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ABSTRACT

This thesis includes several thermal-hydraulic analyses related to the Loviisa VVER-440
nuclear power plant units. The work consists of experimental studies, analysis of the
experiments, analysis of some plant transients and development of a calculational model
for calculation of boric acid concentrations in the reactor.

In the first part of the thesis, in the case of simulation of boric acid solution behaviour
during long-term cooling period of LOCAs, experiments were performed in scaled-down
test facilities. The experimental data together with the results of RELAPS/MOD3
simulations were used to develop a model for calculations of boric acid concentrations in
the reactor during LOCAs. The results of calculations showed that margins to critical
concentrations that would lead to boric acid crystallization were large, both in the
reactor core and in the lower plenum. This was mainly caused by the fact that water in
the primary cooling circuit includes borax (Na,B,0, 10H,0), which enters the reactor
when ECC water is taken from the sump and greatly increases boric acid solubility in
water.

In the second part, in the case of simulation of horizontal steam generators, experiments
were performed with PACTEL integral test loop to simulate loss of feedwater transients.
The PACTEL experiments, as well as earlier REWET-III natural circulation tests, were
analyzed with RELAP5/MOD3 Version SmS code. The analysis showed that the code
was capable of simulating the main events during the experiments. However, in the case
of loss of secondary side feedwater the code was not completely capable to simulate
steam superheating in the secondary side of the steam generators.



The third part of the work consists of simulations of Loviisa VVER reactor pump trip
transients with RELAPS/MOD 1-Eur, RELAP5/MOD3 and CATHARE codes. All three
codes were capable to simulate the two selected pump trip transients and no significant
differences were found between the results of different codes. Comparison of the
calculated results with the data measured in the Loviisa plant aiso showed good

agreement.
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1. INTRODUCTION

About 430 nuclear power plant (NPP) units are now in operation worldwide. Most of
the units are comprised of so called light water reactors (LWRs). These reactors use
water as a coolant and moderator, with slightly enriched uranium (about 3 % U-235) as
fuel. Most of the light water reactors are pressurized water reactors (PWRs), about 240
in number, two of them at the Loviisa power plant in Finland. The other main type is the
boiling water reactor (BWR). There are about 90 such reactors in the world, two of
them in Olkiluoto on the Western coast of Finland.

Of the over 240 operable PWRs, 44 reactors are of the Soviet VVER type. Most of
these reactors are in the former Soviet Union (24 reactors). The rest are located in
Bulgaria (6), Hungary (4), former Czechoslovakia (8) and Finland (2). The first
generation VVERs were developed by the Soviets between 1956 and 1970. The first
prototype reactors were of the VVER-210 and -365 type and they were built in
Novovoronezh. These reactors were shut down in 1984 and 1990, respectively. The first
standardized model of VVERs was VVER-440 Model V230 and the first power plant
units of this type were Novovoronezh 3 and 4. At the moment there are 10 reactors of
this first generation in operation, six in Russia and four in Kozloduy, Bulgaria /1/, /2/.

The principal strengths of the VVER-440 Model V230 units are that they have six
primary coolant loops (providing multiple paths for cooling of the reactor), each with
horizontal steam generators that together provide a large volume of coolant. They also
have isolation valves in all six coolant loops that allow plant operators to take one or

more of the loops out of service for repair while continuing to operate the plant.

The principal deficiencies of this power plant type include an accident localization system
(instead of containments in Western nuclear power plants) designed to handle only
4-inch pipe ruptures. If a larger coolant pipe(s) ruptures, this system vents directly to the
atmosphere. Furthermore, no emergency core cooling (ECC) or auxiliary feedwater
(AFW) systems exist. The gradual weakening through embrittiement of the pressure
vessel surrounding the nuclear fuel causes concern, as well as plant instrumentation and



controls, safety systems, fire protection systems and protection of control room which
are far below Western standards.

The second generation VVER plants, designated VVER-440 Model V213, were
designed between 1970 and 1980. Model V213 plants include two units in Russia, two in
Ukraine, six in former Czechoslovakia, four in Hungary and two in Finland. The principal
strengths of the VVER-440 Model V213 units include an upgraded accident localization
system, comparable to several Western plants, and the use of a vapour-suppression
containment structure called a ‘"bubbler-condenser”" tower. Furthermore the
improvements include addition of the emergency core cooling and auxiliary feedwater
systems and a reactor pressure vessel (RPV) with stainless steel lining to alleviate
concerns about vessel embrittlement in the first generation model design. Model V213
plants also include improved coolant pumps and continued use of six coolant loops with
horizontal steam generators with a large coolant volume. Finaily, the standardization of
plant components in this design provides extensive operating experience for many parts

and makes possible incremental improvements and backfits of components.

The principal deficiencies of this power plant type are the instrumentation and control
systems, fire protection, and protection of the control room, which are all well below
Western standards, as well as insufficient separation of plant safety systems. Moreover,
the weaknesses include the unknown quality of the plant equipment and construction due
to poor documentation, and major variations in operating and emergency procedures,
operator training and operational safety among the plants.

The third generation VVER (VVER-1000) was developed between 1975 and 1985
based on the requirements of a new Soviet nuclear standard. These reactors include six in
Russia, ten in Ukraine and two in Bulgaria. After 1985, derivative versions of the
VVER-1000 were developed. The VVER-88 concept is a basic VVER-1000 with
post-Chernobyl improvements and it is the basis for the Khmelnitsky-5 in Ukraine, which
i3 scheduled to begin operation in 1994. In 1987, design work began on the
VVER-1800, a VVER-1000 upgraded for greater safety and economy. In 1989, Finland
and the Soviet Union jointly announced the start of development work on the VVER-91,
@ VVER-1000 version that would meet stringent Finnish nuclear plant design



requirements. Thereafter, a further modified and improved VVER-92 design has been
developed.

The VVER-440 power plant units have some unique features differing from Western
PWR designs. One of these is the number and type of steam generator. As mentioned
earlier, the VVER-440 units have six primary loops with isolation valves and horizontal
steamn generators. Furthermore, the primary and secondary pressures and temperatures
are lower than in Western PWRs and the primary loops have loop seals in both hot and
cold legs. The construction of the reactor core is also unconventional. The hexagonal
fuel rod bundles are in channels as in BWRs and due to a special control element design
the core is shorter than in most PWRs, about 2.5 m long. During reactor shut-down
steam generators are used for residual heat removal instead of a separate residual heat
removal system (RHRS) as in other PWRs. The special features of the VVER-440 power
plants and their effects on safety have been recently discussed by Laaksonen /3/.

The Finnish VVER-440 units differ substantially from the other VVER-440 Model V213
units due to the extensive modifications made by the Imatran Voima Oy (IVO) at the
Loviisa power station. These modifications include an ice-condenser containment
building of the Westinghouse PWR design. To cope with severe accidents an external
containment spray system has been installed and reactor pressure vessel external cooling
concept has been planned as an accident management feature into the Loviisa units. On
the steam generator secondary side an additional feedwater system have been
implemented to secure the heat removal capacity of the steam generators if the normal
feedwater systems fail. Furthermore, the plant instrumentation and control systems as
well as the control room have been built according to Western standards. The Loviisa
plant also has a full-scope training simulator for operator training.

2. A CLASSIFICATION OF NUCLEAR REACTOR ACCIDENTS

The main cause of concern in generating nuclear power is the radioactivity of the fission
products and actinides accumulating inside the fuel rods during power generation. In the
beginning of the fuel cycle the fission products stay inside the ceramic fuel pellets. Later



they will partly accumulate also in the open space left into the rods. The ceramic fuel is
thus the first barrier against radioactive release into the environment. In order to reach
the environment, the radioactive fission products have to pass through several other
barriers. The next two barriers are the cladding and the primary cooling circuit.
Furthermore, most PWRs and BWRs have a containment building, which in the case of
breaks in the first three barriers, prevents radioactive releases to the environment. In
order to ensure the containment integrity during a severe accident, containment venting
systems and/or external containment cooling systems have been adopted into some PWR
and BWR designs.

