  that  in  the  situation,  in  which  the  cooling  water  oscillated
strongly back and forth, the results corresponded with the case when the cooling channel is
full of water. Temperatures in the simulations and in the tests were within a few degrees.
Results were good even when the heat transfer coefficient between cast iron and steam/air
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was set to zero. This is because the heat transfer coefficient between iron and steam is very
low compared to the coefficient between iron and water.

Figure 16. Temperature contours of the flow channels from Fluent CFD code (Pikkarainen,
2006).

In general the simulation results of VOLLEY tests which were successfully run until the
steady state conditions are very close to the measured results. Simulations of terminated
tests without visual information do not give comprehensive results; additional information of
the height of the dry part of the channel wall would have been needed. From the results the
magnitude of the steady state temperatures in the measuring points can be deduced. This is
evidently below the cast iron melting point. It can be concluded, that if there is even a small
water flow inside the cooling channels or even if a limited number of adjacent cooling
channels are totally dry, the core catcher cannot melt with heat fluxes up to 95 kW/m2 used
in the tests. Figure 16 presents a situation of a simulation, where one of the two channels in
the VOLLEY test section is totally dry. Analyses have predicted a peak value of 80 kW/m2

for the heat flux into the cooling structure in the EPR plant (Fischer, 2004); thus melting is
not predicted.

The use of the observation windows in the test facility created a risk of window breakage
and subsequent test termination, Figure 17. However, the use of the windows has a benefit
for the simulations even when the video recording data are not directly used in the
calculations. The possibility to compare the water level seen in the video recordings in the
cooling channel with the calculated results gives more confidence in the simulation.



55

Figure 17. Broken test section window in a VOLLEY test.

7.5 Discussion

The thermal hydraulic behavior of the cooling of the EPR core catcher construction was
examined using a test rig simulating a two channel section of the cooling system.

Performing supplementing tests with realistic modeling of feeding the cooling water by
gravity  (not  by  pumps)  revealed  the  possibility  of  water  hammers  and  dry-outs  in  the
cooling channels. Inclination of the test section by 1o had a remarkable effect on the
behavior of the flow, water hammers practically disappeared. CFD codes are not yet capable
to simulate two-phase conditions and condensation of steam accurately enough. Thus the
experiments were essential for ensuring the proper behavior of the cooling system of the
core melt spreading area in the EPR and a design improvement was discovered. Boron acid
or insulating material or combination of both in the cooling water did not affect on the
system performance.

Based on the results the system works as planned. The physical restrictions of the test rig
were covered using computational methods. The method could be verified using the tests
where physical restrictions did not affect the behavior of the test rig.
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8 BOUNDARY CONDITIONS OF EXPERIMENTAL
MODELING

Ensuring the safe use of the NPPs is the final goal of the safety related thermal hydraulic
experiments. Thermal hydraulic data on NPPs exists to some extent. This originates mainly
from tests carried out during plant start-up or during extensive plant modernizations. Some
data is also available from unplanned transients that have taken place during plant operation.
It is good to use data measured in real NPPs in exercises and code comparisons. However,
the instrumentation and the control systems are designed for running the plant, not for
gathering experimental data. Time delays of the detectors might be large, thus preventing the
observation  of  the  fastest  phenomena.  The  detectors  are  in  many  cases  also  in  remote
position and only some averages of the process can be seen.

The principal source of thermal hydraulic data used in code validation are the
experiments carried out in test facilities, where the instrumentation and gathering of data can
be optimized and all the boundary conditions, time delays and heat losses affecting the result
are  known to better accuracy than in the real plant.

The decisions on design, scaling and instrumentation of a test facility are always difficult
in experimental work. Choosing the right scaling principle and design that does not destroy
the original physical behavior of the system is essential. Especially for instrumentation the
resources are often sparse; the number of channels in a data acquisition system or the
number of available transducers is limited. Experience gained from earlier studies helps to
make the right decisions.

8.1 Scaling - a limiting factor

Usually it is not possible to construct a test facility to full scale, the scaling principle and
the scale itself has to be defined to fulfill the needs of the study. If gravity and buoyancy
forces are dominating, it is important to preserve the heights and elevations. If thermal
stratification  in  horizontal  pipes  is  the  key  phenomenon,  diameters  should  be  scaled  to
preserve the Froude number. Preserving appropriate dimensionless numbers is often used to
scale the entire facility or parts of the system.

Another way to fit  a test  facility into the laboratory scale is  to model only a part  of the
prototypical system in the full scale; only few flow channels, pipes or other structures, a
sector of a circular structure, a slice of a rectangular structure, etc.

The abovementioned methods can be combined: parallel flow channels or heat exchange
tubes can be modeled in 1:1 scale when other parts like the SG secondary side are scaled
down volumetrically.

Often the prototypical operation conditions cannot be reached with the facilities.
Depending on the case to be studied, e.g. a LOCA, it may be sufficient that only the right
temperature of the system is reached. Temperature mostly defines the properties of a one-
phase liquid. The role of pressure is important when steam or gas is present. Other high
initial values may prevail only for a short period in the beginning of a transient and effect of
this kind of limitation is negligible in the test results.

The boundary conditions for the processes in the test facility have to be arranged
properly, as well as the connections to the auxiliary systems of the test facility. This means
that the physical phenomena in the studied process must not be disturbed. In the worst case
the phenomena could be lost. As an example, if you study flow behavior, the origin of the
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flow may define the phenomena occurring. Results are different, if the flow is produced by a
pump (differences even between centrifugal and piston pump), by gravitational forces or by
natural circulation. Often it helps if one extra zone is imagined around the studied process
and the effects of the chosen solution are evaluated in the process border.

8.2 How to get the best out of the measurements

To gain the full advantage from experiments the values of quantities related to the studied
phenomenon have to be measured. Unfortunately it is not possible to measure everything
either because there are no means to measure it or it is too expensive to measure. Sometimes
a large number of similar measurements are needed to find out the field or the distribution of
the quantity. To have a measuring grid dense enough may be too expensive in some cases.
Often the possibility for visual observations helps to understand the studied phenomenon.

Sometimes the instruments disturb the studied phenomenon; only the essential
measurements should then be used. Thermocouples form obstacles in the flow, impulse lines
of pressure and pressure difference measurements introduce extra volume of liquid or gas
that can go into the process or take some material from the process thus disturbing the
studied phenomena. Arranging visual observation possibility may add heat losses as
windows cannot be insulated properly. Often you know only afterwards, how the
instrumentation should have been arranged. Also you know afterwards, how well the facility
was designed for a study. And the reconstruction of a facility is much more difficult and
expensive than the reconstruction of an input deck of a computer code.

In the experiments it is not always known beforehand, where the interesting phenomena
occur. If the studied process is equipped with numerous measurements, these phenomena
could probably be caught. Sometimes this is too expensive or there are other limitations that
prevent this approach. Then, preliminary tests with coarse instrumentation or fixed
instrumentation in a movable section in the process can be used. After location of the
interesting phenomenon is known, measurements can be arranged in the best possible way.

The most common quantities to be measured in thermal hydraulic experiments are
temperature, pressure, differential pressure, flow rate, void fraction and concentration of a
substance. Also distributions of these quantities are often needed. Many quantities can be
defined using these basic measurements, like condensation or evaporation rate,
concentration of non-condensable gas, heat flux, liquid level, only a few to mention.
However, defining those quantities may require special arrangements or special
instrumentation.

In the 70’s and 80’s one-dimensional data used to be enough for computer code
development and validation. Now three-dimensional data is needed for CFD code validation.

Traditional instrumentation is still used in most of the experiments. The speed and
memory capacity of data acquisition systems were limited when the experimental work
started at LUT in mid 70’s. Today the capabilities of the measuring systems are adequate for
present applications at reasonable costs. High speed cameras are available for visualizing
even the fastest phenomena.

Traditional instruments for temperature measurements are thermocouples or resistance
thermometers, for flow measurements rotameters, turbines or venturi tubes/nozzles and for
pressure or differential pressure measurements capacity diaphragm transducers. Differential
pressure measurements have also been used to define both average void fraction and liquid
level in some cases.

New types of transducers utilizing new materials and new operational principles have
been launched. Especially new magnetic flow meters are superior in accuracy and in ease of
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use. However, the usable temperature range was somewhat limited in the first versions. New
piezoelectric pressure and differential pressure transducers have reduced the size and
simplified the use of the instruments.

The dream of an experimentalist is always that the most modern and accurate methods
could be used for measuring the data. In many cases it will stay as a dream. In the mid 80’s
for the first integral test facility of LUT, REWET-III, the void fraction measurements with
gamma densitometers would have cost  about the same as the test  facility itself.  Now there
are similar problems, only the expensive measurement systems are different; wire-mesh
sensors, PIV or even X-ray tomography.

Now, finally there will be an independent possibility at LUT to test different
measurement techniques and methods separately from the test programs. Designing of a
transparent test vessel with possibilities to add flow systems, electric heaters and heat
exchangers is under way. Different flow conditions, boiling, condensation or thermal
stratification can be produced for testing the instrumentation to be taken into use in the
future tests. In this test vessel visual observations can be used to confirm the results of the
measured data. In the final application this possibility cannot always be arranged.

Earlier the experimental data was needed mainly for the system code validation. Recently
the capabilities of the CFD codes to handle two-phase flow, evaporation of water and
condensing of steam have been improved. Mechanistic modeling of the flow requires also
special data for validation. This means that also CFD grade three-dimensional experimental
data is needed to validate the CFD codes. The volume averaged void fraction for a certain
instant of time or time averaged void fraction for a certain point, as an example, is not
sufficient anymore for validation. Fields and distributions are now required as experimental
data.  In  many  cases  the  solution  exists:  wire-mesh  sensors,  PIV  and  X-ray  tomography
applications are available. If the research budget does not constrict the equipment to be used
in a study, new advanced techniques can be utilized. Many of them do not disturb the
process itself.

The accuracy of the measuring chain as well as the constancy of the measuring
instruments can be enhanced by using digital components. Intelligent transducers and
controlling and data acquisition systems supporting digital instruments are now available.
The interferences to analog signals can be eliminated when the data is transferred in digital
form.

Measuring two-phase flow has been challenging in nuclear reactor thermal hydraulic
experiments.  As  an  example,  combinations  of  two  devices  like  turbines,  drag  disks  or
venturies, have been used to measure two-phase mass flow. The different characteristics of
the devices have been utilized to define the flow. The accuracy of these systems is strongly
dependent  on  the  correct  prediction  of  the  two-phase  flow  pattern  of  the  flow.  Other
solutions have also been introduced. However a reliable, accurate and cost effective way to
measure two-phase flow is still missing. Many experimentalists would with pleasure
welcome this kind of device arrangements.

Resources in the experimental studies should be reserved to demonstrate the repeatability
and reproducibility of the experiments as well as to the sensitivity studies with several
varied parameters. The limitations of the test facilities would then be detected easier and
understood better.

Interaction between the experimentalists and the analysts simulating the experiments
should be closer. It is possible to gain benefits on both sides by exchanging the ideas and
experiences.

To study the thermal hydraulics of NPPs is a demanding task. Only a few, if any
countries can rely solely on their own research resources in this area. International co-
operation is necessary to obtain good results in research: different areas of expertise support
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each other or different size of test facilities provide counterpart experimental data, to make
the extrapolation to the plant scale more reliable.

8.3 Lessons learned, tacit knowledge

The experience gained from earlier experiments, remembering the problems, and even
more important, remembering how the problems were solved, helps in planning new studies
and in designing the facilities and instrumentation. In the past, many experimental projects
have been unique, new cases without the possibility to gain expertise beforehand. Trusting
on the skillful laboratory staff to solve the constructional problems and researchers to solve
physical problems has been the only way to go on.

Tacit knowledge is present in all levels of experimental research. Researchers, designers
and laboratory staff have gained expertise, professional skills, that are used in everyday
work. This is so self-evident that it is normally not even recognized. Sharing this knowledge
and saving it for the future is essential.

One important goal of the experiments is to produce good quality data for code validation
and development. Dialog between the experimentalists and the computer code users is
essential for achieving the best results from the experiments with the available
instrumentation. The data itself is not always adequate to get the most out of the
experiments. Sometimes videos give good additional information from the process, but if an
analyst can be present when an experiment is carried out in a test facility, he will get much
more information through the feeling and through his/her senses from the course of the
experiment than ever from the graphs and numerical values. This is extremely valuable
together  with  understanding  the  inaccuracies  of  the  measurements.  It  helps  to  see  the
differences between important and unessential things in the analysis.
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9 MAIN NEW DISCOVERIES OF EXPERIMENTS IN THIS
WORK

Most of the experimental studies are performed smoothly and results are as expected. The
results confirm the prevailing understanding of the phenomenon or system behavior, and are
valuable for code validation purposes. However, finding some unexpected behavior in the
experiments seems to be more rewarding. In the next paragraphs the main discoveries of this
work are described.

Natural circulation at reduced inventories in multi-loop VVER geometry with horizontal
SGs was investigated in the PACTEL facility (Chapter 3.1). In SBLOCA conditions three
natural circulation modes were observed: one-phase liquid flow, two-phase mixture flow and
boiler condenser mode. Generally the primary mass flow in two-phase regime was equal to
or less than the one phase liquid flow. Two-phase flow rate twice that of the one-phase mass
flow rate was also observed. This contradicts the findings of other tests in multi-loop VVER
geometry. In the single loop configuration increased mass flows at reduced inventories has
been observed in REWET-III and PACTEL natural circulation experiments. These
experiments were carried out with lower primary pressures. The core power, the break size
and the presence of an accumulator or HPI injection have also an effect on the natural
circulation mass flow.

Continuous leak can pass some regions in the coolant inventory so fast that the natural
flow conditions do not represent those in the constant coolant inventory case. The ISP33
studied the natural circulation in the PACTEL facility in stepwise reduced coolant
inventories (Chapter 3.3). The natural circulation flow was let to establish after each
inventory reduction. Strongly asymmetric flow behavior was observed in the primary loops,
stagnant flow in one or two loops, while natural circulation flow was present in the rest of
the loops. After the loop seals were cleared, the flow was recovered in the stagnant loops. In
a certain inventory level, the heat transfer to the secondary side by natural circulation was
decreased to such a level that the pressure increased in the primary circuit.

Strong primary flow oscillations were found both in single-loop REWET-III and multi-
loop PACTEL facility when one-phase natural circulation characteristics were studied in the
small break case and the leak mass flow was compensated with HPIS injection (Chapter 3).
In computer analyses reported earlier the oscillatory behavior was concluded to originate
from a one-dimensional calculation scheme of the computer codes. These experiments
confirmed that oscillations exist also in real geometry.

The studies on the means of depressurization in SBLOCA were performed in the
PACTEL facility (Chapter 5). According to the experimental results using lowered pressure
and reduced gas volume in the hydroaccumulators has a positive effect on the cooling of the
core; system pressure reaches the head of LPSI pumps before the core temperatures start to
rise due to overheating. In two other tests the LPSI pump head was reached before the core
temperatures exceeded the limit set for primary bleed. The studied procedures to
depressurize the primary circuit appeared to be effective. Counterpart tests with PMK-2
facility and the plant analyses with computer codes confirmed that PACTEL is well
designed to model VVER-440 plants.

Effect of non-condensable gases on natural circulation was studied with the PACTEL
facility (Chapter 3.6). Both air and helium were used in the experiments. In the experiments
with air the system behavior was as expected both in two-phase and in one-phase liquid flow
case. In the two-phase natural circulation flow case air accumulated into the lowermost heat
exchange tubes in the SG letting steam flow in the upper SG tubes. In one-phase natural
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circulation air occupied the uppermost tubes of the SG. In the experiment with helium the
behavior was unexpected in the boiler condenser mode; the passive zone in the SG seemed
to be in the middle of the tube bundle, not at the top as was expected in the case of lighter
gas. Until now the codes have not been able to predict this behavior. Further experiments are
needed to understand this non-condensable gas behavior.

Using steam as a driving force for the safety systems in SWR 1000 reactor concept was
studied at LUT (Chapters 4.1 and 6). Both the hydraulic scram and fast boron injection
systems were investigated. In both applications the proper operating parameters were
defined as well as the right construction to avoid rapid condensation of steam in the tanks. In
the scram system studies the construction had to be slightly modified due to the damages
caused by condensation to the structures in the original design. Both systems worked as they
were designed, scram system fulfilled its task also when rapid condensation occurred in the
original design.

Thermal stratification in a T-joint of a large diameter main pipe having turbulent flow
and a small diameter vertical dead leg with stagnant conditions was studied (Chapter 3.7).
Moving stratification patterns were observed in the T-joint region. These patterns can move
periodically and they may cause thermal loads to structures and induce leakages in pipes.
The set-up of the experiments was based on the geometry of the connection line between hot
and cold legs at Loviisa NPP, where cracks near the dead leg caused a leak from the primary
circuit. The conditions for the phenomenon causing the damage were reproduced in the
experiments.  The  experiments  were  modeled  numerically  with  CFD  simulations  and
structural  analyses.  As  a  result  of  this  work,  computational  tools  for  more  specific
assessment of thermal stratification in a T-joint of pipes were created.

The use of natural  circulation for residual heat removal in long term cooling of VVER-
640 was studied with modified PACTEL facility (Chapter 4.2). The system utilizes
emergency and fuel storage pools and the pipelines connecting the pools and the reactor
vessel. The tests were performed in atmospheric pressure and the facility was at room
temperature in the beginning of the tests. The main interest was to assure that natural
circulation begins when core is heated despite of initially non-existing density differences in
the experiments. On the other hand, the experiments were planned to prove that natural
circulation is efficient enough to remove the heat from the core even in two-phase flow
conditions. The results of the test series showed that the system works in the test facility as
planned, and natural circulation starts as predicted. The experiment set-up differed in many
aspects  from  the  real  system,  but  the  operational  principle  was  verified  to  be  functioning
with these experiments.

A severe accident situation in VVER-440 was studied in modified VEERA facility; the
coolant level is below the core reactor (Chapter 3).  When the control rods are fully inserted
into the core, the fuel followers are in the lower plenum of the reactor vessel. The decay heat
of the fuel follower simulated in the tests produced high enough swell level to reach the
upper parts of the control rod in the upper plenum. From the upper plenum there is a flow
path to the core. Swelling coolant can find its way to the overheated core and make the
formation of hydrogen possible.

A test rig was constructed to investigate the functioning of the BWR 90+ core catcher
design (Chapter 4.3). The high heat fluxes and large temperature differences made the
construction itself a very demanding task. Another as demanding task was to design the test
rig  to  represent  the  original  construction  as  well  as  possible.  Both  of  these  tasks  were
fulfilled successfully. However, there occurred still some undesired rapid condensation in
the tests which can be explained to be caused by the deviations of the test rig from the
original construction.
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Another core catcher related test rig was constructed for the studies of the cooling of the
EPR core catcher spreading area (Chapter 7). Behavior of the system had been studied
earlier in Germany. Supplementing tests were ordered by the Finnish safety authority STUK
during the construction license acceptance phase of the Olkiluoto 3 reactor. Due to the
realistic modeling of the gravity feed as the driving force in the VOLLEY facility it was
found that unwanted water hammers would occur. This can not be tolerated in the long run.
The water hammers can be avoided by a slight change in the construction. Already 1o

inclination of the channels was enough to practically avoid the water hammering. This was
shown by repeating the tests at LUT. The experiments were essential for ensuring the proper
behavior of the cooling system of the core melt spreading area in EPR and a design
improvement was discovered.
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10 CONCLUSIONS

The safety of NPPs cannot be ensured without experimental studies connected with
computer analyses. Organizations like OECD and IAEA support the safety research of NPPs
as well as designing the new NPP concepts. They have collected the validation matrices of
available experiments and test facilities, to be used in the validation of the computer codes
and presented the designs of passive safety systems, to mention a couple of examples.

In this thesis several examples of safety studies on thermal hydraulics of the NPPs were
discussed. The set of cases included separate effects tests for development and validation of
a single physical model in a computer code, separate effects tests to study the behavior of a
NPP  component  or  a  single  system,  and  integral  tests  to  study  the  behavior  of  the  whole
system.