The failure of a large number of fuel rods is the first necessary condition for a significant
radioactive release from a nuclear power plant into the environment. The events where
failures of fuel rods might occur can be categorized into three groups. The first group of
events consists of cases where the reactor cooling systems are operating normally but the
reactor power for some reason increases and exceeds the reactor cooling capacity. This
first category includes reactor overpower transients such as some anticipated transient
without scram (ATWS) cases as well as reactivity transients and accidents. Examples of
this type of events are control rod withdrawal and boron dilution incidents and some
primary system overcooling transients. The Chernobyl accident was a case of an
extremely severe reactivity accident.

The second category of events which might lead to fuel failures include situations where
reactor power is normal, i.e operating power or decay heat power, but the cooling of the
fuel rods somehow fails. This category involves loss-of-flow cases where the flow of
coolant to the reactor core or to some individual rod bundle(s) is totally or partially lost.
Such an event might be caused by a blockage of flow paths or rod bundles, or due to
failures of reactor coolant pumps (RCPs). Loss-of-coolant accidents (LOCAs) are
situations where the loss of fluid from the primary system through a leak is so extensive
that it can not be compensated with normal makeup water systems. LOCAs are usually
further categorized according to the break size (small, medium or large-break LOCAs).
The loss-of-heat-sink is a case where, for example, the heat removal capacity of the
steam generators of a VVER reactor is lost due to loss of feedwater on the steam

generator secondary side.



The third category involves other cases where the reactor systems operate normally, i.e.,
reactor power is normal, reactor cooling is effective and primary system integrity is not
lost. This category includes cases such as fuel bundle failures during refuelling outages or
during the transportation of spent fuel inside the piant.

This thesis includes several thermal-hydraulic analyses of Loviisa VVER-440 type PWR.

The topic of Papers 1 to 5 of this thesis is boric acid solution behaviour during long-term

cooling period of VYVER-440 type PWR LOCAs. Boron, usually in the form of boric
acid (H,BO,), is used in many ways to control reactivity of the core in LWRs. It is used

in PWRs as a soluble neutron poison to cope with fuel burnup changes, in the emergency
core cooling system to ensure reactor subcriticality during the ECC water injection into
the core, and in the ice-condenser (in the form of sodiumtetraborate i.e borax,
Na,B,0,.10H,0) to ensure subcriticality of the reactor in cases where ECC water is
taken from the sump. It is also present in both BWRs and PWRs in high concentration
boron solution tanks to be injected into the primary circuit to keep the reactor subcritical
if the control rods fail to shut down the reactor (e.g., during some ATWS transients). In
PWRs boron is also present in the primary coolant to keep the reactor subcritical during
refuelling outages, in BWRs the subcriticality during refuelling is realized with control
rods,

Two types of boron anomalies might exist during abnormal conditions in PWRs, The first
one is a boron crystallization problem, which can occur during LOCAs if borated water
is allowed to boil long enough in the reactor core and if the flow out from the reactor
pressure vessel is pure steam flow. This event might lead to boric acid crystallisation in
the reactor core, blockage of some flow paths in the core and, finally, overheating and
failure of some fuel rods. Hence, in the above classification of nuclear accidents the
boron crystallization belongs to the category of (partial) loss-of-flow accidents. In this
thesis the boron crystallization problem has been studied both experimentally and
analytically.

The other possible boron anomaly is a bogon dilution incident, which could occur eg.
during small-break LOCAs (SBLOCAs) if the primary coolant flow is in reflux



condensation or in boiler/condenser two-phase flow mode. In this mode steam flowing to
the steam generators condenses there and the condensate collects to the cold leg loop
seals. If this condensate, having almost a zero boron concentration, suddenly ﬂowé into
the core, it might cause a reactivity transient and lead to a fast power burst in the reactor
and damage to some nuclear fuel. The same kind of boron transient might occur during
refuelling outage and start-up phase if non-borated water somehow enters the core or if
the reactor boron control system fails.

Papers 6 and 7 of this thesis deal with simulation of horizontal steam generators.

Horizontal steam generators are one special feature of VVER type PWRs. Steam
generators act as a heat sink in PWRs and their performance is needed to transfer heat
generated in the nuclear fuel in the reactor core to the secondary circuit during normal
operation, reactor shut-down (in VVERS) and abnormal transients. The work described
in these two papers deals mainly with verification of computer codes used in transient
and accident analyses of PWRs. The work involves computer simulations as well as
experimental studies. This work is important since most of the computer codes have been
verified against data from experiments simulating PWRs with vertical steam generators.
In the above classification of nuclear accidents, the case of Paper 6 belongs to the
category of loss-of-coolant accidents, and the case of Paper 7 to the category of
loss-of-heat-sink of the primary circuit.

Paper 8 of this thesis deals with pump trip transient analyses for Loviisa VVER-440
reagtor. VVER-440 reactors have a special feature connected with these analyses: these

units can be used even if up to three of the six coolant pumps are stopped. This is
possible since the VVERS have a control system called ROM which, in the case of pump
trips, drops the reactor power to a level of operating main coolant pumps. Hence, if one
reactor coolant pump is stopped the reactor power is reduced to a level about 17 %
below the nominal power level. In other PWRs a pump trip automatically leads to a
reactor trip. In the above classification of nuclear power plant accidents a pump trip
transient is a typical loss-of-flow case. Paper 8 consists of computer simulations of two
selected pump trip transients.



3.  METHODS USED IN NUCLEAR REACTOR THERMAL-HYDRAULIC
SAFETY STUDIES

Research in the field of nuclear reactor safety deals not only with nuclear and reactor
physics, although the research in these areas form a base for the whole use of nuclear
power. Outside the field of nuclear ar;d reactor physics, safety research is conducted in
many areas. In the area of structural safety of NPPs, research is conducted, for example,
in the field of material science, metallurgy, fracture mechanics and seismic engineering.
Research in the field of operational safety of NPPs during normal operation conditions,
transients and accidents includes studies of power plant and control engineering,
electrical engineering, heat transfer and fluid flow (i.e. thermal-hydraulics) as well as
probability and reliability theory. The studies of severe accidents include all research
areas of operational safety and, furthermore, studies of chemical engineering, aerosol
physics, meteorology and health physics. Nuclear waste (disposal) research encompasses
the fields of radiochemistry, geology and ground-water flow in soil and bedrock. The
main objective of this research is to guarantee safe and economical use of nuclear power
plants.

In particular, research in the field of nuclear reactor thermal-hydraulics includes studies
of heat transfer and fluid flow during both normal operation conditions and abnormal
transients and accidents. During the design phase of a plant, thermal-hydraulic analyses
are needed to show that the plant fulfils the design requirements (typically design basis
accident (DBA) analysis). Further, thermal-hydraulic analyses are needed to provide
information about the state of the plant during normal operation conditions (such as
safety margins) and during abnormal events (such as LOCAs and transients) as well as
data needed to write operator instructions. Thermal-hydraulic analyses also provide data
needed for other safety analyses, such as probabilistic safety analysis (PSA), containment
behaviour and severe accident analyses.