The studies produced data, which only in some cases has been directly applicable to
reactor scale. Experimental studies provided data for validation of single models in a
computer code. Validated models have then been used in various transient analyses of scaled
facilities or NPPs. Integral test data were used to validate the computer codes as a whole, to
see how the implemented models work together in a code. In the final stage the test results
from the facilities were transferred to the NPP scale.

Some of the experiments have confirmed the expected behavior of the studied system or
procedure; in some experiments there have been certain unexpected phenomena that have
caused changes to the original design to avoid the recognized problems. This is the main
motivation  for  experimental  studies  on  thermal  hydraulics  of  the  NPP  safety  systems.
Naturally the behavior of the new system designs have to be checked with experiments, but
also  the  existing  designs,  if  they  are  applied  in  conditions  that  differ  from what  they  were
originally designed for.

Numerous studies on the thermal hydraulics of safety related functions have been carried
out. Cooling of the overheated core (REWET-I, REWET-II, and VEERA experiments) and
integral behavior of the reactor system in transients and accidents (REWET-III and
PACTEL) have been investigated. Separate studies on the planned new passive safety
systems in ALWR concepts have been carried out. Alternative reactor scram system has
been tested. The system was designed to avoid the non-condensable gases to reach the
primary system and to endanger the natural circulation process. The functioning of the
cooling of the core melt in core catcher or in core melt spreading area has been verified.

From a survey on international co-operation in nuclear safety work especially on
validation of VVER modeling and on development of ALWR safety systems three studies
were selected for closer review. These three selected studies represent three different kinds
of safety related problems to be solved by carrying out experiments.

The first case deals with existing NPPs and their accident management procedures.
Extensive experimental studies with two different scale test facilities combined with
computer  analysis  with  several  codes  and  the  scaling  up  the  experimental  results  to  plant
scale  with  computer  codes  show how different  tools  (test  facilities  and  codes)  are  used  in
ensuring the safety of nuclear power plants.

Efficiency of the proposed new accident management procedures for existing
VVER-440 NPPs have been proved experimentally. The applicability of the
results to the reactor scale has been verified by computer code analyses.

In the second case a new nuclear power plant concept and one of its new features was
studied: the use of steam as a driving force for safety systems instead of pressurized
nitrogen. Again, set of different experimental facilities were used combined with computer
analysis to ensure the behavior of the system.
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Functional operating parameters of a new alternative reactor scram system for
SWR 1000 concept have been defined. Also the stresses in the piping of the real
system were confirmed to be within the limits.

The third case aimed to verify the functionality of the cooling system of the core
spreading area in severe accident situation in another new NPP concept. A test rig was
constructed and used to simulate two different phases of cooling of the core melt.
Experimental results were extrapolated by using computational tools to the conditions that
could not be reached in the test rig due to limitations of the test rig, such as strength against
high thermal stresses.

Functioning of the cooling system of the core melt spreading area in EPR reactor
was found to be as planned, particularly after modifying the inclination of the
flow cooling channels due to water hammering in the original design when it was
tested in realistic flow conditions.

New procedures for existing reactors and new safety related systems for new nuclear
power plant concepts are developed. Therefore new experiments are continuously needed.
However, in designing new test facilities or in planning the experimental arrangements, the
deviations from ideal construction have to be taken into account. Deviations may originate
either from the scaling or from the partial modeling of the original construction. This can be
realized by compensating the deviation in the design of the facility or by using
computational tools to transfer the experimental results to ideal construction. In the
abovementioned three cases the computer codes were used to scale up the experimental
result to the plant scale or to analyze and extrapolate the experimental results.
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APPENDIX I

Experiments and test facilities in OECD validation matrices.

Extracts from:

Validation Matrix for the Assessment of Thermal-Hydraulic Codes for VVER LOCA and
Transients, A Report by the OECD Support Group on the VVER Thermal-Hydraulic Code
Validation Matrix, Nuclear Energy Agency, © OECD 2001
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The owners’ evaluation is presented in Table 4.3.

Facility Test Brief Description

SB, EDO, Russia SB/1 100% Double break in cold leg

SB, EDO, Russia SB/2 1% Cold leg break

BD, EDO, Russia BD-1 Boron dilution

SVD-2, IPPE, Russia 2 Dryout at low pressure

KS, RRC-KI, Russia KS/19R/TF84 DNB, dryout

KS, RRC-KI, Russia KS-1/05-91/No 34 Heat transfer in covered and partially covered core

PM-5, IPPE, Russia 6 Loop seal clearance

ISB-WWER, EREC, Russia UPB-2.4 2.4% Upper plenum break

ISB-WWER, EREC, Russia NC Natural circulation

LWL, Skoda, Czech Rep. DNB-D19 DNB in 19-rod bundle

PACTEL, VTT Energy, Finland LOF-1 Loss of feedwater

PACTEL, VTT Energy, Finland ITE-6 Natural circulation

REWET-II, VTT Energy, Finland SGI/7 Reflood

PMK-2, KFKI-AEKI, Hungary IAEA-SPE-4 CLB with secondary bleed and feed

Table 4.2:   Facilities and tests selected for the VVER validation matrix
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APPENDIX II

OECD International Standard Problems.

Extracts from:

CSNI International Standard Problems (ISP), Brief descriptions (1975-1999), Nuclear
Energy Agency, © OECD 2000
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General Overview on ISP Topics  *

ISP 01  SET Straight Pipe Depressurization Experiment (Edwards’ Pipe)

ISP 02  INT Standard Problem 2 (Semiscale Test 1011)

ISP 03  SET Comparison of LOCA Analysis Codes

ISP 04  INT UNITED STATES STANDARD PROBLEM 4 / INTERNATIONAL STANDARD PROBLEM  8 
(Simulation of Semiscale MOD 1 Test S-02-6)

ISP 05  INT UNITED STATES STANDARD PROBLEM 7 / INTERNATIONAL STANDARD PROBLEM  5 
(Nonnuclear  Isothermal LOFT Blowdown Test L1-4)

ISP 06  SET Determination of Water Level and Phase Separation Effects During the Initial 
Blowdown Phase

ISP 07 SET Analysis of a Reflooding Experiment

ISP 08 INT Semiscale MOD 1; Test S-06-03 (LOFT Counterpart Test)

CASP1 CON Steamline Rupture within a Chain of Compartments (Battelle Test D15)

ISP 09 INT LOFT Nuclear Experiment L3-1

ISP 10 INT Refill and Reflood Experiment in a Simulated PWR Primary System (PKL)

ISP 11 INT LOFT Nuclear Experiment L3-6/L8-1

CASP2 CON Water Line Rupture into a Branched Compartment Chain (Battelle Test D16)

CASP3 CON Small-Scale Two-Compartments Basic Containment Experiment

ISP 12 INT ROSA-III 5% Small Break Test, Run 912

ISP 13 INT LOFT Nuclear Experiment L2-5

___________________________

*   Type of Specified Experiment:

INT Integral Coolant Systems Experiment

CON Integral Containment Experiment

SET Separate Effects Test

SEISM Seismic Test
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ISP 14 SET Behaviour of a Fuel Bundle Simulator during a Specified Heatup and Flooding Period 
(REBEKA-Experiment) - Results of Post-Test Analyses

ISP 15 INT LOCA Experiment in the Swedish FIX-II Facility Related to BWRs

ISP 16 CON Rupture of a Steam Line within in the HDR Containment leading to an Early Two-
Phase Flow

ISP 17 CON Marviken: Pressure Suppression Containment - Blowdown Experiment No.18

ISP 18 INT LOBI-MOD 2  Small Break LOCA Experiment A2-81

ISP 19 SET Behaviour of a Fuel Rod Bundle during a Large Break LOCA Transient with a two 
Peaks Temperature History (PHEBUS Experiment)

ISP 20 INT Steam Generator Tube Rupture in the Nuclear Power Plant DOEL-2, Belgium

ISP 21 INT PIPER-ONE Test PO-SB-7 on Small Break LOCA in a BWR  Recirculation line

ISP 22 INT Loss of Feedwater Transient in Italian PWR (SPES Test SP-FW-02)

ISP 23 CON Rupture of a Large-Diameter Pipe in the HDR Containment

ISP 24 SET SURC-4 Experiment on Core Concrete Interactions

ISP 25 SET ACHILLES Best-Estimate Natural Reflood Experiment with Nitrogen Injection from 
Accumulators

ISP 26 INT ROSA-IV LSTF 5%  Cold Leg Small-Break LOCA Experiment

ISP 27 INT BETHSY Experiment 9.1B; 2" Cold Leg Break without HPSI and with delayed 
ultimate procedure

ISP 28 SET PHEBUS-SFD B9+ Experiment on the Degradation of a PWR Type Core

ISP 29 CON Distribution of Hydrogen within the HDR Containment under Severe Accident 
Conditions

ISP 30 SET BETA V5.1 Experiment on Melt-Concrete Interaction

ISP 31 SET CORA-13 Experiment on Severe Fuel Damage

ISP 32 cancelled

ISP 33 INT PACTEL Natural Circulation Stepwise Coolant Inventory Reduction Experiment

ISP 34 SET FALCON Fission Product Experiments FAL-ISP-1 and FAL-ISP-2

ISP 35 CON NUPEC Hydrogen Mixing and Distribution Test (Test M-7-1)

ISP 36 SET CORA-W2 Experiment on Severe Fuel Damage for a VVER-type PWR
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ISP 37 CON VANAM M3 -A Multi Compartment Aerosol Depletion Test with Hygroscopic Aerosol 
Material

SSWISP SEISM Seismic Shear Wall ISP NUPEC’s Seismic Ultimate Dynamic Response Test

ISP 38 INT BETHSY Experiment 6.9c: Loss of Residual Heat Removal System during Mid-Loop 
Operation

ISP 39 SET FARO Test L-14 on Fuel Coolant Interaction and Quenching

ISP 40 SET Aerosol Deposition and Resuspension in STORM Test SR 11

ISP 41 CON RTF Experiment on Iodine Behaviour in Containment Under Severe Accident Conditions

ISP 42 INT/ PANDA Test “TEPPS”
CON

ISP 43 SET Rapid Boron Dilution Test
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ISP                      Date                                  Host Country                  Host Organisation                                    

33 1994 Finland VTT Energy, Technical Research 
Center of Finland, Helsinki

Title:

PACTEL Natural Circulation Stepwise Coolant Inventory Reduction Experiment

Objectives:

• Study natural convection circulation in a VVER plant
• series of quasi steady natural circulation periods
• single phase natural convection and two-phase natural convection with continuous liquid flow
• convection flow under reflux -boiler mode conditions
• "double-blind" pre-test analyses;  "open" post-test analyses also processed

Facility:

PACTEL , out of pile model of VVER-440 reactor
• 144 fuel rod simulators with electrically heated and chopped cosine axial power distribution (maximum

power 1 MW)
• three double-capacity coolant loops to simulate VVER plant with six loops
• horizontally oriented secondary steam generators
• pressurizer, high and low pressure core cooling systems

Scaling Information:

• 1/ 305 volume and power scaled model of Russian-designed PWR of the VVER-440 type
• maximum power 1 MW equivalent to 22 % of scaled full power
• full length fuel rod simulators
• elevation of main components including loop seals preserved
• diameter (overall height) of steam generators reduced

Parameters offered for Comparison:

• fluid and fuel temperatures
• differential pressure measurements
• primary and secondary side pressures
• water levels at various locations
• downcomer and loop mass flow rates
• various event times (e.g. time to reach and duration of two-phase natural convection)
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ISP                      Date                                  Host Country                  Host Organisation                                    

33 1994 Finland VTT Energy, Technical Research 
Center of Finland, Helsinki

Dominating Experimental Uncertainties:

• core power measurement not accurate at low power levels
• safety valve on top of upper plenum leaking during pressure peaks

Findings:

• overall  transients reasonably well predicted
• main discrepancies noted concerned the predictions of flow stagnations and time of core heat-up
• 2-phase natural circulation flow and refilling rates in general overpredicted
• post-test analyses in general yielded improved results due to inclusion of some experimental problems

not known in advance for "double-blind" predictions (e.g., leak of safety valve)
• loop seal behaviour a problem also for "open" post-test analyses

Recommendations:

nothing reported

Total Duration of Exercise:

February 1992 -September 1993

Participation:

12 countries; 15 institutions using a variety of codes, including some of Russian origin

CSNI Report:

H.  Purhonen, J. Kouhia, H. Holmström;
ISP 33; OECD/NEA-CSNI INTERNATIONAL STANDARD PROBLEM No. 33;
PACTEL Natural Circulation Stepwise Coolant Inventory Reduction Experiment
Comparison Report ; Vols 1 and 2
NEA/CSNI/R(94)24, Parts 1 and 2 ; December 1994
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PACTEL integral test facility – Description of versatile applications
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Abstract

Regardless of the large number of thermal hydraulic experiments conducted with many different facilities, the need for good quality
data from integral test facilities has not yet reached saturation. The parallel channel test loop (PACTEL) facility is one of the largest
facilities of its kind. It was originally designed to model the thermal-hydraulic behavior of VVER-440 type pressurized water reactors
(PWRs) currently used in Finland. Nevertheless, the PACTEL facility has served also in many other purposes than for VVERs only.
The facility has been modified on a case-by-case basis according to the needs in configuration and positioning of auxiliary equipment.
The newest plan is to modify PACTEL to be the PWR PACTEL, a facility with vertical steam generators for EPR applications topical in
Finland. This paper describes the versatile use of the PACTEL facility for a large spectrum of thermal hydraulic research. The PACTEL
facility is ideal for investigating planned recovery procedures during accidents and operational transients. For this purpose experimental
series among others on small break loss-of-coolant accidents (SBLOCA), primary-to-secondary leakages (PRISE), and on anticipated
transients without scram (ATWS) have been carried out. The PACTEL natural circulation experiment with stepwise coolant inventory
reduction formed the basis for the OECD International Standard Problem (ISP-33). In addition, many other one-phase and two-phase
natural circulation tests have been executed.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal hydraulics has always been one of the main
themes of research in the Department of Energy and Envi-
ronmental Technology at Lappeenranta University of
Technology (LUT). Thermal hydraulics of nuclear power
plants has been studied experimentally since 1975. The
LUT facilities for thermal hydraulic tests on nuclear safety
and design have proceeded from a simple separate effects
facility, simulating the rewetting of a single fuel rod, to
an integrated test facility modeling the thermal hydraulics
of the whole primary circuit. This series include the
REWET-I to REWET-III, VEERA and PACTEL facilities
(Kervinen and Hongisto, 1986; Lomperski and Kouhia,
1994).

The parallel channel test loop (PACTEL) facility, con-
structed in 1990, is one of the largest facilities of its kind.
It was originally designed to model the thermal hydraulic
behavior of the VVER-440 type pressurized water reactors
(PWRs) currently used in Finland. Nevertheless, the PAC-
TEL facility has served also in many other purposes than
for VVERs only. The facility has been modified on a
case-by-case basis according to the needs in configuration
and positioning of auxiliary equipment. The newest plan
is to modify PACTEL to be the PWR PACTEL, a facility
with vertical steam generators for EPR applications topical
in Finland.

This paper describes the use of PACTEL for a large
variety of thermal hydraulic research. First, the basic
design solution of PACTEL is shortly introduced. Also
the design upgrades and reconstructions for application
extensions are described. Then the integral VVER-440 test
cases are presented. The most important experimental cases
are enlightened and the most interesting findings are

0306-4549/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.anucene.2006.05.011
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discussed in more detail. Included experiments are small
break loss-of-coolant accidents (SBLOCA), primary-to-
secondary leakages (PRISE) and anticipated transients
without scram (ATWS). The PACTEL natural circulation
experiment with stepwise coolant inventory reduction is
presented shortly. This experiment formed the basis for
the OECD International Standard Problem (ISP-33) deal-
ing with problems found in the ability of the computer
codes to model reduced inventory situations correctly.
The latest PACTEL experiments concerning EU project
Improved Accident Management of VVER Nuclear Power
Plants (IMPAM/VVER) are also presented.

The second part of the paper is dealing with versatile
application extensions of PACTEL. Among others, PAC-
TEL has been involved strongly in European Commission
Research Framework Programmes (FP4th, FP5th and
FP6th), e.g. with passive safety injection experiments. Also
the long-term cooling capabilities of the VVER-640 reactor
concept have been investigated with a modified configura-
tion of PACTEL. At the end of the paper, the use of PAC-
TEL for the studies on thermal stratification and effects of
dissolved non-condensable gases is presented.

The increase of computing power has made it possible to
have ever more detailed simulations of complicated phe-
nomena with computer codes. LUT has used the RELAP5,
CATHARE, SMABRE and APROS system codes for
planning and analyzing the PACTEL tests and for the
safety analyses of different nuclear power plants.

PACTEL experiments have also provided unique data
for model developers to validate thermal hydraulic com-
puter codes APROS, RELAP5, and CATHARE for
VVER analyses (e.g. Virtanen et al., 1995; Plit et al.,
1997; Sarrette and Bestion, 1997; Sarrette et al., 1999). Fur-
thermore, data for numerous international projects aimed
at advancing nuclear power plant safety assessments have
been delivered by the PACTEL research group.

The Nuclear Safety Research Unit of LUT has been
involved in the EU project developing the STRESA data-
base (Addabbo et al., 2002), where the most of the PAC-
TEL experiments are archived (see http://www.et.lut.fi/
yty/stresa).

2. PACTEL facility design

2.1. Basic PACTEL design

The PACTEL facility (see Fig. 1) is a 1/305 volumetri-
cally scaled, out of pile, full-height model of a six-loop
Russian design VVER-440 PWR (Tuunanen et al.,
1998a,b). The reference reactor for PACTEL is the Lovi-
isa VVER-440 reactor in Finland (comparison between
PACTEL and Loviisa reactor is presented in Table 1).
PACTEL has three almost symmetric equal volumes with
primary loops each representing two loops in the refer-
ence PWR. Froude scaling, together with volumetric scal-
ing, is the main design principle of the pipe dimensions of
the PACTEL hot and cold legs. Combined these two scal-

ing methods result in about 50% shorter hot and cold legs
than in the reference reactor. Shorter pipes lead to better
simulation of flow regime transitions in the horizontal
parts of the loops. The use of volumetric scaling has an
effect on the pressure loss distribution around the loop.
Also, the portion of loop seals is larger of the total vol-
ume than in reference plant. The inner diameter of both
the hot and cold legs is 52.5 mm. Each loop has a hori-
zontal steam generator (a unique feature of the VVER
type PWRs) consisting of 118 heat exchange U-tubes
(di = 13.0 mm), a primary coolant pump and loop seals
both in the hot and cold legs. The pressurizer as well as
the main emergency core cooling systems, such as accu-
mulators and high and low pressure injection systems
have been modeled, too. The two PACTEL accumulators
can inject the scaled down water inventory of the four
accumulators in the reference plant. The PACTEL core
comprises 144 electrical heater rods arranged in three par-
allel channels in triangular grid having the same diameter
(9.1 mm), lattice pitch (12.2 mm) and heating length
(2.42 m) as the VVER-440 hexagonal bundle fuel rods.
The axial profile of the core power is represented by a
nine-step chopped cosine with a peaking factor of 1.4.
The number and construction of the rod spacers are iden-
tical to the reference reactor. The core is powered by a
1 MW electric power supply. This is �22% of the scaled
thermal power (originally 1375 MW) of the reference
reactor. A U-tube construction comprising a downcomer,
lower plenum, core, and upper plenum simulates the reac-
tor vessel. There is no bypass from the upper plenum to
the downcomer. The hot and cold leg connections have
diffusers to prevent a direct flow of emergency core cool-
ing water from the accumulator lines to the loops. The
full-length pressurizer is connected to the hot leg of loop
one. The pressurizer is equipped with heaters and a spray
system.