The methods used in the thermal-hydraulic safety studies of nuclear reactors can be
categorized into four groups: experiments in real power plants, experiments with nuclear
test apparatus, experiments with non-nuclear test apparatus and computer analysis. The
main organisations performing these safety studies in Finland are the Technical Research



Centre of Finland (VTT) in its different laboratories (Nuclear Engineering Laboratory
(YDI), Reactor Laboratory (REA), etc.), Imatran Voima OQY, Finnish Centre for
Radiation and Nuclear Safety (STUK), Lappeenranta University of Technology (LTKK)

and some other universities.

It is only seldom possible to perform experiments in operating nuclear power plants.
Some measurements can be made during the commissioning tests and start-up phase of
the plants as well as during normal operation. Some measurement data is also available
from real plant transients. However, tests to simulate real accidents are only rarely
possible since they are extremely expensive and, more importantly, these kinds of
experiments are a real safety risk!

Since it is very difficult to perform experiments in real NPPs, many countries have built
test facilities to simulate operating nuclear power plants. In these test facilities the main
parts of nuclear power plants are simulated on a full-scale or on a smaller scale. These
test apparatus can be divided into two groups. The first group include those test
apparatus which use nuclear fuel The first group includes experimental apparatus that
are real nuclear reactors such as LOFT /4/ in the U.S.A. Furthermore, there are test
facilities that have been built inside nuclear reactors, such as PHEBUS in France /5/ and
MARIA in Poland /6/. '

The second group of facilities consists of pon-puclear test apparatus These apparatus
can be further divided into two groups. In so-called ntegral test loops all main parts of
the NPP primary and secondary circuits are simulated and experiments are performed to
study different kinds of accidents and transients, such as SBLOCAs. The largest integral
test loops are SCTF and CCTF /7/, ROSA-III /8/ and -IV /9/ facilities in Japan, UPTF
(Upper Plenum Test Facility) /10/ and PKL /11/ facilities in Germany, BETHSY in
France /12/ and PACTEL in Finland /13/. In the separate effect test loops the aim is to
study some particular phenomenon or some individual part of the reactor in either
full-scale or scaled-down geometry. Typical examples of these are MARVIKEN in
Sweden /14/, PERICLES /15/ and OMEGA /16/ in France and VEERA /17/, REWET-I
and REWET-II facilities /18/ in Finland.



The main limitation of thermal-hydraulic experiments is that they are, in most cases,
performed in scaled-down facilities. This makes it more difficult to apply the
experimental findings in the smaller-scale facilities to the full-scale power plants.
Sometimes not only the geometry but also some other quantities, such as time, material
properties (pressure or temperature) and working fluid (use of Freon instead of water)
are not on the same scale as the reference system, i.e. a real power plant. Problems arise
during scaling of the results since some phenomena occurring in small-scale experiments

might not happen in full-scale power plants.

Several computer codes, such as RELAPS /19/, ATHLET 20/, CATHARE /21/ and
APROS /22/, can be used as a tool to extrapolate small-scale experimental results to the
full-scale. Individual models in the computer programs can be tested by comparing the
calculational resuits with separate effect test results. Verification in the full-scale
geometry can sometimes be made by comparing calculational results with measurement
data available from real power plants measured during tests or real plant transients. The
main problems in the use of the computer codes to scale up test data are some two-phase
flow modelling problems, such as modelling of interactions between phases and problems
connected with the numerical solution mechanisms of the codes, such as numerical
diffusion. Moreover, most computer codes use one-dimensional models to simulate flow
and heat transfer processes in three-dimensional geometries of real power plants and
experimental apparatus. In particular, this resuits in problems in modelling some parts,
such as the steam generator secondary side of the VVER-440 reactors.

4.  PAPERS ON THIS THESIS

4.1 Experimental and analytical studies of aqueous boric acid solution behaviour
during long-term cooling period of VVER-440 type PWR LOCAs (Papers 1
to 5)

Papers 1 to 5 on this thesis deal with aqueous boric acid solution behaviour during
YVER-440 type PWR LOCAs. Boric acid is used in modern PWRs as a soluble neutron

poison to control the reactivity of the core. Boric acid concentration in the primary
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coolant is varied so that the concentration is highest at the beginning of the fuel cycle,
typically about 1000 -1500 ppm. At the end of the cycle boric acid concentration is
reduced close to zero. In addition, boron is used in the ECC water (in form of boric acid,
H,BO,) and in the ice-condenser (in Loviisa in the form of sodiumtetraborate (borax),
Na,B,0,.10H,0) to ensure reactor subcriticality during transients and LOCAs if the ECC
water injection is needed.

When using boric acid it should be kept in mind that the solubility of boric acid in water
decreases greatly when temperature is decreased. This is illustrated in Figure 1 which
shows the solubility values of boric acid in water as a function of temperature. Hence,
the flow paths of the high concentration boron injection systems must be maintained at a
temperature high enough to avoid crystallisation in the pipelines. So, the piping from the
concentrated boric acid tanks to the charging pumps must be heat traced /23/. The same
problem might arise in some PWRs during shut-down, if the residual heat removal
system fails and the steam generators are used as an alternate means of decay heat
removal. If boiling of water in the reactor pressure vessel continues long enough, the
restoration of the RHRS may result in the inadvertent precipitation of boric acid in the
RHRS lines, preventing its further use /24/. This latter sequence is not possible in
VVER-440 type reactors. In these reactors the residﬁal heat is removed through the
steam generators and so, there are no external RHRS lines.

Fig. L Solubility of boric acid in water.
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Duwring the long-term cooling period of LOCAs, water might boil in the reactor core for
an extended time. Boiling increases boric acid concentration in the core since the
outflowing steam has a very low boric acid concentration (about 1% of that in water). If
water keeps boiling in the core long enough, it would be possible to reach such high
boric acid concentrations that boric acid starts to crystallize. This crystallized boric acid
might block the flow through the rod bundle(s) and lead to a loss-of-flow type transient,
which might lead to overheating and failure of the fuel. In VVER-440 reactors this might
be the case in cold leg SBLOCA situations, where collapsed water level in the reactor
vessel is maintained near the cold leg connections. In this case the steam generated in the
core flows to the steam generators, condenses there and the condensate flows to the cold
legs, and partly back to the hot legs. Water level in the core remains stable since the ECC
water replaces the water lost through the break. This situation is illustrated in Figure 2.

ECC water

W

Eig. 2. Schematic representation of a cold leg SBLOCA situation.

In the cold leg SBLOCAS, as described in the previous chapter, there are possibilities for
two different types of boron concentration anomalies. First, since the boric acid
concentration in the core increases, it is possible to reach such a high boric acid
concentration that boric acid crystallizes. On the other hand, steam which flows out from
the core condenses in the steam generators, and flows into the cold leg loop seals. If this
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condensate, which may have almost zero boric acid concentration, flows back to the core
when the loop flow starts again it might lead to a severe reactivity transient. In this
thesis, the first accidental scenario above, possible crystallization of boric acid during
small-break LOCA conditions in a PWR, is studied.

Numerous publications are available about the boron dilution problem, such as by
Jacobson /25/, Leach et al. /26/, Vanttola et al. /27/ or Hyvirinen /28/. Much less data
has been published about the boron crystallization problem. Boric acid effects on LOCA
thermal-hydraulics in case of large-break LOCA (LBLOCA) have been studied by
Reeder /29/. Reeder developed a calculational model for the simulation of boric acid
concentration changes during early phases of LBLOCA. Reeders analysis dealt with the
first 30 s of LOCA and later phases of LOCAs were not discussed, His model was based
on boric acid mass balance in different parts of the reactor pressure vessel. In his boron
mass balance calculations he used mass flow rates for water and steam calculated by the
RELAP4/MOD6 code. His main conclusions were that boron plateout is not expected to
occur during this early part of PWR LOCAs. He also proposed that boric acid balances
and property calculations should be included in a LOCA simulation model to determine
the extent of changes induced on the results by boric acid concentration variations.