Each steam generator’s primary side volume and heat
transfer area of the tube bundle are scaled down so that
one steam generator in PACTEL corresponds to two steam
generators in the reference plant. The average length of the
heat exchange tubes is 2.819 m. The diameter of the tubes
(16 · 1.5 mm) is the same as in the reference plant, but
the vertical distance between the tube rows is doubled to
get the height of the PACTEL steam generator closer to
that of the reference steam generator. The scaling approach
selected leads to an oversized secondary volume. It is about
three times larger than it would be if the normal volumetric
scaling had been used. The secondary sides of all three-
steam generators are connected to each other with a com-
mon steam line. From the common steam line steam is dis-
charged to the atmosphere. Each steam generator has its
own feed water injection system. Secondary pressure is usu-
ally controlled via the common steam line by using the
pressure control system of one steam generator but the
pressure can be controlled also separately in each steam
generator. The potential to control both pressure and feed
water injection in each steam generator separately gives the

H. Purhonen et al. / Annals of Nuclear Energy 33 (2006) 994–1009 995



operators a chance to run experiments simulating asym-
metric secondary side behavior.

The basic instrumentation of PACTEL consists of ther-
mocouples, pressure and differential pressure transducers
and flow meters. The temperature measurements include
rod cladding, structure wall, fluid and reference tempera-
ture measurements. There are two pressure measurements
in the primary side, the first one in the upper plenum and
the second one at the top of the pressurizer. Secondary
pressures are measured in each steam generator’s steam
collector and discharge steam line after the control valve.

In all there are 43 differential pressure transducers in PAC-
TEL. They are mainly used to determine liquid levels in dif-
ferent parts of the primary circuit and in the secondary
sides of the steam generators. Loop flows are measured
in the vertical part of each cold leg below the steam gener-
ator. The total primary flow is measured in the down-
comer. Accumulator and high-pressure injection system
flows as well as feed water flows to each steam generator
can also be measured. The break flow rate in loss of cool-
ant accident (LOCA) experiments can be measured as well
both directly and indirectly.

Fig. 1. PACTEL facility in photograph (a) and in schematic view (b).
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2.2. Design upgrades

During the years the PACTEL facility has gone
through several structural changes due to the different
objectives and scaling requirements of the individual test
programs. Equipment upgrades dictated by maintenance
needs as well as instrumentation and software upgrades
to take advantage of the developments in the field of
measurements and data acquisition have also been
made.

Originally, the horizontal steam generators of PAC-
TEL were of a different design. The average length of
the heat exchange tubes was much longer (about 8.5 m)
but the diameter of the steam generator shell much smal-
ler (0.4 m) than in the current design. Hot and cold col-
lectors were at the same end of the steam generator and
separated from each other only with an uninsulated wall,
i.e. direct heat transfer from hot to cold collector
through the wall was possible. Proper experiments inves-
tigating internal circulation in the primary side tubes of
the steam generators or transients dealing with loss of

feed water could not be carried out with the small diam-
eter steam generators. Therefore, the development of a
new steam generator design was started quite soon after
the facility was commissioned. The new larger diameter
(1.0 m) steam generators were installed during 1992–
1995. Some of the main features of both designs are pre-
sented in Table 2.

The first experiments were also carried out without the
primary circulation pumps since they were not installed
until 1993. Understandably, only phenomena associated
with natural circulation could be investigated in those first
experiment series without pumps.

A change from the original Unix-based monitoring and
measuring environment to a Windows-based system was
inevitable in the mid 1990s. The old inflexible solutions
would soon have started to create severe problems due to
the constant need for changes in the number and configu-
ration of the measurements.

2.3. Reconstructions for application extensions

The experiments for investigation of the passive safety
injection system (PSIS) needed installation of some auxil-
iary pipelines and re-use of the accumulators (see
Fig. 2a). The passive safety injection system introduced in
PACTEL consisted of a core make-up tank (CMT), a pres-
sure balancing line (PBL), and an injection line (IL). The
accumulator tanks were used to serve as CMTs. Both accu-
mulators were used in separate experiments for testing the
size effect of different CMTs. The PBL connected one cold
leg to the top of the CMT. The IL connected the bottom of
the CMT to the downcomer.

For the studies on the long-term cooling capabilities of
the VVER-640 reactor concept drastic changes to PAC-
TEL configuration had to be made (see Fig. 2b). The
main parts of the PACTEL were kept in the experiments;
such as the instrumented pressure vessel, the downcomer,
the lower plenum, the core, and the upper plenum. The

Table 1
The PACTEL facility characteristics compared with the Loviisa VVER-
440

PACTEL Loviisa
VVER-440

Reference power plant VVER-440 –
Volumetric scaling ratio 1:305 –
Scaling factor of component

heights and elevations
1:1 –

Number of primary loops 3 6
Maximum heating power/

thermal power (MW)
1 1500 (1375)

Number of rods 144 39,438
Outer diameter of fuel rod

simulators (mm)
9.1 9.1

Fuel rod pitch (mm) 12.2 12.2
Heated length of fuel

rod simulators (m)
2.42 2.42

Axial power distribution Chopped
cosine

–

Maximum cladding
temperature (�C)

800 –

Maximum operating
pressure (MPa)

8.0 12.3

Maximum operating
temperature (�C)

300 300

Maximum secondary
pressure (MPa)

5.0 5.0

Maximum secondary
temperature (�C)

260 260

Feedwater tank
pressure (MPa)

2.5 2.5

Feedwater tank
temperature (�C)

225 225

Accumulator pressure (MPa) 5.5 5.5
Low-pressure ECC-water

pressure (MPa)
0.7 0.7

High-pressure ECC-water pressure (MPa) 8.0 8.0
ECC-water temperature (�C) 30–50 30–50

Table 2
Main features of old and new steam generator designs

Design feature Old steam
generator

New steam
generator

Maximum primary/secondary
pressure (MPa)

8.0/4.65 8.0/5.0

Number of heat
exchange tubes

38 118

Heat exchange tube
diameter (mm)

16 · 1.5 16 · 1.5

Pitch in vertical/horizontal
direction (mm)

24/30 48/30

Number of tube rows 9 14
Average tube length (m) 8.8 2.8
Tube bundle heat transfer

area (m2)
16.65 16.50

Steam generator shell
diameter/length (m)

0.40/5.04 1.0/2.27
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remaining components and systems were excluded. Two
water tanks, simulating the emergency cooling and fuel
storage pools, were installed in the PACTEL. These ves-
sels were open to atmosphere at the top. The tank with
larger diameter of the two water tanks models the emer-
gency cooling pool; the smaller one models the fuel stor-
age pool. Each tank had a hydraulic link to the
downcomer of the PACTEL with a single horizontal pipe.
Similarly, each tank was linked to the upper plenum of
the PACTEL with hot-leg connections. The level balanc-
ing line (LBL) interconnected the two water tanks. All
of the added pipelines were provided with isolation valves
to form a circulation loop for each scenario of the per-
formed test series.

Studies on thermal stratification were carried out by
replacing a section of one PACTEL hot leg with a larger
diameter (243 mm) horizontal pipe having a heavily instru-
mented small diameter (50 mm) vertical test branch. The
horizontal pipe was connected directly to the primary cir-
culation pump intake with the cold leg piping thus bypass-
ing the steam generator. Turbulent flow conditions in the
large diameter pipe were produced with the help of the
pump in loop number one. The experimental set-up was
based on the geometry of the connection line between hot
and cold legs at the Loviisa VVER-440.

3. Integral VVER-440 test cases

3.1. SBLOCA and natural circulation

During the early years of the PACTEL operation several
series of SBLOCA experiments were carried out. They were
run with both steam generator designs as well as with and
without the primary circulation pumps. The most interest-
ing was probably a later series of four SBLOCA experi-
ments focusing on natural circulation and steam
generator behavior (Puustinen, 2002). They were carried
out in the middle of 90s and are tabulated in Table 3. All
three loops of the facility were in use. The first experiment
focused on the behavior of the new steam generator design,
i.e. the Large Diameter Steam Generator (LDSG). In the
other experiments, feed and bleed procedure, which is an
operator action during a LOCA in a power plant, and nat-
ural circulation were studied. Different break sizes were
used in the experiments.

The initial conditions of the experiments were character-
ized by a steady-state one-phase forced circulation in the
primary loops, except in SBL-30, where the flow was
one-phase natural circulation. The initial primary and sec-
ondary side pressures were about 7.4 and 4.2 MPa, respec-
tively. The core power was 3.55% (�160 kW) of the

Fig. 2. PACTEL facility in different configurations. In (a) the facility is slightly modified for the passive safety injection experiments. In (b) the facility is
configured for the VVER-640 experiments.
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volumetrically scaled VVER-440 nominal power. The ini-
tial, steady state conditions were maintained for at least
3000 s before the transient phase began.

All three different natural circulation flow modes, the
one-phase liquid flow, the two-phase mixture flow, and
the boiler–condenser mode were clearly visible in each
experiment of the series. The different break sizes and emer-
gency core cooling (ECC) measures had an effect on the
duration and timing of the transient events, but the general
thermal hydraulic behavior of the facility was similar
throughout the test series.

There are some differences in one- and two-phase flow
behavior between the tests. The combined flow of the pri-
mary loops during the two-phase flow regime in SBL-30,
SBL-32 and SBL-33 was equal to or less than the one-
phase liquid flow while increased two-phase flow was mea-

sured in SBL-31 (see Fig. 3). The peak two-phase flow rate
was twice the one-phase liquid flow rate.

The results of these natural circulation tests cannot be
applied direct to the full-scale VVER-440 geometry. In
scaled down facilities, not all thermal hydraulic phenomena
necessarily occurred in the same way and order as in the
reference systems. Although the component heights and
elevations have been preserved in PACTEL, other factors
caused scaling distortions. Preserving elevations and using
volumetric scaling at the same time lead to thin pipes. This
had an effect on the flow behavior, especially on the flow
stratification during the two-phase flow mode, and there-
fore on the distribution of coolant during transients. Heat
losses and the amount of energy stored in the structures
were in scaled down test facilities different from those of
the systems that they were simulating.

3.2. ISP-33

The main goal of the OECD International Standard
Problem ISP-33 experiment was to study natural circula-
tion in a VVER plant including several single- and two-
phase natural circulation modes (Purhonen et al., 1994,
1995). The VVER-440 type reactor was addressed for the
first time in the frame of OECD international standard
problems. Many standard problems have indicated the dif-
ficulties to accurately calculate the natural circulation flow.
In a typical LOCA event the transitions between different
two-phase flow natural circulation modes are continuous
and dominate the scenarios.

Table 3
Series of SBLOCA experiments in PACTEL

Experiment
number

Break size Objectives and
conditions for the
experiments

SBL-30 B 1.0 mm, 0.04% Behavior of LDSG,
pressurizer isolated

SBL-31 B 2.5 mm, 0.22% ACCU performance,
secondary feed and bleed
procedure

SBL-32 B 2.8 mm, 0.29% ACCUs, HPIS and
secondary feed and bleed

SBL-33 B 3.5 mm, 0.44% ACCUs, HPIS and
secondary feed and bleed

Fig. 3. Mass flow vs. primary inventory in small break LOCA experiment SBL-31.
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In the beginning of the ISP-33 experiment there was
continuous flow of heated coolant from the core to the
steam generator. The secondary side conditions in the
steam generator were kept constant, eliminating distur-
bances caused by the secondary side pressure variation.
The primary coolant mass was reduced stepwise in the
liquid form and the amount of drained water was given
as a boundary condition. The expected four flow condi-
tions were as follows: (1) one-phase natural circulation,
(2) two-phase natural circulation with continuous liquid
flow, (3) natural circulation of reflux boiling type: saturated
steam transports the heat to the steam generators and con-
denses there, and the resulting water is returned to the pres-
sure vessel via the cold legs and the downcomer, and (4)
cooling of the uncovered core with partially superheated
steam, when the steam generators are still capable to
remove heat from the primary circuit.

The primary coolant was drained from the lower ple-
num in seven steps with 900 s intervals allowing the system
to restabilize between each step. During each step, first one
at time 1200 s, the primary inventory was reduced approx-
imately 9% of the original volume. For the duration of the
test the secondary side conditions were maintained near the
nominal full power operating conditions of the reference
plant.

The general purpose of the ISP-33 test was to produce
data for code assessment and development dealing with
problems found in the ability of the computer codes to
model reduced inventory situations correctly (Kalli et al.,
1995). The large number of participants produced a spec-
trum of calculation results with different thermal hydraulic
codes. The variation in calculation results showed the
importance of experimental data. Fig. 4 presents the varia-
tion of primary pressure. Despite of some inaccuracies in
the original specifications ISP-33 proved to be a successful
and valuable exercise. The observed discrepancies were eas-
ier to investigate than in most ISPs, because the experiment
was not excessively complicated.

3.3. PRISE

PRISE form a significant class of the loss-of-coolant
accidents. In a primary-to-secondary leak, the damage is
at a place where the containment will be bypassed if the
safety valve of the broken steam generator opens. Eventu-
ally that can lead to a release of radioactive coolant to the
atmosphere. Also, the ECC water can escape from the sys-
tem, which can become a serious problem because it pre-
vents emergency core cooling water recirculation.

Primary-to-secondary leaks can be divided into three
categories; small, medium, and large PRISE. Usually a
rupture of a single U-tube (small PRISE) causes the
incidents, but the possibility of multiple-tube ruptures
(medium PRISE) cannot be ignored completely. The
VVER-type reactors have horizontal steam generators
where the primary collectors are inside the secondary pool.
Construction like that makes also large PRISE’s possible.
Multiple-tube ruptures and collector breaks may cause
the core to be uncovered if sufficient ECC water is unavail-
able. With certain operator intervention, the flow from the
primary to the secondary side may reverse. Then a plug of
partially diluted or completely unborated water may be
formed on the primary side. If the mixing on the primary
side is poor the plug can reach the core and lead to a reac-
tivity accident. Data from several experimental and analyt-
ical studies exist for both single- and multiple-tube
ruptures. However, the published experiments have
focused on the facilities modeling Western-type PWR reac-
tors. For the VVER reactors the only published experiment
is SPE-3 on PMK-NVH (Ezsol et al., 1989).

The first series of steam generator multiple-tube rupture
experiments on PACTEL was carried out in 1994 (Riiko-
nen, 1995). The three experiments focused on a possibility
of leak flow reversal, occurring due to operator interven-
tion. The results showed that the reversal is possible in suit-
able conditions. In the first series, the facility included two
steam generators and one accumulator.

Because the first series was made with the old configura-
tion of the facility, a new set of experiments was carried out
in 1996 with three steam generators and two accumulators
(Riikonen, 1996). The break simulator configuration is pre-
sented in Fig. 5. The main goal was to find the worst pos-
sible conditions during which the leak flow reversal could
occur. Then, the risk of a partially diluted or completely
unborated water plug forming in the primary side exists.

The experiment procedures were based on the current
regulations for operator actions during a state of emer-
gency in the Loviisa nuclear power plant. The first and
the second series of the PRISE experiments showed that
the leak flow reversal was significant only when the primary
side was actively depressurized.

In the Loviisa Nuclear Power Plant, the construction of
the steam generator primary collectors was changed so that
if a rupture of the steam generator collector top occurs, the
leak flow area would be reduced significantly. For this pur-
pose to investigate the effect of the new construction on

Fig. 4. Primary pressure in the experiment (solid line) and variation in
ISP-33 post-test calculations (gray area). Flow conditions: (I) one-phase
flow, (II) flow stagnations, (III) two-phase flow, and (IV) boiler condenser
mode.
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system behavior two experiments were performed on the
PACTEL facility in 1999 (Riikonen, 2000). In the first
experiment the original construction was used in order to
form a reference case for the second experiment. The sec-
ond experiment focused on effect of the new construction.
The phenomena were much faster in first than in the second
experiment, because the break size was larger in the first
one.

3.4. ATWS

Two series of ATWS experiments were scheduled for the
PACTEL facility during 1997 and 1998. The first test series
focused on natural circulation behavior with reduced pri-
mary side coolant inventories relevant to ATWS transients
(Riikonen, 1997). The second series of ATWS experiments
(Riikonen and Kouhia, 1999) focused on maximum pres-
sure in transients with inadvertent control rod withdrawal.
In these latter experiments the core was operating with low,
almost zero power. The aim of the experiments was to
study slow steam compression and overall behavior of
the facility.

The experiments were performed with all three loops
running. The experiments began with a 1000 s steady state
period. The facility was operating with 1% core power
(about 50 kW). After 1000 s, the core power was raised
quickly to maximum available power (about 1000 kW)
and the steam generator feedwater injection rate was set
constant in each steam generator. The feedwater injection
rate corresponded to the capacity of one emergency feed-
water pump in the Loviisa NPP. Pressurizer heaters were
controlled in automatic mode. When the water level in
any steam generator dropped to 54 cm, the main circula-
tion pumps began to coast down. The operation of the
pressurizer safety valves was simulated with two on/off
valves. Because the capacity of the valves was not big
enough to keep the primary pressure below maximum pri-
mary pressure of the PACTEL facility (80 bar), two failed
attempts (ATWS-30 and ATWS-31) were needed until sat-
isfactory total flow area of the valves was found. In ATWS-
32 experiment three valves were used; two small diameter
valves and one large diameter valve. The small diameter

valves simulated the pressurizer safety valves while the
large capacity valve operated as a pressure cut-off valve.
After 1000 s, the core power feedback was modeled also.
When the core power increased to the maximum, the aver-
age temperature of the primary side increased approaching
the level corresponding to the new heat balance. However,
the core outlet temperature did not reach the saturation
temperature. The primary coolant volume expanded,
because of the increasing average temperature. That
increased the pressurizer collapsed level (Fig. 6). Also, the
primary and the secondary pressures rose temporarily
(Fig. 7).

Because the maximum available core power is only 20%
of the scaled nominal power, the time scale of the phenom-
ena in this kind of experiment is distorted very much. The
voiding in the core would have probably occurred earlier if
the whole power range would have been in use. Then the
core power feedback would begin to limit the power earlier.
The second aim of the experiment was to study slow steam
compression. The compression process was not slow com-
pared with the experiments performed earlier with the pres-
surizer (Riikonen, 1998).

3.5. IMPAM/VVER

The main objective of the Improved Accident Manage-
ment of VVER Nuclear Power Plants (IMPAM/VVER)
EU project was to investigate the means and criteria for
starting the depressurization measures during the VVER
small break LOCA scenarios (Purhonen, 2004). Three tests
from the test matrix of PMK facility (Hungary) were
selected to be performed at the PACTEL facility. The
selected tests were T2.1, T2.3 and T3.2. The objective of
the PACTEL tests was to investigate, if the primary pres-
sure can be reduced to the value of low-pressure injection
system (LPIS) pump head without high-pressure injection
before core heat-up takes place. The available measures
to reduce the primary pressure were accumulator injection
and both secondary and primary bleed. Accumulator pres-
sure was varied in test T2.3, and secondary bleed was not
present in test T3.2. In all tests the LPIS pump head was

Fig. 5. The break simulator in the steam generator of PACTEL in the
PRISE experiments. The break orifice diameter is 2.5 or 5.5 mm.

Fig. 6. Pressurizer collapsed level in the ATWS-32 experiment.
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reached before the heater rod wall temperature reached the
predefined limit for primary bleed. In test T2.3 (with
reduced accumulator pressures) no core overheating
occurred, even if the initiation of the accumulator injection
took place as late as about at 700 s. Test T2.3 was selected
as a counterpart test with PMK facility. This test series
confirmed that reduced accumulator pressure had a posi-
tive effect on preventing the core overheating in the tests
with specified initial and boundary conditions. See selected
experiment results in Figs. 8 and 9. The event timings of the
three experiments are presented in Table 4.

3.6. Summary of PACTEL test results

The SBLOCA experiments revealed the strong depen-
dence of natural circulation behavior on primary coolant
inventory. Flow stagnation occurred near the same inven-
tory regardless of the break size, though the duration was
shorter for the largest break. Condensed flow from the
steam generators to the downcomer was intermittent for
the boiler–condenser mode. The steam generators retained
significant amounts of coolant. The amount of water
retained in the steam generators influences the core col-
lapsed level, which in turn had a bearing on when the top
of the core began to dry out and overheat. It was clear that

significant coolant holdup in the steam generators could
shorten the elapsed time to core heat up in the event of a
SBLOCA.