Accumulation of boric acid in the reactor core during SBLOCAs (SBLOCA) has
recently been studied by Twogood et al. /30/. They calculated boric acid concentrations
in San Onofre Nuclear Power Station Unit 1 during a postulated cold leg SBLOCA.
Their main intention was to determine the minimum time for boric acid precipitation in
the core. This time establishes the minimum time for the initiation of hot leg recirculation
to flush the core and terminate concentration. The calculations presented by Twogood et
al. were based on boric acid and water mass balances in the primary circuit. The effects
of the reactor pressure vessel stored heat on the evaporation of water in RPV was also
taken into account. Twogood et al. pointed out that the release of energy stored in RPV
and internals boils off water faster than can be made up, the core water level dropps, and
the concentration jumps. This effect of stored heat was not taken into account in the
previous analysis by the Westinghouse /31/. The calculated concentrations were
compared with boric acid solubility limit, which was selected to be 23.5 weight-%. The
results of the calculations by Twogood et al. together with the results of earlier analysis
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are presented in Figure 3. The selection criteria for the solubility limit and the
assumptions made in the earlier analysis (8 and 16 hours estimates in Figure 3) were not
discussed by the authors of Ref. 31. The data presented in Figure 3 shows that the initial
concentration in the beginning of the analysis was about 2.2 weight-%, which is higher
than the maximum concentration during normal operation or the concentration of the
ECC water in the Loviisa units.
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Fig. 3 The RPV boric acid concentration in a cold leg LOCA /30/.

The objective of the work described in this thesis in Papers 1 to 5 was to determine the
distribution and concentrations of boric acid in different parts of the reactor pressure
vessel of the Loviisa PWR during a cold leg SBLOCA. The work was started with a
literature study and it continued with experimental investigations, analysis of the
experiments, SBLOCA simulations with the RELAPS/MOD3 Version Sm5 computer
code, and with a development of a calculational model for the calculation of boric acid
concentration in the reactor. Since understanding of basic phenomena affecting the
concentration distribution in the reactor core was considered vital, the experimental
investigations were started with long-term boiling experiments with the small-scale
REWET-II facility. The experimental arrangements and the results of REWET-II
experiments are presented in references /32/ and /33/ and in Papers 1 to S on this thesis.
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The experiments with the REWET-II facility were aimed to collect general information
about boric acid solution behaviour during long-term cooling period of LOCAs. A
schematic of the experimental arrangements in the REWET-II experiments is presented
in Figure 4. The REWET-II experiments were carried out in such a way that water was
boiling in the core section with water level near the core top. Loss of water from the
system through boiling was compensated by a feedwater injection into the downcomer.
Hence, the collapsed level was almost constant during the experiments. Due to boiling
boric acid concentration in the core region increases. During the experiments boric acid
concentrations in the core section, condensate sampling tank and in the lower plenum
were measured. The main parameters of interest in these tests were the boric acid
concentration distribution in the core section and the lower plenum, the maximum

concentration in the core and the lower plenum, and the boric acid concentration of the
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Fig. 4. Experimental arrangements in REWET-II boric acid experiments.

The REWET-II experiments demonstrated that it is possible to reach such high boric
acid concentrations in the core simulator that boric acid crystallizes and a flow blockage
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is formed. Conditions for crystallization were favourable when pressure (temperature) in
the system was low, rate of droplet entrainment (flow of boric acid out from the core in
the steam) was limited, water level in the core was low and boric acid concentration of
feedwater was high. In these experiments, crystallization of boric acid took place near
the collapsed water level. If the collapsed water level was below the top of the core
section, crystallization of boric acid took place in the core simulator where boric acid
crystals gathered below spacer grid(s) and, finally, blocked the rod bundle there. This led
to a rapid rise of rod simulator temperatures since the flow of water through the core
ceased.

Boric acid concentration measurements in the REWET-II experiments showed a clear
concentration difference between the top and the bottom of the core simulator. They also
indicated that mixing between the core and lower plénum was rather limited. The
literature study performed and the measurements made by Tuunanen /34/ showed that an
addition of sodiumtetraborate (Borax, Na,B,0,.10H,0) into an aqueous boric acid
solution greatly increases solubility of boric acid in water (Figure 5). The effect of
droplet entrainment on the rate of increase of boric acid concentration in the core was
found to be significant. In the experiments where a water separator was not used to limit
droplet entrainment, concentrations in the core simulator reached a level of equilibrium
below the saturation value and no crystallization of boric acid was observed. This
happened since the entrained water removed the same amount of boric acid from the
system as was added with the feedwater. The effects of droplet entrainment on the core
concentrations is illustrated in Figure 6, which shows the measured boric acid
concentrations in the core simulator from two REWET-II tests. In the test where the
water separator was used in the steam exit line the boric acid concentration in the core
simulator reaches the saturation concentration after about 14 hours. In the test without

water separator the concentration in the core stays clearly below the saturation value.
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Balashov et al. /35/ have recently published results of experiments performed with the
AMT facility in Russia to study boric acid solution behaviour in SBLOCA situations.
The experiments were performed, as the REWET-II tests, in a test facility with a 19
heater rod core simulator. The experimental set-up in these tests was similar to that in
the REWET-II boric acid test. The main measurements in the AMT tests included steam
and water temperatures, pressures and pressure differences in the test section as well as
water level measurements. In these tests no concentration measurements were
performed. The blockage of the core due to crystallized boric acid was detected by the
thermocouples. The main experimental parameters in the AMT tests were the core
heating power (5 to 15 kW), water level in the core (0.4 to 0.6 x core height), pressure
and boric acid concentration. The main intention of the tests performed by Balashov et
al. was to study boric acid crystallization process in the case of low core water level.

The main results of the AMT tests were similar to the results of the REWET-II tests.
The test section was blocked by crystallized boric acid in the same manner as in the
REWET-II tests. In the tests with low water level the blockage of the core was slower
than in the tests with higher level, and the blockage occurred gradually. In some tests no
core blockage was observed at all. No reason for that was given by the authors. Another
Russian test series to simulate boron solution behaviour have been performed at the
Zuevka H&P Station /36/'. In these test deposit of boron was observed "on condensing
but not on the steam generating surfaces”. This finding is in accordance with the results
of the tests performed by the author of this thesis with the VEERA facility, as will be
described later in this chapter.

The core simulator of the REWET-II facility, as well as the core simulator of the Russian
AMT facility, included 19 heater rods, instead of 126 in the real reactor bundle. In order
to verify the effects of scale of the test apparatus on the mixing processes of boric acid in
the core and between the core and the lower plenum, a larger VEERA facility was built.
The VEERA facility includes one full-scale copy of a VVER-440 reactor rod bundle with
126 full-length rod simulators. In the original VEERA facility, all the structures near the
top of the core section of the reactor (i.e. core outlet nozzles) were accurately simulated.
This was done because the aim of the first experiments was to study crystallization
process, and that always happened at the top of the core in the REWET-II experiments.

‘m;paperhasnotbeenavuilnblewthcamhaoﬁhismais.Thaetatsweremenﬁonedinlle{. 3s.
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The experimental arrangements of VEERA experiments and the results of the

experiments are presented in references /17/ and /37/ and Papers 2 to 5 of this thesis.