There was a significant qualitative difference between
natural circulation in VVER and typical PWR geometry
at high primary pressure. These included the peak natural
circulation mass flow rates, which were observed in the
one-phase rather than in the two-phase flow regime. In
the VVER geometry there was only a modest increase in
the driving head associated with the two-phase flow. The
transition between single and two-phase flow was not
smooth in most of the SBLOCA tests. The flow temporar-
ily stagnated when the water level reached the hot leg
entrances and did not resume until the loop seals were
cleared. Highly asymmetric behavior was observed after
two-phase flow was established. Typically, two of the loop
seals out of three refilled after clearing, reducing flow and
shifting the burden of energy transport to the third loop.

In small break LOCAs, loop seal refilling occurred for
low flow rates because of countercurrent flow in the up-
flow side of the hot leg. These findings pointed to the
importance of using a multi-loop facility to investigate flow
behavior in VVER geometry at reduced inventories. There
was certainly interdependence between loop seal filling and
the accompanying loss of flow in some loops, and the flow
characteristics of the remaining loops. It was also conceiv-
able that if the coolant inventory associated with two-phase

Fig. 7. Primary and secondary pressures in the ATWS-32 experiment.
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Table 4
Sequences of events in IMPAM-VVER experiments

Events Time (s)

T2.1 T2.3 T3.2

Break valve opens 0 0 0
Scram is initiated 0 0 0
Pump coast–down is initiated 0 0 0
Accu 1, DC injection starts/ends 49/469 422/742 96/596
Accu 2, UP injection starts/ends 49/469 422/682 96/556
Secondary bleed starts, Twall > 350 �C 1230 – N/A
Primary bleed starts, Twall > 400 �C – – –
LPIS starts, p < 0.7 MPa 1290 1500 1480
Test is terminated 2700 2462 2572
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flow was maintained for a long period, the flow distribution
may have changed as the core decay heat decreases. In par-
ticular, flow may have been lost in additional loops as the
declining steam production rate permitted countercurrent
flow in the loop seals and the loop seals refilled. At low pri-
mary pressures in VVER geometry the flow behavior was
closer to the natural circulation observed in a typical
PWR geometry. The primary pressure directly influenced
the swell levels above the core during boiling and the den-
sity of the steam produced. These effects indirectly determi-
nated many of the most important thermal hydraulic
behaviors in the hot leg.

4. Versatile applications

4.1. Passive safety injection tests

The PACTEL team participated to a EU project inves-
tigating the behavior of PSIS. In Advanced Light Water
Reactors (ALWRs), pump-driven emergency core cooling
systems are replaced by passive safety injection systems,
which are gravity-driven. Passive safety injection systems
often rely on small density differences and driving forces
for natural circulation. In typical LOCA interactions of
different emergency core cooling systems also take place.
These interactions may affect the design of a single core-
cooling system. To ensure the safe operation of ALWRs
it is important to prove that the passive safety injection sys-
tems operate efficiently in all circumstances and that no
undesirable system responses occur. Passive safety systems
are used, e.g. in the Westinghouse AP600 Advanced Pres-
surized Water Reactor (APWR) concept. In this proposed
reactor concept the high pressure safety injection system
has been replaced by two CMT with full system-pressure
(Munther et al., 1995).

The passive safety injection simulation system in PAC-
TEL consisted of a CMT, a PBL, and an IL. The PBL con-
nected one cold leg to the CMT top and the IL connected
the CMT bottom to the downcomer. Hence, these new
installations formed a new route for flow circulation. The
purpose of this passive safety injection system was to pro-
vide high pressure safety injection water to the primary cir-
cuit of a nuclear power plant during loss-of coolant
accidents, in the same manner as in the AP600 reactor
concept.

The PACTEL passive safety injection experiment pro-
gramme included three series with altogether 15 experi-
ments (Tuunanen et al., 2000). In the experiments, all
three loops of the PACTEL rig were in operation. The first
series focused on the break size effects on the PSIS behav-
ior. The second series concentrated on studying the influ-
ence of break location on the PSIS performance. The
third series studied the influences of the CMT position on
the PSIS behavior. For the third series, the CMT was
moved to one-meter higher elevation than in the first and
second series to increase the driving head for PSIS flow.
The main interest in all experiments was in the PSIS behav-

ior. The main phenomena of interest were the PSIS flow
rate, heat transfer to the CMT walls and thermal stratifica-
tion (see Fig. 11) and condensation in the CMT. All exper-
iments studied SBLOCA transients. The CMT was the only
safety injection system in use. The experiments did not
include accident management procedures, such as depres-
surization of the primary or secondary circuits, which are
an important part of the AP600 accident management
strategy.

Three flow regimes for the CMT circuit (i.e.
PBL! CMT! IL) were observed (Tuunanen et al.,
1998a,b), depending primarily on the thermal hydraulic
conditions at the junction between the PBL and the cold
leg (see Fig. 10). The recirculation phase occurred when
single-phase water flowed through the circuit. It was driven
by the hydrodynamic head, which resulted from the initial
temperature difference between the PBL and the CMT.
After a long recirculation period these temperatures might
be equalized and the flow be ceased. The PBL-Cold Leg
junction remained covered during this phase. The ‘injection
phase’ occurred when the PBL entrance was uncovered and
water from the CMT flowed into the primary circuit. The
CMT filled with steam via the PBL. If the PBL connection
was only partially or intermittently uncovered then an
oscillatory phase resulted and there tended to be a two-
phase mixture in the PBL.

4.2. VVER-640 experiments

The VVER-640 type pressurized water reactor concept
is a result of the co-operation between the Russian Ato-
menergoexport, the Gidropress, the Kurchatov Institute
and the NITI Research Center. Based on the experience
of VVER-440 and VVER-1000 reactors, the new design
has been developed for enhancement of safety and econ-
omy (Ermolaev, 1996). The features of this new generation
reactor include conventional and passive safety systems.
The role of the passive heat removal is to be the ultimate
sink, which enables all design basis accidents to be handled
without any need for operator intervention or offsite power
from external sources for at least 24 h. The passive con-

Fig. 10. Flow modes (recirculation, oscillation and injection) of the CMT
in passive safety injection tests.
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cepts assigned special functions to three water-filled vessels
(the reactor vessel, the fuel storage pool and emergency
cooling pool). After a postulated large break loss of cool-
ant accident (LBLOCA), the huge water storage of the
pools should contribute to the long-term cooling of the
reactor by means of natural circulation (see Fig. 12).

Studying the removal of the residual heat of a reactor
in the final stage of a loss of coolant accident was very
important for proving that a nuclear power plant is safe.
In this stage of the accident with VVER-640 reactor con-
cept, the tanks of the emergency core cooling system are
empty and the emergency pool is filled with water. At
this stage of emergency cooling of the reactor, a rather
complex heat transfer mechanism based on natural circu-
lation of the coolant is realized. Key elements and sys-
tems of the reactor installation are involved in this
process. The natural circulation circuit is a system of
three vessels with a free liquid surface. These vessels
are the reactor, the fuel pool, and the emergency pool.
Several pipes connect them to each other, in accordance
with a plan, by which the residual heat of the reactor
is to be removed by using the emergency pool. The reac-
tor pressure vessel is linked to the pools by the following
connection lines: the depressurization equipment system
(DES) hot leg connects the fuel pool to the upper ple-
num. The DES cold leg connects the fuel storage pool
to the downcomer. A level balancing line connects the
emergency cooling pool and fuel storage pools. In case
of a hot leg break, the broken hot leg pipe itself connects
the reactor vessel to the emergency pool across the break.
Should a break occur in the cold leg, the broken cold leg
pipe (from the break to the downcomer) connects the
reactor vessel to the emergency pool.

The steam generated in the core during natural circula-
tion of the coolant through the reactor enters the pressur-

ized containment space. In this way, the steam bubbles
through the liquid layer in the pools. The heat from the
pressurized volume is removed by cooling the outer surface
of the metallic protective shell of the containment. This is
done by using a system of passive heat removal from the
pressurized shell, which also utilizes the principle of natural
circulation of the corresponding coolant. The condensate
formed on the cooled internal surface of the protective shell
is returned to the emergency pool. Thus, the necessary
amount of water is maintained in the emergency pool.
Therefore, during the stage of pool cooling of the reactor,
the thermal hydraulic processes that take place in the reac-
tor, the containment, and the emergency system, are inter-
related. So, to substantiate measures taken in the design for
ensuring safety of the nuclear power unit, we will have to
comprehensively simulate the processes mentioned above.

Russian NITI Institute, in close co-operation with the
Lappeenranta University of Technology, decided to per-
form test series with the PACTEL facility (Bánáti et al.,
2001), which was modified (Fig. 12) as described earlier
in this paper. The main objective of the experiments was

Fig. 11. Temperature distribution in the passive safety injection experi-
ment GDE-43 vs. APROS thermal hydraulic code calculation with the old
and new calculation models.

Fig. 12. Safety systems of the VVER-640 reactor. 1: Lower plenum, 2:
reactor core, 3: upper plenum 4: reactor cavity, 5 and 6: fuel storage pools,
7: steam and non-condensable gases, 8: emergency pool, 9: containment
shroud, and 10: heat removal system.
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to assure that natural circulation begins when core is
heated despite of initially non-existent density differences.
On the other hand, the experiments were planned to prove
that natural circulation is efficient enough to remove the
heat from core even though vessel level decreases continu-
ously and flow changes into two-phase flow. Experiments
1-4 were clearly for varying the position of the leak and
radial distribution of the core power. The purpose of the
experiment number 5 was to investigate a situation, when
the valves both in depressurizing and in level control sys-
tem would not open. In this case the coolant flow path
was only through leakage. The objective was to find out
a certain power level, which can generate a steam flow large
enough to prevent the coolant flow back to the reactor ves-
sel through a horizontal pipeline (see Fig. 13).

4.3. Thermal stratification

Thermal stratification of hot and cold water can take
place in different systems and components in power plants.
A moving or cycling stratification layer may cause thermal
loads to structures and induce leakages in pipes (Kim et al.,
1993). The reason for cyclic behavior may be for example a
leaking valve. A test loop for carrying out experiments to

study thermal stratification and loads in a T-joint of a large
diameter (243 mm) horizontal main pipe and a small diam-
eter (50 mm) vertical dead leg was designed and con-
structed at LUT partly utilizing the PACTEL facility (see
Fig. 14). The experimental set-up was based on the geom-
etry of the connection line between hot and cold legs at the
Loviisa NPP, where cracks near the T-joint caused a leak
from the primary circuit (Hytönen, 1998). The dead leg
had no thermal insulation and its dimensionless length
(vertical length vs. inner diameter of dead leg, y/Ddl) was
24.9.

The flow velocities in the hot (250 �C) main pipe were
high and the flow was fully turbulent. In the cold (25 �C)
dead leg, the flow velocity was small or stagnant, and in
the lower part of the dead leg the flow was laminar. The
thermally stratified layer was located in the upper part of
the dead leg, where transition from turbulent to laminar
flow occurred. The heat loads on walls of the pipes were
measured experimentally and calculated with computa-
tional fluid dynamics (Pättikangas et al., 2001). The mea-
sured and calculated heat loads were used in structural
analysis of the piping system integrity (Pättikangas et al.,
2000). The numerically calculated temperatures and strains
were compared with experiments.

Fig. 13. The PACTEL facility layout in VVER-640 experiments. 1: Emergency pool, 2: fuel storage pool, 3: hot leg, 4: cold leg, 5: DES hot leg, 6: DES
cold leg, 7: level balancing line, 8: downcomer, 9: lower plenum, and 10: core.

H. Purhonen et al. / Annals of Nuclear Energy 33 (2006) 994–1009 1005



In the first case the flow velocity in the dead leg was
very small or almost stagnant, hot water from the main
pipe penetrated into the dead leg and a non-symmetrical
flow pattern developed there. Temperature was highest
on the downstream side where the flow was downwards
and lowest on the upstream side where water returned
into the main pipe. The maximum temperature difference
measured between the downstream and upstream side of
the dead leg was about 10 �C and was located at y/
Ddl = 1.

In the second case there was a small outflow at the lower
end of the dead leg, which changed the temperature distri-
bution completely. The upper part of the dead leg was
occupied by hot water. However, the water was cooled
down by heat convection into the surrounding room as it
flowed downwards through the uninsulated dead leg. As
a result, the temperature gradient became smoother and
no such steep stratification front as in the stagnant flow
case existed any more.

According to the numerical calculations, turbulence
from the main pipe penetrated into the dead leg in the

region of the vortices. Below the vortices, transition from
turbulent to laminar flow occurred. In the laminar
region, the natural circulation was driven by the heat
conducted along the pipe wall. The flow velocities in
the laminar region were smaller than 0.1 mm/s. In the
turbulent region of the dead leg, the temperature was
essentially constant because strong convection and high
turbulent diffusivity smoothed the temperature gradients.
Therefore, the thermally stratified layer was located in
the transition and laminar regions of the dead leg (see
Fig. 15).

Combination of computational fluid dynamics and
structural analysis methods were tested and developed in
the project at VTT. Efforts were put on the determination
of the loading due to water flow and mixing by computa-
tional fluid dynamics. All these loading cases were funda-
mentally based on the experimental tests. The thermal
loads determined with CFD were transferred to structural
analyses using a transfer tool created. The numerical
results were in reasonable agreement with the measured
ones and seemed to be realistic.

4.4. Studies on dissolved non-condensable gases

The effect of non-condensable (NC) gases on the ther-
mal-hydraulic behavior of the nuclear power plants is a
topic of ever increasing interest. The covered spectrum of
situations in which a NC gas could interfere with the
dynamics of the coolant, goes from mid-loop operations
in shutdown conditions at ambient temperature and atmo-

Fig. 14. Set-up of the vertical test branch of PACTEL for the experiments
of thermal stratification.
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Fig. 15. Vertical temperature profile on the downstream side of the dead
leg when the flow velocity in the main pipe is 0.6 m/s and in the dead leg
0 m/s. Simulation results on the inner wall surface obtained with the Yang
and Shih model and with the standard k–e and TLZ models are compared
with the experimental results (black bullets).
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spheric pressure where air is the NC gas, to severe accidents
where hydrogen gas is produced by the oxidation of the
fuel cladding.

In case of a sudden blow-down, the degassing of nitro-
gen gas in the primary circuit can block coolant flow and
deteriorate heat transfer in the steam generators. This has
a strong effect on the natural circulation of coolant, which
is needed for the safe cooling of the fuel. One should not
forget accidents that involve the LOCA, during which
nitrogen gas that pressurizes the accumulators could escape
into the primary circuit.

A series of experiments aimed at studying the effects of
non-condensable gases on system thermal-hydraulics and
on heat transfer in a horizontal steam generator have
been carried out with the PACTEL facility (Purhonen
and Puustinen, 2001). Only one primary loop of PAC-
TEL was in operation and the flow mode has been natu-
ral circulation. Either full primary system or about 50%
reduced coolant inventory was used. Compressed air
and bottled helium gas have acted as non-condensable
gases. The gas was injected periodically into the system
at the vertical section of the piping below the steam gen-
erator. After each gas injection, the system was allowed
to stabilize.

In the test with the full primary system, NC gas first
occupied the top part of the horizontal steam generator
tube bundle and only the few lowest tubes took part in
the heat transfer process. As the steam generator was
totally filled with gas, primary loop flow stagnated. How-
ever, the flow resumed soon after the gas volume com-
pressed due to pressure increase of the primary side
resulting from the interrupted heat transfer. In the test
with the reduced coolant inventory, vapor flowed through
the uppermost tubes and condensed there. The middle
and bottom sections of the steam generator tube bundle
were filled with gas and formed a passive zone. After
each gas injection, a new pressure level was found, where
the heat produced in the core was in balance with the
heat transfer to the secondary side and with the heat
losses.

Non-condensable gases can originate either from the
nitrogen dissolved in the water of the emergency core
cooling system and released after a depressurization tran-
sient, from the injection of nitrogen by the accumulators
following a loss-of-coolant accident, or from the hydro-
gen and/or fission product gases produced in the core
in case of a severe accident. Typically, in all cases the
primary coolant pumps have stopped and the heat trans-
fer is via natural circulation. The system response to the
presence of non-condensable gas depends on the gas in
question.

A new model of release-dissolution of non-condensable
gas has recently been developed for the French CATHARE
code by CEA-Grenoble and implemented at LUT (Sarrette
and Bestion, 2003). Results of a series of separate effects
experiments performed with the PACTEL facility at LUT
were used to assess this model.

5. Future plans

In Finland there is now an EPR type nuclear power plant
being constructed by TVO. Finland has always tried to have
independent possibilities to study the reactor types, which
we have. Therefore, a decision was made to modify integral
test facility PACTEL to become the PWR PACTEL. New
straight primary circuits will be constructed and connected
to the downcomer and core at equal levels. Two vertical
steam generators will be added. However, the present hori-
zontal steam generators will not be removed and thus the
largest VVER-440 facility in the world, VVER PACTEL
is not destroyed. It can be easily reconstructed if needed.

The main goals of the project are the following: to
increase the knowledge of the EPR type pressurized water
reactor, which is a new reactor type for Finland. Secondly,
there are some novelties in the accident management proce-
dures of EPR not used in any other PWRs. Finally, there
still exist some unsolved safety questions of PWRs, which
are being intensively studied in the world, and this common
task will be participated with both experimental and ana-
lytical studies. PWR PACTEL facility is small and flexible
with modest operating costs, thus the number of tests can
be more abundant. Deep understanding of physical phe-
nomena and confidence on the analysis accuracy can only
be achieved by sufficient amount of experimental and ana-
lytical sensitivity studies.

The first experiments to be carried out would concern
loss of residual heat removal (RHR) situation during
mid-loop operation. These types of experiments have
recently been carried out in OECD projects in the PKL
facility (Schoen and Umminger, 2003). In one of the mid-
loop tests in PKL, the E3.1 test, a very low borated plug
was formed momentarily in one of the loops. Reason for
this was flow reorganization in the steam generator. Com-
puter codes have difficulties to predict this complicated
physical phenomenon, which has large effect on the boron
dilution. The instrumentation of the new vertical steam
generators will be especially designed to focus on data col-
lection for understanding of this phenomenon. The second-
ary side of one steam generator is planned to be used either
closed or fully open. The open pool conditions give a
unique freedom for versatile instrumentation, e.g. includ-
ing cameras and plenty of temperature measurements three
dimensionally.

PWR PACTEL will mainly act as a code validation
facility with the main target in studying basic physical phe-
nomena. The facility is not straightly a model of an existing
plant. However, the scaling compared to EPR will be about
1:2 in height and 1:474 in volume. The centers of gravities
of core and steam generators are in the same scale and the
important steam generator tube length/diameter ratio
about 70. The maximum pressures in the primary and sec-
ondary circuits will be 80 and 45 bar, respectively, allowing
thus a reasonably high starting point on secondary circuit
feed-and-bleed studies, which are one of the planned acci-
dent management cases, see Table 5.
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International community will be offered a possibility
to participate in the project. The common planning and
even some counterpart tests with the other existing
PWR integral test facilities PKL and ROSA could effec-
tively complement the spectrum of conditions covered by
the tests. The scaling of the facilities are 1:474, 1:145 and
1:48 for PWR PACTEL, PKL and ROSA, respectively,
Table 6. Thus there are optimal conditions for scaling
effect studies, which are indispensable for the final goal
to carry out reliable safety analyses for real plants in
scale 1:1.

6. Conclusions

The research activities at the PACTEL facility has pro-
vided large amount of data during the 15 years of its oper-
ation. The integral experiments have extended the
understanding of the VVER-440 type reactor system
behavior in various planned recovery procedures during
accidents and operational transients. PACTEL has been
used also for versatile applications outside the VVER-440
set-up.

The safety analysis of the nuclear power plants is mainly
based on computer code analysis. However, to ensure the
reliability of the computer models, the codes have to be val-
idated against experimental data. Experimental work on
thermal hydraulics also enhances possibilities to develop
new, better physical models to the codes for plant design
and safety analysis. New design features can also be

checked straight with experiments. Lappeenranta Univer-
sity of Technology is the only institute in Finland, in which
integral and large-scale tests for nuclear power plants can
be performed. PACTEL experiments have also provided
unique data internationally.