The experimental set-up in the VEERA tests was similar as in the REWET-II tests, as
shown in Figure 4. So, the main difference between these two test series was the scale of
the test apparatus (volumetric scaling ratio 1:2333 in the REWET-II facility and 1:349 in
the VEERA facility). The experiments with the REWET-II and VEERA facilities clearly
demonstrated that the scale of the experimental apparatus has a significant effect on the
results of the experiments. The main difference between the results of the small-scale
REWET-II experiments and the larger-scale VEERA tests was that the mixing in the
core section of the VEERA facility was much more effective. Hence, boric acid
concentration distribution in the VEERA rod bundle was almost uniform. Mixing
between the core section and the lower plenum, as well as in the lower plenum, was also
more effective than in the REWET-II tests. The main reason for that was the larger scale
of the test apparatus.

Experiments with the VEERA facility showed that crystallization of boric acid and
blockage of the rod bundle may also take place in this larger-scale rod bundle. In fact,
crystallization conditions in the facility were achieved in three different ways. In the
experiments with a constant pressure crystallization started, after several hours of boiling
(typically 7-8 hours with 2.5 weight-% feedwater boric acid concentration®), at the core
top near the collapsed water level where supersaturation was largest. In the experiments
where supersaturation was reached by a fast depressurization of the system,
crystallization took place in the whole upper part of the core section. The third mode of
crystallization was observed in the lower plenum. Unsaturated, highly concentrated and
hot boric acid solution drifted down from the core to the lower plenum, cooled down,
reached supersaturation and crystallized there on the cold inner surface of the lower
plenum pipe (this is probably the mechanism of crystallization observed in the tests
mentioned in Ref. 36 i.e. crystallization of boric acid outside the core on a cold surface).
In the first two cases above, crystallization took place in the core simulator and a flow
blockage was formed. In the first case above, if the water level was raised above the rod

mmmmmmwhmhmmmmemauum-ummmmuummm
the ECC water concentration in the Loviisa plant. This higher value was selected for the experiments in order to
make the experiments faster i.c. to shorten time needed to reach saturated concentration in the test apparatus.
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bundle, crystallization took place in the upper plenum and, hence, no flow blockage in
the bundle was observed.

After the first experimental series the VEERA facility was slightly modified. This
modified version included an exact simulation of the core inlet nozzles of the VVER-440
reactor. This was necessary since one of the aims of these experiments was to evaluate
the rate of mixing of boric acid between the core section and the lower plenum. This data
was needed later in the final reactor analysis.

The tests with the modified VEERA facility included two tests with different core inlet
orifice. These two tests showed that the change of the diameter of the core inlet orifice
from 74 to 50 mm did not affect on the concentration distribution in the core or in the
lower plenum. Hence, these experiments demonstrated that U-tube oscillation plays an
important role in transferring boric acid from the core into the lower plenum. This
observation was later confirmed in the tests made in the IVO Hydraulic Laboratory /38/.
The tests in the IVO Hydraulic Laboratory showed that the change of the core inlet
orifice diameter from 74 to 50 mm significantly restricts the buoyant mixing between the
core and lower plenum. So, the U-tube oscillation was the main mechanism for
transporting boric acid from the core to the lower plenum in the VEERA tests.

The main problem of the VEERA experiments was that the lower plenum of the facility
did not simulate accurately enough the lower plenum of the reactor. The reason for this
was that volumetric scaling preserving the elevations but reducing the flow area was
used in the design of the VEERA facility. Hence, three-dimensional mixing processes in
the lower plenum of the simulated reactor were not reproduced in these experiments,

To gain more detailed information about the boric acid mass transfer in the reactor, a
separate test loop was built in the IVO Hydraulic Laboratory. The experiments in the
IVO Hydraulic Laboratory were designed so that the mixing in the lower plenum was
considered as a buoyant mass transfer leaving oscillations out from the simulation. The
experimental apparatus used in these tests and the experimental arrangements are
presented in reference /38/ and Papers 4 and S of this thesis. After these experiments it
was concluded that the buoyant mixing process is quite effective in the three-dimensional
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flow pattern of the lower plenum of the reactor, equalising concentration differences in
the lower plenum. As mentioned earlier, the effect of oscillations is more important for
the mass transfer through the inlet orifice section in the core.

Before starting to develop a model for the calculation of boric acid concentrations in the
Loviisa PWR, the boron model of the RELAP/MOD3 code was tested and verified
against an experiment performed in the VEERA-facility. The boron tracking model
included in the RELAPS5 code assumes, that boron is moving together with water (with
the same velocity) and that the concentration of steam is zero. The model does not take
into account the effects of concentration on the water properties, such as density of
water. So, the model calculates only the convection of boron together with water in the
simulated system.

The verification calculations clearly demonstrated one of the problems of using computer
codes to scale up experimental data. In these calculations, numerical diffusion together
with U-tube oscillation was observed to transfer concentrated boric acid solution from
the core section to the lower plenum and downcomer, and to decrease calculated
- concentration differences around the test loop. The calculated boric acid concentrations
were higher than those measured in the downcomer and feedwater tank, and lower in the
lower plenum and the core section. The calculations clearly showed that the boron model
of the RELAPS/MOD3 code should not be used in the calculations of boric acid
concentrations in a system including strong flow oscillations and/or concentration
gradients /39/. The results of this analysis were the main reason why a separate
calculational model for the reactor boric acid concentration calculations was developed,
instead of using the model of the RELAPS/MOD3 code.

Before the calculations of the boric acid concentrations in the reactor were started, the
RELAP5/MOD3 code was used to determine the boundary conditions for LOCAs under
which concentrating of boric acid might occur. Experiments with the REWET-II and
VEERA-facilities had shown that crystallization of boric acid could be achieved if the
pressure in the reactor was low, the collapsed water level in the reactor pressure vessel
was near the top of the core and if the rate of droplet entrainment was low. These
conditions apply to cold leg SBLOCAs when the low pressure coolant injection (LPCI)
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is not effective i.e. the pressure is slightly above the actuation pressure of the low
pressure injection (LPI) pumps.

The RELAPS/MOD3 SBLOCA analyses were made with three different break sizes (25
ey, 20 cm® and 15 cm’®). The effects of the reactor secondary side cooling and ECC
capacity available were also studied. The results of these analyses are presented in detail
in reference /40/ and Paper 5 of this thesis. The RELAPS/MOD?3 calculations showed
that, in the case of cold leg SBLOCA without secondary side cooling, the water level in
the core stabilizes near the level of the bottom of the cold leg pipes, leading to a stable
long-term cooling situation. If the reactor secondary side is cooled the water level in the

reactor pressure vessel rises near the hot leg connections.

The RELAPS/MOD?3 analyses also demonstrated that there are two types of internal
by-pass flows in the reactor. First, there is a flow through the dummy elements from the
upper plenum to the lower plenum (typically about 20 kg/s). Second, water circulates
between the rod bundles inside the core section (typically about 180 kg/s). The by-pass
flow through the dummy elements enhances mixing between the core and lower plenum
and decreases the concentration difference between these two sections. The by-pass flow
between the bundles improves mixing inside the core section and decreases the
concentration differences between individual rod bundles, These by-pass flow rates
calculated with the RELAPS/MOD3 code were not directly used in the final reactor
analysis. However, from the RELAPS/MOD?3 analyses it was concluded that there will
be only two mixing regions in the reactor with almost uniform boric acid concentrations:
the core section with a high concentration and the lower plenum with a lower
concentration. The only concentration difference existing in the reactor will be found
between these two sections.

The development of the model for the calculations of the reactor boric acid concentration
was made by the author of this thesis, together with Mr P. Raussi (co-author of Papers 4
and 5). The model developed was based on the boric acid mass balance in the reactor
primary circuit. In the calculations the reactor pressure vessel was divided into two
mixing regions (core section and lower plenum) and boric acid concentrations were

calculated separately for these two sections. In some cases, the concentration for the hot
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- bundle of the core, i.e. for the channel with the highest power was also calculated. This
was done by assuming that the concentration in the hot sub-bundle is directly
proportional to the ratio of the power of the hot sub-bundle to the power of the averaged

bundle (the calculated core average concentration was multiplied by this ratio).

The flow chart of the simulation model is presented in Figure 7. The simulation model
also includes a calculation of borax concentration in the lower plenum and in the core.
The borax concentration calculation was based on the borax mass balance in the system.
The borax enters the reactor when ECC water is taken from the sump. The borax
concentration is needed since it affects significantly on the solubility of boric acid in

water, as shown in Figure 5.
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- Fig. 7. Flow chart of the simulation model for the calculation of boric acid
concentrations in a VVER-440 reactor.

The calculation of the mixing rate of boric acid between the reactor core section and the
lower plenum was based on the results of the VEERA tests and the tests performed at
the IVO Hydraulic Laboratory. The developed calculational model was not verified
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against experimental data since there is no useful data for verification available (only a
large-scale test facility with multiple rod bundle simulators and a large lower plenum can
provide such data). Hence, parametric studies with concervative boundary conditions
were performed to cope with the lack of full-scale experimental data about boron mixing
in the RPV. These parametric studies included an analysis of hot sub-bundle
concentration, as mentioned earlier in this chapter, as well as studies of the effects of the
core water level, boric acid concentration of steam, and the mixing rate of boric acid
between the core and the lower plenum on the concentrations in the RPV. The
calculation of the accumulation of boric acid in the RPV was started from the time when
the level at the RPV was stabilized after a cold leg SBLOCA. This time was predicted by
the RELAPS/MOD3 code. In the case of 15 cm’ cold leg break this happened after about
5000 seconds. Before that time it was assumed that boric acid flows through the break
with water out from the primary circuit and no concentrating in the core takes place. The
heat stored in RPV and internals was assumed to be released before that time and, so,
their effects were not taken into account in the calculations.

The calculated concentration values in the reactor core and in the lower plenum were
compared with the critical concentrations that would lead to boric acid crystallization.
The critical concentration for the reactor core was the solubility of boric acid in water at
100 °C. This value was selected to ensure that there is no possibility of boric acid
crystallization even if the pressure in the primary circuit suddenly drops, for example, due
to secondary side cooling. For the lower plenum, solubility value of boric acid in water at
70 °C was used as the critical concentration. This value was used since the temperature
of pressure vessel internals in the lower plenum might be near the ECC water
temperature and, thus, at a lower temperature than the saturation temperature in
atmospheric pressure. In the calculations of the critical concentrations, the effects of

borax on boric acid solubility in water were taken into account.

The reactor analysis showed that the concentrations in the reactor stay clearly below the
critical values during the first 50 hours of SBLOCAs. Borax in the ice-condenser ice
increases boric acid solubility in water and greatly increases the margin to the critical
concentrations. This is demonstrated in Fig. 8 presenting the calculated reactor
concentrations together with the calculated critical concentrations during the first 50
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hours of SBLOCA for one of the parametric study cases. In the case shown in Fig. 8 the
margins to the critical concentrations are clear, both in the lower plenum and in the core
as well as in the hot sub bundle.

LOVIISA, SBLOCA BORIC ACID ANALYSIS (CASE 2)
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Fig. 8. Calculated boric acid concentrations in the Loviisa VVER-440 RPV during
a cold leg SBLOCA.

The reactor analyses showed that the risk of crystallization in the reactor core is
extremely low. In the long-term cooling period of LOCAs, further attention should be
directed to the studies of the other accidental boric acid sequence connected to the
SBLOCAS, i.e possible power burst due to flow of pure condensate from the cold leg
loop seals to the reactor.

Papers 1 to 5 of this thesis include multiple authors. The author of this thesis was
responsible for performing and analyzing the experiments with the REWET-II and
VEERA facilities, simulating the experiments and Loviisa SBLOCA transients with the
RELAPS/MOD3 computer code, and, together with P. Raussi, performing and analyzing
the experiments in the IVO Hydraulic Laboratory, developing a caiculational model for
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the reactor boric acid concentration analyses and using the model for the Loviisa PWR
boron concentration simulations. Part of the experimental work formed the diploma
thesis and the licenciate thesis of the author. The diploma thesis was done under
supervision of Mr. T. Kervinen (co-author in Papers 1 to 4) and Prof. H. Kalli (co-author
in Papers 2 and 3) and the licensiate thesis under supervision of Prof Kalli and Dr. H.
Tuomisto (co-author of Papers 2 to 4). Most of the work presented in Papers 1 to 5 was
financed by the Imatran Voima Oy, which is represented in the publications by Dr. H.
Tuomisto, Mr. E. Markkanen and Mr. M. Komsi.

4.2 Assessment of RELAPS/MOD3 against natural circulation experiments
performed with the REWET-II facility (Paper 6)

During normal operation of PWRs the primary coolant is circulated by the primary
pumps. During abnormal conditions these pumps are often tripped and the primary
coolant flow is reduced to the natural circulation flow caused by density differences
around the loops. Depending on the amount of coolant in the loops and the power of the
reactor core, different natural circulation modes will occur. Single-phase natural
circulation, where subcooled or saturated single-phase water circulates in the loops,
takes place when the primary circuit is at full inventory. When the water inventory is
reduced, steam is produced in the primary system and the transition to two-phase
circulation takes place. In this mode a mixture of steam and water flows from the core to
the steam generators and cools there. If the water inventory is further reduced, more
voiding will take place and the flow to the steam generators turns to a single-phase steam
flow. Depending on the type of the flow this mode is called reflux condensation or
boiler-condenser natural circulation. These different natural circulation modes have been
illustrated in Figure 9 /41/.

For many years natural circulation cooling of Western LWRs has been a topic of
extensive experimental and analytical work in different countries. In the case of
VVER-type reactors the amount of experimental data is much more limited. The main
organisations performing VVER-440 reactor experiments in this field in the world are
KFKI in Hungary with their PMK/NVH facility /42/ and VTT/YDI and LTKX in Finland
with the REWET-III /18/ and PACTEL loops /13/. In the case of VVER type PWRs,
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these facilities are the main sources of data used in the verification of the calculational
models implemented in the thermal-hydraulic computer codes. Some experimental
apparatus have been built in the former Soviet Union but financial support from the
Western countries is needed for continuation of these programs /43/.
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Eig. 9. Different natural circulation modes.

The natural circulation cooling of VVER type reactors has earlier been studied by
Kervinen and Hongisto /44/, Hyvirinen, Kalli and Kervinen /45/ and recently by
Lomperski and Kouhia /46/. Natural circulation in the PAKS VVER-440 Model V213
plant unit has been studied by Bandurski et. others /47/ and Toth /48/. Moreover, the
International Atomic Energy Agency (IAEA) has organized several Standard Problem
Exercises (SPEs) to study VVER reactor thermal-hydraulics /49/.

The topic of Paper 6 on this thesis is verification of RELAPS/MOD3 computer code

ainst  natural circulation expenimen performed  with _th REWET-11

' & LY.
REWET-III was the main experimental apparatus used by VIT/YDI in thermal-hydraulic
experiments before the new and larger PACTEL facility was built in 1989. For the code
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verification purpose, two natural circulation tests performed with the REWET-1II facility
were calculated using the RELAPS/MOD?3 Version 5m$ code. The first experiment was
a single-phase case at 20 kW thermal power corresponding to about 3 % decay heat level
in the reference reactor. The second case involved two-phase flow with a fluid inventory
of 80% of full capacity and 30 kW thermal power. One of the main objectives in these
analyses was to verify the capability of the RELAP5/MOD?3 code to simulate horizontal

steam generators.