Finland has recently made a decision to build a new
nuclear reactor unit, which will be equipped with vertical
steam generators. This fact suggested a new idea to provide
the PACTEL facility with vertical steam generators, to
become the PWR PACTEL. This new configuration is
introduced by adding vertical steam generators, without
removing the original horizontal ones. This plan has been
found to be technically possible, and it will not exclude
the VVER-440 simulation possibilities with reasonable
effort if needed. The new flexible and economical test facil-
ity is also offered to be used in common international
projects.
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Bánáti, J., Virtanen, E., Purhonen, H., Alexandrine, S., Volkova, S.N.,
2001. Experimental and Numerical Study of Long-Term Cooling of
VVER-640 Reactor in the Pactel Facility Using Thermal Hydraulic

Table 5
Accident management studies planned for PWR PACTEL

Type of EPR accident situation possible
to study with PWR PACTEL

Phenomena studied especially Additional phenomena studied

Management of small break loss
of coolant accidents (SBLOCA)

Effectiveness of secondary depressurization,
effectiveness of cooling

Behavior of non-condensable gases

Management of primary-to-secondary
leakages (PRISE)

Anticipated transient without scram
(ATWS) experiments

Transfer of high amount of power from primary
to secondary side with natural circulation

Feed-and-bleed conditions
in primary circuit

Stability of natural circulation

Steam line breaks (SLB) Water level measurement in secondary side of
steam generators

Table 6
Comparison of integral test facilities

PWR PACTEL PKL ROSA

SG tube diameter (mm) 13/16 19.6/22.0 19.6/25.5
Average SG tube length (m) 8.8 �20 19.7
SG heat transfer area (m2) 16.8 35.2 222
SG tube length/diameter ratio 67.7 �100 100
Number of SG tubes/SG >38 28 149
Number of instrumented tubes/SG �10 3 6
Primary/secondary pressure (bar) 80/45 45/56 160/73.4
Volume scale 1:474 (against EPR, height about 1:2) 1:145 1:48

1008 H. Purhonen et al. / Annals of Nuclear Energy 33 (2006) 994–1009



Codes. 9th International Conference on Nuclear Engineering ICONE-
9, April 8–12, Nice Acropolis, France.

Ermolaev, V., 1996. VVER-640, Capitalizing on passive safety features.
Nuclear Engineering International (October), 17–19.

Ezsol, G. et al., 1989. IAEA-SPE-3; Specifications for the Third IAEA-
PMK-NVH Standard Problem Exercise. Central Research Institute of
Physics, Budapest, Hungary.

Kalli, H., Miettinen, A., Purhonen, H., D’Auria, F., Frogheri, M.,
Leonardi, M., 1995. Quantitative code accuracy evaluation of ISP33.
In: Proceedings of the 7th International Meeting on Nuclear Reactor
Thermal-Hydraulics, NURETH-7, Saratoga Springs, New York,
USA, September 10–15.

Kervinen, T., Hongisto, O., 1986. Natural circulation experiments in the
REWET-III facility. In: Proceedings of the International ANS/ENS
Topical Meeting on Thermal Reactor Safety, San Diego, USA, pp.
XVIII4.1–XVIII4.8.

Kim, J.H., Roidt, R.M., Deardorff, A.F., 1993. Thermal stratification and
reactor piping integrity. Nuclear Engineering and Design 139, 83–95.

Lomperski, S., Kouhia, J., 1994. Natural circulation experiments with a
VVER reactor geometry. Nuclear Engineering and Design 147, 409–
424.

Hytönen, Y., 1998. Two Leakages Induced by Thermal Stratification at
the Loviisa Power Plant. NEA/CSNI Specialists’ Meeting on: Expe-
riences with Thermal Fatigue in LWR Piping Caused by Mixing and
Stratification, 1998, 13 p.

Munther, R., Kalli, H., Kouhia, J. 1995. Condensation during gravity
driven ECC: Experiments with PACTEL. In: Seventh International
Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-
7), September 10–15, 1995, Saratoga Springs, USA.

Plit, H., Porkholm, K., Hänninen, M. 1997. Validation of the Apros
thermal hydraulics against the Pactel test facility. In: Proceedings of
Eight International Topical meeting on Nuclear Reactor Thermal-
Hydraulics, NURETH-8, Kyoto, Japan, September 30–October 4.

Purhonen, H., 2004, Pactel Experiments. Summary report, EU Project
IMPAM-VVER, Research Report, Lappeenranta University of
Technology.

Purhonen, H., Puustinen, M., 2001. Integral system and horizontal steam
generator behavior in noncondensable gas experiments with the
PACTEL facility. In: Proceedings of Fifth International Seminar on
Horizontal Steam Generators, Acta Universitatis Lappeenrantaensis
110, Lappeenranta University of Technology.

Purhonen, H., Kouhia, J., Holmström, H., 1994. ISP-33 OECD/NEA/
CSNI International Standard Problem No. 33, PACTEL Natural
Circulation Stepwise Coolant Inventory Reduction Experiment. Com-
parison report, vols. I and II, VTT Energy.

Purhonen, H., Kouhia, J., Kalli, H. 1995. ISP-33 Standard problem on the
PACTEL facility. In: Seventh International Topical Meeting on
Nuclear Reactor Thermal Hydraulics (NURETH-7), September 10–
15, 1995, Saratoga Springs, USA.

Puustinen, M., 2002. Natural circulation flow behavior at reduced
inventory in a VVER geometry. Nuclear Engineering and Design
215, 99–110.

Pättikangas, T., Puustinen, M., Purhonen H., Calonius, K., Saarenheimo,
A., 2000. Loading to Structures due to Thermal Stratificaton in a T-
joint of hot and Cold Pipes. VTT Research Notes 2057, Espoo, 113 p.

Pättikangas, T., Manninen, M., Karppinen, I., Puustinen, M., 2001. CFD
Simulations of Thermal Stratification in Piping System Dead Legs.
VTT Energy Reports 23/2001, ISSN 1457-3350, 48 p.

Riikonen, V., 1995. Steam Generator Multiple Tube Rupture Experiments
on the PACTEL Facility, VTT Energia, TEKOJA 5/95, 21.08.1995.

Riikonen, 1996. Steam Generator Multiple-Tube Rupture Experiments on
the PACTEL Facility with the New Steam Generators, VTT Energia,
TEKOJA 8/96, 19.12.1996.

Riikonen, V., 1997. ATWS Experiments with PACTEL: Natural Circu-
lation, VTT Energia, TEKOJA 2/97.

Riikonen, V., 1998. ATWS Experiments with PACTEL: Pressurizer
Experiments, VTT Energia, TEKOJA 1/98.

Riikonen, V., 2000. Steam Generator Collector Rupture Experiments
(PSL10 and PSL11) on the PACTEL Facility, Technical Report
TOKE 2/2000, VTT Energy.

Riikonen, V., Kouhia, J. 1999. ATWS Experiments with PACTEL:
Control Rod Withdrawal Experiment with Core Power feedback.
Technical Report TOKE 2/99, VTT Energy.

Sarrette, C. and Bestion, D. 1997. Analysis of non-condensable gas effect
during small break transient in VVER 440 geometry with CATHARE2
V1.3L. In: Eighth International Topical Meeting on Nuclear Reactor
Thermal Hydraulics (NURETH 8), Kyoto, Japan, September 30–
October 4.

Sarrette, C., Bestion, D., 2003. Study of release of nitrogen gas dissolved
in water during depressurisation – application to primary circuit of
PWR. Nuclear Engineering and Design 224, 3.

Sarrette, C., Kouhia, J., Purhonen, H., Bestion, D., 1999. Non-condens-
able gas release and dissolution: analytical experiment and calculation
with Cathare2 V1.3L. In: Ninth International Topical Meeting in
Nuclear Reactor Thermal Hydraulics (NURETH 9), San Francisco,
California, October 3–8.

Schoen, B. Umminger, K. 2003. Loss of Residual Heat Removal in 3/4
Loop Operation with the Reactor Coolant System Closed. Test PKL
III E3.1.FANP TGT1/03/en/10.

Tuunanen, J. et al., 1998. General Description of the PACTEL Test
Facility. VTT Research Notes 1929.

Tuunanen, J., Riikonen, V., Kouhia, J., Vihavainen, J., 1998b. Analyses of
PACTEL passive safety injection experiments GDE-21 through GDE-
25. Nuclear Engineering and Design, ISSN00295493 180 (1), 67–91.

Tuunanen, J., Vihavainen, J., D’Auria, F., Frogheri, M., Galassi, G.M.,
Kimber, G., Lillington, J., Allen, E., Williams, T.G., 2000. Analyses of
PACTEL passive safety injection experiments with APROS, CAT-
HARE, and RELAP5 codes. Nuclear Engineering and Design 198 (3),
261–286.

Virtanen, E., Haapalehto, T., Kouhia, J. 1995. Analysis of steam
generator loss of feed water experiments with APROS and
RELAP5/MOD3.1 codes. In: Seventh International Topical Meeting
on Nuclear Reactor Thermal Hydraulics (NURETH-7), September
10–15, 1995, Saratoga Springs, USA.

H. Purhonen et al. / Annals of Nuclear Energy 33 (2006) 994–1009 1009



Publication II

Holmström H., Toth, I., Prasser, H.-M., Kantee, H., Elter, J., Purhonen, H., Sabotinov, L.,
Macek, J., Kvizda, B., Matejovic, P. & Kolev, N. 2003. Improved Accident Management of
VVER  Nuclear  Power  Plants  (IMPAM-VVER).  Proc.  of  FISA-2003,  EU  Research  in
Reactor Safety, Luxembourg, November 10-13, 2003. Proc. Edited by G. van Goethem et al.
EUR 21026. ISBN-92-894-7803-9. pp. 524-529.





IMPROVED ACCIDENT MANAGEMENT OF
VVER NUCLEAR POWER PLANTS (IMPAM-VVER)

H. Holmstrom¹, I. Toth², H.-M. Prasser³,  H. Kantee ,  J. Elter , H. Purhonen ,
L. Sabotinov , J. Macek , B. Kvizda , P. Matejovic10 and N. Kolev11

1) VTT Processes, Espoo (FIN)
2) KFKI AEKI, Budapest (HU)
3) FZR, Rossendorf (DE)
4) Fortum NS, Vantaa (FIN)
5) Paks NPP, Paks (HU)
6) LUT, Lappeenranta (FIN)

7) IRSN, Paris (FR)
8) NRI, Rez (CZ)
9) VUJE, Trnava (SL)
10) IVS, Trnava (SL)
11) INRNE, Sofia (BL)

SUMMARY

In some beyond-design-basis VVER small break LOCA scenarios it has been found
out that there may be problems to depressurise the primary system effectively enough in
order to allow the coolant injection from the low-pressure ECC system. The main objective
of the IMPAM-VVER project is to investigate which means and criteria for starting
depressurisation measures, like feed and bleed, would be most efficient.  It will also assess
whether the com-puter codes can adequately predict the important phenomena at low
primary inventories and at high temperature core processes. Two major VVER-440 test
facilities and several advanced computer codes are being utilised in the project.

The IMPAM-VVER Project is still under way. It will be concluded in June 2004. At
the time of completing this paper four experiments had been carried out before summer
2003, and four more will be performed in autumn. Only a few results and very preliminary
conclusions from the first tests and analyses can be presented here.

A. INTRODUCTION

Accident management in all VVER countries has not reached as advanced state as in
Western countries. There is strong European interest to further ensure that VVER reactors
are operated safely everywhere, and a need for practical safety research results that can be
utilised in all VVER countries.

The  objective  of  the  project  is  to  resolve  a  relevant  safety  issue  identified  in  recent
safety analyses. The resolution of the issue requires experimental investigation followed by
analyses of the results, including computer code application and specific validation. The
project utilises two unique integral VVER-440 test facilities, the Hungarian PMK-2 and the
larger Finnish PACTEL. The other participating countries provide valuable additional
expertise especially with regard to special instrumentation and analytical tools. The
participation of VVER utilities ensures the practical value of the project.B.

B WORK PROGRAMME
The main objective of the project is to investigate the effective means and criteria for

primary depressurisation during SBLOCA. It primarily focuses on experimental
investigation. The project is divided into two main work packages:



WP 1 "Experimental investigation on effective means and criteria for primary
depressurisation including feed and bleed"

The main objective is to investigate experimentally which means and criteria for
starting depressurisation measures, like feed and bleed, would be most efficient. Two test
facilities of different scale will be used for the experiments. The Research Centre
Rossendorf  will provide advanced void probes to both facilities.

WP 2 "Analytical evaluation of system code capabilities to predict phenomena
during primary depressurisation and application to large real NPPs"

The objective is to assess whether the computer codes can adequately predict certain
important phenomena like the effect of steam generator reverse heat transfer at low primary
inventories and at high temperature core processes. The computer codes will also be applied
in  the  analyses  of  large  real  VVER  NPPs  in  order  to  confirm  the  applicability  of  the
experimental results to NPPs and study the scaling effects.

a)  PMK-2 Test Facility

The Paks Nuclear Power Plant is equipped with VVER-440/213-type reactors. Such
plants are slightly different from Western PWRs and have a number of special features.
These features affecting NPP behaviour during transients includea special core design, a 6-
loop primary circuit, horizontal steam generators, loop seals in hot and cold legs, safety
injection tanks (SITs) with set-points pressures higher than the secondary pressure, and the
SIT coolant injected directly to the upper plenum and downcomer.

The PMK-2 facility (Figure 1) is a scaled-down model of the Paks NPP. It is a full
pressure model of the plant with a volume and power scaling of 1:2070. Due to the
importance of gravitational forces the elevation ratio is 1:1 except for the lower plenum and
pressuriser . The six loops of the plant are modelled by a single active loop.

The core model consists of 19 electrically heated rods with a uniform power distribution. In
the core the heated length, spacer type and elevations, as well as the channel flow area are
the same as in the Paks NPP. The main circulating pump of the PMK-2 serves to produce
the nominal operating conditions and to simulate the flow coast-down following pump trip.
The  pump cannot  be  used  in  two-phase  conditions,  and  is  located  in  a  by-pass  line.  Flow
coast-down is modelled by closing a control valve. For natural circulation the by-passed
cold leg part is opened. The horisontal VVER-440 steam generator is modelled in PMK by
horizontal tubes between hot and cold vertical collectors in the primary side. In the
secondary side steam/water volume ratio is maintained. The four SITs are modelled with
two vessels connected to the downcomer and upper plenum. The high and low-pressure
ECC injection systems are modelled by the use of piston pumps. In the first design of the
PMK-NVH facility  only  the  primary  circuit  of  plant  was  modelled.  This  version  was  used
until 1990. The PMK-2 facility is an upgraded version - first of all by addition of a
controlled secondary heat removal system - extending the capability of the test loop to
transient processes initiated by events in the secondary circuit.



b) PACTEL Test Facility

PACTEL (Figure 2) is a test facility designed to model the thermal-hydraulic
behaviour of a 6-loop VVER-440 pressurised water reactor. PACTEL simulates the major
components and systems of the reference PWR, making it possible to examine postulated
small- and medium-size break LOCAs and operational transients.

      Figure 1.  PMK-2 facility scheme               Figure 2. PACTEL facility

PACTEL is a three-loop volume-scaled model (1:305). To ensure that the
gravitational forces remain equal to those in the reference reactor, the major components
and systems in the PACTEL preserve 1:1 elevation equivalence to the reference reactor.
Preserving the elevation equivalence and scaling by volume results in relative small
hydraulic diameters.

The PACTEL steam generator tube diameters and the tubes' angle-of-inclination are the
same as in the reference reactor. Primary-side volume scaling while preserving elevation
equivalence results in shorter tubes with double the vertical spacing. This has also resulted
in oversized secondary-side volumes.

c)  Work Package 1: Experimental Work

The aim of WP 1 is to investigate effective means and check criteria for primary
depressuri-sation during SBLOCA. Different procedures e.g. for feed and bleed and for
stopping the HPSI pumps will be investigated experimentally. FZR will deliver and install
advanced local void fraction probes for both test facilities. Three types of tests are being
carried out:



c1. Investigation of the post-LOCA cool down procedure (Test 1)
In some SBLOCAs an equilibrium between break and HPSI flows is established at

high system pressure. Computer analyses show that stopping the HPIS pumps one by one
may not lead to decreased system pressure. The aim of the test 1 (only PMK-2) is to check
whether the pumps can be stopped without the primary system getting saturated. The tests
will reproduce the processes of the post-LOCA cool down procedure. To decrease the
system pressure and cool down the plant the following measures will be modelled: 1)
secondary controlled blow-down, 2) use of pressuriser spray, and 3) stopping of HPSI
pumps one by one.

c2. Investigation of the starting conditions for the primary feed and bleed (Test series2)
In  the  case  of  primary  loss-of-coolant  without  HPSI  the  goal  is  to  reduce  primary

pressure in order to allow injection from the LPSI. In these situations it may be too late to
start feed and bleed at superheated core outlet temperature, if the accumulators are no
longer available. Loss of primary coolant may lead to core overheating before the pressure
decreases to the LPSI operating pressure. Three different tests has/will be performed.

(a) Test 2.1 (PMK and PACTEL) reproduced the procedure steps for a larger SBLOCA
(7,4%). A reduced number of hydro-accumulators were assumed to be available and the
secondary side was blown down in order to allow the content of the accumulators to enter
the primary. Since no HPIS is functioning, core overheating occurred after emptying of the
accumulators, and the primary feed and bleed (F&B) was started at high core outlet
temperature as defined in the procedures. The aim was to investigate whether LPSI
injection can be started before renewed core overheating occurs.

(b) Since it was expected that in test (a) F&B will not result in long-term cooling of the
core by LPSI, Test 2.2 (only PMK) reproduced test 2.1 but with the F&B started earlier.

(c) Test 2.3 will be a counterpart test for PMK and PACTEL with a reduced initial primary
pressure of 75 bar (maximum for PACTEL). It also reproduces test 2.1 but with reduced
accumulator pressure of 35 bar and increased water level.

c3. Other investigations (test series 3)
If F&B is started while the secondary pressure is higher than the primary pressure,

LPSI water filling up the system may be evaporated in the steam generator. This may lead
to an increase of the primary system pressure and stop the low-pressure injection. The
steam generator models of the codes should be validated in these conditions. Test 3.1 is
similar to 2.1, but without secondary bleed, and will be carried out only with PACTEL.
Primary bleed will be started at high core outlet temperature to allow accumulator injection.
But it may not necessarily effectively reduce system pressure.

Test 3.2 will investigate whether a single LPSI train can effectively prevent core heat-up
during a 20% SBLOCA starting from shut-down conditions, with the pressurizer filled with
nitrogen. It will be carried out only with PMK.

d) WP2: Analytical Work (Code Calculations)

The objective of work package 2 is  the evaluation of system code capabilities to predict
phenomena during primary depressurisation processes against experimental data produced
in two different size test facilities, thus addressing the important scaling effects. The scaling



effect is also addressed by analyses of corresponding transients in different real VVER-
NPPs (Paks, Dukovany, Mochovce and Kozloduy). Several advanced computer codes will
be used, e.g. CATHARE, ATHLET, APROS and RELAP5.

C.  MAIN ACHIEVEMENTS

As it was considered particularly important to handle the heat losses of the test
facilities properly, it was decided to address this issue first.  A study was first performed on
how other test facilities had determined their heat losses, and then new heat loss
experiments were conducted with both facilities resulting in new values for the heat losses.

The first PMK test was delayed by several months with regard to the original schedule for
different reasons. Finally the test was carried out successfully on April 10, 2003. PMK tests
2.1 and 2.2, and the first PACTEL test 2.1 were then performed before summer holidays
2003.