The calculations presented in Paper 6 showed that the RELAPS/MOD3 code was
capable of predicting the main events occurring during the experiments. The
RELAP5/MOD3 calculations indicated that the presence of air in the steam generator is
the reason for low water temperatures measured in the uppermost steam generator tube
in the single-phase natural circulation test. In both tests analyzed, the calculated
temperature distribution for the steam generator hot collector was unstable, i.e the code
assumed that there was hot water below cold in the collector. The main reason was
found to be the one-dimensional structure of the code not allowing a proper mixing of
water in the collector. The calculated primary water temperatures in the single-phase
case were slightly higher than the measured values. The reason for this was the slightly
under-estimated heat losses. In the two-phase case the calculated mass flow and

temperatures were close to the measured values.

The heat losses from the primary loop to the environment were modelled assuming a
constant boundary volume temperature as well as a constant heat transfer coefficient
from the insulator surface to the environment. The same heat transfer coefficient was
used throughout the primary loop. This assumption probably underestimated the heat
losses, as was seen from the slightly over predicted lower plenum, downcomer and core
inlet temperatures. On the other hand it gave good values for the hot and cold leg fluid
temperatures, which was important since the main interest in these analyses was in the
behaviour of the horizontal steam generator. The use of the form loss coefficients
calculated by the code itseif gave good results in the prediction of the primary loop flow
rates. No tuning of the loss coefficient was needed to obtain calculated results that were
comparable to the measured flow rates.
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In the analyses described in Paper 6 of this thesis the steam generator secondary side was
modelled with only a few nodes. In this case the model was accurate enough to describe
the secondary side conditions. The most problematic part of the modelling in these
calculations was the steam generator hot collector, where an unstable water temperature
distribution was predicted. Due to a code error the calculated fluid temperatures in two
uppermost steam generator hot collector volumes showed unrealistic, low values when
flow regime transferred from slug to annular-mist regime. Unfortunately, a comparison
with the measured hot collector temperature distribution was not possible since there
was only one temperature measurement point in the collector in the tests. The analyses
showed, however, that the RELAPS/MOD?3 code can be used in the simulation of the
horizontal steam generators with good accuracy. Moreover, it should be mentioned that
in the calculations presented in Paper 6 of this thesis a very detailed steam generator
model was used on the steam generatc;r primary side. In this simulation model all 12 heat
exchange tubes of the steam generator of the REWET-III facility were modelled
separately. In the simulations of the real power plants with the RELAPS code it is not
possible to use such a detailed steam generator models due to the large number of heat
exchange tubes in a real NPP. Hence, several rows of heat exchange tubes, (say 20-30
rows having about 200 tubes each) must be combined in the simulation models of the
real steam generators.

The author of this thesis was responsible for performing the analyses described in Paper
6.

4.3  Analyses of the PACTEL loss of secondary side feedwater tests with
RELAPS/MOD3 (Paper 7)

Steam generators are the main heat sink of the primary circuit in PWRs. In order to
transfer heat from the primary to the secondary circuit there must be a sufficient amount
of water on the steam generator secondary side. During normal operation a constant
steam generator water level is maintained with the feedwater system. In case of failures
of the main system the auxiliary feedwater system(s) are used.
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In a PWR with vertical steam generators the complete loss of electrical power, i.e.
station blackout, leads to loss of feedwater on the steam generator secondary side which
might lead to core damage within | to 3 hours. In VVER-440 reactors with horizontal
steam generators having a large secondary side water inventory the core temperatures
may be acceptable even after 6 hours /3/.

Paper 7 of this thesis describes an experimental and analytical study of loss of feedwater
ransient in PACT] est rig si ating R-44 e b iisa. In this paper
the main intention was to study the capability of the RELAPS/MOD3 code to simulate

the horizontal steam generators in cases where the steam generator secondary side water

level varies. This information is of great importance since the RELAPS/MOD3 code has
been verified earlier only against experiments in test rigs having vertical steam
generators.

For the purpose of code verification, a series of loss of secondary side feedwater tests
was conducted with the PACTEL facility. The tests performed were then analyzed with
the RELAPS/MOD3 Version 5m5 code. The test results described in Paper 7 clearly
demonstrated that the horizontal steam generators of the VVER-440 type reactors
provide large safety margins in the loss of secondary side feedwater case. In an
experiment with about 3.8 % decay heat power and a total loss of feedwater in all steam
generators, the time before the primary system pressure started to rise and the
pressurizer safety valve opened was about two hours. In the case of loss of feedwater in
one PACTEL steam generator and a 3.8 % decay heat power, the primary system
pressure did not rise at all. The reason was that the two other PACTEL steam
generators, operating normally, were capable of transferring all heat from the primary to
the secondary side. It should be mentioned that one steam generator in the PACTEL

simulates two steam generators in the Loviisa plant.

The analyses with the RELAPS/MOD3 code showed that the code was capable of
predicting the main events in the experiments. However, the code underestimated the
rate of steam superheating on the steam generator secondary side. Underestimation of
the steam superheating was caused by a too effective cooling of steam in the upper parts
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of the steam generator secondary side and in the steam line. This also effected the

primary side temperatures.

The reasons for the underestimation of the steam superheating in the steam generator
secondary side were studied by changing the nodalization in the upper part of the steam
generator secondary side. The calculations with a more detailed steam generator model
showed that the division of steam generator secondary side into seven, relatively thin
layers, each layer simulating one layer of heat exchange tubes, smoothed the effects on
the primary side temperatures and flow of the water no longer covering the secondary
side tubes. The original model, where three layers of tubes were combined into one
secondary side node, was also capable of predicting the effects on the primary side
parameters of the water ceasing to cover the tubes. In the simulations of steam
superheating on the steam generator secondary side, both models underestimated the rate
of steam superheating.

The simulation of the horizontal steam generators with the RELAPS/MOD3 code (or
other large system codes) does have some problems. On the steam generator primary
side, it is not possible to model all heat exchange tubes separately. Hence, several tubes
must be combined in the model. Normally, this is done so that the heat exchange tube
bundle is divided into one to five parallel channels, each simulating several rows of
horizontal U-tube heat exchange tubes. Determination of the flow rates from the
collectors into these combined heat exchange tubes is somewhat difficult. In a real steam
generator, the flow direction might be reversed in some heat exchange tubes, a
phenomenon which is not necessarily correctly simulated with these combined models.
On the steam generator secondary side, problems arise due to the large coolant volume

and due to the three-dimensional geometry of the steam generator.

The steam generator model used in these calculations was based on the work by
Karppinen /50/. Another way to simulate the steam generator secondary side behaviour
i8 to divide it horizontally into more nodes and to connect these nodes together with
cross flow junctions. An attempt to do this and to simulate the three-dimensional flows
on the secondary side of the VVER-440 reactor steam generator is presented in
reference /51/. It should be remembered, however, that the RELAPS/MOD?3 code is a
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one-dimensional code and the use of it to simulate three-dimensional flows is somewhat
questionable.

The author of this thesis was responsible for performing the experiments and final
computer simulations with the RELAPS/MOD3 code, as described in Paper 7. The
co-author of Paper 7, Mr. K. Nakada, assisted in performing the experiments and
pre-test calculations with the RELAP5/MOD?3 code.

4.4  Analyses of Loviisa VVER-449 reactor pump trips with
RELAPS/MOD1-Eur, RELAPS/MOD3 and CATHARE codes (Paper 8)

If a reactor coolant pump trips in a large PWR the reactor scrams to avoid a heat transfer
crisis in the reactor core. In a VVER-440 a pump trip is routinely accommodated by an
automatic power reduction. The results of analysis discussed by Laaksonen /3/ show that
if the pump stops instantly due to a severe mechanical failure and the reactor continues

| to operate at full power the reactor core would stay far away from heat transfer crisis. A
similar analysis shows that a Westinghouse plant reaches heat transfer crisis in less than 1
second 3.