The objective of PMK test 1 was to reproduce major phenomena occurring during a post-
LOCA cool-down and to check the uncertainties in the applicable procedures. It
successfully reproduced all important expected events, and supplied valuable information
for code assessment in the following fields:

Pressurizer refill behaviour: the level increase was faster than expected. In spite of  fast
pressurizer level increase the system pressure continues to decrease in the refill phase.
Pressurizer spray effectiveness: the test results seem to indicate that the effect of
spraying in the pre-test analysis was over-estimated.
Effect of stopping HPIS pumps: the data can be used to study the period of imbalance
between HPIS and break flow rates.
Secondary bleed: the test data support findings of the pre-test analysis that the
secondary bleed action has relatively small influence on the overall primary system
behaviour.
Primary system subcooling: the test results confirmed the pre-test analysis indicating
that the primary system subcooling is rather high throughout the transient, but voiding
in the vessel upper head can not be avoided.

The objective of PMK test series 2 is to simulate a SBLOCA without high-pressure
injection and investigate the effectiveness of secondary and primary bleed to activate low-
pressure ECCS and limit core heat-up. Pre-test analyses with RELAP5 and ATHLET seem
to indicate that the Paks NPP EOP starting conditions of primary bleed would assure low-
pressure injection in time to recover core heat-up.

Tests 2.1 and 2.2 have been performed so far. Test 2.1 followed the philosophy of
EOPs by starting secondary and primary bleed on high core outlet temperatures. Test 2.2
repeated the test with secondary bleed as early in the transient as possible (at 900 s) and
starting primary bleed at cladding temperature of 3000C. Results of both tests contradict the
conclusions of pre-test analyses: even with the very early bleed in test 2.2 the core over-
heating reached 6000C (core power cut-off) before LPIS could have started. In the analyses
the LPIS injection limited the core temperature excursion to about 800 °C, while in the test
– due to core temperature excursion starting at higher core level – this value would have
been substantially exceeded. It will be the role of post-test analyses to resolve this
contradiction.

However, in PACTEL test 2.1, which is very similar to the PMK test 2.1, but
started from a lower pressure (75 bar), the core temperatures stayed below 450 oC all the
time (and the primary bleed did not have to be started at all). The first mild heat-up took



place at 1100 s, the secondary bleed started at high core outlet (upper core) temperature,
and  the  core  was  cooled  down.  The  LPIS was  started  at  the  primary  pressure  of  7  bar  at
1250 s. Contrary to the PMK tests the pre-test analyses predicted the PACTEL test quite
well. The first sensitivity studies seem to indicate that use of proper CCFL models is
important. CCFL plays a key role in core uncovery and core heat up, and thus has an impact
on the operator actions.

D.  DISSEMINATION AND EXPLOITATION OF THE RESULTS

The objective of the project is very practical. It has been found out that there may be
problems in depressurising the primary system efficiently enough in some beyond-design-
basis SBLOCA scenarios in order to allow the low pressure ECC injection into the primary
system to prevent the core from overheating. The main result will be an answer to the
question "Should changes in current depressurisation practices be considered in order to
make them more efficient?". The answer will include a description and analyses of the
possible problems, as well as recommendations for further investigations and possible
actions, e.g. changes in emergency operating procedures.

The use of the project results depends on the results and their quality. If the results indicate
that current depressurisation practices are not optimal, further investigations are needed in
order to decide what changes should be made, if any. The decision makers will be the
corresponding utilities and the authorities. The results of this project will give them valuable
information. If there is no indication for a need for changes in depressurisation practices, the
results will not be used much further. However, even in this case the data will be useful for
computer code assessment, and the VVER utilities and authorities in other countries may
use the results in order to check the relevance of the results for their NPP EOPs.

 E.  CONCLUSIONS

The project is still under way with half of the experiments still to be performed. It is
too early to present other than some preliminary conclusions, which have been presented
above.
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ABSTRACT

This paper presents a study of the effect of the dissolution of noncondensable gas in liquid
phase and its possible release in the gaseous phase applied to the nuclear safety analysis. In the
primary circuit of a Nuclear Power Plant, noncondensable gas could originate either from the
nitrogen dissolved in the water of the accumulators of the Emergency Core Coolant System
(ECCS), or from the hydrogen yielded in the core in case of severe accident. Released in the
gaseous phase in the primary circuit, noncondensable gas could affect the onset of natural
circulation in the primary circuit, particularly during a depressurization. Such depressurization
processes are observed during small break loss-of-coolant accidents. The release of a dissolved
noncondensable gas from the coolant, during depressurisation, could initiate large bubbles
formation in the Main Coolant Pump’s (MCP’s) casing and in the steam generator tubes.
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Results of a series of three analytical experiments carried out with the pressurizer of the
PACTEL facility (VTT/LUT) /1/ are presented. These experiments aim to study the phenomena
associated with nitrogen gas release from the water during depressurisation, in particular to give
an estimation of the time constant associated with the release τrel.

These experimental results are used to validate a model of release and dissolution which
has been implemented in the thermal hydraulic code CATHARE for nuclear safety analysis /2/ in
the frame of a collaboration between LUT and CEA-Grenoble. In the standard version of the
code, the noncondensable gas is assumed to be present only in the gaseous phase. So a new model
of dissolution in water of one noncondensable gas has been developed by CEA-Grenoble and
implemented by LUT for CATHARE2 V1.3L. The presented study includes comparison between
experimental and simulation results for one of the tests.

1. INTRODUCTION

In spring 1998, VTT Energy and Lappeenranta University of Technology (LUT) carried
out a series of three analytical experiments (referred to as tests RUN-1, RUN-2, and RUN-3) to
study the release of dissolved nitrogen gas from liquid during a depressurization. The set of tests
was performed by using applicable parts of the PACTEL test loop. The PArallel Channel TEst
Loop (PACTEL) is a medium scale integral test facility (full height, volumetrically scaled, 1:305)
designed to simulate thermal-hydraulic phenomena characteristic in VVER-440 type nuclear
power plants /1/.

The aim of the study was to examine release of noncondensable (nitrogen) gas from liquid
during a depressurization in a vertical cylindrical pipe. In this series of tests, two components of
PACTEL were used: the pressurizer and the accumulator. Either of the parts was used like they
are normally used in the PACTEL experiments, but test designers chose these components
because of their adequate geometry (mono-dimensionality of the flow in the pressurizer) and
design parameters (regarding the range of the operating pressure). In this paper, we call the
pressurizer as the test section and the accumulator as the release tank.

This report describes the background for this study in Chapter 2. Chapter 3 presents the
geometry and measurement instrumentation of the test facility besides the operating procedure
used for the tests. Chapter 4 highlights the main findings of the series of experiments. Chapter 5
compares the data obtained with the test RUN-1 and the post-calculation results obtained with the
CATHARE code including the model for dissolution and release of the nitrogen gas. Finally, in
Chapter 6, the results are discussed.

2. BACKGROUND

Noncondensable gases could have a strong effect on the natural circulation, particularly
during a depressurization of the primary circuit. Such depressurization processes are observed
during small break loss-of-coolant accidents. Noncondensable gas could originate either from the
nitrogen dissolved in the water of the accumulators of the Emergency Core Cooling System
(ECCS) or from the hydrogen produced in the core in case of severe accident.
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According to the Henry’s law /3/, the solubility of noncondensable gases in liquid depends
mainly on pressure and temperature, solubility of gas increasing with pressure. In the case of
nitrogen, the solubility of gas increases also with liquid temperature, if this temperature is higher
than 84 oC. If liquid temperature is less than 84 oC the solubility of nitrogen gas decreases when
liquid temperature increases /3/.  Variations in pressure will induce either prompt release of the
dissolved noncondensable from the water-noncondensable gas mixture, or rather slow dissolution
of the noncondensable gas from the steam-noncondensable gas mixture. Hence, water in the
ECCS accumulators (which are pressurised at 5.5 MPa) staying in contact with the cover nitrogen
will dissolve a certain amount of nitrogen. Symmetrically, the dissolved nitrogen will be released
from the liquid bulk if the gas pressure decreases (Figure 1). Two different time constants are
associated with the dissolution and the release. The exact knowledge of the time constant
associated with the dissolution is not so important because the pressure will probably decrease in
the studied transients. In the calculations presented in this paper, the dissolution time constant is
set to 100 seconds.

Figure 1. Level behavior during the tests

The time constant associated with the release is of particular interest: the release
phenomenon comprises two steps. Firstly, when the threshold pressure is reached, the release
produces the noncondensable gas microbubbles, which may coalesce. The associated time is
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called τb. Secondly, the stratification of the bubbles occurs in volumes of the primary circuit such
as, the top of the downcomer, the upper-plenum, and the top of the MCP’s. The gas rising time τgr

measures this stratification capability. It is not easy to make the difference between the time
constants τb and τgr experimentally. Hence, the time constant associated with the release τrel is the
sum of τb and τgr. The purpose of the experiment was to estimate the time constant associated with
the release τrel of nitrogen gas.

3. TEST FACILITY DESCRIPTION

Two components of the PACTEL test loop were used in this study: the pressurizer and the
accumulator. We call these PACTEL parts as test section (pressurizer) and release tank
(accumulator) in this paper. The test section was a 8.8 m long vertical pipe and the inner diameter
was 139.7 mm. Figure 2 shows the test section.

3.1 Measurement Instrumentation

K-type thermocouples were used for temperature measurements in the test section and in
the release tank. The uncertainty of the measured values was ±3 ºC. Figure 2 shows the
thermocouple locations in the test section. The measurement point in radial direction was close to
the centre line of the pipe.

A chain of differential pressure transducers measured the collapsed level profile in the test
section. There were altogether seven differential pressure measurements. Five measurements
were spaced 1.40 m each, and the topmost transducer had elevation difference of 1.45 m
(accuracy ±0.1 kPa). There was also a differential pressure transducer over the whole test section
(DP7). Differential pressure transducers were numbered from the bottom to the top: from 1 to 6.
Corresponding sections referred in this paper are numbered accordingly from 1 to 6. Pressure was
measured at the top of the test section and in the release tank (accuracy ± 0.03 MPa).

Measurement of nitrogen quantity dissolved in water was not made. Nevertheless,
assumption is made that water was saturated or nearly saturated in dissolved nitrogen at the
beginning of the test RUN-1 and the test RUN-3. This assumption was confirmed by the
calculation of the balance of the nitrogen quantities /4/.

3.2 Test Procedures

In this series of experiments, the test section was connected to the release tank with a
release valve at the top of the test section. First, the test section was full of water. Then, operators
injected nitrogen gas through a nozzle at the bottom of the pressurizer. This procedure accelerates
the mixing of nitrogen with water to reach saturation. Simultaneously to the nitrogen injection,
water was drained from the test section. The initial water level in the test section was set at two
third of its height: at 2 cm below the thermocouple TF5800 (in Section 4) (see Figure 2). The
level setpoint was a compromise of two factors. On one hand, the amount of nitrogen dissolved in
the water should ensure the largest possible displacement of the level hN2 during the release of
nitrogen. On the other hand, the volume of nitrogen above the water level should be large enough
to prolong the duration of the blowdown (typically hundreds of seconds).
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Figure 2. Test section geometry and instrumentation.

For all the tests, the initial temperature of the water in the test section was set to 33 ºC,
and the temperature of the gas volume was initially 27 ºC. The water was assumed saturated in
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nitrogen. It should be pointed out, that under such pressure and temperature conditions, nitrogen
gas behaves approximately as an ideal gas (at P = 5.5 MPa and 0 ºC  <  T < 33 ºC, the
compressibility factor of nitrogen varies between 0.98 and 0.99).

The release valve at the top of the test section was used to depressurize the vessel. Before
the release valve (in direction of flow) there was an orifice plate. The diameter of the orifice (2
mm) was chosen so, that the flow rate through it was critical most of the time under considered
pressure conditions. The nitrogen dissolved in the water makes bubbles in the liquid when release
valve is open. These nitrogen bubbles rise towards the free surface and reach the gaseous volume
on the top of the liquid. The formation of the bubbles in water shifts the level. The level decreases
when the bubbles have come to the surface (Figure 1).

The initial pressure in the test section was different in each test. For the test RUN-1, initial
pressure in the test section was set to the nominal pressure existing in the hydro-accumulators
injecting in the upper-plenum of Loviisa Nuclear Power Plant, that is 5.5 MPa. A steady state was
measured for 700 seconds. The transient started at 700 s when the operators opened the release
valve. The valve was closed by the operators when the pressure in the test section reached 2.0
MPa (at 787 s). The test section was allowed to stabilize before the operators reopened the release
valve at 1300 s. The pressure in the test section decreased gradually and stabilized around 0.48
MPa when it was equal to the release tank pressure. The release tank was initially at ambient
conditions of pressure and temperature (0.1 MPa and 21 ºC). The data recording was stopped at
1800 s.

The test RUN-2 was performed immediately after the test RUN-1. For RUN-2, the initial
pressure in the test section was equal to the stabilized and equalized pressures in the test section
and the release tank. The valve between the test section and the release tank was open during the
whole test. After 100 s of steady-state measurements, operators opened a valve situated at the top
of the pressurizer, directly connecting the pressurizer to the atmosphere and the pressure decrease
was recorded.

Table 1. Events in tests RUN-1, RUN-2 and RUN-3.

Test Initial test
section

pressure ppres

First opening
of release valve

Closure time of
release valve

Second
opening of

release valve

End of data
recording

RUN-1 5.5 MPa 700 s 787 s
ppres = 2.0 MPa

1300 s 1800 s
ppres = paccu

        = 0.48MPa

RUN-2 0.48 MPa 100 s Gas released to atmosphere 300 s
RUN-3 6.59 MPa 105 s 106 s  and then sequence of release

valve reopenings  and closures to get
ppres decreasing by  0.5 MPa steps

3000 s
ppres = paccu

        = 0.56MPa

The experimental procedure for test RUN-3 was the same as for test RUN-1, except the
depressurization. The initial pressure for the test was set at 6.59 MPa, and pressure was decreased
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stepwise. The first 100 seconds was steady-state measurement. The transient started at 105 s
when the operators opened the release valve. The valve was closed when the pressure reached
6.59 MPa in the test section. After that, the operators decreased the pressure by steps of 0.5 MPa.
For each pressure step, the release valve was kept closed for 100 s before reopening it. When
pressure reached 2.0 MPa, the period between gas depletions was increased to 300-500 s. The
pressure in the test section decreased regularly stepwise and stabilized around 0.56 MPa when it
equalized to the release tank pressure. The data recording was stopped at 3000 s. Table 1 presents
events in RUN-1, RUN-2 and RUN-3.

4. TEST RESULTS

Figure 3 shows the pressure history in RUN-1 and RUN-3. Immediately after each closure
of the release valve (tests RUN-1 and RUN-3), the pressure in the test section rose about 0.12
MPa. Increase in the nitrogen gas temperature was responsible for this pressure rise. The pressure
during the steady state decreased slowly due to a small leakage from the top of the test section at
the elevation of 8450 mm.

The liquid temperature was almost constant in the test section for all the tests (about
32ºC). According to the Henry’s law, the amount of nitrogen dissolved in the water was solely
function of the pressure in the test section. Figure 4 shows liquid temperature curves (TF0200,
TF1600, TF3000, and TF4400) in RUN-1. Results from the other experiments are presented in
/4/.
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Figure 4. Liquid temperature versus time in RUN-1.

The gas temperature decreased abruptly when the release valve was opened (Figure 5).
The temperature increased back near the original value after operators closed the release valve.
Table 2 lists the minimum value of the nitrogen gas temperature in each test. Figure 5 shows the
gas temperature evolution versus time at two different elevations of test section in RUN-1.

Table 2. Minimum gas temperatures in RUN-1, RUN-2 and RUN-3.

RUN-1 RUN-2 RUN-3
Tmin = 3ºC Tmin = 12ºC Tmin = 15ºC
when minimum pressure was
reached in the test section

when minimum pressure was
reached in the test section

when pressure in the test
section reached 1MPa

The differential pressure measurements showed clearly a displacement of the free surface
of the liquid during the blowdown periods. The values were used to calculate the collapsed levels
in the different parts of the test section.

For each test, bubbling starts in all the sections after the beginning of the depressurization
(with a possible delay in the lowest sections (Sections 1 and 2). In Sections 1 and 2 bubbling
stops when pressure stabilizes. In the higher sections (Sections 3 and 4), the recovery of pure
water conditions occurs later than in the lowest section (Figure 6).
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Figure 5. Temperature history of the gas volume in RUN-1.

4.1 RUN-1

Figure 6 presents the collapsed level behavior versus time in four axial positions in RUN-
1. Figure 7 shows the collapsed level as a function of time in two topmost axial positions in
RUN-1. The first bubbles of released nitrogen grew immediately after the opening of the release
valve (at 700 s) in Section 4 (nearest the free surface) even though there was nearly no bubbles in
the lowest sections. The production of bubbles in the lowest sections (Sections 1 to 3) started
about 30 seconds after the opening of the release valve. At that instant, the test section pressure
was about 3.5 MPa.

When the pressure has reached the value of 3.5 MPa (at 734 s), the production of bubbles
started in Sections 1 to 4. As expected, the rate of the formation of bubbles in the bulk of water
was more intense near the free surface. Simultaneously, the level increased also in Section 5. In
this section, the rate of the formation of bubbles reached a maximum value at 787 s, just before
the closure of the release valve.

The release valve was closed at 787 s. Generation of bubbles continued for few seconds in
Section 4 after the operators closed the valve. Bubble generation ceased in the other parts of the
test section right after the valve was closed. The collapsed levels started to approach their initial
values before opening of the release valve. The collapsed level measurements show clearly how
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the bubbles rose in the test section, so that equilibrium was reached earlier in the bottom of the
pressure vessel. The measurement L4 did not achieve a steady state before opening of the release
valve.

Nitrogen bubbles started to develop after the re-opening of the release valve at 1300 s in
each section (with a delay of 10 s for the lowest one). Measurements L4 and L3 suggested that
bubbling decreased at 1360 s, while bubbling still continued in Sections 1 and 2.

Pressure was stabilised at 1460 s. Collapsed levels started to increase in Sections 1 and 2,
30 s before pressure stabilised. The situation was quasi-stable and levels in the test section were
close to their original value at 1800 s.

581��

1.37

1.38

1.38

1.39

1.39

1.40

1.40

1.41

0 200 400 600 800 1000 1200 1400 1600 1800

7LPH�>V@

/
HY
HO
�>
P
@

L1

L2

L3

L4

/�

/�/�

/�

Figure 6. Collapsed level versus time in four axial locations in RUN-1.



(11)

581��

-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 200 400 600 800 1000 1200 1400 1600 1800

7LPH�>V@

/
HY
HO
�>
P
@

L5

L6/�

/�

Figure 7. Collapsed level history at the top of the test section in RUN-1.

4.2 RUN-3

Figure 8 presents the collapsed level history in Sections 1 to 4 during RUN-3. The first
clear release of bubbles of nitrogen was visible immediately after the opening of the break in
Section 4 (nearest the free surface) even though there were nearly no bubbles in the lower
sections. The measured production of bubbles in the lower sections (Sections 1 to 3) did not start
before the operators extended the stabilised period to 300-500 seconds. Bubbling started at 500 s
in Sections 2 and 3 (pressure was equal to 2.5 MPa), while at 1039 s in Section 1 (Figure 8).

As in the test RUN-1, bubbling decreased towards the bottom of the test section. A level
peak was measured in L5 simultaneously to the bubble growth. Nevertheless, in the test section
the production of the bubbles was moderate during the early phase of the experiment. Figure 9
shows the collapsed level as a function of time in two topmost axial positions in RUN-3.

The pressure reached 2.5 MPa at 1039 s. The production of bubbles intensified in the
Sections 1 to 5. A bubble production peak was measured when the test section pressure was 2.0
MPa. After this peak, production of bubbles was clearly visible measurement DP5 at every
pressure decrease. In the lower Sections 1, 2, 3 and 4 the trend was the same.
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4.3 RUN-2

The evolution of the collapsed levels in RUN-2 was quite similar to the level history
observed in the test RUN-1. Bubbling started in all the sections just after the beginning of the
depressurization (with a short delay in the Section 2). In Section 2 bubbling stopped when
pressure stabilized. The bubbles disappeared later in the Sections 3 and 4. The bubbling stopped
faster in the lowest section than in the highest one. An explanation for the behavior of the
differential pressure DP1 was unclear. In this section collapsed level started to rise when pressure
was constant and stabilized at the higher value than the original one. Measured values are
presented in /4/.

5. COMPUTATIONAL RESULTS FOR TEST RUN-1

Calculation of the test RUN-1 has been made using the thermalhydraulic code CATHARE
/2/, /5/. It is based on the two-fluid, six-equation model. CATHARE includes the one-
dimensional module describing the pipe flow, the two-node volume module used to describe
large-size vessels, and the three-dimensional module to describe multi-dimensional phenomena.
In the standard version of the code, the noncondensable gas is assumed to be present only in the
gaseous phase. So a new model of dissolution-release of one noncondensable gas in water has
been implemented for CATHARE2 V1.3L.

5.1 Noncondensable Dissolution-release Model:

This model includes one additional transport equation for the noncondensable gas in
liquid and modifications to the standard noncondensable gas transport and standard gas energy
equations. A mass transfer term for one noncondensable gas was added to the transport equations
of the noncondensable gas in the liquid and in the gas. This mass transfer term is a function of the
noncondensable mass fraction dissolved in the liquid at equilibrium, calculated according to the
Henry’s law. The mass transfer term is also inversely proportional to the time constant of
noncondensable transfer between liquid and gas (see Chapter 5.2). An energy transfer term was
added to the energy equation for the gas phase. This energy transfer term depends on the enthalpy
of the donor phase. Physical properties have been implemented for the nitrogen gas. Complete
description of the model is presented in /6/ and /7/.

5.2 Choice of the Time Constants of Noncondensable Transfer between Liquid and Gas:

As stated in Chapter 2, variations in pressure will induce either prompt release of the
dissolved noncondensable from the water-noncondensable gas mixture, or rather slow dissolution
of the noncondensable gas from the steam-noncondensable gas mixture. To take into account this
hysteresis phenomenon in the dissolution-release model, two different time constants are used in
the expression of the mass transfer term:

• τb the time constant associated to bubbles production, in the case of release of the
noncondensable in gaseous phase,

• τdis the time constant of noncondensable transfer from gas to liquid, in the case of dissolution
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of the noncondensable in liquid phase.

In the present study, the time constant of noncondensable transfer from gas to liquid τdis, has
been arbitrarily set to 100 seconds. To estimate the order of magnitude for the time constant of
noncondensable transfer from liquid to gas, a sensitivity analysis using different values for τb

from 0.1s to 1000s has been conducted. This sensitivity analysis includes also a calculation
performed with the standard code (i.e. without the noncondensable dissolution-release model).

5.3 Input Models:

Two different modelings for the facility components were used. In the first model
(referred as 0D-model), a volume two-node module models the test section. Pressure evolution is
imposed at the outlet of the test section as a boundary condition. This simple approach yields
overall result but does not allow representation in the test section for stratification phenomena,
such as void fraction stratification /5/. A second model (referred as 1D-model), has been used: a
1D axial module connected to the release tank represented by a volume two-node module
represents the test section. Figure 10 shows the pressure history for RUN-1. The detailed 1D-
model allows a more precise representation of the pressure during the depressurisation steps. In
both models the leakage at the top of the test section was not represented. This fact explains the
difference between the calculated pressure with the 1D-model and the measured pressure during
the stabilization stage after 780 s.
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5.4 Analysis Results:

Nitrogen Gas Temperatures:

In the 1D-model, the temperature of nitrogen gas decreases during both depressurizations
(at 700 s and 1300 s) much more in the calculation than in the experiment (Figure 11). This is
attributed to an underestimation of the heat release from the wall to the nitrogen in the
CATHARE code giving a more adiabatic decompression than in the experiment .
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Figure 11. Calculated and measured temperature history of the gas volume in RUN-1.

Void Fraction Profiles in Water:

Figure 12 presents calculated void fraction in Section 1 compared to the experiment and
Figure 13, the void fraction in Section 3. Calculations were performed in the following
conditions:

• standard code without nitrogen release and dissolution model
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• modified code using a volume two-node module and τb = 1s

• modified code using a 1D axial module and τb = 0.1s, 1s, 10s, 100s, 1000s

The following formula was used to calculate experimental void fraction in each section
from the differential pressure /5/:

( )( )'3[ O J[ J [ O [= × × × + × −ρ α ρ α1

Assuming that nitrogen is an ideal gas,

( )ρ
J

J

3

7
= × ×

× +

−28 10

8 32 273

3

.

Assuming that the liquid density at 32ºC between 0.1 MPa and 5.5 MPa follows a linear
evolution:

( )ρ
O O

3 7= × × + − × −−4 10 995 02 0 33 327.4 . .

There is a clear improvement of the void fraction profiles when the noncondensable
dissolution-release model is used to compare with the results obtained with the standard version
of the code.

Results with τb = 0.1s are not plotted but would be quite the same as with τb = 1s. Results
with τb = 1000s are not plotted but this value is clearly too large because no peaks are visible in
the history of the void-fraction at each section.

Results with τb = 100s give peaks which are not sharp enough and the decrease after the
peak is too slow.

Results with τb = 1s and with τb = 10s give similar results. The height and shape of the
first peak is reasonably predicted for the lowest Section 1. The height of the first peak is also
reasonably predicted in the upper Section 3. The heights of the second peaks are always
overestimated.

The void fraction history depends on both τb and τgr. In the code τgr is controlled by the
interfacial friction correlation which in CATHARE tends to a very high value when the void
fraction tends to zero. Further sensitivity tests by changing this interfacial friction need
continuous study before drawing conclusions on τb.
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6. DISCUSSION:

This paper presents results of a series of three analytical experiments of the release from
water of dissolved nitrogen gas, for a upward vertical flow during a depressurization. These
results are used to validate the new model of dissolution-release implemeted in the CATHARE
code. To estimate the order of magnitude for the time constant of nitrogen gas release from liquid
to gas, a sensitivity analysis using different values for τb, the time constant associated to bubbles
production, from 0.1s to 1000 s has been conducted. As a first estimation, a  time constant τb in
the range from 1s to 10 s seems to be the best.

 However, the void fraction history depends on both τb and τgr, the time constant associated
to gas rising. In the CATHARE code, like generally in the thermal-hydraulic codes, the gas rising
time constant τgr is not very well taken into account for noncondensable (such as nitrogen)
degassing bubbles because the interfacial friction model was not developed for such a situation.
This could explain partly the mispredictions. Thus, in the future, a more physical modeling of the
rising time τgr for nitrogen bubbles will be implemented in order to complete this study.

NOMENCLATURE

CATHARE French Advanced Safety Code for PWR’s
CEA Commissariat à l’Energie Atomique
DPx Differential pressure measurement in the Section x (Pa)
ECCS Emergency Core Coolant System
g Gravity (m/s2)
hN2 displacement of the level during the release of nitrogen (m)
Lx Collapsed level obtained from DPx measurement (m)
lx Length of the Section x (m)

1.4 m for each section, except for Section 6 where l6= 1.45 m
LUT Lappeenranta University of Technology (Finland)
MCP Main Coolant Pump
P Pressure (Pa)
PACTEL PArallel Channel TEst Loop
Tl Liquid temperature (oC)
Tg Gaseous temperature (oC)
TFxxxx Thermocouple situated at elevation xxxx
VTT Technical Research Centre of Finland

αx Void fraction in the Section x (m)
ρl Liquid density at P and Tl (kg/m3)
ρg Gaseous density at P and Tg (kg/m3)
τb Time constant associated to bubbles production (s)
τdis Time constant associated to dissolution (s)
τgr Time constant associated to gas rising (s)
τrel Time constant associated to release (s)
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ABSTRACT

Advanced light water reactors are mostly evolutionary plant concepts where the power
production process is based on proven techniques. However, there are also innovative systems
involved, especially safety systems. Experimental verification is one key factor in the process
to ensure the sufficient safety level of these new plant concepts. Despite of intensive research,
various thermal hydraulic phenomena: stratification, rapid condensation, natural circulation,
critical heat flux, hydraulic and chemical multi-phase flow stability cannot be fully controlled
with mere validation calculations based on experiments. At Lappeenranta University of
Technology (LUT) several experimental studies of the safety systems of different ALWR
concepts have been carried out from alternative reactor trip through passive emergency core
cooling systems to molten core catchers. The studies have included some planned safety
systems of the following ALWR designs: SWR 1000, AP-600, VVER-640, BWR 90+ and
EPR. The tests have been carried out with the integral test facility PACTEL, modified to
model the concepts studied, or with specially constructed separate effects test facilities.
Experimental work was needed to improve the planned safety systems or prove their proper
functioning.

Key Words:  Nuclear power plant, ALWR, safety systems, thermal hydraulics,
experiments

1 INTRODUCTION

In designing the new, advanced light water reactor (ALWR) concepts, one of the main
goals is to keep the systems simple. One way to achieve this is to use passive safety systems,
so that the number of active components, such as pumps and valves, can be kept low. In long
term accident management the automatic functioning of systems is also an important goal,
especially after severe accidents. Safety systems are designed to act in different phases of
transients and accidents: shutdown of fission power, short term cooling, long term cooling,
severe accident management (SAM). The safety systems have to fulfill the requirements of
accident management in three separate points of safety view: reactivity, coolability and
containment functions.

ALWR’s are mostly evolutionary plant concepts, in which the power production process
is based on proven techniques. However, there are also innovative systems involved,
especially among the safety systems. In any case, the operation conditions of all systems are
extended from the ones used in the plants in production. Experimental verification is one key
factor in the process to ensure the sufficient safety level of these new plant concepts.

At Lappeenranta University of Technology (LUT) several experimental studies of the
safety systems of different ALWR concepts have been carried out from alternative reactor trip
systems to molten core catchers. The studies have included some planned safety systems of
the following ALWR designs: SWR 1000, AP-600, VVER-640, BWR 90+ and EPR. The
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tests have been carried out with the integral test facility PACTEL [1], modified to model the
concepts studied, or with specially constructed separate effects test facilities.

In the following chapters a short description is given on the studied new safety systems
and on the physical phenomena, which could introduce problems for proper functioning of
these systems. Important thermal hydraulic safety questions involved have been: avoidance of
noncondensable gases in the primary cooling system, control of stratification processes, rapid
condensation, conditions for natural circulation flow establishment, critical heat flux, and
hydraulic and chemical stability of natural circulation multi-phase flow.

2 VERIFICATION OF SAFETY SYSTEM FUNCTIONING

2.1 Use of Pressurized Steam as Driving Force in SWR-1000
SWR-1000 is a new boiling water reactor concept designed by Framatome ANP (FANP).

Its emergency cooling systems utilize passive safety features. Noncondensable gases disturb
the functioning of the primary cooling circuit [2], and the passive systems are especially
sensitive to them. This is why the pressurized nitrogen as a driving force is replaced by
pressurized water and steam in the safety systems of the SWR-1000 concept: in the hydraulic
scram system as well as in the fast-acting boron injection system.

The functioning of these systems is highly dependent on the parameters of the water-
steam combination used. Steam volume, thickness of the hot water layer in the tank and
system pressure are the main operating parameters. Parameter effects of the injection rate and
duration were experimentally studied at LUT.

2.1.1 Hydraulic Scram System
The hydraulic scram system is used to inject the control rods promptly into the reactor

core. The SWR-1000 concept uses pressurized water and steam as a driving force of the
hydraulic scram system. An electric heater generates a steam volume into the top of the scram
tank. Apart from generating the steam volume, the heater maintains a layer of saturated water
starting from below the heater and ending at the steam-water interface. There is also a
temperature transition layer below the layer of saturated water, and a cold water region below
it. Stratification process and its stability are essential for the proper functioning of the system.
To study the behavior of the scram system a test rig containing a model for the scram tank
and the reactor vessel was built at LUT.

In the experiments, desired steam volume and hot water layer were generated into the
upper part of the scram tank by evaporating the water with heater located in the lower part of
the tank. After the predefined pressure level was reached, heating was switched off for
several minutes before starting the experiment. During the blowdown phase the water was
flowed from the scram tank to the blowdown tank simulating the pressure vessel of the
reactor, see Fig. 1. The blowdown was terminated when an agreed level of pressure and
temperature in the blowdown lines were reached.

The special interest in these experiments were the overall behavior of the system,
including avoidance of the rapid condensation due to breaking the hot water layer as well as
finding proper values for the steam volume, and thickness of the hot water layer to produce
smooth and desired flow rate and duration of the injection for the hydraulic scram system.
Modifications were made to the configurations of the test set-up to avoid rapid condensation
that occurred in the first tests due to the disturbance of stratification in the tank. After these
modifications the scram tank system behaved in the experiments as designed.
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Figure 1. Dynamic behavior of water temperature layers in the tank

2.1.2 Fast Shut Down System by Boron Injection
In most existing BWRs, the nuclear fission process can not be stopped by an active fine

motion control rod drive or passive scram system if there is a common cause failure in the
control rod drive system. A diverse fast-acting boron injection system, FABIS, has been
proposed by FANP [3]. It injects sodium pentaborate into the reactor pressure vessel (RPV).
The boron solution is filled into a boron tank, which is heated and pressurized by using
electric heaters. There are two fast opening valves in the pipeline between the boron tank and
the RPV. When FABIS is activated these valves open, steam expands and boron solution
flows into the core. More steam is generated from the saturated water due to the pressure
reduction.

The existing test set-up at LUT for earlier scram tank experiments was modified for fast
acting boron injection tests, see Fig. 2. Another electric heater was added into the upper part
of the boron tank. The volumetric scale of the rig was 1:6 and the maximum pressure 80 bar.
The tests were started with high pressure in the boron tank and low pressure in the RPV to
achieve the correct pressure difference between the tanks. The valves in the connecting line
between the tanks were opened and water from the boron tank was injected into the RPV.

The main purpose of the FABIS experiments was to identify and characterize the forces
acting on the piping line between the boron solution tank and the reactor pressure vessel tank
due to thermal shocks and propagation of pressure waves in the line. The second aim of the
tests was to find out how large volume of the inventory of the test tank must be heated to
saturation to reach the desired pressure level at the end of the test.

In the start of the experiments the blowdown line was at atmospheric pressure. The boron
tank water was heated with the lower heater in the tank. The desired pressure was achieved
using the upper heater. The boron tank was pressurized by boiling water with electric heater.
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Opening the blowdown line valves actuated water injection from the boron tank. In the
tests, the whole water inventory of the boron tank was injected. The initial volume fraction of
saturated water in the boron tank varied between 21-31%. In Fig. 3 the different measured
pressures can be seen from tests where initial pressures, boron tank water levels, and mass of
saturated water in the boron tank were varied. The test series ensured that the parameters used
for the tests were sufficient to inject boron solution as planned into the RPV.

After opening the first valve, a pressure wave propagated between the valves. When the
fluid flow into the pipe started, the temperature on the inner wall changed faster than on the
outer wall. This caused thermal stresses in the pipe. When the temperature on the inner wall
was higher than on the outer wall, a tensile stress occurred on the outer wall. The maximum
value for tension stress was 75 MPa. When the temperature on the inner wall was lower than
on the outer wall, compression stress occurred. The maximum value for compression stress
(-130 MPa) was measured after the second valve. These stress values did not risk the integrity
of the blowdown pipe.

Heater
45 kW

Orifice plates
Upper heater
30 kW

Lower Heater
25 kW

Drain-line
connection

Check Valves
1

Boron Tank

RPV model

Figure 2. Set-up for FABIS experiments

Figure 3. Pressure behavior in FABIS tests
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2.2 Gravity Driven Emergency Core Cooling in AP-600
Common goal in designing new reactor concepts is to keep the systems simple. This

leads to the reduction of active components, such as pumps and valves. One possibility to
achieve this is to replace emergency core cooling (ECC) pumps by a core make up tank
(CMT). In the AP-600 pressurized water reactor concept designed by Westinghouse there are
passive residual heat removal system water pools and core make-up tanks (CMT) of the
passive safety injection system (PSIS). It utilizes the gravity driven ECC as a main
component of the early stage ECC.

Thermal stratification is a phenomenon, which can occur in different parts of nuclear
power plants. Generally, it has been an undesired phenomenon in nuclear power plants.
However, the working principle of the CMT, as well as of the scram system described in the
preceding chapter, presupposes that the saturated and unsaturated water layers in the tank stay
stratified.

At LUT tests on PSIS were carried out with the PACTEL integral test facility modified to
model the AP-600 systems [4]. However, these tests are not directly applicable to safety
analyses of the AP-600 design because of some major differences in the geometries: PACTEL
was originally designed to model the VVER-440 type PWRs. The experiments focused on the
PSIS behavior during postulated small break loss-of-coolant accidents. The phenomena in the
CMT such as the natural circulation flow through the CMT, thermal stratification and
condensation in the CMT, and the heat transfer to the CMT walls were of the main interest in
the tests.

The main source of disturbances for the investigated PSIS is rapid condensation, which
can occur in the CMT when steam or two-phase mixture begins to flow to the tank.

Figure 4. Principle of passive safety injection system (PSIS) and core make-up tank (CMT)

In the first tests the incoming flow to the CMT was strong enough to break the hot layer
and cause rapid condensation due to the contact of cold water and steam. In later experiments
the CMT was equipped with a flow distributor (sparger). Using the sparger the rapid
condensation in the CMT was avoided and the PSIS worked as planned.
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2.3 Gravity driven long term cooling in VVER-640
The VVER-640 type pressurized water reactor design is a result of the co-operation

between the Russian Atomenergoexport, the Gidropress, the Kurchatov Institute and the NITI
Research Center in 90’s. The features of this new generation reactor include conventional and
passive safety systems. The role of the passive heat removal is to be the ultimate heat sink,
which enables all design basis accidents to be handled without any need for operator
intervention or offsite power from external sources for at least 24 hours. The passive concepts
assigned special functions to three water-filled vessels (the reactor vessel, the fuel storage
pool and emergency cooling pool). After a postulated large break loss of coolant accident, the
huge water storage of the pools should contribute to the long-term cooling of the reactor by
means of natural circulation. Experiments were carried out at LUT in order to study the
thermal hydraulic behavior of the decay heat removal process after a cold or hot leg break
when the emergency cooling pool and fuel storage pool are used [5]. The main issue was the
natural circulation flow establishment through the pools.

In order to model the VVER-640 features, the PACTEL facility had to be modified, see
Fig. 5. As a conservative assumption, the tests did not consider the heat transfer to the
secondary side, and therefore the three circulation loops, including the steam generators, were
disconnected. The primary side was extended with an emergency and a fuel pool with
diameters of 600 mm and 300 mm, respectively. The pools were open to the atmosphere at
the top. They were connected to the facility with a broken cold leg and hot leg simulator, and
with pressure equalization lines to hot and cold leg pipes. A level balancing line
interconnected the two pools.

Figure 5. On the left the original PACTEL facility for VVER-440s (height scale 1:1), on the right the
modified geometry for VVER-640 tests
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Test transients initiated at nearly atmospheric conditions, coolant in the facility was at
room temperature with a slight axial increase along the pools. The upper plenum was totally
filled up with water, while the initial level in the pools was set to 10 m, measured from the
bottom of the facility. Duration of the tests was typically 10 000 s.

The results of the test series showed that the systems work in the test facility as planned,
and natural circulation starts as predicted. The experimental set-up differed in many aspects
from the real system, but the operational principle was verified to be functioning with these
experiments.

2.4 Core Catcher Cooling in BWR 90+
The BWR90+ concept is a new boiling water reactor designed by Westinghouse. The

design includes SAM systems, there is e.g. a core catcher under the RPV to guarantee the
long term cooling of the core melt, Fig. 6. One important safety issue in the core catcher
design is that the heat flux from the melt does not exceed the critical heat flux (CHF) in any
place of the cooling channels.

At LUT a test rig was built to investigate the heat transfer process to the containment
pool, including natural circulation flow establishment [6]. The area studied includes the
inclined bottom of the catcher, the bottom until vertical corner, and the vertical section of the
catcher, Fig. 7. In the design of the test rig, geometrical similarity with the planned core
catcher of BWR 90+ was preserved as much as possible. The elevations of different
components of the rig were maintained the same as in the original core catcher.