Some differences can be found if a pump trip transient in the Loviisa plant is compared
with the same transients in other VVER-440 type PWRs. For example, in the Kozloduy
VVER-440 Model V230 plant in Bulgaria the reactor coolant pumps will stop in less
than 10 seconds if the pump power is lost from all six loops /5. In the Loviisa plant it
will take more than 200 seconds before the pumps stop, if the power is lost for all
reactor coolant pumps. The reason is that the reactor coolant pumps in Loviisa are of a
high inertia type instead of the low inertia pumps in the other VVER-440s.

Paper 8 of this thesis describes the results of calculations of two pump trip transients for
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CATHARE codes. The first was a trip of one reactor coolant pump and the second one a
reactor coolant pump shaft seizure combined with a failure in the reactor power control

system (ROM). The calculations were verified against data measured in the Loviisa plant
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during the plant start-up tests and during a pump trip transient which occurred in Loviisa
in 1991,

The minimum departure from nucleate boiling ratio (DNBR) was calculated with five
different correlations. Two correlations (Gidropress and Smolin /53, 54/) were especially
developed for VVER-440 fuel bundles. The three other correlations were those in the
RELAPS/MOD1-Eur, RELAPS/MOD3 and CATHARE codes (Tong and Hsu &
Beckner correlations in the MOD1-Eur /55/, AECL-UO Critical Heat Flux lookup table
in the MOD3 /19/ and Groeneveld Tables in the CATHARE /56/). One aim of the
original MOD 1-Eur analysis was to compare their results with the results of the analysis
made by the reactor vendor. '

In the RELAPS/MODI1-Eur and RELAPS/MOD?3 analysis the control variables were
used to model the Gidropress and Smolin DNB-correlations. DNBRs were calculated
separately for the average fuel rod, averaged fuel rod in the hot bundle as well as for the
rod with the highest power in the hot bundle. All together 517 control variables were
needed to calculate DNBRs in 15 different positions.

In the case of a trip of one RCP, there were no significant differences between the
calculated results of different codes. The secondary side pressure was controlled by the
turbine control valve and all three codes gave nearly equal results for this phenomenon.
All three codes calculated almost identical reactor thermal power behaviour, but the
primary loop mean temperature was slightly lower in MODI1-Eur simulations. This
difference was caused by slightly different initial mean temperature values.

The calculated minimum DNBRs in general, varied in a narrow band between these three
codes' simulations. However, the calculated MDNBRs were far above the value of heat
transfer crisis in all simulations.

In the case of reactor coolant pump shaft seizure together with a failure in ROM, the
MOD3 code calculated about 1 % lower reactor thermal power and slightly lower
primary side mean temperature than in the MOD 1-Eur and CATHARE calculations. The

differences in core power and primary side mean temperature simulations are caused by



33

differences in the secondary side behaviour. In this second case, it was assumed, that the
ROM was not in operation and, hence, that the turbine control valves did not control
secondary side pressure. Due to this, the secondary side pressure behaviour was not
identical in all three simulations.

The calculated primary pressure behaviour was somewhat different in all three
simulations. In the MOD?3 calculations, the primary pressure rose to the actuation
pressure of the pressurizer spray system on two occasions, and in the MODI-Eur
calculations this happened only once. In the CATHARE simulations, the pressure
remained below the spray system actuation pressure during the whole transient.

Differences in the simulated primary pressure behaviour in the RELAPS simulations were
observed to be connected with the core power calculations. The calculated reactor
thermal power affected the pressurizer level setpoint value. In the RELAP simulations,
the pressurizer level was controlled by two makeup pumps. Due to different simulated
core thermal power behaviour these pumps were not started and stopped at the same
time in different calculations. This, together with the pressurizer heaters, affected the
primary pressure behaviour in the RELAPS simulations.

In the CATHARE simulations only one makeup pump was modelled. Furthermore, a
constant pressurizer level setpoint value was used. These were the reasons for the
slightly lower calculated primary pressure behaviour at the end of the transients in the
CATHARE simulations than in the RELAPS calculations.

Although the differences between the results were larger in this second case than in the
first one, the calculated minimum DNBR values were still, in all simulations, well above
the value of the heat transfer crisis.

The author of this thesis was responsible for performing the computer simulations with
the RELAP5S/MOD1-Eur and RELAP5/MOD3 codes as presented in Paper 8. The
co-author of the Paper 8, Mr. K. Lahti was responsible for the CATHARE analysis.
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5. CONCLUSIONS

This thesis includes several thermal-hydraulic analyses related to the Loviisa VVER-440
Model V213 type nuclear power plant units. The thesis consists of experimental studies,
analysis of the experiments, analyses of some plant transients and development of a
calculational model for reactor boric acid concentration caliculations. The experiments
and analyses once again showed that the VVER-440 reactor units have inherent safety
features with positive effects on the performance of these reactors during LOCAs and
transients. They also demonstrated the effects of certain improvements on the original
VVER-440 design that were made in the Loviisa plant by Imatran Voima Oy (IVO) .

LOCAS the margins to critical concentrations that would lead to boric acid crystallization
were found to be large both in the reactor core and in the lower plenum, This is mainly
caused by borax (Na,B,0,.10H,0), which enters the reactor when ECC water is taken

from the sump and greatly increases boric acid solubility in water. The ice-condenser

containment with borax on ice is one specific feature of the Loviisa plant and one of the

design improvements made by IVO.

In the case of gimulation of horizontal steam generators, the RELAPS/MOD3 code was

capable in predicting the main events during the experiments. However, in the loss of
secondary side feedwater case the RELAP5/MOD3 code was not capable in simulating
steam superheating in the steam generator secondary side. This problem was not solved
by changing the secondary side nodalization at the top of the steam generator.

In the both analyzed cases of primary ¢oolant pump failures the margins to heat transfer

crisis were large. No significant differences were found between the results of the
RELAPS/MOD1-Eur, RELAPS/MOD3 and CATHARE calculations. The main reasons
for the large margin to heat transfer crisis during pump trips are the low core power level
of the VVER-440 reactors and the high inertia type main coolant pumps. The high inertia
main coolant pump is one of the design improvements made by IVO to the Loviisa plant.
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An important inherent safety feature of the VVER-440 reactors is the large primary
coolant volume to core power ratio. The advantages of this safety feature were well
seen in all analyzed cases of this thesis. In the case of boron solution behaviour during
long-term cooling period of LOCAs the large primary coolant volume provides a large
effective mixing volume for concentrated boric acid solution, which together with the
low core power level, affects the rate of accumulation of boric acid in the reactor
pressure vessel. In the case of SBLOCAS, such as those simulated in the REWET-III
natural circulation experiment, the large primary coolant volume gives time for corrective
actions and delays possible core heatup. In the case of loss of secondary side feedwater
the large primary coolant volume to core power ratio slows down the rise of the primary
system temperature and pressure when the heat transfer to the steam generator
secondary side is deteriorated, and delays the core heatup when the primary water
inventory is decreasing through the opening pressurizer relief valves. In the case of
primary coolant pump failures this feature smooths the primary pressure and temperature
behaviour during the transient. The large coolant volume on the secondary side of the
steam generators gives time for corrective actions in the case of loss of secondary side
feedwater, for example, during a station blackout and slows down the heatup of the
primary system. The six coolant loops in the primary system provide multiple cooling
paths in the case of loss of feedwater and moderate pump failure transients.
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