The coolant flow channel represented a 20 cm wide 'slice' of the cooling loop of the core
catcher. In the real core catcher, the coolant flow channel would broaden as the cooling water
flows from the core catcher bottom in the middle of the catcher to the circumferential vertical
section. Thus the ratio of heat transfer area in the bottom section to the area in the vertical
section was larger in the test rig than in the full scale core catcher design. In designing of the
test rig, the aim was to try to get flow conditions as realistic as possible in the area where the
maximum heat flux is expected i.e. in the area near the corner of the core catcher plate.

The heat from the molten corium was simulated with 311 cartridge heaters, mounted
inside the copper core catcher plate. The cartridge heaters were 200 mm long, had diameter of
10 mm, and the maximum power of 2 kW each. The maximum power density in the inclined
bottom of the core catcher plate in the test rig was 550 kW/m². In the vertical section, the
maximum heat flux was about 2000 kW/m². The cover of the cartridges was made of Inconel
600.Iinsulation material inside the cartridges was magnesium oxide and the actual resistor
was made of chrome-nickel steel. The main challenge for the design of the core catcher test
rig was controlling different thermal expansions of the adjacent cold and hot structures along
the test rig.

In the tests, the heat fluxes, values of which were based on qualification analyses for this
core catcher concept, could be reached both in inclined and vertical sections of the facility.
Heat transfer crisis could only be observed when the water temperatures were close to the
saturation values, which is an improbable condition in reality. The tests also helped to find
means to avoid condensation shocks in slug flow in the beginning of the inclined flow
channel. The shocks occurred in the tests partly due to the differing entrance geometry of the
test facility compared to the real design. Based on the observations made during the test
programme, it can be stated that the test rig representing the core catcher design of BWR 90+
efficiently transferred the heat by pure natural circulation.
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Figure 6. BWR 90+ core catcher design

steam vent pipe

water pool

core catcher plate
and the support
structures pump (used in the

characterisation
tests only)

Figure 7. BWR 90+ core catcher test facility

2.5 Molten Core Spreading Area Cooling in EPR
EPR is the European Pressurized water Reactor designed by Framatome ANP. As design

extension cases, also severe accidents are included in its design basis.

In the EPR melt retention strategy an ex-vessel core catcher located in a compartment
lateral to the pit is used. Within the core catcher, the melt will be passively flooded with water
from the Internal Refueling Water Storage Tank (IRWST). In the long term cooling situation,
especially after a severe accident, it is especially important that the behavior of the safety
system is reliable and stabile.

So far, some thermal hydraulic tests have been performed to prove the proper functioning
of the core catcher design [7, 8]. However, these tests were executed by using pure water as a
coolant. To prove the chemical stability of the core catcher, some additional tests have to be
executed by using boron-rich water. To this end, a test rig has been built at LUT. The purpose
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of the tests is to further clarify both the thermal hydraulic behavior of the cooling channels,
and the possibility of boric acid accumulation in the different parts of the cooling channel.

In the test facility, all the necessary components and functions were designed to be as
close as possible to the original design. However, aim to the proper instrumentation and to the
possibility for visual observation of the phenomena through windows in the flow channel had
effects on the design of the test rig. Visual observation makes the interpretation of the results
easier, since the physical behavior, e.g. flow modes, can be directly seen, see Figs. 8 and 9.

The test rig consists of two full scale horizontal cooling channels made of cast iron. The
heat from molten corium is simulated with a set of cartridge heaters, mounted inside the
upper part of the core catcher. During the tests heat flux, coolant flow rate, and coolant
temperature are varied, and both pure water and boron-rich water are used as coolant. So far
the early phase of the filling of the spreading compartment by water has been simulated using
significantly differing conditions (not necessarily existing in the real situation) to find out the
dynamic behavior of the system. The tests continue to study the later phase of the filling
process, when the water level in the spreading compartment is already above the sidewall of
the cooling area. The final results will be available when the ongoing test series are finished.

Figure 8. Stratified flow observed through windows in core catcher test rig. Flow is from right to left.

Figure 9. Wavy flow observed through windows in core catcher test rig. Flow is from right to left.

3 CONCLUSIONS

Planning of new nuclear power plant concepts goes from plans to prototypes through
design calculations, verification experiments, and validation calculations with several
iteration circles. Operating conditions of many of the safety systems to be used in the new
plant concepts are extended from the original design values used in current plants, and
especially the new type passive safety systems and SAM systems need thorough verification.
Despite of intensive research, various thermal hydraulic phenomena: stratification, rapid
condensation, natural circulation, critical heat flux, hydraulic and chemical multi-phase flow
stability cannot be fully controlled with mere validation calculations based on experiments. In
this paper examples were given on studies carried out at Lappeenranta University of
Technology on ALWR designs, for which experimental studies were needed to improve the
planned safety systems, to show their feasibility, or to prove their proper functioning. The
tests have been utilizing both the integral test facility PACTEL, and different separate effects
test facilities constructed for the purpose.
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SUMMARY 
In existing BWRs, the nuclear fission process can not be stopped by the active fine 

motion control rod drive or the passive scram system if there is a common cause failure in 
the control rod drive system. To reduce the risk of a core melt, a diverse fast-acting boron 
injection system was proposed, which injects sodium pentaborate into the Reactor Pressure 
Vessel (RPV). The purpose of the FABIS project was to show that rapid shutdown is 
feasible in existing and future BWRs. The project included CFD calculations and 
experiments of mixing of boron in the gaps between the fuel assemblies. The project also 
included reactor physics calculations to confirm that there is no risk of re-criticality in the 
reactor when boron injection has ended. Scaled tests were run to measure forces on the 
boron injection system pipelines during activation of FABIS. The behavior of the real 
system due to the propagation of the pressure wave and due to the thermal shock was 
checked in the final part of the project. The FABIS project lasted 24 months, from 
September 2001 through August 2003. 

The mixing calculations showed that the concentration profiles in the gaps between 
the fuel assemblies were sufficiently homogeneous. The mixing tests confirmed the 
calculation results and showed that the boron solution is spread rapidly and effectively into 
the core bypass region. The homogeneity of the by-pass flow boron solution with the 
planned injection scheme was shown to be acceptable in the reactor physics calculations. 
The steady-state reactor dynamics calculations gave an initial by-pass boron concentration 
of 0.04 w-%, which is enough for the core to remain subcritical during the second 
recirculation, when boron is distributed homogeneously in RPV and the injection is 
stopped. The transient calculations showed that the RPV water is safely borated at the end 
of the injection if the pumps are kept running at minimum speed.  

In the tests with the model boron tank and RPV, opening the first valve in the 
injection line started propagation of a pressure wave between the valves in the line. The 
maximum tension stress on the outer wall of the pipe was 75 MPa and the maximum 
compression stress was -130 MPa. These values didn't risk the integrity of the pipe. The 
behavior of the real system due to the propagation of the pressure wave and due to the 
thermal shock was also checked. The calculations confirmed the results of the tests 
showing the piping system is able to withstand the forces induced by pressure waves and 
thermal loads. 

A . INTRODUCTION 
The FABIS project studied a new boron injection system (FABIS), which injects 

sodium pentaborate into the reactor core to shut down it. See Figure 1 for the principle 



flow diagram of the system. FABIS takes boron from a large tank, where about 10 % of the 
volume is filled with saturated steam. After activation of FABIS, the steam expands and 
more steam is produced from saturated water due to the pressure reduction. From the boron 
tank, the solution flows through pipelines inside the RPV up to the upper side of the lower 
core plate. There it is distributed through a system of smaller pipes adjacent to the lower 
core plate and will be injected into the core bypass flow through about 100 small nozzles 
equally distributed over the core. This guarantees a homogeneous distribution of boron in 
the RPV. 

The purpose of the FABIS project was to show that the fast shutdown of a BWR is 
possible without recriticality of the reactor with a boron injection system. In the existing 
BWRs, nuclear fission process can not be stopped by the active fine motion control rod 
drive or the passive scram system if there is a common cause failure in the control rod 
drive system.  

B . WORK PROGRAMME 
The FABIS project included five work packages. Framatome ANP (FANP) was 

responsible for the first two work packages (WP1 and WP2). VTT from Finland was 
responsible for WP3 and co-ordination of the project. Lappeenranta University of 
Technology (LUT) was responsible for the experiments of WP4. Again, FANP was 
responsible for work Package 5 (WP5). 

B.1 Work Package 1: Calculation of the Mixing Process 
The overall objective of WP1 and WP2 was to find out how much time is needed for 

the injected boron solution to spread in both axial and radial directions in the core in such a 
way that the fission process stops completely. WP1 included PHOENICS /1/ calculation of 
mixing of boron in the gap between the fuel elements. The purpose of the calculations was 
to find the boron injection configuration that leads to the most effective mixing in the core.  

B.2 Work Package 2: Mixture Tests 
The purpose of the mixing experiments of WP2 was to verify the optimum 

combination of injection parameters from WP1. In the tests, colored water simulated the 
boron solution. It was also possible to observe the mixing process by optical means and to 
record it with a video camera. Comparison of the results of the experiments and 
calculations was also possible. The main components of the test rig of WP 2 were 

– Model of scale 1:1, made of acrylic plastic (perspex), 
– 6 control rod guide tube heads with upper part of control rods and bypass slots, 
– 24 full length FAs with foot and bypass holes, and 
– separate water circuits for FA bypass flow, control rod bypass flow, and boron 

injection. 

B.3 Work Package 3: Calculation of internal recirculation 
WP3 included reactor dynamics calculations with TRAB-3D /2/ code. The analyses 

were needed since re-criticality of the core could take place if the mixing were insufficient. 
If the internal recirculation flow in RPV decreases with decreasing steam production and 
with decreasing speed of the main circulation pumps, the recirculation period will become 
longer. If the injection of boron solution ends earlier than this recirculation period, pure 
water may enter the core bypass and the boron solution could be washed out of the core. 



B.4 Work Package 4: Tests of Flow between the Boron Tank and the RPV 
The experiments of WP 4 studied the flow between the boron tank and RPV (see 

Figure 2). The purpose of the tests was to check what forces act on the lines between the 
tanks due to thermal shocks and pressure waves. The rig consisted of a boron tank, RPV, 
three electric heaters, piping, two fast opening valves, an orifice device, measurement 
instrumentation, and a data acquisition system. The instrumentation included 
thermocouples, two differential and three absolute pressure sensors, valve position sensors 
and three strain gauges. The volumetric scale of the rig was 1:6 and the maximum pressure 
80 bar. The tests were started with high pressure in the boron tank and low pressure in the 
RPV. The valves in the connecting line between the tanks were opened and water from the 
boron tank was injected to RPV. The second aim of the tests was to find out which part of 
the inventory of the test tank must be heated to saturation in order to reach the desired 
pressure level at the end of the test. 

B.5 Work Package 5: Translation from laboratory scale to original scale 
The aim of WP5 was to study how the results of WP2 and WP4 can be transformed 

from reduced scale to full scale. The purpose was to check, using dimensional analysis and 
engineering judgement, whether some of the results must be transformed due to scale 
effects.  

C . MAIN ACHIEVEMENTS 

C.1  Calculation of Mixing Process 
In WP1, calculations with PHOENICS were run with different jet and bypass flow 

rates, bore openings, injection angles and with 1 or 2 jets. The calculated concentrations in 
the gap between the fuel assemblies were sufficiently homogeneous along the core active 
zone for the optimal parameter combination. Figure 3 shows the calculated values across 
the core height for the injection/by-pass flow ratio of 4 %, injection velocity of 20 m/s and 
injection angle of 20O. Although the bypass design and distribution were important, it was 
found that small modifications to the bypass part did not affect the results. Most of the 
mixing happens below the fuel assemblies and the concentration profile remains uniform 
along the core height. If the design is changed, the bottom part must be studied carefully. 
Uniform boron distributions with mean values of 4% could be achieved with relative low 
injection rates of 0.25 kg/s (4% of the bypass flow). Hence, a rather low boron storage 
volume is needed.  

C.2 Mixture Tests 
The test rig of 1:1 scale included 2 different injection positions, one with converging 

and one with diverging jets. The tests were run at full scale, with original mass flows and 
velocities. Therefore, no scaling of mixing times and quality was needed. The tests started 
with pretests to check the performance of the rig, to adjust the flow rates of the injection 
system and the bypass flow pumping units, and to check the measurements. Next, LASER 
light slit tests were run at different cross sections and recorded on video to observe mixing 
of boron (simulated by particle-seeded water) at different elevations. Tests with colored 
water were also run and recorded on video to observe the overall mixing behavior.  

The tests of WP2 confirmed that the boron spreads rapidly and homogeneously into 
the core bypass. The tests confirmed the results of the PHOENICS calculations (WP1), 
which were used to specify the test parameters. In this way, WP2 fulfilled its original 
objectives. 



C.3  Calculation of internal recirculation 
The homogeneity achieved with the planned and tested (WP1 and WP2) boron 

injection was shown to be satisfactory with the CASMO-4 study of the effects of inter-
assembly bypass boron distribution. With the maximum boron density variation of factor 
of 2, the required additional boron to compensate remaining heterogeneity was less than 
5%. Figure 4 shows the boron heterogeneity weight factor for a 3 cm boron slug of 600 and 
800 ppm in the bypass.  

The TRAB-3D steady-state calculation for the SWR 1000 at the beginning of an 
equilibrium cycle resulted in an initial bypass boron concentration of 0.04 w-%, which is 
enough for the core to remain subcritical also during the 2nd recirculation, when the boron 
is distributed homogeneously to the RPV and the injection is stopped. Combined with the 
results of WP1, this leads to 9.4% concentration in the boron tank, clearly less than the 
planned 13%.  

TRAB-3D transient calculations showed the RPV water is safely borated at the end 
of the injection after 150 seconds. Figure 5 shows the calculated fission power for the first 
40 seconds of a turbine trip. In Case 1, FABIS was activated immediately after the scram. 
In Case 2, a delay of 10 s was assumed. The analyses were made assuming the pumps are 
kept running at minimum speed. If the pumps are stopped, the flow in the core by-pass 
stops almost totally. In this case, more studies are needed to confirm the function of the 
system. 

C.4 Tests of Flow between the Boron Tank and the RPV  
The work started with pre-tests to test and practice the operation of the rig, and 

continued with 7 final tests. The procedure followed the actual operation of FABIS. The 
initial pressures were 65-80 bar and temperatures 15-180°C (280-295°C at the top) in the 
boron tank and 5-15 bar and 152-198°C in the RPV, respectively. Before each test, the 
tanks and lines were filled with water. The blowdown line was at atmospheric pressure. 
The boron tank water was heated with the lower heater in the tank. The desired pressure 
was achieved using the upper heater. Boiling water with the heater inside the tank 
pressurized the RPV. 

Opening the blowdown line valves actuated water injection from the boron tank. The 
time difference for opening the valves in the line was 0.3 s. In the tests, the whole water 
inventory of the boron tank was injected. The initial volume fraction of saturated water in 
the boron tank varied between 21-31%. See Figure 6 for the measured pressure in the tests 
with different pressures, boron tank water levels and mass of saturated water in the boron 
tank.  

After opening the first valve, a pressure wave propagated between the valves. In the 
test with 65 bar, initially in the boron tank, a 30 MPa tension stress on the outer wall of the 
injection pipe in the circumferential direction was observed. The pressure of 80 bar caused 
a 40 MPa tension stress. When the fluid flow into the pipe started, the inner wall 
temperature changed faster than on the outer wall. This caused thermal stresses in the pipe. 
When the temperature on the inner wall was higher than on the outer wall, a tensile stress 
occurred on the outer wall. The maximum value for tension stress was 75 MPa. When the 
temperature on the inner wall was lower than on the outer wall, compression stress 
occurred. The maximum value for compression stress (-130 MPa) was measured after the 
second valve. These stress values did not risk the integrity of the blowdown pipe. 



C.5 Transformation of the Test Results to the Actual Plant 
Analyses that took into account the real plant geometry, pressures and temperatures 

were done to transfer scaled test results to real plant conditions. Two separate studies were 
done since the forces due to pressure waves and thermal shock do not appear 
simultaneously. The first assessed the effects of propagating pressure waves on the piping 
system. The other assessed the effects of the thermal shock from injecting hot boron 
solution into cold pipes.  

The pressure wave analysis showed higher pressures in the piping system than in the 
tests of WP4. The reason was that the time step in the data sampling in the tests was too 
long. A check analysis using the same time step showed good agreement between the test 
and analysis. In this way, the test results, the analysis method and the transferability to the 
real plant were validated. A further investigation of fatigue due to thermal shock at 
maximum operating conditions was done showing that all loads on the real system are 
within the limits. 

D . DISSEMINATION AND EXPLOITATION OF THE RESULTS 
The FABIS system is a part of a new generation nuclear power plant. It provides a 

cost-effective way to improve safety of the existing and new nuclear power plants. The 
FABIS system is a part of the safety systems of the SWR 1000 nuclear power plant, one of 
the plants offered to TVO in Finland as an alternative for the fifth Finnish NPP.  

E . CONCLUSIONS 
The mixing calculations showed that the boron concentration profiles in the gaps 

between FAs were sufficiently homogeneous. The tests of WP2 showed the boron is spread 
rapidly and homogeneously into the core bypass. The tests confirmed the results of 
calculations. The bypass flow boron solution homogeneity achieved with the planned 
injection was found to be satisfactory in CASMO-4 analyses. With the boron density 
variation by a factor of 2, the required additional boron to compensate for the 
heterogeneity was less than 5 %. TRAB-3D steady-state calculations gave an initial bypass 
boron concentration of 0.04 w-%, which is enough for the core to remain subcritical during 
the second recirculation, when the boron is distributed homogeneously to RPV and the 
injection is stopped. The TRAB-3D transient calculations showed that the RPV water is 
safely borated at the end of the injection after 150 s, if the pumps are kept running at 
minimum speed. In the tests of WP 4, the opening of the first valve started a propagation of 
a pressure wave. The maximum measured tension stress was 75 MPa. The maximum 
compression stress was -130 MPa. These values did not endanger the integrity of the pipes. 
Analyses taking into account real plant conditions verified the scaled test results and 
demonstrated the ability of the system to withstand the loads induced by injection of the 
hot boron solution. 
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Figure 4: Boron heterogeneity weight factor 
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Figure 5: Fission power for first 40 seconds. 

 

Figure 6: Depressurization of the boron tank. 
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contribute to the long-term
cooling of the reactor by
means of natural circulation
(Figure 1). the main compo-
nents are as follows:
1 - Lower plenum,
2 - Core,
3 - Upper plenum,
4 - Reactor cavity,
5, 6 - Fuel storage pool,
7 - Steam and noncond. gas,
8 - Emergency cooling pool,
9 - Containment shroud,
10 - Containment shroud heat
removal

The reactor pressure vessel is
linked to the pools by the fol-
lowing connection lines:

The Depressurization Equip-
ment system (DES) hot leg
connects the fuel pool to the
upper plenum. The DES cold
leg connects the fuel storage
pool to the downcomer. A level
balancing line connects the
emergency cooling pool and
fuel storage pools. In case of a
hot leg break, the broken hot
leg pipe itself connects the reactor vessel to the emergency pool across the break.
Should a break occur in the cold leg, the broken cold leg pipe (from the break to the
downcomer connects the reactor vessel to the emergency pool.

According to an assumed accident scenario, a low-pressure signal triggers the opening
of the isolation valves in the DES hot and cold legs. The isolation valve in the level bal-
ancing line opens on receiving a high water level signal in the emergency pool. A partic-
ular feature of this passive system is that it will use the combined heat removal
capacities of the tanks. This large total capacity will provide sufficient decay heat re-
moval from the reactor core fro more than 24 hours after the shutdown. Further discus-
sion of the functions of the pools and the passive safety systems can be found in [2].

The PACTEL Facility
The PACTEL is a full height, volumetrically scaled-down model of Russian.design
VVER-440 reactors, with an aspect ratio of 1:305. This medium-sized integral test facili-
ty is designed to simulate the thermal hydraulic behavior of the reference reactor in a
non-nuclear environment. The PACTEL has been jointly operated by the Technical Re-
search Centre of Finland (VTT) and the Lappeenranta University of Technology (LUT)
since 1991 [3].

Fig. 1: The VVER-640 reactor after a hot leg break
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